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ABSTRACT: Platinum group nanoparticles (PtNPs) are increasing in the environment
largely as a result of their wide use and application in automobile and medical industries.
Diameter is an important property of nanoparticles and is crucial for their transport and
phytotoxicity assessment. In this study, we aimed to investigate the accumulation and
transformation dynamics of PtNPs with three diameters (~25 nm, ~50 nm, and ~70 nm)
in rice seedlings, using multiple characterization approaches, including single-particle
inductively coupled plasma mass spectrometry (SP-ICP-MS), transmission electron

microscopy (TEM), and Pt total element analyses. Notably, the dissolution of small

' Abbreviations: metal nanoparticle (MNP); Single-particle inductively coupled plasma-mass

spectrometry (SP-ICP-MS); platinum nanoparticle (PtNP); transmission electron microscopy (TEM);
inductively coupled plasma optical emission spectrometry (ICP-OES); malondialdehyde (MDA);

hierarchical cluster analysis (HCA); principal component analysis (PCA);
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particles was simultaneous with the growth of the larger particles after PtNPs entered
the rice tissues. Statistical and chemometric analyses, including correlation analysis,
hierarchical cluster analysis, and principal component analysis, were used to identify
the plant responses and element variations during PtNP treatment. The results of the
combination of ionomic differentiation and PtNP uptake indicated that particle number
was an important characteristic governing nanoparticle toxicity. Our study showed that
combining ionomics and multiple quantitative and morphological analyses of
nanoparticle accumulation are vitally important for understanding the distinctive
phytotoxicity of metal nanoparticles.

KEYWORDS: Platinum nanoparticle, Rice seedling, Accumulation, Phytotoxicity,

Ionomic response

1. INTRODUCTION

Metallic nanoparticles (MNPs) are widely used in agriculture, medicine, and
environment remediation." > The wide use of MNPs has inevitably resulted in their
continuous release into the environment and accumulation in food webs.3 The
accumulation of nanoparticles (NPs) in plants, especially in crops, has recently garnered
significant interest from scientists and policymakers.®® The distribution and uptake of
NPs depend on both plant species type and particle properties.® '° In previous studies,
the researchers’ have focused on NP particle size.'!:'? Notably, in plant-NP interactions,
large particles are more stable than small ones.* '3 However, the effect of MNPs on
plants is highly variable. One distinct example is MNP accumulation in wheat.

Specifically, particle size-specific uptake of Ag and Au NPs significantly affects MNP
3



58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

accumulation in wheat, but it does not result in enhanced phytotoxicity.!* Other
complications within this research sphere include identifying the accumulation
mechanism and NP transformation and explaining their complex relationships with
phytotoxicity dynamics.!> 16

Pt is a noble metal element, and it has a low concentration in unpolluted
environment.!”> '® However, Pt content is increasing in soils, rivers, and oceanic
environments, usually as elementary nanocrystalline Pt attached to other metal
particles.!” Dispersion via road dust is the most significant source of Pt enrichment in
soil ecosystems.?% 2! PtNPs are widely used in automotive catalysts, biomedical devices,
jewelry, and electrical, and glass industries.?> 23 Previous studies have shown that Pt
group nanoparticles (PtNPs) are easily transported in aquatic ecosystems and may be
toxic to biota.!> 2* However, few studies have focused on the toxicity of PtNPs in
plants.”> Serensen et al. (2016) found that PtNPs can increase oxidative stress and
growth inhibition in P. subcapitata than dissolved Pt.?® NPs in soil may also interact
and accumulate in plants and affecting growth.?’- 2 Recent studies have investigated
the interactions between plants and NPs, such as Ag and CeO, NPs.?- 3 However, the
majority of these studies have focused on total metal elements rather than nanoparticle
concentrations.?® 3!

Single-particle inductively coupled plasma mass spectrometry (SP-ICP-MS) is a
sophisticated method for MNP characterization and quantification.’? Furthermore, SP-

ICP-MS is a powerful tool to determine the size distribution and number of NPs at

relevant environmental concentrations.*> 3* Combined with appropriate pretreatment
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methods, such as enzyme digestion, SP-ICP-MS can be used for quantitative
determination of MNPs accumulated in plants, even at trace levels.?> 3¢ Because of the
simultaneous detection of particles and ion state signals, Sorensen et al., (2016) used
SP-ICP-MS to examine the transformation between AuNPs and Au" in tomato plants.
Elements are essential building blocks for cells and influence plant growth
processes.’” Environmental stresses may result in the elements variation in plants, and
some elements can be transported by a protein associated with other elements and
ionome responses.*® For instance, a previous study observed Fe homeostasis in the leaf
ionomes of Arabidopsis thaliana™. Significant relationships between the content of Fe
in fertilizers and the content of Mn, Co, Zn, and Cd in the shoots were observed.
Another study indicated that the element composition in plants varies with
environmental factors®’. Plants cope with stresses through elements network
regulation*!, thus, plant ionomes—defined as mineral nutrients and trace elements in
plants®® —are sensitive to the physiological state of plants*> >, Du et al. (2020)
investigated the ionomic responses of rice seedlings under As stress. Their results
showed that As of different valences had different influences on element accumulation
in rice*. Ionomic responses are associated with exposed external environments 3% 4.
This study is the first to investigate the ionomic influences of MNPs in plants. Metal
nanoparticles stress affects plant growth through direct accumulation, resulting in
alterations in plant physiology and element variability. To effectively understand the
influences of plant nutrition, it is important to investigate the total element composition

in plants and the relationships between different elements, along with uptake
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mechanisms and internal homeostasis in plants. However, to the best of our knowledge,
few studies have investigated ionomic responses to different-sized NPs accumulated in
plants.

Nevertheless, the uptake kinetics of PtNPs in rice seedlings was quantified upon
exposure to different-sized PtNPs. Considering the special characteristics of MNPs, the
transformation and localization of PtNPs in rice are crucial for understanding the
influence of particle diameter on plant development and yield. '* 2® Simultaneously

investigating NP accumulation and ionomic responses in plants is helpful.

2. METHODS
2.1 Synthesis and Characterization of PtNPs with Three Diameters

PtNPs having three diameter sizes, PtNP-B (25 nm), PtNP-C (50 nm), and PtNP-D
(70 nm), were synthesized, as described by Sikder et al 4. Monodisperse suspensions
and citrate coatings of PtNPs were prepared with regard to mixing effects and to
improve stabilization for NPs, respectively. The detailed procedures used to synthetize
PtNPs are provided in the Supporting Information (SI). The morphology and size
distribution of the PtNPs characterized by TEM and SP-ICP-MS are shown in Figures
S1 and S2. The average size comparison is shown in Table S1 and Figure S3. Notably,
the average diameters of the three types of PtNPs calculated using SP-ICP-MS were
28.04 +£3.21, 50.67 = 2.73, and 74.11 + 4.32 nm, respectively. Our results are in good
accordance with the median diameter obtained using TEM (Figure S1), which indicated

the accuracy and feasibility of the NP analyses methods used in our study. As seen in
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Figure S1, PtNP-B (average diameter of 20.17 = 4.58 nm) showed an irregularly
spherical shape, while PtNP-C and PtNP-D were spherical, with diameters of 44.60 +
3.08 and 71.59 £ 1.33 nm, respectively. The TEM results confirmed the monodispersed
property of PtNPs. We used PtNP-B, PtNP-C, and PtNP-D (concentrations: 0.25, 0.5,
and 1 mg/l, respectively) in plant exposure experiments. which indicated the accuracy
and feasibility of the NP analysis methods used in our study. Additionally, the mass

concentration of PtNPs was determined using ICP-OES and ICP-MS.

2.2 Plant Growth and Exposure Experiments

Rice seedlings (Oryza sativa L.) provided by the Hunan Agricultural University
(Hunan province, China) were used for the experiments. To sterilize the seeds, we
soaked them in 5% sodium hypochlorite solution for 15 min, flushed them with
ultrapure water several times, and finally, immersed them in ultrapure water for 24 h.
Sterilized seeds were germinated on moistened filter paper in a culture dish containing
20 mL ultrapure water. The culture dishes were set in an artificial climate box at 28°C
for 8 h in dark, and then, at 32°C for 16 h in light; the relative humidity in the box was
maintained at 80%.

After 5 days of cultivation, rice seedlings having a length of 2 cm were used to
evaluate the influence of PtNPs on rice seedling root elongation. Suspensions of NPs
having different diameters (PtNP-B: 25 nm, PtNP-C: 50 nm, and PtNP-D: 70 nm) and
concentrations (0.25, 0.5, 1 mg/L, respectively) were added to 1L Hogland nutrition

solution in hydroponic box. After 48 h of exposure, the average root length and weight



146 were measured from 10 roots of rice seedlings. The rice seedlings were harvested after
147 7 days of cultivation and rinsed with ultrapure water for 5 min to remove NPs adhered
148  to the seedling roots. The samples were kept in an ultra-low temperature freezer at -80°C
149  until further experiments were performed.

150

151 2.3 Digestion and Content Determination of Pt and Other Elements in rice

152  Seedlings

153 The rice shoots and root samples were digested in a microwave digestion system
154  (Sineo microwave, Shanghai, China) that follows the Chinese National Standards for
155  Food Safety Determination of multiple elements (GB5009. 268-2016). Briefly, fresh
156  samples were added into polytetrafluoroethylene tubes and then digested using 3 mL of
157  concentrated HNO3 and 1 mL of HCI. The digestion protocol was as follows: first, the
158  temperature of the system was ramped to 120°C within 5 min and this temperature was
159  maintained for 5 min; second, the temperature was increased to150°C and maintained
160  at this temperature for 10 min. Finally, the temperature was increased to 190°C from
161 150°C within 5 min and this temperature was maintained for 20 min. After digestion,
162  all the samples were diluted to 50 mL using ultrapure water. Concentrations of 15
163  elements—namely, Al, B, Ca, Co, Ba, Fe, Zn, K, Mg, Mn, Pt, P, Pb, Sr, and Cu—were
164  determined using ICP-OES (Optima 8000, Perkin Elmer, USA). Two certified reference
165  materials—GBW10049(GSB-27) (Green Chinese onion) and GBW10020(GSB-11)
166  (Citrus leaf)—were used to verify the accuracy of the sample pretreatment method. The

167  detected results of certified references were in good agreement with the standard values
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provided by manufacturer.

2.4 Enzyme Digestion of Plant Samples

Macerozyme R-10 was used to digest the plant material to release the NPs from the
plant matrix without destroying the NPs, according to a previous study.?> At the same
time, the addition ratio of enzyme and sample was optimized to obtain a satisfying
extraction efficiency for the PtNPs in the rice tissues. First, 0.025 g of frozen fresh rice
seeding roots were ground, homogenized in 8 mL of citrate butter (2 mmol/L, pH 4.5),
and ultrasonicated for 5 min in an ice bath. Citric acid was applied to maintain the pH
at 4-5. Different amounts of macerozyme R-10 (0.0050, 0.0100, and 0.0200 g) were
dissolved in 2 mL ultrapure water and added to the sample solution. After 24 h of
homogenization in a water bath having a temperature of 37°C, the suspensions were
statically stratified. The supernatant liquid of these samples was diluted 1000 times

before determining the content of PtNPs.

2.5 Analysis of PtNPs in Rice using SP-ICP-MS

A NexION 350X (Perkin Elmer, USA) ICP-MS was used to detect the size
distribution, average size, and particle concentration of the PtNPs. The raw PtNPs
signal was processed using PerkinElmer’s Syngistix software and the Nano Application
module. The dwell time was set at 0.1 ms and the total acquisition time was 60 s. The
transport efficiency of ICP-MS was measured using 50 ng/L of 60-nm Au NPs standard

solution (Nano Composix, Inc.). The ionic calibration of Pt was measured using a
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standard dissolved Pt solution, with concentrations of 0.1, 0.2, 0.5, 1, and 2 pg/L. To
reduce particle coagulation, each sample was dispersed for 3 min using ultrasound
before analysis. The rice root samples were diluted 100 times after enzyme digestion,
and then, the particle concentration and average size were calculated, according to the
SP-ICP-MS analysis results. The optimized operating conditions of SP-ICP-MS are
shown in Table S2. The 30-nm and 60-nm PtNPs standard solutions (provided by
nanoComposix, Inc., USA) were used to verify the accuracy of the analysis of PtNPs
using SP-ICP-MS during the injection process. The particle number concentration
recovery of these two PtNPs standard solutions was both between 90% + 10%, and the
average diameter of PtNPs detected by SP-ICP-MS was in good agree with the TEM
results. Both particle concentration and the average diameter of PtNPs were provided

by manufacturer.

2.6 Sample detection

Sample injection system should be flushed using rinse solutions (2%HNO3 (v/v) and
ultrapure water) after the running of ICP-OES and ICP-MS. A tune solution provided
by PerkinElmer (USA) was used to tune the ICP-MS daily to obtain the optimal
condition of ICP-MS. After the calibration curve of metal element established, an
initial calibration verification (ICV) standard sample and calibration blank were
detected to verify the accuracy of initial calibration. The continuing calibration
verification (CCV) standard solution and continuing calibration blank (CCB) was
used to verify the ICP-OES and ICP-MS drift every 10 samples. For analysis of

10
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samples, the rinse solutions (2%HNO3 (v/v) and ultrapure water) were also used to
flush the sample injection system before each analysis in sequence. Furthermore, the
concentration of calibration blank should be less than 3 times of the method detection

limit (MDL) of each element.

2.7 Statistical Analyses

Relationships between PtNPs mass concentration, particle concentration, and
exposure conditions were determined using Pearson’s correlation. Two-way analysis of
variance (ANOVA) was conducted using SPSS Statistic 26.0 software, followed by
Tukey’s honest significant difference (HSD) post-hoc test. Mean concentrations were
used for the analysis, and the statistical significance level was p < 0.05.

Multivariate statistical analyses, including correlation analysis, hierarchical cluster
analysis (HCA), and principal component analysis (PCA), were carried out to reveal
the ionomic response after exposure to different concentrations of PtNPs. The HCA was
conducted using SPSS v.13.0 after Z-score transformation and implemented by
hierarchical and Pearson distance. The PCA was performed using both Simca 14.1 and

SPSS v.13.0, and a heat-map was developed using Hemi-1.0-alpha (for Windows).

3. RESULTS AND DISCUSSION
3.1 Uptake and Accumulation of Pt in Rice Tissues

The accumulation of Pt in the roots [PtNP-B (25 nm) treatment] and its transportation
to the shoots [PtNP-C (50 nm) treatment] were dose-dependent and increased with

11
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exposure concentrations (Figure S4). In the roots, the accumulation of Pt decreased
when the exposure doses of PtINP-C (50 nm) and PtNP-D (70 nm) were higher than 0.5
mg/L. The relationship between the exposure conditions (i.e., particle diameter and
exposure concentration) and Pt contents in the roots was evaluated using partial
correlation analysis. PtNP exposure concentration and accumulated Pt content showed
a significant positive correlation (» = 0.695, p < 0.05); no correlation was observed
between the particle diameter and Pt content in the rice tissues (roots and shoots) (data
available in Supplementary Information, Table S3). The diameter of PtNPs influences
their uptake and transportation in rice root and shots. Both in shoot and root, Pt contents
increased in a dose-dependent manner for PtNPs of small sizes [PtNP-B (25 nm) and
PtNP-C (50 nm)]. However, for the large-sized particles (i.e., PtNP-D 70 nm), the Pt
content was less affected by exposure concentrations (Figure S4). Previous studies also
observed this difference in Lactuca sativa* and Capsicum annuum L.*8. This behavior
was explained by more aggregation of larger NPs compared to smaller nanoparticles,

hampering their uptake in the roots and transport within the plant 48,

3.2 Characterization of PtNPs in Rice Tissues using SP-ICP-MS and TEM
3.2.1 Effect of Macerozyme R-10 on PtNPs

Enzyme digestion combined with the SP-ICP-MS method provides information on
size distribution and concentration of MNPs in plants*’. This investigation is the first
to apply this combined method for analysis of PtNPs in rice tissues. The enzyme

digestion parameters were optimized to ensure that the extraction procedures did not

12
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influence the morphology and diameter of the nanoparticles. The effects of macerozyme
R-10 on PtNP aggregation and its dissolution in various conditions were compared
(Figure S5). Figure S6 shows the measured size-distribution histogram and particle
concentration of 70-nm PtNPs before and after enzyme digestion, using the optimized
conditions. The results showed that particle size distribution was in good accordance
with the sizes of stocked PtNPs (Figure S6). The particle concentration (7.6 x 10*/mL)
was close (89.3% recovery) to the particle concentration of the PtNP stock suspension
(8.51 x 10*/mL). These results prove that the optimized method is suitable to extract

PtNPs from rice, without causing changes in diameter of the NPs.

3.2.2 Characterization of PtNPs in Rice Tissues using SP-ICP-MS

The PtNP signals in root tissues that were exposed to different treatments were
determined using SP-ICP-MS (Figure 1). As seen in Figure 1(b), the signal distribution
of dissolved Pt ion solution at 0.5 pg/L was small and homogeneous in SP-ICP-MS
mode. Meanwhile, a large number of typical PINP pulse signals could be found using
0.05-pg/L 50-nm PtNPs solution [Figure 1(c)]*>>°. Compared with the raw signals of
the control and ion samples, a large amount of PtNP pulse signals was observed after
the sample was exposed to PtNPs [Figures 1(d—f)]. which indicated that rice roots could
uptake the 25, 50, and 70-nm PtNPs. As shown in the inset figure of Figures 1(d) and
1(e), the PtNPs within the rice tissues existed as intact particles, and some of them were

oxidized to Pt ions.
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Figure 1. Single-particle inductively coupled plasma mass spectrometry (SP-ICP-MS)
raw signal of (a) control rice root, (b) 0.5 pg/L Pt ion, (c) standard 50 ng/L 50 nm PtNPs,
(d) 0.5 mg/L PtNP-B exposed rice-root digestates, (e) 0.5 mg/L PtNP-C exposed rice-

root digestates, and (f) 0.5 mg/L PtNP-D exposed rice-root digestates

The pulse signals in SP-ICP-MS can be due to absorption or uptake of PtNPs into

the rice root, and the continuous signal can be due to the dissolution of these PtNPs in
14
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root tissue. In addition, there were almost no dissolved Pt signals in the sample of rice
root with PtNP-D exposure (Figure 1f), and the pulse signals excluded the particle
dissolution of PtNP-D. These results indicate that the dissolution of PtNPs is more
likely for small-sized NPs than for large-sized NPs. Hence, particle size was a
significant driver of the transformation of the NPs. These results are in good agreement
with those of previous studies®!> 3 that reported that the ion release from MNPs is size-
dependent (Zhang et al., 2010). For example, Schwabe et al. (2014) found that, under
the same conditions, small-sized (9 nm) CeO, NPs were not stable and dissolved more

readily than large-sized NPs (64 nm) in root>'.
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Figure 2. (a) Average particle size and (b) Particle concentration of PtNPs in rice roots
exposed to different PNP treatments (n = 3). Different upper-case and lower-case letters
represent statistical differences at p < 0.01 for different foliar and root exposure
treatments, respectively. The treatment B0.25 stands for the exposure to PtNP-B with

0.25mg/L

The calculated particle concentrations and average particle diameters of PtNPs in

rice roots obtained from PtNPs treated with different concentration levels (0.25, 0.5,
15
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and 1 mg L') and diameters [PtINP-B (25 nm), PtNP-C (50 nm), PtNP-D (70 nm)] are
shown in Figure 2. Compared with the initial particle diameter [PtNP-B (25 nm), PtNP-
C (50 nm), PtNP-D (70 nm)], the particle diameter in the plant increased to ~60, ~70,
and ~90 nm (for PtNP-B, PtNP-C, and PtNP-D, respectively), indicating that the
particles in the rice roots were aggregated during all of the treatments. In addition,
exposure concentration of PtNPs seemed to have fewer effects on the particle size of
the NPs in rice roots. Besides, the aggregations of small-sized PtNPs are more
significant than large-sized PtNPs. Results of particle concentrations showed that the
amount of PtNP was higher during the PtNP-C (50 nm) treatment than those during the
PtNP-B (25 nm) and PtNP-D (70 nm) treatments. For large-sized PtNP treatment, the
particle number concentrations decreased with increasing exposure concentrations,
which could be attributed to particle aggregation. These results contradict those
observed in studies of other MNPs* 33, This is because, in general, the previous studies
focused on the total content, instead of the NP concentration®®, and the total content
included dissolved and particle states. Conversely, our results indicate that the total
content accumulation of Pt in rice roots is dependent on exposure mass concentrations
of PtNPs. The highest total Pt content in the rice roots upon exposure to PtNP-B
corresponded to a low particle concentration, which was also evidence of PtNP-B
dissolution.
3.2.3 Cell Damage and PtNP Transformation during Interaction with the Cell Wall

To understand the PtNP uptake at a cellular level, NPs taken up by the root tips

exposed to PtNP-D (~75 nm) were characterized using TEM. As shown in Figure 3,
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PtNPs were absorbed by the cell and distributed around the cell wall. The effects of
PtNPs on plant cell structure led to cell membrane rupture and contraction. As shown
in Figure 5c, some of the intracellular NPs agglomerated significantly when the
diameters of the nanoparticles were ~400 nm and the extracellular NPs maintained the
original size (below 100 nm). These results indicate that NPs exhibit different
transformations inside and outside the rice root cells. The root surface is a critical
interface for physicochemical interactions between NPs and plants, mainly for a variety
of root exudates including organic acid, phenolics, and other small molecular
substances®. We postulate that PtNPs absorbed into the root surface, especially in the
case of the roots exposed to small-sized PtNPs, could be dissolved and these
interactions are more likely to occur inside than outside the root cells. The large-sized
PtNPs inside the plant cell could be explained by recrystallization. The dissolved Pt
ions were deposited on the surface of particles and dissolution of small particles with
the simultaneous growth of the larger particles.

This observation was in contrast with the findings of a previous study regarding CeO>
transformation in hydroponic cucumber, which showed that the transformation of NPs
occurred only outside the plant tissues>®. The root exudates (such as organic acid and
phenolics) were considered important factors in the metal-NP transformation process>”
>8, The intracellular aggregation of the PtNPs could be attributed to the polysaccharide
macromolecules and metal ions in the cytoplasm, which is consistent with AgNP

aggeregation promoted by exopolysaccharide macromolecules and divalent cations>°.
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Figure 3. Transmission electron microscopy (TEM) images of root tip after 3-day
exposure to PtNP-C (size 70 nm; concentration 1 mg/L); Platinum group nanoparticles

(PtNPs)

3.3 Influences on Root Elongation and Biomass

To test the toxicity of particle size and concentration of PtNPs, the elongation and
biomass of rice seedlings were compared after 3 days of exposure to PtNP-50 (Figure
S7). Exposed to PtNPs of different diameters exhibited similar effects on plant growth.
Following an increase in the exposure dose, the fresh plant-biomass of the roots and
shoots declined without concentration dependence. This observation differed from that

of other studies on NP phytotoxicity; the other studies showed a trend of decreasing
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biomass with a decrease in exposure dose. Notably, the exposure concentration level is
critical for influencing plant growth. Specifically, biomass production increased when
exposing the rice to increasing PtNPs levels below 0.5 mg/L; but when the exposure
exceeded 0.5 mg/L, inhibition effects occurred, with increasing exposure dosages
decreasing the biomass production of the shoots and roots. Compared with the control
sample, the shoot length decreased by 11, 17, and 21% during PtNP-C exposure and 47,
31, and 44% during PtNP-D exposure of 1, 2, and 5-mg/L PtNP treatment over control,
respectively. These results indicate that PtNPs can inhibit the growth of the rice
seedlings, especially with respect to biomass accumulation and root elongation, which
might affect the yield of rice. Different influences were observed for different particle
diameters. An inhibiting effect on plant growth was also observed when the plant was
exposed to other MNPs. For example, exposure to AgNPs significantly decreased the
biomass of soybean and rice seedlings®’.

To further explore the oxidative toxicity of PtNPs on the growth of rice seedlings and
the different responses to NPs, we tested the activity of antioxidant enzyme peroxidase
and malondialdehyde (MDA) content in rice seedlings under the exposure of PtNP of
various sizes. Notably, high MDA content reflects the damage to cell membrane. As
shown in Figure S8, exposure to lower concentrations of PtNP-D (70 nm) resulted in
higher MDA contents compared to exposure to higher concentrations of the same
particles. Moreover, exposure to intermediate sized particles (PtNP-C, 50 nm) showed
stronger oxidant damage and toxicity than exposure to other sizes of particles. This can

possibly be attributed to the fact that the particle number concentration of PtNP-C (50
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nm) accumulated in the roots of the seedlings which was the highest among the three
particle types (Figure S8). These results indicate that increased phytotoxicity is likely
caused by the increasing number of PtNPs in the rice roots. We thus hypothesize that
the influences of the size of the PtNPs on phytotoxicity could be explained by the

differences in particle numbers accumulated within the rice cells.

3.4 Ionomic Variations Assessed by Multivariate Statistical Analyses
3.4.1 Element Contents in Rice Tissues

Previous studies have shown that element content is related to plant tissue types ¢!
63 Additionally, ionomic profiles are sensitive to environmental stresses *+ %4, In this
study, the contents of 15 elements in the roots and shoots of the rice seedlings were
studied after the plant was exposed to NPs with different diameters and concentrations
(Figure S9). In the root tissue, mineral nutrients significantly decreased with PtNP
exposure, which varied according to the concentration and particle size of NPs, and the
relationships between the different elements require further investigation to elucidate
the responsible mechanisms. In the shoots, the contents of Pb, Ba, Al, B, and Fe varied
when there was a high degree of larger particle-size PtNP concentrations, compared
with that observed in control samples. To better understand the variations in different
elements after exposure to PtNPs, the data were then subjected to further statistical and
chemometric analyses.

3.4.2 Correlation Analyses
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Correlation analyses were applied to investigate the relationships between the 15
essential elements (in the roots and shoots) (Figure 4). In the shoots and roots, we
observed a weak correlation between Pt and other elements. The data are listed in Table
S4. The correlations between the elements were stronger in the shoots than the roots.
Hence, shoot ionomes may be considered better indicators of plant growth and stress
responses. As seen in Figures 4(a) and 4(b), in the rice roots, Pt content showed a
distinct correlation to Cu content (» = -0.7791, p < 0.01), and in the shoot tissue, we
observed a negative correlation to the Fe content (» = -0.5515, p < 0.05). The negative
correlations between Pt and other elements (except for Co) indicate that PtNP stress

inhibited element accumulation in rice seedlings.

(a) Corrgram of elements in rice root (b) Corrgram of elemets in rice shoot
pt( XD “
WicoC 4 @pp, SEBETTN
ﬂFe F’t 4 \ ' l*‘i ﬂl 4 >(
A N & .
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Figure 4. Correlation analysis of elements in PtNP-exposed rice tissue: (a) Root and (b)
Shoot. The colors red and blue represent negative and positive correlation, respectively.
The area of sector in each little pie chart indicates the correlation coefficient (7); the

larger color sector indicates a stronger correlation between the two elements.
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We identified several important correlations among mineral nutrients and particular
trace elements in rice shoots. The essential macronutrients (K, Ca, Mg, P) and
micronutrients (Cu, Zn, Mn, B) were positively correlated with each other (Table S4).
Among these mineral nutrients, Fe, correlated with Zn, K, and Mg in rice and maize
shoots, and is considered essential for plant growth and development®: % These
correlation results indicate that PtNP exposure significantly influences Fe concentration
in the rice shoots. Previous studies also established that in Arabidopsis, Fe response
was associated with environment perturbations®. Notably, PtNP-exposure breaks down
Fe homeostasis, but the mechanism of PtNP influence on Fe transport in plants requires
further investigation. In summary, we found that Fe homeostasis was strongly affected
by PtNP treatment.

3.4.3 HCA and PCA for lonomic Responses of Rice Seedlings

HCA and PCA were performed to further understand the ionomic responses to PtNPs.
As shown in Figure 5, two-way dendrograms generated from HCA are illustrated as
heatmaps. The heatmaps show contents after uniformization for improved comparisons
of different elements and the maps red color indicates samples with higher Pt content
and green denotes those with lower Pt content. In vertical HCA between various
treatments, the samples were categorized into two distinctive groups, namely, the root
and the shoot clusters. Under PtNP stress, the elements accumulated more in the roots
than in the shoots, except for some macro-elements such as K, P, Mn, and Mg. In the
root cluster, samples were further classified into two groups. One group had PtNPs of
large diameters at high concentrations and the other group had PtNPs of small diameters
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with low concentrations, like the control group without PtNP exposure. These results
further indicate that exposure doses and particle diameters significantly affect the
accumulation of PtNPs in the roots. However, there were no significant differences
between the two groups. Specifically, macro-elements (e.g., K, P, Mn, and Mg)
exhibited little distinction between the two groups. Some elements such as Al, B, Sr,
Ca, and Ba expressed diameter dependence; these elements were released less for the
PtNP-D (70 nm)-exposed group than for the other groups. In the shoot cluster, PtNP-D
(70 nm; 1 mg/L) samples were separated from others. These samples were classified
into two distinct clusters: samples with an exposure dose of 0.5 mg/L PtNPs and those
with other exposure doses. The content of elements in the shoots changed slightly after
PtNP exposure. In the horizontal HCA between various elements, the elements were
classified into four groups: 1) Zn; 2) K, Mn, P, and Mg; 3) Pt, Fe, and Co; and 4) other
elements. Fe was considered a relevant element for Pt accumulation content, which is

consistent with the correlation analyses results.
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Figure 5. Hierarchical cluster analysis (HCA) analyses for element content in PtNP-
treated rice tissues. The treatment like root-B0.25 stands for the root samples exposure

to PtNP-B with 0.25mg/L.

The PCA study was performed for further exploratory analysis. PCA could reduce
the dimensionality of datasets®’; the first two PCs were enough to explain 86.8 % of the
total variance (Figure 6a). A major difference was observed between the ionomes of the
roots and shoots. The loading plots of the 15 elements (Figure 6b) indicated that the
elements were split into three groups; there was a strong negative correlation between
Ptand K, P, Mg, and Mn, which agreed with previous results obtained from correlation
analyses and HCA. To identify the dominant factors responsible for the ionome

covariance corresponding to PtNP stress, the classifications of the NP content and
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diameter are compared in Figures 6(c) and 6(d). The first two PCs explained 81.1% of
the total variance and were highly responsive to treatment conditions. From the
comparison of classifications in Figures 6(c) and 6(d), when plotting the score with PC1
and PC2, the lines from each treatment cluster together with a more distinct separation
between exposure concentration than PtNPs diameter. The results showed that shoot
ionomes were primarily affected by PtNP concentrations; the diameter of the exposed
PtNPs also affected the rice plant ionomes. The score plots of root ionomes are shown
in Figure S10, which indicated that the larger size PtNP treatments [PtNP-D (70 nm)]
were different from other PtNPs treatment in rice roots. However, there was no

significant difference between the PtNP-B (25 nm) and PtNP-C (50 nm) treatments.
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Figure 6. Score plot of principal component analysis (PCA) for: (a) all samples, b)

loading plot for all samples, (c) shoot samples with particle size, and (d) concentration
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Combined with the previous deduction about PtNP accumulation in rice root, we can
firmly attest to the fact the diameter of the PtNPs influenced the particle transformation.
Notably, the phytotoxicity of PtNPs was closely associated with their accumulation in
rice roots. We found that the difference in rice plant development and the ionomic
responses between the various exposure conditions can be attributed to the

characteristics of PtNPs.

4. CONCLUSIONS AND FUTURE WORK

In this study, we demonstrated that the uptake, transformation, and phytotoxicity of
PtNPs in rice are influenced by their size and exposure concentration. The small-sized
PtNPs (25 nm and 50 nm) accumulated in rice after entering the plant tissues and
absorbed on the root surface. We could deduce that the NPs entered the plant cells and
their aggregation damaged the cell structure since part of the particles were further
translocated to the shoots (around 10% of root accumulated). The particles absorbed on
the root surface were highly likely to partially break down into smaller particles and
dissolve as Pt ions. Particles have grown due to deposition of Pt ions on existing
particles, dissolution of small particles with the simultaneous growth of the larger
particles after PtNPs entered the rice tissues. Multiple analyses demonstrated that PtNP
treatment caused variation of elements essential for the rice seedlings as a response to
environmental changes. A significant concentration-dependence was observed for
upward translocation of Pt when the plant was exposed to PtNPs, resulting in PtNP-
induced rice growth reduction and phytotoxicity. The phytotoxicity effects, including

26



499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

cell structure damage, oxidative damage, and elongation inhibition, were closely related
to particle number concentration—instead of the total Pt content—in rice roots.
Therefore, the influences of PtNP size on phytotoxicity could be attributed to different
particle number concentration of the treatments. Studying ionomes with respect to
metabolic and genomic responses might be important to understand plant detoxification
mechanisms after PtNP exposure. We believe this to be an ideal direction for future
studies. Notably, our results provide a valuable reference dataset for further

investigations on the effect of MNPs of different diameters on plant ionomes.
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