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HIGHLIGHTS

e N-TiO,/Fe304@Si0O, (NTFS) nano-
photocatalyst can be taken up by
Arabidopsis root and transported to
plant leaves.

e NTFS did not cause any changes in
the lipids, pectins, proteins, cellulose,
hemicellulose, and carbohydrates.

e NTFS did not alter the morphology
and biomass of Arabidopsis.

e The energy physiology of Arabidopsis
was not affected by NTFS.
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ABSTRACT

Information on the environmental impact of magnetic TiO,-based nanophotocatalysts is scarce. This
study evaluated the potential effects of an innovative magnetic nanophotocatalyst N-TiO,/Fe304@SiO,
(NTFS) on plants using Arabidopsis thaliana grown in a hydroponic system. NTFS was detected in the
vascular tissues and mesophyll of plants, thus confirming the uptake and upwards transport of NTFS
from roots to leaves. Fourier transform infrared spectroscopy was applied to determine compositional
and structural alterations in plant tissues exposed to NTFS, or its two main components (N-TiO, and
Fe304@Si0,), at concentrations ranging from 0 to 1000 mg/L, but no changes were detected in the lipids,
pectins, proteins, cellulose, hemicellulose, and carbohydrates. The morphology and biomass of the plants
were not affected by the NTFS or its components either. Biosensors for inorganic phosphate (Pi) and
MgATP?~ were used to monitor the in vivo Pi and MgATP?~ levels in the plant cells. The results showed
that NTFS and its components did not induce any adverse effects on the cytosolic Pi level or ATP syn-
thesis, indicating the energy physiology of Arabidopsis was unaffected. In general, NTFS has inconse-
quential toxic effects on Arabidopsis, but can be taken up by plants, enter the food chain, and cause
potential exposure and bioaccumulation in animals and human beings.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

Titanium dioxide nanoparticle (TiO,NP) is one of the most
widely investigated candidates for photocatalytic degradation of
organic pollutants due to its efficient degradation performance,
biological and chemical stability, and low cost (Asahi et al., 2014;
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Schneider et al., 2014). In recent years, tremendous efforts have
been made to further improve the visible-light photocatalytic
performance and introduce magnetic properties to TiO,NPs for
material recovery and reuse. For example, nitrogen-doping method
was widely applied in TiO,NP modification to shift the photon
absorption of TiO, from the UV region into the visible-light region,
allowing the efficient utilization of solar energy (Burda et al., 2003;
Chen and Burda, 2008). To bring in magnetic property, Fe304
nanoparticles were usually selected to blend into the TiO,-based
nanostructures and SiO, was thereby introduced to protect Fe304
from oxidation. Based on the analysis using Web of Science, 684
peer reviewed research articles on the topic of synthesis and ap-
plications of TiO,/Fe304 magnetic nanocomposites have been
published during the last five years (search topic=(TiO,) AND
(Fe304) AND (nanoparticles OR nanocomposite)). Among them,
there are 191 papers specifically investigated the TiO,/Fe304@SiO;
nanocomposites, implying the research directions of TiO,-based
nanophotocatalysts. Besides the extensive laboratory in-
vestigations, TiO,-based photocatalysts also have applications in
practice. For example, TiO2-based photocatalysts were used to
deodorize the indoor air contaminated by formaldehyde at low
concentration (Aissa et al., 2011). TiO,-based photocatalysts were
also successfully applied for the degradation of dyes (e.g., indigo,
indigo carmine) and other organic pollutants (e.g. benzene,
benzofuran, dichlorophenoxyacetic acid) in wastewater (Herrmann
et al, 1998; Vautier et al.,, 2001; Rao et al., 2007; Akpan and
Hameed, 2009; Xu et al., 2010). Previously, we also developed N-
TiO;/Fe304@Si0, (NTFS), which is a typical magnetic TiO,-based
nanophotocatalyst and could effectively degrade pharmaceuticals
and personal care products (PPCPs) under visible light (Kumar et al.,
2017). The recovery efficiency of the nanophotocatalyst from
treated water could be up to 95% after magnetic separation.

Due to the promising potential of using visible light driven
magnetic TiO-based nanophotocatalysts for organic pollutant
removal, their environmental-related applications in full-scale are
foreseeable. The incidental or direct release/disposal of the nano-
photocatalysts into the environment as an emerging contaminant
thereby need concerns, considering the potential eco-toxicological
risks. Unfortunately, to date, few studies have investigated the
toxicological and environmental effects of direct and indirect
exposure to these emerging materials and no clear guidelines exist
to quantify these effects. Plants are an essential base component of
all ecosystems and have high chance to be directly exposed to the
contaminants in aqueous or soil systems. Thus, plants have played
an important role in the fate and transport of engineered nano-
particles in the environment through plant uptake and bio-
accumulation (Monica and Cremonini, 2009). An important aspect
of the risk assessment of TiO,-based nanophotocatalysts is thereby
to understand the interactions of the nanophotocatalysts with
plants. Numerous reports have recently been published on the
phytotoxicity of traditional non-magnetic TiO,NPs. For instance,
the toxicity of pure TiO;NPs has been tested on tobacco (Ghosh
et al., 2010), willow trees (Seeger et al., 2009), onions (Ghosh
et al., 2010; Klancnik et al.,, 2011), rice (Ma et al., 2017), and
spinach (Hong et al., 2005; Lei et al.,, 2007). Fe304 nanoparticles,
which introduce magnetic properties to the nanophotocataylysts,
could induce oxidation stress to plants (Wang et al., 2011) and may
change the toxicology of non-magnetic TiO,NPs. However, none of
the previous publications focused on the uptake and phytotoxic-
ities of visible light driven magnetic TiO,.based nano-
photocatalysts, which are becoming more mainstream in organic
pollutant removal studies (Chen et al., 2008; Xuan et al., 2008;
Chalasani and Vasudevan, 2013). The lack of information on plant
uptake and phytotoxicity may hinder the process of using these
recyclable materials from laboratory experiments to full-scale

applications. Therefore, a sound evaluation of the interactions be-
tween plants and visible light driven magnetic TiO,-based nano-
photocatalysts is necessary to bridge this knowledge gap.

The phytocixity of nanoparticles can be studied in terms of the
cytosolic levels of inorganic phosphate (Pi) and adenosine
triphosphate (ATP), which are important indexes of plant meta-
bolism and growth (Mukherjee et al., 2015; De Col et al., 2017). For
example, the phosphate-dependent metabolism, including the
synthesis of nucleic acid and ATP, photosynthesis, and enzyme
activity regulation, is strongly correlated to the cytosolic Pi level
(Vance et al., 2003). ATP is the universal cellular energy source
providing energy to plant life processes (Knowles, 1980). As the
building block and energy source of cell membranes, cell walls,
proteins, and carbohydrates biosynthesis, the changes of cytosolic
Pi and ATP levels could be reflected through the compositional and
structural alterations in plant tissues. Fourier Transform Infrared
(FT-IR) spectroscopy is a powerful tool for gathering chemical in-
formation from a growing and developing plant and has been used
to identify compositional and structural changes of lipids, cell wall
components, proteins, and carbonhydrates in previous studies
(Knowles, 1980; Vance et al., 2003; Dokken et al., 2005; Rico et al.,
2015). Zahra et al. (2015) reported that TiO,NPs (12—20 nm,
0—250 mg/kg in soil) could affect the plant uptake of phosphorus,
hence could potentially influence the plant cytosolic Pi level and
consequential ATP synthesis. A series of investigations on the
growth enhancement of spinach exposed to TiO,NPs (anatase, up to
6% in water) and its mechanism reveals that TiO,NPs could promote
chlorophyll biosynthesis and photosynthesis, enhance the activities
of Mg?~ATPase, and potentially affect the ATP level in plant tissues
of spinach (Hong et al., 2005; Lei et al., 2007). However, due to
technical limitations, the cytosolic levels of Pi and ATP have not
been investigated directly to provide the required deep insights
into the possible changes in plants caused by TiO,-based nano-
photocatalysts. The latest technique in expressing biosensors for Pi
and MgATP?~ in Arabidopsis thaliana enables the monitoring of the
cytosolic Pi and ATP levels in plant cells (Mukherjee et al., 2015; De
Col et al., 2017). By studying the biosensors, the effects of magnetic
TiO,-based nanophotocatalysts on the cytosolic Pi and ATP levels
could yield important information regarding their phytotoxicity.

In this study, NTFS, which a typical visible light driven magnetic
TiO,-based photocatalyst, was selected due to its promising
degradation performance, and recyclability (Kumar et al., 2017). A
hydroponic study was conducted with Arabidopsis plants with
either cytosolic Pi biosensors (cpFLIPPi-6.4 m) or cytosolic MgATP?~
biosensors (ATeam1.03-nD/nA). Compositional and structural
changes of plant tissues exposed to NTFS were identified using FT-
IR spectroscopy. The Pi and MgATP?~ levels in the cytosol of living
plants exposed to NTFS were determined by analyzing the fluo-
rescent proteins (Pi and MgATP?~ biosensors) in the plant tissues.
To provide an insight into the plant uptake and phytotoxicity of
magnetic TiO,-based nanophotocatalysts, the specific objectives of
this study are (1) to determine the uptake of NTFS by Arabidopsis;
(2) to investigate compositional and structural alterations in plant
tissues after exposure to NTFS; and (3) to study the impacts of NTFS
on the inorganic phosphate and ATP levels in plant cells.

2. Materials and methods
2.1. Reagents

The chemical reagents used in this study, including FeCls-6H,0,
FeCl,-4H,0 NayHAsO4-7H,0, NH3-H,0, trisodium citrate dehy-
drate, tetraethyl orthosilicate, titanium butoxide, potassium hy-
droxide, calcium chloride, nitric acid, hydrogen peroxide, alizarin
red S, and Murashige and Skoog salt mixture, were purchased from



660 W. Zhang et al. / Chemosphere 224 (2019) 658—667

Sigma-Aldrich (St. Louis, MO, USA).
2.2. Nanoparticle synthesis and characterization

NTFS and its two main components (nitrogen-doped N-TiO, and
Fe304@SiO,) were synthesized following the modified methods
published by Kumar et al. (2017) The detailed methods are shown
in the supplementary materials. The morphology, size, and
elemental composition of the materials were analyzed by a TM3030
scanning electron microscope (SEM) equipped with energy
dispersive X-ray spectroscopy (Hitachi, Japan). The size distribu-
tions of all the nanoparticles in the TEM images (Fig. 1) are shown in
Fig. S1. The average size of the NTFS nanoparticles was
35.12 + 5.72 nm. The sizes of the two components, NT and FS, were
17.57 + 2.68 and 23.89 + 3.51 nm, respectively. The elements Ti, Fe,
Si, and O were all detected using EDS, indicating successful
Fe304@Si0, and NTFS synthesis (Fig. 1). The Ti content in the NTFS
were determined using a Varian 725-ES Inductively Coupled
Plasma-Optical Emission Spectrometer (ICP-OES) (Mulgrave VIC,
Australia) after acid digestion (Mudunkotuwa et al., 2016). The
mass percent of Ti in NTFS measured by ICP-OES was 56.48 + 4.97%.
The calculated mass ratio of NT to FS in NTFS was approximately
65:35.

2.3. Exposure of Arabidopsis seedlings to NTFS, N-TiO,, and
F€304@5i02

The transgenic Arabidopsis seeds expressing cytosolic Pi
biosensor (cpFLIPPi-64m) or cytosolic MgATP>~ biosensor

(ATeam1.03-nD/nA) were germinated following the method pub-
lished by Zhang et al. (2018). The surface of seeds was first sterilized
by 70% (v/v) ethanol, followed by 10% (v/v) bleach (active ingre-
dient: sodium hypochlorite) for 2 min. Afterwards, the seeds were
washed by DI water for 5 times and transferred to half-strength
Murashige and Skoog medium (MS medium) (Murashige and
Skoog, 1962) with 0.25% (w/v) sucrose at 4 °C. The ingredients of
the MS medium are shown in Table S1. After 2 days, the stratified
seeds were transferred to a 96-well plate containing 0.25 mL of the
MS medium with 0.25% (w/v) sucrose in each well. The 96-well
plate was incubated with a 16 h light/8 h dark cycle (LED grow
light, 30 W) at 22 °C. The germination rate of the Arabidopsis seeds
was higher than 99% in this hydroponic study. After 6 days, the
Arabidopsis seedlings in the 96-well plate were transferred to a new
96-well plate and exposed to NTFS at different concentrations,
respectively. The pH of all growth media was adjusted to 5.7—-5.8
using potassium hydroxide. The dosage of TiO,-based photo-
catalysts for the organic pollutant degradation in previous publi-

cations was up to 1000 mg/L (Alvarez et al., 2010; Kumar et al.,
2017). Considering the worst scenario (all materials in the treated
water were failed to recover and expose to plants directly), the
highest concentration of NTFS in this study was set at 1000 mg/L,
which is also a typical dose used in the phytotoxicity studies of
TiO,-based nanophotocatalys (Lei et al., 2007; Chen et al., 2008;
Ghosh et al., 2010; Zahra et al., 2015). In order to gain an in-depth
understanding of the toxicity of NTFS, the effects of the two main
components of NTFS (NT and FS) on the Arabidopsis were also
assessed. The concentrations of NT and FS were set up based on the
mass ratio of NT to FS in NTFS. The medium used in this study was

Fig. 1. (a) TEM image and (b) elemental mapping information of N-TiO,/Fe;0,@SiO, nanophotocatalyst (NTFS), and TEM images of (c) N-TiO, nanoparticles (NT) and (d) Fe30,@SiO,

nanoparticles (FS).
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half-strength MS medium containing 0.25% (w/v) sucrose and the
treatments were prepared as follows. T1: Medium only. T2-4:
Medium with NTFS at three concentrations (100, 500, and
1000 mg/L). T5-T7: Medium with N-TiO, (NT) at three concentra-
tions (65, 325, and 650 mg/L). T8-T10: Medium with Fe304@SiO,
(FS) at three concentrations (35, 175, and 350 mg/L). To maintain
the pH of growth media at 5.7—5.8, all health Arabidopsis seedlings
were rinsed by deionized water before transferring. Each treatment
had 16 replicated plants.

2.4. Determination of Ti and Fe concentrations in plant tissues

After 5 days of exposure to NTFS, NT, and FS particles, Arabi-
dopsis plants were sacrificed for the determination of Ti and Fe
concentrations. In order to remove the adhering particles on the
plant surface, entire plants were first rinsed by CaCl, solution at
5mM for five times and then washed by DI water. The harvested
plants were then freeze-dried for 72 h. The fresh and dry biomass of
three representative plants from each treatment was recorded
before and after freeze-drying. The dry plants (three plants in each
treatment) were then digested using strong acid following a pre-
viously developed procedure (Song et al., 2013). The freeze-dried
tissues were mixed with 3 mL of 70% (v/v) nitric acid and diges-
ted at 80 °C for 2 h. After cooling to room temperature, 1 mL of 30%
(w/v) perchloric acid was added to the mixture. The solution was
heated to 200 °C until it became clear. The total Ti and Fe concen-
trations in the digest were quantified using ICP-OES.
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2.5. Confocal microscopy imaging of the NTFS uptake by plants

The vicinal hydroxyl groups of Alizarin Red S (ARS) are able to
bind TiO; (Fig. S2a) (Puchtler et al., 1969; Thurn et al., 2009; Blatnik
et al.,, 2012). Thus, ARS can be used to label and track the NTFS
particles. To surface modify NTFS, ARS (60 uM) was mixed with
NTFS (1000 mg/L). The samples were then analyzed under a Zeiss
LSM710 confocal microscope (Oberkochen, Germany). The original
NTES and the ARS labeled NTFS were excited by laser at 543 nm. The
fluorescence was measured at 560—615 nm. Figs. S2b and ¢ shows
the confocal images of the original and ARS labeled NTFS, indicating
the success of NTFS labeling with ARS.

On the 6th day after germination, Arabidopsis plants were
exposed to the medium with labeled NTFS at 1000 mg/L for another
5 days to study the uptake and distribution of NTFS. On the 5th day
after exposure, the root and leaf tissues were examined using a
confocal microscope. A laser excitation wavelength of 543 nm was
used. Emission was collected using a 560—615 nm band-pass filter.
For each sample, serial scanning along the z-axis of the sample was
conducted to obtain 3-D images, and the number of scanning
planes was 34. The distance between two optical planes was
approximately 1 um.

2.6. FT-IR analysis

Changes in lipids, lignin, proteins, and carbohydrates were
studied by using FT-IR spectroscopy. Five milligrams of freeze-dried
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Fig. 2. (a) Total Ti and (b) total Fe concentrations (mg element/kg dry plant tissue) in whole plant seedlings on the fifth day of exposure to different treatments. Error bars represent
standard deviations (n = 3). Different letters in lower case represent significant differences between the treatments in a one-way ANOVA followed by the Tukey test (p <0.05).
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plant tissues from each treatment were mixed with 100 mg of
potassium bromide and ground to fine particles. Afterwards, the
mixture was compressed in a pellet press to form a pellet for FT-IR
analysis. Infrared analysis was performed using a Vertex 70 Hype-
rion 1000 FT-IR spectrophotometer (Bruker, Billerica, MA, USA). The
spectral resolution was 4cm~! and the spectral range was
400 cm™! to 4000 cm .

2.7. Assessment of cytosol Pi and MgATP?~ levels

On the 10th after germination (5 days of exposure to NTFS, NT,
and FS particles), three healthy Arabidopsis plants were randomly
selected from each treatment and studied under a confocal mi-
croscope (LSM710, Zeiss, Oberkochen, Germany) following the
developed protocol (Zhang et al., 2018). Briefly, the Pi biosensor and
the MgATP?~ biosensor were excited at 458 nm. The excited bio-
sensors in the mesophyll cells of intact leaves could generate
fluorescence emissions at 465—500nm (mseCFP (CFP)) and
526—561 nm (cp173-mVenus (Venus)), which were measured by
confocal microscope. For each plant replicate, 3 images were
generated from the cotyledon of Arabidopsis. The Redox Ratio
Analysis software developed by Fricker (2016) was used to process
the collected confocal images and calculate the ratio of Venus to
CFP, which represents the cytosol Pi or MgATP?~ level in the plants.

3. Results and discussion
3.1. The uptake and accumulation of NTFS

In this study, the elevated Ti concentrations in the plant tissues

exposed to NTFS (Fig. 2a) indicate the uptake of NTFS by Arabi-
dopsis. In general, the uptake of Ti by the plants increased with the
increasing NTFS and the increasing N-TiO, (NT) concentrations.
Similarly, the uptake of Fe increased with the increasing NTFS and
the increasing Fe304@SiO, (FS) concentrations (Fig. 2b). The
elevated concentrations of Ti and Fe in the plants exposed to NT and
S, respectively, imply the uptake of NT and FS nanoparticles by
Arabidopsis. In the absence of NTFS and NT nanoparticles, the plants
contained negligible amounts of Ti. However, the control plants and
plants exposed to NT nanoparticles still had significant amounts of
Fe in the plant tissues, because of the nutrient uptake (FeSO4-7H0)
from the MS medium. Notably, although the total Ti concentrations
in the hydroponic systems of NTFS-100, NTFS-500, and NTFS-1000
were theoretically equal to the corresponding Ti concentrations in
the hydroponic systems of NT-65, NT-325, and NT-650, respec-
tively, the Ti concentration in the plants exposed to NTFS were
lower than in the corresponding plants exposed to NT (i.e. NTFS-
100<NT-65, NTFS-500<NT-325, NTFS-1000<NT-650). The same
trend was found for the Fe concentrations in plants exposed to
NTFS and FS (i.e. NTFS-100<FS-35, NTFS-500<FS-175, NTFS-
1000<FS-350). This is likely due to the larger average size of the
NTFS heterostructure compared to NT and FS. The mean size of the
magnetic nanophotocatalyst NTSF synthesized in this study was
35.12 +5.72 nm (Fig. 1), while the mean sizes of NT and FS were
both less than or around 20 nm. Plant cells are surrounded by the
cell walls, with pores that are believed to be in the 1-20nm
diameter range (Carpita et al., 1979; Nair et al., 2010). Nanoparticles
with sizes smaller than or similar to the pore size are able to diffuse
toward the plasma membrane, enter into the plant cells and
accumulate in specific subcellular locations. Considering the pore

Fig. 3. Confocal microscopic images of the Arabidopsis seedlings on the fourth day of exposure to ARS stained NTFS at 1000 mg/L (the 10th day after germination): (a) root cap; (b)
surface scan of root treated by NTFS; (c) epidermis of plant leaf; (e) mesophyll of plant leaf. The red signals were from the NTFS. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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size, part of the NTFS exposing to the plants may be blocked by the
cell walls, leading to the lower Ti and Fe concentrations compared
to those in the corresponding plants exposed to NT or FS.

By staining with ARS, the labeled TiO,NPs can be located in plant
tissues under a confocal microscope using a 560—615 nm band-
pass filter (excitation = 543 nm) (Thurn et al., 2009; Kurepa et al.,
2010). Kurepa et al. (2010) reported that the ARS labeled TiO,NPs
(<5 nm) can be taken up by the Arabidopsis roots, translocated to
the leaves, and randomly accumulated in the stomata pores. Fig. 3
shows the confocal images of Arabidopsis exposed to ARS labeled
NTES at a concentration of 1000 mg/L, captured on the surface and
at different depths from the surface of the plant tissues. The
aggregated NTFS particles were detected on the root surface
(Fig. 3a) and in the vascular tissue of the plant roots (Fig. 3b). The 3-
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D confocal images of the plant roots exposed to ARS labeled NTFS
further confirmed the penetration of NTFS into the root vascular
tissue (Fig. S3). The results were consistent with the microscopic
finding that NTFS can be taken up by Arabidopsis. Aggregated NTFS
particles were also detected in the epidermis and the mesophyll of
the plant leaves (Fig. 3c and d). Vascular tissue transports nutrients,
water, and hormones within the plant, with the primary compo-
nents of vascular tissue being the xylem and phloem. Larue et al.,
2012a, 2012b found that TiO,NPs can be absorbed by wheat roots
and translocated to the vascular system without modification using
micro X-ray fluorescence (micro-XRF) combined with micro X-ray
Absorption Near Edge Structure (micro-XANES), suggesting that
TiO2NPs can potentially reach edible portions of the crop plants
(leaves or fruits) and pose a threat for human health. The detection
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of NTES in the vascular tissue of plant roots and mesophyll of plant
leaves in our study shows a similar uptake pathway to the previous
findings: NTES can be taken up by plant roots and upwards trans-
ported from roots to leaves. The plants exposed to NTFS were
submerged in the NTFS suspension. The detection of NTFES particles
in the epidermis and the mesophyll of plant leaves could be also
due to the adsorption and diffusion of NTFS directly through the
guard cells in plant leaves. The two possible uptake pathways
indicate the bioaccumulation of NTFS and the consequent entrance
of NTFS into food-chain.

3.2. Compositional and structural alterations in plant tissues

FT-IR spectroscopy is a well-established tool for the identifica-
tion of specific functional groups in plant tissues. In this study, FT-IR
spectrometry was used to identify any changes in specific func-
tional groups in Arabidopsis tissues exposed to NTFS, NT, or FS.
Comparisons of FT-IR spectra from Arabidopsis tissues treated with
different particles at different concentrations are displayed in Fig. 4.
Table S2 provides a summary of previously compiled FT-IR data
from plant samples that relates the functional groups identified and
the macromolecules involved. According to Table S2, the peaks
found at 2855, 2929, and 2960 cm ! were assigned to C—H bond in
CH, and CH3; asymmetric groups associated with lipids (Dokken
and Davis, 2007). The peak at 1736 cm ™! (Fig. 4b) was assigned to
C=0 and COOH groups and identified for lipids and pectins
(Dokken and Davis, 2007; Lammers et al., 2009). Fig. 4c shows the
peaks at 1541 and 1650 cm™~! assigned to the bonds C=0, N—H and
C—N identified for proteins (Dokken and Davis, 2007; Rico et al.,
2015). The C—H bonds in the CH3 groups associated with lipids

SV wg

NTFS- NTFS-  NTFS-

and cellulose were found at 1356 and 1384 cm™! (Fig. 4d) (Sene
et al, 1994). The peaks assigned to cellulose and hemicellulose
were observed at 1240 and 1072—1040 cm ™! in Fig. 4e and f (Rico
et al,, 2015). Moreover, bonds in carbohydrates were observed
from 1200 to 900 cm™! in Fig. 4f (Dokken and Davis, 2007). Based
on the FT-IR results, no compositional and structural changes were
found in the macromolecules of Arabidopsis in different treatments.

Lipids are essential structural components of cell membranes
and compose a bilayer matrix for membrane proteins (Miquel et al.,
1993). Approximately, 5—10% of plant cell membrane by dry weight
were lipids (Ohlrogge and Browse, 1995). Pectins are made of
polysaccharides and accountable for the structure of the primary
cell wall. Pectins can also bind cells together in the middle lamella
(Jarvis, 1992). Hemicellulose and cellulose are the main poly-
saccharides in primary cell walls and can provide the strength for
the primary cell walls. Lignin gives the mechanical support for plant
tissues and supplies the rigidity to the cells of terrestrial plants as
well (Cabane et al., 2012). Disruption in these macromolecules may
lead to changes in morphology and biomass that could impair the
normal development of the plants. The fact that no band changes
were observed in the FT-IR spectra suggests that exposure to the
prepared materials did not cause any negative effects on these
macromolecules in Arabidopsis, implying the unaffected
morphology of plants. Fig. 5 shows the representative Arabidopsis
plants from each treatment and the fresh and dry biomass of the
Arabidopsis on the fifth day of exposure to different treatments. The
intact morphology and unaffected biomass of the plants confirmed
the findings in the FT-IR analysis that NTFS at concentrations
ranging from 100 to 1000 mg/L and its two main components (NT
and FS) would not cause adverse impacts on plant growth.
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Fig. 5. Representative Arabidopsis plants exposed to different particles and the fresh and dry biomass of the plants on the harvest day. Error bars represent standard deviations

(n=3).
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Slomberg and Schoenfisch (2012) investigated the phytotoxicity of
SiO, nanoparticles and found that SiO, nanoparticles were not toxic
to Arabidopsis if adjusting the pH of the growth medium to 5.8.
Although the magnetic Fe304 nanoparticle was reported to be able
to induce oxidation stress to plants and affect the growth of plants
(Wang et al., 2011), its toxicity could be neutralized by the SiO,
coating on the particle surface.

3.3. The effect of NTFS on the cytosolic Pi and MgATP?~ levels

The cytosolic Pi and MgATP?~ levels in the plant cells were
calculated through ratiometric analysis and shown in Fig. 6 and
Fig. 7. According to the previous studies, the two biosensors can
bind to the cytosolic inorganic phosphate and MgATP?~, respec-
tively (Mukherjee et al., 2015; De Col et al., 2017). Under excitation
condition, the two proteins (Venus and CFP) in the biosensors could
emit fluorescence at 465—500 nm (CFP) and 526—561 nm (Venus).
By using the Redox Ratio Analysis software, the ratiometric images
could be generated from the confocal images and the associated
fluorescence resonance energy transfer ratio (Venus/CFP) could be
then quantified. A high ratio of Venus to CFP in Arabidopsis
expressing Pi biosensor implies a low Pi level in plants. On the

Brightfield b

Venus/CFP

Venus/CFP - Pi
P

e <

Fig. 6. Bright-field image (a) and confocal microscope images of the Arabidopsis
seedlings (expressing cytosolic Pi biosensor) showing fluorescence of Venus (b) and
CFP (c). The ratio of Venus to CFP is generated as a false-color image (d). (e) Average
ratio of Venus to CFP for plants expressing cytosolic Pi biosensor in different treat-
ments. Error bars represent standard deviations (n=29). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 7. Bright-field image (a) and confocal microscope images of the Arabidopsis
seedlings (expressing cytosolic MgATP?~ biosensor) showing fluorescence of Venus (b)
and CFP (c). The ratio of Venus to CFP is generated as a false-color image (d). (e)
Average ratio of Venus to CFP for plants expressing cytosolic MgATP?~ biosensor in
different treatments. Error bars represent standard deviations (n=29). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

contrary, a low ratio of Venus to CFP in Arabidopsis expressing
MgATP?~ biosensor indicate a low MgATP?~ levels in plants. A low
Pi level is usually accompanied by Pi deprivation condition in the
plants and a low MgATP?~ level indicates a decline of ATP gener-
ation. Both conditions could lead to the disruption of the energy
supply for the plant growth.

Phosphorus was acquired and assimilated by plants in inorganic
form (Pi) (Schachtman et al., 1998). Insufficient Pi supply could lead
to significant low cytosolic Pi level and affect the phosphate-
dependent metabolism, such as ATP production (Vance et al.,
2003). Thus, the Pi level in cytosol is regularly related to the cyto-
solic MgATP?~ level and plant health. Zahra et al. (2015) proposed
that the adsorption of phosphate ions onto TiO,;NPs and the sub-
sequent uptake of TiO,NPs by the plants, modifications in P
speciation by TiO;NPs, and TiO,NPs stress on plants in the rhizo-
sphere could all possibly increase the Pi bioavailability and enhance
the root exudation (cystine and methionine) of lettuces, which
could cause the acidification of rhizosphere soil. All the changes
could contribute to the higher Pi uptake by lettuces (Zahra et al.,
2015). However, the results shown in Fig. 6e indicate that the
cytosolic Pi level in Arabidopsis was not affected by NTFS and its two
main components at different concentrations. Hong et al. (2005)



666 W. Zhang et al. / Chemosphere 224 (2019) 658—667

reported that TiO;NPs (5 nm) could improve absorbance and en-
ergy transfer efficiency of light (whole chain electron transport)
during the photosynthesis in spinach, enhancing the ATP synthesis
of plants. Nevertheless, the enhancement of ATP synthesis was not
observed in the Arabidopsis plants exposed to NTFS and its com-
ponents at different concentrations (Fig. 7e). The insignificant ef-
fects of NTFS on the cytosolic levels of Pi and MgATP?~ could be due
to the different plant species (Arabidopsis vs. lettuce/spinach) and
the growth environment (hydroponic system vs. soil system).
Another possible reason is the size difference between NTFS and
the TiO;NPs used in previous studies. The size of NTFS
(35.12 +£5.72 nm) is much larger than that of TiO,NPs (<10 nm) in
previous studies, resulting less penetration of the nanoparticles
into the plant tissue. The effects of NTFS on the Pi bioavailability
and rhizosphere pH were then insignificant and would not cause
increasing of the Pi uptake. Moreover, the specific surface area of
NTFS is lower than that of smaller TiO;NPs, leading to the un-
changed absorbance and transfer efficiency of light on the thyla-
koids membrane, and thereby resulting in an insignificant change
of cytosolic MgATP?~ level in Arabidopsis.

The ATP level in plant cells is strongly correlated to the cell
membrane integrity and lipid synthesis. A drop in the energy
supply could cause extensive hydrolysis of the membrane lipids
into free fatty acids and consequential membrane damage (Rawyler
et al., 1999). The ATP deprivation could also stop the desaturation of
the acyl chains and diminish the lipid synthesis (Rawyler et al.,
1999). In this study, the unaffected MgATP?~ levels in the plant
cells exposed to different nanoparticles were consistent with the
results of the FT-IR analysis (Fig. 4a, b and d), which show no
chemical changes in the plant lipids. Moreover, the production of
ATP is achieved through the breakdown of carbohydrates (e.g.
glucose). Thus, the unaffected MgATP?~ levels in the plant cells
could also support the finding that no chemical changes were
detected in the carbohydrates regions of FI-IR spectra (Fig. 4f).

4. Conclusions

This study shows that the magnetic TiO,-based photocatalyst
NTFS can be taken up by Arabidopsis roots, penetrate into the
vascular tissue, and translocate to the mesophyll of plant leaves.
However, the uptake mechanism and potential transformation of
NTFS during uptake process are still unclear and worth further
investigation. NTFS and its two main components (N-TiO, and
Fe304@Si0,), at concentrations ranging from 0 to 1000 mg/L, did
not cause any compositional and structural alterations in the lipids,
pectins, proteins, cellulose, hemicellulose, and carbohydrates of the
plants. The morphology and biomass of plants were not affected by
the NTFS or its components either. By studying the biosensors, the
effects of NTFS and its components on the cytosolic Pi and ATP
levels were found to be insignificant. The unaffected energy phys-
iology was consistent with the findings of unchanged composition,
morphology, and biomass of plants exposed to NTES. Although this
study shows inconsequential toxic effects of NTFS on Arabidopsis,
further long term studies in soil conditions are necessary for
extrapolating the environmental implications of using visible light
driven magnetic TiO»-based photocatalysts. Moreover, NTFS can be
taken up by plants, enter the food chain, and potentially ingested by
animals and human beings. Numerous research papers have re-
ported that TiO,-based materials can pass and be absorbed by the
mammalian gastrointestinal tract, bioconcentrate, bioaccumulate,
and biomagnify in the tissues of mammals and other vertebrates,
and cause histopathological and physiological changes in various
organs of animals and human beings(Jovanovic, 2015). Because the
dose makes the poison, the release and disposal of the emerging

TiO,-based materials, which could bioaccumulate in animal and
human bodies, should be brought into public's attention.
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