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es of nanoscale titanium dioxide
particles in the roots and leaves of wheat seedlings†
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Zhongwei Zhang,b Huaiyu Zhanga and Shu Yuanb

Despite previous studies on exploring the environmental effects of titanium dioxide nanoparticles particle

(nTiO2) on plants, the detailed impacts of nTiO2 on the antioxidant system and photosynthesis of plants is

still not well understood. This study was aimed at investigating the physiological and biochemical responses

to nTiO2 by oxidative damage, Ti bioaccumulation, cell death, and photosynthesis in wheat. The results

showed that 5.0 g nTiO2 L�1 resulted in a significant decrease in plant growth, chlorophyll contents, and

photosynthetic activity. However, the obvious accumulation of reactive oxygen species (ROS) and cell

death were observed under nTiO2 treatments in wheat roots and leaves. In addition, the concentrations

of Ti in the roots were significantly higher than that in leaves with increased nTiO2 concentrations.

Significant increase in enzyme activities and the levels of ascorbate were found in leaves exposed to 1.0

and 5.0 g nTiO2 L�1. Furthermore, the level of D1 and PsbS remarkably decreased in wheat leaves at

5.0 g nTiO2 L�1. However, the strong phosphorylation of photosystem II (PSII) reaction center protein D1

and D2 was observed at 5.0 g nTiO2 L�1. Altogether, these findings demonstrated that the roots suffered

from more severe toxic damage from nTiO2 than the leaves and wheat plants respond to nTiO2 through

the different physiological and biochemical mechanisms in the roots and leaves.
1. Introduction

In recent years, nanotechnology is rapidly developing and
affects many aspects of life.1–3 Nanoparticles (NPs) are materials
between 1 and 100 nm in size and mainly contain two varieties:
natural NPs and manmade NPs (engineered nanoparticles,
ENPs), which are carbon-based or metal-based types. Metal-
based are grouped in metals, metal oxides, and quantum
dots.4–6 ENPs have been used widely in medical, agricultural and
industrial products, which usually lead to the excessive accu-
mulation of ENPs in the environment. Titanium dioxide nano-
particles particle (nTiO2) are the most produced and used
metal-based ENPs with about 10 000 t per year and widely used
in suntan lotions, coatings, new energy and so on.7–9 This
intensive application and disposal of nTiO2 and nTiO2 con-
taining products may result in release of nTiO2 in the subsur-
face environments.10,11 Therefore, there are increasing concerns
on the toxic effects caused by nTiO2 in the world. Many
evidences have indicated that nTiO2 are toxic to animals, plants,
and microbes, and may cause damages to ecosystems and food
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chain.12–14 Therefore, it is necessary to investigate the toxic roles
or mechanism of nTiO2 in plants.

Many studies have shown that ENPs may result in the
changes in plant growth, the activities of antioxidant enzymes,
oxidative damage, DNA expressions, and photosynthetic activity
in many plants.15–18 nTiO2 were also shown to affect plant
growth and lead to oxidative stress in plants. Wang et al. re-
ported that nTiO2 caused obvious toxic impact by increasing in
the lipid peroxidation.1,15 In addition, a recent study showed
that high concentration of nTiO2 increase signicantly the
content of H2O2 and subsequently induced the generation of
reactive oxygen species (ROS),19 which will cause the oxidative
damage to plant tissues. However, plants protect themselves
from ROS attacking by an efficient antioxidant defense system
including antioxidant enzymes and antioxidants under envi-
ronmental stresses. Some previous studies indicated that the
activities of several antioxidant enzymes increased and thus
protected the chloroplast structure from ROS under rutile nano-
TiO2.20 In addition, Li et al. noted that the disruption of anti-
oxidant system and free radical should be the mechanism of
inhibition of Gymnodinium breve growth.21 Although some
reports have demonstrated that nTiO2 can lead to ROS accu-
mulation and increase in antioxidant enzyme activities in
plants, a comprehensive picture on the relations among ROS,
cell death, Ti accumulation and translocation, and antioxidant
system under nTiO2 treatments is still not well understood.
Therefore, physiological and biochemical mechanism by nTiO2
RSC Adv., 2019, 9, 19243–19252 | 19243
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Fig. 1 X-ray diffraction (XRD) pattern (A) and transmission electron
microscopy (TEM) image (B) of nTiO2 and photos (C) of CN19 exposed
to nTiO2 suspensions for 14 days.
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induces the oxidative damage needs further investigation and
elucidation.

Photosynthesis a fundamental process for energy transfer
and life on earth and mainly contains photosystem I (PSI) and
PSII, which is a large pigment protein complex in cyanobacteria,
algae and plants.22 Under environmental stresses including
NPs, PSII is regarded to be the most sensitive site where damage
is incurred in photosynthesis of plants.23,24 Many studies have
suggested that nTiO2 decreased photosynthesis mainly
including the decrease of chlorophyll content and net photo-
synthetic rate (Pn) in plants.16,25However, some previous studies
reported that TiO2 NPs may promote the genetic expression of
light-harvesting complex II (LHCII) b in Arabidopsis thaliana,
affect the microenvironment of PSII, improve the light absorp-
tion of chloroplast, and accelerate the energy trans-
formation.25,26 However, the detailed pathway of the
interactions between nTiO2 and thylakoid membrane proteins
including PSII protein phosphorylation and PSI is still unknown
in plants.

Although some researches show that nTiO2 may promote the
germination of seeds, improve photosynthesis, and increase the
activity of Rubisco activase activity and nitrate reductase,16,27–29

the toxicity of nTiO2 should depend on the treated concentra-
tions in plants. Therefore, the main goals of the present study
were to evaluate the nTiO2 uptake and distribution, and explore
the detailed physiological and biochemical regulation in the
cell death, antioxidant responses, and photosynthesis in wheat
roots and leaves under nTiO2 stress. Our results hereby sug-
gested that different responses and damage were occurred in
the roots and leaves due to the accumulated differences of
nTiO2. Moreover, the data obtained from immunoblotting
supports that PSII proteins and protein phosphorylation are
associated with the regulation in toxicity of nTiO2. To our
knowledge, this study is the rst to explore systematically the
toxic effects of nTiO2 on antioxidant system and photosystems
in wheat.

2. Materials and methods
2.1. Plant material and treatments

TiO2 nanoparticles were purchased from Sigma-Aldrich Co. The
particle size was less than 25 nm with more than 99.5% purity.
X-ray diffraction (XRD, AXIS Ultra DLD, Kratos Ltd., British) and
transmission electron microscopy (TEM) were used for the
characterization of nTiO2 (Fig. 1A and B). The nTiO2 suspen-
sions were prepared through ultrasonic vibration for 1 h with
a solution containing 0, 0.1, 0.5, 1.0, or 5.0 g TiO2 power in
100 mL Millipore water (MW) at 25 �C. Aer sonication, the
fresh nTiO2 suspensions were characterized immediately.

Standard seeds of wheat (Triticum aestivum L. Chuannong 19
cultivar) were sterilized for 10 min in 1% (m/v) NaClO solution
and washed several times with MW before application. To
investigate the effects of nTiO2 on seed germination and
growth, the sterilized seeds were placed in Petri dishes (100 mm
diameter � 15 mm depth) containing 10 mL nTiO2 suspension
at different concentrations of 0, 0.1, 0.5, 1.0, and 5.0 g L�1. The
concentrations used in the experiment are chosen according to
19244 | RSC Adv., 2019, 9, 19243–19252
the previous research.30 A number of 30 seeds were sowed in
each Petri dishes and then germinated for 2 days (dark condi-
tion) at room temperature in a growth chamber with illumina-
tion of 250 mmol photonm�2 s�1 for 16 h day/8 h night cycle, 25/
20 �C day/night temperature and 75% relative humidity. The
germination rate of wheat was calculated when 80% of control
roots were 5 mm long. For other measurements, ungerminated
seeds were removed and then 10 mL of nTiO2 suspension was
added to each Petri dish. The control plants were only watered.
All seedlings were kept for 14 days under the same experimental
conditions used for the germination investigation above. Aer
14 days, the seedlings were harvested and washed thoroughly
with MW. Root length and seedling length were measured
following the previous method.31
This journal is © The Royal Society of Chemistry 2019
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2.2. Determination of Ti contents

Aer nTiO2 exposure for 14 days, wheat roots and leaves were
separated and thoroughly washed with distilled deionized water
for several times. Then, these samples were oven-dried for 48 h
at 75 �C until weight did not change. The dried plant tissue were
placed in a solution 68% HNO3 and 30% H2O2 (2 : 1, v/v) in
digestion vessels overnight at room temperature, and then were
digested with a microwave digestion system (Ethos 900, Mile-
stone Srl. Sorisole, Italy) for 30 minutes. The contents of Ti were
determined using inductively coupled plasma mass spectrom-
etry (ICP-MS, Optimal 2100DV, PerkinElmer Instruments, Wal-
tham, MA, USA).
2.3. In vivo detection of ROS

The visualization of superoxide radicals (O2cˉ) in the roots and
leaves were performed by incubating the samples with the
uorescence probe 10 mM dihydroethidium (DHE, Sigma) for
30 min according to the previous method.32 Hydrogen peroxide
(H2O2) accumulation was monitored by incubation the samples
with 25 mM 2,7-dichlorouorescin diacetate (DCFH-DA, Sigma)
for 40 min in the dark according to previous method.33 Then,
the in vivo imaging of O2cˉ and H2O2 was visualized with
a confocal laser scanning microscopy under different wave-
lengths (O2cˉ for excitation at 485 nm, emission at 530 nm; H2O2

for excitation at 488 nm, emission at 520 nm).
2.4. Propidium iodide (PI) and 4,6-diamidino-2-
phenylindole (DAPI) staining

To evaluate the degree of cell death under nTiO2 exposure, the
roots were immersed in 2 mg mL�1 PI (Sigma) solution for 2 min
at room temperature and then rinsed for several times with PBS
buffer. The staining was observed immediately with uores-
cence microscope (BX-53 System, Olympus Corporation, Tokyo,
Japan) with an excitation wavelength of 546 nm. For DAPI
staining, the roots were immersed in 1 mg mL�1 DAPI (Sigma)
solution for 10 min at room temperature in the dark and then
washed for several times with PBS buffer. The imaging of DAPI
was visualized using the confocal laser scanning microscope
(excitation, 345 nm; emission, 455 nm).
2.5. Chlorophyll uorescence and P700 parameters

Chlorophyll uorescence was imaged via an imaging uorom-
eter named PAM M-Series Chlorophyll Fluorescence System
(Heinz-Walz Instruments, Effeltrich, Germany) as described by
manufacturer. Wheat plants were putted in dark for at least
30 min prior to the measurements. Actinic light intensity was at
an irradiance of 1200 mmol m�2 s�1, and saturated pulse
intensity was at 8000 mmol m�2 s�1. Then, the maximum effi-
ciency of PSII photochemistry (Fv/Fm), the photochemical
quenching (qP), the quantum yield of PSII electron transport
(FPSII) and the quantum yield of non-regulated energy dissipa-
tion Y(NO) values were calculated based on a previous study.34

The representative image data were normalized to a false color
scale.
This journal is © The Royal Society of Chemistry 2019
State transition measurement was carried out with wheat
leaves as described previously.35 A blue light (40 mmol m�2 s�1)
was applied for preferential PSII excitation. A customized 482
LED light source (SL 3500-R-D) was used for red/far-red light
treatment in wheat as described previously.36 Fm level in state I
(Fm0) and state II (Fm00) was obtained by the application of
a saturating light pulse at the end of each cycle.

Chl a uorescence and PSI parameters were measured with
a Dual PAM-100 uorometer (Heinz-Walz Instruments, Effel-
trich, Germany) as described previously. PSI parameters
including the maximal P700 signal (Pm), the effective quantum
yield of PSI (FPSI), reduction status of PSI acceptor side (FNA),
and oxidation status of PSI donor side (FND) were determined
following the previous method.37
2.6. Isolation of thylakoid and thylakoid membrane protein
analyses

Functional thylakoid membranes were isolated under dim light
as previously described from fresh or frozen material in liquid
nitrogen.38 NaF (10 mM) was included in the extraction buffers
to inhibit phosphatase activity. Chl concentrations were deter-
mined aer extraction with 80% (v/v) acetone as described
previously.39 SDS-PAGE (6% stacked gel + 14% separation gel +
6 M urea) with Tris–Gly buffer system was used for separating
thylakoid proteins and subsequently transferred to the PVDF
membrane (Immobilone, Millipore, Darmstadt, Germany).40

Then, thylakoid proteins were detected by specic antibodies
including Lhca1-4, PsaD, PsbS, D1, D2, CP43, and Lhcb1-6
purchased from Agrisera Comp. (Umea, Sweden). The anti-
phospho-threonine antibody (Cell Signaling, Ipswich, MA,
USA) was applied for detection of phosphoproteins. Loading
was determined via Coomassie Brilliant Blue staining before
western blotting. The detection of the immunoreaction was
performed using a chemiluminescent detection system (ECL,
GE Healthcare, Buckinghamshire, UK). Quantication of the
immunoblots of thylakoid proteins was carried out with
Quantity One soware (Bio-Rad Comp. Hercules, CA, USA).
2.7. Transmission electron microscopy analysis of roots and
leaves

Structure of wheat roots and leaves aer two-week exposure at
5 g nTiO2 L�1 was observed using a transmission electron
microscope (TEM H-9500, Hitachi, Tokyo, Japan) operating at
75 kV. The root tips and leaves were prexed with 0.1 M sodium
cacodylate buffer (pH 6.9) containing 3% glutaraldehyde at 4 �C
overnight, and then xed in 1% osmium tetroxide for 1 h. The
specimens were subsequently dehydrated with acetone and
embedded in Epon 812. Thin sections were cut using an ultra-
thin microtome (Ultracut F-701704, Reichert Jung, Reichert,
Austria) and then were stained with 2% uranyl acetate on
a copper-coated copper grid with glow discharge.
2.8. Statistical analysis

Data were presented as mean � SD (standard deviation) and
analyzed by the Duncan's multiple range test suing the
RSC Adv., 2019, 9, 19243–19252 | 19245
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statistical soware SPSS 19.0 (IBM, Chicago, IL). The least
signicant differences were considered signicant at P < 0.05
level.
3. Results and discussion
3.1. Plant growth, germination rate, chlorophyll, total
protein, soluble sugar, and proline

It is well known that nTiO2 has different effects on the growth,
development, and photosynthesis of plants.41,42 In the present
study, when compared with the control plants, the phenotype at
0.1 and 0.5 g nTiO2 L

�1 concentration did not change, while 1.0
and 5.0 g nTiO2 L�1 concentration inhibited obviously the
seedling growth (Fig. 1C). These results were further identied
by the data from roots and seedling length, which signicantly
decreased at 1.0 and 5.0 g nTiO2 L�1 (Table S1†). Previous
studies indicated that high concentration of nTiO2 could have
induced toxicity in the seed germination and seedling
growth.30,41,43 Consistent with ndings, our results showed that
nTiO2 (1.0 and 5.0 g L�1) caused marked reduction in the
germination rate compared with the control, especially for 5.0 g
nTiO2 L�1. A previous research showed that chlorophyll could
be amore useful indicator of NPs toxicity compared with growth
parameters.17 In the present study, the content of chlorophyll
and total protein signicantly decreased by 26.5% and 11.5% at
nTiO2 L�1 at 5.0 g L�1 relative to the control (Table S1†),
respectively. Furthermore, the levels of proline and soluble
sugar in the roots and leaves were presented in Fig. S1† at
different concentrations of nTiO2. Compared with the control,
nTiO2 exposure resulted in the signicant increase in the
contents of proline and soluble sugar, especially for high
concentration (5.0 g L�1) of nTiO2 in the roots. Proline and
soluble sugar, as two important substances for osmotic
adjustment, usually increase in response to stressful conditions
in plants.44 The high levels of proline and soluble sugar in the
roots relative to the leaves were probably because high
concentration of nTiO2 caused the severe oxidative damage to
wheat roots. Therefore, these physiological results seemed to
suggest that high concentration of nTiO2 likely caused the
severe toxicity to wheat seedlings.
3.2. nTiO2-induced oxidative damage

Under environmental stresses including NPs, a large number of
reactive oxygen species (ROS) is produced in different organ-
isms as by-products of natural cell functions and subsequently
induce the oxidative damage.17,45 To investigate the oxidative
damage caused by different concentrations of nTiO2, the levels
of the two major ROS species including H2O2 and O2cˉ were
measured in the roots and leaves. ROS imaging of wheat roots
and leaves using specic uorescent probes showed that more
red or green uorescence was observed at different concentra-
tions of nTiO2 compared with the control, particularly 5 g nTiO2

L�1 (Fig. 2). In addition, a higher ROS accumulation was
observed in wheat roots relative to the leaves, indicating that
nTiO2 resulted in severe oxidative damage to wheat roots. The
results were further identied by histochemical staining of ROS
19246 | RSC Adv., 2019, 9, 19243–19252
viaNBT and DAB (Fig. S2A and B†). To conrm these results, the
rate of O2cˉ production and H2O2 content was assayed in the
roots and leaves under nTiO2 exposure (Fig. S3A–D†). Compared
with the control, 1.0 and 5.0 g nTiO2 L

�1 signicantly increased
the content of O2cˉ and H2O2 in the roots and leaves. Similarly,
the concentrations of O2cˉ and H2O2 in the roots were higher
than that in the leaves under nTiO2 exposure, especially for high
concentration of nTiO2. Although some evidences have indi-
cated that some NPs possess a ROS scavenging property and
may cause a protective cellular response in animal cells,46 many
other studies have shown that many NPs can induce the accu-
mulation of ROS and subsequently an oxidative stress-mediated
necrosis in the roots of plants.47–49 It was probably main reason
for high ROS levels in wheat roots in the present experiment. It
has been known that over-generation of ROS can lead to the
lipid peroxidation, which subsequently results in the damage to
cell membrane and oxidative stress.50 In the present experi-
ment, the oxidative stress was further studied by measuring the
level of MDA and electrolyte leakage. As shown in Fig. S3E–H,†
nTiO2 treatment markedly increased the MDA content and
electrolyte leakage in wheat roots and leaves, which was
consistent with the levels of O2cˉ and H2O2. Similarly, the high
levels of MDA and electrolyte leakage in the roots might be due
to the fact that excessive ROS accumulation in the roots
enhanced lipid peroxidation, and in turn affected normal
cellular functioning. Therefore, these results indicated that
high concentration of nTiO2 resulted in the severe oxidative
damage to wheat plants, especially for the roots.
3.3. Cell death under nTiO2 exposure

The above results demonstrated that nTiO2 exposure could
induce excessive ROS accumulation and subsequently severe
oxidative damage in wheat roots. To test whether the ROS
accumulation leads to cell death in the roots, the plasma
membrane (PM) integrity in root tips was examined by propi-
dium iodide (PI) staining. PI is a membrane-impermeable dye
that binds to nucleotides and its positive nucleus is a strong
indicator of the loss of membrane integrity.51 Consistent with
the phenomenon of ROS accumulation in wheat roots, the
results obtained from PI staining showed that obvious cell
death was observed in the primary root tips under nTiO2

exposure compared with the control (Fig. 3A and S2C†), espe-
cially for high concentrations of nTiO2. In addition, trypan-blue
staining showed that 5.0 g nTiO2 L�1 also resulted in the
obvious cell death in the leaves (Fig. S2C†). The more severe cell
death in the roots further demonstrated that high concentra-
tions of nTiO2 induced severe oxidative damage to wheat roots
relative to the leaves.

Previous study indicated that heavy metal-induced cell death
in the roots can happen through either programmed cell death
(PCD) or necrosis.52 To test whether PCD is involved in the cell
death in the roots, we studied the chromatin condensation by
4,6-diamidino-2-phenylin-dole (DAPI) staining. As shown in
Fig. 3B, a marked increase of DAPI uorescence was detected in
the roots under nTiO2 exposure compared with the control,
indicated that nTiO2 treatment induced severe cell death and
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 In vivo imaging of O2cˉ and H2O2 in the roots and leaves of CN19 under nTiO2 exposure for 14 days. For visualization of O2cˉ (A) and H2O2

(B), wheat roots and leaves were stained with the fluorescent probe dihydroethidium (DHE) and 2,7-dichlorofluorescin diacetate (DCFH-DA),
respectively. Bars ¼ 100 mm.

Fig. 3 Characterization of cell death in primary roots of CN19 under
nTiO2 exposure for 14 days. The root tips were stained with propidium
iodide (PI) (A) and 4,6-diamidino-2-phenylindole (DAPI) (B), respec-
tively. Bars ¼ 100 mm.
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suppresses chromatin condensation in wheat roots. Therefore,
these ndings suggest that plant usually can alleviate the
toxicity to cells through PCD under nTiO2 exposure.
3.4. nTiO2 affects antioxidant defense system

The effects of NPs toxicity on the antioxidant activity of some
key enzymes and antioxidants have been broadly reported.
Several reports have showed the impacts of nTiO2 on the
activities of antioxidant enzymes (CAT, SOD, and POD) in many
plants.20,21,53 To test the differences in antioxidant system
between the roots and leaves under nTiO2 exposure based on
the different oxidative damage, we measured the activity of six
antioxidant enzymes in the roots and leaves. As shown in
Fig. S4,† the activity of GPX, CAT, APX, POD, and SOD signi-
cantly increased at different concentration of nTiO2 (0.5, 1.0
and 5.0 g nTiO2 L�1), while total GR activity signicantly
decreased aer nTiO2 exposure compared with the control in
the roots (Fig. S4E†). Relative to the control, the activity of GPX,
CAT, POD, and SOD signicantly increased at 1.0 and 5.0 g
This journal is © The Royal Society of Chemistry 2019
nTiO2 L�1 concentration, whereas the activity of APX and GR
markedly reduced under nTiO2 exposure in the leaves (Fig. S4I
and K†). In the roots and leaves, the reduction in GR activity
corresponded with the high ROS accumulation, suggesting that
the high concentration of nTiO2 improve the oxidative stress in
wheat plants. Under nTiO2 treatment, the increase in the
activities of several antioxidant enzymes may be due to the
antioxidant system of nTiO2 acting as a scavenger of ROS.17

However, compared with the leaves, the roots showed the more
signicant decrease or increase in the activity of antioxidant
enzymes under nTiO2 exposure. The reason is probably due to
the fact that the roots touched directly with nTiO2, which could
cause excessive generation and accumulation of ROS, and
thereby resulted in the severe oxidative stress. To alleviate the
oxidative damage to wheat roots, the activities of several anti-
oxidant enzymes were signicantly increased and subsequently
the antioxidant system was acted for scavenging excessive ROS.

It is well known that ascorbate–glutathione cycle plays an
important role in scavenging the toxic ROS with antioxidant
enzymes together.54 The differences observed between the roots
and leaves regarding ROS accumulation and cell death led us to
further investigate the amounts of antioxidants. Compared with
the control, although there was no signicant changes in the
concentrations of GSSG and DHA under nTiO2 exposure, treat-
ment with nTiO2 resulted in the signicant decline in the
content of GSH and the marked enhancement in the AsA
concentration in the roots and leaves (Fig. S5A and B†), espe-
cially at 1.0 and 5.0 g nTiO2 L

�1. GR catalyzes the generation of
reduced glutathione that is needed to regenerate ascorbated. In
the present study, the low increase in contents of AsA was
probably due to the signicant decline in GR activity, which is
consistent with the low concentration of free thiols that could
low the production of ascorbate, and then lead to higher
oxidative stress in the roots.17 All these results indicated that
high concentration of nTiO2 caused the severe damage to the
antioxidant defense system, and a high oxidative stress was
occurred in wheat roots under nTiO2 exposure.
3.5. nTiO2 exposure reduced photosynthetic capacity

The oxidative damage occurred under stressful conditions
usually was accompanied with the decline in photosynthetic
RSC Adv., 2019, 9, 19243–19252 | 19247
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efficiency.24 To investigate the effects of nTiO2 on photosyn-
thesis of wheat, PSI and PSII photochemistry was analyzed in
wheat leaves. PSI is not so invulnerable to environmental
stresses like PSII.55 As shown in Fig. S6,† nTiO2 treatment did
not leas to the signicant decrease in PSI photochemical effi-
ciency compared with the control under different light intensity
except the maximal P700 signal (Pm) displayed a signicant
decline at 5 g nTiO2 L

�1 concentration. This is probably due to
a result from a permanently reduction of PSI donator side to
protect PSI against the oxidative damage through excess
radiation.31

Chlorophyll uorescence are usually considered as a non-
invasive probe in investing photosynthetic capacity under
environmental stresses in plants.23,24 Next, PSII photochemistry
was studied in wheat seedlings exposed to different concen-
trations of nTiO2. When compared with control plants, nTiO2

exposure did not reduce the value of Fv/Fm (Fig. 4A). However,
a signicant increase in Y(NO) was observed at 0.5, 1.0, and 5.0 g
nTiO2 L�1 concentration (Fig. 4B). The high level of Y(NO)
Fig. 4 Chlorophyll fluorescence parameters of CN19 under nTiO2 exp
chemistry; Y(NO) (B), quantum yield of non-regulated energy dissipation
photochemical quenching. The values (mean � SD) are presented below

19248 | RSC Adv., 2019, 9, 19243–19252
indicated that photochemical energy conversion was insuffi-
cient at high nTiO2 concentrations in wheat.56,57 In contrast, the
value and color of FPSII and qP displayed obvious decline at 0.5,
1.0, and 5.0 g nTiO2 L�1 concentration relative to the control
(Fig. 4C and D). The reason was due to a reduction in the
photochemical efficiency of the PSII complex under nTiO2

exposure.
It has been well known that excess light energy is harmlessly

dissipated as heat by non-photochemical quenching (NPQ),
which is the very important photoprotection process in PSII.31

In the present study, NPQ kinetics of wheat seedlings was
investigated aer nTiO2 exposure (Fig. S7†). Compared with the
control, the induction of NPQ was slower and arrived at a lower
amplitude at 0.5, 1.0 and 5.0 g nTiO2 L

�1 concentration. During
the dark recovery, the NPQ kinetics of 0.1, 0.5, and 1.0 g nTiO2

L�1 was similar with that of the control, while 5.0 g nTiO2 L
�1

treatment resulted in a delayed recovery. The low value of NPQ
under nTiO2 exposure suggested wheat plants did not dissipate
effectively excess light energy by heat and thereby decrease the
osure for 14 days. Fv/Fm (A), the maximum efficiency of PSII photo-
in PSII; FPSII (C), the quantum yield of PSII electron transport; qP (D),
the individual fluorescence images.

This journal is © The Royal Society of Chemistry 2019
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efficiency of photochemical reactions of photosynthesis.58,59

Furthermore, we also determined the capacity of state I to state
II transition. State transitions is another important photo-
protective mechanism and play a key regulatory role in the
process of energy dissipation by binding LHCII with PSI or
PSII.60 As shown in Fig. S8,† there was no obvious difference in
state transition under nTiO2 exposure compared with the
control. Only a transitory decrease of uorescence occurred at
5.0 g nTiO2 L

�1 when the rst far-red light turned on (Fig. S8†).
Gas exchange parameters are good photosynthetic indicators

for stressful tolerance in plants.24,61 To further investigate the
toxic effects of nTiO2 on the photosynthetic apparatus, four gas
exchange parameters (Pn, Tr, Ci, and Gs) were assayed. As
shown in Fig. S9,† 0.1 and 0.5 g nTiO2 L

�1 did not resulted in
the obvious changes in gas exchange parameters. However,
a signicant decrease in three gas exchange parameters (Pn, Tr,
and Gs) and increase in Ci were observed at high concentration
of nTiO2, especially for 5.0 g nTiO2 L

�1. Therefore, these results
demonstrated that high concentration of nTiO2 resulted in the
severe damage to photosynthetic apparatus, especially for PSII.
Fig. 5 Accumulation of thylakoid proteins in CN19 under nTiO2 exposure
Lhca2, Lhca3, Lhca4, PsaD) and photosystem II (PSII) proteins (D1, D2, C
immunoblotting analysis. Total chlorophyll (1 mg Chl) was loaded into eac
Loading was done based on equal amount of total Chl (1 mg). (C) Quantitat
content of control (100%). The significant differences were marked with

This journal is © The Royal Society of Chemistry 2019
3.6. Changes in thylakoid membrane proteins and
phosphorylation

The composition of pigment-binding proteins could provide
valuable information for further exploring the damage to PSII
under nTiO2 exposure. Immunoblot analysis of PSI and PSII
proteins showed that there were no detectable changes in the
levels of all the analyzed thylakoid proteins except for D1 and
PsbS at different concentrations of nTiO2 compared with the
control (Fig. 5A and C). Relative to the control, 5 g nTiO2 L

�1 led
to a signicant decrease (roughly 20% and 50%, respectively) in
the amount of D1 and PsbS (Fig. 5C). Under environmental
stresses, the D1 protein is the target site hampered.62–64 In
general, the degradation of D1 protein is benecial for PSII to
avoid further oxidant damage and the PSII repair cycle.65 PsbS
protein is the key regulator of the energy dissipation process.66

Therefore, the decrease in PsbS is probably necessary for the
regulation of non-photochemical quenching under nTiO2

exposure.
It has been known that reversible phosphorylation of PSII

core proteins and LHCII play an important role in the PSII
for 14 days. (A) Specific antibodies including photosystem I (PSI) (Lhca1,
P43, Lhcb1, Lhcb2, Lhcb3, Lhcb4, Lhcb5, Lhcb6, PsbS) were used for
h lane. (B) Coomassie blue staining (CBS) of SDS-PAGE were showed.
ive analysis of D1 and PsbS proteins. The results are given relative to the
* when P < 0.05 (n ¼ 4).

RSC Adv., 2019, 9, 19243–19252 | 19249
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Fig. 6 Ti content (A and B) and TEM observation (C–F) of the roots and leaves in CN19 under nTiO2 exposure for 14 days. Data are represented as
mean � SD from four independent repetitions (n ¼ 4). The Duncan's multiple range test showed that the values corresponding to the different
letters were significantly different at P < 0.05. Condensed dark spots, shown with red arrow, indicated nTiO2.
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repair cycle and the energy balance between PSI and PSII under
stressful conditions,67,68 respectively. To study the effects of
nTiO2 on the phosphorylation pattern of thylakoid membrane
19250 | RSC Adv., 2019, 9, 19243–19252
proteins, the phosphorylation of PSII core proteins (D1, D2, and
CP43) and LHCII was detected using an anti-phosphothreonine
antibody. Compared with the control, nTiO2 treatments did not
This journal is © The Royal Society of Chemistry 2019
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induce higher levels of phosphorylation of CP43 and LHCII
proteins (Fig. S10A and C†). However, the strong phosphory-
lated levels of D1 and D2 were found under 5.0 g nTiO2 L�1

exposure relative to the control. These results indicated that
high concentration of nTiO2 could cause the strong phosphor-
ylation of PSII reaction center proteins and subsequently alle-
viated the oxidative damage to PSII by accelerating the PSII
repair cycle.
3.7. Ti accumulation

To explore the toxic reasons of high nTiO2 concentration in the
roots and leaves, the concentrations and distribution of Ti were
measured aer 5 g nTiO2 L

�1 treatment for 14 days. Compared
with the control, Ti contents were signicantly increased in the
roots and leaves under nTiO2 exposure (Fig. 6A and B). However,
the roots accumulated more higher concentrations of Ti relative
to the leaves, suggesting that nTiO2 could be taken up efficiently
by the roots and can not be transferred efficiently to the leaves,
so that the roots were subject to more severe damage. To verify
these ndings, we investigated the ultrastructure of the roots
and leaves with a transmission electron microscopy (Fig. 6C–F).
Previous studies obtained form wheat and cucumber indicated
that TiO2 NPs could penetrate the roots and enter into root
cells.14,69 In agreement with these ndings, we found that a large
number of black grains were detected intercellular spaces of
cortical tissues under 5 g nTiO2 L�1 treatment in the roots
(Fig. 6C and E). However, we found that few black grains were
accumulated in the chloroplast at 5 g nTiO2 L

�1 concentration
(Fig. 6D and F). Our results were consistent with the previous
studies, in which no obvious accumulation of TiO2 was found in
the leaf tissues in rice under TiO2 NPs exposure.14 In addition,
relative to the control plants, the stacking of the grana was
obvious reduced under 5 g nTiO2 L

�1 exposure.
4. Conclusions

Overall, the present study indicates that TiO2 NPs exposure
could cause the severe oxidative damage to wheat roots and
leaves and the subsequent decline in photosynthetic efficiency
in wheat. This study also suggests that there were different
antioxidant defense system and uptaking of Ti in response to
TiO2 NPs treatment in wheat roots and leaves. In addition, the
levels of some PSII proteins and protein phosphorylation were
changed in wheat seedlings under TiO2 NPs exposure. There-
fore, we propose that antioxidant system and PSII protein
phosphorylation may play an important regulatory role in alle-
viating TiO2 NPs toxicity to the roots and leaves in wheat plants.
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32 L. M. Sandalio, M. Rodŕıguez-Serrano, M. C. Romero-Puertas
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