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a b s t r a c t

The physiological and ecological responses of Ulmus elongata to different concentrations of nano-anatase
TiO2 solutions were investigated in this study and we found that with foliar application of 0.1% (T1), 0.2%
(T2) and 0.4% (T3) nano-anatase TiO2 solution the net photosynthetic rate of U. elongata seedlings were
lower, comparing with the control (CK) (no spraying). TiO2 solution had no effect on the carbon isotope
values (d13C), indicating the lower photosynthetic capacity was not caused by stomatal limitation. The
nitrogen isotope values (d15N) decreased, but the foliar metal elements, such as Mg, K and Mn contents
were not affected by nano-anatase TiO2 which promoted the Cu uptake. Fourier transform infrared
spectroscopy showed that the nano-anatase TiO2 enhanced the absorbance of U. elongata leaves, espe-
cially for 1064, 1638, 2926 and 3386 cm�1 bands, indicating the synthesis of carbohydrate and lipid
compounds was a kind of mechanism under the toxic effects of nanonanoparticles.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The increasing risks and opportunities of dispensing nano-
materials into the environment lead to a higher probability of or-
ganism exposure to nanoparticles. The effects of nanomaterials on
living organisms have generally been well-accepted by the public,
the promotion of gene transfer caused by nanoalumina are an
alarm for the great use of nanomaterials (Qiu et al., 2012). Little
research is available on the interactions between nanomaterials
and plants. Hence, the possible effects of nanomaterials on plants
remain difficult to assess. The impact of nanomaterials on plant
growth is complex; even the same kind of nanomaterials may have
different biological effects on different plant types. Oleszczuk et al.
(2011) observed the effects of two different carbon nanotube
particle sizes on the growth of five plant types. They found that the
carbon nanotubes can promote seed germination and root elon-
gation. The 10 nm diameter carbon nanotubes can reduce the
poisonous effects of sewage sludge on plant growth, whereas the
60 nm diameter nanotubes can increase the toxicity. Lin and Xing
(2007) studied the effects of five nanoparticle types [multi-walled
carbon nanotubes (MWCNTs), Al2O3, ZnO, Al, and Zn] on seed
germination and root elongation. Nanoparticles with different
diameters have different biological effects. For example, nano-zinc
and nano-zinc oxidewith smaller size inhibit the seed germination
All rights reserved.
and root elongation more severely. The toxicity of ZnO nano-
particles is 33 times that of soluble zinc salts (ZnCl2) and is strongly
correlated with their particle size. Toxicity at the nanoscale is
significantly stronger than at the microscale (Lee et al., 2010).
Zucchini seedlings planted in a silver nanoparticle solution absorb
4.7 times the silver content compared with those planted in the
non-silver nanoparticle solution. The plants in the nano-silver
solution exhibit significantly decreased biomass and transpira-
tion capacity (Stampoulis et al., 2009). However, Juhel et al. (2011)
found that aluminum nanoparticles can promote the growth of
Lemna minor, particularly the root elongation. The authors
believed that this metal nanoparticle can promote the conversion
of light energy as well as the photosystem II (PSII) quantum yield.
The mechanisms of nanomaterials on living organisms have
aroused considerable scientific interest (Zhao and Liu, 2012).

Nanomaterials with different modifications have different
biological effects. Water-soluble carbon nanotubes promote the
growth of Cicer arietinum (Tripathi et al., 2011), whereas quantum
dot-modified MWCNTs are detrimental to tomato growth
(Alimohammadi et al., 2011). MWCNTs can induce chromosome
aberration, DNA fragmentation, and apoptosis in Allium cepa root
cells, indicating that nanomaterials can affect the expression of the
key genes in plant growth (Ghosh et al., 2011). Liu et al. (2009)
concluded that the biological effects of single-walled carbon
nanotubes on tobacco (Nicotiana tobacum) are caused by the per-
meability of the plant cell or tissues. MWCNTs can penetrate into
the cells of tomato seeds to promote seed germination and seed-
ling growth (Khodakovskaya et al., 2009). MWCNTs can also
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Fig. 1. X-ray diffraction (XRD) pattern (a) and transmission electron microscopy (TEM)
image (b) of nano-anatase TiO2.
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significantly promote tobacco growth (Khodakovskaya et al.,
2012). This growth-promoting effect is the result of the genetic
expression of water channel proteins, as well as cell division (CycB)
and cell wall extension (NtLRX1) genes. Nanomaterials can thus
cause a variety of adversities and affect the expression of
photosynthesis-related genes (Khodakovskaya et al., 2011). These
effects are closely related to the surface chemical properties of the
nanomaterials (Villagarcia et al., 2012). Rico et al. (2011) reviewed
the effects of nanomaterials on plant growth and concluded that
nanomaterials exert a positive promotion effect as well as a neg-
ative inhibitory effect on plant growth, in addition to the different
physiological effects, depending on the nanomaterial type, particle
size, concentration, and plant species.

Nano-titanium dioxide (TiO2) has excellent optical and bio-
logical properties and has recently caught the attention of plant
physiologists. Wang et al. (2010) found that MWCNTs did not affect
the growth of maize seedlings. However, they found that the nano-
TiO2 exerted significant toxic effects by inducing a significant
increase in the lipid peroxidation product, malonaldehyde (MDA)
(Wang et al., 2010). X-ray fluorescence microspectroscopy showed
that nano-TiO2 can attach to the Vicia faba root surface in 48 h, thus
resulting in the inhibition of plant growth (Foltête et al., 2011). TiO2
nanoparticles could penetrate wheat root only below a threshold of
diameter, which was 36 nm (Larue et al., 2012a, 2012b). The effects
of nano-TiO2 on Gymnodinium breve is more significant, as shown
by the LC50 (median lethal concentration) of 9.7 mg L�1 in 72 h. The
activities of superoxide dismutase (SOD), catalase (CAT), and MDA
reached their maximum in 12 h, whereas that of the hydroxyl
radical (�OH) significantly increased in 48 h. The disruption of the
free radical and antioxidant system is the mechanism of suppres-
sion of G. breve growth (Li et al., 2012). Zheng et al. (2005) reported
that 2.5% rutile nano-TiO2 promotes the germination of spinach
seeds, whereas 0.25% rutile nano-TiO2 enhances the spinach pho-
tosynthesis by promoting cyclic and linear photophosphorylation.
This promotion is closely related to Mg2þ-ATPase activity (Hong
et al., 2005a). Rutile nano-TiO2 positively affects spinach by pro-
tecting the chloroplast membrane structure from reactive oxygen
species, thus increasing the activity of antioxidant enzymes such as
SOD, CAT, and peroxidase (POD) (Hong et al., 2005b). Gao et al.
(2006) reported that nano-anatase TiO2 can enhance the spinach
Rubiso activase activity (Gao et al., 2008) by significantly promoting
the expression of Rubiso activase mRNA (Ma et al., 2008). Nano-
TiO2 can significantly promote the genetic expression of Arabidopsis
thaliana light-harvesting complex II b (Ze et al., 2011). Nano-
anatase TiO2 can significantly promote the activity of nitrate
reductase to accelerate the conversion of inorganic nitrogen (NO3e

N and NH4
þeN) to organic nitrogen (protein and chlorophyll) (Yang

et al., 2006). Spinach treated with nano-anatase TiO2 can even
directly absorb N2 or reduce N2 to NH3 in nitrogen-poor nutrient
solutions under sunlight, thereby significantly increasing plant ni-
trogen content (Yang et al., 2007). Nano-anatase TiO2 can affect the
spinach microenvironment of PSII and increase the visible-light
absorption of leaves, thereby improving the energy transport ca-
pacity (Su et al., 2007). However, all previously described plants are
edible ones (Rico et al., 2011) and were studied mainly in a labo-
ratory environment, and the pathway of the interactions between
nanoparticles and plants is unclear. Therefore, mechanism by
which nano-TiO2 affects plant growth requires further investigation
and elucidation.

Ulmus elongata is a heliophyte that belongs to the family
Ulmaceae. This species is considered endangered because of habitat
fragmentation and habitat loss (Gao et al., 2012) and thus requires
protection through immediate ex-situ and in situ conservations.
Our previous study showed that the light compensation point (LCP)
of U. elongata seedlings is low, whereas its light saturation point is
high (LSP¼ 1600 mmol photonsm�2 s�1). The plant has a large light
amplitude for ecological adaptation, thus, the endangerment of the
species is not caused by a lack of photosynthetic capacity (Gao et al.,
2011a, 2011b).U. elongata seedlings grow fast and exhibit resistance
to drought stress, pests, and diseases. Two-year-old U. elongata
seedlings were studied to determine (1) the effects of nanoparticles
on the photosynthetic characteristics of U. elongata as well as the
mechanisms involved, and (2) the environmental factors that
determine the effects of nanomaterials on plant growth in the field.
To the best of our knowledge, this study is the first to explore the
effects of nanomaterials on woody plant growth.

2. Materials and methods

2.1. Nano-anatase TiO2 solution

Nano-anatase TiO2 was prepared via a facile, low-temperature, nonhydrolytic
solegel reaction of TiCl4 and benzyl alcohol. The average grain size, calculated using
Scherrer’s equation, was 6.22 nm (Fig. 1) (Zhu et al., 2007; Qian et al., 2012). The



Fig. 2. Leaves under different treatments. CK, T1, T2, and T3: sprayed with distilled
water, 0.1%, 0.2%, and 0.4% nano-anatase TiO2 solution, respectively.
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nano-anatase TiO2 solution was prepared via ultrasonic vibration of a solution
containing 0.1 g, 0.2 g, or 0.4 g TiO2 powder in 100 ml distilled water. The ultrasonic
vibrationwas performed for more than half an hour, eventually producing the milky
nano-anatase TiO2 solution.

2.2. Site description and plant culture

The experiment was conducted in the Botanical Garden of Zhejiang Normal
University (29�080 N, 119�380 E). This region has a subtropical monsoon climate. The
elevation is 68 m, the annual average sunshine duration is 2062.6 h, annual pre-
cipitation is between 1350mm and 1997mm, and the annual average temperature is
17.3 �C. The lowest temperature is �9.6 �C, whereas the highest temperature is
41.2 �C. The annual average accumulated temperature above 10 �C is 5504.5 �C.

Two-year-old, garden-grown U. elongata seedlings were transplanted from
Nanping city, Fujian Province, in April 2010. The different nano-anatase TiO2 solu-
tions (0.1%, 0.2%, and 0.4%) were each sprayed on the seedling leaves of three
samplings. Seedlings sprayed with distilled water served as the control (CK). The
seedlings were treated on the first day of June and July 2011. The plant responses to
TiO2 solution were then determined.

2.3. Photosynthesis and chlorophyll fluorescence parameters

The photosynthesis and chlorophyll fluorescence parameters were determined
in early July 2011using a Li-6400XT portable photosynthesis system (LI-COR Bio-
sciences, Lincoln, NE, USA). The net photosynthetic rate (PN), intercellular carbon
dioxide concentration (Ci), transpiration rate (Tr), and stomatal conductance (Gs)
were measured between 09:00 and 11:30 in the morning using a 6400-02B LED cool
light source on the clamp-on leaf chamber (6 cm2). The PARwas set at two gradients,
1600 and 800 mmol m�2 s�1. All plants were induced under natural light for more
than 1 h prior to the measurement. The CO2 concentration within the chamber was
maintained at 400 mmol mol�1, the measuring temperature was set at 25 �C, and the
flow rate was at 500 mmol s�1. The humidity was manually adjusted, and the leaf-to-
air vapor-pressure difference was held constant at 1 kPa. The instantaneous water
use efficiency is expressed as WUE ¼ PN/Tr, whereas stomatal limitation ¼ 1 � Ci/Ca.

The chlorophyll fluorescence rapid light curves of U. elongata seedlings were
determined in a chlorophyll fluorescence leaf chamber at nine light intensity gra-
dients: 0, 200, 400, 600, 800, 1000, 1200, 1400, and 1600 mmol m�2 s�1. The chlor-
ophyll fluorescence parameter formulas were based on a previous study (Maxwell
and Johnson, 2000) and are expressed as follows: Fv0/Fm0 ¼ (Fm0 � Fo0)/Fm0;
FPSII ¼ (Fm0 � Fs)/Fm0; qP ¼ (Fm0 � Fs)/(Fm0 � Fo0); qN ¼ (Fm � Fm0)/(Fm � Fo); and
ETR ¼ FPSII � PAR � 0.85 � 0.5, where 0.85 is the empirical coefficient of light ab-
sorption, and 0.5 indicates that light can be absorbed equally by two photosystems.
In the above equations, Fv0/Fm0 is the quantum efficiency of open PSII centers under
light, Fm0 is the maximum fluorescence yield under light, Fo0 is the minimum flu-
orescence yield under light, Fs0 is the state fluorescence yield under light, FPSII is the
PSII photochemical quantum yield, qP is the photochemical quenching, qN is the
nonphotochemical quenching, and ETR is the electron transport rate. The seedlings
of each treatment were cross-determined to minimize the experimental error. The
seedlings were intensively poisoned with the nanomaterial in the third treatment
(T3). Only one seedling was used from this treatment because of serious leaf loss,
whereas three shoots weremeasured in the other experimental treatments. Three to
five leaves per seedling were selected, and each leaf was measured 2e3 times.

2.4. Foliar carbon and nitrogen (%) contents and carbon (d13C) and nitrogen (d15N)
isotope discriminations

The leaves from each treatment were dried at 80 �C after fixing at 105 �C to
constant weight. The materials were crushed using a mortar and then sieved
through a 200 mesh prior to testing. The C and N contents (%) were analyzed using
a VARIO EL3 precision elemental analyzer (Elementar, Germany). Approximately
3 mge5 mg samples were analyzed on a Delta XP isotope ratio mass spectrometer
(Finnigan MAT253) following pyrolysis in a high-temperature furnace (Thermo-
quest TC/EA, Finnigan MAT). The carbon and nitrogen isotope discrimination values
(d13C and d15N, respectively, measured in parts per thousand) were determined
using the dried leaves via a standard procedure relative to Pee Dee Belemnite (PDB)
limestone and with N2 as the standard.

d13C (&) ¼ {(13C/12Csample � 13C/12Cstandard)/13C/12Cstandard} � 1000, where
13C/12Csample is the carbon isotope discrimination of each sample and 13C/12Cstandard
is the PDB standard. In the current study, PDB ¼ 0.011194.

d15N (&) ¼ {(15N/14Nsample � 15N/14Nstandard)/15N/14Nstandard} � 1000, where
15N/14Nsample is the nitrogen isotope discrimination of each sample and
15N/14Nstandard is the N2 standard.

2.5. Metal element content

In order to remove the nano-TiO2 on leaf surface, the leaves used for quantifi-
cation of metal elements were washed by tap water firstly, and then by distilled
water. The previously described leaves (Section 2.4) were oven-dried at 100 �C for
72 h and then digested on a hot block with concentrated HNO3 for 1 h at 115 �C. The
magnesium (Mg), potassium (K), titanium (Ti), manganese (Mn), and copper (Cu)
contents of the digested plant tissues were determined via inductively coupled
plasma mass spectroscopy.

2.6. Infrared absorbance determination

Infrared absorbance was measured using a United States NEXUS670 type Fourier
transform infrared spectrometer with a DTGS detector, an OMNIC ESP5.1 smart
operating software, and an OMNI sampler. The analyses were conducted by inte-
grating 32 scans within the 4000 cm�1 to 400 cm�1 spectral range and at a resolu-
tion of 0.1 cm�1 (Gao et al., 2012).

2.7. Data analysis

Statistical analyses of photosynthesis and chlorophyll fluorescence parameters,
foliar carbon and nitrogen, carbon (d13C) and nitrogen (d15N) isotope discrimina-
tions, and metal element contents were performed via one-way ANOVA using the
Predictive Analytics Software (PASW, IBM, USA). The least significant difference at
P ¼ 0.05 denoted significance.

3. Results

3.1. Photosynthetic characteristics of U. elongata seedlings

Nano-anatase TiO2 disrupted the growth of U. elongata seed-
lings. Leaf chlorosis increased as the nano-anatase TiO2 concen-
tration increased. The 0.4% nano-anatase TiO2 concentration
caused considerable defoliation, resulting in serious damage to
seedling growth (Fig. 2). Under 1600 mmol m�2 s�1 light intensity,
the net photosynthetic rate (PN) decreased from 6.28 mmol m�2 s�1

(for the control) to 2.62 mmolm�2 s�1 for T2. The PN of T2 is 41.7% of
that of CK, whereas that of T3 is �2.19 mmol m�2 s�1. At the same
time, the intercellular Ci increased from 281.74 mmol mol�1 to



Table 1
Net photosynthetic rate (PN), stomatal conductance (Gs), intercellular carbon dioxide concentration (Ci), transpiration rate (Tr), water use efficiency (WUE), and stomatal
limitation (1� Ci/Ca) in leaves ofU. elongata of different treatments. Different small letters denote significance at 0.05 (P< 0.05). The data for CK, T1, and T2 are expressed as the
means � SE (n ¼ 3) of three individual plants. The T3 data were obtained from only one tree.

Treatments PN (mmol m�2 s�1) Gs (mol m�2 s�1) Ci (mmol mol�1) Tr (mmol m2 s�1) WUE (mmol mol�1) 1 e Ci/Ca

PAR [ 1600 mmol mL2 sL1

CK 6.28 � 1.81a 0.11 � 0.03a 281.74 � 3.90c 1.90 � 0.48b 3.26 � 0.11a 0.27 � 0.01a
T1 5.07 � 0.33a 0.15 � 0.02a 309.43 � 7.62b 2.40 � 0.26 ab 2.15 � 0.20b 0.19 � 0.02b
T2 2.62 � 0.57a 0.30 � 0.09a 351.72 � 3.24a 4.03 � 0.85a 0.67 � 0.14c 0.07 � 0.01c
T3 �2.19 0.3 388.23 4.61 �0.48 �0.01
PAR [ 800 mmol mL2 sL1

CK 2.85 � 0.46a 0.07 � 0.01b 315.20 � 5.55a 1.26 � 0.22b 2.29 � 0.11a 0.22 � 0.01a
T1 2.37 � 0.98a 0.12 � 0.04b 332.84 � 44.94a 1.79 � 0.46b 1.68 � 1.00a 0.18 � 0.11a
T2 3.80 � 0.92a 0.24 � 0.03a 367.75 � 13.80a 3.20 � 0.33a 1.28 � 0.46a 0.10 � 0.03a
T3 0.17 0.24 394.74 3.64 0.05 0.03
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388.23 mmol mol�1, thus showing a significant difference among
the treatments. The Gs of the plants sprayed with nano-anatase
TiO2 increased, but not significantly. The Tr of the control is
1.90 mmol m2 s�1; however, an increase in the water loss was
observed in the plants sprayed with nano-anatase TiO2. The Tr of
T1 is 2.40 mmol m2 s�1, whereas that of T2 is 4.03 mmol m2 s�1,
which is double that of CK. The lowered net photosynthetic rates,
strength of transpiration water loss, the WUE of U. elongata
seedlings were significantly reduced. The WUE of T2 is 20.6% of
that of the CK. Gs and Tr increased, suggesting that the stomatal
limitation value (Ls) was reduced. The Ls of CK is 0.27, whereas that
of T2 is 0.07. Overall, the photosynthetic characteristics under
800 mmol m�2 s�1 exhibited trends similar to those under
Fig. 3. Quantum yield of photosystem II (FPSII), photochemical quenching (qP), quantum effic
and nonphotochemical quenching (qN) of the different treatments. The data for CK, T1, and T
were obtained from only one tree because of severe defoliation.
1600 mmol m�2 s�1. The PN of T3 is 0.17 mmol m�2 s�1, whereas that
of T2 is 133.3% of the CK, indicating that the photosynthetic
characteristics of U. elongata varies under different light intensities
(Table 1).

The chlorophyll fluorescence parameter Fv0/Fm0 decreased with
increasing light intensity. T2 and T3weremore significantly reduced
compared with CK and T1. FPSII and qp showed similar change
trends with Fv0/Fm0. ETR increased with the light intensity. The ETR
of CK and T1were higher than those of T2 and T3. qN increasedwith
the light intensity because of the increased heat dissipation due to
nano-anatase TiO2, indicating that the absorbed light could not be
used for photosynthesis. The qN values for T2 and T3 were higher
than those for T1 and CK, indicating greater losses (Fig. 3).
iency of open photosystem II centers under light (Fv0/Fm0), electron transport rate (ETR),
2 are expressed as the means � SE (n ¼ 3) from three individual plants; the data for T3



Fig. 5. Foliar carbon (d13C) and nitrogen (d15N) isotope discriminations under different
treatments. Different small letters denote significance at 0.05 (P < 0.05). The data for
CK, T1, and T2 are expressed as the means � SE (n ¼ 3) of three individual plants. The
T3 data were obtained from only one tree.
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3.2. Foliar carbon and nitrogen (%) contents, carbon (d13C) and
nitrogen (d15N) isotope discrimination analyses

The leaf carbon content of U. elongatawas not affected by nano-
anatase TiO2. The leaf carbon contents are 40.98 mg g�1 DW for CK,
41.24 mg g�1 DW for T1, 41.07 mg g�1 DW for T2, and 40.89 mg g�1

DW for T3. The leaf total nitrogen content was also unaffected by
nano-anatase TiO2. The values from CK to T3 are as follows: 2.79,
2.9, 2.89, and 2.64 mg g�1 DW, respectively. Spraying with 0.4%
nano-anatase TiO2 solution reduced the leaf total nitrogen content,
but not significantly (Fig. 4). Spraying with nano-anatase TiO2
solution had no effect on 13C fractionation. The d13C values in plant
leaves treated with from CK to T3 were �28.48&, �28.45&,
�28.51&, and �28.68&, respectively, whereas the d15N values
were �1.6&, �1.87&, �2.61&, and �3.2&. The value for T2 was
more negative than that for CK (P < 0.05) (Fig. 5).

3.3. Metal element content analysis

Spraying with nano-anatase TiO2 had no effect on the leaf Mg, K,
and Mn contents of the U. elongata seedlings. The nanomaterial
promoted the absorption of Cu but not significantly (P ¼ 0.052)
(Fig. 6). The Ti content was significantly affected (P ¼ 0.042). The Ti
content of CKwas 7.53mg kg�1 DW, whereas those of T1, T2, and T3
were 31.3 mg kg�1 DW (4.16 times higher than that of CK),
54.3 mg kg�1 DW (7.21 times that of CK), and 99.5 mg kg�1 DW
(13.21 times that of CK), respectively. The increases in the Ti content
were significant (P < 0.05) and were a direct consequence of the
foliar application of nano-anatase TiO2.

3.4. Changes in infrared absorbance

The infrared absorption values increased with the foliar appli-
cation of the nano-anatase TiO2 solution. Of the infrared absorb-
ance changes, that of CK was the lowest, whereas that of T2 was the
highest. The values for T1 and T3 were between those of CK and T2.
The infrared absorption bands of CK, T1, T2, and T3 appeared at
1064, 1638, 2926, and 3386 cm�1 (Fig. 7). The peak near 1064 cm�1

corresponds to the polysaccharide CeO stretching vibrations, thus
Fig. 4. Foliar carbon and nitrogen (%) contents under different treatments. Different
small letters denote significance at 0.05 (P < 0.05). The data for CK, T1, and T2 are
expressed as the means � SE (n ¼ 3) of three individual plants. The T3 data were
obtained from only one tree.
indicating the presence of starch polysaccharides and saturated
fatty alcohol (Shriner et al., 2004). The 1638 cm�1 absorption peak
corresponds to the absorption bands of the hydrocarbon C]C
symmetric vibration, which indicates the presence of RCH]CHR
(Shriner et al., 2004). The 2926 cm�1 absorption peak corresponds
to the methylene CeH asymmetric stretching vibration, mainly
from fatty acids and a variety of cell membrane components (Gao
et al., 2012). The 3386 cm�1 peak is attributed to hydroxyl ab-
sorption, which indicates the presence of ethanol and phenol
(Shriner et al., 2004).

4. Discussion

Nano-TiO2 has three types: anatase, rutile, and brookite. The
anatase type exhibits the best photocatalytic activity, with a band
gap of 3.2 eV and its main absorption wavelength falling between
230 nm and 380 nm (Yin et al., 2005). Anatase nano-TiO2 has a large
specific surface area, high thermal conductivity, and high photo-
catalytic ability that can inhibit the growth of bacteria, fungi, and
algae. Zhang et al. (2008a) found that cucumber leaves sprayed
with a 0.35% nano-TiO2 semiconductor sol demonstrated sig-
nificantly reduced leaf lesion areas and lower incidence rates, as
well as promoted chlorophyll and carotene syntheses. Spraying
with nano-anatase TiO2 after a few hours can promote photosyn-
thesis in cucumber, which in turn increases root growth (Zhang
et al., 2008b). TiO2 and SiO2 nanomaterial mixtures can promote
soybean root activity and leaf nitrate reductase activity, enhance
plant water and nitrogen use, and stimulate the SOD, POD, and CAT
activities (Lu et al., 2002). However, Ba (2010) found that the nano-
TiO2 solution can inhibit the germination and growth of cucumber
seedlings because of the increased accumulation of metal elements
as a result of the reduced nanoparticle size. Rutile TiO2 nano-
particles can protect the structure of chloroplast membranes
against reactive oxygen free radicals and improve the activities of
antioxidant enzyme systems such as those of SOD, CAT, and POD
(Hong et al., 2005a,b). Gao et al. (2006) reported that nano-anatase
TiO2 could enhance the spinach Rubiso activase activity (Gao et al.,
2008) and significantly promoted Rubiso activasemRNA expression
(Ma et al., 2008). Li et al. (2012) reported that nano-TiO2 inhibited
G. breve growth by increasing hydroxyl radical content in vivo. The



Fig. 6. Foliar magnesium (Mg), potassium (K), titanium (Ti), manganese (Mn), and copper (Cu) contents under different treatments. Different small letters denote significance at
0.05 (P < 0.05). The data for CK, T1, and T2 are expressed as the means � SE (n ¼ 3) of three individual plants. The T3 data were obtained from only one tree.
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biological effects of nano-TiO2 are closely associated with its
structure as well as the plant species; however, its physiological
mechanisms remain to be clarified.

As observed in this study, spraying a certain concentration of
nano-anatase TiO2 solution reduced the net photosynthetic rate
and WUE but had no effect on the long-term WUE, as the d13C
values did not differently among the treatments. The carbon di-
oxide concentration Ci and stomatal conductance Gs of U. elongata
seedlings increased, but the stomatal limitation value Ls decreased.
The increase in water loss indicates that the reduced photo-
synthetic capacity was caused by the decreased mesophyll activity.
Nanomaterial toxicity to plants is also exhibited by reductions in
the actual photochemical efficiency of the PSII, as well as by the
reduced potential maximum photochemical yield and photo-
chemical quenching. Studies showed that plants exhibit lower
Fig. 7. Infrared absorbance of U. elongata leaves under the different nano-TiO2

treatments.
photochemical quenching and potential photochemical yield under
stress (Cambrollé et al., 2012; Ahammed et al., 2012). The first
quinone acceptor (QA

�) reoxidized to QA is reduced, which results in
reduced electron transfer rate and increased photochemical
quenching for heat dissipation. Tavakkoli et al. (2011) found that
salt stress on plant growth is multifaceted. High Naþ concentrations
reduce plant photosynthesis via stomatal regulation, such as by
reducing the Kþ and Ca2þ absorption. However, a high Cl� con-
centration reduces the photosynthetic capacity through non-
stomatal effects. Chlorophyll degradation and reductions in the
actual quantum yield of PSII of electron transport occur and are
associated with both photochemical quenching and excitation en-
ergy capture efficiency. Li et al. (2011) found that nano-SiO2 im-
proves the Indocalamus barbatus photosynthesis by improving the
non-stomatal limitation factors. Ma et al. (2007) found that the
leaf d13C value of Reaumuria soongorica (Pall.) Maxim, a desert
plant, was not affected by the soil total nitrogen as d13C decreases
with increasing soil moisture. The authors assumed that 13C frac-
tionation is mainly affected by photosynthetic stomatal limitations
rather than by the soil nutritional status. d13C is an indicator of
stomatal or non-stomatal limitation of plant photosynthesis. The
d13C in any of the treatments in this study showed no change, thus
confirming that nano-anatase TiO2 reduced the photosynthesis in
U. elongata seedlings mainly via non-stomatal regulation. The PN of
T4 is negative under 1600 mmol m�2 s�1 light intensity, and then
slightly declined under 800 mmol m�2 s�1 (Table 1). These results
indicate that high light intensity can increase the nanomaterial
toxicity on plant growth, indicating nano-anatase TiO2 reduced the
capacity against strong light. Studies showed that high light in-
tensity increases the damage to Nostoc muscorum under heavy
metal stress (such as mercury) (Singh et al., 2012). Light intensity
affects the ability of plants to respond to photooxidation (Peter
et al., 2010). High irradiance enhanced pea plant response to NH4

þ

stress without inducing the appearance of photoinhibitory symp-
toms, suggesting that the harmful effects of NH4

þ are not directly
related to the generation of photooxidative stress. The PN of U.
elongata seedlings significantly dropped under 1600 mmol m�2 s�1
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light intensity, possibly due to photooxidative stress (Ariz et al.,
2010). To the best of our knowledge, this study is the first to
report on the significant role of radiation factor in determining the
effects of nanomaterials on plant growth.

The nitrogen content of plant leaves affects their photosynthetic
capacity, it has a generally positive correlation with plant photo-
synthesis (Zhang et al., 2008). Previous studies showed that nano-
anatase TiO2 can significantly promote the activity of spinach ni-
trate reductase and accelerate the conversion of inorganic nitrogen
(NO3eN and NH4

þeN) to organic nitrogen (protein and chlorophyll),
which lead to increased plant total nitrogen content (Yang et al.,
2006). In this study, leaf total nitrogen and carbon were not affec-
ted by nano-anatase TiO2, indicating that nano-anatase TiO2 did not
affect the carbon and nitrogen uptake and transport in the seed-
lings. Leaf d15N became more negative with increasing nano-
anatase TiO2 concentration, indicating that the nitrogen uptake
was affected by nano-anatase TiO2, however. Mg is an important
component of chlorophyll (Hermans and Verbruggen, 2005),
whereas K is involved in the regulation of stomatal opening and
closing (Langer et al., 2004). Meanwhile, Mn is a key metal com-
ponent of the manganese cluster complexes in PSII (Dreaden et al.,
2011). However, the current findings indicate that the involvement
of these metals in plant photosynthesis was not affected by nano-
anatase TiO2. Cu is a component of plastocyanin, which partici-
pates in photoelectron transfers (Burkhead et al., 2009). Anatase
TiO2 nanoparticles slightly increased the leaf Cu content, but such
change was not significant (P ¼ 0.052). Nano-anatase TiO2 reduced
and blocked the electron transfer from QA to QB. This finding is the
primary reason for the defoliation of the U. elongata seedlings.

Plants synthesize carbohydrates and lipids in response to stress
and adverse circumstances. These responses are reflected by the
changes in the infrared absorbance of the U. elongata leaves. The
foliar contents of the seedlings were measured to determine the
effects of nanomaterials on the synthesis of adverse substances.
Plant phytosphingosine phosphate (PHS-P) and a ceramide phos-
phate (Cer-P) were specifically synthesized upon cold exposure
(Guillas et al., 2011). Glyphosate-treated plants showed impaired
carbon metabolism, as indicated by the accumulation of carbohy-
drates in the leaves and roots (Orcaray et al., 2012). A comparison of
the absorption values of the leaves shows changes in the leaf
composition. Fourier transform infrared spectroscopy is a fast and
accurate technique widely used in plant protection and phylogeo-
graphic studies (Gao et al., 2012). The spectral absorption of U.
elongata leaves sprayed with nano-anatase TiO2 solution increased,
indicating that the carbohydrate and lipid syntheses detected in U.
elongata leaves were responses to the toxic effects of the nano-
materials. These results offer a clearer understanding of the effects
of nanomaterials on plant growth.

5. Conclusions

Nano-anatase TiO2 reduced the photosynthetic capacity of U.
elongata seedlings. The lower PN observed in this study was caused
by non-stomatal regulation, particularly the reduction in mesophyll
photosynthetic capacity. Nano-anatase TiO2 had no effect on the
long-term WUE of U. elongata; however, the nanomaterial led to
a more negative d15N. Ti was absorbed in the leaves in a dose-
dependent manner according to the exposure degree of plant to
the nanomaterial. In addition, nano-anatase TiO2 had no significant
effects on theMg, K, Mn, and Cu contents, indicating that Ti does not
affect the absorption of these metals. The leaf total carbon and ni-
trogen contents were also not affected by nano-anatase TiO2. How-
ever, the nanomaterial stimulated the synthesis of carbohydrates
and lipids, which are indicators of plant response to stress. This
response can bedetermined from thedifferences among the infrared
absorption spectra. However, the differences in infrared absorption
may also be associated with the processing time, given that the
synthesis of macromolecular compounds requires long reaction
times. In summary, this research explored the mechanism by which
nanomaterials reduced the photosynthetic capacity of U. elongata
seedlings. The reduction was mainly regulated by non-stomatal
limitations. In addition, the photooxidative stress increased under
high light intensity. This study is the first report on the vital roles of
environmental factors in determining the interactions between
nanomaterials and plants. Our results may thus serve as a reference
for predicting the effects of nanomaterials on the environment.
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