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ABSTRACT

Oxybenzone (OBZ) present in the environment as an emerging contaminant may occur jointly with
the nanoparticle TiO, due to the typical composition of many sunscreens. Thus, potential effects
caused by TiO, must be considered when investigating the environmental fate of sunscreens and
also when plant performance with regard to remediation of OBZ is scrutinized. Toxicity effects of
OBZ and TiO, on plant development were evaluated by recording germination rates and root lengths
of tomato and barley. Results showed that OBZ significantly inhibited germination rate of tomato
seeds, while no effect was observed for germination of barley seeds. Interestingly, co-exposure with
TiO, lowered the toxicity of OBZ on the tomato seedlings as there were no differences on germina-
tion rate and root length between co-exposure and control treatments. Moreover, growth inhibition
tests with Lemna minor showed that addition of TiO, even enhanced plant growth by increasing the
frond area. Furthermore, influence of TiO, (3 mg/L) on removal of OBZ (5 uM) by plants was exam-
ined with respect to the variations in uptake and metabolism of OBZ in a hairy root culture system.
Co-exposure to TiO, amplified the accumulation of OBZ in plants, while transient slower transforma-
tion to OBZ metabolites was recognized when TiO, had been added. Therefore, it can be concluded
that Ti nanoparticles may generally reduce the phytotoxicity of OBZ and increase the uptake of this
compound in phytoremediation, while the interaction with the transformation capacity should be
considered when applying phytoremediation for UV-filter contaminated water.
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1. Introduction

UV filters are common components among the personal
care products (PCPs), and they have been suspected to
become emerging contaminants due to their massive release
during recreational activities in fresh and seawater as well
as from effluents of wastewater treatment plants fed with
municipal wastewater [1]. Commercial sunscreens may
contain both chemical (organic, absorb UV radiation) and
physical (inorganic, reflect UV) filters [2]. Oxybenzone (OBZ)
is a typical organic ingredient added in the sun protective
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products. Over 81% of the 231 PCPs collected from United
States and China contain this compound [3]. The widespread
use of OBZ has led to its release into the environment and
today it is one of the most frequently detected UV filters
in surface water and wastewater [1,4-7]. Across the world,
highest concentrations up to 1.395 mg/L of OBZ have been
detected along Trunk Bay in Virgin Islands [8]. Accumulation
of OBZ has also been reported in organisms involved in the
aquatic food chain [1,7] and the compound has been proved
in vivo as an endocrine-active agent to fish [9]. Moreover, the
presence of OBZ has been associated with the deterioration of
coral reefs [10]. Titanium dioxide (TiO,), a well-known nano-
material, is widely incorporated as an inorganic UV filter
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in cosmetics and industrial products, but it is also applied
extensively to photocatalyse breakdown of environmental
pollutants [2]. The US annual production of nano-TiO, is
estimated to reach 2.5 million metric tons in 2025 [11]. Both,
the growth of production and application inevitably enhance
the entry of TiO, into the environment. Recently 3,000 ug/L of
titanium has been detected in raw sewage water [12], which
ultimately could lead to interactions with the environment
and living organisms.

Phytoremediation has been recommended as a suitable
technology to cope with emerging contaminants in many
compartments of the aquatic environment. Previous studies
focused primarily on the single treatment of OBZ by aquatic
higher plants [13], however, since commercial sun protective
products normally contain several components, including
nanoparticles, in this study, OBZ and TiO, were chosen as the
compounds of interest, which are often combined to provide
strong photoprotection.

Nanoparticles have been demonstrated to be beneficial
for the delivery of biomolecules into plant cells [14], and at
the same time they have been reported to alter the bioavail-
ability and fate of other contaminants. The accumulation
of the pesticide chlordane in crops increased 34.9% when
exposed to C,, fullerenes [15]. Zhang et al. [16] demon-
strated the enhanced bioaccumulation of cadmium in carp
in the presence of TiO,. Also, the nutrient uptake patterns
in Elodea canadensis were altered with the addition of TiO,,
and concentrations of all the elements showed significant
correlations with each other [17].

Considering the influence of nanoparticles on many
organic chemicals, it is essential to investigate the treatment
efficiency of OBZ by plant with respect to the nano-TiO,.
This study aimed to scrutinize the above aspects. Therefore,
the toxicities of OBZ and TiO, on plants were estimated by
evaluating germination rate and root length of barley and
tomato seedlings. In addition, growth inhibition was tested
with Lemna minor growing hydroponically in microplates,
and the resulting impact on frond area and photosynthetic
pigments was determined. More importantly, a well-estab-
lished horseradish (Armoracia rusticana) hairy root system
(HRs) was selected for the current study, with the advantages
of fast growth, free of bacterial interference. Since the results
obtained from HRs have been proven to be reliable and can be
extended to intact plants, this system represents an appropri-
ate approach for characterizing the fundamental processes in
plants. The influence of TiO, on uptake and transformation of
OBZ was therefore studied in HRs with and without addition
of TiO, in aqueous suspensions. Furthermore, enzyme activ-
ities were assayed to evaluate the effects of both compounds
on the performance of the plant detoxification system and
consequences for water and food quality.

2. Materials and methods
2.1. Seed germination tests

Seeds ofbarley (Hordeumvulgare) and tomato (Lycopersicon
esculentum) were placed on wet filter paper and germinated
in suspensions containing either 5 uM OBZ or 3 mg/L TiO,
alone, or 5 uM OBZ mixed with 3 mg/L TiO,, respectively.
Seeds free of both compounds were regarded as control.
TiO, was suspended in ultrapure water (MilliQ, Millipore

Corporation, USA), the suspension was sonicated twice
for 2 min, using a ultrasonic homogenizer (SonoPlus HD
2070, Bandelin, Germany) at an energy of 40 W [18]. Prior
to use, the suspension was filtered through membrane fil-
ter of 220 nm (PVDF (polyvinylidene fluoride), Carl Roth
GmbH, Germany) to eliminate large agglomerates [19]. Two
plates were prepared for each treatment, in every plate 15
seeds with same shape were arranged with same space. All
seeds were incubated at room temperature, barley seeds
were placed in dark for 3 d and tomato seeds were exposed
with a 15/9 h light/dark cycle for 10 d in a growth chamber
at the Helmholtz Center in Munich, Germany. The number
of germinated seeds was counted and the root length was
recorded by an image processing software (Image]).

2.2. Microbiotest with L. minor

A microbiotest was designed according to the commercial
protocol with modifications [20]. In short, L. minor plantlets
with homogeneous frond size were selected and transferred
to 96-well microplate containing Steinberg medium [21].
Each well contained one frond, 24 wells were integrated for
each treatment. Treatments including OBZ/TiO, alone or in
mixture were set up similar to those in the seed germination
tests. Media in control wells were without xenobiotic pollu-
tion. The plate was incubated for 3 d at 25°C in the labora-
tory. Digital photos were taken at both beginning and end of
the incubation, and the frond area at these two time points
was calculated with the help of Image]. The growth of Lemna
fronds was evaluated by the relative growth rate, which is
calculated on the basis of changes in frond area determined
during the course of the 3-d exposure period. Additionally,
chlorophyll and carotenoid contents of corresponding fronds
after 7 d incubation were determined as described previ-
ously [22], briefly, 0.05 g freshly ground frond powder was
immersed with 0.6 mL cold 95% ethanol, after 1 h storage in
a dark fridge (4°C) the samples were centrifuged at 4,000g for
1 min, the resulting supernatant was collected while the pellet
was dissolved in 95% ethanol, stored and centrifuged again,
the same procedure was repeated twice until the fronds were
virtually pale. Supernatants from each centrifugation were
collected and combined; the samples were measured spectro-
photometrically at 664.1, 648.1 and 470 nm according to the
method of Lichtenthaler and Buschmann [23]. The pigment
contents were expressed as ug/g fresh weight.

2.3. Hairy root culture experiment

Hairy root culture of horseradish had been obtained for-
merly by transformation of nodal segments by Agrobacterium
rhizogenes strain A4 [24]. After subdivision, roots obtained
from the same generation were adopted and grown in
250 mL Erlenmeyer flask with 100 mL Murashige and
Skoog medium with addition of sucrose inositol and thia-
mine for 10 d. The experiment was initiated by incubating
the roots in medium containing 5 uM OBZ supplemented in
the presence or absence of 3 mg/L TiO,, roots added inde-
pendently with 3 mg/L TiO,, control roots free of both com-
pounds and medium without roots were set up under the
same conditions. Triplicate samples of roots and medium
from each treatments (including control) were harvested
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at 0, 2, 4 and 7 d, respectively. Root samples were frozen in
liquid nitrogen and stored at -80°C. All the chemicals used
were of analytical grade.

2.4. Extraction of roots

OBZ and its metabolites were extracted according to
the method described previously [25]. In short, 0.5 g of
plant material were ground and extracted with 1.5 mL H,0/
acetonitrile (30/70, v/v). After 5 min ultrasonication and
30 min centrifugation at 13,000xg. Supernatants were puri-
fied with 3 cm® 60 mg Oasis HLB solid phase extraction
columns. Growth medium was filtered with PVDF syringe
filters prior to analysis.

O-Glucosyltransferase (O-GT, E.C. 2.4.1.x) was extracted
based on the method described previously [26]. Three
grams of hairy roots were homogenized and extracted with
100 mM sodium phosphate-buffer pH 6.5 containing 10 mM
DTE, 2 mM MgCl, 1 mM EDTA, 1 mM PMSF and 1% PVP
K90 at 4°C for 30 min. After centrifugation at 15,000xg for
30 min at 4°C, proteins in the supernatant were precipitated
progressively by addition of ammonium sulphate to 40% and
75% saturation and centrifuged at 18,500xg for 30 min at 4°C,
respectively. Consequently, the pellets were resuspended
in 2.5 mL 200 mM Tris/HCI buffer with 2 mM MgCl, and
1 mM DTE, pH 7.3. Proteins were desalted by size exclusion
chromatography through PD 10 columns (GE Healthcare,
UK) and stored at —80°C before use.

2.5. LC-MS analysis

OBZ and metabolites were determined with a high-
performance liquid chromatography (HPLC) system (Varian
ProStar 210) coupled to an ion trap mass spectrometer (Varian
500-MS). A Phenomenex HYDRO-RP column (C18, polar
endcapped; particle size 4 pm; 50 mm x 2.0 mm) was
applied for separation of analytes using H,O with 0.1% for-
mic acid as mobile phase A, acetonitrile with 0.1% formic
acid as mobile phase B with following gradient: 0-2 min 97%
Buffer A; 2-10 min 95% Buffer B; 10-12 min 95% Buffer B;
12-12.5 min 97% Buffer A; 12.5-17 min 97% A. The flow rate
was 0.3 mL/min. Concentration of OBZ was determined by
an external standard calibration curve. The HPLC eluent was
introduced into the mass spectrometer using a pneumatically
assisted electro-spray source (positive mode). The interface
was adjusted to the following conditions: capillary voltage,
63 V; needle voltage, 4,500 V; drying gas temperature, 300°C.
MS/MS spectra were obtained by collision-induced dissocia-
tion using nitrogen as the collision gas.

2.6. Determination of O-GT activity

O-GT activity was determined using the method described
by San Miguel et al. [26]. The reaction mixture contained
0.1 mM substrate (quercetin, kaempferol), 2 mM uridine
5'-diphophoglucose disodium salt, 3.125 mM 4-nitrophenyl
pB-d-glucuronide and 3.125 mM salicin in 200 mM Tris/HClI
buffer (pH 7.3) with 2 mM MgCl,. The reaction was started
by adding 100 uL enzyme extract. After 30 min incubation at
30°C the reaction was stopped by protein precipitation with
10 pL concentrated phosphoric acid, after centrifugation at

15,000xg for 2 min. The supernatant was diluted 1:4 (v/v)
with HPLC solvent A. Measurement was performed by the
HPLC system (Varian Pro-Star M215) equipped with a C18
Prontosil Spheribond column (5 uM, 250 x 3.0 mm, Bischoff
Chromatography, Leonberg). Mobile phases consist of 0.1%
aqueous trifluoroacetic acid (TFA) as solvent A and acetoni-
trile with 0.1% TFA as solvent B. OBZ was separated with
the following gradient: 0-8 min 92% B (isocratic); 8-9.5 min
100% B (linear increasing); 9.5-12.5 min 8% B (linear decreas-
ing); 12.5-15 min 8% B (isocratic). The flow rate was kept at
0.85 mL/min and the analytes were detected via HPLC with
UV detection at 370 nm (Varian ProStar 335, Germany). O-GT
activity is expressed as the enzymatic formation of 1 pmol
product per min [pkatal] in the enzyme extracts. Protein
content was determined by the method of Bradford [27]
with bovine serum albumin as a standard protein.

Kinetic analyses of the results obtained from directly
adding 3 mg/L TiO, to the above described standard
assays with various substrate concentrations (kaempferol,
0.06-0.14 pM) were performed using GraphPad Prism.
Michaelis-Menten and Lineweaver—Burk plots were made to
allow the calculation of Michaelis constant K values.

2.7. Data analysis

Statistical analyses were performed with the soft-
ware GraphPad Prism v5.0. One-way analysis of variance
(ANOVA) with Tukey posttest and two-way ANOVA with
Bonferroni posttest were applied respectively to deter-
mine the significant differences between groups from seed
germination tests and hairy roots experiment. Comparisons
were considered significantly different for p <0.05.

3. Results and discussion
3.1. Effect of OBZ and TiO, on plant growth

The potential effect of OBZ and TiO, on seed develop-
ment was tested by calculating the germination rate and
root length of tomato and barley. As shown in Fig. 1, treat-
ment with OBZ and TiO, resulted in different germination
patterns between tomato and barley. Addition of OBZ sig-
nificantly inhibited germination rates of tomato seeds by
31.6%, accordingly, and the average root length of seeds
germinated under OBZ treatment was 1.1 cm, which was
57.5% lower than that in the other treatments. Unlike stud-
ies which proposed the negative influence of nanoparti-
cles on root length of tomato [28], this study did not detect
effects of TiO, on seeds compared with nontreated seeds.
However, TiO, reduced the impact of OBZ under the con-
dition of simultaneous exposure, because the germination
rate in the co-exposure was elevated and was similar to the
control level, moreover, slightly longer root length (non-
significant) was observed for seeds exposed to treatments
containing TiO,. This beneficial effect of TiO, has also been
shown in Arabidopsis thaliana exposed to the antibiotic tet-
racycline, when the phytotoxicity of tetracycline on root
elongation and biomass was alleviated in the presence of
TiO,. A possible explanation is that Ti nanoparticles interact
with tetracycline outside of the plant, thus preventing the
exposure at a micro-/nano-level; also, co-exposure increased
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Fig. 1. Effects of 3 mg/L TiO, and 5 uM OBZ on the germination rate (line) and root length (column) of barley and tomato seedlings.
Image of seeds exposed to different treatments. Seeds were germinated on wet filter paper for 3 and 10 d for barley and tomato,
respectively. Error bars represent standard error of mean (n = 30).
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plant total protein content, which plays an essential role
in plant growth such as root elongation [29]. Similar to the
present finding, Larue and coworkers [30] reported that
TiO, in concentrations up to 100 mg/L did not pose impact
on wheat and rapeseed germination rates, and induction of
root elongation was found for both plant species upon expo-
sure. Enhanced germination rate and growth was revealed
in tomato grown in multiwall nanotube amended agar
medium, presumably by affecting the expression of genes
that facilitate cell division and development [31]. Another
proposed mechanism is the facilitated water uptake due to
the increasing number of surface defects on the seed coat by
the nanoparticles [32]. In agreement with the statement of
Begum and coworkers [28] the effects of nanoparticles dif-
fered among plant species. The test with barley seeds in this
study shows no distinguished difference on the germination
rate and root numbers (see Fig. 1) among all the treatments,
however, compared with the seedlings in the control, the
root length was significantly reduced by 15.2%-17.2% after
addition of xenobiotics regardless of single or co-exposure
treatment. The literature on the phytotoxicity of TiO, varies
considerably with concentrations and plant species. Song
and coworkers [33] showed that high concentrations of TiO,
inhibited the growth of L. minor, on the other hand, frond
numbers were stimulated at low concentrations.

The favourable effect of TiO, was again confirmed by a
microbiotest with Lemna in this study. Regardless of single
or co-exposure to TiO,, the relative growth rate of fronds
in these treatments was significantly higher (47%-49%) in
comparison with the controls (Fig. 2). The results obtained
from pigment measurements of corresponding fronds fur-
ther support the aforementioned findings. Contents of
chlorophylls (Chl) a and b were significantly lower in the
plants exposed to OBZ compared with the controls, whereas
addition of TiO, significantly increased Chl a, Chl b and
carotenoids content by 42.2%, 63.8% and 46.5%, respectively,
relative to the OBZ treatment alone (Fig. 3). Chlorophyll
contents are important parameters to evaluate stress and
toxicity to plants. Many studies have reported that TiO,
could affect photosynthesis of plants, including variations
on chlorophyll contents, photosynthetic rate and chloro-
plast structure. For example, the chlorophyll content was
increased in Lemna or mung bean subjected to TiO, [33,34],
and it was explained that TiO, might enter the chloroplast
and its oxidation-reduction reactions might accelerate elec-
tron transport and oxygen evolution [33]. TiO, has also been
shown to stabilize the integrity of chloroplast membranes
and protect chloroplasts from aging [35]. Furthermore, net
photosynthetic rate and Rubisco carboxylation were shown
to be promoted under the treatment of TiO,, resulting from
the enhancement of activity of Rubisco through the increase
of mRNA amounts and protein expression [36]. Although
oxidative stress has been observed in plants exposed to TiO,
[37], the better growth of plants under exposure to TiO,
demonstrated that a certain amount of stress, which does
not exceed the plant’s anti-oxidative capacity, might be pos-
itive for plants. This is supported by the opinion of Mittler
[38] that low level of reactive oxygen species (ROS) is ben-
eficial, and is necessary for the activation of cellular prolif-
eration, physiological function and viability. It was further
speculated that in the case of dissociation of TiO,, Ti** might
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Fig. 2. Impact of 3 mg/L TiO, and 5 uM OBZ on the growth of
Lemna minor. The relative growth rate (RGR) was quantified by
measuring the frond area of Lemna before and after incubation
for 3d. RGR = (In A, —1In A)/3, A, is the initial frond area (cm?)
at day 0 and A, is the area of corresponding frond at day 3. Error
bars represent standard error of mean (n = 24). Lowercase let-
ters indicate significant differences among different treatment
groups according to ANOVA at p < 0.05.

transform the ROS Oj radicals which are damaging to the
photosystem and may accelerate the aging [35].

3.2. Uptake of OBZ under co-exposure with TiO,

During 1 week exposure to environmentally relevant con-
centrations of OBZ and TiO,, OBZ was taken up continuously
by roots regardless whether it was offered alone or together
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Fig. 3. Contents of photosynthetic pigments after 3-d exposure to different treatments. Values are mean of two replicates, each
replicate contain fronds from 12 wells. Error bars indicate SD. Lowercase letters indicate significant differences among different

treatment groups according to ANOVA at p <0.05.

with TiO,. As shown in Fig. 4, at the end of the experiment,
uptake percentage reached 61.2% and 77.7% for OBZ alone
and for TiO, co-exposure, respectively. Roots from controls
and TiO, treatment alone were excluded from the figure as
no OBZ was detected in those samples. Co-exposure to TiO,
significantly (p < 0.05) increased accumulation of OBZ in
roots. Compared with OBZ single exposure, the presence of
TiO, enhanced OBZ amount in roots by 38% and 27% after 2
and 7 d incubation, respectively.

The majority of former studies had focused on the
photodegradation of organic pollutants in the presence of TiO,
as catalyst [39,40], while OBZ is not supposed to be photode-
gradable due to its property as sun-blocker [41]. Its photody-
namics was proven to be stable in the co-existence of inorganic
scatterer TiO,, and very little interaction (adsorption) between
the two species has been mentioned [42]. The results from
medium free of roots confirmed the former findings, as
shown in Fig. 5. Concentration of OBZ remained consistent
except on day 7 when 27.6% of OBZ was lost under the con-
dition of co-exposure. Few studies have been carried out to
investigate the role of TiO, on the accumulation of organic
pollutants by plants. Uptake of TiO, alone has been reported
for several plant species, and TiO, particles with smaller
diameters accumulated to a greater extent than the larger
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Fig. 4. Effect of TiO, on the uptake of OBZ into horseradish hairy
roots, the uptake percentage of OBZ (%) = the mass of OBZ
taken up by roots under exposure (ug)/the initial mass of OBZ
in the hydroponic medium (ug), the mass of OBZ in roots = roots
weight (g) x OBZ concentration in root (ug/g fresh weight (FW)).
Error bars indicate SD (1 = 3).

ones [43]. In fact, plants may be able to increase the avail-
ability of TiO, by influencing the size of particles with root
exudates, rhizosphere pH, etc. [17]. Nanoparticles of smaller
size obtain new properties such as higher surface reactivity
which might enlarge root pores or create new ones, leading
to higher hydromineral flow and elevated nutrient uptake in
roots [30], a process that might simultaneously increase the
uptake of OBZ and explain the higher OBZ concentration
observed during co-exposure with TiO,. Previous results have
shown that nanoparticles may induce the transport of second-
ary pollutants [30,42]. For example, uptake of arsenic (As) has
been enhanced in the presence of graphene oxide (GO) nano-
material via at least three pathways, including the enhanced
permeability due to the structural damage to the cell wall, an
up-regulation of transporter for As and the cotransport of As
that had been absorbed on GO [44]. Additionally, in recent
studies, interactions between phenanthrene and nanomate-
rial have been visualized, and multiwall carbon nanotubes
have been shown to pierce wheat root cell walls and by that
enhance the uptake of phenanthrene into the living cells [45].

3.3. Effect of TiO, on transformation of OBZ

After uptake, OBZ underwent metabolic transforma-
tion. Possible pathways of OBZ in HRs have been described
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Fig. 5. OBZ concentration (uM) in medium without roots over
incubation time. No statistical difference among exposure time
(except day 7) according to ANOVA at p < 0.05. Error bars
indicate standard deviation (1 = 3).
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previously [25], and current results confirmed the hypothesis
that part of the accumulated OBZ would be transformed to
yield an oxybenzone-glucoside (OBZ-Glu) and subsequently
an oxybenzone-malonyl-glucoside (OBZ-Mal-Glu). Effects
of TiO, on the transformation of OBZ were only recog-
nized on the 4th day, when co-exposure with TiO, reduced
the amount of OBZ-Glu to 76.5% of that in the OBZ alone
condition (Fig. 6). The secondary transformation to OBZ-
Mal-Glu was affected slightly by the addition of TiO,, and a
lower amount of OBZ-Mal-Glu was observed in the samples
from co-exposure, while the difference was not statistically
significant.

To further investigate the impact of TiO, on the detoxifica-
tion mechanisms for OBZ, activity of O-glucosyltransferases
(O-GT, E.C. 2.4.1.x) was assayed as they are representa-
tive enzymes participating in the phase II transformation
of xenobiotics, including OBZ [46]. The involvement of
the O-GT enzyme system is important in the responses of
plant tissues to OBZ treatment, which have been confirmed

OBZ-Glu (OB2)

3.0x107

2.0x107

Peak area

1.0%107+

=9 OBZ-Glu (OBZ+TiO,)

formerly to catalyse the glucosylation of OBZ to form
OBZ-Glu [25]. Activity of O-GT was evaluated in stan-
dard assays with two natural substrates — quercetin and
kaempferol. Consistent with previous findings showing
that activities of O-GT were elevated to better transform
the organic xenobiotic into a less toxic form [47,48], this
study showed that after 4-d exposure in OBZ containing
suspensions, O-GT, .., activities were stimulated signifi-
cantly to 127.4% and 164.6%, and O_GTKaempferol activities
were enhanced to 118.3% and 131.2% of control for OBZ
alone and co-exposure treatment, respectively (Fig. 7).
Contrary to this stimulation, co-exposure with OBZ and
TiO, showed 37.2% lower O-GT activity towards quercetin
when compared to that level in the OBZ alone treatment.
A similar pattern was also recorded for kaempferol as a
substrate, where addition of TiO, to the OBZ treatment
again lowered the O-GT activity, albeit the reduction was
not statistically significant. The decrease of O-GT activity in
enzyme extracts derived from the co-exposure experiments
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Fig. 6. Impact of TiO, on the formation of OBZ metabolites in horseradish hairy roots from OBZ single treatment (OBZ-Glu (OBZ),
OBZ-Mal-Glu (OBZ)) and co-exposure treatment (OBZ-Glu (OBZ+TiO,), OBZ-Mal-Glu (OBZ + TiO,)) after 2, 4 and 7 d incubation.

Values are mean of three parallel individuals, *p <0.05.
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significant differences among treatments according to ANOVA at p <0.05.
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corresponds to the lower amount of OBZ-Glu detected in
the roots from the same treatment. This result implies that
TiO, affected the transformation of OBZ in plant transiently,
as after 7-d incubation, this negative effect was eliminated
and the activity had recovered to the same level as that in
controls. Inhibition of detoxification enzyme activities in
the co-exposure to TiO, has also been reported by Liu and
coworkers. They report that the addition of TiO, to A. thaliana
exposed to tetracycline has reduced the activities of perox-
idase and catalase [29]. In the present case, the inhibition
effect was exaggerated when the hairy roots were treated
with TiO, independently; the corresponding O-GT activity
was suppressed significantly to 38%-69% of the activity in
nontreated hairy root tissue. Similar inhibitory effects on
the ability of plants to conjugate organic xenobiotics have
also been found in plants subjected to heavy metals [49],
and the same phenomenon has been demonstrated in vitro
with isolated detoxification enzymes, which showed direct
inhibition effect of cadmium on the catalytic reaction of glu-
tathione reductase and glutathione-S-transferases [50]. The
effect of TiO, on the O-GT activities was also investigated by
in vitro incubation with TiO, directly added to the standard
enzyme assays. As followed by Michaelis-Menten kinetics
(Fig. S1), the K value for kaempferol with addition of TiO,
(K, =34.75 +12.62 uM) was not significantly higher than that
determined for kaempferol alone (K, = 23.17 + 6.25 uM).
This indicates that TiO, had no significant influence on
catalytic properties of the O-GT involved.

4. Conclusion

The findings in this study show that addition of TiO,
may reduce the negative impact of OBZ, since elevated
germination rate and root length were observed in the
co-exposure situation. Moreover, the highest growth rate
and pigment contents were detected in Lemna grown under
the influence of both substances. Paradoxically, plants used
for remediating OBZ can eventually be expected to encoun-
ter lower toxicity when co-exposed to TiO,. The HRs is an
efficient model to study plant short-term response with
respect to OBZ and TiO,. The results show that OBZ loaded
with TiO, may increase the bioaccumulation of OBZ in plant,
because more OBZ was incorporated into roots with the
presence of TiO, in the hydroponic system. Activity of O-GT
was elevated to detoxify the xenobiotic OBZ, and OBZ was
continuously transformed to OBZ-malonyl-glucoside.

The present research complements the former results
about the removal of single contaminant OBZ, as it aids in
understanding the influence of co-occurring nanoparticles
on the plant remediation process of OBZ. The potential
of phytoremediation must be scrutinized by considering
detailed field studies with mixed pollution, to better forecast
the performance of plants under the influence of real-world
scenarios.
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Supplementary information:

Michaelis-Menten Enzyme Kinetics Lineweaver-Burk
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Fig. S1. Response of O-GT activity to increasing substrate (kaempferol) concentrations. Filled circles and squares present the mean
of three independent measurements. The best fit using Michaelis-Menten enzyme kinetics is displayed on the left side, and the
corresponding Lineweaver-Burk plots for O-GT are presented on the right side. HR: assay with O-GT extracted from control
hairy roots without any treatments; HR + TiO,: O-GT assay in the presence of TiO,. Note that during the preparation of the assay,
precipitation of the substrate was observed under the influence of TiO,. Despite this, the initial catalytic capacities are similar between
two groups (HR + TiO,; HR).
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