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• Effect of TiO2-NPs on accumulation of
PFOA/PFOS in pumpkin seedling was
explored.

• Environmentally relevant concentra-
tions of TiO2-NPs were applied in this
work.

• The negligible effects were observed.
• The negligible adsorption of PFOA/PFOS
on TiO2-NPs was proposed as one rea-
son.

• Different pathways of TiO2-NPs and
PFOA/PFOS into root were another
reason.
⁎ Corresponding author.
E-mail address: zhaoxueping@tom.com (X. Zhao).

https://doi.org/10.1016/j.scitotenv.2019.05.473
0048-9697/© 2019 Published by Elsevier B.V.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 19 March 2019
Received in revised form 26 May 2019
Accepted 30 May 2019
Available online 31 May 2019

Editor: Shuzhen Zhang
Titanium dioxide nanoparticles (TiO2-NPs) are widely distributed in the environment. It has been demonstrated
that TiO2-NPs couldmodify the environmental fate and bioavailability of organic pollutants,which affects ecolog-
ical risks of TiO2-NPs and organic pollutants. In this study, the uptake, translocation and accumulation of
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonate (PFOS) in pumpkin plants was investigated in the
presence of TiO2-NPs.We reported for thefirst time the negligible effects of TiO2-NPs at environmentally relevant
concentrations (0.05–5 mg/L) on the uptake and accumulation of PFOA and PFOS in hydroponically grown
pumpkin seedlings regardless of root, stem and leaf. This phenomenonwas independent of the initial concentra-
tions of PFOA/PFOS and TiO2-NPs in the exposure solution. Also, seedling mass and contents of chlorophyll and
anthocyanin were not affected by the co-exposure. Adsorption tests demonstrated the negligible adsorption of
PFOA/PFOS on TiO2-NPs in the exposure solution. Moreover, uptake of PFOA/PFOS was insensitive to aquaporin
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inhibitor AgNO3 but significantly inhibited by niflumic acid (anion channel blocker) and 2,4-dinitrophenol (met-
abolic inhibitor)whereas Ti concentration in rootwas not affected byniflumic acid and 2,4-dinitrophenol but sig-
nificantly decreased by AgNO3, indicating that transport of PFOA/PFOS and TiO2-NPs were via different routes
into the pumpkin seedling. It was proposed that different pathways by which TiO2-NPs and PFOA/PFOS
transported into the pumpkin seedling and negligible adsorption of PFOA/PFOS on TiO2-NPs contributed to the
negligible effects of TiO2-NPs on the uptake, translocation and accumulation of PFOA/PFOS in pumpkin seedlings.
In total, this work would improve our understanding of the ecological risks of TiO2-NPs in the environment.

© 2019 Published by Elsevier B.V.
Perfluoroalkyl substances
Uptake
Accumulation
1. Introduction

In recent decades, titanium dioxide nanoparticles (TiO2-NPs) have
been extensively used in commercial products such as functional tex-
tiles, personal care products, food storage materials, house appliances
and semiconductors due to the special physiochemical properties (Ai-
Kattan et al., 2014; Shandilya et al., 2015; Morsella et al., 2016; Kaegi
et al., 2017), which results in an accidental or intentional discharge of
TiO2-NPs into the natural environment during the production, usage
and disposal of these products (Gondikas et al., 2014; Shandilya et al.,
2015; Kaegi et al., 2017). On the basis ofmaterial flowmodels, predicted
concentrations of TiO2-NPs in the environment ranged from tens μg/L
(e.g., water) to tens mg/kg (e.g., sediment and soil) (Sun et al., 2016,
2017). TiO2-NPs have physicochemical properties including high insol-
ubility and large surface area,which implies that they are prone to inter-
act with other substances such as organic chemicals. With the co-
existence of organic pollutants in the natural environment, TiO2-NPs
wouldmodify the environmental fate and bioavailability of organic pol-
lutants. The enhanced bioaccumulation of bisphenol A,
perfluoroctanesulfonate (PFOS) and decabromodiphenyl ether in
zebrafish was observed in the presence of TiO2-NPs at environmentally
relevant concentrations, and TiO2-NPs acted as a carrier of chemicals
due to the adsorption of chemicals on TiO2-NPs (Wang et al., 2014;
Qiang et al., 2015; Fang et al., 2016). To date, nevertheless few studies
investigated the effect of TiO2-NPs on the uptake, translocation and bio-
accumulation of pollutants in plants. Given precautionary principles,
some questions arise inevitably: What is the influences of TiO2-NPs at
environmentally relevant concentrations on the translocation and bio-
accumulation of organic chemicals in plants? Can TiO2-NPs at environ-
mentally relevant concentrations enhance or moderate the uptake of
organic chemicals in plant? And thus what is the potential reason for
the phenomenon?

Perfluoroalkyl substances are a large group of anthropogenic persis-
tent organic pollutants that have been attractedwide attention as global
contaminants. Among them, perfluorooctanoic acid (PFOA) and PFOS
are two of the most widely and extensively detected homologous in
the natural environment (Butt et al., 2010; Zareitalabad et al., 2013;
Wang et al., 2015). Both PFOA and PFOS have shown high toxicity to
aquatic organisms and plants (Du et al., 2010; Hagenaars et al., 2013;
Nordén et al., 2016), and even neural toxicity was observed in recent
(Yin et al., 2018). Plants such as pumpkin, soybean and wheat could ac-
cumulate PFOA and PFOS (Zhao et al., 2013; Bizkarguenaga et al., 2016;
Xiang et al., 2018), being a potential risk for humans through food
chains (de Vos et al., 2008; van Asselt et al., 2011). Foods of plant origin
(e.g. fruit and vegetables) have been observed to be themost important
for the dietary exposure to PFOA in some European countries despite
relative low concentrations measured in these foods (Klenow et al.,
2013). Obviously, it is of importance to understand whether uptake,
translocation and accumulation of PFOA and PFOS in plantswould be af-
fected by TiO2-NPs at environmentally relevant concentrations. Yet, no
data on this issue has been available to date.

In the present study, herein, a hydroponically grown pumpkin seed-
ling (Cucurbita maxima × C. moschata) was used as a model plant to in-
vestigate the effect of TiO2-NPs at environmentally relevant
concentrations on the uptake, translocation and accumulation of PFOA
and PFOS in plants. Three concentrations of TiO2-NPs and two different
dose of PFOA/PFOS were examined. Besides quantification the amount
of titanium, PFOA and PFOS in different organs including root, stem
and leaf, biomass and contents of chlorophyll as well as anthocyanin
were determined. According to the results of adsorption experiments
and effects of channel blockers and metabolic inhibitors on the uptake
of PFOA and PFOS, we further proposed potential reasons for the ob-
served phenomenon.

2. Materials and methods

2.1. Chemicals

Sodium hypochlorite, silver nitrate, niflumic acid, hydrochloric acid,
2,4-dinitrophenol, ethanol and chloroform were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
Perfluorooctanesulfonic acid potassium salt (KPFOS N98%) and
perfluorooctanoic acid (PFOA N96%) obtained from CNW Technologies
GmbH (Shanghai, China) were used for hydroponic exposure experi-
ments. Analytical reference standards of PFOA, PFOS, 13C8-PFOS, 13C4-
PFOA and 13C8-PFOA were purchased from Wellington Laboratories
(Guelph, Ontario, Canada). Acetonitrile and methanol of HPLC-MS
grade were purchased from Fisher (Waltham, MA, USA). All reagents
used in this studywere of analytical or HPLC grade and used as received
without any further treatment. Aqueous solutions were freshly pre-
pared with ultrapure water which was from a Direct-Q-system
(Millipore, Billerica, USA) with a resistivity of 18.2 MΩ/cm. Florisil SPE
cartridges (1000 mg, 6 mL) were purchased from Applied Separations
(Allentown, PA, USA). Oasis HLB SPE cartridges (60 mg, 3 cc) were
from Waters (Wexford, Ireland). Supelclean ENVI-Carb 120/140 was
from Supelco (Bellefonte, PA, USA).

TiO2-NPs (Aeroxide P25, 21 nm) were from Sigma-Aldrich (St. Luis,
USA). The ζ potential and hydrodynamic size of TiO2-NPs were deter-
mined using a Malvern Zeta sizer Nano Series dynamic light scattering
(DLS) instrument. The morphology of TiO2-NPs was observed through
a JEOL JEM-2100F high-resolution transmission electron microscope
(HRTEM) at 200 kV.

2.2. Materials

Pumpkin seeds (Cucurbita maxima × C. moschata, Taigu Yinong Seed
Co., Ltd., Shanxi Province, China) were surface-sterilized by 70% (v/v) of
ethanol for 5 min and then were soaked in 5% (v/v) sodium hypochlo-
rite solution for 15 min. Afterward, seeds were washed thoroughly
five times with ultrapure water and then soaked in ultrapure water
for 8 h at 25 °C. Then, seeds were placed in Petri dishes in the dark at
25 °C to germinate for 3 d. The 3-day old pumpkin seedlings were
then transferred to a vessel with wet sterile quartz sand and cultivated
in an illumination growth chamber at 25 °C for a 16 h light period and at
22 °C for an 8 h dark period. Light was supplied by sets of fluorescent
lighting with a light intensity of 150–200 μmol m−2 s−1. After incuba-
tion of 7 d, seedling stems grew to 5–6 cmheight, and healthy seedlings
with similar strength were collected. The roots of seedlings were rinsed
with ultrapure water before hydroponic exposures.
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2.3. Hydroponic exposures

The reactors were 50 mL polypropylene Corning tubes. Two pump-
kin seedlingswere cultivated in each reactor, and each reactorwasfilled
with 40mL of ultrapure water with desired concentrations of TiO2-NPs,
PFOA or PFOS. Three concentrations (0.05, 0.5 and 5 mg/L) of TiO2-NPs
and two dose (0.05 and 0.5mg/L) of PFOAor PFOSwere examined. After
cultivation, two pumpkin plants in each reactor were combined into
one sample for analysis. Therewere three parallel samples in each expo-
sure group. Besides chemical exposures, plant blanks (with seedlings
but without chemicals, three reactors), unplanted controls (without
seedlings but with chemicals, three reactors) and TiO2-NPs controls
(seedlings single exposure to TiO2-NPs, three reactors) were set-up si-
multaneously. The pumpkin seedlings were cultivated in an illumina-
tion growth chamber at 25 °C for a 16 h light period and at 22 °C for
an 8 h dark period. Light was supplied by sets of fluorescent lighting
with a light intensity of 150–200 μmol m−2 s−1. The exposure was
lasted for 8 d. All tubes were wrapped with aluminum foil to support
root growth in the dark and to avoid possible photolysis of PFOA or
PFOS. Here it should be noted that the plant was fixed by predrilled
polypropylene foam snugly to make only roots emerge into the hydro-
ponic solutions. Water loss via evaporation of water itself was deter-
mined by weighing the unplanted controls every day, indicating the
negligible daily loss of water via volatilization. Also, water loss via tran-
spiration from pumpkin seedlings was determined gravimetrically and
replenished every day. After cultivation of 8 d, all pumpkin seedlings
were manually collected and each seedling was sectioned into root,
stem and leaf. Roots were ultrasonically rinsed with ultrapure water
to remove possible chemicals adsorbed on the surface. The rinse water
was combined with the exposure solution for the determination of
chemicals in view of mass balance. All samples except those for chloro-
phyll and anthocyanin measurements were freeze-dried and stored at
-20 °C before further treatment. The measurements of chlorophyll, an-
thocyanin, titanium, PFOA and PFOS were described in the Supplemen-
tary Material (Text S1, S2, S3 and S4 and Table S1).

In addition, to understand the kinetics of chemicals uptake bypump-
kin seedlings, samples were also collected at certain intervals (e.g., 0 h,
4 h, 14 h, 1 d, 2 d, 3 d, 5 d and 8 d). Also, to examine potential uptake
pathways of chemicals, different channel blockers such as AgNO3

(0.5 mmol/L, water-channel blocker), niflumic acid (0.5 mmol/L,
anion-channel blocker) and 2,4-dinitrophenol (0.5 mmol/L, metabolic
inhibitor)were added into exposure solutions separately before cultiva-
tion (Wagatsuma, 1983;Wu et al., 2011; Devi et al., 2012). After 4 h ex-
posure, samples were manually collected and treated according to the
above-mentioned method. All the treatments were performed in three
replicates.

2.4. Quality assurance and quality control (QA/QC)

To avoid contamination, polytetrafluoroethylene (PTFE) materials
were not used. Fresh polypropylene tubes were used during the exper-
iment. The isotope dilution method was applied to quantify PFOA and
PFOS. Before sample extraction, internal standards of 13C8-PFOS and
13C8-PFOA were spiked. Before sample injection, 13C4-PFOA was
added. The ion ratios of qualifier to quantifier were checked for native
compounds in each sample during the peak integration. The ratio was
set as 26.5% for PFOA and 51.9% for PFOS with a maximum tolerance
of ±30% (SANCO/12571/2013). The recoveries of 13C8-PFOS, 13C8-
PFOA, PFOS and PFOA were in the ranges of 72–83%, 76–82%, 81–97%
and 85–102%, respectively. The limit of detection (LOD) was defined
as a value corresponding to a signal-to-noise ratio of 3 (S/N = 3). The
LODs of PFOA and PFOS were both 2 μg/kg. At least one procedure
blank sample was prepared and analyzed with each batch of samples,
indicating there was no contamination during the sample preparation.
The levels of PFOA or PFOS found in the plant blanks and TiO2-NPs con-
trols were shown in Table S2. Since PFOA and PFOS concentrations in
plant blank samples and TiO2-NPs control samples were comparable,
the reported results in this work were subtracted the plant blanks.
One blank solvent was injected every 10 samples and nomemory effect
was observed. The amount of PFOA or PFOS recovered from exposure
solutions and seedlings were 86–110% of their initial amount in the hy-
droponic solution. Titanium was not detected in plant blanks.

2.5. Statistical analysis

In this study, concentrations of PFOA, PFOS and Ti were shown on a
dryweight basis. The normality of data was tested by using the Shapiro-
Wilk Test (Origin 8.5), and the results showed that the data set for each
treatment was normally distributed (p b 0.05). Then, student's t-test
(Origin 8.5) was used to evaluate possible differences of statistical sig-
nificance between treatments. Statements of significant differences
were based on p b 0.05.

3. Results and discussion

3.1. Characterization of TiO2-NPs

According to HRTEM images, the average size of TiO2-NPs used in
this study was 24.3 ± 1.7 nm (Fig. S1 in Supplementary Material),
which is comparable to the size (21 nm) declared by the manufacturer
(Sigma-Aldrich). DLS measurement showed the TiO2-NPs (e.g., 5 mg/L)
hydrodynamic size of 130± 3.2 nm, with a polydispersity index of 0.44
± 0.21. Also, TiO2-NPs showed a strongly negative charge, with a ζ po-
tential of−33.3 ± 14mV. Although TiO2 is well-known to be relatively
insoluble, dissolution kinetics as a function of exposure time (e.g., 0 h,
4 h, 14 h, 1 d, 2 d, 3 d, 5 d and 8 d) were examined in the TiO2-NPs
alone ormixture of TiO2-NPs and PFOA/PFOS. No dissolved Tiwas deter-
mined through the exposure period (data not shown), documenting the
high stability of TiO2-NPs in the aqueous solution, which is well consis-
tent with the finding in previous studies (Bourgeault et al., 2015;
Brzicova et al., 2019).

3.2. Effect of TiO2-NPs on the uptake, translocation and accumulation of
PFOA in pumpkin seedlings

The concentration of PFOA in pumpkin seedlings increased with the
increasing concentration of PFOA in the exposure solution regardless of
seedlings exposed to PFOA alone or mixture of PFOA and TiO2-NPs
(Fig. 1a). However, no significant differences in concentrations of
PFOA in seedlings were observed in the absence and presence of TiO2-
NPs (Fig. 1a), suggesting negligible effects of TiO2-NPs on the uptake
and accumulation of PFOA in pumpkin seedlings. Moreover, this phe-
nomenon was not affected by the initial concentrations of PFOA and
TiO2-NPs (Fig. 1a, b). For example, the co-exposed seedlings showed
comparable concentrations of PFOA regardless of the co-existed TiO2-
NPs at a concentration of 0.05, 0.5 or 5 mg/L (Fig. 1b). This is different
from the finding in a recent study about the effect of TiO2-NPs on the ac-
cumulation of Pb in hydroponically grown rice seedlings. Cai et al.
(2017) found that TiO2-NPs at a concentration of 1000 mg/L reduced
the uptake and bioaccumulation of Pb probably due to the obstruction
effects of TiO2-NP aggregates in the root tissues. Clearly, the concentra-
tion of TiO2-NPs used in this study was far lower than that of the work
operated by Cai et al. (2017), whichwould showmore credible findings
in our study due to the environmentally relevant concentrations of
TiO2-NPs.

Root is the compartmentwhere accumulated the highest concentra-
tion of PFOA. This phenomenon still remained in the presence of TiO2-
NPs (Fig. 1a, b), indicating that the translocation of PFOA would not be
affected by the co-existed TiO2-NPs. Similarly, the uptake, translocation
and accumulation of Ti in pumpkin seedlings were not affected by the
co-existed PFOA regardless of the initial concentrations of TiO2-NPs
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and PFOA in the exposure solution (Fig. 1e, f), and the highest concen-
trations of Ti were also observed in root.

The uptake and accumulation kinetics of PFOA in different parts
of pumpkin seedlings were investigated, showing different trends
of PFOA among the root, stem and leaf (Fig. 2a,b,c). The concentra-
tion of PFOA in root increased within the first 48 h, reaching the
highest level of 20–25 mg/kg, followed by equilibrium afterwards
(Fig. 2a). The PFOA concentration in stem remained constant
(~4 mg/kg) after a gradual initial increase within the first 48 h
(Fig. 2b). Similarly, the concentration of PFOA in leaf gradually in-
creased toward 72 h, with the highest level of 12–14 mg/kg, and
then kept constant concentration (Fig. 2c). Moreover, the presence
of TiO2-NPs appeared not to affect the uptake and accumulation ki-
netics of PFOA. Interestingly, chlorophyll production of leaf was un-
affected by the high level of PFOA accumulated (Table 1); the total
chlorophyll of plant blanks was 13.0 ± 1.1 mg/g, with the PFOA-
exposed or TiO2-NPs and PFOA co-exposed seedlings having a value
of 12.8 ± 1.6 or 13.3 ± 0.79 mg/g. Quantitation of anthocyanin pro-
duction supported the negligible changes in chlorophyll as anthocy-
anin was considered as defense against chlorophyll loss (Jung, 2004;
Garriga et al., 2014); exposure to PFOA alone or mixture of PFOA and
TiO2-NPs showed no impact on anthocyanin content (Table 1). Also,
we found that seedling masses were not affected by the co-exposure
(Fig. S2).
3.3. Effect of TiO2-NPs on the uptake, translocation and accumulation of
PFOS in pumpkin seedlings

Besides PFOA, PFOS exhibited similar phenomena; as shown in
Fig. 1c, compared to exposure to PFOS alone, no significant changes in
the concentration of PFOS accumulated in the seedling are observed in
the presence of TiO2-NPs (p b 0.05), suggesting that co-exposure to
TiO2-NPs at environmentally relevant concentrations had no impacts
on the uptake, translocation and accumulation of PFOS in pumpkin
seedlings. This phenomenon was also independent on the initial con-
centrations of TiO2-NPs and PFOS in the exposure solution (Fig. 1c,d).
We found that root showed the highest level of PFOS, suggesting that
root could readily accumulate PFOS. Clearly, the PFOS concentrations
(~200 mg/kg, Fig. 1c) were an order of magnitude greater than those
of PFOA (~20 mg/kg, Fig. 1a) accumulated in root when seedlings
were exposed to the same concentrations of PFOA and PFOS, indicating
that PFOS would readily be accumulated by pumpkin seedlings com-
pared to PFOA. Protein and lipid have found to play an important role
in the accumulation and distribution of PFOA and PFOS in plants and
protein would promote the root accumulation (Wen et al., 2016). The
high PFOS in pumpkin root compared to PFOA might be attributed to
the high affinity of PFOS to plant protein (Xia et al., 2013). A previous
study conducted by Wen et al. (2013) also showed high levels of PFOS
accumulated in the root of maize (Zea mys L. cv. TY2) than those of
PFOA. The highest concentration of Ti was also observed in the root
for the TiO2-NP and PFOS co-exposure (Fig. 1g, h), whichwas consistent
with the phenomena of TiO2-NP and PFOA co-exposure.

The uptake and accumulation kinetics of PFOS in different parts of
pumpkin seedlings were examined (Fig. 2d, e, f). PFOS concentrations
in root, stem and leaf followed a comparable tendency; increasing to a
maximum value, and then remaining constant. PFOS concentrations in
root, stem and leaf were peaked at approximately 48, 48, and 72 h, re-
spectively, with the highest concentrations in the ranges of 130–150,
10–15 and 50–60mg/kg. It appears that TiO2-NP exposure exerted neg-
ligible influence on the kinetics of PFOS accumulation in pumpkin seed-
lings, which is identical with observation of PFOA.
Fig. 1. Concentrations of PFOA, PFOS and Ti in the root, stem and leaf of pumpkin seedlings afte
letter indicates non-significant differences among treatments at 0.05 level.
3.4. Potential mechanisms for negligible effects of TiO2-NPs on PFOA/PFOS
uptake and accumulation

3.4.1. PFOA/PFOS adsorption on TiO2-NPs
The data of this study showed that TiO2-NPs at environmentally rel-

evant concentrations had negligible impacts on the uptake, transloca-
tion and accumulation of PFOA and PFOS in the pumpkin seedlings,
which is out of our expectation based on available studies. In order to
understand the potential mechanisms, potential roles of PFOA/PFOS ad-
sorption on TiO2-NPs at concentrations in the hydroponic exposure ex-
periments were examined, showing that negligible adsorption of PFOA/
PFOS on the TiO2-NPs in the tested exposure solution (Text S5 and
Table S3), whichmight be related to the electrostatic repulsion between
negative PFOA/PFOS molecules and negative-charged TiO2-NPs in the
exposure solution.

3.4.2. Uptake channels of PFOA/PFOS and TiO2-NPs
Effects of AgNO3 (aquaporin inhibitor), niflumic acid (anion channel

blocker) and 2,4-dinitrophenol (metabolic inhibitor) on uptake and ac-
cumulation of PFOA/PFOS were examined in the co-exposure solutions.
Uptake of PFOA/PFOS was insensitive to aquaporin inhibitor AgNO3;
compared to control, no significant differences in the concentration of
PFOA/PFOS in the rootwere observed (Fig. 3a,c), indicating that aquapo-
rinsmay not be a major channel for PFOA/PFOS transport into pumpkin
seedling root. In contrast, treatmentswith niflumic acid and 2,4-dinitro-
phenol significantly inhibited the uptake of PFOA in root by 16 and 33%
respectively (p b 0.05, Fig. 3a). Comparably, the uptake of PFOS was de-
pressed by niflumic acid and 2,4-dinitrophenol significantly (p b 0.05,
Fig. 3c), and in comparison with control, 81% and 79% of PFOS were re-
covered in root. Obviously, these findings suggested that transport of
PFOA and PFOS into pumpkin seedlingwas similar, and it was primarily
an energy-dependent process andmediated by anion channels,which is
well consistent with the finding in previous study on uptake of PFOA in
maize (Wen et al., 2013). The pKa values of PFOA and PFOS were re-
ported to be −0.2 and −3.27, respectively (Brooke et al., 2004;
Steinle-Darling and Reinhard, 2008), and thus PFOA and PFOS were in
the anionic form in hydroponic solution with pH of approximately 7.3
(data not shown). This might be the reason why the transport pathway
of PFOA/PFOS into pumpkin root was related with anion channels.

The Ti concentration in root was not affected by the niflumic acid
and 2,4-dinitrophenol (Fig. 3b,d), suggesting that transport of TiO2-
NPs into pumpkin seedling root might be independent of energy pro-
cess and anion channels. Furthermore, we found that aquaporin inhibi-
tor AgNO3 significantly decreased the uptake of Ti by 51–54% in root (p b
0.05, Fig. 3b,d), demonstrating that the aquaporinswould be involved in
uptake of TiO2-NPs into pumpkin seedling root. Clearly, transport of
PFOA/PFOS and TiO2-NPs were via different routes into the pumpkin
seedling, indicating that there was no competitive uptake between
PFOA/PFOS and TiO2-NPs. Taken together, it was reasonable to under-
stand the negligible effects of TiO2-NPs at environmentally relevant
concentrations on the uptake, translocation and accumulation of
PFOA/PFOS in the pumpkin seedling.

4. Conclusions

The production, usage and disposal of commercial products contain-
ing TiO2-NPs or PFOA/PFOS would result in their occurrence in the
aquatic environment. Although previous studies documented either
the enhanced accumulation of chemicals by TiO2-NPs in aquatic organ-
isms like zebrafish or themoderateduptake of chemicals by TiO2-NPs in
hydroponically grown plants like rice seedlings, this study reported for
r 8-d exposure (bars: average value (n=3), lines: standard deviations). The same normal



Fig. 2.Kinetics of PFOA/PFOS accumulation in different compartments (root, stem and leaf) of pumpkin seedlings in single or co-exposure treatments (dot and square: average value (n=
3), lines: standard deviations).

Table 1
Contents of chlorophyll and anthocyanin in the leaf of pumpkin seedlings collected from different treatments.a

Plant blanks TiO2-NPs controls PFOA PFOS TiO2-NPs + PFOA TiO2-NPs + PFOS

Chlorophyll contents (mg/g) 13.0 ± 1.1 13.5 ± 1.4 12.8 ± 1.6 13.4 ± 1.9 13.3 ± 0.79 12.7 ± 1.2
Anthocyanin contents (mg/g) 0.11 ± 0.012 0.11 ± 0.013 0.11 ± 0.012 0.11 ± 0.021 0.11 ± 0.00 0.12 ± 0.013

a Here concentrations of TiO2-NPs, PFOA and PFOS were 5.0, 0.5 and 0.5 mg/L respectively for pumpkin seedlings exposure.
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Fig. 3. Effect of AgNO3, niflumic acid and 2,4-dinitrophenol on the concentrations of PFOA/PFOS and Ti in the root of pumpkin seedling (⁎p b 0.05 compared with the control). (a) and
(b) results were from the co-exposure of TiO2-NPs and PFOA. (c) and (d) results were from the co-exposure of TiO2-NPs and PFOS.
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the first time that TiO2-NPs at environmentally relevant concentrations
had negligible effects on the uptake, translocation and accumulation of
PFOA and PFOS in hydroponically grown pumpkin seedlings. The ob-
served phenomenonwas probably resulted from thedifferent pathways
by which TiO2-NPs and PFOA/PFOS transported into the pumpkin seed-
ling root and negligible adsorption of PFOA/PFOS on TiO2-NPs.

To investigate the impact of TiO2-NPs at environmentally relevant
concentrations on the chemical accumulation in plants is of vital impor-
tance for evaluating its ecological risks. The results in the present study
is contradictory to previous work, which suggests that more work
should be conducted on the effect of TiO2-NPs on the chemical accumu-
lation in plants in future, including clarifying the potential mechanisms.
Meanwhile, it is worth investigating whether other engineered
nanomaterials at environmentally relevant concentrations also have
negligible impacts on the transportation and accumulation of organic
pollutants in plants in future, to comprehensively understand the envi-
ronmental risks of engineered nanomaterials.
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