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Abstract Hydrophilic interaction chromatography (HILIC)
coupled with inductively coupled plasma mass spectrometry
(ICP-MS) was optimized for speciation analysis of
gadolinium-based contrast agents in environmental samples,
in particular surface river waters and plants. Surface water
samples from the Teltow channel, near Berlin, were inves-
tigated over a distance of 5 km downstream from the influx
of a wastewater treatment plant. The total concentration of
gadolinium increased significantly from 50 to 990 ngL−1

due to the influx of the contrast agents. After complete
mixing with the river water, the concentration remained
constant over a distance of at least 4 km. Two main sub-
stances [Dotarem® (Gd-DOTA) and Gadovist® (Gd-BT-
DO3A)] have been identified in the river water using stand-
ards. A gadolinium-based contrast agent, possibly Gd-
DOTA (Dotarem®), was also detected in water plant sam-
ples taken from the Teltow channel. Therefore, uptake of
contrast agents [Gadovist® (Gd-BTDO3A), Magnevist®
(Gd-DTPA), Omniscan® (Gd-DTPA-BMA), Dotarem®
(Gd-DOTA), and Multihance® (Gd-BOPTA)] by plants
was investigated in a model experiment using Lepidium
sativum (cress plants). HILIC–ICP-MS was used for identi-
fication of different contrast agents, and a first approach for
quantification using aqueous standard solutions was tested.
For speciation analysis, all investigated contrast agents

could be extracted from the plant tissues with a recovery
of about 54 % for Multihance® (Gd-BOPTA) up to 106 %
for Gadovist® (Gd-BT-DO3A). These experiments demon-
strate that all contrast agents investigated are transported
from the roots to the leaves where the highest content was
measured.
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Introduction

Gadolinium-based contrast agents are frequently used in the
field of magnetic resonance imaging (MRI) to enhance the
contrast of the image. The effect is due to the presence of
seven unpaired electrons in the 4f shell of gadolinium (III),
which results in a high magnetic momentum decreasing the
spin relaxation time (T1) of near water protons and thus
increasing the MRI signal intensity.

Since free Gadolinium (Gd3+) is highly toxic, the contrast
agents are most often applied in a chelated form for instance
by use of compounds with a polyaminocarboxylic acid
structure. It has been shown that upon chelation, the toxicity
in mice decreased from a lethal dose (where 50 % of the
animals would die, LD50) of 0.35 mmol/kg (GdCl3, i.v.) to
10.6 mmol/kg (Gd-DOTA) [1] together with the positive
side effect of a much better water solubility.

The first commercially available gadolinium-based con-
trast agent was Magnevist® (Gd-DTPA) which was first
tested in a clinical application in 1984 [2]. Nowadays, nine
different gadolinium-based contrast agents are accepted for
medical applications in humans in Germany [3]. These
agents can be subdivided into two main classes, macrocyclic

Published in the topical collection Metallomics with guest editors
Uwe Karst and Michael Sperling.

Electronic supplementary material The online version of this article
(doi:10.1007/s00216-012-6643-x) contains supplementary material,
which is available to authorized users.

U. Lindner : J. Lingott : S. Richter :N. Jakubowski (*) :
U. Panne
BAM Federal Institute for Materials Research and Testing,
Richard-Willstaetter-Str. 11,
12489 Berlin, Germany
e-mail: norbert.jakubowski@bam.de

Anal Bioanal Chem (2013) 405:1865–1873
DOI 10.1007/s00216-012-6643-x

http://dx.doi.org/10.1007/s00216-012-6643-x


complexes (trade names are Dotarem®, ProHance®,
Gadovist®) and linear (open chain) complexes (trade names
are Magnevist®, Omniscan®, OptiMARK®, MultiHance®,
Primovist®, Vasovist®). For the investigations described in
this paper, five different gadolinium-based contrast agents
were used (see Electronic Supplementary Material, Fig. S1).

Today, in about 25 % of all MRI applications, contrast
agents are used [4, 5]. For one application, about 1.2 g of
such a contrast agent is needed for an average person with a
body weight of about 65 kg [6]. Normally, the contrast
agents are excreted after a few hours in a nonmetabolised
form [3]. Most of the complexes are not retained in the
wastewater treatment plant (WWTP) and might be released
into the surface waters of rivers or lakes [7–9]. This is the
reason for a positive gadolinium anomaly in rivers and lakes
of cities [6, 8–19] first described by Bau et al. [7]. An
estimate of the total gadolinium waste of 1,160 kg per year
from German hospitals and clinics was given by Kümmerer
et al. [20], and this value was confirmed by analytical results
from the work of Knappe et al. [10].

Concerning gadolinium speciation, the number of inves-
tigations is rather low, and further quantitative speciation
studies are urgently needed to understand the fate of the
contrast agents in the environment, especially the uptake into
biological systems. Hydrophilic interaction chromatography
(HILIC) is a powerful analytical technique to separate polar
and hydrophilic compounds, like Gd-based contrast agents, on
a polar stationary phase and is a good alternative for all the
compounds that are retained poorly on reversed-phase col-
umns [21]. For the speciation of gadolinium chelate species in
environmental waters, first Künnemeyer et al. [22, 23] and
later Raju et al. [24] used HILIC, while Kahakachchi et al.
[25] applied reversed-phase chromatography. In these works,
several Gd-containing contrast agents were detected in envi-
ronmental water samples, but so far, only little knowledge
exists about the bioavailability and transport of Gd species
into biological systems. However, a take up of free gadolini-
um by different plants is shown in the work of Yang et al., Sun
et al. and Giussani et al. [26–28]. Also, the uptake of metal
ions can be increased by the addition of complexing agents
(e.g. EDTA, EDDS) [29–31]. However, nothing is known if
and how contrast agents can be taken up by aquatic bio-
systems such as fish, mussels or water plants. The latter would
be of interest regarding the question if these substances can
enter the food chain.

In this paper, the transport of gadolinium-based contrast
agents discharged from a waste water plant into environ-
mental waters will be discussed. Additionally, a speciation
analysis using HILIC–ICP-MS of waste and river water was
performed to identify the contrast agents of interest and to
investigate the possible uptake of contrast agents by plants.
For the latter purpose, the interaction of Gd-containing
chelates with the model plant Lepidium sativum (cress) will

be investigated, and it will be shown that the contrast agents
are even transported to the leaves.

Experimental

Instrumentation

The chromatographic separation of contrast agents was per-
formed using an Agilent 1100 series HPLC system compris-
ing a G1379A micro vacuum degasser, a G1312A capillary
pump, a G1313A autosampler, a G1316A column oven and a
G1314Avariable wavelength detector (Agilent Technologies,
Waldbronn, Germany), which was coupled to an Agilent
7500cs ICP-MS (Agilent Technologies, Waldbronn,
Germany), employing a G3285-80000 micro concentric PFA
nebuliser and G1820-65337 Scott type spray chamber
(Agilent, Waldbronn, Germany) cooled by a peltier element
to 2 °C. The detection was performed with a quadrupole mass
spectrometer equipped with an octopole collision cell system.
The working parameters are listed in the Electronic
Supplementary Material (Table S1). If not mentioned other-
wise, the main isotope 158Gd+ was used for detection of Gd.
For control of the HPLC and ICP-MS data analysis, the
Masshunter Workstation (Agilent Technologies) software
was used. Quantification was performed in peak area mode,
and chromatograms were plotted with the Origin 8.6.0G soft-
ware (OrginLab Corporation). For the analysis of the total
gadolinium concentration, the plant samples were digested
with the microwave digestor ultraClave III (MLS GmbH,
Leutkirch, Germany).

HPLC conditions

The separation of the Gd contrast agents was carried out
using a zwitterionic ZIC-HILIC column (250 mm×2.1 mm
i.d., 5 μm particle size, 200 Ǻ pore size, SeQuant GmbH,
Germany). To prevent the contamination of the main col-
umn, a ZIC-HILIC precolumn (20 mm×2.1 mm i.d., 5 μm
particle size, 200 Ǻ pore size, SeQuant GmbH, Germany)
was used. The contrast agents were separated in isocratic
mode with a flow rate of 0.15 mLmin−1. The mobile phase
used in this study consists of 20 mmolL−1 ammonium
acetate in 65/35 acetonitrile/water (pH 7.3), if not mentioned
otherwise. The injection volume was 5 μL. The column
temperature was set to 25 °C. Usually, the separation was
finished after 25 min.

Hyphenation and ICP-MS conditions

The eluent from the column was transferred to the ICP-MS
via a PEEK tubing with an inner diameter of 0.13 mm. All
tubing and seals used were resistant to organic solvents. The
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considerable organic load of the mobile phase resulted in the
deposition of elemental carbon on the quartz torch and at the
walls of the sampler and the skimmer cone during prelimi-
nary measurements, and therefore, an additional gas flow
(15 %) in the form of an Ar/O2 mixture (80:20) was added to
the plasma gas. Direct measurement of total Gd was
performed using an auto sampler G3160A (Agilent
Technologies, Germany) and a Micro Mist (200 μL, 504–
67, AHF-Analysetechnik AG, Germany) nebuliser coupled
with the Agilent ICP-MS 7500cs.

Reagents and standards

The gadolinium-based MRI contrast solutions used in this
investigation were Gadovist (Gd-BTDO3A, 1.0 molL−1) and
Magnevist (Gd-DTPA, 0.5 molL−1) from Bayer Schering
Pharma AG (Berlin, Germany), Omniscan (Gd-DTPA-BMA,
0.5 molL−1) from GE Healthcare Buchler (Braunschweig,
Germany), Dotarem (Gd-DOTA, 0.5 molL−1) from Guerbet
(Sulzbach, Germany) and Multihance (Gd-BOPTA,
0.5 molL−1) from Nycomed GmbH (Konstanz, Germany).
All chemicals were used in the highest purity available.
Ammonium acetate (p.a., 98 %) was obtained from Merck
KGaA (Darmstadt, Germany), and HPLC-grade acetonitrile
was obtained from J. T. Baker (Deventer, Holland).
Gadolinium standard stock solutions (1,000 mgL−1 Gd for
ICP-MS measurement, traceable to NIST SRM Gd2O3 in 2–
3 % HNO3, CertiPUR®) and internal standard solutions for
ICP-MSmeasurement thulium (1,000mgL−1 Tm, traceable to
NIST SRM Tm(NO3)3 in H2O CertiPUR®) were procured
fromMerck KGaA (Darmstadt, Germany). All solutions were
prepared in 18 MΩ de-ionized water (milli-Q water) that were
filtered through a 0.22-mm Millipak 40 filter (Millipore,
Molsheim, France). All dilutions of nitric acid were prepared
from freshly prepared sub-boiling nitric acid (p.a., 65 %).

For the total Gd concentration measurements with ICP-
MS, all standard solutions were prepared in 1 % HNO3

solution by diluting the Gd standard stock solution. Twenty
micrograms per litre of Tm was added to all samples and
calibration solutions as internal standard for ICP-MS detection
of Gd. For the microwave digestion, freshly prepared sub-
boiling nitric acid and hydrogen peroxide (30 %), Suprapur,
Merck KGaA (Darmstadt, Germany) were used.

The HPLC mobile phase was prepared by dissolving the
appropriate amount of ammonium acetate in water followed
by addition of acetonitrile. The mobile phase was filtered
prior to application.

Sampling of surface water samples

Water samples were taken from the Teltow channel, near
Berlin, where the sewage from the WWTP (wastewater
treatment plant) Stahnsdorf enters the channel. Samples of

surface water were taken with a polypropylene container on
a telescopic arm in a distance of about 2 m from the river
bank. The sampling started 500 m upstream to the WWTP
and ended 5,000 m downstream. Sampling was carried out
in 2 h at ten locations.

The plants were taken near the river bank about 50 m
downstream from the incoming wastewater. All samples
were kept in polypropylene bottles. The solutions were
filtered with a 0.20-μm membrane syringe filter and stored
in the dark at 3 °C. A fraction of the solution was acidified
with 2 vol% HNO3 and spiked with 20 μg/L thulium as
internal standard, and the gadolinium concentration was
determined using ICP-MS. As the concentrations of the
contrast agents were below the limit of detection/quantifi-
cation for HPLC–ICP-MS separations, a preconcentration
step was necessary. For this purpose, the samples with a
volume of 50 mL were evaporated with IR light by soft
heating to a fraction of about 1:20 in open polytetrafluoro-
ethylene vessels. The plants sampled in the river were
washed in milli-Q water to prevent surface adsorption and
dried under support of IR light by soft heating.

Plant experiment

L. sativum seeds were grown under controlled conditions in a
glasshouse on cotton and watered by tap water. After 7 days,
the shoots were transferred into a polytetrafluoroethylene
vessel filled with a solution of 1 mgL−1 (Gd/tap water) of
gadolinium-based contrast agent. The solutions were prepared
from amain solution (10mgL−1) and tap water. In comparison
to the control group, no side effects such as phytotoxicity were
observed. After 3 and 5 days, the topmost centimetre of the
growing L. sativum plants were cut off, cleaned with water for
removal of surface adsorption of gadolinium-based contrast
agents and dried under support of IR light. For analyses of the
distribution of contrast agents in leaves, stem and roots, the
plants were grown for 2 days in a solution of 10 mgL−1 (Gd/
tap water). The dry plant material (10 mg) was digested in
4 mL nitric acid (65 %) and 2 mL hydrogen peroxide (30 %)
for 15 h in a 50-mL quartz tube and digested using a
microwave-assisted extraction over 115 min with a power of
1,000 W and a pressure of 160 bar. The programme is com-
piled in the Electronic Supplementary Material (Table S2).
The solution for the ICP-MS determination was evaporated in
a heating block under heating (150 °C) to 1 mL, transferred
into a 10-mL quartz flask, spiked with 20 μg/L thulium
(169Tm) as internal standard and filtered with a 0.45-μm-
membrane syringe filter.

Extraction of the Gd-based contrast agents from plants

The extraction of gadolinium-based contrast agents was
performed according to the procedure developed by
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Kahakachchi et al. [25]. Dried, homogenised plant material
(10 mg) was suspended with 2 mL water in a polyethylene
tube, shaken for 1 min and stored afterwards. After 24 h, the
contrast agents were extracted by ultrasound sonication,
which was performed over 1 h with a power of 120 W with
a Sonorex Digital 10p, type DK 102P (Bandelin electronic,
Berlin, Germany). The yellow–green suspension was fil-
tered with a 0.45-μm-membrane syringe filter. The extracted
gadolinium species were analysed with ZIC-HILIC–ICP-
MS (158Gd). For calculation of the extraction yield, the
extract was spiked with 20 μgL−1 thulium as internal stan-
dard and analysed with ICP-MS (158Gd).

Results and discussion

Optimisation

For the analysis of the five contrast agents Multihance (Gd-
BOPTA), Magnevist (Gd-DTPA), Dotarem (Gd-DOTA),
Omniscan (Gd-DTPA-BMA) and Gadovis t (Gd-
BTDO3A), the speciation method described by Raju et al.
[24] was slightly modified to improve the separation of all
five compounds. For this purpose, a longer ZIC-HILIC
column (250×2.1 mm) was selected, and a higher pH was
chosen. The pH of the surface water samples was in the
range of 7.3 to 7.6. Therefore, a pH of 7.3 was chosen to
prevent decomplexing of the gadolinium contrast agents in
the samples [32]. The eluent was adjusted to 20 mmolL−1

ammonium acetate in 65/35 acetonitrile/water with a flow of
150 μLmin−1. Under these conditions, the ionic contrast
agents eluted first (Gd-BOPTA, Gd-DTPA, Gd-DOTA) fol-
lowed by the neutral contrast agents (Gd-DTPA, Gd-BT-
DO3A) as shown in Fig. 1.

Figures of merit

For each contrast agent, the figures of merit for the ZIC-
HILIC–ICP-MS method were determined by a calibration
procedure in the concentration range from 0 to 50 μg gad-
olinium per litre. A linear calibration curve with seven
calibration points was obtained over the range of 0.5 to
50 μgL−1 for all substances of interest. The correlation
coefficient was found to be better than 0.99 for all Gd
contrast agents. All gadolinium species were detected by
the 158Gd isotope as mentioned before. The limits of detec-
tion (LOD) and limits of quantification (LOQ) were deter-
mined by means of 3σ and 9σ in the integration range of
each compound. With an injection volume of 5 μL, the LOD
and LOQ for all contrast agents were found to be in the
range of 51±11 ngL−1 Gd and 153±34 ngL−1 Gd, respec-
tively (see Electronic Supplementary Material Table S3).
This is roughly a factor of two worse compared to the work
of Raju et al. [24] but is still sufficient for our work.

The LODs and LOQs presented in the Electronic
Supplementary Material, Table S3 were obtained by the
injection of the standards only. For environmental samples,
these LODs are not sufficient, and thus, surface evaporation
was used as a species-conserving enrichment procedure for
the speciation studies in environmental waters. We have
used a moderate enrichment factor of 1:20 only, and by
doing this, the LOD and LOQ were improved to a concen-
tration of 2±1 ngL−1 Gd and 7±2 ngL−1 Gd, respectively
(See Electronic Supplementary Material, Table S3). More
results are discussed in the next section.

Distribution of gadolinium and Gd-containing contrast
agents in the Teltow channel

We have studied the dilution of Gd-based contrast agents
coming from a wastewater treatment plant at hand of the
Teltow channel. This river is very well suited as a model,
because the water flow is controlled and regulated and the
flow rate is rather independent on the amount of precipita-
tion. In the small city of Stahnsdorf, a wastewater treatment
plant is located where the cleaned wastewater is released
into the Teltow channel. We have monitored the Gd con-
centration before and after the outlet of the wastewater
treatment at several points. The concentrations were mea-
sured by ICP-MS, and the results are shown in Fig. 2. On
the day of sampling, the highest value for a Gd concentra-
tion of 990 ngL−1 was directly measured in front of the
outlet where the concentration is far above the geogenic
background value of a few nanograms per litre, causing a
strong gadolinium anomaly, which was already described in
previous papers [10, 33]. The concentration of Gd decreased
in the first kilometre downstream and remained constant
already after 2 km at a value of about 99±16 ngL−1. This

Fig. 1 ZIC-HILIC chromatogram (158Gd) of a standard solution con-
taining five different Gd contrast agents (5 μgL−1), (eluent, 65/35
acetonitrile/water with 20 mM ammonium acetate; flow rate,
0.15 mLmin−1)

1868 U. Lindner et al.



decrease in concentration fits well to the calculated dilution
factor of about 11 representing the ratio between the average
upstream flow rate of the Teltow channel of about
561,000 m3/day [34] and the typical outlet water flow rate
of the WWTP of about 51.000 m3/day [35]. It was assumed
that the high Gd anomaly can be attributed to Gd-containing
contrast agents. Therefore, the sampled water was investi-
gated after preconcentration by a factor of about 20 with the
speciation method described previously. A typical result for
a sample taken directly at the outlet of the WWTP is shown
in Fig. 3. Two different gadolinium-containing contrast
agents can be separated and identified by comparison with
the retention time of the standards: Dotarem (Gd-DOTA)
and Gadovist (Gd-BT-DO3A). A small retention time shift
was observed only for Gd-DOTA. It should be mentioned
that the measured concentration varies strongly from day to

day, and even the species composition can change also
significantly during a day (data not shown here). Although
on this day and location, two contrast agents have been
detected, in a previous study, other contrast agents such as
Gd-BOPTA and Gd-DTPA have been detected in other
locations in the area of Berlin (e.g. Wannsee, Berlin) too
[24]. This demonstrates that contrast agents are heavily
applied in Berlin, but nothing is known about the total
amount discharged per year or which of the contrast agents
of interest are preferred in clinical applications.

Both contrast agents of Fig. 3 were also quantified by an
external calibration using aqueous standards. The concentra-
tion of Gd-DOTA and Gd-BT-DO3A in the WWTP water
outlet was found to be approximately 456 and 471 ngL−1,
respectively. Further downstream, the concentration of both
decreased to about 65 ngL−1 (Table 1). For higher concen-
trations of the determined compounds down to a few hundred
nanograms per litre Gd, an external calibration with aqueous
standards can be used. The concentrations of both species
detected by HILIC–ICP-MS agree well with the total concen-
trations of Gd determined in the river water directly (Table 1).
At lower concentrations, the good agreement could not be
achieved, and losses of particulate matter during filtering or
matrix effects from the river water caused by the preconcen-
tration method have to be taken into account. In future works,
we will improve our calibration strategy by investigation of a
chromatographic internal standard and by use of standard
addition methods for matrix containing samples.

However, so far, the data presented in Table 1 confirm
already that there is no significant degradation or decom-
plexation of the gadolinium-based contrast agents over a
distance of the first 5 km after the inlet of the wastewater
into the Teltow channel, because no additional peaks or
shifts in retention time are observed in the chromatograms.

The concentration of 34 ngL−1 measured before the
wastewater treatment plant (−500 m) is also far above the
geogenic background, which indicates another source or
entrance pathway of these contrast agents into the environ-
ment further upstream.

Model plant experiments with L. sativum

The high Gd anomaly and the identification of the
gadolinium-based contrast agents in the river water raise the
question to which extent Gd is accumulated in water plants. A
number of diverse plants were sampled from the Teltow
channel (near Berlin) downstream of the wastewater plant.
The extraction by ultrasound sonication was performed as
described in the “Experimental” section. In these plant
extracts (results are not shown here), we observed a clear
signal of Gd in the chromatogramwith a retention time similar
to one of the investigated contrast agents (Gd-DOTA) which
was also detected in the surface water, and thus, this finding

Fig. 2 Distribution of gadolinium in the Teltow channel

Fig. 3 HPLC chromatogram (158Gd) of a surface water sample from
Teltow channel (sample taken in front of the wastewater treatment
plant)
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had motivated us to study the uptake of contrast agents by
plants in more detail, but under more controlled conditions.

As a model system, L. sativum (cress) plants were selected
since they can quickly be grown in the laboratory, and our aim
was to study the uptake of contrast agents by the root system
of plants. Only by this experimental design can adsorption of
the contrast agents on the outer plant surface be avoided,
which is not possible in the case of water plant experiments.
Additionally, this experiment would answer the question if
Gd-containing contrast agents can enter the food chain.

For this purpose, the two different contrast agents
Dotarem (Gd-DOTA) and Gadovist (Gd-BT-DO3A) which
had been detected in the river water and additionally the
open chain complex Multihance (Gd-BOPTA) were used for
this model experiment. L. sativum seeds were grown under
controlled conditions in a glasshouse on cotton and watered
by tap water only. After 7 days, the shoots were transferred
into a PTFE vessel containing a solution of the gadolinium-
based contrast agents mentioned above with a concentration
of 1 mgL−1 (Gd/tap water). No side effects such as phyto-
toxicity were observed for this concentration. For each
contrast agent, after 3 and 5 days, the topmost centimetre
of about 50 shoots was cut and dried. Ten grams of the dried
plant material was digested with microwave extraction, and
the total gadolinium concentration in solution was deter-
mined by ICP-MS. A bioconcentration factor (BCF)
(Eq. 1) as described in Wild et al. [36] for gadolinium was
calculated as the content of total gadolinium in the plant
(wet weight) divided by the gadolinium concentration in the
treatment solution. The results are compiled in Table 2.

Bioconcentration factor BCFð Þ

¼ gadolinium in the plant

gadolinium in growing solution
ð1Þ

Gd could be detected already in the leaves after 3 days for
both contrast agents. This demonstrates that the agents are
taken up in significant amounts in a relatively short time.

Apparently, the filter system of the root, the casparian band,
which normally prevents the uptake of large molecules, is
inefficient for the Gd chelates. This might be due to the fact
that the casparian band in the young tips of the roots is
sometimes not fully established [37], and thus, the complexes
can be easily taken up through the apoplastic pathway [30].

The BCF (see Table 2) is close to one for all contrast agents
investigated and is independent of the treatment time. The
slightly different values are probably due to an inhomoge-
neous distribution of the analytes in the plants and the very
small sample sizes used. This finding suggests that there is no
bioaccumulation over the time period of the experiment indi-
cating a passive, only diffusion-driven transport/uptake mech-
anism in contrast to the active transport known for minerals.
For further investigation, the BCF was determined for the
roots, stem and leaves separately using Gd-DOTA (see
Table 3). The highest factor is observed for the leaves, where-
as the Gd concentration in the stem and the roots is lower
compared to the treatment solution, and thus, a concentration
gradient is established in the plant; therefore, the solution in
the plant is not in equilibriumwith the solution outside. Due to
the fact that the water content is about 90±4 % in all parts of
the plant, a homogeneous distribution was expected. Uptake
of organic compounds by plants is often described by use of
the octanole/water coefficient which is based on the fact that
hydrophobic substances show a higher, and hydrophilic sub-
stances a lower, BCF [38]; thus, our finding is in contrast to
other experiments where, for hydrophilic substances such as

Table 1 Gd species in the Tel-
tow channel; speciation analysis
was performed after enrichment
(factor of 20)

Distance to the outgoing
water from WWTP [m]

Gd-DOTA
[ngL−1 Gd]

Gd-BT-DO3A
[ngL−1 Gd]

Sum of contrast agents
[ngL−1 Gd]

Total Gd (ICP-MS)
[ngL−1 Gd]

−500 16 18 34 50

0 456 471 926 990

20 364 447 811 827

50 216 207 423 429

300 135 135 270 305

1,000 20 23 42 78

2,000 39 41 80 93

3,200 34 33 66 115

4,000 25 27 52 85

5,000 43 42 85 109

Table 2 BCF of
gadolinium-based con-
trast agents in L. sati-
vum leaves

Contrast agents Days BCF

Gd-BT-DO3A 3 1.0

Gd-BT-DO3A 5 1.2

Gd-DOTA 3 1.0

Gd-DOTA 5 1.1

Gd-BOPTA 3 1.1

Gd-BOPTA 5 1.0
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our contrast agents, a much lower BCF was observed. To
explain the transport and accumulation mechanism in more
detail, further experiments, in particular on a long-term basis,
are planned in our lab.

In summary, this experiment demonstrates that the uptake
of Gd by plants and its transport to and enrichment in the
leaves are possible, but it is not clear yet whether or not the
contrast agent itself or a metabolite is transported. This will
be investigated in more detail in the next section.

Detection of Gd-containing contrast agents in cress leaves

The detection of Gd in the previous experiments shows that
the contrast agent is taken up directly by the roots of the cress
plant. As the next step, it was necessary to find an effective
extraction step to realize speciation analyses of the com-
pounds in plant material. First, experiments just by grinding
the plants with a mortar and filtration of the suspension
showed a relatively low extraction recovery of about 25 %
only. Alternatively to this procedure, Kahakachchi et al. [25]
demonstrated that contrast agents from rat kidney tissues can
be extracted by ultrasound sonication with water as a solvent.
We have applied this procedure for extraction from plant leave
cells. The same treatment of the plants has been performed as
described in the previous section, but this time for all contrast
agents of interest to see if they behave differently. At first, the
extraction recovery was calculated as the concentration deter-
mined in the leaves of the plant after ultrasound sonication
extraction divided by the total gadolinium determined after
microwave digestion of the leaves. In each experiment, only a
single contrast agent was used. The results obtained are com-
piled in the Electronic Supplementary Material (Table S4) for
all five experiments. The extraction recovery ranged from
54 % for Gd-BOPTA up to 106 % for Gd-BT-DO3A, which
demonstrates that ultrasound sonication with water is very
efficient for the extraction of contrast agents from leaves. A
necessary further optimised procedure with improved sample
size, extraction time and solvent is under investigation.

For speciation analysis in the leave samples, a fraction
(5 μL) of the extracts of the different plants treated with the
contrast agents was injected into the HILIC–ICP-MS sys-
tem. Typical chromatograms for the leaf extracts are shown
in Fig. 4 for all five experiments. A single peak is observed
for every contrast agent, and the retention time as well as the
peak form fits very well with the chromatogram shown in

Fig. 4 for an equimolar mixture of all five contrast agents.
Only for Gd-DTPA could a slight shift in retention time be
observed which might be related to the high matrix load of
the extract injected into the column.

These first results confirm that the contrast agent itself is
taken up by the plants and transported to the leaves with no
or only minor modifications. Further experiments and ap-
plication of complementing separation techniques are
planned to investigate possible metal exchange processes
in the plant system by which free Gd can be produced.

In summary, we have detected Gd-containing contrast
agents in environmental surface water samples and could
verify for the first time that an uptake of all investigated
contrast agents by plants via the root system is possible.

Conclusions

A HILIC–ICP-MS speciation procedure was used to investi-
gate surface water samples taken from the Teltow channel near

Table 3 BCF of Gd-
DOTA in different plant
compartments of L.
sativum

aWas in contact with the
growing solution

Parts of the plants BCF

Leaves 1.0

Stems 0.1

Roots 0.2

Stem in solutiona 0.2

Fig. 4 HILIC chromatograms of Gd contrast agents extracted from
cress leaves each treated by only a single Gd species (158Gd) (eluent,
62/38 acetonitrile/water with 20 mM ammonium acetate; flow rate,
0.1 mLmin−1)
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Berlin. Two typical gadolinium-based contrast agents (Gd-
DOTA, Gd-BT-DO3A) were found in these samples. The
highest total gadolinium concentration of 990 ngL−1 was
measured in samples taken directly in front of the outlet of a
wastewater treatment plant. The concentration of the contrast
agents decreased significantly after the first kilometre down-
stream due to dilution with the river water and then remained
constant for the next 4 km at a value of about 99±16 ngL−1.

In a model investigation, it was shown that under con-
trolled conditions, the uptake of Gd contrast agents by roots
of cress plants takes place. The BCF was found to be one in
the leaves, so that the uptake of the contrast agents can be
confirmed, but no significant accumulation is observed com-
pared to the concentration of the spiked growing solution
under short-term conditions. The BCF in the roots and stem
is 0.2 and 0.1, respectively, which is a factor of five lower
compared to the concentrations measured in the leaves. By
application of an extraction by ultrasound sonication of cress
plants with water as a solvent, the recovery for five contrast
agents was improved. The recoveries are slightly different for
all compounds investigated, and further improvements of the
method will be carried out. In treated cress plants, all contrast
agents investigated have been detected and identified in leaves
by application of HILIC–ICP-MS.

It should be emphasised that many different and important
questions remain still unanswered. So far, nothing is known
about a long-term bio-enrichment, metal exchange processes,
stability, degradation or metabolization of the contrast agents
in the environment or in biological systems. Additionally,
extensive environmental monitoring programmes are urgently
needed to obtain more data about the present distribution and
future increase of Gd-containing contrast agents in the envi-
ronment and in particular in surface water samples.
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