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Abstract: Gd-based contrast agents (GBCAs) are frequently administered to patients for magnetic
resonance imaging to enhance tissue contrasts. After examination, they are excreted and enter surface
waters via local wastewater treatment plants’ effluents where they lead to anthropogenic Gd anomalies in the
environment of metropolitan areas with developed healthcare. This work presents the speciation analysis of
GBCAs in water samples from Australia by targeting individual GBCAs in effluent, river and seawater samples
obtained from New South Wales (Sydney), the Northern Territory (Alice Springs) and Victoria (Melbourne).
A method based on hydrophilic interaction liquid chromatography (HILIC) coupled to inductively coupled
plasma - mass spectrometry (ICP-MS) provided rapid separation and quantification of four common GBCAs
in under three minutes. To improve the sensitivity, ion extraction and transport processes were optimised,
and the quadrupole mass filter was operated with an increased mass bandpass, decreasing limits of detection
to between 18 and 24 ng/L for individual GBCAs. This allowed detection of Gd-DOTA, Gd-BT-DO3A and Gd-
DTPA-BMA at concentrations of up to 160 ng/L in water samples collected from rivers within the proximity of
effluents of local wastewater treatment plants. The analysis of GBCAs in oceanic sea water required the
development of a novel automated micro-solid phase extraction (WSPE) method for matrix elimination and
analyte pre-concentration enabling the detection of Gd-DOTA and Gd-BT-DO3A.

Keywords: Gadolinium anomaly, HILIC-ICP-MS, hard extraction, bandpass mode, solid phase extraction,
speciation analysis

elements in waters against a reference material

Introduction (e.g., shales).® Anomalies have been detected in

waters around metropolitan areas with developed
Worldwide, an increasing number of more than 30 healthcare.”~'* In Australia, more than 1 million
million magnetic resonance imaging (MRI) MRI examinations were conducted in 2017516 and

examinations per year require Gadolinium-based

contrast agents (GBCAs). Since the introduction of nen-lonic fonic
gadopentetate dimeglumine into clinical practice in linear 00 coo
1988, a variety of Gd complexes have been N N(
developed to improve diagnostic imaging 00 NG@NTcoo [ 1
capabilities,” from which the most frequently HiCHN.y Ny NHOHs 700G N 6N TC00
administered chelates are depicted in Figure 1. GADTPABMA (Ompiscan®) O S4.DTPA (Magnauiad)

After MRI examination, GBCAs are excreted

. macrocyclic

mostly unmetabolised and enter surface waters -00C .

, A\ /~COo0
unaltered via effluents of local wastewater [Ny 00C—\ M\ /€00
treatment plants.2% The frequent use of GBCAs NIN— oH (M6t

; ; ; ; ’ooo—’u_)—L N N

resulted in a substantial discharge into the HO OH 006~ oo
environment causing anthropogenic Gd Gd-BT-DO3A (Gadovist®) Gd-DOTA (Dotarem®)

anomalies, which are defined as elevated Gd
levels relative to other naturally abundant
lanthanides. These anomalies are often assessed
by normalising concentrations of rare earth

Figure 1. Structures of the four most administered GBCAs.
Top: linear chelates, Gd-DTPA-BMA and Gd-DTPA; bottom:
macrocyclic complexes Gd-DOTA and Gd-BT-DO3A.
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a Gd anomaly was reported in Brisbane
(Queensland, Australia) in 2009.17:18

70% of the Australian population live within ten
urban areas,' all located on the coast, of which
Greater Sydney and Melbourne are the largest. In
these areas, approximately 10 million people
produce more than 2 billion litres of wastewater
daily which is predominantly diffused into the
South Pacific Ocean via outfalls. However, a small
portion of treated wastewater is discharged into
surrounding river and creek systems. This
complicates speciation analysis as established
methods and sampling strategies are often not
applicable and quantification and selectivity are
impaired due to trace concentrations and complex
matrices. Specifically, speciation analysis in
saltwater is challenging and requires dedicated
pre-treatment as well as detection capabilities to
determine individual Gd species. The (eco-
)toxicological impact of GBCAs is difficult to
estimate due to lack of studies investigating the
behaviour of these compounds in the aquatic
environment. Research on the fate,
bioaccumulation, metabolism, and degradation of
Gd complexes is still in an early stage and relies
upon extremely sensitive and selective techniques
that allow differentiation between species in
complex environmental and biological matrices. It
has been previously reported by laser ablation-
inductively coupled plasma-mass spectrometry
(LA-ICP-MS) that Gd from GBCAs may be retained
in the body after MRI examination2%2', and Lingott
et al. found that GBCAs in surface waters may be
taken up and accumulate in plants and animals.??

Positive Gd anomalies in surface and tap waters in
densely populated regions were first identified by
Bau and Dulski in 1996." Since then, methods for
the speciation of Gd have been developed and
refined by hyphenation of
chromatographic/electrophoretic separation
techniques with ICP-MS, which is now a platform
technology for trace analyses of soluble element
species.? Polar or/and ionic species including
GBCAs can be separated by ion chromatography,?
capillary electrophoresis* or hydrophilic interaction
liquid chromatography (HILIC).5 HILIC-ICP-MS
has been demonstrated to be the gold standard for
efficient separation and sensitive detection of
GBCAs in environmental samples.® Several
reviews have been published since the inception of
environmental Gd speciation, where the interested
reader will find further information, applications
and comparisons.>® Using HILIC-ICP-MS,
Kinnemeyer et al. investigated the distribution of
commonly administered GBCAs in hospital
effluents, municipal sewage and wastewater with

limits of detection (LODs) as low as 160 ng(Gd)/L.°
Telgmann et al. investigated the concentrations of
these compounds in wastewatey.and balgficed.the
flux of Gd in a wastewater treatment plant over
seven days demonstrating that only 10 % of Gd
was removed during the treatment process (LOD:
130 ng/L)."® The figures of merit of GBCAs have
been incrementally improved to enable detection in
larger water bodies and complex matrices after
significant dilution. Lindner et al. analysed GBCAs
in surface waters and plant extracts with a reported
LOD of 51 + 11 ng/L."" Using a similar method,
Raju et al. analysed five GBCAs in surface waters
in the Berlin area with LODs of 22 + 5 ng(Gd)/L."?
Birka et al. decreased LODs further by employing
ultrasonic nebulisation in conjunction with HILIC-
ICP-sector field-MS reporting LODs of between 1.3
and 2.2 ng/L allowing quantitative speciation
analysis in drinking water.'® Similar figures of merit
were obtained by Lindner et al. who determined
GBCAs in tap water samples from the Berlin area
(LOD: 1,4-2,4 ng(Gd)/L)."* Okabayashi et al.
recently demonstrated that HILIC separation may
be further improved by separating 6 contrast
agents in less than 800 seconds reaching
detection limits between 3.4 and 22 ng(Gd)/L."®
Interestingly, the authors presented a HILIC
approach that did not require organic solvents.
Decreasing the separation times and consequently
accelerating the sample throughput will become
increasingly important for larger programs of close
meshed tracing of various samples in larger water
bodies. However, while figures of merit
incrementally improved over time, methods for
speciation analysis in complex matrices like
seawater have not been developed.

This work presents a novel automated micro-solid
phase extraction (USPE) method to eliminate
complex matrixes and pre-concentrate GBCAs
from seawater. Speciation was performed using a
rapid HILIC-ICP-MS method which featured
improved ion transmission by modifying ion
extraction, transport and increasing the
quadrupole’s mass bandwidth to improve LODs.

Materials and Methods

Ultrapure water was obtained from an Arium® pro
system from Sartorius Stedim Biotech (18.2 MQ,
Gottingen, Germany). Acetonitrile (HPLC grade)
and ammonium acetate were purchased from
Sigma Aldrich (St. Louis, USA). High purity Gd
standards for ICP-MS were obtained at 10 mg/L
from Choice Analytical (Thornleigh, New South
Wales, Australia). All contrast agents were
acquired from their respective pharmaceutical
suppliers: Magnevist® (Gd-DTPA, 0.5 mol/L) and

2
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Gadovist® (Gd-BT-DO3A, 1.0 mol/L) from Bayer
Pharma AG (Berlin, Germany), Dotarem® (Gd-
DOTA, 0.5 mol/L) from Guerbet SA (Villepinte,
France) and Omniscan® (Gd-DTPA-BMA, 0.5
mol/L) from GE Healthcare (Chalfont St Giles,
United Kingdom). 0.45 ym PTFE syringe filters
were purchased from Tisch Scientific (North Bend
OH, USA). Water samples were kept in containers
made of polypropylene to avoid adsorption effects
of GBCAs. uSPEed cartridges containing pCarb
resin (porous graphitic carbon, 3 ym, 250 A) were
obtained from ePrep Pty Ltd (Mulgrave Vic,
Australia).

Sample and standard preparation

Samples were collected in 50 mL polypropylene
containers previously washed with the sampling
matrix. The sampling locations, times and
descriptions are listed in Table 1. All samples were
filtered to remove larger particles and stored at -20
°C until analysis. For analysis, samples were left at
room temperature until thawed and diluted 1:10 in
eluent. For the construction of calibration curves
and species identification, GBCA standards were
diluted in water and acetonitrile (eluent
composition) to concentrations of 10, 100, 1,000
and 10,000 ng/L. Ultrapure water was used to
obtain a blank value. GBCA standards were cross-
calibrated using a certified Gd standard for ICP-
MS. The standard solutions containing Gd-DTPA,
Gd-DOTA, Gd-BT-DO3A and Gd-DTPA-BMA
were prepared daily to prevent metal exchange
with excess ligands present in the formulations.

For speciation analysis in seawater, an automated
MSPE method was developed. Method
development was carried out on a digiVOL®
Programmable Digital Syringe Driver (ePrep Pty
Ltd, Mulgrave Vic, Australia) with uyCarb ySPEed®
extraction cartridges. For automation, the method

HILIC-ICP-MS
n

Syringe cleaning

2| 500 L x 5, 50:50 HNOy H,0
B 500 ;1L x 5, 2575 HNO, H.0
500 ul x 8, H.O

Elution
250 pl @ 500 pL/min
73:27 ACN:H;0

[ISPE workflow:
Isolation and pre-
concentration of

GBCAs

Cartridge conditioning
500 L x 2 @ 1000 pwl/min
Ultrapure water

Sample loading
500 L x 2 @ 1000 pl/min
Seawater sample

Figure 2. ySPE workflow for the preconcentration and clean-
up of GBCAs from seawater. Without preconcentration, the
sample loading volume was reduced to 250 pL.
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was transferred to a Sample Preparation
Workstation (ePrep Pty Ltd, Mulgrave Vic,
Australia). The workflow for the, prepatationipie-
concentration of GBCAs from seawater is
illustrated in Figure 2. Syringes made of glass were
treated with HNO3; and flushed with ultrapure water
to mitigate GBCA carryover. The absence of
contaminating GBCAs was regularly checked by
preparing and analysing blank solutions.
MSPEed® cartridges were conditioned with
ultrapure water to activate the carbon surface,
loaded with sample volumes between 250 and
1000 pL and eluted with 250 pL (73% acetonitrile,
27% MQ water). The dispensing flow rate for the
elution step was optimised to 500 uL/min, while
1000 uL/min was used for the conditioning, loading
and washing steps. The entire uSPE workflow
including syringe cleaning required approximately
15 minutes per sample. As a method blank and
medium for spiking experiments, seawater was
obtained approximately 30 km outside the
metropolitan area of Sydney where no anomaly
was expected (-34.116363, 151.140778). Known
concentrations of Gd-DTPA, Gd-DOTA, Gd-BT-
DO3A and Gd-DTPA-BMA were spiked into the
seawater blank and analysed by ySPE and HILIC-
ICP-MS to determine recoveries.

Instrumentation

Chromatographic separations were performed on
a 1200 series HPLC system (Agilent
Technologies) using an Accucore™ HILIC silica
LC-column (dimensions 100 x 2.1 mm, particle
size 2.6 um, Thermo Fisher Scientific) equipped
with an Accucore™ HILIC defender guard
(dimension 10 x 2.1 mm, particle size 2.6 uym). The
starting point for the optimisation of the separation
method were chromatographic conditions reported

Table 1. Sampling location, date, time, and description. All
sample are associated with WWTP discharges after tertiary
treatment.

Location D_ate Description Latit_ude
Time Longitude

1 15/06/2018 Downstream of WWTP -33.7365
10:44 AM (Discharge: 32.6 ML/d) 150.8750

2 15/06/2018  Downstream of WWTP -33.5750
01:08 PM (Discharge: 0.9 ML/d) 150.7167

3 15/06/2018 Downstream of WWTP -33.7013
10:53 AM (Discharge: 11.9 ML/d) 151.0831

4 15/06/2018 Downstream of WWTP -33.6673
11:20 AM (Discharge: 24 ML/d) 150.9210

5 15/06/2018 Downstream of WWTP -33.7142
03:00 PM (Discharge: 60 ML/d) 150.7671

6 15/06/2018  Downstream of WWTP -33.7419
02:17 PM (Discharge: 24 ML/d) 150.6924

7 21/10/2019 WWTP effluent (seepage) -23.73637
03:11 PM (Discharge: n/a) 133.8586

8 10/12/2019 WP effluent diffusedin - 35 4495
0434 PM  bischarge: 330 ML/d) 1448474

3
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by Birka et al. in 2013.?2” To accelerate the
separation of GBCAs, the dimensions of the
chromatographic column were altered (150 x 3
mm, 2.1 ym > 100 x 2.1 mm, 2.6 pm) while
increasing the flow rate to 1.1 mL/min.
Furthermore, a higher content of acetonitrile
(eluent A: 30% 10 mM ammonium acetate buffer
solution in ultrapure water and 10% acetonitrile,
eluent B: 70% acetonitrile, isocratic conditions)
was used and, the column temperature was set to
40°C to reduce the backpressure. Different pH
values (2-8) of the aqueous eluent (prior to adding
acetonitrile) and effects regarding peak shape and
separation efficiencies were investigated until
finding an optimum at a pH value of 5.3. These
optimised parameters reduced the separation time
from previously approximately 14 minutes to less
than three minutes.?” The optimum injection
volume was determined empirically to be 5 pL
while considering peak symmetries and signal to
noise ratios. Before each injection, the column was
equilibrated for at least 3 minutes.

A 7700 series ICP-MS system (Agilent
Technologies) was equipped with platinum cones,
cs lenses and a narrow injector (1 mm) torch and
operated with MassHunter software (Agilent
Technologies). A method with an increased mass
bandpass further referred to as bandpass mode
was used to improve sensitivity and analysed Gd
at 156 amu. The dwell time was set to 100 ms, and
163 amu, 148 amu and 140 amu were monitored
additionally to ensure the absence of spectral
interferences from other lanthanides. For
comparisons, '%Gd was monitored employing a
standard method. A 20% oxygen/argon blend was
added through a T-piece before the torch to
mitigate carbon deposition on the interface (tuning
value: 25%). A Scott-type double-pass spray
chamber (Glass Expansion, West Melbourne,
Victoria, Australia) was cooled to -5°Cand a
MicroMist™ concentric nebuliser (Elemental
Scientific, Omaha, NE, USA) was used for sample
nebulisation. The performance of the ICP-MS
instrument was tuned daily with a solution (70: 30,
acetonitrile: water) containing 1 pg/L Li, Y, Tl and
Ce to optimise sensitivity. The CeO/Ce signal was
used to determine the oxide rate which was below
5%. The signal to noise ratio for the analysis of Gd
was further optimised analysing a diluted 1 pg/L
element standard (70: 30, acetonitrile: water). The
plasma was operated at 1.6 kW and the typical
nebuliser gas and make-up gas flow rates were
tuned daily to a total gas flow rate of between 0.7
and 0.8 L/min.

Table 2. Instrumental parameters of a standard method (SM)
and for a method operating the quadrupole with an increased
mass bandwidth (bandpass mode (BPM)).

View Article Online

Page 4 of 10

Tune mode SM DOT TR /D0IA00453F
Monitored at [amu] 158 156
Lenses

Extr. Lens 1 [V] 4.0 -80.0
Extr. Lens 2 [V] -150 -5.0
Omega Bias [V] -32 -150
Omega Lens [V] 8.6 24.4
Deflect [V] 17.0 20.0
Cell

He Flow [mL/min] 0 0.5
H> Flow [mL/min] 0 0.5
Octopole Bias [V] -6.0 -18.0
Octopole RF [V] 150 13
Energy Discr. [V] 4.0 -3.3
Quadrupole

Mass Gain [V] 127 30
Mass Offset [V] 129 111

The bandpass mode was developed stepwise by
first increasing ion transmission through
manipulation of extraction and ion transport
conditions. In a second step, the mass bandwidth
of the quadrupole mass filter was increased. The
bandwidth and mass resolution of a quadrupole
are set by the combination of direct current (DC)
voltage and RF voltage applied to the four rods.
The pairs of RF and DC voltages applied are
located on one scan line which is defined via a
linear function that can be altered by a set of tune
parameters. In this case, the scan line function was
altered by manipulation of the tune values “Mass
Gain” and “Mass Offset”. Various combinations of
these tune parameters were evaluated for signal to
noise ratios of Gd. The optimised experimental
parameters for the standard method and the
bandpass mode are listed in Table 2.

The advantages of cell gas (He and H,) were
further investigated as part of the tuning process.
The flow rates of these gases where optimised by
analysing a 1 yg/L Gd standard diluted in eluent
and by comparing the Gd signal to the background
monitored outside Gd’'s mass bandpass. The
operation of low cell gas flows reduced the
background noise without significantly affecting the
sensitivity of Gd leading to improved signal to
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noise ratios. Furthermore, the application of cell
gases appeared to improve the Gd signal stability.

Data handling and figures of merit

Data was processed with Origin (OriginLab
Corporation, Northampton, USA). Chromatograms
were smoothed using a Savitzky-Golay filter over
15 data points. The PSPE recoveries for each
compound were determined analysing a 1000 ng/L
GBCA calibration standard mix via HILIC-ICP-MS
without uSPE, after ySPE (no preconcentration)
and after uSPE with a preconcentration factor of 4.
Column recoveries were calculated by subsequent
comparison to flow injection (FI) ICP-MS. The FI
method operated the described LC method without
the column and was used to determine the peak
area for each GBCA standard individually. The
peak area determined by FI-ICP-MS was used to
normalise the detected area in HILIC-ICP-MS to
obtain the recoveries. Limits of detection (LODs)
and limits of quantification (LOQs) were calculated
based on the integral’s standard deviation (noise)
o of a calibration blank and the slope (sensitivity,
s) of the respective calibration curves (LOD = 3
o/s, LOQ = 10 o/s). Analyses were performed in
triplicate to obtain the standard deviation.

Results and discussion

Increasing ion transmission

The sensitivity of ICP-MS is dependent on the ion
transport efficiency, which can be increased by
several strategies. One involves the use of hard
extraction conditions operating the first extraction
lens with a highly negative potential and the
second extraction lens closer to the ground
potential. This increases the kinetic energy of
extracted ions, which translates into an increased
ion transmission visible as increased sensitivity in
ICP-MS. However, background noise and
interferences must be monitored closely, as noise
usually increases concomitant with ion
transmission. If noise increases to a similar extent,
signal to noise ratios may deteriorate and LODs
increase. The manipulation of extraction potentials
is a common approach for sector-field ICP-MS and
have also been reported for quadrupole-based
ICP-MS, for example in single particle ICP-MS36,
LA-ICP-MS?®” or gas chromatography (GC)-ICP-
MS38, However, consideration of the downstream
effects is required to optimise the working range of
the remaining ion lenses. For example, a curvature
of the ion beam is usually induced to eliminate
neutral particles and light. Increasing the kinetic
energies may require altering electric potentials to
maintain and focus of this ion trajectory.

Journal of Analytical Atomic Spectrometry

Another strategy to increase ion transmission
involves modification of the quadrupole scanning
parameters. Similar approaches, were; breviously
described for ICP-MS/MS to increase the ion
transmission of the first quadrupole, and we
recently investigated this concept for single
quadrupole ICP-MS instruments.36:37.3940  |n
conventional quadrupole-ICP-MS, m/z are
scanned sequentially and therefore, sensitivity is
lower for elements with a broad and even isotope
distribution when compared with a monoisotopic
element. This applies specifically to Gd, which
consists of 7 isotopes with abundances between
0.2% and 24.84% as shown in Figure 3C.
Therefore, analysing the most abundant isotope
158Gd limits measurement to a small fraction of the
overall Gd, and more than 75% of all Gd ions
transmitted to the quadrupole are subsequently
eliminated. lons with different m/z follow individual
trajectories within the quadrupole and the
combination of DC voltage and RF voltage applied
to the rods determines whether the ion trajectory is
stable and focusses onto the detector. Each m/z
has a stability zone which can be calculated by
solving the Mathieu equations. Figure 3A shows
exemplary stability zones of three m/z in which any
combination of DC and RF voltage produce stable
trajectories. However, to maintain a consistent
(unit) mass resolution and ion transmission, only
specific pairs of DC and RF voltages are applied
and are located on one line (scan line 1, Figure
3A).

Modification of the gain and slope of the scan line
(compare scan line 2, Figure 3A) increases
transmission of individual high-mass isotopes as
exemplified in Figure 3B. Furthermore, due to the
decreasing mass resolution, the mass peak width
of each isotope increases to approximately 8 amu
causing a convolution of isotopic signals as shown
in Figure 3D. The signal convolution allows
transmission of several isotopes simultaneously
while applying only one set of RF and DC voltages
to the quadrupole, and consequently increases
sensitivity further. Figure 3E shows a simulated
mass spectrum demonstrating the isotope signal
convolution where individual isotope signals are
stacked and Figure 3F shows a measured mass
spectrum of Gd employing a standard method
(red) and the bandpass mode (blue). The
increased ion transmission of the bandpass mode
for individual isotopes and the signal convolution
increased sensitivity by a factor of 44 compared
against the standard method monitoring the most
abundant Gd isotope (%8Gd, 24.84%).
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Figure 3. A: Stability diagram for three m/z representing low, mid and high masses. Scan line 1 truncates the three stability
zones to provide uniform mass resolution and ion transmission over the entire mass scale. lon transmission and mass
resolution may be modified by manipulation of the scan line function (compare scan line 2). B: Applying scan line 2 increases
ion transmission for heavy masses and results in larger mass peak widths. C: Isotopic abundance of Gd. With a standard
mode, highest sensitivity for Gd is achieved at 158 amu. D: Manipulation of the scan line changes the transmission and mass
resolution leading to a convolution of isotopic signals. E: Stacked simulation of individual isotopic signals. Broad peak widths
and signal convolution allows the analysis of several isotopes simultaneously further increasing sensitivity. F: Comparison of
measured mass signals obtained from a standard mode with unit mass resolution and the bandpass mode.

For the samples investigated in this study, co-
eluting interferences (e.g., other lanthanides or
polyatomic interferences) were unlikely. However,
depending on the application, large mass
bandpass filtering requires consideration of
potential spectral overlaps of targeted isotopes
and potentially interfering compounds. This may
become increasingly relevant when other
lanthanide anomalies are present as for example
described by Kulaksiz and Bau.'® Increasing
sensitivity by increasing the mass bandwidth of the
quadrupole decreases mass selectivity. While the
loss of unit mass resolution contributes to the
improved ion transmission and isotope signal
convolution which increases sensitivity, it becomes
more difficult to distinguish Gd from other adjacent
lanthanides and polyatomic interferences. At the
same time, background noise may increase and
limit the gain in signal to noise ratios and
improvement in LODs. It is noteworthy that the

mass bandwidth broadens asymmetrically. For
example, increasing the mass bandwidth of an
isotope with m/z 159 from 1 amu to 8 amu did not
produce a mass signal that was symmetrically
centred around 159 amu with +4 amu. Instead, the
mass signal was shifted towards lower masses
with signal boundaries at approximately 152.5 and
160.5 amu. This is a direct consequence of
asymmetric stability zones shown in Figure 3A and
is relevant for consideration of potential isobaric
and polyatomic interferences, which may affect
accuracy when operating a large mass bandpass.
In this case, monitoring Gd at 156 amu achieved
the highest sensitivity and prevented interferences
from lighter lanthanide isotopes like '53Eu.
However, a spectral overlap with isotopes from
159Th, 162Er, 156Dy, 158Dy, 160Dy, 61Dy and '62Dy
was possible and was investigated to ensure
accuracy. The impact of Er and Dy on the Gd
signal was evaluated by monitoring 163 amu

6
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Figure 4. A: Separation of a 100 ng/L mix containing the 4 most frequently administered GBCAs (1: Gd-DTPA, 2: Gd-DOTA, 3:
Gd-BT-DO3A, 4: Gd-DTPA-BMA). Two methods were used for signal acquisition: a standard method with soft extraction
conditions (green), and a bandpass mode method (blue). B: Chromatographic separation of a riverine sample obtained in the
Sydney region (location 4) employing the standard and bandpass mode.

additionally to 156 amu. To recognise the potential
impact of lighter isotopes forming polyatomic
interferences (e.g., '“°Ce'®Q), 140 amu and 148
amu were also monitored. Furthermore, all
samples investigated in the framework of this study
were first analysed via FI-ICP-MS to screen for
lanthanides using a standard method and no
significant signals for any lanthanide potentially
interfering with Gd were found. To prevent
potential polyatomic interferences and to reduce
background noise, He and H, were used as cell
gases.

Speciation analysis in surface waters

A standard mix containing the four GBCAs was
diluted to 100 ng/L and analysed by HILIC-ICP-MS
employing a standard method and the bandpass
mode, respectively. Figure 4A (blue) shows the
resulting chromatogram demonstrating rapid
separation of all four GBCAs in below three
minutes. The figures of merit of for both methods
and each GBCA are shown in Table 3. The R?
values were determined as a measure of linearity
and were at least 0.9997. The column recovery
was 104% for Gd-DTPA, 105% for Gd-DOTA, 70%

Table 3. Figures of merit for each GBCA and method. Methods
using standard method (SM) and a method operating the

quadrupole in bandpass mode (BPM) were compared.

Sensit \gise LOD LOQ R
ivity
Unit ?:;_1" Cts ng/L ng/L -
Gd-DTPA SM | 0.12 43 110 350 0.9997
BPMi{ 6.0 40 20 67 0.9999
Gd-DOTA SM { 0.14 53 120 390 1.0000
BPM i 6.6 39 18 60 0.9999

Gd-BT- SM | 0.12 48 120 410 0.9999
DO3A BPM| 55 45 24 81 1.0000

Gd-DTPA- SM | 0.17 53 100 320 0.9999
BMA BPM | 7.4 52 21 71 0.9999

for Gd-BT-DO3A and 89% for Gd-DTPA-BMA. The
LODs and LOQs of GBCAs acquired with the
standard method were between 100 - 120 ng/L and
320 - 410 ng/L, respectively and were in
agreement with previous studies using similar
instrumentation.*3° Accordingly, individual GBCAs
were not detected analysing a 100 ng/L calibration
standard as shown in Figure 4A (green). The
manipulation of ion extraction and transport and
operating the quadrupole in bandpass mode
increased sensitivity by a factor of between 43 and
50 for the individual GBCA while increasing
background noise by a factor of less than 10
(compare Table 3). The increases in sensitivity
were in line with values obtained analysing Gd via
standalone ICP-MS shown in Figure 3F.
Consequently, LODs and LOQs decreased to 20
and 67 ng/L for Gd-DTPA, 18 and 60 ng/L for Gd-
DOTA, 24 and 81 ng/L for Gd-BT-DO3A and 21
and 71 ng/L for Gd-DTPA-BMA allowing the
detection and quantification of all four GBCAs as
shown in Figure 4A (blue). The improved figures of
merit were crucial for the detection of GBCAs in
surface waters of Sydney (Australia). Sample
locations 1-5 (compare Table 1) were located

Table 4. Concentrations of GBCAs in all freshwater samples.
All concentrations are in ng/L. GBCAs below the LOD were
labelled as “not detected (n.d.)” and GBCAs determined
between the LOD and LOQ are labelled as “<LOQ".

Location | Gd-DTPA  Gd-DOTA %%?X' Gdé?\;lr: A-
1 n.d. <LoQ 1605 n.d.
2 n.d. n.d. n.d. n.d.
3 n.d. n.d. n.d. n.d.
4 n.d. 1305 <LoQ n.d.
5 n.d. <LoQ n.d. n.d.
6 n.d. <LoQ 1103 1001
7 n.d. 60 n.d. n.d.
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within the greater Sydney region. Most wastewater
(approximately 88%) of Sydney is diffused offshore
and only a fraction is released into local
waterways. Consequently, concentrations of
GBCAs are low and speciation analysis required
sensitive methods. Figure 4B shows the speciation
analysis of a surface water obtained from a creek
in northwest Sydney (location 4). While the
standard method was not able to detect GBCAs,
operating hard extraction conditions and improving
ion transmission by increasing the mass bandpass
of the quadrupole allowed the quantification of Gd-
DOTA (130 = 5 ng/L) and the additional detection
of Gd-BT-DO3A (<LOQ). Determined species and
concentrations for all locations are listed in Table
4.

Speciation analysis in seawater

The majority of wastewater in Australian coastal
cities are diffused via deep water ocean outfalls
into the Pacific Ocean. The speciation analysis of
GBCAs in seawater is confounded by the high salt
content limiting the applicability of HILIC-ICP-MS.
Figure 5 (top) shows the analysis of a standard mix
containing four GBCAs at 1 pg/L in seawater (red).
It is evident that the high ionic strength of the
seawater matrix interfered with the separation
mechanism in HILIC and prevented the speciation
of individual Gd species. Activated carbon was
previously reported to partially remove GBCAs
from water resources.*® In this work, activated
carbon was obtained in ySPEed® cartridges to
achieve automated extraction from seawater. As
proof of principle, four GBCAs were spiked into
seawater without Gd anomaly (1 ug/L), and
subsequently extracted using a fully automated
method employing a Sample Preparation
Workstation (ePrep Pty Ltd) and analysed by
HILIC-ICP-MS operating the quadrupole in
bandpass mode. Figure 5 (top) shows the resulting
chromatogram (grey) and compared it to the direct
analysis of the same GBCA in spiked seawater
(red). The extraction method was crucial to remove

Table 5. Recoveries after uSPE without preconcentration and
with a preconcentration factor of 4.

AP | rocovery " concontration”
Gd-DTPA 99.8+8.6 73.1+12.9
Gd-DOTA 99.2+1.3 93.5:5.4

Gd-BT-DO3A 99.2+3.0 94.1+11.7
Gd-DTPA-BMA 99.0£1.0 90.048.1

1 ug L after USPE
1 g L™ standard mix in seawater
View Article Online
DOI: 10.1039/D0JA00493F

1.0
-E? 0.5 =
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c
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- 0.0
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Figure 5. Top: HILIC-ICP-MS (bandpass mode) of seawater
spiked with a GBCA calibration standard with (grey) and
without (red) previous uSPE (1: Gd-DTPA, 2: Gd-DOTA, 3:
Gd-BT-DO3A, 4: Gd-DTPA-BMA). Bottom: Analysis of
coastal seawater obtained 700 m offshore of Sydney (location
8). Seawater obtained further away from Sydney was used as

the matrix and allow the separation of individual
GBCAs for quantification. The recovery of the
developed WSPE method was determined
analysing spiked seawater samples and was
between 99.0 and 99.8%. This method was further
investigated for its potential to preconcentrate
GBCAs. A 4-fold pre-concentration factor was
achieved with recoveries between 73.1 and 94.1.
The recoveries for each GBCA are listed in Table
5. Figure 5 (bottom) shows the chromatogram of a
sample obtained in coastal seawater within the
proximity of a wastewater effluent (location 8). Two
signals corresponding to Gd-DOTA and Gd-BT-
DO3A were detected and calibrated at 180 + 34
and 140 £ 36 ng/L.

Conclusion

This work presents the speciation analysis of
GBCAs in the Australian environment. Increasing
ion extraction and transport and increasing the
mass bandwidth of the quadrupole mass filter
improved sensitivity by factors of between 43 and
50 relative to a standard method, and decreased
LODs and LOQs to between 18 and 24 ng/L and
60 and 81 ng/L, respectively, for the four
investigated GBCAs Gd-DTPA, Gd-DOTA, Gd-BT-

8
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DO3A and Gd-DTPA-BMA. These improvements
allowed the detection and quantification of GBCAs
(between 60 and 160 ng/L) found in Australian
riverine water samples. A novel automated uSPE
method allowed matrix elimination and detection of
individual species (Gd-DOTA and Gd-BT-DO3A) in
seawater for the first time. The recovery of the
GBCAs was between 99.0 and 99.8% without
preconcentration and between 73.1 and 94.1%
with four-fold preconcentration. These methods
have the potential to sufficiently improve figures of
merit to trace GBCAs in surface and coastal
seawater to monitor the discharge and distribution
of GBCAs in the marine environment. The rapid
HILIC separation and the fully automated uSPE
workflow have further potential for high throughput
analyses and to facilitate close-meshed speciation
analysis in larger water bodies.
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