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Abstract: Gadolinium-based contrast agents (GBCA) are complexes, highly stable in vivo, used in Magnetic
Resonance Imaging (MRI), administered in patients and then eliminated via renal, passing through wastewater
treatment plants (WWTP) before being discarded in the receiving medium, without apparent removal. In this
study, it was verified if different exposure periods to several environmental parameters (solar radiation,
different salinities, temperatures and pH) will influence the stability of these complexes, namely, the Gd-
DOTA. Gd-DOTA solutions were processed in a seaF AST-pico saline matrix pre-concentration and elimination
system and Gd concentrations were determined by ICP-MS. Results showed that the complex remained stable
in fresh, brackish and saline water environments, even when exposed to extreme temperatures (40 °C) or
slightly acidic to basic conditions (6-10), for an exposure period of 96h. A small increase in the free Gd
concentration was observed after 18 days when exposed to pH<4, in all tested salinities (0, 18 and 36 PSU), with
a degradation increase of up to 29%, after 5 weeks of exposure in freshwater. When exposed to direct solar
radiation a low Gd-DOTA degradation (4%) was observed after 24h at salinity 18 PSU and remained constant
until the end of the exposure period (96h), while the remaining salinities showed negligible values.

Keywords: gadolinium; contrast agent; ICP-MS; chemical stability

1. Introduction

Gadolinium (Gd) is a metal belonging to the group of Rare Earth Elements (REE), which includes
the elements from the Lanthanide series in the Periodic Table, from lanthanum (La) to lutecium (Lu),
along with scandium (Sc) and yttrium (Y). In its free ionic state (Gd*"), gadolinium is highly toxic to
human beings, being able to precipitate in bones, the liver and the brain and obstruct the flux of some
fundamental ions such as calcium and zinc [1-4]. However, when complexed with a highly stable
organic compound, it can be administered safely, with no risks of toxicity and easily excreted from
the organism. For this reason and due to gadolinium’s paramagnetic qualities, complexed Gd can be
used in medicine to enhance the quality of magnetic resonance images (MRI) [1,5]. These Gd
complexes are known as Gadolinium-Based Contrast Agents (GBCA).

GBCA are polyaminocarboxylates linked to a Gd ion. Contrast agents with macrocyclic structure
and ionic bonds between the metallic ion and the organic component are the most stable and less
likely to degrade in vivo conditions [6]. The dissociation rate of GBCA is low in the physiological pH
(7.4). However, when exposed to more acidic matrices, this dissociation rate increases considerably
[7]. Port et al. (2008) determined the half-life time of some GBCA, both macrocyclic and linear, at pH
1(25°C and 37 °C) and at 1.2 (37 °C) [8]. In that study, the authors determined that the half-life times
were smaller in lower pH and higher temperatures and that the complexes with a linear structure
dissociated much more quickly than those with macrocyclic structures. The stability of GBCA is due
to the electrostatic interaction between the Gd** and the donor groups of the organic ligand [4]. It is
influenced by the basicity of the organic ligand, the number of five-membered rings between the ion
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and the donor atoms of the ligand (N-Gd-N and N-Gd-O) and the macrocyclic effect [4]. Non-ionic
donor atoms are less basic than ionic ones, forming weaker bonds with the gadolinium ion. The
macrocyclic effect is related to the size of the cavity in the center of the complex and to the pre-
organization, rigidity and conformation of the ligand [4]. Macrocyclic ligands can form very stable
complexes with gadolinium because the cavity of the ring allows them to “envelope” the ion.
Additionally, they benefit from a higher number of five-membered rings (eight) compared to those
linear ligands (six) [4]. Nowadays, most of the administered GBCA are of macrocyclic structure [9].

GBCA started to be commercialized in the 80s [4], followed shortly by the appearance of positive
anomalies (enrichments) of Gd in water bodies near highly populated zones in the 90s [10]. Of all the
non-specific contrast agents in use, GBCA are the most common in MRI due to their high stability in
vivo [1], being administered to patients in 33-50% of all MRI exams globally [5,11]. For clinical
purposes, GBCA are administered to patients in concentrations of 0.1 mmol/Kg. The GBCA are
administered intravenously or intra-arterially and excreted in its near entirety within the first 24 h.
The complex travels through the urban wastewater systems into a wastewater treatment plant
(WWTP), from where it is released into the receptor matrix without apparent retainment or
elimination [12]. Because of these discharges of WWTP effluents, positive anomalies (enrichments) of
Gd have been observed in water bodies near highly populated zones with advanced healthcare
systems around the globe [10,13-19]. Pereto et al. (2023), using a model of annual flux for
anthropogenic Gd (Gdantr) consumption in European countries, determined that the estimated Gdanthr
flux in Europe increased between 2014 and 2019, with an estimated 12.2 ton/year in 2015 [20].
Furthermore, a decrease in the flux of Gdanir was observed between 2019 and 2020 due to the impact
of the COVID-19 pandemic on health and care systems [20].

There are studies about GBCA that focus on the impact that the presence of anthropogenic Gd
has on some aquatic fauna [21-24]. These studies conclude that anthropogenic Gd can be
accumulated by fresh-water and salt-water bivalves and that this accumulation sometimes leads to a
decrease in the individual’s metabolism. On the other hand, there haven’t been any known studies
on GBCA's stability in environmental conditions.

In this study, we evaluated the stability of Gd-DOTA (DOTAREM®, Guerbet) contrast agent
under different estuarine environmental conditions. This complex consists of a ligand (gadoterate) of
macrocyclic structure, with four nitrogen atoms and four acetate groups (CHsCOO-) which form eight
bonds (N-Gd-N and N-Gd-O) with the Gd3* ion. Gd-DOTA has been reported as one of the most
stable GBCA currently in use in MRI, with determined thermodynamic stability constants between
log Kierm = 25.2-25.8 [4,7,25] and conditional stability constants between K’ = 18.8-28.0 (25 °C)
[4,25,26].

2. Materials and Methods

The Type I water (18.2 MQ) was obtained through a Sartorius purifying system, (Germany),
HNO:s (65%) and HCl (37%) were acquired from Panreac, EU. The nitric acid was distilled before use.
Pellets of NaOH were obtained from Merk KGaA (Germany). Ammonium acetate (4M) was received
from Elemental Scientific Instruments, USA. Solid Gd-DOTA was received from United States
Pharmacopeia, USA. Certified Gd standard commercial solution with a concentration of 1000 mg/L
and certified indium (In'®) standard commercial solution with a concentration of 1000 pg/mL were
obtained from Alfa Aesar (Germany). Certified reference material SLRS-6 was acquired from NRC
(Canada). Saltwater was collected from Comporta beach (Portugal, SW Europe) on November 19,
2021.

2.1. Test solution preparation

Each test solution consisted of 30 mL of water fortified with 0.3 mL of Gd-DOTA solution with
a concentration of 0.1 mg of Gd/L. Like this, each test solution had a starting concentration of 1 ug
Gd/L. In total, there were three types of test solutions, differed only by the salinity of the matrix. Test
solutions with ultra-pure water as a matrix simulated a salinity of 0 PSU (S0), which could be obtained
from freshwater bodies. Those with water from the Comporta beach simulated a salinity of 36 PSU
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(536), which could be obtained from the open sea, coastlines and estuaries. Finally, those with an
equal mixture of the two salinities (S18) simulated transition zones, such as WWTP discharge points.
These comparisons were made only in terms of salinity/ionic strength. Each test solution was
prepared in triplicate.

2.2. Exposition to Temperatures

The test solutions were exposed to temperatures of 15 °C and 40 °C during periods ranging from
1 to 4 days. These temperatures were obtained by emerging the tubes containing the test solutions in
thermic baths (Grant Instruments, Cambridge, Massachusetts). The temperature of 15 °C represented
an average of what can be found in rivers, lakes or seawater. The 40 °C represented more extreme
cases that can be found, for example, in small pounds during low tide periods and after long hours
of exposition to sunlight.

2.3. Exposition to pH 2, 4, 6, 8 and 10

The test solutions” pH was monitored with a digital pH meter 913 Metrohm, (Switzerland), with
a platinum electrode calibrated with reference solutions 4 and 7. Aqueous solutions of NaOH (1
mol/L and 0.1 mol/L) and HCI (1 mol/L and 0.1 mol/L) were used to alter the pH of the test solutions
to the intended values. The test solutions with pH 2 were analyzed after 1 to 4 days, 18 and 36 days
of exposure. Test solutions with pH 10 were analyzed after 1 to 4 days and after 36 days of exposure.
The remaining test solutions with pH 4, 6 and 8 were left for 36 days before being analyzed.

2.4. Exposition to sunlight

For the exposition to sunlight, 10 L of fortified water were left in plastic tanks (47x37x7 cm), with
approximately 1,739 cm? of exposed area, on the exterior (building’s roof). Three of the tanks
contained one of the three salinities each and were left exposed; the fourth one contained fortified
pure water, which would be left covered and would serve as the control for salinity 0. Six test
solutions were collected from each tank before the start of the experience and again after 1, 2, 3 and
4 days of exposure. At the time of the sampling, 30 mL of water were collected and filtered (0.45 pum,
MEF-Milipore™, Merk) into plastic 50 mL tubes to remove any dust.

The data obtained of the UV hourly mean global irradiance at Algés (Lisbon, Portugal) (W/m?),
measured during the days of the experiment and presented in Figure 1, was provided by the services
of the Department of Meteorology and Geophysics of the Instituto Portugués do Mar e da Atmosfera
(IPMA). Table 1 presents the UV daily mean irradiance (W/m?) calculated with the data presented in

Figure 1.
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Figure 1. Graphical representation of the UV hourly mean global irradiance (W/m?) on the days of the
experiment (01/07/2022 to 05/07/2022) at Algés. Data provided by IPMA. Green — period of exposure;
Yellow — sampling times.
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Table 1. UV daily mean irradiance (W/m?) during the radiation experiment.

Exposition days UV daily mean irradiance
(W/m?)
1st day 39.2
2nd day 38.5
3rd day 37.8
4th day 36.5

2.5. Matrix elimination and pre-concentration in seaFAST

After the test solutions’ exposition to the different parameters, the saline matrix was eliminated
and the free Gd was concentrated through a seaFAST system (Elemental Scientific Instruments,
Omaha, EUA). During this process, 10 mL of test solution was injected into the system, passing
through a chelating column in which the free Gd would be retained and then eluted in 200 pL of
eluent into a polypropylene tube, thus obtaining a concentration factor of 50. This eluate was then
diluted with 1.8 mL of pure water, reducing the concentration factor down to 5.

As eluent was used a solution of 10% HNOs (v/v) and as wash water a solution of 5% HNOs
(v/v), both prepared from distilled HNOs 65%. A solution of ammonium acetate, 4M, was used as a
buffer solution. Two replicas of the eluent were processed in the seaFAST system along with the test
solutions, one at the beginning and one at the end of each lot, to verify any eventual contaminations
of Gd throughout the process of elimination and pre-concentration.

2.6. Gd quantification

The test solutions were analyzed in an ICP-MS NexION 2000C (Perkin-Elmer, Waltham,
Massachusetts, USA), equipped with a concentric pneumatic nebulizer, a cyclonic nebulization
chamber, a quadrupole and a double detector. The isotope used for quantification was Gd'* since it’s
the most abundant in nature.

A solution of Gd with a concentration of 1 mg/L was prepared from the dilution of a Gd standard
commercial solution (1000 mg/L) with pure water acidified to 2% with HNOs. Six standard solutions,
with concentrations ranging from 0.010 to 2.5 ug/L, were prepared from this solution. Along with a
blank solution (2% HNOs), the six standard solutions were used to draw the calibration lines in the
ICP-MS. All calibration lines had correlation coefficients 20.999, except for two (0.9974 and 0,9982).
An indium (In) solution with a concentration of 10 ug/L, prepared from a certified In standard
commercial solution (1000 pg/mL), was used as the internal standard.

For quality control, a freshwater Certified Reference Material (CRM) SLRS-6 was analyzed along
with the test solutions and the results were compared to the certified value using the performance
factor Z-score, which can be calculated with the expression 1 [27]:

Z-score = (obtained value — verified value) / U 1)
where U is the uncertainty associated with the Gd concentration in the CRM.

The method’s performance was satisfactory (1Z1<2) throughout every analysis, except for one
where it was questionable (2<|Z|<3). Additionally, the analysis of the seaFAST eluent (10% HNO3)
was also carried out, which can be considered as a blank in the process and allowed the identification
of possible Gd contaminations. Furthermore, all test solutions were analyzed in triplicates, which
allowed the measurement of the precision of the analytical test.

2.7. Limit of detection and Limit of quantification

Instrumental analytical thresholds were calculated using the average and standard deviation
obtained from the analysis of several blanks, as suggested by IUPAC 55. The instrumental limit of
detection (LOD) and limit of quantification (LOQ) were calculated with the values obtained for all
blanks (N = 28) analyzed throughout the study, obtaining values of 0.007 pg/L and 0.030 pg/L
respectively. Considering that in the analytical process, the test solutions were analyzed with a final
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concentration factor of 5, the estimated method detection limits (LODm) and method quantification
limits (LOQm) were 0.0014 pg/L and 0.006 pg/ L, respectively.

3. Results

3.1. Effects of temperature

The average concentrations of free Gd obtained in the analysis of test solutions exposed for 96
hours to the temperatures of 15 and 40 °C are tabulated in Table 2. All test solutions had Gd
concentrations lower than the LODm, and no variations were observed over time, which means, even
if some degradation of the complex occurred, this did not occur at sufficient levels for Gd to be
detected. Thus, it can be considered that the complex remained stable after 96 h of exposure to both
temperatures in all salinities.

Table 2. Average concentrations of free and total Gd after exposure to the temperatures of 15 and

40 °C.
Temperature 15 °C Temperature 40 °C
Salinity Exposure [Gd]tree [Gd]totar Salinity Exposure [Gd]tree [Gd]totar
(PSU) time (days) (pg/L) (pg/L) (PSU) time (days) (pg/L) (pg/L)
0 0
1 1
0 2 <LODn 1.14+0.02 0 2 <LODmn 1.19+0.02
3 3
4 4
0 0
1 1
18 2 <LODn 1.02+0.02 18 2 <LODy 1.04+0.03
3 3
4 4
0 0
1 1
36 2 <LODpn 0.92+0.07 36 2 <LODn 1.05+0.05
3 3
4 4

4.2. Effect of pH

4.2.1. Exposition to pH 4, 6, 8, 10

Average free and total Gd concentrations of test solutions exposed for 36 days at pH 4, 6 and 8
are shown in Table 3. Table 4 it is shown the average concentrations of free and total Gd in the test
solutions after the various exposure times at pH 10. As can be seen, at pH 6, 8 and 10, free Gd was
not detected in the test solutions either at the exposure time 0 or after 36 days. In the test solutions
exposed to pH 4, free Gd was detected in all salinities after 36 days of exposure, but not in sufficient
quantity to be quantified. Thus, Gd-DOTA showed high stability at all these pH values for the three
tested salinities.

Table 3. Average concentrations of free and total Gd after exposure to pH 4, 6 and 8 (T =20 °C).

Exposure

Salinity ’ [Gd]iree [Gd]totar
pH time
(PSU) (days) (ng/L) (ng/L)
4 0 <LODmn
36 <LOQm
0 6 306 1.120.02
<LODn
N 0
36
4 0 <LODy,
36 <LOQm
18 6 0 1.04£0.03
36 <LODpn
N 0
36
. 0 <LOD,,
36 <LOQn
0
36 6 1.00£0.04

36
0
36

<LODy,
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Table 4. Average concentrations of free and total Gd after exposure to pH 10 (T =20 °C).

Salinity Exposure [Gd]tree [Gd]total
(PSU) times (days) (pg/L) (pg/L)
0
1
0 g <LODn 1.09+0.02
4
36
0
1
18 g <LODn 1.00+0.05
4
36
0
1
36 § <LODy, 0.95+0.03
4
36

4.2.2. Exposition to pH 2

Table 5 shows the average concentrations of free and total Gd obtained from the test solutions
after different exposure times to pH 2. Figure 2 shows the percentages of free Gd obtained from the
test solutions exposed to pH 2 over time. Continuous degradation of the complex and consequent
release of Gd** over time was observed for all three tested salinities. Free Gd concentration became
quantifiable (> 0.006 ug/L) after 4 days of exposure to pH 2 for salinities 0 PSU and 18 PSU and after
2 days for salinity 36 PSU. In Figure 2 it is possible to observe that the percentage of free Gd in the
test solutions is quite similar for all salinities in the first 18 days of exposure. After 4 days of exposure,
there was a percentage of free Gd of 0.57 + 0.03% at S0, 0.61 + 0.01% at S18 and 0.95 + 0.01% at S36.
After 18 days, the percentage of free Gd was higher, at 3.20 + 0.11% (0 PSU), 2.94 + 0.05% (18 PSU)
and 3.11 + 0.13% (36 PSU). At the end of the 36 days of exposure, however, a significantly higher
percentage of free Gd was observed at salinity 0 PSU, with a value of 28.65 + 0.67%, when compared
to the remaining salinities, 7.16 + 0.15% (18 PSU) and 3.88 + 0.04% (36 PSU). The degradation rates of
the Gd-DOTA complex at the three salinities after 36 days of exposure to pH 2 can then be compared
as follows: 0 PSU > 18 PSU > 36 PSU.

Table 5. Average concentrations of free and total Gd after exposure to pH 2 (T = 20°C).

Salinity Exposure [Gd]avcragc [Gd]total
(PSU) time (days) (ng/L) (pg/L)
0 <LOQm
36 0.3120.01 1.1220.02
1 <LOQn
0 2 <LOQn
3 <LOQu 1.1520.02
4 0.007+3E-04
13 0.037+0.001
0 <LOQn
36 0.074:0.001 1.04£0.03
1 <LOQn
18 2 <LOQn
3 <LOQn 1.0420.02
4 0.006+1E-04
18 0.030+0.001
0 <LOQn
36 0.039+4E-04 1.00£0.04
1 <LOQmn
36 2 0.006+3E-05
3 0.008+0.003 1.01%0.05
4 0.010+8E-05

—_
oo

0.031+0.001
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Figure 2. Percentage of free Gd in the test solutions exposed to pH 2, in the three salinities.

4.3. Effect of solar radiation

Figure 3 shows the variations in total Gd concentrations in test solutions exposed to solar
radiation over time. There is an increase in total Gd concentrations in the test solutions over time,
which could be associated with the eventual evaporation of water. In the 0 PSU test solution, the total
Gd concentration increased from 0.940 + 0.022 pg/L at the beginning of the experiment to 1.19 + 0.01
pg/L after 96 h of exposure. In the test solution of 18 PSU, there was an increase from 0.910 + 0.010
pg/L to 1.28 £ 0.02 pg/L. In the test solution of 36 PSU, there was an increase from 0.850 + 0.014 pg/L
to 1.09 £ 0.02 ug/L. As the control solution was covered during the experiment, this was the one that
suffered less evaporation and, consequently, a smaller increase in the total Gd concentration (from
0.91 +0.01 ug/L to 1.00 + 0.01 ug/L).

1.3

1.2

1.1

—8— S0
1.0 —8—S18
- 836
0.9 Control SO

Gd concentration (png/L)

0.8 -

0.7 T T T T
0 24 48 72 96
Exposition Time (h)

Figure 3. Concentrations of total Gd (ug/L) in the test solutions over exposition time to direct
sunlight.

Table 6 and Figure 4 show the average concentrations of free Gd observed in the test solutions
exposed to solar radiation, while Figures 5 and 6 show the distributions of the percentages of free Gd
obtained in the salinity test solutions 0 PSU and 18 PSU, respectively. At the beginning of the
experiment (t=0), all the results obtained were below the LODnm, that is, none of the test solutions
contained enough free Gd to be detected by ICP-MS. After 96 h of exposure, the same behaviour
continued to be observed for the 36 PSU salinity test solutions and the 0 PSU control solution. The 0
PSU and 18 PSU test solutions showed an increase in free Gd concentrations after the first 24 h of
exposure, which remained more or less constant throughout the rest of the experiment. After 24 hours
of exposure, in the 0 PSU salinity test solution, an average free Gd concentration of 0.006 + 0.001 ug/L
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was observed, corresponding to 0.57 + 0.06% of the total Gd. In the 18 PSU salinity test solution, the
average concentration of free Gd was 0.040 + 0.001 pg/L, corresponding to 4.05 + 0.03% of total Gd
and after 72 h there was a concentration of Gd free of 0.052 + 0.001 ug/L or 4.42 + 0.04% of total Gd.
Thus, after 96 h of exposure to solar radiation, it was observed that the complex remained stable at
36 PSU salinity, with a slight degradation at 0 PSU salinity and greater degradation at 18 PSU salinity.

Table 6. Average concentrations of free and total Gd after exposure to direct sunlight.

Salinity Exposure [Gd]tree [Gd]total
time (hours) (ng/L) (ng/L)
0 <LODn 0.940+0.022
24 0.006+0.001 1.00+0.01
0 48 0.008+0.001 1.12+0.03
72 0.007+0.001 1.13+£0.02
96 0.007+0.004 1.1940.01
0 <LODp, 0.910£0.009
24 0.040+0.0003 0.979+0.007
18 48 0.048+0.002 1.19+0.04
72 0.052+0.001 1.1940.02
96 0.054+0.001 1.28+0.02
0 <LODy, 0.847+0.014
24 <LODy, 0.931+£0.001
36 48 1.02+0.01
72 <LOQn 1.01+0.02
96 1.09+0.02
0 0.910+0.010
24 0.955+0.009
Control (S0) 48 <LODw 0.968+0.008
72 0.970+0.012
96 1.00+0.01
S
4.5 - .
4 4 $
3.5 1
- —8—S50
© 34
5 2.5 4 —8—518
&
e 2 $36
131 Control S0
1 4
0.5 4 /’+ ® —
0 ‘ —
0 24 48 72 96

Exposition Time (h)

Figure 4. Percentage of free Gd in the test solutions exposed to direct sunlight, in the three salinities,
plus control test solution (536 results are overlapped by the Control SO results).

4. Discussion

AC-Gd, as they are widely used in MRI, must be thermodynamically stable and kinetically inert
to not undergo degradation or transmetallation, leading to the release of Gd** ions in the human body.
However, this high stability poses a problem regarding the removal of these complexes from
wastewater while passing through the WWTP. Although WWTPs have multiple levels of water
treatment to remove contaminants, including membrane filtration, activated carbon adsorption,
degradation by UV radiation and advanced oxidation processes [28], these are shown to be ineffective
in removing AC-Gd, as is evidenced by the existence of positive Gd anomalies in water systems close
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to densely populated areas with very developed health care systems. Recent studies show that
anthropogenic Gd has been infiltrating in aquifers and tap water on various European regions [12,29-
31]. Although the concentrations of anthropogenic Gd in tap water remain considerably low (ng/L),
if the WWTP keep being ineffective on the removal of GBCA this may prove to be a serious hazard
not only to the aquatic life in rivers and estuaries, but also to the human health in the future [29].

Despite the relevance of these anomalies in aquatic ecosystems, few studies are known about the
stability of AC-Gd after its release into the environment. Thus, this work aimed to study the
degradation of the complex Gd-DOTA when exposed to various environmental parameters in a
controlled environment.

4.1. Temperature

The matrix’s temperature was one of the environmental parameters studied during this work.
Regarding this parameter, the results obtained demonstrate that the complex Gd-DOTA remained
stable at temperatures of 15 °C and 40 °C. This high stability of Gd-DOTA at these temperatures can
be attributed to the macrocyclic effect provided by the ligand, the number of donor atoms (8) in the
ligand and the ionic nature of the bonds between the metal ion and the donor atoms. Thus, according
to the results obtained, it is expected that the Gd-DOTA compound will remain stable given the
increase in the average water temperature that may occur over the next 100 years [32]. The results are
also in agreement with those of other studies, although they focus on conditions closer to those found
in the human body [4]. In this study, the authors observed that Gd-DOTA remains stable at a
temperature of 37 °C (pH 7.4), a temperature close to one of the studied in the present work (40 °C).

4.2.pH

The pH of the matrix was another environmental parameter studied during this work. The
results obtained demonstrate that the complex Gd-DOTA remained stable at pH 6, 8 and 10 (T =
20°C). Since the pH of water (seas, rivers, oceans, etc.) is usually within this pH range (between 6 and
10), it is expected that the Gd-DOTA compound remains stable against the acidification of sea and
ocean waters that may occur over the next 100 years [32]. Once again, the results obtained for these
pH values agree with those of other studies, even if these have focused on conditions closer to those
found in the human body [4]. In that study, the authors observed that degradation of Gd-DOTA does
not occur at pH 7.4, a value that is found between two of the pH studied in the present work (pH 6
and 8).

In addition to the 'slight' change in the pH of the water caused by the dissolution of CO: [33],
acid mine drainage (AMD), resulting from mining, leads to the production of acidic, metal-rich water
that is then discharged into receiving rivers [34,35]. Due to these discharges, the waters downstream
of these mines can reach pH values lower than 3 [35]. However, as we move away from the AMD
zone, the pH gradually increases due to the phenomenon of dilution, until it finally reaches normal
values. In the present work, it was observed that, after 36 days at pH 2 (T = 20 °C, salinity = 0 PSU),
28.65 + 0.67% of the complex had degraded, but it remained stable at pH 4 in the same period. The
decrease of the complex’s stability in more acidic matrices may be associated with the protonation of
the ligand. By acidifying a solution, the number of protons in the solution increases. When a certain
pH value is reached, non-protonated organic species (bases) with a pKa higher than the new pH
begins to 'gain electrons' until a new thermodynamic equilibrium is reached. In solution, at pH > 6,
the organic ligand of Gd-DOTA is in its non-protonated phase, with a -3 charge, which is neutralized
by the +3 charge of the gadolinium ion. Decreasing the pH of the matrix leads to the protonation of
the ligand's carbonate groups, weakening the bond with the metal ion and destabilizing the complex.
Thus, the lower the pH of the matrix, the greater the number of protons in the solution that will join
the carbonate groups of Gd-DOTA and the greater the rate of degradation of the complex (the lower
its kinetic stability is). The results obtained agree with the results of other studies [4,36] where they
report that Gd-DOTA is much less stable at more acidic pH, attributing half-life times (at T = 25 °C)
of 338 h at pH 1 and 85 days at pH 2.
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4.3. Salinity

The matrix’s salinity was also one of the factors considered for studying the stability of the Gd-
DOTA. As such, the variation of this parameter was present in all tests carried out throughout this
study. According to the results obtained, the matrix’s salinity does not seem to have influenced the
stability of the complex at temperatures 15 °C and 40 °C or different conditions of pH > 6. This fact
appears as a consequence of the high stability of Gd- DOTA in this pH range, provided by the
geometry and strength of the bonds between the metallic ion and the donor atoms. On the other hand,
the results also demonstrated that, at pH < 4, when the complex becomes less stable due to the
protonation of the acetate groups of the ligand, the degradation rate is more pronounced in matrices
of lower salinity. This is due to the 'ionic strength' of the matrix, which is proportional to the
concentration of salts and has an effect on the activity of the species in solution. When a solution has
a concentration of species equal to or very close to zero (0 PSU), it tends to behave like an ideal
solution and the activity coefficient of the species, in this case of Gd-DOTA, is equal to 1 and its
activity is equal to its concentration. In other words, at 0 PSU there are no barriers between the
complex and the protons and protonation takes place more easily and quickly. On the other hand, in
solution with higher salinity (18 and 36 PSU), the activity of the complex is lower because the large
amount of ions in solution causes them to form a 'barrier' around the complex that will hinder the
protons’ access. Consequently, the protonation of the complex occurs more slowly, as verified in the
results obtained.

4.4. Solar radiation

Regarding the stability of the Gd complex when exposed to solar radiation, there are still few
studies that have focused on this topic. Birka et al. (2016) conducted a study on the stability of some
gadolinium contrast agents, including Gd-DOTA, when exposed to UV radiation [37]. In that study,
Gd-DOTA, along with three other AC-Gd, were exposed to UV radiation, of wavelengths in the range
of 220 - 500 nm, for 90 min. The results showed that Gd-DOTA remains stable when exposed to UV
radiation in this short time. Additionally, the Gd-BOPTA complex was the only one of the AC-Gd
studied that underwent degradation, due to the aromatic ring in its structure that absorbs radiation
in the wavelength range used. In the present work, Gd-DOTA was exposed not only to UV radiation
but to total solar radiation (UV, IR, visible, X-rays and gamma rays) and for a longer period (96 h).

At 0 PSU salinity, a degradation of only 0.60+0.06% of Gd-DOTA was observed after 24 h of
exposure, a value that remained more or less constant, with no significant differences observed
throughout the rest of the 96 exposure hours. At the salinity of 36 PSU, no degradation of the complex
was observed, contrary to what occurred at the salinity of 18 PSU, where degradation of about 4.4 +
0.04% of the complex was observed. In the study by Birka et al (2016), the authors didn’t observe any
degradation from Gd-DOTA in any of the four matrices used (ultra-pure water, surface water, filtered
surface water and drinking water). They did, however, observe degradation from one other GBCA
in ultra-pure water [37]. The explanation given by the authors of the study was that there was the
possibility of existing organic compounds in other waters (surface water, filtered surface water and
drinking water) that could absorb radiation. By this logic, since the organic composition of the water
collected from Praia da Comporta is unknown, it would be possible that it contained compounds that
adsorbed part of the solar radiation. Since the salinity of 18 PSU is an intermediate level between the
salinities 0 and 36 PSU, it was expected that the results obtained for this salinity would also be an
intermediate value of the values obtained for the other two salinities, as observed during the study
of the pH. However, this was not the case and this fact may be a consequence of the conditions to
which the test solutions were exposed during this phase and over which there was no control;
namely, the possible deposition of atmospheric dust at the bottom of the tanks and insects small
enough to fit through the holes in the net that were found floating on the surface in the water. Thus,
the best course of action would be to repeat the experiment under more controlled conditions,
avoiding contamination of the test solutions by external agents, which could alter the results
obtained.
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5. Conclusions

This work was carried out to study the stability of the complex Gd-DOTA when exposed to
different environmental conditions. Matrix elimination and pre-concentration in a seaFAST system
followed by analysis in a ICP-MS system proved to be an efficient method to differentiate free Gd**
from complexed Gd. From the results obtained, it can be concluded that the Gd-DOTA complex
remains stable at temperatures and pH values usually found in estuarine environments, namely from
15 °C to 40 °C and pH 2 6 (T =20 °C). However, it is unconclusive if the complex maintains its stability
when it is released into the environment and is exposed to solar radiation, since a considerable
amount of free Gd* was detected in the 518 samples after 24h of exposure but not in either of the
other salinities. For this reason, in order to take a decisive conclusion about whether or not GAd-DOTA
remains stable after being discarded into nature, it will be necessary to carry out the radiation
experiment in a more controlled environment in the future.

Although some of the results obtained during the radiation experiment do not allow us to
determine if Gd-DOTA remains 100% stable in estuarine environments, this work can still be seen as
a starting point to gain knowledge on this matter.
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