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ARTICLE INFO ABSTRACT

Edited by Dr G Liu The application of mass spectrometry imaging (MSI) is a promising tool to analyze the spatial distribution of

organic contaminants in organisms and thereby improve the understanding of toxicokinetic and toxicodynamic

Keywords: processes. MSI is a common method in medical research but has been rarely applied in environmental science. In
Afluaﬁc i“"erFEbrateS the present study, the suitability of MSI to assess the spatial distribution of organic contaminants and their
?loaccu?m?tmn biotransformation products (BTPs) in the aquatic invertebrate key species Gammarus pulex was studied. Gam-
Dzst;scetiolsnmg marids were exposed to a mixture of common organic contaminants (carbamazepine, citalopram, cyprodinil,
Gammarus pulex efavirenz, fluopyram and terbutryn). The distribution of the parent compounds and their BTPs in the organisms
Micropollutants was analyzed by two MSI methods (MALDI- and DESI-HRMSI) after cryo-sectioning, and by LC-HRMS/MS after

dissection into different organ compartments. The spatial distribution of contaminats in gammarid tissue could
be successfully analyzed by the different analytical methods. The intestinal system was identified as the main site
of biotransformation, possibly due to the presence of biotransforming enzymes. LC-HRMS/MS was more sensitive
and provided higher confidence in BTP identification due to chromatographic separation and MS/MS. DESI was
found to be the more sensitive MSI method for the analyzed contaminants, whereas additional biomarkers were
found using MALDI. The results demonstrate the suitability of MSI for investigations on the spatial distribution of
accumulated organic contaminants. However, both MSI methods required high exposure concentrations. Further
improvements of ionization methods would be needed to address environmentally relevant concentrations.

Whole body cross sections

1. Introduction distribution, biotransformation and elimination. Internal concentra-

tions, or more specifically the concentrations at the target site, deter-

Aquatic invertebrates play a critical role in the functioning of aquatic
ecosystems, and their health is often an indicator of environmental
quality (Chaumot et al., 2015). Such organisms are susceptible towards
environmental contaminants, which are mostly released by anthropo-
genic activities (Wang et al., 2020). Environmental contaminants can be
taken up by aquatic invertebrates from the water directly (bio-
concentration) or from contaminated diet (biomagnification) (OECD,
2012; Schlechtriem et al., 2019). Toxicokinetics describe all processes
that determine the internal body burden, such as uptake, internal

mine subsequent toxicological effects, which can cause a range of
negative impacts on the physiology and behavior of aquatic in-
vertebrates, ultimately affecting their survival and reproductive success
(Escher and Hermens, 2002). Furthermore, biotransformation is an
important modulator of xenobiotic toxicity by mostly increasing
detoxification (deactivation) kinetics (Ashauer et al., 2012; Rosch et al.,
2017), but also leading to the toxicological activation of some com-
pounds (Fu et al., 2020). Biotransformation enzymes, such as cyto-
chrome monooxygenases (i.e., CYP 450), are expressed in different
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intensities across various organs, with organs such as the liver of ver-
tebrates or hepatopancreas of arthropods being the main sites of
biotransformation (James, 1989). Thus, the ability to determine the
spatial distribution of contaminants and biotransformation sites in an
organism is important for understanding toxic effects.

Conventional sample workup for tissue residue analysis in aquatic
invertebrates includes whole sample homogenization (Munz et al.,
2018) and thereby all spatial information is lost. The separate analysis of
dissected compartments is commonly applied for vertebrates, such as
fish (Davis et al., 2020; Grabicova et al., 2014; Schultz et al., 2010;
Zeumer et al., 2020), but for smaller invertebrates this method can be
very time-consuming, requires specific skills (Gestin et al., 2022, 2021;
Kampe and Schlechtriem, 2016) or is even not feasible (i.e. the
exoskeleton and muscle or ventral nerve of amphipods cannot be sepa-
rated; Miller et al., 2016; Rubach et al., 2010). The application of im-
aging approaches represents a promising alternative but experiences
with aquatic invertebrates are so far limited to methods like radio im-
aging which uses organisms exposed to radiolabeled contaminants (Arts
et al., 1995; Nyman et al., 2014; Raths et al., 2020). Radio imaging fa-
cilitates a high sensitivity by using relatively simple analytical instru-
mentation. However, one significant drawback of radio imaging is that it
does not allow a discrimination between a parent compound and its
biotransformation products (BTPs) or even mineralized compound (i.e.,
14¢ incorporated into calcium carbonate of the exoskeleton of amphi-
pods; Raths et al., 2020), which may cause various analytical artefacts.
An alternative approach that avoids such drawbacks is the analysis by
mass spectrometry imaging (MSI). MSI is an intensively applied method
in medical sciences (Chughtai and Heeren, 2010; Dong et al., 2016) but
gained attention in environmental sciences only recently (Maloof et al.,
2020; Yang et al., 2020). The use of high-resolution mass spectrometry
(HRMS) in MSI, allows to locate and discriminate multiple small organic
compounds within the same sample, including various organic con-
taminants and their BTPs.

Two commonly applied ionization techniques in MSI are matrix
assisted laser desorption ionization (MALDI) and desorption electro-
spray ionization (DESI), which are able to detect a wide range of ana-
lytes including small organic molecules (i.e., pesticides and
pharmaceuticals), their transformation products, neurotransmitters,
lipids, peptides, and proteins (Chughtai and Heeren, 2010; Dong et al.,
2016). Both techniques are soft ionization methods (low in-source
fragmentation) that can be performed at atmospheric pressure and be
connected to a variety of mass spectrometer instrumentations including
high resolution mass spectrometers (Maloof et al., 2020). Whereas
MALDI generally allows a smaller spatial resolution (e.g. down to the
5-20 um range) which may be desired for the analysis of aquatic in-
vertebrates, DESI may be the more sensitive technique for small organic
molecules but at a cost of spatial resolution (e.g. 50-200 um range).
Furthermore, DESI requires less sample preparation such as matrix
application, and apart from saving resources, may result in reduced
artefacts introduced by background masses compared to such that may
be introduced by MALDI-matrices. To our knowledge, a direct com-
parison of the two methods has not been done yet.

The goal of the study was to determine the suitability of MSI to assess
the spatial distribution of organic contaminants and their BTPs in the
aquatic invertebrate key species Gammarus pulex (Linnaeus, 1758).
Therefore, the spatial distribution within exposed gammarids is
analyzed by two MSI methods (MALDI and DESI). For comparison, the
organisms were also dissected and individual parts analyzed with LC-
HRMS/MS. We hypothesized that (I) MSI supports the spatial elucida-
tion of organic contaminants in aquatic invertebrates and that (II) BTPs
follow a distinct distribution within the organism, depending on their
site of biotransformation (i.e., the hepatopancreas).
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2. Material and methods
2.1. Test animals

Specimens of G. pulex were collected from an uncontaminated creek
near Zurich (Monchaltdorfer Aa, 47.2749°N, 8.7892°E), located in a
landscape conservation area. Genetic specifications of the population
are reported elsewhere (Raths et al., 2023c). All animals used in the
performed experiments were acclimated to the test conditions for four
days prior to the experiments and fed with leaf material collected in the
field. Artificial pond water (Naylor et al., 1989) was used as a laboratory
medium and permanently aerated. The temperature was 16 + 1 °C and
the light condition 12:12 h (light:dark). Only male gammarids — sepa-
rated based on the presence of large secondary gnathopods (Hume et al.,
2005) — with a size of > 8 mm were used in order to obtain a sufficient
size for imaging and dissection. Gammarids with visible parasitism (i.e.
acanthocephalans; Kochmann et al., 2023) were excluded as these may
influence the distribution of contaminants in the organism.

2.2. Test compounds and exposure

The selected exposure mixture contained six organic contaminants
commonly found in surface water monitoring studies (Lauper et al.,
2021; Munz et al., 2018) of which three were pharmaceuticals (carba-
mazepine, citalopram, efavirenz), two fungicides (cyprodinil, fluo-
pyram) and one herbicide (terbutryn). An overview of the tested
compounds, including the applied exposure concentration, log Doy,
(octanol-water partitioning coefficient to account for speciation at pH
7.9) and references for biotransformation products are provided in
Table 1. Due to the necessary high exposure concentrations, toxicity of
the compounds had to be considered and several other
exposure-relevant compounds could not be included.

The test basin (6 L) was spiked with the exposure mixture (Table 1)
dissolved in < 3 mL methanol. After 30 min, gammarids were inserted
(16 specimens L) and exposed for 24 h. Additionally, control gam-
marids were treated similarly, but without contaminants in the medium.

Gammarids used for MSI and total tissue concentration analysis were
collected, rinsed with nanopure water (arium® pro, Sartorius AG), dry
blotted on tissue paper, transferred into 2 mL centrifuge vials, weighed
(wet weight (ww)) and frozen in liquid nitrogen. An experimentally
determined conversion factor of 5.4 between wet and dry weight can be
applied (Raths et al., 2023D).

For the determination of tissue specific concentrations, gammarids
were tranquilized on ice and dissected (Fig. 1A) into cephalon (head),

Table 1

Compounds selected for the exposure mixture. Exposure = exposure concen-
tration in the test basin. Log D,,, values are obtained from https://pubchem.ncbi.
nlm.nih.gov/. BTP = biotransformation product. An extension of this table,
including the corresponding toxicity values is provided in Table S1.

Compound Molecular Exposure log Doy BTP references
formula [mg LY (main
species)
Carbamazepine C15H12N,0 2.2 2.3 (Jeon and
(neutral) Hollender, 2019)
Citalopram CyoH21FN,O 0.8 1.9 (Raths et al.,
(cation) 2023c; Sangkuhl
et al., 2011)
Cyprodinil Cy14H;5N3 0.35 4.0 (Kiefer et al.,
(neutral) 2019; Raths
et al., 2023c;
Sapp et al., 2004)
Efavirenz C14HoCIF3NO, 0.10 4.6 (Mutlib et al.,
(neutral) 2000)
Fluopyram C16H11CIFgN,O 0.50 3.3 (Vargas-Pérez
(neutral) et al., 2020)
Terbutryn C10H19N5S 1.00 3.7 (Jeon et al.,

(neutral) 2013)
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A: LC-MS workflow
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Fig. 1. (A) The workflow of dissection,
tissue extraction and extract analysis by
online-SPE LC-HRMS/MS. Replicates of
gammarids were analyzed either as a
whole for the determination of the
whole body concentration (“conven-
tional method™) or dissected into ceph-
alon, intestinal system, gills and
remaining tissue. (B) The workflow for
cryosectioning and MSI analysis. Three
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intestinal system (hepatopancreas (caeca/midgut) and intestine (foregut
and hindgut)), gills, and remaining tissue based on the methods pro-
vided by Gestin et al. (2022). The dissected compartments of three
gammarids were pooled into 2 mL centrifuge vials, weighed (ww) and
frozen in liquid nitrogen. All samples were stored at — 80 °C until further
analysis.

2.3. Sample extraction

Samples collected for tissue concentration determination were
extracted by liquid extraction as described elsewhere (Rosch et al.,
2016). In brief, 300 mg of 1 mm zirconia/silica beads (BioSpec Prod-
ucts, Inc.), 100 uL of isotope labeled internal standard mixture
(250 ng L1 deuterated reference standards, Table S6) in methanol and
500 uL of pure methanol were added before samples were homogenized
using a FastPrep bead beater (two cycles of 15 s at 6 ms™'; MP Bio-
medicals). Samples were then centrifuged (10,000 x g, 6 min, 4 °C).
Afterwards, the solvent was collected with syringes and filtered through
0.45 pm regenerated cellulose filters. The filters were washed with
another 400 uL of pure methanol and the two filtrates combined.

Medium samples (100 uL) were collected at the beginning and the
end of the exposure time, spiked with 100 pL of internal standard
mixture in methanol and mixed with another 800 uL of pure methanol.
All samples were stored at — 20 °C until chemical analysis.

2.4. LC-HRMS/MS analysis

The analysis of extract concentrations was performed using an
automated online solid phase extraction system coupled with a reversed
phase liquid chromatography column and high-resolution tandem mass
spectrometer (online-SPE-LC-HRMS/MS; QExactive Plus, Thermo Fisher
Scientific Inc.) using an electrospray ionization interface for ionization.
The full scan acquisition was performed with a resolution of 70,000 (at
m/z 200) in positive ion mode followed by data dependent MS/MS scans
with a resolution of 17,500 (at m/z 200) and an isolation window of 1 m/
2. Acquired HRMS/MS data were evaluated using the TraceFinder 5.1
software (Thermo Fisher Scientific Inc.). Detailed information on the
test system, quality control and quantification are provided in SI A2.

For BTP identification, a suspect screening was performed, based on
previously identified and reported BTPs in amphipods or other organ-
isms and reference standards available in house (Table S7). Exact masses
of molecular ions of BTPs were screened by using the acquired HRMS/
MS raw data requiring their unique presence in the treatment and
absence in all controls. BTPs were confirmed using their fragmentation
patterns or if available, reference standards. If possible, BTPs were
quantified using a reference standard. Other BTPs were semi-quantified
based on the calibration curve of the parent compound. BTPs of terbu-
tryn were semi-quantified based on the calibration of TER_M214, due to
a similar retention time and the higher ionization efficiency of the BTPs
(Jeon et al., 2013; Raths et al., 2023c). Quantification was only per-
formed for compounds with a concentration > 5% of the parent
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compound after 24 h of exposure in any compartment (Table S7).
2.5. Preparation of cryosections

The creation of reproducible intact whole body cross sections of
small organisms such as arthropods is challenging (Yang et al., 2020).
Difficulties are caused by heterogeneous tissue types of arthropods (i.e.,
hard and fragile cuticle or exoskeleton, very soft internal tissue, and
hemolymph) and extremities that cause air bubbles at the embedded
sample. However, these challenges have been overcome by the adjust-
ment of embedding media (Ohtsu et al., 2018; Strohalm et al., 2011),
removal of extremities (i.e., legs and wings; Zhang et al., 2021) or the
application of cryotape (Kawamoto and Kawamoto, 2021). The latter
has been applied in the present study.

Gammarid samples for MSI were embedded in a mounting medium
of 2.5 % of carboxymethyl-cellulose (CMC). Embedding was performed
using a steel cryomould submerged into a — 80 °C precooled n-hexane/
dry ice bath (Kawamoto and Kawamoto, 2021). To reduce potential
thawing, and thus delocalization, the cryomould was first submerged
until the edges of the embedding media started to freeze. Then, the
gammarid sample was placed in the embedding media and submerged
completely until frozen. Embedded samples were stored at — 80 °C until
cryosectioning.

Cryosectioning was performed on a Leica CM3050S cryo-microtome
(Leica Microsystems) at — 16 °C. The sectioning was assisted by using an
adhesive cryo-film (Cryotape 2C(9), SECTION-LAB Co. Ltd.; Kawamoto
and Kawamoto, 2021) in order to obtain multiple reproducible 16 um
thick full body sections of the fragile samples. The sections were then
attached to a standard microscope slide using a double-sided adhesive
carbon tape (Electron Microscopy Sciences) and again stored at — 80 °C
until further use. Sagittal cross sections from the center of the gammarid
sample were created in sets of three subsequent cross sections (Fig. 1B),
which were later used for MALDI-MSI (1), histological staining (2) and
DESI-MSI (3).

Cross sections adjacent to the imaged samples (2) were stained by
hematoxylin and eosin staining (HE staining) using an adapted protocol
from the Institute for Agricultural Sciences, Animal physiology, ETH
Ziirich (SI A4). Hematoxylin is an at low pH positively charged dye and
stains negatively charged, basophilic, tissue components such as nucleic
acids or acid proteoglycans blue. The subsequent applied eosin is a
negatively charged dye that dyes acidophilic components, such as pro-
teins of the cytoplasm bright red (Mulisch and Welsch, 2015).

2.6. Mass spectrometry imaging

Prior to MSI analysis, samples were dried by vacuum desiccation
(5-10 min). Sample integrity and quality were evaluated under a light-
microscope (Olympus BH-2 microscope, Olympus Corporation) at 400 x
magnification using reflected light.

In preparation for MALDI-MSI, a matrix solution of 30 mg mL™* 2,5-
dihydroxybenzoic acid (DHB, Merck) in MeOH:H,0 (90:10) containing
1 % trifluoroacetic acid (TFA; to improve ionization efficiency) was
applied using an in-house built (University of Copenhagen) pneumatic
matrix sprayer. The application volume was 300 pL, applied at a flow
rate of 30 pL min! (N, nebulizer gas pressure was 2 bar) from a distance
of 100 mm while the sample was rotating at 600 rpm. Matrix crystals
were evaluated for size and homogeneity under the light-microscope.

The MALDI-MSI experiments were performed at ambient conditions
using an AP-SMALDI5 ion source (TransMIT GmbH) coupled with a
QExactive Orbitrap high-resolution mass spectrometer (Thermo Scien-
tific). The scans were performed in positive ion mode with a mass
resolving power of 140,000 at m/z 200, a mass range of m/z 140-980
and a scan speed of 1 pixel s in pixel mode. DHB matrix peaks at m/z
295.02131 [2M + Na - 2 H,0]" and 401.07440 [SM + NH, - 4 H,0] ™"
were used as lock masses for internal mass calibration, ensuring a mass
accuracy of 2 ppm or better.
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The DESI-MSI experiments were performed using custom built DESI
ion source (Thunig et al., 2011) coupled with a QExactive Orbitrap
high-resolution mass spectrometer (Thermo Scientific). The spray sol-
vent of MeOH:H20 (90:10) containing 2 % formic acid (to improve
ionization efficiency) was delivered at a flow rate of 3 uL min’!. The
orientation of the ion source was optimized prior to the analysis on a
different sample cross section of the same organism. The scans were
performed in positive ion mode with a mass resolving power of 140,000
at m/z 200, a mass range of m/z 100-1050.

The pixel size in all MSI experiments was set to 60 um. Three bio-
logical replicates of adjacent sagittal cross sections were analyzed for the
treatment and control samples, respectively, using either MSI approach.

2.7. Data analysis

The mass spectra obtained from the MSI experiments were converted
into imzML files (Schramm et al., 2012) using the “RAW + UDP to
IMZML” software (v1.6R170; TransMIT) before being analyzed in the
MATLAB (MathWorks) based open source software MSiReader v1.02
(Bokhart et al., 2018; Robichaud et al., 2013). The m/z tolerance was set
to = 5 ppm. All MSI data were normalized to the total ion current (TIC).
Reconstructed images of the m/z value of the protonated target com-
pounds [M + H]™ as well as their BTPs and (lipid) biomarkers (Table 2)
were created as heatmaps and compared to the microscopic images of
stained adjacent cross sections. The validity of the m/z based heat maps
was assessed by additionally considering Na and K adducts as well as Cl
isotope patterns (efavirenz and fluopyram) and the results of the
LC-HRMS/MS analysis. GraphPad Prism 9 (GraphPad Software, Inc.)
was used for LC-HRMS/MS data visualization.

3. Results and discussion
3.1. Experimental conditions

The mortality of exposed gammarids was < 7.5 % and thus no sig-
nificant influence of the exposure mixture on gammarid physiology and
toxicokinetics would be expected. Furthermore, this mortality is lower
than the in OECD 305 (OECD, 2012) set threshold of 20 %. Over the time
course of the exposure, the medium concentrations of the parent com-
pounds deviated less than 10 % from the nominal exposure concentra-
tion (SI A5). No contaminants were detected in the control samples of
medium and gammarids.

3.2. Contaminant concentration and distribution assessed by LC-HRMS/
MS

The total internal concentrations of cyprodinil (23.8 + 1.8 umol kg
1), fluopyram (8.2 + 0.9 ymol kg'!) and terbutryn (43.5 + 6.9 pmol kg”
1) determined in the whole body extracts were in the predicted range
based on bioconcentration factors after 24 h of exposure (BCFa4p,
defined as the ratio of tissue and medium concentration after 24 h of
exposure) in previous bioconcentration experiments (SI A6, Raths et al.,
2023c). However, the internal concentrations of carbamazepine (23.7
+ 1.8 pmol kg™!) and citalopram (35.3 + 4.9 ymol kg™!) were about two
times lower than expected, indicating a concentration effect on tox-
icokinetics in gammarids. The bioconcentration potential of efavirenz
(69.5 + 5.1 ymol kg'!) was for the first time assessed in gammarids
resulting in a BCFa41, of 217 + 35 L kg'L.

A total of 19 BTPs was identified using reference standards (level 1;
Schymanski et al., 2014) or MS/MS spectra reported in literature (level
2a, Table S7, SI A3). Eight of these BTPs were found in concentrations
> 5 % of the parent concentration and were considered for the following
data evaluation. The highest proportion of BTP compared to the parent
compound in the total tissue was found for CIT_M311 (N-desmethyl
citalopram) with 23 + 3 % and TER_M315b with 12 + 5 %.

A representative overview of contaminant concentrations in the
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dissected compartments is presented in Fig. 2. Similarly across all parent
compounds, the highest absolute concentrations were found in the gills,
followed by the intestinal system with approximately one order of
magnitude higher concentrations compared to the total tissue concen-
trations. Parent concentrations in the cephalon and remaining tissue
were in a similar range to each other but tend to be higher in the
cephalon. The highest concentrations of BTPs from cyprodinil and ter-
butryn were found in the intestinal system followed by the gills. This
trend was reversed for citalopram and carbamazepine. BTP concentra-
tions of fluopyram and efavirenz were all < 5 % of the parent concen-
trations and thus not quantified (SI A7).

The high concentrations found in the gills may be explained by the
uptake route of the exposed contaminants. The main contact surface
with the contaminated test medium are the gills. Thus, diffusion of
contaminants into the organisms takes place largely at the gills, whereas
diffusion through the cuticle or exoskeleton is possibly smaller due to
lower permeability. Also for heavy metals the highest tissue specific
concentrations in gammarids have been reported in the gill tissue
(Gestin et al., 2022, 2021). The high concentrations of BTPs in gill tissue
may be mostly a consequence of the high parent concentrations and
proportional biotransformation. Biotransformation activity was re-
ported for gill cell lines of fish, but at lower rates than in the liver or
intestine (Gomez et al., 2010; Leguen et al., 2000; Stadnicka-Michalak
et al., 2018). Such biotransformation capability of gill tissue may also
apply for amphipods.

The high concentrations of parent contaminants and their BTPs in
the intestinal system were expected and are in line with observations
made by radio-imaging (Arts et al., 1995; Nyman et al., 2014; Raths
et al., 2020). Because no food was available for exposed gammarids,
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distribution was caused by partitioning of contaminats taken up from
the medium. The partitioning may be driven by passive diffusion to-
wards the higher lipid content in the intestinal tissue, but possibly also
by (active) transport, i.e. by ATP-binding cassette (ABC) transporters
(Jeong et al., 2017), towards the sites of biotransformation or excretion.
An effect of pH on the parent distribution pattern seems unlikely as the
intestinal pH of G. pulex was reported to be in the range of 5.6 (Monk,
1977) which would have no or a negligible effect on the speciation of the
test contaminants (pk, provided in Table S1).

The intestinal system, especially the hepatopancreas, of crustaceans
is known to contain high amount of biotransformation enzymes, such as
CYP-450 (James, 1989), which explains the high BTPs content in this
compartment. Furthermore, the gut microbiome may contribute to the
biotransformation, but little is known about its actual contribution to
biotransformation processes (Adamovsky et al., 2018). BTPs reached
concentrations from 23 % (CIT_M311) up to 60 % (TER_M315b) of the
parent compound in the intestine. This BTP/parent ratio was generally
much lower and similar across the other compartments (gills, cephalon,
and remaining tissue; SI A8). This is a clear indication that the intestinal
system is the main site of biotransformation in G. pulex.

The identified BTPs were mostly Phase I BTPs created by deal-
kylation, hydroxylation, and oxidation. Such reactions are commonly
catalyzed by enzymes of the CYP-450 family, flavin-containing mono-
oxygenases (FMOs) or monoamine oxidases (MAO) and have been re-
ported in gammarids before (Jeon et al., 2013; Rosch et al., 2017, 2016).
Furthermore, glutathione conjugates followed by subsequent reactions
to form cysteine conjugates (Phase II BTPs) were found for terbutryn.
This transformation process may involve glutathione S-transferases
(GSTs), carboxyl peptidases and glutamyl peptidases (Jeon et al., 2013).
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Fig. 2. Contaminant concentrations in the dissected compartments gammarids. Whole body = tissue concentration from whole body homogenate extracts. Please
note the different y-axis scales. Single BTPs are shown as representatives for other BTPs with a similar distribution. Graphics for the other compounds, including

efavirenz and fluopyram, are provided in SI A7.
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The relative contribution of different compartments to the total body
burden is presented in Fig. 3. Despite the high absolute parent concen-
trations in the gills and intestinal system, the contribution of these
compartments to the total tissue concentration remained relatively low
due to the low contributions of these compartments to the total body
weight (0.15 + 0.04 % for gills and 5.0 & 0.8 % for the intestinal sys-
tem). For the BTPs however, the contribution of the intestinal system
showed a strong over-proportional contribution compared to the weight
of this fractions and accounted for up to 56 + 18 % (CY_M242b) of the
total body burden. Apart from the strong biotransformation activity in
the intestinal system, this may also indicate a low reallocation rate of
BTPs from the intestinal system into surrounding tissue. The contribu-
tion of the intestinal system to the total body burden of BTPs of the
psychoactive drugs carbamazepine and citalopram was lower than for
the pesticides cyprodinil and terbutryn, but still much higher than its
weight contribution.

3.3. Spatial contaminant distribution assessed by mass spectrometry
imaging

Adjacent sagittal cryosections of gammarids were successfully
created and analyzed by both MSI methods in a reproducible manner
(Fig. 4). Muscular tissue, the ventral nerve, exoskeleton and intestinal
system (including the hepatopancreas, confirmed by biomarkers in MSI)
could be distinguished within the stained sections whereas gills and in
some instances the eyes lay outside the sectioned area and the hemo-
lymph system could not be distinguished. Membrane lipids could be
successfully employed as biomarkers for general orientation in the tissue
(i.e., phosphatidylcholine PC(34:1)) as well as specifically identify the
ventral nerve (PC(38:4)) and hepatopancreas (m/z 666.3940 and
680.4100 according to Fu et al., 2021). The hepatopancreas biomarkers
were only detected using MALDI-HRMS.

Four out of six parent compounds (carbamazepine, citalopram,
cyprodinil, terbutryn) could be detected using MALDI but all six by using
DESI (Table 2). All parent contaminants were detected across the whole
sample but with highest intensities in the intestinal system (i.e., hepa-
topancreas, stomach), similar to the LC-HRMS/MS analysis of dissected
gammarid compartments. Intensities were, in correspondence with the
tissue concentrations, lower for carbamazepine, detected as potassium
adduct [M + K], efavirenz and fluopyram, which were best detected as
potassium sodium adducts [M+Na]" in DESI. Most BTPs that were
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quantified by LC-HRMS/MS could also be detected using MSI. All
detected BTPs followed a similar tissue distribution with highest in-
tensities in the hepatopancreas area for both ionization techniques.
These results are also in line with the observations by LC-HRMS/MS.
CMZ_M253 was not detected, probably due to the low tissue concen-
tration. TER_M214 and TER_M258a could not be detected sufficiently by
DESI due to a background contamination of the exact same m/z, which
was found also outside of the gammarid tissue and in the controls (SI
A10). However, the relative intensity was much higher in the gammarid
tissue for exposed gammarids than in the controls. The contamination
was not known as a typical DESI contaminant and may originate from
small organic compounds in the cryotape applied for keeping section
integrity. The result was surprising as contaminants in the low m/z are
generally more common for MALDI, caused by matrix ions (Calvano
et al., 2018; Qiao and Lissel, 2021).

Surprisingly the spatial distribution of the psychoactive drug cit-
alopram did not differ from the distribution of the other contaminants. It
has been reported earlier that elevated citalopram concentrations were
found in the nervous tissue of dissected fish (Grabicova et al., 2014;
Schultz et al., 2010). Furthermore, MALDI-MSI of citalopram in fish
found the highest intensities in the area of the spinal cord (Davis et al.,
2020). Thus, similar observations would have been expected for gam-
marids. This assumption was also supported by the suggestion of an
active uptake pathway of citalopram into amphipod nervous tissue
(Raths et al., 2023c) which may be temperature dependent and satu-
rable similar as reported for mammals (Rochat et al., 1999). One
possible explanation may be the concentration dependence (saturation)
of this uptake pathway. The BCF24j, of citalopram was more than two
times lower than reported for lower exposure concentrations (50 ug L)
(Raths et al., 2023c) which may indicate that active uptake has already
been over-saturated at the tested concentration and the imaged pro-
portion of citalopram might have been mostly distributed by passive
diffusion.

3.4. Comparison of the analytical methods

The comparison of MALDI- and DESI-HRMS imaging (Table 2)
indicated that both methods were suitable for the analysis of organic
contaminants and their BTPs in gammarid tissue. In combining the two
methods, additional confidence could be obtained by (a) using bio-
markers detected by only one of the methods and by (b) compensating
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Fig. 3. Relative contribution of the dissected compartments to the whole body weight (left), total parent body burden (middle group) and body burden of their BTPs

(right group).
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Fig. 4. (A) Stained sagittal cryosection. (B) Illustration of different organ
compartments in G. pulex. Images from MALDI-HRMS on the left and DESI-
HRMS on the right side. (C + D) Phosphatidylcholine PC(34:1) for orientation
in the MS-images. (E) m/z 666.3940 = biomarker for the hepatopancreas
(analogous image for m/z 680.4100) (Fu et al., 2021), (F) PC(38:4) as
biomarker for the ventral nerve (analogous image to the same mass in MALDI).
(G + H) CIT = citalopram, (I +J) TER = terbutryn (analogous image to
cyprodinil), (K + L) CMZ = carbamazepine (analogous images for fluopyram
and efavirenz [M + Na]™), (M + N) TER_M315 (no distinction between isomers
a and b possible in MSI) representative for all detected BTPs. The pixel size is
60 um. Replicates and remaining compounds are presented in SI A9.
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for artefacts present in one of the methods. MALDI appeared to be more
sensitive for the hepatopancreas biomarker and for some BTPs, because
of mass interferences in DESI mass spectra. DESI however was able to
detect all six parent compounds whereas only four were detected using
MALDI.

The utilization of adjacent cross sections appeared to be sufficient for
generating comparable analyses. However, the subsequent analysis by
DESI and MALDI on the same sample cross section has been performed
elsewhere (Eberlin et al., 2011b) and may be a possible optimization
method (i.e. for complementing biomarkers, including proteins). Such
an approach would require a reduction of the destructiveness of the DESI
method, which may be achieved by the use of different solvents (i.e.
dimethylformamide) to preserve morphological features (Eberlin et al.,
2011a) or lower solvent flow rate or gas pressure than what was applied
here. In the present method, especially sections of the exoskeleton were
very fragile and easily fell off after DESI analysis, which would prevent
subsequent MALDI analysis and staining.

A pixel size of 60 um was sufficient to localize contaminats on the
level of whole organism cross sections, thus the higher special resolution
of MALDI did not offer an advantage over DESI. However, it may be
preferred to analyze more detailed spatial distribution patterns, such as
within the brain of small organisms (Kirla et al., 2016; Phan et al., 2016)
without causing oversampling. Such spatial resolution challenges for
DESI may be overcome by the further development of nanospray DESI
(nano-DESI; Lanekoff et al., 2012; Roach et al., 2010) or desorption
electro-flow focusing ionization (DEFFI; Wu et al., 2022).

Both MSI methods had a lower sensitivity than the LC-HRMS/MS
analysis. Furthermore, in MSI additional separation methods such as
chromatography and fragmentation spectra (MS2) are often missing,
making these methods prone to analytical artefacts. Thus, complemen-
tation of MSI analysis with additional confirmatory analysis, such as LC-
HRMS/MS, is important.

When it comes to the analysis of target tissues, both analytical ap-
proaches may provide different capabilities of analyzing specific tissues.
By using dissection and LC-HRMS/MS compartments such as the gills or
antenna (here sampled as part of the cephalon) may be analyzed that are
difficult to be caught on a whole body cryosection. Furthermore, sam-
ples of the circular system (hemolymph) may be taken separately
(Vannuci-Silva et al., 2018). MSI techniques, however, allow to assess
the spatial distribution in compartments that cannot be dissected, such
as the exoskeleton and muscular tissue, the ventral nerve or micro-
structures in the brain. The present results demonstrated that DESI may
be preferred as a more sensitive MSI method for small organic com-
pounds, but MALDI may be used for more specific research questions (i.
e. such that require a higher spatial resolution).

3.5. MSI application in environmental sciences

Despite a large potential for localizing environmental contaminants
and elucidating toxicodynamic and toxicokinetic processes, MSI has
only found its way into environmental sciences in the recent years and
reports are still scarce (Maloof et al., 2020; Yang et al., 2020). This is
mostly due to one major drawback of using MSI in environmental sci-
ences, which is the relatively low sensitivity and thus high concentra-
tions required for sufficient imaging. The exposure concentrations
applied in the present study (100 pg L to mg L! range) were several
orders of magnitude higher than typically observed in the environment
(ng L up to low pg L! range; Lauper et al., 2021; Munz et al., 2018).
Internal concentrations were in the ug g range, whereas they are in the
ng g range in the environment. Such unrealistically high exposure
concentrations may mask receptor binding (i.e. such as for neon-
icotinoids; Raths et al., 2023a) or active transport mechanism (specu-
lated for citalopram; Raths et al., 2023c and the present study) that can
reach saturation. Furthermore, compounds with higher toxicity cannot
be studied using MSI, which was also a limitation in this study. The
development and application of more efficient ionization methods is the
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Table 2
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Overview of the analyzed compounds and compatibility with the different analytical methods. m/z of sodium (M) and Potassium (¥) adducts [M + Na]* and [M + K],
respectively, are provided for compounds that were imaged using this mass. # = adducts undefined (Fu et al., 2021). X? = summarizes all BTPs with this mass in MSI, as
MSI techniques did not allow for a chromatographic separation. Interference = detectable but interference with background masses (SI A10). Most BTPs that were not
quantified by LC-HRMS/MS (< 5 % parent concentration, Table S7 & S8) were not found by either MSI method.

Compound m/z [M + H]™ m/z [M + Na/K]™ LC-HRMS/MS DESI-HRMS MALDI-HRMS
Parents

Carbamazepine (CMZ) 237.1022 275.0581K yes yesK yes
Citalopram (CIT) 325.1710 yes yes yes
Cyprodinil (CY) 226.1338 yes yes yes
Efavirenz 316.0346 338.0166™ yes yesN? no
Fluopyram 397.0536 419.0356"? yes yes™? no
Terbutryn (TER) 242.1433 yes yes yes
Biomarkers

Nervous system PC(38:4) 810.6007 n.a. yesK yesK
Hepatopancreas BM1? 666.3940% n.a. no yes
Hepatopancreas BM2? 680.4100% n.a. no yes
BTPs

CMZ_M253 253.0971 yes no no
CIT_M297 297.1398 yes yes yes
CIT_M311 311.1554 yes yes yes
CY_M242x" 242.1288 yes yes yes
TER_M214 214.1121 yes interference yes
TER_M258x" 258.1383 yes interference yes
TER_M315x" 315.1597 yes yes yes

main challenge for the analysis of samples with environmental relevant
concentrations. Potential technological approaches that may close this
analytical gap for MALDI-MSI are the application of the recently
developed MALDI-2 technology (Barré et al., 2019; Niehaus et al., 2019)
that uses laser-induced post-ionization of the initial MALDI plume with a
secondary laser beam, and/or the use of more efficient matrices (Cal-
vano et al., 2018; Qiao and Lissel, 2021) including nano particle
enhanced matrices (Ma et al., 2022; Wu et al., 2020). The described
approaches were particularly developed to enhance the ionization effi-
ciency of small molecules, such as pesticides and pharmaceuticals, with
increasing intensities by up to multiple orders of magnitude. However,
these enhancements are generally compound dependent. The sensitivity
of DESI may be enhanced by employing desorption electro-flow focusing
ionization (DEFFI), which generates a more focused jet than conven-
tional DESI (Wu et al., 2022) resulting in increased intensities by orders
of magnitude for biological samples. After these analytical improve-
ments, experiments with environmental concentrations should be car-
ried out in the future.

Although the detection of small organic molecules in environmental
samples remains challenging, applications of MSI beyond the localiza-
tion of contaminants may be applied. Such investigations include effects
on the physiology of exposed organisms by integrated stress assessment
using lipidomic and proteomic analysis. So far, some preliminary in-
vestigations have been carried out for zebrafish (Liu et al., 2020; Stutts
et al., 2020) and crustaceans (Fu et al., 2021; Smith et al., 2022; Zhang
et al., 2015). Other than organic contaminants, lipids and proteins are
show higher sensitivities in MSI and are therefore less affected by
sensitivity issues, which makes these approaches a promising
alternative.

4. Conclusion

The applied LC-MS and MSI methods were suitable for the analysis of
the spatial distribution of organic contaminants and their BTPs in the
tissue of the aquatic invertebrate G. pulex. Gammarids could be suc-
cessfully dissected into different compartments (i.e., gills, intestinal
system) to be extracted separately. However, some tissue types such as
the nervous system and muscular tissue were not dissectible. LC-HRMS/
MS of dissected gammarid tissues provided the highest sensitivity and
confidence in compound (i.e., BTP) identification. Reproducible adja-
cent cryosections of gammarids for MSI could be created using an ad-
hesive cryo-tape. Following DESI-HRMSI was generally more sensitive

than MALDI-HRMSI but suffered from some mass interferences, possibly
originating from the cryo-tape. Additional biomarkers (i.e., for the
hepatopancreas) were detected using MALDI. The present results
demonstrate the complementary applications and benefits of the
different analysis methods. One drawback of this study were the unre-
alistically high exposure concentrations that had to be applied in order
to allow MSI. Thus, one of the main challenges to overcome for the
establishment of MSI in environmental sciences is the low sensitivity for
small molecules such as organic contaminants. Promising technological
solutions to enhance ionization efficiency such as MALDI-2 and DEFFI
are currently being developed and tested and potentially allow assess-
ments at environmental relevant exposure concentrations.
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