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The fate of malachite green and its main metabolite leucomalachite green during thermal treatment was
examined in seafood (brook trout and white shrimp) using non-target analysis. Samples were extracted using
QuEChERS and analyzed using liquid chromatography coupled with quadruple time of flight mass spectrometry.

g’;f:ﬁmaﬁon roducts Malachite green levels were reduced in meat during boiling (~40%), microwaving (64%), and canning (96%).
HRMS P Only microwaving was successful in significantly decreasing leucomalachite green levels in brook trout. The

reduction percentages of the two target analytes were not significantly different in shrimp (mean fat content =
0.8 + 0.3%) and in brook trout (mean fat content = 3.5 + 1.7%), suggesting that a higher fat content may not
affect the reduction of the more lipophilic leucomalachite green in these two matrices. Three transformation
products were tentatively identified in the cooked tissues, resulting from the cleavage of the conjugated structure
or through demethylation. Further research is needed to determine possible adverse health effects. The findings
of this study show how non-target analysis can complement targeted methodologies in identifying and evaluating

risks to human health.

1. Introduction

Malachite green (MG, Fig. 1), despite its ban in food producing an-
imals due to possible carcinogenicity of its main metabolite in fish, i.e.,
leucomalachite green (LMG) (Le Curieux et al., 2021), continues to be
detected in seafood, as it is a widely-available, highly effective and low
cost anti-fungal (Dinh et al., 2020; EFSA, 2016; Love et al., 2011).
Furthermore, MG is also used as an industrial dye and its presence in the
aquatic biota can be also linked to release of industrial wastewater
(Schuetze et al., 2008). Current regulatory limits have set action levels
(i.e. levels above which the products could be considered
non-compliant), at 1 and 0.5 ng g~ for the sum of MG and LMG, in
Canada and Europe, respectively (EU Commission, Regulation,
2019/1871; Health Canada, 2017). Seafood products are likely to be
eaten cooked rather than raw and studies have shown reduction in
contaminants levels after cooking for compounds such as persistent
organic pollutants (POPs) in salmon (Bayen et al., 2005). Studying the
fate of chemical contaminants following cooking is important to assess
dietary exposure that is more representative of the actual levels to which
consumers are exposed (WHO, 2009) and to identify other adverse
health effects to human health as some newly formed products may still

pose a risk (Nguyen et al., 2015). These products, often referred to as
transformation products (TPs) can be formed following hydrolysis,
conjugation, demethylation and hydroxylation reactions (Bletsou et al.,
2015). In the case of banned chemical contaminants, like MG, elucida-
tion of TPs after cooking may be used to identify markers of food
contamination, especially when the parent compound is completely
degraded in the tissues or is below the limit of detection of analysis
methods.

Targeted approaches used for quantification of parent compounds
are insufficient for the identification of TPs, as this workflow is based on
use of standards of known compounds and the mass analyzers do not
offer the high mass accuracy needed for formula generation (Knolhoff
and Croley, 2016). In this context, identification of TPs can be achieved
using non-targeted approaches based on high-resolution mass spec-
trometry (HRMS).Non-target analysis (NTA) is based on simple, un-
specific, sample preparation methods that can extract as many
compounds as possible (Fu et al., 2017). Analysis with HRMS can pro-
vide accurate mass information, mass to charge ratio, isotopic distri-
bution and fragmentation patterns, generating possible chemical
formulas. The data can be screened through available chemical data-
bases to confirm the identity of compounds of interest (Fu et al., 2017).
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This workflow is often referred to as suspect screening. “True”
non-target analysis refers to the identification of compounds for which
there is no information available, e.g., new metabolites, TPs. Although
this is more challenging, tentative identification is still possible using
fragmentation information (Fu et al., 2017). NTA has been successfully
used to identify TPs of veterinary drugs in seafood and honey (Tian and
Bayen, 2018; von Eyken and Bayen, 2020).

Regarding MG and LMG, NTA has been used to identify other MG
metabolites in raw seafood muscle (Dubreil et al., 2019; Baesu et al.,
2021). However, there is currently limited information on its fate during
thermal processing, with only target analysis used so far to quantify MG
and LMG levels in seafood muscle after cooking. MG levels were reduced
in carp and tilapia muscle after baking, boiling, microwaving and frying
by more than 50% depending on the type and duration of treatment
(Mitrowska et al., 2007; Shalaby et al., 2016). In carp, LMG was reduced
by 40% only after microwaving, with boiling and baking achieving less
than 5% reduction. On the other hand, in tilapia, baking and frying,
under similar temperatures and cooking time, reduced LMG levels by 26
and 35% respectively (Shalaby et al., 2016). The studies were limited to
only quantifying the parent compounds and no possible thermal TPs
were proposed. LMG is more lipophilic (log Ko 5.72) compared to MG
(log Kow 0.62) (National Library of Medicine, 2020). Therefore, one
possible reason for the reduction in LMG observed in tilapia but not carp
for baking for example, may be the influence of the food matrix
composition, like fat content. Based on nutritional information listed in
the USDA Food Composition Database (USDAa), raw carp muscle has a
fat content of 5.6% compared to 1.7% for raw tilapia muscle. In another
thermal transformation study, the food matrix had an effect on the
stability of chlortetracycline during cooking of eggs whites and yolks,
presumably because of the binding of the antibiotic to egg white proteins
(Alaboudi et al., 2013). Differences in reduction rates between different
matrices or cooking treatments could perhaps lead to the formation of
different TPs. Indeed, this has been observed in the case of tylosin A
where different compounds were detected in honey compared to water
(von Eyken and Bayen, 2020). Therefore, the outcome of the food safety
risk assessment for specific chemical residues could be different for
different types of processed foods.

To the best of our knowledge, no study has investigated the fate of
MG and LMG after cooking in other seafood matrices beside carp or
tilapia nor qualified any thermal TPs of the two compounds in seafood.
Therefore, the aim of this study was twofold: (i) compare the percent
reduction rate in MG and LMG levels in water and two food matrices:
pacific white shrimp (Litopenaeus vannamei) i.e., low-fat matrix and
brook trout (Salvenilus fontinalis), i.e., high-fat matrix with the hypoth-
esis that a higher reduction of LMG would be observed in shrimp
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compared to trout, (ii) apply a non-target data treatment workflow to
identify thermal TPs. The novel aspects of this study are the assessment
of the stability of MG and LMG in two previously unstudied matrices,
brook trout and pacific white shrimp, and the application of NTA to
identify thermal TPs in muscle tissues following cooking.

2. Materials and methods
2.1. Chemicals

MG chloride (>96.0%), LMG (>98.0%), ds-LMG (>98.0%) analyt-
ical standards were obtained from Sigma Aldrich (St Louis, MO, USA).
Labelled injection internal standards, ds-diphenhydramine and ds-6-
acetylmorphine, !3Cg-propylparaben were purchased from Cerilliant
(Round Rock, TX, USA) and Sigma Aldrich respectively. HPLC grade
acetonitrile, methanol and water, as well as LC-MS grade formic acid,
acetic acid and ammonium acetate were obtained from Fisher Chemical
(Pittsburgh, PA, USA). Anhydrous magnesium sulfate and sodium ace-
tate were purchased from Sigma Aldrich. Primary secondary amine
(PSA) sorbent was purchased from Agilent (Santa Clara, CA, USA). All
glassware used was baked in an oven at 320 °C for 4 h and rinsed with
methanol before use. Labelled internal standard solution of 0.4 pg mL ™!
was prepared in methanol and stored at —20 °C in amber vials. MG, LMG
and d5-LMG standards of 1 mg mL~" and working standards of 10 pg
mL~! were prepared in methanol and stored at —20 °C in amber vials.
All standards were prepared fresh every 6 months (Andersen et al.,
2006). Six calibration standards, ranging from 2 to 40 ng mL™}, were
prepared in water (0.1% formic acid), before analysis.

2.2. Sample preparation

Incurred shrimp and brook trout samples were obtained from a
controlled exposure experiment (Baesu et al., 2021). In total, 10 indi-
vidual shrimp and trout exposed to MG were used for the cooking
treatments. Ten non-exposed individuals were used as control samples.
The extraction method was chosen based on criteria used in NTA, as
described previously (Baesu et al., 2021). Briefly, 1.0 g of homogenized
muscle sample was weighed in a centrifuge tube, 100 pL of a 10 pg mL ™!
ds-LMG solution was added and allowed to equilibrate for 10 min.
Solvent, 5 mL (84:16 v/v) acetonitrile/water with 1% acetic acid was
added and vortexed for 1 min. To each sample, 1.0 g of MgSO4 and 0.30
g sodium acetate were added, vortexed for 1 min followed by centrifu-
gation (Eppendorf, Hamburg, Germany) at 4400 rpm (3000xg, 25 °C)
for 5 min. Two mL of supernatant was transferred to clean tubes con-
taining 0.24 g MgSO4 and 25 mg PSA, vortexed for 1 min and
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Fig. 1. Structures of MG (A) and LMG (B).
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centrifuged for 5 min at 4400 rpm. Extracts were filtered using a 0.22 pm
PTFE filter and stored in amber vials at —20 °C in the dark. Procedural
blanks were prepared similarly. Five quality control (QC) samples were
prepared by pooling 20 pL of each replicate extract and blank. Prior to
LC-MS analysis, extracts were diluted (1/10) with water and 50 pL of a
0.4 pg mL~! solution of the labelled internal standards was added.
Labelled standards were added to monitor instrument performance and
were used for further assessment of matrix effect.

For recovery experiments, control raw and cooked samples were
spiked with 40 pL of a working MG and LMG standard solution of 10 pg
mL~! (target concentration in muscle 400 ng g~!) and allowed to
equilibrate for 10 min for extraction.

2.3. Fat analysis

Determination of fat in raw shrimp and trout muscle was based on
USDA method for fat analysis (USDAb, 2009). Shrimp and trout muscle
were freeze-dried at —90 °C (Martin Christ Gamma 1-16 LSC
freeze-dryer, Germany). Then, 0.3 g of freeze-dried sample (n = 5) was
extracted with 200 mL hexane using a Soxhlet apparatus for 4 h. Solvent
was evaporated using a rotary evaporator (Biichi, Switzerland) and the
lipid residues were measured gravimetrically.

2.4. Thermal treatments

2.4.1. Water

Aqueous standard solutions of 10 ng mL~! MG and LMG (n = 6) were
dispensed into 2 mL amber vials (500 pL) and placed in a water bath at
100 °C. Vials were removed at 10, 30 and 120 min and allowed to cool at
room temperature. Water samples were heated for up to 2 h to represent
extreme conditions that could generate transformation products.

2.4.2. Boiling

Approximately 2.5 g of shrimp and 5 g of trout were placed in 40 mL
amber vials (n = 10), capped and transferred to a water bath at 100 °C.
Vials were removed at 10 and 30 min and allowed to cool at room
temperature. Boiling for 10 min had been reported in the literature to
decrease MG levels by 43%, and further increasing cooking time by 5
min lead to a total decrease of 54% (Mitrowska et al., 2007). In this
study, trout were further heating for a total of 30 min to mimic more
extreme cooking conditions and ensure formation of transformation
products. Shrimp were only boiled for 10 min, as a higher cooking time
led to too much breakdown of the muscle. Any juices present in the vials
were collected and analyzed as well. Boiling was chosen as the cooking
procedure for shrimp, in order to test the hypothesis that LMG would be
reduced in a low-fat matrix. From previous thermal transformation
studies, LMG should be stable in high-fat fish muscle, e.g., carp, during
boiling. Hence, if fat content would affect the behaviour of LMG, boiling
should lead to a reduction in the lower fat shrimp but not brook trout.

2.4.3. Microwaving

Approximately 5 g of trout muscle was placed in beakers, covered
with parafilm and microwaved (Sylvania, 1300W) for 1.5 min. A longer
microwaving time led to too much drying and at times burning of the
muscle; therefore, a time of 1.5 min was deemed acceptable. Beakers
were removed and allowed to cool at room temperature. No juices were
observed after cooking.

2.4.4. Canning

An Instant Pot Max 9-in-1 (Instant Brands, Ottawa, Canada) with the
canning option selected was used for canning trout muscle. Briefly, 50 g
of trout was added along with 100 mL of water to 120 mL glass jars and
capped with metal covers. Trout was heated for 50 min at 121 °C. No
other studies were found in the literature that evaluated changes in MG
and LMG contents during canning. Recommended canning time using
home pressure cookers at 15 PSI is 100 min for pint jars (USDAc, 2015).
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Based on the smaller sample and jar size used in this study and the hy-
pothesis that MG would behave similarly during boiling and canning
treatment (i.e., at least 50% reduction should be achieved) a shorter
canning time of 50 min was chosen.

2.5. Instrumental analysis

Samples were analyzed using an Agilent UHPLC 1290 coupled with
an Agilent 6545 QTOF-ESI-MS, in both positive and negative ionization
modes. In positive mode, mobile phases were (A) HoO with 0.1% formic
acid and (B) acetonitrile, and in negative mode, mobile phases used were
(A) 0.05 M ammonium acetate and (B) acetonitrile. The same gradient
elution was used for both positive and negative modes, increasing from
5% B at 1 min to 100% B after 15 min, then maintained at 100% B from
15 to 20 min, and then re-equilibrated at 5% B for 5 min at the end. An
InfinityLab Poroshell 120 (Pheny-Hexyl, 3.0 x 100 mm, 2.7 pm, Agilent
Technologies) with a Poroshell (4.6 mm) Phenyl Hexyl pre-column was
used. Flow rate was set at 0.2 mL/min, injection volume was 2 pL and
column temperature was 20 °C. The MS parameters were as follows:
sheath gas temperature 275 °C, drying gas temperature 325 °C, drying
gas flow 5 L/min, sheath gas flow 12 L/min, nebulizer pressure 20 psi,
capillary voltage 4000 V, nozzle voltage 2000 V, fragmentor voltage
175 V, skimmer voltage 65 V. All ion MS/MS mode at collision energies
of 0, 10, 20 and 40 V was used. Data was collected between 100 and
1700 m/z at a rate of 3 spectra/s. Samples were kept at 4 °C in the multi
sampler compartment.

2.6. Data treatment

2.6.1. Quantification

SPSS Statistics software (v.26) (IBM, NY, USA) was used to for sta-
tistical analysis, such as comparison of reduction percentages between
trout and shrimp, with level of significance set at 0.05. Concentrations
were computed using Agilent Mass Hunter Quantitative Analysis B.10.0,
using a mass extraction window of +20.0 ppm and retention time
window of +0.30 min. The most abundant ions were used for quantifi-
cation: [M]" of 329.2017 for MG and [M+H]" of 331.2168 for LMG.

Method detection limit (MDL) and limit of quantification (LOQ) were
calculated as 3o and 100, respectively, where ¢ is the standard devia-
tion, of the procedural blanks integrated at the retention time of the
target compounds.

Recoveries and matrix effects (n = 6) were calculated as described in
Matuszewski et al. (2003), using external calibration. Matrix effect (ME)
was calculated by comparing the analyte response (A) spiked
post-extraction with the response in pure solvent (B), where ME =
A/Bx100. Levels above 100% show ion enhancement while values <
100% indicate ion suppression. Recoveries (RE) were calculated by
comparing the analyte response spiked pre-extraction (C) with the
response in pure solvent, where RE = C/Ax100.

Matrix effect for labelled injection standards was calculated using
the same formula as above, by comparing the mean area across the six
calibration standards with the peak area of the internal standard in
control raw and cooked sample replicates.

In raw and cooked samples, concentrations for LMG were calculated
following the internal standard method using its deuterated surrogate
and the relative response factor (RRF) (equation (1)) (USEPA, 2007).

_ (area native compound x concentration labeled compound)

RRF (€9)]

(area labeled compound x concentration native compound)

For MG, matrix matched external calibration using control samples
was prepared at six levels (10, 20, 35, 60, 125 and 280 ng g~ ) by spiking
MG and LMG standards onto post-extraction control samples. Only 1 g of
the total muscle cooked was used for extraction, therefore concentra-
tions were also adjusted to account for the weight loss during cooking. In
addition, the computed concentrations in raw and cooked incurred
samples were corrected for recovery.
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2.6.2. Identification of thermal TPs

Data alignment and feature extraction were conducted using Agilent
Mass Hunter Profinder software B.10.0 using the following parameters:
peak filter height 200 counts, retention time window +0.30 min, mass
window +10.00 ppm, post-processing peak absolute height 1000
counts, MFE score 80. Selection of data processing parameters has been
discussed previously (Baesu et al., 2021).

The workflow for the identification of possible TPs is presented in
Fig. 2. Briefly, molecular features were exported as.pfa files and im-
ported into Mass Profiler Professional (v 15.0) with a percentile shift
(75.0) normalization. Trout and shrimp samples were grouped into raw
control (RC), raw exposed (EC), cooked control (CC) and cooked exposed
(CE). Fold change analysis (>2) along with one-way ANOVA (p < 0.05)
with Benjamini-Hochberg correction and Tukey post-hoc test were
applied to identify which compounds were present at statistically sig-
nificant higher levels in specific groups. Fold change analysis along with
statistical tests have been applied to study the fate of some food con-
taminants such as pharmaceuticals during thermal or photo-
transformation (Lege et al., 2020; von Eyken and Bayen, 2020). For-
mula for molecular features of interest were generated through the ID
browser analysis, with mass accuracy set at 5 ppm, in Mass Profiler
Professional and compounds that had a score >70% were considered.
This matching score is typically used in compound identification in
non-target analysis (Du et al., 2017; von Eyken and Bayen, 2020). These
features of interest were re-run in Targeted MS/MS mode, confirming
fragment information, which enabled a search through ChemSpider
(Royal Society of Chemistry, 2020) using Agilent Molecular Structure
Correlator (MSC). Targeted molecular features were extracted using
Agilent Qualitative Analysis B.10.0 and exported as.cef files. These files
were then imported into MSC with features ran through Chemspider
(Royal Society of Chemistry, 2020) as well as Agilent Metlin (30,232

Molecular feature extraction and
alignment with Profinder

|

Molecular features imported into
MPP

/\

| Incurred samples ‘ ‘ Water samples |

|

Comparison
RCvs. ECvs. CCvs CE

1

Common feature list
CCvs. CE
ECvs. CE

One-way ANOVA
Fold change analysis ¥

Comparison
0vs. 10 vs.30 vs. 60 min

1

Generation of formulas
with MPP ID Browser

!

Possible TPs in water

\ 4

Generation of formulas
with MPP ID Browser

!

Possible TPs in incurred
muscle

Fig. 2. Workflow for the identification of thermal TPs of MG and LMG.
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compounds) databases.
3. Results and discussion
3.1. Method validation

The suitability of the method for extraction of incurred samples
within a NTA context, e.g., number of features extracted has been
covered elsewhere (Baesu et al., 2021). In addition, mass measurement
errors (Table S1) for MG and LMG in raw and cooked samples were
calculated according to Brenton and Godfrey (2010) and were signifi-
cantly different between the raw and cook matrices (p < 0.0005). For
both MG and LMG, mass measurement errors were below the 5 ppm
threshold usually set in non-target analysis (Ponce-Robles et al., 2018).

For fortified samples, recoveries above 60% were obtained for MG
and LMG in raw and cooked muscle (Table S2). For example, in trout,
MG recoveries were 67 & 10%, 111 4 6%, 105 & 3%, 62 £+ 12% and 71
4+ 10% in raw, boiled (10 and 30 min), microwaved and canned muscle
respectively. Generally, lower recoveries for MG have been reported
compared to LMG (Bergwerff and Scherpenisse, 2003; Chen and Miao,
2010; Mitrowska et al., 2007). Lopez-Gutiérrez et al. (2012) determined
recoveries for a similar QUEChERS extraction but with sorbent clean-up
step omitted, were between 48 and 81% for MG and between 63 and
102% for LMG in shrimp and trout, depending on the spiking level.
Parameters that can improve the recovery of MG from fortified samples
include the incubation time between spiking and extraction, and a
longer extraction time (Hall, Hopley and O’Connor, 2008). For example,
Bergwerff and Scherpenisse (2003) found that in fortified turbot and
trout, recoveries decreased from 81% to 63% when the incubation time
between moment of spiking and extraction increased from 1 to 15 min.
The incubation time in this study was 10 min. It is important to note that
recoveries from fortified samples may not reflect the extraction effi-
ciency from incurred samples. Indeed, the inclusion of a heated soni-
cation step improved the extraction of MG from incurred samples
compared to fortified samples (Eich et al., 2020).

Little matrix effect, between 89 and 121%, was observed for MG
across the two different matrices both raw and cooked (Table S2). In the
case of LMG, ion suppression was only observed in shrimp with matrix
effects of 54 and 64% in raw and cooked muscle, respectively. Shrimp
tissues also induced a pronounced matrix effect for the negative labelled
internal standard, '3C-propylparaben (Table S3).

Significant difference (p < 0.0005) was found for the calculated re-
coveries and matrix effects of MG and LMG between shrimp and trout,
both raw and cooked. Inter-day precision, calculated as the relative
standard deviation (RSD) across all six replicates was generally below
20%.

Adequate instrument linearity (R2 > 0.99) was achieved. For trout,
MDLs of 0.9 and 0.5 ng g~! were obtained for MG and LMG respectively,
while LOQs of 3.1 and 1.6 ng g~ were obtained for MG and LMG. In
shrimp, MDLs of 0.7 and 0.3 ng g~* were obtained for MG and LMG
respectively, while LOQs 2.2 and 1.1 ng g~! were obtained for MG and
LMG. Overall, acceptable recoveries, low MDLs/LOQs. and high mass
accuracy were obtained, confirming that the methods used were
adequate.

3.2. Fat analysis

Fat content (wet weight) was found to be significantly higher in trout
(3.5 £+ 1.7%) compared to shrimp (0.8 + 0.3%) (p = 0.024). Although
diet and habitat may have an effect on nutritional content of fish, the
results obtained in this study are comparable to fat content of 2.7%
determined in wild caught brook trout (Tidball et al., 2017). Fat content
in white shrimp was also consistent with the general reported range of
0.5-1% (USDAa, 2019).
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3.3. Stability of MG and LMG during thermal treatment

In water at 100 °C, the maximum reduction rate for MG was 19.9 +
4.8% after 120 min, and the concentrations were significantly different
only after 120 min (p = 0.001). For LMG, a similar reduction rate of 21.1
+ 3.3% was observed in water, with statistically significant differences
across all four heating times (p < 0.0005). These results are comparable
with those previously reported, with less than 20% decrease of the
compound levels during water heating (Mitrowska et al., 2007).

In food matrices, MG was significantly reduced in both shrimp and
trout muscles for all three types of thermal processing (Table 1). MG was
not detected in any sampled juices or canned water samples, therefore
the reduction in MG levels is not due to leaching from muscle into juices.
Reduction percentage of MG was similar in boiled shrimp (36 + 49%)
and boiled trout muscle (32 + 18%) (p = 0.828). These reduction rates
were similar to those (43% decrease after boiling for 10 min) reported
for carp muscle (Mitrowska et al., 2007). The larger variability observed
for the quantification of MG in shrimp (standard deviation of +49) was
due to the presence of an outlier sample (doubled concentration after
cooking). Without the outlier sample, the reduction of MG would be 47
+ 24%. The most efficient treatment in significantly reducing MG levels
was canning, with more than 90% decrease after 50 min (see Table 1).

LMG levels increased, except for microwaving, during the thermal
processing in both matrices. In shrimp, levels increased by 20 + 40%
(p=0.194) with increases of 9 + 23% (p = 1.000), 35 + 32% (p = 0.056)
and 29 + 39% (p = 0.080) in boiled and canned trout respectively. This
increase may be due to reduction of MG into LMG occurring during
cooking, or a possible increased efficiency of LMG extraction from
cooked samples. For example, LMG along with its demethylated forms
have been reported to be produced during fungal biotransformation of
MG (Cha et al., 2001). Photo-transformation of an aqueous solution of
MG also produced LMG along with its demethylated and hydroxylated
forms (Perez-Estrada et al., 2008). Generally, chemicals like ascorbic
acid, N,N,N,N-tetramethyl-1,4-phenylenediamine hydrochloride or hy-
droxylamine have also been added during sample extraction as they can
prevent demethylation of MG or reduction to LMG (Lopez-Gutiérrez
et al., 2013). However, as the goal of this study was to identify TPs of MG
and LMG, these chemicals were not used in the extraction procedure.
Their omission may also influence the results obtained and the increase
in LMG levels. A mass balance (Table 1) was calculated for the two
compounds to investigate the possibility of MG reduction into LMG. For
boiled shrimp, boiled trout and canned trout, calculated mass balances
were 1.11, 0.92 and 0.82 respectively. Therefore, it is likely that the
increase in LMG levels after cooking, and the variability observed, is due
to the reduction of MG. There was no significant difference between the
increase percentage for LMG observed in trout (9 + 23%) and shrimp
(20 + 40%) boiled for 10 min (p = 0.457). Although raw shrimp were
found to have a much lower fat content, LMG levels did not decrease.
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Hence, in this study, fat content did not seem to influence the fate of
LMG in muscle during cooking.

The only treatment that did lead to a significant (p = 0.001) decrease
of 34 + 18% in LMG levels was microwaving. This is consistent with the
observations made for carp and tilapia muscles, as LMG levels were
observed to be reduced by 40% after microwaving for 1 min (Mitrowska
et al., 2007; Shalaby et al., 2016). Consequently, the decrease of the
LMG levels is not necessarily due to temperature during treatment, but
as it has been suggested, it is rather due to the presence of electro-
magnetic waves generated during microwaving (Mitrowska et al.,
2007). This similar behaviour has been observed for other veterinary
drugs such as nitroimidazoles or penicillin G, where the compounds
were stable during boiling treatment but levels were reduced during
microwaving in chicken and cattle muscle (Rose et al., 1997; Rose et al.,
1999). The drugs were considered stable during boiling as the residues
lost from the muscle were accounted for in the surrounding fluids.
Reduction in drug levels during microwaving may also have been due to
their transfer into juices, however very low volume or absence of juices
were observed as they had likely evaporated (Rose et al., 1999).
Although no juices were observed during microwaving in the current
study, based on the mass balance calculated (0.55), it is likely that the
corresponding reduction rate is not only due to leaching into juices and
their subsequent evaporation, but that there is indeed some trans-
formation of LMG.

3.4. Identification of thermal TPs

Compounds that may be considered as possible TPs of MG and LMG,
based on fold change and ANOVA statistical analysis, are listed in Ta-
bles 2, S4 and S5. In boiled and canned trout, no molecular features of
interest were identified in negative ionization mode based on the data
treatment criteria (fold change and statistical analysis). Some com-
pounds had molecular weight higher than the parent compounds, indi-
cating possible reactions with matrix components. A search through the
Chemspider and Metlin databases did not yield any possible structural
match.

Photo-transformation or metabolomic studies have identified other
TPs of MG and LMG (Table S6). The masses included in the list were
manually screened for in raw and cooked incurred samples. Only three
compounds (Fig. 3) were tentatively identified as TPs of MG and LMG in
this study. C3 (Fig. 3 and 4) was proposed as a possible TP of MG in
microwaved trout. This compound has previously been identified as a
photo-TP (Perez-Estrada et al., 2008) formed through hydroxyl radical
attack and cleavage/demethylation of the parent trimethylmethane
structure. Hydroxyl radicals can be formed during cooking and may
cause oxidation of macronutrients, like proteins (Soladoye et al., 2015).
These radicals may be responsible for the oxidation of MG and detection
of the benzophenone derivative as a possible TP. C5 was tentatively

Table 1
Effect of thermal treatments on MG and LMG levels in brook trout and shrimp.
Sample  Treatment Time Average MG concentration in Average MG % Average LMG concentration in Average LMG % Mass
(min) muscle” (ng g~V reduction rate” muscle® (ng g 1) reduction rate” balance
Trout Boiling 0 815 + 215 0 1376 + 432 0 N/A
10 531 + 142 —32+18* 1463 + 449 9+ 23 0.92+0.20
30 410 + 110 —49 £ 12 * 1777 + 448 35 £32 1.02 +0.22
Canning 0 757 + 186 0 1227 + 359 0 N/A
50 28+9 -96+2* 1527 + 499 29 + 39 0.81 +£0.27
Microwave 0 759 + 159 0 1099 + 299 0 N/A
1.5 274 + 80 —64+9* 716 + 240 —34+18* 0.54+0.13
Shrimp  Boiling 0 175 + 98 0 486 + 130 0 N/A
10 91 £ 52 —36 £49 * 586 + 173 20 + 40 1.11 +0.42

* Statistically significant at p < 0.05.

@ Expressed as the mean concentrations across all ten replicates + standard deviation.
b Expressed as the mean reduction rate across all ten replicates + standard deviation.
¢ Expressed as the [(MG concentration + LMG concentration in cook muscle)/(MG concentration + LMG concentration in raw muscle)] + standard deviation.
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Features identified in positive ionization mode in cooked exposed (CE) trout and shrimp based on fold change and statistical analysis \/ : increasing in CE (with fold
change >2 compared to CC and EC) and statistically significant (p < 0.05), 1: increasing in CE (with fold change >2 compared to CC and EC) but not statistically

significant (p > 0.05),

: detected in CE but fold change <2 compared to CC and RE) and not statistically significant (p > 0.05), ND: not detected.

Compound R¢ Mass Formula (score) Mass measurement error Trout Shrimp Water
(min) (ppm) Boiling Boiling Canning  Microwave  Boiling 10 100 °C 120

10min 30min min min
C1 3.5 135.0548  CsHsNs (80) -1.25 ND ND ND ND v ND
Cc2 13.5 210.0927  CgH;504S (71) 0.69 = = = 1 = ND
C3 12.6 211.0997  Cy14H;3NO (87) 1.83 = = = 1 = ND
C4 11.7 268.2883  C;7H36N; (85) 1.79 ND ND ND ND 1 ND
C5 10.3 301.1709  Cy1H2iN5 (94) 1.38 = = v = = ND
C6 9.8 302.1771 C21H22N, (80) —4.05 ND ND ND v = ND
Cc7 11.4 303.1622  C;3H25N303S (71) 1.62 ND ND 4 ND ND ND
Cc8 16.0 304.2406  CyoH320, (85) 1.29 = = = ND 1 ND
Cc9 8.5 310.2410  C;gH34N5S (99) —1.80 = = ND ND 1 ND

c10 12.9 314.2060  No formula ND ND ND ND ND v

generated
C11 7.6 346.1609  C;3H26N6OS; (81) -0.71 = 1 ND ND ND ND
C12 14.9 376.2614  Ca3H3604 (81) —2.12 ND ND = ND v ND
C13 15.0 385.2590  Cy;H3706 (98) -1.37 ND ND ND ND v ND
C14 7.6 449.1086  C;3H24CINO; (82) —0.54 v v ND ND ND ND
C15 12.6 458.3257  C6H42N403 (97) 0.69 ND ND ND ND v ND
Cl16 15.6 475.3633  Ca5Hs3N308S; (76) 0.70 ND v ND ND ND ND
C17 8.5 505.2361 No Formula v v ND ND ND ND
generated
C18 13.0 533.2872  C33H35N50, (94) 0.49 ND ND ND v ND ND
C19 13.7 547.3635  CszHs107 (97) 0.10 ND ND ND ND v ND
C20 11.2 552.3179  Ca9H3eNi2 (75) -1.26 ND ND v ND ND ND
c21 16.5 572.1387  C32H3oNO3S3 (73) —0.45 ND ND 1 ND ND ND
C22 13.4 659.3180  C34H47N201; (91) 0.06 ND v ND ND ND ND
Cc23 16.7 829.5609  C3sH71N;505 (97) —0.10 ND ND v ND ND ND
C24 16.2 853.5621 C45Hg3Ns504S3 (88) 0.79 ND ND ND v ND ND
1 H H H3C
(A) S (B) i (©)
NH
CH3
H
‘ N7 l NH
I CH3

CH3

Fig. 3. Structures of tentative TPs of MG and LMG: C3 (A), C5 (B), C6 (C).

identified as 2-desmethylated MG, which has also been described as a
photo-TP (Perez-Estrada et al., 2008). Although it was found in the other
cooked tissues, e.g., boiled trout it was present with a fold change<2 and
not statistically significant. One possibility for this may be variability in
the extraction efficiency between raw and cooked samples. 2-desmethy-
lated MG was however found at statistically significant higher abun-
dance in canned trout (Figure S1); in this context, this compound can
therefore be regarded as a transformation of MG during heating. C6
(Fig. 4) was tentatively identified as 2-desmethylated LMG, which has
been proposed as a fungal biotransformation product (Cha et al., 2001)
as well as a metabolite in catfish muscle (Doerge et al., 1998). C6 was
detected at a statistically significant higher abundance in microwaved
trout. This is in line with the fact that microwaving was the only thermal
treatment that reduced LMG levels.
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3.5. Implications of the present findings

The results obtained in this study, using two previously un-studied
seafood matrices, are in line with previous investigations into the los-
ses of MG and LMG during cooking, which showed that cooking pro-
cedures are not sufficient in reducing the levels of the two compounds.
Canning, which has been used as a cooking treatment to evaluate MG
and LMG for the first time in this study, was able to achieve the almost
complete reduction (~96%) of MG levels. However, the canning treat-
ment applied in this study simulated home canning rather than more
industrial canning. Depending on can sizes, recommended treatment
duration at a retort temperature of 121 °C may vary from 33 to 187 min
(Featherstone, 2016). Currently, there is limited information in the
literature on the detection of MG and LMG in canned seafood sampled
from local markets for example. As part of a total diet study, Tittlemier
et al. (2007) sampled and analyzed canned tuna purchased from the
Canadian market, but did not find any MG or LMG. MG and LMG were
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Fig. 4. (A) Total Ion Chromatogram (TIC) for raw exposed trout (blue) and microwaved exposed trout (red); (B) Extracted Ion Chromatogram (EIC) for C3 and C6 at
m/z 212.1069 and 303.1845 respectively (+20 ppm). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

detected in canned fried dace fish at levels below 10 ng g~* (Hong Kong
Center for Food Safety, 2016; Andersen et al., 2018). Therefore, canned
seafood should also be analyzed as part of monitoring MG and LMG
levels, especially since LMG appears to be more persistent in muscle
during canning treatment compared to MG.

Different possible TPs were detected across all the thermal treat-
ments and in all matrices. This study, along with previously reported
thermal studies of food contaminants (Tian and Bayen, 2018; von Eyken
and Bayen, 2020) reinforces the conclusion that some compounds do not
have the same behaviour or follow the same transformation mechanisms
across different food matrices and thermal treatments. One possibility
for this may be the different degree of oxidation occurring during
different cooking procedures. For example, Khan et al. (2015) found that
cholesterol underwent more oxidation during microwaving as a larger
amount of cholesterol oxidation products (COPs) were detected in meats
compared to other cooking procedures, e.g., roasting. Furthermore,
depending on the meat, i.e., bacon vs. sausage, different COPs were
detected for the same cooking procedure.

The two tentatively identified TPs 2-desmethylated MG and LMG,
have been detected as possible metabolites in the livers of rats that were
fed the two compounds through their diet (Culp et al., 1999). The sub-
sequent oxidation of these compounds may contribute to the formation
of DNA adducts, which have been detected in tissues of rats (Culp et al.,
1999). There are of course some limitations to the current findings. First,
the MG and LMG levels in incurred samples are much higher than levels
encountered in market samples, which are usually below 10 ng g~* (EU
RASFF Portal, 2020). Hence, the study can be replicated using
real-market samples contaminated with MG and LMG to determine if
these tentatively proposed TPs are detected at lower parent compound
concentrations. Second, currently there are no standards available for
confident identification and quantification of these TPs. In this context,
a semi-quantification approach using the parent compounds (von Eyken
and Bayen, 2020) combined with a threshold of toxicological concern
approach should be explored as a first screening tool to assess if TPs are
priority compounds for further toxicological testing.

4. Conclusion

In this study, non-target analysis using high resolution mass spec-
trometry was applied for the first time to study the fate of MG and LMG
in brook trout and crustaceans. Even though shrimp was found to have a
lower fat content, this matrix did not impact the concentration changes
for the more lipophilic LMG, with only microwaving achieving a sig-
nificant reduction of the metabolite. Three compounds, resulting from
the possible demethylation and cleavage of the conjugated structures
have been proposed as possible TPs. Their identity could not be
confirmed due to the lack of available analytical standards of the pure
compounds and further research is needed to determine possible
toxicity. More research, such as extraction of molecular features filtered
on mass defect, is needed to try and identify the high-mass features
identified in cooked compared to raw samples. The findings of this study
show the importance of integrating analysis of processed, e.g., canned
seafood when assessing the human exposure and possible health risk
associated with MG and LMG, as these processing treatments are not
adequate in reducing residues present in muscle.
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