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In situ biomonitoring using caged lumpfish (Cyclopterus lumpus) eggs reveal 
plastic and rubber associated chemicals in a harbour area in Central Norway
Lisbet Sørensen , Julia Farkas , Ida Beathe Øverjordet , and Bjørn Henrik Hansen

SINTEF Ocean, Climate and Environment, Trondheim, Norway

ABSTRACT
Plastics- and rubber-derived chemicals are given increasing focus due to their migration into the 
environment and potential for causing detrimental effects. The current study demonstrates the use 
of a novel biomonitoring platform using caged fertilized eggs of lumpfish (Cyclopterus lumpus) in 
combination with gas chromatography tandem mass spectrometry analysis of a selection of target 
chemicals extracted from the lumpfish eggs after deployment. A monitoring campaign in the 
Trondheim harbor and off the coast of Trøndelag in Norway was executed using the described 
system. Here we found accumulation of UV stabilizers (benzophenone and benzothiazoles), 
plasticizers (n-butylbenzenesulfonamide), reagents, and polymer synthesis precursors (bisphenol 
A, acetophenone, phthalide, and phthalimide) in deployed eggs. Several of the compounds were 
detected in concentrations above previously quantified legacy contaminants in the same study 
areas.
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Introduction

While plastic litter and microplastic accumulation 
effects on the environment have been a major 
research focus for several years, more recently 
focus has shifted toward plastics in the environ-
ment as a vector for associated chemicals. All plas-
tics and rubber contain a variety of both 
intentionally (additives) and non-intentionally 
added substances, most of which are not chemically 
bound to the polymer matrix and thus available for 
leaching into the surrounding environment 
(Hahladakis et al. 2018; Hermabessiere et al. 2017).

With the emerging acknowledgment of pro-
blems associated with plastic litter pollution, tire 
wear particles (TWP) and granulates of car tire 
rubber (CTR) originating from re-purposing of 
end-of-life tires, for instance as playground and 
sports ground infill, has been recognized as one of 
the major constituents of microplastic particles 
reaching the marine environment (Baensch- 
Baltruschat et al. 2020; Hann et al. 2018; Sundt 
et al. 2020; Wagner et al. 2018). A recent report 
estimate that in Norway alone, microplastic dis-
charge to the environment from terrestrial sources 
is 19,000 tons annually, with TWPs and rubber 

granulates from artificial soccer pitches contribut-
ing >70% of these estimated emissions (Sundt et al.  
2020).

By now, a variety of CTR-associated chemicals 
have been found in most environmental compart-
ments (Cao et al. 2022; Johannessen et al. 2022). 
The toxicity of chemicals leaching into seawater 
from CTR has been demonstrated in laboratory 
studies (Capolupo et al. 2020, 2021; Halsband 
et al. 2020). Recent efforts have been made to 
characterize the chemical content of such leachates 
(Capolupo et al. 2020; Halsband et al. 2020; 
Llompart et al. 2013), and to link specific rubber 
chemicals to accumulation and observed detrimen-
tal effects of urban run-off (Tian et al. 2021).

Another key source of microplastic in the 
Norwegian environment is synthetic textiles (Sundt 
et al. 2020), and recent studies have demonstrated 
the presence and potential leaching of chemicals 
from textile fibers released into aquatic environ-
ments (Sait et al. 2021; Sørensen et al. 2021).

While plastic and rubber associated chemicals 
are frequently detected in several environmental 
matrices, including wastewater, rivers, air, and pre-
cipitation, little knowledge on the uptake and 
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presence of such compounds (beyond those fre-
quently studied) in biota exist.

A recent study by our group demonstrated 
a novel approach using fertilized eggs of caged 
lumpfish (Cyclopterus lumpus) for biomonitoring 
of contamination in coastal areas (Hansen et al.  
2022) While the study focused on petrogenic con-
taminants (polycyclic aromatic hydrocarbons, 
PAHs, and phenolic compounds as potential pet-
rogenic metabolites), it also provided evidence for 
other sources of pollution. Bisphenol A (BPA) was 
detected above the limit of detection (LOD) in 
almost all samples close to the urban center of 
Trondheim, but not in the more remote sampling 
location. While no acute effects of contamination 
were observed in the exposed embryos, slightly 
higher indices of embryonic deformations were 
observed in two of the locations with the highest 
accumulation of PAHs and phenolics occurred. 
Here, we aim to expand on the previous work to 
document the accumulation of a suite of rubber 
and plastic associated chemicals in the same 
embryos, further validating the applicability of the 
biomonitoring methodology and providing evi-
dence of these chemicals being present in the area.

Materials and methods

Husbandry and field deployment of lumpfish egg 
and milt acquisition and egg fertilisation

Unfertilized lumpfish eggs from wild-caught 
females were obtained from two different sources 
(Namdalen Rensefisk AS and Skjerneset AS, 
Norway). After strip-spawning, eggs were trans-
ported on ice, arriving at SINTEF Sealab in 
Trondheim within 4 h. Cryopreserved milt from 
one single male was obtained from Cryogenetics 
(Hamar, Norway). Eggs were fertilized in vitro as 
previously described (Hansen et al. 2022). Briefly, 
cryopreserved milt (1 mL) was gently mixed with 
eggs (50 mL) and added to filtered (1 µm, 50 mL) 
seawater. After 3 min, circular molds (2 cm dia-
meter) were used to distribute fertilized eggs in 
circular egg monolayers (CEML), with approxi-
mately 80 eggs in each. CEMLs were kept sub-
merged until the eggs hardened, after which they 
were placed in custom-built polycarbonate holding 
frames (16 CEML in each frame, seven frames 

total) (Hansen et al. 2022). CEMLs were sheltered 
from direct sunlight and kept under water during 
frame and deployment assembly and underwater 
throughout the whole in situ exposure period. The 
deployment rig is described in detail elsewhere 
(Hansen et al. 2022).

Rigs were deployed at six locations (Fig S1, Table 
S1), three locations in Trondheimsfjorden 
(November 2019, 17 days deployment) and three 
off the coast of Trøndelag (November 2019, 19 days 
deployment). Eggs from Namdalen Rensefisk AS 
were used for the Trondheimsfjorden deployment, 
and eggs from Skjerneset AS were used for coastal 
deployment. Conductivity, temperature and depth 
(CTD, Castaway®-CTD, SonTek) were monitored 
and temperature logged (HOBO Pendant® 
Temperature 64K Data Logger, Onset Computer 
Corporation) at 5 min intervals throughout 
deployment. Upon recovery of the rigs (after 17  
days in Trondheimsfjorden and 19 days at the 
coastal deployment), they were kept in ambient 
seawater and transported to the onshore laboratory 
facility. Immediately upon arrival in the laboratory, 
4 CEML replicates from each location were rinsed 
with filtered (1 µm) seawater and immediately fro-
zen (−20°C) until extraction and chemical analyses 
as described below.

Extraction and contaminant target screening

Extractions of eggs were performed as described in 
(Hansen et al. 2022). Briefly, the samples were 
accurately weighed (sample mass range 0.35–0.66  
g) and transferred to glass vials. After addition of 
n-hexane/DCM (1:1 v/v, 4 mL) and surrogate stan-
dards (25.08 ng naphthalene-d8, 5.00 ng phenan-
threne-d10, 4.86 ng chrysene-d12, 5.08 ng 
perylene-d12, 2533.4 ng phenol-d6, 104.2 ng p-cre-
sol-d8, 137.4 ng 4-n-propylphenol-d12), the sam-
ples were homogenized using a disperser (IKA 10 
basic ULTRA-TURRAX®; IKA-Werke, Staufen, 
Germany), sodium sulfate was added followed by 
a brief vortex and centrifugation (720 g, 2 min). 
The supernatant was collected, and the extraction 
repeated two additional times. The combined 
extracts were volume reduced (40°C under 
a gentle flow of N2) to approximately 1 mL, and 
further subject to clean-up by gel permeation chro-
matography (GPC) where 0.5 mL was injected and 
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on an Agilent 1200 LC system with a 1260 series 
fraction collector. Separation was achieved using 
an Envirogel column (19 × 300 mm, 15 μm; 
Waters Milford. MA, USA) and using DCM as 
a mobile phase (5 mL/min). Chromatograms were 
monitored at 210, 254, and 280 nm UV. Analyte 
fractions were collected from 10.1 to 14.5 min with 
pre-added n-hexane in the collection vials as 
a keeper. The sample volume was finally adjusted 
to 0.5 mL by solvent evaporation, and a recovery 
internal standard (100 ng fluorene-d10) was added 
prior to analysis.

Extracts were analyzed by an Agilent 7890 gas 
chromatograph coupled with an Agilent 7010B tri-
ple quadrupole mass spectrometer fitted with an EI 
source and collision cell was used (Agilent 
Technologies, Santa Clara, CA, USA). Two 
Agilent J&W HP-5 MS UI GC-columns (30 m ×  
0.25 mm × 0.25 µm) were coupled in series through 
a purged ultimate union (PUU). The carrier gas 
was high-purity helium at constant flow (1.2 mL/ 
min). Samples (1 µL) were injected at 250°C, the 
oven temperature was kept at 40°C for 1.5 min, 
then ramped to 110°C by 40°C/min, to 310°C by 
5°C/min and held for 20 min. The temperature was 
finally held at 330°C for 5 min, while the first 
column was backflushed. The transfer line tem-
perature was 300°C, the ion source temperature 
was 230°C and the quadrupole temperatures were 
150°C. The EI source was operated at 70 eV. N2 was 
used as collision gas at a flow of 1.5 mL/min and 
helium was used as a quench gas at a flow of 2.25  
mL/min. Target analytes were identified by two 
unique MRM transitions and quantified by the 
area of the most intense peak (Table S2). For quan-
tification, the peak area was normalized to that of 
chrysene-d12 and a quadratic regression (0.1–1000  
ng/mL) curve was used. Calibration standards were 
re-run for each 12 sample injections to monitor the 
system performance, and a variation of no more 
than 25% was accepted. Method limits of detection 
(LOD, based on laboratory blanks) is provided in 
Table S2.

Statistics

Data treatment and statistical analyses were con-
ducted with GraphPad Prism V9.5.1 (GraphPad 
Software, Inc., CA, USA). Comparisons of 

contaminant body burdens between stations were 
performed with one-way ANOVA, followed by 
Tukey’s multiple comparisons test or Kruskal– 
Wallis test, followed by Dunn’s multiple compar-
ison test for non-normal distributed data sets 
according to D′Agostino & Pearson omnibus nor-
mality test. Significance level was set to p < 0.05 
unless otherwise stated.

Results and discussion

In addition to being proven applicable for target 
quantification of PAHs and alkyl phenols in fish 
eggs (Oppegård, Hansen, and Sørensen 2020; 
Sørensen et al. 2019), the applied extraction- 
purification protocol was recently validated for 
use in non-target and suspect screening of a range 
of legacy and chemicals of emerging concern in 
small biotic samples (Sørensen et al. 2023).

A selection of plastic and rubber relevant che-
micals (Table 1) was identified and quantified in 
deployed lumpfish eggs, at several of the deploy-
ment locations (Figure 1). The highest concentra-
tions of most compounds (BPA, acetophenone, 
benzothiazole, 2-(methylthio)benzothiazole, 
phthalide, and phthalimide) were detected at the 
two locations (Brattørkaia; BK, Nyhavna; NH) 
located closest to the city center of Trondheim 
(Fig. S1), particularly Brattørkaia (BK) where con-
centrations were significantly higher (p < 0.05) 
than all other stations for acetophenone, ben-
zothiazole, benzophenone, 2-(methylthio)ben-
zothiazole, phthalide, and phthalimide (Figure 1). 
Only one of the compounds, the plastic softener 
n-butylbenzenesulfonamide, was detected in signif-
icantly higher concentrations at a coastal deploy-
ment site (ACE3) compared to the studied harbor 
areas (p < 0.05).

Of the selected compounds, BPA was detected in 
lowest concentrations in the eggs and only in har-
bor stations and one sample in the Trondheim 
fjord (no significant differences between station, 
p > 0.05, Figure 1A). With the highest theoretical 
bioconcentration factor (BCF), this may further 
imply that aqueous concentrations of the other 
compounds are orders of magnitude higher than 
of BPA. Although it is not known to what extent 
lumpfish embryos are able to metabolize different 
xenobiotics, they can induce cyp1a expression early 
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on in embryogenesis (84-h post fertilization) 
(Hansen et al., 2023); thus, metabolization of target 
compounds during deployment would potentially 
affect the measured concentrations. Some of the 
target compounds in our study, including ben-
zothiazoles and BPA, are capable of inducing bio-
transformation enzymes like cyp1a (He, Zhao, and 
Denison 2011) and UDP-glucuronosyltransferases 
(Huang et al. 2018), respectively.

Quantified levels of BPA (by wet weight) accu-
mulated in the lumpfish eggs over the length of 
deployment herein were at the lower end of the 
range of those detected in lipid-rich Arctic zoo-
plankton species in a recent study by our group 

(Sørensen et al. 2023). BPA has also been detected 
in both Arctic seawater and organisms and 
hypothesized sources include long-range atmo-
spheric transport as well as transport by plastic 
debris (Ademollo et al. 2018, 2021). BPA remain 
a high-production volume chemical with multiple 
applications, pinpointing the source of pollution in 
the test sites is currently not possible.

All compounds shown to accumulate in lump-
fish eggs in the current study may have several 
sources. However, all the compounds are com-
monly found in various types of rubber or plastic 
products that may be used domestically or in out-
door applications. The sampling station BK is the 

Table 1. An overview of quantified analytes and their properties. * Octanol-water partition coefficients (KOW) and theoretical 
bioconcentration factors (BCFs) based on regression are extracted from EpiSuite (U.S. EPA 2012). A(Corrales et al. 2015), B(Chai et al.  
2018; Kühn et al. 2020), C(Liao, Kim, and Kannan 2018), D(Guo et al. 2020), E(Salazkin and Shaposhnikova 2013), F(Guo et al. 2009), G 

(Rider et al. 2020).

Analyte CAS

Molecular 
weight 
(g/mol)

log KOW 

*
Theoretical BCF (L/kg wet 

weight)* Known applications

Bisphenol A (BPA) 80-05-7 228.4 3.64 72 Plastic and resin precursorA

Acetophenone 98-86-2 120.2 1.67 1.3 Precursor to resins/copolymers used in coatings, inks, and 
adhesivesB

Benzothiazole 95-16-9 135.4 2.17 9.9 UV stabilizerC

2-(Methylthio) 
benzothiazole

615-22- 
5

181.3 3.22 56 UV stabilizerC

Benzophenone 119-61- 
9

182.3 3.15 15 UV stabilizerD

Phthalide 87-41-2 134.3 0.71 3.1 ReagentE

Phthalimide 85-41-6 147.3 1.30 2.7 ReagentF

n-Butylbenzenesulfonamide 3622- 
84-2

213.4 2.31 16 PlasticizerG

Figure 1. Concentrations of rubber and plastic associated chemicals accumulated in lumpfish eggs after exposure in the field at 
Brattørkaia (BK), Nyhavna (NH), Trondheimsfjorden (MH5: 5 m depth, MH15: 15 m depth), and in a transect from an aquaculture facility 
at the coast (ACE1 being closest). Significant differences (p < 0.05) between groups are denoted different letters (one-way ANOVA 
followed by Tukey’s multiple comparisons test).
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main harbor for small maritime traffic in 
Trondheim, including passenger vessels. NH has 
been an important industrial area since the late 
1800s and today the NH harbor area consists of 
a shipyard and a local industrial hub. Two munici-
pal wastewater treatment plants exist in 
Trondheim and may contribute to observed pollu-
tion in both near-city locations. Further, urban 
run-off and transport from the river Nidelva, 
which lets out close to the BK station, may also 
explain the presence of these chemicals in this area 
(Tian et al. 2021). The ACE stations were in the 
vicinity of an aquaculture production facility for 
farmed salmon. Local leaching of n-butylbenzene-
sulfonamide from plastic components of the facil-
ity may explain its elevated presence at these 
locations, but this needs further investigation.

UV stabilizers benzothiazole, 2-(methylthio) 
benzothiazole, phthalide, and phthalimide have 
previously been detected in seawater leachates of 
CTR (Capolupo et al. 2020; Halsband et al. 2020). 
Benzophenone, benzothiazole, phthalide, phthali-
mide, n-butylbenzenesulfonamide, have also been 
found in textile microfibres and their correspond-
ing aqueous leachates (Sait et al. 2021; Sørensen 
et al. 2021). Benzothiazole and 2-(methylthio)ben-
zothiazole have also previously been detected in 
a variety of environmental matrices including was-
tewaters and receiving waters (Liao, Kim, and 
Kannan 2018), and have recently been quantified 
in megacity air samples from across the world 
(Johannessen et al. 2022). The plasticizer n-butyl-
benzenesulfonamide is commonly detected in 
environmental samples (Di Carro et al. 2018) and 
is currently under review due to its persistence and 
toxicity, both to aquatic organisms and humans 
(Blum et al. 2018; Rider et al. 2020). 
Acetophenone has previously been detected in 
polystyrene plastics and further observed to trans-
fer from plastic particulates to lipid-rich biological 
fluids (Kühn et al. 2020).

When transported back to the laboratory for 
incubation in clean seawater until hatch, a battery 
of ecotoxicological endpoints were assessed both in 
the embryos and in the larvae after hatching. These 
have all been reported previously (Hansen et al.  
2022). Briefly, a higher proportion of the embryos 
incubated in BK displayed morphological deforma-
tions and delayed development compared to the 

other stations. Toxic effects of benzothiazoles on 
fish, including effects of nutrient accumulation, 
retarded larvae growth, and histological impairment 
of gills, have been reported in the literature pre-
viously (Liao, Kim, and Kannan 2018). The eggs 
incubated in the harbor areas accumulated 
a mixture of different pollutants, including PAHs 
up to comparable levels with benzothiazoles (Figure 
S2). Thus, the observed embryotoxicity cannot be 
assigned exclusively to a specific group of pollu-
tants, e.g., the plastic and rubber associated chemi-
cals reported herein. Given the low BCFs reported 
in the literature for benzothiazoles (<400) (Liao, 
Kim, and Kannan 2018) compared to many of the 
other more lipophilic pollutants (e.g., PAHs and 
PCBs) found to accumulate in lumpfish eggs, it is, 
however, reasonable to assume the exposure con-
centrations for the plastic and rubber-associated 
chemicals were higher. After incubation in the 
laboratory until hatch, no gross morphological 
impacts on hatched larvae were observed, suggest-
ing that the surviving larvae, at least to some extent, 
were able to withstand toxicity from the accumu-
lated pollutants (Hansen et al. 2022).

Conclusions

The current study demonstrates the presence of 
a small suite of rubber and plastic chemicals in the 
marine waters outside Trondheim in Norway. The 
city harbor locations demonstrated significantly 
higher levels of most of the chemicals, apart from 
the softener n-butylbenzenesulfonamide, which was 
primarily detected at two coastal locations. This study 
supports the applicability of the lumpfish egg biomo-
nitoring tool, which was previously demonstrated for 
petroleum hydrocarbons, also to assess environmen-
tal contamination of more polar and mobile chemi-
cals. Further, the study shows the potential for these 
compounds to accumulate in marine biota, several of 
which are known to be toxic. Future investigations 
should aim at elucidating the toxicity of these chemi-
cals to native species in these habitats.
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