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A B S T R A C T   

Organic coatings can guarantee long-term protection of steel structures due to causing a physical barrier against 
water and oxygen. Because of their mechanical properties and resistances to heat and chemicals, epoxy resin- 
based coatings are widely used for corrosion protection. Despite of the aromatic backbone and the resulting 
susceptibility to UV degradation, epoxy resins are frequently used as binding agent in top layers of anti-corrosion 
coating systems. Consequently, these organic polymers are directly exposed to sunlight and thus UV radiation. 
The present study was designed to investigate if toxic effects of epoxy resin-based-coatings are changed by UV-A 
irradiation. For this purpose, two epoxide-based top coatings were examined with and without UV aging for their 
bacterial toxicity and estrogenicity. In addition, chemical analyses were performed to identify released com
pounds as well as photolytic degradation products and to assign toxic effects to individual substances. UV-A 
irradiation of epoxy resin based top coatings resulted in an overall decrease of acute and specific ecotoxico
logical effects but as well to the formation of toxic transformation products. Both, in leachates of untreated and 
UV-A irradiated coatings, 4tBP was identified as the main driver of estrogenicity and toxicity to luminescent 
bacteria. BPA and structural analogs contributing to estrogenic effects in leachates were formed by UV-A irra
diation. The combination of HPTLC coupled bioassays and LC-MS analyses supported the identification of 
bioactive compounds in terms of an effect-directed analysis. The present findings indicate that epoxide-based 
coatings are less suitable for the application as top coatings and more UV stable coatings like aliphatic poly
urethanes should be preferred.   

Introduction 

Alterations of metallic (construction) materials by the reaction with 
their environment are summarized under the term corrosion. To main
tain relevant infrastructures, this natural process can be prevented by 
active and passive protection methods. Active corrosion protection is 
done by the negative polarization of the steel e. g. by galvanic anodes or 
impressed-current systems. In contrast, passive protection methods 
achieve their anti-corrosive properties by acting as barrier between the 
metal and the corrosive environment. An effective and frequently used 
passive method is the application of organic coatings systems since they 
can provide long-term protection of steel structures even under 
aggressive environmental conditions (e.g. in industrial or marine ap
plications). Besides major steel structures such as bridges, (offshore) 
wind turbines and buildings, the bodyworks of vehicles are protected by 
organic coatings (Lyon et al. 2017). Protective paint systems are 
designed for protection periods up to over 25 years and are 

internationally standardized according to ISO 12944-1 (ISO 2018a). In 
perspective, systems even providing at least 50 years of corrosion pro
tection are intended to be approved (Kuhlmann 2020). 

For the fabrication of organic coatings, a wide range of binding 
agents can be applied, such as alkyd resins, acrylic resins, ethyl silicates, 
fluoropolymers, polyester resins, polysiloxanes, polyacrylates and pol
yaspartates (ISO 2018a). The most commonly used coatings are based on 
polyurethane or epoxy resins. A complete anti-corrosion coating system 
can consist of up to three different coating layers (priming, intermediate 
and top coating), which themselves consisting of one or two components 
and are applied usually in up to 360 µm film thickness. After application, 
the coating is continually exposed to weathering, especially to UV ra
diation. Because of their aromatic backbone, epoxide-based coatings 
have a decreased UV-stability compared to coatings based on poly
urethane. Nevertheless, the former is frequently used as top layers in 
anti-corrosion coating systems. Consequently, these organic polymers 
are irradiated by sunlight and thus UV radiation. This might trigger the 
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degradation of the chemical structure of the coating caused by the 
cleavage of chemical bonds due to photolysis and the attack of free 
radicals (autoxidation) (Hare 1992). Besides the negative effects on the 
durability of the coating by e.g. cracking or delamination from the 
coated surface, the light-induced degradation could possibly lead to the 
formation of transformation products with unwanted biological 
activities. 

Depending on the corrosive category and protection period, the 
resistance of paints to weathering is examined as part of their perfor
mance testing under artificial (cycle test according to ISO 12944) and 
natural conditions (long-term exposure in nature according to BAW 
(2011)). The ISO standard asks for reduced emissions of volatile organic 
compounds (VOC) and prohibits the use of toxic and carcinogenic in
gredients, but the assessment of possible environmental impacts is not 
part of the authorization of corrosion protection systems. However, 
coatings based on epoxy resins can contain a wide range of organic 
solvents, metallic pigments, UV stabilizers, biocides, and other potential 
hazardous substances as bisphenol A/F, alkylphenols and other phenolic 
substances and polyamines, which are added as curing agents (Jin et al. 
2015, Verma et al. 2020). All these ingredients and reaction products 
formed during the hardening by polyaddition reactions potentially pose 
a risk to the aquatic environment if released from respective steel 
structures either by a direct contact with a water body or indirectly via 
the runoff from the structure after rainfall. 

In previous studies the leaching of bisphenol A, nonylphenol and 4- 
tert-butylphenol from various unweathered epoxy resin-based coatings 
was already reported. In this context, estrogenic activity and toxic ef
fects to water fleas, luminescent bacteria and cypris larvae of barnacles 
were detected (Bell et al. 2020, Vermeirssen et al. 2017, Watermann 
et al. 2005). In contrast, investigations on UV aged coatings were mainly 
focused on topics of material and polymer sciences such as the mecha
nisms of photodegradation or structural and performance changes. For 
instance, Liu et al. (2014) studied the microstructural alteration of a 
polyamide-cured epoxy coating and discovered the formation of mi
cropores along with an increased water barrier function upon UV-A 
irradiation. Brand et al. (2020) recently investigated irradiated 
coating surfaces and elucidated degradation pathways leading to the 
delamination of polyurethane top layers. However, the toxicity of UV 
aged coatings to the (aquatic) environment has not been addressed so 
far. 

Therefore, this study was designed to investigate if toxic effects of 
epoxy resin-based-coatings are changed by UV-A irradiation. For this 
purpose, two epoxide-based top coatings were examined with and 
without UV aging for their bacterial toxicity and estrogenicity. In 
addition, chemical analyses were performed to identify released com
pounds as well as photolytic products and to assign toxic effects to in
dividual substances. 

Material and methods 

Selection of coating systems and fabrication of test plates 

The current study was performed with two different two-component 
epoxide-based top coatings for corrosion protection known for their 
elevated bacterial toxicity and estrogenic effects from previous in
vestigations (Bell et al. 2020). The selected products are primarily used 
for the corrosion protection of hydraulic steel structures and are among 
the most relevant coatings for the federal transport infrastructure of 
Germany. The coating was performed by the Institute for Corrosion 
Protection (IKS, Dresden). The respective layers were applied on the 
front, back and edges of steel plates with a size of 150×160×3 mm 
following the respective instructions provided by the manufacturer of 
the coatings. The particular layer thickness was defined by the list of 
approved coating systems of the BAW and amounted to 200 µm and 500 
µm for coating A and B, respectively. 

The treatment with UV-A radiation was conducted in an indoor UV- 

chamber (UVA CUBE 400, Dr. Hönle AG, Germany) for 65 h only on the 
front of the coated plates with an average power of 230 W/m2 and a total 
energy amount of 53.82 MJ/m2. The UV doses were recorded using the 
corresponding UV-Meter equipped with an optical fiber sensor (340-405 
nm). Using 215 MJ/m2 as reference annual UV-radiation dose in central 
Europe (295-400 nm) (Atlas Material Testing Solutions 2001), the 
released radiation is equivalent to approximately three months of real 
time exposure in central Europe (230 W/m2 × 65 h × 3600 s/h =
53.82×106 J/m2). 

Leaching and sample preparation 

The coated plates were attached on nylon strings and immersed in 3 l 
deionized water filled into all-glass aquariums (300×220×240 mm). 
The containers were covered by glass plates. Leaching water was 
sampled after 4 weeks and stored in closed, dark glass bottles at 2 to 8◦C. 
Samples that were not examined within 48 h after collection were kept 
frozen at ≤ − 18◦C until further analysis. An aliquot of each sample was 
concentrated 1000-fold by solid phase extraction (SPE) using OASIS HLB 
6cc (200mg) cartridges. The selected sorbent is designed for a universal 
application and can retain a wide range of acidic, basic, and neutral 
substances. The cartridges were conditioned with 2 ml n-heptane 
(Picograde, Promochem), 2 ml acetone (Picograde, Promochem), 3 × 2 
ml methanol (Optigrade, Promochem) and 4 × 2 ml double distilled 
water and then loaded with 1000 ml of the aqueous samples. After 
drying, the SPE cartridges were eluted with 4 × 2 ml methanol. Extracts 
were evaporated and restored in ethanol (Optigrade, Promochem). Each 
coating was investigated as triplicate with and without UV aging. Two 
aquaria without plates served as controls. 

Bioassays 

Luminescent bacteria assay 
The bioluminescence of the marine bacterium Aliivibrio fischeri can 

be utilized to assess acute bacterial toxicity by quantifying the inhibition 
of the bacterial light emission after exposure to the test sample. 

Luminescent bacteria assay in 96-well plates. The procedure of biolumi
nescence inhibition assay in 96-well plates was adapted from DIN EN 
ISO 11348-2 (ISO 2007) and performed with reconstituted liquid-dried 
bacteria (LCK 482, Hach Lange). Prior testing, ethanolic extracts were 
pre-diluted at least 1→1000 and simultaneously salinated with NaCl 
solution (2 %, m/v). Each sample was tested in dilution series in a 
geometric sequence, three-fold independently in white 96-well micro
titer plates (µCLEAR, Greiner Bio-One) with three technical replicates 
each. Together with the three independent leaching experiments, nine 
biologically independent tests were performed in total for each coating 
and condition (with/without UV). A NaCl solution (2 %, m/v) was used 
as negative control and 3,5-dichlorophenol (97 %, Sigma; c = 4.5 mg/l) 
served as positive control. The half maximal effect concentration in 
terms of sample dilution (EC50) calculated from the tested dilution se
ries was used as test result. 

HPTLC coupled luminescent bacteria assay. For the performance of the 
HPTLC coupled luminescent bacteria assay, liquid-dried bacteria were 
reactivated with 4 ml of supplied reactivation solution and cultivated in 
200 ml liquid medium for pre- and main cultures according to DIN EN 
ISO 11348-1 (ISO 2007b) in an Erlenmeyer flask with cap under con
stant agitation (350 ± 50 rpm) for 48 ± 2 h at room temperature. On the 
day of analysis, ethanolic extracts were sprayed in 5 mm bands using the 
automatic TLC sampler ATS 4 (Camag) on a HPTLC plate (Silica gel 60 
F254 glass plates, 20×10 cm, Merck Chemicals, prewashed with Meth
anol and activated by drying for 30 min at 110◦C). Chromatographic 
development was conducted in the automated developing chamber 
AMD 2 (Camag) with ethyl acetate (Optigrade, Promochem) and 
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n-hexane (Lichrosolv, Merck) (35:65, v/v) after focusing the samples 
with methanol. Before exposition with luminescent bacteria, the sol
vents on the plates were allowed to evaporate for at least 3 h. Subse
quently, the plates were dipped into a suspension of luminescent 
bacteria with the Chromatogram Immersion Device 3 (Camag) for 1 s at 
highest speed. The supernatant suspension was removed from the silica 
surface using a squeegee. The bioluminescence was documented after an 
exposure time of 11 min by using a cooled 16 bit CCD camera integrated 
in the BioLuminizer (Camag). Toxic fractions appear as dark zones. 

Yeast estrogen screen (YES) 
The reporter gene assay is based on the activation of the human es

trogen receptor alpha (ERα) in case of the presence of ERα-agonists in 
the sample. The activation of the receptor is measured by a reporter gene 
assay using the lacZ-gene - encoding the enzyme β-galactosidase - as the 
reporting element. The applied test strain according to McDonnell et al. 
(1991b) (1991a) is based on the strain Saccharomyces cerevisiae BJ3505 
(protease deficient, MATα, PEP4::HIS3, prb-1-δ1.6R, HIS3-δ200, 
lys2-801, trp1-δ101, ura3-52gal2can1). 

Yeast estrogen screen in 96-well plates. The estrogenicity was investigated 
in 96-well microtiter plates (Cellstar, Greiner Bio-One) according to ISO 
19040-1 (ISO 2018b) by exposing the genetically modified yeast cells at 
30◦C for 18 h to dilutions of the ethanolic extracts. Each sample was 
tested at least three-fold independently with four technical replicates 
each. Together with the three independent leaching experiments, nine 
biologically independent tests were performed for each coating and 
condition (with/without UV). Single compounds were investigated at 
least three times independently. Ethanol (1 %) was used as negative 
control and a dilution series of 17β-estradiol (E2) (≥ 98 %, 
Sigma-Aldrich) served as positive control (500 – 0.66 ng/l) and for 
calibration. The estrogenic potential of samples was quantified in terms 
of a 17β-estradiol equivalent concentration (EEQ). 

HPTLC coupled yeast estrogen screen (p-YES). The investigation of 
estrogen-like effects on HPTLC-plates was performed according to Rie
graf et al. (2019) and the chromatographic procedure was adopted from 
the luminescent bacteria assay (see 2.3.1.2). The yeast cells were 
exposed to the plates by spraying and incubated for 3 h under saturated 
humid atmosphere (NuAire CO2-incubator with humidity control, 
NU-5820E). Estrogenic fractions appearing as fluorescent zones were 
documented using a TLC Visualizer 2 (CAMAG) at an excitation wave
length of 366 nm. 

Data evaluation and statistics 
The statistical analysis of bioassay data was performed using the 

open source software R (version 3.4.3). The fits of concentration- 
response relationships and estimates of EC50 were generated by a 
five-parameter log-logistic function (equation 1) by means of the 
extension package drc (version 3.0.1). 

f(x) = c +
d − c

(1 + exp(b × (log(x) − log(e))))f (1) 

The response of respective bioassays was evaluated as a function of 
concentration x with the parameters c and d as lower and upper response 
limits, respectively. The parameter e is defined as inflection point, 
parameter b denotes the relative slope and the parameter f describes the 
asymmetry of the curve. 

Toxic units were calculated by dividing the mass concentrations of 
quantified standards (see Table 2) by their respective half maximal 
effective concentration (EC50) of the single compounds determined by 
the characterization of a complete concentration-response relationship 
in the YES and luminescent bacteria assay in 96-well plates. 

Chemical analyses 

Qualitative and quantitative analysis of extracts 
The identification and quantification of compounds released from 

untreated and UV-A aged coating systems were performed with an HPLC 
system (1260 Infinity series, Agilent Technology, Waldbronn, Germany) 
coupled to a high resolution mass spectrometer (TripleTOF, AB SCIEX). 
The QTOF system was equipped with a DuoSpray ion source and a 
TuboIon Spray probe for electro spray ionization (ESI) experiments. The 
parameter for positive and negative ionization were as follows (values 
for ESI(-) in parenthesis): ion source gas (GS) 1 and 2: 35 and 45 psi; 
curtain gas (CUR): 40 psi; source temperature (TEM): 550◦C; ion spray 
voltage floating (ISVF): 5500 eV (-4500 ev), declustering potential (DP): 
60 V (-100 V); ion release delay (IRD): 67 ms; ion release width (IRW): 
25 ms. Full scan experiments (100-1200 Da) were performed with an 
accumulation time of 0.2 s in the high sensitivity mode. Eight inde
pendent data acquisition (IDA) experiments were acquired for MS2 

spectra accumulation (accumulation time: 0.05 s). The fragmentation 
conditions were as follows: mass range: 30-1200 Da; CE: 40 eV (-40 eV), 
collision energy spread (CES): 15 eV (-15 eV). The mass spectrometer 
was automatically re-calibrated after four runs using an automated 
calibrant delivery system (CDS) via atmospheric pressure chemical 
ionization (APCI). Chromatographic separation by HPLC was performed 
on a Zorbax Eclipse Plus C18 column (Narrow Bore RR, 2.1 × 150 mm, 5 
µm) with a Zorbax Eclipse XDB-C8 Guard column (2.1 × 12.5 mm, 5 
µm), both obtained from Agilent. The eluent depends on the polarity of 
the measurement. For positive ionization a gradient elution with Milli-Q 
water (A) and methanol (B), both with 0.1 % formic acid, was per
formed. Because of an insufficient ionization for some analytes in the 
positive ionization mode, the detection was performed as well in the 
negative ionization mode using a gradient elution with Milli-Q water 
(A2) and methanol (B2) without adding formic acid. The following 
solvent gradient with a flow rate of the mobile phase of 0.3 ml/min was 
applied for both measurements: 0-2 min, 30 % B (B2); 2-4 min, 80 % B 
(B2); 4-12 min, 98 % B (B2); 12-16 min, 98 % B (B2); 16-20 min, 30 % B 
(B2); 20-25 min, 30 % B (B2). The injection volume was 10 µl and the 
column temperature was set to 50◦C. MS data acquisition was controlled 
with Analyst 1.6.2 (SCIEX). For the quantification of target compounds 
(Table 1) an external 9-point calibration was performed ranging from 10 
to 250,000 ng/l in methanol. The identity of each analyte in the samples 
was checked by comparing retention time, high resolution MS1 and high 
resolution MS2 fragmentation of the corresponding [M+H]+ or [M-H]−

against the respective authentic standard. The response area of [M+H]+

respectively [M-H]− at MS1 level was used for quantification. Data 
processing was performed by the software MultiQuantTM 3.0.2 (SCIEX). 
The samples were measured after dilution with methanol by a dilution 
factor of 1×10− 2, 1×10− 4 or 2×10− 6 to reach the linear calibration 
range. 

Effect-directed analysis of bioactive fractions 
The identification of compounds contributing to bacterial toxicity 

and estrogen-like effects of the extracts was performed by thin layer 
chromatography. The extracts were developed according to the pro
ceeding in HPTLC coupled assays. Based on the previously detected bio- 
active zones, toxic fractions were marked on the surface of the HPTLC 
plate with a pencil. The silica layer was scraped off the glass at relevant 
positions with a scalpel and placed in a reaction tube. The obtained 
fractions were extracted with 500 µl ethanol (Optigrade, Promochem) 
by thoroughly mixing for 30 s. After the centrifugation of the suspen
sions for 1 min at 14,000 g, the supernatants were filtered (PTFE, 0.45 
µm) and subjected to LC-MS analysis as described in section 2.4.1. 
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Table 1 
Analytical parameters of target compounds. Quantification limits (LOQ) are given at the level of the lowest analyte concentration of the calibration. Ionization mode 
used for quantification is indicated by underlining the respective precursor ion mass.  
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Results 

Alteration of toxicity by UV irradiation 

In order to investigate, if ecotoxicological effects of epoxide-based 
coatings are changed by UV-A irradiation, two different top coatings 
were examined with and without UV-aging for their bacterial toxicity 
and estrogenicity. 

All tested leachates caused high toxicity to bacteria and induced 
estrogenic effects. Interestingly, the UV-A irradiation of the coatings 
resulted in a significant decrease of toxicological effects (see Figure 1). 
In total, 185 ± 19 ng/l EEQ were determined in leachates of coating A 
without UV aging, whereas the mean EEQ concentration was 152 ± 13 
ng/l in the corresponding leachates of UV aged coatings. The leachates 
of coating B contained 50.6 ± 7.2 ng/l EEQ without UV aging and 31.4 ±
4.5 ng/l EEQ after UV-irradiation. In the bioluminescence inhibition 
assay, the EC50-values in terms of percentage of the sample in the assay 
of coating A and B without UV aging were 0.190 ± 0.002 % and 0.820 ±
0.011 %, respectively. The UV-A irradiated plates resulted in EC50- 
values of 0.260 ± 0.002 % in case of coating A and 1.860 ± 0.031 % 
in case of coating B. 

Formation of toxic transformation products 

Despite the observed reduced toxicity caused by the UV aging of 
coatings, it cannot be excluded that bioactive transformation products 
(TPs) are formed during the treatment and released into the environ
ment. HPTLC coupled bioassays can assist in the identification of toxic 
compounds by the determination of toxic fractions in continuously 
separated samples. Therefore, leachates of untreated and UV-A irradi
ated coatings were investigated for differences in effect patterns by 
means of the HPTLC coupled luminescent bacteria assay as well as the 
planar Yeast Estrogen Screen (p-YES). The bioactive HPTLC fractions of 
respective standards and selected samples were subsequently analyzed 
by LC/MS. The phenols 4tBP and BPA were suspected targets to be 
present as bioactive compounds due to their identification in previous 
studies investigating leachates of coatings for corrosion protection. 

In all leachates of coatings without UV aging, bacterial toxicity was 
observed as only one, very intense signal at a Rf-value of 0.74 (see 
Figure 2A and Figure SI 2A). At the same height a signal with less in
tensity was detected in all leachates of coatings with UV aging. In case of 
the irradiated coating an additional inhibition zone occurred at a Rf- 
value of 0.32. All signals showed a dose dependent variation of in
tensity (see Figure SI 3). The same effect patterns were observed by the 
p-YES (see Figure 2B and Figure SI 2B) with the difference that minimal 
estrogenic activity already becomes visible at a Rf-value of 0.32 in 
leachates of coatings without UV aging. However, the increased signal 
intensity after UV-irradiation at Rf = 0.32 is clearly evident. 

The Rf-values of observed effect signals matched well with the 
pattern of the suspected compounds 4tBP and BPA (not shown). The 
subsequent comparison of chromatograms revealed the presence 4tBP at 

a Rf-value of 0.74 and BPA at a Rf-value of 0.32 (Figure 3). 

Released substances 

Following the initial identification, the samples were further 
analyzed for possible transformation products of BPA and other phenolic 
compounds by a targeted LC-tandem MS-approach. In addition to 4tBP 
and BPA, further four phenols, namely 4-cumylphenol (4CP), 4-[1-(4- 
methoxyphenyl)-1-methylethyl]phenol (BPA-I11), 5-hydroxybisphenol 
A (BPA-I10), bisphenol A bis(2,3-dihydroxypropyl) ether (Bis-HPPP), 
and 2-phenylphenol (2PP) were identified. These compounds were 
subsequently quantified by an external calibration (see Table 2). Three 
of these substances (4tBP, BPA and Bis-HPPP) were detected in all 
samples, further three (4CP, BPA-I11, BPA-I10) only in leachates of UV- 
irradiated coatings and one (2PP) just in leachates of untreated coating 
B. The contents of 4tBP and Bis-HPPP were significantly lower in 
leachates of UV-irradiated coatings compared to leachates of coating 
without UV treatment. The release of 4tBP was reduced by around 40 % 
and 45 % in leachates of coating A and B, respectively, leachates of UV- 
irradiated coating A showed a release of Bis-HPPP reduced on average 
by 72 % compared to the untreated coating A. In contrast, in leachates of 

Fig. 1. Toxic effects in leachates of untreated (-) and UV-A 
irradiated (+) coatings A and B (mean, n = 9, error bars 
indicate SE). Experiments were performed with concentrated 
samples. The presented results are calculated for the original 
aqueous leachates. Negative controls showed no effects. For 
the full dose-response data see Figure SI 1. A: Estrogenic ac
tivities detected as estradiol-equivalents (EEQ) with a recom
binant yeast estrogen screen. B: Toxicity to luminescent 
bacteria is shown as EC50.   

Fig. 2. Toxicity in leachates of untreated (- UV) and UV-A irradiated (+ UV) 
coating B on HPTLC-plate. The ethanolic extracts (1000-fold concentrated) of 
all replicates were chromatographically developed with ethyl acetate / n-hex
ane (35:65). For a better visualization brightness and contrast were adjusted. A: 
Black and white image of luminescence signals after 11 min exposure of 
luminescent bacteria. The 1:10 diluted extracts were applied in a volume of 10 
µl each. B: Fluorescence image of HPTLC coupled Yeast Estrogen Screen at an 
excitation wavelength of 366 nm. The 1:10 diluted extracts were applied in a 
volume of 5 µl each. 
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UV-irradiated coatings A and B the concentration of BPA increased 
about 6 and 19 times compared to leachates of coatings without UV- 
treatment. 

Characterization of effects caused by identified compounds 

In addition to the quantification of the released substances, the in
dividual compounds were characterized regarding to their toxic potency 
using the HPTLC-coupled and the microplate bioassays. On basis of the 
latter test approach, the relative contribution of individual substances to 
the bacterial toxicity and estrogen-like effects were estimated. 

All the substances quantified in the leachates of the coatings were 
toxic to luminescent bacteria (Figure SI 5A). By far the highest toxicity 
was observed in the presence of 4tBP (EC50 = 14.0 ± 0.4 µg/l), which 
was also detected in the highest concentrations in the leachates. 
Therefore, the toxicity to luminescent bacteria was virtually completely 
driven by 4tBP and the contribution of the other quantified substances is 
negligible. 

Six of the seven quantified substances showed estrogenic effects 
(Figure SI 5B). In this context, the most potent substance was 4CP (EC50 
= 44.9 ± 5.9 µg/l) followed by BPA-I11 (EC50 = 161.3 ± 1.8 µg/l) and 

BPA (EC50 = 302 ± 24 µg/l). Although 4tBP induced the estrogenic 
effects less strong (EC50 = 6300 ± 220 µg/l), it could explain more than 
99 % of the estrogenicity of discovered compounds in leachates of un
treated coatings (see Figure 4). Likewise, in leachates of UV irradiated 
coatings the estrogenic effects were driven by 4tBP, the mean contri
bution to estrogenicity of the quantified substances in leachates of 
coating A and B was 97 % and 81 %, respectively. On average, BPA 
explained 3 % and 16 % of the overall estrogenic potential caused by the 
identified compounds in samples of UV irradiated coatings A and B. In 
leachates of UV irradiated coating B, 2 % and 1 % of the estrogenicity 
can be assigned to BPA-I11 and 4CP, respectively. Although BPA-I10 and 
2PP showed estrogenic potential in single testing, they did not 
contribute to the observed effects due to their low concentrations in the 
leachates. Bis-HPPP was not estrogenic far above the measured 
concentrations. 

The investigation of single standards with the HPTLC coupled assays 
has shown that 4CP and 2PP are potentially contributing to the intense 
effect signals at Rf-value of 0.74 (Figure SI 4). Moreover, in appropriate 
concentrations the substances BPA-I11 and BPA-I10 become visible as 
additional signals at Rf-value of 0.62 and 0.05, respectively. 

Discussion 

The investigation of two epoxy resin based top coatings revealed the 
potential release of hazardous substances into the environment along 
with elevated toxicity to luminescent bacteria and estrogen-like effects 
(see Table SI 1). Similar results were obtained in a study by Vermeirssen 
et al. (2017) who investigated leachates of anonymized epoxy resin 
based anti-corrosion coatings and detected up to 280 ng/l EEQ under 
worst case conditions. In contrast to the present observations, BPA and 
not 4tBP was identified as the main driver for the estrogenic effect in 
concentrations up to 10.4 mg/l BPA. In the luminescence inhibition 
assay, the lowest EC50 was determined by Vermeirssen et al. at a sample 
concentration of 0.4 %. This finding is in the range of the results re
ported in the current study. 

The observed decrease of ecotoxicological effects in leachates of UV- 
A irradiated coatings can be associated with the significant decrease of 
4tBP concentrations. A volatilization of 4tBP during the fabrication of 
test plates could be responsible for this reduction. The treatment with 
UV-A radiation leads to increased temperatures of the investigated 
coating materials and thus an elevated evaporation of 4tBP is likely. 
Secondly, a possible degradation of 4tBP to less or non-toxic substances 
might explain reduced concentrations of 4tBP and lower toxic effects. 
Previous studies identified 4-(2-methyl-2-propanyl)-2-[4-(2-methyl-2- 
propanyl)phenoxy]phenol, 4,4′-di-tert-butyl-o,o’-biphenol, 4-tert-butyl
catechol and 2-tert-butylphenol as TPs of 4tBP that can be generated by 
UV photolysis (Cirkva et al. 2005, Wu et al. 2016). To the best of our 
knowledge, for the two first mentioned TPs no analytical standards are 
available and ecotoxicological effects are not documented so far. In 
contrast, the 4tBP-degradation product 4-tert-butylcatechol is 

Fig. 3. Extracted ion chromatograms of mass-to-charge ratio 227.108 (repre
senting BPA) and 149.097 (representing 4tBP). Selected samples of UV-A irra
diated coatings A and B as well as standard solutions of 4tBP and BPA were 
chromatographically developed on HPTLC plate with ethyl acetate and n-hex
ane (35:65). Toxic fractions were extracted and analyzed by LC-MS. 

Table 2 
Quantified target compounds (n = 3, SE = standard error of the mean) in leachates of untreated (- UV) and UV-A irradiated (+ UV) coatings A and B. Compounds were 
measured after a 1000-fold enrichment, the results refer to the original aqueous samples under the assumption of a quantitative extraction of the compounds. Ab
breviations of substances see Table 1. The measured concentrations in corresponding blank controls were below the quantification limit.  

coating 4tBP BPA 4CP BPA-I11 BPA-I10 Bis-HPPP 2PP 
[µg/l] [µg/l] [µg/l] [µg/l] [µg/l] [µg/l] [µg/l] 
mean SE mean SE mean SE mean SE mean SE mean SE mean SE 

A - UV 15000 1400 2.30 0.10 < LOQ  < LOQ  < LOQ  19.6 1.1 < LOQ                 

A + UV 9400 2000 14.3 1.6 < LOQ  0.72 0.16 0.78 0.06 5.6 2.7 < LOQ                 

B - UV 3320 110 0.90 0.01 < LOQ  < LOQ  < LOQ  1.04 0.40 0.67 0.23                

B + UV 1840 410 16.9 3.7 0.23 0.17 1.37 0.48 1.20 0.23 0.95 0.20 < LOQ                  
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categorized as very toxic to aquatic life and the European Chemicals 
Agency (ECHA) proposes a predicted no effect concentration (PNEC) of 
1.2 µg/l for freshwater. For 2-tert-butylphenol various endocrine effects 
were documented. For example, Tollefsen and Nilsen (2008) determined 
the binding affinity of 2-tert-butylphenol to the hepatic estrogen recep
tor from rainbow trout. Li et al. (2010) demonstrated antagonistic ef
fects to the androgen receptor and gamma inverse agonistic effects to an 
estrogen-related receptor using a set of recombined yeast strains. 

In contrast to the reduced release of 4tBP, the release of BPA from 
both coatings was increased by the UV-A irradiation . BPA is the basis of 
the most common epoxy resins as it is a major compound for the pro
duction of the resin monomer, bisphenol A diglycidyl ether (BADGE). 
During the curing of coating components, the monomers are crosslinked 
by polyaddition reactions with polyfunctional amines added as hard
ener. Earlier studies demonstrated that the photooxidative change of 
epoxy polymers can be caused by various mechanisms. The UV radiation 
of epoxy resins e.g. can lead to a chain scission of C–N bonds and ring 
opening reactions of oxirane groups (Brand et al. 2020, Kim and Urban 
2000, Liu et al. 2014). This indicates that respective parts of the poly
meric matrix were degraded and/or released into the environment. BPA 
is one of the world’s most important and commonly produced industrial 
chemicals. It primarily serves as intermediate in the production of pol
ycarbonate and epoxy resins. Furthermore, it is used as additive e.g. in 
the manufacture of thermal paper, tires and flame retardants. Due to its 
widespread use, BPA has been found in waters since the late 1990s and is 
now detectable in almost all environmental compartments (Corrales 
et al. 2015, Michalowicz 2014). In particular, the input of BPA into the 
environment can be related to traffic and the release from construction 
materials. Lamprea et al. (2018) investigated a representative selection 
of building materials and automotive supplies and identified lacquered 
car bodyworks as important source of BPA contamination in urban 
runoff with a tested water emission of up to 360 ng/cm2. On this basis, it 
can be assumed that the emission of BPA from weathered coatings plays 
a significant role in the overall exposure. However, investigations on a 
larger scale or, ideally, a substance flow analysis for BPA would be 
necessary for a robust estimation of the contribution to the overall 
pollution. In a European Union Risk Assessment Report dating from 
2010, monitoring data for BPA in European water bodies were pub
lished; a mean concentration of 0.13 µg/l for freshwaters and 60 ng/g 

dry weight for freshwater sediments was reported (EC 2010). BPA is 
recognized as endocrine disruptor, can have adverse effects on the im
mune system and liver, promotes mutagenesis and carcinogenesis and is 
supposed to mediate neurotoxic and teratogenic effects (Michalowicz 
2014). The ECHA proposes a PNEC of 18 µg/l in freshwaters and 1.2 
µg/g dry weight in freshwater sediments. 

Besides BPA, four related compounds could be identified via LC-MS 
analyses. Three of them (BPA-I10, 4CP and BPA-I11) were only detected 
in leachates of UV-irradiated coatings and were therefore assumed to be 
photolytic degradation products of BPA or the BPA based polymer. In 
aqueous solution, the degradation reaction of UV irradiated BPA fol
lowed a pseudo-first-order kinetic with a half-life time about 6 h 
(Kovacic et al. 2019). The light sensitivity of BPA and the formation of a 
variety of derivates by photochemical processes were already reported 
in former studies (Cardoso da Silva et al. 2014, Im and Loffler 2016, 
Kondrakov et al. 2014, Molkenthin et al. 2013). In this context, BPA-I10 
was formerly identified as photo-transformation product of BPA. So far, 
to the best of our knowledge, the occurrence of BPA-I10 in environ
mental samples was not reported. The competitive binding of BPA-I10 to 
ERα was reported with a half maximal inhibition concentration (IC50) of 
50 µM and at the same time this transformation product was identified 
as slightly less potent than BPA (IC50 = 10 µM) (Nakagawa and Suzuki 
2001). In toxicity testing with MCF-7 and NIH3T3 cells, BPA-I10 
exhibited estrogen-like and anti-androgenic effects with an EC50 of 
1.8 µM and 14 µM, respectively (Kitamura et al. 2005). The present 
results of the yeast estrogen screen (EC50 = 7.5 mg/l or 31 µM) lie in the 
range of the previous reports. Moreover, Mutou et al. (2006) demon
strated a cytotoxicity of BPA-I10 on Jurkat cells in concentrations from 5 
to 50 µM (1.2 to 12 mg/l). This amounts to the same order of magnitude 
as the present results of acute bacterial toxicity. 

4CP is known as impurity in industrial grade BPA (Terasaki et al. 
2004) and is used as an intermediate for the production of phenolic 
resins, insecticides and lubricants. In Polish surface waters, concentra
tions up to 6.2 ng/l were detected (Czarczynska-Goslinska et al. 2017). 
Further monitoring data for 4CP is mainly available for Asia ranging 
from about 2 ng/l in river estuaries around Dianchi Lake in China 
(Wang et al. 2013) up to 160 ng/l in river water of Nagoya city in Japan 
(Hasegawa et al. 2016). Moreover, investigations at the Panlong River in 
China revealed sediment concentrations up to 4.8 ng/g and a bio
concentration factor (BCF) of up to 10 by analyzing muscle, liver and gill 
tissue of wild fish (Wang et al. 2016). In one of six muscle samples of 
freshwater prawn from local supermarkets in USA, 4CP could also be 
detected with 1.96 ng/g wet weight (Zuo and Zhu 2014). Per
ez-Albaladejo et al. (2019) reported that 4CP induced cytotoxic effects 
(EC50 = 65 µM), led to the generation of reactive oxygen species 
(2–3-fold at 50 µM) and increased the P450 aromatase activity (1.3-fold 
at 20 µM) in human placental JEG-3 cells. In a yeast two-hybrid assay, 
4CP showed 12 times higher estrogenic effects than BPA (Terasaki et al. 
2005). This observation is consistent with the present data revealing a 
nearly 7 times lower EC50 of 4CP compared to BPA. Furthermore, a 
recent study reported that low concentrations of 4CP and BPA induce the 
proliferation of MCF-7 cells synergistically (Wang et al. 2020). In
vestigations of Rosenmai et al. (2014) indicate that 4CP act by several 
modes of action within the endocrine system. For example, the activa
tion of estrogen receptor (EC50 = 0.10 µM) and the inhibition of the 
androgen receptor (EC50 = 5.1 µM) was determined by reporter gene 
assays. Furthermore, agonistic effects on the retinoic acid (RA) receptor 
(1.68 µM 4CP showed 20% of the activity of 0.1 µM all-trans RA) were 
shown (Kamata et al. 2008). A PNEC of 14.2 µg/l and 3.58 µg/g dry 
weight is proposed by the ECHA for freshwater and freshwater 
sediments. 

BPA-I11 was previously mentioned as product of microbial trans
formation (McCormick et al. 2011) and of photodegradation catalyzed 
by nano TiO2 (Jia et al. 2012). Information on the occurrence of BPA-I11 
in environmental samples is very limited. Ashfaq et al. (2018) deter
mined an average concentration of 2.75 ng/l in Jiulong River, China. 

Fig. 4. Toxic units (c/EC50) of main compounds contributing to estrogenic 
effects in leachates of untreated (- UV) and UV-A irradiated (+ UV) coatings A 
and B. The estimates of EC50 were generated by a five-parameter log-logistic 
function (equation 1). Bis-HPPP, BPA-I10 and 2PP had no significant contri
bution to the estrogenic potential caused by the identified compounds and are 
therefore not displayed. 
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Investigations on the competitive binding to ERα as well as the gene 
induction and cell proliferation with MCF-7 cells exhibited BPA-I11 as 
less estrogenic than BPA (Coleman et al. 2003). For instance, the relative 
effect on proliferation in response to BPA-I11 and BPA differed by one 
order of magnitude (2.63×10− 4 vs. 2.00×10− 3, EC50 relative to estra
diol). The opposite trend was observed during the present study, as 
compared by EC50 the effected estrogenicity of BPA-I11 was approxi
mately twice as high as the effect induced by BPA. Furthermore, BPA-I11 
was found to be responsible for the disruption of mitosis and cytokinesis 
in HeLa cells by inducing the formation of ectopic spindle poles (George 
et al. 2008). Even if the correlation of aneuploidy and tumorigenesis is 
not fully understood, this result indicates that BPA-I11 can exhibit 
carcinogenic effects. McCormick et al. (2011) reported a half maximal 
lethal concentration of up to 0.66 mg/l BPA-I11 to zebrafish embryos 
and thus an almost eight times higher toxicity as BPA. 

The present study indicates that the UV aging of epoxy coatings 
could contribute to the emission of BPA and its transformation products 
into the environment. Due to the potentially incomplete enrichment of 
hazardous substances by SPE, the actual toxicity might even be under
estimated. If a release may lead to locally elevated concentrations and 
pose an environmental risk, needs to be further investigated in field and 
laboratory studies. So far, known environmental concentrations are all 
below the proposed PNECs. However, the information on the environ
mental fate and effects of the TPs is very limited and PNECs were defined 
only for individual substances. As two of the identified photolytic 
products, i.e. 4CP and BPA-I11, are found to be more potent in the YES 
and the luminescent bacteria assay than BPA itself, they could be of 
more serious concern especially if continuously released and/or accu
mulated. The present study investigated changes in toxicity caused by 
approximately three months of real time exposure to sunlight. To 
explore the underlying degradation and release kinetics and to predict 
the total environmental impact of photodegradation products, the in
dividual protection period of coatings (up to 25 years) has to be 
considered. For a more complete picture also further weathering pa
rameters (e.g. temperature, humidity and precipitation) and coating 
materials should be investigated. 

Compared to other materials such as polyurethanes, acrylics, poly
esters or alkyds, epoxy resins are well known for their susceptibility to 
UV degradation (Knudsen and Forsgren 2017). The absorption of UV 
radiation by aromatic moieties can lead to the breakdown of the poly
meric structure along with the discoloration and chalking of the coating 
layer (Ghasemi-Kahrizsangi et al. 2015). To compensate this disadvan
tage, epoxy resin-based coatings are frequently covered by top coatings 
based on polyurethane. Furthermore, the UV resistance of polymers can 
be improved by different additives as light screens, UV absorbers, 
radical scavengers or quenchers (Hawkins 1984). Recent studies 
demonstrated that the UV resistance of epoxy coatings can for example 
be enhanced by polyaniline nanowires (Gao et al., 2021) or TiO2 
nanoparticles blended with poly-dimethylamino siloxane (Fadl et al. 
2020). To extend the service life of steel coatings and to reduce their 
emissions in outdoor exposure to solar radiation, it is advisable to adjust 
the recipe of UV sensitive coatings accordingly or to use top layers with 
more photostable binding agents. 

Conclusion  

• The susceptibility of epoxy resin-based coatings to UV degradation 
was demonstrated by the alteration of acute and specific ecotoxico
logical effects and the release of toxic transformation products.  

• Both, in leachates of untreated and UV-A irradiated coatings, 4tBP 
was identified as the main driver of estrogenicity and toxicity to 
luminescent bacteria. Additionally, BPA and close structural analogs 
contribute to estrogenic effects in leachates of UV-A irradiated 
materials.  

• The combination of HPTLC coupled bioassays and LC-MS analyses 
supported the identification of bioactive compounds in terms of an 
effect-directed analysis.  

• Due to their lower UV-stability compared to e.g. polyurethanes, 
epoxy resin-based coatings are less suitable for the application as top 
coatings. 
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