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Abstract
Chlorinated paraffins (CPs) are industrial chemicals, mainly used as flame retardants, plasticizers and metal cutting
fluids. Their production has reached historically high levels in the last decade, with an annual production exceeding one
million tonnes. In 2017, short chain chlorinated paraffins (SCCPs) were regulated due to their Persistent, Bioaccumulative
and Toxic (PBT) properties, while medium and long chain chlorinated paraffins (MC and LCCPs) were suggested as
alternatives. The high hydrophobicity of CPs, which complicates bioaccumulation and aquatic toxicity testing, has hindered
proper hazard identification by regulatory authorities. This project was initiated in response to the insufficient understanding
of bioaccumulative and toxicological properties of these chemicals, which have even surpassed the environmental levels
of legacy Persistent Organic Pollutants (POPs) in certain regions.

The research presented in this thesis, contributes to filling these knowledge gaps by adapting methods for reliable
bioaccumulation and aquatic toxicity assessment. In Paper I, passive dosing, traditionally used for other highly
hydrophobic compounds, was adapted and validated for CPs. SC, MC and LCCPs partitioned from silicone into water and,
when the crustacean Daphnia magna was introduced into the test system, the CPs were observed to be effectively taken
up by the test organism. This passive-dosing approach was further used in Paper II, to investigate the bioconcentration
and bioaccumulation potential in D. magna. All tested CPs were found to bioaccumulate in daphnids, including highly
hydrophobic, long chained CP congeners. The two most bioaccumulative CPs in Paper II (CP-52 and Huels70C) were
thereafter used in a chronic toxicity study (Paper III) and significantly decreased population growth and disrupted fatty
acid metabolism of D. magna. Finally, in Paper IV, liposome-mediated delivery of chemicals to aquatic biota was adapted
for the first time for organic contaminants, including CPs. This approach yielded stable body burdens of the tested chemicals
in D. magna and allowed for kinetic and toxicity assessments.

Overall, two alternative bioaccumulation and aquatic toxicity testing methods were successfully adapted for technically
challenging (industrial) chemicals. These methods allowed the determination of endpoints of scientific and regulatory
interest, such as the high bioaccumulation and toxicity potential of CPs, but were also used to demonstrate their metabolic
disruption potential in small crustaceans.

Keywords: chlorinated paraffins, POPs, bioaccumulation, toxicity, ecotoxicology, aquatic toxicology, daphnia magna,
liposomes, passive dosing, hydrophobic, mixtures.

Stockholm 2020
http://urn.kb.se/resolve?urn=urn:nbn:se:su:diva-179909

ISBN 978-91-7911-072-7
ISBN 978-91-7911-073-4

Department of Environmental Science

Stockholm University, 106 91 Stockholm





CHLORINATED PARAFFINS: IMPROVED UNDERSTANDING OF
THEIR BIOACCUMULATION AND TOXICITY IN DAPHNIA MAGNA
 

Mafalda Castro





Chlorinated Paraffins:
improved understanding of
their bioaccumulation and
toxicity in Daphnia magna
 

Mafalda Castro



©Mafalda Castro, Stockholm University 2020
 
ISBN print 978-91-7911-072-7
ISBN PDF 978-91-7911-073-4
 
Cover by Asja Boroš (shared under Creative Commons license), modified by Mafalda Castro with Daphnia magna
desgined by Karin Ström. 
 
Printed in Sweden by Universitetsservice US-AB, Stockholm 2020



To Mom, Dad and Daisy





i 

 

Abstract 

Chlorinated paraffins (CPs) are industrial chemicals, mainly used as flame 
retardants, plasticizers and metal cutting fluids. Their production has reached 
historically high levels in the last decade, with an annual production exceeding 
one million tonnes. In 2017, short chain chlorinated paraffins (SCCPs) were 
regulated due to their persistent, bioaccumulative and toxic (PBT) properties, 
while medium and long chain chlorinated paraffins (MC and LCCPs) were sug-
gested as alternatives. The high hydrophobicity of CPs, which complicates bi-
oaccumulation and aquatic toxicity testing, has hindered proper hazard iden-
tification by regulatory authorities. This project was initiated in response to 
the insufficient understanding of bioaccumulative and toxicological properties 
of these chemicals, which have even surpassed the environmental levels of 
legacy Persistent Organic Pollutants (POPs) in certain regions.  

The research presented in this thesis, contributes to filling these 
knowledge gaps by adapting methods for reliable bioaccumulation and 
aquatic toxicity assessment. In Paper I, passive dosing, traditionally used for 
other highly hydrophobic compounds, was adapted and validated for CPs. SC, 
MC and LCCPs partitioned from silicone into water and, when the crustacean 
Daphnia magna was introduced into the test system, the CPs were observed 
to be effectively taken up by the test organism. This passive-dosing approach 
was further used in Paper II, to investigate the bioconcentration and bioaccu-
mulation potential in D. magna. All tested CPs were found to bioaccumulate 
in daphnids, including highly hydrophobic, long chained CP congeners. The 
two most bioaccumulative CPs in Paper II (CP-52 and Huels70C) were thereaf-
ter used in a chronic toxicity study (Paper III) and significantly decreased pop-
ulation growth and disrupted fatty acid metabolism of D. magna. Finally, in 
Paper IV, liposome-mediated delivery of chemicals to aquatic biota was 
adapted for the first time for organic contaminants, including CPs. This ap-
proach yielded stable body burdens of the tested chemicals in D. magna and 
allowed for kinetic and toxicity assessments.  

Overall, two alternative bioaccumulation and aquatic toxicity testing meth-
ods were successfully adapted for technically challenging (industrial) chemi-
cals. These methods allowed the determination of endpoints of scientific and 
regulatory interest, such as the high bioaccumulation and toxicity potential of 
CPs, but were also used to demonstrate their metabolic disruption potential 
in small crustaceans.   
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Sammanfattning 

Klorparaffiner (CPs) är en grupp industrikemikalier som t.ex. används som 
flamskyddsmedel i polyvinylklorid (PVC) och som mjukgörare i plast och 
gummi. Produktionen av CPs har senare år nått historiskt höga nivåer, med en 
årlig global produktion över en miljon ton. Enligt Stockholmskonventionen är 
kortkedjiga klorparaffiner (SCCPs) förbjudna att tillverkas eller släppas ut på 
marknaden p.g.a. deras Persistenta (P), Bioackumulerbara (B) och Toxiska (T) 
egenskaper. Till följd av detta förbud har industrin ökat produktionen och an-
vändningen av medel- och långkedjiga klorparaffiner (MC och LCCPs). Klorpa-
raffinernas höga fettlöslighet har försvårat studier av deras bioackumulation 
och toxicitet i vattenmiljö, vilket i sin tur har begränsat regulatoriska myndig-
heters möjlighet att bedöma deras farlighet. Det aktuella doktorandprojektet 
initierades som en följd av dessa kunskapsluckor samt som en konsekvens av 
att CPs globalt sett har nått nivåer i miljön som överstiger många klassiska 
miljögifter i vissa regioner av världen.   

Forskningsresultaten som presenteras i denna avhandling bidrar till att fylla 
ovan nämnda kunskapsluckor genom att tillämpa och utveckla metoder för 
mer tillförlitliga bedömningar av bioackumulation och toxicitet av CPs i den 
akvatiska miljön. I Artikel 1 anpassades och validerades en passiv doserings-
metod med silikon (som bärare av CPs), som tidigare utvecklats och använts 
för akvatiska toxicitetsstudier av andra grupper av fettlösliga kemikalier. SC, 
MC och LCCPs fördelades från silikonet till vattenfasen och uppmättes i kräft-
djuret Daphnia magna, som användes som testorganism. Denna doserings-
metod användes sedan i Artikel 2 för att studera biokoncentration och bio-
ackumulation av CPs i D. magna. Alla testade CPs, inklusive mycket fettlösliga 
långkedjiga CP-kongener, bioackumulerade i kräftdjuret. De två klorparaffiner 
med störst påvisad bioackumulering i Artikel 2 (CP-52 och Huels70C) testades 
också i ett kroniskt toxicitetstest med D. magna i Artikel 3. Båda korparaffi-
nerna hade en negativ påverkan på såväl kräftdjurens fettsyrametabolism 
som på dess populationstillväxt. I Artikel 4 utvecklades avslutningsvis en lipo-
som-medierad metod för exponering av organiska kemikalier, inklusive CPs, 
till akvatiska organismer. Även denna metod ledde till systematisk upptag av 
CPs i kräftdjuren, vilket i sin tur medgav kinetikstudier och toxicitetsbedöm-
ning.   

Sammanfattningsvis kunde båda alternativa doseringsmetoder framgångs-
rikt anpassas till att testa bioackumulation och toxicitet för tekniskt mycket 
utmanande industrikemikalier i D. magna. Genom användning av metoderna 
för testning av olika SC, MC och LCCPs påvisades forskningsresultat av såväl 
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stort vetenskapligt som regulatoriskt intresse, som exempelvis hög bioacku-
mulerings- och toxicitetspotential hos CPs men också deras förmåga att mer 
specifikt störa fettsyrametabolism i små kräftdjur.   
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Resumo 

As parafinas cloradas (PCs) são um grupo complexo de químicos industriais, 
maioritariamente utilizados como retardantes de chamas, plastificantes e na 
metalurgia. A produção de PCs atingiu níveis historicamente altos na última 
década, com uma produção anual superior a um milhão de toneladas. Em 
2017, o uso de PCs de cadeia curta foi proibido devido às suas propriedades 
Persistentes, Bioacumulativas e Tóxicas (PBT), enquanto as PCs de cadeia 
média e longa foram sugeridas como alternativas. A alta hidrofobicidade das 
PCs complica os testes de bioacumulação e toxicidade aquática e dificulta a 
interpretação do seu risco ambiental pelas autoridades reguladoras. Este 
projeto de doutoramento foi iniciado em resposta ao fraco entendimento da 
bioacumulação e toxicidade deste grupo de produtos químicos, que 
atualmente superam os níveis ambientais de poluentes ambientais 
tradicionais em determinadas regiões. 

Esta tese teve como objetivo refinar o conhecimento sobre o potencial de 
bioacumulação e toxicidade das PCs, mas foi necessário, primeiro, adaptar 
métodos que permitissem uma exposição estável destes químicos em água. A 
dosagem passiva através de um polímero de silicone é tradicionalmente 
utilizada para outros compostos altamente hidrofóbicos e foi adaptada e 
validada no Artigo I para PCs. Diferentes PCs mobilizaram-se do silicone para 
a água e, quando o microcrustáceo Daphnia magna foi introduzido no 
sistema, as PCs doseadas desta forma foram assimiladas pelos animais. Este 
método foi depois utilizado nos Artigos II e III para investigar o seu potencial 
de bioconcentração e bioacumulação de PCs em D. magna, assim como para 
avaliar o nível de toxicidade exercido por estes químicos nos animais. Todas 
as PCs testadas bioacumularam nos animais. As duas substâncias comerciais 
mais bioacumulativas no Artigo II foram usadas no estudo de toxicidade 
crónica (Artigo III). Estas PCs diminuíram significativamente o crescimento da 
população e perturbaram o metabolismo lipídico das D. magna fêmeas. 
Finalmente, no Artigo IV, lipossomas foram utilizados como sistema de 
entrega de PCs e outros químicos de alta complexidade para os animais. Esta 
abordagem também foi utilizada para avaliar toxicidade de diferentes 
químicos em D. magna. 

No geral, dois métodos para a avaliação da bioacumulação e toxicidade 
aquática foram adaptados com sucesso para produtos químicos (industriais) 
extremamente complexos. Estes métodos permitiram a determinação de 
parâmetros de interesse científico e regulatório, tais como o alto potencial de 
bioacumulação e toxicidade das PCs, e também foram utilizados para 
demonstrar o seu potencial de disrupção metabólica em pequenos 
crustáceos.  
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1 Introduction 

Chlorinated paraffins (CPs) are a complex group of industrial chemicals. 
Most CPs are waxy liquids at room temperature, composed by hundreds of 
congeners and thousands of isomers in one single commercial substance.  CPs 
are categorized by their carbon chain length into short- (SCCPs, C10-13), me-
dium- (MCCPs, C14-17) and long- (LCCPs, C18-30) chain chlorinated paraffins, 
and/or chlorine content (30-70% Cl w/w). Historically, SCCPs have been the 
most widely produced CPs. SCCPs are suspected carcinogens, with high per-
sistency (P), bioaccumulation (B) and toxicity (T) potential, which led to SCCPs 
being listed in annex A (restriction) of the United Nations Stockholm Conven-
tion in 2017. Heavy regulation followed, and MC and LCCPs were listed as sub-
stitution chemicals for SCCPs. As a result, production and usage quickly shifted 
to MCCPs and LCCPs. Although MCCPs are suspected PBT substances, there is 
so far no use restriction on these compounds. 

At the beginning of this thesis work, all CPs were starting to be detected in 
higher frequencies and increasing concentrations in Europe, Asia and North-
America, even surpassing the levels of some legacy Persistent Organic Pollu-
tants (POPs). However, the low water solubility and difficulties in precise ana-
lytical quantification were often pointed out as major difficulties hindering 
data collection for proper risk assessment of CPs. Although the quantification 
of CPs is still challenging and far from standardized, recent developments in-
cluding ultra-high resolution mass spectrometry and novel quantification 
methods involving mathematical deconvolution of mass spectra have allowed 
a more accurate and better resolved chemical analysis of CPs. These major 
breakthroughs have led to increasing number of scientific reports on the pres-
ence and fate of CPs in the environment and humans over the last few years.  

Another major knowledge gap associated with CPs was their bioaccumula-
tion processes and toxicity potential. Most often, methods for standard 
aquatic toxicity testing are not well suited for chemicals with challenging phys-
ical-chemical properties, such as low water solubility and high hydrophobicity. 
Such chemicals, when dosed to water in a test vial, will most likely sorb to 
organic matter (e.g., food or feces) and any other matrix of the test system 
(e.g., glass walls or lids), generating a decrease in the water concentration, 
and, consequently, decreased bioavailability of the chemical. Uncertain expo-
sure concentrations throughout the test may lead to underestimation of the 
bioaccumulation potential and effects of chemicals in biota and, thus, alter-
native testing methods are needed. 
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2 Aims of this thesis 

The overarching aim of this thesis was to improve the knowledge regarding 
the bioaccumulation and toxicity potential of CPs. The first step was to (1) 
adapt and validate methods for reliable bioaccumulation and aquatic toxicity 
testing of CPs (Papers I and IV), in order to (2) provide a better understanding 
of the uptake processes and toxicity effects of CPs in aquatic biota (Papers II- 
IV). It was also of interest to (3) compare CP substances and suggest deter-
mining factors affecting their bioaccumulation potential (Paper II). This outline 
was achieved by: 

1. Examining the suitability of silicone passive dosing (Paper I) and lipo-
some delivery (Paper IV) for dosing water and Daphnia magna with 
CPs. This was done by assessing exposure levels and compound stabil-
ity using both methods. Five different commercial CP substances from 
all categories (SC, MC and LCCPs) were successfully loaded into the sil-
icone, while three model chemicals were incorporated into the lipo-
somes: CPs (hydrophobic), tetrabromobisphenol A (TBBPA, hydrophilic 
and ionic) and perfluorooctanoic acid (PFOA, amphipathic). 

2. Assessing bioconcentration and bioaccumulation potential of different 
commercial CP substances in D. magna (Paper II) and their potential to 
reach toxic concentrations (Papers I, III and IV), using the adapted ex-
posure methods. Two CPs with similar bioaccumulation potential were 
used to assess chronic toxicity effects on reproduction, survival and li-
pid metabolism in D. magna (Paper III).  

3. Comparing bioaccumulation and bioconcentration factors of CPs in D. 

magna between more hydrophobic (higher chlorine content; longer 
carbon chain lengths) and less hydrophobic substances (Paper I and II). 
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3 Background 

3.1 Chlorinated paraffins: industrial chemicals 
omnipresent in the environment 

 
Industrial chemicals are used for, or during, the production of consumer 

goods. CPs are industrial chemicals with high thermal and chemical stability 
and relatively inexpensive production. CPs are produced by the unspecific 
chlorination of n-alkanes derived from petroleum byproducts, rendering hun-
dreds of congeners and tens of thousands of isomers being produced for a 
single CP category.1   

CPs were introduced in the 1930s2 and since then world production has 
increased significantly, with faster increase in quickly developing countries, 
such as China.1 By 1985, the global yearly production of CPs was approxi-
mately 0.3 million tonnes.3 By 2009, China was the biggest producer, produc-
ing nearly 1 million tonnes per year,4 with  CP-52 contributing more than 80% 
of the total production.5 As a comparison, the estimated total cumulative pro-
duction of polychlorinated biphenyls (PCBs), from the start of their production 
until they were banned in the late 1970s, was 1.5 million tonnes.6 The high 
production of CPs is a result of their broad industrial applications, such as 
metal works (e.g., cutting fluids), leather finishing, and polymer synthesis (as 
secondary plasticizers).5 Nowadays, the major utility sector of CPs is the rub-
ber industry, where they are used in tires, rubber goods and polyurethane and 
polyethylene foams. The high production has consequently led to CPs being 
widely spread in the environment,7–10 even surpassing levels of legacy POPs 
such as PCBs11,12 and hexabromocyclododecanes (HBCDDs).13  

Until 2010, only a few studies provided information on the fate and levels 
of CPs in the environment. Muir reviewed the environmental levels of CPs in 
2010 based on 80 publications between 1974 and 2009,14 while I identified at 
least 60 publications reporting on CPs only in 2019. This is not only a result 
the increased production and, consequently, increased environmental con-
tamination and detection, but also a result of the improved CP analysis. Before 
2010, analytical chemists struggled with difficulties related to mass interfer-
ences and chromatographic separation of CP congeners and commercial sub-
stances but also other interfering compounds found in environmental sam-
ples (e.g., PCBs and dioxins).15,16 Although these challenges are still relevant 
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today, recent advances, such as mathematical algorithms, ToF-HRMS and Or-
bitrap technologies, have moved analytical detection of CPs forward. One of 
the first advances on CP analysis was the development of a chlorine enhanced 
APCI-QTOF-MS method and resolving individual congeners via mathematical 
deconvolution.17,18 This method has the advantage of resolving individual con-
geners and detecting low chlorinated congeners and LCCPs, which was not 
previously possible with other approaches, such as GC-ECD or GC-ECNI-LRMS. 
However, there is no validated standardized method for CP detection so far. 
Interlaboratory studies still indicate difficulties with CP quantification, alt-
hough the most widely used methods show satisfactory comparability.16,19 

Nowadays, CPs have been detected ubiquitously in the environment. Be-
fore being phased-out, SCCPs were the most heavily produced group of CPs 
and often the only quantified group of CPs. When SCCPS were restricted, a 
fast production shift towards MCCPs led to increasing public and scientific 
concern as MCCPs started to dominate across different environments.  MCCPs 
dominated total CP loads in Australian dust (up to 86%),20  kitchen cloths from 
Germany,12 Australian sewage sludge,21 wastewater in China,22 European 
salmon,13 Swedish coastal sediment dating back to the 1930s23 and sediment 
samples from the Pearl River Delta4 and Guadong province24 in China. There 
are also emerging reports describing contamination with very short chain CPs 
(vSCCPs, C6-9) in biota and soil samples in China.9,24 In fact, vSCCPs were iden-
tified in 94% (n=68) of the sampled wetland and freshwater species from the 
Yangtze River Delta.  

Information on the exposure and fate of CPs in humans is still limited. Hu-
man blood concentrations in China were in the range of 370-35 000, 130-
3200, and 22-530 ng g-1 lipid weight for total SCCPs, MCCPs and LCCPs, re-
spectively.25  More recently, in Europe, SC and MCCP concentrations in pooled 
human milk samples were up to 97 and 112 ng g-1 lipid, respectively,26 
whereas in Australia, the median concentration of SC and MCCPs in human 
serum was 97 and 190 ng g-1 lipid, respectively.27 Other than diet and exposure 
via the outdoor environment, sources of human exposure include household 
appliances, such as handblenders,28 oil-based dietary supplements (>35 μg 
CPs g fat-1),29 contamination from food packaging30 and release from  indoor 
matrices such as plastic flooring used in sports courts, where mean concen-
trations of SC and MCCPs in dusts were up to 5 and 15 mg g-1, respectively, in 
Beijing, China.31  
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3.2 Risk profile of CPs 

3.2.1 Physicochemical properties 

The physicochemical properties of CPs are similar to those of legacy POPs: 
low water solubility and vapor pressure, and high log octanol-water partition 
coefficients (Kow).32 Carbon and chlorine numbers are the two main factors 
governing the physicochemical properties of CPs and, ultimately, the 
transport and partitioning of CPs in the environment. For a given congener, 
increasing carbon chain length and chlorine content decrease solubility in wa-
ter, sub-cooled liquid vapor pressure and the Henry’s law constant for water 
by several orders of magnitude.33  

Modelled data indicate that chemical properties of CPs, such as vapor pres-
sure and water solubility, can vary an order of magnitude between different 
isomers of the same congener.33 For example, theoretically, maximum vapor 
pressure values are observed when chlorine atoms are in the centre of the 
molecule  (panel A in Figure 1), whereas minimum vapor pressure values are 
observed when the chlorine atoms are equally distributed over the molecule 
(panel B in Figure 1) or at both ends of the molecule (panel C in Figure 1). 
Conversely, Kow values are the lowest when chlorine atoms are equally distrib-
uted over the carbon chain, whereas highest Kow values are observed when 
chlorine atoms are in the middle of the molecule. Hence, the determination 
of the physicochemical properties of CPs is complex and a single property will 
assume a range of values, depending on congener and isomer composition, 
as opposed to one single value which is generally the case for other sub-
stances of less complexity. 

 

Figure 1 – Possible isomeric structures for the CP congener C13H23Cl5. 

3.2.2 Regulation 

SCCPs are currently listed as Substances of Very High Concern (SVHC) un-
der restriction by the European Union (EU) and included on the list of Priority 
Toxic Substances of the Canadian Environmental Protection Act. Although the 
United States of America is not a signing state party of the Stockholm Conven-
tion, the U.S. Environmental Protection Agency (USEPA) proposed a new rule 
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for SCCP use as well (Figure 2). In contrast, China, the world leading CP pro-
ducer, has no restrictions and the production continues to increase (Figure 2). 

 

Figure 2 – Overview of the current regulation on CPs. 

During the last few years, MCCPs have been under evaluation for sus-
pected PBT or very persistent, very bioaccumulative (vPvB) properties and in-
cluded in the Community Rolling Action Plan (CoRAP) list of substances. Re-
cently, the United Kingdom Chemicals Agency (UKCA), the authority responsi-
ble for the evaluation, concluded that MCCPs meet the Annex XIII criteria for 
PBT and possibly vPvB substances, although some MCCP products with ≤45% 
chlorine content (w/w) may not meet PBT/vPvB criteria.34 UKCA’s recommen-
dation is to list MCCPs as SVHC substances and, thus, place them on the can-
didate list for future restriction.34 Based on available data so far, LCCPs are not 
considered problematic and so they are not under evaluation by EU authori-
ties. 

SC and MCCPs are considered chemical substances of Unknown or Variable 
Composition, Complex Reaction Products and Biological Materials (UVCBs) 
under REACH. For such substances, hazard assessment is either performed on 
representative structures of these substances (e.g., C12Cl5 for SCCPs) or on 
their multi-constituents (e.g., a commercial CP product). These two ap-
proaches can yield very different results: using representative structures is 
advantageous as it provides precise fate, toxicity and kinetic information but 
limits the anticipation of adverse health effects when their multiple constitu-
ents are combined and might underrepresent the properties of the whole 
group. On the other hand, multi-constituent-based hazard assessment pro-
vides more reliable toxicity estimates for environmental conditions, where the 
whole range of constituents are present, but does not allow to discriminate 
the most important constituents driving the observed effects. Considering the 
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inherent complexity of CPs, regarding constituent composition and physico-
chemical properties, it is of utmost importance to understand the limitations 
of both approaches during risk assessment of these chemicals, in order to pro-
vide appropriate regulatory action. 

3.2.3 PBT profile  

Risk assessment of chemicals includes assessment of Persistence (P) in 
the environment, Bioaccumulation (B) in aquatic and terrestrial biota, 
Toxicity (T) towards humans and/or animals, as well as widespread envi-
ronmental contamination, including remote areas. SCCPs are, so far, the 
only group of CPs to be labelled as PBT and  vPvB substances.35,36  

Despite very low vapor pressure at room temperature, CPs, especially 
those with shorter carbon chain lengths and low chlorine content, can still 
volatilize and contaminate remote areas.37 CPs with longer carbon chain 
lengths and higher chlorine content will instead sorb to particles in air (dust), 
water and soil/sediments, and accumulate in biota. Moreover, higher chlorin-
ation degree hinders biodegradation of the stable halogen-carbon bond and 
increases persistance.38 MCCPs with a chlorination level equal or exceeding 
63% w/w are P or vP in a regulatory context, whereas MCCPs with <46% chlo-
rine by weight do not meet the criteria.38  

The criteria for a chemical substance to be considered B or vB is a reported 
Bioconcentration (BCF) or Bioaccumulation Factor (BAF) higher than 2000 L 
kg-1 wet weight (i.e., log BCF 3.3) or higher than 5000 L kg-1 wet weight (i.e., 
log BCF 3.7), respectively, in aquatic biota, preferably fish.39 However, Trophic 
Magnification Factors (TMFs) are increasingly more accepted as a rather ro-
bust confirmation of bioaccumulation potential of chemicals, as it translates 
the bioaccumulation across a food web, opposed to considering just one 
trophic level (i.e., between fish and water).40 Bioaccumulation data for MCCPs 
is scarce and virtually non-existent for LCCPs. SCCPs are well-known to bioac-
cumulate in wildlife (log BAF above 3.7)41,42 and magnify in the food web.42,43 
Recent studies described a TMF of 2.0 for MCCPs in the Arctic food web43 and 
comparable concentrations of SC, MC and LCCPs in biota from the Scandina-
vian region with LCCPs predominantly accumulated in terrestrial raptors (e.g., 
peregrine falcon).10  

So far, most of the toxicity effects of CPs have been described for SCCPs. In 
the 1990s, the International Agency for Research on Cancer (IARC) classified 
C12-CPs with an average chlorine content of 60% (w/w) as possibly carcino-
genic to humans,44 based on increased incidence of kidney tumors observed 
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in rats.45,46 SCCPs also induced a thyroid disruption in male Sprague Dawley 
rats47 and estrogenic effects in in vitro models,48 which resulted in the  inclu-
sion of both SC and MCCPs on the candidate list of endocrine disruptors by 
the European Commission.49 The European Food and Safety Agency (EFSA) re-
cently concluded that CPs are of no concern to human health, based on esti-
mated human exposure.26 Nonetheless, both substances meet the criterion 
as defined by REACH for a Toxic (T) substance (No Observed Effect Concentra-
tion (NOEC) in aquatic biota < 10 μg L-1).39 Scientific publications from 1980-
90s, describe NOECs (mortality) of 5,501051 and 6852 μg L-1 for SC, MC and 
LCCPs, respectively, in D. magna after 21 days of exposure. Toxicity towards 
other terrestrial and aquatic biota has also been described, where exposure 
was detrimental for reproduction of Eisenia fetida53 and survival of Folsomia 

candida,54 and growth in Hyallela azteca.55 At lower organizational levels, it 
was reported to induce tissue necrosis in rainbow trout (Oncorhynchus 

mykiss)56 and Japanese Medaka (Oryzias latipes)57 and developmental toxicity 
in Xenopus leavis.58 The unspecific partitioning of CPs to cell membranes, ulti-
mately causing cell membrane disruption, is a common behavior of hydropho-
bic chemicals known as narcosis or baseline toxicity. Although this is expected 
to be the main mechanism of action for CPs, the potential of CPs to disrupt 
different metabolic pathways in aquatic biota has also been discussed.59 

3.3 Stable exposure to CPs 

In conventional ecotoxicological test settings and regulatory guidelines 
(e.g., OECD guideline testing), the recommendation is for the test substance 
to be dosed in the test medium either directly or using a solvent solution. 
However, the hydrophobicity of CPs, as is the case for Hydrophobic Organic 
Contaminants (HOCs) in general, makes it difficult to dissolve these sub-
stances in water or even in the solvent carrier and to maintain stable exposure 
concentrations throughout the test due to sorptive or evaporative losses. In 
fact, for some chemicals, water concentrations during traditional aquatic tox-
icity testing have been observed to go down to less than 20% of the start con-
centration.60 

Stable water concentrations are especially challenging for highly complex 
and highly hydrophobic chemicals, such as CPs. Two major problems arise dur-
ing toxicity tests of such chemicals: i) the water exposure is not representative 
of the multi-constituent test substance (due to e.g., selective sorption of hy-
drophobic congeners or volatilization of the semi-volatile congeners), and ii) 
uncertain water exposure that precludes reaching steady-state body burden. 
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During toxicity testing, these two issues are of paramount importance for pre-
dicting toxicity effects. Time-to-steady-state in biota is usually determined by 
conducting uptake kinetics studies (e.g., bioaccumulation). When this time is 
close to or surpasses the incubation duration, long-term toxicity studies are 
preferred.  Toxicity tests reporting EC50 for different CPs (e.g., Koh and 
Thiemann61 or Thompson and colleagues50), provide no information on 
whether the steady-state body burdens were achieved and if the water expo-
sure was representative of the complex test substance. Thus, the reliability of 
such toxicity estimates is limited.  

Passive dosing was developed as an alternative to overcome solubility 
problems usually associated with HOCs. Passive dosing is based on a silicone 
matrix loaded with the chemical of interest. When water or aqueous media is 
put into contact with the loaded silicone, continuous equilibrium concentra-
tions are established, usually only limited by the chemicals’ maximum solubil-
ity in water. During testing, which for ecotoxicological testing can vary from 
hours to weeks, any losses of the chemical due to sorption, volatilization 
and/or degradation are buffered by the dosed polymer, provided that dimen-
sions (silicone mass) are appropriate. Since its development, passive dosing 
has been shown to be a suitable approach for an array of HOCs with log Kow 

ranging from 3 to 9,62,63 including complex mixtures of hydrocarbons.64 Addi-
tionally, equilibrium concentrations have been shown to be achieved within 
hours of silicone-water contact63 and the continuous partitioning allows stable 
concentrations even during chronic toxicity testing.65 Passive dosing has been 
used in a large number of studies in different forms, from silicone cast in vi-
als,65 silicone o-rings,66 and rods.67 Headspace passive dosing has also been 
developed and validated as a variation of passive dosing for volatile chemicals, 
where the chemicals are delivered to the water via air-water equilibrium from 
a saturated headspace atmosphere.68 Other applications of this principle in-
clude equilibrium passive sampling of environmental pollutants for HOC con-
tamination assessment in a large variety of matrices including biota,69 sedi-
ment,70 and water.71 

Exposure problems related to solubility and uncertain exposure are also 
faced with ionic chemicals, where partitioning is pH-dependent, and am-
phiphilic chemicals, which have lowered affinity to both water and hydropho-
bic matrices. One approach used in toxicology is the liposome-mediated 
delivery of chemicals. Liposomes are small spherical vesicles (0.2 - 2μm) 
widely used in the pharmaceutical industry to stabilize compounds and 
overcome poor uptake and biodistrubtion of therapeutic drugs.72 They are 
composed of a large aqueous cavity in its center surrounded by a 
phospholipidic bilayer (Figure 3, left panel). It is expected that a lipophilic 
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chemical will be encapsulated in the hydrophobic intermembrane space,72,73 
and, conversely, a hydrophilic or ionic chemical will be trapped in the aqueous 
vacuole,72,74 while an amphipathic chemical would be trapped together with 
the amphipathic phospholipids at the surface (Figure 3, right panel).75  

  

Figure 3 - Illustration of a liposome (left) and of the possible position within the lipo-

some for the three model chemicals (right). 

Considering that liposomes are artificial lipid bilayers, they have been used 
in the context of environmental chemistry, to assess the partitioning of or-
ganic compounds between biomembranes and water. Organic compounds 
used so far in liposome-water partitioning behavior studies include organ-
otins,76 chloro- and nitrophenols and amines,77 and polybrominated diphenyl 
ethers.78  Liposomes have also been used in ecological studies for delivery of  
polyunsaturated fatty acids to marine and freshwater zooplankton, with body 
size ranging from 0.2 to 8 mm.79 As passive filter feeders, zooplankton species 
were found to effectively ingest liposomes and take up the loaded  sub-
stances,79 as long as liposomes resemble their food particles (usually microal-
gae or bacteria). More recently, Buttino and co-workers effectively encapsu-
lated a high molecular mass fluorescent compound (average 70 kDa) into gi-
ant liposomes to trace their uptake.74 The giant liposomes were ingested by 
copepods, with no effects on important biological endpoints when fed to-
gether with their dinoflagellate diet.74 

In this thesis, both passive dosing and liposomes were adapted to be used 
as alternative approaches to achieve stable exposure of CPs of varied carbon 
chain lengths and chlorine content to D. magna.  By using these dosing meth-
ods, and state-of-the-art CP analysis approaches, I intended to better under-
stand and reliably estimate bioaccumulation and toxicity effects of CPs in 
aquatic biota. Furthermore, to cover a wider range of chemical properties and 
considering the versatility of liposome dosing, this approach was also tested 
and adapted for the ionic tetrabromobisphenol A (TBBPA) and the amphi-
pathic perfluorooctanoic acid (PFOA).  
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4 Methods 

4.1 Model organism Daphnia magna 

Throughout papers I-IV (Figure 4), D. magna was used as a test model spe-
cies. D. magna, also known as the water flea, is a small crustacean, widely 
spread in freshwater environments. This species is included in many testing 
guidelines (OECD, USEPA) for the assessment of toxicity endpoints, such as 
immobilization, growth and reproduction. Advantages of using D. magna as a 
test organism include its small size (1-6 mm), short life cycle and relatively 
easy maintenance in the laboratory. Additionally, the possibility of asexual 
(parthenogenetic) reproduction minimizes genetic variation, which decreases 
genetic heterogeneity in the pool of the test animals.  

 

Figure 4 – Outline of the study design for Papers I-IV. 

4.2 Test substances  

The CP commercial substances used in this thesis, their composition and 
characteristics are summarized in Table 1. The Cereclor commercial sub-
stances used in thesis were produced by Imperial Chemical Industries (ICI, 
London, UK), Huels 70C was produced by Degussa-Hüls AG (Frankfurt, Ger-
many) and CP-52 is of Chinese origin.  

 
 



12 

 Table 1 - Commercial name, range of carbon chain length, percentage chlorine 

weight, category according to manufacturer of each CP substance and paper in 

which they were used in this thesis. 

Commercial 
name 

Mixture composition 
Category 

Used in 
Paper Carbon chain 

Chlorine content 
(% average) 

Cereclor 50LV C9-C14 50% SCCP I, II 

Huels 70C C9-C14 70% SCCP I-III 

Cereclor S45 C13-C18 45% MCCP I, II 
Cereclor 42 C10-C14; C21-C31 42% LCCP I, II 
CP-52 C9-C30 52% CP I-IV 

4.3 Passive dosing 

In Papers I-III, passive dosing was used to assure stable water exposure to 
CPs (Figure 4). Medical grade silicone was loaded with five CPs belonging to 
all three categories of CPs (SC, MC and LCCPs; Table 1). Samples of dosed sili-
cone and water (M7 medium, synthetic freshwater) equilibrated with the sili-
cone were taken for CP quantification. Equilibrium assessment and partition 
coefficients between silicone and water (Ksilicone-water, Figure 5) were deter-
mined as the ratio of the quantified concentration in silicone (Csilicone, g CPs kg 
silicone-1) and water (Cwater, g CPs L-1).  

   

Figure 5 – Illustration of the partitioning processes in a passive dosing system (Paper 

I). CP-loaded silicone (blue, bottom) is put into contact with M7 media (grey). When 

animals are added to the system they take up the CPs from water (Koc-water). 

Careful analysis of the pattern and amount of CPs found in each matrix was 
necessary to confirm that i) the CPs loaded to the silicone match that of the 
original CP substance and ii) the silicone acts as a good doser of different CP 
congeners to water. The determination of Ksilicone-water will be used to compare 
the partitioning behavior between the different CP substances of different 
carbon chain lengths and chlorine content (Table 1), but also to manipulate 
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the desired water concentrations in function of the amount of CPs in the sili-
cone in Papers II and III. Thereafter, D. magna was added to the passive dosing 
system (Paper I). CP-specific partitioning coefficients between animal and wa-
ter (Koc-water, Figure 5) were calculated by dividing the concentration in the an-
imals organic carbon normalized, g CPs kg oc-1) after a 48-hour incubation, by 
the concentration measured in the water (Cwater, g CPs L-1). 

4.4 APCI-QTOF-MS quantification of CPs 

4.4.1 Sample preparation 

Silicone samples were prepared by extracting the silicone with dichloro-
methane or isohexane (Paper I), water samples equilibrated with the silicone 
(for more than 24 hours) were collected and liquid-liquid extraction with iso-
hexane was performed (Papers I-III). D. magna were collected, dried, homog-
enized and extracted twice with MilliQwater:isohexane (1:1, Papers I, II). All 
samples were analyzed on APCI-qTOF-MS and GC-LR-MS.  

4.4.2 Sample analysis 

The CP quantification method used throughout Papers I-III (Figure 4) was 
based on the direct injection negative-ion APCI quadrupole time of flight high-
resolution mass spectrometry (APCI-QTOF-MS) with the aid of mathematical 
deconvolution, developed by Bogdal et al17 and Yuan et al.18 With this method, 
it was possible to i) obtain semi-quantitative information on congener com-
position of the commercial CP substances used in this thesis (Figure 6) and ii) 
confirm and compare the congener composition found in the different matri-
ces (silicone, water and animals). A total of 224 CP congener groups from C9Cl3 
to C31Cl16 were used to quantify a CP substance.  

 

Figure 6 - Complete congener profile of Cereclor 42 (C10-C14; C21-C31, 42% Cl). 
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4.5 Liposome delivery of chemicals 

In Paper IV, liposomes were used to deliver three different chemicals to D. 

magna (Figure 4). Liposomes were synthesized with a mixture of lecithin and 
cholesterol in a dichloromethane:acetone solvent mixture (2:1 v/v). To load 
the liposomes, known amounts of TBBPA, CP-52 or PFOA (along with their re-
spective 14C-labelled chemicals) were added to the initial mixture. The size and 
concentration of the liposomes were measured over time to evaluate stabil-
ity. The liposomes were stained with the fluorescent dye Nile Red to confirm 
the ingestion of liposomes by D. magna, viewed under the microscope.  

4.6 Radiometry analysis 

In Paper IV, radiometry analysis was used to quantify the 14C-labelled chem-
icals in the synthesized liposomes or animals (Figure 4). Radiometric measure-
ments were conducted on a liquid scintillator using external calibration curves 
of the 14C-labelled TBBPA, PFOA, and CPs. The radioactivity was converted into 
mass of total chemical (TBBPA, PFOA or CPs). Use of the same detection 
method for all chemicals minimized uncertainties associated with different 
analytical approaches. 

4.7 Bioaccumulation and Toxicity testing 

In Paper I and IV, the Daphnia sp. Acute Immobilisation Test (OECD 202) 
was used to assess acute toxicity of different chemicals in D. magna neonates 
(<24 hours old, Table 2). The modifications made to this test were the chemi-
cal delivery approach used: passive dosing (Paper I) and liposomes (Paper IV, 
Table 2).  

Table 2 – Summary of the tests conducted in Papers I-IV. 

Paper 
OECD guide-

line (Test no.) 
Incubation time 

(h) 
Endpoint(s) Modifications 

I, IV 202 48 Immobilization  Chemical delivery  

II 305 II and III 
48 (exposure) +  
24 (depuration) 

BCF/BAF 
Test organism 
Test duration 

Chemical delivery 

III 211 21 days 
Reproduction, 

Survival 
Chemical delivery 

Plankton wheel 
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In Paper II, bioconcentration and bioaccumulation experiments were per-
formed with D. magna based on the Bioaccumulation in Fish OECD 305 guide-
line, specifically II and III (minimized aqueous exposure fish test and dietary 
exposure bioaccumulation fish test, respectively). The modifications to this 
test were: the test organism, the adaptation of the exposure (uptake) and 
post-exposure (depuration) phases’ duration for D. magna, and the chemical 
delivery approach (passive dosing, Table 2). A control group (blank silicone) is 
also included in this test to account for background concentrations of the test 
substance.  

In Paper III, the OECD Test no 211: D. magna Reproduction Test was used 
to test the reproductive output of the animals when chronically exposed to 
CP-52 and Huels70C (Table 1 and 2). This test allowed to assay exposure ef-
fects on total reproductive, survival and population growth rates.  The modi-
fications made to the guideline were the use of i) passive dosing to obtain 
stable exposure to CPs in water and food (microalgae), and ii) a plankton 
wheel to maintain a constant suspension of microalgae throughout the test 
and facilitate equilibration with the silicone. 

4.8 Lipid changes due to CP chronic exposure 

Lipid homeostasis is important for D. magna reproduction and the disrup-
tion of their metabolism can affect their growth, reproduction and offspring 
survival.80 Lipid disruption was assessed in the chronically exposed females. 
To analyze changes in lipid content, the daphnids were stained with fluores-
cent dye Nile Red (NR; 1.5 μM) and examined using a Leica DMR Fluorescent 
Microscope. To analyze differences in fatty acid profile, the fatty acids were 
extracted, derivatized and analyzed on a GC-FID.  

4.9 Protein analysis of the offspring 

The body mass of individuals can be altered by different environmental 
conditions and stressors; moreover, a smaller body size in offspring can reflect 
fitness penalties in the reproducing mothers. To assess the body size re-
sponse, the individual protein content was used as a proxy for individual body 
mass. The protein content of neonates produced by females chronically ex-
posed to CPs (Paper III) was measured via the bicinchoninic acid method.81 
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5 Results and discussion 

In this thesis, the two dosing approaches adapted for CP exposure, pro-
vided stable exposure to CPs and yielded stable body burdens of CPs in D. 

magna during the 48-hour incubation time. However, these two approaches 
differ in uptake processes: while the liposome delivery of CPs mostly mimics 
a diet-based uptake, the major uptake process for D. magna in the passive 
dosing system was the passive diffusion through the respiratory area, even in 
the presence of CP-contaminated diet. Using the passive dosing approach, all 
tested CPs showed high bioaccumulation in D. magna, although the commer-
cial substances differed in bioaccumulation factors. Lastly, chronic exposure 
to CPs at low concentrations in water disrupted lipid allocation and fatty acid 
metabolism and significantly decreased the population growth rate of D. 

magna, although CP-52 and Huels70C seemed to act differently. 

5.1 Exposure through passive dosing and liposomes 

CPs were successfully incorporated into both the silicone of the passive 
dosing system and in liposomes. Nearly 100% of the loaded CPs were ex-
tracted from the silicone (at maximum 1% CPs (w/w) in the silicone), whereas 
for the liposomes, recovery varied between 80 and 90% (Table 3). With pas-
sive dosing it was possible to obtain stable water concentrations of CPs from 
24 hours up to one week, while liposomes leaked up to 13% of their CP con-
tent to water from the time of dilution up to 5 days. 

5.1.1 Stable exposure in water 

Passive dosing allowed for a representative exposure of complex test sub-
stances such as CPs, which is a crucial feature when testing for toxic effects 
and bioaccumulation potential (Paper I). Water-silicone equilibrium was 
reached after 24 hours of silicone-water contact and concentrations were sta-
ble up to one week (as tested). After 24 hours, most congeners (even high 
chlorine or long chained ones) were observed in the water samples, thus con-
firming that the commercial CP multi-constituents had partitioned to water. 
Silicone-water partition coefficients (log Ksilicone-water) were determined for five 
different commercial CP substances from all categories (Table 1). The com-
parison of the log Ksilicone-water calculated for the different CPs showed that both 
chlorine content and carbon chain length are important factors that increase 
the partitioning of CPs from water into hydrophobic matrices.  
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CPs, TBBPA and PFOA were successfully incorporated in the liposomes.  
However, low incorporation of PFOA in the liposomes was observed (30%, Ta-
ble 3, Paper IV). The size distribution and yield of the liposomes from prepa-
ration up to three months after preparation did not vary when the chemicals 
were incorporated. Moreover, these parameters were relatively stable during 
storage (up to three months), except for the 1 and 10% (w/w) PFOA lipo-
somes. For the latter, the yield was more than 75% lower, with much larger 
liposomes that were unstable (>90% of the liposomes had disintegrated three 
months after preparation). This was somewhat expected due to the surfactant 
characteristic of per and polyfluoroalkyls substances (PFASs), which prevents 
the formation of the liposomes and destabilizes the phospholipidic layer.82 
When liposomes were suspended in M7 medium, leakage of the chemicals 
from the liposomes to water was observed. Leakage was lowest for CPs and 
highest for PFOA (Table 3).  The partitioning of ionic substances, such as 
TBBPA, between the aqueous phase and a multi-phase system, such as lipo-
somes, is theorized to, first, involve molecules distributing between the aque-
ous cavity in the center towards the lipid bilayer phase, thereafter through 
the phospholipids and finally adsorbing to the membrane and equilibrium par-
titioning to water.75 On the other hand, the partitioning of PFOA might be fa-
cilitated as it is supposedly already at the surface of the liposome and there-
fore more leakage is observed (Table 3). 

Table 3 – Summary of incorporation and stability of CPs, TBBPA and PFOA in the lipo-

somes. The table shows the percentage of each chemical initially aimed to be incor-

porated in the liposomes (%, w/w), percentage of the chemical incorporated in the 

liposomes (%, w/w), final chemical weight in the liposomes (%, w/w) and the range 

of chemical leaked observed between 0 and 5 days (%, w/w). 

 
Incorporation 
aimed at (%) 

Incorporated 
(%, w/w) 

Final chemical 
weight (%, 

w/w) 

Leakage  
0-5 days 

[min-max]  
(%, w/w) 

CPs 5 90 4.5 Not measured 
 7.5 81 6.1 9.7-12.5 

PFOA 0.5 30 0.15 52.7-58.1 

TBBPA 5 84 4.2 22-27.5 

In the future, to fully adapt liposomes for TBBPA (ionic) and PFOA (surfac-
tant and amphipathic), it will be necessary to optimize and stabilize these 
chemicals in the liposomes and minimize their leakage to water. Development 
of new systems for aquatic toxicity testing of such chemicals is clearly needed. 
For ionic chemicals, toxicity estimates where pH and, therefore, availability in 
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water of the different ions varies have high uncertainties. Uncertainties in ex-
posure are also common for surfactant and amphipathic chemicals. For exam-
ple, although the toxic potency of PFOA is well-described,83 the acute toxicity 
EC50 derived for D. magna ranges between 20084 and 67585 mg L-1, which is in 
the same range as for narcotic chemicals of low toxicity, such as alcohols, 
ethers and benzoic acids.86 Considering that the current perfluoroalkyl acids 
lists includes up to 4730 substances,87 a method that yields reliable toxicity 
estimates for this wide group of chemicals will be a valuable tool for toxicolo-
gists and regulators. 

5.1.2 Stable dosing of D. magna 

When daphnids were added to the test vessels with the CP-equilibrated 
media via passive dosing or CP-loaded liposome suspension, CPs were de-
tected in the animals after the 48-hour incubation time, showing that CPs are 
taken up by the animals using both dosing methods. This was also the case 
when daphnids were exposed to TBBPA-loaded liposomes but not for the 
PFOA-loaded liposomes. The time to steady-state body burdens varied with 
the choice of method and chemical. 

Liposome delivery of CPs yielded a faster uptake when compared to passive 
dosing (t95 in Table 4). In Paper II, where respiratory and dietary uptake were 
modelled and calculated from experimental data, data suggest that respira-
tion is the dominating uptake process for CPs in these animals indicating that 
tissue-unspecific passive diffusion via the body surfaces of the daphnids dom-
inates over diet uptake. In turn, liposomes are ingested directly into the gut 
and, thereafter, CPs are likely taken up i) after liposome digestion, and ii) 
through direct liposome-gut partitioning processes. In a previous study, crus-
taceans were able to digest, take up and elongate liposome delivered fatty 
acids between 24 and 48 hours,79 which confirms that liposomes are digested 
and yield fast uptake and metabolization of hydrophobic compounds. Given 
that CPs are most likely incorporated in the hydrophobic area of the lipid bi-
layer of the liposomes, the partitioning from this area towards the gut of the 
animals is likely facilitated. The uptake of CPs via liposomes was also faster 
when compared to the uptake of TBBPA (Table 4), possibly as a result of a 
higher partitioning of CPs from the liposomes to the animal’s gut.  
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Table 4 – Comparison between CP-exposure approach and between liposome deliv-

ered TBBPA and CP-52.  This table shows the time to 95% steady-state body burden 

(t95, hours), half-life (t1/2, hours), achievable exposure concentrations (total µg chemi-

cal in water, µg L-1), maximum immobilization observed (%) and the body burden at 

which the maximum immobilization was observed (ng chemical per µg dw). 

Method Chemical 
t95 
(h) 

t1/2(h) 
Exposure con-

centrations 
(µg L-1) 

Immobilization 
(% max) 

Body 
burden 
(ng µg 
dw-1) 

Passive 
dosing 

CP-52 41 10 23 - 280 36% 55 

Liposomes CP-52 21 6.5 22 - 108 100% 3 

Liposomes TBBPA 91 1 15 - 74 0% 4 

A full dose-response curve was obtained for the liposome mediated deliv-
ery of CPs (0-100% mortality, Table 4, Paper IV) but not during the acute tox-
icity tests using passive dosing, even though total CP concentration in the sys-
tem was higher (Paper I, Table 4). Both toxicity testing approaches are limited 
by the maximum amount of chemical possible to dose the animals with: in the 
passive dosing approach,  the maximum water concentration was limited by 
the amount of CPs added to the silicone without changing its properties and 
causing the daphnids to get stuck on the silicone surface (0.5% w/w); while 
for the liposomes chemical incorporation is limited as well as  the maximum 
number of liposomes that can be loaded in water without causing more than 
10% immobilization, as permissible by the guideline (OECD 202).  

Passive dosing and liposome delivered CPs yield different toxicity estimates 
in D. magna. Higher toxicity of CPs is observed when CPs are water-dosed ver-
sus liposome dosed (Table 4). Nonetheless, both show promising possibilities 
to address the bioaccumulation and mechanistic studies of effects of hydro-
phobic chemicals on aquatic biota. When CPs were dosed to D. magna via 
liposomes, 100% immobilization was observed at 3 ng CPs μg dw-1 whereas 
maximum 36% immobilization was observed via passive dosing, at a body bur-
den of 55 ng CPs μg dw-1 (Table 4). These differences might be attributed to: 
i) a shorter time to steady state body burden is needed for liposome deliv-
ered-CPs, which means that toxicity starts to exert effects at a much earlier 
stage in the incubation, and ii) the direct partitioning to the gut might yield 
direct exposure of critical tissues to CPs whereas through passive diffusion the 
partitioning to the tissues might be relatively more diffused. Previous studies 
calculated EC50 for different CPs ranging between 42 and 152 μg CPs L-1 in wa-
ter.88 This would be in line with the findings in Paper I, with toxicity of water-
dosed CPs observed in the 50-200 μg L-1  range.  
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5.2 Bioaccumulation of CPs in D. magna 

All test CP substances (Table 1) bioaccumulated in D. magna according to 
the guideline criteria (Paper II). CP substances with higher chlorine content 
and longer carbon chain lengths showed higher bioaccumulation factors. 
Moreover, modelled and experimental data suggested that dietary uptake is 
negligible in D. magna and that passive diffusion through the respiratory sur-
face is the dominating uptake process, supporting the findings of previous 
studies showing that near-equilibrium partitioning is the dominating uptake 
and elimination mechanism of HOCs in zooplankton, whereas uptake through 
diet is thought to be of lesser importance.89 

A preliminary assessment of the bioaccumulation potential of CPs was per-
formed in Paper I, by looking at the organic carbon-water partitioning coeffi-
cient (Koc-water) in D. magna. Equilibrium partitioning coefficients should be in-
dependent of concentration since they should (theoretically) be solely de-
pendent on the physical-chemical properties of the compounds and matrices 
involved, and on thermodynamic conditions such as temperature or pressure. 
However, in this study, the Koc-water of some CP substances was significantly 
different between CP concentrations. For example, for Cereclor S45 Koc-water 
increased with increasing concentration in water, while the Koc-water for CP-52 
decreased with increasing concentrations, concentrations at which mortality 
was observed. Effects such as lowered respiration, swimming behavior and 
feeding activity due to xenobiotic exposure could significantly affect the up-
take and/or elimination rates and, ultimately, partitioning coefficients. These 
results highlight the importance of testing bioaccumulation and bioconcen-
tration at exposure concentrations that imply no toxic effects of the chemicals 
in the test animals. For this reason, the CP concentrations in water used in 
Paper II to assess bioaccumulation of CPs in D. magna were all below 3 μg CPs 
L-1, at which no acute toxicity is expected. 

 The calculated lipid normalized BCFs in Paper II (6.7-7.0 L kg lipid-1) were 
higher than the calculated BAFs (6.5-7.0 L kg lipid-1, Figure 8), indicating that, 
when daphnids were exposed to CPs only via water, the concentration of CPs 
in D. magna was higher than when daphnids were exposed via water and food 
(algae). Bioconcentration and bioaccumulation in biota are the result of a 
complex balance of uptake (via diet, respiration, passive diffusion) and elimi-
nation mechanisms (via feces, respiration, passive diffusion, metabolism and 
growth). During the exposure phase, the CP-contaminated algae will not only 
act as a vehicle of CPs (uptake through diet), but also contribute to the elimi-
nation of CPs by excretion (via feces) and by growth dilution (also known as 
pseudo-elimination). Additionally, metabolism will increase when animals are 
fed.90 However, depuration rates were not significantly higher when food was 
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present during the post-exposure phase, when daphnids were allowed to dep-
urate in CP-free water (except for CP-42).  

 

Figure 7 - Summary of partitioning coefficients for the different commercial CPs used 

in this thesis, between Daphnia and water: log Koc-water (L kg organic carbon-1), log 

BAF (L kg lipid-1) and log BCF (L kg lipid-1). The boundaries of the boxes indicate the 

25th and 75th percentile and the line within the box indicates the mean. The whiskers 

above and below the box indicate the 5th and 95th percentile.  

Furthermore, with the aid of our congener resolving power methodology, 
we observed high molecular weight and highly hydrophobic congeners from 
Cereclor 42 in D. magna after a 48-hour exposure phase (mostly C18-30 conge-
ners). The accumulation of LCCP-congeners has since then been observed in 
the wild, especially dominant in terrestrial carnivores,10 which shows that 
these congeners have the ability to diffuse through cell membranes, bioaccu-
mulate in animals and reach detectable concentrations.  

5.2.1 Chlorine content vs carbon chain length 

The lowest log Koc-water calculated in Paper I was for Cereclor S45, a MCCP 
with an average of 45% chlorine (w/w), whereas the highest log Koc-water was 
calculated for Huels 70C, a SCCP with an average of 70 % chlorine, and for CP-
52, a CP with broad carbon chain length composition (C9 to C30) and an aver-
age of 52 % chlorine (Figure 8). Similarly, Huels 70C and CP-52 showed the 
highest accumulation in D. magna (Paper II). Both BCFs and BAFs increased 
with increasing chlorine content regardless of carbon chain length (Figure 8). 
The two CPs with the lowest chlorine content (Cereclor S45 (45% Cl) and CP-
42 (42% Cl)) showed the highest depuration rates and lowest BCFs and BAFs.  

Extensive research was done in the 1980s focusing on the differences in 
uptake and elimination pathways of different CPs in both fish and mammals. 
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In an in vivo study using mice, increases in chlorine content effectively de-
creased biotransformation and metabolization of CPs: while a low chlorinated 
dodecane was exhaled within 12 hours after administration, a medium and a 
high chlorinated dodecane accumulated extensively in liver and fat (nearly 
90% after 24 hours).91 This is in agreement with bioaccumulation studies in 
fish, where low chlorinated paraffins were at least partially degraded to CO2 
(in carp),92 while the long-term retention and accumulation in lipid rich tissues 
increased for higher chlorinated paraffins.93  In more recent studies, 90% of 
ingested CPs were deposited in liver and fat and all CPs (SC, MC and LCCPs) 
showed resistance to metabolism in rats.94 The impact of both chlorine con-
tent and carbon chain length continues to be addressed and data indicate that 
accumulation and excretion are highly dependent on both chlorine content 
and on carbon chain length.  

5.3 Chronic toxicity of CPs towards D. magna 

Chronic exposure of female D. magna individuals to Huels70C and CP-52 
from their neonate stage (< 24 hours old) up to their adulthood stage (21 days 
old) affected their reproduction and lipid metabolism.  Huels70C caused more 
pronounced effects on the population growth rate as compared to CP-52, 
whereas CP-52 caused more pronounced effects on the relative lipid content 
and fatty acid disruption. Huels70C and CP-52 were selected since these sub-
stances have similar kinetics and bioaccumulation potential in D. magna (Pa-
per II, Figure 8); however, the data obtained in this study suggest that they 
might act differently. It is unclear whether difference in toxicity potential be-
tween the two are a result of the increased chlorine content or the carbon 
chain length as these CPs vary in both chlorine content and carbon chain 
length. SCCPs (such as Huels 70C) are generally believed to be more toxic than 
MC and LCCPs, but differences could be attributed to their availability in water 
(SCCP congeners are generally more soluble in water compared to MC or LCCP 
congeners). 

Both CP substances caused a lower survival and reproduction in the ex-
posed females, resulting in significantly decreasing population growth rates of 
daphnids, even at low concentrations in water (2-3 μg CPs L-1). Additionally, 
CPs impacted the lipid allocation and fatty acid profile in D. magna, including 
some polyunsaturated fatty acids (PUFAs). This is in agreement with previous 
studies that showed specific disruption of the fatty acid metabolism in rats,95 
zebrafish embryos59 and HepG2 cells96 after exposure to SCCPs. Lipids, 
including fatty acids, are important biochemical constituents of living 
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organisms for overall energy homeostasis and cell signaling.97 Lipid homeosta-
sis is especially important for D. magna reproduction, and its disruption can 
lead to poor provisioning of eggs.80 Recently, SCCPs were observed to effec-
tively alter genes modulated by PPARα,95 an important nuclear receptor for 
lipid homeostatis.98  In silico simulations revealed that SCCPS exhibit strong 
binding affinity to PPARα via hydrophobic interactions, although in different 
regions than typical PPARα agonists.95 This could be a relevant mechanism of 
action for CPs in D. magna since HR96, the PPARα homologue in several in-
vertebrates, is a nuclear receptor known to be regulated by fatty acids and 
some xenobiotics in D. magna.99 Activation of such nuclear receptors is be-
lieved to be similar to obesogenic disruption in mammals, usually leading to 
the alteration of D. magna growth and reproduction and impairing transfer of 
essential lipids to eggs, which can in turn lead to lowered body size and sur-
vival of the offspring.100–102 With this study, it is not possible to confirm if the 
observed effects are a direct effect of CP exposure acting on specific meta-
bolic pathways. This would need further investigation either by looking at the 
activation of nuclear receptors known to be involved in lipid allocation in D. 

magna, or through the investigation of congener-specific chemical activity at 
which these effects are taking place. It is vital to continue addressing the im-
pact of environmental contaminants in this group of animals, especially pop-
ulation level effects, since crustaceans constitute an important link between 
primary and secondary production in multiple aquatic ecosystems.  
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6 Conclusions 

To overcome exposure problems due to low water solubility of CPs, two 
dosing methods were successfully adapted (Papers I and IV). First, it was 
demonstrated that the silicone-based passive-dosing approach is applicable 
for the highly complex CP substances, yielding stable exposure to their multi-
constituents, even for highly hydrophobic and high molecular mass congeners 
(C18-30). Second, CP-loaded liposomes were successfully synthesized and 
yielded stable body burdens in D. magna within the 48-hour incubation time. 
Whilst passive dosing mimics a scenario where food and water are chemical 
vehicles in equilibrium with the surrounding environment and multi-matrix 
equilibriums need to be established, liposome-mediated delivery of chemicals 
acts mainly via direct dosing to the gut of the animals and could be a useful 
tool for metabolism and toxicity focused studies.  

Knowing that passive dosing could provide stable exposure levels for dif-
ferent CPs in water, this method was utilized to provide information on bioac-
cumulation and toxicity of CPs in D. magna (Papers II and III). All tested CP 
commercial substances showed a high bioaccumulation potential in daphnids. 
Therefore, this species (and, perhaps, other microcrustaceans) can be an im-
portant vehicle of CPs in freshwater food webs and contribute to the biomag-
nification of these chemicals. Chlorine content was positively correlated with 
log BCF and BAF values, which varied between 6.5 and 7.0 (L kg lipid-1; Paper 
II). The CP partition coefficients often overlapped between SC, MC and LCCPs 
(Papers I and II). This was partly because some commercial substances were 
composed of multiple congeners belonging to more than one category, but it 
was also an effect of carbon chain length and chlorine content acting together 
on the partitioning. These results highlight the need of considering chlorine 
content when regulating CPs, which is in concert with the literature and con-
clusions recently drawn by regulatory authorities concerning MCCPs’ PBT 
evaluation. In Paper II, we additionally observed that congeners with high log 
Kow and molecular weight bioaccumulated in D. magna. Our findings in Paper 
III supported the initial hypothesis that CPs have the potential to disrupt the 
fatty acid metabolism and alter lipid allocation in D. magna. Detrimental ef-
fects on reproduction, population growth and resource allocation to offspring 
were also found, which can have serious implications for the population per-
sistence. One can speculate that, in addition to narcosis, CPs could act via the 
disruption of specific metabolic pathways. Importantly, the findings in this 
thesis support the scientific view that the currently applied molecular size and 
hydrophobicity cutoffs during environmental risk assessment, at which no or 
limited bioaccumulation or effects are expected, are inadequate.  
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7 Future perspectives 

Since the start of this thesis, the total production capacity of CPs has in-
creased and so have the number of studies describing increasing CP contami-
nation in varied environmental matrices. Regulatory action on SCCPs has re-
sulted in decreased environmental contamination, whereas the contamina-
tion with MC and LCCPs is growing. In the future, to continue assessing the 
hazard potential of in-use CPs, it is not only necessary to investigate their PBT 
properties, but also their global distribution and trends. Moreover, it is crucial 
that methods elucidating the congener composition of CP substances are 
used. One of the CP substances used in this thesis, Cereclor 42, although la-
belled as a LCCP by the manufacturer, had SCCP congeners in its composition. 
The contamination with restricted substances could be the case for in-use 
commercial CPs and ultimately contribute to continuous emissions of these 
regulated chemicals into the environment. So far, only a few laboratories have 
the ability to identify congeners and accurately quantify CPs in different ma-
trices. For CPs to be included in regular monitoring programs or for other la-
boratories to have the possibility of assessing CP contamination in different 
environments, it is necessary that a fast and/or standardized method is devel-
oped. Methods as direct injection APCI-TOF-HRMS and APCI-Orbitrap-HRMS 
show the most promising results.16 In addition, the lack of reference materials 
and suitable standards for quantification are issues that hinder proper quan-
tification of CPs and need to be addressed in the future. 

 This thesis also adds to the literature that CPs might disrupt specific met-
abolic pathways in animals, in addition to acting via narcosis. There are already 
described a number of chemicals that can interfere with specific nuclear re-
ceptors, alter lipid allocation and ultimately impair development and repro-
duction success in D. magna females. Whether the population-level effects 
observed in Paper III are directly or indirectly correlated to the fatty acid me-
tabolism disruption described demands further investigation. Future studies 
should focus on describing their specific mechanism of action in aquatic ani-
mals, possibly by focusing on single-congener toxicity assessment rather than 
complex mixtures.  

Lastly, the global chemical industry is estimated to double its production 
by 2030.103

 Current release of CPs to the environment is estimated to be ap-
proximately 300 tonnes per year34 and so, if CP production follows the same 
production trend as the global chemical industry is predicted to, environmen-
tal contamination with CPs can be expected to increase and continue to dom-
inate in the next decades.  
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