
 
 
 
 
 
 

Brominated natural products at different trophic levels 
in the Baltic Sea 

Identification of polybrominated dioxins, 
hydroxylated and methoxylated diphenyl ethers 

 
 

 
 
 

Anna Malmvärn 
 
 
 
 
 
 
 

 
 
 
 
 

 
 

 
Department of Environmental Chemistry 

Stockholm University 
2007 



 - ii -



 - iii -

Doctoral Thesis 2007 
Department of Environmental Chemistry 
Stockholm University 
SE-106 91 Stockholm 
Sweden 
 

Abstract  

Over time, the Baltic Sea has been contaminated by increasing discharges of pollutants from 
human activities. Persistent organic pollutants (POPs) have caused toxic effects in wildlife 
and excess of nutrients have led to eutrophication. Furthermore, there are indications that 
certain polyhalogenated compounds similar in structure to man-made POPs are produced by 
the biota present in this sea. In the late 1990’s both methoxylated polybrominated diphenyl 
ethers (MeO-PBDEs) and hydroxylated polybrominated diphenyl ethers (OH-PBDEs) were 
identified in fish and seals living in this environment. OH-PBDEs can originate from 
metabolism of polybrominated diphenyl ethers (PBDEs), but both OH- and MeO-PBDEs are 
also known to be natural products in marine environments. Another group of POPs, the 
polybrominated dibenzo-p-dioxins (PBDDs), are not produced commercially, but are known 
to be by-products of chemical industry and of the combustion of, e.g., brominated flame 
retardants (BFRs). In contrast to the OH- and MeO-PBDEs, PBDDs have not previously been 
shown to be natural products, although certain related compounds have been indicated to have 
a natural origin. 
This thesis describes the identification of several brominated compounds in algae, blue 
mussels and fish living in the brackish water of the Baltic Sea. Several of these have not 
previously shown to be present in biota. Accordingly, OH-PBDEs, and MeO-PBDEs, as well 
as mixed brominated chlorinated hydroxylated diphenyl ethers were detected in Baltic 
macroalgae (Ceramium tenuicorne) and blue mussels (Mytilus edulis).  
Furthermore, 1,3,7- and 1,3,8-triBDD were identified in these same organisms for the first 
time. The concentrations of these compounds in the blue mussels were remarkably high (160 
ng/g fat) compared to the level of, e.g., the persistent PCB congener 2,2’,4,4’,5,5’-
hexachlorobiphenyl (CB-153) (50 ng/g). In addition, we found indications for the presence of 
another set of PBDDs in these algae and mussels.  
PBDDs, OH-PBDEs and MeO-PBDEs were also detected in cyanobacteria (Aphanizomenon 
flos-aquae). Moreover, PBDDs were present in fish, mussels, shrimp and crabs from different 
regions of the Baltic Sea and from the west coast of Sweden, but not in organisms from 
freshwater environments. The levels of these compounds in Baltic fish generally exceeded 
those of their chlorinated analogues. The origin of the PBDDs identified is somewhat unclear, 
but the high levels present in blue mussels and the pattern of congeners observed indicate 
natural production.  
The presence of PBDDs, OH-PBDEs and MeO-PBDEs in fish and shellfish constitutes a 
potential risk to both humans and wildlife and requires further investigation. 
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1 The Baltic Sea: A general introduction 

The Baltic Sea is a unique, semi-enclosed brackish body of water connected 
with the North Sea area of the Atlantic Ocean only via the narrow and shallow 
Danish Straits. The exchange of water between the Baltic and North Seas is 
therefore limited. Water, rich in nutrients and environmental contaminants, 
flows into the Baltic from a large drainage area stretching far inland into the 
surrounding countries, including several urbanized and industrial areas. 

The Baltic Sea is divided into three main areas: the Baltic Proper, the 
Bothnian Sea and the Bothnian Bay (Figure 1.1). With increasing distance 
from the Atlantic, its salinity decreases from 30 to 3 practical salinity units 
(psu), as a consequence of dilution by freshwater from rivers and land run-off. 
This brackish water is the home of a variety of marine and freshwater species, 
all living under the physiological stress of salinity that is lower or higher than 
that of their native habitat. In evolutionary terms the Baltic Sea is young; few 
species, most of marine origin, have been able to adapt to its brackish water 
and, consequently, the biodiversity of its fauna is low and declines as the 
salinity decreases.  

 

Figure 1.1 Map of the Baltic Sea showing the three main areas. 
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During the last half century, human activities have led to elevated levels of 
inorganic nitrogen and phosphorous in the Baltic, causing eutrophication of 
this entire sea, which was originally oligotrophic [1-3]. These high levels of 
nutrients favour the survival and reproduction of certain species at the 
expense of others, thereby altering an ecosystem that already contained a 
relatively small number of species. For example, the growth of phytoplankton 
is favoured by such high levels of nutrients, which, in turn, decreases the 
penetration of light into the water, one reason why the distribution of the 
slowly growing brown seaweed Fucus vesiculosus (Figure 1.2) in the Baltic 
has been reduced [4]. Moreover, the growth of filamentous alga species such 
as Pilayella littoralis, Ceramium tenuicorne, Cladophora glomerata and 
Polysiphonia fucoides, in contrast to F. vesiculosus, benefits from high 
concentrations of nutrients [5]. Furthermore exudates from P. fucoides [6] and 
from P. littoralis [7], both appear to exert a negative effect on the 
reproduction of F. vesiculosus. Fucus vesiculosus is a key contributor to the 
survival of fish fry, functioning as a nursery and hiding-place, as well as a 
feeding-place for numerous species. In addition to such repercussions, the 
huge quantities of P. fucoides produced have caused devastation of beaches, 
particular along the coast of the island Öland (Figure 1.3). 

In addition to such changes in species composition, nutrient enrichment may 
enhance the formation of biomass and the degradation of large amounts of 
biomass is a major cause of the oxygen depletion characteristic of the Baltic 
Sea. Oxygen deficiency leads to the reduction of iron, which in its reduced 
form is not able to bind phosphate, thus leading to release of phosphate. In the 
presence of an excess of phosphorous, the supply of nitrogen becomes 
limiting for the growth of algae, with the exception of cyanobacteria, the only 
group of “algae” capable of utilizing gaseous nitrogen dissolved in water and 
thus not dependent on inorganic forms of nitrogen, such as nitrate [8]. Under 
such conditions, undisturbed by competition from other algae, the 
cyanobacteria are able to form massive blooms, one of which occurred in the 
summer of 2005 (Figure 1.4). However, analysis of sediment has revealed that 
cyanobacteria blooms have been a recurrent event in the ecosystem of the 
Baltic Sea for at least the last seven thousand years [9], although such blooms 
are believed to occur more frequently today.  

In addition to the repercussions of eutrophication, another serious threat to the 
biodiversity of the Baltic Sea is over-fishing. This has severely reduced the 
size of several populations of fish including cod and herring. 
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Figure 1.2 Part of a belt of the brown seaweed Fucus vesiculosus growing submerged in 
the Baltic Proper.  
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 A beach on the east coast of the island Öland in 2001. The algae covering this 
beach consist mainly of the red filamentous alga Polysiphonia fucoides. 
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Figure 1.4 The bloom of cyanobacteria (Nodularia spumigena) that occurred in the Baltic 
Proper in the summer of 2005. 
 

 

The Baltic Sea is also known to be heavily contaminated by persistent organic 
pollutants (POPs), pesticides and industrial chemicals. As early as the end of 
the 1960´s, this environment was found to be severely polluted by DDT, 
PCBs and several other organohalogens [10,11]. As a result of their lipophilic 
properties and chemical stability, many of these compounds are 
bioaccumulated and biomagnified in food webs, resulting in high 
concentrations and toxic effects, particularly in species at high trophic levels, 
e.g., marine mammals (seal, mink and otter) and birds of prey (cf. below). 

In the Baltic grey seal (Halichoerus grypus), ringed seal (Phoca hispida) and 
harbour seal (Phoca vitulina) reproductive failure involving uterine lesions, 
sterility, and skeletal deformities has occurred [12-14]. These effects are most 
probably due to high concentrations of organochlorines [12-14]. Moreover, 
reproduction by the white-tailed sea eagle (Haliaeetus albicilla), another top 
predator in the aquatic food web of the Baltic Sea, has been severely disrupted 
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by environmental contaminants. In the early 1960’s a few well-studied pairs 
on the coast of Sweden failed to breed over a period of several years [15]. By 
the 1970’s the average brood size had declined by more than 75% [16] and 
the sea eagle almost became extinct. This decline was brought about by a 
dramatic reduction in the thickness of the eggshell which was strongly 
correlated with the levels of contamination by 4,4’-DDE, the major metabolite 
of 4,4’-DDT, which is the primary component in commercial DDT 
preparations. Moreover, there are indications that the presence of PCBs exerts 
negative effects on the reproduction of these eagles [17].  

In Sweden the use of DDT was restricted in 1970 and phased out 1975, while 
the use of PCBs was banned in 1972. These actions have led to significant 
decreases in the levels of DDT, 4,4’-DDE and PCBs in the Baltic 
environment and accompanying recovery of both the white-tailed sea eagle 
[17,18] and of seals [19]. However, uterine tumours and intestinal ulcers are 
still frequently observed in seals, and the average brood of some populations 
of the sea eagle has not yet regained its original size [17,20]. Furthermore, 
fatty fish in the Baltic Sea, i.e., herring and salmon are still contaminated to a 
significant degree, even though the concentrations of PCB and DDT in 
herring have been declining since 1980 [21,22]. The remaining relatively high 
concentrations of POPs and, in particular, of PCDDs/Fs and co-planar PCBs 
in fish have resulted in recommendations that humans limit their consumption 
of fatty fish from the Baltic Sea (www.slv.se).  

A number of other environmental contaminants are also present in Baltic Sea 
biota and the levels of other POPs in addition to PCB, DDT and PCDD/F are 
also being followed by the Swedish Monitoring Program [21]. Two such 
examples are the persistent and bioaccumulated flame retardants, 
polybrominated diphenyl ethers (PBDEs) and hexabromocyclododecane 
(HBCDD), which can today be detected in any Baltic biota [21,23-25]. The 
levels of PBDEs in guillemot eggs is decreasing, whereas the level of 
HBCDD shows the opposite trend [21,25]. 

Another contaminant in the Baltic environment, bis(4-chlorophenyl)sulfone 
(BCPS), was first detected by Olsson and Bergman in 1995 [26]. BCPS has 
been detected in fish, mammals and birds [26-28], with the highest level being 
present in guillemot [29]. An additional, more recently reported group of 
substances are the perfluorinated compounds (PFCs) [30], used primarily as 
surfactants. Perflurooctane sulfonate (PFOS), one of these compounds, is 
present in guillemot eggs collected at Stora Karlsö, at levels that has increased 
from 1970 to 1995 [31]. The influence of the PFCs on species in the Baltic 
Sea is not yet known.  
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During the past few decades reproduction failure has been reported in several 
species of fish including perch and pike in the Baltic Proper [32]. One of the 
most serious disorders observed is the M74 syndrome in salmon (Salmo 
salar), which causes early mortality [33]. This syndrome is associated with a 
deficiency in thiamine (vitamin B1) and oxidative stress [34], but the actual 
cause has still not been clarified. Its symptoms appear in newly hatched fry 
during the period when the yolk sac is being resorbed for nutrition, before the 
fry begin to feed on external sources [33].  

Among numerous hypotheses concerning the cause of the M74 syndrome are 
i: lowered thiamine levels in fish that the salmon prey on, ii: ecological 
changes in the Baltic food chains, iii: pollutants, iv: microbial infections, v: 
and/or genetic changes in the salmon population [35-37]. A recent study 
revealed no correlation between the levels of common environmental 
contaminants (e.g., DDT, PCB and PBDE) in the salmon and the production 
of fry with M74 [38]. Several methoxylated polybrominated diphenyl ethers 
(MeO-PBDEs) and hydroxylated polybrominated diphenyl ethers (OH-
PBDEs) of unknown origin were also detected in the salmon [38].  

Reproduction of the Baltic cod (Gadus morhua) is also impaired, which is 
believed to be due to the low levels of oxygen in the deepwater spawning 
grounds of this species. As a consequence of this poor reproduction, in 
combination with heavy fishing and predation by sprat and herring on cod 
eggs and larvae, the cod population is decreasing continuously [39]. The cod 
is a key species in the Baltic environment and its depletion may trigger a 
cascade of disturbances in this ecosystem. 

Furthermore, an unusually high rate of mortality among herring (Clupea 
harengus) eggs in the Baltic has been observed, both in the field and in 
connection with laboratory studies [40-42]. Although the underlying cause 
remains unclear, it has been proposed that toxic substances exuded by 
filamentous algae (Pilayella littoralis [40] and Furcellaria lumbricalis [41]) 
may be involved [40]. Thus, certain natural compounds may pose an 
additional threat to fish populations and, thereby, overall biodiversity. The 
elevated production of such compounds by the filamentous algae whose 
growth is promoted by the nutrient enrichment associated with eutrophication 
may thus exert further negative effects on the food web. 
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2 Background considerations 

Halogenated compounds in the environment may originate from both 
biogenic and anthropogenic sources. This chapter is aimed to give a brief 
overview of some halogenated compounds, relevant to the scope of this 
thesis. 

2.1 Natural halogenated products 

More than 3800 halogenated compounds, most containing chlorine and/or 
bromine, but a few with iodine and/or fluorine, are known to be produced by 
living organisms or through natural abiotic processes involving volcanic 
activity, other geothermal processes or forest fires [43]. The single largest 
source of biogenic organohalogens are seaweeds, sponges, corals, tunicates, 
bacteria and other marine life in our oceans [43], which synthesize a wide 
range of compounds, from simple halocarbons to complex phenols, terpenes, 
pyrroles and indoles [43-51]. A few examples of such compounds are 
depicted in Figure 2.1. Several reviews on the occurrence and identities of 
naturally occurring halogenated compounds are available for further reading 
[50-54].  

At least 50 simple bromophenols (consisting of one aromatic ring) of which 
the most widely distributed appears to be 2,3-dibromo-4,5-dihydroxybenzyl 
alcohol (lanosol) (Figure 2.2) [55] are produced naturally, mainly by marine 
 

 
Figure 2.1 Examples of a few selected halogenated natural compounds. A: 2,2’,3,3’-
tetrabromo-4,4’,5,5’-tetrahydroxydiphenylmethane; B: 1-hydroxy-3,6,8-triBDD; C: 1,1’-
dimethyl-3,3’,4,4’-tetrabromo-5,5’dichloro-2,2’-bipyrrole; D: 6,6’-dibrom-1,1’-
(2,2’)biindolyliden-3,3’-dione (also known as Tyrian Purple); E: bis(2,3-dibromo-4,5-
dihydroxybenzyl)ether.  
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plants and animals [44]. Lanosol is common in several species of red algae 
[54,56-60], including a number that grow along the west coast of Sweden 
[57]. 2,3,2’,3’-Tetrabromo-4,5,4’,5’-tetrahydroxydiphenylmethane (Figure 
2.1) has also been identified in these red algae [61].  

Mono-, di-, and tribromophenols (Figure 2.2) are present in a large number of 
red, green and brown marine algae [62-64], as well as in marine sponges [65], 
and variations of the concentrations of these compounds occur in several 
species of algae [62,63,66]. 2,4,6-Tribromophenol (Figure 2.2) is known to 
have both anthropogenic and natural origin and has been isolated from algae 
at levels as high as 1900 ng/g fresh weight (f.w.) [62]. Brominated phenols 
appear to be more common in algae than their methylated counterparts, i.e., 
the anisoles, (e.g., 2,4-dibromoanisole and 2,4,6-tribromoanisole (Figure 2.2), 
which were recently detected for the first time in the marine alga 
Polysiphonia sphaerocarpa [64]). In contrast to the brominated phenols, the 
anisoles are, in general, not produced or used industrially in technical 
quantities. Two of them, 2,4- and 2,6-dibromoanisole, have been indicated to 
be of biogenic origin [67,68]. 

In addition to the simple phenols, algae are known to release large amounts of 
volatile halocarbons, including bromoform, chloromethane, bromomethane 
and iodomethane [44], as well as more complex substances such as the 
biologically active 2’-MeO-2,3’,4,5’-tetraBDE [69], OH-PBDEs [70], bis(2,3-
dibromo-4,5-dihydroxybenzyl)ether [56,60] and polybrominated diphenyl 
methanes [56,61]. Moreover, marine sponges, and in particular Dysidea, 
contain a series of brominated compounds, such as MeO-PBDEs [71,72], OH-
PBDEs [73-80], di-MeO-PBDE and OH-MeO-PBDEs [81], as well as 
hydroxylated or methoxylated brominated dibenzo-p-dioxins (OH- and MeO-
PBDD) [82,83]. In a recent study 2‘-OH-BDE68 was found to account for 
12% of the dry weight of a sponge [84]. It is believed that the primary source 
of many of these compounds is the filamentous cyanobacterium (Oscillatoria 
spongeliae) that lives in symbiosis with the sponges [84,85]. 
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Figure 2.2 Examples of monocyclic halogenated phenols and anisoles which have been 
isolated from natural sources. 
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2.1.1 The role of haloperoxidases in formation of halogenated compounds 
Marine waters contain relatively high concentrations of chloride ions, but 
bromide, iodide and fluoride ions are also present. If the availability of halide 
ions was a key factor in the formation of halogenated substances, then 
chlorinated compounds would be most common; but, in fact, most of the 
organohalogens that occur naturally in the marine environment are 
brominated. This apparent discrepancy may be explained by the role played 
by haloperoxidases in the halogenation of organic substrates [45]. The 
oxidation of a halide (i.e., chloride, bromide, or iodide) by hydrogen peroxide, 
catalyzed by these enzymes, results in halogenation, and since bromide and 
iodide have lower oxidation potentials, than chloride, the former are more 
readily oxidized via this route [86]. 

 

 

 

By tradition, the nomenclature for the haloperoxidases is based on the most 
electronegative halide which is able to be oxidized by hydrogen peroxide, and 
catalyzed by the enzyme. Accordingly, chloroperoxidase catalyzes the 
oxidation of chloride, bromide, and iodide; bromoperoxidase catalyzes the 
oxidation of bromide and iodide; while iodoperoxidase only catalyses the 
oxidation of iodide by hydrogen peroxide. Many species of red, green and 
brown algae, as well as a variety of bacteria and invertebrates, contain 
bromoperoxidase [45,87]. However, the presence of bromoperoxidase in 
algae is not always correlated with the presence of halogenated natural 
products, indicating the existence of a broader biological function(s), for these 
enzymes [87].  

In addition to bromide, the bromination reaction catalyzed by 
bromoperoxidase, requires suitable precursors and hydrogen peroxide. In 
marine algae the formation of halogenated compounds is dependent on 
photosynthesis as a source of hydrogen peroxide [88]. Since hydrogen 
peroxide can be toxic to algae, it has been proposed that the formation of 
halogenated compounds by haloperoxidase may provide a mechanism for 
means of scavenging hydrogen peroxide before it reaches toxic concentrations 
in the algae [88].  

Org-H + X- + H2O2 + H+           X-Org + 2H2OOrg-H + X- + H2O2 + H+           X-Org + 2H2O
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2.2 Hydroxylated polybrominated diphenyl ethers (OH-PBDEs)  

2.2.1 Chemical structures and physicochemical properties 
The general structure of OH-PBDEs, also known as brominated 
phenoxyphenols, is depicted in Figure 2.3. The abbreviations applied for the 
OH-PBDEs are derived from the patterns of halogenation, following the 
system of the International Union of Pure and Applied Chemistry (IUPAC) 
for numbering positions in polychlorinated biphenyls (PCBs) [89,90], which 
is applicable for PBDEs as well. The abbreviation system used herein is the 
same as previously presented for OH-PCBs [91]. 

There is not much information available regarding the physicochemical 
properties of OH-PBDEs. Their solubility in water is low, and decreases with 
increasing number of bromine (ACD/LABs softwareTM) [92]. The calculated 
log Kow values for the protonated OH-PBDEs identified in Paper I, together 
with the corresponding pKa values, as generated by the ACD computer model, 
are presented in Table 2.1. As is the case for, e.g., OH-PCBs, the OH-PBDEs 
are not likely to accumulate in lipids [93]. On the other hand, OH-PBDEs 
may be retained in the blood in the same manner as OH-PCBs, which involve 
binding to transthyretin (TTR), a protein that normally binds and transports 
thyroxine [94]. The stability of OH-PBDEs is influenced by the presence of 
the hydroxy group, which renders them more prone to undergo chemical 
reactions than either the corresponding unsubstituted PBDEs or their 
methylated counterparts, the MeO-PBDEs.  

 
Table 2.1 Calculated a log Kow and pKa values for various OH-PBDEs 

 

Compound  log Kow  pKa 

2’-OH-BDE68  7.2 ± 0.6  6.6 ± 0.2 

6-OH-BDE47  6.8 ± 0.2  6.8 ± 0.2 

6-OH-BDE90  8.2 ± 0.7  5.7 ± 0.2 

6-OH-BDE99  8.4 ± 0.7  5.2 ± 0.2 

6-OH-BDE85  8.3 ± 0.7  6.2 ± 0.2 

2-OH-BDE123  8.3 ± 0.7  5.7 ± 0.2 

6-OH-BDE137  9.3 ± 0.8  4.7 ± 0.2 
a employing ACD/LABs TM software 
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Figure 2.3 General chemical structures and abbreviations of the compounds of primary 
interest in the work presented in this thesis.  
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2.2.2 Occurrence in the environment 
Although certain OH-PBDE congeners are known to be metabolites of 
PBDEs [95,96], some naturally occurring OH-PBDEs have also been isolated 
and their structures determined by NMR, (see further below). To date, OH-
PBDEs have never been associated with any commercial production. 

As metabolites OH-PBDEs have been identified in several studies after 
exposure to different PBDE congeners as reviewed by Hakk et al. [96]. For 
instance, BDE-47 was shown to form OH-PBDE metabolites in mice, rat 
[95,97], and pike [98]. A number of OH-PBDE metabolites have been 
identified in rats exposed to BDE-99 [99], BDE-100 [100], BDE-209 [101], 
or a mixture of PBDE congeners (i.e., BDE-47, BDE-99, BDE-100, BDE-
153, BDE-154, BDE-183 and BDE-209) [102]. In the latter study, Malmberg 
and co-workers [102] identified four OH-PBDEs (4-OH-BDE42, 3-OH-
BDE47, 4’-OH-BDE49 and 6-OH-BDE47) and detected an additional sixteen 
hydroxylated and two dihydroxylated PBDE metabolites in rat blood plasma.  

Several OH-PBDE congeners are found as natural products, mainly in marine 
species. 6-OH-BDE47 (one of the metabolites of PBDE mentioned above) has 
also been isolated from tunicates [103,104], and marine sponges [74-77]. 
Moreover, marine sponges contain a number of OH-PBDEs, i.e., 2’-OH-
BDE68 [75-78], 6-OH-BDE90 [105], 6-OH-BDE99 [73], 6-OH-BDE85 
[74,75,79], 2-OH-BDE123 [79] and 6-OH-BDE137 [78,80]. Several OH-
PBDE congeners have also been identified, by comparison with authentic 
reference standards, in wildlife, e.g., in salmon [38,90], common carp and 
largemouth bass [106], glaucous gull and polar bear [107], as well as in the 
bald eagle [108]. Further, 6-OH-BDE47 has been identified in human plasma 
[109], and, recently, a total of eighteen OH-PBDE congeners were reported in 
human plasma from children working and living at a garbage dump in 
Nicaragua [110].  

The origin of OH-PBDEs in environmental samples is often far from clear, 
and a critical issue is to decide, which OH-PBDEs are metabolites of 
anthropogenic compounds and, which are natural products. In general, the 
OH-PBDEs identified as metabolites have the hydroxy group in meta- or 
para-position relative to the diphenyl ether oxygen, while a hydroxy group in 
an ortho-position is most common for OH-PBDEs of natural origin. 
Furthermore, the non-hydroxylated ring of OH-PBDEs isolated as natural 
products is commonly substituted with bromine at the 2- and/or 4- positions. 
However, there are exceptions, e.g., 6-OH-BDE47, a metabolite of BDE-47 
[95,98]. Another exception is the 4’-OH-2,3’,4-triBDE, recently identified in 
red alga [70].  
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2.2.3 Biological effects of OH-PBDEs 
The structure of OH-PBDEs resembles that of the thyroid hormone thyroxine 
(T4) (Figure 2.4) and in vitro studies have revealed that OH-PBDEs can bind 
to human TTR [111], with 6-OH-BDE47 demonstrating higher binding 
affinity [112] than the PBDEs investigated [111,112]. Malmberg and co-
workers [92] have reported that OH-PBDEs with the hydroxy group in the 
meta- or para-position binds to transthyretin with an affinity 3.6-3.9 folder 
greater than that of T4 itself; while 6-OH-BDE47, with its hydroxy group in 
the ortho-position, exhibits a lower binding affinity than T4. Binding of 
hydroxylated organohalogens to TTR in vivo may result in facilitated 
transport of these compounds across the placenta to the foetal compartment, 
thereby leading to a reduction in thyroid hormone levels in both the mother 
and foetus, with consequences for foetal brain development, as observed 
following prenatal exposure to hydroxylated PCB [113,114]. 

 

 
Figure 2.4 Structure of the thyroid hormone, thyroxine (T4). 

 

 

Further, two OH-PBDEs, with their hydroxy group in the para-position have 
been shown to possess estrogenic activity [115]; whereas, 6-OH-BDE47, with 
its hydroxy group in the ortho-position, shows no such activity relative to 
estradiol [112]. In a recent study, by Cantón and co-workers [116], the 
steroidogenic enzyme aromatase (CYP19) activity (which mediates the 
conversion of androgens to estrogens), was shown to be inhibited by 6-OH-
BDE47 in a human adrenocarcinoma H295R cell line, which may be due to 
the significant increase in cytotoxicity observed for the 6-OH-BDE47. 
However, the corresponding methoxylated congener, 6-MeO-BDE47, for 
which no cytotoxicity was observed, also inhibited the aromatase activity, but 
to a lesser extent. 

In addition, certain OH-PBDEs exert antibacterial activity [78,79,117]. 
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2.3 Methoxylated polybrominated diphenyl ethers (MeO-PBDEs) 

2.3.1 Chemical structures and physicochemical properties 
As is the case for the OH-PBDEs, the information presently available 
concerning the MeO-PBDEs (Figure 2.3) (also referred to as brominated 
phenoxyanisoles in the literature) is highly limited. In this thesis the system of 
abbreviation employed for MeO-PBDEs is the same as that for the OH-
PBDEs (see above). MeO-PBDEs are, to the best of my knowledge, not 
produced commercially, but they may be formed naturally by O-bio-
methylation of the corresponding halogenated phenols. 

MeO-PBDEs are neutral, lipophilic, non-volatile and biplanar compounds. 
The octanol-water partition coefficients (log Kow) for 2’-MeO-BDE68 and 6-
MeO-BDE47 have been estimated to be approximately 6.85 [118], indicating 
a pronounced enrichment in lipid-rich compartments and bioaccumulation in 
biota [118,119]. Similar to PBDEs, MeO-PBDEs are chemically non-reactive. 
Although microbial dealkylation of methylated chlorophenols occurs under 
anaerobic conditions in sediment [120-122], similar dealkylation of MeO-
PBDEs has not yet been reported.  

2.3.2 Occurrence in the environment 
MeO-PBDEs are known to be natural products. 2’-MeO-BDE68 and 6-MeO-
BDE47 have been isolated from marine sponges, their structures determined 
by NMR and confirmed to be natural products [71,72]; and 2’-MeO-BDE68 
was isolated from green alga as early as 1985 [69]. MeO-PBDEs were first 
detected in seals and fish living in the Baltic Sea by Haglund and co-workers 
[123] and, subsequently, several of these compounds were found in various 
Baltic biota, including salmon (Salmo salar) [38,90,124], herring (Clupea 
harengus) [24,125], the white-tailed sea eagle (Haliaeetus albicilla) [126] and 
guillemot (Uria aalga) [124]. Moreover, MeO-PBDEs are present in herring 
caught off the west coast of Sweden [125], as well as in pike (Esox lucius) 
living in a Swedish lake [24]. 

Apart from the MeO-PBDEs in the Baltic environment they have been 
detected in largemouth bass from the Detroit River [106]; whales, dolphins, 
dugong, seals and green turtles from Queensland, Australia [119,127]; human 
milk from the Faeroe Islands [128]; beluga and pilot whales from the Faeroe 
Islands and Svalbard [129,130]; whales and dolphins from the Mediterranean 
Sea [131]; two Canadian populations of beluga whales [132]; polar cod [130], 
glaucous gulls and polar bears from Svalbard [107]; and in California sea 
lions [133]. 2’-MeO-BDE68 and 6-MeO-BDE47 were recently identified in 
True´s beaked whale living in the North Atlantic Ocean and a natural origin 
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of these two congeners was established by measurement of the 14C content 
[118]. 

2.3.3 Biological effects of MeO-PBDEs 
At present, exceedingly little is known about the biological effects of MeO-
PBDEs. 2’-MeO-BDE68 exhibits, anti-bacterial and anti-inflammatory 
activity [69]. Moreover, aromatase activity is inhibited by 6-MeO-BDE47 
[116], but to an extent only 50% of the inhibition exerted by the 
corresponding phenol. 

2.4 Polybrominated dibenzo-p-dioxins (PBDDs) 

2.4.1 Chemical structures and physicochemical properties 
PBDDs are co-planar aromatic compounds (Figure 2.3), with eight positions 
where halogens can be substituted (Figure 2.5). Altogether, there are 75 
possible PBDD congeners and a number of these of relevance in the present 
context are shown in Figure 2.6.  

 

 

 

 

 
Figure 2.5 General structure of and numbering system for dibenzo-p-dioxins. 
 
 
There is much less experimental data concerning the physical and chemical 
properties of PBDDs than in the case of the polychlorinated dibenzo-p-
dioxins (PCDDs). In comparison to their chlorinated analogues, PBDDs have 
higher molecular weights (raging from 263 to 815 for the fully brominated 
compound), higher melting points and lower vapor pressures and are also less 
water soluble [134]. As a consequence of their bromine substituents these 
compounds are highly lipophilic, exhibiting log Kow values from 3-8 
(modelled values), and are, therefore, largely found dissolved in lipids or 
bound to particles. In the presence of indoor light or sunlight, PBDDs 
undergo photolysis more rapidly than PCDDs [135,136]. 

2.4.2 Occurrence in the environment  
PBDDs are not manufactured (except for scientific purposes), but it is well 
established that they are formed as by-products in connection with the 
manufacture of brominated flame retardants (BFRs) [134], as well as during 
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the combustion of products containing such flame retardants [134,137,138]. 
Although experimental investigations indicate that polybrominated 
dibenzofuranes (PBDFs) can be formed by photolysis of decaBDE [139,140], 
to date photolytical formation of PBDDs has not been demonstrated. 

At present, little information concerning the occurrence of PBDDs in the 
general environment is available, and in most investigations the samples are 
collected in areas directly linked to automobile exhausts [141] and/or 
combustion [134]. However, a few studies have detected PBDDs in biological 
samples, i.e., in fish and mussels [142], in human adipose tissue [143] and in 
human milk [144]. Recently, PBDD congeners detected in freshwater 
sediment collected in Sweden were suggested to be degradation products of 
airborne PBDEs [145]. Otherwise, little information exist regarding the 
presence of PBDDs in uncontaminated areas, either in Sweden or elsewhere. 

Although PBDDs/PBDFs are not known to occur as natural products [134], 
derivatives of PBDDs have been isolated from marine sponges [82,83] and a 
non-halogenated dibenzo-p-dioxin from the ascidian Aplidiopsis ocellata 
[146]. Moreover, a derivative of PBDF has been identified in red alga [70]. 

2.4.3 Biological effects of PBDDs 
In order to compare the toxicity of different dioxins, the concept of toxic 
equivalents, which involves relating the toxicity of individual dioxin 
congeners to the toxicity of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) was 
developed. In this context toxicity is expressed by applying toxic equivalent 
factor (TEF) [147,148], with TCDD, the most toxic congener, being given a 
TEF value of 1. The total toxic equivalents (TEQ) concentration is obtained 
by multiplying the concentration of each congener by its TEF and than 
summing all of these values.  

The TEF concept is based on the assumption that PCDDs, PCDFs and dioxin-
like PCBs all exert their toxicity via a common mechanism, which involves 
binding to the aryl hydrocarbon (Ah) receptor, an intracellular protein, as well 
as on the assumption that these toxic effects are additive [149]. Among other 
things, up-regulation of enzymes, carcinogenicity and reproductive toxicity 
needs to be included to express the toxicity of these compounds. When the 
toxic potency of a compound relative to TCDD has been determined in a 
single in vivo or in vitro study only, this value is referred to as the relative 
potency (REP). 

In contrast to the PCDDs, the TEF concept has not yet been applied to the 
PBDDs, due to the limited amounts of information concerning the biological 
effects of these latter compounds. In general, in the limited number of 
experimental studies that has focused on the toxicity of PBDD, these 
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substances have been found to exert all of the toxic effects observed with 
PCDD/PCDF, i.e., lethality, wasting syndrome, thymic antrophy, 
teratogenesis, reproductive effects, chloracne, immunotoxicity, enzyme 
induction, decreases in T4 and vitamin A, and increased hepatic porphyrins, 
are also observed with PBDD/PBDF [134]. The PBDD congener that has 
received most attention is 2,3,7,8-TBDD, since it is substituted with bromines 
in the four lateral positions, and is therefore expected to be the most toxic 
congener. In fact, TBDD has been suggested to be even more potent than 
TCDD in causing early mortality in fish [150]. 

With respect to binding to the Ah-receptor, the relative binding affinity of 
TBDD is only half that of TCDD. The corresponding affinity exhibited by 
2,3,7-triBDD is substantially greater than that of the chlorinated counterparts 
and is, in fact, close to the value of TCDD. However, 2,3,7-triBDD appears to 
be less potent than TBDD as an inducer of aryl hydrocarbon hydroxylase 
(AHH) and ethoxyresorufin O-deethylase (EROD) activities [151]. The 
toxicities of the 1,3,7-triBDD and 1,3,8-triBDD, have not yet been tested and 
at the moment there are no commercial standards available for these two 
congeners. It has been demonstrated that addition of bromine in the non-
lateral position or removal of a lateral halogen reduces the activity [152]. 

Overall, the limited information presently available on PBDDs and PBDFs 
supports the hypothesis that they exert biological effects similar to those 
caused by their chlorinated counterparts [151]. Moreover, on basis of 
mechanistic considerations, it has been proposed that the TEF/TEQ concept 
would be applied to PBDDs as well [148], but this is not yet the case. 
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Figure 2.6 Structures of the PBDDs analysed in composite biota samples (Paper IV). 
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3 Aims of the present thesis 

The overall objective of this thesis has been to investigate the occurrence of 
OH-PBDEs, MeO-PBDEs and PBDDs in biota from the Baltic Sea and 
attempt to determine the origin of these compounds.  

 

More specifically, the aims have been: 

 

1. to investigate whether filamentous macroalgae from the Baltic Sea could 
be a producer of OH-PBDEs and MeO-PBDEs (Paper I), 

2. to investigate whether OH-PBDEs and MeO-PBDEs are present in 
mussels living in close vicinity of these algae (Paper I), 

3. to identify the OH-PBDEs and MeO-PBDEs present in alga and mussels 
(Paper I), as well as to estimate their concentrations in the alga (Paper 
III), 

4.  to structurally identify the triBDDs present in blue mussels and 
filamentous alga and estimate their concentrations (Papers II and III), 

5. to look for the possible presence of OH-PBDEs, MeO-PBDEs and 
PBDDs in cyanobacteria (Paper III), 

6. to study the distributions of PBDDs and measure their concentrations in 
biota from Baltic and North Seas (Paper IV). 
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4 Analytical approaches  

The primary goal of this chapter is to present and discuss the analytical 
procedures, from sample extraction to instrumental analysis, applied in Papers 
I-IV. The extraction and clean-up procedures employed in Papers I and III are 
illustrated in Figure 4.1, and the approach utilized in Paper II is depicted in 
Figure 4.2. The experimental details are described in the individual papers. 

4.1 Samples and sampling procedures  

Most of the samples investigated in this thesis were collected in the Baltic 
Sea, with the exception of certain of the samples analyzed in Paper IV, which 
came from the west coast of Sweden and from freshwater lakes. Samples 
were collected from the west coast primarily in order to characterize the 
distribution of PBDDs in a wider geographical context. 

Due to the increasing eutrophication of the water, blooms of cyanobacteria in 
the Baltic Sea seem to have become more frequent. These blooms in the 
pelagic Baltic Proper contain three genera of cyanobacteria, i.e., 
Aphanizomenon, the toxic Nodularia, and Anabaena. Nodularia spumigena 
(Figure 4.3, right) and Aphanizomenon flos-aquae (Figure 4.3, left) dominate,  

 
Figure 4.3 The two most common species of cyanobacteria in the Baltic Sea: 
Aphanizomenon flos-aquae (left) and Nodularia spumigena (right). 
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while the several species of Anabaena present, constitute only a minor portion 
of the total biomass of the bloom. Aphanizomenon is present in the Baltic 
throughout the year, whereas Nodularia only appears during the summer 
months [8]. In general, Aphanizomenon sp. is more common in the northern 
and N. spumigena in the southern area of the Baltic Proper [153], which may 
reflect the fact that the optimal temperature and salinity for growth of N. 
spumigena are higher. 

The cyanobacteria analyzed here were collected during the bloom that 
occurred in July of 2003 and consisted mainly of Aphanizomenon flos-aquae 
(Paper III). The collection utilizing a string bag was performed in the vicinity 
of Askö Island, (N58o49’, E17o37’), which lies in the southern part of the 
Stockholm archipelago, i.e., in the north-eastern Baltic Proper. It was not 
possible to separate cyanobacteria from zooplankton with this sampling 
method. However, the cyanobacteria were estimated to constitute the major 
(>90%) proportion of the sample.  

Figure 4.4 The red alga Ceramium tenuicorne. 

 

The red alga Ceramium tenuicorne (Kütz.) Waern (Figure 4.4), a common 
fast-growing filamentous macroalgae, is favoured by the increased amount of 
nutrients in the Baltic Proper. The C. tenuicorne algae, analyzed in Papers I 
and III, were collected by diving at the end of June of 2000 at a depth of 3-4 
meters and close to Askö Island. Following collection, the algae were 
compressed in order to remove most of the water present; frozen in brown 
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glass jars, stored at -20°C and later thawed and cut into pieces 0.5-1 cm in 
size with a pair of scissors prior to extraction and further analysis.  

Blue mussels (Mytilus edulis), a key species in the littoral food web, accounts 
for more than 90 % of the animal biomass in the Baltic Sea [154]. The 
average sizes of mussels (M. edulis) along the west coast of Sweden is 
approximately 10 cm, while the size of the same species in the Baltic Sea, is 
seldom more than 3 cm, due to the physiological stress caused by the lower 
salinity. Mussels are commonly used for monitoring levels of contaminants, 
e.g., PCBs and PBDEs [21].  

The blue mussels (M. edulis) analyzed in Paper I was collected at the same 
site and depth as the alga and cyanobacteria (see above). For the studies 
documented in Paper II, blue mussels were collected in September of 1999 at 
a depth of 1-2.5 meter along the east coast of Sweden close to Oxlesund 
(N57o33’6’’, E16o42’0’’) in the Baltic Proper. The mussels were suspended in 
a string bag overnight in order to eliminate excrement and the entire mussel 
tissue then stored at -20°C until being analyzed in September of 2003.  

The collection of fish, mussels, shrimps and crabs for the investigation 
described in Paper IV was coordinated by the Swedish Environmental 
Protection Agency, the National Food Inspectorate and the Swedish Museum 
of Natural History. These samples were either collected from background 
areas for purposes of environmental monitoring or from commercial fishing 
vessels or fish markets for purposes of food control. The mussels from the 
west coast of Sweden were collected (N57o60’, E9o0’) for food control in 
2001. Both the collection and preparation were performed by the National 
Food Inspectorate in accordance with the guidelines for monitoring the levels 
of dioxins. Shrimps and crabs were collected at the same site (N58o36’, 
E11o05’) and the muscle tissue from crabs and the whole shrimps were 
analysed. Eels (Anguilla anguilla) were also collected for purposes of food 
control from several locations along the east coast of Sweden, as well as from 
freshwater lakes (for further details, see Paper IV). 

Perch (Perca fluviatilis), a littoral fish, were collected along the east coast of 
Sweden and from freshwater lakes for purposes of environmental monitoring. 
Herring (Clupea harengus), a pelagic fish were collected at three different 
locations, i.e., in the Bothnian Bay and Baltic Proper as well as along the 
Swedish west coast, again for environmental monitoring. These fish were 
collected in early autumn according to the schedule of the Swedish 
Environmental Monitoring Programme. Tissue taken from the middle dorsal 
muscle layer, of 3-18 fish (see Paper IV for details) was homogenized and 
used for the analyses. The collection and preparation of these samples were 
performed by personnel at the Swedish Museum of Natural History. 
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The blue mussels used for charting the trend in PBDD levels during the 
period of 1995-2003 (Paper IV) were collected at Kvädöfjärden (N58o02’, 
E16o46’) using the routine procedures of the Swedish Environmental 
Monitoring Programme [21].  

4.2 Extraction methods 

Since the main purpose of the work presented in this thesis was to identify 
OH-PBDEs, MeO-PBDEs and PBDDs present in biota of the Baltic Sea, 
extraction methods used routinely at the laboratories were applied initially. It 
was important to avoid artefacts, including debromination, and these methods 
are mild, involving no heating or high pressure. They have been utilized 
successfully to extract lipophilic, neutral and/or phenolic compounds from 
various matrices, including mussels, fish (www.quasimeme.org) and blood 
[155], with the exception of the extraction method applied in Paper IV, which 
is adaptable only for neutral compounds. It is important in connection with 
comprehensive environmental analysis to extract both lipids and analytes 
(neutral and phenolic substances) quantitatively. This is usually performed 
with mixtures of polar and unpolar solvents. 

For extraction of the cyanobacteria a liquid-liquid extraction method was 
applied, which originally was developed for the extraction of phenolic and 
neutral organohalogens from plasma [155]. The general extraction and clean-
up procedure utilized with the cyanobacteria is illustrated in Figure 4.1. 
Briefly, hydrochloric acid and 2-propanol were added to a concentrated 
suspension of cyanobacteria prior to the addition of n-hexane:methyl tert-
butyl ether (MTBE) for extraction (Paper III). The main reasons for initially 
choosing this method were the ability to extract phenolic compounds, as well 
as the possibility to practically handle a matrix like cyanobacteria during the 
extraction procedure.  

The method used for extraction of both filamentous algae and mussels (Papers 
I-III), originally developed by Jensen and co-workers [10,156], involves 
homogenization of the matrices; extraction with acetone:n-hexane, to achieve 
dehydration and denaturation of proteins; subsequent extraction with n-
hexane:MTBE; and, finally, partitioning with an acidic aqueous solution, 
containing sodium chloride. The purpose of this last step was to protonate 
phenolic compounds and, thereby, promotes their partitioning into the organic 
phase. 

The fish, mussels (from the west coast) and shellfish examined in Paper IV 
were only analysed for their content of PBDDs, applying another extraction 
method [157]. In this case the tissues were homogenized with an 
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Figure 4.1 The general approaches applied for analysis of OH-PBDEs, MeO-PBDEs and 
PBDDs in algae, mussels and cyanobacteria (Papers I and III). 
 

excess of sodium sulfate to dehydrate the samples. The homogenates were 
extracted with acetone:n-hexane and further with n-hexane:diethyl ether.  

Besides the extraction methods applied in this thesis, several alternative 
methods have been described in the literature, but the most of these were 
developed to obtain neutral compounds such as MeO-PBDEs, and are 
therefore not applicable for extraction of phenolic compounds. Some 
examples of such alternative approaches include; microwave-assisted 
extraction (MAE) [127,158], super-critical fluid extraction (SFE) [131] and 
accelerated solvent extraction (ASE) [133,159,160]. 
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In MAE a mixture of sample and solvent are exposed to microwaves and the 
efficiency of the extraction depends both on the nature of the sample and of 
the solvent. MAE is rapid, but the energy input must be optimised for each 
individual type of sample [161]. For solvents with low dipolar moments, 
relatively high levels of energy are required for effective extraction, which 
may result in dehalogenation of brominated compounds. Therefore, polar 
solvents or solvent mixtures are usually employed. 

ASE, which involves the use of conventional solvents under enhanced 
temperature and pressure [162,163], has been applied successfully for 
extraction of organohalogens in a number of studies [133,159,160,164]. With 
this approach, Saito and co-workers [164] extracted neutral brominated 
compounds, such as PBDEs, with high recoveries. In contrast, low recoveries 
of phenolic compounds, e.g., pentachlorophenol (PCP) and OH-PCB, were 
achieved when a sodium sulfate column was utilized to dehydrate the primary 
extract. The recoveries of phenolic substances were improved by gently 
shaking the ASE extract with an acidic aqueous solution [156], but the overall 
recovery of OH-PCBs was still lower than that of most of the neutral 
compounds investigated [164].  

In addition, several methods for isolating similar types of compounds have 
been developed in the area of natural product research. For example, MeO-
PBDEs and similar halogenated phenolic substances have been isolated from 
algae by leaching with 95% ethanol for a month, subsequent reduction of the 
solvent volume and, finally partitioning of the algal extract between water and 
chloroform [69]. In addition, Pedersén first allowed algal material to stand in 
aqueous solutions of different pH and then extracted these solutions with 
ethyl acetate [61]. Furthermore, extraction with chloroform and partitioning 
with n-hexane [82,83] or successive extraction with acetone and methanol 
[78] have also been utilized. Unfortunately, many of these approaches have 
been used primarily for identification and their usefulness for quantitative 
purposes cannot easily be assessed. 

An effective and reproducible method for extraction of lipids is required for 
selection of an optimal extraction method. The procedures developed by 
Bligh and Dyer [165] and by Folch [166] are classical in this connection. In 
addition, the original Jensen method [156] used in Papers I-III is known to 
provide satisfactory lipid yields when extracting samples with a fat content 
greater than 1%. However, in the case of lean fish with a fat content of less 
than 1% and, containing a relatively large proportion of polar phospholipids, 
application of the original Jensen method results in inadequate yields of 
lipids. 



Analytical approaches 

 - 27 -

Therefore the method was recently modified by replacing acetone with 2-
propanol and n-hexane with diethyl ether in the initial step [167]. The 
modified method gave lipid recoveries comparable with the Bligh and Dyer 
and the Folch method. Since blue mussels are rich in polar phospholipids the 
modified Jensen method will be preferable for extraction of blue mussels in 
the future. How efficient extractable organic matter (EOM) is isolated from 
algae and cyanobacteria with the methods applied has not been investigated.  

4.3 Clean-up and separation of different classes of substances 

The clean-up procedure has to be suited for elimination of co-extracted 
material, but without degradation or loss of the compounds to be analyzed. 
Environmental samples often contain a large number of halogenated 
substances, and the concentrations of these may range over at least six orders 
of magnitude. Therefore, it is essential to separate substances into classes 
prior to instrumental analysis, especially when analysing minor compounds. 
Moreover, in order to allow characterization of unknown compounds, 
efficient separation into chemical classes and removal of lipids are required. 
The clean-up approaches utilized in Papers I-III are illustrated in Figure 4.1 
and Figure 4.2.  

4.3.1 Determination of extractable material  
All determinations of biological material (dry, fresh or extractable) were done 
gravimetrically. The weights of extractable lipids and/or organic matter, as 
well as fresh material, were measured for all of the samples, with the 
exception of cyanobacteria. The dry weights of mussels and filamentous algae 
were determined as presented in Papers II and III. 

4.3.2 Derivatization 
In order to improve the chromatography and, thereby, detection of compounds 
present at low levels, the phenolic compounds are derivatized. Methylation 
with diazomethane [168] provides stable derivatives and is the method used 
for derivatization of halogenated phenolic compounds (HPCs) in this thesis. 
The capability of diazomethane to methylate OH-PBDEs was investigated by 
derivatization of standards of known concentrations, and the result showed 
complete methylation (unpublished). Laboratory use of diazomethane requires 
a special permit due to the cancer risks of this compound. The use of 
diazomethane has been approved by the Swedish work environment authority.  
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Figure 4.2 The general procedure, as applied in Paper II, for extraction, isolation and 
analysis of PBDDs.  
 

Acetylation and silylation were investigated as alternative derivatization 
methods. However, the acetyl and silyl derivatives obtained proved to be 
unstable during clean-up and were therefore not applied in the present work 
(unpublished). Another disadvantage associated with the use of these 
derivatization reagents is that the derivatives formed have molecular weights, 
higher than those formed with diazomethane, resulting in long retention times 
on GC columns. 
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4.3.3 Elimination of matrix and lipids  
In Papers I-III concentrated sulfuric acid was utilized to eliminate most of the 
lipids and/or matrix. This is a destructive, but also an effective method in 
which the carbonyl groups of glycerides form charged complexes with the 
sulfuric acid. Accordingly, the lipids will thereby stay in the sulfuric acid 
phase while, other hydrophobic compounds are recovered in the organic 
phase. Indeed, not all analytes are resistant to treatment with concentrated 
sulfuric acid, a limitation which must be taken into consideration before 
application of the method. 

Alternatively, non-destructive removal of lipids can be achieved by gel 
permeation chromatography (GPC) [169] on a cross-linked polystyrene gel 
(BioBeads), as demonstrated in a number of studies [38,159,160]. The general 
separation principle is based on the size of the molecule where molecules with 
a large volume are excluded from the pores in the beads and are, therefore, 
less well retained than small molecules. Other factors of importance for the 
retention of the analytes are choice of mobile phase and degree of planarity 
and polarity of the analytes [169]. GPC is useful for isolation of, e.g., 
phenolic compounds without any requirement of derivatization. When this 
technique was applied in attempt to remove irrelevant material from algae 
extracts, it proved to be difficult to elute the algal matrix from the column 
and, thereby, recondition the column (unpublished). Accordingly, this 
approach could not be employed. An additional non-destructive method for 
purification of algal samples, involving acetonitrile partitioning with n-hexane 
was also examined, but, unfortunately the matrix and substances to be 
analyzed partitioned in a similar manner. 

Filtration through columns of silica gel, acid-impregnated silica gel or 
multilayer columns (Papers II and IV) was used as a last step in the 
purification of the samples in this thesis.  

4.3.4 Separation of different classes of substances  
As already mention, GPC can be applied to separate different classes of 
substances on the basis of size. For example, high resolution GPC has 
successfully been used for separation of, e.g., PCBs from polychlorinated 
naphthlenes (PCNs) [170], while polychlorinated alkanes can be separated 
from PCBs by normal GPC [171].  

Another approach to the separation of different chemical classes of 
compounds is adsorption chromatography, which can be performed either as 
simple open-column chromatography or by high-performance liquid 
chromatography (HPLC). With this approach different phases and/or solvents 
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must be utilized in order to optimize the separation. In addition, simple 
partitioning between different solvents can also be used for the separation of 
classes of substances [155,172,173]. Adsorption chromatography using silica 
gel was performed for separation of substances of different characteristics in 
Papers II and III. In these studies PBDDs were separated from the slightly 
more polar MeO-PBDEs. 

Isolation of tricyclic aromatic compounds, including PBDDs, from aliphatic, 
monocyclic substances and compounds with three or more aromatic rings can 
be achieved utilizing an aminopropyl column [174]. However, since the 
aminopropyl column does not separate different types of compounds 
containing two aromatic rings, e.g., PCBs and dioxins, additional steps are 
required for the isolation of PBDDs. 

The classical methodology for isolation of coplanar compounds from other 
substance is based on the shape-selectivity of activated carbon [175]. Carbon 
column chromatography was applied for isolating PBDDs as described in 
Paper IV. The non-dioxin like compounds are eluted with n-hexane, followed 
by n-hexane:dichloromethane. The column elution direction is reversed 
before eluting the PBDDs and other dioxin like chemicals with toluene. 

2-(1-Pyrenyl)-ethyldimethylsilylated silica (PYE) HPLC column, another 
alternative for separation of coplanar chemicals from non-planar [176,177], 
was applied in Paper II to isolate PBDDs. The first fraction is obtained by 
applying n-hexane as the mobile phase in forward direction, while the second 
fraction (containing the PBDDs) is eluted from the column with DCM in the 
reverse direction. As a final step prior to analysis by GC-MS, a multilayer 
column has to be introduced to remove bleeding from the PYE column. One 
advantage of a PYE column, over a column containing activated carbon, is 
that in the former non-aromatic solvents can be used as mobile phases, 
allowing the chromatographic process to be monitored by UV spectroscopy. 

Partitioning with potassium hydroxide is useful for separating phenolic from 
neutral compounds [155]. This method was used for isolation of HPCs as 
described in Papers I and III.  

4.4 Instrumental analysis 

Gas chromatography (GC) coupled to an electron capture detector (ECD) is 
widely used for environmental analysis due to its sensitivity and selectivity 
towards halogenated compounds. In Paper III GC-ECD was used for 
quantification of the MeO- and OH-PBDEs present in red algal samples. The 
detection of compounds by GC-ECD relies on comparison of retention times 
in the sample relative to retention times of authentic reference standards and 
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is therefore dependent of no co-eluting interferences. Accordingly, it is not 
possible to identify unknown compounds with GC-ECD alone.  

Mass spectrometry (MS) provides more information and selectivity and is in 
many cases highly sensitive. Since both chlorine and bromine occurs in two 
forms in nature, (i.e., 35Cl/37Cl and 79Br/81Br, respectively), MS analysis of 
compounds containing these elements gives rise to typical patterns of isotope 
distribution. These patterns reveal both the presence and numbers of chlorine 
and bromine atoms in a compound.  

In this thesis, GC was utilized in combination with two types of MS 
instruments, i.e., low resolution (LR) quadrupole and high resolution (HR) 
magnetic sector systems, for identification of OH-PBDEs, MeO-PBDEs and 
PBDDs in Papers I-IV, as well as for quantification of PBDDs in Papers II-
IV. Two different ionization techniques were applied in the papers. 

Electron ionization (EI), a reproducible technique that is to a large extent 
independent of the instrument used, generally provides detailed structural 
information and unique fragmentation patterns for each compound or group of 
compounds. There are disadvantages with the EI technique such as high 
background levels in full scan mode, and if the compounds are easily 
fragmentized, structural data may be lost. HRMS in the combination with EI 
using single ion monitoring (SIM), shows low detection limits compared to 
LRMS (EI, SIM). This is due to the high resolution provided by these 
instruments, which give higher selectivity, reduces the chemical noise and 
thus increases the signal-to-noise ratio.  

Electron capture negative ionization (ECNI) is a sensitive technique for 
electronegative compounds which makes it to a useful tool for analysis of 
halogenated compounds. It is also a “soft” ionization technique in which a 
buffer gas such as ammonia or, most commonly, methane is bombarded with 
electrons to create low energy electrons (thermal electrons). The analyte 
capture the thermal electrons to generate negative ions through two primary 
processes, as follows: 

 

Associative electron capture AB + e-  (thermal)  AB- • 

Dissociative electron capture AB + e-  (thermal)  A- + B• 

 

Associative electron capture provides the molecular weight information of the 
compound, while dissociative electron capture can yield information about 
fragment ions. Which process that occurs is dependent on the chemical 
structure of the compound of interest, as well as the MS system, and the MS 
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conditions. Brominated compounds such as MeO-PBDE primarily undergo 
dissociative electron capture, forming free bromide ions, while chlorinated 
compounds such as PCBs (with more than 3 or 4 chorine atoms) undergo 
mainly associative electron capture. The reason is that bromide ions have 
better property to act as a leaving group and that chlorinated compounds can, 
in general, stabilize the molecular ion. However, compounds containing 
several bromine atoms will give rise to both bromide ions and molecular ion.  

PBDEs have traditionally been determined with ECNI, by monitoring m/z 79 
and 81 [178], which provides excellent selectivity towards brominated 
compounds and very low limits of detection [179,180]. However, although 
this approach provides the retention time of the compound, no structural 
information can be obtained.  

4.5 Quality aspects on the analyses  

Quality assurance for the identifications, quantifications and analytical 
procedures applied in this thesis are described briefly below. It should be 
stressed that our main interest was the identification of compounds and, 
therefore, the quality assurance focused on this aspect.  

4.5.1 Identification and quantification 
To analyze the compounds on several GC columns is an important step in the 
procedure of identification of compounds. By applying several GC-columns 
with different separation properties the risks for co-elution of analytes will be 
reduced. The observation of identical retention time for a compound and its 
reference standard on columns with different polarity renders the 
identification more reliable, as does the structural information provided by the 
fragmentation patterns detected by MS. The general behaviour of the 
substance during the analytical procedure and accurate determination of the 
mass provide additional information supporting the tentative identification of 
an “unknown” compound. 

The identification of the OH-PBDEs and MeO-PBDEs present in the alga and 
mussels (Paper I) was achieved by comparisons of the MS spectra (ECNI 
and/or EI) of the compound with the spectra of authentic reference standards, 
together with comparisons of relative retention times (RRTs) of the 
compounds and RRTs of authentic reference standards on two GC columns 
with different polarity.  

The triBDDs (Paper II) were identified by comparison of the MS (EI and 
ECNI) fragmentation patterns, and RRTs on three different columns with 
those of reference standards. Finally, the identity was verified by accurate 
determination of the mass of the triBDD.  
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However, the question as to whether PBDDs might be formed artificially 
during clean-up or analysis had to be addressed. For instance, the partitioning 
procedure employed in Paper I involved the use of diluted potassium 
hydroxide, which may hypothetically, result in formation of PBDDs. 
However, when authentic OH-PBDE standards were treated with diluted 
potassium hydroxide for several hours [181], no formation of PBDDs was 
detected. 

Another potential route of PBDD formation during analysis involves ring 
closure of 2-OH-PBDEs in the injector and/or the GC column, as has been 
observed for polychlorinated predioxins [182,183]. This issue was addressed 
by utilizing fractionation on a silica gel column, to remove phenols and MeO-
PBDEs, prior to gas chromatographic analysis (Papers II and III). In addition, 
a standard of OH-PBDE was injected into the GC-MS system to look for 
possible formation of PBDDs. In neither case were any PBDDs detected.  

A separate study was performed to determine any potential artificial 
formation of OH-PBDEs via dimerization of simple phenols in the algal 
sample. Part of the study included extraction by addition of ascorbic acid to 
prohibit any oxidation (Paper I).  

The PBDFs indicated in the alga and mussels (Papers II and III) need further 
verification, due to the lack of standards and mass interference by other 
compounds, such as PCBs and PBDEs. With the method employed the 
possibility that residues of these compounds may still be present in the 
samples can not be excluded. One way to avoid interference by the 
chlorinated compounds would be to use ECNI and monitoring m/z 79 and 81. 
However, this approach will not solve the problem of possible interference by 
brominated substances such as PBDEs. To overcome this difficulty, 
comparison with authentic reference standards, as well as very high MS 
resolution (20000-30000) or accurate mass determinations of PBDFs are 
required [184]. 

In the studies where quantification was performed the surrogate standard was 
chosen to be structurally as similar as possible to the analytes. Quantification 
of the MeO-PBDEs and OH-PBDEs, present in the red algae (Paper III) was 
performed by GC-ECD using single point authentic external reference 
standards. The linearity, of the GC-ECD instrument was investigated by 
running standards at multiple concentrations in parallel with the samples. The 
concentrations of the external standards employed were found to be within the 
linear range of the GC system. 

The concentrations of PBDDs, in Papers II-IV, were estimated by analyzing 
the samples on GC-HRMS (EI, SIM), monitoring two ions, one quantification 
ion, and one qualifier ion (the two most intense ions of the molecular ion 
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isotope distribution clusters) for every substance. The limits of detections 
(LODs) for the di-, tri- and tetraPBDDs were defined as 3 times the levels of 
the noise of the analytes in the different samples analysed in Paper IV (for 
further details Paper IV).  

4.5.2 Recovery 
A recovery study was performed in Paper III by measuring the recovery of the 
surrogate standard (SS) in relation to a recovery standard (RS). The mean 
recovery of the SS in neutral fractions was 97 % (n=6), with a range of 78-
103%. The mean recovery of the SS in the corresponding phenolic fractions 
was 98%, with a range of 95-101%. 

4.5.3 Analytical procedures 
Possible contamination originating from the solvents, laboratory equipment 
and/or instruments, was controlled by running procedure solvent blanks in 
parallel to the samples. Since brominated compounds are known to undergo 
debromination when exposed to indoor light or sunlight, all samples were 
kept in the dark or covered with aluminium foil throughout the entire 
procedure. 

The method used in Paper II for isolation of PBDDs in mussels was validated 
utilizing PBDD standards. The extraction method applied for extraction of the 
cyanobacteria (Paper III) needs to be evaluated with recovery standards 
before using this method for quantification purposes. However, in the present 
study no quantitative data were reported (Paper III). 

Although the original Jensen method, applied in Papers I-III has been 
evaluated with respect to analysis of organohalogens in biological matrices 
such as fish and mussels (www.quasimeme.org), no extensive effort has been 
made to evaluate and optimize this method for extraction of OH-PBDEs, 
MeO-PBDEs and PBDDs from algae.  
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5 Additional results 

This chapter is intended to add some unpublished data that are related to this 
thesis. These data are aimed to contribute to the understanding of 
polybrominated compounds present in Baltic Sea biota. 

Polysiphonia fucoides is one of the algal species in the Baltic Proper, which is 
favoured by increased levels of nutrients, and is now present in huge 
quantities along the coasts of the island of Öland (cf. chapter 1, Figure 1.3). 
Preliminary results from analyses reveal that P. fucoides contains a large 
number of brominated phenolic compounds as visualized in the GC-MS 
chromatogram (Figure 5.1). This chromatogram shows that the phenolic 
fraction of an extract of P. fucoides also contains a compound with six 
bromine atoms and a molecular ion at m/z 734. Furthermore, a number of 
isomers and homologues of bis(polybromo-dihydroxybenzyl) ethers appeared 
to be present in the extract, but it was not possible to verify the identity of 
these compounds due to the lack of authentic reference standards. In addition, 
the triBDD identified in C. tenuicorne (Paper III) was also found in P. 
fucoides, although in lower concentration (unpublished).  

 
Figure 5.1 A full-scan GC-MS (ECNI) reconstructed ion chromatogram (RIC) of the 
phenolic fraction isolated from P. fucoides. The peaks marked with an asterix (*) do not 
yield the m/z 79, 81 ions. 
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The P. fucoides algae analyzed here were collected over a period of three 
years (2000-2002) and clear variations in the level of the compound 
corresponding to m/z 734 were observed (data not shown). However, since the 
samples were taken at different times each year, it is not clear whether these 
variations are annual or seasonal. Of interest in this context is the observation 
that the concentration of bromophenol in the green alga (Ulva lactuca) 
exhibits seasonal variations, being relatively high in late summer and low 
during the rest of the year [66].  

Moreover, when P. fucoides starts to decompose, intense red leakages occur, 
visually traceable for several hundred meters out from the shore where the 
alga has ended up. There are certain indications that exudates from P. 
fucoides have negative effects on the reproduction of Fucus vesiculosus [6], 
as well as disturb the behaviour of fish (Popatoshistus microps) [185]. When 
Del Barga and co-workers [186] recently exposed rainbow trout 
(Oncorhynchus mykiss) to exudates from P. fucoides, significant induction of 
single-strand breaks (SSB) in DNA occurred, with a frequency comparable to 
that induced by exposure to 20 mg benzo[a]pyrene per kg. It is not yet known 
which compound(s) that cause this genotoxic effect observed in the trout, but 
analysis of plasma (by monitoring m/z 79, 81) indicated the presence of a 
larger number of brominated compounds in exposed than in unexposed 
(control) fish (unpublished). The difference was most pronounced in the 
earlier region of the chromatogram, where the simple brominated phenols 
elute. 

Analyses of the P. fucoides exudates were performed in the same manner as 
the plasma of trout (cf. above). Comparisons between peaks in the exudates 
and peaks present in the exposed fish showed that several peaks were only 
present in the exposed fish and not detectable in the algal exudates 
(unpublished). Possibly, compounds in the algal exudates are transformed or 
degraded in the aquaria and/or metabolized by the fish, giving rise to a larger 
number of compounds in the fish. Further analytical efforts are required to 
find out the composition of chemicals in the algal exudates. Even if several 
brominated compounds are present in the algal exudates, the substances 
responsible for the SSB in the trout may not necessarily be halogenated, and 
therefore also non-halogenated compounds need to be assessed. 

The brown filamentous alga Pilayella littoralis was examined in another pilot 
study (unpublished), and both OH-PBDEs and MeO-PBDEs were detected in 
the alga, but at lower concentrations compared to the concentrations in C. 
tenuicorne.  
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Figure 5.2 GC-MS (ECNI) chromatogram of bromide ions (m/z 79, 81). The upper 
chromatogram shows the methylated phenolic fraction and the lower shows the 
corresponding neutral fraction of the flounder. 
 

In an investigation of blue mussels exposed to P. littoralis in the field, the 
“Pilayella mussels” were found to contain all of the OH-PBDEs and MeO-
PBDEs (unpublished), which where identified earlier in mussels collected in 
the vicinity of the red alga C. tenuicorne (Paper I). Exudates from the P. 
littoralis exert toxic effects at early stages of Fucus vesiculosus [7] and, in 
addition the survival of juvenile Gammarus spp has been shown to decrease 
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when exposed to P. littoralis (unpublished). Moreover, the high mortality 
among eggs of the Baltic herring, observed both in the field and laboratory, 
has been proposed to be a consequence of exposure to exudates from P. 
littoralis [40-42]. 

Flounder (Platichthys flesus) in the Baltic Sea feed mainly on blue mussels 
(Mytilus edulis), which commonly live in the vicinity of macroalgae and, 
thereby, the flounder represent a high trophic level organism in a relatively 
straight food web. Since flounders are used for human consumption they also 
represent a species in the human food web. In the present study the flounders 
were collected close to Öland, where P. fucoides is the dominant algal 
species.  

The phenolic fraction isolated from flounder plasma contained four OH-
PBDEs (2’-OH-BDE68, 6-OH-BDE47, 6-OH-BDE90 and 6-OH-BDE99) and 
in the corresponding fraction containing neutral compounds, 2’-MeO-BDE68, 
6-MeO-BDE47 and 6-MeO-BDE90 were detected by comparison of their 
RRTs with authentic reference standards by monitoring the bromide ions (m/z 
79, 81) with GC-MS (ECNI) (Figure 5.2). The GC-MS analysis was 
performed applying only one column requesting further confirmation of the 
structures suggested above (unpublished). However, it is worth noting that the 
pattern of both the OH-PBDEs and MeO-PBDEs in flounder plasma resemble 
the patterns of OH-PBDEs and MeO-PBDEs in salmon plasma [90] (Paper I).  
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6 General discussion 

This chapter discuss the main findings of this thesis, as presented in Papers I-
IV and in chapter 5. 

6.1 The presence of OH-PBDEs and MeO-PBDEs in the Baltic Sea 

In the studies presented in Paper I, several OH-PBDEs and MeO-PBDEs were 
identified in the red alga (Ceramium tenuicorne) and blue mussels (Mytilus 
edulis) collected from the Baltic Sea. One of the compounds, 6-MeO-
BDE137, is, to the best of my knowledge, reported for the first time in Paper 
I. OH- and MeO-PBDEs were also detected in cyanobacteria (Aphanizomenon 
flos-aquae) collected from the same area (Paper III).  

In connection with a PCB inventory study [187], presented in part in Paper II, 
MeO-PBDEs were found in mussels living at a number of different locations 
along the east coast of Sweden. The presence of OH-PBDEs and MeO-
PBDEs in several species of filamentous macroalgae (unpublished and Paper 
I), cyanobacteria (Paper III) and mussels (Paper I), as well as in flounders (see 
chapter 5), confirms that these compounds are widely distributed in the Baltic 
Sea environment. 

6.1.1 Sources of OH-PBDEs and MeO-PBDEs  
As far as we know there are no primary anthropogenic sources of OH-PBDEs 
and MeO-PBDEs, i.e., none of these classes of compounds are formed as by-
products or produced commercially. A potential source of traces of OH-
PBDEs may be reactions between OH radicals and PBDEs in the atmosphere 
[188], in a manner similar to the formation of OH-PCBs from PCBs [189]. 
However, it is highly unlikely that such a minor source can explain the 
presence of OH-PBDEs and MeO-PBDEs in the biota examined in this thesis. 
In contrast, it is well known that both of these types of compounds are 
isolated as natural products in marine sponges [71-73,77,78,105], ascisidians 
[103,104] and algae [69]. Table 6.1 lists the OH- and MeO-PBDEs shown by 
others to be natural products, together with the OH- and MeO-PBDEs 
identified in the present thesis.  

In addition, OH-PBDEs are formed by metabolism of PBDEs [95-100,102]. 
In general, the hydroxy group of OH-PBDEs of metabolic origin is located 
meta or para to the oxygen of the diphenyl ether. In contrast, all of the OH-
PBDEs that we identified in red alga and blue mussels (Table 6.1) have their 
hydroxy group in one of the ortho-positions. The MeO-PBDEs identified (2’-
MeO-BDE68, 6-MeO-BDE47, 6-MeO-BDE85, and 6-MeO-BDE137) are 
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substituted with the methoxy group at this same position (Paper I), which 
seem to be a general structural feature of OH-PBDEs and MeO-PBDEs of 
natural origin. Two of these (2’-MeO-BDE68 and 6-MeO-BDE47) have been 
shown unambiguously to originate from the biosphere, by analyzing their 
content of the 14C isotope [118]. The origins of natural and anthropogenic 
OH-PBDEs have been discussed in detail by Marsh [190]. 

 

Table 6.1 Overview of the presence of OH-PBDEs and MeO-PBDEs reported to be 
natural products, together with the corresponding congeners identified in red alga and 
blue mussels (Paper I). 

Compound Species 

2’-OH-BDE68 a) Marine sponge [75-78], b) Red alga, blue mussels. 
6-OH-BDE47 a) Marine sponge [74-77], a) Tunicates [103,104], b) Red alga, blue 

mussels. 
6-OH-BDE90 a) Marine sponge [105], b) Red alga, blue mussels. 
6-OH-BDE99 a) Marine sponge [73], b) Red alga, blue mussels. 
6-OH-BDE85 a) Marine sponge [74,75,79],b) Red alga, blue mussels. 
2-OH-BDE123 a) Marine sponge [79], b) Red alga, blue mussels. 
6-OH-BDE137 a) Marine sponge [78,80], b) Red alga, blue mussels.  
2’- MeO-BDE68 a) Marine sponge [71,83], a) Green alga [69] b) Red alga, blue 

mussels, c) Trues beaked whale [118] 
6-MeO-BDE47 a) Marine sponge [72], b) Red alga, blue mussels c) Trues beaked 

whale [118] 

6-MeO-BDE85 b) Red alga, blue mussels. 
6-MeO-BDE137 b) Red alga, blue mussels. 
a) Isolated, structure identified by NMR, and confirmed to be natural products. b) Identified 
in Paper I by comparison to authentic reference standards. c) Identified as natural 
products on the basis of the content of 14C. 
 

As shown in Paper III, the concentrations of OH-PBDEs in the same algal 
samples were two orders of magnitude higher than the concentrations of the 
PBDEs. This is considered to be an argument for their natural origin since 
metabolites are rarely present at higher concentrations than their precursors in 
any biota. An exception is of course DDE being a metabolite of DDT. 
Further, the levels of OH-PBDEs in the phenolic fraction isolated from the 
red alga were considerably higher than the MeO-PBDEs in the neutral 
fraction (Paper III). Although the reason for this is not obvious, one plausible 
explanation is that OH-PBDEs are the primary products formed by the algae, 
while MeO-PBDEs may be formed as secondary products, by biomethylation 
of the corresponding OH-PBDE congeners. Bacteria and fungi can O-
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methylate brominated and chlorinated phenols [191,192], but it is not yet 
known whether marine algae can perform this type of methylation, although 
certain marine arctic macroalgae can methylate mercury and lead [193]. It is 
also worth mentioning that a similar relationship between the concentrations 
of simple bromophenols (2,4-dibromophenol and 2,4,6-tribromophenol) and 
the corresponding anisoles (2,4-dibromoanisole and 2,4,6-tribromanisole) has 
previously been shown in the red alga Polysiphonia sphaerocarpa collected 
along the east coast of Australia [64].  

Further, a few mixed brominated chlorinated hydroxylated/methoxylated 
diphenyl ethers were also indicated both in alga and mussels (Paper I). 
However, due to the lack of authentic reference standards these compounds 
could not be structurally unambiguously identified. However, the occurrence 
of such compounds also supports natural production, since mixed diphenyl 
ethers are not known to be manufactured.  

6.2 The occurrence of PBDDs in Baltic biota  

Two triBDDs, 1,3,7-triBDD and 1,3,8-triBDD, were identified in blue 
mussels (M. edulis) collected south of Stockholm in the Baltic Proper (Paper 
II), as well as in the red alga Ceramium tenuicorne (Papers III and IV). In 
addition, several other PBDDs were detected, but not structurally identified, 
in blue mussels, algae and cyanobacteria (Papers II and III). As far as we 
know, PBDDs have not been identified previously in biota from the Baltic 
Sea, even though they have been analyzed for [194]. PBDFs also appeared to 
be present in mussels and alga (Papers II and III), but due to the uncertainties 
according their identities (see section 4.5.1) they will not be further discussed 
here. 

6.2.1 Distribution and levels of PBDDs in the Swedish environment  
Following identification of 1,3,7- and 1,3,8-triBDD in blue mussels (Paper II) 
and of diBDDs and triBDDs in perch from Kvädöfjärden in the Baltic Proper 
[195], we wanted to investigate the distributions and levels of these 
compounds in the Swedish ecosystem. Accordingly, fish, mussels and 
shellfish from several locations in the Baltic Sea (Paper IV), as well as 
samples from the west coast of Sweden were analyzed for PBDDs (Paper IV). 
The 1,3,7- and 1,3,8-triBDDs were identified in perch (Perca fluviatilis) and 
herring (Clupea harengus) from the Bothnian Bay; in perch from one of the 
sampling locations in the Bothnian Sea, and in all species investigated (i.e., 
eel, perch, blue mussels and herring) from all sampling locations in the Baltic 
Proper. Several diBDDs (1,3-/2,7-/2,8-/1,7-/1,8-diBDD) were also identified 
in these samples, with the exception of herring. Furthermore, 2,3,7-triBDD 
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and 1,3,6,8- and 1,3,7,9-tetraBDD were identified in mussels, perch and eel 
from the Baltic Proper, but not at all sampling locations.  

A number of other PBDDs, were also identified in mussels, crab, shrimps and 
herring collected along the west coast. Thus, 2,3,7-triBDD, 1,3,6,8-tetraBDD 
and 2,7-/2,8-diBDD were identified in crabs and 1,3,6,8- and 1,3,7,9-
tetraBDD and 2,7-/2,8-/1,7-diBDD in the shrimps. All of the congeners found 
in the blue mussels from the Baltic Proper were also identified in the blue 
mussels from the west coast of Sweden, but at 200-fold lower concentrations. 
The sum of the concentrations of the PBDDs (∑PBDDs) (on a fresh weight 
basis) was 50 to 2000 times lower in fish, shrimps and crab than in the 
mussels from the Baltic Sea. Additional PBDDs were detected, but not 
structurally identified in mussels, perch and eels from the Baltic Sea and in 
mussels, shrimp and crabs from the west coast (Paper IV). 

In contrast, no PBDDs were detected freshwater fish (Paper IV). However, 
PBDD congeners have recently been detected in lake sediment from Sweden 
[145]. Perhaps the concentrations of any potential PBDDs, in the analysed 
fish were too low. However, further analyses of other matrices, such as filter 
feeding, freshwater mussels are required, to address the question about 
PBDDs in freshwater biota. 

The presence of PBDDs in the algae examined (i.e., C. tenuicorne (Paper II) 
and P. fucoides (unpublished)), fish, mussels, crabs and shrimp (Papers II and 
IV), cyanobacteria (Paper III), and the findings of triBDD in mussels living 
along the east coast of Sweden [187] (Paper II), illustrate the ubiquitous 
distribution of these compounds in the Baltic Sea. Still it is premature to be 
too conclusive about the general occurrence of PBDDs in the Baltic Sea 
environment. This will require further analysis of additional species and 
compartments of the Baltic ecosystem.  

6.2.2 The origin of PBDDs 
As discussed above (section 2.4.2), PBDDs are not produced intentionally, 
except for scientific purposes. In addition to the sources already mentioned in 
section 2.4.2, the results as presented in Papers II-IV, indicate that PBDDs 
may be natural products, which has not been reported in the literature to date. 
On the other hand, compounds whose structures are very closely related, i.e., 
OH-PBDDs and MeO-PBDDs, were reported as natural products in marine 
sponge some time ago [82,83]. In addition, 4,7,9-tribromo-2-
methoxydibenzofuran was recently identified in algae from Japan [70]. 

The absence of detectable levels of PBDDs in freshwater fish (Paper IV) 
supports the theory of natural origin of these compounds since, if the PBDDs 
identified herein, originate from combustion, they would most likely be found 
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in freshwater environments as well. However, PBDDs may be present in 
freshwater fish at very low concentrations, especially in the light of the fact 
that PBDD congeners have been detected in freshwater sediment [145]. 
However, the remarkably high concentrations of the two triBDDs in mussels 
(160 ng/g fat) and algae (where the concentration is in the same range as that 
of CB-153) are strong indications that these PBDDs are of natural origin. 

In addition to these considerations, a PBDD/F peak pattern, which is 
dominated by two triBDDs, as in the blue mussels (Paper II), is unlikely to be 
explained by combustion of BFRs or photolysis of PBDEs, since these 
processes would normally produce many more congeners. The occurrence of 
PBDDs in cyanobacteria (A. flos-aquae) also indicates natural production. 
Potential routes for natural formation of PBDDs, based on the reasonable 
assumption that the precursor molecules are simple phenols or brominated 
phenols, which are common natural products, are proposed in Paper IV. 
Another potential pathway for biogenic formation may involve bromination 
of suitable precursor molecules, as suggested by Flodin and co-workers 
[196,197]. One such suitable precursor, for the formation of PBDDs, would 
be the non-halogenated dibenzo-p-dioxin which has been isolated from 
ascidian [146].  

In summary, the findings presented here, together with the additional 
knowledge currently available in the literature, provide strong support for the 
conclusion that PBDDs, and in particular the 1,3,7- and 1,3,8-triBDDs, are 
produced naturally in biota from the east and west coasts of Sweden. This 
does not exclude that combustion also being a source of PBDDs. 

6.3 OH-PBDEs, MeO-PBDEs and PBDDs in different matrices 

To improve the understanding of the complexity of OH-PBDEs, MeO-PBDEs 
and PBDDs in the species studied, comparisons between patterns and 
concentrations are presented below. For instance, the concentrations of 
contaminants such as PCB in algae may fluctuate, as a result of rapid 
population growth. Rapid algal growth presents a kinetic limitation to 
sorbtion equilibrium [198,199]. Therefor it is difficult to make a comparison 
between different studies. Another problem is that the very low content of 
extractable organic matter (EOM) in algae and cyanobacteria, may lead to 
errors in concentrations of analyzed compounds if the samples are EOM 
adjusted. Moreover, the large water content of algae and mussels also renders 
comparisons based on wet weight uncertain, both within one and the same 
and between different studies. An alternative is to relate the levels of 
compounds in the alga to organic carbon (OC), which seem to be appropriate 
for matrices with low EOM content [200].  
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One approach to express concentrations of lipophilic compounds within 
matrices where the levels fluctuate is to relate the concentrations of the 
analytes, in this case OH- and MeO-PBDE in the red algae, to concentrations 
of well known contaminants such as PCBs and PBDEs in the same sample 
(Paper III). The concentration of CB-153 was shown to be present in three-
fold lower concentration than 2’-MeO-BDE68 in the red alga (Paper III) and 
the BDE-47 concentration was 10 times lower than this MeO-PBDE (Paper 
III). The concentration of the triBDD identified in the algal sample was 
estimated to be 45 ng/g lipid weight, which is in the same range as the 
concentration of CB-153 in the alga (37-66 ng/g lipid weight). The 
concentrations of the two coeluting triBDDs (1,3,7-triBDD and 1,3,8-triBDD) 
in the mussels were as high as 160 ng/g lipid weight (Paper II). Comparison 
of the levels between these matrices, on lipid weight basis, showed around 
three to four fold higher concentration of triBDD in blue mussels than in the 
red alga. Hence, this may be taken as an indication that triBDD is 
accumulated in the mussels. 

The similar patterns of the OH-PBDEs present in cyanobacteria and the red 
alga Ceramium tenuicorne, are visualized in Figure 6.1, where the major OH-
PBDEs are indicated by name. In addition, the patterns of MeO-PBDEs in 
these two species were also similar (Papers I and III). The fact that the 
patterns of both the OH-PBDEs and MeO-PBDEs in blue mussels (M. edulis) 
and red alga (C. tenuicorne) resemble one another (Paper I) is not surprising, 
since the mussels are filter feeding and live intermingled with the algae on 
rocky-bottoms.  

Interestingly, the patterns of OH-PBDE and MeO-PBDE congeners in the 
salmon (Salmo salar) [90] (Paper I) and flounder (Platichthys flesus) caught 
off the coast of Öland (see chapter 5, Figure 5.2) resemble each other, even 
though their ecology differs. The flounder are stationary and feed mainly on 
mussels, while Baltic salmon are sea-run and a fish predator.  

If the patterns of compounds in the phenolic fraction of fish (chapter 5, Figure 
5.2 and Paper I) are compared to the pattern in algae and mussels (Paper I), 
the 6-OH-BDE137, 6-OH-BDE85, 6-OH-BDE123 are absent, and 6-OH-
BDE99 is only present at low concentrations in the fish. In the neutral 
fraction, the relationship is similar with the absence of 6-MeO-BDE137, 6-
MeO-BDE85 and 6-MeO-BDE99 in the two fish species. The reason(s) for 
these differences is not clear. Perhaps, more highly brominated congeners 
exhibit lower bioavaibility, or certain congeners are retained selectively in the 
blood of the fish. Still another possibility may be that the OH-PBDE and 
MeO-PBDE patterns in the salmon and flounder are influenced by 
debromination of 6-OH-BDE137, 6-OH-BDE85, 2-OH-BDE123, 6-OH-
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BDE99, 6-MeO-BDE99, 6-MeO-BDE85 and 6-MeO-BDE137, (all of which 
are present in the algae and mussels (Paper I)) to yield, e.g., 6-OH-BDE47, 
2’-OH-BDE68, 6-MeO-BDE47 and 2’-MeO-BDE68. Debromination has 
been observed to occur in several species of fish, for example, common carp 
convert BDE-99 to BDE-47 [201] and pike, trout and carp can transform 
BDE-209 to less highly brominated diphenyl ethers [202-204].  

 
Figure 6.1 GC-MS (ECNI) chromatograms of bromide ions (m/z 79, 81), derived from the 
methylated phenolic fraction of the red alga Ceramium tenuicorne (upper) and the 
cyanobacterium Aphanizomenon flos-aquae (lower). The OH-PBDE congeners indicated 
in the upper chromatogram were identified in Paper I and those in the lower were 
tentatively identified in Paper III. The differences in retention times in these two 
chromatograms reflect the fact that the cyanobacteria sample was analyzed on a non-
polar column (DB-5MS, 15 m x 0.25 mm i.d. and 0.1 µm thickness), while the red alga 
sample was analysed on a non-polar column (CP-Sil 8CB, 30 m x 0.25 mm i.d. and 0.25 
µm thickness). 
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6.4 Impact on the Baltic ecosystem 

It is important to ask what implications the findings presented in this thesis 
might have for the well-being of the Baltic Sea and its wildlife. The most 
important results presented in this thesis are the identification of PBDDs, OH-
PBDEs and MeO-PBDEs in cyanobacteria, the red macroalga Ceramium 
tenuicorne, blue mussels and fish, at relatively high concentrations. Perhaps 
the most intriguing result is the identification of triBDDs (1,3,7- and 1,3,8-
triBDD) at high concentration in blue mussels. 

It is interesting to make a rough calculation of the amounts of PBDDs, OH-
PBDEs and MeO-PBDEs that might be present in the Baltic Sea. The net 
annual production of red filamentous algae, consisting primarily of Ceramium 
tenuicorne and Polysiphonia fucoides, along the Swedish coast in the Baltic 
Proper has been estimated to be approximately 570 thousand ton dry weight 
[205]. Assuming that half of the red filamentous algae are C. tenuicorne and 
provided that the concentrations of triBDD, ∑OH-PBDEs and ∑MeO-PBDEs 
are the same throughout the entire alga community, the quantities of these 
chemicals produced each year by this alga can be estimated to be 0.1 kg (100 
g), 40 kg and 1 kg, respectively. 

In addition, these compounds have been detected in other filamentous 
macroalgae (unpublished) as well as, cyanobacteria (Paper III). Further, it is 
not possible to overlook the possibility of other potential producers. 
Accordingly, these calculations of the amounts of triBDDs, OH-PBDEs and 
MeO-PBDEs may be underestimations. 

The presence of PBDDs in fish and shellfish may well result in human 
exposure. Indeed, in perch and eel from the Baltic proper, the ∑PBDD 
concentration exceeds the ∑PCDD concentration (Paper IV). Data concerning 
the toxicity of PBDDs are scarce. However, Ah-receptor binding, AHH and 
EROD enzyme induction data are available for some of the identified 
congeners (2,7-/2,8-diBDD and 2,3,7-triBDD). If TEQs are assessed from 
these available REP values the Ah-receptor-TEQ of the crabs and eels, and 
the EROD- and AHH-TEQs of the Kvädöfjärden mussels are close to the 
maximum concentration of PCDD/F TEQ that is legally permitted and/or 
considered as acceptable in food. Furthermore, the potential toxicities of 
1,3,7- and 1,3,8-triBDD have not been included in this calculation, since these 
congeners have not undergone toxicity studies. However, these calculations 
should be used with great caution since there are a lot of uncertainties therein. 

On the other hand, dioxins may exert profound negative effects on health and 
the environment. For instance, dioxins are associated with the occurrence of 
the blue sac syndrome in salmonids in the Great Lakes [206]. In this context, 
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2,3,7,8-TBDD has been proposed to be even more potent than 2,3,7,8-TCDD 
in causing this syndrome [150]. 

At present, information concerning the toxic effects of OH-PBDEs is also 
very limited (see section 2.2.3). As mentioned above, OH-PBDEs exhibit 
antibacterial properties and this is a characteristic property of halogenated 
phenoxyphenols, such as triclosan [207,208]. Certain OH-PBDEs have been 
reported to exert endocrine effects, e.g., by binding to TTR [92]. 6-OH-
BDE47 inhibits the enzyme aromatase activity [116], which mediates the 
conversion of androgens to estrogens and may thereby affect the sex ratio of 
new-born fish.  

Pentachlorophenol (PCP) and triclosan can act as uncouplers of the oxidative 
phosphorylation [209,210] and thereby influence the energy metabolism of 
organisms. It is not known whether OH-PBDEs can exert a similar effect.  

As a consequence of the increases in the levels of nutrients in the Baltic Sea 
during the past century, species such as mussels and fish, which consume 
and/or live among algae, may be exposed to elevated levels of the compounds 
analyzed here. In addition to the high loads of anthropogenic contaminants 
and the low salinity of the Baltic Sea, such exposure may enhance the stress 
experienced by these species. One such example is the negative effect exerted 
by exudates from algae on the survival of herring eggs [40]. However, as 
indicated by the remarks above, it is difficult to draw firm conclusions from 
the present results and the need for future research is addressed in the next 
chapter. 
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7 Future perspectives 

Several of the OH-PBDEs, MeO-PBDEs and PBDDs identified in this thesis 
are probably natural products that are formed by algae and cyanobacteria. 
Further research is required to definitively establish the origin. It is important 
to open up for identification of potential additional sources of OH-PBDEs 
MeO-PBDEs and PBDDs in the Baltic Sea ecosystem. This will require 
investigations of additional species in this environment. 

The presence and identities of the MeO- and OH-PBDEs and PBDDs detected 
in the cyanobacteria Aphanizomenon flos-aquae must be verified by analysis 
of additional samples and accurate mass determination of the mass of 
individual congeners. Over all, there is a need for in-depth further 
identification work. 

To characterize the distribution and bioaccumulation of MeO-PBDEs and 
PBDDs in food webs, additional species need to be analysed. Juvenile eiders 
(Somateria mollissima) are good candidates in this respect, since they are 
more or less stationary and feed on mussels that live in the vicinity of algae. 

Further analysis of sediment samples in areas where filamentous algae are 
highly represented may be performed. Through analysis of dated sediment 
cores it may be possible to gain information about occurrence of these 
substances over time. 

One of the most important issues for the future will be to evaluate the 
toxicities of OH-PBDEs, MeO-PBDEs and PBDDs, beginning with the 
compounds identified in this thesis. This is important both from a human and 
environmental point of view.  

Finally, more research is required to address the issue; if climate change is a 
driver for increased production of the naturally formed organobromines 
shown to occur in the Baltic Sea biota in this thesis.  
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