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Abstract

An aminopropyl-based solid-phase extraction technique was used for isolation of chlorinated fatty acids in lipids. A range
of different chlorinated fatty acids was eluted in a small volume of solvent (4 ml) and the recoveries of the different species
and isomers were quantitative. Only 1% of the vastly dominating unchlorinated fatty acid methyl esters were recovered in
the fractions containing the chlorinated fatty acid methyl esters. This method makes it possible to isolate and detect$1 mg
of a chlorinated fatty acid methyl ester in 1 g of lipid.
   2003 Elsevier Science B.V. All rights reserved.
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1 . Introduction as unchlorinated fatty acids[8–10]. Further, in a
recent study it was shown that human cell lines can

Chlorinated fatty acids (ClFAs) have been found incorporate and metabolise chlorinated fatty acids
to be the major contributors to the extractable [11]. High concentrations of ClFAs in biota have
organochlorine compounds in marine biota, making been connected to anthropogenic inputs such as
up to 90% of extractable organically bound chlorine effluents from chlorine bleached pulp production
(EOCl) [1–7]. The presence of ClFAs in human [3,7,12,13].A comprehensive review on ClFAs has
tissue has not been reported, but can be regarded as recently been published[14]. Methods for the de-
possible because ClFAs have been found to be termination of ClFAs have relatively newly been
assimilated in the food chain in much the same way developed[2,4,5], which may explain why these

compounds only recently have come to attention.
The methods were developed primarily for analysis
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very selective and sensitive detection methods, such2 . Materials and methods
as an electrolytic conductivity detection (ELCD)[2]
or halogen-specific detection (XSD)[15], when 2 .1. Chemicals
determined by gas chromatography (GC) as the
corresponding fatty acid methyl esters (FAMEs). The The following chemicals were used in this study:
concentration of EOCl in most fish samples ranges cis-9-octadecenoic acid (99%, Sigma, St. Louis, MO,
from 20 to 60mg/g [7,16,17],but concentrations up USA),cis-9-tetradecenoic acid (99%, Sigma), methyl
to 2000 mg/g lipid have been reported[18]. The esters of hexadecanoic acid, octadecanoic acid,cis-9-
separation of chlorinated (ClFAMEs) and unchlori- octadecenoic acid,cis,cis-9,12-octadecadienoic acid,
nated FAMEs is important, because the latter will cis,cis,cis-9,12,15-octadecatrienoic acid (99%,
otherwise overload the GC capillary column, when Sigma), borontrifluoride (20% solution in methanol,
samples containing detectable amounts of ClFAMEs Merck, Hohenbrunn, Germany),n-hexane (.99%
are injected. Moreover, in the GC–mass spec- Merck, Drabant, Germany), cyclohexane (.99.5%,

¨trometry (MS) system, some of the common FAMEs Riedel-de Haen, Seelze, Germany), chloroform
and the ClFAMEs have similar retention times, (99.8%, J.T. Baker, Deventer, The Netherlands),
resulting in problems of identification of the diethyl ether (.99.5%, Merck, Darmstadt, Ger-
ClFAMEs, again calling for better methods for many), methanol (J.T. Baker,.99.8%), ethyl acetate
isolation of ClFAMEs to be developed. (.99.5%, Merck), methylene chloride (.99.5%,

¨In FAMEs released from lipid extracts, polyun- Riedel-de Haen), toluene (.99.5%, J.T. Baker), and
saturated and saturated species can to a large degree acetone (.99.5%, J.T. Baker). The purity was
be removed by silver ion and urea complexation[4], controlled in blank procedures. After conventional
thus increasing the concentration of ClFAMEs. Ad- cleaning; all glassware was rinsed with acetone
ditional removal of unchlorinated FAMEs can be (.99.5%) and heated at 2508C for 15 h before use.
achieved by thin-layer chromatography (TLC)[4].
Such a procedure was developed for an eel lipid 2 .2. Sample preparation
sample containing an EOCl concentration of 1200
mg/g lipid. On analysing samples with very low threo-9-Dichlorooctadecanoic acid andthreo-9-
concentrations of ClFAMEs (,,20 mg/g), how- dichlorotetradecanoic acid were prepared fromcis-9-
ever, the silver and urea complexation methods are octadecenoic acid andcis-9-tetradecenoic acid, re-
not satisfactory in removing unchlorinated FAMEs, spectively, according to the procedure of Mu et al.
and TLC is too laborious. Gel permeation chroma- [20]. The acids were esterified with 20% BF in3

tography (Sephadex LH-20) has been used for the methanol and toluene, according to Morrison and
enrichment of methyl ester of dichlorotetradecanoic Smith[21]. The purities of methyl dichloroocta-
acid in transesterified lipids of lobster digestive decanoate (C Cl ) and methyl dichlorotet-18 2

glands with EOCl concentrations of about 100mg/g radecanoate was studied by GC–MS with electron
lipid [5], but this method demands several hours for ionisation (EI-MS)[20] and were found to be 85 and
fractionation[5]. 90%, respectively (based on assessment of the total

Solid-phase extraction (SPE), on an aminopropyl ion chromatogram, TIC). Two complex samples
column, has been shown by Kalunzy et al.[19] to be containing ClFAs were prepared. One of the samples
an efficient technique in the separation of different was derived from lipids extracted from a cell growth
lipid classes. Therefore, the purpose of this work was (Intestine-405, a human cell line) medium where the
to study the separation of ClFAMEs from unchlori- cells had been incubated with dichlorooctadecanoic
nated FAMEs by using SPE. Standards of FAMEs acid[11]. The other sample was an earlier well-
and ClFAMEs, and complex samples, a cell-culture examined eel lipid extract[20]. The cell growth
medium, containing ClFAME metabolites, and a medium containing chlorinated metabolites (dich-
well-examined eel sample containing several differ- lorotetradecanoic acid and dichlorohexadecanoic
ent isomers and species of ClFAMEs, were used in acid) of dichlorooctadecanoic acid was prepared
the study. The aim was to further improve the according to procedure described by Gustafson-

¨isolation of ClFAs. Svard et al.[11]. The lipids were extracted according
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to a modified version of the procedure described by and the different fractions were analysed for their
Bligh and Dyer [22], where addition of KCl was content of C and C Cl by using GC–MS and18:1 18 2

used to ensure the complete extraction of polar lipids GC–XSD, respectively. The isolation of ClFAMEs
[23] and transesterified with BF in methanol and in a complex sample was studied by applying 4.0 mg3

toluene. The eel lipids were transesterified and of transesterified sample, liberated from the cell-
´ ´enriched by Wesen according to Wesen et al.[2] and

Mu et al. [4].
 

2 .3. GC analysis

A GC system (Shimadzu, Model 17 A, Kyoto,
Japan) was equipped with two BPX5 (5% phenyl
polysilphenylene–siloxane, 25 m30.22 mm I.D.,
film thickness50.25 mm) fused-silica capillary col-
umns (SGE, Sydney, Australia) fitted to two separate
injectors. One column was connected to an XSD
system (Model 5360, OI Analytical, College Station,
TX, USA). The other column was connected to a
quadrupole EI-MS system (Shimadzu, Model QP-
5000, Kyoto, Japan). Helium (99.997%, Air Liquide,

¨Malmo, Sweden) was used as carrier gas. The
injector temperatures were 2808C and the carrier gas
flow was 1 ml /min. The column oven temperature
program was 908C (held for 2 min) to 3008C at
15 8C/min (held for 5 min). In the XSD system, a
manual wide-bore injection technique was used.
Medical air (Air Liquide) was used, as combustion
gas at a flow of 12–20 ml /min, and the detector
temperature was 10008C. In the EI-MS system, a
split injection technique was used (split ratio 1:70),
the interface temperature was 3008C, the electron
energy was 70 eV, and them /z range 34–500 was
scanned at a rate of 2 scans/s. The GC column, used
in this system, could not resolve C and C ,18:1 18:2

which therefore are quantified together.

2 .4. Solid-phase extraction procedure

A 500-mg aminopropyl (LC-NH ) column2

(Supelco, No. 57014, Bellefonte, PA, USA), with a
Fig. 1. Distribution of eluted FAMEs and ClFAMEs (MS- andcapacity of about 25 mg, and a bed volume of 0.6
XSD-based), liberated from cell-culture medium containing

ml, was connected to a vacuum manifold (Visiprep, chlorinated fatty acid metabolites, collected from a 500-mg LC-
Supelco). Three different columns from different lots NH column. In (a) the distributions of total FAMEs and2

were tested. The solvent flow through the column ClFAMEs are shown, in (b) and (c) the distributions of FAME and
ClFAME species, respectively, are shown. Fractions 1–6 ml arewas 0.5–1 ml /min. All the columns were con-
n-hexane, and fractions 7–11 consists of a solvent mixture ofditioned with 2 ml ofn-hexane. In a first attempt to
n-hexane–diethyl ether–methylene chloride (89:1:10, v /v). Frac-

separate FAMEs from ClFAMEs, a mixture of 1 mg tions 12–14 are excluded from the figure, because no FAMEs and
of C and 10mg of C Cl were eluted from the ClFAMEs were detected in these fractions.Values in the figure are18:1 18 2

LC-NH columns according to Kalunzy et al.[19], distribution means6SD of four samples run in parallel.2
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culture medium, in 200ml of n-hexane onto the 3 . Results and discussion
column. Six 1-ml fractions ofn-hexane and eight
1-ml fractions of a solvent mixture (n-hexane–di- 3 .1. SPE fractionation of ClFAMEs and common
ethyl ether–dichloromethane, 89:1:10, v /v) were FAMEs in extracts of cell-culture medium
pulled through (the elution was stopped when the
solvent was at level with the phase surface) and The reference compounds, C and C Cl , were18:1 18 2

collected separately. Each of the collected samples not completely separated when applying the original
was evaporated to dryness at 408C under a gentle SPE method[19], which recommends 4 ml ofn-
flow of nitrogen and then dissolved in 200ml of hexane to collect unpolar fatty acid cholesterol
n-hexane. Four identical experiments were made. esters. C was partly co-eluted with C Cl . In18:1 18 2

The mass of every fraction was determined order to improve the resolution, the volume ofn-
gravimetrically (Sartorius, Model BP211D, Goetting- hexane was increased to 6 ml. C was recovered in18:1

er, Germany). The recoveries of FAMEs and n-hexane and C Cl was recovered in the following18 2

ClFAMEs were determined by GC–MS and GC– solvent mixture, which is more polar thann-hexane.
XSD, respectively, and 1ml was injected in each If more than 6 ml ofn-hexane was pulled through,
system. In accordance with the result of the experi- part of the C Cl was eluted in then-hexane18 2

ments above, ClFAMEs in a sample of natural origin fraction (data not shown). When studying extracts of
were isolated. An eel lipid sample, transesterified to the cell-culture medium, it was found that the
methyl esters and treated with silver nitrate and urea recovery of ClFAMEs was almost 100% in 4 ml of
(0.34 mg in 200ml of n-hexane)[4,20] was applied the polar solvent mixture, fractions 7–11 (Fig. 1 and
to the column and 6 ml ofn-hexane, and 4 ml of the Table 1). Most of the ClFAMEs were recovered in
solvent mixture were used for the fractionation. Each only one fraction, fraction 8 (Fig. 1), but up to 30%
fraction was collected separately and evaporated to of the eluted C Cl could be found in fraction 718 2

dryness and then dissolved in 200ml of n-hexane, (Table 1). Neither methyl dichlorotetradecanoate
and the mass of each fraction was determined (C Cl ) nor methyl dichlorohexadecanoate14 2

gravimetrically. The recoveries of FAMEs and (C Cl ) was co-eluted with the FAMEs, but a small16 2

ClFAMEs were determined by GC–MS and GC– part of C Cl was co-eluted with the FAMEs (Fig.18 2

XSD as above. 1). Most of the FAMEs were eluted in fractions 3

T able 1
Distribution of FAMEs and ClFAMEs in SPE fractions

Fraction C 1C C 1C C C C C Cl C Cl18.0 16:0 18:1 18:2 18:3 18 12 16 2 14 2

% SD % SD % SD % SD % SD % SD
a3 47 11 9 3
a4 47 7 46 11 3 5
a5 5 4 35 11 21 5
a6 0 0 10 7 46 15 1 0
b7 ,1 ,1 ,1 ,1 24 10 16 12 2 3 1 1
b8 ,1 ,1 ,1 ,1 7 6 83 13 92 7 98 1
b9 3 2 1 1

b10 2 2
b11 ,1 ,1

Lipids liberated from cultured cell medium containing chlorinated fatty acids metabolites. Values are distribution means6SD of four
samples run in parallel.

a n-Hexane.
b Solvent mixture.
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and 4 (Fig. 1), but some of the polyunsaturated
FAMEs such as C and C (FAMEs from fatty18:3 20:n

acids containing 20 carbon atoms and different
 numbers of double bonds) were also found to be

co-eluted with the ClFAMEs (Fig. 2). According to
the TIC peak area, about 40% of eluted C were20:n

co-eluted with the ClFAMEs (data not shown). The
separation of different species of FAMEs (Fig. 1)
might be explained by saturated and monounsatu-
rated FAMEs being preferentially eluted withn-
hexane, whereas polyunsaturated FAMEs need a
more polar solvent such as dichloromethane to be
eluted[24]. Saturated FAMEs are supposed to form
weaker dipolar interactions with the stationary phase
than polyunsaturated FAMEs[24], resulting in a
larger retention of the polyunsaturated FAMEs. A
similar reasoning is probably also applicable to the
ClFAMEs, which need a solvent mixture containing
some dichloromethane. C Cl and C Cl were16 2 14 2

found to elute later than C Cl (Fig. 1). Thus, small18 2

differences in polarities between C Cl C Cl and18 2, 16 2

C Cl might be enough to be used in future14 2

isolation of individual ClFAMEs.
The recoveries of C Cl , C Cl , and C Cl and18 2 16 2 14 2

of the saturated and monounsaturated FAMEs were
high (Table 2), but the exceedingly high value for
C Cl might be explained by its concentration being16 2

close to the detection limit. A small absolute error
can result in a large relative error, giving a high
uncertainty in the recovery calculation. The recovery
of polyunsaturated FAMEs, such as C was only20:n

50–60% (data not shown), might be explained by the
solvent mixture, not being polar enough to elute the
polyunsaturated FAMEs.

3 .2. Isolation of ClFAMEs from a cell-cultureFig. 2. TIC of transesterified lipids, liberated from cell-culture
mediummedium containing chlorinated fatty acid metabolites (a) before

SPE isolation (the sample is diluted five times and 4mg dry mass
was injected), and (b) after SPE isolation (the sample is not By using this SPE method modified from Kalunzy
diluted and,0.5mg dry mass was injected). The following peaks et al. it was possible to eliminate the largest portion
are identified as: (1) methyl hexadecanoate, (2) methyl

of common FAMEs from a mixture containingoctadecadienoate1methyl octadecenoate, (3) methyl octadecat-
ClFAMEs (Fig. 2 and Table 3), but for isolationrienoate, (4) methyl octadecanoate, (5) a cluster of methyl esters

of FAMEs of different fatty acids containing 20 carbon atoms, (6 ClFAMEs it is also of interest to remove other types
and 7) possible cholesterol derivatives, (a) bicyclohexyl, (b) of compounds that can be present in a chloroform
phthalates, (c) methyl dichlorotetradecanoate. The other peaks areextract [25]. Most of the compounds in the cell-
unidentified. (d) Methyl dichlorohexadecanoate and (e) methyl

culture sample do not generate any signal in adichlorooctadecanoate can only be obtained in the XSD chromato-
GC–MS system, only 25% of the extract applied ongram (lower chromatogram), not in the TIC. The other peaks are

unidentified. the SPE column was calculated to generate signal in
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T able 2
FAMEs and ClFAMES before and after SPE fractionation

a bCompound Applied Eluted SD Recovery SD
(mg) (mg) (%)

C 210 180 10 83 416:0

C 320 290 10 89 418:0

C 1C 80 60 10 78 818:1 18:2

C 30 20 0 68 818:3

C Cl 2.46 1.85 0.21 75 918 2

C Cl 0.22 0.43 0.08 192 3716 2

C Cl 20.00 22.29 2.20 111 1114 2

Lipids are liberated from cultures cell medium containing ClFA metabolites.
a Based on one sample, the instrumental relative SD previously being determined to about 10%.
b Values are means6SD of our four samples run in parallel, and are from the same experiment.

the GC–MS system. About 0.6–0.7 mg of the
T able 3 applied sample (4 mg) was identified as C , C ,18:0 18:1Relative peak areas of methyl esters in TIC before and after SPE

C , C and C and by using XSD, about18:2 18:3 16:0fractionation
20 mg was identified as ClFAMEs (Table 2). It was

Compound Applied sample Fraction 8 found that ,1% of C , C , C , and C18:0 18:1 18:2 16:0
Distribution SD Distribution SD (Table 1) and,0.1 mg (gravimetrically determined)
(%) (%) of the 4 mg applied masses (Table 4) were recovered

aC Cl 0.6 0.4 23 2 in fraction 8. This agrees with the total mass, 0.07–14 2
bC 19.3 0 016:0 0.09 mg, estimated from the TIC and XSD chro-
bC 1C 11.1 0 018:1 18:2 matogram in comparison with known external stan-bC 1.5 3 318:3
b dards. This means that most of the compounds thatC 31.5 1 118:0
b do not generate signal in the GC–MS system hadC 3.7 22 720:n

been removed. By assuming that; (i) only 2% of the
bTotal 67 48 9 compounds applied on the column are recovered in

Lipids liberated from cultured cell medium containing ClFA the fraction 8, (ii) the detection limit of a ClFAME
metabolites.Values are means6SD of four samples run in parallel. in the GC–XSD system is 0.5 ng (five times the

a A theoretical value calculated by using the peak area obtained noise), (iii) a maximum of 5mg can be injected into
in fraction 8.

b the GC–XSD system, a lower limit for detectingBased on one sample.
ClFAMEs in cell-culture medium lipids was esti-
mated at 1mg/g lipid.

As the unchlorinated C can interfere withT able 4 18:3

Gravimetrically determined masses after SPE isolation of 4.0 mg C Cl (peak 3 and c inFig. 2) on the GC column14 2
transesterified cell sample used, only fraction 8 was collected for mass spec-
Fraction Mass (mg) SD Recovery (%) SD trometric analysis. When using a halogen selective

detector, interference from unchlorinated compounds1 1.5 0.1 36 3
is of minor importance, however, a more correct2 0.1 0.1 ,5

3 0.2 0.1 6 3 value for the recovery of ClFAMEs would be
4 0.3 0.1 6 3 obtained by including fraction 7.
5 ,0.1 ,2
6 ,0.1 ,2

3 .3. Isolation of ClFAMEs from an earlier silver7–14 ,0.1 ,2
nitrate and urea treated eel sample

Total ,2.4 ,59

Methyl esters of saturated and unsaturated, dich-Lipids liberated from cultured cell medium. Values in the table
are mean6SD of four samples run in parallel. lorinated fatty acids, as well as saturated tetrachlori-
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nated fatty acids were previously identified in the eel the SPE procedure has no negative impact to the
sample. These ClFAMEs were now detected with multitude of ClFAMEs in the eel sample.
XSD when using a slow temperature gradient in the Only about 1mg of ClFAMEs was present in the
GC column oven (Fig. 3a). The XSD chromatograms eel sample (340mg) before its being fractionated by
obtained when using the steep temperature gradient, SPE and the recovery of ClFAMEs was 70–80%
before (Fig. 3b) and after SPE treatment (Fig. 3c), (data not shown). Although the eel sample had been
showed an unchanged pattern of ClFAMEs. Thus, enriched 30-fold with respect to ClFAMEs, most of

the compounds in the extract that were applied to the
SPE column were recovered in then-hexane fraction
(about 300mg of gravimetrically determined dry

 

mass out of 340mg applied). The compounds
generating mass spectrometric signal corresponded to
about 100mg and almost 100% of these compounds
were recovered withn-hexane. In the mixed solvent
fraction (4 ml) containing the ClFAMEs, only 2–3%
of the common FAMEs were co-eluted (the removal
of the FAMEs can be studied inFig. 4). Thus, a
combination of AgNO for removal of polyunsatu-3

rated FAMEs and SPE for removal of saturated

 

Fig. 3. XSD chromatograms obtained of transesterified lipids and
silver nitrate and urea treated eel sample. (a) Using a slow
temperature gradient [908C (held for 2 min) to 2808C at 48C/
min]. Using a steep temperature gradient [908C (held for 2 min)
to 3008C at 158C/min (held for 5 min)] (b) before SPE isolation,
(c) after SPE isolation. By comparison with a similarly obtained
XSD gas chromatogram[15], the SPE isolated ClFAMEs are Fig. 4. TIC of transesterified lipids and silver nitrate and urea
assigned the following identities: (1) methyl dichlorotridecanoate, treated eel sample (a) before SPE isolation (17mg dry mass was
diastereomeric (erythro- and threo-) forms of (2, 3) methyl injected), (b) after SPE isolation (,,5 mg dry mass was
dichlorotetradecanoate, (4, 5) methyl dichlorohexadecanoate, (8, injected). The following peaks are identified as: (1) methyl
9) and methyl dichlorooctadecanoate and (6, 7) isomers of methyl tetradecanoate, (2) methyl hexadecenoate, (3) methyl hexade-
tetrachlorotetradecanoate (10, 11) isomers of methyl tetrachloro- canoate, (4) methyl octadecenoate, (5) methyl octadecanoate, (6)
octadecanoate. Unsaturated compounds: (a, b) isomers of methyl a possible cluster of methyl esters of FAMEs of different fatty
dichlorotetradecenoate, and (c, d) isomers of methyl dichlorooc- acids containing 20 carbon atoms. The other peaks are un-
tadecenoate. identified.
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