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a  b  s  t  r  a  c  t

In  this  study  we  sought  to  optimize  recovery  of  fluorescent  aromatic  compounds  (FACs)  from  the  bile
of  African  catfish  (Clarias  gariepinus)  injected  with  10 mg/kg  benzo[a]pyrene  (BaP).  Fractions  of  pooled
bile were  hydrolyzed,  combined  with  ten volumes  of  methanol,  ethanol,  acetonitrile,  or  acetone,  cen-
trifuged  and  supernatants  were  analyzed  by  high-performance  liquid  chromatography  with  fluorescent
detection  (HPLC/FL).  As  well,  to  test  whether  FACs  were  being  lost  in  solids  from  the  centrifugation,  pel-
lets  were  resuspended,  hydrolyzed  and  mixed  with  six  volumes  of the  organic  solvent  that  produced
best  FAC  recovery  from  the supernatant,  and  subjected  to  HPLC/FL.  Highest  FAC  concentrations  were
obtained  with  2000  �l  and  1250  �l acetone  for  supernatants  and  resuspended  pellets  respectively.  FACs
cetone
wo-stage preparation
rotein

concentrations  were  negatively  correlated  with  biliary  protein  content  but  were  unaffected  by addition
of bovine  serum  albumin  (BSA)  followed  by no  incubation  indicating  that  the  presence  of proteins  in
the  biliary  mixture  does  not  simply  interfere  with  detection  of  FACs.  In  another  experiment,  efficiency
of  acetone  addition  was  compared  to two  different  liquid–liquid  extractions  (L–LEs).  Acetone  additions
provided  significantly  higher  biliary  FACs  than  the  L–LE  methods.  The  new  two-stage  bile  preparation
with  acetone  is  an  efficient,  inexpensive  and  easily  performed  method.
. Introduction

Accurate methods of pollutant monitoring are required to
ddress increasing concerns about the adverse effects of xeno-
iotics discharge into aquatic environments. Polycyclic aromatic
ydrocarbons (PAHs) are ubiquitous xenobiotics with potential for
utagenicity, carcinogenicity and teratogenicity [1].  Physical and

hemical analyses of the sediment and water are unable to estimate
he bioavailability of such contaminants in aquatic environments.

o address this gap, fish biomarkers have been widely used.

Biliary compounds have been quantified for monitoring of
ecent and ongoing exposures to many xenobiotics including

Abbreviations: PAHs, polycyclic aromatic hydrocarbons; HPLC/FL, high-
erformance liquid chromatography with fluorescent detection (HPLC/FL); FACs,
uorescent aromatic compounds; L–LE, liquid–liquid extraction; 7,8-D BaP,
,8dihydrodiolbenzo[a]pyrene; 1-OH BaP, 1-hydroxybenzo[a]pyrene; 3-OH BaP, 3-
ydroxybenzo[a]pyrene; BaP, benzo[a]pyrene; BSA, bovine serum albumin.
∗ Corresponding author. Present address: Institute of Bioscience, Universiti Putra
alaysia, 43400 Selangor, Malaysia. Tel.: +60 172500449.

E-mail address: alikaramiv@gmail.com (A. Karami).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2012.04.051
© 2012 Elsevier B.V. All rights reserved.

PAHs [e.g., 2–7]. After biotransformation and conjugation with
hydrophilic compounds, PAH metabolites and residual parent com-
pounds accumulate in the gall bladder before being excreted via the
intestine. Due to active biotransformation of PAHs in fish, tissue
concentrations of PAHs may  underestimate the presence of PAHs
in the environment [8,9]. As well, PAH concentrations in sediments
may not correlate well with concentrations in fish sampled from
the same area because many fish species are highly mobile [10,11].

High-performance liquid chromatography with fluorescent
detection (HPLC/FL) is commonly used for quantifying PAH parent
compounds and metabolites as fluorescent aromatic compounds
(FACs) in the bile of fish [12]. Generally bile has undergone
liquid–liquid extraction (L–LE) [13–16],  or is diluted with organic
solvents after hydrolysis [17–35].  Inefficient preparation proce-
dures can underestimate the presence of PAHs in bile and therefore
in the aquatic environment.

The first aim of this study was to compare efficiencies of

previously applied solvents (acetonitrile, methanol, and ethanol)
to a new solvent (acetone) during bile sample preparation and
to optimize the volume of organic solvent addition. Secondly, we
investigated whether FACs are being lost in the hydrolysis and

dx.doi.org/10.1016/j.jhazmat.2012.04.051
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:alikaramiv@gmail.com
dx.doi.org/10.1016/j.jhazmat.2012.04.051
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entrifugation step. Almost all the previous studies have discarded
he pellet and quantified FACs from only the supernatant. Only
n a recent study by Ruczynska et al. [25], pellet was  dissolved in

ethanol omitting the deconjugation step. Therefore, to ensure
etter recovery of biliary FACs in pellets, deconjugation step was
onsidered in this study. In a further experiment, the efficiency of
he best volume and type of organic solvent was compared with
–LE methods. It has been suggested that proteins can interfere
ith quantification of biliary FACs through binding or other mech-

nisms [36]. Therefore, for the last experiment we  investigated the
nfluence of proteins on quantification of FAC concentration.

. Materials and methods

.1. Chemicals

7,8Dihydrodiolbenzo[a]pyrene (7,8-D BaP), 1-hydroxy-
enzo[a]pyrene (1-OH BaP), and 3-hydroxybenzo[a]pyrene
3-OH BaP) were purchased from the Mid-west Research Institute
USA); �-glucuronidase/arylsulfatase (30/60 U/ml, from Helix
omatia) and ethanol (HPLC grade) were from Merck (Germany),
ovine serum albumin (BSA) and benzo[a]pyrene (BaP) from Sigma
hemical (USA); methanol (HPLC grade) and acetone (HPLC grade)
ere supplied by JT Baker (USA); acetonitrile (HPLC grade) from

igma–Aldrich (USA); 2-propanol (min 99.7% purity) from R&M
hemicals (UK); ethyl acetate (99.5% purity) from AnalaR, BDH
UK); methylene chloride (99.99% purity) from Fisher Scientific
USA); low-binding protein membrane filters (0.45 �m)  were
btained from Pall Life Sciences (USA); and distilled water (HPLC
rade) was produced in the laboratory.

.2. Fish and sampling

Three and half month old (immature) hatchery-reared African
atfish [Clarias gariepinus;  mean weight (±SE) 167 (±10.3) g] were
asted 48 h prior to starting the experiment. Thirty-five fish were
ntraperitoneally injected with 10 mg/kg body weight BaP and
illed 48 h later with an overdose of clove oil. Gall bladders were
arefully excised and put in safe-locked eppendorf tubes, snap-
rozen in liquid nitrogen, and stored at −80 ◦C. Prior to chemical
xtractions, gall bladders were thawed on ice, punctured to remove
ile. Bile from all fish were combined together and the pooled bile
as vortexed for 10 min  and stored in darkness at 4 ◦C until analyses

or no longer than 10 days.

.3. Organic solvent addition

.3.1. Stage one (Experiment I)
Replicates of 20 �l of the pooled bile were added to 460 �l dis-

illed water (DW) and 20 �l �-glucuronidase/arylsulfatase enzyme
olution in a falcon tube. The mixture was vortexed for 10 seconds
nd incubated in darkness at 37 ◦C for 2 h in a water bath shaker.
he temperature was then reduced by placing the mixture on ice for

 min. Different volumes (250, 500, 1000, 1250, 1500, 2000, 2500,
500, 4500 or 7500 �l) of organic solvents (methanol, ethanol, ace-
one or acetonitrile) were added to the mixture. The mixture was
ortexed for ten seconds, incubated for 25–30 min  on ice on a
haker in darkness, and then centrifuged at 11,000 × g at 2 ◦C for

 min. The supernatant was divided into two parts and then kept
n ice prior to analyses within 12 h. One part of the supernatant
as used for FAC determination by HPLC/FL while the other part
as tested for protein concentration by the method of Bradford
37], preparing a serial dilution of BSA on a microplate. The details
f HPLC analysis have been described in Karami et al. [38]. During
rotein estimation, all the values were reduced by the values of
heir respective blanks. Since glutathione conjugated metabolites
aterials 223– 224 (2012) 84– 93 85

are generally stored in liver rather than bile [39,40],  only the glu-
curonides and sulfate-conjugated metabolites were quantified in
this study.

In this study all the organic solvents were chilled and DW was
cooled (2 ◦C) prior to usage. Prior to loading into the HPLC vials
all samples were filtered with 0.45 �m low-binding protein mem-
brane filters. All treatments were done in triplicate.

2.3.2. Stage two  (Experiment II)
Seventy-two bile fractions were added to DW,  hydrolyzed,

and 2000 �l of acetone (the treatment that produced highest FAC
concentrations in Experiment I) were added to the mixtures as
described above. After centrifugation the supernatants were dis-
carded carefully and falcon tubes containing pellets were kept
at 4 ◦C for 30 min  to evaporate the residues of organic solvents
that could interfere with enzymatic activities. Pellets were resus-
pended in 470 �l DW and vortexed for 5 min. Thereafter, 10 �l of
�-glucuronidase/arylsulfatase enzyme solution was added, incu-
bated in a water bath shaker for 2 h at 37 ◦C and then put on ice
for 5 min. Organic solvents (methanol, ethanol, acetone or acetoni-
trile) were added at six volumes (250, 500, 1000, 1250, 1500 or
2000 �l). The mixtures were vortexed, incubated on ice on a shaker
for 25–30 min, and centrifuged at 11,000 × g for 6 min  at 2 ◦C. Sim-
ilar to Experiment I, supernatants were divided into two  parts for
quantification of protein and FAC contents.

As a supplementary stage, after the addition of 2000 �l ace-
tone to the hydrolyzed bile samples, pellets were resuspended,
hydrolyzed and 1250 �l acetone (the treatment producing highest
biliary FACs in Experiment II) was  added to the mixtures. Pellets
were resuspended in DW as described above, and after hydrol-
ysis six volumes (250, 500, 1000, 1250, 1500 or 2000 �l) of the
organic solvents were added to the mixtures. After centrifugation,
supernatants were quantified for proteins and FACs.

2.4. Liquid–liquid extractions (Experiment III)

Two L–LE procedures generally based on the method of Stew-
ard et al. [14] were used in this experiment. Twenty �l of the bile
pool was diluted with 500 �l 0.2 M sodium acetate buffer, pH 5.
Unconjugated metabolites were extracted in a three-step proce-
dure: first with ethyl acetate:acetone (2:1, v/v) and then twice
with ethyl acetate. Organic solvents were combined and reduced
under nitrogen gas stream. Thereafter, the residue was  dissolved
in 800 �l methanol. The aqueous phase was blown down under
nitrogen gas stream to remove the traces of organic solvents.
Twenty microliters of �-glucuronidase/arylsulfatase enzyme solu-
tion was added to the aqueous phase, vortexed and incubated
in darkness at 37 ◦C for 2 h in a water bath shaker. Thereafter,
deconjugated metabolites during the hydrolysis procedure were
extracted with ethyl acetate:acetone (2:1, v/v) and then twice
with ethyl acetate. The organic fractions were recombined and
analyzed for conjugated FACs as described above. To compare
the influence of different organic solvents on extraction of FACs
during L–LE, the method of Chen and Chang [41] was modified
and adapted to the method of Steward et al. [14]. Extraction
was  done by 2-propanol:methylene chloride (10%, v/v) for the
first step followed twice by methylene chloride. Different vol-
umes (680, 1360, 2040 or 3400 �l) of organic solvents (ethyl
acetate:acetone and ethyl acetate, 2-propanol:methylene chloride
and methylene chloride) were used during the extraction pro-
cesses.
2.5. BSA addition (Experiment IV)

To test the impact of proteins on detection of FACs, differ-
ent BSA dosages were added to the bile mixtures. Briefly, 480 �l
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Fig. 1. High performance liquid chromatography (HPLC) chromatograms of bil

f the pooled bile was mixed with 11,040 �l DW and 480 �l
-glucuronidase/arylsulfatase enzyme solution. Thereafter, the
ixture was vortexed and incubated in darkness at 37 ◦C in a water

ath shaker for 2 h. After hydrolysis, the mixture was  divided into
wo parts: half was divided into six 1-ml solutions to which 0, 0.5,
, 2, 5 or 7 mg  of BSA was added before vortexing, the other half was
ivided into six 1-ml solutions to which 4000 �l acetone was added
ollowed by centrifuging as described above. Afterwards, 8000 �l
W and 0, 0.5, 1, 2, 5 or 7 mg  of BSA was added to 1-ml of solu-

ions followed by vortexing and quantification of biliary FACs by
PLC/FL. The experiment was done in triplicate.

.6. Statistics

In Experiments I, II and III separate two-way ANOVAs were
pplied on each FAC to test the differences between the type,
nd volume of organic solvents, and their interaction (sol-
ent × volume). Duncan’s multiple range tests were run when
ignificant differences were detected. Separate Student’s t-tests
ere applied on each FACs to test the differences between the

elected treatment, the treatment which resulted in the highest
iliary FACs, of the organic solvent experiments and the selected
reatment of L–LE experiment (Experiments I + II vs. Experiment III).
ifferences among biliary protein concentrations in Experiments I
nd II were tested by two-way ANOVAs with factors: organic sol-
ent, volume, and solvent × volume interaction. In addition, the

trength and significance of relationships between the protein and
he FAC concentrations in Experiments I, II, and IV were tested by
earson’s correlation. For Experiment IV, one-way ANOVAs were
sed to test the influence of BSA additions on each biliary FAC
Cs after addition of 2000 �l of: (a) acetone, and (b) methanol in Experiment I.

concentration. Post hoc Duncan’s multiple range tests were run
when significant differences were detected.

2.7. Ethics statement

All experiments were done in accordance with Malaysian leg-
islation and the Code of Practice and accreditation criteria of the
University Federation of Animal Welfare, UK (UFAW) [42].

3. Results

3.1. Experiment I: optimizing recovery of FACs from supernatants

HPLC chromatograms of biliary FACs after the addition of
2000 �l acetone and methanol are depicted in Fig. 1.

The effect of solvent volume on recovered biliary FAC concen-
trations differed with solvent type (solvent × volume interaction,
Table 1). This interaction was driven by 1-OH BaP, 3-OH BaP
and BaP rather than by 7,8-D BaP (Table 1). The main objec-
tive of this study was  to select the best treatment combination
(solvent × volume); therefore, Duncan’s multiple range tests were
run on the concentrations of 1-OH BaP, 3-OH BaP and BaP over
treatment combination (solvent × volume, Table 2). Due to the
non-significant solvent × volume interaction separate Duncan’s
multiple range tests were run on 7,8-D BaP concentrations over
solvent, and volume (Fig. 2a and b, respectively). The three organic

solvents acetone, ethanol and acetonitrile produced relatively simi-
lar concentrations of 7,8-D BaP (Fig. 2a) and recovery was  increased
up to volume of 2000 �l and then declined with the higher solvent
volumes (Duncan’s multiple range tests, Fig. 2b).
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Table  1
Two-way ANOVAs testing for effect of organic solvent (solvent) and volume of
organic solvent (volume) on the selected biliary FACs (7,8-D BaP, 1-OH BaP, 3-OH
BaP, BaP) in Experiment I; df error = 80.

Biliary FAC Source of variation df F P

7,8-D BaP Solvent 3 3.29 0.025*

Volume 9 12.01 <0.001*

Solvent × volume 27 1 0.47

1-OH BaP Solvent 3 86.22 <0.001*

Volume 9 199.78 <0.001*

Solvent × volume 27 9.98 <0.001*

3-OH BaP Solvent 3 103.32 <0.001*

Volume 9 245.28 <0.001*

Solvent × volume 27 9.7 <0.001*

BaP Solvent 3 6.99 <0.001*

Volume 9 81.42 <0.001*

e
2
m

T
M
d

Solvent × volume 27 3.25 <0.001*

* Significant difference at P < 0.05 level.
Concentrations of BaP parent compound and metabolites gen-
rally increased with increased volumes of acetone solvent up to
000 �l but then decreased with higher acetone volumes (Duncan’s
ultiple range tests; Table 2).

able 2
ean (±SE) concentrations (�M)  of biliary 7,8-D BaP, 1-OH BaP, 3-OH BaP and BaP over tre

ifferent  (Duncan’s multiple range tests, P < 0.05), n = 3.

Solvent Volume (�l) Biliary FAC

7,8-D BaP 

Acetone 250 10.16 ± 0.31 

500 21.34 ± 1.37 

1000 27.56 ± 3.1 

1250 31.61 ± 4.08 

1500 28.08 ± 2.46 

2000 38.77 ± 2.73 

2500 30.14 ± 1.28 

3500 27.98 ± 1.07 

4500 23.28 ± 2.06 

7500 27.45 ± 1.34 

Methanol 250 4.45 ± 0.59 

500 9.46 ± 0.39 

1000 21.45 ± 4.83 

1250 19.95 ± 2.19 

1500 28.5 ± 6.71 

2000 28.1 ± 5.34 

2500 32.124 ± 6.93 

3500 30.35 ± 7.02 

4500 31.11 ± 8.36 

7500 24.49 ± 3.64 

Ethanol 250 7.42 ± 2.6 

500 18.3 ± 2.78 

1000 25.58 ± 4.41 

1250 27.83 ± 1.56 

1500 36.58 ± 5.56 

2000 35.56 ± 2.73 

2500 36.48 ± 6 

3500 33.86 ± 5.78 

4500 35.93 ± 6.06 

7500 27.6 ± 7 

Acetonitrile 250 11.63 ± 0.66 

500 25.13 ± 6.68 

1000 35.13 ± 5.88 

1250 38.45 ± 5.03 

1500 30.28 ± 5.21 

2000 34.94 ± 5.79 

2500 28.42 ± 3.45 

3500 32.08 ± 3.94 

4500 27.56 ± 4.89 

7500 20.98 ± 2.67 
aterials 223– 224 (2012) 84– 93 87

3.2. Experiment II: optimizing recovery of FACs from centrifuged
pellets

The effect of solvent volume on recovery of FACs from pellets dif-
fered with solvent (Two-way ANOVA, solvent × volume interaction
term, P < 0.001). Duncan’s multiple range tests showed the high-
est FACs concentrations were obtained by the addition of 1250 �l
acetone (Table 3). Similar to the previous experiment, higher repli-
cations may  be required in subsequent studies to significantly
exhibit differences.

Biliary FAC concentrations recovered in Experiments I and II
were strongly and negatively correlated with protein concentration
of the mixture injected into the HPLC (Table 4). Due to influence
of solvent volume on protein concentration with some solvents
(Experiments I and II, Two-way ANOVAs, solvent × volume inter-
action term, P < 0.001), protein concentrations were examined by
solvent volume. In 7 volumes of Experiment I and 4 volumes of
Experiment II, acetone caused the lowest protein concentrations in
the mixture (data not shown).

Repeating the extractions of centrifuged pellets carried out

in Experiment II produced negligible FAC concentrations (non-
detectable in most cases). Therefore, no statistical analysis was run
on the results.

atment combinations in Experiment I. Values with different letters are significantly

1-OH BaP 3-OH BaP BaP

4.96 ± 0.25a 7.49 ± 0.4a 0.45 ± 0.01a

205.88 ± 7.47d 270.1 ± 14.93def 1.15 ± 0.06ab

301.08 ± 8.48f–j 380.55 ± 12.1h–l 2.52 ± 0.13c–f

321.76 ± 7.36ij 421.15 ± 8.54lm 3.46 ± 0.16e–i

323.05 ± 4.4j 414.64 ± 3.7j–m 3.57 ± 0.33f–j

382.62 ± 10.43k 456.79 ± 12.17m 5.44 ± 0.31m

304.11 ± 16.26f–j 405.47 ± 24.75i–l 2.75 ± 0.1c–g

317.32 ± 14.95hij 414.07 ± 22.88j–m 3.69 ± 0.32g–j

296.39 ± 10.33f–j 401.89 ± 16i–l 4.12 ± 0.25h–k

297.23 ± 16.44f–j 408.26 ± 19.56i–m 5.4 ± 0.08m

21.19 ± 0.94a 26.2 ± 3.12a 0.74 ± 0.11a

10.15 ± 0.57a 15.3 ± 1.26a 0.66 ± 0.06a

85.45 ± 30.42b 115.77 ± 37.58b 1.32 ± 0.16ab

139.14 ± 27.76c 205.28 ± 39.61c 1.96 ± 0.12bcd

211.18 ± 10.55d 249.73 ± 23cde 2.39 ± 0.31cde

236.18 ± 7.86de 312.32 ± 7.58fg 2.86 ± 0.13d–g

270.63 ± 8.03efg 336.76 ± 9.45gh 2.6 ± 0.09c–f

291.13 ± 14.55f–j 360.61 ± 3.13g–j 4.27 ± 0.74i–l

279.39 ± 6.83e–j 387.53 ± 15.91h–l 4.25 ± 0.48i–l

270.51 ± 7.68efg 368.42 ± 14.07h–l 5.16 ± 0.18lm

16.14 ± 2.91a 25.4 ± 3.29a 0.69 ± 0.17a

89.93 ± 2.47b 131.03 ± 9.02b 0.61 ± 0.03a

206.52 ± 27.91d 281.33 ± 20.68ef 1.77 ± 0.13bc

276.76 ± 6.27e–i 373.68 ± 12.01h–l 3.21 ± 0.51e–i

280.25 ± 7.21e–j 375.45 ± 10.93h–l 3.23 ± 0.14e–i

264.36 ± 32.9ef 369.12 ± 33.22h–l 3.36 ± 0.36e–i

273.31 ± 6.35e–h 371.45 ± 8.74h–l 3.97 ± 0.14hij

271.75 ± 5.45e–h 370.09 ± 4.45h–l 3.59 ± 0.36f–j

313.29 ± 18.2g–j 402.72 ± 17.13i–l 4.58 ± 0.97j–m

277.55 ± 9.99e–i 387.1 ± 8.35h–l 5.1 ± 0.26klm

7.06 ± 1.33a 8.78 ± 1.75a 0.39 ± 0a

165.97 ± 2.8c 229.39 ± 8.8cd 1.28 ± 0.52ab

269.35 ± 7.15efg 357.58 ± 1.64ghi 3.09 ± 0.13e–h

316.78 ± 12hij 417.14 ± 14.96klm 3.71 ± 0.42g–j

271.86 ± 11.5e–h 362.21 ± 12.59h–k 2.88 ± 0.13d–g

298.46 ± 2.49f–j 380.01 ± 6.86h–l 2.81 ± 0.12d–g

270.11 ± 7.31efg 367.12 ± 8.68h–l 3.05 ± 0.33e–h

270.94 ± 3.19efg 374.86 ± 6.34h–l 4.21 ± 0.56i–l

296.75 ± 24.08f–j 401.78 ± 23.77i–l 4.07 ± 0.19h–k

262.99 ± 14.23ef 371.74 ± 2.98h–l 5.36 ± 0.15m
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Table  3
Mean (±SE) concentrations (�M)  of biliary 7,8-D BaP, 1-OH BaP, 3-OH BaP and BaP over treatment combinations in Experiment II. Values with different letters are significantly
different (Duncan’s multiple range tests, P < 0.05), n = 3.

Solvent Volume (�l) Biliary FAC

7,8-D BaP 1-OH BaP 3-OH BaP BaP

Acetone 250 0.23 ± 0.02abc 0.07 ± 0.03a 0.72 ± 0.03a 0.49 ± 0.03a

500 0.39 ± 0.05def 1.48 ± 0.29bc 3.67 ± 0.49b 0.76 ± 0.05a

1000 0.54 ± 0.07ghi 3.3 ± 0.77f 8 ± 0.73e 1.88 ± 0.1de

1250 0.84 ± 0.03m 4.55 ± 0.42g 10.54 ± 0.47f 2.58 ± 0.07f

1500 0.74 ± 0.06klm 3.86 ± 0.1f 9.01 ± 0.24e 2.38 ± 0.09f

2000 0.83 ± 0.05m 3.31 ± 0.14f 8.89 ± 0.24e 2.47 ± 0.06f

Methanol 250 0.21 ± 0.04ab 0.03 ± 0.01a 0.83 ± 0.08a 0.6 ± 0.06a

500 0.31 ± 0.02bcd 0.3 ± 0.04a 1.15 ± 0.02a 0.78 ± 0.02a

1000 0.43 ± 0.04efg 0.23 ± 0.15a 1.43 ± 0.04a 1.1 ± 0.1b

1250 0.64 ± 0.01ijk 1.74 ± 0.21bcd 3.7 ± 0.53b 1.82 ± 0.08cde

1500 0.66 ± 0.02jkl 1.55 ± 0.21bc 4.14 ± 0.22bc 1.74 ± 0.08cde

2000 0.77 ± 0.02lm 1.53 ± 0.12bc 3.8 ± 0.18b 1.86 ± 0.02de

Ethanol 250 0.15 ± 0a 0.08 ± 0.02a 0.85 ± 0.04a 0.55 ± 0.02a

500 0.33 ± 0.05cde 0.24 ± 0.02a 1.03 ± 0.01a 0.71 ± 0.01a

1000 0.43 ± 0.04efg 1.23 ± 0.36b 3.85 ± 1b 1.17 ± 0.1b

1250 0.53 ± 0.02gh 2.37 ± 0.16de 5.89 ± 0.45d 1.63 ± 0.1cde

1500 0.53 ± 0.01gh 2.35 ± 0.04de 5.83 ± 0.43d 1.61 ± 0.16cd

2000 0.65 ± 0.01ijk 2.17 ± 0.11cde 5.04 ± 0.81bcd 1.9 ± 0.19e

Acetonitrile 250 0.27 ± 0.01bcd 0.16 ± 0.03a 0.91 ± 0.01a 0.64 ± 0.02a

500 0.32 ± 0.02bcd 1.48 ± 0.13bc 4.09 ± 0.25b 0.71 ± 0.08a

1000 0.45 ± 0.02fg 1.62 ± 0.12bcd 5.47 ± 0.11cd 1.55 ± 0.05c

1250 0.64 ± 0.04h–k 2.57 ± 0.26e 6.39 ± 0.46d 1.77 ± 0.09cde

3

t
i
1
c
u
h
p
a
d
F
a
t
s

3

n
a
F
t

T
P
t
s

1500 0.61 ± 0.02hij

2000 0.69 ± 0.03jkl

.3. Experiment III: liquid–liquid extractions (L–LEs)

Total FACs recovered did not differ significantly between the
wo types of organic solvent compositions (ethyl acetate:acetone
n the first step + ethyl acetate in the second and third steps;
0% 2-propanol: methylene chloride in the first step + methylene
hloride in the second and third steps), or among different vol-
mes tested (680, 1360, 2040 or 3400 �l) (before hydrolysis + after
ydrolysis, P > 0.05; Fig. 3a–d). Recovered FAC concentrations pre-
ared through L–LE procedures were significantly lower than those
chieved in Experiments I + II with the addition of acetone (Stu-
ent’s t-test, P < 0.01 for the metabolites, and P < 0.05 for BaP;
ig. 4a–d). On average acetone addition provided 3.52, 9.17, 5.79
nd 3.91 times higher 7,8-D BaP, 1-OH BaP, 3-OH BaP and BaP than
he selected L–LE method (680 �l ethyl acetate:acetone in the first
tep + ethyl acetate in the second and third steps).

.4. Experiment IV: impact of proteins on FAC detection

BSA additions (0, 0.5, 1, 2, 5 or 7 mg/ml  of solution) did not sig-
ificantly influence recovered FAC concentrations before or after
cetone addition (Two-way MANOVA, P > 0.05, data not shown).

urthermore, in this experiment the correlations between the pro-
ein and FACs concentration were not significant (Table 4).

able 4
earson’s correlation coefficients between biliary FACs and protein concentration of
he injected mixture in Experiments I, II, and IV. Double asterisk means statistically
ignificant at P < 0.01.

Biliary FAC Experiment I Experiment II Experiment IV

7,8-D BaP −0.762** −0.636** 0.298
1-OH BaP −0.862** −0.728** −0.341
3-OH BaP −0.892** −0.740** 0.066
BaP  −0.657** −0.585** −0.22
2.12 ± 0.14cde 6.21 ± 0.3d 1.78 ± 0.06cde

1.89 ± 0.13b–e 6.17 ± 0.86d 1.75 ± 0.07cde

4. Discussion

Different methods have been developed for preparation of fish
bile samples prior to detection of FACs through HPLC/FL. The most
applied methods involve addition of organic solvents or L–LE.
Among organic solvents used, different volumes of methanol, ace-
tonitrile and ethanol have been applied to the mixture of fish bile
after hydrolysis. Though FACs are recognized as being an impor-
tant fish biomarker, studies of fish bile preparation procedures are
scarce. Furthermore, there is a high inter- and even intra-laboratory
variation, especially in the application of organic solvents during
preparation procedures [17–35].

Acetone is a good protein precipitant [43,44],  however, to our
knowledge the hydrolyzed bile sample has never been diluted
with acetone. In Experiments I and II 2000 and 1250 �l of ace-
tone, respectively, produced the highest BaP FAC concentrations
highlighting the importance of optimizing the type and volume of
organic solvents during preparation stages.

Several studies have reported higher concentrations of 7,8-D
BaP, 1-OH BaP, and 3-OH BaP compared to other biliary FACs
(e.g., quinone metabolites and some of the diol and hydroxylated
metabolites) [28,38,40,45].  In this study only the three biliary
metabolites and the parent compound were detectable in all the
treatment combinations. Though 2000 �l acetone was the best
choice to liberate 1-OH BaP, 3-OH BaP, and BaP, 2000 �l of ace-
tonitrile or ethanol performed as well for 7,8-D BaP. Nevertheless,
choice of optimal organic solvent is specific to the parent compound
and metabolite of interest. Therefore, to select the best treatment
suite of evidences procedure was  followed and we  selected 2000
and 1250 �l of acetone for the first and second stage of organic sol-
vent addition, respectively, due to almost the highest performance
in liberating all the investigated FACs.

Experiment II demonstrated the presence of biliary BaP FACs

residues in the pellets which are trapped during centrifugation of
the biliary mixture in stage one, and/or are the unhydrolyzed com-
pounds of the first stage of preparation. This study showed that
virtually all biliary BaP FACs become available for quantification
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ig. 2. Mean (±SE) concentrations (�M)  of 7,8-D BaP over (d) solvent and (e) volu
etters are significantly different (Duncan’s multiple range tests, P < 0.05), n = 30 for

hrough the two-stage preparation method and that nothing signif-
cant is to be gained by further extraction from the pellets. However,
his may  not be the case when working with the fish in highly PAHs
olluted areas. Therefore, when working with the fish from highly
olluted areas it may  be worth testing a few samples with one more
tage. Since only 2.12, 1.17, and 2.25% of total quantified 7,8-D BaP,
-OH BaP, and 3-OH BaP were recovered from pellet, in the studies
ith limited time and budget, the second stage of organic solvent

ddition may  be waved. However, due to the large recovery of par-
nt compound by the second stage (32.14%) this decision is not
ppropriate for the studies which the amount of unbiotransformed
iliary FACs (parent compounds) is of concerns.

The most applied L–LE method was the method of Steward
t al. [14] (ethyl acetate:acetone in the first step + ethyl acetate in
he second and third steps) which has been slightly modified by
ther authors. In this study to ascertain the extraction efficiency of
–LE methods, biliary compounds were extracted with two organic
olvent combinations (ethyl acetate:acetone and ethyl acetate, 2-
ropanol:methylene chloride and methylene chloride) and each

ith four different volumes. Results showed the two L–LE methods,

nd different volumes, produced similar BaP FAC concentrations
hich were lower than those produced by the two-stage acetone

ddition (Fig. 4a–d). The lower efficiency of L–LEs could be due
l); AC = acetone, A = acetonitrile; M = methanol; E = ethanol. Values with different
d n = 12 for (e); note: range of scales is different between figures.

to the relatively low solubility of the FACs in the organic solvents
applied. In addition to being less efficient, the L–LE procedures are
more expensive and time- and labor-intensive than the two-stage
organic solvent method.

Samples being analyzed for pharmaceuticals are commonly
cleaned of protein due to protein–drug binding [46]. In proteomic
studies different precipitants including acids, salts, metal ions, and
organic solvents have been widely used to precipitate proteins.
For example trichloroaceticacid (TCA) and ammonium sulfate have
good efficiencies in precipitation of proteins [47,48].  However, due
to the sensitivity of most of UPLC and HPLC columns to a wide range
of salts and acids the most applied family of precipitants remains
organic solvents. Organic solvents cause aggregation of proteins
through expediting electrostatic protein interactions and reducing
hydrophobic interactions between proteins [46].

PAHs are known to bind with some proteins [49,50] and possibly
become less available for analysis through HPLC. In Experiments
I and II, the strong negative correlation between protein content
and biliary FACs (Table 4) suggested potential prohibitive func-

tion of proteins during FACs detection. Correlations were weaker
with pellets (Experiment II) than supernatants (Experiment I),
possibly due to denaturation of proteins during the first prepara-
tion stage (Experiment I) which might have caused the errors in
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Fig. 3. Mean concentrations (�M)  of: (a) 1-OH BaP; (b) 3-OH BaP; (c) BaP; and (d) 7,8-D BaP extracted with different volumes (�l, the values after comma) of ethyl
acetate:acetone in the first step + ethyl acetate in the second and third steps (E), and 10% 2-propanol: methylene chloride in the first step + methylene chloride in the second
and  third steps (P). White area shows the concentrations of biliary FACs before hydrolysis, black area shows concentrations of biliary FACs after hydrolysis; note: range of
scales  is different between figures.
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quantification or function of biliary proteins. However, other than
the quantitative differences between protein content of the mix-
tures in Experiments I and II, proteins precipitated may  be specific
to the precipitant used [51,52]. Conceivably, in the present experi-
ment, acetone removed biliary proteins with high binding affinities
to the biliary BaP FACs allowing a higher concentration of free FACs
to be detected by HPLC. This is in agreement with findings that
acetone is able to precipitate a wide range of proteins in biological
samples [53,54].  It is also possible that the other bile compounds
such as salts, ions, pigments, and cholesterol [55] influence the
detection of biliary FACs. In this study we  did not run any quali-
tative tests on proteins. Further studies are necessary to identify
the role of different proteins in detection of biliary FACs.

In order to bind BSA with PAHs, incubation times of several hours
up to several days have been applied [56,57].  Therefore, in this
study by not incubating BSA with the biliary mixtures, no PAH–BSA
complex is expected. Though in Experiments I and II the role of pro-
teins during the biliary FACs quantification was stressed, addition
of BSA prior or after the addition of acetone to the mixture (Experi-
ment IV) did not significantly influence the concentration of biliary
FACs. These results prove the solely presence of proteins cannot
interfere the detection of PAH biliary metabolites and the mecha-
nism might be through specific binding of some proteins with PAH
compounds [58,59]. For further study, we  propose hydrolyzing pro-
teins with trypsin to determine the impact of protein bindings on
recovery of biliary FACs and using more selective analysis such as
liquid chromatography–mass spectrometry (LC/MS).

5. Conclusions

1. To avoid underestimation of biliary FACs, it is necessary to add
an appropriate volume and type of organic solvent to the bile
samples during the preparation procedure.

2. A two-stage preparation of bile samples is necessary for accurate
biliary FACs quantification. Therefore, during the preparation
stages all fractions (supernatant and centrifuged solids) must
be checked for the presence of FACs. The two-stage preparation
method showed the addition of 2000 and 1250 �l of acetone was
the most efficient choice for liberating biliary BaP FACs from the
supernatant and pellet, respectively.

3. All liquid–liquid extraction methods may  not be appropriate for
preparation of fish bile samples containing FACs.

4. Proteins have a significant negative influence on the detection
of biliary FACs. However, the inhibition mechanism requires fur-
ther study.
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