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The  applicability  of  hollow  fibre protected  liquid  phase  microextraction  (HF-LPME)  for  the determination
of  three  oestrogens,  namely  estrone  (E1),  17�-estradiol  (E2)  and  17�-ethinylestradiol  (EE2) from  individ-
ual zebrafish  liver  samples,  in  a bioaccumulation  study  on  these  organisms,  is reported.  The  oestrogens
were  extracted  from  single,  mechanically  crushed  and  minced  livers  from  fish that  were  heaved  in  tubes
containing  water  spiked  at  low  concentration  of  the analytes.  Extraction  was  performed  with  ∼3 �L  of
toluene  contained  in the  hollow  fibre.  In order to achieve  high  extraction  efficiency,  the parameters  that
could affect  the  effectiveness  of HF-LPME  were  optimized,  i.e. the  extracting  organic  solvent,  extraction
time,  stirring  speed  and  pH of  the  aqueous  phase.  For  gas  chromatography/mass  spectrometry  (GC/MS)
ingle zebrafish liver
njection port derivatization

analysis,  injection  port  derivatization  of  the  oestrogens  with  bis(trimethylsilyl)trifluoroacetamide  was
conducted.  Under  the  most  favourable  extraction  and  derivatization  conditions,  enrichment  factors  of
158–279  were  obtained.  Linearity  of  the  HF-LPME–GC/MS  method  was  evaluated  from  1 to  50  �g/L and
the  coefficient  of determination  (r2) ranged  from  0.9687  to 0.9926.  The  LODs  were  between  0.017  and
0.033  �g/L (at  a signal  to  noise  ratio  of  3)  with  relative  standard  deviations  (RSDs,  analytes  spiked  at
5  �g/L)  of between  15  and  17%  (n =  3).
. Introduction

The release of endocrine disrupting compounds into the aquatic
nvironment has been a serious threat to organisms [1,2]. These
ompounds interfere with the endocrine system of the aquatic
rganisms and cause undesirable physiological changes to them.
ne class of these endocrine disrupting compounds consist of the
ormone oestrogens such as estrone (E1), 17�-estradiol (EE2),
striol (E3), diethylstilbestrol (DES) and 17�-ethinylestradiol (EE2).
E2 is a synthetic oestrogen used frequently in pharmaceutical
roducts such as birth control pills as well as in hormone replace-
ent therapy for women [3,4]. Thus, women who are on such
edication may  excrete this synthetic oestrogen together with

he other naturally occurring oestrogens. These excreted oestro-

ens may  accumulate in aquatic organisms living in such polluted
nvironments and these can extend devastating effects on these
rganisms [5–7].

∗ Corresponding author. Tel.: +65 6516 2995; fax: +65 6779 1691.
E-mail address: chmleehk@nus.edu.sg (H.K. Lee).

570-0232/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jchromb.2012.10.008
© 2012 Elsevier B.V. All rights reserved.

Oestrogens are female sex hormones whose structures bear
the polycyclic steroid structure and are known to cause abnor-
malities in reproduction of wildlife, particularly feminization of
male fishes [8].  In the case of zebrafish (Danio rerio), the pro-
tein expression of male zebrafish is altered due to the presence
of oestrogens [9].  Zebrafish are increasingly being used to study
the effects of chemicals and pharmaceuticals in the environment
[10,11]. Male and female zebrafish are sensitive to low concen-
trations of waterborne oestrogens. Since the zebrafish genome
resembles that of human the prediction of rate of accumulation
of oestrogens in zebrafish can reveal the effects of xenobiotic
oestrogens on humans [12]. There is a direct correlation between
the rate of bioaccumulation of oestrogen in zebrafish and the
extent of xenobiotics oestrogenic effects such as vitellogenin (VTG)
induction and physiological changes in this species [13]. Earlier
studies on fishes exposed to xenooestrogens mainly dealt with the
quantification of VTG concentration and its effects on fish. Hence

there is a need for a rapid analytical technique to estimate the
bioaccumulation and hence its subsequent effects on fish that has
undergone oestrogenic exposure. The objective of the current study
was to establish a sensitive microextraction technique to quantify

dx.doi.org/10.1016/j.jchromb.2012.10.008
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:chmleehk@nus.edu.sg
dx.doi.org/10.1016/j.jchromb.2012.10.008


3 romat

t
T
s
o
d
l
m
r
b
n

t
l
u
l
t
p
h
[
m
t
i
n
L
c
m
e
o
fi
o
e
g
i
v
s
g
o
v
t
z
e

2

2

c
w
w
t
h
M
e
C
N

i
p
t
f
i
m
p
m

8 S. Kanimozhi et al. / J. Ch

he bioaccumulated oestrogens with low exposure concentration.
his estimation of accumulated oestrogens along with a further
tudy on induced VTG and its effects will provide a clear depiction
f xenoestrogenic effects on fishes. In this regard, we  intended to
evelop a simple analytical method to determine the bioaccumu-

ation of oestrogens in zebrafish liver. Oestrogens are present in
icrograms to sub-micrograms per litre levels in the aquatic envi-

onment [6,14] and the bioaccumulation factor in the fish could
e much less; therefore, an effective and fast extraction method is
eeded for the oestrogens.

Traditional methods of extraction such as liquid–liquid extrac-
ion (LLE) and solid phase extraction (SPE) uses moderate to
arge volume of organic solvents, after which the extracts have to
ndergo further pre-concentration prior to analysis. In recent years,

iquid phase microextraction (LPME) has been used for the extrac-
ion of a variety of organic compounds such as alkylphenols [15]
hthalate esters [16] and pesticides [17]. Various modes of LPME
ave been developed such as single drop microextraction (SDME)
18–21]. Headspace SDME [22,23] has been used mainly for the

ore volatile organic compounds. Although high enrichment fac-
ors can be achieved using SDME, the single drop of organic solvent
s potentially unstable and may  be easily dislodged from the syringe
eedle during the extraction process. Polymer coated hollow fibre
PME [24], another variant of LPME, makes use of the affinity of
ertain analytes to some polymers used as sorbents. Another LPME
ode, hollow fibre protected (HF-LPME) represents a simultaneous

xtraction, cleanup and pre-concentration approach [25–28].  The
rganic solvent used for extraction is protected by the hollow
bre. In this work, for the first time, HF-LPME has been devel-
ped for single zebrafish liver. Naturally occurring oestrogens,
strone (E1) and 17�-estradiol (E2), and the synthetic oestro-
en 17�-ethinylestradiol (EE2) bioaccumulation on zebrafish were
nvestigated. Oestrogens, being steroidal compounds, are non-
olatile and thus not suitable for direct gas chromatography/mass
pectrometry (GC/MS) analysis. Hence, derivatization of the oestro-
ens, after extraction with HF-LPME, was needed. The conventional
ffline derivatization was not a feasible choice as the organic extract
olume using HF-LPME was very small (3 �L). Therefore for the first
ime with oestrogens, we made an attempt to carryout derivati-
ation conducted in the injection port of the GC/MS system after
xtraction.

. Experimental

.1. Chemicals and materials

HPLC-grade methanol, n-hexane, dichloromethane were pur-
hased from Tedia Company (Fairfield, OH, USA) and ethyl acetate
as from Riedel-DeHaen AG (Seelze-Hannover, Germany). Toluene
as purchased from Fisher Scientific (Loughborough, UK). Deriva-

ization reagent, bis(trimethylsilyl)trifluoroacetamide (BSTFA),
ydrochloric acid and sodium hydroxide were purchased from
erck (Darmstadt, Germany). The high purity standards (99%) of

strone, 17�-estradiol and 17�-ethinylestradiol were from Sigma
hemical (St Louis, MO,  USA). Ultrapure water was prepared on a
anopure water purification system (Barnstead, Dubuque, IA, USA).

Q3/2 Accurel polypropylene hollow fibre membrane with an
nner diameter of 600 �m,  wall thickness of 200 �m and wall
ore size of 0.2 �m was purchased from Membrana (Wupper-
al, Germany). A 10 �L GC syringe, with cone-shaped needle tip,
rom SGE (Sydney, Australia) was used for manual sample injection

nto the GC/MS system. Stock standard solutions were prepared in

ethanol at 1000 mg/L of each analyte and working standards were
repared by spiking appropriate volume of the stock solution with
ethanol.
ogr. B 909 (2012) 37– 41

2.2. Hollow fibre–liquid phase microextraction

Hollow fibres were cut into 1.2 cm segments for HF-LPME. The
approximate internal volume of such a 1.2 cm segment was 3 �L.
The 10 �L GC syringe was  rinsed with methanol and the organic
solvent used for extraction before being set up for the next extrac-
tion process. Approximately 3 �L of organic solvent was withdrawn
into the GC syringe and the needle of the syringe was inserted into
hollow fibre to about 0.2 cm of the tip of the syringe needle was cov-
ered by it. The hollow fibre was then dipped into the organic solvent
for 10 s to impregnate its pores. The entire hollow fibre–syringe
assembly was clamped on a retort stand, with the hollow fibre
immersed in 1.5 mL  of the aqueous sample phase contained in a
2 mL  vial. The organic solvent in the GC syringe was released into
the channel of the hollow fibre after which the stir bar in the aque-
ous phase was activated and at the same time, the stopwatch was
started to measure extraction time. After extraction, the stirring
was stopped, and the organic solvent, was retracted into the GC
syringe. The hollow fibre was removed, and the organic extract in
the syringe was adjusted to 2 �L (the rest was discarded). Using
the same syringe, 2 �L of BSTFA was withdrawn, making the total
volume in the GC syringe 4 �L. The entire 4 �L was injected into
the GC–MS for injection port derivatiztion and analysis.

2.3. Experimental animals

Zebrafish were heaved at Ngee Ann Polytechnic, School of Life
Sciences & Chemical Technology, as part of the project collabora-
tion. Approximately four hundred adult zebrafish were received
from the local market and male zebrafish were separated from
female fish by visual observation. Male zebrafish were maintained
in 40 L glass aquaria with 40 fishes per tank. Each aquarium was
individually heated using a 100 W aquarium heater to maintain a
temperature of 26–29.8 ◦C. Fish were kept in filtered tap water,
which was  purified with activated charcoal and aerated. Aera-
tion and filtration were provided using sponge filters. Tanks were
fed with a flow through system that provided 1 L/h of carbon fil-
tered, and dechlorinated water. Fish were fed a diet of Aquatox
flake food (Aquatic Ecosystems, Apopka, FL, USA) in the morn-
ing and in the evening. Fish were maintained on a photoperiod
of 16 h light:8 h dark. The pH ranged from 7.0 to 7.6 throughout
the duration of the experiment, and ammonia concentrations were
non-detectable. Fish were allowed to acclimate to laboratory con-
ditions for 4 weeks prior to experiments. Each tank was  spiked
at three different concentrations (0.1 �g/L, 1 �g/L of 50 �g/L) of
oestrogens (three replicate tanks for each concentration) and fresh
oestrogen standards were added at the time of water change.

The fishes were sampled every week (three samples from each
tank) and were sacrificed in the Polytechnic’s Life Sciences Labora-
tory, and their livers were removed. The livers were transported to
NUS in an ice box. A single liver was  used for extraction. The wet
weight of each liver used ranged from 15 to 20 mg.  The liver was
crushed and minced using a metal spatula, followed by the addi-
tion of 1.5 mL  of hydrochloric acid solution (pH 2) and the solution
was sonicated for 20 min. The mixture was  stirred for 10 min  and
after which it, as a slurry, was  directly extracted by HF-LPME as
described above.

2.4. GC/MS analysis

Analysis was carried out using a Shimadzu (Kyoto, Japan)
QP2010 GC–MS system equipped with a DB-5MS fused silica cap-

illary column (30 m × 0.25 mm I.D., film thickness 0.25 �m,  from
J&W Scientific, Folsom, CA, USA). Helium was used as the carrier
gas at a flow rate of 2.1 mL/min. Two microliters of extract together
with 2 �L BSTFA were injected into the splitless injection port under
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Fig. 1. Effect of organic solvents on HF-LPME. Extraction time 20 min, stirring speed
at  500 rpm and 2 �L of BSTFA was used for injection-port derivatization. Sample pH
and  ionic strength were not adjusted.

they are hydrophobic in nature. Agitation constantly refreshes the
surface layer of analytes around the hollow fibre, and thus analyte
molecules are continuously being brought closer to the surface of
the hollow fibre. Fig. 3 shows that stirring speed of 700 rpm yielded
S. Kanimozhi et al. / J. Ch

plitless mode and a sampling time of 2 min  was  allowed to take
lace (i.e. sample and derivatization agent were retained in the

njection port for 2 min). Since the injection port is heated to high
emperature (300 ◦C) and pressurized, the holding time of 2 min
ould allow the oestrogens and BSTFA to react. The MS  interface

emperature was set at 280 ◦C. The GC temperature program was
s follows: initial temperature of 90 ◦C (held for 2 min); 10 ◦C/min
o 220 ◦C (held for 8 min); increased at 10 ◦C/min to 300 ◦C (held for

 min). A standard solution of 1 �g/L each analyte was  initially ana-
yzed in scan mode (at m/z  range between 50 and 500) to identify
he retention times and peak resolutions. From the scan mode chro-

atograms and mass spectrum, the most abundant m/z ion for each
nalyte was selected as the quantification ion (E1; 342 [M+72]+, E2;
16 [M+72+72]+, EE2; 368 [M+72]+) and the next 2 abundant ions
ere selected as confirmatory ions. Subsequent GC–MS analysis
as done using selected ion monitoring (SIM) mode.

. Results and discussion

.1. Injection port derivatization

BSTFA replaces the proton of the OH group with the trimethyl-
ilyl (TMS) group, making these compounds volatile by reducing the
ccurrence of hydrogen bonding between molecules, thus allowing
C–MS analysis. Estrone with only the phenolic OH group gives the
MS-E1 derivative. 17�-estradiol has two OH groups, one phenolic
H and the other alcoholic OH; both of these OH groups react with
STFA to give the di-TMS-E2 derivative [29]. 17�-ethinylestradiol
lso has both phenolic and alcoholic OH groups; however, the
lcoholic OH does not react with BSTFA, probably due to the low
ucleophilicity of the tertiary alcohol, and thus to a lesser extent

t forms the TMS-EE2 derivative [30]. HF-LPME is an equilibrium
xtraction procedure. Therefore, we attempted to optimize the
erivatization conditions with various combinations of extract vol-
mes versus BSTFA volumes (see Supporting material, Figs. S1 and
2). Two microliters of extract solvent with 2 �L of BSTFA gave the
argest peak area response. With injection port derivatization, we
bserved good peak shapes and complete derivatization of ana-
ytes (see Supporting material, Fig. S3).  The use of BSTFA should
e minimized as it causes bleeding of the column stationary phase
y reacting with the polysiloxane on the liquid stationary phase.
ence, no more than 3 �L of BSTFA was used to preserve the GC
olumn lifespan.

.2. Extraction method optimization

To determine the most favourable HF-LPME conditions, ultra-
ure water spiked with 10 �g/L of each analyte was used. An
nivariant optimization approach was applied to achieve most sat-

sfactory results.

.2.1. Solvent
The selection of organic solvent as extractant is crucial since dif-

erent compounds have different partition coefficients in different
olvents and such differences in solubility arise based on the nature
f the compounds. The solvent would have to match the polarity of
he compound as closely as possible so as to maximize extraction
fficiency. The solvent should possess the following properties [27].
irstly, it must be of low volatility to prevent solvent loss during the
xtraction process, compatibility with extraction analytes and sec-

ndly, the solvent should not be miscible with water [19,26]. In our
ethod development, several common extraction solvents were

ested and the solvent which gives the largest peak area in the chro-
atogram was considered the most favourable. Fig. 1 shown that
Fig. 2. Effect of extraction time on HF-LPME. Extraction solvent was toluene, stir-
ring speed of 500 rpm and 2 �L of BSTFA was used for injection-port derivatization.
Sample pH and ionic strength were not adjusted.

toluene was the most suitable extraction solvent when compared
to hexane, iso-octane and nonane.

3.2.2. Extraction time
Extraction of analytes from the aqueous sample phase into the

organic phase in LPME requires equilibration between the two
phases. The extraction process depends on diffusion which implies
that the control of extraction time is crucial so as to achieve max-
imum extraction efficiency. Fig. 2 shows that a 30 min  extraction
time was  sufficient as longer extraction time did not significantly
yield larger peak areas, indicating that equilibrium was attained at
this time.

3.2.3. Stirring speed
During extraction, agitation is necessary to ensure that the max-

imum amount of analytes were being extracted into the organic
solvent. The analyte molecules partition into the organic solvent
enclosed within the hollow fibre via the pores of the fibre since
Fig. 3. Effect of stirring speed on HF-LPME. Extraction solvent was  toluene, extrac-
tion time was 30 min  and 2 �L of BSTFA was used for injection-port derivatization.
Sample pH and ionic strength were not adjusted.
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Table 1
Quantitative performance of HF-LPME on spiked water samples.

Analyte Linearity (�g/L) % RSD (n = 3) LOD (�g/L) LOQ (�g/L) Coefficient of
determination (r2)

Enrichment factor
(-fold)

E1 1–50 11.1 0.014 0.042 0.988 279
E2 1–50  12.9 0.016 0.0472 0.973 158
EE2  1–50 12.4 0.022 

Fig. 4. Effect of pH on HF-LPME. Extraction solvent was  toluene, extraction time
was  30 min, stirring speed of 700 rpm and 2 �L of BSTFA was  used for injection-port
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the bioaccumulation study, adult zebrafish were exposed to 0.1,
1 and 50 �g/L spiked water sample in the tank experiments. The

F
o

erivatization.

he largest peak area. At higher agitation speeds (e.g. 1000 rpm)
pproximately half of the organic solvent in the hollow fibre was
ost from the hollow fibre, due to the vortex causing disturbance
f the hollow fibre. Thus 700 rpm was selected as most favourable
gitation speed.

.2.4. Sample pH
The presence of acidic or basic functional groups on the analytes

an affect extraction efficiency. Hence, the pH of the aqueous phase
ad to be adjusted so that the analytes remained in the non-ionized

orm, and thus favouring their partitioning into the organic phase.
ig. 4 shows that aqueous phase bearing pH of 2 yielded the largest
eak area. The 3 oestrogens contain acidic phenolic protons, and
nder acidic conditions, remain unionized. This is indicated by their
Ka values of between 10.34 and 10.46 indicating they are slightly
cidic in nature. The non-ionized forms of the oestrogens (when
H value is 2) would be more hydrophobic than the ionized forms,
hus, favouring their extraction by the organic solvent. Fig. 5 shows

 typical GC–MS total ion chromatogram after extraction using opti-
ized HF-LPME followed by injection port derivatization. We did

ot attempt to identify the peaks appearing after 28 min  since they

id not interfere with the analysis of the oestrogen whose peaks
ere sharp and symmetrical.

ig. 5. shows a typical GC–MS total ion chromatogram after extraction of analytes extra
ptimized HF-LPME followed by injection port derivatization. Peak identification: (1) TM
0.065 0.966 240

3.3. Extraction method evaluation

In order to access the practicality and suitability of this pro-
posed HF-LPME method, the optimized extraction conditions were
used to determine repeatability, linearity, limits of detection (LOD),
limits of quantification (LOQ), enrichment factor and relative recov-
ery. Spiked water samples were used. Repeatability was evaluated
by triplicate analysis at the various analyte concentrations within
the linear range of the extraction method. Satisfactory repeatabil-
ity of relative standard deviations (RSDs) between 11.1 and 12.9%
was obtained. The linearity of this extraction method was evaluated
at five different concentrations, ranging from 1 to 50 �g/L (3 data
points). The LODs were determined based on the signal to noise
(S/N) ratio of 3, while the LOQs were calculated based on S/N = 10.
The enrichment factors were calculated by comparing the peak
areas of the respective analytes after extraction of spiked ultrapure
water, and those of the analytes at the same concentration in the
spiked sample which did not undergo the extraction process. All
these analytical data are summarized in Table 1.

3.4. Real sample analysis

The optimized HF-LPME method was applied to zebrafish liver
extraction. To assess the matrix effect of the method, uncontam-
inated blank zebrafish liver was  spiked at 1 �g/L of oestrogens
and HF-LPME recoveries were calculated. The extraction recover-
ies (i.e., E1, 84%; E2, 68% and EE2, 65%) indicated that there could
be matrix effects. Lower extraction recoveries in real samples are
due to matrix effect. At longer extraction time, most of the pro-
teins and hydrophobic particles might blog the pores of the hollow
fibre membrane and decreases the analyte transfer from sample to
acceptor phase. Thus, separate calibration graphs were constructed
based on uncontaminated zebrafish liver sample spiked between
1 �g/L and 50 �g/L of oestrogens. Table 2 shows the quantitative
parameters of uncontaminated zebrafish spiked liver extract. For
fishes from each concentration tank were sacrificed every week
and the liver tissue was removed and analyzed. Table 3 shows the

cted from real sample (single zebrafish liver) spiked with 5 �g/L of analytes using
S-E1, (2) di-TMS-E2, (3) TMS-EE2.
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Table  2
Analytical performance of HF-LPME on single zebra fish extraction.

Analyte Linearity (�g/L) Coefficient of
determination (r2)

Formula % RSD (n = 3) LOD (�g/kg) LOQ (�g/kg)

E1 1–50 0.9926 y = 320,307
E2 1–50  0.9831 y = 170,565
EE2  1–50 0.9687 y = 79,990x

Table 3
Bioaccumulation profile of oestrogen on individual zebra fish exposed in tank exper-
iments at different interval of time (n = 3).

Week Exposure concentrationa

50 �g/L 1 �g/L 0.1 �g/L

E1 E2 EE2 E1 E2 EE2 E1 E2 EE2

Detected amount in single liver (�g/kg)
1 0.12 ND ND ND ND ND ND ND ND
2  0.11 ND ND ND ND ND ND ND ND
3  0.12 0.23 ND ND ND ND ND ND ND
4  0.2 0.29 0.24 0.24 ND ND ND ND ND
5  0.29 0.33 0.25 0.3 ND 0.37 ND ND ND
6  0.4 0.41 0.13 0.3 0.14 0.33 ND ND ND
7 0.48  0.54 0.38 0.38 0.33 0.4 ND ND ND
8  0.5 0.51 0.4 ND 0.31 0.44 0.11 ND ND
9  0.52 0.58 0.31 0.33 0.46 0.42 0.09 ND ND

10  0.54 0.65 0.32 0.37 0.51 0.45 ND 0.11 ND
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[
[

[

[

[
[27] T.S. Ho, T.G. Halvorsen, S. Pedersen-Bjergaard, K.E. Rasmussen, J. Chromatogr.
D – not detected.
a Deviation > 18%.

estrogen accumulation by the treated zebrafish liver over a 10-
eek period. The results show that there was a gradual increase

n the accumulated oestrogen concentration over time. The oestro-
ens were not detected from the liver tissues of low concentration
0.1 �g/L) tank in the early weeks. It seems at low exposure concen-
ration the fishes did not accumulate detectable levels of oestrogen.

oreover, reduction of exposure concentration is a problem when
orking with lipophilic compounds such as EE2 since they can

e adsorbed on the aquarium walls. It is believed that more stud-
es are required to improve the detection limits of the method to
uantitate even lower concentrations of oestrogens. It is clear, how-
ver, that HF-LPME with GC–MS is a feasible method to determine
estrogen from individual zebrafish. Composite samples are not
ecessary.

. Conclusion

In this study, for the first time, hollow fibre protected liquid
hase microextraction (HF-LPME) was effectively applied to obtain
he bioaccumulation pattern of oestrogen on zebrafish liver by con-
ucting tank experiments. The extraction technique was optimized
or the extraction of three oestrogens from a single zebrafish liver
amples followed by injection port derivatization and GC–MS anal-
sis. The HF-LPME method was simple to use, and allowed good
nrichment factors by extracting analytes from 2 mL  slurry sample
nto 3 �L of organic solvent. Good linearity with low limits of detec-
ion in the range of 0.017–0.033 �g/L and satisfactory repeatability
ith RSD of 15–18% were exhibited for spiked zebrafish liver sam-
les. The results show that the technique is capable of determining
ccumulated low concentration oestrogens from single zebrafish

iver and is feasible approach to determining the contaminant
ioaccumulation profile of these organisms. Further microextrac-
ion studies will be conducted in our laboratory to improve the

ethod sensitivity, and investigate the effect of bioaccumulation

[
[
[

x − 82,729 15 0.017 0.050
x + 44,019 17 0.023 0.070

 − 27,414 18 0.033 0.100

of these compounds and their correlation to physiological changes
by investigating vitellogenin levels in these organisms.
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