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a b s t r a c t

Using triacontyl bonded silica (C30) as on-line solid-phase extraction (SPE) material and a specially
designed on-line analytical system which allowed large sample volume injection, a high speed and robust
on-line SPE-HPLC–MS method was established for the analysis of five estrogens and bisphenol A (BPA) in
milk samples. The milk sample is pretreated with acetonitrile for protein precipitation and then treated
with primary secondary amine for the removal of polar impurities in the matrix. Then the pretreated sam-
ple can be automatically loaded by a LC pump. For effective extraction, an offshoot with NH4Ac solution of
piked milk samples
high-flow rate was employed to dilute the loaded sample by a mixing tee before sample was loaded onto
the C30 extraction column. In this way, large volume injection (1 mL in this experiment) could be achieved.
Some important parameters such as sample loading flow rate, sample dilution ratio and injection volume
were optimized. Under the optimized conditions, the recoveries for all analytes range from 71.4 to 97.1%
and reproducibility represented as RSDs are less than 15.0% (n = 5) with milk samples spiked at 0.6 and
15 ng/mL of each analyte. To the authors’ knowledge, it constitutes the first work describing a C30 on-line

thod
SPE-LC–MS analytical me

. Introduction

Steroid hormones, a large group of lipophilic, low-molecular
eight, estrogen active compounds which act as hormones, have

een drawn extensively scientific, societal and political atten-
ions. Prominent among these compounds are naturally occurring
7�-estradiol (E2), estrone (E1), estriol (E3) and synthetic diethyl-
tilbestrol (DES), ethinylestradiol (EE2). Widespread evidences
howed that these estrogens with highest estrogenic activity can
xhibit adverse effect on reproductive processes in wildlife and
umans at low-ng/L concentration [1–5]. Furthermore, new find-

ngs indicated that some of these estrogens or their metabolites play
role in human carcinogenesis, such as breast, prostate and ovarian
ancer [6–9], which has become another hotspot these years about

he specific biological effect and potential threat for human bodies.

In this context, various sensitive and high-resolution analytical
ethods, such as GC–MS, LC–MS or LC–MS–MS were established for

he investigation of those biologically active estrogens. Up to now,
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for the screen and monitoring of these estrogens and BPA in milk.
© 2009 Elsevier B.V. All rights reserved.

however, most research interests of this issue seem to focus on the
estrogens in environmental waters and surface sediment matrices
because they are considered to be the final sink of steroid estro-
gens excreted by animals and humans, whereas the study on milk
matrix has only a few reports [10–14]. Actually, steroid hormones
can be transported from blood flow by an active transport within
the mammary gland and synthesized by the mammary gland and
finally excreted to milk. What’s more, for the purpose of animal fat-
tening or growth promotion, large amount of steroid hormones and
synthetic hormones were illegally used. So it can be believed that
milk is an important source of estrogens which has been neglected
for long time. It has been reported that approximately 60–80% of
estrogens come from milk and dairy products in Western diets [9].

Besides, bisphenol A (BPA), an industrial chemical which imi-
tates the hormone estrogens, has been widely researched about
its occurrence and fate in different environments in past years.
It has been most commonly believed as been “weakly” estro-
genic since the tolerable daily intake (TDI) of BPA in Europe is

0.050 mg (kg body weight)−1 day−1, according to European Food
Safety Authority (EFSA) in its risk assessment on BPA published
in January 2007 [15]. Very recently, however, the adverse effect
of BPA leached from baby bottles and drinks packaging to chil-
dren has caught high-scientific attention. According to the report

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:jmlin@mail.tsinghua.edu.cn
dx.doi.org/10.1016/j.chroma.2009.05.002
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rom National Toxicology Program (NTP), the low-level exposure
o BPA during development can cause changes in behavior and the
rain, prostate gland, mammary gland, and the age at which females
ttain puberty. For this reason, increasing attention has been paid
n BPA in milk in academic field and a lot of extraction methods
as been developed, including solid-phase extraction (SPE) [16],
olecularly imprinted polymers (MIPs) [17] and matrix solid-phase

ispersion (MSPD) [18].
Though these methods have been reported for the quantitative

nalysis of estrogens in biological fluids, most approaches require
ime-consuming and cumbersome extraction procedures prior to
he LC analysis, which seriously limit their application, especially
hen a large amount of samples should be detected. On-line SPE

echnique method, compared to other offline SPE methods, has
ecoming particularly attractive these years because of numerous
dvantages, such as high throughput, no loss of analytes and small
onsumption of organic solvent, etc. To date, although on-line SPE
oupled to LC/MS or LC/MS/MS has been widely applied to the
race analysis of organic compounds in environmental waters and
iofluids [19–21], little information could be obtained about the
etermination method of steroid hormones in milk [22].

Triacontyl bonded silica (C30), a kind of extraction sorbent with
he properties of long alky chains, relatively large particle sizes
ut with acceptable active surfaces areas for high recoveries, has
een initially applied as reversed-phase liquid chromatography
RPLC) stationary phase to improve the separation of the geo-

etric isomers. Our previous studies show the good performance
nd versatile applications in the extractions of polycyclic aromatic
ydrocarbons (PAHs) in air and estrogens in environmental waters
23,24]. The main purpose of this work is to develop a high speed
nd robust on-line SPE-HPLC–MS method for high-throughput
nalysis of five estrogens and BPA in milk samples. C30 was firstly
mployed and subjected to on-line SPE for the sample cleanup and
xtraction of interested estrogens. The results testified that C30 col-
mn could utilize high-flow rates without significant increases in
he backpressure or deteriorated chromatographic performance.
he pretreated sample was loaded directly by LC pump to achieve
he large volume injection (1 mL) for increased sensitivities and
mproved limits of detection (LODs). Finally, the proposed method

as validated by evaluating sensitivity, linearity, repeatability, and
ccuracy.

. Experimental

.1. Chemicals and reagents

Ultra-pure water (18.3 M�) was obtained by purification of
eionized water through a Milli-Q system (Millipore, Bedford,
A, USA). Pure standards of bisphenol A (BPA, purity > 99%)

nd estrogens, both natural and synthetic, including estrone
E1, purity ≥ 99%), 17�-estradiol (E2, purity ≥ 99%), estriol
E3, purity ≥ 97%), diethylstilbestrol (DES, purity ≥ 99%), 17�-
thynylestradiol (EE2, purity ≥ 98%), were purchased as powders
rom Sigma–Aldrich (St. Louis, MO, USA). Methanol and acetonitrile
HPLC grade) were purchased from Fisher (Fair Lawn, NJ, USA).
mmonium acetate was purchased from Wako (Osaka, Japan).
rimary secondary amine (PSA), a weak anion exchanger sorbent
hich is used in dispersive SPE for reducing matrix effect, was

btained from Macherey-Nagel (Düren, Germany).
.2. Preparation of standard solution

Standard solutions of individual analyte (1 mg/mL) were pre-
ared by dissolving 10 mg of each compound in 10 mL of methanol.
orking solution of the individual and mixed standards was pre-
1216 (2009) 7539–7545

pared at various concentrations by appropriate dilution of the stock
solutions in methanol. All these solutions were stored at −20 ◦C and
could be stable for at least 6 months.

2.3. Sample preparation

Different brands of pasteurized, homogenized whole milk sam-
ples (3.5% fat) were purchased from retail markets in Beijing, China.
These samples were frozen at −20 ◦C until analysis. When were
used, milk samples were thawed, sonicated, vortex mixed, and
divided into aliquots.

Milk matrix was complex, composed of proteins and lipids.
Therefore, some cleanup pretreatment before on-line extraction
and LC–MS analysis seems essential. First, most protein in milk
sample was precipitated by adding acetonitrile into the milk sam-
ple (sample:acetonitrile, 1:2, v/v). The mixture was oscillated for
about 3 min and then centrifuged at 10,000 rpm for 15 min. The
supernatant was collected and transferred to another 15 mL Teflon
centrifuge tube.

For further clean up, add 150 mg PSA into 10 mL supernatant,
shake the sample vigorously for about 3 min and centrifuge at
10,000 rpm for 10 min. The supernatant was collected again for
sample on-line loading.

For several previous studies, Helix pomatia juice has often
been used for enzymatic hydrolysis of steroid glucuronides or
sulfates during the sample preparation procedure. However, the
usefulness of this technique is controversial. Some paper [25,26]
indicated that the conjugated proportion could be omitted, since
the proportion of cleavable conjugated testosterone was lower
than 20% and that of conjugated 17�-estradiol was lower than
5%. For this reason, hydrolysis procedure is not used in proposed
method.

2.4. Instrumentation

The on-line extraction and analysis was performed using a Shi-
madzu LC–MS 2010A system which consisted of four LC-ADvp
pumps, a DGU-14A degasser, a six-port switching valves, a SIL-HTc
autosampler and a single quadrupole MS.

The extraction column was tailor-made that C30 material was
packed into a guard cartridge (10.0 mm × 2.1 mm, ID). The C30 mate-
rial was obtained from ChromaNik Technologies (Osaka, Japan).
The physical characteristic of C30 is as follow: the particle size
is about 180–250 �m; the pore size is 10 nm; the surface area
is around 300 m2/g. Analytical separations were performed using
Symmetry-C18 column (150 mm × 2.0 mm, 5 �m) purchased from
Waters (Milford, MA, USA).

MS was using electrospray ionization (ESI) interface in nega-
tive ionization mode and the general MS conditions were set as
follows: sheath and auxiliary gas, nitrogen; flow rate of nebulizer
gas,1.5 L/min; drying gas, 0.04 MPa; curved desolvation line (CDL)
temperature, 250 ◦C; block heater, 240 ◦C; detector voltage, 1.75 kV;
probe voltage, 4.5 kV.

2.5. On-line procedure

The whole on-line procedure, including sample loading, cleanup
and elution, was programmed by the data system of LC–MS solution
Ver 3.0 Workstation. The schematic view of the on-line procedure
was shown in Fig. 1.

First, in the I position, pretreated milk sample was loaded by

pump ‘c’ at 0.4 mL/min. In order to overcome the problem that
the analytes in high-content organic solution cannot be effectively
retained by extraction column, a dilution line with 15 mM ammo-
nium acetate solution was employed and delivered at 3.6 mL/min
by pump ‘d’. The sample loading line and the dilution line were
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Table 1
The time procedure of on-line SPE-HPLC–MS method.

t (min) Pump A (%) Pump B (%) Pump C (mL/min) Pump D (mL/min) Position

0.00 10 90 0.4 3.6 I
2.50 – – 0.0 – –
3.50 – – – – –
3.51 – – – 0.0 II
5.50 50 50 – – –
9.50 80 20 – – –

–
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14.00 – –
18.00 40 60

0.00 10 90
5.00 10 90

ixed through mixing tee and then the diluted sample was loaded
nto the extraction column (sample loading step).

The dilution line continually delivered ammonium acetate solu-
ion at 3.6 mL/min for 1 min after 2.5 min loading process (washing
tep) and then the valve was switched from position I to position
I. The retained analytes were then backflushed onto the analytical
olumn by pumps ‘a’ and ‘b’ and separated under a binary gradi-
nt at 0.2 mL/min (elution step). The gradient and the process were
hown in Table 1.

. Results and discussion

.1. Optimization of the on-line SPE process

The determination performance is strongly dependent on the
fficiency of SPE process. In order to achieve the best recoveries and

aximum sensitivity for the determination of estrogens and BPA

sing the proposed method, specific parameters were optimized,
ncluding the loading flow rate, the dilution line and the injection
olume.

ig. 1. Schematic diagrams of the proposed on-line SPE-HPLC–MS method for the
etermination. (A) In the position I of six-port valve, pretreated milk sample was

oaded onto the C30 extraction column by pumps ‘c’ and ‘d’ and the analytical column
as equilibrated by pumps ‘a’ and ‘b’. (B) In the position II of six-port valve, the

etained analytes on the C30 extraction column was eluted by pumps ‘a’ and ‘b’, and
hen was separated and detected by LC–MS.
– –
– –
– –
– I

3.1.1. Optimization of sample loading flow rate
In order to obtain the best sample loading flow rate,

0.8–4 mL/min flow rates were investigated. The ratio of sample and
dilution line (pure water) was 1:3. The recoveries were obtained
by the comparison of the signal responses between the on-line SPE
with 1 mL 1 ng/mL standard samples and 10 �L 100 ng/mL injected
by autosampler.

Because of the special structure of C30 SPE material, especially
the big particle size and long carbon chain, the study as shown in
Fig. 2, found that the use of high-sample loading flow rate was fea-
sible without the introduction of excessive column backpressure,
which problem was often encountered when traditional C18 col-
umn was used for biological fluids analysis. When the flow rate
was increased to 4 mL/min, the maximum backpressure of C30 SPE
column was only about 4.0 MPa. In the latter real sample analysis,
the maximum backpressure increased a little (lower than 5.0 MPa)
after several times injection, which mean that the matrix impu-
rities could be effectively flushed out of the SPE column without
clogging.

Besides, despite the surface area of C30 material is only about
300 m2/g, far lower than that of some commercial SPE columns
(Oasis HLB, 810 m2/g; Supelclean ENVI-18, 475 m2/g), the recov-
eries of all analytes were effective and the influence of flow rate
was little. Since the influence of flow rate from 2.0 to 4.0 mL/min
was neglectable, 4.0 mL/min was selected for the effective sample

loading.

3.1.2. The dilution line
Because milk sample is a complex matrix which contained lipids,

protein, salts, etc., an additional step of lipids and proteins removal

Fig. 2. Effect of sample loading flow rate on the recovery of 1 mL 1 ng/mL standard
samples.



7 ogr. A 1216 (2009) 7539–7545

i
t
t
w
t
r
o

s
d
i
C
h
l
i
p
m
S

i
t
t
a

3

m
t
f
i
t
t
i
o
a
s
c

w
r
p
C
a

F
s

542 W. Yan et al. / J. Chromat

s essential to be proceeded before SPE procedure. In this study, ace-
onitrile as organic solvent was used for protein precipitation. After
his treatment, analytes were transferred into acetonitrile solution
ith high concentration (about 67%). Then another problem arose

hat the analytes in acetonitrile solution could not be effectively
etained on the SPE column since the retention mechanism is based
n the hydrophobic interaction.

To cover this problem, a dilution line with 15 mmol/L NH4Ac
olution was designed in this study. There are two reasons for this
esign. One is apparent that the diluted line increased the polar-

ty of the loaded sample which helped the analytes retain on the
30 column. Besides, as reported previously [27], NH4Ac solution
as been shown to effectively suppress the interaction of the ana-

ytes with the macromolecules in milk sample (such as protein) and
ncrease the solubility of protein. The other reason is that the sam-
le dilution itself is a way to decrease the concentration of sample
atrix which facilitates washing these impurities away from the

PE column to the waste [28].
As shown in Fig. 3, the response signals of all analytes were

ncreased with the increasing ratios of dilution, especially when
he ratios of dilution were from 1:2 to 1:6. Since the effect of dilu-
ion is not very significant between 1:8 and 1:10, we selected 1:9
s final ratio of dilution.

.1.3. Optimization of injection volume
Large volume injection (LVI) is another advantage of the propose

ethod. It is obvious that LVI can improve the sensitivity and LOD of
he on-line analytical method since it provide bigger concentration
actor. In this study, 1.0, 2.0, 3.0, 4.0, 5.0 mL sample volumes were
nvestigated (loading sample:diluted solution = 1:9). The injection
imes were from 2.5 to 12.5 min. In Fig. 4, it can be shown that
he injection volume is increased up to 5.0 mL with proportional
ncrease of signal response which proved the feasibility of LVI in this
n-line SPE-LC–MS method. When higher sample volumes were
pplied, the recoveries of most analytes became to decline. The pos-
ible reason was that the injection amount exceeded the limit of SPE
olumn binding capability.

Though as much as 5.0 mL standard sample could be loaded

ithout evident chromatographic deterioration, in the following

eal sample study, we found that they are still a lot of unknown
eaks which suppress the target signals when LVI is carried out.
onsidering the intolerable matrix interference, we chose 1.0 mL
s final injection volume. In this way, the concentration factor of

ig. 3. Effect of the ratios of dilution on the response signals of 1 mL 1 ng/mL standard
amples.
Fig. 4. Corresponding peak areas to different sample injected volumes.

100 could be obtained, compared to the 10 �L sample volume of
autosampler loading mode.

3.2. Matrix removal

For any on-line SPE-LC–MS method, it is a challenge to deal with
the matrix effect, especially when biological fluids are detected.

It is well known that milk is a kind of complex biological fluids
containing different macromolecule substances, such as proteins,
lipids. The existence of these compounds can cause the serious SPE
column damage and ionizing suppression. There are several protein
precipitation methods, including heat, acid, salt and organic precip-
itation. In this study, acetonitrile is selected as precipitant at a 2:1
ratio to milk sample. By this treatment, above 90% protein could be
effectively removed [29].

Though the proteins were effectively removed by acetonitrile,
there are still large amount of polar substances in milk sample such
as amino acids, carbohydrates, which also could interfere with the
identification and quantification of target compounds. In order to
improve the performance of on-line SPE, dispersive SPE with pri-
mary secondary amine (PSA) was employed for the further cleanup.
This method was introduce by Anastassiades et al. [30] and has
gained wide acceptance for the determination of various analytes
in recent years [31–33]. In the proposed method, PSA was used to
adsorb and eliminate the impurities which were polar with –OH
and –COOH in samples. By these treatments, a relative clean chro-
matogram could be obtained. In Fig. 5, it could be clearly shown
that though there still some peaks of co-elutes existed in the chro-
matogram, the matrix effect is greatly reduced, compared to the
result of the same method without dispersive SPE procedure. Fur-
thermore, in the experiment of repeatability evaluation, we found
that with appropriate rinse of C30 SPE column (5 min, 3.6 mL/min
NH4Ac solution) after each analysis, there has no obvious drift of the
MS response after consecutive injections (more than eight times).
The result demonstrates this method has strong resistance towards
the matrix effect.

Besides, the 1 min washing step with 3.6 mL NH4Ac solution
(from 2.5 to 3.5 min) also plays very important role in the whole
on-line SPE process. In our experiment, we found that it is very
easy to cause the high backpressure of SPE without the washing

step. The reason is that there are a lot of soluble residues in the SPE
column after samples have been loaded. Then if the valve switch
and elution step was carried out without washing step, the soluble
residues turn to be precipitates with high-content organic solution
and hard to be flush out from the SPE column.
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Fig. 5. LC–MS Chromatograms obtained from the direct on-line analysis of 10 mL 1.0 ng/mL standard solution (A) and 1 mL milk sample spiked at 3.0 ng/mL of each analyte
(B).
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Table 2
Limit of detection (ng/mL), calibration curve correlation, recovery mad reputability
at two concentrations, and matrix effect evaluation for each analyte.

Analyte LOD (ng/mL) R2 Recovery (RSD)% (n = 5) ME%

0.6 ng/mL 15 ng/mL

E3 0.30 0.995 79.4 (12.8) 71.4 (13.4) 83.6
E2 0.10 0.994 84.7 (8.6) 82.9 (10.1) 87.9
E1 0.08 0.997 77.6 (12.9) 72.6 (14.7) 85.3
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ES 0.05 0.997 84.9 (10.6) 83.8 (9.9) 94.9
E2 0.20 0.998 96.7 (13.7) 94.5 (11.6) 107.8
PA 0.20 0.996 97.1 (15.0) 92.4 (13.2) 101.3

.3. Matrix effect

It is well known that matrix effects due to co-extracted and co-
luting matrix substances can seriously affect the analyte signals,
uch as enhance or suppress the analyte responses. This phe-
omenon is particularly prevalent for soft ion technologies, such
s ESI.

To evaluate the matrix effect, we compared the MS area
esponses of standards in spiked milk samples (a) with those spiked
n purified water (b). The ratio (a/b × 100) is defined as the matrix
ffect (ME%) [4]. A value of 100% means that there is no matrix effect.
here is enhancement if the value is >100% and signal suppression

f the value is <100%.
The result in Table 2 indicated that the matrix effects for all ana-

ytes were between 83.6 and 107.8%. It can be concluded that the
ample pretreatment is successful and no serious matrix effect is
bserved.

.4. Method performance

Under the optimized condition, the method performance was
valuated by the determination of the sensitivity, linearity, repeata-
ility, and accuracy of the method. The result was shown in Table 2.

Calibration curves were established using least-square linear
egression from injection of 1 mL spiked mike sample at concen-
rations from 0.3 to 15.0 ng/mL for each analyte. All the R2 values
ere higher than 0.994, which demonstrated exact linear signal

esponse.
The LOD of each analyte was investigated from the spiked milk

ample at the signal-to-noise ratio (S/N) ratio of 3:1. The results in
able 2 show that the all the LODs of analytes were at low-ng/mL
evel.

The accuracy and repeatability of this method were also eval-
ated by recoveries of spiked samples at 0.6 and 15 ng/mL. Most
ecovery percentages were between 75 and 100%, except E1 and E3
t the spiked concentration of 15 ng/mL. The RSD values seem rela-
ive high which were at range of 8.6–15.0%. It is most probably due
o the matrix effect which not only causes ion suppression but also
ntroduces the unstable ionization.

Compared to traditional off-line SPE coupled with HPLC–single
uadruple MS method [16], lower LODs could be obtained in this
ethod. It most probably owes to the LVI mode which enhances the
ethod sensitivity. Besides, the proposed method introduces less
atrix effect than the traditional one, because no significant sig-

al suppression was observed while only 52% of recovery without
nternal standard was obtained by traditional method [16].

. Conclusion
A high speed and robust on-line SPE-HPLC–MS method was
stablished for high-throughput analysis of five estrogens and BPA
n milk samples. For an 8 h working day, 8–10 analysis could be
ccomplished and no noticeable deterioration of sensitivity and

[
[

[

1216 (2009) 7539–7545

C30 column backpressure were observed after totally 100 injec-
tions.

There are mainly two advantages in our experiment. The one is
that triacontyl bonded silica (C30) is firstly introduced as on-line
cleanup and SPE material. The results demonstrated that the prop-
erties of long alky chains and relatively large particle sizes enable
the C30 SPE column to treat samples at high-flow rate (ca. 4 mL/min)
with satisfactory recovery and low backpressure.

The other one is large volume injection. It is obvious that LVI can
improve the sensitivity and LOD of the on-line analytical method
since it provide bigger concentration factor. In our study, 1 mL milk
sample could be loaded which breaks the injection volume limit of
autosampler and a concentration factor as high as 100 times could
be obtained. As for the sample treatment procedure, dispersive
SPE, which is described as QuEChERS (quick, easy, cheap, effective,
rugged, and safe) is combined with protein precipitation by organic
solvent. This combination is very effective to remove most of polar
and nonpolar matrix substances. It is especially important for the
single quadruple MS.

In the optimized conditions, the proposed method was also val-
idated by milk sample spiked with analytes mixture. Though the
LODs were not low enough for actual milk detection, the main pur-
pose was to describe a simple and fast on-line LC–MS method for
determination of estrogens in milk samples with a new on-line SPE
material (C30). With satisfactory recovery, repeatability and effi-
ciency, We believe that this analytical method is promising to be
applied for the analysis of estrogens and BPA in biological matrices
with other more sensitive detectors, such as triple quadrupole MS.
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