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Abstract

In recent years, despite the increasing success of liquid chromatography (LC) coupled to tandem mass spectrometry (MS), reports on matrix
susceptibility have shown the limitations of the this powerful analytical technique. Matrix effects (MEs) result from co-eluting residual matrix
components affecting the ionization efficiency of target analytes and can lead to erroneous results. The present work evaluates the matrix effect
of environmental water samples on 35 endocrine disrupting chemicals (EDCs) in negative and positive LC–ESI-MS/MS. It was shown that
mobile-phase additives could significantly influence matrix effects. Addition of acids resulted in a severe signal suppression (average ME%:
<65%), and 1 mM ammonium formate increased the average ME% to 84%. The importance of an efficient sample clean-up and internal
standardization also was demonstrated. Cleaner extracts resulted in reduced matrix effects (average ME%: 89%) and labeled internal standards
proved to have a beneficial effect especially on signal reproducibility (average CV% 4.2% versus 2.6%). The results from the present work
indicate that evaluation of matrix effects should become an integrated part of quantitative LC–ESI-MS/MS method development and validation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Liquid chromatography–tandem mass spectrometry (LC–
MS/MS) with atmospheric pressure ionization (API) has be-
come a important tool for identification and quantitation of
analytes in complex mixtures[1–5]. Undoubtedly, the advent
of electrospray ionization (ESI)[6,7] and atmospheric pres-
sure chemical ionization (APCI)[8], which allow for soft
ionization of a wide range of substances, is responsible for
the increasing success of LC/MS analyses during the last 15
years. One of the limitations, however, is the susceptibility
of API interfaces to co-extracted matrix components[9,10].
This matrix effect, defined as the effect of co-eluting residual
matrix components on the ionization of the target analyte,
typically results in either signal suppression or en-
hancement. Moreover, interfering matrix components can
affect the reproducibility and accuracy of the developed
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procedure, leading to compromising or erroneous results
[10–12].

The mechanism of matrix effect in LC–MS is still not
fully resolved. It is assumed that solid analyte precipitation
or co-precipitation with other non volatile matrix compo-
nents causes gas phase ion suppression in APCI[10,13].
In ESI, however, a competition between matrix components
and analytes for access to the droplet surface for gas phase
emission has been suggested as possible cause of matrix ef-
fects. Some key reports have highlighted this phenomenon in
bioanalytical[9,11–13,15–27], environmental[28–32], and
food analyses[14,33–35].

The objective of the presented experiments was to evalu-
ate the degree of matrix effect originating from co-eluting
substances from environmental water samples on 35 en-
docrine disrupting chemicals (EDCs). Preliminary studies
demonstrated highest sensitivity using LC–ESI-MS/MS.
During method development for this unique mixture of
analytes, the influence of environmental matrix on the
electrospray ionization efficiency was assessed by spiking
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samples post-extraction and comparing signal to injected
standards. The present work focused on: (i) the influence of
mobile-phase additives (acids and buffers), (ii) the impor-
tance of an efficient sample clean-up, and (iii) the role of
internal standards to compensate for these matrix effects in
LC–ESI-MS/MS.

2. Experimental

2.1. Chemicals and reagents

17�-Estradiol, estrone, estriol, 17�-ethynyl estradiol, and
diethyl stilbestrol (DES) were a kind gift from Professor
Van den Bossche of the Laboratory for Pharmaceutical
Chemistry and Drug Analysis (Ghent University, Belgium).
4-t-Octylphenol, 4-octylphenol, 4-t-butylphenol, 4-s-butyl-
phenol, 4-t-amylphenol, 4-n-nonylphenol, 4-cumylphenol,
bisphenol A, bisphenol F, methylparaben, ethylparaben,
propylparaben, and benzylparaben were purchased from
Sigma–Aldrich Chemicals (Bornem, Belgium). Atrazine-
desisopropyl, atrazine-desethyl, hexazinone, simazine,
cyanazine, metribuzine, desmetryn, atrazine, ametryn, se-
butylazine, propazine, terbutylazine, terbutryn, prometryn,
methomyl, aldicarb, and pyrimicarb were obtained from
Dr. Ehrerstorfer (Augsburg, Germany). To facilitate dis-
cussion for this large mixture of analytes, representatives
for each group (Table 1) were chosen to incorporate in
the Figs. 1 and 2. Ammonium formate was purchased
from Sigma–Aldrich Chemicals (Bornem, Belgium). Wa-
ter, methanol, and acetonitrile were all of HPLC grade
(Merck-Eurolab, Leuven, Belgium).

Stable isotope-labeled surrogate standards 17�-ethynyl
estradiol-2,4,16,16-d4, bisphenol A-d6, estrone-2,4,16,16-d4
were purchased from C/D/N Isotopes (Quebec, Canada), di-
ethyl stilbestrol-ring-3,3′,5,5′-diethyl-1,1,1′,1′-d8 was from
Cambridge Isotope Laboratories Inc. (Andover, MA, USA),
terbutryn-d5, simazine-d10, terbutylazine-d5, 4-n-nonylphe-
nol-d8, atrazine-desethyl-d6, sebutylazine-d5, prometryn-d6,

Table 1
Target analytes

Group Analytesa

Natural estrogens Estrone,estradiol, estriol
Synthetic estrogens Ethynyl estradiol,diethyl stilbestrol (DES)
Parabens Methyl-, ethyl-, propyl-, benzylparaben
Diphenol alkanes Bisphenol A, bisphenol F, 4-cumylphenol
Alkylphenols 4-t-Butylphenol, 4-s-butylphenol,

t-amylphenol, 4-t-octylphenol,
4-octylphenol, nonylphenol

Carbamates Methomyl,aldicarb, pyrimicarb
Triazines Atrazine-desisopropyl, atrazine-desethyl,

hexazinone, simazine, cyanazine,
metribuzine, desmetryn,atrazine, ametryn,
sebutylazine, propazine, terbutylazine,
terbutryn,prometryn

a Representative EDCs in bold.

Fig. 1. Mean ME% for 10 representative EDCs obtained after addition
of formic acid (FA).

atrazine-d5, atrazine-desisopropyl-d5, and propazine-d6
were from Dr. Ehrerstorfer (Augsburg, Germany), and 17�-
estradiol-2,4-d2 was obtained from Sigma–Aldrich Chemi-
cals (Bornem, Belgium).

2.2. LC–MS/MS

Liquid chromatography was carried out with an HP-1100
HPLC system (Agilent, Palo Alto, CA, USA). The analytes
were chromatographed at ambient temperature under gra-
dient conditions on a C18 Luna column (100 mm× 2 mm,
3�m) fitted with a guard column with the same stationary
phase (4 mm× 2 mm, particle size 3�m) (Phenomenex,
Torrance, CA, USA). Eluent flow rate was set at 200�l/min.
An LC/MSD Trap VL mass selective detector was equipped
with an ESI interface (Agilent, Palo Alto, CA, USA).
Parameters were optimized by continuous infusion of stan-
dards. Analytes were divided in two groups according

Fig. 2. Mean ME% for 10 representative EDCs obtained after addition
of ammonium formate (AF).
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ionization polarity (negative and positive ionization). The
following optimized ESI parameters were applied: drying
gas flow rate, 8 l min−1; drying gas temperature, 350◦C;
nebulizing gas pressure 30 psi; capillary voltage (NI/PI),
+3861/−3811 V. The electron multiplier and dynode volt-
age were set at 1740 V and 7.0 kV, respectively. A switch
valve was used to divert the column effluent to waste 2 min
prior to and 1 min following elution of the analytes.

2.3. Sample preparation

Water samples were filtered over a precombusted GF/F
(0.7�m nominal) glass fiber filter and a membrane filter
(0.45�m nominal) (Whatman, Maidstone, England). The
filtrate was subjected to an off-line solid-phase extraction
(SPE) using Oasis HLB (6 ml, 200 mg) columns (Waters,
Milford, MA, USA).

2.3.1. Basic SPE procedure
Columns were preconditioned sequentially with 6 ml

methyl-t-butyl ether (MTBE), 6 ml methanol, and 6 ml
water. Subsequent to sample loading (500 ml at approx-
imately 10 ml/min), the column was rinsed with 3 ml of
5% methanol in water and dried under vacuum for 30 min.
Analytes were eluted with two 3 ml portions of MTBE.

2.3.2. Extended SPE procedure
Conditioning of the cartridges was performed with 6 ml

i-propanol–MTBE (10/90, v/v), 6 ml methanol, and 6 ml
water. Samples were loaded onto the cartridges and rinsed
sequentially with 3 ml of a mixture of water and methanol
(70/30, v/v), 3 ml of water, and 3 ml 2% ammonia-methanol
(90/10, v/v, pH 11.5). Analytes were eluted from the SPE
cartridge with two 3 ml portions ofi-propanol–MTBE
(10/90, v/v).

The obtained extracts were evaporated to dryness in a
TurboVap LV evaporator from Zymark (Hopkinton, MA,
USA) and reconstituted in 200�l water–acetonitrile (80/20,
v/v).

2.4. Evaluation of matrix effect

In correspondence to the strategy applied by Matuszewski
et al. [36], matrix effects were evaluated by comparing the
MS/MS responses of known amounts of working standards
(A) with those measured in a blank water extract spiked with
the same analyte amount after extraction (B). Differences
observed in MS/MS response could thus be attributed to the
effect of sample matrix on the ionization efficiency only.
The ratio (B/A × 100) is defined as absolute matrix effect
(ME%). The absence of absolute matrix effect is indicated
by a value of 100%, i.e. the response in the mobile phase
and in the extract is the same. A value of >100% indicates an
ionization enhancement and a value of<100% indicates an
ionization suppression. All samples were spiked at the same
concentration (50 ng/l). Initial experiments were conducted

in fivefold on blank surface water samples, collected from
a local brook originating from the river Schelde.

3. Results and discussion

3.1. Mobile-phase additives

The influence of mobile-phase composition on ionization
efficiency is a well described phenomenon in LC–MS[32,
35,37–42]. Less illustrated is the effect of mobile-phase ad-
ditives on matrix-induced ionization suppression/enhance-
ment of analytes. Choi et al.[33] demonstrated an improved
correlation between signals of standard and matrix samples
when mobile-phase additives, such as formic acid, ammo-
nium formate or ammonium hydroxide were used. This
study investigated the influence on matrix effect of two acids
(acetic acid and formic acid) at two concentration levels
(0.01 and 0.1%, v/v) and two buffers (ammonium acetate
and ammonium formate) at two different concentrations (1
and 5 mM). The MS/MS response ratio between standards
and spiked extracts (basic SPE procedure) was used to ex-
press matrix effect.Fig. 1 illustrates the results obtained
with formic acid for the 10 representative analytes. With the
exception of the group of parabens, the addition of acid to
the mobile phase had a drastic effect on the ionization effi-
ciency of NI-analytes in the presence of matrix components.
Both acetic and formic acid suppressed the responses signif-
icantly at a concentration of 0.01% (v/v). A concentration
of 0.1% (v/v) even led to a signal suppression of over 90%
(ME% < 10%). In contrast to the rest of the NI-analytes,
methyl-, ethyl-, propyl-, and benzylparaben (represented by
methylparaben) were less influenced by the addition of acids
to the mobile phase. Mild acidic conditions even resulted in
a slight signal enhancement. The effect of acidic conditions
in PI-mode were less manifest. Although a predominantly
suppressive effect was observed for both acids at the inves-
tigated concentration levels, ME% was never less than 50%.

A different trend was observed when supplementing
buffers to the mobile phase. Depending on the nature and
concentration of the buffer, differences in ME were ob-
served.Fig. 2 shows the effect of ammonium formate on
ionization efficiency of a spiked sample matrix (basic SPE
procedure). As can be seen, the effects in NI are predom-
inantly positive and much more pronounced as compared
to those in PI. With increasing concentration, mobile-phase
buffers exhibited a suppressive effect on analyte intensity
during standard and matrix analysis. At a concentration
of 1 mM, for a number of analytes, a slight ionization
enhancement was observed, most likely due to changing
spray conditions and/or ion–molecule reactions. The addi-
tion of 1 mM of ammonium formate even results in a signal
enhancement for estriol (ME%: 172%). However, further
increase of buffer concentrations to 5 mM resulted in a
severe suppression of the analyte signal. The latter effect
was probably due to an increased number of ions (matrix
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and additives) in the spray. This could reduce access of the
target analyte to the droplet surface, eventually leading to
complete droplet saturation and suppression of target ana-
lyte ionization. Again the four parabens behaved differently
as compared to the rest of the NI-analytes. Increasing the
buffer concentration up to 5 mM, resulted for both ammo-
nium formate as for ammonium acetate in a slight signal
enhancement. In general, for both NI and PI, relative re-
sponses using ammonium formate were slightly favorable
to those obtained with ammonium acetate (data not shown).
Based on these findings, we concluded to add 1 mM of
ammonium formate to the HPLC-solvent.

Table 2
Influence of sample clean-up and internal standardization on ME% (n = 5)

Basic SPE procedure Extended SPE procedure Internal standardization

ME% CV% ME% CV% ME% CV%

Negative mode
Estriol 172 21.0 110 5.7 99 2.6
Methylparaben 107 6.8 101 4.5 98 3.6
Ethylparaben 110 3.8 105 3.6 98 2.2
Bisphenol F 81 6.0 92 5.0 92 3.7
Propylparaben 114 1.0 103 2.6 100 1.8
Bisphenol A 102 4.5 100 3.0 99 1.8
Estradiol 119 2.0 107 3.8 98 2.5
Ethynyl estradiol 86 1.7 94 2.1 97 2.4
Estrone 76 7.3 88 4.2 95 2.9
Benzylparaben 106 5.1 97 6.7 97 3.1
4-t-Butylphenol 110 5.1 95 6.5 93 3.7
DES 82 2.0 88 3.8 96 2.8
4-s-Butylphenol 89 2.7 94 2.8 90 3.0
4-t-Amylphenol 57 2.1 79 7.4 85 3.8
4-Cumylphenol 80 5.9 90 5.8 93 2.5
4-t-Octylphenol 34 10.4 55 9.7 68 4.9
4-Octylphenol 12 9.9 31 7.6 45 5.8
4-n-Nonylphenol 32 7.1 50 7.6 77 2.6

Meana 88 5.1 90 3.1
Meanb 88 4.1 94 2.5

Positive mode
Metomyl 61 5.5 81 3.9 85 2.7
Atrazine-desisopropyl 98 5.8 97 5.2 98 1.7
Atrazine-desethyl 90 2.3 95 2.9 99 2.1
Hexazinone 98 3.8 99 2.5 103 1.4
Aldicarb 68 4.3 81 5.0 87 3.4
Simazine 95 4.6 95 4.7 97 2.2
Cyanazine 92 4.2 96 3.9 99 2.0
Metribuzine 96 2.9 96 2.1 95 1.4
Pyrimicarb 90 4.9 94 2.5 97 2.2
Desmetryn 75 1.5 88 2.0 94 1.6
Atrazine 86 1.8 93 2.4 100 1.6
Ametryn 76 1.1 87 1.8 104 2.2
Sebutylazine 77 1.1 81 3.5 95 2.2
Propazine 74 3.5 92 3.3 95 2.0
Terbutylazine 64 3.3 86 2.4 94 1.3
Terbutryn 60 4.5 89 2.5 98 2.0
Prometryn 71 2.2 90 3.2 97 1.7

Meana 91 3.2 96 2.0
Meanb 90 3.2 97 1.8

a Mean of all analytes.
b Mean of analytes with IS.

It must be noted that the use of the aforementioned
mobile-phase additives only slightly influenced the elution
profile of the target analytes. Prior to LC–MS/MS a full scan
LC–MS analysis was performed in order to adjust MS/MS
time segments. Full scan mass spectra did not reveal any
adduct formation arising from mobile-phase additives.

3.2. Solid-phase extraction

Although considered to be a very effective separation
technique, in many cases liquid chromatography alone has
been shown to be insufficient in handling matrix effect.
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Recent studies on matrix effect have highlighted the im-
portance of an efficient sample clean-up in quantitative
LC–ESI-MS/MS analysis[9,15,17,18,30]. The effect of
SPE on ionization efficiency was evaluated for two SPE
extraction procedures using Oasis HLB columns. Both
procedures differ in extent of the washing step. The basic
SPE procedure includes a classical low organic wash (5%
methanol), while the extended SPE procedure consists of
a three-step wash, adjusting organic concentration (30%,
v/v, methanol) and pH (11.5). This extended washing pro-
cedure is mainly focused on interfering humic acids and
other organic material, typically present in environmental
water samples.Table 2depicts the ME obtained with both
extraction procedures. As can be seen, the influence of an
extended washing procedure is substantial (values closer to
100%). In both ionization modes, increased ME% values
were observed for practically all compounds. Apparently, a
majority of interfering matrix components could be elim-
inated. Except for 4-t-octylphenol (55%), 4-octylphenol

Table 3
Influence of sample origin on ME% (n = 5)

Surface
water ME%

Rain water
ME%

Ground
water ME%

Channel
water ME%

WWTP
ME%

Industrial
effluents ME%

Neagtive mode
Estriol 99 95 96 95 94 95
Methylparaben 98 96 97 101 98 97
Ethylparaben 98 99 97 99 97 94
Bisphenol F 92 95 95 93 92 91
Propylparaben 100 93 101 95 96 95
Bisphenol A 99 102 100 98 99 101
Estradiol 98 99 100 98 100 98
Ethynyl estradiol 97 98 98 97 100 100
Estrone 95 96 97 100 99 96
Benzylparaben 97 95 97 98 98 93
4-t-Butylphenol 93 97 95 97 94 91
DES 96 98 94 98 97 93
4-s-Butylphenol 90 91 92 91 94 90
t-Amylphenol 85 91 87 89 90 85
4-Cumylphenol 93 96 95 97 93 95
4-t-Octylphenol 68 72 61 66 68 67
4-Octylphenol 45 55 52 49 45 43
Nonylphenol 77 82 80 79 79 74

Positive mode
Metomyl 85 89 88 85 89 84
Desisopropyl atrazine 98 100 102 99 100 102
Desethyl atrazine 99 99 100 100 101 98
Hexazinone 103 101 99 101 98 97
Aldicarb 87 91 93 89 87 86
Simazine 97 99 99 97 95 95
Cyanazine 99 101 101 98 97 96
Metribuzine 95 96 97 98 96 93
Pyrimicarb 97 98 98 95 96 93
Desmetryn 94 96 96 93 93 92
Atrazine 100 101 100 99 99 98
Ametryn 104 100 100 101 98 100
Sebutylazine 95 98 98 94 94 92
Propazine 95 100 98 97 96 95
Terbuthylazine 94 99 96 96 94 93
Terbutryn 98 100 102 97 98 96
Prometryn 97 99 99 97 95 95

(31%), and nonylphenol (50%) the ME% for all analytes
was acceptable, exceeding 79%. Apparently, ionization of
late eluting alkylphenols suffers heavily from hydrophobic
matrix components, insufficiently removed by SPE extrac-
tion. These findings are in accordance with previously pub-
lished data obtained for nonylphenol, where a suppression
up to 50% was noticed[29,43].

3.3. Internal standards

To compensate the phenomenon of matrix effect internal
standards have been shown to be an effective tool[21,29]. An
important prerequisite, however, is that analyte and internal
standard have very similar characteristics, and identical, or
at least very close, retention times. Both compounds should
be affected by the co-eluted matrix to the same extent. In
this respect isotopically labeled internal standards offer the
best solution. However, since the use of stable isotopes is
generally very cost prohibitive, and commercial availability
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is often limited, in many cases structural analogs offer a
valuable alternative. In this study, for the 35 EDCs under
investigation, as much as 15 isotopically labeled internal
standards were used to compensate for matrix effects. In the
absence of a commercially available stable isotope, the clos-
est eluting isotopically labeled compound was assigned as
internal standard for the remaining target analytes.Table 2
summarizes the ME% obtained with internal standardiza-
tion using the extended SPE extraction. The mean ME% is
given for all target analytes and for those having an identi-
cal isotopically labeled analogue. As can be seen, internal
standards bring ME% values closer to 100%, and this ben-
eficial trend is noticeable for practically all analytes (with
or without isotopically labeled analogue). Unfortunately,
for 4-octylphenol and 4-t-octylphenol the assigned labeled
internal standard (4-n-nonylphenol-d8) could not compen-
sate for the substantial matrix suppression. ME% for both
analytes is still far away from the target value of 100%
(45 and 68%, respectively) when compared to all other
analytes (>77%). However, although the loss in sensitivity
associated with matrix suppression was not compensated,
applying internal standardization had a positive effect on re-
producibility of subsequent measurements with coefficients
of variation (n = 5) never exceeding 5.8% for all analytes.
This compensating effect of internal standards on precision
and reliability of the quantitative LC–MS/MS method is in
agreement with results reported by Matuszewski et al.[36].

3.4. Environmental water samples

Various types of environmental water samples, includ-
ing surface water, rain water, ground water, channel water,
wastewater treatment plant (WWTP) effluents, and indus-
trial effluents, were collected and analyzed to evaluate
matrix impact on the final LC–ESI-MS/MS method. As can
be seen fromTable 3, although for WWTP and industrial
effluents ME% is slightly lower (more suppression), sample
origin has a limited impact on ME%. This phenomenon is
thought to be primarily the result of the extensive sample
clean-up used in this method. The extended SPE procedure’s
three-step wash effectively removed most of the interfering
humic acids and other organic material from the environ-
mental water samples, leading to comparable ME% values.
Additionally, possible differences were also compensated
for by the labeled internal standards.

4. Conclusion

Ion suppression and enhancement originating from ma-
trix components is a common phenomenon associated with
pneumatically assisted electrospray ionization mass spec-
trometry. The present work evaluated matrix effect on 35
EDCs in environmental water by comparing responses of
standards and post-extraction spiked matrix samples. A
clear compound and ionization mode dependence was ob-

served. Although both ionization modes (NI and PI) expe-
rienced matrix effect, NI-ESI was clearly more influenced
by co-eluting matrix components as compared to PI-ESI.

It has been demonstrated that mobile-phase additives can
have a significant influence on matrix effects. Ion suppres-
sion or enhancement of the target analyte by co-elution of
matrix components is a critical aspect in LC–MS analysis
and should be an important consideration during method de-
velopment and validation.

Supplementing acids to the HPLC-solvent resulted for
most analytes in a considerable signal suppression (average
ME%: <65%). Conversely, depending on the concentration,
buffers demonstrated both beneficial and disadvantageous
effects. The addition of 1 mM of ammonium formate re-
sulted in notably improved ME% values (average ME%:
80% versus 84%).

In an effort to compensate for matrix effects, an extended
sample clean-up and the use of labeled internal standards
was evaluated. Expanding the SPE wash step, and thus
eliminating a considerable amount of co-eluting matrix
components, improved signals considerably (average ME%:
89%). In addition, labeled internal standards improved
signal reproducibility (average CV%: 4.2% versus 2.6%).
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