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Abstract

This study investigates matrix effects on a molecularly imprinted solid-phase extraction (MISPE) method developed for the clean-up of
diphenyl phosphate (a hydrolysis product of the commonly used flame retardant and plasticizer, triphenyl phosphate) in urine samples. The
influence of potentially interfering compounds that naturally occur in urine was examined with respect to extraction recovery, repeatability and
selectivity. The components tested were NaCl, urea, creatinine and hippuric acid. The imprinted polymer was prepared using 2-vinylpyridine
a te molecule.
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s the functional monomer, ethylene glycol dimethacrylate as crosslinker and a structural analogue of the analyte as the templa
he recovery of diphenyl phosphate from water standards was over 90% using MISPE, compared to less than 25% using a no
PE (NISPE) counterpart. The selectivity of MISPE compared to NISPE was achieved in a wash step with a basic modifier in met

ecovery and repeatability of the MISPE method were affected most by NaCl in the tested concentrations, while urea, creatinine a
cid had no significant influence. NaCl most likely weakens the binding during the loading of the sample. This effect could be supp
iluting the sample with a citrate buffer at pH 4.0.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The analysis of complex samples, like biofluids, places
igh demands on sample preparation prior to analysis. Solid-
hase extraction (SPE) is a well-established method for sam-
le clean-up and pre-concentration for aqueous samples at

race levels. Nevertheless, the method often lacks the abil-
ty to extract target compounds selectively, potentially lead-
ng to the co-extraction of matrix interferences. Methods
ased on molecular recognition, such as the use of im-
unoaffinity extraction (IAE) sorbents and molecularly im-
rinted polymers (MIPs) allow both high affinity and se-

ectivity. IAE sorbents exploit biological tools, such as an-
ibodies, for selective extraction and concentration of indi-
idual compounds or classes of compounds. Immunoextrac-
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tions were first described for large molecules, such as
zymes, proteins, viruses, peptides and hormones beca
the ready availability of antibodies for these types of c
pounds[1]. Molecularly imprinted polymers possess level
affinity that can be comparable to those of natural antibo
and they are often called synthetic antibody mimics. S
the development of immunosorbents is both time-consu
and expensive, the use of MIPs can be a valuable alt
tive or complement to IAE methods, particularly for sma
molecules.

The MIP approach is based on a highly cross-lin
copolymer network synthesized in the presence of a
plate compound. Extraction of the template leaves imp
with binding sites that have both steric and chemical affi
for the compound. The first study of the use of MIPs as
bents in SPE, MISPE, was presented in 1994 by Selle
[2]. Since then, MISPE has been shown to be a prom
technique, with applicability, inter alia, in bioanalyses[3–6]
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and environmental studies[7–9]. Several recent reviews of
the technique have been published[10–12].

Most MIPs are synthesised in organic solvents, and studies
on imprint rebinding often utilize organic solvents as incuba-
tion media. The establishment of strong and selective bind-
ing to the imprints under these conditions is relatively well
understood. However, current MIP technology often fails to
generate polymers for use in pure aqueous environments. Be-
cause of the hydrophobic character of the MIP, non-selective
adsorption to the lipophilic surface commonly occurs when
processing aqueous samples. The total binding to the poly-
mer is the sum of the selective binding to the imprints and
the non-selective binding to the polymer. To use a MIP most
effectively, it is important to suppress the non-selective bind-
ing. One solution to this problem was presented by Ander-
sson et al., who investigated the influence of detergents in
the buffer during a MISPE of local anaesthetics from human
plasma[13]. They found that three different neutral deter-
gents were able to eliminate non-selective adsorption to the
polymer and leave selective imprint-analyte binding essen-
tially unaffected. A modification of this MISPE method in
pure aqueous systems has recently been presented by Dirion
et al.[14]. By modifying the original MIP composition via the
incorporation of a hydrophilic co-monomer, 2-hydroxyethyl
methacrylate, the non-specific binding was reduced, espe-
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Fig. 1. Structures of the compounds used in this study: template, analyte,
internal standard and urine components.

large breakthrough occurred during the loading of the urine
samples. When the urine was diluted with a low pH buffer this
breakthrough was avoided, but the non-selective interactions
increased in strength, probably due to a non-selective ionic
interaction with the polymer that became stronger when the
basic monomer was more highly charged. The objective of
the present study was to investigate more thoroughly these
matrix effects.

2. Experimental

2.1. Chemicals

Diphenyl phosphate (97%) was obtained from Sigma-
Aldrich (Steinheim, Germany) and dibenzyl phosphate
(99%) from Lancaster (Morecambe, UK). Acetic acid,
ammonia solution (NH3, 25%), sodium chloride (NaCl),
2-vinyl pyridine (2-Vpy), ethyleneglycol dimethacrylate
(EGDMA), basic aluminium oxide and triethylamine (TEA)
were purchased from Merck (Darmstadt, Germany). HPLC
grade methanol was obtained from BDH (Poole, UK)
and HPLC grade acetonitrile (ACN) from Merck. Urea,
trisodium citrate dihydrate, creatinine andp-aminohippuric
acid were obtained from Sigma-Aldrich. Citric acid and 2,2-
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ially during the loading of the plasma sample. The MIS
artridge can also be washed with selective solvents th
apable of disrupting the non-selective (but not selective
eraction with the polymer, when extracting aqueous s
les. The selectivity then occurs in the washing rather

he loading step, leading to selective desorption rather
elective extraction[10].

To help cope with current demands for more rapid sam
reparation methods, combinatorial methods have rec
ffered valuable tools in the development of MIPs[15]. Since
any variables in the imprinting process influence the s

ivity and capacity of the resulting MIPs, optimisation c
e very time-consuming, especially if it is done by trial-a
rror. However, a high-throughput synthesis and scree
ystem for large libraries of MIPs was recently presente
irion et al.[14], which allowed rapid optimisation and fin

uning of the recognition properties for extracting plas
amples. Another recent study presented by Piletsky
16] describes the fast design and synthesis of a MIP
igh affinity for the template in aqueous solutions, usin
omputational method.

Matrix effects from biofluids are well-known problem
specially in LC/ESI-MS analysis[17]. In these cases, th
ffect is on the ionization of the target analyte, causing
ression or enhancement of the analyte response. Ma
ay also affect chromatography or other separation m
ds. We have recently presented a study of a MISPE me

or a flame retardant hydrolysis product, diphenyl phosp
the chemical structure of which is shown inFig. 1), in human
rine. The matrix was shown to affect the recovery, sele

ty and repeatability of the method[18]. It was found that
zobisisobutyronitrile (AIBN) were obtained from Acros O
anics (Geel, Belgium). Chloroform was purchased f
iedel-de Häen (Seelze, Germany). Water was purified

ng a Millipore system, Milli-Q PLUS 185, from (Molsheim
rance). All the chemicals were used with no further purifi

ion except for EGDMA and chloroform, which were pas
hrough basic aluminium oxide before use.

.2. Preparation of MIPs

The template, ditolyl phosphate, was synthesized fro
ure enantiomer,m-tritolyl phosphate. This procedure h
een described in a previous paper[19]. Synthesis of th
olecularly imprinted polymers was based on the me

eported by Andersson[6].
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Ditolyl phosphate (template, 0.37 mmol) and AIBN (ini-
tiator, 0.34 mmol) were weighed into a flask, dissolved in 6 ml
chloroform and briefly ultrasonicated. EGDMA (21.8 mmol)
and 2-Vpy (4.33 mmol) were added to the flask and briefly ul-
trasonicated. The clear solution was poured into glass tubes,
cooled on ice and sparged with nitrogen for 5 min. The tubes
were then sealed, placed under a UV-source (365 nm) at
5–7◦C for 24 h, and rotated periodically to ensure homoge-
nous polymerization. The tubes were then smashed and the
hard polymers were soaked in methanol for 4 h to remove un-
reacted monomers. The hard polymers were ground manually
with a mortar and pestle and sieved, under water, through 36
and 25�m sieves and the particles between 25 and 36�m
were collected. For the polymerisation reaction a UVL-56
long-wave 365 nm UV-lamp from UVP (Upland, CA) and
polymer sieves from Retsch (Haan, Germany) were used.
The imprinted polymer particles were transferred to glass
filter funnels and washed with three cycles of 3× 100 ml
methanol:acetic acid (4:1, v:v) and 3× 100 ml methanol,
to remove the template. The washed polymer particles were
then dried under vacuum and stored in a desiccator at am-
bient temperature until use. Non-imprinted polymers (NIPs)
were synthesized simultaneously under the same conditions
except for the addition of template.
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pared containing 0.25�g diphenyl phosphate with differing
amounts of NaCl, urea, creatinine or hippuric acid in 1 ml
water. Duplicate extractions were performed for each stan-
dard with both MIP and NIP cartridges. The amounts of NaCl
in the standards were 2.5, 7.5, 12.5, 17.5 and 22.5 mg. The
urea standards contained 8.0, 16.0, 24.0, 32 and 40 mg. The
creatinine and hippuric acid standard was a mixture of both
compounds and contained 1.3 mg of creatinine and 0.68 mg
of hippuric acid, respectively, in 1 ml aqueous solution. The
same procedure for extraction and final MS analysis as de-
scribed inSection 2.3was used, except that 1 ml of 5 mM
NH3 in methanol was used in the last wash step.

2.5. Extraction from a NaCl/urea solution: optimization
of recovery and selectivity

An aqueous standard solution containing 13 mg/ml NaCl
and 24 mg/ml urea was prepared, then 10�l diphenyl phos-
phate, 25.4 ng/�l in water, was added to 1 ml of the solu-
tion. MISPE and NISPE cartridges were packed with 40 mg
polymer as described inSection 2.3. Conditioning, loading,
washing and elution of the cartridges and final MS analysis
were performed as described inSection 2.3. To investigate
the effects of pH, standard solutions were diluted with 1 ml
of 10 mM citrate buffer and the pH was adjusted to pH 3.0,
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.3. Evaluation of selectivity in the wash steps

MIP and NIP cartridges were prepared by packing 40
f the respective polymer suspensions into empty 3 ml
artridges (Isolute SPE, IST-International Sorbent Tech
gy, Mid Glamorgan, UK) and secured by polyethylene
t the top and bottom. The polymer particles, 25–36�m in
iameter, were suspended in a solution of methanol:w
1:1). The standard solution used for extraction conta
.25�g diphenyl phosphate in 1 ml water. The cartrid
ere conditioned before extraction with 3 ml methanol
ml water. Duplicate cartridges of both MIP and NIP w
sed for each extraction. The standard solution was p
y gravity through both MIP and NIP cartridges at an
roximate flow rate of 0.5 ml/min. The cartridges were t
ashed with 1 ml water, 1 ml methanol and 1 ml of 5 m
H3, containing different percentages of methanol. Elu
as performed by passing 2× 1 ml of a solution containin
% TEA in methanol. The last wash and the elution fract
ere collected and 1.6�g dibenzyl phosphate was added
n internal standard. The fractions were then evaporate

il dryness at 40◦C under a stream of N2 and re-dissolved i
50�l ACN:water (5:95). All collected fractions were an

yzed by LC/ESI-MS in SIM mode and the recoveries w
etermined by comparing the analyte/internal standard
rea ratios with those of an external standard.

.4. Investigation of matrix effects on MISPE

MISPE and NISPE cartridges were packed with 40
olymer as described above. Standard solutions were
.0, 5.0 and 7.0, respectively. Duplicate extractions were
ormed at each pH on both MISPE and NISPE cartridge
ptimise the selectivity of the extraction of the dilute stand
olution, the effects of adding varying amount of metha
50%, 75% and 100%), with 5 mM NH3 in each case, to th
ast wash solution was tested.

.6. MISPE from spiked human urine samples

Empty SPE cartridges were packed with 60 mg sus
ions of MIP and NIP, as described inSection 2.3. Human
rine (1 ml) was spiked with a solution containing 0.25�g
PhP in 10�l water, and diluted with 1 ml citrate buff

50 mM, pH 4.0) and then vortex mixed for a few secon
he same extraction procedure as described inSection 2.3
as then applied, except that 1 mM aqueous NH3:methano

1:1) was used for the final wash step. The last wash fra
nd the elution fraction were collected and 0.7�g dibenzy
hosphate in 10�l ACN was added. Evaporation, LC/ES
S and determination of recovery were then performe
escribed inSection 2.3.

.7. Chromatographic conditions and MS detection

Chromatographic separation of the MISPE eluate was
ormed on a C18 X-Terra reversed phase column (2.1 m

150 mm i.d., 3.5�m particle size, Waters, Milford, MA
SA). The HPLC system consisted of a Rheos Model 4
ump (Flux Instruments, Switzerland) connected to an

oinjector with a 5-�l loop. The mobile phase flow rate w
00�l/min. A linear gradient was used for separation and
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mobile phase consisted of ACN and water containing 10 mM
NH3. The gradient started with 10% of acetonitrile and in-
creased to 60% over 15 min.

A Finnigan LCQ ion-trap mass spectrometer (Thermo-
quest, San Jose, CA, USA) equipped with an electrospray
ionisation source was used for detection, as follows. The in-
strument was operated in negative-mode using the following
settings: spray voltage, 3.5 kV; capillary temperature, 250◦C;
capillary voltage,−20 V; tube lens offset, 10 V; sheath gas
flow (N2), 80 (arbitrary units); auxiliary gas flow (N2), 20
(arbitrary units). Detection was carried out in SIM mode and
the quasi-molecular ions [M − H]− were monitored, i.e.m/z
249± 2 for diphenyl phosphate andm/z277± 2 for dibenzyl
phosphate.

3. Results and discussion

3.1. Evaluation of the selectivity of MISPE from
aqueous standards

We have previously shown the importance of optimizing
the wash step in MISPE, to achieve selective extraction and
to obtain acceptable recoveries of diphenyl phosphate when
extracting the compound from low pH buffered urine[18].
In the present study, the effects on extraction of using a ba-
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of the recovery for the MIP cartridges were observed, demon-
strating the imprinting effect. A higher concentration of NH3,
10 mM, in methanol was also tested, but then substantial
breakthrough was detected in the wash fraction for the MIP
(results not shown). The recovery from MISPE when extract-
ing 1 ml aqueous solution of diphenyl phosphate was 90.6%
with an R.S.D. of 4.3% (n = 10).

3.2. Investigation of matrix effects from individual
naturally occurring components in urine

The effects of potential, naturally occurring, interferences
on the selectivity of the MISPE method for recovering
diphenyl phosphate from urine were examined. Urea and
NaCl are the most abundant compounds in normal human
urine. Therefore, standards with diphenyl phosphate in
aqueous solutions with varying concentrations of urea or
NaCl, were extracted by MISPE and NISPE. It was sus-
pected that the presence of urea in the urea standards would
reduce the capacity of the MIP, since urea is a highly acidic
compound (pKa 0.1) like diphenyl phosphate (pKa 0.3)
and may, therefore, compete for the selective sites by ionic
interactions. However, results from extractions with urea
standards demonstrated that urea did not affect the selectivity
or the recovery of diphenyl phosphate. The recovery obtained
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ic modifier, NH3, and a varying content of methanol in
ast wash step were investigated. The selectivity was e
ted by comparing the recoveries from MISPE and NIS
he results showed that the methanol in the wash ste
n important concentration-dependent, disruptive effec

he non-selective interaction (seeFig. 2). When no methano
as added to a 5 mM NH3 solution, there was almost no d

erence in recovery between the MIP and NIP. Howev
elective wash was achieved for MIP when more than
ethanol was used. For the NIP, the breakthrough of diph
hopshate was then detected in this wash step. A was

ution with this composition seems to be able to disrupt
trong non-selective adsorption to the NIP (which has

onic and hydrophobic components). However, no reduc

ig. 2. Recoveries of diphenyl phosphate extracted by MIP and NIP
ridges from 1 ml water washed with a 5 mM NH3 solution containing dif
erent percentages of methanol. Each value represents an average of d
amples.
e

sing MISPE in the presence of urea was in the same
s extraction from water, and selectivity was achieved in

ast wash, even for standards with a concentration as
s 40 mg/ml (results not shown). In contrast, the extrac
ith NaCl standards showed that NaCl affected both

ecovery and repeatability (Fig. 3). When the salt conte
ncreased, the recovery from NISPE decreased. Leakag
urred not just in the last wash step with NH3, but also in the
econd step with methanol. Thus, both types of non-sele
dsorption, i.e. ionic and hydrophobic, were suppres
or MISPE, the recovery was non-repeatable and no

rend was observed with increasing salt contents. Subst
eakage was detected in the last wash step with NH3. An ex-
lanation for the observed phenomena is that an electro

nteraction may be formed between the acidic, negat
harged analytes and the positively charged Na+ ions. Such
complex would make the molecule more neutral, the

indering the ionic interaction with the polymer. A simi
ypothesis, suggesting that cation–analyte interac
an suppress adsorption to the polymer, has recently
roposed by Chapuis et al.[20]. The cited authors observ
educed extraction recoveries for aqueous samples, c
y the presence of cations in the matrix. The effect
xplained as being due to an ion-exchange betwee
roton of the carboxylic acid functionality of the polym
nd the divalent cations, removing the hydrogen bond d
roups necessary for selective retention on the MIP.

To investigate the effects of more hydrophobic com
ents than urea or NaCl, standards of diphenyl phosp

n aqueous solutions of creatinine andp-aminohippuric acid
ere also tested. The concentrations of creatinine anp-
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Fig. 3. Recoveries of diphenyl phosphate from water containing different
amounts of NaCl. Extraction on (A) MIP cartridges and (B) NIP cartridges.
The breakthrough from the last wash fraction, 1 ml MeOH:H2O (1:1) 5 mM
NH3, and the recoveries from the elution fraction, 2× 1 ml 1% TEA in
methanol, are presented as two series. The values are means for duplicate
samples.

aminohippuric acid were in the same range as those usually
found in normal urine. As shown inFig. 1, these components
have some structural similarities to diphenyl phosphate that
might interact with the imprints, such as an acidic function-
ality, carbonyl groups and the aromatic moiety. Results from
duplicate extractions from creatinine andp-aminohippuric
acid standards are presented inTable 1. The recoveries were
as high as when extracting from pure aqueous standards of
diphenyl phosphate, and the selectivity obtained, in terms of
the difference in recovery between MISPE and NISPE, was
also similar.

3.3. Optimization of recovery and selectivity of MISPE
from a salt (urine mimic) standard

To further investigate the effects of the salt content
on MISPE, extractions were performed with an aqueous
standard containing 24 mg/ml urea, 13 mg/ml NaCl and
0.21�g/ml diphenyl phosphate. The aim was to increase the
strength of the interactions in the loading step, while retaining
the selectivity achieved in the wash step.

Table 1
Recoveries of diphenyl phosphate from the extraction of standards contain-
ing a mixture of creatinine andp-aminohippuric acid

R
R

N

Table 2
Recoveries of diphenyl phosphate from 1 ml urea/NaCl standard diluted with
buffer at different pH

pH Recovery (%)

MIP NIP

3 93.6± 3.9 79.7± 3.3
4 77.6± 6.0 11.8± 4.2
5 52.4± 12.3 11.9± 23.7
7 63.7± 21.7 n.d.

Duplicate extractions for each pH. n.d., not detected.

When extracting from an undiluted NaCl/urea standard
the recoveries from MISPE were low, 20–30%, and leakage
of diphenyl phosphate was detected in the wash steps with
methanol and NH3. No recovery at all was detected from
NISPE under these conditions. Since leakage was detected in
the last wash, the wash composition in this step was modified
from 1 ml 5 mM NH3 in methanol to 1 ml MeOH:H2O (1:1)
with 5 mM NH3. The urea/NaCl standard was diluted with
10 mM citrate buffer at four different pH values (3.0, 4.0,
5.0 and 7.0). The results from the extractions under these
conditions showed that the highest recoveries were achieved
at low pH (Table 2). However, a lower pH also leads to a
stronger interaction with the NIP, which is difficult to disrupt.
A pH of 4.0 was found to be optimal for the selectivity. At
this pH, the recovery was higher than 77% from MISPE,
while it was as low as 12% from NISPE. The improvement
in recovery at lower pH is most likely due to increases in
the density of positively charged sites in the polymer, which
suppress the complex formation with Na+. The functional
monomer, 2-Vpy, has a pKa value of 5.8.

3.4. MISPE from human urine

Extraction from spiked human urine samples was per-
formed using the same conditions as described for extracting
t ed
w cit-
r rate
c void
l uffer
c e ca-
p the
w as
i hing
w e
r %.
B lec-
t 0%,
w .
T was
c ery
f d for
N

ned
u

MIP NIP

ecovery (%) 97.3 22.1
.S.D. (%) 7.7 18.9

= 4.
he standards inSection 3.3. Each urine sample was spik
ith 0.25�g diphenyl phosphate and then diluted with

ate buffer at pH 4.0. However, it was found that the cit
oncentration had to be increased from 10 to 50 mM to a
eakage in the loading step, probably due to insufficient b
apacity at 10 mM. Urine was also shown to decrease th
acity of the MIP, since it induced a large breakthrough in
ash step with NH3. Therefore, the amount of polymer w

ncreased to 60 mg for the urine extractions. When was
ith a solution of 5 mM NH3 in water:methanol (1:1), th

ecovery from MISPE was only 44% and from NISPE 9
y fine-tuning the final wash step, the recovery and se

ivity could be optimized. The highest recovery, over 9
as achieved with 0.5 mM NH3, but the selectivity was low
he selectivity was improved when the wash solution
hanged to 1 mM NH3. Under these conditions, the recov
rom MISPE was decreased to 67%, while it decrease
ISPE to less than 30%, as shown inTable 3.
The MS-SIM chromatogram of a urine extract, obtai

sing the optimised MISPE method, is shown inFig. 4. Al-
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Table 3
Extraction recoveries of diphenyl phosphate from human urine diluted with
50 mM citrate buffer adjusted to pH 4.0

MIP NIP

Recovery (%) 67.3 29.2
R.S.D. (%) 9.6 18.4

N = 4.

Fig. 4. (A) Total ion chromatogram (TIC) from an extract of 1 ml urine
sample spiked with 0.25�g diphenyl phosphate and diluted with 1 ml citrate
buffer pH 4.0 from MISPE. Reconstructed ion chromatogram (RIC) of (B)
m/z= 249 for diphenyl phosphate and (C)m/z= 277 for dibenzyl phosphate.

though only specific ion intervals were monitored, the chro-
matogram demonstrates the clean-up efficiency of the MISPE
method. Only minor interferences from the matrix can be ob-
served.

4. Conclusions

This study has highlighted the importance of identifying
the effects from the sample matrix on MISPE. A method to
suppress matrix effects for urine samples has been presented
By simply diluting the urine in buffer, the influence from Na+
ions on the repeatability and recovery was suppressed. The
results contribute to the knowledge of MIP recognition in
aqueous media that still in many cases needs to be improved.
In this study the selectivity of the MIP was achieved in the
wash step, and was explained by a mechanism based on both

ionic and hydrophobic interactions. The importance of fine-
tuning the final wash step to optimize recovery and selectivity
was also demonstrated.

Although there is a compromise between selectivity and
recovery, the developed method should be useful for exposure
studies of organophosphate triesters in human urine. Since
the repeatability is acceptable and the clean-up is efficient, a
recovery of 67% of the target analyte should be sufficiently
high.
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18] K. Möller, C. Crescenzi, U. Nilsson, Anal. Bioanal. Chem.

(2004) 197.
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