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Abstract

Areversed-phase high-performance liquid chromatography system with UV-detector was equipped with an on-line acetylcholinesterase inhibi
assay to achieve effect-directed analysis of potentially toxic samples. The enzyme activity was detected colorimetrically using Ellman’s reage
The inhibition and substrate conversion took place in glass capillaries ated 1@ flow rate. Extra-column band spreading in the reaction coils
reduces the sensitivity and separation power of biochemical detectors severely. Knitted reactors exhibited no reduction of longitudioalidispersi
the tested flow range. The implementation of air-segmentation allowed an extended inhibition and substrate conversion time without a signific
loss of chromatographic resolution. The limit of detection of two model compounds carbofuran (carbamate) and paraoxon-ethyl (organophosph
was determined to be 13 ng (injected mass) and 7.4 ng, respectively, applying an isocratic chromatography method. A mixture of five insectici
was separated by a gradient elution and the inhibitory effect on the enzyme activity could be detected with high resolution. The band width at t
height of the enzyme inhibition detector signal after a reaction time of about 8 min or 4.2 m of capillary, respectively, increased only by a factor
1.4 compared to the UV-detector signal.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction their identity. However, despite the specific relevance to the test
organisms, the biotesting approach gives rarely any information
Ground and surface water may be contaminated by an enoabout the identity of toxic compounds and only toxicological
mous variety of compounds. Public health authorities need tsum parameters are obtained.
monitor the quality of water-bodies for drinking water supply A promising tool for the identification of compounds with
and leisure time activities. One approach for the risk assessmetuixic potential is the effect-directed analyg3$. A suspect water
is based on chemical analysis. The toxicity may be then modsample is chemically analyzed, e.g. by HPLC and a toxic poten-
elled by individual toxicity parametefd]. This procedure has tial is assessed combining the separation step with a biomolecu-
two disadvantages. First, if main contaminants or metabolitekar recognition stepd—6]. For the hyphenation of chemical sepa-
are unknown, the model may fail completely. Second, the totalation and toxicological assessment, several methods exist, sim-
chemical analysis is time-consuming, cost intensive and a flootiar to immunochromatographic techniqU&$. Instead of anti-
of mainly irrelevant data is produced. Another approach for théodies, reagents with toxicological relevance (such as enzymes
toxicological risk assessment is based on biotests with variousr receptors) are used to identify the compounds. Simple bio-
organisms (for an overview s¢2]). Compounds affecting the chemical tests can not simulate the complexity of the human
test system can be detected without further knowledge aboumetabolism, however, compounds recognized by these molec-
ular targets can indicate potential hazards. Depending on the
different strategies of effect-directed analysis, the biomolecular
* Corresponding author. Tel.: +49 89 2180 78241; fax: +49 89 2180 78255, '€COgNition step is used before or after the separation, either in
E-mail address: michael.weller@ch.tum.de (M.G. Weller). an off-line or more sophisticated in an online mode. In the pre-
URL: http:/www.ch.tum.de/wasser/weller/. column approach the compounds are affinity-enriched prior to
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chemical analysis on immobilized recognition molecules analoproblem. In addition, the parabolic flow profile leads to a severe
gous to immunoaffinity extraction procedures. For the detectiotongitudinal dispersion of the mobile phase. Band spreading is
of estrogenic compounds the combination of estrogen receptane of the main obstacles for effect-directed analysis using an
assay and HPLC was propos@i. Another strategy of effect- enzyme inhibition assay. This problem also limits the gain in
directed analysis is to use the biochemical test after the separsignal intensity by extended reaction times. Dispersion leads
tion step. This has several advantages, as the chromatograplbica loss in signal intensity and the high resolution of HPLC
separation step usually leads to a sample clean-up. Matrix effect&n not be retained in the enzymogram. Therefore, the enzyme
are reduced and the reproducibility of the biochemical assainhibition detection coupled to LC is restricted to short reaction
is improved. Furthermore, cross-reactivities of sample comtimes in short coils. This severely limits the choice of useful
pounds are easier to handle and make inhibition tests, whicenzymes and the sensitivity of inhibitor detection.
are sometimes unreliabJ®], more dependable. One option for ~ The problem of extra-column band spreading in post-column
an off-line biochemical test, is to collect and investigate onlyreactors is well investigate[26—28] Different methods were
the peaks detected by UV absorbafiZkor to fractionate the reported to overcome this problem. Packed bed reactors and
whole chromatogram into a microplate for further biotesting.coiled or knitted tube reactof29,28]have been recommended.
Estrogen receptor assajif)] and protein phosphatase inhibi- Coiling the tubing should induce a secondary flow perpendicular
tion assay§l1] were reconstructed relative to the retention timeto the parabolic laminar flow profile. Then a radial mass transfer
of the chromatographic run and so-called biograms or enzymdrom the tubing axis to the wall is induced by centrifugal forces
grams were obtained. In the case of high-performance thin-layexcting on the liquid stream. As a result, the parabolic flow profile
chromatography, the biochemical tests can be performed directlg disturbed by the fluid circulating above and below the tubing
on the platd12]. Testing of the whole chromatogram has theaxis and the dispersion along the longitudinal axis is reduced.
advantage, that compounds which were not observable by thEhe knitted tube reactors have been applied especially for post-
respective conventional detector are not overlooked. Technicallgolumn derivatization reactors, which worked in the milliliter
more demanding but less time-consuming is the on-line bioper minute flow range with short reaction tim&9,31] How-
chemical detection after chromatography. For the continuousever, the influence of the tube geometries for the reduction of
flow biochemical detection various detection methods can beand spreading seems to play only a minor role for microfluidic
used[13]. One detection principle is the competition of ana- applicationg32], which we could confirm by a model experi-
lyte and added labelled ligands of the biomolecular target. Thenent.
detection signal is based on the separation of free and bound Another method to reduce the band broadening is the segmen-
ligands, which can be achieved by restricted-access materiatation of the stream into small reaction volumes. The technique
[14], receptor affinity column§l5] and hollow-fibre modules of segmented stream reactors as post-column detectors is well
[16]. Immobilized enzyme reactors (IMER)7,18]work with- known for slow reactionf27]. Usually, gas bubbles or droplets
out the need of labelled ligands. In this module, only an enzymef a nonmiscible liquid are introduced into the effluent at regu-
substrate has to be added. The difficulty of the IMER is tolar time intervals. The higher the segmentation frequency, the
retain the activity of the enzyme during the immobilization smaller is the band broadenijg3,34] A colorimetric FIA
procedure and the analysis. The detection of the substrate cosystem with air-segmentation for a reduction of longitudinal
version depending on the enzyme activity is the principle of thadispersion known as “AutoAnalyzer” was introduced first by
IMER, as well as of the homogenous biochemical detector. I'5keggg35,36] in 1957. Later, the coupling of HPLC with an
the latter, the enzyme and substrate solutions are pumped comif-segmented post-column reactor was used for derivatization
tinuously to the mobile phase. Appropriate dilution of the eluentreaction§37,38] Also chromatography combined with enzyme
is necessary in most cases to avoid deactivation of enzyme inhibition assays using acetylcholinesterase was reported many
absence of inhibitors. Homogenous enzyme inhibition assaygears agd39-41] Recently, the segmented flow methods are
were successfully combined with liquid chromatography usingenjoying a renaissan§é2—46] Particularly, in micro total anal-
alkaline phosphatag&9], phosphodiestera$20], angiotensin-  ysis systems (-TAS) the problem of rapid mixing without
converting enzym§1] and acetylcholinestera§®?,23] Fora  excessive dispersion has to be sohdd—-49] The advan-
further investigation of the substances which were targeted btages of miniaturization in FIA was shown for a gas-segmented
enzyme inhibition, mass spectrometry parallel to the biochemeontinuous-flow analysis system, in which microbore tubing was
ical detector was proposdd9,21,22] Recently, electrospray used[50].
ionization MS was applied to simultaneously detect both the Here, we want to present the effect-directed analysis of toxic
inhibitors and the enzyme activity without further need of ancompounds based on high-performance liquid chromatography
optical detectof24]. with enzyme inhibition detection, including an gas-segmented
The reaction time in the biochemical assay is determined bjlow system, which works in the range of a 100/min flow
the enzyme inhibition and the substrate conversion kinetics. Theate. As a model for a neurotoxic effect, an acetylcholinesterase
necessary residence time is attained by a reaction coil and @ngineered for biosensor applications was ufet]l. Gas-
appropriate flow rate. Microfluidic components combined withsegmentation in silica capillaries was used for enzyme inhi-
a low flow rate may be used for low reagent consumpji. bition and substrate reaction to overcome the problem of
With these boundary conditions, the stream is strictly laminarextreme band broadening in a homogenous enzyme inhibition
Not only the proper mixing of eluent and reagent becomes aystem.
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2. Experimental were incubated with enzyme solution (20) for 5minat 37°C.
Twenty microliters of ATCI/DTNB solution was added and the
2.1. Abbreviations color development was measured for 30 min every 30 s with a

microtiter plate reader.

AChE, acetylcholinesterase; ATCI, acetylthiocholine iodide; The ratio of enzyme and sample solution was changed in the
DTNB, 5,5-dithiobis-[2-nitrobenzoic acid]; EID, enzyme later experiments to reduce the negative influence of organic
inhibition detection; HPLC-EID, HPLC with on-line EID; solvents on the enzyme. The inhibitory effect of the pesticides
HPLC-SFEID, HPLC with on-line segmented flow EID; was tested then by the incubation of sample solutionu20
LOD, limit of detection; MTP, microtiter plate; NBSN-  with enzyme solution (18QL). The remaining enzyme activity
bromosuccinimide; PBS, phosphate-buffered saline. was calculated as the ratio between slope of absorbance signal

(AA) with inhibitor and without inhibitor (Eq(1))

2.2. Reagents and chemicals

Activity AChEY6 — —Inhibitor 9 1)

AChE of the nematod®ippostrongylus brasiliensis (enzyme A ABlank
mutant[51] produced in the yeastichia pastoris) was kindly
supplied by H. Schulze and T.T. Bachmann (ITB, Stuttgart, Ger2.4. Setup of the HPLC-SFEID system
many). DTNB, NBS, as well as all chemicals for the preparation
of buffers were obtained in the highest purity available from The setup of the segmented flow (SF) system is shown in
Sigma (Taufkirchen, Germany). ATCI, gelatine from porcineFig. 1 The chromatography system consisted of an on-line
skin (Bio-Chemika) and acetic acid (analytical-reagent gradelegasser (model DG-1310, Gynkotek, Germany), a HPLC
for HPLC) were purchased from Fluka (Neu-Ulm, Germany).pump () (High Precision pump model 480, Gynkotek,
The pesticide standards as well as methanol and acetonitri@ermany) and a manual sample injection valve (model 7125,
(both Chromasolv for HPLC, gradient grade) were obtainedRheodyne, Bensheim, Germany) with gid0sample loop. The
from Riedel-de Han (Seelze, Germany). column used for chromatography was a Luna C18(2)mb

Tris—HCI (pH8.0, 100 mM) containing 0.1% gelatine was 5cmx 2.0 mm from Phenomenex (Aschaffenburg, Germany).
used as enzyme dilution buffer. The enzyme for the microplat&Vater containing 0.1% acetic acid (A) and methanol (B) were
assay had a concentration of 10 mU/mL whereas the concentrased as mobile phases. The flow rate was set tu20@in. In
tion for the HPLC-SFEID was 20 mU/mL. One unit of AChE the case of isocratic chromatography, 50% A and 50% B were
will hydrolyze 1pmol of acetylthiocholine per min at pH 8.0 at mixed. For the separation of more than two pesticides, a gradient
37°C. DTNB was dissolved in PBS freshly prior each experi-separation was carried out. The column was equilibrated at
ment to obtain a 25 mM solution. ATCI was dissolved freshly in90% A and 10% B. From the starting time to minute 1 the
Millipore water to obtain a 100 mM solution. For the microplate concentration of A decreased steeply to 65%. Then a linear
assay, one volume of the ATCI solution and five volumes ofdecrease to 30% A at minute 11 followed. With a third linear
the DTNB solution were mixed with four volumes of water to step the concentration of A reached 10% at minute 13. From
obtain the substrate/reagent solution. For the HPLC—EID meaninutes 13-15, the concentration of A was held at 10% A.
surements one volume of the ATCI solution was mixed with one The eluate was split into two streams, one to the UV detec-
volume of the DTNB solution. tor (model 4225, Unicam, Kassel, Germany) and the other to

The pesticide standards were dissolved in methanol to obtaithe enzyme inhibition detection unit. A customized make-up
stock solutions (10 mM) and stored in the refrigerator. For theflow splitter (Sunchrom, Friedrichsdorf, Germany) was used for
injection into the HPLC and measurements in the microplatehe splitting and the subsequent mixing of eluate with enzyme
assay, the solutions were diluted with water to obtain appropriateolution. With a fixed split ratio of 1:20, J©L/min of the elu-
dilutions with not more than 10% of methanol. For the oxida-ate were mixed with 90.L/min of enzyme solution. The flow
tion of the phosphorothionate chlorpyrifos-methyl, 17800of  of the enzyme solution was achieved with a 10-mL syringe
water, 20QuL of pesticide solution (1 mM in methanol) and installed in a pump2a) from Harvard Apparatus (model PHD
20 L NBS solution (0.4 g/L in water) were stirred at room tem- 2000, Holliston, MA, USA). The fluid passed a T-piece (P-712,
perature for 30 min. The reaction solution was injected directlyJpchurch Scientific, Oak Harbor, WA, USA). In the case of gas-

without further purification. segmentation, the third port of the T-piece was open to the air.
The mobile phase with potential inhibitors and the AChE
2.3. Enzyme inhibition assay on a microtiter plate were pumped into a reaction coil made of a silica capillary

with a length of 270cm and an inner diameter of $30

The AChE activity was determined according to the methodPolymicro Technologies, Phoenix, AZ, USA). Typical incu-
of Ellman et al.[52] with some modifications. For optimiza- bation times were 5.6 min without segmentation, whereas with
tion of the on-line enzyme inhibition detection, first experi- gas-segmentation it was 5.1 min. After the incubation, the
ments were performed in flat-bottomed polystyrene plates frorATCI/DTNB mixture was added with pump2k) (250puL-
Greiner (96-well, Nirtingen, Germany). Every experiment was syringe) with a flow rate of 2.2gL/min. The color development
done in triplicates. The inhibitory effect of the mobile phases ortook place in a silica capillary with a length of 150cm and
the enzyme was tested. Organic solvent/water mixtures130 an inner diameter of 530m. A typical development time was
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Fig. 1. Setup of the HPLC-SFEID (segmented flow enzyme inhibition detector). After the RP-HPLC system, the mobile phase was split. Onglpantr(}190
went to a conventional UV detector, the second partunin) of the mobile phase to the SFEID. Enzyme solution and substrate/reagent solution were added
continuously. The reaction took place in thermostated reaction coils. Air segments could be inserted by negative pressure generated bycthamertal

3.2 min without segmentation, whereas with gas-segmentation The liquid is aspirated through the membrane and detector by
it took 2.7 min. The inhibition reaction coil as well as the color two alternating 10Q.L-syringe pumps (Cavro XL 3000, Tecan
development coil were thermostated at’87in a water bath. Systems, San Jose, CA, USA). The working principle of the
The regular insertion of air bubbles into the system wadubble filter is based on the different breakthrough pressure of
achieved by negative pressure generated with a peristaltic pungas and liquid for narrow pores. A higher aspirating rate of the
3 (Ismatec SA, Glattbrugg, Switzerland). By variation of the peristaltic pump than the syringe pumps as well as the mem-
aspiration rate of the peristaltic pump, the intervals of the aibrane back pressure forced most of the gas to the peristaltic
bubbles can be influenced. The enzyme activity was recorded pump outlet. The syringe pumps aspirated with a flow rate of
412 nm by an UV-Vis detector (model K2501, Knauer, Berlin, 10 wL/min.
Germany) with a micro flow cell (path length 8 mm, inner diam-
eter 15Qum, LC-Packings, Amsterdam, The Netherlands). 3
As expected, a short distance between the air segments
severely disturbed the signal of the detector. Therefore, th
bubbles had to be removed before the liquid flow entered th
detector. A nearly complete removal was achieved by a bubble
filter engineered in-house. The filter was manufactured of acryli?0
glass with two 25@um bore holes at an angle of 9@nd a third
bore hole for inserting a membrane (Whatman grade 40n8
pore size, cellulose, Brentford, Middlesex, UK) showirig. 2

Results and discussion
g.l . Knitted reactor applied at low flow rates

The performance of a knitted post-column reactor with regard

band broadening was tested in a model experiment as fol-
lows: the pesticide carbofuran was injected into a carrier liquid

(10% methanol, 90% water) with a flow rate of L@0/min.

The analyte was first detected by UV absorbance directly after
the injection valve and then after it passed a Teflon tubing coil

gas £ lmuid inkat e of 1 m length and an inner diameter of 0.5 mm. The tubing was
\ first stretched linear and then it was knitted. The recorded chro-
matograms are shown Fig. 3.

A comparison of the peak widths of the linear and the knit-
ted tubing shows that the knitted reactor shows no significant
improvement. According to the literatufg8,32], the knitted

membrane reactor should have shown better performance. The peak broad-
ening in the knitted reactor should be significant less than in the
linear reactor due to an induced secondary flow. We assume that
the application of knitted reactors is limited to higher flow rates
in macroscopic tubing. Similar conclusions were drawfBEj.

liquid
outlet

3.2. Optimization of HPLC and SFEID
Fig. 2. Scheme of the bubble filter. For reliable detector signals, the air bubbles P ¢ f

from the gas-segmented stream have to be removed. The breakthrough pressure . o
at the cellulose membrane (pore sizgrB) for the gas is higher than for the Prior the connection of a HPLC system to the enzyme inhibi-

liquid. tion assay, the loss of enzyme activity in the presence of organic
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Fig. 3. Comparison of linear and knitted reactors. Injection of.2®f car- Isocratic chromatography separateq the pesticides carbofuran (1) and paraoxon-
bofuran in a carrier flow of aqueous methanol (10%) at a rate ofLO®in. ethyl (2) as shown by the UV absorption signal (lower part of the chromatogram).
The peak widths were compared between the signal resulting after connecting® dashed line (---) in the upper part represents the inhibition signal recorded
the detector and injection valve with a Teflon tubing (1 m length, 0.5 mm I.D.,Without segmentation (EID). The solid line (—) represents the inhibition signal
solid line), a knitted Teflon tubing (1 m length, 0.5mm 1.D., dotted line) and With gas segmentation (SFEID). With the EID detector severe band-broadening
without reactor (direct connection to detector, dashed line). The dispersion weRSCurs due tothe parabolic flow profile and the long residence time in the reaction
essentially the same for the linear and the knitted reactor. coil. Most of the resolution of HPLC is lost in the EID unit. Using the SFEID
detector, the analytes are recorded with almost the same resolution as with the
UV detection. Time offsets have been corrected for comparison.

solvents was examined. The effect of acetonitrile on AChE is sig-

nificantly higher than the effect of methan®ig. 4). Therefore,  3.3. On-line analysis of inhibitors with HPLC—EID

methanol was chosen as organic solvent for the mobile phase.

A methanol concentration up to ten percent did not lead to a With the optimized conditions obtained by the microplate
significant loss of enzyme activity. In the subsequent experiassay, an EID without segmentation was directly coupled to a
ments, one volume of methanolic sample solution was mixe@HPLC system. A mixture of a carbamate (carbofuran) and an
with nine volumes of enzyme solution to avoid major influ- organophosphate (paraoxon-ethyl) was injected as described in
ences of the mobile phase on the enzyme activity. Under thes®ection2. The analytes were separated under isocratic condi-
conditions, the baseline was sufficiently stable to identify thetions and recorded with the UV detector at 280 tiig (5, lower
inhibition peaks. part). Due to the low flow rate and the small inner diameter of
the capillary, the system is characterized by a low Reynolds
number. Therefore, the flow scheme is strictly laminar and the
flow profile is parabolic. The high resolution achieved by the
[ Acetonitrile chromatography was largely lost within the EID by longitudi-
@z Methanol nal dispersionKig. 5, upper part, dotted line). The performance
of the HPLC—EID is severely limited due to a very low peak
capacity.

3.4. Reduction of band broadening by HPLC-SFEID

Here, we want to demonstrate the successful coupling of a
HPLC system to an on-line enzyme inhibition detector with
microliter segments. Air was used for the segmentation to avoid
the extraction of analytes into the segmentation medium in the
case of organic solvents. Quartz capillaries were preferred as
reaction coils, because Teflon tubing is gas permeable, PEEK

Organic solvent [%viv] and stainless steel capil_laries are opaque. NarrO\_/v ca_\pillarigs lead
to a tremendous reduction of reagent consumption in relation to
Fig. 4. The effects of acetonitrile and methanol on AChE in the microplate assayarger tubing. The liquid in the segmented stream intermixes

The experiment was done in tripl?ca_tes. Water/_solvent mixtures,(l@_@vere onIy within one segment apart from a thin quuid film on the tub-
incubated with 2Q.L of enzyme dilution for 5min at 37C. After addition of

20pL of substrate/reagent solution the remaining enzyme activity was deter'—ng wall. To achieve a reprOduc!ble,baCkmlxmg pehawor, th? ar
mined as described in Secti@The organic solvent concentration represents S€gments should be constant in size and spacing. According to
the amount of solvent in the well prior the substrate/reagent addition. Poiseuille’s Law the pressure drop across the length of an open

Activity AChE [%]
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tube is inversely proportional to the fourth power of the tubing 1500
radius. The injection of gas into long and narrow capillaries is 1400
relatively complicated to handle. The compressibility of inserted :Zgg} ﬁ
gas bubbles leads to unwanted pressure variations in the tube. 1190

The flow rate changes in the case of pressure-dependent pump% 1000 ]
characteristics. The equilibration of an air-segmented flow sys- :gg
tem with insertion of pressurized gas is tedious as also described = 1

in the literature[50]. To produce air segments reproducibly in 600
a short equilibration time, the following steps should be pur- 500
sued. First, all capillaries are filled with liquid. The T-piece :gg

for the air insertion is open and the pumpsand2 (Fig. 1) 200
deliver the liquid with a fixed flow rate. Now the peristaltic 100
pump3 is started. The speed of the pump is increased stepwise, "100 02 104 108 108 110 112 114 s 118 120
until the pressure in the system is so low that air is aspirated oo .Rete;mtion.timel[mini oo
through the third port of the T-piece. The system is essentially

equilibrated when the air-liquid mixture reaches the peristalticrig. 7. A bubble filter leads to improved signal quality. The air segments were
pump. The air segments are very uniform in size and are introbserted into the capillary at a frequency-e4.5 Hz. The signal recorded without

duced in short intervals of4.5 Hz (seeFig 6 and movie in the bubble filter is shown in the lower line. The upper line (offset 700 mV) shows
Supplementary materials ) ) the signal recorded with the bubble filter. The membrane removed the inserted

. . . . . bubbles with an efficiency of about 98%.
The rotation rate and tubing size of the peristaltic pump deter-

mines the frequency of the air segments. The fluid segments

had a volume of approximately O, whereas the bubbles of the HPLC-SFEID in comparison with the non-segmented
PP y . HPLC-EID is shown irFFig. 5. With the gas-segmented flow in
had about half the volume. Bubble size and frequency wer

essentially independent of the solvent gradient. The addition o?pe enzyme inhibition unit, the band broadening was reduced
. . S|%n|f|cantly.

substrate/reagent solution to the segmented stream was achieve

with a T-piece at a 40 times lower flow rate than the main . .

stream to avoid a splitting of the bubbles. Since an electronié->- LOD and peak width with HPLC-SFEID

noise filtering was not possible with very short air intervals o . )

(Fig. 7, lower line), a bubble filter was engineered as described in  BY injection of different concentrations of carbofuran and

Section?2. paraoxon mixtures into the HPLC-SFEID system, a calibration
Two syringe pumps in alternating action aspirated the lig-urve was obtained~{g. 8). Carbofuran could be_detected down

uid through a membrane. This setup worked very well undef© 13 ng and paraoxon downto 7 ng (S/N >3, injected mass). For

isocratic conditionsKig. 7, upper line). A mixture of carbo- Ccomparison, a microplate assay was carried out with the same

furan and paraoxon-ethyl was injected under the same condi?cubation time and theoretical sample dilution factors as in the
tions as described above. After injection of a blank sample, no

memory effect was observed (data not shown). The high reso- 110
lution of the analytes achieved in the chromatography could be 100
essentially preserved by the SFEID detector. The performance 90

Detection [

Cabofuran, MTP
Paraoxon, MTP
Carbofuran, SFEID
Paraoxon, SFEID

-3 - ]

80
70
60 -
50 1
40
30
20—-
10 4
0 ..
0.0000 0.0001 0.0010 0.0100 0.1000 1.0000
Inhibitor concentration in sample [mM]

Activity AChE [%]

Fig. 8. Calibration curves of paraoxon-ethyl and carbofuran were recorded with
the HPLC-SFEID (open symbols) and the microtiter plate (solid symbols) as
comparison. The incubation time was equal for each experiment. The IC
value for carbofuran was 32V for the MTP assay and 178V with the
HPLC-SFEID. The Igp-value for paraoxon was 1,2M for the MTP assay and

5.6 .M with the HPLC-SFEID. The higher Kg-values for the HPLC-SFEID
Fig. 6. Air segmentation in quartz capillaries of Go@ outer diameter. See result mainly from analyte dilution in the isocratic chromatography, the makeup-
movie inSupplementary materials flow splitter and the reaction coil.
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Table 1 Table 2
LOD and 1Gy values for carbofuran and paraoxon-ethyl with MTP and Retention timegetand peak widthvy/, of the HPLC—SFEID separation of five
HPLC-SFEID pesticides in (min)
Carbofuran Paraoxon-ethyl Pesticide UV (230 nm) SFEID (412 nm)
ng uM mg/L ng uM mg/L IRet  Ww12®  fRet  IRet(with w2
7.7 min offset)
LOD SFEID 13 3.0 0.66 7.4 1.3 0.36
MTP 4.9 11 0.24 3.2 0.58 0.16 Pirimicarb 13.25 0.39 20.85 13.17 0.44
o SFEID? 79 18 39 31 56 15 Dichlorvos 14.18 0.34 21.92 14.24 0.49
MTPP 14 32 072 6.4 12 0.32 Carbaryl 15.16 0.40 22,96 15.28 0.43
) ) ) ) Paraoxon-ethyl 16.19 0.40 23.78 16.10 0.57
a The error of the 1G values determined from the calibration curféy 8) Chlorpyrifos-methyl 21.56 0.41 - - -
is 14% for Carbofuran and 9.7% for Paraoxon. Chlorpyrifos-methyl (after 17.61 0.51 25.26 17.58 0.59
b The error of the IG values determined from the calibration curég( 8) oxidation with NBS)

i 0, 0,
is 1.9% for Carbofuran and 2.6% for Paraoxon. @ The full width at half maximum was determined with an error of 5% for the

) UV detector signal.
HPLC-SFEID. The LOD defined as a twenty percent decreaseb The full width at half maximum was determined with an error of 15% for

of enzyme activity was 5 ng for carbofuran and 3 ng for paraoxorthe SFEID signal.
in the microplate assay (s@able J.

The 1Gg-values of the HPLC-SFEID calculated from thef r each pesticide. The separation was performed by a

|njerc1:te(|3/|_rrn§ SS Werel hlgherlby a zgctor O.f about ﬂ.\tl)e C(()jmpar:efﬁethanollwater/acetic acid gradient on a reversed phase column
;EO the f assarl]y. Intra-c;o umn | !spersm_r:j C(_)m” hute ﬁw't_ %s described in Sectiog. Unfortunately, the bubble filter

actor of two to the loss of sensitivity considering the effective, o jess efficient under these conditions. Varying viscosity
analyte concentration at the peak maximum in the UV-detector,

Theref ; | di . d by fluidi and surface tension due to the gradient elution caused the
ereiore, extra-column dispersion caused by TUIAIC COMPOg;cagional breakthrough of bubbles due to the changing back
nents decreases the sensitivity by a factor of about 2—3.

ressure of the liquid and gas at the filter paper. Nevertheless,
The maximum residue limits for pesticides in drinking Waterp d g pap

. useful inhibition curves could be recorddedd. 9).
s_et_ by the EU are 0.1 and Quy/L (sum), respectively. Th_ese All five pesticides could be separated and subsequently
limits are not toxicity-motivated and based on the precautlonar)éetected by UV and four of the pesticides with the SFEID-
principle. With the integration of an enrichment step prior to

. . - detector, too. The fifth pesticide chlorpyrifos-methyl showed
the chromatographic separation the LOD should be sufficient tﬂo signal with the SFEID-detector, because thiophosphates do

det%?t toxmfcompoundi 3: or:glt)él:v tgiglbgve me(;moned t“mt't%ot inhibit AChE significantly. Dichlorvos (2) has no conjugated
€ periormance of the - was demonstra e(iijouble bonds. Hence it shows a very weak absorbance, even at

in .the.follgwingt;a xarlnple. A madel E]ixtur:e of two carbamatt;s 30 nm. A sensitive analysis of dichlorvos usually has to be per-
(pirimicarb, carbaryl), two organophosphates (paraoxon-ethy ormed by GC or LC/MS. With the HPLC-SFEID dichlorvos

dichlgryos) anq one organothiophosphate (chlorpyrifos-methyl as easily detected by the strong inhibitory effect on AChE (see
was injected into the system at a concentration of 100 peak 2 inFig. 9

For the separation of complex mixtures, a chromatogram
should resolve as many peaks as possible. For the peak width at
half heightw1/, the value of paraoxon-ethyl as a representative

400
350
300

2501 value was chosen. In the experiment, the peak width of the UV-
f:g detector signal (0.4& 0.02 min) was~30% less than the peak
100 )Y width of the SFEID signal (0.5 0.09 min).

The loss in resolution as well as the higher detection limit
of the HPLC-SFEID compared to the microtiter plate assay
(Table J is partly due to the residual dispersion in the seg-
mented flow. Depending on the properties of the tubing material
and the liquid, the surface of the tube wall is usually wetted.
Liquid from one segment is therefore deposited on the tube wall
in the form of a liquid film and is picked up by the subsequent
segment. This substance transfer from one segment to another

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 leads to some longitudinal dispersion.
Retention time [min]

Detection [mV]

Fig. 9. HPLC-SFEID with a mixture of the pesticides pirimicarb (1); dichlorvos 4, Conclusions
(2); carbaryl (3); paraoxon-ethyl (4) and chlorpyrifos-methyl (5). The inhibition

signal was satisfactory, although the separation of liquid and gas was not com- . .
plete. Residual bubbles flowing through the detector cause positive recorder This work demonstrates that chromatography with gas-

signals. The inhibitor signal of the organothiophosphate chlorpyrifos-methyS€gmented biochemical detectors is a powerful tool for effect-
(5) was detected after oxidation with NBS (data showfidble 2. directed analysis. To limit reagent consumption, the system
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works in the flow range of 10@L/min. In these micro-scale [15] A.J. Oosterkamp, R. van der Hoeven, W. Glassgen, Bnig, U.R.
systems, band broadening due to longitudinal dispersion is one Tiaden, J. van der Greef, H. Irth, J. Chromatogr. B 715 (1998) 331.
of the main problems. The use of gas-segmentation is partic@le] E.S. Lutz, H. Irth, U.R. Tjaden, J. van der Greef, J. Chromatogr. A 755

; . (1996) 179.
larly advantageous for the analysis of complex mixtures, becau £7] J. Emréus, G. Marko-Varga, J. Chromatogr. A 703 (1995) 191

the high resolution of modern liquid chromatography is €ssenp1g] m. Bartolini, V. Cavrini, V. Andrisano, J. Chromatogr. A 1031 (2004)
tially retained in the reaction coils of the homogenous enzyme  27.

inhibition detection. This was demonstrated by separation dft9] T. Schenk, N. Appels, D.A. van Elswik, H. Irth, U.R. Tjaden, J. van
insecticide mixtures with isocratic and gradient chromatogra-__ der Greef, Anal. Biochem. 316 (2003) 118.

h tivelv. foll d by th l detecti f tvl [20] T. Schenk, J. Breel, P. Koevoets, S. van den Berg, A.C. Hogenboom, H.
p y'_ respec |ve_y, _O_ 9""3 y the oniine detection of acetyl- Irth, U.R. Tjaden, J. van der Greef, J. Biomol. Screen. 8 (2003) 421.
cholinesterase inhibition.

[21] D.A. van Elswijk, O. Diefenbach, S. van der Berg, H. Irth, U.R. Tjaden,
J. van der Greef, J. Chromatogr. A 1020 (2003) 45.
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