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Abstract

A fully automated online solid phase extraction—liquid chromatography—tandem mass spectrometry (SPE-LC-MS/MS) instrumental setup ha
been developed for the quantification of sulfonamide antibiotics and pesticides in natural water. The direct coupling of an online solid phase
extraction cartridge (Oasis HLB) to LC-MS/MS was accomplished using column switching techniques. High sensitivity in the low ng/L range was
achieved by large volume injections of 18 mL with a combination of a tri-directional autosampler and a dispenser system. This setup allowed higt
sample throughput with a minimum of investment costs. Special emphasis was placed on low cross contamination. The chosen approach is suitat
for research as well as for monitoring applications. The flexible instrumental setup was successfully optimised for different important groups
of bioactive chemicals resulting in three trace analytical methods for quantification of (i) sulfonamide antibiotics and their acetyl metabolites;
(i) neutral pesticides (triazines, phenylureas, amides, chloracetanilides) and (iii) acidic pesticides (phenoxyacetic acids and tfiketings).
extraction recoveries from 85 to 112% were obtained for the different analytes. More than 500 samples could be analyzed with one extractiol
cartridge. The inter-day precision of the method was excellent indicated by relative standard deviations between 1 and 6%. High accuracy wa
achieved by the developed methods resulting in maximum deviation relative to the spiked amount of 8—-15% for the different analytes. Detectior
limits for various environmental samples were between 0.5 and 5 ng/L. Matrix induced ion suppression was in general smaller than 25%. The
performance of the online methods was demonstrated with measurements of concentration dynamics of sulfonamide antibiotics and pesticid:
concentrations in a little creek during rain fall events.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction isms. Both groups are used in agriculture as well as in private
households. Antibiotics enter the environment due to the land
Bioactive compounds, such as antibiotics and pesticides regpreading of antibiotic-containing manure in agricult{ité,
resent water contaminants of particular interest because of their by input from waste water treatment plants after use as
potential unwanted side effects to humans and aquatic orgatruman medical§2]. Pesticides are introduced into the envi-
ronment intentionally for crop protection in agricultural or non-
agricultural use in urban areas. Many different antibiotics (e.qg.,
* Corresponding author. Tel.: +41 1 823 55 77, fax: +41 1 823 50 28. [3-5]) and pesticides (e.d6—8]) have been found in surface and
| Ermail address: heinz singer@eawag.ch (H.P. Singer). ~ground water. Antibiotics including-lactams, tetracyclines,
Present address: University of Berne, Laboratory for Radio and Environygfonamides, macrolides and fluoroquinolons are often admin-
mental Chemistry, Freiestrasse 3, 3012 Bern, Switzerland. . . . .. .
ered in veterinary and human medicine. The sulfonamides

2 Present address: Swiss Agency for the Environment, Forests and Landscal N R :
(SAEFL), Worblentalstrasse 32, 3003 Bern-Ittigen, Switzerland. are of special interest due to their high excretion f&feand
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their persistence in the environmgh0] or during waste water of the major advantages of using liquid chromatography instead
treatmenf11]. Their high mobility increases the leaching poten- of gas chromatography is that there is no need for derivatization
tial from agricultural fields where manure from medicated liveof polar analyte§14]. However, water samples must usually
stock was applied. Widely used pesticide groups are the tribe pre-concentrated before analysis, which is typically done by
azines, phenylureas, amides, chloracetanilides, phenoxyacetime-consuming and costly offline SPE.
acids and the recently introduced triketone pesticides, sulcotri- Automated SPE is routinely used in the pharma-industry to
one and mesotrione, which are increasingly uf®d Even increase the sample throughfdd6]. The simplest approach
though modern pesticides are fairly degradable high concentrae automation is generally a “single cartridge approad].
tion can be found in surface waters due to losses from agricultur&everal working steps, such as evaporation, reconstitution and
land or due to direct input from point sources. injection are eliminated by the direct coupling of SPE to LC.
In contrast to apolar contaminants, the compounds menfthis results in a faster and more precise procedure since the total
tioned above represent low octanol-water partitioning coeffienriched amount of substance is eluted directly to thd14d.
cients (logkow <3) and high water solubilities (mg/L to g/L) Inaddition, procedural errors are reduced. In contrast to applica-
because of their functional groups with H-donor/-acceptor proptions used in pharmacological studies, where cleanup is often the
erties. Furthermore, most of them shofpvalues in the envi- main issue, achieving quantifiable analyte amount is generally
ronmentally relevant range and are typically anionic in naturathe main challenge in environmental analysis. Sample volumes
waters. Physico-chemical properties of the sulfonamides aref a few 10 mL often have to be enriched to quantify analytes
given inTable 1 those of the pesticides are published elsewherén the low ng/L range with conventional LC-MS/MS systems,
[12]. which typically have absolute sensitivities of some 10 pg.
The input of theses substances from diffuse and point sources Online SPE-methods using manual loop injectifi® or a
to surface water is highly dynam(it3]. High sample throughput LC pump[19] for sample delivery are not compatible for routine
and a dynamic measuring range over several orders of magnalysis. Applications designed for multiple sample handling —
nitudes are imperative needs for the reliable quantification obut without autosampler — either use a multi-port vdR@] or
the load or the concentration dynamic of these substances msolvent delivery systeff21-23] They are well suited for all
catchment studies for mass balance or risk assessment papplications where only a restricted number of samples have to
poses. To this end, analytical methods exhibiting sensitivity irbe analyzed, e.g., to investigate degradation processes of pesti-
the low ng/L-range are necessary. In addition, high selectiviticides in water over time in the same solut[@4,25] The main
is required in order to avoid interference by matrix constituentsdrawback of these systems for routine analysis is the limited
Presently, LC-MS/MS has become the method of choice. Oneumber of individual samples which can be processed. Gen-

Table 1
Structure and substance properties of the sulfonamide antibiotics and their acetyl metabolites
R Sulfa- (SA) Acetylsulfa- (Ac SA)
pKa2 R o] PKa R
W MY
6] = O
CAS PKa1 Kow (exp) [39] CAS pKaa Kow (callc)a
pKaZ [38] Kow (calc)a
NT
-Diazine JJI\ _ [68-35-9] 2.0[40] 0.8 [127-74-2] 6.3:0.3 3
ad
N 6.4 1
NN
-Thiazole L [72-14-0] 2.4[40] 1 [127-76-4] 7.0£0.1 7
S 7.1 2
-Methazine NI N [57-68-1] 2.4[40] 2 [100-90-3] 7.2:05 21
fk - 7.4 6
P N
-Methoxazole | [723-46-6] 1.841] 8 [21312-10-7] 5.6:0.5 30
J\/_ 6.0 8
o~
-Dimethoxine N)\N [122-11-2] 1.941] 40 [555-25-9] 6.0:0.5 111
A 6.1 28

a Calculated values using Advanced Chemistry Development (ACD/Labs) Software Solaris V4.67.
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erally, a maximum of 22 samples could be analyzed withoutable 2

manual interaction by Combining several val‘{[EG]. This pre- Substance specific MS/MS parameters for the sulfonamides: precursor,

u » ; antifier-product, qualifier-product, collision energy (in parentheses
cludes “unattended” analysis of large sample sets over severat P g P gy (inp )

days, e.g., during weekends. Therefore, an autosampler is @nalyte Precursor Quantifier Qualifier
indispensable prerequisite for high sample throughput in rousadiazine 2511 156.0 (22) 92.0 (34)
tine analysis. D4-Sulfadiazine 255.1 160.0 (20) 96.0 (32)
However, conventional LC-autosamplers are designed to typSulfathiazole 256.0 108.0 (28) 92.0(34)
ically inject 10-10QuL from a sample only. Online SPE-LC Ds4-Sulfathiazole 260.1 112.0(32) 96.0 (32)
applications with large volume injection by autosampler u3|ng:223:23:23h'?;z'2?e ggg:i gﬂ gg; igg:g g:g
single or repeated injection have only been realized for the anab5_Acety|su|fathiazo|e 303.1 139.1 (20) 203.0 (10)
ysis of different pesticides with a injection volume up to 4.3 ml Acetylsulfamethazine 321.1 186.0 (26) 134.1 (34)
[27-30] respectively 10 mI31]. Overall, the dispensable sam- Sulfamethazine 279.1 186.0 (24) 108.0 (36)
ple volume which can be handled by the autosampler is the key Cs-Sulfamethazine 285.1 114.0(34)  186.0(22)
factor for method sensitivity. The amount of available vial _posi-DjlfS""Sr::;‘gsgg;ezole ;ggi 123:8 gg; gé:g gg;
tions is limiting the sample throughput. To date, the maximumacetyisuifamethoxazole 296 1 134.1 (30) 108.0 (30)
capacity for high volume vials is 281]. Ds-Acetylsulfamethoxazole 301.1 139.1 (32) 203.1 (26)
In this paper, we describe a fully automated onlineAcetylsulfadimethoxine 353.1 156.0 (28) 134.1(32)
SPE-LC-MS/MS setup for analysing different groups of polarSulfadimethoxine 3111 156.0 (26) 92.0(36)

contaminants in natural waters. The cost effective instrumenQ“'SuIfadlmEthOXIne 8151 160.0 (36) 96.0(24)

tal approach (i) incorporates all the advantages of the differerfiS! conditions (positive mode): spray voltage 3500V, sheath gas 40 bar, auxil-
existing online SPE methods: large volume injection, unatiary gas 5bar, ion transfer capillary temperature 350
tended 24 h/7 days operation, low risk for contamination, par-
allel extraction and separation for high sample throughput and
(||) is app|icab|e for very p0|ar ana|ytes, such as Su|fonamidé’]eed|e, Hamilton, Bonaduz, Switzerland) combined with alarge
antibiotics and triketone pesticides. Furthermore, the flexibl&olume dispenser module (10-mL dispenser syringe with 10-mL
instrumental setup allows the transfer of established offline SPEOp, CTC Analytics, Switzerland) and two sample trays with
procedures into online SPE-LC—MS/MS applications. A com-64 positions for 20-mL vials (BGB Analytik, &kten Switzer-
bination of commercially available components was used, whictand) was used for sample injection and buffer addition. Sample
were added to a standard LC-MS/MS using column switching@nrichment was achieved with an 18-mL sample loop (custom
techniques. By combining a standard tri-directional autosampldproduct, BGB Analytik, Switzerland) on an Oasis hydrophilic-
with a large-volume dispenser system, it was possible to achieJ@ophilic balance (HLB) extraction cartridge 20 mx2.1 mm
high sensitivity using standard chromatographic and detectiohD., 25um particle size (Waters, Rupperswil, Switzerland)
equipment at low investment costs. using two six-portvalves (VICI, Schenkon Switzerland). The LC
The efficiency and applicability of the developed setup isPump system consisted of a binary pump (load pump), a quater-
demonstrated with three analytical methods for (i) the sulhary low pressure mixing gradient pump (elution pump), an iso-
fonamides: sulfadiazine, sulfadimethoxine, sulfamethazine, suFratic pump (precolumn addition pump) (all Rheos 2000, Flux
famethoxazole, sulfathiazole including their acetyl metabolitestnstruments, Switzerland) and a column oven (Jones, Omnilab,
(i) the neutral pesticides: atrazine and its desethyl metabdViettmenstetten, Switzerland). Two different analytical columns
lite, dimethenamide, diuron, isoproturon, metolachlor, simazine€quipped with guard columns were used: A Nucleodigi@rav-
tebutam and terbuthylazine and (iii) the acidic pesticides: 2,4ity 125mmx 2mm I.D., 5um (Macherey&Nagel, Oensingen,
D, dimethenamide-ethanesulfonic acid (ESA) and oxanilic acidSwitzerland) for the sulfonamides and the neutral pesticides and
(OXA), MCPA, mecoprop, mesotrione, metolachlor-ESA and -& GromSil ODS 3 CP, 125mm2mm I.D., 3um (Stagroma,
OXA and sulcotrione. To the authors’ best knowledge, this is thékeinach, Switzerland) for the acidic pesticides. The LC was
first online SPE method developed for the quantification of sulcoupled with an electro spray probe (ESI) to a TSQ Quantum
fonamide antibiotics including their acetyl metabolites as well adriple quadrupole MS (Thermo Electron, San Jose, CA, USA),
for the triketone pesticides (i.e., mesotrione and sulcotrione) ifPerated under unit resolution in the selected reaction monitor-
ambient waters. The three analytical methods were successfull§d (SRM) mode. Details of the substance specific parameters
applied for a field study of sulfonamide antibiotics, neutral andfor the ionization and detection of the sulfonamides are given
acidic pesticides in an agricultural region within the catchmentn Table 2 those for the pesticides are published elsewhere

area of LakeGreifensee near Zurich, Switzerland. (8l.
2. Experimental 2.2. Online SPE-LC setup
2.1. Hardware The setup of the online SPE-LC coupling with the two

switching valves is shown irfFig. L The dispenser system
A tri-directional autosampler (HTC PAL, CTC Analytics, consisted of a large volume dispenser syringe connected to
Zwingen, Switzerland) with 8@L side-port syringe (80-mm the autosampler syringe and to a wash solution via dispenser
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Fig. 1. Schematic view of the online SPE-LC-MS/MS setup during the three SPE steps: (I) “loading”; (I1) “enrichment”; (l1I) “elution”, accoifiibgetd L1:
dispenser loop; L2: sample loop»8: HPLC grade water; AcN: HPLC grade acetonitrile; composition of eluents A, B and Cabée4

valve. An additional loop was inserted between dispenser valviab, Mettmenstetten, Switzerland). The whole procedure was
and autosampler syringe to avoid contamination of the diseontrolled through Xcalibur software version 1.4 (Thermo
penser syringe. Sample enrichment was performed by the lodelectron).

pump, which was also used for washing and conditioning the The online SPE procedure consists of three main steps: load-
extraction cartridge. The load pump was connected to the 18ng, enrichment and elutiorfr{g. 1, Table 3. The 18 mL sample

mL loop via valve 1. Valve 1 was linked up with valve 2, loop was loaded with two times 9.5mL sample. The sample
where the elution pump and the extraction cartridge wheravas enriched with a flow rate of 2 mL/min. Elution was done in
attached. The precolumn addition pump was placed betwedahe back-flush mode. The SPE eluate was mixed with buffered
valve 2 and the analytical column using a mixing tee (Omni-water from the precolumn addition pump prior to the analytical

Table 3
Actions of the different components during the SPE-steps

SPE-step Time Valvel Valve2  Dispenser Load pump Elution + precolumn addition
pump

Il SPE-Elution sample 0 Switch
0.5-3.5 Wash sample loop withh® LC-gradient elution
3.5-55 Wash sample loop with AcN  samplen
5.5-10.5 Buffer addition Wash sample loop with®

| Loading sample: + 1 10.5 Switch Switch  Charge dispenser and LC-gradient elution
10.5-15 sample loop with Wash SPE cartridge with AcN samg len (continued)
15-22.5 samplen+1 Conditioning SPE with4® P

Il Enrichment sample+1 225 Switch LC-gradient elution
22.5-33 Wash diluter system Extract samptel samplen (continued)

Note: the three SPE-steps are arranged according to chromatographic time schedule which is different from th€igrdeEtluents and gradients for elution and
LC, seeTable 4 During SPE-elution and LC-gradient elution of a given sampliaie next sample + 1 is loaded and extracted.
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Table 4
Gradients for the three different methods, all flow rateglirimin
Time Sulfonamide’s Neutral pesticides Acidic pesticide$
%A %B %C Total flow %A %B %C Total flow %A %B %C Total flow
0 5 5 90 400 0 40 60 200 0 40 60 150
4 5 5 90 400
4.1 20 20 60 250
20 40 40 20 250 0 90 10 200 0 70 30 150
22 0 80 20 250 0 90 10 200
23 0 90 10 150
24 0 80 20 250 0 40 60 200
25 0 90 10 150
26 20 20 60 250 0 40 60 150
28 5 5 90 400
33 5 5 90 400 0 40 60 200 0 40 60 150

Instrumental setup of the eluents, $&g. 1 Different steps of the online SPE, s&able 3
a A: water, 20 mM formic acid, pH 2.7; B: methanol; C: water, 10 mM ammonia acetat, pH 7.
b A: not used; B: methanol, 20 mM formic acid; C: water, 20 mM formic acid, pH 2.7.
¢ A: not used; B: methanol, 120 mM formic acid; C: water, 120 mM formic acid, pH 2.3.

column. The high pressure gradient for the analytical separatiopurity nitrogen generator (NM30L, Peak Scientific Instruments,
was achieved by changing the ratio of the elution pump (eluentRenfrew, UK).

A and B) and the precolumn addition pump (eluent C). Different

solvents were used for the eluents A, B and C in the three differ2.4. Environmental samples

ent analytical methods. The composition of the eluents and the

gradient tables for the three different analyte groups are shown Mass flux studies of veterinary sulfonamide antibiotics on

in Table 4 grasslands and pesticides in crop protection were carried out
during spring/summer 2003 in the basin of Lakerifensee,
2.3. Chemicals near Zurich, Switzerland. An automatic water sampling station

was installed in the creek at the outlet of a sub-catchment of

N*-Acetylsulfamethazine, sulfadiazine, sulfadimethox-0.7 kn?; which is characterised by intensive agricultural pro-
ine, sulfamethazine, sulfamethoxazole and sulfathiazolgluction, mainly grasslands and crop production. Catchment
were supplied by Fluka (Buchs, Switzerland); the iso-discharge volumes were measured and flow-proportional water
tope labelled internal standardss-acetylsulfamethoxazole, samples were taken at very high frequency during the whole
Ds-acetylsulfathiazole, Psulfadiazine, @-sulfadimethoxine, investigation period. Surface water samples for extraction recov-
Ds-sulfamethoxazole andfsulfathiazole by Toronto Research ery determinations were collected from the outflow of Lake
Chemicals (North York, Canada) aféCs-sulfamethazine by Greifensee on 22nd January and from the creek at the outlet
Cambridge Isotope laboratories (Andover, MA, USA). Suppli-of the investigated sub-catchment on 26th February 2003. All
ers of the pesticides are published elsewli@yeV*-Acetylated  samples were transferred to 1L glass bottles and stored in the
analogues of sulfonamides other than sulfamethazine wemark at 4 C for maximal 6 months until analysis; storage stabil-
synthesized by acetylating the sulfonamides with acetic aciity was proven by repetitive analysis of one fortified sample.
anhydridg32].

Individual stock solutions for all compounds and internal2.5. Sample preparation
standards were prepared in methanol with concentrations of
1wg/pl. Aqueous mixture solutions for the different groups  Samples were filtered at room temperature in the laboratory
of analytes were prepared in concentrations of 0.1 andjllng/ with a 250 mL bottle-top filtration unit, using 50 mm diame-
The latter solutions were used as spiking solutions for sampleer 0.45.m pore size cellulose nitrate membrane filters (Milian,
fortification and for the development of calibration curves. Inter-Geneva, Switzerland). Filtration recoveries —validated using for-
nal standard solutions, prepared in methanol, contained from Otffied lake and creek water samples — were higher than 95% for
to 2.5 ng(LL of each substance. all substances.

HPLC grade acetonitrile, methanol and water were used Forreproducible trapping on the extraction cartridge the sam-
(Scharlau, Barcelona, Spain). All other chemicals were of p.aple pH (ranging from 6.5 to 8.5) was adjusted to 4 by adding
quality and were purchased from Merck (Darmstadt, Germany80uL of 5 M acetate buffer (composition: 5 M acetic acid/5M
and Fluka (Buchs, Switzerland), respectively. High purity argorsodium acetate 4:1 (v/v)) via the autosampler. This yielded a
(>99.998%) for use as collision gas (1.5 mTorr) in LC-MS/MS concentration of 20 mM acetate in the sample (nanopure, creek
analyses was supplied by Carbagasirtfang, Switzerland). lake and groundwater), which was sufficient for adequate buffer-
Nitrogen gas for the ESI was generated online using a higing of the different environmental water samples.
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2.6. Quantification quality assurance validation and be used for reagent addition in future applications. The addition
extraction recovery of two large capacity sample trays for 20-mL vials enabled to
execute sequences with large numbers of samples several days
For analysis of water samples, 10 aliquots of internal and over night without surveillance on-site.
standard solution were added to 100 mL sample volume, mixed A sorbent for enrichment should combine a large specific
thoroughly for 10 min and an aliquot of 20 mL was used forsurface area and hydrophilicity in order to have maximum inter-
analysis. Double blank (nanopure water without analytes andctions with (bi)-polar analytg33]. Different copolymer phases
internal standard solution) and blank samples (without analytedesigned for that purpose are commercially available. We used a
but with internal standard solution) were extracted in everymacroporous poly-vinylpyrrolidone-divinylbenzene) copoly-
sequence to control for carry-over or background concentramer phase with a surface area of about 88@yxiThis material
tions. We used corresponding isotope labelled internal starelready served as sorbent in many offline SPE applications for
dards for quantification of all substances except for acetylsulfathe same palette of substances (d8)34,35). Accordingly, it
diazine, acetylsulfadimethoxine, acetylsulfamethazine, ethangroved to be very successful also for online enrichment. This
sulfonic acid ESA- and OXA- metabolites of dimethenamidefact enabled the direct transfer of existing offline SPE to the
and metolachlor. In this case structurally related compounddeveloped setup. All the laborious SPE steps from offline pro-
with respect to the elution in liquid chromatography were usedocol (i.e., washing, conditioning, enrichment) were automated
instead: Q-sulfadimethoxine for acetylsulfadimethoxineg-D and executed by the load pump (details Sakle 3. A satisfac-
acetylsulfathiazole for acetylsulfadiazine and acetylsulfamettory elution solvent must be able to overcome the interactions
hazine, acetochlor ESA and OXA for the corresponding metaboaf the enriched analytes with the sorbent material. Sharp elution
lites of dimethenamide and metolachlor. Calibration curves fronprofiles were achieved using (i) back-flush mode and (ii) high
extracted nanopure water standards spiked at 2.5, 5, 10, 2&rganic solvent content for SPE elution with the elution pump.
50, 100, 250, 500, 1000, and 2500 ng/L were used for sam- However, the high organic solvent content of SPE eluate is not
ple quantification (i.e., extracted calibration). Quality assurancsuitable for reverse phase chromatography. LC is still beneficial
was performed by measuring an extracted calibration curve db separate the analytes from remaining sample matrix reducing
the beginning as well as at the end and quantifying the samien-suppression inthe ESI and to achieve sufficient separation of
fortified sample in every sequence. the individual substances. Therefore, dilution of the SPE eluate
The following parameters were determined during validation(eluents A and B) with buffered water (eluent C) was performed
of the three analytical methods: absolute extraction recoveryyy the insertion of the pre column addition pump with a tee
matrix effects, limits of quantification (LOQ) and detection piece followed by a low volume (4L) mixing chamber. This
(LOD), linearity, precision and accuracy. Absolute extractionenabled the trapping and refocusing of the eluted analytes on the
recovery was determined in nanopure water and natural surfa@malytical column and allowed the readjustment of pH for LC
water at six concentration levels (100, 250, 500, 1000, 2500separation.
and 5000 ng/L). Therefore, the SPE elution step (ten minutes) The applied column switching approach has two major
was collected, spiked with internal standard solution and meaadvantages: (i) the gradient formation with two pumps (i.e., elu-
sured by 2QuL loop injection without further pre-concentration tion and precolumn addition pump) is very flexible for the online
to avoid another pathway of potential losses and quantified witlsPE of very different compounds enabling to adjust organic sol-
standards in nanopure water (i.e., external calibration, levels Zent content and pH for SPE elution and LC separation and (ii)
5, 10, 20, 50, and 100 ng/mL). The absolute extraction recovergnalysis time was cut in half because sample enrichment of sam-
of each analyte resulted from calculating the ratio between thple (z + 1) took place at the same time as the previously enriched
slope of the extracted calibration curve (hanopure or matrix) andample 4) was separated and detected by LC-MS/MS (analysis
the slope of the external calibration. Additionally, breakthroughtime of 2 samples/h).
samples were collected by sampling the waste line of valve 2
during enrichment. 3.2. Realization of the elution-trapping for the different
analytical methods
3. Results and discussion
The sulfonamide antibiotics represent the most polar of the
3.1. Instrumental setup development investigated compound classes. In order to trap these analytes
on the analytical column, the initial conditions for LC are
The instrumental setup for the online SPE—LC coupling wasestricted to very low organic solvent content. Minimum accept-
accomplished by several upgrades to a conventional LC-MS/M8&ble organic solvent content of the elution mixture and the
system: a dispenser syringe, two loops, two LC pumps, twinfluence of pH were evaluated to determine optimal elution
six-port valves and an online extraction cartridge. The financiatonditions. The addition of formic acid resulted in sharper elu-
investment for the upgrade was 25 k$. tion profiles compared to neutral or basic elution, likely due to
The required sensitivity of a few ng/L was achieved with the higher water solubility of the cation of the sulfonamides.
enrichment of 18 mL realized by dual injection with the dis- A 1:1 mixture of formic acid (pH 2.7, 20mM in water) and
penser syringe. The combination with the free programmablenethanol proved to be the best solvent for complete elution from
autosampler allowed automatic sample buffering and could alstihe SPE cartridge in less than 4 min. The pH of the SPE eluate
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the acidic pesticides because of their electron rich groups (e.g.,

] Sgﬁd-'ﬁ%?o carboxylic acids, triketones) whereas the negative ESI-mode
" ?g§t¥iu1g1d;azine (ESIM) is problematic due to interferences with humic acids.
] ' ) However, EST could be highly enhanced with the post column
] addition of a basic solution (pH 10, 10 mM Tris:MeOH 50:50)
0 [8], which was also used here.
1 ;
E Sgg%ﬁ?ég% 3.3. Cross-contamination
] Acetylsulfathiazole
057 eIl Several cleaning routines were implemented in different
i method steps to avoid cross-contamination in routine analysis
0 - — of samples within a broad concentration range using the same
T equipment: (1) washing of the dispenser syringe and loop with a
% ] S;lgi“litggzgne mixture of water and methanol (90/10, v/v), (2) washing of the
1= ] Acetylsulfamethazine cartridge with organic solvent and (3) washing of the analytical
é a5 321.1-186.0 column with high organic solvent content after each sample.
§ ] The most important potential source for carry-over is the

Sulfamethoxazole
254.1-2156.0
Acetylsulfamethoxazole

extraction cartridge, where the analyte concentrations are high-
est. Therefore, the extraction cartridge, as well as the sample
loop, were flushed with organic solvent after every extraction to

remove any residues of the sample and conditioned with dis-

0.5 296.12134.1 tilled water prior to enrichment of the next sample to make
sure no organic solvent was left in the online SPE system. Ini-
0 tial experiments with methanol as washing solution resulted in
carry-over of several percent for the less polar substances meto-
'] sutadimethoxine lachlor and tebutam. By replacing the washing solution with
] s811.1-156.0 ) acetonitrile, carry-over was reduced for the critical substances.
gg]  GEeumethadne Maximum carry-over rates of less than 0.1% were determined
. when we measured blanks, arranged directly after highly con-
o e e centrated_samples in a sequence. For the more polar pesticides,
0 5 10 15 20 o5 30 sulfonamides and acidic pesticides, no carry-over problems were

detected even at concentrations of several 1000 ng/L.
Fig. 2. IIIustrativz_eonIine SPE.—LC—MS/MSchromatogramofalo ng/Lstandard  The additional loop inserted between the dispenser syringe
for the sulfonamides and their acetylmetabolites. . . . -
and the autosampler syringe prevented contamination of the dis-
penser syringe with sample. Hence, the dispenser syringe was
was re-adjusted to neutral pH by adding ammonium acetate (pHever in contact with any sample. A small air bubble was placed
7,10 mMinwater) to achieve maximal trapping on the analyticabetween sample and wash solution in the dispenser loop to pre-
column. In addition, a higher flow rate of the precolumn additionvent contamination of the washing solution with any sample.
pump was applied at the beginning of the chromatographic run to
reduce the methanol content to 5% in order to trap the most pola 4. Performance and validation of the online
sulfonamides, i.e., sulfadiazine and sulfathiazole. AnillustrativeSPE-LC-MS/MS method
chromatogram of the sulfonamides and their acetyl metabolites
is shown inFig. 2. 3.4.1. Extraction recovery
The development of the analytical procedure for the- High extraction recoveries were achieved for all of the com-
tral pesticides was much simpler. Elution with acidic methanol pounds: sulfonamides 85-104% (average=®%)%, neutral
(20 mM formic acid) in combination with precolumn addition of pesticides 95-111% (1GR24)%, acidic pesticides 99-112%
acidic water (pH, 2.7 20 mM formic acid) was successful. Thes€¢105%+ 3)% (analyte specific details séable 5. There were no
acidic eluents even enhanced the ionization efficiency and didignificant differences in extraction recoveries between nanop-
not strongly affect analyte trapping and separation on the anawe and surface water for any of the three analyte groups.
lytical column. The recoveries for the substances without corresponding inter-
The elution of theucidic pesticides from the extraction car- nal standard were not significantly different (two-sided, het-
tridge was achieved with acidic methanol (120 mM formic acid).eroscedastietest,p > 5%) from the ones with isotope-labelled
Acidic conditions were required to protonate the acidic pesinternal standard within the substance group. No breakthrough
ticides (K, between 2.6 and 3.1) for optimal trapping and was observed for most of the substances, except for the sulfon-
separation on the analytical column. This was realized by preamides and dimethenamide OXA, where breakthrough <5% of
column addition of acidic water (pH 2.3, 120 mM formic acid). the enriched amount was detected. This is much lower than with
lonization in the positive ESI-mode (ESlis unfavourable for the published offline procedui@]. We ascribe this improve-
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Table 5 noticed in groundwater samples. This effect has been reported

Validation parameters for the three different methods: absolute extraction reco‘breviously in the analysis of various environmental samples
ery (%) in nanopure and surface water (in parentheses: combined relatiVﬁ%6 37]

standard uncertainty (%)) and LODs in environmental sample matrix

These observations reveal that matrix can affect sensitivity in

Substance Absolute extraction recovery (%)  LOD (ng/L) hoth directions: signal reduction due to ion suppression as well
Nanopureg=6) Surfaceq="6) as signal enhancement. Nevertheless, these matrix effects had no

Acetylsulfadiazine 94(2) 1043) 5 gﬁ‘ect on the quantificat.ion of analytes - e>§cept aslight degrease
Acetylsulfadimethoxine 85 (1) 92(2) 5 in sensitivity —when using corresponding isotope labelled inter-
Acetylsulfamethazine 96 (1) 95(2) 5 nal standard. Analytes without corresponding isotope labelled
Acetylsulfamethoxazofe  87(2) 91(2) 5 internal standards were quantified with structural analogues,
Acetylsulfathiazolé 95(3) 97(3) 5 closely eluting internal standards.
Sulfadiaziné 87(2) 92(2) 1
Sulfadimethoxing 85(1) 87(1) 1 o . . . . .
Sulfamethazin 86(1) 93(1) 1 3.4.3. Limit of quantification and detection/linearity
Sulfamethoxazofe 91(1) 87(1) 3 Limits of quantification and detection were influenced by
Sulfathiazolé 89(1) 91(2) 1 sensitivity of the equipment and were strongly dependent on
Atraziné 103 (1) 111(2) 05 the sample matrix. Limits of quantification, i.e., 10:1 signal-to-
Desethylatrazirfe 101(2) 105(1) 0.5 noise, were between 1 and 10 ng/L for the parent substances in
Dimethenamid® 101(3) 107(1) 0.5 environmental waters. The detection for the metabolites of the
bl 97(2) 101(1) 0.5 sulfonamides and acidic pesticides was slightly less sensitive.
Isoproturo® 100(2) 104(1) 0.5 e . . .
Metolachlof 95(1) 106 (1) 05 Nevertheless, quantn‘lcatlon was possible for the _metabolltes
Simaziné 99 (3) 104 (1) 05 above 15ng/L in surface water samples. The limit of detec-
Tebutard 102(2) 106 (1) 0.5 tion, i.e., 3:1 signal-to-noise, for the neutral pesticides (LOD
Terbuthylazing 96(2) 104(1) 0.5 0.5 ng/L) were slightly lower than for the sulfonamide antibiotics
2,4-D° 106 (2) 108(2) 1 (LOD 1ng/L, except sulfamethoxazole 3 ng/L, acetyl metabo-
Dimethenamide ESA 110(5) 102(3) 3 lites 5ng/L) and the acidic pesticides (phenoxyacids LOD
Dimethenamide OXA  103(5) 103 (6) 3 1 ng/L, triketones LOD 2 ng/L, OXA/ESA metabolites 3 ng/L),
mggﬁ) rop 182% 182% 1 rgspe_ctivgly Table 9. This is probably due to Iowgr. ioniza-
Mesotrion@ 99(3) 105(5) 5 tion yield in the spray compared to the neutral pesticides. Even
Metolachlor ESA 112(6) 100(3) 3 though sensitivity was satisfactory for our purpose, it could
Metolachlor OXA 107(5) 107 (4%) 3 be increased by introducing a larger loop charged by repeated
Sulcotrioné 102(3) 104(4) 2 injection. Calibration curves were linear over three orders of
Note: matrices for extraction recoveries in surface water are creek water for thnagnitude —up to 2500 ng/L —in more than 10 extracted calibra-
sulfonamides and lake water for the pesticides. tion curves, indicating the high reliability of the whole procedure

2 |sotope-labelled internal standards were used. for various conditions.

ment to the 15 times higher sorbent to sample volume ratio 0%.4.4. Precision and accuracy

the online method compared to offline SPE. Precision: Run-to-run variation (i.e., intra day precision)
within one sequence and day-to-day variation (i.e., inter day
3.4.2. Matrix effects precision) were investigated with environmental samples. The

Matrix effects were evaluated during analysis of several hunlatter includes additional effects, such as different operators, cal-
dred environmental samples from a broad range of differenibrations and cartridges. Replicate extractios (L0) of aliquots
matrices, i.e., creek water from agricultural area, lake water andf one environmental sample was used to check the intra-day
groundwater, by monitoring the change of the area of the isotopprecision. The relative standard deviation of the average con-
labelled standard, which was spiked at the same concentratiaentration was less than 1.5% (level 25-100ng/L). Inter-day
in every sample. precision was determined by repeated analysis of aliquots from

In general, matrix effects led to reductions in peak area othe same sample over 6 months. Relative standard deviation of
less than 25%. This reduction is attributed to ion suppressiothe average was 3 to 6% for the sulfonamides (level 250 ng/L,
in the ESI since no differences in absolute extraction recoveries=5), 1-3% for the neutral (level 50 ngil=4) and 2-5% for
were observed between nanopure and matrix water. Howevethe acidic pesticides (level 50 ng/k=4).
for selected samples and substances matrix effects were much Accuracy: Due to lack of reference material the accuracy
larger. Maximal ion suppression of up to 70% was observeaf the method was determined as recovery of spiked analytes
for the sulfonamides in creek water samples during dischargeelative to their internal standard. The ratio between the quan-
events. For the neutral pesticides maximum ion suppressidified amount (background subtraction, if necessary) and the
up to 50% was found. This result is comparable with findingsspiked amount is defined as relative recovery. Environmental
from offline SPH8]. Conversely, ion suppression for the acidic samples were spiked at concentration 40-50 ng/L and treated
pesticides was much smaller, ranging from 0 to 25%. In addilike samples (see Sectidh6) in different sequences. Relative
tion, signal enhancements up to 30—60% for sulfonamides wenecoveries were in the range of 91-109% for the sulfonamides
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for high frequent sampling and sample analysis. Concentration
ranged from a few 10ng/L up to several 1000 ng/L after the
respective applications. This demonstrates the requirement for a
large dynamic measuring range of the analytical method as well
as a high sensitivity in order to quantify also “base flow con-
centrations” as well as “pre application samples”. Furthermore,
prevention of cross contamination is of particular importance
0.00 in measuring samples with differing concentration by orders of
magnitude. The inter-day precision of the developed analytical
Jo 60 B) methods was proven by alternating measurement of the samples
in a period of more than 2 months including different extrac-
tion cartridges and different calibration standards. The perfect
congruency of the time course of the measured concentrations
illustrates the reliability of the employed analytical procedure
(seeFig. 3B). In total 600 surface water samples, 400 standards
and 200 quality control samples were measured during the 3-
month lasting field study. The high sample throughput of the
developed instrumental setup enabled the fast and precise quan-
(©) tification of sulfonamides and pesticides in the highly dynamic
creek water system—an absolute must for in mass balance stud-
. ies.

o
-
o

(A)

o
-
o

(m3/s)

o
o
o

(ng/L)

(ng/L)

] ﬁ 4. Conclusions

o
] . otﬁ’ %xm@%o " The fully automated online SPE-LC-MS/MS approach
introduced in this paper, based on the combination of com-
mercially available standard components, made it possible to
3,000 achieve high sensitivity and high sample throughput in the low
. % ng/L range with low financial investment (<25 k$). Manual sam-

ple preparation was reduced to sample filtration and spiking of
the internal standard solution, which decreases expensive labour

(ng/L)

° % time by more than a factor of five. More than 500 samples could

- f ¥ g be analyzed with one extraction cartridge. The costs for extrac-
O e 82 [ S tion material are reduced by more than 75% compared to offline
8.5.03 15.5.03 22503 29.5.03 SPE, where SPE cartridges are for single use only.

i o ) Tailor-made analytical methods for the quantification of sul-
Fig. 3. Overview field study 2003: temporal development of water dischargg o iqe antibiotics, neutral pesticides and acidic pesticides
(A) and concentrations of sulfamethazine (B); atrazing42); and sulcotrione , ) . . .

(D) [42] in the brook at the outlet of the 0.7 Rncatchment after manure and Were validated and successfully applied in different projects,
pesticide application (marked with arrows). Enlarged section of sulfamethazine2.g., catchment studies of agricultural chemicals or lake and
samples measured in June 2003 (open circle) and July 2003 (closed circle). ground water monitoring. The flexibility of the instrumental
setup is supporting the tailor-made optimization according the
(n=2), 92-115% for the neutrat € 4) and 88-114% for acidic substance-specific properties at every step of the procedure: pH

pesticidesx = 4) indicating fairly high accuracy. and solvent composition can be adjusted for enrichment, elution,
separation and ionization. This allows applying the instrumen-

3.5. Application to environmental samples in catchment tal setup to many other polar substances within a broad range

studies of physico-chemical properties, such as other antibiotic classes

(e.g., macrolides), pesticides (e.g., glyphosate) or biocides (e.g.,
The method was used for mass flux studies of sulfonamidelsenzotriazoles).

antibiotics and pesticides in a small agricultural catchment
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