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Abstract

Low-pressure gas chromatography—mass spectrometry (LP-GC-MS) using a quadrupole MS instrument was further optimized and evaluated
for the fast analysis of multiple pesticide residues in food crops. Performance of two different LP-GC—-MS column configurations was compared
in various experiments, including ruggedness tests with repeated injections of pesticides in matrix extracts. The tested column configurations
employed the same 3m0.15 mmii.d. restriction capillary at the inlet end, but different analytical columns attached to the vacuum: (A) a10m
x 0.53mmi.d., Jum film thickness RTX-5 Sil MS column; and (B) a 10x0.25 mm i.d., 0.2 m film thickness DB-5MS column. Under
the optimized conditions (compromise between speed and sensitivity), the narrower analytical column with a thinner film provided slightly
(<1.1-fold) faster analysis of <5.5 min separation times and somewhat greater separation efficiency. However, lower detection limits for most
of the tested pesticides in real extracts were achieved using the mega-bore configuration, which also provided significantly greater ruggedness
of the analysis (long-term repeatability of analyte peak intensities, shapes, and retention times). Additionally, the effect of the increasing
injection volume (1-%ul) on analyte signal-to-noise ratios was evaluated. For the majority of the tested analyte—matrix combinations, the
increase in sensitivity caused by a larger injection did not translate in the same gain in analyte detectability. Considering the costs and benefits,
the injection volume of 2—gl was optimal for detectability of the majority of 57 selected pesticides in apple, carrot, lettuce, and wheat
extracts.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction element selective detectors, MS provides an additional ad-
justable degree of control in selectivity, thus potentially com-
In all routine analytical applications, sample throughputis pensating for reduced selectivity in GC caused by a sacrifice
one of the mostimportant considerations in choosing an ana-in separation efficiency made for the increase in speed using
lytical method or technique for practical use. In this respect, most fast GC techniques.
fast gas chromatography—mass spectrometry (GC-MS) of-  Arecently published revieyil] discusses practical consid-
fers increased speed of the determinative step (which mayerations related to fast GC-MS and describes the main current
or may not translate into a significant increase in sample approaches, which all employ short capillary columns in ad-
throughput, depending on time effectiveness of other partsdition to: (i) reduced column inner diameter using micro-bore
of the overall analytical process). As compared to GC with capillary GC columns coupled with time-of-flight (TOF)-MS
or other high duty cycle detectors for analysis; (ii) fast tem-
- perature programming using resistive heating or conventional
* Mention of brand or firm name does not constitute an endorsement GC ovens; (i) sub-ambient pressure in the analytical col-
by tht_e U.S. Department of Agriculture above others of a similar nature not ymn in low-pressure (LP)-GC—-MS; (iv) supersonic molecu-
me*mclzoor}?gs'ponding author. Tel.: +1 215 233 6433; fax: +1 215 233 6642, 1@ b€am (SMB) for MS at rather high carrier gas flow rates;
E-mail addressslehotay@errc.ars.usda.gov (S.J. Lehotay). and (v) pressure-tunable (also called stop-flow) GC-GC
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for improved selectivity with respect to the utilization of Table1

time. Concentrations of each of the 20 pesticides in matrix-matched standards
In LP-GC-MS, lower column pressures lead to higher dif- Er-T?)?E-Cljl )m blank carrot extracts (reconstituted in toluene after procedures

fusivity of the solute in the gas phase, which shifts the opti- - — -

mum carrier gas velocity to a higher value, resulting in faster Max-matched standard Pesticide concentration

GC separation as compared to the use of the same column op- (ng/mi) (ng/g)

erated at atmospheric outlet pressure condit[@r§]. The z=P-| z=P-Il

gain in speed becomes pronounced mainly for shorter andzcmstd1 100 100 20

wider columns because they can be operated at lower preszcmstd2 50 50 10

sures along the entire column length. The use of a short,Zcmstd3 10 10 2

narrow restriction capillary connected to the front part of the
analytical column can elegantly solve the problems associ- (10pg/ml) was prepared in toluene, and a test solution
ated with the sub-ambient pressure conditions extending to(1 wg/ml) and working standard solutions stdl-std3 (100,
the injector7,8]. 50, and 10ng/ml) were prepared by diluting the stock

In our previous study9], we evaluated the LP-GC-MS  solution with toluene. Carrot matrix-matched standards
approach for a fast analysis of 20 representative pesticides inP-I/cmstanand P-1l/cmstdh (wherem = 1-3) were obtained
food matrices using arestriction capillary connected to a short by reconstituting the residue remaining after evaporation of
mega-bore column and a quadrupole GC-MS instrument. Ascarrot extracts (prepared by P-1 and P-Il sample preparation
compared to conventional GC-MS, the LP-GC-MS method methods, respectively) in working standard solutions.
provided several benefits including a 3-fold gain in speed, The P-I procedure was based on the ethyl acetate extrac-
heightened peaks with peak widths for normal MS operation, tion [15], followed by a high-performance gel permeation
reduced thermal degradation of thermally labile pesticides, chromatography (HPGPC) clean-up of crude extracts. An
and due to larger sample loadability lower limits of detection automated HPGPC system (Gilson, France) was equipped
(LODs) for compounds not limited by matrix interferences. with a PL gel (600 mmx 7.5 mm, 50&) high-performance
A LP-GC-MS column configuration has been also evaluated column (PL Labs, UK). Two milliliters of crude extract
for analysis of 72 pesticides using ion-trap (ITD)-MS-MS (0.5g sample/ml cyclohexane—ethyl acetate, 1:1, v/v) were
[10-12] The authors reported a 2-fold gain in speed of their injected onto a HPGPC column, under conditions as fol-
GC-MS analysis, but the resulting, more than 30 min long lows: cyclohexane—ethyl acetate (1:1, v/v) mobile phase, flow
GC runs can be hardly called fast in terms of the “fast GC” rate 1 ml/min, collected fraction 15.5-31 ml. This collected
terminology[13,14] “pesticide” fraction was taken to dryness and dissolved in

The main objective of the present study was to further op- 1 ml of working standard solutions. The final carrot con-
timize and evaluate quadrupole LP-GC-MS for the routine tent of the matrix-matched standards P-l/cmstd1—P-I/cmstd3
analysis of a larger number of pesticide residues in food crop was 1 g carrot/ml toluene, and the pesticide concentrations in
extracts. In addition to the previously employed column con- these standards appearTiable 1
figuration, a narrower analytical column with a thinner film In the P-II procedure, the carrot sample was extracted
was also tested for comparison purposes. Apart from otherwith acetone and partitioned with a 1:1 mixture of
experiments, the evaluations involved mainly ruggednessdichloromethane and petroleum ether according to method
tests with repeated injections of matrix samples. Rugged- 303 used by the U.S. Food and Drug Administratja@6]
ness (here, and in many other chromatographic applications,and Dutch Inspectorate for Health Protectifbi’]. No
expressed as long-term repeatability of analyte peak inten-clean-up steps were conducted and the extracts were taken
sity, shape, and retention time) is a highly important factor to dryness and dissolved in working standard solutions.
in routine analysis of real-world samples, but its evaluation The final carrot content of the matrix-matched standards
is usually neglected in other fast GC studies. P-ll/cmstd1—-P-1l/cmstd3 was 5g carrot/ml toluene, for the

pesticide concentrations séable 1
To further demonstrate the applicability of the LP-GC-MS

2. Experimental approach, a more complex mixture of 57 pesticides in toluene
was also prepared. For the pesticide list and their concentra-
2.1. Chemicals and materials tions in composite working standard solution std, Balele 2

(a 5-fold more concentrated test solution was also used in

For comparison purposes, the same 20 representativesome experiments). Apple, lettuce, carrot and wheat extracts
pesticides (acephate, captan, carbaryl, chlorpyrifos, delta-were prepared according to the P-I procedure and the respec-
methrin, dichlorvos, dimethoate, endosulfan |, endosulfan tive matrix-matched standards were obtained by reconstitut-
I, endosulfan sulfate, heptachlor, lindane, methamidophos,ing the residue remaining after evaporation of the extracts

methiocarb, permethrins, pirimiphos-methyl, procymidone, in the working standard solution. The final sample content
propargite, and thiabendazole) as selected in the previousof the matrix-matched standards was 1 g sample/ml toluene,
study[9], were tested. A composite stock standard solution therefore the pesticide concentrations in these standards (in
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Table 2 The optimized conditions for the analyses of the 20 pes-
MS conditions for the LP-GC-MS analysis of 20 pesticides using column ticides using both column configurations were as follows:
configurations A and B (start times of windows and ions selected in SIM . . . )
mode, quantitation ions in bold) He carrier gas, pressure pulse 40 psig for 0.5 min, Fhen con
stant pressure 20psig for the rest of the analysis (1 psig

Pesticide Starttime (min) - SIMionsn(z) = 6894.77 Pa), 1-hl (pulsed splitless) injection volume,
A B 250°C inlet temperature, 28@C MSD interface tempera-

Methamidophos 1.10 1.10 94 95 141 ture, 150°C ion source temperature, 230 quadrupole tem-
Dichlorvos 109 185 220 perature and an oven temperature program of®dor
g_cep?:tet ;-(5)8 i-gg 2‘7‘ 13693 1‘2‘2 0.5min, then a 80C/min ramp to 180C followed by a
Lo ' P el 183 210 60°C/min ramp to 290C (held for 3min). Total GC run
Carbaryl 240  2.04 115 144 time was 6.5min and retention timeg) of the last elut-
Heptachlor 272 274 ing analyte deltamethrin were 4.73 and 4.34 min using the
Pirimiphos-methy 290 305 column configurations A and B, respectively. The MS con-
E"th'oc"’_‘frb 11:;’? ;‘ji ditions in the selected ion monitoring (SIM) mode are given
Ca;;'?” s 270 256 79 149 in Table 3 The fastest ion monitoring possible, i.e. the min-
Thiabendazole ' ' 174 201 imum “dwell 10" setting in the Agilent Chemstation soft-
Procymidone 283 285 ware, was used for recording of all selected ions in all
Endosulfan I and Il 195 241 339 experiments.
E”dosu'_fta“ sulfate 3.22 3.0 1??572 172;4 ggg The optimized conditions for the analysis of the 57 se-

ropargite . . i
Phosalone 3.44 3.27 182 184 367 Iggted pgsuudes were the same as in the case of the 20 pes
Permethrins 3.67 3.47 163 165 183 ticides with the ex'ceptlons of the oven temperature program
Deltamethrin 4.10 4.00 181 253 255 and MS SIM settings. The temperature program started at

90°C (held for 0.5 min), then the temperature was ramped at

80°C/minto 180°C followed by a 40 C/min ramp to 250C

g/g) were numerically the same as concentrations in the and a 60 C/min ramp to 290C (held for 3 min). Total GC run

toluene standard solution std (irg/mli). time was 7 min antk of the last eluting analyte deltamethrin
_Pesticide standards, all 95% or higher purity, were ob- \yere 5.49 and 5.22 min using the column configurations A

tained from Dr. Ehrenstorfer GmbH (Augsburg, Germany). ang B, respectively. The MS conditions for the analysis of

All solvents used in experiments were analytical grade pe 57 pesticides in the SIM mode are giverable 2

(Merck, Germany). Carrots, apples, lettuce and wheat grains

(none of which contained pesticide analytes) were obtained 3 comparison of the column configuration A and B

at aretail market. performances—sequence of samples

2.2. GC-MS conditions To compare the performance of the LP-GC-MS column
configurations A and B, the 20 selected pesticides were

GC-MS experiments were performed using an Agilent repetitively analyzed in 10 sequences (a—j), between which

(Little Falls, DE, USA) 6890 gas chromatograph combined no GC system maintenance was performed. The order of

with a 5973 MSD. The system was equipped with electronic the injections in the sequences was as follows: (1) toluene;

pressure control (EPC), a split/splitless injector, and a 7673A (2—4) stdh—std3; (5) carrot blank; (6—8) cmstadcmstdd

autosampler; Chemstation software was used for instrument(wheren = a—j). For each column configuration, this set of

control and data analysis. Samples were injected into 4 mm10 sequences was analyzed three times testing: )i

i.d. double taper liners with internal volume of 8@D(No. jections of toluene solutions and carrot extracts prepared by

5181-3315, Agilent, USA). the procedure P-I; (i) fl injections of toluene solutions and
Two column configurations—A and B—were used for carrot extracts prepared by the procedure P-II; and (jii) 5

the experiments. In the column configuration A, a 1&m injections of toluene solutions and carrot extracts prepared

0.53mm i.d.x 1 pum film thickness RTX-5 Sil MS capillary by the procedure P-Il. The system maintenance, involving

column (Restek, USA) was connected to a &nf.15mm replacement of the liner and the restriction capillary and cut-

i.d. non-coated restriction column (Restek) at the inlet end. ting about 5-10 cm of the front part of the analytical column,

A stainless steel union (Agilent 0101-0594) in which the re- was performed between these experiments (sets of 80 injec-

striction column fitinside the mega-bore column was used for tions).

a true zero-dead-volume connection. In the column config-

uration B (LP-GC-MS approach B), a 10m0.25 mm i.d. 2.4. Determination of the influence of the injection

x 0.25um film thickness DB5-MS capillary column (J&W  volume on signal-to-noise (S/N) ratio

Scientific, USA) was connected to the same non-coated re-

striction column as in the configuration A. A stainless steel ~ To determine the effect of the injected volume on the

column connector (Agilent 5061-5801) was used in this case. analyte detectability (S/N ratio), 148 of blank extracts



338 K. MaStovsk et al. / J. Chromatogr. A 1054 (2004) 335-349

Table 3
List of 57 pesticides including their concentrations in the working standard solution std (in toluene) and MS conditions for their LP-GC-MSusimglysis
column configurations A and B (start times of windows and ions selected in SIM mode, quantitation ions in bold)

Pesticide Concentration in std (ng/ml) Start time (min) SIM ian&)

A B
Methamidophos 391 1.10 1.10 94 95 141
Dichlorvos 178 109 185 220
Mevinphos 391 1.50 1.55 127 192
Acephate 404 94 136 142
Propham 950 93 137 179
Methacriphos 298 1.82 1.80 180 208 240
Heptenophos 285 1.93 1.89 109 124 250
Omethoate 487 110 141 156
Chlorpropham 1280 2.13 2.11 154 171 213
Monocrotophos 286 109 127 192
Dimethoate 309 2.32 2.28 87 93 125
Diazinon 115 2.43 2.37 179 304
Lindane 94 181 219
Phosphamidon | 76 127 264
Etrimfos 118 153 292
Chlorothalonil 67 266 268
Pirimicarb 218 166 238
Phosphamidon II 205 2.63 2.56 109 127 264
Chlorpyrifos-methyl 238 197 286
Parathion-methyl 205 233 263
Tolclofos-methyl 208 265 267
Vinclozolin 39 212 285
Carbaryl 478 115 144
Pirimiphos-methyl 164 2.80 2.70 279 290
Fenitrothion 162 125 277
Malathion 259 173 256
Dichlofluanid 181 123 224
Chlorpyrifos 221 197 314
Fenthion 205 125 278
Parathion-ethyl 196 139 291
Chlorfenvinphos 306 3.03 2.94 267 323
Tolylfluanid 47 137 238
Captan 126 79 149
Thiabendazole 369 174 201
Procymidone 121 283 285
Folpet 277 260 297
Methidathion 229 125 145
Endosulfan | 39 3.31 3.20 195 241 339
Imazalil 613 173 215
Bupirimate 312 208 273
Ethion 142 3.56 3.44 153 231 384
Endosulfan Il 35 195 241 339
Triazophos 374 161 172 257
Endosulfan sulfate 43 3.77 3.65 272 274 387
Bifenthrin 91 3.88 3.78 165 181
Fenoxycarb 609 116 186 255
Bromopropylate 85 185 341
Phosmet 223 133 160 317
Tetradifon 43 4.08 3.98 159 229 356
Phosalone 266 182 367
Azinphos-methyl 119 77 132 160
N-Cyhalothrin 69 181 197 208
Azinphos-ethyl 118 4.28 4.14 105 132 160
Permethrin 206 4.38 4.24 163 165 183
B-Cyfluthrin 79 4.57 4.42 206 226
Cypermethrin 103 163 181 208
Fenvalerate 93 4.93 4.74 167 225 419

Deltamethrin 238 5.32 5.08 181 253 255




K. MasStovsk'et al. / J. Chromatogr. A 1054 (2004) 335-349 339
prepared by the procedure P-l were injected into the GC-MS - 5.7
system along with 1-pl of the same extracts spiked with 100 * -— =
57 selected pesticides (matrix-matched standards). This & / \ 52 E
procedure was repeated for each of the following matrices: -'g, < 90 - £
apples, wheat, lettuce, and carrots. S/N was determined for @ g / . \ L 47 g
each analyte as the ratio of analyte peak height (obtained in § = 80 e E
the analysis of matrix-matched standards) to the value of root o E / "’--x‘. . E
mean square (RMS) noise obtained in the chromatogram of 2 5 70 / = 5
the corresponding blank extract (the same injection volume $ ° o
and matrix) at the elution time (taken from the beginning to = o0 : : ‘ c24
the end) of the given analyte peak. 0 10 ) 20 30_ 40
(A) Const. He inlet pressure (psig)
3. Results and discussion - 57
100 = <
3.1. Optimization of conditions for the LP-GC-MS 5 / \ 50 E
column configuration A HX 90 E
2e / \ 3
In the previous studfg], we optimized and evaluated the & £ 80 S P47 E
LP-GC-MS technique using a HP 5890 Series Il Plus GC §- E - \ 8
combined with a 5972 MSD. In this study, we took advantage 2 £ 70 S 42
of a more advanced Agilent 6890/5973 GC-MSD systemto g ° e &
further improve the analysis of the selected pesticides. For = 60 w . ‘ 37
comparison purposes, the same mixture of the 20 pesticides 0 10 20 30 40
and the same column configuration as in the previous study (B) Const. He inlet pressure (psig)
were used for the initial experiments. With this column com- —a— peak height oviess RSB iR

bination (described iBection 2.2s the column configuration
A), a constant column inlet pressure of 20 psig provided the Fig. 1. Influence of the column inlet pressure (1035 psig) on the peak
maximum sensitivity (peak heights) for most of the analytes_ height (given relatively vs. the greatest peak height) and retention time of
Lower column inlet pressures resulted in wider, thus smaller del'}:ir:et&rénszzgzinoev‘ér‘}"’i‘:ﬁ:hgr;’;ric:g"fa‘;"gfg” mgfgfi\:?;riitict’r?:nAaand
peaks; whereas at th.e p.ressure_s >20psig, the effegt of MS?OOC/r?\in ramp to 180C follgwed by gegC/min ramp to 290C’: (held
response decrease with increasing flow rates prevailed ovet, 3yin).
the peak sharpening effect at the same pressure conditions
[9]. Fig. 1A shows this effect along with the influence of the temperature programming rate of about@min provides
columninlet pressure setting ¢gin the case of the lastelut-  acceptabldr reproducibility for all analytes, including the
ing analyte deltamethrin (note thakdl0% reduction in the  late eluting one$20,21]. In this study, we attempted to in-
analysis time would result in/a30% decrease of sensitivity).  crease the speed of the analysis using two temperature ramps:
The oven of an Agilent 6890 GC offers higher temperature (i) a higher ramp at the beginning of the temperature pro-
programming rates with a maximum setting of 220min gram combined with (i) a 60C/min ramp for programming
versus a 70C/min maximum setting in the case of aHP 5890 to higher temperatures. In comparison with &60min sin-
GC instrument. However, these maximum rates are reachedgle ramp temperature program from 90 to 280 a com-
only at low temperatures. For example, the Agilent 6890 bination of a 8GC/min ramp from 90 to 180C followed
(240V) GC provides a ramp of 12@/min only for heating by a 60°C/min ramp to 290C reducedg of the last eluting
from 50 to 70°C, whereas in temperature ranges of 70-115, deltamethrin by 0.4 min and still provided acceptable heating
115-175, and 175-30Q, the actual rates of only 95, 65, and repeatability (analytér relative standard deviations, R.S.D.
45°C/min can be achieved, respectivgl]. Thisis caused < 0.1%,n = 10).
by increasing heat losses from the oven to the surrounding air  Another advantageous feature of the Agilent 6890 EPC
as the temperature increag&8], which may lead to larger  system and newer version of the software involves a pulsed
time lags between the actual and set column temperatures andplitless option, i.e. the possibility to apply a pressure pulse
less reproducible heating at higher temperature programmingduring the analyte transfer to the column followed by an im-
rates. The former effect lengthens the analysis time versus themediate adjustment to the initial column pressure conditions
expected one, whereas the latter effect decreasgs phneci- optimal for the analysis. The increased pressure during the
sion, which is a crucial parameter in fast GC-MS with narrow injection leads to the faster analyte transfer, which results
SIM time-window settings. in reduced losses of susceptible analytes due to absorption
According to our experience with an Agilent 6890 system, and/or degradation on actives sites in the if2&{23] More-
when using a single ramp for heating from 70 to 325 a over, it also enables injections of larger sample volumes due
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of chromatographic separation. The LP-GC-MS approach
using a short, mega-bore column with a relatively thick film
(1 ».m) offers high sample capacity, but the separation effi-
ciency is relatively low. For that reason, we decided to com-
pare the performance of the column configuration A with
another column set-up (column configuration B).

For comparison purposes, we used the same temperature
program as in the case of the column configuration A and
performed the other optimization experiments described ear-
lier. Interestingly, a constant column inlet pressure of 20 psig
provided the overall highest analyte sensitivity (measured as
peak heights) as with the mega-bore column (Siee 1B).

This would suggest that the flow rate is dictated mainly by the
restriction capillary in both cases. However, when connected
to a vacuum, the actual pressure in a 0.53 mm i.d. capillary is
lower than in the case of a 0.25 mmi.d. capillary of the same
length[7], resulting in a somewhat higher column flow rate
in the former case if the same pressure is applied to the re-
striction capillary at the same oven temperature. On the other
hand, the mega-bore column with a relatively thick film re-
tains the analytes longer even at the higher column flow rates
(as shown bytr of deltamethrin inFig. 1A and B). Thus,
using the same oven temperature program, the analytes elute

Fig. 2. Chromatograms of gl injection of the mixture of 20 pesticides at .
1pg/ml in toluene obtained with the LP-GC-MS column configurations 11OM the narrower column at slightly lower temperatures, po-

A and B at the optimized conditions: (1) methamidophos; (2) dichlorvos; tentially resulting in similar flow rate conditions (or better:
(3) acephate; (4) dimethoate; (5) lindane; (6) carbaryl; (7) heptachlor; (8) a similar outcome of the antagonistic GC peak sharpening
pirimiphos-methyl; (9) me.thiocarb; (10) chlorpyrifos; (11) captan; (12) thi- and MS effects) at the time of analyte elution from both col-
abendazole; (13) procymidone; (14) endosulfan I; (15) endosulfan Il: (16) -y configurations at the constant column inlet pressure of
endosulfan sulfate; (17) propargite; (8) phosalone; ¢i9permethrin; (20) .
trans-permethrin; (21) deltamethrin. 20 psig.
The use of a 3m long restriction capillary serving as a

retention gap along with the application of a 40 psig pressure
to lower expansion volumes at the higher pressure. Gener-pulse during the sample introduction permitted the splitless
ally, injection volumes that generate vapor volumes, which injection of 1-5ul of samples in toluene without peak dis-
are <75% of the liner volume, are considered safe. Thus, tortions also in the case of the narrower analytical column
at the inlet temperature of 25C, maximally 4.5, 5.5, 6.5,  with a thinner film in the column configuration Eig. 2B
and 7.5l of a sample in toluene could be safely injected shows a chromatogram ofid injection of the 20 pesticides
into the used 80f liner at the inlet pressures of 30, 40, 50, at 1pg/ml in toluene using the column configuration B at
and 60 psig, respectively. These pressure pulses were testethe optimized conditions. A slightly faster GC analysis is
for 1-5ul injection of the 20 pesticides in toluene. The 50 achieved with this column set-up as compared to the column
and 60 psig pressure pulses caused peak distortion of earlyconfiguration A employed at otherwise the same conditions
eluting analytes, which appeared mainly at larger injection (tgr of deltamethrin 4.34 min versus 4.73 min).
volumes. Thus, the 40 psig pressure pulse was used in fur-
ther experiments because it permitted a safe injection of up3.3. Peak characteristics in the LP-GC—MS analysis
to 5pl without peak deformationgrig. 2A shows a chro- using two different column configurations
matogram of Jul injection of the 20 pesticides atdg/ml in
toluene using the column configuration A at the optimized
conditions.

In addition to the slightly shorter analysis time, the use
of the column configuration B resulted in narrower analyte
peaks, which generally means: (i) increased sensitivity due
to higher peaks; (ii) improved separation efficiency; and (iii)
less data points across the peaks as compared to the column
configuration A. It should be noted that increased sensitivity

Separation efficiency and/or sample capacity are usually does not necessary translate into lower detection limits in
partially sacrificed in fast GC for an increase in speed. The real samples if the matrix components represent the limiting
combination of fast GC with MS detection can compensate source of noise and/or the limiting factor in the ruggedness of
for both decreased GC selectivity and sensitifdfy but anal- the GC method (limitations in injection volume size and/or
ysis of some complex samples still requires a certain degreematrix concentration).

3.2. Optimization of conditions for the LP-GC-MS
column configuration B
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Interms of the separation efficiency (number of theoretical 1) Analysis of 20 pesticides 2) Analysis of 57 pesticides
plates), the use of the column configuration B gave 1.3—2-fold  example: chiorpyrifos (m/z 314) example: chlorpyrifos (m/z 314)
more humber of theoretical p|ates depending onthe particu|ar 10 ions/window (“10 ms” dwell setting): 14 ions/window (“10 ms” dwell setting):

. . 10 x 25 + 5 = 255 ms/cycle 14 x 25 + 5 = 355 ms/cycle
analyte. The 2-fold improvement was achieved for the last - 3.92 data pointsis > 2.82 data points/s

eluting analyte peak (deltamethrin) with full width at half

maximum (FWHM) of 2.22 and 1.44s in the LP-GC-MS /r‘?\ FWHM =0.72 / FWHM = 1.025

approaches A and B, respectively. A1 | | we=282s A-2 / w, =3.48
For the same data acquisition rate, peak width dictates the / | "% Pty

number of data points across the peak. As discussed else-

where[1], there are many discrepancies in the literature con- L// | l L

cerning how many data points are needed to define a chro- " ze = se1 266 268 oz 2m 00

matographic peak. Depending on opinions of different au-

thors, 15-20 or as little as 3—4 points are required or claimed /\ FWHM =054 /\ FWHM =078

to meet quantitation needs. Moreover, other issues further g4 {1 |  w=20s B2 | | w=2es

complicate this situation. For instance, it is not always clear ’,f | huZ2®® / \ ";"‘;?94
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In SIM, two factors determine the data acquisition rate:

; ; ; ; : ; . " Fig. 3. Peak width and number of points across the peak obtained for chlor-
(I) the number of ions in the given time window; and (") pyrifos (m/z314) in the LP-GC-MS analysis of the (1) 20 pesticides (5 ng of

the dwell time, i.e. the time spent monitoring a single ion. ., o0 rifos injected) and (2) 57 pesticides (5.5 ng of chlorpyrifos injected)
In all of our experiments, we used the fastest ion monitoring in toluene using the column configurations A and B. Peak characteristics:
(minimum dwell time) possible with the 5973 instrument. In  full width at half maximum (FWHM), peak width at 50% of the peak height;
this setting (“dwell 10", it takes 25 ms to record one ion and b peak width at baselineg,, calculated number of points_across the peak:
other 5ms per each cycle. For example, it takes 255 ms to(1) cal = 392wy and (2)ncal = 2.82wp; Ny, number of points across the

. . . . L peak that are above the baseline. Arrows indicate the beginning and end of
record 10 ions in one cycle, resulting in a data acquisition the peak (the first data points before and after the peak elevates from the
rate of 3.92 data points/s in this case. For comparison with paseline).
the full scan mode, the rate of 3.92 scans/s corresponds to
the maximum scanning speed over the range of 589 amu ands performed, then one of the baseline points is included in the
a data acquisition rate of 42 scans/s can be achieved with aresulting rounded number. We prefer to count only the points
10amu scan range. Thus, in addition to a more simple op-that occur above the baseline, because they actually define
eration than SIM, the full scan mode generally offers faster the peak. This approach gives nine and seven data points as
data acquisition rates and/or increased spectral informationshown inFig. 3A-1 and B-1, respectively.
in applications where sensitivity can be sacrificed. Inresidue  In terms of precision of measurements of peak areas and
analysis, however, sensitivity is often the paramount factor; heights, no significant difference between nine and seven
therefore one of our objectives was to demonstrate that apoints across the peak was observed, provided that the col-
quadrupole instrument in SIM mode is also capable of being umn contamination by non-volatile matrix components did
applied in a fast GC-MS analysis. not cause the response diminishment effect as discussed in

Fig. 3A-1 and B-1 compare peak widths and number of the following section. Using the same instrument, Dgd et

data points across a peak obtained for chlorpyrifos in the LP- al. [24] experimentally determined that five to six data points
GC-MS analysis of the 20 pesticides using the column con- across a peak provides acceptable peak heightand area R.S.D.
figurations A and B, respectively. Chlorpyrifos elutes in the (their number is calculated, thus it corresponds to four to five
middle region of the chromatograrg (of 2.65 or 2.50 min in data points above the baseline). Considering 4 data points
the LP-GC-MS approach Aor B, respectively), whichis com- across the chlorpyrifos peak at our conditions, up to 21 or 17
monly more “crowded” with pesticide peaks as compared to ions can be included in one window (corresponding to data
the beginning and end of a typical chromatogram in the GC acquisition rates of 1.89 and 2.33 data points/s at the shortest
analysis of pesticides. Thus (even in a conventional GC anal-dwell time setting possible) when using the column config-
ysis), ions for several medium-volatile pesticides are usually uration A or B, respectively. Thus, one strategy to include
included in one time window, resulting in slower data acqui- more analytes into a fast GC—-MS SIM method (at minimum
sition rates for these analytes. In our case, we monitored fourdwell time) involves reducing the data acquisition rate and,
other analytes together with chlorpyrifos in one time win- consequently, the number of points across peaks without sac-
dow, which entailed 10 ions to be recorded in one cycle (2 rificing the speed of the analysis.
ions per each analyte). The calculation basedgmnd the Another possibility is to somewhat slow-down the sepa-
data acquisition rate of 3.92 data points/s gas#0 and 8 ration of the medium-volatile analytes, resulting in slightly
data points across chlorpyrifos peak in the LP-GC-MS ap- wider analyte peaks in this region. Our attempt to include
proaches A and B, respectively. When this kind of calculation almost three times as many analytes (57 pesticides) in a fast
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LP-GC-MS method serves as an example of this approach.improved detectability of analytes with the LP-GC-MS ap-
The 57 selected pesticides had the same volatility range (fromproach, but the response diminishment effect was more pro-
dichlorvos to deltamethrin) as the 20 analytes, therefore we nounced for susceptible analytes as more non-volatile matrix
used the same GC conditions except for the temperature pro-components were introduced into the GC system.

gram, which employed a slower temperature programming To compare the ruggedness and other performance char-
rate of 40°C/min from 180 to 250C (seeSection 3. As a acteristics of the two LP-GC-MS set-ups discussed in this
result (demonstrated iRig. 3A-2 and B-2), we obtained the  study, we conducted experiments describe&éttion 2.3
same number of data points across chlorpyrifos peaks as inthdn addition to ul injections of carrot extracts prepared by
analysis of the 20 pesticides, although 14 ions were includedthe procedure P-II, both column configurations were sub-
in one time window this time (se€Eable 9. As a penalty, the  jected to repeated;d injections of: (i) the same, rather dirty
analysis times were=1.2-fold longer in both LP-GC-MS  P-Il carrot extracts (a sample equivalent of 25 mg injected
column configurations (deltamethtiin 5.49 and 5.22minin  each time); and (ii) cleaner and less concentrated carrot ex-
the LP-GC-MS approaches A and B, respectively) when the tracts prepared by the procedure P-I (correspondingto a5 mg

slower temperature program was used. sample equivalent in one injection). Using this experimental
design, not only we could test the performance of the col-

3.4. Analysis of real samples using the LP-GC-MS umn configurations A and B, but also evaluate two different

column configurations A and B injection volumes and sample preparation procedures.

Table 4presents ruggedness results of these experiments

The optimization experiments were performed with sol- (expressed as R.S.D. of peak heights, areastrgrubtained
vent (toluene) solutions of pesticides. However, to evaluate for heptachlor in both toluene solutions (stek$td3, n =
the feasibility of any analytical approach for routine prac- a—j) and carrot extracts (cmstidcmstd®, n = a—j). The
tice, analyses of real-world samples must be conducted be-organochlorine pesticide heptachlor represents a relatively
cause co-extracted matrix components usually have a greastable analyte, which is generally not prone to matrix effects
impact on method performance characteristics. In GC anal-in GC [9,27]. Indeed, very good ruggedness was observed
ysis, this impact may be both immediate and long-term. when sample equivalents of 5 mg of the carrot matrix were
The immediate symptoms mainly include lower analyte de- introduced into the GC system, with slightly better results ob-
tectability (due to co-elutions of analyte and matrix com- tained in the case of the extracts subjected to the GPC clean-
ponent peaks) and matrix-induced response enhancementip inthe sample preparation procedure P-I. These results also
[25]. The long-term problems are caused by non-volatile demonstrate that comparable precision of measurements of
matrix components, which gradually contaminate the GC peak areas and heights can be achieved with nine or seven
inlet and front part of the column, resulting in formation data points across the heptachlor peak (heptachlor elutes in
of new active sites and gradual decrease of analyte re-the same time window as above discussed chlorpyrifos) with
sponses in both solvent and matrix solutions. This is an the LP-GC—-MS set-ups A and B, respectively.
effect sometimes called matrix-induced response diminish-  Nevertheless, even in the case of normally non-
ment[26]. Therefore, to demonstrate ruggedness of a GC problematic heptachlor, the repeated, 5-fold higher matrix
method in real-life analyses, a long-term study of the GC introductions (5ul injections of P-1l carrot extracts) resulted
system performance, involving repeated injections of matrix in decreased ruggedness, characterized by a gradual peak
samples, should be an essential part of the overall evalua-height diminishment (due to peak broadening and distortion)
tion. and also a gradual increasetinin both matrix and matrix-

In the previous study9], we compared the performance free pesticide solutions. In this respect, the mega-bore ana-
of conventional GC-MS and LP-GC-MS methods in rela- lytical column provided significantly better results as com-
tively long GC sequences consisting of injections of pes- pared to the narrower column with the thinner film in the
ticide solutions in toluene and carrot extracts (prepared by LP-GC-MS set-up B, which is indicated by the approxi-
the procedure P-Il described 8ection 3. The conventional ~ mately 5-fold better precision of thig measurements and
GC-MS approach employed a 300.25 mm i.d., 0.2pm 1.4-1.9-fold lower R.S.D. of peak heights. This is further
film thickness RTX-5MS capillary column and the column demonstrated irfrigs. 4 and 5which show overlaid chro-
configuration A was used in the LP-GC-MS method. With- matograms of another organochlorine pesticide, lindane, and
out the use of a retention gap, onlyllinjection of asample  a carbamate pesticide carbaryl, respectively, obtained in the
in toluene was possible in conventional GC-MS, whereas 1 analysis of toluene solutions stdla-stdlj in the experiments
and 2ul were tested in LP-GC-MS. Using the same injec- with 5pl injections of P-1 and P-II carrot extracts. We pre-
tion volume, comparable matrix effects (enhancement and di- ferred to present the overlays of the toluene solutions over
minishment) were observed in both approaches. Due to lowerthe carrot extracts because matrix components eluting in the
separation efficiency, direct matrix interferences for the quan- proximity of the analyte peaks would complicate the figure
titation ions were worse for 4 out of the 20 tested pesticides in the case of the P-1l extracts. Also, the signal diminishment
in LP-GC-MS, but similar or better LODs were achieved in effect is usually more pronounced in solvent solutions (com-
all other cases. The larger injection volume @flZyenerally pare the results for heptachlor irable 4, thus providing
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Table 4

Repeatability of peak heights, areas andexpressed as R.S.D. in %= 10) obtained for heptachlom(z 272) in solvent standards (stadstd3, n = a—j) and

carrot matrix-matched standards (cmstddmstd®, n = a—j) in the 10 sequences using the LP-GC-MS column configurations A and B, injection volumes 1
or 5ul, and sample preparation methods P-1 or P-Il for preparation of carrot extractS€sgen 2for a detailed description)

Column configuration Experiment Solvent standards Matrix-matched standards
std1l std2 std3 cmstdl cmstd2 cmstd3
(a) R.S.D. (%) of peak heights
A P-15pul 3 4 3 3 3 4
P-111pl 3 4 4 5 5 9
P-115pl 21 23 24 19 19 16
B P-15pl 4 6 4 7 9 5
P-111pl 7 8 9 4 6 9
P-115pl 40 37 39 26 30 30
(b) R.S.D. (%) of peak areas
A P-15pul 3 4 3 2 2 3
P-111pl 3 3 4 6 5 8
P-115pl 13 16 15 15 14 14
B P-15pl 4 3 4 5 6 5
P-11pl 5 5 8 4 5 8
P-115pl 4 4 10 7 8 14
(c) R.S.D. (%) oftr
A P-15pl 0.03 004 003 002 002 003
P-111pl 0.04 005 003 004 004 005
P-115pl 0.23 023 022 018 017 018
B P-15pl 0.03 005 006 003 002 004
P-1l1pl 0.03 003 002 004 004 004
P-115ul 1.16 118 116 091 100 102

better indication of the column tolerance to increasing num- minishment otr shift of the lindane peaks in the respective
ber of matrix injections. sequences of GC runs using both LP-GC-MS set-ups. Again,
Similarly to heptachlor, the pl injections of the P-l ex-  the column configuration A proved to handle the increased
tracts (and Jul injections of the P-II extracts, for which the  matrix injections (5.l of P-Il extracts) significantly better,
results are not shown in the figures) did not cause signal di- considering the more rapid decrease in lindane peak heights

A: P-l (5u) B: P-I (5ul)
Abundance Abundance
I
16000 16000 RSD (n=7):
Area ........ 3%
12000 12000 Height ..... 8%
| P 0.05 %
8000 8000
4000 4000 I
0 0
min 2.10 2.20 2.30 min
A: P-Il (5ul) B: P-Il (5ul)
Abundance Abundance

16000
16000

12000
12000

8000 8000

4000 4000

min min

Fig. 4. Overlay of 10 extracted ion chromatograms of lindan& (81) obtained in the analysis of toluene solutions stdla—stdlj in the experiments with
repeated pul injections of P-l and P-II carrot extracts using the LP-GC—MS column configurations A and Bés&en 2.3or the sequence of GC injections).
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Fig. 5. Overlay of 10 extracted ion chromatograms of carbanj (44) obtained in the analysis of toluene solutions stdla-stdlj in the experiments with
repeated p.l injections of P-1 and P-II carrot extracts using the LP-GC-MS column configurations A and Béstien 2.3or the sequence of GC injections).

and substantiak shifts with the increasing number of ma- cides estimated from the matrix-matched calibration curves
trix introductions into the column ensemble B (the same time inthe third sequence inthe respective experiments. The LODs
scale is shown in the figures). The shifts of lindane to longer were calculated by extrapolating the S/N ratios (signals ob-
tr led to dropping its peak from the respective time window tained as peak heights in cmstd1c—cmstd3c analyses divided
(set for monitoring of lindane and dimethoate ions) after 28 by RMS noise at the analyte elution times obtained in the car-
matrix injections. Thus, after this point, lindane could not rot blank chromatogram from the third sequence) at the cho-
be detected using the initial method settings, which further sen quantitation ionsto determine the concentrations at which
indicates rather low method ruggedness in the LP-GC-MS S/N = 3.
approach B. The results imable 5shows that the column configuration
Carbaryl represents an analyte prone to losses and tailingA provided lower LODs in about 60% of the cases, whereas
in the GC systenfi?z7,28] For this and similarly susceptible the column configuration B gave lower LODs in only 20% of
pesticides included in our test mixture (e.g. methamidophos, the overall results (and 20% of the results were comparable
dimethoate, methiocarb, etc.), the column configuration A for both column configurations, i.e. LOD ratios were within
provided superior results also for the injections of 5mg the range of 0.8-1.2). Thus, due to the increased tolerance
equivalents of the carrot matrix (compare the upper parts of towards matrix injections, overall better analyte detectabil-
Fig. 5. As compared to lindane and other less problematic ity was obtained with the column configuration A in spite
analytes, the injections of the 25mg matrix equivalents of the greater separation efficiency and slightly taller peaks
caused faster deterioration of the carbaryl detectability when achieved in the LP-GC—-MS approach B. Generally, thé¢ 5
the LP-GC-MS column configuration B was used. The car- injections of cleaner P-I extracts led to lower analyte LODs
baryl peak moved out of its respective SIM window also after in carrot samples as compared to both 1 apd iBjections
28 matrix injections, thus for comparison purposes, the peakof the P-II extracts, although the pesticide concentrations re-
height, area antk R.S.D. are given only fan= 7 repetitions, lated to the matrix content (in ng/g) were lower in the P-I ex-
although all 10 measurements are showRigs. 4 and 5 tracts (sedable 1. With the same (5 mg) matrix equivalent
The above examples illustrate the importance of method injected, the 5-fold higher amount of pesticides introduced
ruggedness in GC-MS SIM analysis, especially if the ana- to the column configurations A and B ingd injections of
lyte ions are monitored in rather narrow windows as in the the P-I extracts resulted in lower LODs in 20 and 13 cases,
case of a fast GC-MS analysis. Another important consid- respectively, out of the 20 tested pesticides as compared to
eration involves analyte LODs, which are also influenced by the 1ulinjections of the P-II extracts. With the same amount
method ruggedness (peak height diminishment with increas-of pesticides injected in al injections, the 5-fold higher ma-
ing number of matrix injections) in addition to the separa- trix concentration in the P-Il provided better LODs for only
tion efficiency, injection volume and matrix content in the rarely (in the case of heptachlor in the configuration A and in
injected sampleTable 5gives average LODs of the 20 pesti- 3 other cases with the configuration B), but had detrimental
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Table 5
Average estimated LODs (in ng/g) of the pesticides analyzed in the carrot extracts from the third sequence (cmstd1c—cmstd3c) using the LP-@&8-MS colu
configurations A and B, injection volumes 1 oph and sample preparation methods P-1 or P-Il (Seetion Zor a detailed description)

Pesticide m'z Column configuration A Column configuration B

P-1 P-11 P-I P-11

5upl 1pl 5pul 5ul 1pl 5ul
Methamidophos 141 .8 0.8 4 09 3 >20
Dichlorvos 185 (011 01 01 0.4 02 01
Acephate 136 5 >20 >20 2 >20 >20
Dimethoate 125 5 7 5 2 3 7
Lindane 181 0] 2 1 3 6 3
Carbaryl 144 ® 0.9 1 06 1 11
Heptachlor 272 @ 0.3 0.1 0.2 0.2 0.2
Pirimiphos-methyl 290 a 0.2 01 0.3 0.2 0.2
Methiocarb 168 3 12 3 1 5 7
Chlorpyrifos 314 oL 0.4 2 01 0.9 0.2
Captan 79 2 10 15 2 9 >20
Thiabendazole 201 2 10 3 31 11 >20
Procymidone 283 I¢] 1 04 0.5 0.5 1
Endosulfan | 339 ® 5 6 Q8 1 7
Endosulfan Il 339 ® 9 10 08 2 10
Endosulfan sulfate 387 B 03 0.3 1 05 05
Propargite 350 @ 04 0.2 0.2 04 0.8
Phosalone 367 .8 04 04 02 04 0.9
Permethrins 183 a 1 04 0.7 2 3
Deltamethrin 181 a 4 5 1 2 11

effect on detectability for the majority of the tested pesticides the most suitable injection volume, we tested {+jec-
(14 cases in both LP-GC-MS approaches). tions of four different matrix extracts prepared by the P-I
Using the column configuration A, a comparison of the procedure, spiked with the 57 pesticides and analyzed using
LODs obtained for 1 and pl injections of the P-Il extracts  the LP-GC-MS approach A. Apples, wheat, and lettuce were
shows that the larger volume improved detectability for selected in addition to carrots, as samples representing dif-
nine analytes, whereas higher LODs were observed in fourferent matrix co-extractives. In each experiment, S/N ratio
instances. The situation was more than reversed with thewas determined for the 57 tested pesticides as described in
column configuration B, where the larger injection volume Section 2.4
improved LODs for only 2 analytes, but had negative impact  Fig. 6 demonstrates the effect of the increasing injection
on detectability of 14 out of the 20 pesticides as determined volume on S/N ratios obtained in four different matrices,
in the third sequence. This comparison further underlines theshowing for what percentage of the tested 57 pesticides the
adverse impact of the decreased ruggedness on the overalb/N ratios were increased, decreased or remained without

analytical performance. a significantly change as the injection volume increased in
1pl increments from 1 to fl. For purpose of this trend

3.5. Evaluation of injection volume for maximized presentation, a significant change, increase or decrease, was

pesticide detectability in various food crops considered if the percent difference in S/N ratiaS(N) for

two subsequent injection volumes- 1 andn (relative to the

The above evaluation of LODs demonstrates that larger S/N ratio obtained for jul) was equal or greater than +20%
injection volumes do not always lead to improved analyte de- or lower than—20%, i.e. [$,/N,, — S;,—1/Np_1]: S1/N1 >
tectability. As discussed, one of the reasons is the potentially +0.2 or §/N;1 < —0.2, respectivelyfFig. 6 shows that, as the
lower ruggedness caused by a larger amount of non-volatileinjection volume increased above.P(for wheat and carrot
matrix components introduced into the GC system as the in- extracts) or Jul (for apple and lettuce extracts), the S/N ra-
jection volume increases. However, even if the ruggednesstios of a fewer number of pesticides were improved, resulting
is not the main issue, the (semi-)volatile matrix components in either practically unaffected analyte detectability in most
may still play an important role in analyte detectability, dic- cases or even increasing number of pesticides with higher
tating the level of chemical noise in the analysis. LODs as compared to the smaller injection volumes.

The previous experiments with the 20 selected pesticides Thisisjustageneral evaluation because itis alsoimportant
in carrot samples showed that the overall lowest LODs and for which pesticides the gain in detectability was achieved or
best ruggedness were achieved withl3njections of P-I lost. The gain is beneficial mainly for the most troublesome
carrot extracts using column configuration A. To evaluate the pesticides (“weakest links") in GC-MS, such as methami-
effect of (semi-)volatile matrix interferences and determine dophos, acephate, dimethoate or captan, which typically have
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Fig. 6. Percentage of the tested pesticides (57 analytes = 100%), for which the S/N ratio was (i) increasing, (i) without significant changks@edsiiig as

the injection volume of the investigated matrix extracts was increaseglim&érements from 1 to pul. A significant change, increase or decrease, is considered
if the percent difference in S/N ratioa §/N) for two subsequent injection volumes- 1 andn (relative to the S/N ratio obtained ford) is greater than +20%

or lower than—20%, i.e. [S,/N,, — S;,—1/N,,_1]: S1/N1 > +0.2 or §/N; < —0.2, respectively.

higher LODs than other analytes. In these cases, the injectionfor 5wl versus 1ul), thus the noise level was the main fac-
volumes larger than 2 ori 8 led mainly to reduced analyte tor dictating whether and to what extent the given S/N ratio
detectability because these problematic pesticides are usuallyvould increase or decrease. For a gain in detectability, it is

highly influenced by matrix interferences due to their ol important that the signal increases faster than the noise, i.e.
ions in GC-MS. Thus, the injection volume of 2xBcan the ratioas/ay must be greater than,8\,,, whereas and
be really considered optimal for the analysis of the selected ay are the slopes of the signal and noise curves, respectively.
group of pesticides in the given matrices. These curves are given by the equations §, = asAn +

For sensitivity increasing linearly with the injection vol-  S,, and N,; A, =an An+ N, whereAnis the change inin-
umen (n-fold increased signal versuspl injection), one jection volumen, thusAn = 1 for a 1l increment (two-point
would expect approximately-fold gain in detectability ver-  curves).
sus 1ul, i.e. (S,/Ny):(S1/N1) = n. This potential gain can be In the case of chlorothalonih§z 266) inFig. 7A, as/an
achieved for noises constant, i.e. when practically no chemi- was significantly greater than,8\,, for the entire range of
cal noise is present (no matrix interferences and/or highly spe-tested injection volumes in apples, lettuce, and wheat, thus re-
cific m/2). Unfortunately, it is often not the case in real-life sulting in a substantial S/N ratio increase even fpf Bersus
pesticide residue analysis, including conventional GC-MS 4 ul. The analysis of chlorothalonil in wheat gives an exam-
methods with a large volume injecti¢®9] where separation  ple of noisex constant, where the increase in detectability
efficiency is not sacrificed for speed as in the LP-GC-MS was=n-fold (AS/N ~ 100% forn = 2-5pl). In carrot ex-
techniqueFig. 7 gives examples of the influence of the in- tracts, however, the gain in S/N was insignificantS/N <
creasing injection volume (1+8) on signal (peak height),  20%) when more than |3l were injected. On the contrary,
RMS noise, and resulting S/N ratio for several pesticides. As B-cyfluthrin (m/z206) inFig. 7B represents an example when
demonstrated, the analyte signal was linearly increasing with the noise level in carrot, lettuce, and wheat extracts increased
the increasing volume injected=b-fold gain in sensitivity with the injection volume faster or about the same as com-
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Fig. 7. Signal (peak height), RMS noise, and S/N ratio obtained for (a) chlorothatmi266), (b)B-cyfluthrin (m/z 206), (c) dimethoaten/z 93), and (d)
fenitrothion Wz 277) in 1-5ul injections of apple, wheat, lettuce, and carrot extracts.
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pared to the analyte signad/ay < or ~S,,/N,,), resulting sulting in slightly narrower and taller peaks. Thus, with the
in a S/N decrease or no significant gain when morethah 1  same data acquisition rates for both systems, less data points
of these extracts was injected. In the case of apple extractsacross a peak were obtained with the column configuration B.
the growth in noise was much less steep, thus the S/N ratioHowever, no significant difference in precision of peak area
was increasing with the injection volume, with a significant and height measurements was observed even for the peaks
increase AS/N > 20% for An = 1) observed up to gl. defined by the lowest number of points, providing that the an-
For dimethoater(yz93) inFig. 7C, the noise was increas-  alyte response was not affected by matrix injections. Despite
ing exponentially, resulting in an increase of S/N ratio with of the greater separation efficiency (potentially higher GC se-
up to 3wl injections (2ul for carrot extract) and insignificant  lectivity versus matrix components) and slightly better sen-
gain @s/an ~ S,/N,,) or even loss in detectabilityg§/ay < sitivity (taller peaks) obtained with the column configuration
S,/Ny,) with larger injection volumes. Fenitrothiom(z277) B, generally better detectability of analytes in real samples
in Fig. 7D represents an example of various trends in the noise (carrot extracts) was achieved using the mega-bore analytical
growth with increasing injection volume of the tested matrix column with a thicker film in the LP-GC-MS approach A,
extracts. As a result, fenitrothion detectability was signifi- which provided substantially better tolerance towards matrix
cantly improving up to 3ul injections of apple and carrotex-  injection and, consequently, significantly greater ruggedness
tracts and, in order to achieve the highest S/N ratio in wheat, of the analysis.
it was not necessary to inject more than 243 this case. Decreased ruggedness was exhibited by significantly
In lettuce, however, a considerable gaixS/N ~ 60—-80%) lower long-term repeatability of analyte peak height &sd
in detectability was observed for all tested injection volumes measurements, caused by gradual peak diminishment, distor-
(up to 5pl). tion, and shifting to longetr with the increasing number of
The above examples demonstrate that the injection volumematrix injections. Direct sample introduction (DSI) technique
providing maximized analyte detectability hinges on the par- (or its automated version called difficult matrix injection)
ticular analyte—matrix combination. Generally, the selection would significantly improve ruggedness because the root
of an optimal injection volume for a given group of analytes cause of the problems—non-volatile matrix components—is
should involve considerations about the gain in detectability being removed after each injectif20—-31] Another possi-
for the majority of them (with close attention to the weakest bility may involve the use of analyte protectaf@8], which
links in the group) and about the impact on method rugged- are compounds that strongly interacts with the active sites in
ness, which may be detrimentally affected by a larger amountthe GC system, thus reducing losses and analyte tailing and
of matrix injected to the GC system. effectively compensating for both matrix-induced response
enhancement and diminishment effects even in long GC se-
guences of matrix injection82].
4. Conclusions This study clearly demonstrates the importance of rugged-
ness in real-life analysis, because, if not specifically ad-
In this study, we further optimized operating parameters dressed (by the use of DSI, analyte protectants or some
and evaluated performance characteristics of LP-GC—-MS for other technique), decreased ruggedness may limit the num-
the analysis of multiple pesticide residues in food crops. Two ber of matrix injections and/or amount of matrix injected each
LP-GC-MS column configurations A and B, employing the time, negatively impacting analyte detectability or the overall
same restriction capillary at the inlet end, but different analyt- throughput (due to down-times for system maintenance). This
ical columns attached to the vacuum provided by MS, were issue is even more pronounced in fast GC-MS analysis with
tested in various experiments. In addition to the pesticide time-dependent settings, such as SIM windows, because sig-
solutions prepared in solvent, which were used for initial op- nificanttg shifts may result in omitting of the analyte signal.
timization and evaluation of speed, separation efficiency and  However, even if the ruggedness is not a problem, such
peak characteristics (including the number of points acrossas in the LP-GC-MS approach A analyzing the relatively
peaks), the LP-GC-MS systems were subjected to thoroughclean P-I extracts, the (semi-)volatile matrix components also
ruggedness tests involving repeated injections of pesticidesplay an important role in the analysis, dictating the level of
in matrix extracts. chemical noise (interferences) and, consequently, analyte de-
The optimization compromising speed and sensitivity re- tectability. The evaluation of the injection volumes (3%
sulted in similar GC-MS settings (except for the SIM pro- showed that the increase in sensitivity did not translate in the
grams) for both column configurations. As compared to the same gain in analyte detectability for the majority of the tested
LP-GC-MS approach A, the narrower analytical column with analyte—matrix combinations. The selection of an optimal in-
a thinner film in the configuration B provided slightly faster jection volume for a given situation should involve a balanc-
analysis (<1.1-fold) for both tested groups of 20 and 57 pesti- ing act between the improvement of LODs for majority of the
cides (retention times of the last eluting analyte deltamethrin analytes (mainly for those least sensitive and highly impacted
<5 and 5.5 min, respectively, with both column configura- by matrix interferences), losses of detectability for minimum
tions) and greater separation efficieneyl(3—2-fold more of them, and the impact on method ruggedness, which may be
theoretical plates depending on the particular analyte), re- adversely affected by larger injections of real-life samples. In
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this respect, the injection volume of 2gBwas optimal for [12] A. Garrido-Frenich, F.J. Arrebola, M.J. Gdiez-Rodiguez, J.L.
detectability of the majority of the 57 pesticides (including the Martinez-Vidal, N.M. Diez, Anal. Bioanal. Chem. 377 (2003) 103.
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