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An Expanding Role: The Use of
Ultrahigh Performance LC–TOF-
MS, GC–TOF-MS, Accurate Mass,
and Isotope Modeling for
Screening Complex Mixtures
There are known knowns. These are things we know that we know. There are known
unknowns. That is to say, there are things that we know we don’t know. But there are
also unknown unknowns. There are things we don’t know we don’t know.

—Donald Rumsfeld (US Secretary of Defense)

Ultrahigh performance liquid chromatography (LC)–time-of-flight mass spectrometry
–(TOF-MS) and gas chromatography (GC)–TOF-MS are powerful approaches for screening
target compounds and identifying or characterizing nontarget compounds in complex
mixtures. The combination of accurate mass data and newly developed software enables
truly generic screening methods with TOF-MS, and the confident detection, identification,
and confirmation of small molecules in a range of application areas.
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raditionally, screening of targeted compounds in
complex matrices involved the use of chromato-
graphic techniques such as liquid chromatography

(LC) and gas chromatography (GC) with detectors such as
UV or flame-ionization detection (FID), which gave little
selectivity. The sensitivity and selectivity of the analytical
methods relied upon extensive sample extraction and
cleanup procedures. Many laboratories have adopted the

use of more selective detectors such as fluorescence for LC
or electron capture, or nitrogen–phosphorus detectors in
GC; however, methods using these approaches tend to be
compound class specific and remained critically depend-
ent upon sample preparation. The desire to analyze differ-
ent compound classes and to reduce sample preparation
has led many laboratories to use mass spectrometry (MS)
for screening complex matrices. GC–MS and LC–MS can
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reduce the need for time-consuming
sample preparation procedures and
support the development of more
generic extraction procedures that are
a prerequisite for comprehensive mul-
tiresidue analysis.

Selected ion recording (SIR) and
multiple reaction monitoring (MRM)
are common nominal mass (± 1 Da)
MS and MS-MS methods that enable
targeted screening of a finite number
of compounds to be achieved (for ex-
ample, in metabolite–impurity profil-
ing and screening for pesticide residues
or veterinary drug residues in food).
While ideal for detection and quanti-
tation, these approaches are impracti-
cal for comprehensive, generic screen-
ing and particularly for the
identification of unknown or unex-
pected compounds. In contrast, time-
of-flight (TOF) MS provides the ideal
combination of speed, sensitivity, and
selectivity. TOF-MS has the full-spec-
trum sensitivity and the spectral ac-
quisition speed to take full advantage
of the narrow peak widths from GC
and ultrahigh performance LC. An-
other key advantage of orthogonal ac-
celeration (oa) TOF-MS is in its abil-
ity to provide routine accurate mass
measurement (typically <5 ppm root
mean square). The importance of ac-
curate mass measurement for the con-
fident detection and identification of
compounds from these data cannot be
understated. Accurate mass provides
the high level of specificity required
for the component detection in the
presence of multiple coeluted species
and enables determination of elemen-
tal composition and can help struc-
tural elucidation of nontarget com-
pounds. Recent advancements in
software technology that utilize novel
isotope modeling, results filtering, and
accurate mass library searching rou-
tines have also made it possible to sig-
nificantly simplify compound detec-
tion, identification, and confirmation
from accurate mass data.

Here we describe the feasibility 
of truly generic accurate mass ultra-
high performance LC–TOF-MS and
GC–TOF-MS methods for the analy-
sis of potentially unlimited numbers
of compounds with minimal sample

preparation. Results from the screen-
ing of veterinary drug residues and
pesticides in food demonstrate the
ability of this technology to screen for
targeted compounds and to detect and
aid the identification of unknown or
unexpected components from com-
plex matrices.

Multiresidue Analysis of
Pesticides in Food by GC–TOF-MS
The inappropriate or unlawful use of
pesticides on agricultural produce can
result in unacceptably high levels of

residues in produce destined for
human consumption. Produce that en-
ters the food distribution chain that is
to be used for this purpose must con-
tain less than the statutory maximum
residue limit (MRL) of any given
residue. In the European Union, leg-
islation sets and controls MRLs in food
and feeding stuffs (1). One key feature
of the recent legislation is that a de-
fault MRL of 0.01 mg/kg will apply to
those commodities when no specific
MRL is set. Given that there are over
800 compounds in use to control pests,
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it is more efficient to extract and de-
termine as many of them as possible
during a single analysis.

To establish a suitable screening
technique, a number of requirements
must be met to effectively extract, sep-

arate, detect, and identify all compo-
nents. These include minimal nonse-
lective sample preparation for a wide
range of compound groups with dif-
ferent polarities; simple high-resolu-
tion GC separation to minimize ma-

trix interference while maintaining res-
olution of critical pairs; and automated
peak detection and deconvolution of
all components in the sample.

Generic extraction procedures have
been reported for the analysis of a wide
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Figure 1: Selectivity offered by (a) nominal mass versus (b) accurate mass chromatograms for vinclozolin.
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Figure 2: S/N offered by (a) nominal mass versus (b) accurate mass chromatograms for fludioxonil.
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range of pesticides in fruits and vegeta-
bles (2) and fatty samples (3) typically
using acetonitrile followed by dispersive
solid-phase extraction (SPE) cleanup.

We employed a GC–TOF-MS
method for the targeted screening of
pesticide residues in various food com-
modities at the legislated concentra-
tion of 0.01 mg/kg. The method is ex-
tended to include nontarget screening
results using automatic peak detection,
deconvolution, and library searching
with accurate mass confirmation. The
sample extraction, GC, and TOF-MS
methods have been described previ-
ously (4). We used an oa-TOF instru-
ment (GCT Premier, Waters Corpora-
tion) with electron ionization mode
and spectra were obtained over the
mass range 50–500 Da. We operated
the instrument at over 7000 resolution
(fwhm), and the instrument generated
accurate mass spectra using a reference
compound of known mass, which was
introduced to the instrument through-
out the analysis.

Figure 3: Results for pirimiphos-methyl at a concentration of 0.01 mg/kg in grapefruit. (TargetLynx
software, Waters Corporation).
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m/z 212.0034), vinclozolin has little or
no interference, improving the selec-
tivity of the method.

Improving the selectivity can lead to
an increase in the signal-to-noise ratio
(S/N), which can make the difference
between detecting the compound and
not detecting it (Figure 2). The nomi-
nal mass chromatogram (1 Da, m/z
248) results in an S/N of 4:1. In the ac-
curate mass chromatogram (20 mDa,
m/z 248.0397) the S/N has increased to
49:1. The mean difference between the
nominal and accurate mass S/N was a
factor of five for all residues.

To test the quantitative capabilities
of this approach, 30 standard com-
pounds were prepared in the concen-
tration range 5–500 pg/mL (equivalent
to 0.005–0.5 mg/kg with PCB 138 used
as an internal standard) and spiked
into each matrix. The data from the

subsequent GC–TOF-MS analysis were
processed automatically using a dedi-
cated software package for detection
and quantification of target com-
pounds (TargetLynx, Waters Corpora-
tion). In Figure 3, the quantitative re-
sults for one of the compounds in
grapefruit, pirimiphos-methyl (at a
spiked concentration of 0.01 mg/kg),
are shown. All 30 residues could be
screened using this method in all ma-
trices to a concentration of 0.01 mg/kg,
demonstrating the applicability of
GC–TOF-MS in targeted screening
and quantitation.

Five matrices were used to further
test the method — orange, cherry
tomato, grapes, kiwi, and strawberry
(a cucumber matrix–matched calibra-
tion curve was used for quantification
purposes). Automatic quantification
was carried out, with two accurate

Figure 4: Results from the GC–TOF-MS analysis of grapes. A number of pesticides were detected and quantified (middle pane). Further
quantification results for the pesticide, chlorpyrifos, are shown (bottom panes).

Targeted Screening
Initially, four food commodities (cu-
cumber, sweet pepper, grapefruit, and
wheat flour) were screened for known
pesticides to validate the approach. 0.01
mg/kg was chosen to be the reporting
level because this is the target MRL for
active substances in products for which
no specific MRL is set (5).

To illustrate the improvement in se-
lectivity offered by accurate mass chro-
matograms, vinclozolin (0.01 mg/kg)
was analyzed in cucumber, a relatively
simple matrix. The extracted ion chro-
matogram at m/z 212 in Figure 1(gen-
erated with a 1 Da window, as it is typ-
ically done when using a quadrupole
or ion trap–type mass spectrometer)
contains a number of intense peaks
that could lead to interference when
using automatic integration. In the ac-
curate mass chromatogram (20 mDa,
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mass chromatograms (0.02 Da)
processed for each residue. Figure 4
shows the quantification (0.067
mg/kg) of chlorpyrifos in grapes. This
correlates well with a targeted tandem
quadrupole MS-MS method (Quattro
micro GC, Waters Corporation), in
which the concentration was found to
be 0.066 mg/kg (6).

Untargeted Screening
In an untargeted screening environ-
ment, TOF-MS generates an informa-
tion-rich data set requiring consider-
able analysis to detect, deconvolute, and
identify the compounds present, which
is very time-consuming if performed
manually. We chose to process the data
using software  (ChromaLynx, Waters
Corporation) that automatically plots
the reconstructed ion chromatograms
(RICs) of up to eight most intense ions
at any point in the chromatogram. If a
peak is found to satisfy a set of user-
defined parameters, then the software
will record this as a component peak
and generate its deconvoluted mass
spectrum. The spectrum can then be
submitted to an automatic library
search routine with the ability to test
the confidence of library hits using ac-
curate mass scoring.

Processing of the 0.05-mg/kg spiked
cucumber extract located 550 total
components in the chromatogram, in-
cluding 30 spiked residues. Etrimfos is
an example of one of the untargeted
compounds that we found (Figure 5),
which was confirmed with three indi-
vidual ions (within 1.1 mDa of their
expected accurate mass). More than
90% of the spiked residues at 0.05
mg/kg were located and identified
using this method, further demonstrat-
ing the applicability of GC–TOF-MS
in nontarget screening.

Multiresidue Analysis of
Veterinary Drug Residues by
Ultrahigh Performance LC–TOF-MS
A wide variety of veterinary drugs are
used as antibiotics in livestock around
the world. In many countries, includ-
ing EU member states and the United
States, testing for these compounds in
animal-based food products is manda-
tory and the permissible concentration

levels are strictly regulated. Due to the
complexity of matrices (for example,
muscle tissue, urine, and milk) and the
large number of potential analytes, it
is beneficial to use a generic analytical
method applicable to a diverse range
of samples, which means data can be
reprocessed to search for new com-
pounds if “food scares” arise.

Traditional methods for analyzing
veterinary drugs in biological matrices
include microbiological or immuno-
chemical techniques. While they are
rapid and cost-effective, they are only

suitable for one analyte or class, and
have limited  quantitative capability.
High performance LC with UV or flu-
orescence detection is commonly used
for quantification and confirmation;
however, extensive sample cleanup is
needed to achieve the required sensi-
tivity and selectivity of analysis.

Here we demonstrate the feasibility
of a truly generic LC–MS method for
the untargeted analysis of potentially
unlimited numbers of residues with
minimal sample preparation. Milk
samples were spiked with standard so-
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lutions containing 41 compounds
from five classes (tetracyclins, sulfon-
amides, quinolones, macrolides, and
benzimidazoles) at concentrations of
0.5, 1, 2, 5, 10, 25, 50, and 100 mg/L,
respectively. These concentrations
cover the relevant concentration range
with respect to the MRL of the ana-
lytes. The experimental setup has been

described previously (5), in which an
ACQUITY UPLC System (Waters
Corporation) was used with columns
containing 1.7-mm size novel packing
material and operated at high pres-
sure to obtain maximum speed and
chromatographic resolution. An oa-
TOF-MS system (LCT Premier XE,
Waters Corporation) was used with

electrospray ionization (in positive
ion mode) to acquire data over the
mass range 100–1000 Da at high res-
olution (>10,000 fwhm). An inde-
pendent reference compound was
used over the duration of the analy-
sis to enable generation of accurate
mass data (<3 ppm).

Initial manual interrogation of the
data was performed to determine the
sensitivity on spiked compounds in
milk, and to investigate the quantita-
tive capability of the ultrahigh per-
formance LC-TOF system. Figure 6
shows that good linearity was ob-
served and that the limit of
detection/limit of quantitation
(LoD/LoQ) is much lower than the
MRL concentration.

The Use of Isotope Ratio Models
for Screening
Elucidation of structure for nontarget
compounds using accurate mass re-
quires the calculation of candidate el-
emental compositions. This type of
analysis rarely results in a single can-
didate formula, and it is not unusual
to have thousands of candidate for-
mulas, even with high mass accuracy.
As such, it is problematic to decipher
which is the correct formula, so we
employ i-FIT software (an accurate
mass and isotope ratio correlation
tool) to aid this process. The i-FIT
software (Waters Corporation) is a
two-stage process in which a mass
spectral correlation algorithm orders
the list of candidate formula by (i-FIT)
score, followed by element prediction
filters that remove formulas that are
considered “incorrect” based on inter-
pretation of the spectral data. The out-
come is a “focused list” of potential
candidate formulas. The element pre-
diction filters have the potential to re-
move greater than 99% of the “incor-
rect” candidate formulas (7).

Screening of compounds in this vet-
erinary drug residue analysis study is
carried out by a comparison of the ex-
perimental data to a potentially limit-
less library of experimental and theo-
retical spectra with accurate mass
scoring providing increased confidence
in compound library hits. A spectral
library of standard solutions was ac-

Table I: Analytes’ MRL, screened concentration, and estimated LoD in milk

MRL/mg/L Screened level LoD/mg/L

Benzomidazoles
Albendazole 100 100 (25) 0.10
Albendazole Sulfoxide 100 25 (10) 0.20
Fenbenzadole 10 10 0.20
Oxfendazole 10 10 (5) 0.10
Oxfendazole Sulfone 100 (25) 0.10
Mebendazole 100 (25) 0.20
Levamisole 10 (5) 0.25
Thiabendazole 100 10 0.20
Flubendazole 10 0.05
Oxibendazole 25 (5) 0.05

Macrolides
Spiramycin 200 25 0.30
Tilmicosin 50 10 (5) 0.50
Tylosin 50 25 1.00
Josamycin 25 0.20
Tiamulin 5 (1) 0.05
Valnemulin 10 0.10
Lincomycine 150 10 0.20

Quinolones
Nalidixic Acid (25) 0.10
Oxolinic Acid 50 (10) 0.10
Flumequine 50 100 (10) 0.10
Norfloxacin 100 (50) 1.00
Ciprofloxacin * 1.00
Lomefloxacin (IS) 50 0.50
Enrofloxacin 100 10
Marbofloxacin 75 10 0.20
Difloxacin 25 (5) 0.20
Danofloxacin 30 50 (25) 0.20
Cinchophen 100 (10) 0.10
Sarafloxacin 50 (25) 0.20

Sulfonamides
Dapsone 100 (25) 0.10
Sulfadiazine 100 (100) 0.25
Sulfamethoxazole 100 * 0.15
Sulfamethazine 100 * 0.20
Sulfadimethoxine 100 100 (10) 0.15
Sulfadimidine 100 25 (10) 0.25
Sulfadoxine 100 25 (10) 0.05
Sulfaquinoxaline 100 (25) 0.20

Tetracyclines
Doxycycline (-H2O) 100 (25) 0.40
Tetracycline 100 (100) 1.00
Oxytetracycline 100 (50) 0.50
Chlorotetracycline 100 (50) 4.00

* = not in library
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quired with retention time data (oa-
TOF aperture voltage of 8 V), includ-
ing spectra from collision-induced dis-
sociation (CID) (aperture voltage of 30
V), which contained fragment ions to
assist in compound characterization.
These spectra were all quality checked
by isotope interrogation software (i-
FIT, Waters Corporation) (7). A library
was created containing a normal MS
spectrum and at least one fragmented
spectrum for each compound (Mass-
Lynx software, Waters Corporation).
This was then converted to the National
Institute of Standards and Technology
(NIST) format (ChromaLynx software,
Waters Corporation), which allows fil-
tering of the matched spectra for
screening purposes. A library search
method specifies which libraries to use,
how many ions to search against, max-

imum number of hits, and any screen-
ing parameters (including peak width,
noise limits, retention time, polarity,
and cone voltage). This method not
only confirms a library hit at a glance,
but any fragments formed by in-source
CID also have an elemental composi-
tion based on that of the parent ion as-
signed to them, which makes structural
elucidation much easier.

Figure 7 shows the results for a milk
sample spiked with several veterinary
drugs at a concentration of 10 mg/L —
equivalent to the lowest MRL of any
of the 41 compounds. The two com-
pounds required to be reported at this
level are flubendazole and oxfendazole,
both of which have been correctly as-
signed by reference to the library cre-
ated from standards.

Table I shows a summary of the

Figure 5: Identification of an untargeted pesticide residue cucumber (0.05 mg/kg). ChromaLynx automatically performs accurate mass scoring of the
library search. The formula from the library hit is submitted to elemental composition and the “n” most intense ions are confirmed or rejected by accurate
mass. Green boxes indicate a good accurate mass match, amber boxes indicate a tentative accurate mass match and red boxes indicate no match.

Accurate mass

measurement is a

key metric for the

successful

screening of

complex matrices.
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MRLs (where applicable), the level at
which ChromaLynx screening gives a
positive (tentative in brackets) iden-
tification, and the LoDs for each of
the spiked compounds. All library en-
tries are correctly identified at or
below their MRL.

It is important to note that, while in
this study a mass accuracy of <5 ppm
has been considered confirmatory,
there is currently no such considera-
tion in EU legislation. A sample found
to contain any of the analytes should
therefore be subject to further analy-
sis, typically on a tandem
quadrupole–type MS-MS instrument,
where product ion ratios are used for
confirmation. Many groups are cur-
rently investigating and validating the
use of accurate mass spectra for con-
firmatory purposes. However, at this
early stage the authors recommend
that two mass spectral peaks with <5
ppm accuracy, acquired with a mass
resolution of at least 10,000 fwhm,
should be considered for confirmation.
Matching measured and theoretical
isotope ratios has proven a reliable and
conclusive method for the correct as-
signment of an analyte’s identity and,
hence, stringent criteria for this should
be compulsory.

Conclusions
GC–TOF-MS and ultrahigh perform-
ance LC–TOF-MS represent powerful
solutions for the rapid, comprehen-
sive, and confident screening of com-
pounds in complex biological matri-
ces. In the cases shown here, it has
been possible to apply a generic, min-
imal sample preparation procedure
while achieving sensitivity beyond the
required MRLs for veterinary drug
residues and pesticides in food and
feedstuffs as defined in European leg-
islation (1,5). This is possible due to
the full-spectrum sensitivity provided
by oa-TOF instrumentation and can
be extended to large numbers of
residues without the loss in sensitiv-
ity that would be observed using
quadrupole or ion trap instrumenta-
tion. The increased chromatographic
resolution from ultrahigh perform-
ance LC separations also helps mini-
mize matrix effects and obtain analyte

Figure 7: Successful screening for fenbendazole from a multianalyte spiked milk sample, at its
MRL concentration (10 ppb). As is clearly displayed, both compounds are positively identified by
the green check mark as having a good match to the library entry. However, equally important is
the green shaded elemental composition in the match window, showing that the library formula
matches the measured mass to <3 ppm (in this case [M+H]+ mM = 1.0 ppm). A secondary
confirmation level of 5–20 ppm is also applied, so matches can still be made if the data is
compromised. As an additional quality check, elemental compositions can also be displayed by i-
FIT score.  (ChromaLynx, Waters Corporation)

Figure 6: Quantification of flumequine. Chromatogram shown is 0.1 3 MRL concentration.
(QuanLynx, Waters Corporation).
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peaks suitable for quantification in the
oa-TOF analyzer. These quantitative
results have been shown to correlate
with levels observed from analysis on
tandem quadrupole instruments.

Accurate mass measurement is a key
metric for the successful screening of
complex matrices. Its selectivity allows
the analyst to confidently detect chro-
matographic peaks from complex
mixtures in the presence of multiple
coeluted compounds, while providing
increases in S/N and limits of detec-
tion. Spectra with high mass accuracy
and correct isotope ratios are also
valuable aids for identifying contam-
inants, and might be appropriate for
confirmatory analysis.

With the development of special-
ized software tools, it is now possible
to automatically detect peaks, decon-
volute mixtures, perform library
searching, and carry out accurate mass
confirmation in a routine manner
from complex LC–MS or GC–MS
datasets. This provides the analyst with
the capability to confidently quantify
and confirm compounds in a targeted

environment, or quantify and identify
unexpected compounds in an untar-
geted environment.
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