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Thermo Scientific Orbitrap technology has become an established platform for liquid chromatography-
mass spectrometry (LC/MS) analysis. The high resolving power, mass accuracy, and dynamic range of 
the OrbitrapTM mass analyzer allow rigorous characterization of complex mixtures. A mass spectrometer 
comprised of an atmospheric-pressure ion source and a standalone Orbitrap mass analyzer has been 
developed with performance characteristics well-suited for application areas such as exact-mass 
measurements of organic compounds; early drug discovery, metabolism and pharmacokinetics;  
general unknown screening; and multi-residue analysis (pesticides, mycotoxins, veterinary drugs). 
For all of these applications, high-resolution, accurate-mass (HR/AM) measurements together with 
high dynamic range are required for unequivocal results in full-scan MS mode.

The Thermo Scientific Exactive mass spectrometer is a high-
performance benchtop LC-MS incorporating a heated electrospray 
(HESI) ion source, connecting ion optics, C-trap, higher-energy 
collisional dissociation (HCD) collision cell, and Orbitrap mass analyzer 
(Figure 1). The main performance features include a fast scan rate (in 
excess of 10 Hz), high mass resolution (100,000 FWHM at m/z 200), 
and high mass accuracy (better than 2 ppm with internal calibration). 
The ability to perform fast polarity switching allows both positive and 
negative scans within a single acquisition method. This eliminates extra 
injections and enables efficient data acquisition in both polarities. 
Moreover, it is of particular importance when only limited amounts of 
sample are available (for example, in clinical research, forensic 

toxicology, or environmental and food analysis). Fragments generated 
in-source or by using a multipole collision cell performing fragmentation 
without precursor selection (all-ion-fragmentation, AIF) provide 
additional information to complement full-scan data. The Exactive™ 
system has been used extensively in pharmaceutical discovery, 
screening applications, quantitative analyses, and elemental composition 
determinations resulting in a steadily increasing body of peer-reviewed 
publications. Presented here is an overview of the published literature 
highlighting some interesting aspects of the Exactive MS performance 
in the areas of food safety, environmental analysis, bioanalysis, 
clinical research, forensic toxicology, and -omics applications. 

Figure 1: The Exactive instrument consists of the ion source, ion optics (transfer 
tube through octopole), C-trap, HCD collision cell and the Orbitrap mass analyzer. 

Introduction  

Exactive is a high-performance,  
benchtop LC-MS mass spectrometer
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Fueled by throughput and cost-saving pressures, the development 
and growth of multi-analyte methods have led to ever-increasing 
numbers of compounds being monitored in a single analysis. Initially, 
additional transitions (selected reaction monitoring – SRM) were 
monitored in parallel on triple quadrupole (TQ) instruments. This resulted 
in a trade-off between the length of the dwell time (sensitivity) and the 
number of data points acquired across a chromatographic peak. The 
introduction of ultra-high performance liquid chromatography (UHPLC) 
created even greater demands. The problem was tackled by enabling 
SRM time windows that rely on the chromatographic peaks eluting 
within a well-defined retention-time window. Parallel time windows and, 
most recently, scheduled SRM techniques have been used in an attempt 
to further address the issue. 

The current TQ-based approach requires the user to define narrow 
time windows for each component in the method. This technique still 
has a number of limitations. Changes to the hardware, such as installing 
a new column or refilling the mobile phase bottles, often require the 
redetermination of the exact retention times. Some analytes produce 
more than one peak in the chromatogram (epimers of tetracyclin,  
for example) or share the same SRM (such as sulfadimidin and 
sulfadimethoxin). Some compounds display a tendency to drift out of 
the defined retention-time window after a number of injections. There 
is no way in the currently available software to dynamically adjust for 
this. Another rather cumbersome aspect of TQ MS/MS is the need  
to perform individual optimization experiments for every monitored 
compound (selection of the precursor, collision energy and product 
ion). These conditions can neither be calculated from the elemental 
composition nor accurately predicted from the chemical structure. 
Furthermore, having a complex standard mixture for compound 
optimization can create additional complexity.

All the aforementioned difficulties call for the introduction of an 
alternative technique. This technique needs to provide at least the same 
selectivity and similar sensitivity, while fulfilling the requirements of 
dynamic range, speed, ease-of-use, affordability and, ultimately, 
flexibility. The introduction of high-resolution mass spectrometers, 
namely the modern time-of-flight and Orbitrap instruments, fulfilled 
many of the above requirements. Unlike TQ mass spectrometry, which 
detects compounds by dissociation pathways in unit-mass resolution, 
high-resolution analyzers detect ions solely using accurate mass. 
Reliable and stable measurement of the accurate mass allows narrow 
mass windows to be used for tracing the ions of interest in a complex 
background. The accuracy of the mass measurement is highly 
dependent on the mass resolution used for analysis as the presence 
of co-eluting, nearly isobaric compounds can interfere with the peak 
of interest. Figure 2 shows the pesticide pirimicarb present in a complex 
mixture of other pesticides and toxins in a horse feed extract. Employing 
a mass resolution suitable for the complexity of the sample is critical 
to obtaining adequate analyte specificity.

Figure 2: High resolution results in better mass accuracy. The pesticide 
pirimicarb was measured in a mixture of 115 other pesticides and 
food toxins in a horse feed matrix. (a) Mass spectrum taken at the 
time of the elution of pirimicarb acquired at resolving power 
15,000 FWHM. The peak corresponding to pirimicarb showed a 
mass deviation of 6.5 ppm. The mass reading is inaccurate due to a 
shift in detecting the peak centroid. (b) Switching to resolution 
100,000 FWHM in the same analytical run detected pirimicarb with 
mass deviation of 0.3 ppm. At the same time it revealed the presence 
of an interference which had been responsible for that relatively 
large mass shift observed at lower resolution settings.

Mass resolution must  
match the application

Current trends in analysis 
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Significant mass errors occur if a matrix-related, co-eluting isobaric 
ion is present and the available mass resolution is not sufficient to 
resolve it. Hence, mass windows should not be narrower than the 
range provided by the available mass resolution.1 Another important 
figure of merit is the precision of the mass measurement. Precision of 
some instruments is clearly doubtful as they present high dispersion 
with standard deviation introducing an uncertainty in the accurate mass 
measurement with errors at the third decimal.2 Careful evaluation of 
mass measurement precision, in addition to the evaluation of mass 
measurement accuracy, is indispensable when choosing an adequate 
high-resolution mass spectrometry (HRMS) platform.

The fact that HRMS is based on full-scan acquisition allows for 
retrospective analysis of data based on a posteriori hypothesis. A 
theoretically unlimited number of analytes can be extracted from the 
full-scan data without compromising sensitivity. HRMS spectra can 
also provide additional information such as the presence of resolved 
sulfur and nitrogen isotope peaks (Figure 3). Furthermore, HRMS 
permits the elucidation of elemental composition of analytes based on 
exact masses and isotopic patterns. Such information can be used for 
compound confirmation or identification of unknowns. The information 
content of data obtained from high-resolution mass spectra is always 
greater than that derived from unit resolution data.1

Addressing the key performance characteristics, a systematic 
comparison of selectivity provided by SRM and HRMS coupled to liquid 
chromatography has been presented recently.3 The authors aimed  
to determine the HRMS resolution required to produce selectivity 
corresponding to SRM (the so called “crossover point”). Artificial 
“dummy” transitions and dummy exact masses were created and were 
used to monitor blank samples by UHPLCs coupled to SRM and HRMS 
instruments. A large number of such dummy traces (produced by a 
random generator) were monitored to provoke a number of endogenous 
matrix compounds to produce measurable chromatographic peaks. 
The outcome of the study confirmed HRMS as an attractive tool for 
trace-level detection and quantitation of compounds in challenging 
matrices. The authors concluded that resolution in excess of 50,000 
(FWHM at m/z 200), routinely achievable with the Exactive instrument, 
permits selectivity that exceeds that provided by current unit-resolving 
SRM instruments. These performance characteristics are paired with 
improved sensitivities that are close to those of SRM instruments. 

The same expert team probed the quantitative and confirmative 
performance for TQ- and Exactive-based LC-MS analyses.4 More 
than 100 veterinary drugs at trace levels in animal tissues and honey 
matrices were assayed and the developed methods validated. Equal 
or even slightly better quantitative performance was observed for the 
HRMS-based approach. In addition, the sensitivity of the HRMS 
method was higher when a large subset of compounds (>100) was 
monitored. The authors suggested that HRMS can be used to merge 
steps that have traditionally been done in sequence  
by tandem mass spectrometry platforms.  
This includes screening, quantitation and 
confirmation. Hence, HRMS appears, in  
many cases, to be not only a suitable 
alternative to SRM-based methods, but  
also to be a much more flexible tool. 

1  Kaufmann, A., Butcher, P., Maden, K., Walker, S. & Widmer, M. Semi-targeted 
residue screening in complex matrices with liquid chromatography coupled to 
high resolution mass spectrometry: current possibilities and limitations. Analyst 
2011, 136, 1898–1909.

2  Cortes-Francisco, N., Flores, C., Moyano, E. & Caixach, J. Accurate mass 
measurements and ultrahigh-resolution: evaluation of different mass 
spectrometers for daily routine analysis of small molecules in negative 
electrospray ionization mode. Anal. Bioanal. Chem. 2011, 400, 3595–3606.

3  Kaufmann, A., Butcher, P., Maden, K., Walker, S. & Widmer, M. Comprehensive 
comparison of liquid chromatography selectivity as provided by two types of liquid 
chromatography detectors (high resolution mass spectrometry and tandem mass 
spectrometry): “Where is the crossover point?”. Anal. Chim. Acta 2010, 673, 60–72.

4  Kaufmann, A., Butcher, P., Maden, K., Walker, S. & Widmer, M. Quantitative and 
confirmative performance of liquid chromatography coupled to high-resolution 
mass spectrometry compared to tandem mass spectrometry. Rapid Commun. 
Mass Spectrom. 2011, 25, 979–992.

The HRMS approach merges screening, quantification  
and confirmation steps in a single analysis

Figure 3: Resolving fine isotopic structures. An isotope cluster of peptide MRFA is observed 
in an Exactive HRMS full scan at a resolution setting of 100,000 (FWHM at m/z 200). 
Because the peptide contains sulfur (‘M’ in the sequence ‘MRFA’ stands for amino acid 
methionine), a splitting of the [A+2] isotopes can be observed, clearly resolving two  
peptide species each containing either one isotope of 34S or two isotopes of 13C.

5

http://pubs.rsc.org/en/content/articlelanding/2011/an/c0an00902d
http://rd.springer.com/article/10.1007/s00216-011-5046-8
http://www.sciencedirect.com/science/article/pii/S0003267010006136
http://onlinelibrary.wiley.com/doi/10.1002/rcm.4952/abstract?systemMessage=Wiley+Online+Library+will+be+disrupted+on+4+August+from+10%3A00


Advances in HRMS play a significant role in obtaining elemental 
compositions of unknown compounds. When accurate mass alone is 
not enough, additional heuristic rules, such as isotope ratio information 
and prior knowledge on possible elements, need to be used to restrict 
the number of reasonable elemental compositions. However, the 
confirmation of a compound’s identity using HRMS analysis is a 
straightforward application. Some examples in recent literature include:

•  Humulane derivatives, germacrane sesquiterpenes and juniferol 
esters isolated from the roots of Ferula lycia, an endemic Turkish 
species5

•  Confirmation of methanobactin that has been purified from 
Methylosinus trichosporium cultures6

• Synthesized derivatives of diarylethenes7

•  4' aminopantetheine,8 a potential inhibitor of the resistance-causing 
enzyme aminoglycoside N-6'-acetyltransferase.

In addition, high resolution coupled with mass accuracy, as provided 
by the Exactive system, enabled ions produced by the ionization of 
fructan polymers to be separated from signals from other components, 
as well as from background noise, in complex plant extracts.9 
Oligomers with a degree of polymerization (DP) up to 100 could be 
routinely analyzed, which is well beyond the fructan DP range commonly 
reported in studies using either high-performance anion-exchange 
chromatography (HPAEC) or ion trap MS-based methodologies. 
Hydrogen/deuterium exchange experiments monitored by the Exactive 
HRMS pinpointed 7-oxygenated sterols functioning as high-affinity 
ligands for two retinoic acid receptor-related orphan receptors.10

While the Exactive HRMS specifications declare mass deviations less 
than 5 ppm with an external calibration and less than 2 ppm using  
an internal calibration, there are strategies that could further improve 
the mass accuracy. For example, by making use of a potentially 
unlimited number of internal and external masses, as well as possible 
intensity correction, the mass accuracy could be increased by nearly 
one order of magnitude over an intensity range of at least four orders 
of magnitude.11 

Elemental composition  
  from HRMS data

5  Alkhatib, R. et al. Humulane and germacrane sesquiterpenes from Ferula lycia. J. 
Nat. Prod. 2010, 73, 780–783. 

6  Pesch, M.-L., Christl, I., Barmettler, K., Kraemer, S.M. & Kretzschmar, R. Isolation 
and purification of Cu-free methanobactin from Methylosinus trichosporium 
OB3b. Geochem. Trans. 2011, 12, 2–9.

7  Yokojima, S. et al. p-Conjugation of two nitronyl nitroxides-attached diarylethenes. 
J. Phys. Chem. 2011, 115, 5685–5692.

8  Yan, X., Akinnusi, T.O., Larsen, A.T. & Auclair, K. Synthesis of 4'-aminopantetheine 
and derivatives to probe aminoglycoside N-6'-acetyltransferase. Org. Biomol. 
Chem. 2011, 9, 1538–1546.

   9   Harrison, S. et al. Analysis of high-molecular-weight fructan polymers in crude 
plant extracts by high-resolution LC-MS. Anal. Bioanal. Chem. 2011, 401, 
2955–2963.

10   Wang, Y. et al. Modulation of retinoic acid receptor-related orphan receptor and 
γactivity by 7-oxygenated sterol ligands. J. Biol. Chem. 2011, 285, 5013–5025.

11  Lommen, A. et al. Ultra-fast searching assists in evaluating sub-ppm mass 
accuracy enhancement in U-HPLC/Orbitrap MS data. Metabolomics 2011, 7, 15–24.
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Selectivity in the Current Regulatory Framework

One definition of selectivity is the likelihood that a compliant sample 
(containing no exogenous compounds) is incorrectly considered 
non-compliant (false positive). Analogously, such a definition should 
also include the likelihood that a non-compliant sample (containing 
exogenous compounds) is wrongly considered compliant (false negative). 
A wrong decision regarding the presence or absence of an exogenous 
compound is influenced, or even directly caused, by the presence of 
matrix compounds that negatively affect the reliability of the detection 
process. As a consequence, the lower the required detection limit and 
the more difficult the matrix, the higher the required detection selectivity.

The absence of a comprehensive definition of the term selectivity 
means that the currently used confirmation criteria, as defined by the 
commission decision12 of The Commission of the European Communities, 
do not have a firm scientific basis. The commission decision requires 
that the presence of a banned veterinary drug in meat or meat products 
intended for human consumption can be considered confirmed when 
a certain number of identification points is obtained. For SRM, this 
requires the monitoring of the precursor ion, two product ions with 
area ratio confirmation, and retention time confirmation. When dealing 
with HRMS data, the commission decision assigns 2 identification 
points to a monitored ion measured at a resolving power of 10,000, 

as opposed to an MS/MS transition, which receives only 1.5 points. 
This resolution corresponds to sector MS instruments that measure 
resolution at 10% of the peak height. Modern HRMS instruments like 
TOF and Orbitrap analyzers use the width reference at 50% peak height 
as the basis. Hence, 10,000 at 10% corresponds to approximately 
20,000 at 50% (FWHM). There is no indication in the commission 
decision reflecting on the resolution settings for a particular analyte 
mass measured. This is of utmost importance, as each mass analyzer 
has its own specifics. The resolution of time-of-flight analyzers drops 
at lower m/z, while the resolution of an Orbitrap analyzer increases 

considerably for lower m/z for defined instrumental resolution settings 
used. All of these issues are likely to lead to an updated commission 
decision better reflecting the performance of current HRMS 
instrumentation.

Food safety and  
  environmental analysis  

12 Commission Decision 2002/657/EC Official Journal of the European 
Communities (2002).
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Food Safety Analysis – Case Studies

Natamycin is permitted in the European Union as a preservative for 
the surface treatment of semi-hard and semi-soft cheese and dry, 
cured sausage. However, it is not permitted for use in wines. The 
current ISO method stating the quantification limit of 0.5 mg/kg is not 
low enough for determination of the low levels of natamycin expected 
in adulterated wines.13 Therefore, a more sensitive method for detection 
of natamycin in wines was developed and validated. When applied  
to 190 commercial wines (using a direct injection of 20 µL wine),  
50 positive results (> 5 µg/L) were recorded. The selectivity of the 
method is enhanced by the presence of a confirmatory ion arising from 
in-source fragmentation, thereby providing a high degree of confidence 
in identifying positive samples. 

Wine contamination with milk proteins has been highlighted in 
several cases where consumers experienced an adverse allergic 
reaction. It is a common practice of wine makers to use fining agents, 
such as milk proteins (caseinates), to promote the clarification of 
wine.14 A reliable, high-throughput method for the detection of allergenic 
milk proteins in wine and other complex food matrices was developed 
based on the detection of four peptide markers of caseins in the 
tryptic digests of the extracts of cookies and white wine.15 The presence 
of milk proteins in the analyzed samples was confirmed by extracting 
the relevant m/z of the peptides’ quasi-molecular ions. A very narrow 
window (maximum half width of 0.009 Da) was used to remove any 
significant interferences. All-ion-fragmentation results served to further 
check the identity of the peptide markers. The list of product ion  
m/z values could then be exploited for database searches leading to 
further confirmation. A related study combining protein extraction by 
ultrafiltration, tryptic digestion and LC-HRMS analysis of the resulting 
casein peptide markers proved to be a reliable approach for the 
quantification of residual caseins in white wines.15 Limit of detection 
(LOD) values of several tens of µg/mL, which refer to the concentration 
of caseinate added to a protein-free wine, were achieved when the 
Exactive HRMS coupled to a UHPLC was operated at a resolution of 
50,000 (FWHM at m/z 200). Even lower LOD values were achievable 
in the case of highly processed wines, such as wines resulting from a 
secondary fining treatment.

Residues of veterinary drugs in cultured fish samples were 
analyzed by the Exactive HRMS coupled to a UHPLC.1 Quantitative 
analysis based on an external standard covered 110 analytes. An 
additional 116 compounds (including sulfonamides, tetracyclins, 
chinolones, penicillins, cephalosporins, macrolides, and tranquillizers), 
that have been reportedly used as veterinary drugs, are permitted for 
human use only, or represent compounds that have been phased out 
because of serious side effects, were monitored without having to use 
additional reference materials. Detection was based on calculated 
exact masses and narrow mass windows. The same LC-MS system 
was also used to monitor compound-specific product ions produced 
by AIF. HRMS provided more sensitivity and selectivity than 
corresponding TQ precursor and neutral-loss scans.

Biogenic amine compounds can arise in seafood through the process 
of bacterial decarboxylation of amino acids during decomposition.  
A single-extract, multi-residue approach using UHPLC hydrophilic 
interaction chromatography (HILIC) with the Exactive HRMS was 
developed and validated.16  The use of atmospheric pressure chemical 
ionization (APCI) greatly improved the linearity compared to electrospray 
ionization (ESI).

Marine biotoxins pose a significant food safety risk when 
bioaccumulated in shellfish. The Exactive HRMS coupled to an LC 
was used for screening multiple classes of biotoxins commonly found 
in shellfish. Lipophilic toxins, dinophysistoxins, pectenotoxins and 
azaspiracids were separated by reversed-phase LC in less than  
7 minutes prior to MS data acquisition at 2 Hz (resolution settings 
50,000 FWHM at m/z 200) with alternating positive and negative 
scans.17 Hydrophilic toxins, domoic acid, saxitoxin and gonyautoxins 
were separated by hydrophilic interaction in less than 4 minutes and 
data was acquired in positive mode only. LODs using standard solutions 
of the lipophilic toxins ranged from 0.041 to 0.10 µg/L (parts per billion) 
for the positive ions and 1.6–5.1 µg/L for those detected in negative 
mode. The domoic acid and paralytic shellfish toxin standard solutions 
yielded LODs ranging from 3.4 to 14 µg/L. Toxins measurements 
were detected in mussel tissue extracts free of interference in all cases. 
Due to consistently high mass accuracies of the hydrophilic toxins 
measurements (all below 1 ppm), mass windows as narrow as 2 ppm 
could be extracted without any loss of signal.

The need for rapid screening methods for pesticide residues 
increases with the growth of agricultural trade. A rapid screening 
method for pesticides using direct analysis in real time (DART) 
ionization coupled with the Exactive HRMS was developed.18 Foam 
swabs were used to recover a multiclass mixture of 132 pesticides 
from the surface of grapes, apples and oranges. A resolution setting 
of 100,000 (FWHM at m/z 200) achieved baseline separation for 
analyte ions differing in mass by 25 ppm, while ions with a mass 
difference of 10 ppm were partially resolved. The results of both 
LC-MS and DART-MS analyses for field samples that had undergone 
traditional sample preparation using QuEChERS were found to be 
comparable in terms of identification of the pesticides present. In 

Food safety and environmental analysis
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additional experiments, foam swabs were used to recover multi-class 
mixtures of up to 240 pesticides from the surfaces of apples, kiwis, 
peaches and tomatoes.19 Positive and negative ionization modes were 
studied with excellent detection limits for pesticides from many 
different classes. During the analysis of 240 pesticides of various 
chemical classes applied directly to a foam disk, many types of 
pesticides were efficiently ionized in both modes, while some were 
detected only in one mode and 28 (mostly compounds with MW 
greater than 640 Da) were not detected at all under the conditions 
used. The high-throughput surface-sampling technique using DART 
coupled to the Exactive HRMS allows for the rapid sampling of 
produce and can thus conveniently serve as a complementary 
technique to the traditional confirmatory and quantitative methods 
(LC-MS and GC-MS). 

A thorough investigation of the sensitivity of the HRMS approach was 
carried out for over 500 pesticides in five different fruit/vegetable 
matrices (cucumber, lemon, wheat flour, raisin and tea).20 Operating 
the Orbitrap mass analyzer at a resolution setting of 100,000 (FWHM 
at m/z 200) and using extracted ion traces of quasi-molecular ions 
with a 5-ppm window offered sufficient selectivity in a full-scan mode 
to screen for residues of hundreds of pesticides. Compared to TQ 
multi-residue methods with hundreds of SRMs in numerous time 
windows, creation of the HRMS acquisition method required neither 
comprehensive knowledge nor special tuning. The method allowed 
simple analyte detection at levels of 0.01 mg/kg, which is usually the 
lowest limit required in pesticide residue analysis.

Pesticides, veterinary drugs, mycotoxins, and plant toxins  
(a total of 151 different compounds) spiked into horse feed and honey 
were assayed at levels from 10 to 250 ng/g.21 Analyses were performed 
using UHPLC coupled to the Exactive HRMS operated at varying 
resolving power settings (10,000–100,000 FWHM). For consistent 
and reliable mass assignment (<2 ppm) of analytes at low levels in 
complex matrices, a high resolving power (>50,000 FWHM) was 
found to be required (Figure 4). At lower resolving powers, the error 
of mass assignment increased due to the co-elution of analytes with 
interferences at the same nominal mass.

A general extraction protocol, UHPLC, and the Exactive HRMS were 
used for a targeted screening of over 100 contaminants spiked into 
whole milk, muscle and liver tissues, and silage matrices. The method 
proved to be useful for screening food-related samples for a wide 
variety of chemical contaminants at levels ranging from low ng/g to 
low µg/g. The use of this method greatly expanded the number of 
rapidly detectable analytes compared with GC-MS screening alone.22 

13  Roberts, D.P.T., Scotter, M.J., Godula, M., Dickinson, M. & Charlton, A.J. 
Development and validation of a rapid method for the determination of natamycin 
in wine by high-performance liquid chromatography coupled to high resolution 
mass spectrometry. Anal. Methods 2011, 3, 937–943.

14  Monaci, L., Losito, I., Palmisano, F. & Visconti, A. Reliable detection of milk 
allergens in food using a high-resolution, stand-alone mass spectrometer. J. 
Assoc. Off. Anal. Chem. Int. 2011, 94, 1–9.

15  Monaci, L., Losito, I., Palmisano, F., Godula, M. & Visconti, A. Towards the 
quantification of residual milk allergens in caseinate-fined white wines using 
HPLC coupled with single-stage Orbitrap mass spectrometry. Food Additives and 
Contaminants: Part A 2011, 28, 1304–1314.

16  Self, R., Wu, W.-H. & Marks, H.S. Simultaneous quantification of eight biogenic 
amine compounds in tuna by matrix solid-phase dispersion followed by 
HPLC-Orbitrap mass spectrometry. J. Agric. Food Chem. 2011, 59, 5906–5913.

17  Blay, P., Hui, J.P.M., Chang, J. & Melanson J.E. Screening for multiple classes of 
marine biotoxins by liquid chromatography-high-resolution mass spectrometry. 
Anal. Bioanal. Chem. 2011, 400, 577–585. 

18  Edison, S.E., Lin, L.A., Gamble, B.M., Wong, J. & Zhang, K. Surface swabbing 
technique for the rapid screening for pesticides using ambient pressure 
desorption ionization with high-resolution mass spectrometry. Rapid Commun. 
Mass Spectrom. 2011, 25, 127–139.

19  Edison, S.E., Lin, L.A. & Parrales, L. Practical considerations for the rapid 
screening for pesticides using ambient pressure desorption ionization with 
high-resolution mass spectrometry. Food Addit. Contam., Part A 2011, 28, 
1393–1404.

20  Alder, L., Steinborn, A. & Bergelt, S. Suitability of an Orbitrap mass spectrometer 
for the screening of pesticide residues in extract of fruits and vegetables.  
J. AOAC Intl. 2011, 94, 1–13.

21  Kellmann, M., Muenster, H., Zomer, P. & Mol, H. Full scan MS in comprehensive 
qualitative and quantitative residue analysis in food and feed matrices: how much 
resolving power is required? J. Am. Soc. Mass Spectrom. 2009, 20, 1464–1476. 

22  Filigenzi, M.S., Ehrke, N., Aston, L.S. & Poppenga, R.H. Evaluation of a rapid 
screening method for chemical contaminants of concern in four food-related 
matrices using QuEChERS extraction, UHPLC and high resolution mass 
spectrometry. Food Addit. Contam., Part A 2011, 28, 1324–1339.

Figure 4: Mass resolving 
power and complexity 
of the sample are major 
parameters affecting 
the accuracy of mass 
assignment in multi-
residue screening 
applications. A resolu-
tion of 50,000 (FWHM 
at m/z 200) or higher is 
needed for accurate 
analyte measurements 
in complex matrices.
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Food Safety Analysis – Case Studies

Mycotoxins are naturally occurring toxic metabolites that can be 
produced by fungi infecting agricultural crops during growth, drying 
and subsequent storage. An LC-HRMS method with electrospray 
ionization was developed for the simultaneous determination of 
aflatoxins (B1, B2, G1, G2), ochratoxin A, deoxynivalenol, zearalenone, 
T-2 and HT-2 toxins in wheat flour, barley flour and crisp bread.23 

Monitoring the pseudo-molecular ion and an additional characteristic 
fragment (for each mycotoxin) from higher-energy collisional dissociation 
(HCD) served to obtain quantitative and confirmatory information meeting 
current European regulatory requirements for LC-MS confirmatory 
analysis. Detection limits in the range 0.5–3.4 µg/kg were obtained for 
the three cereal matrices. Compared to a validated TQ-based method, 
the HRMS-based approach showed similar performance with the 
additional advantage of the ability to perform retrospective analysis.

Direct analysis in real time (DART) ionization coupled to the Exactive 
HRMS was used for rapid quantitative analysis of multiple mycotoxins 
isolated from wheat and maize.24 The lowest calibration levels for  
11 studied analytes ranged from 50 to 150 µg/kg. Good recoveries 
(100%–108%) and repeatability (RSD 5.4%–6.9%) were obtained  
at a spiking level of 500 µg/kg. The validity of data from selected 
mycotoxins in wheat/maize by DART-Exactive HRMS was demonstrated 
by analyzing certified reference materials (CRMs). A relatively high 
fluctuation of ion intensities obtained by repeated DART measurement 
called for the inclusion of an internal standard. A resolving power of 
50,000 (FWHM at 200) was chosen as it offered both satisfactory 
resolution of analyte/reference spectral peaks and reasonable 
acquisition rate (2 spectra per second). 

DART ionization was also tested for direct analysis of dithiocarbamate 
fungicides in fruit. Of the most commonly detected pesticides, 
dithiocarbamates most frequently exceeding the maximum residue 
limits. The results obtained with time-of-flight and Orbitrap mass 
analyzers confirmed that the time-of-flight system with relatively low 
resolving power (around 5000 FWHM) suffered from a high risk of 
interference of the target ion with matrix components. The DART-
Exactive system efficiently eliminated any matrix interferences.25 

Since beer features prominently in popular diet, control of the 
presence of mycotoxins in beer is very important. For this purpose, 
a high-throughput method for the control of 32 mycotoxins (Fusarium 
and Alternaria toxins, aflatoxins, ergot alkaloids, ochratoxins and 
sterigmatocystin) in beer has been developed and optimized. It uses  
a simple acetonitrile precipitation step to remove abundant matrix 
components.26 Methods combining UHPLC with the Exactive HRMS or 
time-of-flight instruments were compared. The UHPLC-Exactive 
HRMS method provided significantly better detection capabilities. An 
APCI source was successfully employed for all analytes except for 
ochratoxin A, where ESI had to be employed. Eight data points per 
UHPLC peak (with base width of about 8 seconds) were collected 
with the mass error not exceeding 5 ppm (without the use of internal 
calibration). The lowest calibration levels for most of the target 
mycotoxins ranged from 1 to 8 µg/L beer and the recoveries of 
analytes were in the range of 86%–124%. Acquiring both positive 
and negative ions in a single run was possible, thus allowing higher 
sample throughput.

A recent article highlighted the issue of ‘masked’ mycotoxins.27  
The researchers observed a new Fusarium mycotoxin glucoside when 
analyzing wheat grain extract using LC coupled to the Exactive HRMS. 
Glucosylation at the 3-OH position of fusarenon appears to be the 
most probable structure based on the fragment profile obtained.  
The existence of masked mycotoxins should be taken into account  
in risk assessment since they could be transformed back to the 
corresponding mycotoxins under certain conditions, such as through 
various food processing operations or in the digestive tract of mammals 
after ingestion.

A generic method based on LC with full-scan HRMS was investigated 
for the detection of a wide range of plant toxins in a variety of  
food and feed matrices.28 The majority of the substances were 
measured in positive ESI mode with the detection limits in the range of 
0.01–0.05 mg/kg. A mass resolving power setting of 100,000 enabled 
reliable high-mass-accuracy measurements despite the very complex 
samples. The use of a mass extraction window of ± 5 ppm resulted in 
high selectivity. This non-targeted approach, which allows post-acquisition 
data processing, proved very useful for the analysis of plant toxins 
because for many known toxins no reference standards were available.

Food safety and environmental analysis  
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Thermo Scientific TurboFlow chromatography is a technique that 
separates analytes from the matrix using specific columns packed 
with large particles. Analytes are retained and transferred to an 
analytical column while the large molecules (such as proteins and 
lipids) pass through the TurboFlow™ column to waste. This results in 
improved throughput and efficiency with considerably reduced 
analysis time. Rapid screening and accurate mass confirmation for 
116 pesticides in oranges and hazelnuts was achieved using an 
automated online sample preparation method with TurboFlow 
chromatography coupled to the Exactive HRMS. This quick method 
was sensitive enough to screen the tested pesticides in food matrices 
and the method quantitation limits were significantly lower than the 
strictest limits set by the European Union and Japanese governments.29  
In another study relying on a fully automated sample preparation using 
a TurboFlow chromatography clean-up step, a validated method was 
developed for the determination of b-agonists in urine with the 
Exactive HRMS operated at resolution setting of 50,000 (FWHM at 
m/z 200).30 

Benzophenone (BP) is one of the many contaminants reported in 
foodstuffs due to its migration from food packaging materials. A fast, 
sensitive and selective LC-HRMS methodology has been developed 
that has achieved unequivocal identification of BP in packaged foods.31 
A direct comparison indicated better selectivity when working with  
LC coupled to the Exactive HRMS at a resolving power of 50,000 
(FWHM at m/z 200) than when monitoring two m/z transitions by a 
TQ SRM-based method. Moreover, the high resolving power used 
enabled the detection and identification of the alkaloid harman as the 
compound impeding the confirmation of BP in previously reported 
SRM-based experiments.

23   Lattanzio, V.M.T., Gatta, S.D., Godula, M. & Visconti, A. Quantitative analysis of 
mycotoxins in cereal foods by collision cell fragmentation-high-resolution mass 
spectrometry: performance and comparison with triple-stage quadrupole 
detection. Food Addit. Contam., Part A 2011, 28, 1424–1437.

24  Vaclavik, L., Zachariasova, M., Hrbek, V. & Hajslova, J. Analysis of multiple 
mycotoxins in cereals under ambient conditions using direct analysis in real time 
(DART) ionization coupled to high resolution mass spectrometry. Talanta 2010, 
82, 1950–1957.

25  Cajka, T., Riddellova, K., Zomer, P., Mol, H. & Hajslova, J. Direct analysis of 
dithiocarbamate fungicides in fruit by ambient mass spectrometry. Food. Addit. 
Contam. 2011, 28, 1372–1382.

26  Zachariasova, M. et al. Analysis of multiple mycotoxins in beer employing 
(ultra)-high-resolution mass spectrometry. Rapid Commun. Mass Spectrom. 
2010, 24, 3357–3367.

27  Nakagawa, H. et al. Detection of a new Fusarium masked mycotoxin in wheat 
grain by high-resolution LC-Orbitrap MS. Food Addit. Contam. 2011, 28, 
1447–1456.

28  Mol, H.G.J., Van Dam, R.C.J., Zomer, P. & Mulder, P.P.J. Screening of plant 
toxins in food, feed and botanicals using full-scan high-resolution (Orbitrap) 
mass spectrometry. Food Addit. Contam. 2011, 28, 1405–1423.

29  Shi, Y. et al. Rapid screening for pesticides using automated online sample 
preparation with a high-resolution benchtop Orbitrap mass spectrometer.  
Food Addit. Contam. 2011, 28, 1383–1392. 

30  Bernsmann, T., Fuerst, P. & Godula, M. Quick screening of priority b-agonists in 
urine using automated TurboFlow-LC/Exactive mass spectrometry. Food Addit. 
Contam. 2011, 28, 1352–1363.

31  Gallart-Ayala, H., Nunez, O., Moyano, E., Galceran, M.T. & Martins C.P.B. 
Preventing false negatives with high-resolution mass spectrometry: the 
benzophenone case. Rapid Commun. Mass Spectrom. 2011, 25, 3161–3166.

32  Rivera, Z.H., Oosterink, E., Rietveld, L., Schoutsen, F. & Stolker, L. Influence of 
natural organic matter on the screening of pharmaceuticals in water by using 
liquid chromatography with full scan mass spectrometry. Anal. Chim. Acta 2011, 
700, 114–125.

33  Mullen, W., Larcombe, S., Arnold, K., Welchman, H. & Crozier, A. Use of 
accurate mass full scan mass spectrometry for the analysis of anthocyanins in 
berries and berry-fed tissues. J. Agric. Food Chem. 2010, 58, 3910–3915.

Environmental and Water Analysis – Case Studies

The presence of highly polar compounds at trace concentration levels in aqueous  
samples is one of the major challenges for the water sector. To test its performance, the 
Exactive LC-MS system was used for the screening of water samples fortified with a set 
of 11 pharmaceuticals (0.1–500 µg/L).32 The samples were analyzed directly without 
clean-up or pre-concentration steps to establish the influence of dissolved natural organic 
matter. At a resolving power of 50,000 (FWHM at m/z 200), accurate mass measurements 
with errors below 2 ppm were found in all types of water samples analyzed. The limit of 
detection varied between 0.1 µg/L and 100 µg/L with acceptable linearity. The described 
direct shoot method is only applicable for qualitative screening purposes. For accurate 
quantification, the use of internal standards and/or sample cleanup is necessary.

Nutritional Analysis – Case Studies

Anthocyanins are responsible for the red, purple and dark blue colors of many fruits  
and berries. Their consumption has been associated with improved cognitive function. 
Both SRM- and HRMS-based methods have been employed for the detection of 
cyanidin-3-O-glucoside in brain extracts, but because of its high level of selectivity, HRMS 
was approximately 200-fold more sensitive.33 The authors demonstrated that the HRMS 
method using the Exactive system was able to distinguish between compounds differing in 
mass by as little as 21 mDa. In fact, the estimated masses of all compounds identified in 
the extracts was within 1.3 mDa of their theoretical values, with most having an error of 
<1.0 mDa. The HRMS method provided a dynamic range over 4 orders of magnitude of 
concentration. The fact that no compound-specific tuning was necessary for the HRMS 
approach was considered a major benefit. In addition, for a full scan system, the number 
of compounds measured per analysis had no bearing on the number of data points 
acquired across the peak.
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Discovery-stage drug metabolism studies (pharmacokinetics, microsomal 
stability, etc.) typically use TQ-based approaches for quantitative 
analysis. This requires the optimization of parameters such as Q1 and 
Q3 m/z values, collision energy and interface voltages. These studies 
detect only the specified compound; information about other components, 
such as metabolites, is lost. The ability to perform full-scan acquisition 
for quantitative analysis would eliminate the need for compound 
optimization while enabling the detection of metabolites and other 
non-drug related endogenous components.

HRMS is a powerful tool for structural elucidation and identification of 
different types of analytes. In recent years, the advancements in this 
technology have resulted in detection sensitivity approaching that of 
TQ mass spectrometry operating in selected-reaction mode (SRM).  
In addition, the acquisition frequency has reached a level that is well 
suited to narrow peaks generated from UHPLC systems while still 
maintaining the ability to produce high-resolution, full-scan mass 
spectra. Most importantly, many HRMS systems can acquire full-scan 
mass spectra without decreasing the duty cycle or losing sensitivity. 
They can be used for non-targeted metabolite and biomarker 
identification while performing targeted bioanalytical quantitation.

Key characteristics of the Orbitrap mass analyzer (mass accuracy, 
mass resolution, fidelity of isotope pattern abundances and dynamic 
range) were discussed in an overview of its applications in the field of 
bioanalysis.34 The compact size and lower cost of the Exactive HRMS 
make it accessible for use in routine drug discovery screening 
applications. The system is capable of generating fragmentation 
information in a nonselective manner using a collision cell without 
precursor ion selection (AIF). Therefore, structural information can be 
obtained on compounds of interest and fragment ions can be used for 
confirmation in targeted analysis in less complex matrices.

The use of high-resolution and high-mass-accuracy data acquisition 
offers the potential for a fundamental shift in how routine bioanalysis 
is carried out in drug discovery. It is expected that many analysts will 
switch from using an LC–MS/MS approach based on the SRM 
paradigm to the simpler LC–HRMS model. It is very likely that over 
the next few years, LC–HRMS will become the new gold standard.35 

Optimization of the Exactive HRMS acquisition parameters for 
quantitative bioanalysis has been investigated for propranolol, 
reserpine, leucine enkephalin, and neurotensin from mouse plasma 
samples.36 The effects of various acquisition parameters, including 
maximum injection time, automatic gain control (AGC), target mass 
resolution and mass scan range, were evaluated against bioanalytical 
method performance. The selection of analytes included small-drug 
molecules and peptides with different hydrophobicities and charge 
states, and spanned a molecular mass range from 260 to 1670 Da, 
thus representing a wide variation of physicochemical properties. The 
authors concluded that the level of performance was sufficient for 
most bioanalytical applications in drug discovery.

The performance of the Exactive system for microsomal stability 
and plasma drug level measurement in a drug discovery 
environment confirmed that improved selectivity could be obtained 
without loss of sensitivity using high-resolution, full-scan data 
acquisition.37 The authors emphasized that high resolution and, in 
particular, stability of mass accuracy for every peak in every scan 
were critical to the successful use of full-scan data for quantitative 
determinations.

Full-scan data also allow for many possibilities for analysis and 
post-acquisition processing that are not available when doing 
targeted analysis. Post-acquisition data mining of the acquired data 
files enabled the generation of peak area plots for the selected drug 
and its metabolites in rat plasma showing the time course for 
circulating metabolites (Figure 5). The ability of the Exactive system 
to generate fragmentation spectra without precursor ion selection 
(AIF) assisted with confirmation of compound identity. The fragments 
detected with high mass accuracy can be more easily assigned and 
correctly annotated (Figure 6). 

Dried blood spot technology was evaluated for the quantitative 
determination of guanfacine in human blood clinical research studies.38 
An LC-coupled Q TRAP® 5500 (AB Sciex, Foster City, CA, USA) and 
an Exactive HRMS were used for method development and a partial 
validation study. The two platforms were compared with respect to 
the sensitivity, selectivity and robustness of the assay. While the 
sensitivity was slightly better on the Q TRAP 5500 system, the 
minimum tuning requirements and the fact that no optimization of 
collision energies was necessary for the Exactive-based assay made 
it an attractive alternative.

Bioanalysis 
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34  Scigelova, M. & Makarov, A. Advances in bioanalytical LC-MS using the Orbitrap 
mass analyzer. Bioanalysis 2009, 1, 741–754.

35  Korfmacher, W. High-resolution mass spectrometry will dramatically change our 
drug-discovery bioanalysis procedures. Bioanalysis 2011, 3, 1169–1171.

36  Wong, R.L., Baomin, X. & Olah, T. Optimization of Exactive Orbitrap acquisition 
parameters for quantitative bioanalysis. Bioanalysis 2011, 3, 863–871.

37  Bateman, K.P. et al. Quantitative-qualitative data acquisition using a benchtop 
Orbitrap mass spectrometer. J. Am. Soc. Mass Spectrom. 2009, 20, 1441–1450.

38  Li, Y., Henion, J., Abbott, R. & Wang, R. Dried blood spots as a sampling 
technique for the quantitative determination of guanfacine in clinical studies. 
Bioanalysis 2011, 3(22), 2501–2514.

Figure 5: Stability plot for verapamil with simultaneous plotting of metabolites detected using 
the Exactive HRMS. For each time point, the extracted ion chromatograms for verapamil and 
its expected metabolites were generated. Selectivity was provided by extracting the m/z  
values for each component using a 5 ppm window (± 2.5 ppm) around the [M+H]+. 

Figure 6: Compound structural information in an MS/MS spectrum. Fragmentation of verapamil (C27H39N2O4 [M+H]+,  
m/z 455.29102) was performed in the HCD cell with a collision energy setting of 35 eV. Mass deviation in ppm is given for 
each identified fragment. Thermo Scientific Mass Frontier software was used for spectrum processing and annotation.
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GC-MS and LC-MS/MS techniques have become established in 
laboratory medicine. Until recently, the high-resolution mass analyzers, 
however, had remained almost ignored, even though in the academic 
environment they are widely used. Now, HRMS based on time-of-flight 
and Orbitrap technologies is available at a cost similar to that of a TQ 
instrument. Moreover, both techniques are sufficiently robust for 
application in the clinical research laboratory. A recent review concluded 
that HRMS systems could provide accurate-mass data and possible 
structural elucidation, which prove to be very useful in large-scale 
screening in areas such as clinical research.39 

At the present time, TQ instruments represent the gold standard for 
LC-MS analysis in clinical research laboratories. New generations of 
instruments capable of hundreds of SRM transitions in a single 
LC-MS/MS run will certainly continue to be very important. This 
targeted approach has the major disadvantage of being blind for 
non-targeted analytes. Recent developments in the field indicate that 
screening methods for targeted analytes together with non-a priori 
selected substances will be preferably conducted by a full-scan approach 
using high-resolution, accurate-mass measurements. Moreover,  
a posteriori detection of non-targeted substances is possible without 
having to perform a new analysis since all the information is stored in 
the acquired data file. Identification of substances can gain confidence 
with isotopic cluster analysis and with fragmentation experiments. Both 
high-resolution full-scan and fragmentation spectra can be acquired 
in a single LC run. HRMS technology is now ready to enter into clinical 
research laboratories for screening applications as a result of the 
reasonable costs, simple maintenance and ease of operation. There 
is no doubt that further development will position it as a valuable tool 
for quantitative analysis.

Several publications compare HRMS with the established  
TQ-based approach for clinical research applications. A research 
study of 17 therapeutic drugs including 8 antifungal agents, 4 
immunosuppressant drugs and 5 protein kinase inhibitors, 
benchmarked HRMS and TQ-based approaches for quantitative 
analysis in plasma samples.40 The HRMS measurements were carried 
out at a resolution of 50,000 (FWHM at m/z 200). A mass-extracted 
window of 5 ppm around the theoretical m/z of each analyte was used 
to construct chromatograms for quantitation. The quantitative results 
obtained with HRMS acquisition showed detection specificity, assay 
precision, accuracy, linearity and sensitivity comparable to SRM 
acquisition. Importantly, the authors highlighted several benefits of HRMS 
over TQ-based technology: the absence of SRM optimization, time 
savings when moving the analysis from one MS to another, more 
complete information about samples contents, and easier troubleshooting. 
In their work, they demonstrated that UHPLC coupled to the Exactive 
HRMS delivered comparable results to TQ-MS in routine quantitative 
drug analyses.

Another comparative study addressed the analysis of estrogens.41 
Estrogen analysis has been predominantly performed by GC-MS. 
However, GC-MS drawbacks such as the need for large quantities of 
sample, complex and time-consuming sample preparation and 
derivatization, low throughput, and high cost, have advanced LC-MS 
as a preferred technology for research laboratories. To evaluate the 
role of estrogens, a method has been developed using a faster LC run 
with Exactive HRMS detection to monitor 16 steroidal estrogen 
metabolites, focusing on the nine predominant estrone and estradiol 
urinary metabolites. The correlations between LC-MS and GC-MS 
results were very good and the median levels were almost identical 
(<5% difference). The major advantages of the LC-MS method were 
the short run time and better selectivity. The Exactive HRMS-based 
method was also superior to the tandem LC-MS-based method using 
TQ. The Exactive HRMS-based method was less noisy and there was 
no need to divide the MS measurements into time-dependent 
segments which can lead to major problems including total loss of 
data if retention times change.

Fatty acids have important physiological and clinical implications. 
Fatty acids derivatized in a quantitative reaction forming picolylamides 
were analyzed, achieving efficient separation for 14 calibrated saturated 
and unsaturated fatty acids within 15 minutes.42 The HRMS approach 
using the full-scan mode on the Exactive HRMS showed two- to ten-fold 
improvement in the sensitivity compared with a conventional TQ method. 
The limit of detection was in the low femtomole range for saturated 
and unsaturated fatty acids.

DNA methylation is an epigenetic regulation mechanism that 
controls normal organismal development and cellular differentiation 
in mammals. Aberrant DNA methylation patterns are associated with 
certain cancer cells. An affordable and fast (2.5 minute) method for 
accurate and precise determination of global DNA methylation levels 
in peripheral blood was developed and validated for clinical research 
use.43 The method uses cost-effective internal standards, which are 
necessary for measuring the nucleoside ratios accurately. The 
analysis using LC coupled to the Exactive HRMS operating in full-scan 
mode showed comparable sensitivity to tandem LC-MS using SRM. 
The limit of detection was found to be 3–4 fmol on column, and the 
linearity for the expected DNA range was excellent in the calibration 
range. The authors highlighted the advantages of retrospective data 
analysis for other components, for example when RNA data were 
also needed.

Clinical analysis 

39  Jiwan J.-L. H., Wallemacq, P. & Herent, M.-F. HPLC-high resolution mass 

spectrometry in clinical laboratory? Clin. Biochem. 2010, 44, 136–147.
40  Henry, H. et al. Comparison between a high resolution single stage Orbitrap and 

a triple quadrupole mass spectrometer for quantitative analyses of drugs. Rapid 
Commun. Mass Spectrom. 2012, 26(5), 499–509.

41  Franke, A.A., Custer, L.J., Morimoto, Y., Nordt, F.J. & Maskarinec, G. Analysis of 
urinary estrogens, their oxidized metabolites, and other endogenous steroids by 
benchtop orbitrap LCMS versus traditional quadrupole GCMS. Anal. Bioanal. 
Chem. 2011, 401, 1319–1330.

42  Li, X. & Franke, A.A. Improved LC-MS method for the determination of fatty 
acids in red blood cells by LC-Orbitrap MS. Anal. Chem. 2011, 83, 3192–3198.

43  Li, X. & Franke, A.A. High-throughput and cost-effective global DNA methylation 
assay by liquid chromatography-mass spectrometry. Anal. Chim. Acta 2011, 
703, 58–63.
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Illicit drug use and doping 

44  Meyer, M. R., Du, P., Schuster, F. & Maurer, H.H. Studies on the metabolism of the 
a-pyrrolidinophenone designer drug methylenedioxy-pyrovalerone (MDPV) in rat 
and human urine and human liver microsomes using GC-MS and LC-high-resolution 
MS and its detectability in urine by GC-MS. J. Mass Spectrom. 2010, 45, 
1426–1442. 

45  Schwaninger, A.E., Meyer, M.R., Huestis, M.A. & Mauer, H.H. Development and 
validation of LC-HRMS and GC-NICI-MS methods for stereoselective determination 
of MDMA and its phase I and II metabolites in human urine. J. Mass Spectrom. 
2011, 46, 603–614.

46  Kohler, M., Thomas, A., Walpurgis, K., Schanzer, W. & Thevis, M. Mass 
spectrometric detection of siRNA in plasma samples for doping control purposes. 
Anal. Bioanal. Chem. 2010, 398, 1305–1312.

47  Beuck, S., Bornatsch, W., Lagojda, A., Schanzer, W. & Thevis, M. Development 
of liquid chromatography-tandem mass spectrometry-based analytical assays 
for the determination of HIF stabilizers in preventive doping research. Drug Test. 
Analysis 2011, 3, 756–770. 

48  Guddat, S., Solymos, E., Orlovius, A., Thomas, A., Sigmund, G., Geyer, M., 
Thevis, M. & Schanzer, W. High-throughput screening for various classes of doping 
agents using a new ‘dilute-and-shoot’ liquid chromatography / tandem mass 
spectrometry multi-targeted approach. Drug Test. Analysis 2011, 3, 836–850.

49  Moulard, Y., Bailly-Chouriberry, L., Boyer, S., Garcia, P., Popot, M.-A. & Bonnaire, Y. 
Use of benchtop Exactive high resolution and high mass accuracy orbitrap mass 
spectrometer for screening in horse doping control. Anal. Chim. Acta 2011, 700, 
126–136.

Metabolite identification and quantitation in the area of doping control 
is benefiting considerably from accurate-mass elucidation of dissociation 
pathways leading to characteristic product ions. Knowledge of these 
dissociation pathways supports the identification of novel drugs of abuse 
and related compounds (designer drugs) as well as their metabolites.

Many derivatives of the a-pyrrolidinophenone (PPP) drug class exist 
on the drugs-of-abuse market; 3,4-methylene-dioxyopyrovalerone 
(MDPV) is a very recent addition. Phase I and II metabolites of MDPV 
and the human cytochrome-P450 isoenzymes, and the detectability 
of MDPV in urine were investigated.44 The authors worked out the 
procedure to prove an intake of MDPV in human urine.

Ecstasy, 3,4-methylenedioxymethamphetamine (MDMA), is a racemic 
drug whose enatiomers are metabolized at differing rates. A method 
using LC coupled to the Exactive HRMS was developed and fully 
validated for monitoring phase II metabolites of MDMA in human urine. In 
particular, various sulfate and glucuronide metabolites were monitored, 
with stereoselective separation achieved for the glucuronide.45 

Small interfering ribonucleic acid (siRNA) molecules can affect 
the expression of any gene by inducing the degradation of mRNA. An 
example of an efficient performance-enhancing gene knockdown is 
the myostatin gene that regulates muscle growth. A method employing 
an miRNA purification kit, followed by flow-injection analysis using 
the Exactive HRMS yielding the accurate masses of the sense and 
antisense strands, was developed and validated.46 The limit of 
detection for typical antisense oligonucleotides currently used in clinical 
research studies was 0.25–1 nmol/mL, precision 11%–21%, and 
recovery 23%–67%. 

Hypoxia-inducible factor (HIF) stabilizers are a class of 
pharmacologically active, investigational substances that significantly 
increase blood hemoglobin levels after oral administration. They are 
proposed to serve as potential substitutes for human recombinant 
erythropoietin. As such, their use in sports has been banned. To 
underpin development of a validated method for their quantitation, model 
HIF compounds and their metabolites were investigated using Exactive 
LC-MS/MS analysis in positive- and negative-ion modes.47 The data 
were then included in a novel multi-targeted detection assay based 
on direct injection of human urine and simultaneous LC-ESI-MS/MS 
determination of protonated and deprotonated compounds with 
scan-to-scan polarity switching.48

A method has been developed for the detection of more than 235 
drug targets in horse urine samples.49 A screening approach was 
based on high resolution (50,000) and high mass accuracy (<5 ppm) 
in full-scan MS mode. The identification of compounds of interest 
was achieved using the exact mass in alternating positive/negative 
ionization mode at the expected retention times. The high-throughput 
LC-HRMS method proved to be sensitive, specific and robust. It was 
validated (AORC criteria) with 20 target compounds from 16 different 
urine samples. The authors emphasized that the stability of mass 
accuracy was the main reason for the success of their screening 
method.
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The huge complexity of samples is a common theme for all -omics 
applications (proteomics, metabolomics, lipidomics, etc.). Most 
analytical methods in the -omics area are based on one of two strategies. 
The first strategy is aimed at analyzing a limited number of known 
peptides/metabolites or compound classes. The second strategy uses 
an unbiased approach for profiling as many features as possible in a 
given proteome/metabolome without prior knowledge of the identity of 
these features. The Exactive HRMS can address both of these areas. 
Its ability of switch polarities quickly provides the option to acquire both 
positive and negative ionization spectra in a single LC-MS run. This is 
of great utility for analyses of some types of compounds, such as 
phosphatidylethanolamines, that ionize reasonably well in both modes 
(Figure 7). Information obtained from fragmentation experiments 
using the HCD cell can further support the identification/quantification 
of the analyzed species.

Proteomics – Case Studies

Measuring quantitative and qualitative changes in the global profile of 
proteins by LC coupled to HRMS is key to such fields as biomarker 
discovery and systems biology. An LC-MS global protein profile is based 
on whole-cell protein extractions and the identification of enzymatically 
cleaved peptides. Peptide abundances are estimated from the extracted 
ion-chromatographic intensities, allowing a quantitative measure of 
each peptide. Statistical processing of such data is challenging and 
can have a profound impact on the experimental outcome. Combined 
statistical analyses of peptide intensities and peptide occurrences 
improved identification of significant peptides in proteomics LC-Exactive 
HRMS data sets.50 

The Exactive HRMS featuring a higher-energy collisional dissociation 
(HCD) cell was used in proteomics experiments to characterize protein 
mixtures by alternating MS and all-ion fragmentation (AIF) MS/MS 
scans in a manner similar to that previously described for quadrupole 
time-of-flight instruments.51 Assignment of fragment ions to co-eluting 
precursor ions was facilitated by high resolving power (100,000 at  
m/z 200) and high mass accuracy. The technique identified proteins with 
more than 100-fold abundance differences in a high-dynamic-range 
standard. When applied to protein identification in gel slices, an 
immunoprecipitated protein that was barely visible by Coomassie 
staining was identified and quantified relative to contaminating proteins.

Metabolomics – Case Studies

A comparison of benefits and drawbacks associated with SRM-based 
or high-resolution MS-based strategies in metabolomics was provided 
in a recent publication.52 Triple quadrupole instruments use MS/MS 
(selected reaction monitoring, SRM) to achieve a high degree of 
specificity, even in complex biological samples. On the downside, 
pre-optimization is required to determine appropriate SRM parameters. 
The measured compounds are limited to those targeted by SRM events 
programmed in the method. In addition, the quantitative performance 
decreases with an increasing number of SRM scan events, since each 
scan event takes a fixed time (dwell time). High-resolution mass 
analyzers, on the other hand, detect ions solely using accurate mass. 
High resolution is critical to obtaining adequate analyte specificity in 
complex biological samples without MS/MS. Pre-optimization is not 
required. A generic full-scan method can be used, looking for everything 
in the appropriate scan range. The number of compounds that can be 
detected is virtually unlimited. While accurate mass alone is generally 
not sufficient to identify an unknown compound, it is a critical first 
step toward such a goal. Both strategies (SRM and HRMS) showed 
sensitivity in the ng/mL range, linear response over 2–3 orders of 
magnitude, and reasonable reproducibility. The authors concluded 
that the major advantage of the Orbitrap mass analyzer employed in 
this study was its usefulness for potential untargeted analysis.

The key characteristics of a method using UHPLC coupled to 
high-resolution MS include fast analysis due to the use of small-
particle columns, effective quantitation of a broad range of known 
cellular metabolites, and simultaneous detection of unanticipated 
metabolites via untargeted analysis. When examining many metabolites, 
the SRM-based approach is cumbersome, especially for metabolites 
that can be partially labeled in multiple ways because each partially 
labeled form requires its own SRM scan.52

-omics applications 

Figure 7: Positive- and negative-mode acquisition in a single run. A mixture of phosphati-
dylethanolamines was analyzed via HPLC coupled to the Exactive instrument. The molecular 
ion region of the two consecutive scans showing [M+H]+ (top) and [M-H]- (bottom) ions of 
the different fatty acid containing phosphatidylethanolamines. One full cycle (one positive 
and one negative scan) was acquired in less than one second. DSPE, OSPE and SOPE stand 
for distearyl-phosphatidylethanolamin, oleoyl- stearyl- phosphatidylethanolamin and stearyl- 
oleoyl- phosphatidylethanolamine, respectively.
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The growing role that metabolomic technologies play in elucidating 
the architecture of metabolic pathways was highlighted in a recent 
publication on the metabolism of branched tricarboxylic acids in 
Plasmodium falciparum.53 The tricarboxylic acid cycle is a central hub 
of carbon metabolism. By tracing 13C-labeled compounds using the 
Exactive HRMS operated at a 100,000 resolution setting, details 
emerged of the fundamentally different organization of this pathway 
in P. falciparum from the canonical textbook pathway.

Detecting potential drug targets is one of the desirable outcomes  
of -omics approaches. Plasmodium falciparum contains three genes 
encoding a potential glutamate dehydrogenase protein. A thorough 
evaluation of effects caused by disrupting one of these genes showed 
that the protein is not a suitable target for future drug development 
against intra-erythrocytic parasite development.54 Reversed-phase LC 
coupled to the Exactive HRMS was used for analysis of metabolites 
in the methanolic extracts.

In another remarkable publication, the analysis of organic acids from 
cellular extracts was carried out using reversed-phase LC coupled to 
the Exactive instrument operated in negative-ionization mode.55 The 
results demonstrated that a shared feature of all cancer-associated 
isocitrate dehydrogenase mutations is production of the oncometabolite 
2-hydroxyglutarate. The results obtained with HRMS coincided well 
with those acquired using TQ-based method.

Direct mapping of the metabolic pathways of Clostridium acetobutylicum 
was performed using isotope tracers, HRMS and quantitative flux 
modeling.56 Cell extracts were analyzed by reversed-phase ion-pairing 
LC coupled by negative-mode ESI to an Exactive HRMS operated in 
full-scan mode for the detection of targeted compounds based on 
their accurate mass. The results were complemented with analyses 
on a TQ operated in SRM mode. This study clearly demonstrated the 
importance of complementing genome annotation with isotope tracer 
studies for determining metabolic pathways of diverse microbes.

Both targeted analyses and general metabolic profiling approaches 
were demonstrated for analysis of phospholipids using the Exactive 
HRMS.57 Data presented was obtained from a batch of plasma samples 
consisting of a total of 240 UHPLC-MS runs (10 minutes each). The 
authors noted the stability of mass accuracies, which enabled them 

to extract ion chromatograms based on a very narrow ± 2.5 ppm mass 
window. Increasing that window did not increase the area under the 
curve. However, for some isobaric ions, increasing the uncertainty 
allowance yielded the incorporation of other masses. For example, it 
was no longer possible to distinguish two important M+22 species, 
generated by either sodiation or the addition of two carbons and a 
further unsaturation site (Figure 8).

Microbes in the colon produce compounds normally excreted by the 
kidneys, which are potential uremic toxins. A non-targeted HRMS 
approach was employed to obtain metabolomic profile of uremic 
plasma to identify any such compounds.58 More than 1000 features 
were detected in pre-dialysis plasma samples whose hierarchical 
clustering clearly separated dialysis patients with and without a colon 
revealing a much broader influence of the colon on uremic solute 
production.

Figure 8: High resolution ensuring selectivity in phospholipid analysis. Extracted ion  
chromatograms for m/z 496.3398 and m/z 518.3241. The top two traces are shown for  
2.5 ppm windows and bottom traces for 7.5 ppm windows. Using the 2.5 ppm windows, 
the extracted ion chromatogram for m/z 518.3241 is specific for GPCho (18:3/0:0). 
Increasing the uncertainty allowance yielded the incorporation of other masses. After 
increasing the ppm window to value >2.5 ppm, it was no longer possible to distinguish two 
important M+22 species, generated by either sodiation or the addition of two carbons and 
a further unsaturation site.
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A large number of different atmospheric pressure ion sources from 
various vendors have been employed and reported in conjunction with 
the Exactive mass spectrometer. This section is dedicated to an overview 
of some of the more important ion sources including DART, AP MALDI, 
LDTD, ASAP and TriVersa NanoMate, and their applications. All of 
these sources are, without needing to vent the instrument, easily 
fitted to the Exactive HRMS after removing the standard electrospray 
source. Each external ion source has its own operating software and 
is easy to control. 

Atmospheric Pressure Matrix-Assisted Laser 
Desorption/Ionization

Atmospheric Pressure Matrix-Assisted Laser Desorption/Ionization 
(AP MALDI) sources are remarkable for their ease of use, particularly 
in cases where solid samples have to be analyzed such as tissue 
imaging. Similar to low- or intermediate-pressure MALDI techniques, 
AP MALDI uses a UV/IR laser to irradiate samples consisting of a 
co-crystallized matrix and analyte. With the help of a pulsed dynamic 
focusing technique, ions are transferred into the mass spectrometer 
through an atmospheric pressure interface with high efficiency and 
detection of sub-femtomole quantities of peptides has been reported.

AP MALDI offers several unique features. First, there is the opportunity 
to use liquid matrices and other matrices that are less vacuum 
compatible than the typical ones. This makes an AP MALDI source  
a very versatile ionization technique for a variety of samples. Second, 
it has shown indications of being an even “softer” ionization technique 
than low-vacuum MALDI (such as used in axial time-of-flight geometries) 
due to fast thermalization of the ion internal energy at atmospheric 
conditions. This feature is important in the analysis of labile biomolecules 
and non-covalent complexes. Third, the source is decoupled from the 
mass analyzer. This decoupling allows AP MALDI to be interfaced 
with any MS system equipped with a compatible interface. With the 
aid of collision-induced dissociation (CID), it allows MS/MS analysis, 
which is much more powerful and easier to perform than (intrinsically 
occurring) post-source decay using TOF instruments.

Recently, AP MALDI has been successfully coupled to the Exactive 
HRMS for biological applications. Reasonable signal intensities have 
been observed (s/n > 100) in single scans from a 1-femtomole deposit 
of angiotensin II. Better than 2-ppm accuracy has been achieved using 
a resolution setting of 50,000 (FWHM at m/z 200). With 1,5-diamino 
naphthalene as the matrix, sequence-specific fragment ions, such as 
b-, c-, y- and z-type ions, could be generated from intact proteins with 
in-source decay. This was demonstrated using the protein lysozyme: 
c6 to c26 and z7 to z14 ions were observed and the N- and C-terminal 
sequences of the protein could be easily derived.63 The high mass 
accuracy achievable with AP MALDI coupled to the Exactive HRMS 
makes protein and peptide sequencing and identification work easier 
due to the elimination of ambiguous results.

Another derivative of atmospheric pressure MALDI technology is a 
field-free transmission geometry AP MALDI, termed laserspray 
ionization (LSI). Although this technology is not currently commercially 
available, a number of respectable publications have been presented 
to the mass spectrometry community.64 LSI configurations produce 
either singly or highly charged ions using a MALDI process by simply 
changing the matrix or the matrix preparation conditions. Mass spectra 
produced with multiply charged ions of proteins like cytochrome c and 
ubiquitin are similar to those obtained with ESI. Low femtomole amounts 
for proteins and attomole amounts for peptides, such as angiotensin  
I and II, have been reported on the Exactive HRMS.65 Another application 
by LSI with multiply charged ions is the analysis of proteins directly from 
tissue at mass resolution of 100,000 (FWHM at m/z 200) on the 
Exactive HRMS. The high mass resolution and mass accuracy enabled 
the determination of protein molecular weights in a single analysis.66

External atmospheric pressure ion sources

Direct Analysis in Real Time

The Direct Analysis in Real Time (DART™, IonSense, Inc., Saugus, MA, USA) open air 
ionization source coupled with the Exactive HRMS provides a rapid screening platform in 
application areas ranging from environmental and food safety to natural product monitoring. 
Publications have recently highlighted pesticide screening and dithiocarbamate fungicide 
detection in fruit18, 19, 25 mycotoxins in beer and cereals24, 26, 59 chemical residues detection in 
food safety,60 isoflavones in soybeans,61 and direct analysis from TLC plates for monitoring 
natural products.62

The DART ion source provides a combination of thermal desorption and predominantly 
atmospheric pressure chemical ionization (APCI) to directly ionize analytes. Ionization takes 
place in an open air sample gap at the exit of the DART source and just in front of the heated 
capillary inlet of the Exactive HRMS. The analytes are placed directly into a heated stream of 
electronically excited helium atoms, called metastable helium, and the temperature of the 
helium is ramped to determine the optimal, analyte-dependent desorption setting. The method 
development requires just several minutes with only seconds needed for subsequent analyses.

Taking advantage of the speed of DART analysis coupled with the fast-scanning Exactive 
HRMS, complex samples can be analyzed in a few seconds without chromatography and 
with little or no sample preparation. The DART ionization technique is amenable to solid, 
liquid and gaseous samples and a number of sample holders allow the user to automatically 
present their samples to the ionization region in a reproducible manner lending itself also to 
quantitative analyses with the use of an internal standard.

Food safety is a particular application area that requires rapid detection methods to keep up 
with the high-throughput demands and increasing international trade volume. The United 
States Food and Drug Administration (FDA) is currently implementing the DART source on 
the Exactive HRMS as a method of screening thousands of fruits and vegetables at border 
crossings and port cities for illegal pesticide residues and residues above the allowed 
regulatory limits to quickly flag suspect shipments. This rapid screening technique allows 
the FDA to efficiently screen a more representative number of samples. It is carried out by 
simply swabbing the produce and then directly sampling from the swabs to instantaneously 
yield high-quality data for multiclass pesticide residues at low ppb levels.18, 19
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Atmospheric Solids Analysis Probe

An atmospheric pressure solids analysis probe (ASAP™, M&M Mass 
Spec Consulting LLC, Hockessin, Delaware) is a rapid means of 
introducing almost any sample to a mass spectrometer for analysis. It 
can be thought of as similar to a ‘solid probe’ used with electron and 
chemical ionization but operating at atmospheric pressure and requiring 
no vacuum lock. Ionization is by APCI, but because no solvent is used, 
a wide range of volatile and semi-volatile compounds are ionized with 
high sensitivity. The sample is placed on the exterior of the closed end 
of a melting point tube and the excess is wiped off with a lint-free tissue. 
The ASAP probe inserts the melting point tube into the hot nitrogen 
stream emanating from the APCI or HESI probe to vaporize the sample. 
The mass spectra produced are usually composed of [M+H]+ ions with 
minimal or no fragmentation. Fragment ions can usually be completely 
eliminated by simply introducing water or a dilute ammonium hydroxide 
solution through the APCI or HESI probe to moderate the energy released 
during the proton-transfer reaction. The ASAP probe does not interfere 
with APCI or ESI operation on the Thermo Scientific Ion Max source 
and switching between methods is nearly instantaneous.

ASAP is especially valuable on the Exactive HRMS because the 
high-resolution, accurate-mass measurements provide elemental 
composition information in seconds. No sample preparation is required 
for analysis of solids, liquids, or tissues. Examples include analysis  
of synthesis samples, polymers and polymer additives, fungal cells  
for inhibitor interactions, drugs directly from urine, inks on paper, 
environmental contaminants and pesticides on food.67,68 For many 
analyses such as inks on paper, fungicides on food or finishing agents 
on polymers, rubbing the closed end of the melting point tube against 
the material holding the sample is sufficient for analysis. The ASAP 
method is safe to the user because vaporization occurs in the enclosed 
Ion Max™ source.

59  High-Throughput Food Safety Control Employing Real Time Ionization (DART) 
Coupled to Orbitrap High-Resolution Mass Spectrometry. Thermo Scientific 
Application Note 52146.

60  Hajslova, J. et al. Challenging applications offered by direct analysis in real time 
(DART) in food-quality and safety analysis. TrAC 2011, 30, 204–218.

61  Lojza, J. et al. Analysis of isoflavones in soybeans employing direct analysis in real 
time ionization–high-resolution mass spectrometry. J. Sep. Sci. 2012, 35, 476–481.

62  Chernetsova, E. et al. DART-benchtop Orbitrap: a novel mass spectrometric 
approach for the identification of flavonoids and phenolic compounds in propolis. 
Anal. Bioanal. Chem. 2012, Advance online publication. doi: 10.1007/
s00216-012-5800-6.

63  Biological Applications of AP MALDI with Thermo Scientific Exactive Orbitrap 
MS. Thermo Scientific Application Note 30224.

64  Trimpin S. et al. Laserspray ionization, a new atmospheric pressure MALDI 
method for producing highly charged gas-phase ions of peptides and proteins 
directly from solid solutions. Mol. Cell. Proteomics 2010, 9, 362–367.

65  Trimpin S. et al. Matrix-assisted laser desorption/ionization mass spectrometry 
method for selectively producing either singly or multiply charged molecular ions. 
Anal. Chem. 2010, 82, 11–15.

66  Inutan E. et al. Laserspray ionization, a new method for protein analysis directly 
from tissue at atmospheric pressure with ultra-high mass resolution and electron 
transfer dissociation. Biochem. Mol. Biol. 2011, 10, 1–8.

67  Zydel, F., Trimpin, S. & McEwen, C.N. Laserspray ionization using an atmospheric 
solids analysis probe for sample introduction. J. Am. Soc. Mass Spectrom. 2010, 
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solids analysis probe and desorption electrospray ionization mass spectrometry 
ion source. Anal. Chem. 2009, 81, 9158–9162.

69  Khandurina, J et al. High throughput screening of 1,4-butanediol production in 
fermentation samples using a LDTD APCI ionization source coupled to a bench 
top Orbitrap MS. 59th ASMS Conference on Mass Spectrometry and Allied 
Topics, Denver, USA (2011).

70  Eikel D. et al. Liquid extraction surface analysis mass spectrometry (LESA-MS) 
as a novel profiling tool for drug distribution and metabolism analysis: the 
terfenadine example. Rapid Commun. Mass Spectrom. 2011, 25, 3587–3596.

71  Eikel, D. & Henion, J. Liquid extraction surface analysis (LESA) of food surfaces 
employing chipγbased nanoγelectrospray mass spectrometry. Rapid Commun. 
Mass Spectom. 2011, 25, 1–10.

Laser Diode Thermal Desorption

Laser diode thermal desorption (LDTD) has emerged as an alternative to typical LC sample 
introduction for high-throughput applications. It requires the same sample preparation as 
LC, but no additional sample preparation like MALDI. Small volumes (3–5 µL) are dried in 
standard 96 or 384 well plates that contain a metal sheet insertion. Samples are thermally 
desorbed indirectly by an infrared laser heating the back of the sample well. Gaseous neutral 
species are carried by a carrier gas to the corona discharge region for ionization. To create 
a peak profile similar to LC/MS analysis, the laser is ramped during the sample introduction 
process. Utilizing this technique, analytical run times are reduced to seconds per sample for 
unprecedented throughput, with comparable reproducibility. When coupled to the Exactive 
analyzer, the LDTD is an effective tool for applications where sample throughput and MS 
compound optimization are limiting factors.69 

Chip-Based Electrospray Ionization

The TriVersa NanoMate® from Advion (Ithaca, NY, USA) is the latest in chip-based 
electrospray ionization technology. It combines the strengths of liquid chromatography, mass 
spectrometry, chip-based infusion, fraction collection and direct surface analysis into one 
integrated system. When coupled to liquid-extraction surface analysis mass spectrometry 
(LESA-MS), the resulting combination of micro-liquid extraction from a solid surface with 
nano-electrospray mass spectrometry can be used as a surface profiling technique. 
LESA-MS was employed to examine the distribution of drugs and their metabolites by 
analyzing ex vivo tissue sections. The spatial resolution of LESA-MS can be optimized to 
approximately 1 mm on tissues such as brain, liver and kidney, which enables drug profiling 
within a single organ. LESA with Exactive HRMS detection was found to be more informative 
in terms of drug distribution than a comparable MALDI-MS imaging study, likely due to its 
favorable overall sensitivity due to the larger surface area sampled.70 

Similarly, the system was used for liquid-extraction surface analysis of untreated food 
surfaces (apple, grapes and spinach) for the detection and confirmation of pesticides found 
on store-bought fruits and vegetables. It was found that the Exactive HRMS equipped with 
LESA capabilities could readily detect and confirm pesticides applied to the external 
surfaces of these food surfaces at levels 20-fold below the regulatory acceptance levels. 
The very high selectivity of the Exactive HRMS precluded the need for tandem mass 
spectrometry (MS/MS) and was easier to implement since optimization of each SRM 
transition monitored in MS/MS was not required.71 
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In full-scan-based MS screening methods, correct mass assignment 
is essential. Key parameters affecting the accuracy of mass 
assignment are analyte concentration, complexity of the matrix and 
resolving power of the instrument. At lower resolving powers, the 
error in the assignment of mass increases due to the co-elution of 
analytes with interferences at the same nominal mass. Moving 
towards higher complexity of the samples (high number of matrix 
peaks at high levels relative to the analytes), the resolving power of a 
mass spectrometer becomes essential to the correct assignment of 
analyte masses. The resolving power needed is clearly influenced by 
the ratio of the analyte concentration relative to co-eluting matrix 
interferences. Nevertheless, the existing body of published literature 
suggests that resolving power of at least 50,000 (FWHM at m/z 200) 
is required for small molecule applications.

Conclusion
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