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This technical note introduces a novel high-resolution mass
spectrometer, the ZenoTOF 8600 system, which was used to identify
metabolites in human plasma using an untargeted mass spectrometry
approach.

Untargeted metabolomics using a data-dependent acquisition (DDA]
scan mode is a common approach to studying the metabolites in
biological samples. The experiment is based on a cycle of identifying
potential precursor molecules via an MS1 scan and selecting the top
candidates for product ion analysis to generate spectra for database
matching to identify compounds. To improve the identification of
metabolites, two instrument qualities are equally essential: high
sensitivity and fast acquisition speed. High sensitivity increases the
likelihood of triggering high-quality product ion spectra for low-
concentration analytes, and a faster acquisition allows for more DDA
cycles during the experiment, impraving the chance that the low-level
metabolites will be analyzed.
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The ZenoTOF 8600 system is a high-resolution QTOF mass
spectrometer with a fast analytical speed (~100 MS/MS events/s], and
an improved front end to enable a high ion influx paired with a novel
optical detector to increase the instrument's sensitivity ~10-fold
compared to the ZenoTOF 7600 system, as determined by signal-to-
noise (S/N). Here, human plasma was analyzed using the ZenoTOF
7600 and 8600 instruments to evaluate the improved identification of
analytes in untargeted metabolomics analysis on human plasma using
reversed-phase (RP] chromatography (Figure 1).

Key features of untargeted metabolomics analysis

using the ZenoTOF 8600 system

e Using untargeted analysis, the SCIEX ZenoTOF 8600 system
identified 1.4-fold more metabalites than the ZenoTOF 7600 system
in human plasma extract (274 vs. 203, analyzing 1 pL plasma
equivalents)

e The ZenaTOF 8600 system demonstrated ~10-fold greater
sensitivity at the TOF MS and TOF MS/MS levels than the ZenoTOF
7600 system
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Figure 1. A comparative study to evaluate the identification of metabolites using DDA analysis. Human plasma extracts were analyzed on the ZenoTOF 7600
or 8600 system using a top-10 DDA experiment in the positive ion mode. Data were processed using MS-DIAL 5.5 software to identify reference-matched
metabolites. Due to its greater sensitivity, data acquired on the ZenoTOF 8600 system enabled the identification of ~1.4-fold more metabolites than the

ZenoTOF 7600 system.



Introduction

Metabolomics research has heavily relied on untargeted MS-based
analytical methods (i.e., DDA] to detect and potentially quantify small
hiomolecules within a sample (1,2]). High-resolution mass
spectrometry (HRMS] analysis using a DDA scan mode is the primary
toal for this type of experiment, which is based on an initial survey
scan, such as a TOFMS scan, to select potential precursor molecules
for product ion analysis. Individual MS/MS scans are acquired for each
chosen precursor, and the cycle repeats itself throughout the whole
experiment. Algorithms are in place to minimize repetitive
measurements of the same compound, but multiple MS/MS spectra
for an individual compound are typically acquired. The time for each
cycle depends on the number of dependent MS/MS scans, which must
be balanced with the chosen chromatographic separation strategy and
the speed and sensitivity of the instrument to maximize coverage.

The primary criterion for DDA precursor ion selection is intensity—ions
will be chosen in decreasing order from the most intense peak within
the survey scan spectrum, provided it has not been excluded based on
the experimental exclusion criteria. A plasma-derived metabolomics
sample typically has hundreds of precursor ions in each survey scan,
so the DDA duty cycle must be as short as possible, the exclusion
criteria algarithm carefully balanced, and the instrument must be
sensitive for low-level analytes to be present in the spectra for optimal
untargeted analysis. The ZenoTOF 8600 system can execute an MS/MS
scan in < 10 ms, enabling a scan rate of ~100/s. This rate for a top-10
DDA experiment results in a duty cycle of 600 ms (100 ms for the
survey scan and 500 ms for the 50 dependent MS/MS scans). That
means for a 6-second-wide eluting peak, there is a strong chance that
an MS/MS spectrum would be acquired for any given peak, if it is
detected at the precursor ion level. This rate also suggests that for a
20 min gradient, there could be > 40,000 MS spectra acquired. This is
not the case. For the ZenoTOF 7600 system, analyzing 0.2 pL plasma
equivalents, the number is ~9,000. This means that provided the DDA
exclusion criteria were optimally set, the detection capacity of the
instrument exceeds the number of detected precursors. It is this
aspect of untargeted metabolomics that can benefit from improved
instrument sensitivity.

Twa instrument qualities are essential for the accurate and
comprehensive identification of metabolites using DDA: a high speed
of analysis and high sensitivity. Better sensitivity increases the
likelihood of triggering product ion analysis for low-concentration
analytes, and a faster analysis speed allows for more DDA cycles,
which improves the chance that the low-level metabolites will be
analyzed. The ZenoTOF 8600 system is a high-resolution QTOF mass
spectrometer with fast analytical speed, a reconfigured front end to
increase ion flux, and a novel optical detector that combine to increase
the instrument's sensitivity ~10-fold compared to the ZenoTOF 7600
system. It is hypothesized that the increased instrument sensitivity will
resultin an increase in the number of triggered MS/MS events.

Furthermaore, the MS/MS spectra acquired from the low-level
metabolites will be of better quality due to the better sensitivity. Both
improvements are expected to increase the number of reference-
matched metabolites.

The NIST SRM 1950 human plasma standard was used in these
studies to provide a comman reference for comparison. Recently, a
comprehensive metabolomic/lipidomic profile of the NIST 1950
standard was performed using high-resolution NMR spectroscopy
(700 MHz], direct injection tandem mass spectrometry (DI-MS/MS],
liquid chromatography-tandem mass spectrometry (LC-MS/MS], and
inductively coupled plasma mass spectrometry (ICP-MS] (3]. Using
these diverse methods, the authors identified and quantified ~ 500
metabolites (lipid molecular species were also quantified, bringing the
target list to 1058). The mass spectrometry methods were targeted,
which is advantageous in terms of quantitative sensitivity, but they
lacked the ability to characterize known- and unknown-unknown
compounds. Untargeted analysis is better suited to this type of
discovery-based analysis.

A significant challenge associated with untargeted metabolomics is
data processing. As is the case for lipidomics data processing, robust
interpretation of untargeted metabolomics data is still, effectively, in
its early development. For the results presented here, MS-DIAL 5.5
software was used to match DDA-derived MS/MS spectra to its
compound database. Because of the diverse programs available to
process DDA data and the data themselves having been acquired
uniquely despite the sample being the same, direct comparisons of
data presented here with literature-based studies should be
approached with caution and not necessarily considered an “apples-
to-apples” comparison.

Here, human plasma was analyzed using the ZenoTOF 7600 and 8600
instruments to compare the extent and quality of analyte identification
in untargeted metabolomics analyses. Due to its improved sensitivity,
the ZenoTOF 8600 system identified ~ 1.4-fold more analytes than the
ZenoTOF 7600 system under similar analytical conditions and
generated superior quality scores, as defined by the MS-DIAL 5.5
software match score.

Materials and methods

Sample preparation: NIST SRM 1950 plasma was extracted using 4
volumes of ice-cold methanol, vortexing for 10 s, centrifuging at
15,000 x g for 10 min, and decanting the supernatant. The
supernatant was dried using a speedvac, and the metabolites were
resuspended in water to a final concentration of 1 plL extract = 0.1 pL
plasma equivalents. The supernatant was directly analyzed by high-
performance liquid chromatography electrospray ionization tandem
mass spectrometry (HPLC-ESI-MS/MS].




Chromatography: Samples were analyzed using an Exion LC system
with a Kinetex F5 column (2.1 x 150 mm, 2.6 um, Phenomenex]. A
simple linear gradient from O to 95% B was used with standard
reversed phase mobile phases at a flow rate of 200 pL/min. Mohile
phase A was 0.1% formic acid in water, and maobile phase B was 0.1%
formic acid in acetonitrile. The HPLC rinse solvent was
water/methanol/iso-propanol/acetonitrile (1:1:1:1, v/v]. The flow rate
was 0.200 pL/min, and the gradient conditions are shown in Table 1. A

1to0 10 pl injection volume was used [0.1 to 10 plL plasma
equivalents], and the column temperature was maintained at 30°C

throughout the analysis. The total runtime was 23 min.

Table 1 Chromatographic gradient

Time [min] Mobile phase A (%] Mobile Phase B (%]
0 100 0
2 100 0
14 3 95
16 5 95
18.5 100 0
23 100 0

Mass spectrometry: Metabolomics analysis on human plasma
extracts was performed on two instruments: a ZenoTOF 7600 system
and a ZenoTOF 8600 system, both equipped with an Optiflow Turbo V
ion source and an electrospray ionization (ESI] probe. Instrument

calibration was maintained using the automated calibrant delivery
system [CDS], which calibrated every five samples with an ESI
calibration solution specific for the paositive ionization mode. DDA
experiments were performed using CID-based fragmentation in the

positive ion mode.

The systems were configured for CID-based DDA experiments to
select the top 10 most abundant ions for fragmentation. Dynamic
background subtraction [DBS] with a mass tolerance of 50 mDa was

Table 2. Instrument parameter settings

ZenoTOF 7600 ZenoTOF 8600
Parameter
system system
Curtain gas [CUR) 40 psi 40 psi
lon sourcegas 1 [G51) 40 40
lon sourcegas 2 [652) 60 60
CAD gas [CAD) 7 7
Source temperature [TEM) So0 500
lon spray voltage [15) 4000V 4ooov
Declustering potential [DP] a0v sov
Collision energy [CE) 30V 30V
Zeno threshold 100,000 cps 100,000 cps
CE [V] - TOFMS 10v 12V
CE [V] - TOFMS/MS 30V 30V
Declustering potential [DP) qov qov
TOFMS accumulation time [Acc) 100 ms 100 ms
TOFMS/MS accumulation time [Acc) 50ms SOms
Time bins to sum 5 3

applied to both experiments to minimize noise and maximize the
MS/MS quality. Once a precursor ion was selected and fragmented, it
was dynamically excluded from candidate selection for 6 s. The TOF
MS accumulation time was set to 100 ms, and the accumulation time
for the dependent TOFMS/MS analysis was 50 ms. The TOF MS and
TOFMS/MS instrument parameter settings are shown in Table 2. A
detailed description of the ZenoTOF 7600 system instrument
parameters and their relevance to metabolomics DDA experiments
has been previously published (9]; the parameter descriptions therein
are applicable to the ZenoTOF 8600 system.

To test the ZenoTOF 8600 system's sensitivity improvement, a high-
resolution multiple reaction monitoring (MRMHr]) scan mode was
employed. From the untargeted data, 14 analytes were selected to
cover a wide range of masses and peak intensities. The same plasma
sample was used, and n=>5 replicates were run using the MRMHr scan
maode. Instrument parameter settings were the same as those used
for the DDA experiments (Table 2].

Data processing: All DDA data were processed using MS-DIAL 5.5
software [4). Optimal parameter settings used for MS-DIAL software
processing are presented in a recent SCIEX technical note (5), with
some exceptions: the DOT product score and the reverse DOT product
scare thresholds were set to 500, and the TOFMS threshold was set to
100 counts per second [cps]). Metabolite coverage determined from
data generated by each instrument is given as reference-matched
identifications; the total number of spectra acquired far exceeds these
numbers. (For a detailed explanation of match scores, see reference
6.) Quantitative data acquired using the MRMHr scan mode were
processed using the Analytics module in SCIEX OS software;
Qualitative data were visualized using the Explorer module.



Quantitative performance of the ZenoTOF 8600 system

The ZenoTOF 8600 system was designed with an optical detector that
can process mare ion current than the detector used in the ZenoTOF
7600 system. This abhility, along with the upgraded front-end ion
optics, imparts greater sensitivity to the instrument. To measure the
impact of improved sensitivity on metabolomics analysis, two different
approaches were used: a comparison of the peak areas (and their
respective S/N ratios) from a small set of metabolites as measured in
the TOFMS dimension, and a targeted MRMHr experiment to measure
sensitivity improvements in the MS2 dimension.

Figure 2 shows the combined TICs (TOFMS in blue and dependent
product ion scans in pink] for the ZenoTOF 7600 and 8600 systems
(top and bottom panels, respectively). A cursory inspection of each
instrument’s TICs indicates an approximately 10-fold increase in ion
intensity for the ZenoTOF 8600 system, reflecting the improved
sensitivity of the instrument. Because the two instruments perform at

fe8

the same data acquisition speed, the improved sensitivity is likely
responsible for the significant increase in the number of features
acquired using the ZenoTOF 8600 system compared to the ZenoTOF
7600 system (25413 vs. 11002 for 1 pL human plasma equivalents;
Fig. 1). The improved sensitivity also enabled more triggered
dependent scans on the ZenoTOF 8600 system (6064 vs. 3932 MS/MS
spectra acquired using 1 pL human plasma equivalents; Fig. 1].

The increased peak intensities acquired on the ZenoTOF 8600 system
do not necessarily mean the instrument is more sensitive. Sensitivity
improvements should be reported in terms of a relative increase in the
S/N. Because DDA experiments are not quantitative at the TOF MS/MS
level, sensitivity was assessed by comparing the TOF MS XIC peak
intensities and their concordant S/N from metabolites detected on
each instrument. An evaluation of the peak areas with S/N calculations
for 5 example metabolites is presented in Table 3. The S/N values were
calculated using SCIEX OS software using the Explorer data analysis
maodule and represent the average value for each analyte from n=5
injections. The noise region from each TOFMS XIC used to calculate the
S/N was selected using the following criteria: the “blank”
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Figure 2. Untargeted (DDA) analysis of metabolites in human plasma on the ZenoTOF 7600 and 8600 systems using DDA analysis. The top panel shows a
combined TIC for TOFMS (blue) and dependent product ion scans (pink] acquired on the ZenoTOF 7600 system. The lower panel shows the same for data acquired
on the ZenoTOF 8600 system. The overall intensities of the TICs from the ZenoTOF 8600 system are > 10-fold higher than those acquired on the ZenoTOF 7600
system. The number and intensities of the triggered product ion scans are significantly higher using the ZenoTOF 8600 system—6064 vs. 3932 dependent MS/MS
scans on the ZenoTOF 7600 analyzing 1.0 pL plasma equivalents. The 1.4-fold increase in the number of dependent scans contributed to the greater number of

identified metabolites.

Table 3. TOFMS-derived S/N ratios for 5 example metabolites analyzed by DDA analysis

Fold increase

D mfz 8600 ZenoTOF system 7600 ZenoTOF system (8600 vs. 7600)
Peak areaavg S/Navg Peak areaavg S/N avg SIN
Arginine 1751185 1.18E+06 14493 6.611E+05 3316 4.4
Citruline 176.1037 1.37E+05 2700 2.884E+04 2e2 121
Hypoxanthine 137.0462 1.85E+06 2122 2.215E+04 46 46.5
Pantothenate 220.1174 2.32E+04 866 9.556E+03 95 9.2
Hippuric acid 180.0655 6.40E+04 773 1.372E+04 98 7.9




Table 4. MRMHr-derived peak areas [with respective S/N ratios] for 12 example metabolites

ZenoTOF 8600 system

Average fold-improvement using

ZenoTOF 7600 te
eno system the ZenoTOF 8600 system

Metabolite
Peak area avg S/N avg (n=5] Peak area avg S/N avg (n=5] Peak area S/N
[n=5] ? [n=5] ?
Tyrosine 1.66E+07 1220 2.53E+06 236 6.5 52
Naproxen 1.54E+06 2311 9.32E+04 351 16.5 6.6
Piperine 2.81E+06 4514 2.41E+05 1073 11.6 42
Octonoyl carnitine 133E+06 2765 2.89E+04 111 46.0 250
Methionine 3.36E+06 3060 4.60E+05 832 73 3.7
Bilirubin 2.05E+07 153222 1.03E+07 6724 2.0 22.8
Thyroxine 2.68E+05 791 1.70E+04 172 15.8 46
Sphinganine-1-phosphate 4.95E+04 234 3.59E+03 B 13.8 qa.4
Gabapentin 6.34E+04 111 9.44E+03 11 6.7 104
Cortisone 3.93E+04 365 3.51E+03 19 1.2 188
Indole-3-carbinol 1.54E+05 43 4.05E+03 4 38.0 9.7
Proline 9.73E+07 12424 1.44E+07 2454 6.7 5.1
Annotation: Caffeine Annotation: Arginine Annctation: 3-Formylindole
Adduct type: [M+H]+ Adduct type: [M+H]+ Adduct type: [M+H]+
RT [min]: 6.836|ref=4.000|diff=2.84 RT [min]: 1.628|ref=-1.000|diff=2.63 RT [min]: 6.249|ref=-1,000|diff=7.25
m/z 195.08835|ref=195.08765|diff(mDa)=0.705 m/z 175.11848|ref=175.11896|diff(mDa)=0.474 m/z: 146.05912|ref=146.06004|diff(mDa)=0.926
Peak height: 276030 Peak height: 139620 Peak height: 110846
Peak area: 1453274 Peak area: 1193768 Peak area: 636873
Formula|Ontology: ~ C8H10N402| Xanthines fFormula|Ontology: ~ C6H14N402|L-alpha-amino acids Formula|Ontology: ~ C9H7NO |Indoles
InChiKey: RYYVLZVUVIJVGH-UHFFFAOYSA-N InChIKey: ODKSFYDXXFIFQN-UHFFFAOYSA-N InChliKey: OLNJUISKUQQNIM-UHFFFAQYSA-N
Comment: NA Comment: NA Comment: NA
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Figure 3. Spectral matching by MS-DIAL 5.5 software. Presented here are three examples of metabolites identified in human plasma by MS-DIAL 5.5 software.
Mare information is available within the software’s user interface, but highlighted here are the acquired MS/MS spectra (in blue] compared to the reference spectra

(inverted, in red].

chromatographic region was > 1 min in length and within 2 min of the
targeted peak elution time, and the region needed to be devoid of any
extraneous isobaric peaks. The S/N of the TOFMS XIC peaks was
improved by an average of 16-fold [range = 4.4- to 46-fold] on the
ZenoTOF 8600 system compared to the ZenoTOF 7600 system.

To compare the sensitivity of the two instruments at the MS/MS level,
an MRMHr experiment was performed on 12 representative
metabolites that cover a broad mass range and diverse peak
intensities and areas. Table 4 shows an overall increase in peak areas
and calculated s/n values for all compounds, with an average peak

area increase of 15.5-fold (range of 2 to 46-fold) and an average S/N
value increase of 13.2 (range of 3.7 to 42-fold]. These data indicate
that the ZenoTOF 8600 system is more sensitive than the ZenoTOF
7600 system for metabolomics studies.

Identification of metabolites using MS-DIAL 5.3 software

The improved sensitivity of the ZenoTOF 8600 system and the
increased number of features should translate to better coverage of
the metabolome from untargeted metabolomics experiments. In
general, better sensitivity allows for detecting less prominent



fragment ions, improving the quality of the product ion spectra, and
leading to a better match and more confident metabolite
identification. To test this hypothesis, DDA experiments were
performed on the ZenoTOF 7600 and 8600 systems to compare the
numbers of identified metabaolites in human plasma lipid extracts.

The MS-DIAL user interface provides a comprehensive view of the
processed DDA data. Figure 3 shows an abridged example of data that
is generated for reference-matched metabolites. Of note is the
comparison of experimental data (lower panels, blue spectra) to
reference data (red spectra). The enhanced sensitivity of the latter
instrument resulted in a 136% increase (~1.4-fold increase] in
coverage of the human plasma metabolome in these experiments (274
vs. 203 reference-matched 10s). These identified metaholites have
match scores ranging from 2.2 to 1.1. Importantly, in all the
comparative experiments performed on the ZenoTOF 7600 and 8600
systems, the latter instrument consistently generated more features,
and more MS/MS dependent scans were triggered (Figure 1). This
observation is likely due to the enhanced sensitivity in both the MS1
and MS/MS mades of the ZenoTOF 8600 system. The higher MS1
sensitivity logically leads to more candidate ions for the dependent
product ion scan, and the enhanced MS/MS sensitivity will impart
better fragment intensities and a better averall quality of MS/MS
spectrum.

In summary, the ZenoTOF 8600 system is shown to generate superior
untargeted metabolomics results compared to the ZenoTOF 7600
system. Although it is challenging to find true equivalent data sets in
the metabolomics literature, a study using NIST 1950 plasma analyzed
in the positive ion maode, with analytes resolved using RP
chromataography, reported 72 distinct metabolites were found using
MS-DIAL software for data processing [7], which is less than found
here using either instrument. As mentioned above, it is problematic to
do a numbers comparison, especially in metabalomics, where there is
little standardization and many different software platforms by which
the data are analyzed. In the data presented here, the strongest
conclusions should be made from the direct comparison of the two
instruments’ performances, analyzing the same sample under the
same experimental conditions and data processing parameters.

Conclusions

e In comparative studies, the ZenoTOF 8600 system is ~10-fold more
sensitive than the ZenoTOF 7600 system at the TOFMS and TOF
MS/MS levels of analysis

e The SCIEX ZenoTOF 8600 system identified ~1.4-fold more
metabolites than the ZenaTOF 7600 system in human plasma
extract (275 vs. 203)

e Using the same analytical method, the improved sensitivity of the
ZenoTOF 8600 system generated an increased number of features

and dependent product ion scans compared to the ZenoTOF 7600
system (6064 vs. 3932 for 1 pL human plasma equivalents)
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