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Abstract

RATIONALE: Acquisition quality in analytical science is key to obtaining optimal data from a
sample. In very high-resolution mass spectrometry, quality is driven by the optimization of
multiple parameters, including the use of scans and micro-scans (or transients) for
performing a Fourier transformation.

METHODS: 39 mass spectra of a single synthesized complex sample were acquired using
various numbers of scan and micro-scan determined through a simple experimental design.
An electrospray ion source coupled with an LTQ-Orbitrap-XL mass spectrometer was used
and acquisition was performed using a single mass range. All the resulting spectra were
treated in the same way to enable comparisons of assigned stoichiometric formulae
between acquisitions.

RESULTS: Converting the number of scans into micro-scans enhances signal quality by
lowering noise and reducing artifacts. This modification also increases the number of
attributed stoichiometric formulae for an equivalent acquisition time, giving access to a
larger molecular diversity for the analyzed complex sample.

This article has been accepted for publication and undergone full peer review but has notbeen
through the copyediting, typesetting, pagination and proofreading process which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1002/rcm.8818

This article is protected by copyright. All rights reserved.

57



58

CONCLUSION: For complex samples, the use of long acquisition times leads to optimal data
quality, and the use of micro-scans instead of scans-only maximizes the number of
attributed stoichiometric formulae.

Introduction

Electrospray ionization Orbitrap mass spectrometers have been used for more than ten
years for high resolution mass spectrometry analysis, either in direct-infusion or coupled to
gas (GC) or liquid (LC) chromatography. Application areas include the analysis of natural and
synthetic complex samples in “omics” sciences such as metabolomics (1,2), proteomics (3—
6) or lipidomics (7,8), and the analysis of environment complex samples such as
groundwaters (9,10) and atmospheric aerosols (11-13). High mass resolution is required for
each of these fields of study due to its ability to reveal the molecular diversity of a sample
by attributing unique stoichiometric formulae to detect signals.

For all these complex samples, direct-infusion lon Cyclotron Resonance (ICR) mass
spectrometers are unmatched as far as resolution is concerned, allowing the identification
and attribution of mass separation values below an electron mass. On the other hand,
Orbitrap mass spectrometers are mainly used due to their versatility, scan rate suitable for
LC acquisition, and easy to setup parameters. Various applications use direct-infusion
Orbitrap analysis especially in environmental science (14), nuclear physics (15) or planetary
sciences (16—18) for the analysis of meteorites and astrophysical laboratory analogues. A
development project for an Orbitrap is currently under way, the CosmOrbitrap (19-21),
aiming at allowing the use of direct-infusion mode with a laser desorption ionization source
onboard spacecraft to analyze molecular diversity in-situ on non-terrestrial objects.

Data quality is important in analytical techniques. This particular term could refer to
multiple concepts, from the acquisition process and validation procedures (22) to the
structure of the data itself. In this study, we focus on the second part by assessing that the
sample can be attributed properly (resolution, overall signal intensity, artifacts) and that the
attribution is representative of the sample. In order to have a reproducible spectrum with
high signal to noise ratio, we need to run instrumental methods that increase accuracy,
precision and sensitivity. While it is well-known that using transient averaging before
performing the Fourier transformations in FT-ICR instruments gives high sensitivity and mass
precision and accuracy, this option — called “micro-scans” by Thermo Scientific — is poorly
known for direct-infusion Orbitrap mass spectrometry. The Fourier transformation is a linear
mathematical application. Thus, doing the sum of Fourier transformed mass spectra is
equivalent to doing the Fourier transformation of the summed transients. Given this,
performing micro-scan acquisitions should be the equivalent of standard scan acquisitions.
Nevertheless, for Orbitrap mass spectrometry, Thermo Scientific software performs the
Orbitrap specific noise removal just before applying the Fourier transformation. This specific
operation combined with the limited acquisition time nullifies the linearity of the Fourier
transformation application, generating a non-equivalence of the Fourier transformation
application depending on if you apply it on summed transients or on the individual
transients.

Only a few works mention micro-scans for LC-coupling and mainly during MS/MS
acquisitions (4-6,15). This specific parameter is also not advertised by Thermo Scientific on
instrument specifications and technical sheets. In this work, we will focus on using a
complex organic sample available in our lab to investigate the impact of micro-scans and
scanson data quality and the number of attributed stoichiometric formulas.
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Methods

Sample synthesis

We use a laboratory analogue of Titan's atmospheric aerosols, called tholin, which is
representative of a complex organic sample with several thousands of stoichiometric
formulae: This analogue was synthetized to mimic the formation of aerosols in Titan’s
atmosphere by using a mixture of N, CHs, and CO in proportions of 94.98%:5%:0.02%
(%vol). The apparatus, sample synthesis, and sample recovery have been described
extensively by He et al (23). Several mass spectrometry studies has been carried out on this
kind of sample and they have revealed the presence of rich and diverse organic matter
diversity (24-28). The Orbitrap mass spectra interpretation of this specific sample is ongoing
and will not be discussed extensively in this paper.

Sample preparation

1 mg of the sample was dissolved in 1mL of methanol (Carlo Elba, Milan, Italy; UPLC
grade) using an Eppendorf (Hamburg, Germany) pipette and a 1.5-mL polypropylene plastic
tube. The solution was vortexed for ten minutes and then centrifugated for ten minutes at
9400 G. 500 pL of the supernatant was dissolved with 500 pL fresh methanol in a new 1.5-
mL polypropylene plastic tube.

This preparation was performed three times to obtain all the required volumes for
carrying out all the analyses.

Instrumentation

Analyses were performed with an LTQ Orbitrap XL™mass spectrometer equipped
with an lonMax™ ESI source (Thermo Scientific, Bremen, Germany). This hybrid mass
spectrometer uses an ion trap coupled to the Orbitrap cell. A C-trap is placed between the
two traps to store ions coming from the source and inject them in packets directly into the
Orbitrap cavity. The MS functions were controlled by LTQTune software (Thermo Scientific).
Data treatment and visualization were performed with XCalibur software (Thermo Scientific)
and then with a home-made software package “Attributor” (29) developed with IGOR Pro
(WaveMetrics, Portland, OR, USA).

For accurate mass calibration, a mixture of Caffeine, Met-Arg-Phe-Ala peptide
(MRFA) and Ultramark 1621 (a mixture of fluorinated phosphazine polymers) was used
(Thermo Scientific). This calibration mixture is the Thermo Scientific default calibration
mixture for LTQ-Orbitrap-XL instruments.

All analyses were performed at the maximum instrument resolution (resolution
better than 100,000 at m/z 400; mass accuracy of +£2ppm) using the AGC setting of 5.10°
ions storage. For the study needs, we used an intermediate mass range, from m/z 150 to
450 as it includes the highest intensity distribution and allows a broad attribution with
limited resolution issues at high masses. The sample flow rate was set at 3 pL/min and led to
a mean sample storage time around 10 ms before injection into the Orbitrap. The ESI
settings were 3.5 kV for source voltage, 5 (arbitrary units) for the sheath gas flow rate and 0
(arbitrary units) for the auxiliary and sweep gas flow rates. The capillary temperature was
set at 275°C, the capillary voltage at 34 V, and the tube lens voltage at 70 V. All other
instrument parameters were checked and transferred from the automatic instrument
calibration. Micro-scans and scans were defined before each acquisition depending on the
experiment needed, as described in the paragraph "Experimental design".
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Micro-scans

The term micro-scans refers to the free parameter that can be changed inside the
MS configuration panel in the LTQTune software. From the “LTQ-Orbitrap Operation
Training Course Manual” (European Training Institute, Thermo Scientific). Several
descriptions are given of the acquisition sequence used by the Orbitrap:

- iontime (IT) is “the time in milliseconds that ions are allowed to accumulate in the

trap. The IT time is variable and is calculated by the AGC.”

- A micro-scan is “a complete cycle combination of the prescan and the analytical scan

which will include the IT time (trapping and cooling of the ions) and scan out time
(time taken to eject the ions).”
- Ascanisthe “time taken to complete the overall experiment and is dependent upon
the number of micro-scans used.”
At the completion of the process, the complete scan is the combination of one or several
micro-scans. Each complete/combined scan includes one Fourier transformation. In the
end, carrying out micro-scans or the equivalent scans-only operation results in roughly the
same overall acquisition time.

The process of using transients is well-known for FT-ICR instruments where transients
(micro-scans for Orbitrap) are averaged before the Fourier transformation to produce the
final spectra (30,31). Unfortunately, the Orbitrap does not give access to the transient signal
nor the Fourier transformation process as opposed to ICR instrument where the complete
process is open access and can be used to generate the mass spectra through dedicated
signal treatments. It is also common in FT-ICR direct-infusion experiments to acquire data
overalong time (28,31) using a high number of transients to increase the data quality in
direct infusion, whereas this process seems seldom used for Orbitrap direct-infusion
measurements.

Experimental design

To investigate the impact of scans and micro-scans, we designed a set of
experiments to be able to obtain maps of numbers of stoichiometric formulae. As we aimed
toinvestigate the impact of changing from short to long duration acquisitions and wanted to
limit the number of resulting experiments, we designed an experimental plan based on
asymmetric 2™ 2™ maps with n=[0;3] the number of scans (i.e. 1, 2, 4 and 8 scans) and
m=[0;10] the number of micro-scans (i.e. 1, 2, 4, 8, 16, ..., 1024 scans). This resulted in 38
individual acquisitions varying from 1 to 8 scans and from 1 to 1024 micro-scans. The
reference analysis was chosen to be outside the map with 1024 scans using 1 micro-scan
each. In terms of time, acquisitions varied from seconds to around 30 minutes.

The repeatability and reproducibility of the acquisition are also important factors
that are not addressed by the experimental design realized for this study. A study on similar
samples has shown 1% repeatability and 2% reproducibility of direct-infusion analyses. The
repeatability and reproducibility were evaluated on a number of identical attributed
stoichiometric formulae across the same sample prepared and acquired at different
moments (hours, days and weeks). Variations are mostly observed at very low intensity and
are due to signal to noise variation and slight differences in sample preparation as several
solutions are done. Thus, we do not expect repeatability and reproducibility to have an
impact in this study.
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Data treatment

A home-made software package was used to extract data from the Thermo .raw files.
The extraction was based on an IGOR Pro routine that uses Windows open libraries to open
and read directly the data inside the Thermo-produced .raw files. After data extraction, each
scan was summed to produce a single resulting mass spectrum. This mass spectrum was
then loaded into Attributor, a home-made mass spectrometry software package specially
developed to treat and attribute high-resolution mass spectrometry data (18). Each
spectrum was converted from peak profile to centroids, normalized and internally
calibrated, and peaks were assigned a molecular formula using the same routines and
parameters to be able to compare the results. The internal calibration used CH, families
with more than 10 members, i.e. series of attributed stoichiometric formulae that differ only
by variation of a CH; group. In order to select the accurate stoichiometric formulae for the
internal calibration, we selected assigned peaks whose stoichiometric formulae only
included oxygen and nitrogen - 0 to up to 3. Attributions were performed for singly positive
charged ions using the graph properties of the spectra, with CHz, C, NH and O as
propagation parameters. Even if 13C stoichiometric formulae are detected and can be
attributed, they are not considered in this study. We would also have to consider the
isotopic ratios to explain the absence of 3C between different experiments in addition to
variation induced by the acquisition method. The propagation list is then used as is, without
any post-processing treatment. Typical errors and stoichiometry in the function of mass to
charge ratio representation are available in Supporting Information 1.

Results

The mass spectrum in Figure 1A highlights a striking molecular organization in the
sample. We can hence distinguish a periodic pattern where maxima (or minima) are visible,
separated by 13.5 u. One of the clusters constituting the pattern is highlighted with a black
box in Figure 1B for illustration. This pattern structure is typical of Titan's tholins and
indicates that the sample is made through a polymerization process as described in several
works such as in Pernot and co-workers (24) and Horst’s thesis (25). They highlight that the
major pattern is not only CH as we can expect from complex organic matter but a
combined role of CH; and HCN in the final structural composition. Given this dual
polymerization pattern, each cluster exhibits a constant (C+N) value, with hydrogenation
variation generating the cluster diversity (24-27).

Before doing any attribution, we check the spectra for each experiment and
particularly if the micro-scans affect the signal intensity. As can be seen in Figure 1A, using
the micro-scans function of the Orbitrap seems to enhance the signal after m/z 325
compared with the scans-only operation while at the same time, enlarging the cluster
distribution at both lower and higher masses (Figure 1B). This enlargement seems to
indicate a higher diversity of H content for a given (C+N) content. At first glance, we also see
a difference for the minimum signal of each spectrum, at 8.107 for micro-scans and 2.10°3
for scans-only (not shown in the Figure here). This limitation of the dynamical range could
appear as a problem for the sensitivity of the analysis, but we will demonstrate later in this
work that the dynamic range is not the correct parameter to compare the two operation
techniques.
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As intensity vs m/z spectra do not show much information about a sample’s
molecular diversity, we use another representation that can highlight sample signals and
diversity over artifacts and noise: the mass defect diagram, a variation of Kendrick diagrams
using 2C as a reference instead of 2C'H,. The mass defect is thus defined, as shown in
equation 1, by only using the exact mass measured by the instrument:

Mass defect = Exact mass — round (Exact mass) (1)

We report in Figure 2 the mass defect diagrams for 1024 scans with 1 micro-scan
experiment (left) and 1 scan with 1024 micro-scans experiment (right). We can see different
structures and shapes inside these diagrams: (1) vertical lines, (2) cones of close points at
positive and negative mass defect values and (3) individual points. The vertical lines are
more frequent in scan-only and are attributed to radio artifacts, which are generated by
radio wavelengths that are detected by the Orbitrap amplification system. Noise points are
generated by classical electronic noise and do not present a periodic pattern. The cone
structures are similar in both experiments and represent ions resulting from electrospraying
the sample, with the top cone attributed to (mostly) singly-charged ions and the bottom
cone to (only) doubly-charged ions.

Despite the similar acquisition time of approximately 30 minutes and the same total
number of analytical scans for the analyses shown in Figure 2, all different features indicate
differences directly inside the Orbitrap data generation system, depending on the way in
which the experiment has been set up. Differences between scans and micro-scans
concerning radio artifacts and random noise could be attributed to the way in which the
Thermo Scientific software handles the automatic noise removal before doing the Fourier
transformation. This process appears to be more efficient when several micro-scans are
summed before the noise removal than when the noise removal is applied on each scan. In
extreme cases with using scans-only, such as with diluted samples, the random points and
radio artifacts can spread on the entire range of mass defect and m/z values and hide any
true sample signal (see Figure 6 in Danger et al (16) for an example of radio artifacts
overlapping the real sample signal). Although this kind of issue can be treated by post-
treatment procedures such as noise hard cutting, using micro-scans significantly reduces the
need for post-treatment procedures.

We summarize in Figure 3 the total number of attributed stoichiometric formulae
per experiment. We observe that for a given number of scans and an increasing number of
micro-scans and vice-versa, we attribute more and more stoichiometric formulae.
Nevertheless, this observation hides some disparities, with an asymmetry in the number of
attributed stoichiometric formulae for equivalent acquisition times. Diagonals in the table
represent acquisitions carried out during an equivalent amount of time, from a second to 30
minutes. This indicates that for an identical sample, acquiring either scans, micro-scans or a
combination of both does not lead to equivalent results, driving us to the search for the best
acquisition setup.
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There is also interest in checking if the attributed stoichiometric formulae are
overlapping between the different analyses. We report in Supporting Information 2
individual attributed stoichiometric formulas on top of the mass defect diagram for each
analysis using 1 single scan for 1 to 1024 micro-scans, respectively a second to
approximately 30 minutes of acquisition time. As expected, we observe an increasing data
complexity with an enlargement of the sample cloud correlated with the enlargement of the
attributed stoichiometric formula cloud. This indicates that all attributed stoichiometric
formulae at low micro-scans are included in the highest number of micro-scans. We also
observe that attributions are strictly contained into the sample cloud and that there is no
attribution out of this area, consistent with other points being either artifacts, noise or ions
with a higher charge. This observation highlight that the accumulation of scans increases the
signal to noise ratio, leading to more detected peaks while increasing acquisition time.

Another interesting point here is that we can observe in Figure 3 an equivalent
number of stoichiometric formulae for different acquisition methods. This can be important
in the case of samples with low available quantity. The most significant improvement is
observed between 1024 scans and 2 scans of 128 micro-scans that attribute the same
number of stoichiometric formulae, but with significant variation of acquisition time: 30
minutes and 7.5 minutes, respectively. Thus, using micro-scans allows a reduction of time
and volume consumption of four times compared with the scans-only protocol for an
equivalent number of stoichiometric formulae.

Aside from the number of stoichiometric formulae, we also observed from the raw
mass spectra a difference of dynamic range for methods using micro-scans versus methods
using scans-only. This can also be seen in Figure 4 that represents the histogram of intensity
for stoichiometric formulae, where we have a hard intensity cut around 102 using 1024
micro-scans whereas we observed intensities down to roughly 3.103 when using 1024
scans. Even if the apparent dynamic range is lower using micro-scans than using scans-only,
comparing identical stoichiometric formulae between the two operations leads to the
reverse conclusion. When we compare for identical stoichiometric formulae between the
two methods, all identical molecules are higher than 5.10° while all detected molecules go
down to 102 using micro-scans. Thus, the dynamic range is not a parameter to consider
when comparing scans with micro-scans operations as the intensity of identical
stoichiometric formulae is not consistent between the two operations.

When focusing on identical stoichiometric formulae between the two experiments,
more than 97% of the stoichiometric formulae attributed using 1024 scans are found in the
stoichiometric formula attributions using 1024 micro-scans, corresponding to 2164 identical
stoichiometric formulae in both datasets. A careful inspection of the remaining 3% (i.e. 41
stoichiometric formulae) indicates that they are wrong stoichiometric formulae that would
be removed using a manual post-treatment work on stoichiometric formulae (for instance
too high N/C or O/C ratio) and some low intensity attributed points that can be assigned to
an unfortunately badly positioned noise point. The intensity comparison of the identical
stoichiometric formulae shows that we are attributing more than 1300 new mid to low
intensity stoichiometric formulae using micro-scans in addition to all the stoichiometric
formulae detected using 1024 scans, represented in Figure 3 by the red bars. Of the new
attributed molecules, some could also be misattributed and would have been removed by a
manual post-treatment step, estimated to be less than 100 signals.
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There are several ways to represent stoichiometric formulae to compare data.
Stoichiometric ratio representation has been considered such as H/C; N/C; O/C as a function
of the ratios or the mass, but the resulting information is not conclusive as the information
is stretched and/or non-linear in most of the cases. We report here that the Double Bond
Equivalent (DBE) as a function of the number of carbon, nitrogen, oxygen and hydrogen
representation can be used to highlight new attributed stoichiometric formulae, as
presented in Figure 5. In addition to identical stoichiometric formulae, we observe that the
micro-scans operation detects a wider diversity with the addition of low DBE, but also
detects new stoichiometric formulae at all DBE values. This is consistent with observations
made on the mass spectra, where all the peak clusters inside mass spectra are denser using
micro-scans than when using scans-only as discussed for Figure 1B. This can be also
explained by an increase of the signal to noise ratio using micro-scans compared with the
scan-only method.

Discussion and Conclusion

In the framework of analyzing complex samples such as environmental or biological
samples with several thousands of molecular formulae, it is necessary to accumulate for
long enough to have the maximum possible number of formulae at the end. Nevertheless,
the way used to accumulate data has a direct impact on the number of formulae obtained.
Thus, converting the number of scans to micro-scans will result in the best possible
acquisition methods and the maximum number of attributed stoichiometric formulae at the
end. This way of using micro-scans over long periods instead of using scans-only is also
identical to the data processing used in classical ICR data-processing (without specific post-
treatment) where all transients are summed before the Fourier Transformation necessary to
obtain the final mass spectra.

All results have been acquired using a complex organic matter sample. This means
that the instrument resolving power and mass accuracy are critical as the number of
probable stoichiometric formulae increases with the mass increase. The use of a high
resolving power and high accuracy instrument is then mandatory to achieve sufficient
separation between masses. In the case of our study, we analyze only CHNO molecules in a
mass range where we know tthat he Orbitrap at its highest resolving power can attribute
one and only one stoichiometric formula per mass, at the given +2ppm mass accuracy.
Based on this study, the use of micro-scans or scans operation does not affect the resolution
nor the mass accuracy of the data. Micro-scans enable the detection of additional low-
intensity signals by increasing their signal to noise ratio compared with the equivalent
number of scans. The use of micro-scans operation results in cleaner mass spectra, in the
sense that the automatic noise removal performed by the Thermo Scientific software before
the Fourier transformation is more efficient using micro-scans than using the scans-only
method. In the case of simple or pure samples, there is no organic diversity. In that case, the
use of a limited time acquisition, i.e. several seconds to a minute using scans-only is
sufficient to obtain a good mass spectrum of the analyzed sample.
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Figure 1: (A) Mass spectrum of peaks profile data for two complementary Orbitrap

p 1s. Data are normalized around m/z 206.114. The micro-scans operation of the
Orbitrap present a slightly highest intensity trend at high masses. (B) Zoom on the m/z206.1
peak cluster where we observe with micro-scans an added diversity on both the left and
the right of the cluster. This particular example is representative of all peak clusters.
Detected but non-attributed peaks using CHNO*3C are highlighted with a “*”. Two 3C are
also attributed but are not considered afterward as with every detected 13C stoichiometric
formula.
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Figure 2: Left — Mass defect diagram from profile data for 1024 scans with 1 micro-scan
experiment; 53,238 points. Right — Mass defect diagram from profile data for 1 scan with

1024 micro-scans experiment; 45,198 points. The blue box is sample ions, the green box is
a radio artifact example and the red box is an example of random points.
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Figure 3: Total number of stoichiometric formulae attributed per analysis; color code from
red to blue for the lowest to the highest number. Grey color is an experiment that has not
beenacquired. The average time per micro-scans or scan is 1.5s. This average time is mostly
dependent on the sample concentration and the AGC target.
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Figure 4: Intensity histogram for attributed stoichiometric formulae using 1024 scans and
1024 micro-scans. ldentical stoichiometric formulae between each analysis are indicated in

yellow and green, respectively.
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Figure 5: Double Bond Equivalent (DBE) versus the carbon, nitrogen, oxygen and
hydrogen number for identical stoichiometric formulae in both operations and formulae
only in 1024 micro-scans. When using the micro-scans method, the added diversity is

everywhere.
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