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Highlights:
o MatchMass is a free web application for identifying molecules in complex mixtures studied
with mass spectrometry (MS).
e MatchMass allows upload of theoretical masses and multiple experimental data, followed by
comparison, matching and aggregating of results.
e The tool offers features for setting matching criteria (ions of interest, mass accuracy, and
abundance threshold), visualizing results, and downloading reports.

Abstract

MatchMass is a user-friendly web-based application designed to streamline the analysis of mass
spectrometry (MS) data for researchers studying complex mixtures of molecules. Users upload
experimental data (m/z and abundance) and a list of theoretical monoisotopic masses. MatchMass then
identifies matching molecules within the sample based on user-defined parameters (mass accuracy,
abundance threshold, and ions of interest). The tool generates a visual comparison of experimental and
theoretical m/z values, facilitates result exploration, and allows download of comprehensive reports.
MatchMass eliminates the need for manual data processing, improving efficiency and accuracy in MS
data analysis, particularly for researchers working with complicated mixtures.

Keywords: MatchMass, Web application, Mass spectrometry, User-friendly, Complex mixtures
analysis, High-throughput analysis

1. Introduction

Mass spectrometry (MS) is a powerful analytical technique widely used across various scientific
disciplines for the identification and quantification of molecules. It offers high sensitivity and
resolution, allowing researchers to analyze a broad range of samples, from simple single-component
systems to complex mixtures containing numerous molecules, which is crucial for materials science,
and life sciences fields such as proteomics, metabolomics, and mechanistic research in chemistry [1].
However, analyzing data from complex mixtures measured by MS is a significant challenge.
Therefore, many different tools were developed in past decades to streamline MS data analysis, often
employing various databases and more recently machine learning [2-5]. The wide range of possible
sample matrices as well as large number of MS techniques — including various ionization options and
tandem MS — led to large extent of specialization of these tools [6] and at the same time made their
use more difficult for non-frequent users.

When we studied oligomerization reactions of functionalized urea-based monomers, there was no free-
to-use user-friendly tool, which could simplify our data analysis in desired extent, for example MS
tool for analyzing polymerization reactions [7] provided efficient analysis for each dataset but could
not aggregate results from multiple parallel measurements. Hence, we found need for a simpler tool
which would utilize users provided list of masses of interest. We introduce MatchMass [8,9], a user-
friendly web application designed to streamline the analysis of MS data (Figure 1) for moderately
complex mixtures. MatchMass eliminates the need for manual data processing and offers a suite of
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features to facilitate efficient and accurate molecule identification and aggregation of results from

multiple measurements.
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Figure 1: General workflow for MS data analysis in MatchMass web application.
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2. Results and Discussion

MatchMass is a web application written in Python [10] that performs calculations, data matching,
grouping, and visualization for MS data. MatchMass uses the Pandas [11] and NumPy [12] libraries to
process the experimental MS data and the table of theoretical monoisotopic masses, perform their
matching and aggregate results from multiple files containing experimental data.

MatchMass utilizes the Plotly [13] library for generating plots and is bundled in the Streamlit [14]
library to present them in a form of web application. MatchMass can be used and accessed at
https://matchmass.taltech.ee® after logging in with ORCID profile [15]. It can process experimental
data from any type of MS if the file containing theoretical masses involves all molecules and
fragments of interest. However, MatchMass is best suited for evaluating of data from MS methods
employing soft ionization techniques.

We tested its capabilities by evaluating MS data from reaction mechanism study which employed two
different urea-based monomers in oligomerization and macrocyclization reaction under solid-state
synthesis (ball-milling) conditions. Specifically, the influence of ball-milling duration and aging on the
content of intermediates and products was studied and the results will be discussed in other article
focused on synthesis of new derivatized macrocycles. MatchMass allowed us to efficiently evaluate all
experimental data simultaneously and observe the changes in reaction mixture composition.

2.1. MatchMass functionality and data processing

The core functionality of MatchMass relies on a matching algorithm that compares the experimental
mass-to-charge (m/z) values from the uploaded data file with the theoretical masses provided by the
user and expanded with ions of interest. This algorithm takes into account the user-defined mass
accuracy parameter. For each experimental m/z value, the algorithm searches within a defined window
around the theoretical mass to identify potential matches. The width of this window is determined by
the mass accuracy value. A higher mass accuracy (its lower value) setting translates to a narrower
matching window, resulting in more precise but potentially fewer matches. Conversely, a lower mass
accuracy allows for a wider matching window, potentially capturing more matches but also increasing
the likelihood of including false positives. In addition, each matched signal which falls within
matching window of more than one ion is assigned with warning note. However, the algorithm always
provides match to the nearest m/z in the theoretical table.

The matching process considers the abundance threshold defined by the user. Only experimental
signals exceeding this threshold are included in the matching process. This helps to eliminate

! As of April 2023, MatchMass will not be fully functional in the taltech domain until the ORCID login
implementation is complete. MatchMass can be temporarily tested at Streamlit community cloud on the link:
https://matchmass.streamlit.app/
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background noise and signals from low-abundance species that may interfere with the identification of
target molecules.

The selection of ions (i.e., positive or negative), which should be added to the theoretical table of
masses is as simple as possible via ticking checkboxes for the most common ions. Adduct ions are
calculated and added for each molecule in the user provided table. The available ions were chosen
based on comprehensive quantitative study [16] and our own practical needs. The calculation of m/z
for adduct ions considers the electron mass [17] and leverages values from the Fiehn Lab's Excel-
based mass spectrometry adduct calculator [18].

MatchMass generates two visual representations of the data. First, allowing users to compare the
experimental and theoretical m/z values (Figure 2a). This visualization helps users assess the quality of
the match and identify potential areas of interest before the matching procedure. Second, it employs
color-coding to clearly differentiate between experimental signals that found a match in the theoretical
table and those that didn't found match (Figure 2b).
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Figure 2: MatchMass offers two charts to aid analysis visually. The first chart (a) lets you verify how
your chosen matching settings, like mass accuracy and adduct ions, align with the experimental data.
The second chart (b), visible only after a successful match, shows matched and unmatched signals.

Following the matching process, MatchMass provides users with visualization mentioned above, the
table of result aggregated for all provided experimental files, and downloadable report. The aggregated
table provides information such as the theoretical m/z of the matched molecule adducts, the
corresponding average experimental m/z value with standard deviation, the abundance of the detected
ions in each experiment, and total abundance of all ions within each molecule and experiment.

The downloadable report (.xIsx format) provides comprehensive results and matching details on
separate sheets. The first sheet lists uploaded experimental files with their applied mass accuracy and
abundance thresholds. The second sheet includes the expanded theoretical table with adduct ions and
their m/z values. It also includes a warning about potential mismatches, generated based on the largest
mass accuracy value. The third sheet mirrors the aggregated results shown in the MatchMass interface
after analysis. Finally, individual matching results for each experimental file are provided in a
dedicated sheet.

The use of MatchMass offers automatic matching process which minimizes the risk of human error
and improves the overall accuracy of results. The user-friendly interface and clear data visualization
features make MatchMass accessible to researchers with varying levels of experience in MS data
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analysis. Finally, the web-based nature of the tool eliminates the need for software installation and
allows users to access it from any device with an internet connection.

2.2. MatchMass workflow

MatchMass offers a user-friendly interface that guides researchers through the data analysis process
(Figure 1, detailed instructions in Sl). Users begin by preparing two key pieces of information: 1)
Experimental data file containing two columns. The first column represents the m/z values of the
detected ions, and the second column represents the abundance (intensity of the signal) for each m/z
value. I1) Theoretical masses file containing a list of names (or other identification) for the molecules
of interest and corresponding theoretical monoisotopic masses. In addition, MatchMass offers dummy
data for testing its functionality without need for your own data.

After uploading data, MatchMass allows users to define key parameters that influence the matching
process: mass accuracy, abundance threshold, and adduct ions of interest (Figure 3). These parameters
are reflected in a chart that overlays experimental signals with colored bands representing theoretical
m/z values (Figure 2a). The width of these bands corresponds to twice the set mass accuracy.

Users can refine the matching parameters if needed. Otherwise, they can proceed by initiating the
match and reviewing the results. These include a chart with color-coded signals for successful matches
(Figure 2b) and a table summarizing the findings. Finally, users can either repeat the match with
different settings or download the comprehensive report.

Mass accuracy and abundance threshold has to be defined.

Mass accuracy value should be based on your spectrometer specification. If you set too small value it may lead to less
matches found.
Abundance threshold value is used to exclude signals with low abundance.
Do you wish to set different mass accuracy and abundance threshold for each uploaded file?
® No
Yes
Insert mass accuracy (Da) Insert abundance threshold (in a scale from experimental data)

0.10000 i =@

Pick ions which you want to match with your experimental data

Generally, there are two approaches. First, to upload table containing monoisotopic mass of neutral molecules and
then pick cations or anions of interest. Second, to upload table containing final m/z values for various ions and then
choose option to use uploaded theoretical m/z.

Pick from following for positive Pick from following for negative Keeping the original values from
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Figure 3: The MatchMass matching process hinges on three user-defined parameters. Setting the mass
accuracy (a) according to your spectrometer's specifications ensures precise matching of theoretical
and experimental m/z values. The abundance threshold (a) acts as a filter, removing background noise
and low-abundance signals in the experimental data. Finally, selecting relevant adduct ions from the
checkboxes (b) expands the theoretical m/z table.

2.3. Limitations of MatchMass

MatchMass has limitations in two main areas: technological aspects and data analysis capabilities.

On the technological side, file size is limited to 200MB due to processing demands for larger files.
Additionally, while users can define individual mass accuracy and abundance thresholds for each
experimental file, the theoretical table is generated using the largest individual value. This leads to a
single, generalized warning for all files regarding potential mismatches arising from overlapping
theoretical m/z values within the set mass accuracy range.
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For data analysis, MatchMass may not be ideal for highly complex mixtures with overlapping signals
within mass accuracy ranges. While searching for isotopic patterns could improve identification in
such cases, this feature is currently not available. Additionally, MatchMass doesn't connect to external
databases, requiring users to create their own theoretical mass tables using other tools and calculators.
Furthermore, the selection of available adduct ions is limited to most common ones. However,
researchers can address this by providing a custom table containing their desired m/z values for
specific adduct ions. They can then proceed with matching using these values without adding further
ions within MatchMass. Finally, the matching process excludes unmatched experimental signals from
the final report. However, users who might find these signals relevant can inspect them in the chart
visualizing matching results.

3. Conclusion

MatchMass offers user-friendly solution for researchers working with moderately complex MS data,
streamlines analysis through automated data processing, customizable matching criteria, and clear
result visualization. Users provide a table of theoretical masses, which MatchMass expands with user-
selected ions and compares to experimental data within set parameters. It can handle and aggregate
experimental data from multiple files. Complete results can be downloaded in a format of
comprehensive report. MatchMass has shallow learning curve and thus allows user to easily analyze
MS data and interpret results.

Hence, the main benefits of MatchMass are its ease of use, fast generation of m/z for ions of interest,
aggregation of results from multiple files, comprehensive reporting, and clear uncomplicated web-
based user-friendly interface. By introducing these pipelines to the community, we wish to enable the
easy analysis of the results to specialist who desires simpler and more universal tool for casual use
than the most of currently available specialized software and online applications.

In MatchMass, we use common file formats (.csv, .xlsx, .xlIs) as an input. This allows easy data
preparation and independence on file formats provided by spectrometer producers. In addition,
MatchMass is written in Python and is open source; therefore, a further development to include
additional calculations or features is simple. Moreover, MatchMass is not necessarily limited to MS
data. In principle, any data stored in supported format can be loaded and matched in MatchMass-based
pipelines.

4. Methods

MatchMass software development. MatchMass is written in Python [10] using the following
libraries, such as NumPy [12] for working with arrays, Pandas [11] to serve the data as a table or data
frame, and Matplotlib [19] and Plotly [13] to visualize the results and to provide users with necessary
interactivity. These scripts are utilized by a user-friendly interface built with Streamlit [14]
environment. MatchMass is hosted and deployed in a local server (in virtual machine running in
Ubuntu  Server) in  Tallinn  University of Technology (Taltech) accessible at
https://matchmass.taltech.ee domain.? Data for analysis can be uploaded only by logged-in users (login
utilizes ORCID account). MatchMass prioritizes temporary data storage. User-uploaded files are
processed only within the current session and automatically deleted from the server after the session
ends or the web page reloads. The most recent version of MatchMass’s source code is available in
main author’s GitHub repository https://github.com/lukasustrnul/MatchMass.

Writing of the article. The initial draft of this paper was written with the assistance of Gemini, a large
language model from Google Al, to streamline the writing process.
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