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MALINTO — MALDI Interpretation Tool
Program Manual of MALINTO version 1.0 (10/31/2022)

GNU Octave Software

For the MALDI interpretation tool (MALINTO) the programming language GNU Octave was
used. GNU Octave is similar to Matlab and available as free software which can be down-
loaded using the following link: https://ftpmirror.gnu.org/octave/windows/ (last accessed on Oc-
tober 31, 2022). Although newer Octave versions are continuously released, the download and
installation of “octave-6.4.0-w64-installer.exe” is highly recommended for the correct perfor-
mance of MALINTO.

Start of the Program
The MALINTO software package includes following program and example files:

e MALINTO_GUI.m; graphical user interface of MALINTO, this script is started to run the
MALDI interpretation tool

e cartesian_product.m; calculation of theoretical mass list without filters

¢ maldi_masslist.m; filtering of theoretical mass list, assignment of peaks from MALDI
experiment to theoretical mass list

¢ maldi_statistics.m; calculation of comonomer and terminating group ratios

e Example_SampleFiles.xlsx; raw data from MALDI measurements, exported from the
Bruker FlexAnalysis® software

o Example_MassLists.xIsx; Excel export after calculation of theoretical mass list, assign-
ment of experimental peaks, and running of the statistics program. Includes input data
(monomeric repeating units, end groups, adducts). This file can be imported to MA-
LINTO for further processing or to extract the input data. Background information on
the examples is given in the corresponding article “MALINTO: A New MALDI Interpre-
tation Tool for Enhanced Peak Assignment and Semiquantitative Studies of Complex
Synthetic Polymers” (https://doi.org/10.1021/jasms.2c00311)

e Example_MassLists_Comments.xIsx; calculations performed by MALINTO are re-
peated in Excel to better explain the principles (functionalities and terminating groups,
conditions to exclude chemical preposterous structures, statistical evaluations,...); gen-
eral formulas are given in the corresponding article

After opening the GNU Octave software the directory of the MALINTO files has to be chosen
on the left side (1) as shown in the overview of the GNU Octave interface in Figure 1. The
Excel mass lists of the experiments have to be saved in the same folder in .xIsx format. The
“MALINTO_GUI.m” file is selected by double clicking (2) and the program is started by choos-
ing the highlighted * button (3). A separated window opens which is shown in Figure 2. If
Octave is newly installed, an error message concerning the encoding might pop up which is
solved by choosing “SYSTEM (CP 1252)". This setting can be alternatively checked and
changed in the menu available via Edit/Preferences/Editor/File handling.
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Figure 1: GNU Octave interface to start the graphical user interface of the MALDI interpretation tool (MALINTO).

Theoretical Mass List

The main window of the program (Figure 2) is filled with masses and functionalities of the
monomers, end groups and adducts either manually or by importing a previously generated
export.

1) Monomeric Repeating Units

For addition polymers (chain growth polymers, polyurethanes, etc.) the mass of the
repeating unit equals the mass of the monomer. In case of condensates, the monomer
mass has to be subtracted by the mass of the condensation product in order to obtain
the mass of the repeating unit in the polymer. As shown in Figure 2, the monoisotopic
mass of isophthalic acid (IPA, 166.02661 Da) is reduced by one water molecule
(18.01057 Da), the same accounts for neopentyl glycol (NPG, 104.08373 Da) and
1,10-decanediol (DD, 174.16198 Da).

Additional to their mass, monomers can differ in kind and number of functionalities.
Diacids can be reacted with diols to give polyesters, the same principle applies to pol-
yamides (diacid/diamine) and polyurethanes (diisocyanate/diol). Using monomers with
a higher number of functionalities gives branched polymer chains with an increased
number of terminating groups. By specifying the kind and number of functionalities,
chemically unlikely structures are removed during mass list calculation (e.g. product of
2 isocyanates). In case of AB monomers such as lactic acid, both COOH and OH func-
tionalities are present in the monomer, allowing it to react with itself. Double bonds are
specified in the same way, both functional group columns are filled with the amount of
double bonds present (e.g. 1 for styrene, 2 for divinylbenzene).
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Figure 2: Main window of MALINTO including necessary input data 1) monomers/repeating units, 2) end groups,
3) adducts and advanced options for end group - adduct combinations, 4) calculation of mass-list, 5) import from
previously generated excel export (e.g. “Example_MassLists.xIsx” which is part of the download package).

2)

3)

The length of the calculated mass list can be limited either by giving the maximum
number of repeating units or by defining a mass range. The monomers can be selected
and deselected for further sample evaluation. Frequent changes of the input data dur-
ing the same session, especially selecting and deselecting, might lead to error mes-
sages in the command window because MALINTO generates different tables in the
background whose sizes do not necessarily match the new input data. This problem is
easily solved by closing and restarting MALINTO. It is recommended to previously gen-
erate an Excel export (13, Figure 5) to simply reimport the input data (5) after restart.

End Groups

Depending on the kind of polymers, end groups can either be varied by initiators and
terminating agents (for example in anionic or ring-opening polymerizations) or distin-
guish between linear and cyclic species (for example in polycondensation reactions).
In the case of branched structures, multicycles may be present (see Example 3 in cor-
responding article) which are identified by repeated subtraction of the condensation
product. If the end group presents a cyclic structure, it has to be marked as “cyclic” (left
to the end group’s mass) which triggers further events such as correction of number of
free functionalities prior to statistical evaluation.

For the shown example with isophthalic acid, neopentyl glycol, and 1,10-decanediol
linear polyesters with acid and/or alcohol terminating groups can be formed. This ratio
of free functionalities will be calculated in the statistics tool using the number of the
individual monomers and the sum of corresponding functionalities.

Adducts and Advanced Options

Up to 4 different ions can be chosen as adducts for the calculation of the mass list. The
shown examples are often observed for polyester systems if no special purification is
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4)

5)

carried out. Additional to H, Na, and K adducts, a proton/sodium exchange may occur
if free carboxylic acid functionalities are present (sodium adduct described as “2 Na”).
Since this requires a linear structure, special combinations of end groups and adducts
may be excluded from the mass list in the “Advanced Options” settings. These settings
are saved by closing the window and setting a tick next to the button.

Calculate Mass List

After entering the required input data, a theoretical mass list can be calculated by click-
ing on the specified button. All selected monomers / repeating units are combined up
to the chosen number of repeats, after which end group and adduct masses are added.
Since several mathematically possible combinations do not represent real chemical
structures, several filters are applied as described in the corresponding article and
shown in the “Example_MassLists_Comments.xlsx” file. The theoretical mass list is
sorted by m/z values and can be used for manual assignment of peaks, e.g. already
during MALDI measurements.

Load Mass List Table

If a set of data has already been exported as Excel file, the input data can be reimported
by choosing “Load Mass List Table” and selecting respective file and tab (optional).
The MALINTO download package includes several examples in the file “Exam-
ple_MassLists”. These files (or tabs) should be copied prior to further editing in order
to prevent problems during import.

Assignment of Peaks — Match List

After conducting the MALDI measurement and performing calibration, a deconvoluted peak list
has to be generated including the areas / integrals of the peaks. In this special case, this peak
list is generated by the Bruker FlexAnalysis® software and can be exported as Excel file. Prior
to analysis via MALINTO, this file has to be placed in the same directory as the program files.
After entering (1-3) or importing (5) the input data, following steps are required which are
highlighted in Figure 3.

6)

7

8)

Select Sample File

Files need to be in a .xIsx format, eventually they have to be converted first. If the file
includes more than 1 tab, the desired sample can be selected in the software. The tab
(sample) name is displayed on the upper right corner.

Match List and Tolerance

Choose “Match List” to compare the mass list of the selected sample to the calculated
theoretical mass list. Peaks are assigned if the m/z value matches one or more theo-
retical values within an adjustable tolerance range.

Calculate Mass List

Performs the calculation as described in 4) including the comparison to the selected
sample file. If practical m/z values can be assigned within the specified tolerance, these
m/z values including deviation to theory and corresponding peak area are included. If
more than one theoretical value lies within the tolerance, peak data are added to all
possible assignments and “nan” (not a number) appears in the “Multiple Match” column.
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These assignments have to be corrected manually by selecting unfit lines and using
the “Delete Selection” button (see Figure 4 with further details).

C Fgure1 - 8 x
Ele Eai Toois

088 T AOH
MALINTO - MALDI Interpretation Tool 6) Sample name
Excel Worksheet N: -
Result-Table Load Mass List Table o e fome Delete Selection Unmatched Masses ‘ Deviation Help ‘ Calculation Parameters | Sample: PES4_05 |
Save Table to Excel
5 oo | o Cydlic
Pa PG DD RU4 G Adduer M“[‘ List (th.) M“j";i‘f”"’ Area Deviton Mutple Match
1 2 1 1 0 18.01 44,6717 601.24 60130 1567.46 0.05 0 = ‘ IPA | 148.01605 | 2 L= ‘ linear | 18.01057 ‘ o
2 2 3 0 0 18.01 38.9637 611.23 611,28 683.73 0.06 0
3 2 0 2 0 0.00 38.9637 647.30 647.63 1465.79 0330 B | NPG | 8607317 | 0 ‘ 2 | B odic 0 ‘ &
4 2 0 2 0 18.01 22.9898 649.34 649.41 529.20 0070
5 2 0 2 0 18.01 38.9637 665.31 665.40 3081.19 0.09 nan = ‘ DD | 156.15142 | O ‘ 2 o ‘ EG3 - ‘ O
6 2 2 1 0 18.01 22,9808 665.33 665.40 3081.19 0.07 nan
7 2 o 2 0 18.01 44.9717 671.32 67136 404.38 0.04 0 o ‘ RU 4 - 1 ‘ 1 o ‘ EG 4 - ‘ o
8 2 2 1 ] 18.01 38.9637 681,30 681,36 614.05 0.06 0
9 2 1 2 o 18.01 22.9898 735.41 735.48 1453.18 0.07 0 Repests 10 u] ‘ EGS - ‘ 0
10 3 1 1 0 18.01 38.9637 743,25 743.34 779.75 0.09 nan
11 3 3 0 0 18.01 22.9898 3.7 743.34 779.75 0.07 nan Mass Range ‘ o ‘ EGE - ‘ =
12 2 1 2 o 18.01 38.9637 751.38 751.45 278.37 0.06 0
11 2 0 3 0 18.01 22.9898 805.49 805.55 270.39 0.06 0 =i H 1.00783 =] ‘ EG7 - ‘ D
- AN )
A Y 2 ‘ Na 22.98077 o ‘ 68 - ‘ 0
8) theoretical mass list from input data: mass list from experiment:
2 ‘ K 38.96371 o ‘ EGO - ‘ =
polymer composition (comonomers and values are assigned to 2| 2n Assi . o
X . ssignment of experimental
end groups) plus adducts with theoretical m/z values within the g N : P
. peaks within a certain tolerance
correspoending m/z chosen tolerance 7
8) Mass List
1
=i Advanced Options | Tolerance | 0.8 | Match List

6) | Select Sample File || Calculate Mass List | Statistics ‘
Select Sample File

xXlIsx format, same directory as program files Institute for
' ! U Chemical Technology
|- of Organic Materials

Figure 3: In order to assign peaks from a MALDI measurement, 6) a sample file, 7) a tolerance value and the option
“Match List” are selected. After using 8) “Calculate Mass List’, the table fills with the experimental peaks and their
mathematically possible assignments.

(1815, 39861

Corrections of the Match List

In some cases, the match list has to be manually corrected due to either wrong or ambiguous
assignments. The number of ambiguous assignments drastically increases with the number of
comonomers, end groups, and adducts and depends on the actual molar masses (How many
different combinations have nearly the same m/z value?). Several tools implemented in the
MALINTO software help with the identification of the right assignment and highlight possible
problems. These are shown in Figure 4.

9) Deviation

The deviation of the experimental to the theoretical m/z values gives hints about the
accuracy of the peak identification and the calibration. While a general trend is usually
plausible, strongly varying deviations might indicate wrong assignments. Additional to
the deviation values in the column, a graph is shown after clicking on the “Deviation”
button (10) which helps to identify such entries. The row number is shown on the x-axis
to facilitate finding the entries in the list which can further be selected and deleted (12).
For the identification of the exact row number using the graph, the cursor can be placed
on a certain data point and the coordinates will be given in the lower left corner of the
window. The deviation graph in the example shown in Figure 4 also indicates two dif-
ferent series which correspond to the ambiguous assignments. After correcting these,
the deviation graph can be checked again by clicking on the corresponding button (10).
The graph is not updated in real time.
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Figure 4: The match list might result in wrong or ambiguous assignments whose identification is facilitated by the
9) Deviation column and graph as well as the 10) Multiple Match column. These assignments should be deleted
(11) prior to ongoing investigations. Experimental peaks which cannot be assigned with the generated mass list are
shown by choosing “Unmatched Masses* (12).

10) Multiple Matches

The “"Multiple Match” column highlights ambiguous assignments by giving the entry
“nan” (not a number). “nan” can be optically well distinguished from “0” which indicates
a unique assignment. The identification of the right assignment usually requires expe-
rience with or further knowledge of the sample. It is usually advisable to thoroughly
investigate the series of a newly examined sample, not only using the software but
additionally looking at the original MALDI mass spectrum to identify the different series.
In the example shown in Figure 4, the mass of sodium adducts of one polyester species
is similar to the mass of potassium adducts of polyesters with other compositions. Since
experiments were carried out using sodium trifluoroacetate as ionization agents, so-
dium adducts were dominant for low molecular weight species which could be assigned
unambiguously. Potassium adducts were observed as well but only for species which
also had intense peaks for the corresponding sodium adduct. Hence, polymer species
with the sodium adduct were chosen as the right assignment. After identifying such
patterns, it was tested to work exclusively with sodium adducts which gave good results
and assigning was accelerated significantly (see corresponding publication).

11) Delete Selection

In order to manually correct the match list, wrong assignments have to be deleted prior
to statistical evaluations. This can be realized by selecting rows or single cells and
choosing the “Delete Selection” (12) button. In both cases the row is completely de-
leted. Multiple selection is possible by using the “Shift” or “Ctrl” key.
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12) Unmatched Masses
If the experimental mass list contains entries, which cannot be assigned by comparison
with the theoretical mass list, these are listed as “Unmatched Masses” when choosing
the corresponding button (9). A particularly high number of unmatched masses might
indicate mistakes in the input data or significant abundancy of unexpected side prod-
ucts. In case of an Excel export, this list will be included.
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Figure 5: The mass and match list can be exported any time using the “Save Table to Excel” button (13). After
clearing of wrong and ambiguous assignments, statistical evaluations can be started (14). Results from the statistics
are also exported if the tool has been used prior to saving the Excel file.

13) Save Table to Excel
Both the theoretical mass list as well as the match list can be exported to Excel files at
any time during editing (Figure 5). While a new Excel file is created each time the pro-
gram has been started, different results are stored in individual tabs of this file. The
name of these tabs can be specified (13) prior to clicking the button “Save Table to
Excel”. If the export is performed after any statistical evaluations, these results will be
stored in the file as well.

14) Statistics
This button (14) is chosen to run the statistical evaluations of previously checked match
lists. The results are shown in a new window.

Statistics — Quantification experiments

While MALINTO is already significantly reducing the time needed for the assignment of peaks
in MALDI spectra, it can further be used for analyzing ratios of different comonomers, and
terminating groups. Quantification via MALDI mass spectrometry is limited due to several fac-
tors such as inhomogeneous sample spots, varying ionization efficiencies, and suppression of
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higher molecular weights. Nevertheless, previously published results (for example Saller et.
al., Anal. Chem. 2020, 92, 15221-15228) showed potential for the semi-quantitative use of
MALDI MS. Similar studies shall be encouraged by the accelerated MALDI interpretation using
MALINTO. The statistics window is shown in Figure 6.
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Figure 6: Statistics window including evaluations on 15) comonomer ratios and terminating group ratios. There are
two options for terminating groups: 16) End groups are not included in the repeating unit and are part of the required
input data for calculating theoretical mass lists. 17) Free functionalities are terminating groups which are derived
from monomer ratios if these monomers carry different functionalities (e.g. in A2+B2 polycondensates).

15) Comonomer Statistics

To show the structure of the statistical evaluations, details of the Comonomer Statistics
are given in Figure 7.

A)

B)

C)

D)

In principle, areas of individual peaks are divided according to their polymer com-
position (in this case comonomers). If peaks are assigned to the same polymer
species but with different adducts, areas are summed up.

These results are both numerically and graphically summarized for different num-
bers of repeating units n (RUs) to identify trends or outliers. Two succeeding
n (RUs) are combined since in the case of polycondensates even numbers always
give mixed terminated chains or cycles while odd numbers only occur if one func-
tionality is in excess.

The mean value and standard deviation of results for the individual chain lengths
are calculated.

Select outliers to be deleted prior to the final calculation which will be performed
upon closing the statistics window. This will also affect the results shown in the
Excel export. The example shown in Figure 7 reveals a slight trend of the comono-
mer ratios which is in accordance with further results discussed in the correspond-
ing publication. For individual samples, such a trend should further be investigated
instead of taking the resulting mean value as a final result. In such cases, the mean
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value is simply depending on the examined m/z range instead of representing the
comonomer composition of the whole polymer.

Eile Edit Tools

b

Comonomer Statistics

B,

8, @,
AlDO# A) Sum of areas split according te assignments

absolute values + percentages

@ N @ W AW e

Mean

h x
B) || n(rus)| sumarea A NPG DD %IPA %NPG %DD | Delete poo o IPA
45| 6910.00 281696 2234.64 1858.50 40.77 3234  26.90 - -% NPG
6.7] 11647.14 5297.30 3946.64 2403.19 45.48 33.89 20.63 El % DD
8.9 10381.98 4852.72 3252893 2276.33 46.74 31.33 21.93 O 80
101 770672 366339 227675 176658 47.54 2054 2292| [
1213 417236 1997.08 117568 999.60 47.86 28.18 2396 | [J
1415 303365 145206 793.12 78848 47.86 2614 2599| [ 2
1617 180222 86223 469.24 47075 47.84 2604 26.2| [ E, £
18.19| 1563.94 75227 36668 444.98 4810 2345 2845| [ 8
0 0.00 0.00 000  000| 4652 28.86 24.61 &
Std-Deviation 0 0.00 0.00 000 000 248 357 260 S 40
o
B) All results are filtered according to i B S
chain length (both numerically and T
graphically) to check reliability of results, to 20
identify trends and outliers
D) Deleting of Outliers
considered in he summary and export B) n4.5 67 83 1041 1213 1415 1617 1819

RU length

Figure 7: Structure of the individual statistics. A) The sum of areas is split according to the assigned polymer com-
position. B) Results are filtered according to their chain length in order to identify trends or outliers. As a result,
mean value and standard deviation (C) of the relative abundancies are provided. Outliers can be deleted (D) which
will be considered in the summary (see Figure 8) as well as the Excel export.

16) End Group Statistics

In order to work on both complex polycondensates and simple polymers the MALINTO
software evaluates different kinds of terminating groups. End groups are of special im-
portance for simple polymers and investigations on cyclization of (branched) polycon-
densates. These end groups are not included in the repeating unit and thus, have ad-
ditional masses which have to be specified in the input data (2). Examples for such end
groups are initiators and terminating agents for anionic or ring-opening polymerization
products. In case of polycondensates, linear and (multi)cyclic structures are distin-
guished.

17) Free Functionality Statistics

The actual terminating groups of polycondensates are not caused by certain initiators
or terminating agents but the ratio of the individual monomers and their different func-
tionalities. Thus, this kind of terminating groups differ from the classical end groups (16)
as defined above and are called “free functionalities”. In the given example an excess
of the alcohol components mainly leads to polyester chains with two free alcohol func-
tionalities. Additionally, polyester species with two free acid or both functionalities are
present which reduces the relative amount of % FF OH.

18) Summary of all statistical evaluations

After optional selection of outliers, mean value and standard deviation of the three sta-

tistics are recalculated after closing the statistics window. A summary of the results is

given in a new window which is shown in Figure 8.

E) Additional to previously discussed results, the average number of free functionali-
ties @ FF for the chosen mass range is calculated. This value could be of interest
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when investigating branched polycondensates as shown in the corresponding pub-
lication. @ FF can only be compared between similar samples in a defined m/z
range. With increasing chain length, more branching monomers can be incorpo-
rated which naturally increases the number of free functionalities per polymer chain

and thus, the @ FF value.

A« Figure3 - o *
File Edit Tools
+RE_/Q A0
o) Repontiy Uit ___ 18) Summary of all statistical
L 47347 283664 24.2862 evaluations excluding deleted
2 08338 35413 27237 data, opens after closing the
statistics window
'b)_ End Groups
% linear % IR
1 100 0
20 o
) Free Functionalities
% FFCOOH % FF OH TG . .
1 184848 BLSIS2 2 E) average number of terminating groups (TG) for the
2 37853 3.7853 0 chosen mass range (interesting for branched polycondensates)

Figure 8: After closing the statistics tool, a summary of the results opens in a separate
window. Additionally, the average number of free functionalities within the chosen m/z
range is given which might be of interest for branched polycondensates.

Additional Information

The concept of MALINTO as well as examples given in the MALINTO software package are
explained in detail in the article “MALINTO: A New MALDI Interpretation Tool for Enhanced
Peak Assignment and Semiquantitative Studies of Complex Synthetic Polymers” published in
the Journal of the American Society for Mass Spectrometry. The open access article is avail-

able using the following link: https://doi.org/10.1021/jasms.2c00311.

MALINTO has been programed in GNU Octave by Daniel C. Pernusch after the concept de-
veloped by Klara M. Saller. The project was initiated and supported by Clemens Schwarzinger.
The work was performed at the Institute for Chemical Technology of Organic Materials at the

Johannes Kepler University Linz in Austria.

Please contact klara.saller@jku.at or clemens.schwarzinger@jku.at for any questions or com-

ments.
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