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ABSTRACT: High performance matrix systems are prerequisites for modern biochemical and medical investigations with MALDI
MS and MALDI MS Imaging. The commonly used small organic matrices (SOMs) offer multiple advantages such as broad analyte
scopes and high ionization efficiencies, and are widely accepted in the research community. Yet they also suffer from disadvantages
such as strong background interferences in the low mass area (< 1000 m/z) and low vacuum stability, which is particularly detrimental
for low molecular weight compound (LMWC) analytics with MALDI MS and MS Imaging. Here, we present polymerization as a
strategy to alleviate these disadvantages. Vinyl groups were introduced to two well-known SOMs, 2,5-dihydroxybenzoic acid (DHB)
and 7-methoxy-1-methyl-9H-pyrido[3,4-b]indole (harmine), and radical polymerization was performed to obtain polyethylene-based
P(SOMs) carrying the corresponding SOMs as sidechains. The obtained P(SOMs) are fully vacuum stable and MALDI silent. Using
the corresponding SOMs as benchmark, the P(SOMs) have competitive performances regarding analyte scopes and ionization effi-
ciencies. Furthermore, both P(SOMs) are active in dual mode. To assess a future application in a clinical workflow, the P(SOMs)
were applied on breast cancer xenografts and MALDI MS Imaging measurements were carried out. The P(SOMs) have the ability to
produce and spatially resolve both positive and negative tissue-related ions directly from the cancer tissue. The results show that the

polymerization of SOMs is a promising strategy to alleviate their disadvantages while retaining their advantages.

INTRODUCTION

“Matrix assisted laser desorption ionization mass spectrometry”
(MALDI MS) and the corresponding visualization technique
MALDI MS Imaging are important analytical tools in different
fields, e.g. for biochemical and medical research.! In contrast
to similar MS techniques, for instance secondary ion mass spec-
trometry (SIMS) or electrospray ionization (ESI), the analytes
are incorporated in a protecting matrix, which allows to ionize
them softly, preventing fragmentation or degradation. Com-
monly used matrix systems are small organic matrices (SOMs),
which fulfill the required prerequisites of MALDI matrices,
namely strong absorption of laser radiation, high crystallinity,
and acidic/basic functional groups. Additional advantages are
their broad analyte scope and excellent ionization efficiencies,
leading to a wide acceptance in the research community. SOMs
can produce matrix related signals, such as molecule ions, clus-
ters, and fragments, preventing noise-free (“MALDI silent”)
measurements below 1000 m/z. This can be detrimental for cer-
tain measurements, especially when analyzing low molecular
weight compounds (LMWC) with MALDI MS and MS Imag-
ing, e.g. for drug assays and development or for disease re-
search.>® Also, SOMs often exhibit low stability in ultra-high
vacuum (UHV) (~107 mbar) due to their low molar mass,
which can result in an inhomogeneous matrix layer during long-

term MALDI MS Imaging measurements.” Consequently, de-
veloping strategies to improve SOMs by alleviating their disad-
vantages while retaining their advantages would be interesting.

Classic SOMs for MALDI MS are organic molecules with a
molar mass of <500 Da, which contain aromatic (hetero-)cy-
cles. The conjugated m-electron system allows sufficient ab-
sorption in the UV region, the heterocyclic structure or other
acidic/basic functional groups increase the ionization efficiency
by (de-)protonating the analytes, and a highly crystalline mor-
phologies ensure an efficient analyte incorporation. A good ex-
ample is 2,5-dihydroxybenzoic acid (DHB), which is an excel-
lent MALDI matrix and intensively studied regarding its ana-
lyte scope, ionization efficiency, cluster formation and MALDI
sample preparation properties.'*!> As it contains an acidic func-
tional group, DHB is predominantly used for positive mode
measurements but rare cases of negative mode measurements
are also reported, yielding lower signal intensities compared to
positive mode.'*!'” Due to the wide range of measurable ana-
lytes and its enhanced matrix performance, DHB is a ubiqui-
tously used standard matrix for modern tissue analytics with
MALDI MS Imaging and is frequently employed as benchmark
during the development of novel or improved matrix systems.*
1819 Nevertheless, DHB produces a number of matrix related
signals below 1000 m/z (e.g. molecule ions, fragments, clus-
ters) and tends to sublimate in UHV. Several strategies were



tested to counteract these disadvantages and enhance DHB’s ef-
ficacy for LMWC analytics with MALDI MS and MS Imaging.
Adding co-matrix systems or covalently incorporating DHB in
a sol-gel silicon-dioxide polymer allowed to decrease the back-
ground interferences.?** Regarding the UHV stability of DHB,
it was reported that the sublimation rate of DHB is highest in
the first hour under UHV, and that the sublimation rate can be
decreased by converting DHB into an ionic liquid.* 4%
7-Methoxy-1-methyl-9H-pyrido[3,4-b]indole (harmine) is an
effective matrix used for MALDI analytics of (sulfated-)oligo-
saccharides, proteins and carbohydrates.?¢-3° While it is predom-
inantly used for negative mode, harmine can also support posi-
tive mode measurements, as the presence of an acidic (second-
ary amine) and a basic functional group (aromatic amine) allow
the ionization of the analyte in gas-phase by protonation as well
as deprotonation.” This ability for dual mode measurements is
rare for SOMs, and especially when only low amounts of ana-
lytes are available, it can be advantageous compared to mono
mode matrices like DHB. The ionization efficiency of harmine
as negative mode MALDI matrix is increased when ammonium
chloride is added, which is advantageous for, e.g. the efficient
screening of carbohydrates.”® 3° Nevertheless, harmine pro-
duces many matrix related signals in the low mass area, such as
molecule ions and clusters, and it tends to sublimate in UHV.

Next to efforts to improve established SOMs, there are also re-
ports focused on developing novel SOMs with enhanced
MALDI matrix performances, e.g. to enable a specific analyte
scope, dual mode suitability, increased ionization efficiencies
or low background interferences in the low mass area.!> 3! A
specific analyte scope was achieved by employing reactive
functional groups such as amine-groups, which react only with
compounds carrying aldehyde groups.*? Dual mode suitability
was realized by developing structures containing acidic and
basic functional groups, to ionize the analytes either by proto-
nation or deprotonation.3** Also inorganic materials were
shown to be efficient MALDI matrices, such as graphene (-0x-
ide), nano particles and metal oxides.>*” We recently reported
that conjugated polymers are promising matrices for LMWC-
analytics with MALDI MS and MS Imaging as they combine
very low background interferences with high vacuum stability
and good ionization efficiencies in positive and negative
mode.*® Furthermore, different from classic SOMs, for conju-
gated polymers the analyte incorporation seems to take place in
the amorphous phase.*

Here, we present polymerization as a new strategy to improve
established SOMs. Adding vinyl groups to two well-known
SOMs, DHB and harmine, followed by free radical polymeri-
zation, resulted in two novel polymeric small organic matrices
(P(SOMs)) with the respective SOMs as sidechains: poly(vinyl
dihydroxybenzoic acid) (P(VDHB)) and poly(vinyl harmine)
(P(VHar)). Their optical properties, vacuum stabilities, and
performances as MALDI matrices were tested and compared
with the corresponding SOMs. Finally, the P(SOMs) were used
to acquire MALDI MS Imaging heatmaps of biologically rele-
vant samples, such as patient-derived breast cancer model xen-
ograft, to evaluate its utility for application in preclinical stud-
ies. The results suggest that the P(SOMs) reveal similar or en-
hanced matrix performances compared to their corresponding
SOMs, confirming polymerization as promising strategy for im-
proving SOMs.

EXPERIMENTAL SECTION

All precursors, reagents and solvents were purchased from
commercial suppliers and used without further purification. De-
tailed information about syntheses and experiments is given in
the SI. The synthesized compounds were characterized by 'H-
NMR (500.13 MHz) (polymers and precursors) and *C-NMR
(125.03 MHz) (only precursors) in DMSO-ds (Figures S2-S22).
Fourier-transform-infrared-spectroscopy (FTIR) was carried
out to confirm the polymerizations and post-polymerization
modification (Figures S34-S41). Number average and mass av-
erage molecular weight as well as dispersity (Ma, Mw, PDI)
were investigated with gel permeation chromatography (GPC)
in dimethylacetamide (DMAc) and MALDI MS using trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malono-
nitrile (DCTB) as secondary matrix (Figures S42-S49 and S50-
S52). Additionally, the MALDI MS measurements were used
to analyze the degree of polymerization (DP), the molar mass
of the repeating unit and the end groups of the polymers.
UV/Vis measurements were carried out in solid state (relative
absorbance) and in solution (mass attenuation coefficient) for
both SOMs and P(SOMs) (Figures S23-S29). The vacuum sta-
bility of the SOMs and P(SOMs) was tested by gravimetrical
analysis under UHV conditions (~107 mbar) for 24h and 72h
(Figures S30-S33).

All MALDI MS measurements were performed on a Bruker
Autoflex Speed MALDI TOF/TOF equipped with a Smartbeam
II/Nd:YAG-laser (A=355nm). The “layered” dried-droplet
method (Varop = 1 pl) was used as sample preparation method,
the matrix-to-analyte ratios are depicted in the individual mass
spectra. For single analyte measurements, the commercially
available lipids myristic acid (MA, M = 228 Da), linoleic acid
(LA, M =280 Da), docosahexaenoic acid (DA, M = 328 Da),
dipalmitoyl-glycerol (DG, M =569 Da), dipalmitoyl-glycero-
phosphocholine (DGPC, M = 734 Da) and the saccharides fruc-
tose (FT, M = 180 Da), glucuronic acid (GA, M = 194 Da), su-
crose (SR, M =342 Da), maltotriose (MT, M = 504 Da) and o-
cyclodextrin (a-CD, M = 972 Da) were used. All analytes were
measured in positive as well as negative reflectron mode to
compare the dual mode suitability of SOMs and P(SOMs).
Limit of detection (LoD) measurements of choline chloride
(CC), phosphocholine (PC) and glycerophosphorylcholine
(GIPC) were carried out in both polarity modes to compare the
ionization efficiencies of SOMs and P(SOMs) (three individual
measurements per polarity mode and per sample). Detailed in-
formation about their molar mass, molecular structures and pro-
posed fragments are given in the SI (Table S1 and S2). The re-
sulting spectra were plotted in six-stacked graphs for a direct
comparison between SOMs and P(SOMs) with, from top to bot-
tom: a) MS spectrum of pure sample plate, b) MS spectrum of
pure analyte, ¢) MS spectrum of pure SOM, d) MS spectrum of
analyte coated with SOM, e) MS spectrum of pure P(SOM) and
f) MS spectrum of analyte coated with P(SOM). All spectra
within a six-stacked plot were measured under exact same con-
ditions to allow comparison.

The MAS98.06 patient-derived breast cancer xenograft models
were established at the Institute of Cancer Research, Oslo Uni-
versity Hospital, as previously described.* Tumor tissue was
orthotopically implanted into 6-week old female Hsd: Athymic
Nude-Foxnlnu mice. The animals were kept under pathogen-
free conditions and received supplementary 17-B-estradiol
(4 pg/ml) in the drinking water. When the tumors reached a size
0f 200-300 mm?>, the mice received CB-839 (200 mg/kg) or pla-
cebo two times daily for 28 days, before tumors were harvested
and snap-frozen in liquid nitrogen until further processing. All



procedures and experiments involving animals were approved
by the Norwegian Animal Research Authority (FOTS ID: 7713
and 9126) and carried out according to the European Conven-
tion for the Protection of Vertebrates Used for Scientific Pur-
poses. Cryo-sections of 10 um, obtained using a cryostat (Leica
CM 3050S), were mounted onto ITO-slides (MALDI MS Im-
aging-diagnostic) and stored in -80 °C. Prior the matrix applica-
tion, the sections were vacuum-dried for 10 minutes. Matrix so-
lution (0.5 mg/ml of P(VDHB) and P(VHar) dissolved in
MeOH/H:0O/acetone (50/30/20), and MeOH/H2O (75/25), re-
spectively) was applied using an M5-HTX sprayer and the fol-
lowing parameters: temperature = 80 °C; number of passes = 6,
flow rate = 0.075 ml/min, velocity = 1500 mm/s, track spac-
ing =2, pattern = CrissCross, pressure =10 psi, gas flow
rate = 3, dry time = 40 sec. All measurements were performed
using a RapifleX MALDI Tissuetyper™ mass spectrometer
(Bruker Daltonics, Bremen, Germany) equipped with a Smart-
beam 3D laser under “Single” mode and with a raster rate of
1.25. The analyzer was operated in negative and positive reflec-
tron mode, and the laser is fired at a repetition rate of 10000 Hz.
External calibration was performed using red phosphorous.
Positive mode measurements were acquired in the calibrated
range from 61 m/z to 1400 m/z, whereas negative mode meas-
urements were acquired in the range from 40 m/z to 1200 m/z.
Further instrumental details are shown in Table S4. The samples
were rastered at a lateral resolution of 70 x 70 pm (x,y) with a
laser scan range of 66 pm per pixel. The MALDI MS Imaging
heatmaps of histological sections were processed and evaluated
by using SCiLS Lab, Version 2020a Pro and were normalized
to total ion count (TIC). A weak denoising of the heatmaps was
performed for a better visualization.

RESUTLS AND DISCUSSION
Design, Synthesis and Characterization

A polyethylene backbone was chosen because of its high stabil-
ity due to chemical inertness, and simple and fast fabrication via
radical polymerization. 2,5-dihydroxybenzoic acid (DHB) and
7-methoxy-1-methyl-9H-pyrido[3,4-b]indole (harmine) were
chemically functionalized with vinyl groups and used as mono-
mers to obtain the corresponding polymers.

For the synthesis of poly(vinyl dihydroxybenzoic acid)
(P(VDHB), Scheme 1) 1,4-dibromo-2,5-dimethoxybenzene
(DBrDMB) was formylated with n-buthyllithium and dime-
thylformamide in diethylether to yield 4-bromo-2,5-dimethoxy-
benzaldehyde (BrDMBA). In the 'H-NMR spectrum, a new
signal at 10.27 ppm is assigned to the aldehyde proton, and the
carbonyl carbon gives rise to a new signal at 188.15 ppm in the
BC-NMR spectrum (Figures S2 and S3). The aldehyde was ox-
idized with potassium permanganate in acetone and water to
give 4-bromo-2,5-dimethoxybenzoic acid (BrDMB), leading to
the disappearance of the aldehyde proton, and the appearance
of'a new signal at 12.82 ppm ascribed to the acid proton (Figure
S4). In the “C-NMR spectrum the carbonyl carbon C-7 is
shifted to 166.43 ppm due to the lower core shielding caused by
the addition of oxygen and increased oxidation state (Figure
S5). The next step was the protection of the acidic group by es-
terification with sulfuric acid and methanol to give 4-bromo-
2,5-dimethoxymethylbenzoate (BrDMMB). The success of
this reaction was verified by an additional singlet at 3.79 ppm,
belonging to the methyl ester group, and the vanishing of the
acid proton signal in the 'H-NMR spectrum (Figure S6). In the

BC-NMR spectrum an additional signal at 52.06 ppm is ob-
served, consistent with the ester formation (Figure S7). Then,
BrDMMB was vinylated via Suzuki cross coupling reaction
with vinylboronic acid pinacol ester in dioxane to give 4-vinyl-
2,5-dimethoxymethylbenzoate (VDMMB). In the 'H-NMR
spectrum three additional doublet-of-doublet signals are ob-
served at 5.41 ppm, 6.00 ppm and 6.95 ppm, ascribed to the
protons of the vinyl group (see Figure S8 and S9). The *C-
NMR spectrum exhibits an additional large signal at
130.36 ppm, assigned to the two carbons of the vinyl group
(Figure S10).
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Scheme 1. Synthesis of poly(vinyl dihydroxybenzoic acid)
(P(VDHB)). (a) n-BuLi, DMF, Et20, 1h, 0 °C-rt (b) KMnOs4, ace-
tone/H20, 24h, rt (c) H2SO4, methanol, 24h, 80 °C (d) Pd(PPhs)4,
Na2COs, dioxane/H20, 72h, 100 °C (e) KOH, acetone/H20, 24h,
100 °C (f) AIBN, dioxane, 7h, 90 °C (g) HBr, AcOH, 5h, 120 °C.

Then, the acidic group of VDMMB was deprotected by hydrol-
ysis with potassium hydroxide in acetone and water to give the
monomer 4-vinyl-2,5-dimethoxybenzoic acid (VDMB). Its
structure was verified by the vanishing of the singlet at
3.79 ppm in the 'H-NMR spectrum as well as the signal at
51.85 ppm in the '*C-NMR spectrum (Figures S11-S13). After-
wards, VDMB was polymerized to poly(vinyl dimethoxyben-
zoic acid) (P(VDMB)) via free radical polymerization using
azo-bis(isobutyronitrile) (AIBN) as initiator in dioxane. The
'H-NMR spectrum of P(VDMB) exhibits broad and partly
overlapping signals. The broad signal from 9.85 - 13.67 ppm is
assigned to the proton of the acidic group, whereas the signals
from 4.78 - 6.71 ppm and 6.71 - 7.62 ppm are ascribed to the
aromatic protons. The signal from 3.08 - 3.67 ppm belongs to
the protons of the two methoxy groups and the signals from
2.22-277ppm (including the DMSO signal) and
0.83 - 1.97 ppm originate from the protons of the ethylene-
backbone (Figure S14). FTIR-spectra of both the monomer
VDMB and the polymer P(VDMB) were recorded and com-
pared (Figures S34, S35 and S39). The VDMB spectrum exhib-
its small signals in the range from 1800 - 2100 cm!, which are
related to overtones of the phenyl ring. These signals vanished
completely in the P(VDMB) spectrum due to signal broaden-
ing. Additionally, signals of C-C double bond stretching vibra-
tion at 1610 cm™ and 1628 cm™! in the monomer spectrum van-
ished and instead only one signal at 1612 cm™ is observed in the
polymer spectrum. Signals at 914 cm™!, 968 cm™ and 991 cm’!
in the monomer spectrum, belonging to bending vibrations of
the vinyl group, completely vanished in the polymer spectrum,
indicating a successful polymerization. In general, the signals
in the monomer spectrum are narrower compared to the
P(VDMB) spectrum. MALDI MS measurements of P(VDMB)
were performed with DCTB as secondary matrix. The MALDI
MS spectrum exhibits three signal series representing two dif-



ferent end group combinations, which are expected for free rad-
ical polymerization: (1) isobutyronitrile (IBN) on both sides and
(2) IBN and disproportionated monomer (Figure S50 and Table
S10). Both combinations are ionized by deprotonation. End
group combination (2) was also detected as CN-cluster. The
averaged molar masses are M, =2826 g/mol and
M,, = 3045 g/mol resulting in an averaged PDI of 1.08 and an
averaged degree of polymerization (DP) of 15. The PDI is close
to 1, so represents a narrow size distribution of the polymer
chains, which is unexpected for free radical polymerizations as
they usually result in broader chain length distributions
(PDI > 2) due to side reactions, such as recombination and dis-
proportion.*! An explanation for the narrow PDI could be that
not all P(VDMB)-chains are detected with MALDI MS maybe
due to too large chain lengths. The repeating unit was confirmed
(Mgy exp. = 208.42 £ 0.22 g/mol, MRu,theo. = 208.21 g/mol).
GPC measurements of P(VDMB) were not successful, as nei-
ther a light scattering detector nor a refractive index detector
could detect the sample. A possible explanation is the adsorp-
tion of the polymer on the stationary phase because of the acidic
group. Finally, to obtain a polymer with free hydroxy groups,
the methoxy groups of P(VDMB) were cleaved quantitatively
post-polymerization using acetic acid and hydrobromic acid.
The resulting poly(vinyl dihydroxybenzoic acid) (P(VDHB))
again shows broad and partly overlapping signals in the 'H-
NMR spectrum. The signal of the acidic proton can be observed
at 12.12 - 13.61 ppm, whereas the signals of the alcohol protons
are at 7.58 - 9.07 ppm and 9.43 - 11.35 ppm. The aromatic pro-
tons of the phenyl ring are at 5.08-6.67 ppm and
6.67 - 7.43 ppm. The protons of the ethylene-backbone are at
1.76 - 3.47 ppm  (overlapping the DMSO signal) and
1.10 - 1.69 ppm (Figure S15). The integrals of the hydroxy
groups cannot be used to calculate the conversion ratio because
of their exchanging character. Hence, to provide an accurate
conversion ratio, additionally a FTIR spectrum of P(VDHB)
was recorded and compared with the spectrum of P(VDMB)
(Figures S35, S36 and S40). The successful ether cleavage was
verified by the complete vanishing of the signal at 1030 cm™ in
the P(VDHB) spectrum, assigned to the bending vibrations of
the ether. At the same time, a signal from around
1750 - 3700 cm'in the P(VDHB) spectrum, which is broader
and much more intense than the signal from 2300 - 3700 cm’
in the P(VDMB) spectrum is ascribed to the hydroxy groups
and indicates a high conversion ratio. Despite trying different
matrices and mixing ratios, we were not able to detect the pol-
ymer P(VDHB) with MALDI MS. Nevertheless, the polymeric
properties of PCVDHB) (M,,, M,,, PDI, DP) are assumed to be
equal to P(VDMB) as the post-polymerization modification
does not influence them. More detailed information including
all measurement parameters are given in the SI (Table S10).
Like P(VDMB), P(VDHB) was not detected in GPC experi-
ments, probably due to the presence of the acidic group (Figures
S44 and S45). UV/Vis measurements revealed a blue-shift of
the absorption maximum of P(VDMB) compared to P(VDHB)
(Figure 1). This can be explained by the change of the auxo-
chrome (methoxy to hydroxy), which influences the electron
density within the phenyl ring.

Poly(vinyl harmine) (P(VHar)) was obtained in a facile three
step reaction starting from commercially available harmine (see
Scheme 2). First, harmine was brominated with N-bromosuc-
cinimide in dichloromethane to obtain 8-bromo-harmine
(BrHar). The chemical shifts and intensities of the signals ob-
served in the 'H- and C-NMR spectra (Figures S16-S18) are

consistent with literature reports.*> Next, BrHar was reacted
under Suzuki conditions with vinylboronic acid pinacol ester in
dioxane to give 8-vinyl-harmine (VHar). In the "H-NMR spec-
trum, three additional doublet-of-doublet signals were detected
at 5.58 ppm, 6.20 ppm and 7.27 ppm, originating from the three
protons of the vinyl group (Figures S19 and S20). In the *C-
NMR spectrum two additional signals from the vinyl group are
observed at 115.93 ppm and 128.60 ppm and the signal of C-8,
where the coupling is taking place, is shifted to 108.89 ppm
from 92.36 ppm for BrHar (Figure S21).
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Scheme 2. Synthesis of poly(vinyl harmine) (P(VHar)). (a)
NBS, DCM, 24h, rt (b) Pd(PPhs)4, Na2CO3, dioxane/H20, 24h,
100 °C (c) AIBN, dioxane, 7h, 90 °C.

Finally, the monomer was polymerized to the targeted polymer
poly(vinyl harmine) (P(VHar)) via free radical polymerization
in dioxane with AIBN as initiator. Consistent with a polymeric
structure, the 'TH-NMR spectrum of P(VHar) reveals broad and
overlapping signals (Figure S22). The signal from
5.60 - 8.71 ppm is assigned to the four aromatic protons, and
the signal from 3.48 - 4.92 ppm to the three protons of the meth-
oxy group. The signal from 1.45 - 3.15 ppm overlaps with the
solvent signal of DMSO but is ascribed to the three protons of
the methyl group and the proton of C-12 in the polymer back-
bone, which carries the sidechain. Finally, the broad signal from
0.25 - 1.37 ppm originates from the two protons of C-13, the
second carbon in the polymer backbone. FTIR-spectra of the
monomer VHar and the polymer P(VHar) were collected and
compared (Figures S37, S38 and S41). Similar to P(VDMB),
the small signals in the VHar spectrum in the range from
1670 - 1890 cm’!, which are related to overtones of the phenyl
ring, vanished in the polymer spectrum, due to signal broaden-
ing. Signals at 827 cm™!, 901 cm™, 928 cm™! and 989 cm™ in the
monomer spectrum, assigned to bending vibrations of the vinyl
group, vanished completely in the polymer spectrum. Signals at
1610 cm™ and 1626 cm™ belonging to stretching vibrations of
C-C double bonds, also vanished and instead only one signal at
1618 cm! is observed in the polymer spectrum. Again, the sig-
nals in the monomer spectrum are narrower compared to the
polymer spectrum. In MALDI MS measurements performed in
positive reflectron mode with DCTB as secondary matrix, three
different end group combinations were detected, which are ex-
pected for free radical polymerization: (1) IBN and dispropor-
tionated monomer, (2) IBN on both sides and (3) disproportion-
ated monomer on both sides. All were ionized by protonation.
The averaged molar masses are M, =3031 g/mol and
M,, = 3610 g/mol, resulting in an averaged PDI of 1.19 and an
averaged degree of polymerization (DP) of 15. This PDI is
larger than the PDI of P(VDMB) but still represents a narrower
chain length distribution than expected for a free radical
polymerization (PDI >2).*! The molar mass of the repeating
unit  was  confirmed  (Mgyeyp. = 238.26 = 0.16 g/mol,
MRu theo. = 238.29 g/mol) (Figure S51 and Table S12). GPC
measurements in dimethylacetamide (DMAc) gave different




values (Figures S46 and S48 and Table S8): M,, = 12100 g/mol,
M,, = 13000 g/mol and PDI = 1.07. A possible explanation for
the difference between GPC and MALDI values is that the pol-
ymer chains detected with GPC are not detected with MALDI
MS. Contrary, the polymer chains detected with MALDI MS
are also observed in the LS-chromatogram (GPC) as low-inten-
sity signal at 8.59 minutes elution time (Figure S47). An extrap-
olation of the molar mass curve showed that the molar chain
mass at 8.59 minutes elution time corresponds to the chain
masses observed in the MALDI MS spectrum (Figure S49 and
Table S9). Consequently, with MALDI MS only short polymer
chains are detected, which are the minor part of the polymer as
indicated by GPC signal intensities. In order to detect also the
large polymer chains, a MALDI MS measurement in linear pos-
itive mode was carried out (Figure S52) using identical param-
eters as for the reflectron mode measurement. The linear mode
spectrum shows three signal series in the same mass range as
the reflectron mode spectrum but with less resolved signals.
Longer chains of P(VHar) could not be detected.

Optical properties

To be suitable as MALDI matrix, a compound must absorb ef-
ficiently at the wavelength of the equipped laser (here: M.
ser = 355 nm). To compare the optical properties of the newly
synthesized polymeric matrices with the related SOMs, first the
relative absorbance of all compounds as drop-casted thin films
(Figure 1, dashed lines) was recorded, as this is similar to the
MALDI sample preparation conditions. Next, the mass attenu-
ation coefficient (MAC)* was calculated from UV/Vis spectra
collected in methanol solution to directly compare the absorp-
tion efficiencies of SOMs and P(SOMs) at the laser wavelength
(Figure 1, regular lines). Detailed information about sample
preparation, measurement conditions, calculations and all re-
sults is given in the SI (Figures S23-S29, Table S5, S6 and S7).
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Figure 1. Optical measurements of the relative absorbance
(dashed) and the averaged MAC (straight). From top to bottom:
DHB (yellow), P(VDMB) (green), P(VDHB) (red), Harmine
(blue) and P(VHar) (black).

As thin film, DHB and P(VDHB) reveal identical relative ab-
sorption of Arel.355 = 62% at the laser wavelength (355 nm), and
the  precursor-polymer P(VDMB) exhibits  similar
Are355 = 61%, indicating equal absorption efficiencies. Thin
film samples of harmine show a higher relative absorbance
(Arer.355 = 51%) than P(VHar) (Arel.355 = 42%), suggesting that
harmine absorbs more efficiently than P(VHar) in solid state.

In solution, DHB and P(VDHB) exhibit narrow averaged
MAC:s at the laser wavelength (DHB: MAC5s5 = 1993.6 m?/kg,
P(VDHB): MAC;ss = 1760.2 m*kg). The MAC of P(VDHB)
is thus slightly lower (-11.7%), but still high enough to indicate
good absorption efficiency. The precursor-polymer P(VDMB)
on the other hand exhibits a much lower averaged MACsss of
132.7 m%kg (-93.3%), probably due to the different auxo-
chrome as described above. The MAC;s; of harmine is
265.6 m*/kg, whereas P(VHar) has a MACss5 of 729.3 m%kg
(+274.6%), indicating a higher absorption efficiency of
P(VHar).

Vacuum stability

MALDI MS measurements are performed under UHV
(~107 mbar), which can cause SOMs to sublimate. Especially
during MALDI MS Imaging measurements, which can take
several hours, this can change the amount of matrix on individ-
ual measurement spots. Contrary to SOMs, polymers are vac-
uum stable due to their high molar mass. The vacuum stability
of the SOMs and P(SOMs) was measured by keeping them as
thin films under UHV and determining the weight loss after de-
fined intervals. In Figure 2, the relative masses of the SOMs and
P(SOMs) are plotted against time under UHV. For both DHB
and harmine, the largest mass loss occurs within the first 30
minutes under UHV (DHB: 5.3%; harmine: 6.7%). Afterwards
the mass loss rate slows down, resulting in an exponential de-
crease during the first 6h. For DHB, this is consistent with lit-
erature.” Measurements from Oh - 24h show that the exponential
decrease continues for both SOMs, with DHB and harmine ex-
periencing 16% and 14% total loss, respectively. A further
measurement after 72h under UHV showed a total loss of 29%
for DHB and 28% for harmine (Figure S30 and S33). As ex-
pected, these results confirm that both SOMs have a tendency
to sublimate, a potential disadvantage for long term MALDI
MS Imaging measurements under UHV. Also, the weight loss
curves suggest that for both DHB and harmine, it might be ad-
vantageous to start MALDI MS Imaging experiments after 2h
in UHV to utilize the lower sublimation rate to achieve a good
spot-to-spot reproducibility.**
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Figure 2. Vacuum stability measurements under UHV
(~107 mbar) over 24h (average of 3 measurements, straight plots)
and 72h (single measurements, dashed plots) of DHB (yellow),
P(VDHB) (red), harmine (blue) and P(VHar) (black). The balance
error of 0.01 mg is visualized relative to the sample weight as error
bars.



In line with expectations, neither P(VDHB) nor P(VHar)
showed significant mass changes over time under UHV condi-
tions. Even after 24h and 72h the polymer masses were fully
retained, indicating that the P(SOMs) are completely vacuum
stable.

P(SOMs) as MALDI matrices

Despite potential drawbacks regarding vacuum stability and in-
terferences in the low mass area, SOMs are excellent matrices
due to their broad analyte scopes and high ionization efficien-
cies. Consequently, every new matrix system needs to be bench-
marked against this. Polymerizing should ideally retain perfor-
mances regarding scopes and efficiencies and alleviate the
background interferences and vacuum instability. To verify this
hypothesis, the matrix performances regarding analyte scopes,
dual mode suitability, background interferences and ionization
efficiencies of SOMs and P(SOMs) were compared using iden-
tical MALDI MS measurement conditions. Five commercially
available lipids were used as standard DHB analytes (myristic
acid (MA), linoleic acid (LA), docosahexaenoic acid (DA), di-
palmitoyl-glycerol (DG) and dipalmitoyl-glycero-phosphocho-
line (DGPC)) and five commercially available saccharides as
standard harmine analytes (fructose (FT), glucuronic acid (GA),
sucrose (SR), maltotriose (MT) and a-cyclodextrin (a-CD)). All
analytes were used for single analyte measurements with DHB
and P(VDHB) as well as harmine and P(VHar) in both positive
and negative reflectron mode. In addition, three choline deriva-
tives (choline chloride (CC), phosphocholine (PC), glycer-
ophosphocholine (GIPC)), which are biologically relevant me-
tabolites for cancer research, were used for limit of detection
(LoD) measurements, again in both polarity modes.* The mo-
lecular masses and structures of all analytes are given in the SI
(Table SXX and SXX).

MALDI MS Measurements of Single Analytes - P(VDHB).
All analytes measured with DHB were also detected using
P(VDHB), indicating comparable analyte scope (Figures S53-
S71). Despite the slightly lower MAC, P(VDHB) required an
identical or lower laser intensity than DHB for the detection of
all lipids and saccharides, which indicates an enhanced ioniza-
tion efficiency of P(VDHB) under the given conditions (Figure
3). The analyte a-CD in negative mode observed with either
DHB or P(VDHB), despite testing different sample preparation
and measurement conditions (Table SXX). S22). Although
DHB and hence also P(VDHB) are predominantly used for pos-
itive mode measurements, the negative mode measurements in-
dicate dual mode suitability for both matrices. For DHB, the
dual mode use was previously reported, showing that DHB pro-
duces lower intense analyte signals in negative mode than in
positive mode.'*!7 In all DHB spectra, matrix related signals
originating from molecule ions, fragments and clusters were de-
tected. The P(VDHB) spectra reveal no matrix related signals
(Figure 3), making P(VDHB) a MALDI silent matrix under the
used measurement conditions.
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Figure 3. Reflectron positive mode (30% laser intensity)
MALDI MS spectra of (a) sample plate (violet), (b) only pure ana-
Iyte MA (yellow), (c) only pure DHB (green), (d) DHB coated on
MA (red), (e) only pure P(VDHB) (blue), and (f) P(VDHB) coated
on MA (black). Peaks: m/z = 23 [Na]*; 39 [K]"; 57 [MA1=C4Ho]";
88 [MA2=C4H:O2]"; 137 [DHB-OH]"; 154 [DHB]**; 177
[DHB+Na*']"; 193 [DHB+K']"; 215 [unknown DHB signal]*;?®
251 [MA+Na*]"; 267 [MA+K*]".

MALDI MS Measurements of Single Analytes - P(VHar).
Apart from a-CD, which was only detected with harmine,
P(VHar) shows a similar analyte scope compared to harmine
(Figure 4, Figures S72-S91). Also for the pair P(VHar) and
harmine, the P(SOM) required an identical or lower laser inten-
sity to detect the analytes, indicating enhanced ionization effi-
ciency. a-CD in negative mode was only detected with harmine
at high laser intensity (90%) but not detected with P(VHar) de-
spite testing different conditions (Figure S81 and Table S42).
Like harmine, P(VHar) is suitable for measurements in both
positive and negative mode. In both polarity modes, harmine
produces matrix related signals, i.e. molecule ions and clusters.
P(VHar) on the other hand produces no such signals, indicating
that P(VHar) is a MALDI silent matrix.
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Figure 4. Reflectron negative mode (30% laser intensity)
MALDI MS spectra of (a) sample plate (violet), (b) only pure ana-
lyte FT (yellow), (c) only pure harmine (green), (d) harmine coated
on FT (red), (e) only pure P(VHar) (blue), and (f) P(VHar) coated
on FT (black). Peaks: m/z= 35 [Cl]; 71 [FT1=C3H30:]; 101
[FT2=C4H503]; 119 [FT3=CsH704]7; 130 [FT4=CecH1003]; 179
[FT-H']; 211 [Har-H']".



Limit of Detection (LoD) Measurements. To compare the
ionization efficiencies of SOMs and P(SOMs) LoD measure-
ments were carried out using different choline derivatives,
which are biologically relevant metabolites in cancer research.
Due to the ionic character of choline chloride (CC), it was de-
tected only in positive mode as the cationic molecule ion of cho-
line (M = 104 Da) and a fragment (M = 86 m/z*’). These ions
were also observed without matrix but with DHB as well as
P(VDHB), they were more intense and still detected at concen-
trations of 960 amol (Figures S94-S96). With harmine and
P(VHar), CC was observed down to concentrations of 9.6 pmol
(Figures S97-S99). In these experiments, both P(SOMs) have
the same detection limit for CC as their corresponding SOMs.

MALDI MS measurements of pure phosphocholine (PC) and
glycerophosphocholine (GIPC) were carried out without matrix
in both polarity modes determine the most promising analyte
signals for the LoD measurements (Figures S100 and S117).
High laser intensities (90%) were needed to obtain suitable sig-
nals, which were afterwards filtered according to their intensi-
ties relative to other analyte signals and their ability to uniquely
represent the individual analyte. For PC, the signals at 122 m/z
(positive mode) and 161 m/z (negative mode) were chosen, for
GIPC the signals at 139 m/z (positive mode) and 242 m/z (neg-
ative mode). All LoD measurements were performed using 40%
laser intensity. In positive mode LoD measurements of PC us-
ing DHB and P(VDHB), the signal at 122 m/z was still detected
at concentrations of 540 pmol, whereas in negative mode the
signal at 161 m/z was observed down to concentrations of
5.4 nmol (Table 1, Figures S101-S108). Similarly, when meas-
uring GIPC in positive mode, the signal at 139 m/z was still ob-
served at concentrations of 390 pmol and in the negative mode
the signal at 242 m/z was detected down to concentrations of
3.9 nmol, using either DHB or P(VDHB) (Figures S118-S125).
Consistent with the CC measurements, these results indicate
comparable ionization efficiencies for DHB and P(VDHB).

A similar trend was observed for harmine and P(VHar): While
the detection in positive mode is more sensitive, SOM and
P(SOM) detect PC and GIPC down to the same concentrations
(see Table 1, S109-S116 and S126-S133).

Table 1. Minimal concentrations of CC, PC and GIPC detected
with DHB & P(VDHB) and harmine & P(VHar).

DHB & P(VDHB) Harmine & P(VHar)
Positive Negative Positive Negative

CC 960 amol n/a 9.6 pmol n/a
PC 540 pmol 5.4 nmol 540 pmol 5.4 nmol
GIPC | 390 pmol 3.9 nmol 390 pmol 3.9 nmol

MALDI MS Imaging. After verifying that the matrix perfor-
mances regarding analyte scopes, ionization efficiencies and
dual mode suitability of the P(SOMs) are comparable to the cor-
responding SOMs, their ability to detect multiple compounds
directly on biologically relevant tissue sections was tested:
P(VDHB) and P(VHar) were employed as matrix to analyze
cryosections of tumor tissue from a breast cancer xenograft
model by MALDI MS Imaging.

Fehler! Verweisquelle konnte nicht gefunden werden. shows
the heatmaps of MALDI generated cations using P(VDHB) and
the corresponding optical picture. The spatial localization of
positive ions (m/z=72.1; 229.8; 360.7; 462.6; 666.4; 794.4;
874.5 and 920.4) is tissue specific, as the ions are localized

mainly in the tissue. Although the tissue section predominantly
consists of neoplastic tissue, the ions display different spatial
concentrations. This is consistent with the intratumoral physio-
logical heterogeneity previously described in this xenograft
model (Ref: Huuse EM et al ] Magnetic Reson Imaging 2012
and Moestue S et al Breast Cancer Research 2013) Similar to
single analyte measurements, sufficient heatmaps using
P(VDHB) in negative mode were measured and depicted in
Figure 6, showing the spatial distribution of negative ions local-
ized on the tissue (m/z=99.0, 166.9, 281.2, 324.7, 428.7,
465.6, 518.6, 764.4). Like in positive mode, the negative mode
heatmaps display spatial variability in ion concentration. The
experiments verify the dual mode suitability for P(VDHB) also
as MALDI MS Imaging matrix. More detailed pictures of the
heatmaps are depicted in the SI (Figures S137-S152).
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Figure S. Positive mode MALDI MS Imaging measurements of
a cryosection from a patient-derived breast cancer xenograft tumor
using P(VDHB) as matrix. Top (from left to right): optical picture,
ionic intensity heatmaps of ions at m/z values 72.1, 229.8, 360.7,
462.6. Bottom (from left to right): ionic intensity heatmaps of the
ions at m/z values 666.4, 794.4, 874.5, 920.4.
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Figure 6. Negative mode MALDI MS Imaging measurements
of a cryosection from a patient-derived breast cancer xenograft tu-
mor using P(VDHB) as matrix. Top (from left to right): optical pic-
ture, ionic intensity heatmaps of ions at m/z values 99.0, 166.9,
281.2, 324.7. Bottom (from left to right): ionic intensity heatmaps
of the ions at m/z values 428.7, 465.6, 518.6, 764 .4.

Similarly, P(VHar) assisted laser ionization is also able to pro-
duce positive (Figure 7, m/z = 86.0, 104.0, 184.0, 554.5, 748.6,
798.4, 844.4, 874.4) as well as negative ions (Figure 8,
m/z = 87.0, 89.0, 124.0; 145.0, 283.2, 346.0, 835.4, 887.5) di-
rectly on the tissue section. P(VHar) thus enables dual-mode
measurements also in MALDI MS Imaging experiments. En-
larged pictures of the heatmaps are shown in the SI (Figures
S153-S168).
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Figure 7. Positive mode MALDI MS Imaging measurements of
a cryosection from a patient-derived breast cancer xenograft tumor
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using P(VHar) as matrix. Top (from left to right) optical pictures,
ionic intensity maps of ions at m/z values 86.0, 104.0, 184.0, 554.5.
Bottom (from left to right) ionic intensity heatmaps of the ions at
m/z values 748.6, 798.4, 844 .4, 874 4.
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Figure 8. Negative mode MALDI MS Imaging measurements
of a cryosection from a patient-derived breast cancer xenograft us-
ing P(VHar) as matrix. Top (from left to right) optical pictures,
ionic intensity maps of ions at m/z values 87.0, 89.0, 124.0, 145.0.
Bottom (from left to right) ionic intensity heatmaps of the ions at
m/z values 283.2, 346.0, 835.4, 887.5.
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These observations suggest that an ionization process assisted
by P(VDHB) and P(VHar) occurs specifically on the tissue,
showing that both P(SOMs) are well suitable as dual mode ma-
trices for MALDI MS Imaging. The sample preparation via
spray coating resulted in a smooth and homogeneous matrix
coverage of the tissue section (Figure S136). Contrary to SOMs,
the spraying process of the P(SOMs) required only very low
concentrated matrix solutions (0.5 mg/ml), resulting in lower
material consumption and less contamination of the sprayer ma-
chine. Additionally, in contrast to previously reported conju-
gated polymer matrices,*® the P(SOMs) are well soluble in po-
lar/protic solvents such as methanol, supporting analyte extrac-
tion from the tissue and leading to better signal intensities. Like
for the corresponding SOMs, the solution composition influ-
ences the analyte extraction ability of the P(SOMs):>° The pro-
duction of ions in the range from 700 m/z - 960 m/z increases
when the proportion of water is increased (Figure S134). Fur-
thermore, the spatial localization of the exemplary ion at
846.4 m/z was improved by adding acetone in the matrix solu-
tion. Although SOMs often require additives, e.g. ammonium
sulfate, to improve the detection limits for MALDI MS Imaging
experiments, the used P(SOM) solutions, while being prepared
without any additives, still led to sufficient signal intensities.’""
52 The MALDI silent properties of the P(SOMs), indicated by
the single analyte measurement, are also observed during
MALDI MS Imaging experiments: For example, a P(VDHB)
heatmap of 155 m/z (protonated molecule ion of DHB) is com-
pletely black, hence shows no signal distribution, while a
heatmap derived from using DHB is colorful (Figure S135).
Consequently, P(VDHB) allows to measure and visualize iso-
mers of DHB with a molar mass of 155 m/z. Also, the use of
MALDI silent P(SOMs) prevents the detector from damage
caused by strong matrix molecule bombardment when using
higher laser intensities that is required to enhance the ionic in-
tensities during MALDI MS Imaging experiments.>

CONCLUSION

Retaining the advantages of SOMs such as broad analyte scopes
and high ionization efficiencies while also being MALDI silent
and vacuum stable would allow to reliably and reproducibly
measure LMWCs with MALDI MS and MS Imaging. Here, we
present polymerization as a new strategy to achieve this. Two
high performance SOMs (DHB and harmine) were modified to

contain a vinyl group and polymerized to the corresponding pol-
yethylene-based P(SOM), carrying SOMs as sidechains. The
investigated P(VDHB) and P(VHar) are fully vacuum stable af-
ter 72h in UHV (~107 mbar), whereas either of the correspond-
ing SOMs lost almost one third of their original masses within
the same period. The P(SOMs) show very good absorption be-
havior, similar to the corresponding SOMs. Single analyte
measurements of several commercially available lipids and sac-
charides indicate that both P(SOMs) have a similar analyte
scope compared to their corresponding SOMs. P(SOMs) exhib-
ited slightly higher ionization efficiencies, while also being
MALDI silent. Also, the P(SOMs) were successfully used for
MALDI MS Imaging experiments of breast cancer xenograft
models, and allowed measurements in dual-mode without the
utilization of additives. The obtained results are a promising
foundation for future research efforts, e.g. for investigating the
intra-patient and inter-patient reproducibility to enable new
clinical MSI routines.

In summary, we present the polymerization of SOMs as a new
strategy to obtain high performance MALDI matrix systems,
which combine vacuum stability and MALDI silence with
broad analyte scopes and high ionization efficiencies.
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