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ABSTRACT: Matrix-assisted laser desorption/ionization
mass spectrometry (MALDI MS) and MALDI MS imaging
are ubiquitous analytical methods in medical, pharmaceutical,
biological, and environmental research. Currently, there is a
strong interest in the investigation of low molecular weight
compounds (LMWCs), especially to trace and understand
metabolic pathways, requiring the development of new matrix
systems that have favorable optical properties and a high
ionization eﬃciency and that are MALDI silent in the LMWC
area. In this paper, ﬁve conjugated polymers, poly{[N,N'bis(2-octyldodecyl)-naphtalene-1,4,5,8-bis(dicarboximide)2,6-diyl]-alt-5,5'(2,2'-bithiophene)} (PNDI(T2)), poly(3-dodecylthiophene-2,5-diyl) (P3DDT), poly{[2,3-bis(3-octyloxyphenyl)quinoxaline-5,8-diyl]-alt-(thiophene-2,5-diyl)} (PTQ1),
poly{[N,N'-bis(2-octyldodecyl)-isoindigo-5,5'-diyl]-alt-5,5'(2,2'-bithiophene)} (PII(T2)), and poly(9,9-di-n-octylﬂuorenyl-2,7diyl) (P9OFl) are investigated as matrices. The polymers have a strong optical absorption, are solution processable, and can be
coated into thin ﬁlms, allowing a vast reduction in the amount of matrix used. All investigated polymers function as matrices in
both positive and negative mode MALDI, classifying them as rare dual-mode matrices, and show a very good analyte ionization
ability in both modes. PNDI(T2), P3DDT, PTQ1, and PII(T2) are MALDI silent in the full measurement range (>m/z =
150k), except at high laser intensities. In MALDI MS experiments of single analytes and a complex biological sample, the
performance of the polymers was found to be as good as two commonly used matrices (2,5-DHB for positive and 9AA for
negative mode measurements). The detection limit of two standard analytes was determined as being below 164 pmol for
reserpine and below 245 pmol for cholic acid. Additionally P3DDT was used successfully in ﬁrst MALDI MS imaging
experiments allowing the visualization of the tissue morphology of rat brain sections.

■

INTRODUCTION
MALDI MS and MALDI MS Imaging. Since the
development of “matrix-assisted laser desorption/ionization
mass spectrometry” (MALDI MS) in the 1980s,1−3 this type of
mass spectrometry evolved into an important analysis tool for
medical and biochemical investigations.4−8 Compared with
other types of MS, e.g., electrospray ionization (ESI),
secondary ion mass spectrometry (SIMS), or fast atom
bombardment (FAB), MALDI MS exhibits several advantages:
As the analyte is integrated into a protecting matrix, it is softly
ionized, and high molecular weight compounds (e.g., proteins,
© XXXX American Chemical Society

lipids, synthetic polymers) can be measured without destroying
or fragmentizing them.9,10 The method does not require the
labeling of the analytic targets and permits measurements
down to attomolar concentrations.
MALDI mass spectrometry imaging (MS imaging) is an
emerging clinicopathological imaging tool based on MALDI
MS.11−13 It enables determining and visualizing the spatial
distribution of molecules in a tissue sample, for example, in a
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Scheme 1. Molecular Structures of (a) Poly{[N,N'-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt5,5'-(2,2'-bithiophene)} (PNDI(T2)), (b) Poly(3-dodecylthiophene-2,5-diyl) (P3DDT), (c) Poly{[2,3-bis(3octyloxyphenyl)quinoxaline-5,8-diyl]-alt-(thiophene-2,5-diyl)} (PTQ1), (d) Poly{[N,N'-bis(2-octyldodecyl)-isoindigo-5,5'diyl]-alt-5,5'-(2,2'-bithiophene)} (PII(T2)), and (e) Poly(9,9-di-n-octylﬂuorenyl-2,7-diyl) (P9OFl)

cancer section, and is a versatile method with a high potential
for medical,14,15 pharmaceutical,16 and environmental17
research. MALDI MS imaging and MALDI MS share the
same working principles, but where MALDI MS establishes
which molecular masses are present in the sample as a whole,
MALDI MS imaging introduces spatial resolution by coating
the matrix on the surface of a sample and then taking a series of
measurements along a predeﬁned grid. Each collected
spectrum gives a detailed summary of the molecules present
at the grid point, and combining the spectra allows the
visualization of concentration gradients of molecules of interest
and the creation of molecular maps of the measured tissue. It is
also possible to construct 3D molecular maps by dividing an
organ into several slices and merging all recorded spectra.18
Currently there is a drive to establish MALDI protocols for
the analysis of low molecular weight compounds (LMWCs).17
This interest can be attributed to intensiﬁed eﬀorts to study
the metabolic proﬁle of biological and pathological samples.
The bulk of metabolites have a low molecular weight, and
tracing their occurrence and composition is an important angle
in the research on the formation and progression of diseases
such as cancer,16 in drug development,15 or for the detection17
of pollutants and toxins.
Matrix Requirements. Choosing the right matrix for a
given sample or analyte is a crucial step in the MALDI process.
The ideal matrix has a strong optical absorption in the spectral
region of the commonly used UV and IR lasers and a high
ionization eﬃciency and is “MALDI silent”, i.e., does not lead
to matrix-related peaks in the spectrum.12,19
A MALDI MS imaging matrix ideally meets two additional
conditions.12,20 (1) Homogenous matrix layer: The commonly
used crystalline matrices need to exhibit a crystal density
suﬃcient to allow measurements of the complete surface
without gap regions, and the individual crystal has to be small
relative to the grid size to avoid creating images that contain
artifacts, as the lateral resolution is limited by the size of the
matrix crystals. (2) Increased vacuum stability: Due to the high
number of collected spectra, MALDI MS imaging measurements can take several hours to complete, especially in highmass and/or high lateral resolution modes. To ensure
comparability between diﬀerent samples and also diﬀerent
positions on the same sample, the matrix cover not only needs
to be highly uniform but also needs to be fully stable in
ultrahigh vacuum (UHV) over an extended period of time.

Current state-of-the-art matrices were developed for speciﬁc
analytes in regular MALDI MS using a “trial-and-error”
approach.12,19 They are usually small molecules with
conjugated systems and acidic or basic functional groups, e.g.,
2,5-dihydroxybenzoic acid (2,5-DHB),21 3,5-dimethoxy-4hydroxycinnamic acid (sinapinic acid), α-cyano-4-hydroxycinnamic acid (α-CHCA), and so on. These small-molecule
matrices desorb and ionize themselves, leading to matrixrelated signals in the low molecular weight part of the MS
spectrum. Due to the commonly used high matrix/analyte
ratio, the matrix-related peaks can be intense and the resulting
spectral interference as well as detector saturation often
impedes the analysis of LMWCs.19 Several methods were
explored to avoid the interferences from the matrix in the lowmass range. One is to change the ratio of analyte and matrix in
order to have a complete suppression of matrix peaks;22,23
another way is to derivatize selected targets to shift their mass
to a higher mass range where matrix-related peaks are not
present.24−26
Most well-established matrices are suitable for either positive
or negative mode measurements, but not for both. For samples
available only in low quantity, e.g., ﬁne needle biopsies, or for
studies investigating numerous samples in high-throughput
analyses, it would be furthermore advantageous to have matrix
systems available that are “dual mode” and allow high-quality
measurements in both positive and negative mode.27 As yet,
only a few matrices are known that enable such dual-mode
measurements.28−30 Furthermore, some of the small molecular
matrices exhibit a comparably low vacuum stability, which
inﬂuences the homogeneity of the layer especially during longterm MALDI MS imaging measurements and can falsify the
resulting ion maps.
Consequently the development of new matrix systems is
necessary to solve these problems.19,31,32 Rational design and
synthesis of new crystalline small-molecule matrices as well as
the deployment of novel compound classes, e.g., graphene,33,34
graphene oxide,34,35 nanoparticles,36 metal oxides,37 or ionic
liquids,38 are currently explored.
Conjugated Polymers as Matrices. MALDI MS is a
standard tool for the analysis of polymeric materials.39−41 The
utilization of polymers as MALDI matrices instead of small
molecules could solve the described matrix problems:
Conjugated polymers have a large π-system enabling them to
interact with light of diﬀerent wavelengths, which allows a
versatile utilization of the matrices with diﬀerent instruments
B
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Table 1. UV/Vis Absorption of the Investigated Polymers
PNDI(T2)
absorption maxima
[nm]a,b
relative absorption at 355
nmb

392 (100%), 697
(81%)
82%

P3DDT

PTQ1

523 (100%), 549 (95%), 601
(61%)
23%

363 (95%), 622
(100%)
93%

PII(T2)

P9OFl

413 (67%), 626 (100%), 686
(89%)
48%

386 (100%), 432
(13%)
72%

UV/vis spectra of drop-casted ﬁlms (see SI). bRelative to the maximum absorption of each compound.

a

phosphorus45 at the beginning of each measurement cycle (see
Supporting Information for further details). PNDI(T2)42 and
PII(T2)46 were synthesized in our laboratory; all other compounds
are commercially available. All polymers except PTQ1 were puriﬁed
with Soxhlet extraction before use. Layers of analytes and matrices
were drop-coated from suitable solvents using the thin layer method, a
variation of the dried droplet method (see Supporting Information).47,48 The polymers were coated from toluene solutions. For each
matrix the best layer thickness combination was qualitatively
determined by testing several combinations of analyte and matrix
concentration (see Supporting Information for further details). The
MALDI MS imaging experiments were carried out in negative
reﬂectron mode on a Bruker ultraﬂeXtreme MALDI-TOF instrument
equipped with a Smartbeam-II Nd:YAG laser (355 nm) and using
ﬂexImaging 4.1 software. P3DDT was spray-coated from an
acetonitrile/chloroform solution using a Bruker ImagePrep instrument. All experimental details are described in the Supporting
Information.

and laser wavelengths. Due to their high molecular weight and
chemical stability, they are nonvolatile and potentially allow
measurement of spectra without matrix peaks (MALDI silent).
Standard conjugated polymers used in organic electronics carry
alkyl side chains, are soluble in organic solvents, and can be
coated into semicrystalline thin ﬁlms with a surface roughness
in the low nanometer range using established methods,42,43
enabling homogeneous and deﬁned matrix layers without gap
regions. The molecular structure of the polymer backbone
inﬂuences the physical properties (e.g., optical absorption,
vacuum stability), and the polymer side chains can be used to
modulate the chemical properties (e.g., solubility, analyte
extraction ability). The large variability of the backbone and
the possibility to introduce functional side chains, together
with their overall ease of processing, make conjugated
polymers very promising candidates to realize a novel class
of functional high-performance matrices for MALDI MS and
MALDI MS imaging. Interestingly, the research into polymers
as functional matrix systems is so far limited to one report
using poly(3-octylthiophene-2,5-diyl) for the measurements of
acids.44 Investigations of other polymer systems have not been
reported, and the potential of polymers as functional dualmode matrices as well as the measurement of complex samples
was never explored. Also, to the best of our knowledge,
polymer matrices have never been used in MALDI MS
imaging.
In this paper, ﬁve diﬀerent conjugated polymers are
investigated regarding their suitability as matrices for both
negative and positive MALDI measurements. The polymers
(see Scheme 1) poly{[N,N'-bis(2-octyldodecyl)-naphthalene1,4,5,8-bis(dicarboximide)-2,5-diyl]-alt-5,5'-(2,2'bithiophene)}
(PNDI(T2)), poly(3-dodecylthiophene-2,5-diyl) (P3DDT),
poly{[2,3-bis(3-octyloxyphenyl)quinoxaline-5,8-diyl]-alt-(thiophene-2,5-diyl)} (PTQ1), poly{[N,N'-bis(2-octyldodecyl)-isoindigo-5,5'-diyl]-alt-5,5'-(2,2'-bithiophene)} (PII(T2)), and
poly(9,9-di-n-octylﬂuorenyl-2,7-diyl) (P9OFl) are well-explored semiconducting polymers. UV/vis spectra of dropcasted polymer ﬁlms are recorded to determine the absorption
at the MALDI laser wavelength, and the polymers are
measured as analytes in MALDI experiments with and without
secondary matrix to investigate their behavior. Then the
performance of the polymers as matrices is tested in MALDI
measurements of diﬀerent pure LMWC analytes as well as of a
complex biological sample and compared against two wellestablished matrices, 2,5-DHB for positive mode and 9AA for
negative mode MALDI MS. The detection limit of standard
analytes in both positive and negative mode is determined.
Finally, P3DDT is tested in MALDI MS imaging experiments.

■

■

RESULTS AND DISCUSSION
Favorable optical properties are one of the basic prerequisites
for MALDI matrices, and small-molecule matrices are often
chosen based on an absorption maximum close to the laser
wavelength (e.g., 2,5-DHB: local maximum at 324 nm with
18% of λmax = 208 nm).21,49 All investigated polymers show
good to very high relative absorptions ANd:YAG at 355 nm, the
wavelength of the commonly used Nd:YAG laser (Table 1 and
Figure S4), thereby meeting the optical criteria. PNDI(T2)
(λmax = 392 nm, ANd:YAG = 82%), PTQ1 (λmax = 622 nm,
ANd:YAG = 93%), and P9OFl (λmax = 386 nm, ANd:YAG = 72%)
have very good optical properties with regard to the
wavelength of the Nd:YAG laser, while PII(T2) (λmax = 626
nm, ANd:YAG = 48%) and P3DDT (λmax = 523 nm, ANd:YAG =
23%) absorb less strongly, but still suﬃciently well.
MALDI experiments can be carried out in linear or
reﬂectron mode. The former allows measuring up to high
molecular weights, but enables only a limited resolution and is
commonly used for the analysis of polymers, while the
reﬂectron mode permits a higher resolution but a limited m/z
range and is preferred for metabolomics and peptidomics
analyses and for MALDI MS imaging experiments.
To analyze the integrity of polymer structure, MALDI
measurements of the polymers as analytes were carried out in
positive linear mode using trans-2-[3-(4-tert-butylphenyl)-2methyl-2-propenylidene]malononitrile (DCTB) as secondary
matrix under the addition of 1 vol % of sodium triﬂuoroacetate
(NaTFA), and the resulting spectra show typical patterns in
the range up to m/z = 14k (Figures S78−S87) associated with
the molecular mass distributions. Please note that in the
corresponding ﬁgures the range below m/z = 1000 is
deliberately not shown, as the intense DCTB-related peaks
would dwarf the peaks of the polymeric analytes (Figure S77).
The linear mode measurements were carried out with a laser
intensity of 80%, which is signiﬁcantly higher than the
intensities used for the later polymer matrix experiments.

EXPERIMENTAL SECTION

MALDI MS spectra were recorded with a Bruker Autoﬂex speed
MALDI-TOF/TOF equipped with a Smartbeam-II Nd:YAG laser
(355 nm). The software tools ﬂexControl 3.3 and ﬂexAnalysis 3.3
were used. All MS measurements of analytes were carried out in
reﬂectron mode, and the instrument was calibrated with red
C
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Positive and negative MALDI experiments of only the
polymers without secondary matrix were carried out in linear
as well as reﬂectron mode. Without a secondary matrix,
PNDI(T2), P3DDT, PTQ1, and PII(T2) are MALDI silent in
both positive and negative linear mode unless very high laser
intensities are used. Similar results are obtained in positive and
negative reﬂectron mode measurements: At low laser
intensities the matrices are MALDI silent in both positive
and negative mode (Figures S88 and S90), and only for high
laser intensities are alkyl chain fragments visible at m/z ≤ 85
(Figures S89 and S91).
In positive reﬂectron mode, alkali cations were visible at m/z
= 23 (Na+) and 39 (K+) in some measurements, while in
negative reﬂectron mode halide ions were sometimes detected
at m/z = 39 (Cl−) and 79/81 (Br−). These ions were observed
already for measurements of the pure sample plate and are
commonly found artifacts. While 2,5-DHB and 9AA tend to
form clusters with these ions, thereby leading to more peaks in
the LMWC range (Figures S5−S10), this was not observed for
the polymer matrices.
Even without secondary matrix, P9OFl shows polymerrelated patterns in both positive and negative mode measurements (Figures S88−S91). Test measurements with pure
analytes using P9OFl as matrix in both positive and negative
reﬂectron mode allowed the detection of the analytes, but also
showed peaks relating to the polymer backbone (Figures S35
and S36). The polymer was not further investigated.
All measurements using the polymers as matrix were carried
out in the high-resolution reﬂectron mode commonly used for
metabolic analyses and MALDI MS imaging experiments.
Analytes and polymer matrices were deposited in layers on the
sample plate using the thin layer method47,48 with the matrix
coated on the analyte. This sample preparation corresponds to
the device structure commonly found in MALDI MS imaging
experiments,12 and coating the matrix as a thin ﬁlm on the
analyte requires signiﬁcantly less matrix material compared to
the classic sample preparation by cocrystallizing (mixing).
Comparing layered and mixed sample preparation revealed
that the sensitivity of the former outperforms the latter
(Figures S92−S95).
Positive Reﬂectron Mode. Three compounds were
measured in positive reﬂectron mode MALDI MS to assess
the potential of the polymeric matrices, and the results of these
experiments are compared against 2,5-DHB: reserpine (RP),
an indole alkaloid used as MS standard, tetraethylammonium
chloride (TEAC), which is used in histological assays to block
potassium channels, and coumaphos (CP), a phosphorothioate-based insecticide used to control varroa mite
infestation in honeybee colonies (see Table S2 for the analyte
structures).
The results of these measurements are visualized in graphs
containing four stacked spectra depicting, top down, (a) only
the sample plate, (b) a layer of pure analyte without matrix, (c)
a layer of pure matrix without analyte, and (d) an analyte layer
coated with a matrix layer (see Figure 1). All polymers allow
MALDI MS measurements of the analytes in positive and
negative mode (see Figures 1 and 2 and Supporting
Information). Comparing spectra (b) and (d) shows that the
polymer is essential for successful measurements, as without it
the analytes are not detected.
PNDI(T2), P3DDT, and PTQ1 were drop-coated from
solutions with a very low concentration of 0.1 mg/mL, while
for PII(T2) a concentration of 10 mg/mL was used (see

Figure 1. Reﬂectron positive mode MALDI MS spectra of (a) sample
plate (green), (b) only the pure analyte RP (red), (c) only the pure
matrix PNDI(T2) (blue), and (d) PNDI(T2) coated on RP (black).
Peaks: m/z = 607 [RP − H−]+; 395 RP fragment [RP3]+; 39 [K]+.

Figure 2. Reﬂectron negative mode MALDI MS spectra of (a) sample
plate (green), (b) only the pure analyte CiA (red), (c) only the pure
matrix PNDI(T2) (blue), and (d) PNDI(T2) coated on CiA (black).
Peaks: m/z = 191 [CiA − H+]−; 87 CiA fragment [CiA1]−; 42 side
chain fragment [C3H6]−.

Supporting Information for further information). Reserpine
was measured with low laser intensities between 10% and 40%
(PNDI(T2) Figure S11; P3DDT Figure S17; PTQ1 Figure
S23; PII(T2) Figure S29). The already reported phenomenon
of hydride elimination was observed in all polymer measurements, leading to a molecular mass signal at m/z = 607.50 In
addition to this peak, RP fragments are observable in the
PNDI(T2) and P3DDT measurements.
TEAC was detected as [TEA]+ at very low laser intensities
of 10−20% (PNDI(T2) Figure S12; P3DDT Figure S18;
PTQ1 Figure S24; PII(T2) Figure S30). Interestingly, in both
PNDI(T2) and P3DDT measurements a fragment is
observable despite a laser intensity of 10%, while both PTQ1
and PII(T2) experiments with 20% solely show the molecular
mass peak of [TEA]+ at m/z = 130.
In comparison to RP and TEAC, the detection of CP
required higher laser intensities of 20−50% for all four polymer
matrices (PNDI(T2) Figure S13; P3DDT Figure S19; PTQ1
D
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(T2): Figures S71−S73). Using a laser intensity of 50%
(PNDI(T2), PII(T2)) and 30% (P3DDT, PTQ1), ChA was
similarly measured in the negative mode, and the LOD was
found to be below 245 pmol for all polymer matrices
(PNDI(T2): Figures S56−58; P3DDT: Figures S62−S64;
PTQ1: Figures S68−S70; PII(T2): Figures S74−S76). Both
LOD values were conﬁrmed in three independent measurement series. Although the measurement conditions were not
optimized, all polymer matrices show a very good sensitivity in
both positive and negative mode LOD experiments, further
substantiating the potential of conjugated polymers as excellent
dual-mode matrices.
Complex Sample. To determine whether the polymer
matrices are also suitable to measure complex biological
samples containing a high number of metabolites in low
individual concentration, a commercially available Gingko
biloba (G.B.) extract was investigated in both positive and
negative mode reﬂectron MALDI MS with PNDI(T2),
P3DDT, PTQ1, and PII(T2). G.B. was chosen as complex
sample as the extract contains a rich variety of ﬂavonoids and
terpene lactones, and studies51−53 using diﬀerent MS methods
identiﬁed several key components. All four investigated
polymers allow recording complex spectra of G.B. in both
positive and negative mode (PNDI(T2) Figures 3 and 4;

Figure S25; PII(T2) Figure S31). Fragments of CP were not
detectable, but in the PTQ1 measurement, a peak at m/z =
401 could correspond to [M + K+]+.
Negative Reﬂectron Mode. For the assessment of the
polymer matrices in negative reﬂectron mode MALDI MS,
three metabolites were investigated (see Table S2 for
molecular structures): cholic acid (ChA), an important
primary bile acid with a steroid structure; citric acid (CiA),
the central intermediate of the citric acid cycle; and Lphenylalanine (PA), an essential amino acid monitored in
newborns to detect phenylketonuria. The results of the
polymer matrix measurements were compared against
measurements using 9AA.
The experiments establish that the polymers are essential for
the detection of the analytes under the investigated conditions
and substantiate that PNDI(T2), P3DDT, PTQ1, and PII(T2)
function as negative mode matrices, classifying them as new
dual-mode matrices. P9OFl similarly allows analyte detection
in both modes, but was not further investigated due to the
observed polymer-related peaks.
PII(T2), PNDI(T2), and PTQ1 were coated from solutions
with a very low concentration of 0.1 mg/mL, and P3DDT was
coated with a concentration of 1 mg/mL (see Supporting
Information for further information).
ChA was measured with laser intensities of 30−40%, and the
molecular mass peak was detected in every experiment. Also
alkyl side chains at m/z = 42 and 57 are visible (PNDI(T2)
Figure S14; P3DDT Figure S20; PTQ1 Figure S26; PII(T2)
Figure S32).
CiA was detected with very low laser intensities of 10−30%
(PNDI(T2) Figure 2; P3DDT Figure S21; PTQ1 Figure S27;
PII(T2) Figure S33). A fragment of CiA is observable in the
spectra of PNDI(T2), PTQ1, and PII(T2) at m/z = 87.
The measurements of PA were carried out with laser
intensities of 30−40%. PTQ1 gives a very good spectrum
(Figure S28) containing solely the molecular mass peak. In the
spectra of PII(T2), PNDI(T2), and P3DDT additionally lowintensity peaks relating to alkyl side chains are visible at m/z =
42 and 57 (PNDI(T2) Figure S16; P3DDT Figure S22;
PII(T2) Figure S34).
It has to be noted that optical properties and MALDI matrix
suitability (required laser intensities, analyte ionization ability)
are not directly correlated. While in both positive and negative
mode there is a clear trend that higher laser intensities cause
more distinct side chain signals, the intensity threshold seems
to be inﬂuenced by several factors.
Detection Limit. Using the polymer matrices PNDI(T2),
P3DDT, PTQ1, and PII(T2), concentration-dependent
studies were carried out in both positive and negative
reﬂectron mode MALDI MS to evaluate the sensitivity of
the polymer matrices and the potential for quantitative
analyses. Similarly to the previous measurements, ﬁrst the
analyte was drop-coated from a solution of a deﬁned
concentration; then the polymer was coated over the analyte.
The concentration of the analyte was stepwise reduced until a
detection was no longer possible, while all experimental
parameters were kept constant. In positive mode, RP was
measured with a laser intensity of 20% (PNDI(T2)), 40%
(P3DDT) and 30% (PTQ1, PII(T2)). The limit of detection
(LOD) for RP was found to be below 16 pmol for PNDI(T2)
and below 164 pmol for P3DDT, PTQ1, and PII(T2) under
the chosen conditions (PNDI(T2): Figures S53−S55;
P3DDT: Figures S59−S61; PTQ1: Figures S65−S67; PII-

Figure 3. Reﬂectron positive mode MALDI MS spectra of (a) sample
plate (green), (b) only the analyte G.B. (red), (c) only the pure
matrix PNDI(T2) (blue), and (d) PNDI(T2) coated on G.B. (black).
m/z = 39 corresponds to [K]+.

P3DDT Figures S44−S46; PTQ1 Figures S47−S49; PII(T2)
Figure S50−S52), conﬁrming the suitability of the conjugated
polymers for the dual-mode analysis of biological samples. The
peak count and peak intensity were further analyzed.
In the positive mode, the number of detected peaks (with I
> 100) and the average peak intensity using either of the
polymers are fully consistent with the results obtained with 2,5DHB (see Table 2, Figures S37 and S38). When the intensity
threshold is raised (I > 10k), the number of detected peaks is
in the same range for 2,5-DHB and PNDI(T2) (120 and 125,
respectively), while P3DDT, PTQ1, and PII(T2) have
signiﬁcantly fewer high-intensity peaks (26, 20, and 43,
respectively) and consequently achieve a better average peak
intensity.
The prepared samples were subsequently used for negative
mode measurements. With regard to the number of detected
E
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depicted ions have molecular masses from 95.9 Da (±0.1 Da)
to 904.5 Da (±0.1 Da).
In both data sets, diﬀerent brain regions are clearly
distinguishable, and the visualization results are well correlated
to the tissue morphology, conﬁrming the high potential of the
used conjugated polymers as matrices in MALDI MS imaging.
Indeed, the combination of the high molecular weight and the
resulting stability together with the extensive π-conjugation
and high UV absorption of the polymer leads to a complete
absence of matrix-related peaks in the m/z range of 60−2000
in the mass spectra. This causes a signiﬁcant improvement of
the detection and evaluation of tissue-speciﬁc ions in the data
set.

■

CONCLUSIONS AND OUTLOOK

MALDI MS is a ubiquitous analytical tool, and MALDI MS
imaging has a high potential to become a standard imaging
method in medical, pharmaceutical, and biological research.
Both methods are increasingly used for the analysis of
LMWCs, for example, metabolites, requiring new matrix
systems that do not lead to matrix-related signals in the lowmolecular-weight region and have an increased vacuum
stability.
In this paper, ﬁve diﬀerent conjugated polymers, PNDI(T2),
P3DDT, PTQ1, PII(T2), and P9OFl, were tested as matrix
systems in positive and negative mode MALDI MS. All
investigated polymers have a high molecular weight and are
fully vacuum stable. They are solution processable, can be
coated into thin ﬁlms, and show good to very good absorption
behavior in the optical range of the commonly used Nd:YAG
laser, thereby meeting all prerequisites for a MALDI matrix.
Using deﬁned LMWCs as well as a complex Gingko biloba
extract as analytes, we could show that all polymers function as
matrices for positive as well as negative mode MALDI,
classifying them as rare dual-mode matrices. Drop-coating thin
ﬁlms of the polymers on the analyte in a variation of the thin
layer method allowed a vast reduction in the amount of matrix
used without compromising the analytical result.
PNDI(T2), P3DDT, PTQ1, and PII(T2) are MALDI silent
in the full measurement range in both positive (upper
instrument limit m/z = 200k) and negative mode (upper
instrument limit m/z = 160k), except at high laser intensities,
when peaks at m/z ≤ 85 are visible, which are attributable to
fragments (in source decay) of the solubilizing alkyl chains.
P9OFl allows the detection of analytes, but as the main chain
of the polymer fragmentizes and backbone-related peaks are
visible in both positive and negative mode spectra, this
polymer was not further investigated. The performance of

Figure 4. Reﬂectron negative mode MALDI MS spectra of (a) sample
plate (green), (b) only the analyte G.B. (red), (c) only the pure
matrix PNDI(T2) (blue), and (d) PNDI(T2) coated on G.B. (black).
Peaks: m/z = 79/81 [Br]−; 42 side chain fragment [C3H6]−.

peaks and the average peak intensity, PII(T2), PNDI(T2), and
PTQ1 are comparable to 9AA (see Table 2, Figures S39 and
S40), while P3DDT records about 25% less peaks, but
signiﬁcantly more high-intensity peaks (50% increase). Again
PII(T2), PNDI(T2), and PTQ1 lead to fewer high-intensity
peaks but an improved average peak intensity.
The experiments substantiate that the investigated polymers
are eﬃcient dual-mode matrices and suitable for the analysis of
complex biological samples. It has to be noted that in the
measurements with 2,5-DHB and 9AA the most intense peaks
are caused by the small-molecule matrices.
MALDI MS Imaging. First MALDI MS imaging experiments of fresh-frozen rat brain sections54 using P3DDT as
matrix were performed. One coronal and one sagittal section
were spray-coated with the polymer and measured in reﬂectron
negative mode. Each section was sampled at approximately
85 834 and 51 445 individual locations or pixels for sagittal and
coronal, respectively. Each pixel corresponds to a full mass
spectrum with an m/z range of 0−2000.
Figure 5 depicts heat maps visualizing the spatial distribution
of eight diﬀerent ions in a single coronal brain section. The
ions have masses ranging from 101.0 Da (±0.3 Da) to 904.7
Da (±0.3 Da), thereby covering the range of LMWCs central
to metabolomics. In Figure 6, the spatial distributions of eight
diﬀerent ions in a single sagittal brain section are visualized. In
order to represent the broad range of detected metabolites, the

Table 2. Number of Peaks and Average Peak Intensity in Reﬂectron Mode Measurements of G.B.
reﬂectron positive mode

matrix
DHB
9AA
PNDI(T2)
P3DDT
PII(T2)
PTQ1

reﬂectron negative mode

no. of peaks P100 with I
> 100 (av peak
intensity)

no. of peaks P10k with I
> 10k (av peak
intensity)

most intense peak
m/z (peak
intensity)

2980 (3.5 × 103)

120 (4.3 × 104)

215 (3.2 × 105)a

2980
2986
2976
2977

(3.3
(2.8
(2.6
(1.8

×
×
×
×

3

10 )
103)
103)
103)

125 (4.4 × 10 )
26 (4.8 × 104)
43 (5.4 × 104)
20 (5.7 × 104)
4

104
104
104
104

(5.7
(5.0
(6.6
(5.5

×
×
×
×

5

10 )
105)
105)
105)

no. of peaks P100 with I
> 100 (av peak
intensity)
2972
2966
2260
2960
2513

(2.7
(7.6
(3.3
(7.6
(1.5

×
×
×
×
×

103)
102)
103)
102)
103)

no. of peaks P10k with I
> 10k (av peak
intensity)
110 (3.4 × 104)
16 (2.0 × 104)
155 (3.6 × 104)
19 (1.9 × 104)
66 (2.8 × 104)

most intense peak
m/z (peak
intensity)
193
301
210
210
210

(7.3
(3.2
(3.3
(3.5
(1.1

×
×
×
×
×

105)a
104)
105)
104)
105)

a

Matrix-related peak.
F

DOI: 10.1021/jacs.8b06637
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

Article

Journal of the American Chemical Society

Figure 5. Exemplary ion images of selected mass channels acquired by MALDI MS imaging of a coronal rat brain section in negative mode and by
using P3DDT as matrix. The distributions of the ionic species are visualized as heat maps. Ionic species (m/z) from top left to bottom right: 101.0
Da (±0.3 Da); 113.1 Da (±0.3 Da); 124.0 Da (±0.2 Da); 210.9 Da (±0.3 Da); 225.2 Da (±0.3 Da); 309.5 Da (±0.3 Da); 384.7 Da (±0.3 Da);
904.7 Da (±0.3 Da).

Figure 6. Exemplary ion images of selected mass channels acquired by MALDI MS imaging of a sagittal rat brain section in negative mode and by
using P3DDT as matrix. The distributions of the ionic species are visualized as heat maps. Ionic species (m/z) from top left to bottom right: 97.1
Da (±0.3 Da); 113.1 Da (±0.3 Da); 124.0 Da (±0.3 Da); 153.1 Da (±0.3 Da); 181.0 Da (±0.3 Da); 225.3 Da (±0.3 Da); 309.3 Da (±0.1 Da);
904.5 Da (±0.3 Da).

■

PNDI(T2), P3DDT, PTQ1, and PII(T2) as matrices was
tested in reﬂectron mode, which permits a higher resolution
and is preferred for metabolomics and MALDI MS imaging
experiments. The eﬃcacy when measuring single LMWC
analytes is very good and in all cases comparable with or better
than the performance of the well-established matrices 2,5-DHB
(positive mode) and 9AA (negative mode). The measurement
of a G.B. extract as an example of a complex biological sample
similarly conﬁrmed that the analyte ionization ability and
sensitivity of the polymer matrices are comparable with or
better than those of the commonly used matrices 2,5-DHB and
9AA. MALDI MS imaging experiments were performed on
coronal and sagittal rat brain sections, and the visualization
results are well correlated to the tissue morphology.
In summary, the presented study shows that conjugated
polymers are rare dual-mode MALDI matrices combining
vacuum stability and a very good analyte ionization ability with
being MALDI silent. Due to the inherent structural versatility
of both polymer backbone and side chains, conjugated
polymers are a highly promising molecule class to design
new functional dual-mode matrix systems for both MALDI MS
and MALDI MS imaging.
Currently, we are carrying out more detailed studies on the
suitability of selected polymer systems as MALDI MS imaging
matrices, as well as exploring structural variations to further
improve the analyte ionization ability.
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