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Matrix-assisted laser desorption/ionization (MALDI) with ultrashort laser pulses is reported in the near
IR regime (central wavelength 800 nm). The used matrices show almost no absorption in this wavelength
regime. This phenomenon is examined by applying different linear chirps leading to pulse durations up
to several picoseconds and is compared with calculations based on a two photon transition. The results
support the interpretation, that multiphoton absorption of the matrix molecules is a relevant factor
by using ultrashort laser pulses. For characterization of the ionization process, the cationization and
the fragmentation of the used analyte (angiotensine II) with potassium has been investigated in order
to figure out the influence of the laser pulse properties. Thereto, the cationization and fragmentation
tendency have been described in terms of laser pulse duration and energy.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Matrix-assisted laser desorption/ionization (MALDI) is one of
the most important tools to transfer non-volatile large molecules
into the gas-phase [1-3]. In combination with time-of-flight (TOF)
mass spectrometry, MALDI-TOF is a powerful technique in the
field of biochemical and physiological research. The MALDI pro-
cess itself is controversial and still an active field of research as
recent publications show [4-6]. Several experimental and the-
oretical investigations indicated that MALDI can be described
as a two step process [7,8]. In the first step, the laser pulse
is absorbed by the matrix molecules and the desorption pro-
cess occurs [9]. After photoresonant absorption of the laser pulse
by the matrix molecules, the desorption process seems to be
thermally driven. Direct photoresonant ionization of common
used matrix molecules could not explain the ion formation com-
pletely due to the high ionization potential of comon matrix
substances (about 8 eV) [7]. Referred to the model of R. Knochen-
muss, photochemical and photophysical processes occure, e.g.
pooling of excitons in order to ionize some matrix molecules
leads to charge transfer from matrix molecules to the ana-
lyte. Simulations, using molecular dynamics (MD) methods by
Knochenmuss and Zhigilei [10,11], in combination with charge
transfer processes (described by a rate equation ansatz), give
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further evidence for the model, Knochenmuss and coworker
described.

As mentioned, charge transfer is controversially discussed [7].
Two different models have been developed: The “cluster model” or
“lucky survivor model” by Karas et al. [12] and the “pooling model”
by Ehring et al. [13,7]. These models are in common, that the ioniza-
tion process takes place after the desorption. In the cluster model
ions are preformed and the separated cluster disintegrates into free
ions. In the “pooling model”, charge transfer reactions from excited
matrix molecules to the analyte take place in the gas-phase, the
so-called MALDI plume. These gas-phase reactions have recently
been described by using MD in combination with density functional
theory (DFT) methods [14]. Reaction times for the complete MALDI
process are several nanoseconds (ns) according to the described
results of these theoretical and also experimental investigations
[15].

MALDI matrix substances have absorption bands in the UV
[16,17]. Therefore most commercial MALDI-TOF apparatuses use
laser in the UV range (e.g. 337 nm for the common used nitrogen
laser or 355 nm for a frequency-trippled Nd:YAG laser). These lasers
have a laser pulse duration of a few nanoseconds. The absorption
process has been examined with laser pulses of different wave-
lengths and the ion yield is strongly correlated with the absorption
spectra of the used matrix substance. Common UV matrices absorb
up to a wavelength of 430 nm [18]. MALDI experiments in the vis-
ible wavelength regime did not succeed with typical UV matrices.
However, by using dye substances in polar solvents as matrices,
MALDI takes place for wavelengths up to 532 nm, as reported in
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[19-21]. An important tool for the examination of the MALDI pro-
cess is the variation of the laser pulse properties. Measurements
with different wavelengths [22], pulse durations down to the ps
time scale [23],and also two pulse measurements [24,25] have been
reported in order to explain MALDL.

First MALDI experiments by using fs laser pulses in the near
UV regime have been conducted by Papantonakis et al. [22] and
Demirev et al. [26]. Their results show strong similarities in the
obtained mass spectra. This result supports the idea of similarities
in the MALDI processes for different pulse durations. Surprisingly,
by using ultrashort laser pulses (on the fs timescale) MALDI pro-
cesses occur in the near IR regime (800 nm), as recently reported
[27], although the used matrix substances only have minor absorp-
tion in this wavelength regime [15,16].

In order to examine the charge transfer reactions, several exper-
iments with different ions (protons, alkali ions) were performed
for investigating the second step of the MALDI process, including
cationization of peptides [28,29], oligosaccharides [30] and matrix
substancesitself[31] by using, e.g., potassium salts. Cationized pep-
tides seem in several cases to be more stable in the MALDI process
than their protonated molecules, especially for higher laser pulse
energies [28,32]. Further investigations are protocols for special
sample preparations in order to suppress cationized analyte peaks
in mass spectra. Another reason for studying the cationization pro-
cess is the mass and binding behavior of alkali ions compared to
protonation.

In this work, MALDI measurements with ultrashort laser pulses
in the near IR regime are presented. Since the early investiations of
Weiner [33], it is known how to manipulate ultrashort laser pulses
(in this wavelength regime) via spectral dispersion and recombina-
tion. Here we utilize a spatial light modulator (SLM), placed in the
Fourier plane of the dispersed pulse to change the pulse duration
via linear chirp.

In order to proof our interpretation, that MALDI with ultrashort
laser pulses in the near IR regime is initiated by a multiphoton pro-
cess, we examine the MALDI process with chirped laser pulses. In
the first part, we compare the theoretically estimated dependency
of the analyte ion signal on the laser pulse duration assuming a
multiphoton absorption of the laser pulse. In the second part, a fur-
ther examination of the cationization process is presented. Here,
the influence of the laser pulse energy and the pulse duration on
the cationization tendency is shown.

2. Experimental

This section contains three parts: the description of the laser
setup with the production of the different pulse durations, the
MALDI-TOF apparatus, and the routine of the measurement.

The laser system consists of a Ti:sapphire oscillator (based on a
KAPTEYN-MURMANE design) seeding a multipass amplifier (Odin,
Quantronix). This combination delivers 60 fs laser pulses with a
central wavelength of about 800 nm with a repetition rate of 10 Hz.
The maximal pulse energy is 1.3m]. By a gray-filter, the pulse
energy is reduced to 0.25m] for remaining below the damage
threshold of the liquid crystal modulator, which is sufficient for
the MALDI experiments. The heart of this experiment is a spatial
light modulator (SLM-640, CRI, Cambridge, MA, USA), consisting of
two liquid crystal arrays of 640 pixels each. This SLM is centered in
the Fourier plane of a zero dispersion compressor, which consists of
two gold plated gratings of 1800 lines per mm and two cylindrical
(silver coated) mirrors (f=200 mm). This folded 4f-arangement is
displayed in Fig. 1.

By applying a defined voltage on each pixel independently,
it is possible to alter the second order phase up to 150,000 fs2.
This leads to a linear optical chirp and an increase of the time
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Fig. 1. A schematic view of the experimental setup. The fs laser pulses are created
in the oscillator and amplified in a multipass laser amplifier. The grey-filter (GF)
reduces the pulse energy to 0.25 pJ. The pulse duration is changed in the shaper
setup, consisting of two gratings (G1 and G2), two cylindrical mirrors (SM1 and
SM2), and a liquid crystal spatial light modulator (SLM), placed in the Fourier plane
of the 4f-arrangement. After a variable attenuator (VA) the laser pulse is focused onto
the sample holder. The created ions are accelerated with an electric field and mass
analysed in a reflectron type of TOF. (HV denotes the high voltage power supply.)
MCP denotes the multi channel plate and PD denotes the photo diode for triggering
the oscilloscope (Osc). The interface between the MALDI-TOF and the SUN Sparc
computer is the so-called TADT box.

duration of the laser pulse up to a duration of 6 ps. The pulse
durations were measured by applying autocorrelation techniques
(PulseCheck, APE, Germany). After recombination on the second
grating, the laser pulse is focused with a lens system on the sam-
ple in the MALDI-TOF. The pulse energy is controlled via a variable
attenuator and is measured before the entrance window of the vac-
uum system with a power meter (LaserMate, Coherent Inc., CA).
For all mass spectrometric measurements, a modified MALDI-TOF
(REFLEX, Bruker Daltonics, Bremen, Germany) was used. The mod-
ification is a dielectric mirror, placed to bring the fs laser pulses
on the same optical path onto the sample holder (SCOUT26, Bruker
Daltonics, Germany) as the common used nitrogen laser pulses. A
closed-ciruit television (CCTV) camera (WV-CL 352, Panasonic, Ger-
many) controls the exact position and diameter of the laser pulse on
the surface of the sample holder. The produced ions were acceler-
ated by an electric field, created by the MALDI target and a second
electrode nearby. The acceleration voltage was 24.17 kV. The ion
beam is focused by an electric lens and enters the reflectron type
of TOF and is detected by a multichannel plate. Data acquisition
was performed by using a 1 GHz oscilloscope (LSA 1000, LeCroy,
Chesnut, NY, USA) and a workstation (Sparc 5, Sun Microsystems,
CA, USA). The built-in microcontroller governs the complete mea-
surement via the commercial software package (XACQ 4.01, Bruker
Daltonics, Germany). The mass spectra were analyzed by the com-
puter program flexAnalysis 2.0 (Bruker Daltonics, Germany).

All used chemicals for the sample preparation (3,5-dimethoxy-
4-hydroxycinamic acid (sinapic acid, SA), a-cyano-4-hydroxy-
cinamic acid (CHCA), acetonitrille (ACN), triflouroacetic acid
(TFA), angiotensine II (Ang), and potassium chloride (KCl)) were
purchased from Fluka (Buchs, Switzerland) and used without fur-
ther purification. The matrix solution contains 12 mg/ml CHCA,
12 mg/ml SA, 0.1% TFA solved in 1:1 ACN/distilled water and was
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stirred for about one hour due to the poorly solvable matrix
substances. This combination of CHCA and SA ensures that all
cationized mass peaks are visible in the mass spectrum by using
fs laser pulses in the near IR regime. Also, this combination cre-
ates the highest ion yield for laser pulses in the near IR regime.
By using only CHCA as matrix substance, most of the cationized
analyte peaks are suppressed in the MALDI mass spectra for lower
laser pulse energies. Another important advantage is the smooth
(white-shining) surface of the sample. This leads to a better signal-
to-noise ratio of 15-20%, using fs laser pulses. The peptide (Ang)
and, in case of examinations of the cationization process KCl are
solved in distilled water as well (about 10 pg/ml). Angiotensine Il is
agood candidate, because its protonated mass (about 1047) is sepa-
rated from fragment and matrix peaks (m/z below 400). The second
advantage is the good proton/cation affinity of angiotensine II. For
sample preparation, 1.2 pl matrix solution is mixed witha 1:1 com-
bination of the peptide solution and the salt solution on the sample
holder. For the proof of the multiphoton absorption/ionization the-
sis, 1.2 ul of the peptide solution (without KCl) was given onto
the sample holder. Afterwards, the sample was dried in the fume
hood at room temperature for two hours. This sample preparation
method ensures a high sample thickness in order to make sure most
of the laser pulse energy is absorbed by the MALDI sample. For one
mass spectrum, the sum of two hundred laser shots was added. Dur-
ing the measurements, the sample target was continuously moved
in order to average out over the exposed surface and to avoid irra-
diating black or hot target spots. Measurements were performed at
least six times for a better signal-to-noise ratio. The mass spectra
were smoothed and base-line subtracted by using the flexAnalysis
(Version 2.0, Bruker Daltonics, Germany) program package.

3. Results and discussion

This section consists of two parts. In the first part, a proof of
the multiphoton absorption is given by comparing theory with the
measured ion yield of the MALDI process. In the second part, fur-
ther examinations on the cationization process of peptides (with
potassium) in the MALDI process will be shown and discussed.

3.1. Proof of the multiphoton absorption assumption

The new phenomenon of MALDI working also in the near IR
regime with standard UV-MALDI matrices was interpreted as mul-
tiphoton absorption [27]. In order to proof this thesis, different
pulse durations up to a few ps have been generated by linear chirps.

With these laser pulses in the near IR regime, the MALDI pro-
cess has been performed. MALDI mass spectra for different values of
linear chrips are shown in Fig. 2. The spectra reveal that the higher
the chirp values (higher pulse durations), the lower the peak inten-
sities of the analyte peaks. As a qualitative measure for the laser
pulse absorption, the analyte ion yield ([Ang+H]*) has been used.
In order to change the pulse duration, the linear chirp has been
modified. In the range up to 40 pJ laser pulse energy, the analyte
peak intensity rises and fragmentation seems not to be a relevant
factor. As described in common laser physics textbooks, different
pulse durations can be produced out of an ultrashort laser pulse
(the unchirped pulse duration is denoted as ) by a linear chirp C.
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This is in good agreement with the measured pulse durations.
Two photon absorption (TPA) as a function of the pulse dura-
tion can be described by introducing TPAxI? - 7. Using the laser
pulse intensity I « E/T leads to TPA « E2/t. Hence, for constant laser
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Fig. 2. MALDI mass spectra of angiotensine II by using fs laser pulses of a central
wavelength at 800 nm. The pulse energy was constant at E=30 wJ. The chirp values
lead to pulse durations between 120fs (for no chirp, spectrum (a)), 600fs (for a
chirp of 30,000 fs?, spectrum (b)), and 6 ps (for 100,000 fs?, spectrum (c)). The peak
intensities of the analyte peaks become significantly lower for higher chirp values
(respective higher pulse durations). Also the matrix and fragment peak intensity
decreases for higher pulse durations.

pulse energy TPA can be expressed by fB/t, where B is a scaling
parameter. For accurate determination of the two photon absorp-
tion, the recorded experimental values of 7(C) have been used. In
order to compare the measured peak intensities with the theoreti-
cal absorption TPA for different pulse durations, a x2-minimization
has been performed with only 8 as the scaling parameter. The direct
comparison of the peak intensities as function of the linear chirp
is presented in Fig. 3(a). The measured peak intensities are in good
accordance to the theoretical curve, as shown in Fig. 3(b). For the
presented experimental results, the unchirped pulse duration after
the SLM modulator setup was about 120 fs (measured by autocorre-
lation). The pulse energy was chosen to 30 pJ in order to minimize
noise and fragmentation. For lower pulse energies, the signal-to-
noise ratio of the ion yield decreases, and for higher pulse energies
(over 40 pJ), fragmentation of the analyte becomes more relevant,
especially for short pulse durations (up to 300 fs). The good agree-
ment of the theoretical curve and the measured data could be seen
as a proof for the idea that MALDI in the near IR regime for ultra-
short laser pulses can be described by two photon absorption of
the matrix. By using fs laser pulses with a central wavelength of
800 nm, the analyte ion yield is much more noisy compared to
wavelengths in the UV due to faster sample degregation. Because
of the high thickness of the MALDI sample, there is no iron mass
peak visible in the MALDI mass spectra. This indicates no abla-
tion of the sample holder for laser pulse energies up to at least
100 pJ.
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Fig. 3. (a) Direct comparison of the [Ang+H]|* peak intensity [M] as a function of the
linear chirp. The inset shows the measured laser pulse duration as a function of the
linear chirp. (b) The analyte ion yield as a function of the measured laser pulse dura-
tion. The solid line represents the g/t fit. The pulse energy was constant at E=30 pJ.
The error bars represent the standard deviations of the five single measurements.

3.2. The cationization process

The phenomenon of cationization of angiotensine II was
recently reported for fs and ns laser pulses in the UV regime [32].
Here, further results by using fs laser pulses with a central wave-
length of 800 nm for different pulse durations and pulse energies
are presented. The results are qualitatively similar for the cations
sodium, potassium, rubidium, and caesium. In this work, results of
potassium are presented, because these measurements show the
best signal-to-noise ratio of all measured data. As mentioned in the
experimental section, a high concentration of potassium ions has
been brought into MALDI by adding a small amount of KCI into the
aqueous sample. By using fs laser pulses with a central wavelength
of 800 nm, the cationization tendency of angiotensine II could be
examined by varying the pulse duration and the pulse energy. The
cationization tendency was measured by the ratio of the peak inten-
sities [Ang+K]/[Ang+H]. This ratio decreases for higher laser pulse
durations (at constant laser pulse energy) and increases for higher
laser pulse energies (at constant laser pulse durations), respectively
(see Figs. 4 and 5). However, for higher laser pulse energy (over
about 30 pJ) at low pulse durations (up to 300fs), fragmentation
of all analyte species becomes a relevant factor. The fragmenta-
tion shows a different behaviour with respect to the laser pulse
parameters for [Ang+H] and [Ang+K] (see Figs. 4 and 5). Cation-
ized angiotensine Il seems to be more stable than [Ang+H] when
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Fig.4. Inthisdiagram, the peakintensities of the protonated and potassium adapted
angiotensine I peaks are shown for different laser pulse energies. The central wave-
length was about 800 nm and the laser pulse duration 70fs. In the inset, the ratio
of the peak intensities is presented. The ratio increases for higher laser pulse ener-
gies and becomes constant for pulse energies larger than about 30-40 pJ due to
fragmentation.

irradiating with high pulse energy. This is in common with results
by Freeke et al. showing that attached counter ions could stabilize
peptides in the gas-phase [32].

Figs. 4 and 5 present the experimental results of the discussed
measurements. The peak intensities of protonated and cationized
angiotensine II are shown as functions of the laser pulse energy
(for constant pulse duration of 70fs) and the pulse duration (for
constant pulse energy of 55 uJ). The ratio [Ang+K]/[Ang+H] indi-
cates the cationization tendency. The ion yield as a function of
the laser pulse parameters is different for protonated and cation-
ized angiotensine II (see Figs. 4 and 5). Uncertainties of potassium
chloride or angiotensine Il concentration of the sample lead to a
low signal-to-noise level, especially for low laser pulse energies.
Furthermore, the peak intensity of the higher cationized species
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Fig. 5. Peak intesities of protonated and potassium adapted angiotensine II. The
laser pulse energy was constant at E=55 pJ. [Ang+K]* is always the highest peak
in the spectrum, if KCl was added to the sample and ultrashort laser pulses with
a central wavelength of A =800nm have been used. The signal-to-noise ratios of
the higher cationized species ([Ang+2K-H]|* and [Ang+3K-2H]") are lower than the
protonated and the single cationated ones in the MALDI mass spectra. The inset
shows the cationization tendency (ratios of the peak intensities) as a function of the
laser pulse duration.
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Fig.6. (a) The protonated ([]) and the cationized (B) angiotensine Il peak intensities
as a function of the laser pulse energy. The fit curve is only valid up to a laser pulse
energy of 20 pJ. The dashed and dotted lines represent the fitted curves respectively.
(b) Combination of these peak intensities as ratios as a function of the laser pulse
energy. The solid line is the fitted curve E* (described in the text). The error bars
represent the standard deviations.

(JAng+2K], [Ang+3K]), especially for higher laser pulse durations
is too low for further quantitative data analysis. Hence, in this
work, only [Ang+H] and [Ang+K] peak intensities were analyzed.
For the chosen potassium concentration in the MALDI sample, nei-
ther the [Ang+H] nor the [Ang+K] peak intensity as a function of
the laser pulse duration are clearly proportional to 1/7. The cation-
ization process is still under debate. Particulary the dependence
of the signal intensity on the laser pulse parameters (energy and
duration) will be investigated. For these examinations, the peak
intensities ([Ang+X], X=H, K) are the measures of the laser pulse
absorption. The single peak intensities as well as the cationiza-
tion tendency could be quantified as [Ang+X] ocI"t™. This leads to
[Ang+X] o E"t™- ", In order to separate the single fit procedures, we
denote in case of the peakintensities m :=ay, m — n := by and for the
cationization tendency, m:=A and m — n :=B. The influence of the
laser pulse energy and the fit curve is shown in Fig. 6. The result of
the fit procedure is ag=0.57 + 0.2 and ayx =2.05 4+ 0.9 for a constant
laser pulse duration of 70fs. In the low pulse energy regime, the
cationization process should not be influenced by fragmentation
and other processes. Hence, 20 pJ for the upper limit in the fit pro-
cedure have been chosen. The influence of the laser pulse duration
for constant laser pulse energy of 55 pJ is shown in Fig. 7(b). The fit
procedures quantify by =—0.45+0.17 and bg =—0.85+0.1 leading
to my=0.124+0.25 and mg=1.240.9. The cationization tendency
as a function of the laser pulse energy is shown in Fig. 6(b). The
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Fig. 7. (a) The analyte peak intensities as a function of the laser pulse duration.
The laser pulse energy was chosen to E=55 pJ. (b) The ratio of the peak intensi-
ties. A constant ratio regime for low pulse durations (below 1 ps) is visible, probably
due to fragmentation. For higher laser pulse durations, fragmentation seems not to
be a relevant factor (as the decrease of the ratios suggests). The error bars repre-
sent the standard deviation and the solid lines the fit curves [Ang+X] o ¢ (for A)
[Ang+K]/[Ang+H] o 78 (for B), as described in the text.

result of the fit procedure is A=2 +0.2 by using energy values up
to 20 pJ. As a function of the laser pulse duration (see Fig. 7(b)), the
cationization tendency has been figured out to B=0.47 +0.1. As vis-
ible in Fig. 7, fragmentation is relevant in this pulse energy regime
up to pulse durations of 7=1 ps. Hence, pulse durations from 1 to
6 ps have been chosen for the fit procedure.

The values af A and B should be more representative than
a and b, because pulse-to-pulse and spot-to-spot uncertainties
(e.g., hot-spots) are cancelled out due to ratio formation. The
numerical result of A is strongly correlated to the range of
laser pulse energies. Figs. 6 and 7 show that the chosen pulse
energy and the duration regimes have a great influence on the
fit result. Hence, these measurements and data analysis lead to
[Ang+K]/[Ang+H] « E2£02705%01 A higher pulse energy regime
(e.g., from 15 to 30 wJ) could also suggest a linear increase of ©
as a function of the pulse energy. However, MALDI measurements
are performed in the low pulse energy regime (about 10-20 per-
cent above the pulse energy threshold) and the laser pulse energy
range is chosen up to 20 pJ in order to suppress any fragmenta-
tion effect. It should be pointed out that we observe no quadratic
pulse energy behavoir for [Ang+H] in the presence of potassium
cations in the MALDI sample. This indicates a cationization mech-
anism in the plume during the MALDI process since fragmentation
does not occur in the low laser pulse energy regime (see Fig. 3).
As mentioned in the introduction, the theory of charge transfer in
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MALDI is still controversial. Recent reports [34,35] interpret the
Matrix Suppression Effeft, that the “cluster model” of Karas et al.
could also contribute to MALDI. But our experimental results on
cationization suggest that charge transfer in the gas-phase is still
a relevant factor, because the cationization tendency due to the
cluster model should not be influenced that strong by varying the
laser pulse parameters. These experimental results could also help
to proof a theory or a calculation. In order to figure out the proton
or cation affinities of the used matrix substances or angiotensine II,
these measurements could also be the empirical part.

4. Conclusion

In this work, we presented experimental results which support
the idea, MALDI by using femtosecond laser pulses in the near IR
regime works because two photon absorption is a relevant factor
for energy deposition in the matrix. Furthermore, the catonization
tendency [Ang+K]/[Ang+H] have been measured and validated for
different energies and duration values of the laser pulse. These
experiments suggest for a central wavelength of A =800 nm, that
[Ang+K]/[Ang+H] increases as a function of the laser pulse energy
almost quadratic and decreases for an increase of the pulse dura-
tion by the power of 0.5 £ 0.1 in the low laser pulse intensity regime.
These dependencies are now available for a comparison with theo-
retical calculations. Now, further investigations could explain these
phenomena and help to understand charge transfer processes in
MALDI.
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