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Applications, features, and mechanistic details of laser assisted liquid phase dispersion mass
spectrometry are highlighted and discussed. It has been used in the past to directly isolate charged
molecular aggregates from the liquid phase and to determine their molecular weight employing
sensitive time-of-flight mass spectrometry. The liquid matrix in this MALDI (matrix assisted laser
desorption and ionization) type approach consists of a 10 um diameter free liquid filament in
vacuum (or a free droplet) which is excited with a focused infrared laser pulse tuned to match the
absorption frequency of the OH-stretch vibration of bulk water near 2.8 um. Due to these
features we will refer to the approach as free liquid matrix assisted laser dispersion of ions or
ionic aggregates (IR-FL-MALDI), although also LILBID (“‘laser induced liquid beam (bead)
desorption and ionization™) has been proposed early as a descriptive acronym for the technique
and may be used alternatively. Low-charge-state macromolecular adducts are isolated in the gas
phase from solution via a yet poorly characterized mechanism which sensitively depends upon the

laser intensity and wavelength, and after the gentle liquid-to-vacuum transfer the aggregates are
analyzed via time-of-flight (TOF) mass spectrometry (MS). Possible mechanisms for the isolation
and charging of biomolecules directly from liquid solution are discussed in the present
contribution. Recent technical advances such as minimizing the sample consumption, strategies
for high throughput mass spectrometry, and coupling of liquid beam MS with HPLC will be
highlighted as well. An interesting feature of IR-FL-MALDI is what we call the linear response,
i.e., a surprising linearity of the gas phase mass signal on the solution concentration over many

orders of magnitude for a large number of biomolecular systems as well as ions. Due to these

features the approach may be regarded as a true solution probing spectroscopy, which enables
elegant biokinetic studies. Several experiments in which time resolved IR-FL-MALDI-MS has
recently been employed successfully are given. A particular highlight is the possibility to
quantitatively detect oxidation states in solution, which clearly distinguishes the present approach
from other established MS source concepts. Due to the good matrix tolerance also proteins in

complex mixtures can be monitored quantitatively.

1. Introduction

In the past, mass spectrometry was confined to the realm of
small molecules: large molecules did not survive desorption
and ionization without fragmentation.! The development of
new “‘mild” desorption and ionization methods has revolutio-
nized the analysis of large biomolecules, making mass spectro-
metry an important tool for biological research.? During the
past decade mass spectrometry has seen increasing applica-
tions in both chemical® and biological sciences.* The possibi-
lity of transferring large charged biomolecules into the gas
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phase without significant fragmentation employing MALDI>¢
or electrospray ionization (ESI)” has started and fueled im-
portant new fields such as proteomics.®” In fact, the potential
applications in biology have been a strong motivation behind
recent advantages in this technology. Although a significant
number of variants of these techniques (such as laser de-
sorption off silicon surfaces'?), desorption electrospray ioniza-
tion,'! and alternative ionization techniques (e.g., fast atom
bombardment, laser spray and sonic spray ionization)' have
been developed, ESI and MALDI dominate the field in
commercial mass spectrometers.

IR-FL-MALDI in vacuum combined with mass spectro-
metry is an intriguing technique to isolate charged molecular
aggregates of large (bio)polymers directly from the liquid
phase and to analyze them employing a mass detector. First
attempts to use CO,-lasers for the evaporation of liquid
filaments in vacuum for liquid chromatography coupling were
reported by Vestal et al. as early as 1978.'2 IR-MALDI'*'* in
particular with desorption of biomolecules in ice matrices'’
has been proposed and established during the first half of the
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past decade by the Hillenkamp group. Brutschy’s group has
first used Faubel’s liquid microfilament'®'® in vacuum and a
COs-laser to isolate charged biomolecules directly from the
liquid phase and detect them in the gas phase via mass
spectrometry without post ionization (LILBID, laser induced
liquid beam ionization/desorption).'® Later, the same group
succeeded in employing a free water filament in vacuum and
the desorption of charged biomolecules directly from liquid
water with an optical parametric oscillator (OPO).*° Some
time ago Abel and Faubel also established the IR-FL-MALDI
technique in Géttingen.?! Just recently Morgner et al. em-
ployed LILBID with free liquid water droplets.?? In the past
decade B. Brutschy’s group in Frankfurt?>*>- and the Abel
group in Géttingen>'*'*7 have reported a number of applica-
tions of this technique.

Mass spectrometry of organic molecules deliberated from
the surface of liquid beams in vacuum with lasers has been an
active field of research in the past.*® In a series of studies
ultraviolet (UV) and alternatively IR laser desorption, often in
combination with post-ionization with a second laser, were
employed.*®*® Although few groups have succeeded in the IR
laser desorption and post-photoionization of organic and
small biomolecules,**° only two groups have succeeded in
the laser induced soft “desorption” and ‘‘ionization” (i.e.,
isolation of preformed ionic aggregates) of supramolecular
systems from liquid microbeams or droplets in vacuum with
one IR-laser. In this contribution we will focus on the laser
induced isolation of (charged) biomolecules directly from the
liquid phase in vacuum with a single IR laser only and their
subsequent mass analysis. In this context also a discussion of
atmospheric (ap) IR-MALDI and ap-continuous flow MALDI
related to the technique described here (in particular if liquid
matrices are employed)! appears tempting but in order to keep
the focus narrow it will be beyond the scope of the present
article.

Although a number of articles have demonstrated the
power of the technique, the mechanism(s) of the biomolecule
“desorption” is discussed controversially. With regard to “‘the
mechanism” of the process of ion isolation from liquid
water, we will first summarize early models that have been
proposed to account for some features of IR-FL-MALDI
and, in turn, develop a more general mechanistic picture that
is supported by our own experimental results and to some
extent by theory, being aware of the fact that the mechanism(s)
may vary and depend strongly upon the experimental
conditions.

The potential of mass spectrometry (MS) for the analysis of
body fluids or the diagnosis of diseases is intriguing and forms
the basis of clinical essays.”> Given the complexity of body
fluids in terms of species present in solution, the use of MS
appears straightforward and logical.>® Scientists have dreamed
about unlimited species recognition with high-resolution mass
spectrometers without the need for cumbersome separation
steps and easy quantification of species. Unfortunately, mass
resolution and the multiplex advantage is not always the point.
Often matrix effects and quantification are a major challenge
even with modern mass spectrometers equipped with powerful
MALDI and ESI devices. It is probably fair to state that many
problems stem from the ionization or desorption step already

and are therefore difficult to compensate with a powerful MS
downstream. Therefore, we feel that there is a large demand
for novel ionization or desorption techniques with improved
matrix tolerances and better species quantification, as well as
high throughput options beyond the two established techni-
ques.

In previous articles on IR-FL-MALDI-MS the power of the
approach was mostly demonstrated for the study of biomole-
cules at equilibrium.'**! However, the power of the technique,
in particular in the continuous mode, appears to be even
superior and well suited for time-resolved kinetic studies of
biomolecules. It has been demonstrated recently that the
added challenge of time scale is not a problem and that educts,
products as well as transient intermediates can be monitored
even on time-scales that vary over many orders of magni-
tude.*

This article presents some snapshots of the state-of-the-art
and recent developments of IR-FL-MALDI (or LILBID)
mass spectrometry with the goal of isolating preformed ions
or ionic aggregates directly from the liquid phase in vacuum
employing IR laser excitation of the liquid matrix. In addition,
an overview of characteristic results, generated with this
technology will be given. The article may also provide some
route maps and ideas for further developments in the near
future. While acknowledging the great debt owed to early
pioneers and present travellers along the way, the snapshots
will be taken largely through the authors’ own, admittedly
narrow aperture lens, implying that the examples chosen
are often from the authors lab. This feature article is not
aimed at a complete summary of all IR-FL-MALDI results of
the still small but steadily increasing community, but at high-
lighting characteristic applications, differences to other ap-
proaches, as well as domains in which this technique has
already proven to be powerful and valuable and where it
may become a complement to existing MS-techniques like
ESI or MALDI.

The present article is organized as follows: after a general
introduction in chapter 1 the overall and specific features and
more technical issues of the IR-FL-MALDI approach are
summarized and discussed in chapter 2. After having set the
stage for the technique some characteristic applications are
selected and highlighted in chapter 3. The chapter 4 concludes
the featuring article and gives an outlook onto the promising
road ahead with this approach.

2. Concepts and features of free-liquid matrix
assisted infrared laser dispersion of ions and ionic
aggregates (IR-FL-MALDI)

2.1 Aqueous and volatile liquids in vacuum

In the language of MALDI, the matrix in IR-FL-MALDI-MS
may be a highly volatile micrometer size liquid filament in
vacuum (see Fig. 1). Unfortunately, liquid water and vacuum
are not very compatible. Early attempts to handle water in
vacuum failed until the Faubel group managed to generate
and control a fast flowing liquid beam for photoelectron
spectroscopy.'® 1834 In a typical liquid beam desorption mass
spectrometry experiment a liquid jet with a diameter of about
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Fig. 1 (a) Circular liquid jets decay into droplets in a distance L from
the nozzle. In a limited laminar flow regime the decay is driven by
capillary forces leading to spontaneous amplification of surface waves
at a critical wavelength A, where the beam breaks up into droplets.
Contraction of the liquid micro-beam close to the nozzle orifice is
visible in the inset, as measured via laser shadowgraphy through a
microscope objective. In the figure the back area is the polished surface
of the nozzle and the converging channel inside the transparent quartz
nozzle is visible.

10 pm emerging from a convergent circular nozzle is used and
ejected under high pressure (10-20 bar) into vacuum. It
consists of a smooth continuous part of liquid water of a
few millimeters, which breaks up into droplets behind a
Rayleigh length L (see Fig. 1). The shape of the liquid jet is
expected to be influenced by the disturbances first described by
Lord Rayleigh. The Rayleigh instabilities are due to sound
waves produced by the interaction of the emerging jet with the
orifice walls and lead to a breakup of the liquid jet into
droplets which are separated by a distance A (Fig. 1).3' For a
5 um nozzle, at a typical flow rate of 45 m s, this corresponds
to a droplet frequency of v < 2.9 MHz.

Near the liquid water surface the liquid microjet has an
atmosphere, i.e., a seam of gas with rapidly decreasing density
as a function of radial distance. The mean free path in the
vapor around the liquid is given by

¢

Hem] = P,[Torr] m

For water at the freezing point (273 K, p, = 4.58 Torr, ¢ =
5.3 x 102 Torr cm) this results in 4 = 11.5 pm. As has been
shown by Faubel for a liquid jet with a diameter d smaller than
11.5 pm the chance of collisions with molecules in the vapor
for particles leaving (or entering) the surface will be less than 1.
A theoretical treatment of this aspect is given in ref. 17. Several
problems may be encountered in an operation of the liquid
microjet. The ideal, non-viscous flow velocity for a thin wall
nozzle is related to the nozzle backing pressure p, and the
liquid density p by the Bernoulli equation v = (2po/p)"/?. To
obtain a stable laminar flow it is necessary to operate in a
medium range of Reynolds numbers Re (250 < Re < 1200).
This corresponds to liquid jet beam velocities of 20-40 m s~ !
and backing pressures of 10-30 bar. At smaller Re the jet is
unstable and forms droplets, while at larger Re the jet starts
spraying.

Near the nozzle exit the beam contracts somewhat (due to
hydrodynamic focusing and evaporative cooling) within a
distance of a few nozzle distances (Fig. 1, inset). In vacuum
the liquid micro-jets are expected to rapidly cool by evapora-
tion. The evaporating molecules transport the heat of evapora-
tion away from the liquid core, resulting in cooling of the jet.
As the enthalpy of the core is proportional to the temperature,

the energy balance is given by

H
dT() =o—, (2)

Cp
where the d T is an infinitesimal temperature decrease, H is the
heat of vaporization, c, the specific heat capacity of the liquid
and o is the ratio of the number of molecules which have
evaporated to those remaining in the jet. For a cylindrical jet o
is simply the ratio of volumes of an infinitesimal ring of width
drg and a cylinder, both with lengths dz:
_ 2mrodrodz _dry

3)

mrddz ro
From eqns (3) and (2) the temperature gradient is obtained.

dT, 2 H
—=——— or
dr rocy

To=—22 = (4)
The time dependence can be transformed in a spatial variation
along the z-axis by dividing through the velocity of the liquid
jet dz/dt = vje.

dT o H 1

Yo _,M 21 (5)

dz Vet Cp To
Vet ¢ =421 g 'K~ and H=2.27kJ g ! are assumed (in a
first approximation) to be temperature independent. In con-
trast, the rate of decrease of the jet radius dro/ds depends on
the vapor pressure and thus on the surface temperature of
the jet,

) Pvapor ( TO)

#(To) = u(Ty
Pliquid

(6)
where i(Tp) is the mean velocity of the evaporating molecules,
which is given for a Maxwellian gas by @#(7,) = (8 kT/nm)">.
The vapor density dependence on the liquid temperature
To can be calculated from the Clausius—Clapeyron relation
Pvapor = C exp (=H/kTy). For a temperature T, = 277 K,
with Pliquid (Trcf) =1 g cm73, and Pvapor (Trcf) =64 x 1076 g
cm ™3, this leads to the reduced expression,

, T\ P H (Twi—To
To) = Fref | =— _ Zrel 7
”0( 0) et (Tref) xp kTref TO ( )

The above constants for H,O yield for the rate of evaporative
ablation dr/df = 0.36 cm s~ ! at T,er = 277 K. A differential
equation for the change of T, with z can be obtained which
can be integrated numerically. Calculated temperatures in
comparison with experimental values are given in ref. 17. It
should be noted that evaporative cooling of liquid micro-jets
may be used to study super-cooled liquid water down to less
than 210 K. The unavoidable phase transition happens in our
vacuum setup after a free flight of the droplets in vacuum of
50-100 cm, which then arrive as ice particles in the liquid
nitrogen cold trap. Using the technology described above
liquid jets with diameters down to 2.5 micrometer diameter
have been generated in the lab of the authors.** The every day
working nozzle diameter is, however, 10 pm resulting in a
liquid beam of 7 um. The liquid beam temperature in the
working range at distance x = 1-2 mm from the nozzle orifice
is usually close to the freezing point of water.
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Fig. 2 Dispersion/desorption from a 10 pm liquid water beam with
an IR laser. (a) Large penetration depth (4 = 2.680 um). (b) Small
penetration depth (4 = 2.810 um). (c) Dispersion/desorption from
small 50 um water droplets with an IR laser (4 = 2.810 um). Droplet 1
is dispersed and droplet 2 serves as a reference.

A free liquid matrix in vacuum (to be used in IR-FL-
MALDI-MS) may also be a single droplet or aerosol droplets
generated with a dedicated droplet source (see Fig. 2). The
problem in both cases—liquid nano-droplet aerosols or micro-
meter sized liquid droplets on demand require the generation
of droplets in a region of relatively high pressure, otherwise the
droplet generators (either piezo driven capillaries or single
droplet generators such as the MicroproP™-generator) do not
work in vacuum and ultimately freeze due to strong evapora-
tive cooling. This obstacle requires the generation of droplets
at relatively high pressures (near or somewhat below 1 atm)
and a suitable and well-pumped high-pressure-vacuum inter-
face and powerful differential pumping. For aerosol and
droplet on demand mass spectrometry a differential pumping
stage with a set of aerodynamic lenses transfer and collimate
the droplets into high vacuum via hydrodynamic focusing.>
Then the droplets are detected optically and excited with the
desorption laser (Fig. 2¢).® For general or more specific
information about the generation of droplets and the transfer
into the vacuum system we refer to ref. 22, 55, 57-59.

TOF-MS
analysis

-
%
%
723
3

tjie— At —>» 1

HV-pulse

Fig. 3 Experimental setup and desorption scheme. Re-TOF: reflec-
tron time-of-flight mass spectrometer; P: pumps; T: liquid nitrogen
cryo trap and cryo trap for the liquid beam; LB: nozzle with x, y,
z-manipulator; 10: differential pumping stage including the ion optics;
U;, Uy accelerating voltages of the ion optics; d: distance between
liquid beam and ion gate; Az: time between desorption and trigger of
the ion optics. The length of the HV-trigger pulse is #; ~ 2 ps. The time
resolution of the high speed stroboscopy picture of the exploding
micro-beam is around 10 ns. For more details see the text.

2.2 IR-FL-MALDI employing liquid (water) micro-beams

A detailed description of an experimental apparatus employ-
ing liquid micro-beams in combination with mass spectro-
metry is given in ref. 28, 31 and 34. For experiments like those
presented mainly in this feature article we employ a 10 um thin
water beam with a flow speed of ~40 ms~' containing the
molecules under investigation (Fig. 2a, b). It is ejected through
a pulled quartz nozzle (lifetime of a nozzle is between 3-6
months) with high pressure (10-20 bar) into the vacuum
chamber (see Fig. 3) employing a standard HPLC pump
(GynkoTek). Clogging is efficiently suppressed with a filter in
the high-pressure line. The liquid micro-beam is dumped in a
cryo-trap whose content has to be disposed of, usually after
about 10 h of operation by venting the apparatus. The
temperature of the beam can be controlled precisely with a
thermostat and a cooling/heating jacket around the nozzle
mount. IR-FL-MALDI works also with other solvents (alco-
hols) and solvent mixtures (acetonitrile, alcohols, efc.) as long
as the water (or alcohol) content is above 20-30%. Tunable
nanosecond infrared radiation at a repetition rate of 20 Hz
and a pulse energy between 0.5-2 mJ was generated with an
optical parametric oscillator (GWU). The wavelength was
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tuned at the blue side of the OH bulk absorption band of
water in the range 2600-2850 nm. The IR beam was expanded
and focused carefully onto the liquid beam reaching an
intensity of less than 10° W cm ™2 incident on the beam (see
Fig. 2). The continuous part of the liquid jet is irradiated in the
focus of a 7 ns long IR laser pulse tuned nearly in resonance
with the OH-stretch absorption of bulk water. Depending
upon the wavelength the penetration depth of the IR radiation
is between 1 and 10 pm (Fig. 2). The absorbed energy of the IR
laser in water is redistributed within picoseconds(’o and, in
turn, heating and dispersing the irradiated volume. A limited
fraction of the isolated charged (water) aggregates moves in
field-free space to the entrance aperture of a skimmer and
enter the ion optics of the mass spectrometer. During this
transit time of a few microseconds continuous evaporation of
water from the aggregates may dissipate heat and, in turn,
stabilize the aggregates and eventually lead to isolated or
clustered biomolecules with a low net charge (e.g., attachment
of protons).

The time dependent voltages U; and U, in the ion optics in
Fig. 3 of the spectrometer first decelerate and then accelerate
the molecules for their final mass analysis. In addition, the
pulsed ion optics act as an ion gate for the incoming broad
velocity, i.e., translational energy distribution of the ionic
aggregates, which significantly improves mass resolution. In
the experiments the mass spectrometer could be operated in
the positive or negative ion mode.

As displayed in Fig. 3 the ion generation in the Go6ttingen
setup was outside the ion optics. The advantage of improved
mass resolution and the gained time for desolvation is obvious.
However, due to the velocity distribution of the disintegrating
beam and a small mass effect due to a velocity slip in the
“biomolecule seeded” water gas beam, the delay time (see Fig.
3) has to be scanned or adjusted in order to obtain the whole
mass spectrum. The more traditional way of placing the water
beam inside the ion optics on the other hand also has
significant disadvantages, such as electric discharges, ezc. Also
in the latter case the explosion can only be controlled via
delayed extraction of ions. Also in this configuration a mass
effect may be present as a function of the delay time for
extraction.

An internal ion gate in the Wiley-McLaren focus of the
spectrometer enabled us to further suppress unwanted ions
and background. The repeller and extraction electrodes of the
mass spectrometer are switched to typically 4-6 kV after a
variable delay time, Az, allowing the acceleration and subse-
quent mass analysis of a fraction of the total velocity distribu-
tion of the desorbed species (see Fig. 3). In front of the
CHEVRON type multi-channel plate detector (not shown) the
ions were post-accelerated with 10 kV in order to improve
detection efficiency for higher masses. The ion optics as well as
the detector were powered by a bipolar power supply. Differ-
ent ion modes could be selected with an electric switch.
Time-of-flight spectra were recorded after amplification with
a 150 MHz 8-bit digitizer card (AcqQiris). The typical mass
resolution of the spectrometer operated with liquid beam
desorption was around m/Am = 2000-600 between 1000 and
10 000 Da. For mass calibration in the low mass region we
have used multimers of arginine and in the high mass region

protein mixtures as mass standards (insulin, myoglobin,
lysozyme).

2.3 Liquid injections in a water carrier beam—the SLICED
concept

As outlined above continuous liquid beam desorption mass
spectrometry has outstanding advantages but at the same time
it has at least one severe drawback. In combination with a low
repetition laser the duty cycle is rather poor which is correlated
with significant and unnecessary analyte consumption. For a
continuous micro-beam of 10 um diameter with a typical flow
rate of 0.2 ml min~' an amount of 12 ml within 1 h is used. At
a concentration of 107> M a sample of 1.2 x 1077 mol
corresponding to 1.2 mg of a 10 000 Da biomolecule is
consumed. Even if the time for recording a mass spectrum
and performing a mass analysis takes much less than an hour,
the point to make here is that the duty cycle for the above
approach must be improved, because for many analytical
applications such a material consumption is not tolerable.
Recently, we have developed a technique for a local injec-
tion of a sample into the main carrier beam?®? to reduce the
sample consumption in this type of experiment following up
on an early approach by Sobott e al.?® In their work they have
used manual HPLC valves to bypass the main water reservoir
line for some time in order to reduce the sample consumption,
with sample loops down to 100 pl providing sample detection
for roughly 5 min which was sufficient for alignment and
recording a mass spectrum.®’ With modern automatic high-
pressure valves (HPLC technology) the main water flow
cannot only be bypassed for some time but very small samples
(100 nl-1 pl) can be injected directly, providing transient “plug
flows” well below a second. We have termed this approach
seeded liquid carrier excitation and desorption (SLICED).** A
small sample of the analyte solution (e.g. 1-2 pl) is injected
into the carrier beam before the nozzle. For this approach
we use automatic rapidly switching high-pressure valves
(RHEODYNE) that are filled at ambient pressure. For laminar
flow conditions and small dead volumes as well as thin
capillaries the segment flow is not broadened too much and
can be read out by the IR desorption laser. In Fig. 4 we have
displayed a representative example for a carrier beam flow of
0.5 ml min~', a sample volume of 2 pl, and an inner diameter
of the capillaries of 130 um. The transient event has been
monitored with a fluorescent dye (coumarin) excited by an
argon ion laser. The time-scale of the transient injection at
present enables us to record 10-20 spectra on the transient,
which does not require special synchronization. Indeed, about
this number of spectra are required to obtain an acceptable
signal-to-noise spectrum of cytochrome ¢ (10> M) also dis-
played in Fig. 4. With an easy to handle probe volume of 2 pl
the sample consumption is already on the order of 20 picomol,
corresponding to a material consumption that is already
orders of magnitude lower than with the continuous techni-
que. At present the automatic injection of volumes on the
order of 10-100 nanoliters is under development in our
laboratory finally using 1 kHz IR-desorption lasers. With
the now available (high speed) HPLC injector valves (Rheo-
dyne) the material consumption for an analysis in this type of
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Fig. 4 Laser induced fluorescence of an argon ion laser excited liquid
segment (containing a coumarin dye) injected with a high pressure
valve demonstrating the SLICED concept (segment not drawn to
scale). During the transient (HWFM = 1.5 s) a mass spectrum of
cytochrome ¢ (pos. ion mode) can be obtained from 20 laser shots. For
more details see the text.

approach may be expected in the femtomol region in the near
future.

It should be noted at this point that with the SLICED
method the sample consumption has been improved signifi-
cantly as compared with the early LILBID method, however,
if only sample consumption is important the IR-FL-MALDI
or LILBID approach with single liquid droplets on demand or
aerosol MALDI is the method of choice. Droplet on demand
technology is particularly nice if the problem of dead volumes
is solved, which usually limits the overall and effective sample
consumption. In other cases, e.g., in kinetic studies like those
presented in this article the classical continuous liquid micro-
beam approach may be advantageous, because the control of
the liquid matrix is more convenient and more flexible.
Temperature control, varying temperatures, solvent gradients,
pH control, and kinetic measurements, incorporating fast
mixing devices, as well as separation steps (HPCL, chromato-
graphy) appear easier with the latter approach. Also, in terms
of high throughput sampling and analysis the continuous IR-
FL-MALDI-MS has some advantages. As displayed in Fig. 4,
the time for one single and independent measurement (20 shot
averaging) is short and can easily be optimized to be signifi-
cantly less than a second. A sampling rate of one independent
sample per second would correspond to a very high-through-
put sampling rate. Even when compared with the highest
throughput sampling technique available today, this feature
is rather fascinating (although at the price of a not so low
material consumption at present). It should be emphasized
again that this is the effective (real) analysis time without large
preparation and processing the sample (such as necessary with
MALDI techniques). If separation steps are necessary, the
technique may be coupled with HPLC. In such a case the
“seeded water beam” can be fed by several HPLC machines,
and the independent analytic samples are “read out” and
analyzed by the IR-laser and the mass spectrometer.

2.4 IR-FL-MALDI employing liquid micro-droplets—towards
very low sample consumption

As noted earlier, IR-FL-MALDI-MS can also be performed
with liquid droplets in vacuum (Fig. 2¢).%® Here the advantage
of low sample consumption is evident. Both, mass spectro-
metry of aerosol droplets and larger droplets on demand have
been reported by a number of groups.??3%:38:5%:62°64 The
typical configuration employs single-laser desorption-ioniza-
tion to produce a pulse of ions from each selected particle,®*
nevertheless, also powerful two photon approaches have been
reported®>® which, in some cases, even provide the possibility
of depth profiling.*® Aerosol mass spectrometry has been
pioneered by Prathers’s group® and Murray and Russel.%
While Baer and Miller have used this technology for the
analysis of organic molecules in aerosols,>%% Frank and
co-workers®® have even identified whole organisms (bacteria)
via laser desorption/ionization aerosol mass spectrometry. It
appeared straightforward to develop the LILBID technique
into the direction of using single droplets instead of micro-
liquid filaments. Following up on powerful concepts for
droplet transfer and handling in vacuum, well established for
aerosol mass spectrometry, Morgner et al. have demonstrated
that for LILBID (with B as an abbreviation for “bead”) with
synchronized droplets on demand the material consumption
can be dramatically reduced as opposed to a continuous liquid
beam and even the SLICED technique.? If a droplet of 50 pm
has a volume of about 50 pL and if a spectrum could be taken
with one droplet only (10~® M) the material consumption in
ideal cases may approach the low femtomol or even the
attomol range. Beyond the fact that spectra usually take more
than one droplet, the problem of dead volumes has to be
resolved, in order not to be limited by dead volumes rather
than by droplet volume. Also the stability of droplets in space
and synchronization may induce problems. Nevertheless,
efforts to solve these problems are underway in several groups
now. Just recently, Brutschy and co-workers have reported
first experiments using single 50 pm-diameter droplets on
demand for the analysis of biomolecules and biomolecular
complexes with IR laser desorption mass spectrometry. In Fig.
5 the mass spectrum of lysozyme (107> M) is displayed. Also in
this case single droplets were generated with a piezo-driven
droplet generator (MicroDROP) and transferred into vacuum
via a differential pumping stage.?? The size of the droplets was
chosen as a compromise between small sample consumption
(65 pL sample) and stability as well as long-term operation of
the system. The mass spectrum in Fig. 5 has been taken from
10 droplets corresponding to a sample consumption of 6 fmol.

2.5 IR-FL-MALDI and classical MALDI

Classical ~ matrix-assisted  laser  desorption/ionization
(MALDI) consists in mixing the compound to be analyzed
in a solvent containing in solution small organic molecules
(e.g., DHB, dihydroxybenzoic acid), called a matrix, and
having a strong absorption at the desorption laser wavelength.
By evaporation of the solvent a solid solution of the sample in
the matrix is obtained. The irradiation of this mixture induces
the accumulation of a large amount of energy in the condensed
phase through electronic excitation of the matrix molecules.
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Fig. 5 LILBID spectrum of lysozyme from 10 droplets (¢ = 50 pm)
at a concentration of 107> M (pos. ion mode). Data and figure
(unpublished results) provided by B. Brutschy.

This causes desorption of the ions formed, e.g., by proton
transfer in the gas phase between the photoexcited matrix and
the analyte compound. Because the desorption conditions are
far from thermal equilibrium, the analyte molecules are usual-
ly not fragmented to a large extent. The mechanism has been
the subject of a long-standing debate over the years. Different
scenarios have been proposed for the desorption process and
the formation of charged species.®®%” At least part of the
explanation of the desorption process is that through electro-
nic excitation and fast internal conversion (or excited state
dynamics) the energy is rapidly transferred to the lattice of the
matrix which undergoes a phase transition and evaporates in
turn producing unfragmented analyte molecules in the gas
phase. By acid base reactions in the gas phase the analyte
molecules are protonated or deprotonated and form mostly
singly charged adducts. The presence of free electrons during
the absorption and conversion of electronic energy into trans-
lational degrees of freedom of the matrix molecules may also
produce charged molecules. In general MALDI produces
positively or negatively charged but in any case low charge
state analyte molecules that can be analyzed in the positive or
negative ion mode of the spectrometer. For the production of
the charged analyte molecules the ‘cluster model’ and the
‘lucky survivor model’ have been proposed.® In the first case
large clusters containing the analyte are ejected which, in turn,
dissociate (after internal acid base reactions) and finally yield
the charged analyte molecule whereas in the latter model the
detectable amount of charged analyte molecules corresponds
to the tiny fraction of charged analyte molecules that do not
recombine in the ejection process. There have also been
conjectures and experimental evidence that preformed ions
in the matrix may be ejected in the desorption process.®®’
Also IR-MALDI has been reported, which is, however,
much less used today probably due to the larger prices and
the availability of suitable IR lasers.®®® A standard matrix for
IR-MALDI is glycerol or ice. The desorption mechanism after
IR-excitation is distinctly different from the UV-MALDI case
but it also produces analyte molecules in low charge states.
Also the penetration and the ablation depths are different. The

mechanism has not been understood in detail so far. In
comparison with the latter approach IR-FL-MALDI-MS also
uses IR laser absorption in a liquid (water) matrix to convert
laser light into heat and gas driving the ion isolation process
and the liquid to vacuum transfer of charged biomolecules.
Also MALDI and IR-FL-MALDI-MS can be operated in the
positive or negative ion mode. Although there may be several
similarities, nonetheless decisive features of the techniques are
different. The main and obvious difference is the control and
homogeneity of the liquid matrix (temperature, pH value,
composition, mixing properties), as well as the excitation
and desorption process. While in UV-MALDI-MS the sam-
ples (analyte and matrix) are ablated and the charging of
biomolecules is largely driven by proton (and charge) transfer
in the gas phase,*®®’ in IR-FL-MALDI-MS the liquid matrix
is excited and highly dispersed up to the isolated protonated or
deprotonated (or ion aggregated) analyte molecules. Charging
is driven here by solution acid base reactions with the solvent
or through adduct formation.*!"*? In this process, which may
depend upon the wavelength and intensity of the desorption
laser, the preformed ions or ionic aggregates/complexes are
separated, ejected and isolated (see below). It has been demon-
strated in the past that the IR-FL-MALDI-MS signals reflect
concentrations of charged species in solution rather than
proton affinities in the gas phase.’! In addition, the technique
displays a surprisingly linear response of the gas phase signal
as a function of concentration in the liquid over many orders
of magnitude, as will be shown below.'-** This is usually not
the case for MALDI-MS. Nevertheless, some similarities of
IR-MALDI employing frozen ice or glycerol matrices and
IR-FL-MALDI-MS are also obvious and the borderline be-
tween the approaches becomes diffuse.'*”°

2.6 Negative and positive ion modes and charge states

As the classical MALDI technique, IR-FL-MALDI under
typical experimental conditions produces low charge state
analyte molecules in the gas phase after liquid matrix deso-
rption. This is not only a feature of small molecules, which
have only few sites for protonation and deprotonation but also
for relatively large molecules above 5000 Da. These findings
are actually somewhat different to typical results from the
Brutschy group (see also Fig. 5).'° They may be due to
different solvents or different experimental conditions. In
addition, charge state distributions are shifted towards lower
values when buffer or ion concentrations (overall “ion
strength”) increases. The low charge state ions and ionic
aggregates from liquid microfilaments may be detected in the
positive and negative ion mode as it is standard for ESI’! and
MALDI® Usually, in the positive ion mode protonated
biomolecules (MH™) are detected if no other cations in large
concentrations are present in solution (e.g., Na™). In the
presence of Na* or other ions, M:Na™ aggregates are easily
detectable if their concentration is above the H;0" concentra-
tion. If the pH is decreased, e.g., by adding acid, the detectable
“ion yield” in the gas phase increases until saturation due to
the increase in the overall ion concentration which tends to
decrease the overall ion yield. In general, measurements can be
made for concentrations below 0.15 M (although optimal
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conditions start at 0.01 M). For a NaCl this value belongs to
physiological NaCl solution. Normally, measurements are
made in buffered solution at around pH = 7 (if not otherwise
noted). IR-FL-MALDI-MS is relatively tolerant against buf-
fer concentrations, however, the upper limit for measure-
ments has been found near 0.2 M. In the negative ion mode
[M + OH] and deprotonated biomolecules [M — H]™ or
adducts with anions such as Cl™ are detected.

It is often discussed—in particular for ESI-MS—whether
mass spectrometric techniques can detect actual charge states
in solution, which may depend upon the pH of the solution
and the pKs of the analyte molecules and, in turn, upon their
isoelectric point (IP). As an illustrative example we will
consider lysozyme (&~ 14500 Da, IP at pH = 10.5-11). The
protein in solution is only 6-fold charged at pH = 7.°' With
LILBID it is detected with up to 4-5 positive charges depend-
ing on the solvent (alcohols, water) with a maximum at around
2 (see also Fig. 5).°' Typical results we obtain in the positive
ion mode are spectra with a dominating charge state of +1
with some contributions of doubly charged species. The
differences in the data sets are attributed to differences in the
desorption process, although the overall trend is that low
charge states are observed in general. With regard to
the appearance of charge states IR-FL-MALDI-MS and
MALDI-MS behave similarly. With both approaches lyso-
zyme is best detected in low positive charge states. Sobott et al.
have also detected lysozyme in the negative ion mode with
charge states peaking at —1.°' Since proteins are often detected
in the positive ion mode because they have many amino acid
residues that can be protonated, it may be somewhat surpris-
ing that lysozyme can also be detected in negative ion mode
with somewhat reduced sensitivity. Obviously the charge state
distribution of lysozyme in solution ranges from +5 to —4,
with a peak between +3 and +1.%' For ESI the average charge
state distribution for positive charge states peaks at signifi-
cantly higher values between +7 and +10, on average one
charge may be expected per 1000 Da. The upper limit for the
charge state distribution in ESI experiments is limited by the
coulomb explosion limit. It is discussed extensively in the
literature whether it is possible to estimate the number of sites
that can be protonated in a molecule from the population of
the largest charge states and whether the detected ESI charge
state distributions reflect charge state distributions of the
molecule in solution. In any case IR-FL-MALDI (LILBID)
cannot measure actual charge state distributions in solution.
The detected charge states are usually biased against low
charge states with a dominating charge state at +1 or —1.
Although the experiment cannot measure charge states in
solution nor charge state distributions accurately, it senses
the charge state distribution in a qualitative fashion. It can
actually probe the center of gravity of the charge distribution,
i.e., whether mainly positively or negatively charged analyte
molecules are abundant. For amino acids pK-values are
known and the low charge state distribution of the system
can be readily calculated. Fig. 6a displays mass spectra for
0.001 M aspartate solution in the negative and in the positive
ion modes (Fig. 6b). The relative signal intensities for the
parent mass reflect qualitatively the abundance of different
charge states in solution. Other lines in Fig. 6 belong to
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Fig. 6 Detection of aspartate in the negative (a) and positive ion
mode (b). For more details see the text.

protonated or deprotonated water clusters (m < 130 Da)
and water aspartate aggregates (m > 140 Da). Another
example close to the lysozyme example is shown in Fig. 7.
Here spectra of cytochrome c in the positive (Fig. 7a) and
negative ion mode (Fig. 7b) are recorded. Cytochrome c is a
protein with many basic residues that can be detected in the
positive and negative ion mode (as lysozyme it has a broad
charge state distribution). In both cases only low charge states
are detected with the +1 and —1 charge states (some contribu-
tion of the +2 charge state in the positive ion mode) being the
most abundant. Although the charge state distribution is
probably broad, the protein is again detected preferentially
in the lowest charge states and the mass spectra do not reflect
the actual charge state distribution in solution. However, the
relative ion signals in both detection modes reflect the con-
tribution of negatively and positively charged analyte mole-
cules qualitatively. The ion signal in the negative ion mode is a
factor of 5-10 smaller than the signal in the positive ion mode
for cytochrome ¢, which is easily understood due to the many
basic amino acid residues. This situation changes, for example,
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Fig. 7 Detection of cytochrome c in the positive and negative ion mode. (a) Positive ion mode. (b) Negative ion mode (pH = 7, ammonium
acetate buffer). The broad feature in (b) at 13000 Da is likely due to protonated larger water clusters or aggregates.

for DNA strands which are usually negatively charged in
solution, and which are best detected in the negative ion mode,
as recently demonstrated by Brutschy’s group.’>>* Neverthe-
less, it is also possible to detect DNA strands in the positive
ion mode with a somewhat lower sensitivity.>!

In summary, in our experiments we hardly monitor charge
states larger than 2. This observation points to a general
propensity of the IR-FL-MALDI-MS technique. (1) Usually
low charge states of biomolecules are detected, depending
somewhat upon the salt concentrations and the solvent. (2)
In case of true ions only singly charged ions are easily
desorbed from solution. Multiply charged cations (e.g.,
M>*) are usually desorbed and detected as singly charged
aggregates and partially neutralized species containing OH™
(also in agreement with ref. 61). The simplest picture to explain
these findings is that ion recombination is too fast for highly
charged ions, leaving only singly charged complexes as “‘lucky
survivors” in the desorption process. In addition, we want to
note that we have no indication that the desorption process
changes the oxidation number which is in contrast to the
observations in ref. 61. We will discuss this issue in more detail
in chapter 3 where experimental evidence of our conclusions is
given. The low charge states in the experiment have an obvious
advantage. Since there may be an ambiguity about singly
charged monomer analyte molecules and doubly charged
dimers (at the same m/z value) we anticipate with IR-FL-
MALDI a dominating fraction of singly charged species. Since
we can observe the abundance of dimers separately at the m/z
value of the singly charged dimer the uncertainty in general is
only small. This feature is of importance for the detection of
polymer distributions and the measurement of the aggregation
kinetics of proteins with IR-FL-MALDI which is highlighted
below.

2.7 Towards a mechanistic understanding of IR-FL-MALDI

The main effect of IR-FL-MALDI is that preformed ions or
ionic aggregates can be isolated from the liquid (water) phase
with a laser. Depending upon the laser conditions like the
wavelength and, in turn, the penetration depth of the laser (see
Fig. 2) as well as the energy deposit in the liquid, the whole
volume or just the outer seam of the irradiated filament may be
heated and disintegrated. Due to the short time-scale of the
excitation the liquid filament may even be heated (at least in

part) significantly above the critical point and the spinodal
limit of metastable liquids.*>7> Although more than a decade
passed after the effect was described first,'® the isolation of
ions and ionic aggregates from liquid water (as for an ice or
glycerol matrix in classical MALDI) is far from being under-
stood. It appears clear that a direct ion evaporation from the
liquid phase in thermodynamic equilibrium can be more or less
ruled out due to the large solvation energy. On the other hand
it is simple to show that the energy input in the process is much
larger than that required for complete evaporation of the
irradiated water volume, which should—in principle—be more
than enough to eject molecules and molecular aggregates from
the disintegrating matrix.*' Although a phase transition from
liquid to gas phase appears reasonable, it is not clear, however,
how the molecules are isolated and ejected at all from a hot
water filament without destruction and how they are charged
and, in turn, leave the process as a charged particle without ion
recombination, which is a prerequisite for mass spectrometric
analysis. Brutschy and co-workers have early tried to describe
the LILBID process as a fast laser induced heating process of
the irradiated liquid matrix volume above the critical point. In
this simple and intuitive model the homogeneously and super-
heated phase is assumed to become supercritical and to expand
rapidly after excitation resembling a supersonic hot seeded
beam (Fig. 2).!” The ion yield in this process may be regarded
as belonging to the fraction of “lucky survivors” of the fast ion
recombination process in the gas phase. A similar model has
also been adopted in ref. 21. Unfortunately, a general and
quantitative theoretical framework and model for rationaliz-
ing and predicting ion yields in IR-FL-MALDI or LILBID-
MS experiments has not evolved from these ideas yet. In order
to estimate the ionization yield from an expanding super-
critical phase expansion one has to make the approximation
that the heating process is fast and sudden. The ion distribu-
tion in the dense supercritical gas is close to the Debye—Hiickel
ion distribution in the liquid before the excitation. In the early
phase and during expansion, the density and the dielectricity
constant of the solvent decrease. Because of the reduced
shielding of the ions due to the solvent, cations and anions
recombine to a large extent. The probability of recombination
should depend upon the distance of the ions to their oppositely
charged counter-ions. In solution at an early time the Debye
screening radius is a first approximation for the average
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distance between the recombining ions. As displayed in Fig.
8a, ions will recombine if their relative separation is small and
those with a larger distance will be isolated in the process. Very
likely, only a small fraction of the total ion concentration in
solution (10™*-107®) can be isolated'® and, in turn, detected in
the gas phase by mass spectrometry. The first quantitative
calculations of ion recombination rates in a dense gas phase
(for situations such as considered here) has been published by
Baer and co-workers.>® If we make the approximation that the
ion recombination (yield) in the gas phase depends upon the
Debye screening length,’!
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Fig. 8 (a) Supercritical phase expansion and incomplete ion recom-
bination model. (b) Liquid dispersion of a liquid water phase with a
laser (schematic). (c) Droplet size distribution in the laser induced
liquid phase dispersion model (for more details see the text).

before excitation, one may predict that the ion signal in the
experiment depends upon the ion strength, the nature of the
ions as well as their charge states, the solvent and its dielec-
tricity constant and temperature. Although several predictions
appear to agree qualitatively with experimental observations,
e.g., the saturation of the ion signal for high concentrations, it
is generally difficult to match all experimental observations
quantitatively with the somewhat idealized model, which we
may call supercritical phase expansion and incomplete ion
recombination model (SPE-IIR). A somewhat related model
has also been adopted later for the explanation of the ion
yields in UV-MALDI experiments by Karas er al.®®

The drawback of the above model is that quantitative
predictions do not necessarily agree with all experimental
observations. First of all, it is difficult to explain the striking
linearity of the gas phase ion signal as a function of solution
concentration over many orders of magnitude. It would rather
predict decreasing ion signals as a function of solution con-
centration. In recent molecular dynamics calculations’ we
have explored the effect of incomplete ion recombination for a
supercritical phase expansion (‘lucky survivor’ model) and a
model that we will call ‘liquid dispersion model’ (see below). It
was found that charge separation via the latter mechanism is
significantly more efficient than for the SPE-IIR model be-
cause gas phase ions are nearly quantitatively recombined
after a very short time, and leaving hardly any ‘lucky
survivor’, as expected.

In addition, the ideal assumption of a superheated homo-
geneous volume expanding as a pure gas very likely does not
hold. Any heating process of a liquid microfilament is always
accompanied by dispersion of the liquid (Fig. 2a, b) rather
than a complete phase transition. The degree of dispersion
ranges from isolated ions to larger droplets containing analyte
and ions that do not contribute to the ion yield. Any excitation
of a liquid microfilament produces a highly dispersed liquid
driven by the hot gas phase, even at the laser-irradiated side
due to re-condensation on a picosecond time-scale.® In addi-
tion, inhomogeneous heating, spinodal decomposition,’* and
shock wave formation produces a highly efficient dispersion of
the liquid even at the back side of the liquid beam and a small
fraction of nano-droplets that are small and hot enough to boil
off the water and make it to the isolated ionic aggregates. Such
a process does even require much less energy than complete
evaporation. This situation is schematically depicted in Fig. 8b
and c¢. We have recently proposed a model that involves the
picture of a dispersed liquid forming nano-droplets with
embedded biomolecules and ions.*'*> As displayed in Fig.
8c, most of the droplets generated in the dispersion are too
large, they cannot contribute to the ion yield because they
cannot boil off the water. A simple estimation shows that
heated water droplets cannot evaporate easily in vacuum—i.e.
without an additional source of heat. The heat of evaporation
of water is <40 kJ mol™~! (0.4 eV/molecule). For evaporation
of an isolated droplet in vacuum that is still liquid the
evaporation energy can only come from the internal energy
of the droplet. Thus, it is unlikely that a larger hot liquid
droplet is formed that evaporates completely in vacuum. This
situation is certainly different from that for spray techniques
where continuous evaporation takes place due to heating from
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a bath gas at high pressures. For the “ionization process’ the
only important requirement is that the droplets contain an
excess charge and that the droplets are not too large. The
evaporation of charged droplets pass their charge to the
embedded biomolecules. The probability of finding an excess
charge in a dispersed volume (nano-droplet) follows a Poisson
statistics with significant deviations from that at high concen-
trations.”® It has been found that such a model naturally
predicts a linear behavior of the ion yield as a function of
liquid concentration over many orders of magnitude and a
saturation at the highest concentrations.”® In IR-FL-MALDI
mass spectrometry the dispersion of droplets must—at least in
part—be so efficient, that nano-droplets are formed which are
on the order of the size of the biomolecules they contain. The
small fraction of nano-droplet ranging in size from a critical
size down to the cluster and isolated molecule is displayed in
Fig. 7c. The critical droplet size is related to the evaporation of
the droplet, its temperature and the probability of finding an
excess charge in the dispersed volume. The latter quantity may
correlate with the Debye screening length /p. The simple
picture that emerges from the dispersion model is that the
dispersed nano-droplets must be smaller than the Debye
screening radius. In such a case the dispersion can separate
an ion from its counter-ion resulting in an excess charge in two
nano-droplets. In the opposite case an ion pair is formed
which does not produce a charged droplet. The model also
naturally explains the observation and occurrence of low
charge states, which are a direct consequence of the charge
statistics in the dispersed droplets (liquid volumes). It is noted
that the supercritical phase expansion and incomplete ion
recombination model is just the limiting case for infinite
dispersion of the liquid. Because any disintegration and even
the production of a homogeneous supercritical phase is a
dispersion of the liquid we have chosen the general acronym
IR-FL-MALDI in which DI stands for dispersion of ions and
ionic aggregates. We believe that the dispersion of the liquid
into droplet sizes spread over many orders of magnitude is the
key to understanding many of the key features of the IR-FL-
MALDI-MS technique. The model also naturally explains
why we can observe ions desorbed from the back-side of the
irradiated beam.>? Finally, we note that we measured the
velocity of the desorbed ions and ionic aggregates. We usually
determine velocities well above 1000 m s~! which led us to
propose a non-thermal shock wave desorption in ref. 31 and
32. These results are somewhat different than those reported in
ref. 19 where significantly lower desorption velocities have
been reported. We tentatively attribute this to different experi-
mental conditions. Finally, it should be noted that the present
model explains a number of features of IR-FL-MALDI-MS
reasonably well, but some of them—such as, e.g., ion yields
and desorption of surface active species—are beyond such a
simple model.

2.8 Linear response of IR-FL-MALDI-MS and probing the
liquid phase

The observed linear response of liquid beam desorption mass
spectrometry, i.e., the striking linearity®'* of the gas phase
signal as a function of liquid concentration has been found in
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Fig. 9 Near-linear response of the insulin mass peak intensities as a
function of concentration (pos. ion mode, pH = 2-3). The solid line
shows an exact linear behavior. In the inset a mass spectrum is given
for a single data point.

many of our experiments including a recent report by Bruts-
chy’s group®® but not in ref. 61. A typical example (insulin) is
displayed in Fig. 9.3 The linear response is mainly seen for
lower concentrations up to concentrations on the order of
10~*-1073 M (molar) for proteins or 10~! M for amino acids,
depending upon the system under investigation.>?> Beyond this
linear region a more or less pronounced saturation is ob-
served.?>>® Noteworthy, the linear response in the doubly
logarithmic plot is often not just a straight line but also a
straight line passing the origin and having the slope of unity in
favorable cases. The slope that may vary from 1 to 0.85
appears to depend upon the desorption conditions and, in
turn, upon the degree of dispersion and, in turn, tupon he
nano-droplet sizes. A somewhat similar behavior has also been
seen in electrospray experiments, however, the linear response
is often not as pronounced as that found for IR-FL-MALDI-
MS and the saturation sets in earlier. The relationship between
signal intensity and original analyte solution concentration
has been studied extensively there.”* It is known from the
electrospray technique that in larger droplets, analyte surface
activity, concentration, and competition from other species
can affect overall ionization efficiency, the extent of ionization
“suppression” and quantitation. A typical relation between
ESI-MS response and solution concentration is characterized
by two distinct regions. The first region, often referred to as
the linear dynamic range, represents a concentration range
from the lower limit of detection up to about 10> M, where
the signal response increases linearly with increasing concen-
tration. In a second region encompassing progressively higher
concentrations, the signal intensity levels off and may finally
even decrease as the concentration is further raised. A further
complication is that the linear range, and the concentration
where the transition into the ‘“level off” region occurs, are
different for ions of different charge state. Therefore, if one
were to “calibrate’ the ESI ion signal, one might have to do
this for every charge state separately.

The origin of the linearity in IR-FL-MALDI-MS has been
investigated theoretically recently.”® Assuming a dispersed
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liquid model in which nano-droplets are generated that make
it to the isolated ion, the linear behavior may be rationalized.
A good parameter—although only providing a qualitative
guide—is the Debye screening range Ip’> that describes in a
classical sense the average distance to the counter-ion in
solution. The general rule of thumb for a linear response
appears to be that the droplets generated in the dispersion
have to be significantly smaller than the Debye screening
length which is determined for a particular solution concen-
tration.”’

Let us assume that we inspect and measure (the contents of
a sum of) N droplets. For low concentrations most droplets do
not contain any ions, although the Debye radius is larger than
the droplet size. For droplets containing an ion the probability
of charging is enhanced at low concentrations. For increasing
concentrations, the probability for a charged droplet contain-
ing an excess ion increases linearly up to a point where the
average number of ions in the droplets is close to unity. This is
the ultimate limit of the linear response. For higher concen-
trations a saturation and even a decrease in the ion yield is
observed.”

3. Applications of IR-FL-MALDI

3.1 Non-covalently bound complexes

As shown in the previous chapters, liquid beam desorption
mass spectrometry—as the ESI technique—can be regarded as
a sensitive and soft technique for isolating intact covalently
bound biomolecules from the liquid (water) phase. However, a
real test for any method is the desorption or isolation of non-
covalently bound complexes. Brutschy and co-workers have
early shown the potential of LILBID for the analysis of non-
covalently bound complexes.?*?**** We will highlight here
two examples, namely the Ribonuclease S and the hemoglobin
complexes, which were investigated by Wattenberg et al. some
time ago.>*°

A well understood and well studied system, but at the same
time a nice benchmark for any soft desorption technique is
hemoglobin. The protein complex is an assembly of four
units—two a~(15 125.3 Da) and two B-chains (15 865.2 Da)
with four heme-groups—which are non-covalently bound to
each other. o- and a B-chains first form a heterodimer and two
heterodimers finally form the tetrameric hemoglobin com-
plex.”® Important interactions between the sub-units are hy-
drophobic interactions and salt bridges. The hemoglobin is
very sensitive to pH changes and heat, making it an attractive
candidate for testing new mass spectrometric techniques. In
the past, it has been investigated with ESI-MS (e.g., ref. 77)
but not so successful with MALDI-MS.”®” Fig. 10 displays
mass spectra from our lab for different IR-FL-MALDI-MS
desorption conditions (5 x 10~ M, ammonium acetate buf-
fer). If the desorption energy is too high (0.5 mJ) only the
monomers are seen in the mass spectrum (Fig. 10b). Although
there is significant background possibly from the water matrix,
the resolution of the spectrometer is high enough to distin-
guish the apo-a, holo-a, apo-f, and holo-p units. If the same
laser pulse energy is used (Fig. 10a), but with the micro-beam
moved slightly out of the focus of the IR laser beam, the
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Fig. 10 Desorption of the hemoglobin complex in water (pos. ion
mode, pH = 7, ammonium acetate). (a) Desorption of the complex
with 0.5 mJ focused light, but the water filament moved slightly out of
the laser focus. Note, nearly exclusively the dimer and the tetramer are
detected. Compare also results from ref. 30. (b) Same experiment but
laser focused tightly on the water filament. In this case no complex is
detected.

hemoglobin tetramer as well as the dimer can be observed in
the positive ion mode (see also ref. 30). Unfortunately, as in
the following example below, the resolution is poor probably
due to water aggregation, which however may stabilize the
complexes efficiently. More IR laser energy would probably
enhance boiling-off of water from the complexes but obviously
also complex dissociation. For weakly bound complexes ob-
viously a compromise between efficient desorption and suffi-
cient desolvation has to be found.

Ribonuclease S (RNaseS) is a non-covalently bound pro-
tein—peptide complex with a known structure and mass
(11 534.0 and 2166.3 Da). The RNaseS complex has been
investigated extensively in the past and it has been found that
the stability of the complex depends strongly on temperature
and solution pH.**®° The highest stability is found at the
melting point of ice (273 K). For the binding of the protein
and the peptide hydrophobic interactions and hydrogen bond-
ing play a decisive role, and the strong temperature depen-
dence of the complex stability, as reflected in the temperature
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dependence of the equilibrium constant, is attributed to the
flexibility of the protein backbone and the peptide chain. The
strong dependence of the stability of the complex on tempera-
ture and pH has made this system an interesting candidate for
MALDI- and ESI-MS studies. In Fig. 11 a series of mass
spectra in positive ion mode for different desorption condi-
tions for RNaseS in water at a concentration of 107> M are
displayed. The high-pressure inlet system and the nozzle have
been temperature stabilized at 274 K. While Fig. 11a displays
the result for a moderate desorption energy (0.4 mJ) at pH ~7
(ammonium acetate buffer), Fig. 11b gives the corresponding
data for pH = 2 and the same laser energy. No complex is seen
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Fig. 11 Desorption of the ribonuclease S complex (RNase-S) illus-
trating the softness of desorption and the dependence of the results
upon laser and solution conditions such as pH (pos. ion mode,
ammonium acetate buffer). (a) Desorption with low desorption energy
(0.4 mJ) at pH 7, (b) desorption for 0.4 mJ at pH = 2-3, (c) desorption
for 0.6 mJ laser energy at pH 7. Only in the first experiment (a) the
complex can be detected.

due to the low pH. In Fig. 1lc results for pH = 7 and a
relatively high desorption laser energy (0.7 mJ) are displayed.
In this case the complex is also not observed due to the
sensitivity of the complex towards temperature. For higher
initial solution temperatures the complex peak is also not
detectable, a result that may show that the technique monitors
to some extent the situation in solution. Although the complex
can be observed with liquid beam desorption MS some com-
plex dissociation is unavoidable making this technique not
necessarily superior in our lab to ESI and MALDI with regard
to the “softness” of desorption in this particular case.
Another nice example of the power of liquid beam deso-
rption mass spectrometry has also been reported from Bruts-
chy’s group. They have desorbed short synthetic DNA double
strands from water solution®* providing firm evidence that IR-
FL-MATRIX-MS (LILBID-MS) is not only a soft desorption
technique but also provides at least semi-quantitative informa-
tion of biomolecular aggregates in solution. A much-studied
DNA single strand is the Dickerson dodecamer DD. Since it is
self-complementary it serves as a model helix to test the
specific binding of ligands in the minor groove of the duplex
DNA.?? In a very recent paper the same group has reported
experiments in which the LILBID technique has been used to
investigate specific interactions with minor groove binders
such as netropsin and Distamycin A interacting preferentially
with AT-rich regions of the DNA. These ligands are of interest
due to their anticipated anti-tumor activity. In both cases the
DNA complexes have been detected in the negative ion mode.

3.2 Biokinetic applications

The enormous potential of mass spectrometry for the investi-
gation of the kinetics of solution-phase reactions was recog-
nized early.®® Therefore, mass spectrometers equipped with
electrospray ionization sources have been employed to follow
kinetics of a (bio)chemical process “triggered” by mixing
techniques and by direct injection of the reaction mixture into
the ion source.’” Also, the use of ionization techniques other
than ESI for kinetic MS studies has been explored by a
number of groups (e.g., ref. 88 and 89) A good overview of
mass spectrometry in biophysics in general and for the mea-
surement of biokinetics in particular is given in the book by
Kaltashov and Eyles.”® In this section we highlight typical
applications of the IR-FL-MALDI-MS technique. Due to the
linear response and the continuous mode of the technique the
approach is ideally suited for kinetic and mechanistic studies
and a determination of rate constants in biochemical systems.
Although it is known that the IR-FL-MALDI-MS technique,
in principle, depends on the analyte concentration, total ionic
strength, counter-ions, surface active molecules, and so forth,
such that the ion signal in kinetic measurements may be
perturbed or, at least, influenced (even in a non-linear fash-
ion), we have not found large interferences for most systems
although we searched for it. We do usually vary the relevant
concentrations in order to trace and exclude such interfer-
ences. As highlighted in section 2 the IR-FL-MALDI-MS
technique is actually rather insensitive to these effects if other
possibly perturbing species are not present in large excess.
However, even for minority species in a large excess of other
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molecules we have found a near-linear response for the
minority species, a feature that is discussed in section 3.4.

3.2.1 Protein aggregation and amyloid fibril formation.
Neurodegenerative diseases such as Alzheimer’s, Parkinson’s
and the transmissible spongiform encephalopathies (TSEs) are
characterized by abnormal protein deposits, often in the form
of highly symmetric amyloid fibrils.”! Amyloid fibrils are
polypeptide aggregates in which the polypeptide backbone is
arranged in a specific and characteristic cross-p-sheet quatern-
ary structure. In the past couple of years there have been
reports about amyloid formation of non-pathogenic proteins
not assigned to any disease.”! This led to the conclusion that
amyloid formation is no specific property of only a few
proteins and polypeptides, namely those that have been de-
scribed to assemble into clinical amyloid deposits. Instead, is
has been found that many different systems are readily able to
form amyloid fibrils in competition with normal folding, a
process that is accelerated by autocatalysis (Fig. 12). However,
the mechanism(s) of fibril formation in general are still not
known very well and are currently the subject of intense
research.

The physiological and therapeutic importance of insulin,
and the fact that insulin easily aggregates in vitro, have made
the hormone an excellent model for protein aggregation
studies.”® The insulin aggregation is promoted under condi-
tions favoring partly destabilized monomers and dimers, such
as low pH, high temperature and, to some extent, contact with
hydrophobic media. Insulin fibrils display characteristic fea-
tures common to all amyloids: X-ray diffraction patterns;
affinity to Congo Red and Thioflavin T; birefringence; biolo-
gical dysfunction and high stability against temperature; pres-
sure; low pH; and proteases.”> Considerable debate exists
about the mechanism of fibril assembly in general and for
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Fig. 12 Folding path and misfolding pathway of a protein leading to
the native state or a fibril.

insulin in particular and about the existence and nature
possible of intermediate species.>***

In order to shed more light on the mechanistic features of
protein aggregation mechanisms for insulin we have employed
time-resolved IR-FL-MALDI-MS.**?> An advantage over
alternative mass spectrometric approaches is its near-linear
response, which facilitates kinetic measurements and the de-
termination of rate constants. It is well known that insulin
aggregation can be initiated by heat and low pH. Therefore,
aqueous solutions of insulin at pH = 2 in the concentration
range between 107> M and 5 x 10™* M were heated at 70 °C
(weakly stirred). Samples of the solution were injected in the
liquid beam source and analyzed in the TOF mass spectro-
meter as a function of time. Typical experiments are displayed
in Fig. 13. As is obvious from Fig. 13a the parent insulin mass
peak at t = 0 decreases within the course of the experiment
until it completely vanishes for longer times. If the intensity of
the insulin mass peak is plotted against the time, typical
sigmoidal traces are obtained (Fig. 13b). The initial lag time
corresponds to a plateau in the signal trace, which decays
rapidly to zero after a so-called lag time. Such traces are
characteristic of the kinetics of amyloid systems. The lag time
in many systems is pronounced. If the lag time becomes
smaller, the sigmoidal trace resembles more and more an
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Fig. 13 (a) Time dependent spectra of insulin. (b) Aggregation
kinetics of insulin, as measured on the mass peak of the parent insulin
(pos. ion mode, 107* M, pH = 2-3).
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exponential decay. For short and intermediate times also mass
peaks of insulin multimers are detected (Fig. 13a) which are
likely off-pathway multimers and not intermediates in the fibril
assembly.*® Their concentration is in general quite low and
vanishing for longer aggregation times. In the present experi-
ments the kinetics has been followed via the monomer con-
centration, i.e., the concentration of soluble protein. It is
known that insulin forms fibrils and amorphous aggregates
depending upon the temperature, the ions in solution (acid),
concentrations, efc. For the present conditions not very long
fibrils are expected. The morphology of the aggregates was
monitored with the in situ atomic force microscopy. Typical
fibrils and aggregate structures in water solution are shown in
Fig. 14a where a 385 x 385 nm area with short fibrils is
displayed.3>°° The features of the kinetic traces such as Fig. 13
strongly suggest that the formation of amyloid fibrils may
be—in the simplest case—a two-step reaction that consists of a
slow reversible nucleation step (until a critical aggregate size is
reached) followed by a faster molecular assembly step. Some-
where along this mechanism a transition between native or

Fig. 14 (a) AFM micrographs of insulin fibrils (adapted from ref. 32).
(b) EM micrographs of the morphology of tau protein fibrils with
added hepatin. (c) tau protein fibrils without adding hepatin (adapted
from ref. 101).

partially unfolded conformations to the well-known specific
B-sheet conformation within the fibril takes place. Interest-
ingly, seeding of preformed fibrils diminishes the lag phase of
the nucleation step,’>?° suggesting that the nucleation step
plays an important role (rate determining step) in the kinetics
of fibril formation.

Currently, there are three popular mechanistic models de-
scribing amyloid fibril formation (Fig. 15).°® The first is
referred to as template assembly (TA), wherein a pre-as-
sembled nucleus binds to a soluble state (S) peptide in a
random coil conformation in a rapid pre-equilibrium step.
This is followed by a rate-determining structure change to add
the peptide to the growing end of the fibril or filament,
presumably as part of the B-sheet-rich quaternary structure.
The second model is the monomer directed conversion (MDC)
model, which implies that a monomeric peptide can adopt a
conformation called the A state that is analogous to the
conformation adopted in the fibril. In the rate determining
step this structured monomer (A) then binds and converts an S
state monomer, resulting in an A state dimer. The dimer then
dissociates and the structured monomers rapidly add to the
end of the growing fibril (Fig. 15). The third model, the often
invoked nucleated polymerization (NP) mechanism, is char-
acterized by the rate limiting formation of a nucleus resulting
from an equilibrium between monomers that are and are not
assembly competent. Once a nucleus is established, assembly
occurs by the addition of assembly competent monomers to
the growing end of the fibril (i.e., the nucleus).

We found that for insulin none of the established models
explains all experimental observables satisfactorily. Based
upon our experimental findings for the insulin system we
assume that monomers are loosely aggregated together to
form micellar structures.”> A nucleated conformational con-
version forms protofibrils, which assemble into larger fila-
ments or which add more monomers and which serve as
templates (see mechanisms in Fig. 15). Such a mechanism
has been described by Serio et al. who also had problems to
explain their aggregation results of Sup35 prion protein with
existing models and termed the new model “nucleated con-
formational conversion (NCC)”. The new aspect is that it
invokes oligomeric intermediates for initiation and assembly.”’
This mechanism is the reason why the aggregation of proteins
in both cases described here can only be followed by monomer
loss. Intermediate multimers are either not present, too large
in mass or in too low concentration. The fact that we do not
observe multimers like in a normal polymerization reaction is
a characteristics of the aggregation mechanism which is dis-
tinctly different to ordinary polymerization. Therefore, we do
not expect here to observe molar mass distributions such as
observable for polymers (see section 3.3). This also holds for
an other protein—the tau protein—investigated recently in
our group.

The tau protein®® is a mainly but not exclusively neuronal
microtubule-associated protein (MAP). One of its functions is
the stabilization of axonal microtubules;”® other functions
include a role in signal transduction, interaction with the actin
cytoskeleton, neutite outgrowth, interactions with the plasma
membrane, anchoring of enzymes such as protein kinases and
phosphatases, and the regulation of intracellular vesicle
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transport.”® Since tau is a highly soluble protein, which
survives heat, denaturing agents or acid treatment without
losing its biological function (the binding to microtubules and
the stimulation of their assembly), it is counterintuitive that
this protein should aggregate into insoluble fibers. Over the
past couple of years a number of studies on the structure and
assembly of tau, its phosphorylation by various kinases, and
its interaction with microtubules have been carried
out.”® 190191 pygsphorylation tends to dissociate tau from its
natural partner, the microtubule. Since this increases the
soluble pool of tau it might be an important first step in
generating protein for the assembly of paired helical filaments
(PHFs). However, the assembly itself appears to depend
mainly on other factors (conformation, oxidation, nucleation
by other components).

A general mechanistic picture of tau aggregation and fibril-
lation does not yet exist, although some progress has been
made.'® It is assumed that the tau monomers dimerize either
covalently by oxidation (disulfide bridge formation, stable
dimer) or non-covalently (weakly bound dimers). The dimer
appears to be the effective building block of PHFs. Nucleation
is slow in the absence of polyanions but strongly accelerated in
their presence (e.g., heparin) Elongation (with or without
exogenous seeds) is slow in the absence of polyanions or by
prevention of dimerization, indicating that a dimer—polyanion
complex is incorporated into PHFs. Excess of polyanion is
inhibitory. The stochiometry and the arrangements of mono-
mers are also not known.”® The development of a quantitative
assay for PHF formation using thioflavine S, which is known
to stain not only amyloid but also PHFs, opened a first
possibility to a more detailed study of the mechanism of
PHF formation.'®

Parallel to the investigations of the aggregation of insulin we
have applied IR-FL-MALDI-MS to monitor the aggregation
and assembly of tau into PHFs. Recombinant tau protein was
recovered and characterized as described in ref. 98 and 101. In
a recent study four tau constructs including the wild type
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Different kinetic models that have been invoked to explain the kinetics of protein aggregation and fibril formation of amyloid systems

HTau40'' and the fragment K18AK280'! have been inves-
tigated with the liquid microbeam MS-technique.'%? As in the
case of insulin we monitored the monomer (and dimer) protein
peak as a function of time. At longer times fibrils are formed
and have been identified via electron microscopy (Fig. 14). It
has been found that the morphology depends somewhat upon
the solution conditions and the chemicals added. Fig. 14b and
¢ display two EM micrographs of fibrils obtained with and
without heparin. The name PHFs is derived from their elec-
tron microscopic appearance as two strands.'®! Fig. 16 dis-
plays a typical set of experiments in which the aggregation of
the K18AK280 tau variant'®! has been measured. Again, as in
the case of insulin, a plot of the tau fragment mass peak as a
function of time yields a sigmoidal trace. The kinetics of
aggregation of HTau40 and the K18AK280 variant has been
measured as a function of time at 40 °C in the presence of DTT
and DTT/heparin (see Fig. 17a, b). While the kinetics of the
K18AK280 variant displays the typical sigmoidal time
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Fig. 16 Time dependent mass spectra during the aggregation of the
tau-protein in water (positive ion mode). For more details see the text.
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Fig. 17 Kinetics of the aggregation of different variants of the tau-
protein: (a) wild type Htaud0; (b) fragment K18AK280. Inset: mass
spectra of tau at ¢t = 0 (positive ion mode). For more details see the
text.

evolution the HTau40 variant displays a nearly-exponential
decay only, without any lag time. For the HTau40 variant the
aggregation is even fast without addition of heparin and DDT
does not slow down this process. The features of the kinetic
traces such as in Fig. 17 (in particular Fig. 17b) strongly
suggest that the tau aggregation is a two-step reaction that
consists of a slow reversible nucleation step (until a critical
aggregate size is reached) followed by a faster molecular
assembly step (such as that found for insulin) according to
Fig. 15. It is interesting to note that for the K18AK280 variant
the kinetic time-scale measured via IR-FL-MALDI-MS is
much slower than that measured with the thioflavine S
assay.'! Since the kinetics measured here monitors the decay
of the soluble monomer, the question now is what the thio-
flavine S assay measures under the same conditions. If the
differences are not due to different solution conditions and/or
protocols (which we tried to avoid carefully) it would be
interesting to resolve this discrepancy. In any case, IR-FL-
MALDI-MS may be a powerful assay for these types of
investigations.'% The aggregation of tau in this particular case
could only be observed at the monomer and the dimer mass.'%?
Larger multimers are well above 100 kDa and therefore
invisible in our experiment. We would like to emphasize here

that also in the present case we do not expect molar mass
distributions such as those observed for synthetic polymers.
Due to the special assembly mechanism of fibrils those cannot
be detected or they have very low concentrations. Usually IR-
FL-MALDI-MS is actually a powerful technique for monitor-
ing weakly bound multimers if they are present in solution.
From the fact that we cannot detect them we conclude that the
NCC mechanism also applies for the aggregation of tau.

3.2.2 H/D exchange in weakly perturbed proteins—near
equilibrium states of proteins. Protein dynamics and near
equilibrium states of proteins may be investigated via isotopic
H-D exchange.' On the other hand, the conformational state
in a qualitative sense may be detected from isotope exchange
experiments.5*?° It has been demonstrated that time resolved
mass spectrometry in combination with fast mixers and pulse-
labeling methods may follow and shed light on the folding and
unfolding processes of proteins.!” Beyond protein folding
investigations, an attractive feature of time-resolved mass
spectrometry is to find solvent conditions where partially
folded states become populated, at least transiently, at equili-
brium. Such information is crucial for the investigation of
mechanisms of protein aggregation, such as that highlighted
above. As outlined below, it is highly likely that at least partial
unfolding is important for amyloid fibril formation. However,
it is still not clear how such partially unfolded and/or partially
refolded molecules associate into amyloid fibrils.” A number
of proteins when mildly destabilized assume a kind of liquid-
like state that has been discussed in terms of a form, named
molten globule, thought of to be intermediate in structure
between the native and unfolded states (see Fig. 12). It has
frequently been suggested that the building block of amyloid
fibrils under aggregating conditions is a molten globule
protein.¢

Under mildly denaturing conditions, such as altered pH,
temperature, or chaotrope concentration, protein stability can
be altered such that, although the native state remains pre-
dominant, partially unfolded conformations also become po-
pulated. These more open structures are more prone to
exchange with bulk solvent either due to weakening of hydro-
gen bonding interactions or due to exposure of residues that
would normally be buried in the native protein. Using MS, we
can indirectly observe these intermediates populated transi-
ently under equilibrium conditions by the nature of their
different amide hydrogen exchange properties of the protein.

lysozyme possesses a total of 255 labile (exchangeable)
hydrogens, 126 from the backbone amide linkages, 126 from
side chains and 3 from termini. Most of the side chains are
located on the protein surface, and these together with the
more accessible ones at the backbone exchange orders of
magnitude faster than those buried in the interior of the
protein.'® While the measurement of the H/D exchange at
faster time-scales measures mainly the accessible surface hy-
drogens, H/D exchange at longer time-scale enables us to
study the slower dynamics and thus more the overall structure
of the protein. The slow exchange is indeed mediated by
structural fluctuations of the protein that provide transient
access to the solvent or the exchange agent. The slow exchange
of buried sites can follow two mechanisms; the penetration
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mechanism where transient fluctuations of the protein chain in
solution allow the solvent to diffuse inside the buried core, and
the local unfolding mechanism.!°%!%7 While the former is
considered as a low activation process, the latter requires a
higher activation energy.'® Hydrogen exchange rates for
unprotected hydrogens have been measured extensively in
the past as a function of pH and temperature.'”® Two limiting
cases arise depending on the following conditions: if the
protein’s structural dynamics (e.g., refolding or opening a
local structure) is slow as opposed to the intrinsic exchange
rate, kex, all hydrogens in the transiently accessible segment
will undergo exchange before refolding or closing of the local
structure occurs. This case is known as the EX; exchange
mechanism or correlated exchange.lo9 If, on the other hand,
the dynamics or refolding is much faster than the intrinsic
exchange rate, we enter the regime of the EX, mechanism,'®
in which the dynamics or refolding occurs before all hydrogens
involved or accessible in the dynamics are exchanged. Whether
the exchange occurs via a correlated or uncorrelated hydrogen
exchange mechanism (i.e., EX; or EX;) may be determined
from the mass spectra. While the EX, kinetics often shows a
simple peak shift smoothly in time, a more or less unambig-
uous evidence for a EX; kinetics is the appearance of multi-
modal distributions of different species visible as in satellite
peaks or broadened peaks.''®

In order to explore near-equilibrium states of lysozyme in
solution at pH = 7 in the temperature range between 0 and
85 °C, investigation was conducted with time-resolved IR-
FL-MALDI-MS.!"! Chicken egg white lysozyme lyophilized
powder (Sigma) was dissolved in D,O and incubated for 10 h
at 50 °C. Then it was allowed to cool down to room tempera-
ture before being frozen and lyophilized. For the experiment
the protein was quickly but very carefully dissolved in H,O
and injected in the liquid beam MS source. Typical mass
peaks, shifted as a function of time, are displayed for 50 °C
in Fig. 18. For small exchange times the peak is broadened and
is shifting towards lower masses, due to the back exchange of
hydrogens. With the shift, also a narrowing of the peak width
appears to be visible, which may be attributed to a change in
the mechanism from EX; at small reaction times to the EX,
mechanism. In Fig. 19 the kinetic traces are shown for
different temperatures on a logarithmic time axis plot. We
want to emphasize that the first data point can be taken at
about 25 s after mixing and injection such that the experiment
in the present configuration cannot monitor relatively fast
events (see the shaded area in Fig. 19). We anticipate that
during this time already one-half of the exchangeable (surface)
hydrogens are exchanged and thus invisible and therefore only
the slowly exchanging ones are visible in the present variant of
the experiment. From the time traces in Fig. 19 it is clearly
visible that at a temperature of 0 °C the protein is in a stable
native state'®® that slowly exchanges hydrogens due to mole-
cular motion and dynamics at this low temperature. As the
temperature is increased the protein becomes increasingly
instable and the exchange rate increases. At the melting
temperature of lysozyme the exchange is too fast to be
measured at all. With experiments like the latter, one may
obtain information about conformations of the protein under
destabilizing conditions, e.g. in lysozyme aggregation experi-
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Fig. 18 H/D exchange of lysozyme as a function of time at 50 °C
(positive ion mode). The increased peak width at early times is likely
due to multiple species broadening the spectrum, as opposed to the
linewidth at later times which appears to be broadened only by the
intrinsic isotope distribution of lysozyme.
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ments. Such near equilibrium states are visible as plateaus in
plot like Fig. 19.1%* At present we are working on a combina-
tion of fast mixers to the current setup, which will enable us to
measure exchange processes even on the millisecond time-
scale.
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3.2.3 Oxidation of biomolecules. The role of free radicals in
human health disorders has been progressively more studied in
recent years.!'”> Nowadays it has been established that the
oxidative damage caused by free radicals on proteins and
other biological molecules is involved in the development of,
for example, cardiovascular diseases, cancer, and Alzheimer
disease.!'>!!* Different reactive oxygen species (ROS) such as
H,0, are biologically formed in large quantities in cells, as a
result of regular metabolism. H,O, decomposes and forms two
very reactive OH radicals by the Fenton reaction or by the
Haber—Weiss recombination. There is ample evidence to sup-
port the notion that the most important mechanism of oxida-
tive damage to proteins is metal-catalyzed oxidation (MCO).
The reaction of the hydroxyl radical (OH) with biological
macromolecules has been an area of extensive study. The
reactions of OH with nucleic acids have also been used to
map solvent-accessible surfaces. OH reactions with amino
acids, peptides, and proteins are also of interest and the
relative reactivity of the amino acids has been established by
determining the second-order rate constants for the reaction of
the OH with amino-acids using pulse radiolysis.!'> However,
determining the sites of reaction of OH has been more difficult.
NMR, EPR radical trapping, and mass spectral characteriza-
tion of the different OH-induced products of amino-acids
generated in aerobic aqueous solution support the conclusion
that side chain reactions are the most prominent at physiolo-
gical pH. In the presence of oxygen, the aromatic and sulfur
containing side chains are the most prominent sites of oxida-
tion, with O-atom incorporation being the main reaction.''®

Beyond the investigation of oxidative stress in vivo protein
foot-printing utilizing hydroxyl radicals coupled with mass
spectrometry has become a powerful technique for mapping
the solvent accessible surface of proteins and examining
protein—protein interactions in solution.''” The hydroxyl ra-
dicals generated through the above methods can efficiently
oxidize amino-acids on or near the surface of proteins in direct
relation to their reactivity and their solvent accessibility. In
particular, the solvent-accessible side chains of cysteine,
methionine, phenylalanine, tyrosine, tryptophan, histidine,
proline, and leucine provide convenient and useful probes
for protein foot-printing. Since these residues cover 25-30%
of the sequence of a typical protein, many sites throughout a
protein’s structure are potential probes for the method. Hy-
droxyl radical mediated foot-printing mass spectrometry (MS)
is very similar to deuterium exchange MS methods except that
the side chains instead of backbone positions are probed.

Amino-acids are the main building blocks of living systems,
being the principal components of all natural peptides and
proteins. In order to demonstrate the power of time-resolved
IR-FL-MALDI-MS for the investigation of oxidation of
biomolecules by OH radicals we have studied the reaction of
OH and arginine.''® The reactive OH in aqueous solution was
generated via Fenton’s reaction, i.e., the reaction of Fe?™ salt
and H,0,. The reaction was initiated by mixing the
Fe’"/H,0, with the arginine and injected in the source of
the liquid beam MS. A characteristic experiment is displayed
in Fig. 20a. As can be seen, after adding Fe?*/H,0, (1 mM)
the parent amino-acid (0.1 mM) peak height at mass 175 Da
(M + H™) decays within an hour to 1/e of its initial value and
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Fig. 20 Reaction of OH with arginine (0.1 mM). OH from the
reaction of Fe’* + H,0, (I mM). (a) Reaction and decomposition
of the parent arginine (mass peak intensity of M + H™ at 175 Da). (b)
Buildup of the guanidine product mass peak (M + H" at 60 Da) and
its decay (pos. ion mode).

the decay slows down in turn after an hour. It is known that
those amino-acids (e.g., arginine or histidine) are particularly
reactive that may form a complex with metal salts such as Fe*™.
At the site of complexation the metal ion reacts with H,O, and
forms OH which, in turn, is able to react in the near vicinity
which is close to the complexed amino-acid. An intermediate
detected in the course of the reaction with a mass of 60 Da (M
+ H™) results from the loss of the guanidinium group.''® The
oxidation of arginine by metal ion-catalyzed oxidation systems
has been reported before and the rate constants are in good
agreement with the present experiments.!'> A mechanism of
arginine oxidation suggested in ref. 115 for metal-catalyzed
oxidation explaining the formation of the —43 Da product with
respect to the parent arginine and the appearance and decay of
a 60 Da product (Fig. 20b) is given in Fig. 21. A hydroxyl
radical abstracts a hydrogen from the 6-carbon of the side chain
and adds a hydroxyl group to form an intermediate oxidation
product with +16 Da mass with respect to the parent arginine.
The subsequent loss of the guanidine group from the +16 Da
precursor oxidation product leads to y-glutamyl semialdehyde.
A similar oxidation of arginine is expected to take place under
radiolytic conditions.'!?
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Fig. 21 Proposed mechanism''® for formation of —43 and 60 Da
oxidation product from arginine residue.

3.3 Polymers

Characterization of polymeric materials is vital for predicting
and elucidating polymer properties and morphology. Char-
acterization typically involves: (1) molecular mass analysis
utilizing size exclusion chromatography, light scattering, os-
mometry, or viscometry; (2) sequence of repeat units utilizing
NMR spectroscopy; (3) endgroup analysis utilizing titration,
NMR spectroscopy, or FTIR spectroscopy; and (4) purity
examination utilizing NMR spectroscopy, elemental analysis,
and FTIR spectroscopy.''® Also, mass spectrometry (MS) has
been used for the analysis of molar masses of molecules for
quite some time.'?>!?! Most of the early problems associated
with the application of MS to synthetic polymers have been
overcome with the invention and introduction of soft ioniza-
tion techniques.'?*!?>!2* IR-FL-MALDI-MS was originally
developed for the analysis of biomolecules but it has also
emerged as a powerful technique for the characterization of
synthetic polymers.3? It allows for the mass determination of
large biomolecules, oligomers,®"'>* and synthetic polymers of
molar masses up to 2 x 10° Da by direct desorption of ionic
aggregates without fragmentation of the analyte molecules. At
the same time the technique is also able to monitor the molar
mass distribution of the macromolecules in cases of polydis-
perse polymers.>? In comparison with MALDI the discrimina-
tion of charged species in the spectrum, which manifests itself
in a dominance of the low mass species in the spectrum, is by
far not as pronounced for IR-FL-MALDI-MS.'?*> The Fig.
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Fig. 22 (a) Mass spectrum of PEG 6000 (pos. ion mode, pH = 7)
which displays the measured polymer mole mass distribution. Note,
the seeming noise in the spectrum can be resolved and is due to
different monomer units (see the inset). (b) Mass spectrum of a
synthetic polymer (sterically hindered oligomeric amine, UVINUL™)
used as a UV absorber, directly from a production batch (pos. ion
mode, pH = 3, 0.1 M acetic acid/water solution).
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22a shows a polyethylene glycol (PEG6000) spectrum directly
desorbed from the liquid water phase. It is interesting to see
that the molar mass distribution peaks at M = 6000 Da but
extends beyond this value. Due to the nature of the liquid
beam technique it is conceivable that this technique may be
able to monitor polymerization reactions in the continuous
mode. In Fig. 22b a spectrum of UVINUL—a sterically
hindered oligomeric polyamine—from an industry polymer-
ization batch is shown. Here the sampling was still discontin-
uous and the analysis was made off-line but it shows that the
polymerization process can be analyzed and, in turn, con-
trolled. For the particular polymer product it was important
that the molar mass distribution does not extend towards low
masses below 1000 Da, a direct application of product and
quality control in industry.

3.4 Multi-component analysis in complex fluids

Quantitative measurements via mass spectrometry in general
and liquid beam desorption MS in particular are possible if
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compound-to-compound response is uniform and varies line-
arly with concentration. Reduction or elimination of MS
response resulting from the presence of another analyte is
called ““ion suppression” or a “matrix effect”” when caused by
another matrix component such as the solvent itself or the
buffer. As demonstrated in recent articles, we have measured a
large number of mixtures of proteins with varying concentra-
tions with liquid beam desorption MS in order to investigate
these effects. A representative example is shown is Fig. 23a. In
this case the concentration of insulin was varied over 2-3
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Fig. 23 (a) Mass peak intensities of insulin (filled circles, open circles)
as a function of concentration with lysozyme (open squares) as a
standard (0.1 mM). For more details see the text. (b) Quantitative
mass spectrum of BSA in bovine blood serum (diluted). (c) HSA (#)
and hemoglobin (*) mass spectrum from a fresh human blood sample
(diluted) without centrifugation and special processing. All spectra
recorded in positive ion mode (ammonium acetate buffer, pH = 7).

orders of magnitude and the concentration of lysozyme was
kept constant and was used as a standard. The filled circles in
Fig. 23a represents the insulin signal (open circles) divided
(normalized) by the lysozyme signal (open squares). Ob-
viously, the interference between these proteins is small,
although the slope of the insulin signal as a function of liquid
concentration is somewhat lower than unity, possibly an as
indication of a weak matrix effect in this system. A similar
result has been found for other systems as well,*'* putting us
in a position to use a well detectable protein in solution as a
standard. This feature may be particularly important for the
accurate measurement of minor species concentrations in
biomolecule kinetic studies.

In another recent study we have determined bovine serum
albumin (BSA) directly and quantitatively in blood serum?*
(see Fig. 23b). In this case the serum sample has been diluted
by 1 : 5 (ammonium acetate buffer) and directly injected into
the spectrometer. The quantitative result was compared with
results from other standard techniques.'?® In another experi-
ment we have investigated human blood samples (Fig. 23c).
Due to the high abundance of hemoglobin and human serum
albumin in blood it was rather easy to detect both proteins
quantitatively in blood.'?® The estimated relative peak inten-
sities correspond roughly to 40 g 17! HSA and 120 g 17!
hemoglobin, which is in the tolerance interval for these blood
compounds for healthy adults. The interesting point in the
latter case is not that the proteins can be detected. They are
clearly the most abundant proteins in blood and not a
minority species to be detected in the presence of large
quantities of other proteins. The interesting point here is that
the complex matrix (containing salt and proteins in large
quantities) still enables the quantitative determination of these
proteins. A second point is that the method is relatively soft,
such that hemoglobin can be detected even in the tetrameric
form, although fragmentation of the complex is visible under
the present conditions. This result may be compared with the
results from section 3.1 and Fig. 10a where pure (ammonium
acetate buffered) hemoglobin in water solution has been
investigated (showing less fragmentation). The present results
are again a clear demonstration that the salt and matrix
tolerance of the method is good and that the method may be
soft and quantitative, even under “real world” conditions.

3.5 A natural combination—all liquid state analysis via on-line
coupling with HPLC

From the very early stages of development of modern mass
spectrometry, the value of its combination with chromatogra-
phy has been recognized. The coupling of gas chromatography
(GC) with MS was a natural evolution since they are both
vapor phase techniques, and very quickly GC-MS has been
accepted as a standard component of the organic analytical
laboratory. It has taken considerably longer to achieve a
satisfactory and all-purpose mode of HPLC-MS coupling.
The difficulties with HPLC-MS were associated with the fact
that vaporization of typically 1 mL min~' from the HPLC
translates into a vapor flow rate of approx. 500-1000 mL
min~'. Other difficulties were related to the eluent composition
as a result of the frequent use of non-volatile modifiers, and
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the ionization of non-volatile and thermally labile analytes.
However, during the past several years commercial interfaces
have been developed (thermospray, electrospray, APCI inter-
faces, MALDI) which have led to a broad applicability of
HPLC-MS in organic chemistry and biochemistry.>”'*’

A natural combination of two closely related techniques
appears to be high pressure/performance liquid chromatogra-
phy and IR-FL-MALDI-MS. Since the injection of a liquid
microbeam into vacuum requires already a HPLC pump, the
combination of both techniques appeared to be quite straight-
forward. An illustrative example is displayed in Fig. 24 for a
separation of three cyclodextrins. Here the IR-FL-MALDI
source of the mass spectrometer was directly interfaced and
fed by the high-pressure exit of the commercial HPLC unit. In
Fig. 24a the mass spectrum of a mixture (roughly of the same
concentration, ~0.1 mM) of a-, -, and y-dextrins in a water
methanol mixture (4 : 1) is shown. In this case the dextrins are
desorbed as sodium adducts, M—Na™*. The cyclodextrins are
structurally quite similar and pose a simple separation pro-
blem for a first proof-of-principle of the combination of IR-
FL-MALDI-MS and HPLC. For the separation a RP18
column in a KNAUER HPLC system (SMARTLINE™) equipped
with a refractive index detector (RI) and a UV detector. The
inset in Fig. 24b displays two separated peaks detected with
the RI-detector. The Fig. 24b shows time dependent intensities
of mass peaks after partial HPLC separation coupled on-line
with IR-FL-MALDI-MS. In this experiment we worked with
a RP18 column at T = 30 °C with a flow rate of 0.3 ml min—",
and a sample loop of 20 pl. The mobile phase was
H,0:MeOH (4 : 1). From an inspection of Fig. 24b it is easy
to see that the unresolved peaks in the HPLC separation
detected with the RI detector can easily be mass resolved
and quantitatively detected with LBD-MS in this case. In Fig.
24c¢ we have checked the linear response of mass peaks on
solution concentration after HPLC separation and LBD-MS
for B- and y-cyclodextrin for various concentrations. The near-
linear response and the all-liquid state technology should be
interesting for HPLC-MS coupling in the future even though
several commercial systems exist. As a final point we note that
other solvents with IR excitable bonds (alcohols) and solvent
mixtures (dioxane, acetonitrile) and typical HPLC gradients
(also time dependent gradients)—as long as the water content
is above 20%—as not a problem. Even the presence of TFA
was not limiting the performance. A development of the
technique into nanoflow liquid chromatography/IR-FL-
MALDI-MS should be straightforward with a droplet or
SCLICED version of IR-FL-MALDI-MS and is underway
in the laboratory of the authors.

3.6 Quantitative measurement of oxidation states in solution

A technique that allows the transfer of ions from solution into
the gas phase, from which the ions can be subjected to mass
spectrometric analysis, is of great importance because nearly
half of the chemical and biochemical processes involve ions in
solution. Electrospray ionization is such a technique.'?®!?° 1t
affords ion transfer into the gas phase and detection of a wide
variety of ions dissolved in a wide variety of solvents. When it
comes to the quantifications of ions in solution it is important
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Fig. 24 (a) Spectrum of a mixture (0.1 mM) of o-, B-, and
y-cyclodextrins in water/methanol solution (4 : 1). (b) Time dependent
intensities of mass peaks after partial HPLC separation (pH = 7).
Inset: signal of the refractive index detector. HPLC settings: column
RP18, T = 30 °C, flow rate 0.3 ml min~', sample loop: 20 pl, mobile
phase H>O : MeOH (4 : 1). (c) Linear response of mass peak signal
after HPLC separation of B- and y-cyclodextrin. Spectra recorded in
positive ion mode.

to (i) measure ions quantitatively in solution, and (ii) not to
alter their oxidation state if the ions can be in several oxidation
states. Although ESI has been used to monitor ion
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concentrations in environmental samples and salt solutions it
is not without problems. The first problem arises from the
nonlinear response of the technique, i.e., the nonlinearity of
the gas phase signal upon the solution concentration. The
other problem is that the electrospray technique is intrinsically
able to modify charge states of ions in solution.'?® Assuming
that the charge separation in ESI is electrophoretic, at a steady
operation of the ESI, positive droplet emission will continu-
ously carry off positive droplet or ions. The requirement for
charge balance in such a continuous-electric-current device,
together with the fact that only electrons can flow through the
metal wire supplying the electric potential to the electrodes,
leads to the supposition that the ESI process must include an
electrochemical conversion of ions to electrons. In other
words, the ES device may be viewed as a special type of
electrolytic cell.'®® This feature is important when metal ions
such as Cr or Fe in different oxidation states are present
together in the sample solution and if one wishes to measure
both quantitatively. Up to now a special analytical problem is
to measure species in different oxidation states simultaneously
with a mass spectrometric technique without changing oxida-
tion numbers (if the change of oxidation state by an exchange
redox-reaction can be excluded). Although metal ion and
oxidation number speciation has been possible with UV-
desorption aerosol mass spectrometry'>® some time ago,
quantitative measurements are still a general and major chal-
lenge. By its nature, IR-FL-MALDI-MS does not change
oxidation numbers of ions in solution (at least we have no
indications that redox reactions such as those reported in ref.
61 play a significant role in our conditions) and it is able to
measure ion concentrations and oxidation states quantita-
tively (if other fast redox-reactions in solution can be ex-
cluded). This was the motivation to apply the technique to
the quantitative detection of Fe*™ and Fe’* in aqueous
solution. Salts in different oxidations states often have differ-
ent solubility. In order to circumvent this problem we have
investigated the metal-ligand complexes KyFe(CN)g] and
K;3[Fe(CN)¢] known as the yellow and red prussiates of
potash.'*! Their exchange rates are fortunately slow enough
such that the initial concentrations can be measured without
perturbation. Fig. 25a displays a mass spectrum of
K4[Fe(CN)s] " and Ks[Fe(CN)¢]" showing a typical isotope
pattern. Fig. 25b shows the concentration dependence of the
Fe*" salt ion signal keeping the Fe?" salt concentration
constant (plotted is the ratio of the K4Fe(CN)s]™ and
Ks[Fe(CN)s] ™ mass peaks). A near linear response of the
Fe** complex mass peak as a function of concentration was
observed when the concentration of the Fe?™ complex was
kept at 1 mM. These experimental results shown impressively
that the salt complexes in aqueous solution can be measured
quantitatively and that the oxidation number is not signifi-
cantly influenced or changed by the technique. Fe®"/Fe®*
conversion in solution is in this case slow, probably due to
complexation. It is also interesting to see that due to the
relatively high cation concentration (K*) the complexes are
desorbed unfragmented as K4[Fe(CN)g]" and Ks[Fe(CN)¢]*
complexes and not as protonated or deprotonated complexes
or fragments. Recent studies in our lab to be published else-
where have shown that the concept of quantitatively measur-
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Fig. 25 (a) Mass spectrum of K,[Fe(CN)s]" and Ks[Fe(CN)q]*
complexes desorbed from liquid water displaying a typical isotope
pattern; (b) concentration dependence of the Fe’* salt ion signal
keeping the Fe?* salt concentration constant (plotted is the ratio of
the Ku[Fe(CN)s]" and Ks[Fe(CN)s]" mass peaks). A near-linear
response of the Fe>" complex mass peak as a function of concentra-
tion was observed when the concentration of the Fe** complex was
kept at 1 mM. Spectra recorded in positive ion mode (pH = 7).

ing oxidation states is applicable in general (even in time-
resolved kinetic experiments) and not limited to the examples
(complexes) and static concentrations shown here.!”!

4. Summary, conclusions and outlook

In the present feature article, some applications, the physical
background and characteristic features of the IR-FL-MALDI-
MS approach have been highlighted (in comparison with more
established techniques). The examples show that the technique
is steadily maturing since it has first been reported,'® and it is
on the way to become a competitive alternative source concept
to the established MALDI and ESI techniques. Due to its
features, such as the linear response, it appears well suited for
time resolved kinetic measurements of biomolecule transfor-
mations. At the same time coupling to other separation
techniques such as high performance liquid chromatography
has been demonstrated to be straightforward and powerful,
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due to the all-liquid-state technology. Through the introduc-
tion of liquid beam segment desorption and droplet desorption
the problem of too high analyte consumption appears to be
largely resolved or resolvable in the near future. The technique
has been applied to a broad range of problems related to
molecular analysis and biokinetics of supramolecular systems.
Some of them are highlighted in the present feature article. An
important feature to point out here is that IR-FL-MALDI-
MS has become a powerful tool for solution spectroscopy,
enabling the determination of true rate constants of biomole-
cule transformations in solution. These features could also
help to make the technique useful in the field of metabolomics
in the future. The SCLICED technique may be of particular
interest for ultra-high throughput screening studies with a
potential that has not come to its limits yet. Among the
analytical techniques currently used in the characterization
of synthetic polymers, mass spectrometry is of increasing
importance. Also in this field IR-FL-MALDI-MS (also from
liquid mixtures containing at least some water) appears to be
very promising. This feature, among the others discussed in
this overview, will open up interesting new possibilities in the
future in the field of (online) polymer analysis and quality
control. The analytic power in analyzing complex fluids or
mixtures online may also provide interesting new opportu-
nities for biotechnology, e.g., the application of (time resolved)
liquid beam desorption mass spectrometry for monitoring
bioreactors.

In summary, after nearly a decade of research on liquid
beam desorption mass spectrometry it is closing up to the
established techniques like MALDI and ESI and has now
clearly matured to a powerful source concept for mass spectro-
metry that enables the direct and quantitative mass analysis of
supramolecular species from liquid samples such as water,
alcohols and solvent mixtures (e.g., acetonitrile) containing
water or alcohol (as long as their content is above 20-30%).
The characteristic and main advantage—beyond its feature
that it is an interesting (and maybe complementary) source
concept for mass spectrometry—is that the technique makes
mass spectrometry a powerful and quantitative liquid state
spectroscopy with important and powerful features such as
high sensitivity, selectivity, good time resolution, and a multi-
plex advantage.
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