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In the present study we highlight recent applications of liquid beam desorption mass spectrometry for the analysis of biomole
rotonated macromolecules are desorbed from a 10�m thick liquid jet in vacuum with an IR laser pulse tuned in resonance with the OH s
ibration of water. Cytochromec, viscotoxin A3, synthetic analogues of DNA and nucleobase substituted�-peptides (PNA like oligomers
ovine serum albumin (BSA), as well as specifically designed pharmaceutical macromolecules have been investigated. The sa

olerance has been measured for the desorption of cytochromec. For the PNA oligomers it has been shown that a mixture can be des
nd that the relative intensity of the mass peaks reflects relative concentrations in solution. With diluted BSA water solutions it
emonstrated that the desorption technique provides a quantitative measure of BSA in solution. The gas phase signal of singly prot
esorbed from a series of well defined solution concentrations has been found to be linear over at least three orders of magnitude.
ppears to be promising for quantitative online monitoring applications of this technique. Beyond applications of this technique m
spects of the poorly characterized desorption mechanism are discussed. With a field-free-drift time-of-flight approach we were able

eatures of the desorption process by selecting fractions of the broad velocity distribution of desorbed species using an ion optics act
ate. The observed features were discussed within a “desorption/ionization” model featuring the interplay of an explosive thermal a
ave dispersion of the microfilament controlling the ejection of hot nano-droplets and microsolvated molecules as well as their de
2005 Elsevier B.V. All rights reserved.
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. Introduction

In the past 20 years a number of so-called soft ionization
ethods have been developed and used with success to ana-

yze biomolecules via powerful gas phase mass spectrometry
1–4]. A new and exciting technique to study biomolecules
esorbed from their natural environment (water) is laser in-
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duced liquid beam desorption mass spectrometry, recen
troduced by Brutschy and co-workers[5–11](LILBID, laser
induced liquid beam ionization/desorption); it became
sible after the liquid microwater beam technique in vacu
was developed[12]. In pioneering work of Brutschy and c
workers[5–11] and in recent publications of the Göttingen
group[13–15]it was shown that this method has a large
tential for the analysis of many macro- and biomolecule

The experimental approach enables a very soft desor
of protonated or ionic aggregates of supra-molecular sp
via laser induced desorption with an infrared laser tune
the OH-stretch vibration of liquid water. A significant a
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vantage for analytical applications is that with this approach
post-desorption ionization with a second laser[16,17] is not
necessary which nearly completely avoids fragmentation. Al-
though, several applications of the techniques have now been
published – basically by two groups – demonstrating that the
technique is able to isolate biomolecules with a laser from
“bulk water” in vacuum, the mechanism is far from being ad-
equately understood. This and experimental problems have
been the reason why the approach has not matured to a power-
ful analytical technique yet and has not advanced to a serious
competitor for the laser induced solid matrix desorption and
electrospray techniques, although, its potential is obviously
high. In the present article we summarize applications, show
important features and discuss possible mechanism(s) of the
process, i.e., answer the question why the technique works
at all. Another important aspect of the present study was the
question whether liquid beam desorption mass spectrometry
provides a quantitative tool for measuring concentrations of
biomolecules in solution directly.

2. Experimental approach

The present approach is very straightforward and con-
ceptually simple. We employ a thin water beam (diameter
∼10�m, flow speed∼40 m s−1) containing the compounds
u ure
(
p n be
c hin
7 with
t
t aller
t laser
i s
u urn
r , mi-
c clus-
t rder
o erved
i l
f mall
s e slit
o
D ora-
t nd in
t lated
o e.g.,
a pec-
t cules
f ts as
a time
� ion
o les
o ng to
n s and

Fig. 1. (a) Vacuum setup containing the liquid beam in vacuum; the time-
of-flight mass spectrometer (TOF MS) is used to detect the desorbed ions or
ionic aggregates. The right picture displays an enlarged high speed photo-
graphic view of the exploding 10�m liquid water beam in the experiments,
∼1�s after heating with a pulsed IR laser tuned to 2650 nm (laser pulse
approaching from the right side). (b) Concept of fast laser induced liquid
beam desorption of ions and ionic aggregates in a field free drift region and
the measurement of sections of the velocity distribution via gated ion optics
of the time-of-flight mass spectrometer.

ions/aggregates of different genesis are nicely projected onto
the drift times�t in the field free region (Fig. 1b).

A detailed description of our experimental apparatus is
given elsewhere[14]. Thus, only a brief summary is given
here. A HLPC pump (Gynkotek, Model 300C) is used to in-
ject the liquid water at 10 bar through a convergent quartz
nozzle with diameter of 14�m into the main vacuum cham-
ber at a flow rate of 0.3 ml min−1. Two centimeter beyond
the nozzle the liquid beam could be trapped in a novel liq-
uid water beam trap described elsewhere[13,14]. A cryo-
pump and an oil diffusion pump backed up by a Roots
blower and primary pumps held the working pressure at
5× 10−5 mbar. Tunable nanosecond infrared radiation at a
nder investigation which is ejected with high press
10–20 bar) into the vacuum chamber (seeFig. 1) [13,14]. Its
arameters like temperature, concentration, and pH ca
ontrolled precisely. The liquid jet is rapidly heated wit
ns in the focus of an IR laser pulse tuned in resonance

he OH-stretch absorption of bulk water at 2.7–2.8�m. At
his wavelength the penetration depth is somewhat sm
han the beam diameter. The absorbed energy of the IR
n water is redistributed within picoseconds[18,19]and heat
p the irradiated volume. The liquid water beam in t
apidly disintegrates and produces a mixture of hot gas
rodroplets and protonated biomolecules embedded in
ers of various size or nano-droplets with sizes on the o
f the biomolecules. The bigger aggregates can be obs

n high speed photography of the process (Fig. 1a). A smal
raction of the charged (water) aggregates (within a s
olid angle) moves in a field-free space to the entranc
f the mass spectrometer containing the ion optics (Fig. 1b).
uring this time (a few microseconds) continuous evap

ion of water from the aggregates may dissipate heat a
urn stabilize the aggregates and eventually lead to iso
r clustered biomolecules containing a low net charge (
ttachment of protons). The pulsed ion optics of the s

rometer is used here for the acceleration of the mole
or further mass analysis and – most importantly – it ac

gate for the incoming ionic aggregates. Varying the
t, i.e., the time between laser pulse and trigger of the
ptics, allows us to monitor different fractions of molecu
f the time dependent desorption process. It is interesti
ote that details of the time dependent desorption proces
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repetition rate of 20 Hz in the energy range between 0.4 and
0.8 mJ pulse−1 was generated with a difference frequency
generator (Inrad, Autotracker III). The wavelength was tuned
at the blue side of the OH bulk absorption band of water in
the range 2550–2850 nm. The IR beam was expanded and
tightly focused onto the liquid beam reaching an intensity of
about 108 W cm−2 in the focal plane. The size of the focus
(d= 50�m as measured with a knife edge technique) was still
significantly larger than the water filament size (by purpose in
order to avoid plasma formation). A 1.5 mm diameter skim-
mer (Beam Dynamics) placed at a distance of 10 mm in the
direction perpendicular to both the liquid and the laser beam
forms the entrance aperture of a reflectron time-of-flight (re-
TOF) mass spectrometer (Kaesdorf, Type RTF10) equipped
with a large area (40 mm diameter) microchannel plate de-
tector (Burle, 10�m pore size). Only positive ions could be
detected with the current electronics. In the present setup
no ion optics is used for steering and manipulating the ions
in front of the mass spectrometer. The repeller and extrac-
tion electrodes of the mass spectrometer are switched to high
potential (typically 3–6 kV) after a variable delay time�t al-
lowing for the acceleration and subsequent mass analysis of
the charged species that just reached the acceleration region
of the mass spectrometer. In front of the detector the ions were
post-accelerated to 10 kV in order to improve the detection
efficiency. Time-of-flight spectra were recorded after ampli-
fi ard
( ed in
a ces
i s of
a mass
s sed.

ined
f Cy-
t al-
b ity).
A was
s co-
t eck
g the
D ater
( fer)
w -
o the
a cid.
B chle-
i

3

3
d

l re-
s of

Fig. 2. (a) Mass spectrum of a DNA oligomer with the sequence 5′-
GCCGCGGC-3′ (C76H98N32O49P8, 2490 Da) at pH = 2.EIR = 0.7 mJ/pulse
at 2800 nm. Concentration: 5× 10−5 M. The number on top of the peak
labels the charge state (+2 not observed). The small lines marked with an
asterisk around the parent mass peak of the DNA oligomer are peaks from
protonated water clusters (spacing: 18 mass units), the single peak labelled
by the letter ‘a’ has been attributed to a protonated sulfuric acid adduct
(which had been added to set pH = 2). (b) Mass spectrum of two synthetic
�-peptides (mixture) with nucleobases covalently attached to every third
amino acid side chain in phosphate buffer (pH = 7) (C73H119N25O13 and
C74H119N27O13 at 1553 and 1593 Da).EIR = 0.7 mJ/pulse at 2735 nm. Con-
centrations: 3× 10−5 M each. The number on top of the peak labels the
charge state.

biomolecules in order to explore and extend the range of
applications of the present technique. InFig. 2a a mass spec-
trum is shown for a synthetic DNA oligomer. It is known
that DNA is usually forming negatively charged adducts in
water[11] solution which posed a problem for the present ex-
periment which is designed to detect only positively charged
aggregates. Decreasing the pH value to pH = 2, however, en-
abled us to monitor the DNA oligomer as a singly protonated
species. Doubly charged double stranded DNAs are not sta-
ble under these conditions and therefore we do not expect
doubly charged dimers at the mass position of the singly
cation with a 150 MHz (500M samples/s) 8 bit digitizer c
Acquiris, Model DP105) and further processed and stor
computer. For mass calibration of the time-of-flight tra

n the low mass region (<1000 Da) protonated multimer
rginine (up to the octamer) and in the high mass region
tandards such as insulin, myoglobin, lysozyme were u

Biomolecules used in the experiments were obta
rom different commercial and non-commercial sources.
ochromec from horse heart muscle and bovine serum
umin was purchased from Acros Organics (90% pur
mino acids were obtained from Sigma. Gadomer-17
ynthesized and kindly provided by Schering AG, vis
oxin A3 isolated from mistletoe was provided by the Ze
roup. DNA and�-peptide oligomers were synthesized by
iederichsen group. All molecules were dissolved in w

Merck, LiChrosolv) at near neutral pH value (added buf
ith concentrations between 10−4 and 10−5 M and used with
ut further purification. If necessary (in the case of DNA)
cidity of the solution was increased by adding sulfuric a
efore the measurement the solutions were filtered (S

cher and Schuell, 0.45�m) and degassed.

. Results and discussion

.1. Applications of liquid beam mass spectrometry to
ifferent types of biomolecules

In the present article we summarize experimenta
ults for molecules that belong to different families
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charged monomer. This feature of the desorption techniques
appears interesting because it enables the investigation of
biomolecules present in their anionic form in solution in the
positive ion detection mode of the experiment. In recent in-
vestigations Gupta et al.[20] have demonstrated that double-
stranded DNA-drug complexes can also be observed with the
electrospray technique in positive ion mode. For liquid beam
desorption mass spectrometry it appears clear, however, that
pH sensitive molecules or weakly bound aggregates of DNA
may better be investigated in the negative ion mode[11].

A mass spectrum of two�-peptide decamers with nucle-
obases covalently linked to every third amino acid side chain
is displayed inFig. 2b [21]. Structurally in these synthetic
oligomers a non-charged peptide backbone is combined with
DNA nucleobases (Fig. 3a) as it is well known from pep-
tide nucleic acids (PNA). On the other hand, these oligomers
represent peptide secondary structures with the potential for
non-covalent interactions[22]. Singly and doubly protonated
adducts are formed and were easily detected in the positive
ion mode at pH = 7 (buffered solution). The two close peaks
in Fig. 2b correlate with the two oligomers that differ only
in the nucleobase sequence (smaller peaks close to the par-
ent mass peaks belong to water clusters). It is worth noting
that beyond the fact that the two PNA oligomers (mixture)
are desorbed softly the relative intensity of the mass peaks
nicely reflects relative concentrations in solution.

4 Da
m po-
t aphy
a asic
g to
p any
p r.

x-
i
c ap-
p own
t odu-
l est-
i was
i
s
a
A roto-
n of the
s e of
t activ-
i via
m

hat
l ng al-
t harge
m ent
( in so-
l the
f

3.2. Quantitative detection of biomolecules in solution
via laser induced liquid beam desorption mass
spectrometry

An important issue for the analysis of biomolecules with
mass spectroscopy is to make quantitative measurements of
the biomolecules in solution. While the sensitivity of mod-
ern mass spectrometers employing ESI and MALDI is quite
impressive, quantitative measurements of biomolecular con-
centrations is still a major issue. The non-linearity or the semi-
quantitative behavior mainly stems from the soft desorption
technique. It is well known that MALDI-MS is a beautiful
technique but it is intrinsically non-linear and its limitations
in the quantization are likely due to the still poorly char-
acterized desorption process and the detour via an artificial
matrix. Also ESI-MS is not without problems if quantitative
measurements are required. The relationship between sig-
nal intensity and original analyte solution concentration has
been studied extensively[25–28]. A typical relation between
ESI-MS response and concentration is characterized by two
distinct regions. The first region, often referred to as the lin-
ear dynamic range, represents a concentration range from
the lower limit of detection up to about 10−5 M, where the
signal response increases linearly with increasing concentra-
tion. In a second region encompassing progressively higher
concentrations, the signal intensity levels off and may finally
e
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Fig. 4a shows a mass spectrum of gadomer 17, a 1745
acromolecule bound to 24 gadolinium atoms which is a

ential contrast medium in magnetic resonance tomogr
nd neutron radiography. Due to the large number of b
roups in the molecule (seeFig. 3b) which are accessible
rotonation the detection of the molecules did not pose
roblems in positive ion mode of the mass spectromete

In Fig. 4b a spectrum of viscotoxin A3 is shown. Viscoto
ns are toxic proteins isolated fromViscum albumL. They are
ystein rich basic microproteins (46 amino acids) with an
roximate molar mass of 5 kDa. Several isoforms are kn

o date which have been shown to have both immunom
ating and cytotoxic properties, with the latter being inter
ng for complementary cancer therapy. Viscotoxin A3
solated from mistletoe (Viscum albumL.). Its structure in
olution has been characterized via NMR spectroscopy[23]
nd X-ray diffraction[24]. As cytochromec the viscotoxin
3 contains many basic amino acids that are easily p
ated in the experiment and enable an easy detection
ingly and doubly protonated species in positive ion mod
he spectrometer. In future experiments the membrane
ty of this molecule in membrane models may be studied

ass spectrometry based methods.
Although, the mass resolution obtained is still somew

imited the present approach appears to be an interesti
ernative to other established techniques to desorb low c
olecular aggregates directly from their natural environm

i.e., water) and to measure biomolecule concentrations
ution quantitatively, a topic that is discussed in detail in
ollowing section.
ven decrease as concentration is further raised[29]. A fur-
her complication is that the increase in the linear range
he concentration where transition into the “level off” reg
ccurs, are different for ions of different charge state.

Often “molecular standards” circumvent the problem
technique is not linearly responding to different con

rations in solution. This problem is particularly sever
oncentrations in the solution phase are actually chan
nd if mass spectrometry is chosen to be the techniq
easure these changes. Therefore, there is a large d

or quantitative biomolecule analysis beyond the powe
nd well established MALDI and ESI-MS techniques. O

echnique that is relatively new as opposed to the latter
s laser induced liquid water beam desorption mass s
rometry. Nevertheless, it has not been demonstrated
rto that the technique can monitor solution concentra

inearly and in a quantitative way. A special aspect of
resent study was the question whether liquid beam
rption and subsequent mass spectrometry in the gas
rovides a quantitative tool for measuring concentration
iomolecules in solution. InFig. 5 the concentration depe
ence of the gas phase mass peak (MH+) for bovine serum
lbumin (∼66 kDa) in 10 mM ammonium acetate buffer

ween 10−3 and 10−6 mol/l is displayed. In the insert
ig. 5a mass spectrum for 10−4 M solution of BSA in wate
with 10 mM NH4Ac buffer) solution is shown. Quite im
ressively, we found that the gas phase signal of singly p
ated BSA from water solution is linear over a concentra
ange of at least three orders of magnitude making the
ique a promising quantitative tool for online monitoring
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Fig. 3. (a) Structure of two synthetic�-peptide oligomers (C73H119N25O13 and C74H ota]-
trismesin-acid-hexa(trilys)-kaska-polymer abbreviated gadomer 17 (C585H927Gd24

biomolecules in solution. This feature is not unique for BSA
but has also been observed for many other molecules. Time
resolved studies of changing concentrations in solution would
enable to measure true rate constants of processes involving
biomolecules in solution.

3
l

uid
b ond
119N27O13) of mass 1553 and 1593 Da. (b) Structure of 24Gd[gly-med
N165O213, 17454 Da).

.3. Mechanism and salt concentration dependence of
iquid beam desorption

A complete treatment of all mechanistic aspects of liq
eam desorption with an infrared laser is certainly bey
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Fig. 4. (a) Mass spectrum of singly protonated (MH+) gadomer 17
(C585H927Gd24N165O213, 17454 Da).EIR = 0.6 mJ/pulse at 2800 nm. Con-
centration: 3× 10−5 M. pH = 7. (b) Mass spectrum and charge states
(M + 2H+ and MH+) of viscotoxin A3 (C201H328N62O64S6, 4829 Da).
EIR = 0.6 mJ/pulse at 2800 nm. Concentration: 3× 10−5 M. pH = 7.

the scope of the present article. However, the main ideas and
a few mechanistic features will be highlighted here in order
to rationalize the observed mass spectra. One may anticipate
from the very different approach that the condensed phase-to-

Fig. 5. Concentration dependence of the gas phase mass peak (MH+) for
bovine serum albumin (∼66 kDa) in ammonium acetate buffer between 10−3

and 10−6 mol/l (M). In the insert the mass spectrum for 10−4 M solution of
BSA in water (with 10 mM NH4Ac buffer) solution is displayed.

vacuum transfer of molecules and the “ionization process” in
the case of liquid beam laser desorption is different from ion
generation in the electrospray and the solid matrix desorption
technique. Although, a direct ion evaporation from the liquid
phase can be ruled out due to the large solvation energy, it is
not clear, however, how the molecules are isolated and ejected
at all from a hot water filament without destruction, as well
as how and where are they charged, which is a prerequisite
for mass spectrometric analysis.

As in the MALDI process we use laser absorption in a (liq-
uid water) matrix to convert laser light energy into heat and
to eject molecules and molecular aggregates from the (dis-
integrating) matrix. Depending upon the homogeneity and
characteristics of laser photon energy deposition (being a
function of laser energy, intensity, pulse length, and wave-
length) in the liquid filament we may distinguish three cases:
(i) supercritical gas expansion (case A), (ii) explosive thermal
(spinodal) decomposition (case B), and (iii) shock wave dis-
persion (case C). In the following we will provide evidence
and support for our hypothesis that the present experimental
results are mostly consistent with a case B/C scenario and
competition between these two cases.

Coming back to the question how the molecules are ejected
and charged it is simple to show that the energy input is suffi-
cient to completely evaporate the water jet. If we assume that
for a 0.5 mJ pulse about 1/5 of the energy strikes the water
fi h is
1 f the
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rradiated water volume. In principle, the energy input co
e sufficient to physically disrupt the beam and eject su
eated droplets or hot gas with biomolecules or both e

n an ordinary spinodal decomposition or via a superc
al phase expansion. The mechanism and origin of the
harging of the biomolecules is also crutial but neverthe
ot well understood. Brutschy and co-workers[9–11]and we

13,14]have argued recently that under certain circumsta
he heating of the volume to a supercritical phase may b
owed by an explosive expansion of the laser heated vol
hich accelerates solvent as well as solute molecules. D

he expansion the density and the dielectricity constant o
ater environment decreases andpreformedions/aggregate
re “isolated”. However, due to the reduced shielding o

ons anions and cations recombine to a large extent suc
nly a small fraction of ions can be detected in the ex

ments. Brutschy has termed this small fraction the “lu
urvivors” of the thermal supercritical phase expansio
n laser impact the microfilament is disrupted and dispe

nto hot droplets that contain charges, these droplets
vaporate and pass the charge to the embedded biomo
t is known from the spray techniques that even with
arge electric fields droplets can be charged[30,31], so tha
vaporating droplets can concentrate proton charges on
iomolecules they contain. Interestingly, Faubel et al.
hown that a fast flowing microwater filament can be cha
o some extent depending upon the pH value of the sol
hich was explained with a non-equilibrium electroche
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cal diffusion current model (electrokinetic charging)[32]. In
contrast, spinodal decomposition nominally should produce
biomolecules in their ground state (i.e. uncharged) but that
could subsequently pick up one or two charges from gas phase
proton transfer processes. It should be noted, however, that
recent LILBID experiment under solute competition condi-
tions in Brutschy’s group and our own experiments do not
show a pronounced correlation of the MS signals with gas
phase proton affinities of the solutes.

The scenario of a homogeneous supercritical phase im-
plies that the heat exposure can easily give rise to fragmen-
tation which is hardly observed. Also from high speed pic-
tures of the desorption process (such as displayed inFig. 1)
a more or less isotropic (depending upon the wavelength and
the penetration depth of the laser) expansion of a mixture of
hot gas and droplets of various sizes as well as recondensing
gas phase rather than an expansion of a homogeneous (su-
percritical) phase is supported. As we will show later, also
the associated velocity distribution of desorbed clusters does
not support the picture of a simple expansion of an enthalpy
limited seeded beam.

The evaporation of charged droplets that pass their charge
to the embedded biomolecules may be attractive at first
glance. However, 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
∼ ted
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recently been reviewed by Karas and Kruegr[36] While the
velocities of desorbed molecules in the second fraction are
expected to be close to the enthalpy limited velocity of a hot
seeded molecular beam the velocities of the first fraction can
be much higher. From simple density arguments and features
of shock wave desorption we anticipate that the molecular ve-
locities, the aggregate size and the temperature of the ejected
water aggregates (nano-droplets/aggregates) is likely differ-
ent for different fractions.

In the present case the charge of biomolecules is due to
protonation if no other cations in large concentrations are
present in solution (e.g., Na+). If the pH is decreased, e.g.,
by adding acid, the detectable “ion yield” in the gas phase
increases until saturation. Normally, measurements are made
in buffered solution at around pH = 7. The ionization now is
assumed to depend upon the probability of finding a proto-
nated species (water or biomolecule) in a certain (dispersed
and isolated) volume that depends upon its concentration and
upon the distribution of counter ions in solution. The prob-
ability per unit volume of finding an ioni at the origin and,
simultaneously, an ion of speciesj at the pointRij is [37]
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(R > a). (2)

The totality of all shells surrounding the cation at the or
ust carry a negative charge just equal to the positive ch
f the ion,
∞

a

4πR2qi(R) dR = −Zie. (3)

Combination of Eq.(2) and the Poisson equation lead
he Poisson–Boltzmann equation that enables us to dete
he potentialΦi [37],

i = Zie

4πε0D

eκa

1 + κa

e−κR

R
, (4)

ith D being the dielectricity constant and

=
√

e2

ε0DkBT

∑
α

Z2
α

Nα

V
. (5)

−1 is in turn identified as the Debye screening lengthlD. It
an be regarded to be a measure of the decay of the “ion c
round the central ioni. It is important to realize thatlD is
roportional to the square root of the total ion concentra
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The point now is that if we disperse the liquid into droplets
or spheres that are smaller than the Debye screening radius
there is a good chance to obtain charged sphere or aggregates
(microsolvated molecules). At the same time the probability
of having two charges in the sphere is much smaller. The lat-
ter appears to be closely linked to the appearance of (low)
charge states in the experiment. If the ion concentration be-
comes larger (addition of salt), the Debye screening length is
decreasing. For a constant dispersion (droplet size) the prob-
ability of obtaining a net charge on the dispersed/isolated
aggregates is decreasing for decreasinglD according to Eqs.
(2)–(5).

Although, other mechanisms of charging droplets and mi-
crobeams exist we propose the above to be mainly responsible
for the “ionization process” in liquid microbeam desorption.

Electrokinetic charging of the fast flowing beam can be
controlled by the pH value of the liquid water and displays a
sigh reversal at pH = 7. Since biomolecules can be desorbed
efficiently at pH-values smaller or higher than 7 as cationic or
anionic adducts we conclude that such charging effect is not
dominant for the desorption process of charged species. For
sprays it is known that droplets may be generated with many
charges. Charging of liquid droplets has been explained by
the Lenard spray electrification mechanism[38], as arising
from the electrical double layer of a liquid surface. Randomly
charged droplets (2–50�m) of both polarities are found to
f zero
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Fig. 6. Sequence of desorption experiments for cytochromec in water solu-
tion with different delay times�t for 0.5 mJ/pulse (λIR = 2800 nm) desorp-
tion energy. Note: the protonated cytochromec is not fragmented at any time.
Spectra show two prominent peaks, namely singly and doubly protonated
cytochromec atm/z= 12500 and 6250 Da, respectively (the doublet struc-
ture of the parent stems from small impurities rather than adduct formation
or fragmentation).

tween 5 and 7�s. The larger the absorbed energy (desorption
laser pulse energy) the earlier the first fraction is observed in
the experiment (note that a time delay of the ion optics of
5 and 12�s corresponds to a molecular velocities of 6500
and 3500 m/s). The corresponding molecular velocities sug-
gest that the first fraction of molecules is ejected by a strong
shock wave desorption. These high velocities are well above
the predictions for enthalpy limited hot gas expansions. Nev-
ertheless, the later phase of the ejection we attribute to a
thermal explosive decomposition and expansion (as apposed
to the first non-thermal process).
ollow a Gaussian distribution with the average charge
nd a mean square chargeq2

av proportional to droplet volum
39]. Leontovich applied the theory of fluctuations to the
nergy of electrolytic solutions[40] and Natanson applie

he Boltzmann probability to the energy of formation o
harged spherical region within an electrolytic solution
he presence of thermal motions[41]. They obtained a n
eutral Gaussian charge probability withqav ∝ √

c assuming
hat a spray process does not alter the charge distrib
39]. However, the predictions from these approaches d
ppear to be consistent with the experimental observa
see Sections3.2 and 3.3).

In order to provide evidence on the mechanistic feat
f the liquid beam laser desorption process we summa

ew experimental observations below.
Cytochromec is an electron-transporting protein with

eme prostetic group bound to cystein 14 and 17. In
resent experiments 10−5 M cytochromec (12500 Da) wa
esorbed from different solutions in order to study the

ures of the desorption process and the dependence of
ciency of the process at different ion concentrations (a
alt or buffer). InFigs. 6 and 7we have given an overview
ifferent experiments with different delay times (seeFig. 1b),

.e., times of the trigger of the ion optics relative to the d
rption laser pulse, in which we probe the velocity distr

ion of desorbed species schematically depicted inFig. 1b.
hile Fig. 6summarizes experiments for 0.5 mJ/pulseFig. 7

isplays results for 0.7 mJ/pulse for similar focusing co
ions. Depending upon the laser energy in the experi
nd the desorption process cytochromec is observed first be
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Fig. 7. Sequence of desorption experiments for cytochromec in water
solution with different delay times�t as in Fig. 3 but for 0.7 mJ/pulse
(λIR = 2800 nm) desorption energy. Note: the protonated cytochromec has
lost its heme group at long delay times (12�s).

While in the first fraction only the singly protonated
species are observed, at later times also higher charge states
are visible. After 12�s delay time the signal vanishes. It is
worth noting that for 0.5 mJ pulse energy the cytochromec
protein is not fragmented at any time whereas for 0.7 mJ the
heme group is lost at longer times (12�s delay time). Both
observations appear to be consistent with our conjecture that
in the first phase of the desorption/dispersion nearly desol-

vated molecules or molecules with a thin solvent layer at not
too high temperatures are desorbed. From the experiments
we conclude that the water content (“droplet size”) and the
temperature increase for increasing delay (seeFigs. 7 and 8)

Fig. 8. (a) Time-of-flight (TOF) spectra of arginine (0.01 mol l−1) as a func-
tion of delay timeTD for a higher desorption energy (0.75 mJ); (b) time
dependent time-of-flight (TOF) spectra of arginine as in (a) for a lower des-
orption energy (0.5 mJ). Note: for these experiments the time-of-flight scale
is mot converted into a mass scale. While the peak at 19�s corresponds to
the protonated amino acid parent the peak at 27�s correlates with the singly
protonated dimer.
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which may be characteristic for fast non-thermal shock ejec-
tion and a subsequent thermal explosive decomposition. At
early time the probability of finding two charges in the sphere
(biomolecule with a more or less pronounced water layer) is
low but increases with the size of the sphere (droplet). This
may explain the features of the charge states in the present
experiments. In addition in high temperature water at high
densities the ion product of water is much larger than at ambi-
ent temperature[42,43]. The presence of excess hydronium
ions (H3O+) under these conditions may strongly enhance
protonation of basic sites of the solvated molecules and in
turn their detection in the form of ionic aggregates.

For the larger desorption energy we find that at later times
the high temperature of the larger nano-droplets causes a
heme-group fragmentation consistent with the assumption
that the aggregates are larger and hotter at later times and
have the temperature as well as time to boil off the water
completely. It is interesting to observe that for the lower des-
orption energy the molecules are not fully desolvated as can
be seen from the asymmetric mass peaks. This asymmetry
increases for increasing delay time which is consistent with
the picture that the droplets at later times are larger and the
temperature is in this experiment not high enough to fully
desolvate the biomolecules for reasons we have explained
above.

In order to test the mechanistic concept we have des-
o so-
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is followed by a thermal (spinodal) decomposition that re-
leases larger droplets with a higher temperature. For the final
fraction the temperature appears to be so high that complete
desolvation and dissociation of multimers occurs. This pic-
ture is further supported by similar experiments inFig. 8b. In
this case the early fraction due to shock wave desorption is
missing and the slower thermal desorption possibly releases
larger hot droplets (2500–3000 m s−1) that can, however, not
completely boil off the water during their flight time. Also
in this case the pattern of the water clusters indicates larger
nano-droplets for increasing delay time.

In another type of experiment we have added NaCl and
ammonium acetate (acting as a buffer) to the water solution.
In Fig. 9a) the dependence of the signal of the singly and
doubly protonated cytochromec on NaCl concentration is
displayed. If salt, beyond 1 mM up to 100 mM is added a

Fig. 9. (a) Mass peak intensities (abundance) for singly (filled circles) and
doubly charged (filled squares) cytochromec in water for different NaCl
concentrations at�t= 7.5�s and for 0.5 mJ/pulse (λIR = 2800 nm). For con-
centrations less or equal to 10 mM the ratio of H+ to Na+ adducts is larger than
10 and approaching≈1 at 100 mM. (b) Mass peak intensities (abundance) for
singly and doubly protonated cytochromec in water for different ammonium
acetate concentrations at�t= 7.5�s and for 0.7 mJ/pulse (λIR = 2800 nm).
rbed a much smaller molecule, i.e., arginine in water
ution (0.01 mol l−1). In Fig. 8arginine time-of-flight spectr
re displayed for two desorption conditions, namely 0.5
.75 mJ. While the peak at 19�s corresponds to the prot
ated amino acid parent the peak at 27�s correlates with th
ingly protonated dimer. Even higher multimers are see
he present high concentrations. For the present case th
er clusters can be resolved easily. Interestingly, for the h
esorption energy (Fig. 8a) we observe desolvated pro
ated arginine and the singly protonated arginine dimer
elative abundance of monomers and multimers very li
oes not reflect their equilibrium concentration in solu
ut is a consequence of the overall high concentration
he probability of finding two molecules in the dispersed
me (nano-droplet). Consistent with the experiments on

ochromec in the higher energy desorption a first fract
f molecules with high desorption velocities (6500 m s−1)
n intermediate fraction and a fraction with a velocity
500 m s−1 can be observed. While the first and fast frac

s completely desolvated the intermediate is not. Here
bserve large water clusters and even higher multime

he final fraction the molecules are again completely de
ated and the abundance of multimers is deceased again
ignature is nicely consistent with the cytochromecdata and
ur picture that for early times the molecules are deso
ia shock wave desorption with high velocities as nearly
lvated molecules or not too hot small water aggregates

he intermediate fraction the droplet size but not the tem
ture is likely increased resulting in incomplete desolva
nd a higher abundance of multimers. The shock desor
-
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strong decrease of the overall signal is observed in qualita-
tive agreement with Eqs.(2)–(5). Interestingly, the decrease
for the higher charge states is more pronounced than for the
singly charged aggregates, which is also consistent with Eqs.
(2)–(5), implying that it is possible to shift the charge state
distribution by adding electrolyte to the solution. Such an
effect is also well known for the electrospray process[44].
From an analytical point of view[45] it is important to note
that even for physiological solutions whose concentration is
close to the highest concentrations investigated in this study
biomolecules can be desorbed from the solution and analyzed
without special preparation of the solution (removing salt).

For pH-sensitive biomolecules the pH value has to be sta-
bilized with an added buffer. In a separate series of exper-
iments we have investigated whether added buffer modifies
the desorption process and in turn the mass spectra. InFig. 9b
we have displayed experiments in which ammonium acetate
(NH4Ac) is added to the solution. As inFig. 4a we display
the intensities of the mass peak for the singly and doubly
charged cytochromec as a function of NH4Ac concentra-
tion. In this case the delay time of the experiment is similar
to that in Fig. 4a. As in the previous case the addition of
the ammonium acetate decreases the intensity of both charge
states, however, the doubly charged species is much more
affected (reduced). As is visible inFig. 9b mass spectra can
be recorded even much beyond the 100 mM concentration
o neral
b
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locity distribution of desorbed species using an ion optics
acting as an ion gate. The observed molecular velocities of
desorbed protonated species and aggregates provide firm ev-
idence for an interplay of an explosive thermal and a shock
wave dispersion of the microfilament controlling the ejection
of hot nano-droplets and microsolvated molecules. Charging
and charge states of the biomolecules appear to be correlated
with the Debye screening length of electrolytic solutions.
Future molecular dynamics calculations similar to those of
the Garrison group may shed more light into the intriguing
laser induced desorption/dispersion process associated with
microwater beams in vacuum[46,47]. A further interesting
aspect is whether the present experimental results are relevant
for pulsed laser ablation of tissues which contain between 60
and 90% liquid water[48].

The general goal in biomolecule mass spectrometry is to
produce a gas-phase molecule that is completely desolvated
implying that solvent disruption and molecule ejection is not
enough but also the molecule must be heated sufficiently
to boil off any residual solvent from its surface. This pro-
cess may be important for cooling and stabilization of the
biomolecule. Heating the molecule sufficiently to desolvate
it on a short timescale without fragmentation is a delicate
balance that appears possible with the present method. In the
field-free drift region the molecules have several microsec-
onds for the desolvation. This is a quite long time, such that
t sit-
u e,
t here-
f ore
f

A

ngs-
g eich
3 veral
a help
i M.
B ech-
a rate-
f

R

se,

p.

97)

ass
f ammonium acetate, a feature that is important for ge
iomolecule mass analysis.

. Summary and conclusions

In summary, we have highlighted several application
iquid beam desorption mass spectrometry for the an
is of biomolecules. In particular, cytochromec, viscotoxin
3, synthetic DNA oligomers and nucleobase substitute�-
eptides, bovine serum albumin, as well as specifically
igned macromolecules for special pharmaceutical app
ions have been desorbed from water solution and ana
ith time-of-flight mass spectrometry. For the desorptio
ytochromec the tolerance of salt and buffer concentra
as been measured. A special aspect of the present
as the question whether liquid beam desorption and s
uent mass spectrometry in the gas phase provides a qu

ive tool for measuring concentrations of biomolecules (e
n mixtures) in solution. With BSA as an example we h
emonstrated that the gas phase signal of singly proto
SA from water solution is linear over a concentration ra
f at least three orders of magnitude making the approa
romising quantitative tool for time resolved monitoring
iomolecule concentrations in solution.

Beyond the demonstration of several applications of
echnique, mechanistic aspects such as the nature of th
rption process are addressed. With a field-free-drift t
f-flight approach we were able to monitor features of
esorption process by selecting fractions of the broad
-

-

he biomolecules need not to be exceptionally hot. This
ation is different for MALDI with direct extraction. Ther

he biomolecule must desolvate in nanoseconds and t
ore must be much hotter which in turn may result in m
ragmentation.
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