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Generation and Detection of Multiply-Charged
Peptides and Proteins by Matrix-Assisted
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(MALDESI) Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry
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We report the coupling of a hybrid ionization source, matrix-assisted laser desorption
electrospray ionization (MALDESI), to a Fourier transform-ion cyclotron resonance mass
spectrometer (FT-ICR MS). The details of the source design and initial data are presented.
Analysis of peptides and proteins ranging from 1 to 8.6 kDa resulted in high resolving power
single-acquisition FT-ICR mass spectra with average charge-states highly correlated to
those obtained by nanoESI, thus, providing strong evidence that the ESI process dictates
the observed charge-state distribution. Importantly, unlike the recently introduced electro-
spray assisted laser desorption ionization (ELDI) source reported by Shiea and coworkers
[1,�2],�the�data�we�have�obtained�to�date�rely�on�the�use�of�an�organic�acid�matrix.�The�results
presented herein provide insight into the charging mechanism of this emerging ionization
approach, while also expanding the utility of FT-ICR MS for top-down protein and complex
mixture analysis. (J Am Soc Mass Spectrom 2006, 17, 1712–1716) © 2006 American Society for
Mass Spectrometry

The field of mass spectrometry has grown tremen-
dously over the past century due in large part to
the continued development of more powerful

ionization techniques, mass analyzer technologies, and
ion dissociation techniques. New ionization techniques
inherently increase the breadth of applications amena-
ble to mass spectrometry, thereby driving the discov-
ery, development, implementation, and refinement of
mass analyzers and ion dissociation methods. The ad-
vent� of� electrospray� ionization� (ESI)� [3]� and� matrix-
assisted� laser� desorption� ionization� (MALDI)� [4,� 5]
resulted in a paradigm shift in the biological sciences
whereby intact biomacromolecules could be ionized
and detected by mass spectrometry.

The benefits of direct analysis of samples under
ambient conditions with minimal or no sample pretreat-
ment has led to the development of a wide range of
novel ionization methods with potentially extraordi-
nary impact in numerous fields (e.g., environmental,
forensics, material science, biomedical). These include
fused-droplet� electrospray� ionization� (FD-ESI)� [6],

laser desorption atmospheric pressure chemical ioniza-
tion� (LD-APCI)� [7],� desorption� electrospray� ionization
(DESI)� [8],� direct� analysis� in� real� time� (DART)� [9],
atmospheric-pressure� solids� analysis� probe� (ASAP)� [10],
and electrospray-assisted laser desorption/ionization
(ELDI)� [1,� 2].� Interestingly,� modern� high-performance
mass analyzers are largely based on hybrid technology
(e.g., coupling of linear ion trap with a Fourier trans-
form� mass� spectrometer� [11])� and,� similarly,� so� are
these new ionization techniques.

Electrospray ionization is inherently well-suited for
FT-ICR MS due to the inverse relationship between
cyclotron� frequency� and� m/z� [12].� Because� cyclotron
frequency dictates mass resolving power, mass accu-
racy, limits of detection, and top-down tandem MS
efficiencies, the multiple charging (lower m/z) afforded
by� ESI� provides� significant� advantages� [13].� Matrix-
assisted laser desorption ionization (MALDI) can also
be coupled to FT-ICR MS where it can be a very
powerful technique for characterizing low molecular
weight peptides and metabolites (�3–5 kDa). MALDI is
a pulsed ionization technique and ESI is continuous; the
ability to analyze multiply-charged clinically-derived
low abundant proteins benefits from the ability to
interrogate them over long periods of time with multi-
ple MS/MS techniques (e.g., CID, SORI, IRMPD, ECD).
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However, because MALDI generates primarily singly
and doubly charged ions, the benefits of FT-ICR MS
are not realized for high molecular weight species.
Thus, an ionization technique that combines the
multiple-charging of ESI and the pulsed nature of
MALDI would be highly advantageous for the top-
down FT-ICR MS characterization of macromolecules
and the analysis of complex mixtures (i.e., high mass
resolving power can be obtained without consuming
material).

Our specific interests in developing a new ionization
source which retained the multiple-charging phenom-
ena but did not require extensive sample preparation
and/or� on-line� separations� was� for� intact� [14]� and� top-
down�proteomics�[15,�16]�as�well�as�the�direct�analysis�of
complex samples (e.g., low molecular weight fraction of
serum)� [17,� 18].� FT-ICR-MS� is� uniquely� suited� for� these
(and other) applications because these applications de-
mand high mass resolving power and mass accuracy.

Herein, we report the coupling of an ionization
source dubbed matrix-assisted laser desorption electro-
spray ionization (MALDESI) to a Fourier transform ion
cyclotron resonance mass spectrometer (FT-ICR-MS).
Our ionization source is in principle identical to the
recently�introduced�ELDI�source�[1,�2].�However,�unlike
ELDI, which does not require matrix, we found that
matrix was necessary to obtain appreciable signal.
Therefore, to differentiate between pure laser desorp-
tion and matrix assisted desorption, we have proposed
the acronym MALDESI. Furthermore, our results also
support� previous� observations� [1,� 2]� that� the� detected
ions were generated by the electrospray process rather
than in the initial matrix-assisted laser desorption event
(vide infra). However, if further experimentation re-
veals that a matrix is not required for a specific appli-
cation, we fully support the use of the acronym ELDI.
The determining factors, which will dictate whether
matrix is required (MALDESI) or not (ELDI), will likely
be the limit-of-detection and the molecular weight
range accessible.

Experimental

Materials

Human bradykinin, angiotensin I, and glucagon as well
as bovine ubiquitin, 2,5-dihydroxybenzoic acid (DHB),
Fluka brand sinapinic acid (SA), and formic acid were
purchased from Sigma-Aldrich (St. Louis, MO). HPLC
grade acetonitrile and high purity water were pur-
chased from Burdick Jackson (Morristown, NJ). All
materials were used as received.

Electrospray solution was prepared by mixing ace-
tonitrile and water (1:1 vol/vol) with 0.1% formic acid.
The organic acid matrix was prepared by dissolving
either 20 mg of SA or 150 mg DHB in 1 mL of the
electrospray solution. The stainless steel sample target
was spotted with a 1:1 (vol/vol) mixture of analyte (1
mg/mL) and matrix, covered, and allowed to dry at

ambient conditions. ESI experiments containing pep-
tides and proteins were electrosprayed from 1 �M
solutions.

MALDESI FT-ICR Mass Spectrometer

Figure� 1� shows� schematics� of� the� MALDESI� source� and
experimental�details.�Figure�1a�and�b�show�the�side�and
front view, respectively, of our overall experimental con-
figuration� of� the� ionization� source.� Figure� 1c� shows� an
expanded side view of the source. In these experiments,
an electrospray solution was directly infused at 400
nL/min through a 75 �m i.d. fused silica capillary and
30 �m tapered PicoTip (New Objective, Woburn, MA)
using a Harvard PHD-2000 syringe pump. The
MALDESI source was custom built in-house and uti-
lized a 337 nm pulsed nitrogen laser (Thermo Laser
Science, VSL-337ND-S, Franklin, MA). Two UV en-
hanced aluminum mirrors (part number 10D20AL.2)
and a UV fused silica convex lens with a 63 mm focal
length (part number SPX017, Newport Corporation,
Irvine, CA) were used to direct and focus the laser
beam, respectively. The sample target plate was affixed
to a XYZ linear stage (part number 460A, Newport
Corporation) for sample positioning.

Figure� 1d� shows� the� experimental� pulse� sequence.
Mass spectra were acquired in positive-ion mode on a
modified ESI-FT-ICR mass spectrometer (IonSpec
FTMS Systems, Varian, Inc., Lake Forest, CA) with a 9.4
Tesla superconducting magnet (Cryomagnetics, Oak
Ridge, TN). The laser was fired 30 times during a 2-s
period, and the ions were accumulated in the external
rf-only�hexapole�[19]�while�the�nanoESI�source�operated
continually. The ions were then ejected from the hexa-
pole, trapped in the ICR cell, excited, and detected. All
spectra reported are single-acquisition, collected with
512 k data points with a digitization rate of 1 MHz, a
Blackman window function applied, and then zero-
filled once before fast-Fourier transform.

Control Experiments

Throughout our investigations, control experiments
were always conducted to verify the MALDESI process.
These included experiments with the laser being fired
without�simultaneous�ESI�to�rule�out�AP-MALDI�[20]�as
the ionization mechanism. Additionally, ESI was estab-
lished�without�a�laser�event�to�rule�out�DESI�[8]�as�the
ionization mechanism. These data are not shown, but in
all cases, the absence of a signal ruled out AP-MALDI or
DESI processes as the ionization mechanism. Further-
more, we did not observe signal without the use of an
organic acid as a matrix, including analysis of tissue
(data not shown), which is contrary to the ELDI reports
[1,�2]�and�may�reflect�specific�source�design�and�instru-
mental parameters.
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Results and Discussion

MALDESI of Peptides and Proteins

Figure�2a�and�b�show�the�single-acquisition�MALDESI
(top) and the ESI (bottom) FT-ICR mass spectra of
bradykinin and ubiquitin, respectively (see text in fig-
ure for details). The neutrals generated from the laser
desorption events appear to be captured and charged
by�the�nanoESI�droplets.� In�Figure�2b,� the� inset�shows
an expansion of the 10� charge state of ubiquitin
demonstrating isotopic resolution was achieved. It
should be noted that the amount of material ablated
from the surface is a very conservative estimate and we
believe it is significantly less.

Figure� 2c� shows� the� average� charge� state� observed
by ESI (x-axis) and by MALDESI (y-axis) for bradykinin
(Figure� 2a),� angiotensin� I� (data� not� shown),� glucagon
(data�not�shown),�and�ubiquitin�(Figure�2b).�The�data�is
highly correlated (slope � 0.98, R2 � 0.9998) providing
strong evidence that ionization is occurring via the ESI
mechanism.

Figure� 2d� presents� approximate� neutral� capture� effi-
ciencies based on the amount of material spotted, size of
the spot, laser spot size, number of laser shots, and the
absolute abundance of each peptide or protein relative
to their corresponding nanoESI spectra. The neutral
capture efficiencies range from 0.002 to 0.02% but we
fully expect to be able to improve this with a capture
cell� or� the� use� of� an� air� amplifier� [21–23].� This� is� an
active area of our research where we will utilize natural

and stable-isotope labeled peptides to accurately quan-
tify overall capture and ionization efficiencies of the
MALDESI process.

Evidence in Support of ESI Charging Mechanism
in MALDESI

To elucidate the role of ESI charging in the MALDESI
process, we performed three experiments. First, an
equimolar mixture of both angiotensin I and bradykinin
were� electrosprayed� with� no� laser� event� (Figure� 3a).
Second, bradykinin was desorbed solely via the
MALDESI process while angiotensin I was produced
via�conventional�ESI�(Figure�3b).�Third,�the�angiotensin�I
was desorbed solely via the MALDESI process while
bradykinin� was� produced� via� conventional� ESI� (Figure
3c).�Figure�3a�shows�the�nanoESI�FT-ICR�mass�spectrum
of an equimolar mixture of angiotensin I and bradyki-
nin.�The�[M���2H�]2��in�Figure�3a�was�observed�to�be
the� dominant� charge� state� as� in� Figure� 2c� with� an
abundance ratio of about 4:1 favoring bradykinin. In-
terestingly,� Figure� 3b� shows� that� even� though� the
bradykinin is produced by the 30 laser shots from the
surface and subsequently captured and charged by the
ESI droplets, bradykinin remains more abundant than
the electrosprayed angiotensin I at 1 �M. Conversely, in
Figure�3c�the�MALDESI-generated�bradykinin�remains
the dominate species while the electrosprayed angio-
tensin I is barely observed. This is consistent with the

Figure 1. (a), (b), and (c) Front and side views of the MALDESI source. (d) FT-ICR MS experimental
pulse sequence.
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ESI�mechanism�observed�in�Figure�3a�where�bradykinin
out-competes the angiotensin I by a factor of four in the
electrospray process. Thus, based on this observation,
one would expect angiotensin I to produce a low

abundance signal, given the combination of charge-
competition with bradykinin and the lower neutral
capture/ionization efficiency of the MALDESI process
(Figure�2d).

Figure 2. (a) and (b) MALDESI (top) and nanoESI (bottom with inverted y-axis) FT-ICR mass spectra
of bradykinin and ubiquitin, respectively. (c) Plot of the average charge state observed for bradykinin,
angiotensin I, glucagon, and ubiquitin via nanoESI (x-axis) and MALDESI (y-axis). (d) Approximate
neutral capture efficiencies of the MALDESI source relative to nanoESI of the same peptides.

Figure 3. (a) NanoESI FT-ICR mass spectrum of an equimolar mixture of angiotensin I and
bradykinin. (b) MALDESI of bradykinin and simultaneous nanoESI of angiotensin I. (c) MALDESI of
angiotensin I and simultaneous nanoESI of bradykinin.
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Conclusions

Clearly, we must better understand the mechanisms of
MALDESI before we can confidently apply it to solve
real biological problems. Given that MALDESI is a
hybrid of MALDI, ESI, and ELDI, there is an enormous
amount of experimental space for which to research.
We are currently in the process of using stable isotope
labeled internal standards to probe the mechanism of
MALDESI and to determine the limits of detection of
our source. Furthermore, we are actively pursuing the
role that the ESI solvent composition, types of organic
acid matrix, and matrix crystal morphology play in the
generation of MALDESI ions. Finally, we are working
on improving sensitivity of the method (e.g., neutral
capture efficiency, ion transmission) including the im-
plementation of the air amplifier. These lines of research
will result in an optimized and reasonably understood
ionization source, which will enable us to commence
applications including intact and top-down proteomic
analysis using a Q-FTICR as well as direct analysis of
biofluids and tissue.
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