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The study of biomolecular structure
has improved through the use of
MALDI-ion mobility/orthogonal time-
of-flight mass spectrometry.

In the past 10 years, two scientific developments in disparate
fields have produced new approaches to biomolecular structural
analysis. The first is easy-to-use, high-performance mass spec-

trometers coupled with the new methods of MALDI (matrix-assist-
ed laser desorption/ionization) and ESI (electrospray ionization) for
ionization of large biomolecules. These instruments, with their high
resolution, detection limit, and accuracy, have allowed the meas-
urement of biomolecules from as little as a few femtomoles of mate-
rial. The second is the Human Genome Project, as well as other
animal and bacterial genome sequencing, which has provided huge
databases that can be searched by molecular weight, isoelectric point,
hydrophobicity index, amino acid sequence, or composition.

A useful improvement in mass spectrometry (MS) for surface
analysis is the recent appearance of an instrument that efficient-
ly combines MALDI with ion mobility/orthogonal time-of-flight
(MALDI-IM-oTOF) MS. IM is a well-established technique
that separates ions based on how rapidly they drift through a
gas (usually inert helium) under the influence of an electric field.
The ion’s drift velocity is determined by its shape (charge-to-
volume ratio); hence isobaric ions from different chemical fami-
lies can often be separated.

IM was first coupled to oTOF MS in a series of complex
experiments in the late 1960s at Bell Laboratories (1). Howev-
er, the limitation in the practical use of the combination of IM
with oTOF MS has always been the severe losses, during trans-
port and focusing, of ions from the high-pressure IM cell through
a differential pumping region and into the mass spectrometer.

Recent enabling technology in the form of a medium-pres-
sure IM cell designed by Gillig and Russell (2) has solved this
problem. They have pioneered its use in many of the recent
applications involving MALDI-IM-oTOF. Thanks to this new
cell, MALDI-IM-oTOF prototype performance is rapidly
approaching the detection levels of MALDI, and the tech-
nique has a sensitivity that is superior in many applications
because of the elimination of chemical noise and spreading of
random noise over a 2D space instead of 1D. Furthermore,
because the cell can operate at 10 Torr, the mobility drift time
of many important molecules <2000 amu is <1 ms, so the
desorption laser can be operated at 1-kHz pulse repetition
frequency. Thus, the MALDI-IM-oTOF technique provides a
way for chromatographic separation within the time between
laser shots and therefore is perfect for the analysis of biomole-
cules from complex biological systems and surfaces for which
off-line chromatographic cleanup is not an option. Such is the
case for analysis of intact microorganisms and tissues, where the
interest is in the spatial distribution of both biomolecules and
toxic compounds.

MALDI-IM-oTOF is also the only available method that can
simultaneously give both molecular weight and information on
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the conformation of the biomolecular ions desorbed from such
surfaces. Intensive biological research using MS is taking place
in the following fields: proteomics (3); protein structure–func-
tion relationships, with the aim of designing new therapeutic
drugs; direct study of intact tissue samples to find biomarkers
in diseased tissues; and—because of the threat of biohazards—
the detection of microbial aerosols and toxic gases. MALDI-
IM-oTOF should be an important asset in molecular recogni-
tion and structural assignment for all these important areas of
research and technology.

Instrumentation
A schematic diagram of the MALDI-IM-oTOF instrument is
shown in Figure 1. We briefly summarize its operation follow-
ing the outline of a paper (4) that gives a more detailed descrip-
tion of an advanced instrumental prototype, some new applica-
tions, and more detailed references to previous work.

MALDI ions are formed by standard laser desorption from
surfaces deposited with standard MALDI matrix preparations.
In contrast to traditional coaxial MALDI-TOF spectrometers,

however, the desorption is into the He-filled IM cell. Because
the He pressure is typically between 1 and 10 Torr, the desorbed
ions travel only a few millimeters until they are collisionally
cooled. After the desorption, the ions drift under the influence
of an electric field (a few kiloelectron volts) that is applied through
linear resistors to each of the mobility cell electrode elements (see
Figure 1).

The ions separate by shape (charge-to-volume ratio) in the
IM cell after drifting for ~1–2 ms for a peptide that has a mass-
to-charge ratio (m/z) of 2000. The IM-separated ions are care-
fully focused through a 500-µm differential pumping aperture,
formed into a nearly parallel beam of ions, and injected with ~20
eV of kinetic energy into the orthogonal extractor of the TOF.
After the extractor region fills for 20 µs, a 1500-eV extraction
pulse is applied to the orthogonal extraction plates, and the ions
are injected into the reflector and appear at the detector, where
they are sorted by time of flight (which can be converted to m/z).
The light ions in the extractor arrive sooner and the heavy ions
arrive later. A complete time-of-flight spectrum is acquired every
20 µs during the entire 2-ms IM spectrometer elution time. 

Thus, in this example, we would acquire 100 complete mass
spectra during the 2-ms elution. These 100 values of IM drift time
and the corresponding m/z of all types of ions that have eluted
at each mobility time are saved in a large memory array. The
laser, which operates at 500 Hz, is then fired again, and the entire
process is repeated until the statistics in the array are of sufficient
quality for the desired analysis. At this point, the PC generates
a 2D contour map of IM drift time as a function of m/z.
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The mobility resolution is typically ~50, and the mass reso-
lution of our small TOF spectrometer is 2500 at m/z 2000. At
this time, instrumental detection levels at a signal-to-noise ratio
of >50 have been determined for a 1-fmol loading of angiotensin.
Chemical noise, which plagues the low-mass region of high-vacu-
um MALDI spectra, is virtually absent because of the collision-
al cooling in the mobility cell. In addition, random instrumen-
tal noise is distributed over a 2D space of mobility/mass instead
of concentrated exclusively along the 1D m/z axis as in the case
of conventional MALDI spectra. Both of these noise reductions
make possible accurate peak centroiding using only a few tens
of ions in a mobility/mass peak. Good mass resolu-
tion and mass accuracy can thus be obtained from
weak peaks that would otherwise be obscured. 

Applications
Separation According to Composition. Figure 2 shows
the 2D contour plot representation of the IM-oTOF
data from a test mixture comprising three different
pure molecules of known structure: one lipid, one
neuropeptide, and one oligonucleotide. These data
illustrate one of the most important advantages of
MALDI-IM-oTOF instrumentation. Different types
of biomolecules are separated along familial “trend”
lines associated with molecules of a specific type. Devi-
ations above and below each trend line may be up to
2 or 3% within a class of molecules such as the
peptides. Such deviations within a family may arise
from subtle conformational differences from one
peptide compared with the next or from cation adduct
formation giving rise to a change in mobility compared
with MH+ ions. 

Mobility differences between different classes of
molecules differ by ~15%. This is observed for the three

test molecules that were well separated by chemical
class in the mobility drift cell due to their differences
in collision cross sections (Figure 2). The lipid trend
line is drawn through oleyl semi-lysobisphosphatidic
acid and its fragments, whereas the peptide trend line
is drawn through the peptide ion signals resulting from
dynorphin 1-9 molecular ion and its “in-source” frag-
ment ions. Most prominent are the fragment ion of
dynorphin 1-7, as well as y7, y6, y5, loss of water,
and loss of the carboxyl terminal group. The lowest
trend line is drawn through the CATG molecular ion
and corresponding in-source fragments, having a slope
of ~0.13 µs/amu. Note the isobaric separation of the
[ATG + Na+] ion 986.8 and the [dynorphin 1-8]+

ion at m/z 982.2.
Proteomics. The mass spectrometric analysis of

peptide mixtures generated by protein digestion has
become one of the most important scientific under-
takings of this decade.  The main shortcoming of this
analytical technique is the fact that not all protein
fragments generated will ionize with the same effi-
ciency or will even form MH+ ions. This phenome-
non is known as suppression and is mostly due to the
amino acid composition of the fragments. Hence,

peptides containing basic residues (arginine, lysine, and histi-
dine) are the best candidates for ionization because they have
additional amino groups in their side chains to protonate.
Arginine with a guanidinium group (three extra amino groups
and a delocalized positive charge) in its side chain ionizes best;
thus peptides with arginine in their sequence have greater repre-
sentation than other peptides in the mass spectrum. One advan-
tage of IM-oTOF-MS peptide mass mapping is due to the reduc-
tion of chemical noise afforded by the He mobility separation
process before mass analysis, which allows the detection of low-
abundance peptide fragments that would otherwise be buried

Figure 1. Schematic of MALDI-IM-oTOF MS.
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Figure 2. IM MS 2D plot of a short oligonucleotide, a peptide, and a lipid. Note the various
trend lines along which these compounds and their fragments are aligned.



in the chemical noise. Therefore, the use of IM-oTOF-
MS enables an increased coverage of the same digest
coverage of the high-pressure spectra. Early indica-
tions are that phosphorylated peptides slightly, but
significantly, deviate from the average trend line. This
deviation, coupled with detailed isotopic pattern
analysis, may help to identify smaller phosphorylat-
ed peptides from protein digests even without de novo
sequencing (4).

Tissues and Microorganisms. Because of the threat
of bioterrorism, detecting microorganisms has become
an important undertaking. The need for a way to
instantly distinguish between the chemical composi-
tion of a complex mixture of biomolecules and the
generation of a fingerprint for each microorganism—
as well as fingerprint libraries of all microorganisms—
that could be a threat to the population at large has
never been as crucial as it is today.

MS can give molecular weights of the biomolec-
ular content of such organisms. However, suppres-
sion, contaminants, and biomolecules with different chemical
composition but the same molecular weight could make detec-
tion difficult. Under these circumstances, MALDI-IM-oTOF
MS can separate any biomolecular contaminants having the same
molecular weights, because biohazards (whether virulent organ-
isms or toxic gases) are separated along different trend lines, thus
avoiding false positives (Figure 2). Moreover, because the isobar-
ic biocontaminants are themselves separated between the class-
es of glycan, lipid, peptide, and oligonucleotide, each of these
types of biomolecules can be correlated with the presence (or
absence) of impurities. Furthermore, the sensitivity of this
technique improves detection specificity by simultaneously using
mobility shifts and giving a detailed analysis of the isotopic distri-
bution of chlorinated or brominated small molecules (or any
other compound that contains elements that have strong or
unique isotopic distributions). Of course, the major problem in
using complex mass spectrometers is not the MS but how to get
enough of the sample through the instrument quickly (before
people get sick). Initial results suggest that the technique may
also prove helpful in probing intact tissues that are even more
complex than microorganisms.

Search for New Matrices
Particulate matrices have been used for many years. One
major problem that has limited their use, however, is that isobar-
ic interferences from the ablated particulate matrix may inter-
fere with the desired bioanalyte. MALDI-IM-oTOF solves this
problem because the elemental cluster ions from a particulate
are very dense, even compared with oligonucleotides, so they
appear on a faster trend line (they would be underneath the
oligonucleotides in Figure 3 on a trend line with a shallower
slope). Thus, elemental particulate matrices such as carbon
fullerenes or nanotubes can be envisioned. The fullerene parti-
cles, for example, are not only separated, but their presence in
the 2D spectra can be simultaneously used as an internal mass
calibrant. Structures such as porphyrins or other nanocluster
particulates may now become more useful when combined with
MALDI-IM-oTOF. 

Conclusion
MALDI-IM-oTOF MS is a technique with a detection limit and
mass accuracy approaching conventional MALDI instrumenta-
tion. In addition, MALDI-IM-oTOF MS allows the instanta-
neous separation of biomolecules according to their composi-
tion, thus resulting in assignments of ion chemical type based on
their mass and mobility drift time. The work undertaken in sever-
al laboratories supports the use of IM MS as a fast preseparation
technique for complex biomolecular mixtures; it separates
peptides, lipids, and oligonucleotides along distinct trend lines
before mass analysis within the “dead time” inherent in conven-
tional MALDI-TOF MS instruments. Within biomolecules of
the same class, smaller deviations in collision cross section may
provide a large enough difference in mobility drift time to instant-
ly screen biomolecules for the presence of post-translational modi-
fications of peptides, lipids, and oligonucleotides, which could
eliminate the need for more elaborate and labor-intensive MS/MS
techniques. Overall, the ability of the instrument to separate
biomolecules by type and to detect modifications and complex
formations makes it a powerful tool in fingerprinting bioorgan-
isms, and it could greatly simplify the study of tissues. 
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Figure 3. 2D MALDI-IM mass spectrum of a rat brain tissue section.


