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Abstract

Matrix-assisted laser desorption ionization (MALDI)-ion mobility (IM)-time-of-flight (TOF) mass spectrometry (MS) has
been applied to the analysis of enzymatically digested protein mixtures. The IM-TOF MS technique is rapid relative to other
approaches to coupling separation methods with mass spectrometry (e.g., LC–MS, CE–MS, etc.), and MALDI-IM-TOF MS
retains the advantage of reduced chemical noise which makes chromatography–mass spectrometry such a powerful analytical
method. The use of IM separation prior to mass analysis also facilitates the use of internal calibration. MALDI-IM-TOF
MS was evaluated by analyzing low picomole amounts of single proteins and mixtures of proteins digested with trypsin,
without using time consuming “clean-up” procedures (e.g., lyophilization, dialysis, etc.). In all cases, a larger number of
predicted digest fragments and higher amino acid coverages are obtained by MALDI-IM-TOF MS when compared with a
conventional MALDI-TOF MS analysis. There also appears to be less signal suppression in high pressure MALDI compared
to high vacuum MALDI. For example, the ratio of lysine-to-arginine terminated digest fragments appears to be higher in
high-pressure MALDI relative to high-vacuum MALDI. (Int J Mass Spectrom 219 (2002) 253–267)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The growing interest in proteomics underscores
the need for analytical techniques with increased ef-
ficiency and sensitivity[1–5]. Current methodologies
for analyzing protein mixtures (rather than a single
protein) are based on protocols originally introduced
by Henzel et al.[6] in which the protein constituents
of a sample are separated by 2D gel electrophoresis,
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each individual spot on the gel is digested, and the
peptide mass map is acquired by MALDI mass spec-
trometry[7,8]. Although this method has been proven
to be analytically useful, the process is time con-
suming, labor intensive, and relatively irreproducible.
Improving upon this experiment has been a focus of
many research groups over the past decade. For ex-
ample, our laboratory has presented a decompartmen-
talized methodology involving micro-tip separation
and enzymatic digestion. When combined with ther-
mal denaturation, this methodology reduces analysis
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time and provides increased sensitivity[9,10]. We
have also shown that proteolysis in organic solvents
can accelerate protein digestion, and further stream-
line the analysis of protein digests[11]. In addition
to these techniques, significant advances have been
made in interfacing HPLC and CE to mass spectrom-
etry (via electrospray ionization)[12–16]. However,
these techniques suffer from insufficient detection
limits for most proteomic applications, and a low
tolerance toward buffers and salts[17].

Recently, we reported on the utility of MALDI-ion
mobility for the separation of peptide mixtures prior
to TOF mass analysis[18,19], and we have shown
that IM-TOF coupled with surface-induced dissocia-
tion (SID) can be used to simultaneously acquire a
peptide mass map and peptide sequence information
[20]. An advantage of IM-TOF MS is the compatibil-
ity of the separation and mass analysis methods. For
example, ion mobility separations carried out at rela-
tively low pressure (ca. 10 Torr) facilitate interfacing
IM to the high vacuum region of the mass spectrome-
ter, and rapid separation (10–1 ms) is compatible with
the data acquisition rates of TOF mass analyzers[19].

In the low field limit, ion mobility separation is
based on the relationship between the ion’s drift ve-
locity (vd) and the electric field strength (E):

K = vd

E
(1)

whereK is the mobility of an ion in a neutral bath
gas. Drift time through the mobility cell (K−1) varies
with reduced mass (m), collision cross-section (W),
and charge state (z) of the ion as illustrated inEq. (2)

K−1α(µ1/2)

(
Ω

z

)
. (2)

For a series of large, structurally related ions having
the same charge, e.g., singly charged peptide ions with
m/z values of ca. 500–2000,µ is virtually constant and
K−1 is controlled byΩ. AlthoughΩ contains terms
for both hard-sphere collision and ion–neutral interac-
tion potential, the interaction potential term is negli-
gible for large ions[19], and mobility is a function of
the ion’s collision cross-section-to-charge (Ω/z) ratio.
A plot of K−1 vs. m/z is near linear and can be used

to predict elution order and identify ions or groups of
ions [20,21]. We see the predictable, near-linear re-
lationship ofK−1 andm/z as an analytical advantage
over techniques such as high-field asymmetric wave-
form ion mobility spectrometry[22], where no such
predictable value can be associated with the elution
time. Techniques that separate analytes based on a
property that has a direct relationship with mass, such
as GC and PAGE, are routinely used to increase the
predictability of MS results[6,23].

Recent experiments further illustrate the utility of
ion mobility-mass spectrometry for protein and pro-
tein mixture analysis. For example, using ion mobility
separation we detect a much higher percentage of di-
gest fragments resulting in an increase in the observed
amino acids present in a protein sequence (percent
coverage). Our current work focuses on the benefits
this increased sensitivity can provide for the analysis
of complex mixtures of digested protein. This paper
compares results obtained by MALDI-ion mobility-
mass spectrometry and conventional MALDI-TOF
currently used in our laboratory[24]. Although IM
can be used to determine the conformation of ions
in the gas-phase[25,26], the focus of this work is
the increased sensitivity of MALDI-IM-TOF MS for
mass mapping. Ion mobility separation prior to mass
analysis significantly increases the dynamic range for
ion detection and allows the use of internal calibrants
for complex mixture analysis.

2. Experimental

All proteins (horse heart cytochromec, chicken
egg white lysozyme, bovine serum albumin, bovine
hemoglobin�, and bovine hemoglobin�) were pur-
chased from Sigma and sequence grade modified
trypsin was purchased from Promega (Madison, WI).

The protein digest methods used for these stud-
ies have been previously described[9,23]. Briefly,
protein samples were dissolved in 50 mM ammo-
nium bicarbonate (Sigma) and the protein mixtures
were thermally denatured at 90◦C for 20 min. Fol-
lowing this step, samples were placed in an ice
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bath in order to quench the denaturation process.
The single-component protein samples were digested
without using thermal denaturation. All samples were
digested with sequencing grade modified trypsin at
37◦C for 4–5 h. The concentration of trypsin was
maintained at 40:1 (weight of substrate/weight of
trypsin) for all experiments.

The high resolution MALDI-TOF analysis was
performed using a PerSeptive Biosystems Voyager
Elite XL TOF equipped with a pulsed nitrogen laser
(337 nm) in the reflected, delayed extraction (DE)
mode as described previously[24]. In addition, all
samples analyzed using this technique were prepared
using the�-cyano-4-hydroxycinnamic acid overlayer
method [24]. This procedure was selected because
it maximized resolution, reproducibility, amino acid
coverage, and sensitivity for protein digest samples.

The MALDI-ion mobility-o-time-of-flight-mass
spectrometer (Fig. 1) is composed of a 4 cm drift tube
that is maintained at a pressure of 1–10 Torr helium,
resulting in anE/N value of ca. 10 V cm−1 Torr−1

(whereE is the applied electric field andN is the gas
number density in the drift tube). Under these condi-
tions, the mobility resolution is ca. 25. Resolution is
expressed in terms of drift time over peak width (full
width at half maximum height). The ions exit the mo-
bility drift tube and enter the ion source of a 20 cm
TOF mass spectrometer capable of ca. 400 mass

Fig. 1. Schematic diagram of the MALDI-IM-o-TOF MS appara-
tus.

resolution. TOF spectra were acquired at IM drift
time intervals of 2�s to insure complete sampling of
the eluting mobility profiles.

Sample preparation for IM-TOF MS involves
taking 1�L containing 1–10 picomoles of the di-
gested protein and diluting it with a solution of
2′,4′,6′-trihydroxyacetophenone (Sigma) in HPLC
grade methanol (Fischer) to reach a matrix to ana-
lyte ratio of roughly 1000:1. In addition, fructose is
added to this mixture (in a 1:1 ratio with the matrix)
to increase the number of single-shot spectra that can
be taken before the sample spot is depleted, i.e., the
durability of the sample is increased[27–29]. The
analyte was then spotted onto a stainless steel probe
tip in a dried droplet fashion and inserted into the
back electrode of the ion mobility cell. No additional
clean-up steps were used to prepare the sample. Sam-
ple preparation procedures were optimized in terms of
resolution, sensitivity, reproducibility, and amino acid
coverage for MALDI of digested protein performed
at 10 Torr He.

Calibration of the mass spectrometer was performed
both internally and externally during the course of
these experiments. For internal calibration, the isotope
averaged masses of C60

+ (720.642 amu) and C70
+

(840.749 amu) ions were used. The mass–mobility re-
lationship for peptide ions is very different from the
mass–mobility relationship for C60 and C70 (Aldrich)
as shown inFig. 2. Thus, the signals for analyte and
calibrant are easily differentiated. For these experi-
ments, C60/C70 was co-deposited in trace amounts
with peptide mixtures in order to avoid the suppres-
sion of peptide ionization.

Data analysis was performed using Grams/32 soft-
ware utilizing both three-dimensional and contour
style plots displayingm/z vs. mobility drift time (un-
corrected for transit time through the lens system of
the instrument). Data was accumulated for a period of
1 min (operating the laser at 20 Hz) to assure a repre-
sentative spectrum. Peaks in the protein digest spectra
were manually assigned on the basis of signal-to-noise
(S/N) ratios (minimum 5/1) and mass accuracy (+/−
1 mass unit). Spectra were analyzed primarily for
the presence of [M+ H]+ ions, and salt adducts
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Fig. 2. Contour plot of drift time vs.m/z for six peptides: HLGLAR (m/z = 666.8), des-arg9-bradykinin (m/z = 905.0), and gramicidin s
(m/z = 1143.4), substance p (m/z = 1347.6), RRLIEDAEYAARG (m/z = 1519.7) utilizing C60 (m/z = 720.642) and C70 (m/z = 840.749)
for internal calibration. The dotted line (denoting the linear approximation of the peptide mass–mobility relationship in this mass range)
is added to guide the eye.

([M + Na]+ and [M+ K]+) were used as a means of
further confirmation. Under the separation conditions
used in these experiments, alkali adducted peptide
ions co-elute with their respective [M+H]+ ions. The-
oretical digest fragment masses were obtained using
the University of California, San Francisco MS-Digest
Program (utilizing the SwissProt Database) specify-
ing one missed cleavage in the case of bovine serum
albumin, two missed cleavages in the cases of horse
heart cytochromec and chicken egg white lysozyme,
and three missed cleavages in the cases of bovine
hemoglobin� and bovine hemoglobin� [30].

3. Results

Tryptic digests of several single-component protein
samples (horse heart cytochromec, chicken egg white

lysozyme, and bovine serum albumin) were analyzed.
The 3D plot of m/z vs. ion mobility drift time (in
ms) for horse heart cytochromec is shown inFig. 3.
This plot contains 16 identifiable peptide fragments
(13 lysine and 3 arginine terminated digest fragments),
which corresponds to 70% amino acid coverage. The
sequence coverage obtained from an analysis of the
data shown is listed inTable 1. Similar data for bovine
serum albumin is presented inFig. 4. From this data,
we were able to identify 45 digest fragments (32 lysine
and 13 arginine terminated digest fragments), which
corresponds to an amino acid coverage of 66%. The
complete analysis of the data, including sequence cov-
erage, is itemized inTable 2.

A 1:1 mixture of bovine hemoglobin� and bovine
hemoglobin� was digested with trypsin and ana-
lyzed by IM-TOF-MS (Fig. 5). We can identify 22
digest fragments that are assigned to the hemoglobin
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Fig. 3. 3D plot of m/z vs. IM drift time of a tryptic digest of thermally denatured horse heart cytochromec (top). A contour plot
representation of the same dataset (bottom).
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Table 1
List of the observed fragments from a tryptic digest of cytochromec (spectrum shown inFig. 3)

Position Experimental mass Theoretical mass Position Experimental mass Theoretical mass

88–91 534.4 533.6 73–79 807.7 807.0
1–5 548.4 547.6 80–87 908.5 908.2

100–104 563.5 562.6 92–99 966.1 965.1
56–60 605.1 604.7 14–22 1018.9 1019.2
9–13 634.0 634.8 28–38 1170.2 1169.3

87–91 661.2 661.8 28–39 1296.7 1297.5
74–79 678.3 678.8 89–99 1352.5 1351.5
80–86 780.6 780.0 14–22+ heme 1634.6 1634.9

Table 2
List of the observed tryptic digest fragments of bovine serum albumin (spectrum shown inFig. 4)

Position Experimental Theoretical Position Experimental Theoretical Position Experimental Theoretical
mass mass mass mass mass mass

25–28 501.0 500.5 548–557 1144.4 1143.4 437–451 1641.8 1640.9
558–561 510.3 509.6 236–245 1147.3 1146.3 249–263 1694.7 1694.0
101–105 546.0 545.7 66–75 1164.3 1164.3 387–401 1740.4 1739.9
219–222 572.9 572.7 246–256 1296.0 1295.5 508–523 1824.9 1825.1
223–228 649.4 649.8 402–412 1306.8 1306.5 123–138 1846.0 1846.0
156–160 665.9 665.8 558–568 1309.4 1309.5 281–297 1887.1 1886.1
236–241 689.9 689.8 360–371 1441.6 1440.7 89–105 1891.1 1890.2
29–34 713.1 712.8 421–433 1479.7 1480.7 101–117 1892.6 1892.1

341–346 753.3 752.8 483–495 1483.7 1483.8 438–455 1897.6 1898.2
562–568 818.2 818.9 387–399 1497.6 1498.6 139–155 1964.5 1964.2
483–489 842.7 842.0 549–561 1504.8 1505.8 168–183 2047.3 2046.3
161–167 928.3 928.1 139–151 1520.8 1520.7 341–359 2303.3 2302.5
310–318 1017.1 1016.2 347–359 1568.6 1568.7 131–151 2387.9 2388.7
588–597 1050.5 1051.2 361–374 1596.8 1596.9 508–528 2415.0 2415.7
223–232 1140.3 1139.3 184–197 1634.4 1634.8 469–489 2493.0 2492.0

Table 3
List of the observed fragments from a tryptic digest of a mixture of hemoglobin� and hemoglobin� (spectrum shown inFig. 5)

Hemoglobin� Hemoglobin�

Position Experimental mass Theoretical mass Position Experimental mass Theoretical mass

12–16 533.2 532.6 61–65 541.4 540.6
62–68 672.9 673.8 8–18 1177.4 1178.4
91–99 1087.4 1088.3 65–75 1225.9 1226.4
57–68 1123.6 1124.3 116–131 1869.8 1870.1

128–139 1280.0 1280.5 65–81 1949.3 1948.2
17–31 1529.6 1530.6 76–94 2115.1 2114.4
41–61 2285.2 2285.5 8–29 2262.4 2261.6
8–31 2443.4 2442.7 40–60 2318.2 2318.6

17–40 2583.1 2583.9 19–39 2358.1 2358.7
69–92 2636.8 2638.0 40–65 2712.8 2712.1

100–127 2970.5 2971.4 95–119 2793.2 2793.3
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Fig. 4. 3D plot ofm/z vs. IM drift time of a tryptic digest of thermally denatured bovine serum albumin (top). A contour plot representation
of the same dataset (bottom).
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Fig. 5. 3D plot ofm/z vs. IM drift time of a tryptic digest of a thermally denatured mixture of bovine hemoglobin� and bovine hemoglobin
� (top). A contour plot representation of the same dataset (bottom).
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Fig. 6. 3D plot of m/z vs. IM drift time of a tryptic digest of a thermally denatured mixture of horse heart cytochromec, chicken egg
white lysozyme, bovine serum albumin, bovine hemoglobin�, and bovine hemoglobin� (top). A contour plot representation of the same
dataset (bottom). Point A is an area of unresolved digest fragments (discussed in text).
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subunits: 11 from hemoglobin� (3 arginine and 8
lysine terminated) and 11 from hemoglobin� (2
arginine and 9 lysine terminated). The identified frag-
ments correspond to an amino acid coverage of 94%
for both proteins. A complete list of the identified
digest fragments is given inTable 3.

The tryptic digest of a five-component protein
mixture consisting of horse heart cytochromec,
chicken egg white lysozyme, bovine serum albumin,
bovine hemoglobin�, and bovine hemoglobin�
was also analyzed. The resultant three-dimensional
spectrum is shown inFig. 6, and Table 4 contains
the sequence coverage for this dataset. Amino acid
coverages for the protein digest components were:
100% for horse heart cytochromec, 89% for chicken
egg white lysozyme, 69% for bovine serum albumin,
52% for bovine hemoglobin�, and 87% for bovine
hemoglobin�. An overall sequence coverage of 75%
(853 amino acids observed out of 1144 total) was
obtained for the protein mixture.

4. Discussion

A major advantage of TOF-MS is that mass anal-
ysis can be carried out very rapidly which facilitates
high-throughput applications. On the other hand, ac-
curate mass measurement requires the use of internal
calibrants, which can be problematic for protein di-
gests due to the large number of ion signals (spec-
tral congestion) and ion suppression effects[24,31].
Consequently, external calibration is typically used for
peptide mass mapping, limiting both mass accuracy
and sample throughput. The data presented inFig. 2
illustrates a unique feature of IM-MS that could sub-
stantially increase the utility of peptide mass mapping.
Note that the mass–mobility relationship for C60 and
C70 is very different than it is for peptide ions. For
a series of structurally related compounds, a plot of
K−1 vs.m/z is near linear (mass–mobility plot). Thus,
it is possible to choose a calibrant that is structurally
different from the series of analyte ions, and employ
the mobility differences to distinguish calibrant and
analyte signals. This procedure can be used to elimi-

nate mass overlap and ion suppression effects that cur-
rently limit the application of internal calibration for
complex mixture analysis.

The utility of separation-mass spectrometry tech-
niques for reduction of background signals (chemical
noise) provides many applications for GC–MS and
tandem MS[32]. Ion mobility separation can be used
to achieve similar results. For a homologous series of
singly charged ions, the near-linear relationship be-
tween drift time andm/z can be used to eliminate
signals that lie off the analyte trend-line. For exam-
ple, tryptic digest fragments fall along a recognizable
trend-line, allowing these signals to be easily discerned
from chemical noise that appears off of the peptide
trend-line.

Mass–mobility trend-lines greatly assists in the
identification of ion signals, i.e., peak picking, in
peptide mass mapping experiments. Typically, the
confidence level for assigning weak signals is low,
because there is only a single dimension of infor-
mation (m/z) available. In a high-resolution peptide
mass-mapping experiment, the isotope cluster can fa-
cilitate peak picking; however, this is not always free
of ambiguity [33]. The addition of a second dimen-
sion (i.e., mass–mobility) allows for the classification
of ion signals as peptide ions, thus, greatly increasing
the confidence level for such assignments.

The data presented inFigs. 3 and 4demonstrate
the utility of MALDI-IM-TOF MS direct analysis of
protein digest samples. Note that most of the peptide
ions observed fall along a single mobility trend line,
as expected for a series of structurally related ions
under conditions where drift time depends primarily
on Ω/z ratio. It is also important to note that multi-
ply charged species are not observed by MALDI of
tryptic peptides, which eliminates the possibility of
multiple analyte trend-lines in the data[34]. Both of
the single-component spectra contain a high number
of identified digest fragments relative to that typi-
cally observed using high-vacuum MALDI-TOF MS
[9]. There is generally good correlation between the
dominant fragments observed in both MALDI-TOF
and MALDI-IM-TOF techniques, however, we iden-
tify a greater number of digest fragments using
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MALDI-IM-TOF. The reason(s) for increased percent
coverage could be due to several factors. Quite pos-
sibly, the increased percent coverage is a direct result
of the mobility separation. Ion mobility separation fa-
cilitates both detection (by reduction of the chemical
background) and assignment (as to peptide origin) of
ion signals of low abundance[32]. In a typical digest,
lower abundance fragment ions can result from missed
cleavages in the digestion process, and these frag-
ment ions are oftentimes larger and more sequence
informative than are smaller fragments[35]. Another
possibility stems from the ionization conditions used
in the MALDI-IM-TOF instrument. For instance,
MALDI at elevated pressures could provide “softer”
ionization conditions as well as collisional stabi-
lization [36]. Alternatively, the single ion counting
detection system employed by the MALDI-IM-MS
instrument is more sensitive than is the method uti-
lized by more conventional MALDI-TOF MS instru-
ments (i.e., current integration). Overall, the mobility
technique consistently detects both a higher number
of digest fragment ions overall, and a higher number
of larger digest fragment ions (greater than 2000 amu)
than does high-vacuum MALDI-TOF.

Many protein samples are mixtures, or contain
multimer complexes, e.g., ribosomes, which compli-
cate sample handling/preparation for techniques that
are unable to deal with such complex samples. To
illustrate the utility of MALDI-IM-TOF MS for such
samples, we analyzed both a two- and five-component
protein mixture. The data for the two-component
mixture, consisting of bovine hemoglobin� and
bovine hemoglobin�, contains a high percentage

Table 5
A comparison of MALDI-IM-TOF (on top in italics) and MALDI-TOF (on bottom in bold) data for a mixture of five proteins

BSA (%) LYS (%) CYC (%) HBB (%) HBA (%) Total (%)

Arg terminated 55 43 60 38 20 45
Fragments 21 3.6 60 0 20 12

Lys terminated 48 36 52 24 22 40
Fragments 5.3 0 16 2.4 0 5.7

Amino acid 69 89 100 87 52 75
Coverage 20 4.8 61 4.1 11 18

(seeTable 3) of the total possible amino acids present
in the sample (94% coverage for both protein sub-
units). In addition, the resulting amino acid cover-
ages obtained are higher than those observed using
high-vacuum MALDI-TOF MS. When compared
with an optimized (in terms of sample preparation
and MALDI matrix choice) MALDI-TOF analysis of
the same mixture[9], we find that the ion mobility
technique generates approximately 20% more amino
acid coverage than high-vacuum MALDI-TOF MS. It
is also important to note that ion suppression of one
of the protein sub-units is insignificant in either the
MALDI-TOF or MALDI-IM-TOF spectra.

The data obtained from the more complex protein
digest sample (Table 4; Figs. 6 and 7) also contain
a very high amino acid coverage. However, the drift
cell does not provide complete separation for all pep-
tide ions, e.g., see the section labeled A inFig. 6.
Also of note, the percent coverage for horse heart
cytochromec increases from 70% (pure protein) to
100% (in mixture). Several factors contribute to this
increase. We have observed, on a limited basis, that
sample-to-sample variability in MALDI (i.e., vari-
ability in the digestion process, the crystallization
process, the inclusion of the analyte in the matrix,
etc.) can cause differences in both the identity and
intensity of the peaks observed. Such variations could
influence peak picking and account for the observed
increase in percent coverage observed for cytochrome
c. Typically, when analyzing a sample of this level
of complexity by MALDI-TOF MS, the signals for
certain digest fragments are suppressed. Krause et al.
suggest that ion suppression is most often observed
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Fig. 7. Sequence coverage information pertaining to the mixture of five proteins referred to in text. Abbreviations: HBA, hemoglobin
�, HBB, hemoglobin�, CYC, cytochromec, LYS, lysozyme, BSA, bovine serum albumin. A solid line underlines coverage for the
MALDI-IM-TOF experiment, and a dashed line denotes the coverage obtained by high-vacuum MALDI-TOF.

in conjunction with lysine terminated digest frag-
ments[37]. This effect is illustrated by data shown
in Table 5, where we compare data obtained using
MALDI-TOF and MALDI-IM-TOF analysis of the
same five-component protein digest mixture. The
MALDI-IM-TOF data yields greater amino acid cov-

erages for all of the protein constituents present in the
sample. In this case, the increase in amino acid cover-
age can be linked to the apparent lack of suppression
of lysine terminated digest fragments in the spectrum.
This observation is supported by data for cytochrome
c, where the same percentage of arginine terminated
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digest fragments (60%) are detected by MALDI-TOF
and MALDI-IM-TOF, but very different percentages
of the predicted lysine terminated digest fragments
(52% for the ion mobility technique and 16% for
the typical MALDI-TOF protocol) are detected. The
data for hemoglobin� also illustrates a similar effect.
Again, the same percentage of theoretically predicted
arginine terminated digest fragments are observed in
both methods, but none of the predicted lysine termi-
nated digest fragments are observed in the standard
MALDI-TOF protocol, whereas 20% are observed
using the ion mobility protocol. The lack of sup-
pression coupled with the reduced chemical noise in
the IM-TOF MS spectrum increases the number of
detected amino acids in the five-component mixture
(853/1144 amino acids).

5. Conclusion

The use of MALDI-IM-MS for the analysis of pro-
tein digest mixtures may significantly impact the field
of proteomics. In future experiments, a more complete
digestion of the sample using thermal denaturation
or non-aqueous solvent systems[9–11] in combina-
tion with the internal mass calibration and decreased
ion suppression effects made possible by ion mobil-
ity separation could greatly improve current meth-
ods of protein identification. The MALDI-IM-MS
methodology presented herein reduces analysis times,
and benefits those applications that require high
throughput.

In future work, we plan to test the limits of the in-
strument by examining increasingly complex protein
digest material. This work could impact the analysis
of whole cell lysates, which can introduce non-protein
impurities to the sample; however, such impurities
should have very different mass–mobility relation-
ships (trend-lines) when compared with peptides,
allowing for the rapid screening of the samples. It is
also feasible to develop a screening process involv-
ing selective chemical modification of a single amino
acid in order to change its collision cross-section, al-
lowing for rapid identification of proteins or peptides

that contain specific amino acids. Future instrument
development will focus on combining high resolution
IM with high resolution TOF without sacrificing the
sensitivity or limit of detection of the current tech-
nique. Clearly, ion mobility separation is a powerful
tool that can be applied to a range of problems in
bioanalytical chemistry.
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