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High-field asymmetric waveform ion mobility spectrometry (FAIMS) separates gas-phase
analyte ions from chemical background, offering substantial improvements in the detection of
peptides from complex protein digests. For a digest of enolase 1 (baker’s yeast), the focusing
and separation offered by FAIMS produced an average intensity gain of 3.5 for the tryptic ions
and reductions in background intensity of 5- to 10-fold when compared with ESI-MS. The
increased signal-to-background in the ESI-FAIMS-MS experiment resulted in a greater number
of identifiable peptides and therefore greater sequence coverage. Compensation voltage (CV)
maps for a total of 282 tryptic peptides from thirteen proteins, generated according to
charge-state, mass-to-charge ratios, and chain length, show that a majority of tryptic peptides
can be detected by operating FAIMS at a few discrete values of CV rather than scanning CV
across a wide range. The ability to reduce scanning requirements has potential benefits for
coupling FAIMS with LC-MS. In select cases, FAIMS can be used to eliminate isobaric MS
overlap between tryptic peptides; however, the primary advantage of FAIMS in an LC-
FAIMS-MS analysis is foreseen to be the attenuation of chemical background noise rather than
the separation of individual peptides. Using FAIMS to reduce mass spectral noise will offer
improved detection of peptides from low abundance proteins in complex biological
samples. (J Am Soc Mass Spectrom 2002, 13, 1282–1291) © 2002 American Society for Mass
Spectrometry

Electrospray ionization (ESI) of protein digests is
commonly coupled with capillary column liquid
chromatography and tandem mass spectrometry

[1]. Although protein digests can be analyzed directly,
ESI is characteristically intolerant of the high levels of
salts and detergents associated with excised sodium
dodecylsulfate polyacrylamide gel electrophoresis
(SDS-PAGE) bands. Reverse-phase LC provides the
desalting necessary for high-sensitivity ESI-MS/MS of
tryptic peptides. Improved MS analysis of tryptic pep-
tides may also be achieved by processing the ESI ion
cloud before introduction to the mass spectrometer.
Presently, there are two predominant technologies ca-
pable of separating gas-phase ions from an ESI source
prior to MS sampling and analysis: Drift-tube ion
mobility spectrometry (DTIMS) [2–9] and high-field
asymmetric waveform ion mobility spectrometry
(FAIMS) [10–14]. Recent studies combining HPLC with
DTIMS-MS for the analysis of peptide mixtures [15, 16]
show that the extra dimension of separation provided
by DTIMS reduces mass spectral congestion by separat-
ing peptides (according to drift time) into “charge-state

families”. DTIMS can be combined with LC-MS because
of sizable differences in the widths of LC elution
profiles (seconds), IMS drift times (milliseconds), and
time-of-flight MS (microseconds) analysis [16].
FAIMS is a gas-phase ion separation technique that,

when used in conjunction with ESI, significantly lowers
detection limits for tryptic peptides [13, 14] by reducing
background ion current. The separation of ions by
FAIMS is based on compound-dependent differences in
an ion’s mobility at high-field (Kh) relative to low-field
(K) [18]; deviations in ion mobility resulting from the
high electric fields are reflected experimentally by the
compensation voltage (CV) of transmission for a partic-
ular analyte. Ion transmission through a FAIMS device
is high because of a unique ion focusing mechanism
[17]. In a FAIMS experiment, the CV of optimal trans-
mission is determined by scanning a selected CV range
while monitoring the m/z of the ion(s) of interest. Since
no model currently exists to predict an analyte’s CV of
transmission, this scanning may be a limitation in
experiments (such as the analysis of protein digests)
where FAIMS is coupled with a condensed phase
separation technique that introduces ions to the
FAIMS-MS system in discrete pulses. More specifically,
a limitation may arise from the finite transit or “resi-
dence” time of ions within the FAIMS device. Since ions
are transported through FAIMS by the gas flow into the
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MS, the residence time is determined by the volume of
the device and the pumping capacity of the vacuum
system. When the CV is changed, some ions within the
device are discharged to the electrode surfaces. For the
FAIMS-MS system described here, approximately 180
ms are required for a new batch of ions, transmitted
using the new CV condition, to arrive at the MS orifice.
For a CV scan over a 40 V range in 0.5 V increments, the
time required just to replenish ions within the FAIMS
device (i.e., not including the time for MS measure-
ment) is in excess of 14 s. The addition of FAIMS to an
LC-MS system is predicted to diminish the mass spec-
trometer’s ability to fully interrogate the LC separation.
In preparation for LC-FAIMS-MS analysis of peptide
mixtures, it is therefore necessary to study the transmis-
sion characteristics of a large number of tryptic pep-
tides. In this study, compensation voltage (CV) maps
for 282 tryptic peptides from thirteen proteins were
generated based on charge-state, mass-to-charge ratios,
and chain length. A majority of tryptic peptides can be
detected using an LC-FAIMS-MS experiment in which
the CV is stepped between a few values rather than
scanned across a wide range.

Experimental

The dome-version FAIMS design used in this study [13]
consisted of two concentric stainless steel cylinders
mounted inside a polyetheretherketone (PEEK) housing
and secured to the orifice of a triple-quadrupole mass
spectrometer. A custom-built waveform generator was
used to deliver both the dispersion voltage (DV) and
compensation voltage (CV) to the inner cylinder
(16-mm o.d.) of the FAIMS device. The asymmetric
waveform was composed of a 2:1 ratio of a 750 kHz
sinusoidal wave and its first harmonic (i.e., 1.5 MHz)
with a maximum voltage (i.e., DV) of �4000 V. The CV
was provided to the waveform generator using the
“OR” voltage source from the API-300 mass spectrom-
eter (PE/Sciex). This enabled the use of the “scan
parameter” function in the LCTune1.4 (PE/Sciex) soft-
ware package for acquiring compensation voltage
scans. A constant dc bias of 40 V was applied to the
outer cylinder (20-mm i.d.) of the FAIMS device and to
the orifice plate of the mass spectrometer using a
Xantrax 120 V dc power supply (Allan Crawford and
Associates, Ottawa, ON). The entire FAIMS electrode
assembly, including the PEEK housing was approxi-
mately 10 cm long and 5 cm in diameter.
Ions from the electrospray source (4400 V, 180 nA),

which was positioned roughly 1 cm from a 2 mm orifice
in a brass curtain plate (1000 V), passed through the
curtain region and entered the FAIMS device through a
1 mm aperture in the outer cylinder. Variable flows of
industrial grade nitrogen and helium (Air Products,
Ottawa, ON) were passed through separate charcoal/
molecular sieve filters, combined in a tee assembly, and
introduced into the gap (
1.5 mm) between the curtain
plate and the outer cylinder at a combined flow rate of

2 L/min. The majority of this gas exited through the
curtain plate countercurrent to the ESI-generated ions,
aiding in their desolvation. The remainder of the gas
was drawn into the FAIMS analyzer, carrying the ions
along the length of the cylinders and into the orifice of
the mass spectrometer. Individual gas-flows were ad-
justed using mass flow meters (MKS Type 1179A)
connected to an MKS Type 247D four-channel readout
(MKS Instruments, Andover, MA). Using appropriate
combinations of DV and CV, ions could be selectively
transmitted through the FAIMS device, focused to a
region in front of the spherical tip of the inner cylinder,
and sampled by the mass spectrometer. The path length
for ion transport through the FAIMS device was ap-
proximately 3 cm.
Tryptic digests of enolase 1, cytochrome C, bovine

albumin, sheep albumin, dog albumin, pig albumin,
horse albumin, alcohol dehydrogenase, sheep hemoglo-
bin, glucose oxidase, bovine hemoglobin, creatine phos-
phokinase, and conalbumin were provided as individ-
ual lyophilized powders by Professor David Clemmer
of Indiana University (Bloomington, IN) [19]. Stock
solutions of each digest were prepared at approxi-
mately 1 mg/mL in distilled, deionized water and
stored at �20 °C. Individual samples for analysis (see
Table 1 for details) were prepared in fresh solutions
containing 50/49/1 (vol/vol/vol) methanol/water/
acetic acid immediately prior to use. Note that sample
concentrations are stated per digest and may not reflect
the concentration of any individual peptide within the
digest.

Results and Discussion

FAIMS Transmission of Tryptic Fragments

The CV required for ion transmission through a FAIMS
device is a reflection of the deviation in the ion mobility
ratio (Kh/K) that results from the changing electric
fields. Although a limited correlation between the CV
and both the mass and charge state of gas-phase tryptic
peptides has been shown [13], the CV of optimal
transmission of each peptide must be determined ex-
perimentally. For a complex mixture containing several
peptides, this is readily accomplished by collecting a
total-ion-current compensation voltage (TIC-CV) spec-
trum. Acquisition of a TIC-CV spectrum involves col-
lecting mass spectra while scanning the CV over a wide
voltage range. Figure 1a shows a TIC-CV spectrum
collected for an 11 ng/�L tryptic digest of enolase 1
(baker’s yeast). For this experiment, the CV was
scanned from �1.0 to �19.7 V at a DV of �4000 V in a
carrier gas of nitrogen. Each of the 201 points in this plot
(CV step of
0.09 V) represents the summed ion current
for an m/z range of 200–1000. Each mass spectrum was
collected in 0.2 am� increments using a dwell time of 5
ms. Acquisition of the complete TIC-CV spectrum using
the triple-quadrupole mass spectrometer required a
total of 67 min, however, this analysis time can be
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Figure 1. ESI-FAIMS-MS of a 11 ng/�L solution of a tryptic
digest of enolase 1 (baker’s yeast): (a) TIC-CV spectrum acquired
for an m/z range of 200–1000 at a DV of �4000 V in nitrogen and
(b) IS-CV spectra derived by extracting the ion current for m/z
values of 407.8, 643.8, and 911.4 from (a). The M2� peptides at
these m/z values have sequences of AADALLLK, NVNDVI-
APAFVK, and SGETEDTFIADLVVGLR, respectively.

Figure 2. ESI-FAIMS-MS of a 11 ng/�L solution of a tryptic
digest of enolase 1 (baker’s yeast): (a) TIC-CV spectrum acquired
for an m/z range of 200–1000 at a DV of�4000 V in 1:1 He/N2 and
(b) IS-CV spectra derived by extracting the ion current for m/z
values of 407.8, 643.8, and 911.4 from (a). The M2� peptides at
these m/z values have sequences of AADALLLK, NVNDVI-
APAFVK, and SGETEDTFIADLVVGLR, respectively.

Table 1. Samples for Analysis

Protein Source

Stock
Concentrations

(mg/mL)

Sample
concentrations

(ng/�L)

Enolase 1 Baker’s yeast 3.8 11
Cytochrome C Horse heart 1.8 9
Albumin Bovine 1.7 17
Albumin Dog 5.0 15
Albumin Pig 0.88 18
Albumin Sheep 0.6 12
Albumin Horse 1.6 16
Alcohol dehydrogenase Baker’s yeast 0.68 14
Hemoglobin (alpha) Sheep
Hemoglobin (beta) Sheep 0.92 9
Glucose oxidase Aspergillus Niger 0.29 11
Hemoglobin (alpha) Bovine
Hemoglobin (beta) Bovine 0.7 14
Creatine phosphokinase Rabbit Muscle 0.7 7
Conalbumin Chicken egg white 1.12 11

1284 BARNETT ET AL. J Am Soc Mass Spectrom 2002, 13, 1282–1291



greatly reduced using a time-of-flight instrument [14].
Electrospray ionization of a tryptic peptide solution
produces a complex mixture of gas-phase ions, the
majority of which are often not directly related to the
digested protein, especially for dilute samples. There-
fore, even though the TIC-CV spectrum contains five
discernible peaks located at CV values of �4.5 V, �7.0
V, �8.3 V, �11.0 V and �18.0 V, these peaks are not
attributable to any individual ion or types of ions (other
than ions having similar Kh/K values for the given set
of conditions). A mass spectrum acquired at any par-
ticular CV value will represent a subset of the complex
ion mixture produced by ESI. Individual peptides can
be identified by examining mass spectra collected at
individual CV values. Subsequently, the optimum
transmission voltage for an individual tryptic peptide
can be determined from the TIC-CV spectrum by ex-
tracting the ion-current for a specific m/z to generate an
ion-selective compensation voltage (IS-CV) spectrum.
Figure 1b shows IS-CV spectra for three doubly-
charged tryptic peptides of enolase 1 having m/z values
of 407.8, 643.8, and 911.4. These m/z values correspond
to the peptide sequences AADALLLK, NVNDVI-
APAFVK, and SGETEDTFIADLVVGLR, respectively.
The optimal transmission of each of these three ions
(CV of 
�7.5 V) resulted in signal intensities of 31,800
cps, 56,600 cps, and 13,000 cps, respectively. For the

conditions used in this experiment, most of the doubly-
charged tryptic peptides of enolase 1 were transmitted
at or near a CV of �7.5 V.
The CV required for optimal ion transmission is

dependent on several parameters, including the magni-
tude of the DV [10], the shape of the applied asymmet-
ric waveform [20], the width of the FAIMS analyzer
region, and the pressure, temperature, and composition
of the carrier gas [21–25]. Previous studies have high-
lighted the advantages of using a carrier gas composed
of a mixture of nitrogen and helium for ions having
Kh/K �1 in nitrogen (e.g., the peptides in Figure 1) [24,
25]. A detailed quantitative study [22] of morphine and
codeine by FAIMS showed that the addition of helium
to a nitrogen based carrier gas causes dramatic in-
creases in both CV and signal intensity. Optimal results
were obtained at maximum helium content, the value of
which is limited by three factors: (1) Electrical discharge
initiated at the ESI source, (2) electrical discharge initi-
ated by the high fields within FAIMS, and (3) practical
limits in the pumping capacity of the mass spectrometer
vacuum system. The use of a 1:1 He/N2 carrier gas
mixture is a compromise between increased analytical
performance and system stability. Figure 2a shows a
TIC-CV spectrum (CV � �2.0 to �39.3 V) collected for
the same 11 ng/�L solution of enolase 1 digest as in
Figure 1, using a carrier gas containing 1:1 He/N2. Each

Table 2. Comparison of relative intensities observed for 26 doubly-charged peptide ions from a tryptic digest of Enolase 1 (baker’s
yeast) using ESI-MS, ESI-FAIMS-MS (DV �4000 V, nitrogen carrier gas) and ESI-FAIMS-MS (DV of �4000 V; 1:1 He/N2 carrier gas)

Peptide
m/z

z � �2
Intensity
ESI-MS

Intensity
ESI-FAIMS-MS

N2

Intensity
ESI-FAIMS-MS

1:1 He/N2*

VYAR 254.6 nd** nd 70800
WMGK 261.1 nd nd 57600
TGQIK 273.8 nd nd 149600
AAAAEK 280.6 nd nd 71600
TGAPAR 286.8 nd nd 10200
AAGHDGK 328.2 15600 14000 36200 (2.3)
ANIDVK 330.2 nd nd 215000
NPNSDK 337.6 nd nd 89400
GVLHAVK 362.2 6200 34400 73400 (11.8)
SVYDSR 363.8 nd 7000 67400
NVPLYK 367.2 nd nd 114600
IATAIEK 373.4 35400 37200 163000 (4.6)
LNQLLR 378.8 41700 79200 341400 (8.2)
HLADLSK 392.2 110600 131400 269000 (2.4)
YDLDFK 400.7 nd 8600 58600
TFAEALR 404.4 50600 50400 221600 (4.4)
AADALLLK 407.8 24300 31800 130000 (5.3)
IGSEVYHNLK 580.2 13400 11600 15800 (1.2)
NVNDVIAPAFVK 643.8 50300 56600 90200 (1.8)
VNQIGTLSESIK 644.8 67200 51200 119000 (1.8)
LGANAILGVSLAASR 706.8 27600 13600 50600 (1.8)
GNPTVEVELTTEK 708.8 36000 17600 83400 (2.3)
AVDDFLISLDGTANK 789.8 38700 21600 102400 (2.6)
TAGIQIVADDLTVTNPK 878.8 42600 21000 47000 (1.1)
SGETEDTFIADLVVGLR 911.4 29200 13000 39200 (1.3)
SIVPSGASTGVHEALEMR 921.0 nd 5600 12400

*Bracketed values indicate ratio of ESI-FAIMS-MS to ESI-MS intensity for individual peptides
**nd � not detected
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of the 201 points in this plot (CV step of 
0.18 V)
represents the summed ion current for an m/z range of
200–1000. Each mass spectrum was collected in 0.2 am�
increments using a dwell time of 5 ms. Aside from
changes to the carrier gas and CV scan range, all
instrumental parameters were kept constant compared
with those used in collecting the data shown in Figure
1. The carrier gas of 1:1 He/N2 had a dramatic effect on
the transmission of the tryptic peptides. Extracted
IS-CV plots for the three peptide ions, Figure 2b, show
significant differences in CV and intensity compared
with those of Figure 1b. The optimal CV for transmis-
sion of AADALLLK2� increased to �16.5 V in the
mixed carrier gas and was accompanied by a 4-fold
increase in intensity to 130 000 cps (all ions are of the
form [M � nH]n�, but for clarity throughout this
document are given as Mn�). The doubly-charged ions
of NVNDVIAPAFVK and SGETEDTFIADLVVGLR ex-
perienced similar increases in CV; the intensities of their
IS-CV peaks were 2.5- and 3-fold higher, respectively.
In all, 26 doubly-charged tryptic fragments of eno-

lase 1 were identified from the TIC-CV spectrum ac-
quired when the carrier gas was 1:1 He/N2 (53%
sequence coverage) compared with just 18 when the
carrier gas was pure nitrogen (44% sequence coverage).
The sequence coverage obtained by analyzing this same
solution by ESI-MS (using the same instrumental con-

ditions) was 37%. Table 2 gives a summary of the
intensities observed for the doubly-charged peptides of
enolase 1 by ESI-MS and ESI-FAIMS-MS. Of the 15
peptides that could be assigned by ESI-MS, FAIMS
offered an average intensity gain of greater than three
and concomitant reductions in background of greater
than five when using a DV of �4000 V and a carrier gas
of 1:1 He/N2. The additional 11 peptides that were
identified using ESI-FAIMS-MS are also presented. As
detection of peptide fragments by ESI-MS is ultimately
limited by the intense chemical background, the crite-
rion used for peptide identification was a minimum
S/B of three in the first-order MS scans. Table 3 pro-
vides a summary of the S/B values for the peptides
from each method, and an indication of the relative
improvement offered by FAIMS.
Plots of m/z versus CV of transmission for all of the

doubly-charged tryptic peptides of enolase 1 identified
using a carrier gas of nitrogen are shown in Figure 3a,
while those identified using the mixed carrier gas are
shown in Figure 3b. The bars indicate the full-width at
half maximum (FWHM) of each CV peak, in units of
volts. For a carrier gas of nitrogen, most of the doubly-
charged peptides of enolase 1 were transmitted at or
near a CV value of �7.5 V, while in the 1:1 He/N2
carrier gas the majority of z � �2 peptides were
transmitted near a CV value of�15.5 V. On average, the

Table 3. Comparison of S/B for 26 doubly-charged peptide ions from a tryptic digest of Enolase 1 (baker’s yeast) using ESI-FAIMS-
MS (DV of �4000 V; 1:1 He/N2) and ESI-MS

Peptide m/z z � �2
CV
(V)

S/B
ESI-FAIMS-MS

1:1 He/N2

S/B
ESI-MS S/B increase

VYAR 254.6 �10.2 54 nd*
WMGK 261.1 �13.0 54 nd
TGQIK 273.8 �16.7 161 nd
AAAAEK 280.6 �17.9 94 nd
TGAPAR 286.8 �18.6 9.4 nd
AAGHDGK 328.2 �19.3 40 nd
ANIDVK 330.2 �16.7 168 nd
NPNSDK 337.6 �22.9 147 nd
GVLHAVK 362.2 �15.6 58 3.2 18
SVYDSR 363.8 �17.9 82 nd
NVPLYK 367.2 �16.7 127 6.0 21
IATAIEK 373.4 �17.8 198 6.9 29
LNQLLR 378.8 �16.9 310 8.3 37
HLADLSK 392.2 �32.5 259 22 12
YDLDFK 400.7 �20.2 69 nd
TFAEALR 404.4 �22.5 302 10.1 30
AADALLLK 407.8 �16.5 108 4.9 22
IGSEVYHNLK 580.2 �15.3 16 4.0 4
NVNDVIAPAFVK 643.8 �15.8 74 9.6 11
VNQIGTLSESIK 644.8 �17.2 76 13 6
LGANAILGVSLAASR 706.8 �14.7 48 8.6 6
GNPTVEVELTTEK 708.8 �16.2 50 9.8 5
AVDDFLISLDGTANK 789.8 �15.3 55 9.3 6
TAGIQIVADDLTVTNPK 878.8 �13.4 60 9.6 6
SGETEDTFIADLVVGLR 911.4 �14.5 31 7.6 4
SIVPSGASTGVHEALEMR 921.0 �11.9 23 nd

*nd � not detected
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width (FWHM) of a CV peak for a doubly-charged
peptide with optimal transmission at CV � �15.5 V is
2.5 V. Therefore if the FAIMS device is operated in
continuous mode at a CV of �15.5 V, ions having
optimal CVs ranging from about �14.3 V to �16.7 V
will be transmitted with at least 50% of their optimal
transmission efficiency. The dashed lines in Figure 3a
and b illustrate that at selected CV values in either gas
composition, many of the doubly-charged peptides of
enolase 1 can be transmitted with at least 50% efficiency
relative to that observed at their individually optimized
CVs. The transmission of a significant fraction of the
doubly-charged tryptic peptides at a single CV value
(or a limited number of CVs) will offer advantages
when FAIMS is coupled with separation techniques
such as �-LC or capillary electrophoresis.

CV Values of Peptide Ions from 13 Protein Digests

Total-ion-current compensation voltage spectra (m/z
200 to 1000) were collected for thirteen separate tryptic
protein digests using a carrier gas of 1:1 He/N2 (DV �
�4000 V). The identities and concentrations of the

protein digest mixtures are listed in Table 1. From these
TIC-CV spectra, 38 singly-charged, 208 doubly-charged,
and 36 triply-charged peptide fragment ions were iden-
tified using a minimum S/B threshold of three. Figure 4
shows a plot of m/z as a function of CV for all of the 282
identified ions, segregated on the basis of charge state.
These results show that the singly-charged ions tend to
be transmitted near a CV of �9 V, whereas the CV
values for the doubly- and triply-charged ions are
considerably more varied. Despite the scatter in the
data for the doubly (i.e., z � �2) charged tryptic
fragments, the majority of z � � 2 peptides with m/z
�400 were transmitted between CV values of �13 and
�17 V, with a tendency toward lower CV (i.e., CV �
�13 V) with increasing m/z ratio. In fact, 182 of the 208
(88%) doubly-charged peptides identified were trans-
mitted optimally between CV values of�13 and�22 V,
with the average FWHM of the CV peaks of 2.5 V.
Therefore, the collection of mass spectra at 4 CVs across
this 9.0 V range would be expected to yield over 85% of
the doubly-charged peptides in a mixture.
The influence of the number of amino acid residues

on ion transmission through FAIMS has also been
investigated. Figure 5 shows plots of m/z as a function
of compensation voltage for the 208 doubly-charged

Figure 3. Summary plots of m/z as a function of compensation
voltage for all of the identified M2� peptide ions of enolase 1 in
carrier gases of (a) nitrogen and (b) 1:1 He/N2. The bars represent
the CV peak width (FWHM) for each of the peptide ions.

Figure 4. Summary plots of m/z as a function of compensation
voltage for (a) 38 singly-, (b) 208 doubly-, and (c) 36 triply-charged
peptide ions from 13 protein digests in a 1:1 He/N2 gas at DV �
�4000 V.
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peptides, separated according to the number of residues
comprising each peptide. The highest degree of vari-
ability in FAIMS transmission is observed in the pep-
tides having the smallest number of residues (i.e., n �
7). As the number of residues increases, the CV values
of transmission appear to cluster within a 6 V window
between �14 and �20 V (recall that in this region the
FWHM of a CV peak is about 2.5 V).

FAIMS Resolution of Isobaric Overlaps

Data from the FAIMS analysis of the thirteen protein
digests also showed that separation of peptides having
both inter- and intra-charge state isobaric overlaps may
occur within the FAIMS device. Separation of intra-
charge state isobaric overlap was observed between the
peptides AWSVAR2� and VLTSAAK2�, where the ions
were transmitted at CVs of �34.7 V and �19.4 V,
respectively (DV � �4000 V, 1:1 He/N2). Instances of
separation of inter-charge state overlap, however, are
more common. For example, enzymatic digestion of
cytochrome c (horse heart) with trypsin resulted in a
pair of peptide ions (MIFAGIK2� and TGPNLH-
GLFGR3�) that, when ionized by ESI, produced an
isobaric overlap at m/z 390.2. Figure 6a shows a FAIMS

IS-CV spectrum for m/z 390.2 (DV � �4000 V, 1:1
He/N2) using a 9 ng/�L solution of the cytochrome c
digest mixture. Mass spectra acquired at the CVs corre-
sponding to the two peak maxima in Figure 6a (i.e.,�17.9
V and �24.9 V) are shown in Figures 6b and c, respec-
tively. Each mass spectrum represents an average of 10
acquisitions over a limited mass range (m/z 380–400) in
0.05 am� increments. The dwell time per 0.05 am� incre-
ment was 5 ms. Transmission of the isobaric ions through
the FAIMS device at different CVs is easily distinguished
by the characteristic isotope distributions for �2 (0.5 Th)
and �3 (0.33 Th) ions.
The use of ESI-MS/MS to characterize the m/z 390.2

from cytochrome c produces a tandem mass spectrum
containing fragments of both peptides, as shown in
Figure 7a. However, using FAIMS to separate these ions
prior to conducting the MS/MS experiment produces
fragmentation spectra that are characteristic of the in-
dividual �2 and �3 peptides as shown in Figures 7b
and c, respectively. Each MS/MS spectrum shown in
Figure 7 represents an average of 10 acquisitions over
an m/z range of 30–1200 using a collisional energy of 32
eV. Mass spectra were collected in 0.2 am� increments
using a dwell time per increment of 2 ms.

Figure 5. Summary plots of m/z as a function of compensation
voltage for the doubly-charged peptide ions derived from 13
separate proteins. The ions have been segregated according to the
number of amino acid residues in the peptide.

Figure 6. FAIMS separation of the m/z 390.2 isobaric overlap
from a tryptic digestion of equine cytochrome c. (a) IS-CV spectra
acquired for m/z 390.2 at DV � �4000 V in 1:1 He/N2. ESI-FAIMS
mass spectra acquired at CV values of (b) �17.9 V and (c) �24.9 V
showing characteristic isotopomer distributions for doubly- and
triply-charged ions, respectively.
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Analysis of a Mixture of Six Protein Digests

An analytical challenge in the identification of proteins
is the development of methodology to simplify the
characterization of individual proteins present in multi-
component mixtures. Conventional ESI mass spectra of
unseparated mixtures of protein digests are difficult to
interpret because of high chemical background and
isobaric overlap among component peptides. In addi-
tion, the ionization efficiency of the peptides is reduced
due to increased competition within the ESI process
itself. Although FAIMS cannot reverse the effect of
deteriorating ionization efficiency, the ability of FAIMS
to filter out background ions (and in some cases sepa-
rate isobaric overlap) is very valuable for this applica-
tion. Figure 8 shows a comparison of ESI-MS with
ESI-FAIMS-MS for the analysis of a mixture of six
protein digests. The sample mixture was prepared
post-digestion by combining 500 fmol/�L of each of the
following tryptic digests: alcohol dehydrogenase,
sheep albumin, sheep hemoglobin, conalbumin, cre-
atine phosphokinase, and equine cytochrome c. The
ESI-MS spectrum in Figures 8a is complex and has an
elevated background across the entire mass range.
The ESI-FAIMS mass spectra (DV � �4000 V, 1:1
He/N2) shown in Figure 8b, c, and d were collected at
three CV values. At a CV of �16.5 V, Figure 8b, the
mass spectrum was dominated by doubly-charged
tryptic fragments, with the four most abundant pep-

tides at m/z values of 318.2, 390.2, 536.4, and 653.4,
corresponding to DLLFK2� (conalbumin), MIFAGIK2�

(equine cytochrome c), MFLSFPTTK2� (sheep hemoglo-
bin), and HLVDEPQHLIK2� (sheep albumin), respec-
tively. At CV � �22.0 V (Figure 8c), the mass spectrum
contained more multiply-charged peptide fragments
(i.e., �3 and �4); the three most abundant ions had m/z
values of 543.1, 578.8, and 612.2 corresponding to
KAPQVSTPTLVEISR3� (sheep hemoglobin), AVGHLD
DLPGTLSDLSDLHAHK4� (sheep albumin), and TYFPH
FDLSHGSAQVK3� (sheep hemoglobin), respectively. Fi-
nally, the mass spectrum acquired at a CV of �32.5 V
(Figure 8d) was dominated by an ion with m/z � 345.2
having a sequence of AWSVAR2� (sheep albumin). In
each of the ESI-FAIMS mass spectra, the background ion
intensity has been greatly reduced when compared with
the ESI-MS spectrum, while the absolute intensities of the
tryptic peptides are equal to, or greater than, those ob-
tained by ESI-MS.
Figure 9 shows expanded views of the ESI-MS and

ESI-FAIMS-MS (CV �16.5 V) mass spectra collected for
the mixture of six protein digests over an m/z range of
300 to 400. By plotting the mass spectra over this
narrow range, the relative intensity improvements and

Figure 7. Tandem mass spectra acquired for m/z 390.2 from an
equine cytochrome c tryptic digest using (a) ESI-MS/MS, and
ESI-FAIMS-MS/MS at a CV of (b) �17.9 V and (c) �24.9 V. Figure 8. Comparison of ESI and ESI-FAIMS mass spectra ac-

quired for a mixture of six tryptic digests. The sample mixture was
prepared post-digestion, by combining 500 fmol/�L alcohol de-
hydrogenase, sheep albumin, sheep hemoglobin, conalbumin,
creatine phosphokinase, and cytochrome c. With FAIMS, the DV
was set to �4000 V, and the carrier gas contained 1:1 He/N2.

1289J Am Soc Mass Spectrom 2002, 13, 1282–1291 ESI-FAIMS-MS ANALYSIS



background reduction offered by the FAIMS technique
are easily observed. For example, the intensity mea-
sured for IFVQK (m/z 317.8), a doubly-charged peptide
of cytochrome C is 4.3 times higher in the FAIMS
experiment, while the intensity of HLDDLK2� (m/z
371), a tryptic peptide of sheep hemoglobin is 2.2 times
higher using FAIMS.

Conclusions

An examination of the transmission of tryptic peptides
through a FAIMS device suggest that coupling the
FAIMS technology to condensed phase separation tech-

niques (LC or CE) commonly employed in the analysis
of biological samples warrants further investigation.
The separation and focusing capabilities of the FAIMS
device result in a reduction in the chemical background
produced by the ESI process while increasing absolute
ion intensities. Increased S/B ratios provided by FAIMS
aid in the identification of low abundance tryptic pep-
tides. Significant fractions of the multiply-charged tryp-
tic peptides may be detected by monitoring ion signals
with the FAIMS device set to transmit ions at a few CV
values. A proposed LC-FAIMS-MS experiment would
involve stepping the CV between two or three values
chosen to transmit the majority of �2 and �3 peptides.

Figure 9. Expansion of Figure 8(a) and 8(b) from m/z 300–400 showing a comparison of ESI and
ESI-FAIMS mass spectra (CV � �16.5 V) acquired for a mixture of six tryptic digests.
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While this approach will not identify all peptides in a
mixture there is good indication that a combined LC-
FAIMS-MS method will identify low abundance pep-
tides that may be lost in the noise of a traditional LC-MS
analysis.
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