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CONTINUOUS FLOW MOBILITY 
CLASSIFIER INTERFACE WITH MASS 

SPECTROMETER 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t under 35 U.S.C. 
Section 119(e) of the following co-pending and commonly 
assigned US. provisional patent application(s), Which is/ are 
incorporated by reference herein: 
[0002] Provisional Application Ser. No. 61/295,643, ?led 
on J an. 15, 2010, by Nicholas Brunelli, Konstantinos P. Gia 
pis, Richard C. Flagan, Jesse L. Beauchamp, and Evan 
Neidholdt, entitled “CONTINUOUS FLOW MOBILITY 
CLASSIFIER INTERFACE WITH MASS SPECTROM 
ETER,” attorneys’ docket number 176.63-US-P1 (CIT-5479 
P). 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH AND DEVELOPMENT 

[0003] The invention Was made With Government support 
under Grant Nos. CHE-04163 81 and 0163 981 aWarded by the 
National Science Foundation. The Government has certain 
rights in this invention. 

BACKGROUND OF THE INVENTION 

[0004] 1. Field of the Invention 
[0005] The present invention relates generally to mass 
spectrometry, and in particular, to a method, apparatus, and 
article of manufacture for integrating a differential mobility 
analyZer With a mass spectrometer. 
[0006] 2. Description of the Related Art 
[0007] (Note: This application references a number of dif 
ferent publications as indicated throughout the speci?cation 
by reference numbers enclosed in brackets, e. g., [x] . A list of 
these different publications ordered according to these refer 
ence numbers can be found beloW in the section entitled 
“References.” Each of these publications is incorporated by 
reference herein.) 
[0008] TWo dimensional separation in mass spectrometry 
(MS) is an area under constant development. The analysis of 
mixtures often demands separation of the mixture before ?nal 
analysis oWing to the complexity of the mixture. Many tech 
niques in mass spectrometry already exist and are Well suited 
to mixture analysis. 
[0009] Liquid chromatography-mass spectrometry (LC 
MS) is a Widely used technique that has the greatest utility in 
pre-separating protein digests prior to mass spectrometry 
analysis. Ion mobility spectrometry mass spectrometry (IMS 
MS) is an example of a tWo dimensional separation Where the 
?rst dimension is the mobility of the ion and the second 
dimension is the mass of that ion. 
[0010] The aforementioned preseparations operate in the 
time domain Wherein a sample that is introduced at the 
entrance of the preseparation device are separated into frac 
tions that arrive at the mass spectrometer entrance at times 
that vary according to speci?c physico-chemical properties of 
the analyte. A fast mass spectrometric analytical method such 
as time-of-?ight mass spectrometry may be able to analyZe 
the entire range of possible mass-to-charge-ratios on a time 
that is short compared to the time resolution of the presepa 
ration method, but sloWer mass spectrometric methods may 
only be able to resolve a limited range of mass to charge 
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ratios. If, hoWever, the preseparation is capable of continu 
ously transmitting a selected fraction of the sample, sloWer 
mass spectrometric methods may be able to resolve all of the 
components of the fraction. One example of such a continu 
ous preseparation is ?eld assymetric Waveform ion mobility 
spectrometry (FAIMSTM) Which transmits molecules With 
mobilities Within a narroW range of values to the mass spec 
trometer for su?icient time to resolve the analytes of interest 
Within selected ion mobility fractions of the original sample. 
[0011] While research implementations of mobility-MS 
experiments have been in existence for some time, commer 
cial instrumentation for achieving mass-mobility measure 
ments is nonetheless part of the state of the art in mass spec 
trometry instrumentation. Instrument companies have 
invested considerable dollars in the development of the latest 
class of instruments With mobility front ends. Advances in 
electronics and fabrication methods have ?nally enabled the 
mass production of such instruments on a scale commensu 
rate With implementation in commercial laboratories. 
Examples of such instruments include WatersTM SYNAPITM 
instruments and Thermo Scienti?cTM instruments using a 
?eld asymmetric Waveform ion mobility spectrometry 
(FAIMSTM) interface, as Well as a number of instruments 
from smaller manufacturers. The fact that such research and 
development funding has been committed to the development 
of mobility-mass measurement is indicative that such instru 
ments are desired and must continually be developed. 
[0012] Accordingly, What is needed is a hybrid mass mobil 
ity instrument With a front-end mobility separation device. To 
better understand the problems of the prior art, a description 
of prior art mass spectrometry techniques is useful. 
[0013] Mass spectrometry is an analytical technique used 
to identify unknown compounds, the isotopic composition of 
elements in a molecule and to determine the structure of a 
compound. Such identi?cation is performed by measuring 
the mass-to-charge ratio of charged particles Which can be 
used to determine the particle’s mass, the composition of a 
sample, and/ or the chemical structure of the sample/mol 
ecule. 
[0014] In an MS process, a sample is loaded onto an instru 
ment Where it is vaporiZed (i.e., transitioned into a gas from a 
solid or liquid). The result is then ioniZed by a variety of 
methods to form charged particles (ions). The ions are sepa 
rated by their mass-to-charge ratio in an analyZer, detected, 
and the ion signal is processed into mass spectra. 
[0015] An MS instrument used to perform the above pro 
cess may include an ion source, a mass analyZer, and a detec 
tor. The ion source is used to perform the vaporiZation and the 
ioniZation of the material under analysis (the analyte). Elec 
trospray ioniZation (EI), Where liquid containing the analyte 
is dispersed by electrospray into a ?ne aerosol, may be used 
during the ioniZation process. The ions are transported to the 
mass analyZer that sorts the ions by their masses (e.g., by 
applying electromagnetic ?elds). The detector measures the 
quantity of ions. 
[0016] As described above, chromatographic techniques 
may be combined With MS to separate different compounds 
before analysis by the MS. LC-MS separates a liquid analyte 
(e.g., in combination With ES) before introducing the com 
pound to the ion source and MS. IMS-MS ?rst separates ions 
by drift time through a neutral gas under an applied electrical 
potential gradient before being introduced into an MS. 
[0017] Embodiments of the present invention provide the 
ability to perform mobility separation before mass analysis 
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by an MS. As set forth in the detailed description below, 
various different types of differential mobility analyzers 
(DMAs) may be used. For example, radial DMAs (RDMAs) 
may be used in one or more embodiments of the invention. 
Previously, a nano -RDMA device Was presented and mobility 
values for various tetraalkylammonium ions Were reported 
[1][7][8]. The previous experiment used an electrometer 
detection scheme Where all ion current exiting the device Was 
measured. HoWever, prior art systems fail to integrate nano 
RDMAs With an MS in an effective manner. Further, the prior 
art fails to integrate MS With DMAs that operate with How 
rates that are compatible With general analytical laboratory 
operations. 

SUMMARY OF THE INVENTION 

[0018] A hybrid mass mobility instrument is described 
Where an DMA instrument (e.g., a nano-RDMA instrument) 
is used as a front-end mobility separation device for electro 
spray ioniZation experiments. Speci?cally, organic salts or 
peptides have been shoWn to be analyZed by nano-RDMA, 
then analyZed in a second dimension in the quadrupole ion 
trap (QIT) mass spectrometer. Embodiments of the invention 
utiliZe a DMA system (e.g., a nano-RDMA-QIT system) 
developed by connecting the outlet of the DMA instrument to 
the atmospheric pressure inlet of an ion trap mass spectrom 
eter. Incoming aerosols and ions from the electrospray source 
are separated by mobility in the DMA instrument, and are 
subsequently mass analyZed using the ion trap mass spec 
trometer. 

[0019] This tWo dimensional approach has the advantage of 
a separation technique preceding mass analysis. For the nano 
RDMA-MS experiment, embodiments of the invention dem 
onstrate mobility analysis With mass spectrometric detection 
for tetraalkylammonium salts and the results compare Well 
With previous experiments, con?rming the peak assignments 
for the previous results. It can also be demonstrated that 
peptides may be analyZed With this instrument by analyZing 
Gramicidin S, a cyclic decapeptide. Embodiments of the 
invention may exhibit a resolution of approximately 5-7, and 
can increase the resolution by changing the ratio of aerosol 
and sheath gas ?oW rates. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] Referring noW to the draWings in Which like refer 
ence numbers represent corresponding parts throughout: 
[0021] FIG. 1 illustrates a schematic of a DMA system 
interfaced to a mass spectrometer in accordance With one or 

more embodiments of the invention; 
[0022] FIG. 2 illustrates a schematic of the ESI source 106 
used in studies With alkylammonium cations in accordance 
With one or more embodiments of the invention; 

[0023] FIG. 3 shoWs an updated electrospray design in 
accordance With one or more embodiments of the invention; 
[0024] FIG. 4 is a photograph of an exemplary nano 
RDMA instrument 400 installed in front of an ion trap mass 
spectrometer (ITMS) 402 in accordance With one or more 
embodiments of the invention; 
[0025] FIG. 5 illustrates a schematic of the interface 
betWeen a DMA instrument and an MS in accordance With 
one or more embodiments of the invention; 

[0026] FIGS. 6A-6F illustrate inverse mobility distribu 
tions using a mass spectrometer as a detector in accordance 
With one or more embodiments of the invention; 
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[0027] FIGS. 7(a)-7(d) illustrate mobility distritbutions of 
tetraheptylammonium for an extended compensation voltage 
scan and corresponding mass spectra in accordance With one 
or more embodiments of the invention; 
[0028] FIG. 8 is a mobility spectrum for tWo different elec 
trospray conditions for decapeptide Gramicidin S in accor 
dance With one or more embodiments of the invention; and 
[0029] FIG. 9 illustrates the logical ?oW for analyZing a 
sample in accordance With one or more embodiments of the 
invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0030] In the folloWing description, reference is made to 
the accompanying draWings Which form a part hereof, and 
Which is shoWn, by Way of illustration, several embodiments 
of the present invention. It is understood that other embodi 
ments may be utiliZed and structural changes may be made 
Without departing from the scope of the present invention. 

OvervieW 

[0031] Embodiments of the invention integrate/interface a 
DMA device (such as a nano-RDMA device) With an ion trap 
mass spectrometer so that MS detection can be achieved. The 
mobilities and corresponding mass spectra for several alky 
lammonium salts as Well as for the cyclic decapeptide Grami 
cidin S Were recorded. Also, the interfacing of the DMA 
device With the mass spectrometer provides a unique system 
from Which hybrid mass-mobility measurements can be 
made. The interface is particularly simple and robust, With no 
major modi?cation needed to either the mass spectrometer or 
the DMA instrument. The system may have particular utility 
in pre-separating charge states of peptides. 

DETAILED DESCRIPTION 

[0032] FIG. 1 illustrates a schematic of a DMA system 
interfaced to a mass spectrometer in accordance With one or 
more embodiments of the invention. More speci?cally, the 
schematic of FIG. 1 shoWs an experimental set up of a system 
100 used to measure the combined mobility and mass distri 
bution. DMA device 102 may be a DMA having a variety of 
shapes including radial (e. g., a nano-RDMA device). 
[0033] The DMA instrument 102 is af?xed to the entrance 
of a mass spectrometer 104 (i.e., to API of MS). The compo 
nents of the system 100 are assembled in series in the folloW 
ing order: ioniZation source 106 (e.g., an eletrospray source), 
DMA 102, and mass spectrometer 104. 
[0034] An exemplary MS 104 that may be used in embodi 
ments of the invention is a Thermo Scienti?cTM LCQ Deca 
XP ion trap mass spectrometer (ITMSTM). When using a 
standard mass spectrometer 104, modi?cations may not be 
necessary beyond the removal of the typical electrospray 
source and replacement With the DMA system 100 of 
embodiments of the invention. The ioniZation source 106 
preceding the DMA 102 may be any type of electrospray 
ioniZation (ESI) emitter. 
[0035] Air pressure (via air supply 108) is used to supply 
the analyte 110 (e.g., a salt solution) to the ESI capillary 106. 
The ESI capillary 106 ioniZes the analyte 110 using high 
voltage 112 in a sheath gas 114 (e.g., nitrogeniNz). The 
resulting ioniZed aerosol (that includes the ioniZed analyte 
and sheath gas) is transported to the DMA device 102 Where 
it is pumped (using pump 116) to the MS. 
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[0036] FIG. 2 illustrates a schematic of the ESI source 106 
used in studies With alkylammonium cations in accordance 
With one or more embodiments of the invention. The ESI 
source 106 has the feature of being able to observe the Taylor 
cone during electrospray using the vieWing port. For the 
alkylammonium salts (e. g., salt solution 110), the electro 
spray source 106 may be the same used source as that used for 
calibration measurements. For Gramicidin S, the electrospray 
source 106 Was of a miniaturized design based on the prin 
ciples of that shoWn in FIG. 2. In FIG. 2, similar to that of FIG. 
1, electrospray capillary 106 ioniZes the analyte 110 via high 
voltage. To connect the ESI capillary 106 to the DMA 104 
transportation mechanisms, the capillary 106 may be sur 
rounded With an acetal resin 202 (e.g., acetal homopolymer) 
that maintains certain properties for the secure connection. 
The acetal resin 202 may be Delr‘inTM acetal resin manufac 
tured by DuPontTM 
[0037] FIG. 3 shoWs an updated electrospray design in 
accordance With one or more embodiments of the invention. 
The neW electrospray source design affords operation at liq 
uid ?oW rates more analogous to typical ESI experiments, 
much loWer than the original ESI source design. For experi 
ments With Gramicidin S, the ESI source may be operated at 
a voltage of +2400 V DC With a liquid ?oW rate of 5-10 
[LL/H1111. In FIG. 3, each electrospray source Was connected to 
the DMA 102 using standard ?ttings (e.g., available from 
SWagelokTM corporation). The DMA 102 may be positioned 
in front of the LCQ-MS using a breadboard plate (150 
mm><150 mm) made for mounting optical elements, a pair of 
custom-built mounting plates, and optic mounting posts 
(O.D.z12 mm). 
[0038] More speci?cally, FIG. 3 illustrates the detail of a 
miniaturized electrospray source 106 used in Work With 
Gramicidin S. A 1/s" nylon SWagelok tee 302 Was modi?ed to 
accept a metallic counterelectrode 304. ESI needle 306 may 
be a 26 ga hypodermic tubing from Small PartsTM corpora 
tion. Application of high voltage 112 to needle 306 With 
grounded counterelectrode 304 establishes electric ?eld for 
electrospray. Aerosol ?oW gas is introduced at “gas in” 308 
and aerosol to be analyZed exits at “to DMA” 310. The min 
iaturiZed electrospray source alloWs for liquid ?oW rates that 
are similar to a typical electrospray ioniZation experiment 
(3-6 [1L per min) Which makes the exemplary embodiment of 
FIG. 3 compatible With typical commercial instrumentation 
for ESI using syringe pumps and limited sample volumes. 
[0039] FIG. 4 is a photograph of an exemplary nano 
RDMA instrument 400 installed in front of an ion trap mass 
spectrometer (ITMS) 402 in accordance With one or more 
embodiments of the invention. Mounting is achieved using 
machined parts. The photograph also shoWs an electrospray 
source 106 made from nylon SWagelokTM ?tting 404, as Was 
used during Gramicidin S experiments. The illustrated 
assembly shoWs the sample outlet of the nano-RDMA 400 
aligned With the atmospheric pressure inlet (API) of the 
ITMS 402. Due to the ports on the nano-RDMA 400 and the 
construction of the LCQ-MS, the sample outlet of the nano 
RDMA 400 and the API of the LCQMS 402 Were separated 
by a distance of 25 mm. The gap can be reduced to less than 
1 mm by attaching a SWagelok (1/4") to tube stub (l/s") ?tting 
on the nano-RDMA outlet and empirically adjusting the posi 
tion of the nano-RDMA 400 to minimiZe the gap betWeen the 
instrument outlet and the atmospheric pressure inlet of the 
mass spectrometer 400. Further reductions in the separation 
distance may be achieved by redesign of the nano-RDMA 
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outlet for optimal interfacing With the API of the mass spec 
trometer being used. Said modi?cation may further involve 
modi?cations to the shape of the DMA to optimiZe the inter 
face betWeen the DMA and the mass spectrometer, e.g., using 
a DMA Wherein charged particle classi?cation is performed 
betWeen conical electrodes that focus the classi?ed ions at the 
apex of the conical section to facilitate ef?cient coupling of 
the DMA With the mass spectrometer inlet. 
[0040] FIG. 5 illustrates a schematic of the interface 
betWeen a DMA instrument 100 and an MS 402 in accordance 
With one or more embodiments of the invention. More spe 
ci?cally, FIG. 5 is a draWing shoWing the particular arrange 
ment of the nano-RDMA outlet With respect to the atmo 
spheric pressure inlet of the mass spectrometer. The outlet 
pipe 502 is brought to near contact With the atmospheric 
pressure inlet capillary 504 of the ion trap instrument. An air 
gap 506 is maintained betWeen the DMA 502 and LCQ 504. 
Any excess aerosol How 508 is exhausted to the atmosphere. 
The DMA 502 (e. g., a nano-RDMA) may be operated With a 
10 SLM (standard liter per minute) sheath ?oW rate of nitro 
gen and in voltage stepping mode. The voltage on the DMA 
may be provided from a high voltage poWer supply (e.g., 
UltravoltTM 2 kV supply) that is controlled externally (e. g., 
With a LabVIEWTM (National Instruments, Austin, Tex., 
USA) program and hardWare). The external control may set 
the voltage level for each step of the scan, Which remains 
constant for a 30-second interval. The process can be repeated 
for a number of voltages to cover a range of particle mobili 
ties. In an exemplary experiment, the external control pro 
gram Was started at the same time that a time-based scan in the 
MS softWare Was started With a duration long enough to 
ensure data Would be collected over the complete voltage 
scan. The data Was analyZed using a program (e.g., MatlabTM) 
that averaged the signal produced by the molecular ions over 
the 30 second interval that the voltage Was held constant. 
[0041] Solutions for electrospray can be prepared from tet 
rapropylammonium iodide, tetrabutylammonium iodide, tet 
rapentylammonium iodide, tetrahexylammonium iodide, tet 
raheptylammonium bromide, and tetraoctylammonium 
bromide salts Which may be purchased from chemical sup 
pliers. Each of the above indicated compounds may be 
present in solution at a concentration of 0.02 to 0.05 mg/mL 
in methanol. Solutions of Gramicidin S Were prepared from a 
sample of Gramicidin S hydrochloride (e.g., obtained from 
Sigma AldrichTM (St. Louis, Mo., USA)). The peptide Was 
present in solution at a concentration of 0.2 mg/mL in metha 
nol With 0.1% acetic acid added to aid in ioniZation in positive 
mode. 

Results and Discussion 

[0042] Mobility Distributions for Alkylammonium Salts 
[0043] The mobility distribution recorded using the LCQ 
MS detector for the monomer of each alkylammonium ion 
(e. g., based on the con?guration described above With respect 
to FIGS. 1-5) is presented in FIG. 6. More speci?cally, FIG. 
6 illustrates distribution of observed signals as a function of 
inverse mobility (using a mass spectrometer as a detector). 
The inverse mobility distributions are recorded in respective 
?gures With the ITMS as the detector for: FIG. 6A-Zelrapr0 
pylammonium; FIG. 6B-Zelrabulylamm0nium; FIG. 6C-Zel 
rapenlylammonium; FIG. 6D-Zelrahexylamm0nium; FIG. 
6E-Zelraheplylamm0nium; and FIG. 6F-Zelra0clylamm0nium 
cations. The molecular ion Was detected at approximately the 
same voltage and 1/Z value reported previously When a Fara 
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day cup electrometer Was used as the detection, con?rming 
the identity of the molecule detected. Table 1 compares the 
results obtained here to those previously obtained. 

TABLE 1 

l/Z Value (V s cm-Z) 

Cation de la Mora [5] Bnmelli [1] This Work 

tetralnethylarnmonium 0.459 f i 

tetraethylammonium 0.531 f 

tetrapropylarnmonium 0.619 0.619 0.62 
tetrabutylalnmonium 0.718 0.721 0.79 
tetrapentylarnmonium i 0.837 0.88 

tetrahexylalnmonium i 0.937 0.98 

tetraheptylammonium 1.030 1.032 1.05 
tetraoctylalnmonium i i 1.16 

[0044] As illustrated in Table 1, good agreement is 
observed indicating that detection using the mass spectrom 
eter does not skeW mobility values. 

[0045] An extended voltage scan Was captured to con?rm 
the identity of the suspected dimer and trimer peak for tetra 
heptylammonium bromide, as shoWn in FIG. 7. Thus, FIG. 7 
illustrates mobility distributions of tetraheptylammonium for 
an extended compensation voltage scan and corresponding 
mass spectra. FIG. 7a illustrates inverse mobility spectrum 
for extended compensation voltage scan Where three peaks 
are observed. 

[0046] FIG. 7b illustrates mass spectrum acquired during 
elution of peak 1 Where tetraheptylammonium monomer is 
observed. Accordingly, the mass spectrum for peak 1 con 
sisted of a single mass at 410 m/Z, Which is the molecular 
Weight of the tetraheptylammonium cation. 
[0047] FIG. 70 illustrates mass spectrum acquired during 
elution of peak 2 Where monomer and dimmer of tetrahepty 
lammonium is observed. The region corresponding to the 
peak 2 consisted of three different species as detected in the 
mass spectrometer: singly charged monomer, singly charged 
dimer, and doubly charged quadramer. The observation of 
monomer may possibly be due to the transmission of the 
dimer (e.g., through the DMA) and subsequent fragmenta 
tion, into a monomer subunit, after analysis by the differential 
mobility instrument but before analysis With the LCQ-MS. 
The doubly charged quadramer is expected to have the same 
mobility as the singly charged dimmer, and this may explain 
its presence in the observed spectrum. 

[0048] FIG. 7d illustrates mass spectrum acquired during 
elution of peak 3. Various multimers of tetraheptylammo 
nium are observed. Thus, peak 3 in the distribution consisted 
of more molecular Weights than the ?rst, including the mono 
mer, dimer, trimer, and quadramer, indicating that this peak is 
not due to a monomobile species. Mass analysis of the third 
peak in the extended mobility spectrum con?rmed previous 
suspicions that the third peak in the mobility distribution Was 
not due to a single species. It is possible that this peak is due 
to a multiply charged complex of several of the molecular 
ions Which subsequently fragments during its transit betWeen 
the nano-RDMA analyZer but before analysis With the mass 
spectrometer. Another possibility is that this peak is due to 
transmission of droplets of a particular siZe and charge (de?n 
ing a mobility Within range of operation of the nano-RDMA) 
Which are then subsequently desolvated and the ions con 
tained in it are analyZed in the mass spectrometer. 
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[0049] Smith and co -Workers [2] have determined that in an 
electrospray, a distribution of droplet siZes and charges are 
present and While there are peak values for droplet siZe (deter 
mined by electrospray emitter siZe) and charge (likely deter 
mined by electrospray voltage and electric ?eld betWeen the 
electrospray needle and inlet capillary) there Will, to some 
degree, be a class of droplets With some siZe and charge value 
such that this droplet Will elute at a mobility value available to 
the nano -RDMA instrument. Although droplets may be very 
large, they can carry many more elementary charges than a 
simple ion and thus may have mobilities in ranges similar to 
1ons. 

[0050] Mobility distributions for Biomolecules: Gramici 
din S 
[0051] The exemplary nano-RDMA instrument described 
above may also be used for the analysis of biomolecules. Ion 
mobility-mass spectrometry has previously been applied to 
the analysis of cyclic peptides [3], and the cyclic decapeptide 
Gramicidin S Was chosen for study With the nano-RDMA 
ITMS instrument. 
[0052] FIG. 8 is a mobility spectrum for tWo different elec 
trospray conditions for decapeptide Gramicidin S having the 
sequence cyclo-(VOL(dF)P)2, Where O is the non-naturally 
occurring amino acid ornithine, and dF is d-phenylalanine. 
Gramicidin S Was chosen as a system of study oWing to the 
stability of the peptide, and the fact that it typically displays 
tWo charge states in a typical ESI spectrum having either one 
or both ornithine residues protonated. 
[0053] Three peaks eluted from the nano-RDMA instru 
ment. Peak 1 corresponds to the doubly charged monomer, 
While peak 2 corresponds to the singly charged monomer of 
Gramicidin S. Mass spectra recorded during peak 3 again 
shoWs the singly charged monomer of Gramicidin S, in higher 
abundance than previous. Thus, peak 3 also contains singly 
charged monomer, but judging by intensity and ability to 
drastically modulate height With electrospray conditions, it is 
suspected to be due to elution of droplets from the miniatur 
iZed ESI source. Higher liquid ?oW rate and loWer spray 
voltage appears to promote formation of droplets relative to 
ions. Accordingly, the height of this peak could be modulated 
in different experiments by changing the characteristics of the 
ESI source, by either changing the spray voltage or changing 
the liquid ?oW rate. Since the detection of this peak appears to 
depend on the characteristics of the spray source, it is thought 
that this peak, like the third peak in the alkylammonium 
spectrum, may be due to the transmission of solvent droplets 
containing the peptide that are of the appropriate mobility, 
and are subsequently desolvated While travelling through the 
desolvation capillary of the mass spectrometer. Such “ghost 
peaks” likely due to solvent droplets have been observed in a 
previous account in the literature [4] but the composition of 
those peaks Was not assigned. 
[0054] Operation of Instrument as a General Front End for 
Mass Spectrometers 
[0055] Embodiments of the invention provide an instru 
ment that appears Well suited to study a variety of systems 
from inorganic ions to biomolecules. Overall, the instrument 
resolution could be calculated from the mobility spectra to be 
a value of 7 for the tetraheptylammonium monomer. This is 
similar but slightly loWer than What Was observed When 
detecting the ions With a Faraday cup electrometer. The reso 
lution could be readily changed through adjusting the aerosol 
?oW. Although the resolution achieved in these experiments is 
less than that typically achieved in commercial instrumenta 
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tion, it Was nonetheless su?icient for separation of charge 
states in Gramicidin S. There are several techniques in the 
literature to “charge strip” a species so that a loWer charge 
state can be obtained before subsequent reaction or mass 
analysis. The instrument of embodiments of the invention 
could pre-separate charge states before analysis Without the 
use of such chemical charge stripping methods. 
[0056] No special considerations for differential pumping 
may be necessary When interfacing a DMA and ITMS instru 
ments. Normally, the transfer of ions from atmospheric pres 
sure into vacuum for mass analysis requires a differential 
pumping scheme, Where a series of skimmer lenses and ori 
?ces mediate the transition betWeen high and loW pressure. 
However, in embodiments of the invention, the interfacing 
betWeen the DMA instrument (e.g., a nano-RDMA instru 
ment) and the ITMS takes place at atmospheric pressure, 
greatly simplifying the interface and requirements for it. The 
fact that the outlet of the DMA can be placed directly in front 
of the inlet of the mass spectrometer With a minimum of effort 
suggests that this technique of interfacing the DMA instru 
ment to atmospheric pressure inlet mass spectrometers is 
nearly universal, provided the mass spectrometer in question 
has su?icient duty cycle and sensitivity. 
[0057] It appears, then, that a DMA-MS system can be 
someWhat universal in that one may place a DMA instrument 
as a front end to any atmospheric pressure inlet mass spec 
trometer, and is not limited to use With particular MS (e.g., 
ThermoTM LCQ instruments). Other instruments to Which 
this interface may be Well suited include Thermo LTQTM, 
Thermo LTQ OrbitrapTM, Thermo LTQ-FTTM, and many of 
the AgilentTM ion trap mass spectrometers. In addition, the 
DMA may also interface With time of ?ight instruments such 
as Waters QTofr M or others. 

CONCLUSION 

[0058] This concludes the description of the preferred 
embodiment of the invention. The folloWing describes some 
alternative embodiments for accomplishing the present 
invention. 
[0059] A DMA-MS system (e.g., a nano-RDMA-ITMS 
system) may be utiliZed to achieve mobility-MS analysis of 
organic molecules and small peptides. An exemplary particu 
lar system is the interfacing of an existing nano-RDMA 
instrument to a laboratory mass spectrometer in a simple and 
effective manner. When interfacing the nano-RDMA instru 
ment to another instrument With an atmospheric pressure 
inlet, no special differential pumping considerations are 
required and it appears that the nano -RDMA-MS interface is 
applicable to a variety of mass spectrometer systems. 
[0060] It may be noted that RDMAs may be preferable to 
other shaped DMAs. For example, While other DMA shapes 
exist (see [6][9]), prior art DMA devices may operate in 
extreme conditions. For example, such prior art DMA devices 
may require high Reynold’s numbers (e.g., over 2000) for 
proper operation. Such high Reynold’s numbers may require 
a high gas ?oW rates. For example, a gas ?oW rate of 1-5 liters 
per minute (LPM) may be used to produce a sheath ?oW rate 
of 59-825 LPM. Such high gas ?oW rates increase the oper 
ating costs (e.g., by requiring larger volumes of puri?ed gas 
and components capable of processing the high gas ?oW 
rates) and are improbable for many laboratories and commer 
cial production. 
[0061] In contrast to prior art DMA based devices, embodi 
ments of the present invention may utiliZe a nano-RDMA for 
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separating the ioniZed sample by mobility. Nano-RDMA 
devices are smaller than those required by prior art large ?oW 
devices. Accordingly, the siZe of such nano-RDMA devices 
may enable ?eld deployment and does not require large vol 
umes of puri?ed gas (gas processed by the mobility separator 
should produce a gas that is free of contaminants that can be 
detected by the mass spectrometer performing the mass 
analysis. Thus, a nano-RDMA device may typically have 
loWer gas ?oW rates as Well as loWer Reynolds numbers. For 
example, embodiments of the invention may have Reynolds 
numbers of approximately 200 and a gas ?oW rate of 1-2 liters 
per minute. Such a gas ?oW rate may result in a sheath ?oW 
rate of 5-50 liters per minute (max) (With a more preferable 
rate of either 10 liters per minute or 20 liters per minute). 

[0062] The foregoing description of the preferred embodi 
ment of the invention has been presented for the purposes of 
illustration and description. It is not intended to be exhaustive 
or to limit the invention to the precise form disclosed. Many 
modi?cations and variations are possible in light of the above 
teaching. It is intended that the scope of the invention be 
limited not by this detailed description, but rather by the 
claims appended hereto. 

Logical How 

[0063] FIG. 9 illustrates the logical ?oW for analyZing a 
sample in accordance With one or more embodiments of the 
invention. 

[0064] At step 902, a sample is ioniZed using a ?rst ioniZa 
tion system. The ?rst ioniZation system may be an electro 
spray source such as an electrospray ioniZation emitter (ESI). 
Alternatively, the ioniZation system may be an atmospheric 
pressure chemical ioniZation system. 
[0065] At step 904, the ioniZed sample is separated by 
mobility using a nano-radial differential mobility analyZer 
(nano-RDMA)(i.e., a nano-siZed RDMA). Alternatively, 
other shaped DMAs may be utiliZed (e. g., shapes other than 
radial) While remaining nano-siZe. Similarly, larger (non 
nano siZed) DMAs may be utiliZed that are radially shaped in 
accordance With embodiments of the invention. 

[0066] The nano-RDMA is coupled to the ?rst ioniZation 
system (e. g., using standard SWagelokTM ?ttings). The nano 
RDMA is also coupled to a mass spectrometer (e.g., using a 
breadboard plate made for mounting optical elements, a pair 
of mounting plates, and optic mounting posts). In addition, 
the sample outlet of the nano-RDMA is aligned With an 
atmospheric pressure inlet (API) of the mass spectrometer. A 
gap betWeen the sample outlet and the API may be minimized 
by empirically adjusting a position of the nano-RDMA. A 
sheath ?oW rate of/produced by the nano-RDMA may be a 
maximum of ?fty (50) liters per minute. In this regard, the 
sheath ?oW rate provided by the nano-RDMA is loWer as 
compared to a sheath ?oW rate produced by a continuous ?oW 
mobility classi?er-mass spectrometer system Without the 
nano-RDMA. 

[0067] At step 906, the separated sample is mass analyZed 
using the mass spectrometer. The mass spectrometer may be 
a liquid chromatography-mass spectrometer (LC-MS or 
LCQ-MS). 
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What is claimed is: 
1. A continuous ?oW mobility classi?er-mass spectrometer 

system comprising: 
(a) a ?rst ionization system con?gured to ionize a sample; 
(b) a nano-radial differential mobility analyzer (nano 
RDMA), Wherein: 
(i) the nano-RDMA is coupled to the ?rst ionization 

system; 
(ii) the nano-RDMA is coupled to a mass spectrometer; 
and 

(iii) the nano-RDMA is con?gured to separate the ion 
ized sample by mobility for subsequent mass analysis 
by the mass spectrometer. 

2. The continuous ?oW mobility classi?er-mass spectrom 
eter of claim 1, Wherein the ionization system comprises an 
electrospray source. 

3. The continuous ?oW mobility classi?er-mass spectrom 
eter of claim 2, Wherein the electrospray source comprises an 
electrospray ionization emitter (ESI). 

4. The continuous ?oW mobility classi?er-mass spectrom 
eter of claim 1, Wherein the ionization system comprises an 
atmospheric pressure chemical ionization system. 

5. The continuous ?oW mobility classi?er-mass spectrom 
eter of claim 1, Wherein a second ionization system Was 
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removed from the mass spectrometer prior to coupling the 
mass spectrometer to the nano-RDMA. 

6. The continuous ?oW mobility classi?er-mass spectrom 
eter of claim 1, Wherein the mass spectrometer comprises a 
liquid chromatography-mass spectrometer (LC-MS). 

7. The continuous ?oW mobility classi?er-mass spectrom 
eter of claim 1, Wherein the ?rst ionization system is coupled 
to the nano-RDMA using standard SWagelokTM ?ttings. 

8. The continuous ?oW mobility classi?er-mass spectrom 
eter of claim 1, Wherein: 

a sample outlet of the nano-RDMA is aligned With an 
atmospheric pressure inlet (APl) of the mass spectrom 
eter; and 

a gap betWeen the sample outlet and the API is minimized 
by empirically adjusting a position of the nano-RDMA. 

9. The continuous ?oW mobility classi?er-mass spectrom 
eter of claim 1, Wherein a sheath ?oW rate of the nano-RDMA 
is a maximum of ?fty (50) liters per minute. 

10. The continuous ?oW mobility classi?er-mass spec 
trometer of claim 1, Wherein a sheath ?oW rate provided by 
the nano-RDMA is loWer as compared to a sheath ?oW rate 
produced by a continuous ?oW mobility classi?er-mass spec 
trometer system Without the nano-RDMA. 

11. A method for analyzing a sample comprising: 
(a) ionizing a sample using a ?rst ionization system; 
(b) separating the ionized sample by mobility using a nano 

radial differential mobility analyzer (nano-RDMA), 
Wherein 
(i) the nano-RDMA is coupled to the ?rst ionization 

system; and 
(ii) the nano-RDMA is coupled to a mass spectrometer; 

(c) mass analyzing the separated analyzed sample using the 
mass spectrometer. 

12. The method of claim 11, Wherein the ionization system 
comprises an electrospray source. 

13. The method of claim 12, Wherein the electrospray 
source comprises an electrospray ionization emitter (ESI). 

14. The method of claim 11, Wherein the ionization system 
comprises an atmospheric pressure chemical ionization sys 
tem. 

15. The method of claim 11, Wherein the mass spectrom 
eter comprises a liquid chromatography-mass spectrometer 
(LC-MS). 

16. The method of claim 11, further comprising: 
aligning a sample outlet of the nano-RDMA With an atmo 

spheric pressure inlet (APl) of the mass spectrometer; 
and 

minimizing a gap betWeen the sample outlet and theAPl by 
empirically adjusting a position of the nano-RDMA. 

17. The method of claim 11, Wherein a sheath ?oW rate of 
the nano-RDMA is a maximum of ?fty (50) liters per minute. 

18. The method of claim 11, Wherein a sheath ?oW rate 
provided by the nano-RDMA is loWer as compared to a 
sheath ?oW rate produced by a continuous ?oW mobility 
classi?er-mass spectrometer system Without the 
nano-RDMA. 


