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bstract

The aerosol MALDI technique has been noted for its extreme sensitivity. Unfortunately, resolution and signal quality remain as issues that
imit the applicability of the technique. Utilizing the aerosol MALDI technique in an ion trap mass spectrometer has an advantage because the
esolution and signal-to-noise ratio are not products of the laser ablation event. In this study, the mass dependence of the aerosol MALDI technique
n a constant frequency, 1 MHz, ion trap was explored in terms of trapping, resolution and signal-to-noise. Mass resolution exceeding 5000 was

chieved for substance P. Trapping and detection of ions up to myoglobin, m/z 16.9 kDa, was demonstrated. The effect of the pseudo-potential
ell depth at ejection on resolution and signal-to-noise was revealed. Our results show that the ability to trap large ions with the aerosol MALDI

echnique can be modeled with the MALDI-induced velocity distribution and the trapping pseudo-potential well depth.
2006 Elsevier B.V. All rights reserved.
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. Introduction

There are many sources of bioaerosols. It has long been a
oal of aerosol scientists to be able to differentiate, speciate and
ount airborne bioparticles in real time. The benefits of achieving
his goal are numerous. Aside from the ability to monitor the
ir for bioterror weapons, there is also the need to be able to
ccurately define how diseases are transmitted, the need to track
nd identify other airborne pathogens such as those that cause
ick building syndrome and a variety of other health related
ssues such as allergens. Unfortunately, bioaerosols have a wide
ariety of chemical and physical properties that make this task
ery difficult.

Much of the initial work in single-particle mass spectrometry
f bioaerosols focused on bacteria [1–5]. While identifiable mass
pectral fingerprints were observed, attempts to identify, speci-
te, and count individual airborne bacteria were mixed [1–5].

ue to charge-transfer effects during the desorption and ioniza-

ion process, the final ion distribution is defined by the relative
onization potentials and electron affinities of the species in the
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article matrix [6]. For bacteria, the majority of mass spectral
ntensity was below 200 Da [2,4,5] and was attributed to alkali
etal adducts and phosphates by tandem mass spectrometry [2].
ecause the nature of the material that could be associated with
irborne bacteria particles is unknown, the use of direct laser des-
rption aerosol mass spectrometry for identifying and counting
irborne bacteria remains dubious.

Perhaps the best chance of directly identifying and counting
ndividual bioaerosol particles is by mass spectrometric mea-
urement of the high mass species, such as proteins [7,8] and
hospholipids [9] that can make up a large part of the biolog-
cal material of the particle. In order to accomplish this with
erosol mass spectrometry, the technique had to be modified to
xtend the range of masses analyzed. Fortunately this can be
one by addition of a matrix that permits ionization of these
arge mass species. Murray et al. [10] were the first to incorpo-
ate aerosols into the MALDI process. Mansoori et al. [11] made
mprovements by making it a single-particle technique. Stowers
t al. [12] further improved the technique by coating the parti-
les on-the-fly before admission into their mass spectrometer.

ith their technique, they generated mass spectra of individual

acterial spores [12,13]. Other groups have also demonstrated
ALDI on a single-particle level by either on-line coating of the

articles [14,15] or premixing the matrix and analyte [16,17].

mailto:reillypt@ornl.gov
dx.doi.org/10.1016/j.ijms.2006.06.014
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ur group has extended single-particle MALDI for use with
n ion trap mass spectrometer for bioaerosols with masses up
o 1500 Da [18]. We illustrated the advantage of using tandem
ass spectrometry to identify the biomolecules.
In this work, we demonstrate the applicability of the aerosol

ALDI ion trap technique for the analysis of biomolecules in
xcess of 1500 Da. Aerosol MALDI mass spectra of known
roteins were obtained as a function of increasing mass up to
yoglobin (m/z 16,951) with a modified commercial ion trap

Polaris Q, ThermoFinnigan, Austin, TX). Our goal was to deter-
ine the factors that define the mass limits of the trap in terms of

rapping and detecting biomolecular ions. We have investigated
he factors that define the resolution and signal-to-noise ratio
f the trap and suggested ways of improving the technique to
btain high resolution mass spectra in the high mass range in an
on trap.

. Experimental methods

The experimental setup is shown in Fig. 1. Polydisperse
iomolecule-containing particles were generated with a Colli-
on nebulizer using deionized water as a solvent. The nebulized
erosol was passed through heated and cooled tubes consecu-
ively to desorb the solvent from the particles and then condense
t on the cooled wall to dry the aerosol. The emerging aerosol
hen entered the matrix applicator consisting of a heated saturator
nd condenser. The saturator was a 15 cm long, 19 mm diame-
er, heated glass tube. Ferulic acid crystals were deposited in the
aturator and heated to 130 ◦C. This matrix was chosen because
t works well with 355-nm excitation and yields high mass ions.

nside the heated saturator, the aerosol and matrix vapor were in
quilibrium so that the rate of deposition was equal to the rate of
ublimation. Upon leaving the saturator, the aerosol and matrix
apor were cooled to 10 ◦C resulting in a supersaturation that

e
t
s
t

ig. 1. Schematic diagram of the instrument showing the bioaerosol generation, m
pectrometer.
ass Spectrometry 258 (2006) 113–119

auses the matrix vapor to rapidly condense onto the aerosol par-
icles. The amount of matrix added to the surfaces of the particles
as dependent on the linear flow rate and the saturator tempera-

ure. Up to a few 100 nm of matrix could be added to the radius of
he particles [18]. The flow rate through the Collison nebulizer
nd matrix coating apparatus ranged between 0.5 and 1.5 L/min.
he residence time in the saturator ranged from 5 to 1.7 s,

espectively. Aerosol generation and coating were performed at
tmospheric pressure. A diagram of the aerosol generator, matrix
pplicator, and mass spectrometer is shown in Fig. 1. This design
s similar to that used by Stowers et al. [12] and in condensation
uclei counters in commercial particle sizing instruments.

A portion of the coated aerosols was drawn into the instru-
ent and analyzed on an individual particle basis in real time
ith our ion trap-based aerosol mass spectrometer. The spec-

rometer used herein has been described in detail elsewhere
19]. It is an updated and transportable version of the instrument
sed previously in our laboratory [20]. Our present instrument
as converted from a commercially available ion trap mass

pectrometer (Polaris Q, ThermoFinnigan, Austin, TX). The
ommercial system was minimally modified by replacing the
op blank flange with one that contained our inlet, light scatter-
ng detection optics and laser ablation optics. In addition, four
oles were drilled into the ring electrode to pass the particle
eam and the ablation laser. The GC inlet and ionization source
ave not been modified and the instrument can still operate as a
etector for a gas chromatograph, its original purpose.

With these modifications, the instrument now operates as
n aerosol mass spectrometer. First, an aerodynamic lens-based
nlet system, based on the design of Liu et al. [21,22] produced an

xtremely well-collimated particle beam from an aerosol admit-
ed in to the instrument through a 100-�m diameter orifice. A
eries of constrictions and expansions forced the particles toward
he central axis of the lens system. The trajectory lines of the par-

atrix coating and the ion trap-based individual particle aerosol MALDI mass
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icles in the lens system have been represented in Fig. 1. Because
he particles were moving along the central axis during the final
xpansion into vacuum, they experienced minimal radial dis-
ersive force and remained collimated. The particle beam was
urther separated from the atmospheric carrier gas by passage
hrough a 250-�m diameter skimmer into the main chamber of
he ion trap mass spectrometer.

Inside the main chamber, the collimated particle beam passed
hrough two focused 532-nm diode laser beams propagating into
nd out of the page in Fig. 1. The scattered light from each
aser was collected and focused onto separate photomultiplier
ubes (PMT) through a pinhole to minimize background scat-
ered light. The PMT signals were inverted and converted to
TL pulses that were used to measure the time-of-flight between

he two detection points. The measured flight time provided a
irect correlation that determined the aerodynamic size of each
easured particle. In this work, measured aerodynamic parti-

le sizes range from 500 to 1000 nm. The scattered light signals
lso permit the timing of a focused 355-nm ablation/ionization
aser to fire when the particle arrives at the center of the ion
rap regardless of its size or velocity. The timing circuit is also
esigned to produce a TTL pulse to fire the flashlamps of the
AG laser at the optimal time (150 �s) before the detected par-

icle reaches the center of the ion trap. Because the minimum
ight time between the second detection point and the center
f the ion trap is greater than the optimal 150 �s delay, there
re no limitations to the size of the particles that may be ana-
yzed other than the ability to detect the scattered light from
he 532-nm detection lasers. The nascent ions created by the
55-nm laser pulse were trapped and subsequently subjected to
tandard mass analysis techniques [19]. Ions were detected with
he channeltron detector. Under normal operating conditions,
high mass limit of 1000 m/z was obtained. This mass range
as extended through high mass resonance ion ejection [23]
ia user-based custom interface software based on the Xcalibur
evelopment Kit (ThermoFinnigan). For these experiments, the

ing electrode of the ion trap was usually held at an rf voltage
here low mass ions are immediately ejected, thus improving

ensitivity for high masses. The scan rate depends on the scan
unction required. Generally, our scan time was 450 ms with 33
ata points measured per ms. Typically 600 ms was required
rom particle detection to data storage.

. Results and discussion

Peptide-containing bioaerosols were coated in the matrix
pplicator with ferulic acid. A portion of the coated aerosol was
hen directed into the instrument where the individual particles
ere sized, ablated, and mass analyzed. Intense signals were

ecorded for peptides on a single-particle basis. An example
f this is shown in Fig. 2a for a 625-nm particle containing
pproximately 20 amol of substance P. The parent ion isotopes
ere resolved with a peak width (FWHM) of 0.25 Da, result-
ng in a resolution over 5300. The substance P mass spectrum
as recorded with an ejection q of 0.6 and a scan rate of
.450 ms/amu. Strong signals were recorded for single-particles
f insulin chain B as shown in Fig. 2b for a 950-nm particle

s
2
(
q

ig. 2. Single-particle MALDI mass spectra from (a) a 625 nm particle of sub-
tance P (m/z 1348.7); (b) a 950 nm particle of insulin chain B (m/z 3496.9).

ontaining approximately 50 amol. The insulin chain B mass
pectrum was acquired with an ejection q of 0.225 with a scan
ate of 0.110 ms/amu. Although not completely resolved, some
sotopic structure is observed, even with a scan rate four times
han that utilized in the substance P mass spectrum in Fig. 2a.

Application of the matrix was limited so that particles were
ot observed without input of analyte particles into the saturator.
n this limit, analyte ion intensity did not seem to change much
n average. Typically at least a 150-nm thick coating of matrix
as required to yield consistent signal. A more detailed study of

he effect of matrix thickness on analyte signal deserves further
tudy. The percentage of laser pulses that yielded a useful mass
pectrum for peptides was roughly the same as polybeads of a
imilar size; however, that percentage decreased with increasing
nalyte mass.

Mass resolution was not affected by averaging. To demon-
trate this, 100 spectra of substance P were averaged and are
isplayed in Fig. 3A. The inset shows a close-up look at the aver-
ged substance P parent ions. Baseline resolution was observed
nd a resolution of 5000 (measured at FWHM) was calculated
or the parent ions. This observed resolution is approximately
n order of magnitude greater than that reported for time-
f-flight-based aerosol MALDI [12,16,17,24]. In those instru-
ents, aerosol beam width and methods of sample preparation

ave been suggested as limiting resolutions [13]. In addition,
ower resolution linear flight tubes are preferred over reflectrons
ue to ion loss in the latter [13,24]. In contrast, our technique
raps the MALDI ions after creation and subsequently collision-
lly cools them before mass analysis in the ion trap thereby
ecoupling the MALDI process from the mass analysis. This
s the reason that very high resolution has been obtained from

ALDI generated ions on ion traps and q-TOFs [25,26]. Our
echnique minimizes the implications of aerosol beam width,
on initial velocities, and the sample preparation method on the

ass analysis. Thus in our case, the resolution is a function of
nstrumental mass scan parameters, not the laser ablation event.

In Fig. 3, a progression of averaged aerosol MALDI spec-
ra as a function of increasing analyte mass is presented: (A)

ubstance P (m/z 1348.7, ejection q = 0.6); (B) melittin (m/z
847.5, q = 0.3); (C) insulin chain B (m/z 3496.9, q = 0.225);
D) insulin (m/z 5734.6, q = 0.15); (E) ubiquitin (m/z 8565.6,
= 0.09); (F) cytochrome c (m/z 12232.0, q = 0.06); (G) myo-
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ig. 3. Averaged aerosol MALDI mass spectra from 100 individual particles o
496.9); (D) insulin (m/z 5734.6); (E) ubiquitin (m/z 8565.8); (F) cytochrome c

lobin (m/z 16952.5, q = 0.045). Examination of the series of
pectra in Fig. 3 shows a steady decline in analyte ion intensity
rom approximately 3 million (arbitrary units) for substance P
m/z 1348.7) to less than 20,000 for myoglobin (m/z 16952.5).
ecause the size distributions of the particles in each of the spec-

ra were roughly the same, there was only an order of magnitude
hange in the number of biomolecules available for ionization
n the particles moving from substance P to myoglobin while

aintaining equivalent analyte mass. This represents a factor of
50 change in signal intensity with only a factor of 10 change
n the concentration on a mole basis. This suggests either that
here is a reduction in ionization efficiency of the large m/z ions
r they are not being trapped.

Examination of the distribution of doubly and singly charged
nalyte ions is insightful. Our series of spectra as a function of
ncreasing analyte mass shows that the intensity of the doubly
harged peak progressively overtakes the singly charged peak

s a function of increasing analyte mass. The doubly charged
pecies appeared with insulin (m/z 5734.6) and became about
ne-half the integrated intensity of the singly charged peak with
biquitin (m/z 8565.8). The doubly and singly charged peak

t
t
I

substance P (m/z 1348.7); (B) melittin (m/z 2847.5); (C) insulin chain B (m/z
12232.0); (G) myoglobin (m/z 16952.5).

ntensities were roughly equal for cytochrome c (m/z 12232.0)
hile the doubly charged peak of myoglobin (m/z 16952.5)

clipsed the singly charged mass peak. The MALDI process
rimarily yields singly charged species. The degree of multi-
le charging increases as a function of analyte mass and often
epends on the sample preparation technique. However, MALDI
OF mass spectra of ions in the 17 kDa mass range in the litera-

ure have demonstrated that the ratio of doubly charged to singly
harged species coming out of the matrix should not greatly
xceed one, regardless of the preparation technique [13,27,28].
oreover, the MALDI technique always produces a significant

uantity of singly charged species even when looking at large
nalytes such as bovine serum albumin (66 kDa). Therefore, we
uggest that the loss of intensity as a function of increasing
ass was due to an inability to trap the more energetic higher
ass species coming out of the MALDI process, not so much

n inability to ionize the analyte.

The trapping limitations of the ion trap-based aerosol MALDI

echnique may be defined by the spatial kinetic energy distribu-
ion of the ablated species and the pseudo-potential well depth.
n general, since the ions are created at the center of the ion trap,
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f the ion kinetic energy is greater than the pseudo-potential well
epth, it escapes. If it is less, the ion is trapped. Initial veloci-
ies distributions of MALDI generated ions from surfaces have
een well studied and are independent of mass. Beavis and Chait
29] measured the average velocity from the MALDI process at
50 m/s with the extremes of the distributions extrapolated to
oughly 300 and 1200 m/s. The position of the average and the
idth of the distribution are somewhat laser intensity dependent
ith the position of the average increasing and the width of the
istribution narrowing with increasing laser intensity. Velocity
istributions of ions from incomplete vaporization of individ-
al particles have been measured and found to have a similar
istribution to that seen from MALDI from a surface [30]. It
s reasonable to suggest that the range of velocities created by

ALDI from a surface are generalizable to the ablation plume
reated by MALDI from a single particle.

The spatial distribution of the ablation plume is particle size
ependent. In the limit where the circumference of the particle is
reater than the wavelength of the ablation laser, the majority of
he ablation plume propagates in the direction of the laser [18].
n the limit where the particle circumference is less than the laser
avelength the ablation process is isotropic. This phenomenon
as ramifications in an ion trap because the pseudo-potential
ell in the radial direction is one-half that in the direction of the

nd-cap electrodes [31]. This means that trapping efficiencies
ill be better for larger particles if the laser propagates in the
irection of the end-cap electrodes. For small particles that are
ompletely vaporized, trapping efficiencies will be independent
f laser propagation.

For an ion trap of fixed frequency, the optimum condition
or trapping the highest masses is to set the rf to its maximum
oltage. Our instrument’s maximum rf voltage is approximately
500 V0–p. The pseudo-potential well depth in the r and z direc-
ions are defined for qr or z < 0.4 as

r = qrV0–p

8
and Dz = qzV0–p

8

nd the radial and axial Mathieu parameters qr and qz, respec-
ively, are given by

r = 4eV

[m(r2
0 + 2z2

0)Ω2]
and qz = 8eV

[m(r2
0 + 2z2

0)Ω2]

here e is the electronic charge, V the rf voltage (0–p), m the ion
ass, r0 the ring electrode radius, z0 the distance between the

enter of the trap and the end-cap electrode and Ω is the radial
requency of the trapping potential given by 2π times the trap
requency. The frequency of our instrument is 1.0247 MHz.

With this information, we have calculated the radial and axial
seudo-potential well depths as a function of m/z in Fig. 4. In this
gure, we have also included the kinetic energy of the ions com-

ng out the MALDI process as a function of molecular weight
or an array of velocities spanning the velocity distribution of
he ions from the MALDI process.
The interpretation of Fig. 4 is somewhat dependent on exper-
mental setup of the ablation laser and the size of the aerosol
articles. In our instrument, the laser passes through the center
f the trap through holes drilled through the ring electrode and

a
s
t

s a function of mass to charge ratio, m/z and the MALDI expansion-induced
inetic energy as a function of molecular weight at incremental values of the
elocity at 200, 400, 600, 800, 1000, 1200 and 1400 m/s.

he circumference of the matrix coated particles is greater than
he wavelength of the laser. This means that the majority of the
blation plume travels in the radial direction. Consequently, the
seudo-potential well depth that best determines our ability to
rap the MALDI ions created from individual particles ablated
n the center of the trap is Dr.

If collision-induced damping is ignored, MALDI created ions
ravelling in the radial direction will escape the trapping potential
f their kinetic energy is greater than eDr. For any constant veloc-
ty line in the figure, masses to the left of the crossing with the
adial well potential will be trapped. For example, the maximum
elocity in the distribution of ions travelling in the radial direc-
ion is 1400 m/s then all ions below m/z 5560 will be trapped. If
he average velocity in the radial direction is 750 m/s then only
alf of the ions will be trapped at roughly m/z 11,000. Accord-
ngly, our ability to trap ions begins to decrease near m/z 6000 and
herefore our sensitivity should begin to decline at that point as
ell. The limit of detection for our 1 MHz trap using the aerosol
ALDI technique will be near m/z 20,000 because the popula-

ion of ions falls dramatically in the vicinity of 400 m/s [29].
We believe this is evidence that we are producing significant

mounts of singly charged myoglobin ions with our technique
ut cannot trap the majority of them because their MALDI-
nduced kinetic energy is too great to permit trapping. The
elocity distribution of the MALDI process from a surface pro-
uces only a small fraction of the proteins with a velocity of
00 m/s or less [29]. If this is also true for the MALDI process
rom a single particle then only a tiny fraction of the myo-
lobin proteins will have low enough kinetic energy to be trapped
y the radial pseudo-potential well. Therefore, we suggest that
he place where the 400 m/s line crosses the radial pseudo-
otential well curve in Fig. 4 is a reasonable prediction of the
ass trapping limit for the aerosol MALDI process in a 1 MHz

on trap.

Two other trends in the mass spectra are presented in Fig. 5

s a function of increasing mass. These are reductions in the
ignal-to-noise ratio and resolution. Both of these trends have
he same root cause. In order to extend the mass range of the
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diminishing resolution and signal-to-noise. Trapping efficiency,
ig. 5. Averaged aerosol MALDI mass spectra from 100 individual particles
f insulin chain B as a function of decreasing qz at ejection (A) qz = 0.23 and

z = 189 V; (B) qz = 0.15 and Dz = 120 V; (C) qz = 0.06 and Dz = 50 V.

nstrument, we have used a technique developed by Cooks and
oworkers [23] called resonant ejection. A supplemental poten-
ial is applied to the end-cap electrodes during the rf ramp. When
he secular frequency of the ions matches the frequency of the
pplied supplemental potential during the ramp, the ions are
jected from the trap. The depth of the pseudo-potential well at
he point of ejection is the major factor in defining the resolution
nd signal-to-noise ratio; the deeper the well, the better the res-
lution and signal-to-noise ratio [32,33]. Unfortunately, for an
nstrument with a fixed trapping potential frequency operating
n the extended mass range, higher masses are ejected at lower
alues of qz and Dz.

The effect of ejecting ions at lower values of qz can be seen
n Fig. 5A–C. Here we show the mass spectra of insulin chain B
jected at a qz of 0.23, 0.15 and 0.06, respectively. These values
f qz at ejection correspond to pseudo-potential well depths of
89, 120 and 50 V. Goeringer et al. [32] derived an equation for
esonant ejection mass resolution in an ion trap:

m

�m
= qzΩ

2
√

2(�ω)

here �ω0 is the supplemental frequency line width that is
roportional to the square root of the scan rate. When the trap
requency and scan rate are held constant increasing the Math-
eu parameter qz at ejection increases the resolution and the trap
epth. The value of qz at ejection can be increased while main-
aining the rf voltage at ejection by increasing the frequency
f the supplemental potential applied to the end-cap electrodes
r decreasing the radial trapping frequency, Ω. This increases
he pseudo-potential well depth at resonance ejection. Deeper
otential wells at ejection increase resolution as shown in Fig. 5.
The noise level also increases with decreasing well depth. The
bserved noise is caused by the spontaneous escape of ions from
he trap as evidenced by the reduction in the noise level at the
ight of Fig. 5 after the majority of ions have been ejected from

r
d
t
b

ass Spectrometry 258 (2006) 113–119

he trap. Deeper potential wells at ejection make spontaneous
scape of ions less probable and increase the signal-to-noise
atio. Consequently, deeper potential wells, higher resolution
nd higher signal-to-noise ratios are tied together.

From our aerosol MALDI spectra in Fig. 4, it becomes clear
hat the utility of the aerosol MALDI technique in a standard
on trap decreases for m/z greater than that for insulin chain B
m/z 3496.9) where the resolution begins to decline markedly.
o increase the utility of the ion trap in the high mass range the
requency of the trapping potential should be decreased. This can
e seen from the above equation for resolution by substituting
he definition of qz to get

m

�m
= eV2

√
2

m(r2
0 + 2z2

0)Ω(�ω)

This equation demonstrates that it is feasible to maintain res-
lution at constant rf voltage and scan rate for higher masses
y correspondingly reducing the trapping potential frequency,
. The proof of this concept was demonstrated by Ding et al.

34] with their digital ion trap. In this work, they swept the trap-
ing frequency instead of the rf voltage when performing a mass
can, demonstrating a resolution for AP MALDI of myoglobin
n excess of 2100 at a very rapid scan speed of 0.025 ms/amu
34]. Correspondingly slower scan speeds should produce better
esolution. The combination of an ion trap with a reduced trap-
ing potential frequency with aerosol MALDI should improve
he trapping of higher mass ions, signal-to-noise and resolution.

digital ion trap with a reduced trapping potential frequency is
urrently under construction for use with aerosol MALDI.

. Conclusions

Aerosol MALDI mass spectra of peptides with good signal-
o-noise and resolution were obtained in a commercially avail-
ble 1 MHz ion trap. Both single- and averaged-particle mass
pectra were obtained with resolutions in excess of 5000,
pproximately an order of magnitude above that demonstrated
ith aerosol MALDI time-of-flight instruments. This suggests

hat instruments (ion traps, qTOFs, and ion trap-time-of-flight
ybrids) that decouple the desorption and ionization process
rom the mass analysis step have performance advantages in
erosol MALDI. In our current configuration, performance
egraded below an ejection q of 0.225 (mass limit of 4000 m/z).
he limitations of the ion trap-based aerosol MALDI technique
ere explored in terms of mass, resolution and signal-to-noise.
he ability of an ion trap to analyze large ions can be predicted
y modeling the kinetic energy distribution of the ions from
he MALDI process and comparing that to the pseudo-potential
ell depth by measuring and comparing the MALDI mass spec-

ra as a function of analyte mass. 1 MHz traps are capable of
rapping and detecting ions up to approximately 17 kDa with
esolution and signal-to-noise ratio were shown to diminish with
ecreasing pseudo-potential well depth. Finally, we suggested
he feasibility of applying the technique in the higher mass range
y reducing the trap frequency.
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