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Detection of macroions has been a challenge in the field of
mass spectrometry. Conventional ionization-based detectors,
relying on production and multiplication of secondary elec-
trons, are restricted to detection for charged particles of
m/z < 1 x 10°. While both energy-sensitive and charge-sensitive
detectors have been developed recently to overcome the limit-
ation, they are not yet in common use. Photon-sensitive detec-
tors are suggested to be an alternative, with which detection of
macroions (or charged particles) by either elastic light
scattering (ELS) or laser-induced fluorescence (LIF) has been
possible. In this article, we provide a critical review on the
developments of novel optical detection methods for mass
spectrometry of macroions, including both micron-sized and
nano-sized synthetic polymers as well as high-mass biomole-
cules. Design and development of new spectrometers making
possible observations of the mass spectra of macroions with
sizes in the range of 10-10° nm or masses in the range of
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1-10° MDa are illustrated. The potential and promise of this
optical approach toward macroion detection with high
efficiency are discussed in practical aspects. © 2004 Wiley
Periodicals, Inc., Mass Spec Rev 23:443-465, 2004
Keywords: optical detection of macroions; elastic light
scattering; laser-induced fluorescence; quadrupole ion trap
mass spectrometry

I. INTRODUCTION

Analysis of nanometer-sized particles is receiving ever-
increasing attention recently in many fields of science and
technology, ranging from physics through chemistry to
biology and engineering. These particles (inorganic,
organic, and biological) play important roles in nature as
interstellar dust (Ehbrecht & Huisken, 1999), atmospheric
aerosols (Reents et al., 1995; Kane, Oktem, & Johnston,
2001), viruses (Tito et al., 2000; Fuerstenau et al., 2001),
and nanomaterials (Schaaff & Whetten, 2000; Khitrov &
Strouse, 2003), etc. They differ from bulk materials in grain
size, shape, and surface-to-volume ratio, which are the
origins of their unique electrical, optical, thermodynamic,
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mechanical, chemical as well as biological properties.
However, the small size of the nanostructures hampers the
applications of well-established testing and measurement
techniques for detailed analysis. This includes mass spec-
trometry, which is a useful diagnostic tool for nano-sized
particles of various compositions, shapes, and dimensions.

Atmospheric aerosols are a citable example to show
the importance of the mass analysis. The particles impact
the earth’s climate, air quality, and human health. To
understand these impacts, it is vital to know the sizes,
masses, and chemical compositions of these aerosols. The
recent advances of single particle laser ablation time-of-
flight (TOF) mass spectrometry have allowed real-time
analysis of both sizes and chemical compositions of aerosol
particles with diameter in the range of d=0.1-10 um
(Noble & Prather, 2000; Buzorius et al., 2002). The
analysis is accomplished by the use of a high power laser to
vaporize and ionize the aerosol, followed by mass
spectrometric measurement of the photoionized products
in single particle events. The aerosol’s mass (or density), on
the other hand, can only be obtained indirectly by assuming
the shape of the particle (Johnston, 2000). To provide more
accurate information about the masses of atmospheric,
environmental as well as biological aerosols (Sipin,
Guazzotti, & Prather, 2003), development of new spectro-
metric methods for direct mass measurement is necessary
and imperative.

Mass is a critical parameter for characterization and
identification of biological molecules, complexes, assem-
blies, and particles. The advent of new ion sources, such as
electrospray ionization (EST) (Wong, Meng, & Fenn, 1988)
and matrix-assisted laser desorption/ionization (MALDI)
(Karas & Hillenkamp, 1988; Tanaka et al., 1988), hasled to
widespread applications of mass spectrometry in modern
biomedical and biotechnology research (Dass, 2001). Very
large biomolecules, including monoclonal human immu-
noglobulin IgM with m =980 kDa (Nelson, Dogruel, &
Williams, 1994) and DNA fragments containing 2,180
nucleotides (Berkenkamp, Kirpekar, & Hillenkamp,
1998), have been investigated with a MALDI-TOF-mass
spectrometer (MS). For synthetic polymers (Nielen, 1999;
Murgasova & Hercules, 2003), Schriemer & Li (1996)
reported detection of doubly charged polystyrene ions with
amean molecular mass exceeding 1.5 MDa using the same
type of instrument. This mass analysis range is comparable
to that can be achieved by ESI, as first illustrated by
Nohmi & Fenn (1992) and later by Smith et al. (1994)
for polyethylene glycol ions carrying more than 4,000
charges. To go beyond m/z = 1 x 10° (such as that of singly
charged particles with sizes of d > 10 nm), the analysis is
primarily limited by the detector, a problem similarly
encountered in the earliest experiments of Dole et al.
(1968) and Mack et al. (1970) in creating a molecular beam
of macroions.
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Electron multipliers of various types have received
wide acceptance as the ion detectors in mass spectrometry
over the past 30 years (Birkinshaw, 2002). The detectors
are highly sensitive, robust, and easy to operate. They are
the vital component of many detection systems and their
performances are central to the measurement of mass
spectra. However, being ionization-based (namely, relying
on the production of secondary electrons or charges created
in a semiconductor), they lack the detection sensitivity for
high-mass ions because of the low velocity of the ions
impinging on the detector elements (Beuhler & Friedman,
1980). For microchannel plates (MCP) as an example,
the detection efficiency of the device for an ion with
mlz=1 x 10*is approximately 80% at an impact energy of
20 keV, whereas it drops rapidly to ~3% at 5 keV (Gilmore
& Seah, 2000; Fraser, 2002). A voltage as high as 1 MV
has to be applied in order to accelerate a particle with
ml/z=1 x 10’ to a velocity above the detection threshold
(~1x 10* m/sec) of MCP. Clearly, if larger or more
complex biological systems (such as viruses and bacteria)
are to be investigated, improvements in the efficiency of the
ion detector are required (Siuzdak, 1994). Most recently,
both energy-sensitive (or cryogenic) detectors (Frank et al.,
1999; Kraus, 2002) and charge-sensitive (or inductive)
detectors (Benner, 1997; Fuerstenau et al., 2001) have been
developed and demonstrated that they are capable of
detecting single, large biomolecular ions. Mass spectra of
macroglobulin with masses up to 750 kDa can be obtained
with MALDI-TOF-MS equipped with a semiconducting
tunnel junction detector (Frank et al., 1999). Moreover,
both the masses and charge states of ESI-generated intact
viruses (m > 1 MDa) have been determined with use of a
charge-sensitive TOF detection tube (Fuerstenau et al.,
2001). Although substantial progresses have been made
in these two directions, there remains much room for
improvement of the performance of the detectors as well as
the development of new ion detection methods (Cristoni &
Bernardi, 2003).

Photon-sensitive (or laser-based) detectors are the
third type of device with considerable potential for
macroion detection. This type of detection, involving both
elastic light scattering (ELS) and laser-induced fluores-
cence (LIF), is by no means new. Particular is the ELS,
which has been utilized as a method for detection of
macroions (more appropriately, charged particles) nearly a
century ago by Millikan (1910) in his famous oil drop
experiments. This detection method is still in use today for
charged and neutral particles separated according to their
electrical mobility (Kaufman, 1998) and aerodynamic size
(Noble & Prather, 2000) in aerosol science. The LIF, on the
other hand, is a routine technique in the study of atomic,
molecular, and cluster ions in the spectroscopy and dy-
namics communities (Duncan, 2000). In contrast to ELS,
the method has been rarely adopted to detect macroions for




mass spectrometry purpose. Since a large number of review
articles on the single particle aerosol mass spectrometry
based on aerodynamic sizing have been available in the
literature (Suess & Prather, 1999; Noble & Prather, 2000;
Sipin, Guazzotti, & Prather, 2003), they are not repeated
here. In this article, we will focus on the application of the
photon-sensitive detection methods to mass determination,
rather than size determination, of nano-sized to micron-
sized synthetic particles as well as high-mass biomolecules
and biomolecular assemblies. Moreover, we will limit our
discussion to the detection of macroions with m/z >
1 x 10° a region relatively under-explored in the field of
mass spectrometry. Since until very recently we have been
almost the only group devoted to development of optical
detection methods for mass spectrometry of macroions,
this article is closer to a personal account than a review. In
the following two sections, after a brief survey of both
energy-sensitive and charge-sensitive detectors and an
introduction of the optical detection method, applications
of ELS and LIF to mass analysis of macroions leading
to development of nanoparticle mass spectrometry are
discussed.

II. MACROION DETECTION METHODS

A. Energy-Sensitive Detection

Utilization of energy-sensitive detectors for biopolymer
mass spectrometry was first proposed by Twerenbold
(1996). In contrast to the ionization-based detection,
which depends on creation of secondary electrons from
ion impact, the cryogenic detector is sensitive to the total
energies carried by the incoming charged particles and
hence is conceivably more sensitive to the ion impact from
weakly ionizing, slow-moving molecules. Employing a
liquid-He-cooled Sn-based semiconducting tunnel junc-
tion detector, Twerenbold et al. (1996) demonstrated
the concept with lysozyme (m=14.3 kDa) and other
large biomolecules in a TOF-MS measurement. An Nb-
based semiconducting tunnel junction detector was
utilized almost at the same time by Frank et al. (1996)
for high-efficiency detection of human serum albumin
(m =66 kDa). Single protein molecules with masses as
high as 750 kDa can be detected with a signal-to-noise ratio
of S/N = 5/1 (Frank et al., 1999). Comparing the response
to that of MCP indicated a much higher sensitivity per area
of the detector element for the cryogenic detector at large m
(Hilton et al., 1998). While the cryogenic detector can
reach near 100% efficiency for the detection of macroions,
the application requires the detector element to operate at
very low temperatures (<2 K) and is disadvantageous
in that the detector has a relatively long response time
(~1 psec) and a relatively small detection area (<1 mmz)
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for TOF-MS measurements. Another impediment to the
use of the cryogenic detector is that the detector element
needs to be regenerated after long time accumulation of the
non-volatile biomolecules on its surface. An in-depth
review on the history of the development as well as the
principle and operation of this novel detector for high-mass
biomolecules has been given by Frank et al. (1999) and,
more recently, by Kraus (2002).

B. Charge-Sensitive Detection

Charge-sensitive detection is the standard protocol in
modern Fourier transform ion cyclotron resonance
(FTICR) mass spectrometry (Marshall, Hendrickson, &
Jackson, 1998). Imaging currents are induced and detected
when an ion package is in coherent orbiting motion
between two parallel conductive plates. Unlike the electron
multiplier, however, the detection does not require produc-
tion of secondary electrons but rather the magnitude of the
image currents is a function of ion density but is indepen-
dent of mass. The fundamental detection limit of this
method for singly charged ions is ~100 in a 1 sec data
acquisition period. Whereas the detection is not as sensitive
as ion counting, it is a non-destructive method and has
allowed observation of the mass spectra from sub-attomole
protein samples (Valaskovic, Kelleher, & McLafferty,
1996) and enabled multiply charged polymeric ions to be
characterized individually (Bruce et al., 1994; Cheng et al.,
1994; Smith et al., 1994).

In view of the detection restriction of MCP and the
high sensitivity of the image current method, Park &
Callahan (1994) developed a three-layered detector sensi-
tive to the charges of the investigated ions in a TOF
measurement. A Faraday-type detector was developed
independently by Imrie, Pentney, & Cottrell (1995) to
provide reliable MALDI-TOF spectra of high-mass ions,
including bovine insulin (m=15.7 kDa), bovine serum
albumin (m = 66.4 kDa), and fibrinogen L (m = 330 kDa).
A sensitivity level comparable to that of MCP was
established for large biomolecules such as immunoglobu-
lin (IgG) monoclonal antibodies (Bahr et al., 1996). Further
enhancement of the sensitivity with a multiple reflection
scheme affords detection of a single 4.3-kilobase DNA ion
carrying 75 charges in a gated linear electrostatic ion trap
(Benner, 1997). However, to detect an ion ensemble with
this novel device, synchronization of the ion motion to
create a coherent ion packet inside the trap is required
(Pedersen et al., 2001).

In development and application of the charge-sensitive
technique to macroion detection, Benner and co-workers
made notable contributions (Fuerstenau & Benner,
1995; Benner, 1997; Schultz, Hack, & Benner, 1998,
1999). In particular, the authors developed a non-
destructive charge-sensitive tube, as originally invented
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by Shelton, Hendricks, & Wuerker (1960) for multiply
charged microparticles. The detector consists of an
insulated drift tube mounted coaxially within a grounded
shield with grids on either end. The passage of a charged
particle through the detector induces a voltage proportional
to the capacity of the system on the tube. The duration of
this induced signal is equal to the TOF through the detector.
Knowing the measured velocity and charge of one of these
particles, together with measuring the voltage through
which it has been accelerated, one can compute the mass of
the particle. Utilization of this charge-sensing tube for
macroion detection has been successfully demonstrated by
Fuerstenau & Benner (1995) in simultaneous measure-
ments of the charge numbers and masses of ESI-generated
synthetic nanoparticles and DNA fragments individually.

0 10 20
mass / 10° Da

0 25 50

Application of the same technique to intact microorgan-
isms has also enabled them to determine the absolute
masses of both the spherical rice yellow mottle virus
(RYMYV) and the cylindrical tobacco mosaic virus (TMV).
Their results are reproduced in Figure 1 (Siuzdak et al.,
1996; Fuerstenau et al., 2001).

C. Photon-Sensitive Detection

Photon-sensitive detection can be utilized as a method for
mass spectrometry of macroions as well (Cai et al,
2002a,b,c; Cai, Peng, & Chang, 2003; Peng et al., 2003).
The method involves detection of ESL and LIF from
micron-sized and nano-sized particles in the gas phase.
Whereas the method differs from conventional ion detec-

75 100
mass / 10° Da —=

FIGURE 1. Mass spectra of the rice yellow mottle virus (RYMYV, top) and the tobacco mosaic virus (TMV,
bottom) analyzed with a charge-detection electrospray ionization (ESI)-time-of-flight mass spectrometer
(MS). Inset, electron micrographs of icosahedral RYMV (diameter of 28.8 nm) and cylindrical TMV
(~300 nm long and 17 nm in diameter). The known molecular masses of RYMV and TMV are 6.5 and
40.5 MDa, respectively. (Reproduced from Fuerstenau et al. (2001) with permission from Wiley-VCH,

copyright 2001.)
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tion in both principle and practice, it shares close
similarities to those of the fluorescence imaging techniques
commonly employed in condensed phases for detection of
stained biomolecules in gels, microplates, and microfluidic
channels after electrophoresis. One example for such
detection is given by McClain et al. (2001), who
demonstrated that both the light scattering and dye-
labeling techniques are powerful means in revealing the
molecular structure and compositions of bacteria on a
microfabricated fluidic device. For Escherichia coli in
particular, they showed that the coincidence detection rate
between the LIF and ELS signals is more than 95%. The
essential difference between these two methods is that it is
very difficult to detect particles smaller than 100 nm with
light scattering. The finding is in accordance with the con-
clusion reached by Hirschfeld, Block, & Mueller (1977)
more than two decades ago in developing ‘‘virometry”
with optical detection methods. The authors concluded
therein that whereas the fluorescence signal levels are
usually lower than those obtainable by light scattering, they
change linearly with the fluorophore content, and cover a
10%:1 dynamic range for known viruses. Scattering, on the
other hand, goes with the inverse sixth power of the
diameter, and has an instrumentally difficult 10:1 dynamic
range. This flatter size dependence makes fluorescence
the stronger signal for smaller viruses. The conclusions
similarly apply to optical detection of charged viral
particles suspended in the gas phase.

1. Elastic Light Scattering (ELS)

One of the famous examples in utilizing light scattering as
a method to detect macroions (or, more appropriately,
charged particles) can be attributed to Millikan (1910),
who determined the elementary charge of an electron from
close examination of the motions of the individual charged
oil droplets with known masses between two electrostatic
plates. Many experiments followed in an effort to measure
the absolute mass of a single levitated particle based on the
well-determined elementary charge using the Millikan
condenser as an electrostatic picobalance (Davis, 1997).
The Millikan condenser, however, is not ideal for levitating
particles in free space over a long period of time. A better
device to serve the purpose is the quadrupole ion trap
(QIT), originally invented for the study of atomic and
molecular ions (Paul, 1990). The capabilities of trapping
and detection of a single charged particle as well as
multiple particles in a QIT were first demonstrated by
Wuerker, Shelton, & Langmuir (1959). With use of a
carbon arc illuminator, light scattering from aluminum
microparticles clearly revealed the particles’ motions
within the trap. Figure 2a and b show, respectively, a 2:1
Lissajous trajectory of a single trapped aluminum particle
(d =20 pum) and a crystal-like pattern of 32 aluminum
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FIGURE 2. a: Photograph of a 2:1 Lissajous orbit in the r-z plane of a
single charged aluminum microparticle (diameter ~20 pm). b: Crystal-
like pattern of 32 condensed aluminum microparticles viewed in the r-0
plane. The frequency and voltage amplitude of the electrodynamic field
used for the trapping were 200 Hz and 720 x 2 V (bipolar mode),
respectively. (Adapted from Wuerker, Shelton, & Langmuir (1959) with
permission from American Institute of Physics, copyright 1959.)

particles observed by the authors. From the Lissajous
trajectory, they determined the axial eigenfrequency (w,)
for the single charged particle by applying a small ac
voltage across the end-cap electrodes and visually
observed when the particle’s secular motion is in resonance
with the applied signal. The mass-to-charge ratio (m/z)
of the particle was then calculated from the expression
(March & Hughes, 1989)

V2V )

7 0r3Q’
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which is valid at the trap parameter g, < 0.4, where

_ 4ZeV,

- b
mr(z,Q2

(2)

q:

Z is the charge number, e is the elementary charge, Q is the
angular frequency, V,. is the voltage amplitude, and r is the
radius of the ring electrode. The precision of their
measurements was on the order of 10,

Gerlich and co-workers have recently addressed an
interesting possibility of utilizing the QIT as a nanoparticle
MS (Gerlich, Illemann, & Schlemmer, 2000; Schlemmer
et al., 2001, 2003). A scheme for non-destructive high-
resolution measurement and absolute mass determination
of single charged particles was developed. The authors
recorded and analyzed in detail the amplitude modulations
of the ELS signals, from which the eigenfrequencies (and
hence m/z) of the single trapped particles were deduced
with high precision (better than 100 ppm) utilizing a fast
Fourier transform (FFT) method. The absolute number of
the charges was then determined by one electron differ-
entials, following the procedures of Arnold (1979) and
Philip, Gelbard, & Arnold (1983). Figure 3 shows the step
charging of a single 500-nm SiO, sphere weighing 130 fg
(corresponding to 10'" Da per particle) in a modified Paul
trap as aresult of electron bombardments. A mass measure-
ment accuracy on the order of 10~* was achieved ina 10 sec
data collection period. On a longer time scale, the 10~°
range is accessible (Schlemmer et al., 2001). Similar
conclusion was also reached by Hars & Tass (1995), who
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FIGURE 3. Step charging of a single 500-nm SiO, sphere during the
online determination of its eigenfrequency. The charging current was so
low that the emission of secondary electrons is separated as individual
events with the charge differential AQ = (n — 1)e, where n is an integer
and e is the elementary charge. The absolute number of the charges,
Z=(Qle, was determined from the discrete AQ = —e events. (Adapted
from Schlemmer et al. (2001) with permission from American Institute
of Physics, copyright 2001.)
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proposed to use a star branch counting method for high
precision m/z measurements.

Inspired by the high-precision work of Gerlich and co-
workers, Cai et al. (2002a,b) constructed a single particle
ion trap MS equipped with a continuous-wave (CW) laser
for particle illumination and a photomultiplier tube (PMT)
for light detection. Different from the aforementioned
methods, which all involve detection of a single particle
inside the trap, particles with different m/z are ejected
consecutively from the QIT and detected externally.
The spectrometer so constructed combines the advantages
of single particle detection and real-time monitoring
capabilities and, hence, rapid and routine analysis of
the particles is possible. However, when conducting the
measurement, it faces the difficulty that the residence
time of the individual particles within the laser excitation
region is short, typically 100 psec (Cai et al., 2002b). The
time is ~4 orders of magnitude shorter than when they are
confined in space for interrogation (typically 1 sec). An
attempt to use this device to obtain the single particle mass
spectra of polystyrene spheres with sizes of ~100 nm was
unsuccessful; it suffered the difficulty of differentiating
signals from backgrounds even at a very small forward
scattering angle (Cai et al., 2002b). With use of an
ellipsoidal reflector for light collection, Galli, Guazzotti, &
Prather (2001) reported that the smallest particle they could
detect with ELS is 80 nm. According to the Rayleigh—
Debye theory, which is valid for homogeneous spheres
with a(n — 1)/A < 1 under vacuum, the intensity of the
scattered light collected at a forward scattering angle 0
and a distance ris (Van de Hulst, 1957; Bohren & Huffman,
1983)

LF(0,x,n)
= k2r2 (3)
where
2 2
_ efn 1 2
F(8,x,n) =x (n2 n 2) cos“0, (4)

x=2mna/\, k=2m/\, A and I, are the wavelength and
intensity of the incident light, and a and n are the radius and
refractive index of the particle, respectively. Since I is
proportional to a®(n* — 1)*/2%(n* 4 2)*, to detect particles
much smaller than the illuminator wavelength, one
should go for a light source with a shorter wavelength
and/or particles with a larger refractive index (Cai et al.,
2002b).

An interesting device which makes possible ELS
detection of nanometer-sized particles or even sub-
nanometer-sized particles is known as the condensation
particle counter (CPC) or the condensation nucleus counter
(CNCQC). The device consists of a flow cloud chamber filled
with saturating butanol vapor (Kaufman, 1998) or dibutyl




phthalate vapor (Gamero-Castafio & Fernandez de la
Mora, 2000). Nucleation occurs when charged particles
pass through the chamber, forming micron-sized droplets
to be detected by light scattering with an efficiency
approaching unity. The CPC couples nicely with differ-
ential mobility analyzers (DMA), which separate particles
according to their electrophoretic mobilities, and has been
employed as a detector for ESI-generated protein and DNA
macroions (Kaufman et al., 1996; Mouradian et al., 1997)
as well as viral particles (Bacher et al., 2001). Additionally,
it has been adopted to study the formation, size, and size
distribution of clusters in the MALDI process, where
nanometer-sized particles were generated from a matrix
layer by laser ablation in ambient nitrogen at atmospheric
pressure (Alves, Kalberer, & Zenobi, 2003). The typical
electrophoretic mobility diameter spectra obtained with
the DMA/CPC combination acting as a low resolution MS
for viral particle analysis are shown in Figure 4 (Bacher
et al., 2001).

2. Laser-Induced Fluorescence (LIF)

LIF is by far the most powerful means for the study of
atomic and molecular ions confined in space. This is
manifested in the detection of a single trapped ion by LIF in
a Paul-like storage cell (Leibfried et al., 2003). Temp-
eratures as low as 47 pK can be achieved for a single
"8Hg™" jon using sophisticated laser-cooling techniques
(Diedrich et al., 1989). Interestingly, mass spectra of
sympathetically cooled atomic ions can be acquired with
LIF as well. A so-called ‘“laser-cooled fluorescence
mass spectrometry” has been developed by Baba &
Waki (2001). By detecting LIF from laser-cooled Ba™
ions in a tandem linear ion trap, the authors obtained
the mass spectra of Xe isotopes from modulations of
the observed fluorescence intensities with the supplemen-
tal ac frequency applied to the trap electrodes. Mass
spectra of NH,* and H3;O" are similarly obtainable
from LIF detection of laser-cooled **Mg™ (Baba & Waki,
2002). Unfortunately, the mass spectral range of this
method is quite limited, m/z &~ 50—1,000, as in the case
of Ba™.

Molecular ions have been detected directly with LIF
in a linear electrodynamic trap (Welling, Thompson, &
Walther, 1996; Welling et al., 1998) and a magnetic
Penning trap (Wang, Hendrickson, & Marshall, 2001; Cage
et al.,, 2002). Particularly, for molecular ions of fluor-
ophores, Parks and co-workers observed LIF from
protonated rhodamine 640 produced by ESI in a QIT
(Khoury, Rodriguez-Cruz, & Parks, 2002). A total of
~1,000 ions in a laser probe volume were detected for the
dye molecules under near background-free conditions. The
high sensitivity of this method has enabled them to observe
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FIGURE 4. Electrophoretic mobility (EM) diameter spectra of intact
human rhinovirus (HRV?2) before (a) and after (b) heat degradation. The
signals denoted (VP4); and (VP4)¢ are non-specific oligomers of the
viral capsid VP4 proteins that are released during the heat treatment. The
molecular mass of the intact HRV?2 virus was calculated to be more than 8
MDa based on the known building blocks and their sequences.
(Reproduced from Bacher et al. (2001) with permission from John
Wiley & Sons, Ltd., copyright 2001.)

fluorescence resonance energy transfer (FRET) between
two fluorophores attached to an oligonucleotide duplex at
two different binding sites (Danell & Parks, 2003). Along
with the observation of the isolated gas phase molecules,
detection of a single rhodamine 6G embedded in a single
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charged microdroplet levitated in a QIT has also been
accomplished by Ramsey and co-workers (Whitten et al.,
1991; Barnes et al., 1993). An S/N>40 was readily
achieved using CW laser excitation. Both the experiments
demonstrate that LIF is a technique well suited for
detection of fluorescent molecules or materials to be
transported to the gas phase for close examination and,
indeed, a fluorescence bio-aerosol MS has been developed
very recently utilizing biomolecules such as tryptophan
and riboflavin as the primary fluorophores to detect
micron-sized particles (Pinnick et al., 1998; Pan et al.,
2003c). For non-fluorescent materials, this optical ap-
proach is still applicable if the ions under investigation
are first tagged with dye fluorophores and subsequently
confined in an ion trap for repetitive LIF measurements.

Whereas fluorescent labeling is a troublesome techni-
que, dye molecules have frequently served as a sensitive
probe for specific analytical purposes (Haugland, 1996).
For example, dye-labeled molecules have been exploited to
study the spatial and temporal imaging of gas-phase
protein and DNA molecules produced by matrix-assisted
laser desorption (Heise & Yeung, 1994; Puretzky et al.,
1999). Use of dye-labeling techniques has been shown to
facilitate deduction of the protein structure information
from mass spectrometry (Friess & Zenobi, 2001). More-
over, tagging of amino acids and peptides with near-UV
absorbing chromophores has been undertaken to enhance
the multiphoton ionization efficiency of biomolecules
(Houston & Reilly, 2000). Finally, compositions of dye-
labeled proteins that are extensively employed in molec-
ular biology and environmental science have been
analyzed with UV-visible spectroscopy in combination
with MALDI-TOF-MS (Salih & Zenobi, 1998; Lu &
Zenobi, 1999).

As a detection method for nano-sized materials and
high-mass biomolecules, the benefit of dye-labeling for
LIF detection is threefold. First, dye-labeling is in principle
applicable to molecules and materials of any size and,
therefore, the mass detection range of the LIF method is
essentially limitless. Second, LIF is highly sensitive,
allowing single dye or dye-labeled molecules to be
detected (Moerner & Orrit, 1999). Therefore, it is an ideal
method for detection of high-mass biomolecules and nano-
sized bioparticles, which are typically low in ion density
and can be fluorescently labeled readily. Third, the LIF
selectively probes only sample molecules that are fluore-
scently labeled, unlike the ionization-based detectors
which sense all ions. This, in effect, would reduce back-
ground signals arising from the cluster ions composed of
matrix molecules and their fragment ions in the spectrum, a
feature practically important in high-mass biomolecule
mass spectrometry with MALDI as the ion source (Nelson,
Dogruel, & Williams, 1994; Berkenkamp, Kirpekar, &
Hillenkamp, 1998).
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Ill. APPLICATIONS TO MICRON-SIZED
AND NANO-SIZED PARTICLES

A. lon Sources

MALDI and ESI are two soft ionization methods that have
had major impact on the ability of using MS for the study
of large biomolecules. First introduced to the scientific
community nearly two decades ago (Yamashita & Fenn,
1984; Fenn et al., 1989, 1990), ESI has become such a
versatile tool that it can transfer a wide range of non-
volatile molecules (including both biological and synthetic
polymers) from condensed phases to the gas phase without
substantial decomposition. Whereas ESI is adopted more
frequently than MALDI in analyzing large biomolecules
because of its capability of creating multiply charged ions,
it complicates the mass spectra, particularly, for macro-
ions. For the MS2 virus (d ~ 20 nm) as an example, the
number of charges that the particle can carry from ESI is
more than 100. As aresult, the peaks arising from the intact
capsids of the viruses in the ESI-TOF spectrum are barely
resolved and they can be identified only through careful
charge state analysis (Tito et al., 2000). To simplify the
spectra and facilitate subsequent mass analysis of mix-
tures, reduction of the charge states of the ESI-generated
macroions is desired. Scalf et al. (1999) have suggested
using radioactive 2'°Po neutralizers to create bipolar
ionizing gas within a collision cell to control the charge
state, and successfully demonstrated that the charge
distribution can be properly manipulated such that it
principally consists of singly charged macroions (Scalf,
Westphall, & Smith, 2000). Stephenson & McLuckey
(1998) have also shown that gas-phase ion/ion reactions of
the ESI-generated particles with ions of opposite polarity
in either the source region or the ion trap region is an
effective tactic to reduce the charge state to lower values
(McLuckey & Stephenson, 1998). In this context, the
“photospray,” based on atmospheric pressure photoioni-
zation (Robb, Covey, & Bruins, 2000) of carrier gases with
a continuous Kr discharge lamp to produce macroions
mainly in singly charged states through proton transfer
reactions, is particularly suitable for such macroion
studies.

Compared to ESI, MALDI is advantageous in produc-
ing macroions carrying fewer charges for simpler inter-
pretation of the acquired mass spectra. Typically, only one
or two charges are carried by the desorbed/ionized species
(Hillenkamp & Karas, 2000; Karas & Kruger, 2003). It is
an ideal method for bringing organic, inorganic, and
biological macroions to the gas phase for high-precision
mass measurement. However, the method is less gentle and
hence less likely to be useful in the study of non-covalent
macromolecular complexes and assemblies (such as
viruses) under vacuum (Siuzdak, 1994). Other alternatives




to ESI as the macroion source may include the piezo-
electric particle generator (Arnold & Folan, 1986), which
is adroplet-on-demand device, allowing one single particle
to be investigated at a time in a controlled manner. The
sonic spray, which may be used over a wide range of buffers
regardless of the conductivity of the solutions (Hirabaya-
shi, Hirabayashi, & Koizumi, 1999), and the atmospheric
pressure laser desorption/chemical ionization (Coon,
McHale, & Harrison, 2002), which involves operation of
MALDI in ambient air, are two additional methods of
choice too.

B. Mass Analyzers

The mass analyzers in widespread use in current mass
spectrometry of atomic, molecular, and cluster ions en-
compass quadrupole rods, ion traps, TOF tubes, ICR cells,
magnetic sectors, etc. (McLuckey & Wells, 2001). Among
them, TOF-MS is perhaps the most commonly used
instrument in investigation of nano-sized materials and
high-mass biomolecules. Examples of the former include
thiolate-coated gold nanoclusters (Arnold & Reilly, 1998;
Schaaff & Whetten, 2000), hydrogenated nanocrystalline
Si (Ehbrecht & Huisken, 1999), Csl nanocrystals (Alvarez,
Vezmar, & Whetten, 1998), and ZnS nanoparticles
(Khitrov & Strouse, 2003), etc. The TOF-MS, in principle,
has no mass analysis limits. However, in practice, both
the mass resolution of the instrument and the sensitivity of
the ionization-based detector become very poor when the
m/z value of the sample ions approaches 1 x 10° (Nelson,
Dogruel, & Williams, 1994; Schriemer & Li, 1996). To
improve the efficiency of detecting larger particles, it
requires the use of higher acceleration voltages (>30 kV)
to increase the ion velocity. This, however, often leads to
undesirable electric discharge of residual gas in the ion
source.

The FTICR-MS suffers similar mass limitations for the
detection of very-high-mass biomolecules (Russell, 1986;
Kelleher et al., 1997; Marshall & Hendrickson, 2002). For
a 7.0 T instrument, the theoretical upper mass limit for a
singly charged room-temperature ion orbiting in a cubic
cell of one-inch cross-sectional radius is ~5.89 MDa. This
mass limit would be lowered to 274 kDa when a three-
dimensional axial quadrupolar electrostatic trapping
potential of V,,=1 V is applied to the ICR cell to
facilitate the ion confinement (Marshall, Hendrickson, &
Jackson, 1998). Whereas studies on the trapping, detection,
and reaction of a single macroion in an ICR cell have
shown that the spectrometer is capable of establishing a
mass precision of 10 ppm for polyethylene glycol with
m > 5 MDa, the ion has to carry ~5,000 charges in order to
be detected (Smith et al., 1994). Furthermore, accurate
mass determination can be made with a single ion
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approach, by which stepwise changes of the charge states
of the individual ions via ion-molecule reactions within
the cell can be positively identified (Bruce et al., 1994;
Cheng et al., 1994). Chen et al. (1995) have extended the
single-ion detection technique to simultaneously deter-
mine the charge numbers (from the image current density)
and the mass-to-charge ratios (from the ion cyclotron
frequency) for an ensemble of macroions. They were able
to assess the molecular weight of coliphage T4 DNA
with m =~ 110 MDa. Unfortunately, the error involved in
the charge number assessment and therefore the mass
determination is relatively large (~10%) because of the
uncertainty about the size of the ion orbit in the ICR cell.

In line with the FTICR measurements, Fuerstenau &
Benner (1995) measured simultaneously the masses and
charge numbers of macroions using a charge induction
tube acting both as a TOF mass analyzer and as a detector.
For submicron-sized polystyrene spheres with an equiva-
lent mean mass of 1 x 10'° Da, their results indicated that
the average number of the charges carried by the ESI-
generated particles was 2,500. Whereas the charge
induction tube is well suited for the investigation of
macroions with m/z > 1 x 10°, accuracy of the measure-
ments was largely limited by the lack of a good control of
particle velocity because of the gas flowing through the
ESI source. Using a gated electrostatic ion trap, Benner
(1997) measured the ESI-generated ions repetitively
and managed to obtain a mass resolution of 25 for a
4.3-kilobase circular DNA molecule (m ~ 2.88 MDa and
z> 100 charges). However, the measurement is expected to
be difficult for ions with m/z>1 x 10° and having an
aerodynamic velocity of ~300 m/sec (Sinha, 1984).

Since its invention in the 1960s (Paul, 1990), the QIT
has been widely utilized as a device for mass determination
and chemical reaction studies of ions of various kinds
(March & Hughes, 1989; March & Todd, 1995; March,
2000; McLuckey et al., 2000). In most of the commercial
QIT-MS available to date, aradio-frequency (RF) ac field is
applied between the ring and end-cap electrodes, and the
amplitude of the ac field is then ramped up to 15 kV to eject
ions consecutively from the trap for mass analysis (Louris
et al., 1987; Kaiser et al., 1991). The typical RF applied to
the QIT operating in such a mass-selective axial instability
mode is in the proximity of 1 MHz, which limits the mass
analysis range of the spectrometer to m < 10° Da for singly
charged species. Several techniques involving increasing
the trap driving voltage, reducing the RF and the trap size,
along with resonance ejection (March, 1992) have been
implemented in an effort to extend the investigated m/z
range beyond 1 x 10° (Reid et al., 2003).

In light of the importance of mass analysis of large
biomolecular ions, such as those of non-covalent com-
plexes and assemblies (Loo, 2000), an audio-frequency
(AF) ion trap MS has been constructed by Cai et al.
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(2002a,b,c). The construction combined the techniques
developed in the pioneering work of Wuerker, Shelton, &
Langmuir (1959) and Stafford (2002), with the trap operat-
ing in the mass-selective axial instability mode in the AF
region. To obtain the spectrum, the amplitude of the ac field
was swept continuously and the mass-selected trap-ejected
particles were detected by light scattering at a small
forward scattering angle with a photomultiplier. Employ-
ing this technique has allowed Chang and co-workers (Cai
et al., 2002a,b,c) to extend the mass analysis range of the
conventional QIT-MS to m/z=1 x 10°. However, for
nano-sized particles with masses in the range of
m=10°-10" Da, the analysis is hampered by the lack of
proper power amplifiers operating in the 1— 10 kHz region.
A solution to this problem is to sweep the trap driving
frequency at a constant voltage rather than to sweep the trap
driving voltage at a constant frequency (Kofel et al., 1996;
Schlunegger, Stoeckli, & Caprioli, 1999; Cai, Peng, &
Chang, 2003; Peng et al., 2003). In analysis of high-mass
ions (60—160 kDa) generated by MALDI in a QIT,
Schlunegger, Stoeckli, & Caprioli (1999) adopted the
frequency scan mode by sweeping Q/2n from 30 to 10 kHz
at V,.=200x 2 V and successfully obtained the mass
spectrum of singly charged IgG at m/z ~ 1.5 x 10°. The
key feature of this frequency scan mode is that it greatly
widens the mass analysis range since according to
Equation (2), a decrease of Q by a factor of 10 is equivalent
to an increase of V,. by a factor of 100 when keeping ¢, the
same. For a singly charged sphere of d = 10—100 nm with
unity density, the typical frequency scan range with the
trap operating in the mass-selective axial instability mode
is Q21 =0.2-30 kHz at V,. =200 V and ro = 10 mm.
The main difficulty in implementing the frequency
scan mode in QIT-MS involves the electronics (Landais
et al., 1998). Conventional RF power suppliers come with
transformers, typically providing a secondary/primary
voltage ratio of the order of 10%:1 over a narrow frequency
range. This scheme obviously cannot apply when con-
ducting the frequency sweep. A direct power amplifier
must be used; however, the highest voltage amplitude V.
that can be attained is mainly limited by the breakdown
potential of the solid state transistors used in the amplifier
(Ting, 2001). Stacking the transistors in a cascade mode
offers a solution to circumvent the problem. Another
approach that might permit the frequency sweep over a
wide range without the need of high-voltage power ampli-
fiers is to use rectangular waves for ion trapping as well as
mass analysis. Exploiting a square waveform generator
and a high-voltage power switch to drive the ion trap, a
“digital” QIT-MS technology has been developed by Ding
et al. (2001) and Ding, Sudakov, & Kumashiro (2002).
An additional difficulty associated with the mass spec-
trometry of macroions with m/z &~ 10° is on how the MS
can be calibrated. This appears to be an impediment to the
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measurement in such a high m/z domain since no standard
references are available. Cai et al. (2002a,b) have devel-
oped a method to calibrate the AF QIT-MS based on a
single particle approach. The authors determined the point
of particle ejection, gejec( (theoretically, gejeee = 0.908), on
the stability diagram of the AF ion trap using a single
microparticle, similar to that performed for smaller mole-
cularions in an RF trap (Louris et al., 1987). The determin-
ation was made possible by measuring the radial secular
frequencies of the particle inside the trap (Schlemmer et al.,
2001), followed by monitoring the action of the particle
ejection outside the trap via light scattering. An m/z
accuracy approaching 0.1% is achievable after proper
calibration of the AF QIT-MS (Cai et al., 2002a,b).

C. Detectors

1. ELS/Ellipsoidal Reflector

Figure 5 shows a schematic diagram of the MS, which is
capable of conducting rapid and routine m/z analysis of
single charged microparticles with optical detection
methods (Cai et al., 2002a,b,c). The spectrometer so
constructed (named single particle mass spectrometer,
SPMS) involves integration of the ESI, QIT, and ELS
technologies. The SPMS has three important character-
istics. First, the ion trap is driven by an AF power amplifier
optimized at 50-2,000 Hz. Second, collection of scattered
light from a CW Arion laser (or alaser diode) is utilized as a
particle detection method. Third, the individual peaks
observed in the spectrum are derived from single particles,
rather than an ion ensemble, thereby allowing high-
resolution mass spectrometric measurements to be per-
formed for micron-sized or even nano-sized particles.
Shown in Figure 6 is a typical single particle mass
spectrum obtained from electrospray of a colloidal
suspension (pH=3.9) of amino-terminated polystyrene
microspheres with d=0.91£0.022 um. The spectrum
was acquired by trapping the particles at V,, =420 V,
Q/21 = 600 Hz and a He buffer gas pressure of p = 1 mTorr,
followed by ramping the operating voltage from 420 to
1,700 V for particle ejection. The individual peaks
observed in the spectrum are the light bursts from the
trap-ejected particles as they pass through the probe laser
beam. From 100 repetitive measurements, the number
of charges on each particle was found to distribute over
600-1,800 (Fig. 7b and c), deduced from the known
mass of 4.1 x 10~'% g, diameter of 0.91 pm, and density of
1.05 g/em® for the microspheres (Cai et al., 2002b).
Particles with lower charge numbers (Z < 600) could also
be identified when the trap operated at a lower frequency,
Q/2n =400 Hz (Fig. 7a). With use of the similar trapping
and detection techniques, but replacing ESI by MALDI,
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FIGURE 6. Single particle mass spectrum acquired for 0.91 um particles
with ESI as the ion source. (Reproduced from Cai et al. (2002b) with
permission from American Chemical Society, copyright 2002.)

Chemical Society, copyright 2002.)

the mass spectrum of 1.10 + 0.027 pm polystyrene micro-
spheres was also obtainable at /2w =200 Hz. The
spectrum, as shown in Figure 8, covers the m/z range of
(1.5-5.0) x 10%; it represents the first MALDI-QIT mass
spectrum ever attained for synthetic polymers of any kinds
with masses exceeding 10'° Da (Nielen, 1999; Cai et al.,
2002c; Murgasova & Hercules, 2003). A comparison of
Figures 6 and 8 clearly indicates that there are more
MALDI-generated particles trapped than the ESI-gener-
ated particles in these two particular sets of measurement.
Since the particles used in these two experiments are
similar in size, the comparison further indicates
that the average number of charges carried by the
MALDI-generated particles is approximately one order
of magnitude less than that resulted from ESI. However,
to determine the absolute mass of each particle, reduction
of the charge states to unity with a neutralization source
prior to the m/z analysis is desired (Kaufman, 1998;
McLuckey & Stephenson, 1998; Scalf et al., 1999).
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FIGURE 7. Dependence of the charge state distribution of ESI-
generated polystyrene microspheres on trap driving frequency (€/2m)
and acidity (pH) of the sample solutions. The applied dc voltage between
the needle and the capillary in the ESI source was +4 kV. (Reproduced
from Cai et al. (2002b) with permission from American Chemical
Society, copyright 2002.)

The SPMS, in combination with a variety of existing
techniques, can be applied to differentiating particles of
different sizes, in addition to their masses. This, for
example, can be accomplished by integrating two laser
beams aligned perpendicular to each other into this spectro-
meter for aerodynamic sizing (Sinha, 1984; Noble &
Prather, 2000). Alternatively, one can determine the size of
the particle by analyzing the angle-resolved light scattering
pattern with a high-resolution CCD camera according to
the Mie theory (Barnes et al., 1997; Pan et al., 2003a).
Moreover, attachment of an imaging current detector to
measure the absolute charge numbers of the ESI-generated
particles (Fuerstenau & Benner, 1995) after they pass
through the illuminating laser beam is also a feasible
approach.
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FIGURE 8. Single particle mass spectrum acquired for 1.10 pm
particles with matrix-assisted laser desorption/ionization as the ion
source. (Reproduced from Cai et al. (2002c) with permission from
American Chemical Society, copyright 2002.)

Improvement of the sensitivity of the SPMS (Fig. 5)
for nanoparticle analysis is possible by using an ellipsoidal
reflector for light collection (Gard et al., 1997; Pan et al.,
2003a). The improvement in the S/N level is twofolded.
First, the ellipsoidal reflector collects over 40% of the ELS
signals and, secondly, it images the scatted light into a
small pinhole or an optical fiber, where it is detected by a
PMT. A proper use of the pinhole can prevent most of the
background scattered light from reaching the detector,
thereby greatly enhancing the sensitivity of the ELS
method. With this novel design, detection of a single
particle as small as 80 nm with a diode-pumped Nd: YAG
laser (532 nm) has been reported in the literature (Galli,
Guazzotti, & Prather, 2001). Further reduction of the size
detection limit is achievable using light with shorter
wavelength such as the frequency-doubled Ar ion laser or
the synchrotron radiation. Observation of the mass spectra
from single bioparticles of sizes in the range of 50 nm is
then practical. Future applications of this performance-
improved SPMS may include identification and charac-
terization of both micron-sized bioparticles, such as
bacterial spores (Sinha et al., 1984; Gieray et al., 1997),
and nano-sized bioparticles, such as bacteriophages/
viruses (Siuzdak et al., 1996; Siuzdak, 1998; Fuerstenau
et al.,, 2001), solely based upon their mass differences
among different species (known as ‘“‘mass tagging’)
without prior wet chemical treatment and cell digestion
(Smith et al., 2001). Application of this technique to the




human genomic sequencing projects (Schultz, Hack, &
Benner, 1998) is also appealing since the spectrometer is
well suited for identification of chromosomal fragments
with masses on the order of 10'° Da.

2. LIF/Ion Trap

On detecting nano-sized particles ejected from a QIT with
LIF, the challenge lies in how to produce and collect
enough photons from them. For the trap-ejected particle,
the typical laser-sample interaction time is less than
100 psec as it passes across a probe laser beam with a
spot size of 3 mm (Cai et al., 2002b). The time obviously is
too short to produce a sufficient amount of fluorescence for
detection. To surmount this obstacle, a technology based
on QITs has been developed (Zerega et al., 1999; Cai,
Peng, & Chang, 2003; Peng et al., 2003). The apparatus, as
shown in Figure 9a, consists of two traps in tandem, where
the first trap (T1) serves as a trapping and mass-analyzing
device, whereas the second trap (T2) serves to capture,
slow down as well as concentrate the mass-selected
particles ejected from the first trap. The LIF is then
collected for particles damped to the center of the second
trap by He buffer gas. In this operation, in order for the LIF/
ion trap (LIF-IT) to actually function as a nanoparticle
detector, undesired particle accumulation and mass
discrimination must be eliminated. This is accomplished
by switching off the power supplier of T2 for a few
milliseconds after collection of each data point to empty
the trap, along with the implementation of a dynamic
trapping scheme for particle detection (Doroshenko &
Cotter, 1997; Peng et al., 2003). Figure 9b shows the time
sequences of the particle damping and dumping before and
after the LIF detection to obtain the spectrum. Although the
LIF-IT detector is slow (with a response on the time scale
of milliseconds), it is not a serious impediment to the QIT-
MS measurement. By utilizing this unique dual QIT
arrangement and the frequency scan scheme, Chang and
co-workers have been able to acquire the mass spectra of
fluorescently labeled polystyrene nanoparticles with sizes
comparable to those of viruses (Cai, Peng, & Chang, 2003;
Peng et al., 2003).

A MALDI ion source was used to generate charged
particles from samples containing fluorescein-labeled
polystyrene spheres with sizes of 27 and 110 nm. In this
experiment, a pulsed frequency-tripled Nd:YAG laser
(355 nm) was sent through one of the holes on the ring
electrode of T1 to irradiate the sample positioned on the
opposite side for ion production (Fig. 9a). In order to
achieve high trapping efficiency for the MALDI-generated
particles, a He buffer gas pressure up to p = 50 mTorr was
maintained in the chamber. Frequency scan, instead of
voltage scan, was adopted to avoid arcing among the trap
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electrodes in the presence of such high-pressure He gas. An
Arion laser (488 nm), focused to a spot size of ~200 pum at
the trap center, selectively detected the particles ejected
from T1 and captured by T2. Fluorescence from the trapped
nanospheres was collected orthogonal to the probe laser
beam through a 3.1-mm hole on the end-cap electrode and
was guided to a thermoelectrically cooled PMT for photon
counting.

Displayed in Figures 10 and 11 are the mass spectra
derived respectively from a single scan and averaging of
10 scans for the 27 nm spheres containing 180 fluorescein
equivalents per particle. Both the spectra were acquired
by sweeping down the frequency of the first trap from
Q2n=6.0 to 0.5 kHz at a constant voltage of
Vac.1 =200 V. The 27 nm fluorescent spheres have a
mean mass of m &~ 6.5 MDa but with a mass spread of
4.0-9.8 MDa because of the size variation of +4 nm. The
statistically averaged mass spectrum plotted in Figure 11
shows a board feature centering on m/z =~ 5 X 106,
indicating that the mass spectrum is predominantly cont-
ributed by singly charged particles. In the same spectrum,
features ascribable to doubly and triply charged particles
can also be found at the lower m/z side, although they are
much weaker in intensity.

Figure 12 displays the mass spectra of fluorescently
labeled 110 nm particles from (a) a single scan and (b)
averaging of 100 scans, acquired by sweeping down Q,/2n
from 1.0 to 0.2 kHz at V,. ; =200 V to cover the m/z range
of 48 x 10°-~1,200 x 10°. For these spheres, they have a
mean mass of 440 MDa/particle and a mass distribution
of 350-543 MDa/particle because of the size variation
of +8 nm. This suggests an m/z range of (350—543) x 10°
to (58—91) x 10° for particles carrying 1-6 charges
(Fig. 12b). It is likely that the sharp and well-separated
features in Figure 12a are derived from the individual
110 nm fluorescently labeled spheres. The likelihood is
very high because each one of them contains 7,400
fluorescein equivalents and should be detected readily
(Peng et al., 2003).

The detection sensitivity of the dual QIT-MS depicted
in Figure 9a may be enhanced tenfold by increasing the
light collection efficiency using F/1 optics (Barnes et al.,
1993). To enhance the sensitivity further, a more opened
trapping device (Fig. 13) such as that developed by
Schlemmer et al. (2001) can be exploited to minimize the
level of the background scattered laser light. A spherical
void electrodynamic levitator (Arnold & Folan, 1987;
Arnold, 1991), in principle, can also be utilized to achieve
near 100% of the LIF collection efficiency. With this
improvement, a blue diode laser or a high-power light
emitting diode (LED) may substitute the Arion laser as the
light source (Wang & Morris, 2000; Pan et al., 2003b) to
reduce both the cost and the dimension of the LIF-IT as a
nanoparticle detector. Furthermore, by employing sample-
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FIGURE 9. a: Schematic diagram of the dual QIT-MS. b: Time sequences of the frequency sweep, dynamic
trapping, particle dumping, and fluorescence collection. (Reproduced from Cai, Peng, & Chang (2003) with
permission from American Chemical Society, copyright 2003.)

specific dye-labeling techniques (Haugland, 1996), differ-
entiation of particles of different origins is possible through
multicolor fluorescence spectroscopy (Taylor, Fang, &
Nie, 2000). This, in effect, would add a new dimension to
mass spectral analysis of nanoparticles, which is expected
to be an asset when the mass resolution of the spectrometer
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used is not sufficient to differentiate these complex
particulates.

The LIF-IT detector may find useful applications in
mass determination and, hence, the identification of
biologically important particles such as viruses and other
microorganisms without the need of proteolysis (Thomas,
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FIGURE 10. Single scan mass spectrum of 27 nm fluorescent
polystyrene spheres. The spectrum was acquired by sweeping the ac
frequency of T1 from 6.0 to 0.5 kHz at a constant ac voltage of 200 V.
Sharp features observed for singly, doubly, and triply charged particles,
are denoted by +1, +2, and +3, respectively. The horizontal bars
indicate the m/z ranges of the individual charge states because of the large
mass dispersion (m =4.0-9.8 MDa) of the sample. (Reproduced from
Cai, Peng, & Chang (2003) with permission from American Chemical
Society, copyright 2003.)

Bakhtiar, & Siuzdak, 2000; Fenselau & Demirev, 2001;
Lay, 2001; Ullom et al., 2001). The application appears
practical since dye labeling has been a routine protocol in
life science research. Furthermore, there exists a number of
intrinsic biological fluorophores such as tryptophan and
riboflavin for LIF detection (Pinnick et al., 1998; Pan et al.,
2003c). Although the dye labeling is inconvenient from the
viewpoint that one needs to quantify the extent of labeling
prior to mass spectrometric analysis, the disadvantage
can be minimized with the aid of optical spectroscopy
(Haugland, 1996). Compared to the ESI-TOF-MS as
conducted by Robinson and co-workers for large biomo-
lecular complexes and assemblies (Rostom & Robinson,
1999; Rostom et al., 2000; Tito et al., 2000), the MALDI-
LIF-IT-MS holds the promise that it does not require the
particles to carry multiple charges for detection, a require-
ment often making spectral assignment indirect and dif-
ficult. The utility of this new mass spectrometric approach
in biological applications has been demonstrated by
Cai, Peng, & Chang (2003) for IgG (goat anti-mouse
antibody, m =~ 150 kDa) fluorescently labeled with an
average number of 6.2 Alexa Fluor 488 dye molecules
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FIGURE 11. Mass spectrum of 27 nm fluorescent polystyrene spheres.
The spectrum (average of 10 scans) was acquired under the conditions,
Q,2n=6.0kHz — 0.5 kHz, V,.; =200 V, Q,/2n =18 kHz — 1.5 kHz,
Vac2 =160V, in a dynamic trapping mode. (Reproduced from Peng et al.
(2003) with permission from Elsevier, copyright 2003.)

(m =643 Da). A typical mass spectrum derived from such
an LIF measurement is shown in Figure 14.

Design and development of a mass analyzer better
suited for the LIF-IT detector than the QIT is an important
area for future work. Quadrupole MSs clearly are the first
instrument of choice for this purpose and indeed the
instruments have been employed by Siuzdak et al. (1996)
and Siuzdak (1998) to select charged viral particles
generated by ESI. Figure 15 shows the triple-quadrupole
mass analyzer operating in a RF-only mode for separation/
purification of the supramolecular complexes, RYMYV and
TMV. Unfortunately, the mass spectra of them could not
be attained because these viruses are highly folded and
their m/z distributions are far beyond the range that
conventional voltage-scan quadrupole MSs can reach
(typically m/z < 4,000). Whereas it is possible to extend
the mass analysis range up to 45 kDa by reducing the
quadrupole operating frequency from 1 MHz to 292 kHz
(Beuhler & Friedman, 1982; Winger et al., 1993), a
frequency as low as 50 kHz has to be applied in order to go
beyond m/z =1 x 10°. Operating the quadrupole rods in a
frequency-scan mode (namely, the analyzer is scanned at
both constant dc and constant ac voltages) offers a
complementary alternative. It has been demonstrated
by Landais et al. (1998) that scanning a quadrupole
analyzer by varying the frequency at a constant ampli-
tude would lead to a constant resolution over the entire
mass range. Moreover, the mass resolution of the
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FIGURE 12. Mass spectra of 110 nm fluorescent polystyrene spheres,
acquired in (a) a single scan and (b) 100 scans. The individual peaks
observed in (a) are likely to derive from single particles because of the
high content of the dye molecules. (Reproduced from Peng et al. (2003)
with permission from Elsevier, copyright 2003.)

analyzer would increase linearly with the applied ac
voltage and is independent of its frequency. A mass resolu-
tion as high as 10? is expected to be achieved in the region
m/z > 1 x 10° when a frequency-variable power amplifier
with a constant output voltage of 1,000 V is accessible.
Such a frequency-scan quadrupole MS, equipped with
the LIF-IT detector as illustrated in Figure 9, should be
capable of producing reliable mass spectra for nano-sized
materials and high-mass biomolecules carrying only few
charges with m/z in the domain of 10°—10°.

IV. CONCLUSIONS AND OUTLOOKS

The optical (laser-based) detection approach with both
ELS and LIF has been shown to be a viable alternative to
the ionization-based detectors, charge-sensitive detectors,
and energy-sensitive detectors for detection of macroions
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FIGURE 13. A modified QIT with large opening for light collection.
Unlike the Paul trap with hyperbolic electrodes, the ring electrode of this
trap is made of eight steering rods and the two end-caps are made of two
conical electrodes. (Adapted from Schlemmer et al. (2001) with
permission from American Institute of Physics, copyright 2001.)

(or charged particles) in the gas phase. It provides an
effective way of probing charged particles with sizes
typical of 10—10% nm or masses typical of 1—10° MDa. The
QIT has been chosen as the mass analyzer for these
macroions because it is the only device known to date to
be capable of conducting high precision mass measure-
ments for single charged microparticles. With the QIT
operating in the AF region and acting in either the voltage
scan mode or the frequency scan mode, mass spectra of
microparticles and nanoparticles of synthetic polymers and
high-mass biomolecules have been obtained by Chang and
co-workers (Cai et al., 2002a,b,c; Cai, Peng, & Chang,
2003; Peng et al., 2003). However, to obtain the mass
spectra with high precision, further refinements of the
detectors as well as developments of new mass spectro-
metric methods are required.

Table 1 summarizes the methods and parameters used
to acquire the mass spectra of charged particles of different
sizes (either d > 100 nm or d < 100 nm) as discussed in this
article. Whereas the ELS method suffers the difficulty of
detecting single charged particles with sizes smaller than
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FIGURE 14. Mass spectrum of IgG fluorescently labeled with 6.2 Alexa
Fluor 488 dye molecules. The spectrum (average of 10 scans) was
acquired under the conditions, Q,/2n =30 kHz — 5 kHz, V,.; =200V,
Q/2n =120 kHz —20 kHz, V,.,=160 V, with the laser-induced
fluorescence/ion trap operating in a dynamic trapping mode. The mass of
each Alexa Fluor 488 is 643 Da, yielding a total mass of ~150 kDa for the
fluorescently labeled IgG. Inset, typical absorption and fluorescence
spectra of Alexa Fluor 488 in solution.
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100 nm, the LIF essentially has no size limitation. The
success of the latter, however, strongly relies on how dye-
labeling can be accomplished and how fluorescence can
be collected from excited particles confined in a small laser
probe volume. Hence, ELS still would be the method of
choice in detecting particles larger than 100 nm. Although
there remains much room for improvements for the per-
formance of the detectors as well as the MSs, the future for
the development of macroion mass spectrometry (partic-
ularly, nanoparticle mass spectrometry) is promising.

As a final remark, we would like to point out that laser
desorption/ionization is a potentially useful method for
detection of particles with sizes much smaller than 100 nm.
This potential is shown in on-line aerosol analysis, where
laser desorption/ionization has been used to detect parti-
cles that are smaller than optical detection allows, i.e.,
d <100 nm (Reents et al., 1995; Carson, Johnston, &
Wexler, 1997; Reents & Ge, 2000; Kane, Oktem, &
Johnston, 2001; Reents & Schabel, 2001). In contrast to the
LIF as illustrated in this article, no fluorescent labeling is
required and, furthermore, masses of the resulting product
ions can be identified with this technique. It is an emerging
new approach toward mass spectrometry of nanoparticles
and clearly desires exploration in future work.

ESI

l detecgtor
glycerol coated
collector plate

relative
intensity TMV/solvent
i solvent
0 . . 1min
scan/time {min) 1000 scans

FIGURE 15. A modified triple-quadrupole MS for viral analysis. The viral ions were produced by ESI and
they were selected by using a low accelerating voltage before Q1 so that only massive ions gain sufficient
translational energies to pass through the quadrupole rods and reach the detector. The quadrupole mass
analyzers were operated in an RF-only mode. (Reproduced from Siuzdak (1998) with permission from John

Wiley & Sons, Ltd., copyright 1998.)
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TABLE 1. Comparison of the parameters and methods typically used to obtain the ion trap mass spectra of macroions detected with

optical methods for particles of different sizes

Particle sizes

Parameters/methods 10-10* nm 10>-10° nm
Trap frequency (€2/2m) 1-10* kHz 0.1-1 kHz
Trap voltage (V) 200-400 V 200-2,000 V
Buffer gas pressure (p) 50 mTorr 1 mTorr

Ton source

Electrospray ionization (ESI) or matrix-assisted laser

ESI or MALDI

desorption/ionization (MALDI)

Spectrum acquisition
Detection

Frequency scan
Laser-induced fluorescence (LIF)

Voltage scan
Elastic light scattering (ELS)
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