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Herein, we report the development of charge-monitoring
laser-induced acoustic desorption (CLIAD) mass spectrom-
etry (MS) for rapid mass measurement of cells and micro-
particles. Different types of mononuclear cells (CD3* lym-
phocytes and CD14" monocytes) were clearly distinguished.
Various mass distributions were obtained to distinguish
normal T lymphocyte from CEM cancer cells derived from
T lymphocytes. This methodology allows different types of
cells to be distinguished on the basis of mass measurements.
The average mass of polystyrene microparticles with a size of
29.6 um was measured to be approximately 7 x 10" Da, which
is the largest mass reported so far with mass-spectrometric
detection. Furthermore, more than 100000 charges attached
to a single 29.6-pum polystyrene particle were observed.

Since the pioneering works on matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry (MS) by
Karas and Hillenkamp!"! and Tanaka etal.” in 1988, the
detection of large biomolecules (>10000Da) by mass
spectrometry has become a routine exercise. Recently, viruses
were also investigated by mass spectrometry.** For MALDI
measurements, bias can occur as a result of the interaction of
matrix compound with cells or viruses during sample prep-
aration. Furthermore, the desorbed matrix particles can
interfere with the measurement of analyte microparticles.
Thus, it is highly desirable to measure masses of cells and
viruses without the need of a matrix.
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Recently, laser-induced acoustic desorption (LIAD)7%

was found to allow soft desorption of intact bioparticles,
including viruses, bacteria, and whole mammalian cells." In
general, these desorbed bioparticles often carry a large
number of charges."! A quadrupole ion trap is frequently
used for light-scattering measurements to determine the
mass-to-charge ratio (m/z) for these desorbed bioparti-
cles."? To determine masses of these bioparticles, the
number of charges of the desorbed microparticles needs to
be changed by electron bombardment to observe the changes
of the light-scattering pattern.'! This process is quite time-
consuming. On average, it takes about 15-30 minutes to
determine the mass of one trapped microparticle. As mass
distributions of most bioparticles are broad and many micro-
particles have to be measured to obtain a mass distribution, it
becomes impractical to perform routine mass distribution
measurements of microparticles. In this work, CLIAD-MS
was developed for the rapid measurement of mass distribu-
tions of cells and organic microparticles. The number of
charges on a cell or a polystyrene microparticle was directly
measured by a charge-detection plate without any charge
amplification. Time-consuming measurement of microparti-
cle trajectory patterns by light scattering is no longer needed.
CLIAD-MS can simultaneously determine both the mass-to-
charge ratio (m/z) and total charges (z) on each single cell/
microparticle in an ion trap. With CLIAD-MS, the speed of
mass measurement for cells can be increased by orders of
magnitude relative to light-scattering measurements.!''?

In our previous experiments,'!) we found that a single
microparticle can have charge numbers in the range of 10—
2000 under MALDI or LIAD processes. In this work, samples
of cells or microparticles were loaded onto a silicon plate for
desorption by LIAD. However, accurate determination of
mass by direct measurement of the number of charges on a
cell or microparticle is a challenge because of the low number
of charges relative to electronic noise. We developed a
corona-discharge method to increase the number of charges
on a microparticle by more than one order of magnitude so
that better signal-to-noise ratios were obtained for an
accurate mass determination. Rapid measurement of mass
distribution of cells and polystyrene microparticles was
demonstrated by using a home-made quadrupole-ion-trap
mass spectrometer (QIT-MS) for the determination of m/z
and a charge detector for the measurement of z. With
CLIAD-MS, we acquired mass spectra over the range of m/z
values from 10° to 10" using QIT-MS, and signal-to-noise
ratios better than 50 for charge measurement were obtained.
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CLIAD-MS involves a combination of the following
techniques: 1) laser-induced acoustic desorption of micro-
particles without a matrix,'!! 2) a low-frequency quadrupole
ion trap for ultralarge m/z measurement,’”! 3) a pressure-
controlled corona discharge to enhance the number of
charges on a cell or microparticle, and 4) a compact and
low-noise charge detector for total-charge measurement. The
experimental setup is shown in Figure 1. Samples of cells or
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Figure 1. Experimental setup of CLIAD-MS, including a quadrupole ion
trap, a pulsed Nd:YAG laser, a He—Ne laser, a charge detector, and a
CCD camera. The Nd:YAG laser induces cell desorption. The He—Ne
laser illuminates the trapped cells so that they can be detected by the
CCD camera. The inset shows a CCD image of the trapped cells.

microparticles were loaded directly onto a silicon wafer
(thickness 0.5 mm) without a matrix. A frequency-doubled
Nd:YAG laser beam (A=532nm, Laser Technik, Berlin,
Germany) with a pulse duration of approximately 6 ns was
then shined directly onto the backside of the sample plate to
desorb cells or microparticles by LIAD with a power density
of around 10°* Wem ™. The desorbed cells or microparticles
were subsequently trapped in the ion-trap device. Each end
cap was drilled with a hole. One was for the collection of
scattered laser light and the other was for trapped cells or
microparticles to exit the trap and subsequently to be
detected by the charge-detection plate. A He—Ne laser (1=
632 nm) was used to illuminate the trapped cells or micro-
particles, and a charge coupled device (CCD) was installed to
monitor particles in the ion trap. The microparticles from the
laser desorption were trapped with an ac field (ca. 350 Hz,
depending on the particle size) in a helium buffer gas
(ca. 100 mTorr). A typical image of cells in the ion trap is
shown in the inset of Figure 1. Owing to the small light
collection angle of the CCD camera, the image size of each
particle does not necessarily reflect the true size of each
individual cell or microparticle but rather the extent of its
stable trajectory. Some cells or microparticles inside the trap
might not be observed by the CCD camera because of the
small solid angle for light collection.

Ion collectors have been used for detection with a mass
spectrometer of large DNA fragments!'*"! and a whole
viruses.'® However, there are always high electronic back-
grounds associated with direct charge measurement. We
applied a mild corona discharge in the ion trap to reduce the
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effect of this background and to enhance the number of
charges on a microparticle. The pressure often needed to be
fine-tuned to give a mild discharge. When a mild corona
discharge occurred, blue and white plasma was observed
between the ion trap and the desorption plate. An oscillation
of plasma as driven by the audio frequency was clearly
observed on an oscilloscope. With this mild corona discharge,
the number of charges attached to a microparticle or a cell
was increased by one to two orders of magnitude depending
on the particle size, particle material, and experimental
conditions. Both positively and negatively attached micro-
particles were observed. Mass-to-charge ratios were mea-
sured by scanning the frequency to eject charged particles
with unstable trajectories.

The ion trap was operated under an axial mass-selective
instability mode by scanning the trap driving frequency in the
range 350-20 Hz. A voltage of 1520 V was initially applied
with a high-voltage transformer driven by an audio-frequency
power amplifier and a functional generator. By simply
scanning the audio frequency with the functional generator,
cells or microparticles could be ejected along an axial
direction and the number of charges on each cell or micro-
particle could be subsequently detected with a charge-
detection plate. The mass of each particle was determined
according to the measurements of m/z and z for the particle.
Methods of mass spectrometry employing charge detection
have been demonstrated.'’” In this work, the charge
detector comprised a conducting plate and a charge-integra-
tor circuit. The charge integrator used a low-noise JFET
transistor as the input stage and an operational amplifier
(AD8674 Analog Device, USA) and some basic low-pass
filtering.””! The gain of the charge integrators was calibrated
by applying a known voltage pulse across a known capaci-
tance to simulate the incoming pulse shape. The charge-to-
pulse-height conversion constant of the charge integrator was
calibrated to be 52 emV . The rms output voltage noise was
measured to be slightly lower than 10 mV, which corresponds
to an equivalent noise of about 500 electrons. With a mild
corona discharge to increase charge attachment to cells or
microparticles, the charge number on each microparticle can
be higher than 50000; in such a case, a signal-to-noise ratio
higher than 100 can be obtained by LIAD. To determine the
mass distribution of cancer cells, we used CLIAD-MS to
measure a leukemic cell line, CEM. CEM cells were washed
with Dulbecco’s phosphate-buffered saline™?!! (PBS, Gibco
BRL) and fixed with 4% paraformaldehyde in PBS for
15 minutes at room temperature. Thereafter, the cells were
washed three times in distilled deionized water and were
subsequently counted and resuspended before they were
placed into the mass spectrometer for analysis.

To check the feasibility of the charge-monitoring mass
spectrometer, we first applied this charge detector to measure
small molecules such as fullerene (C). The driving frequency
was 200 kHz, and approximately 20 mTorr helium buffer gas
was applied. A wide-band power amplifier was used to boost
the radio-frequency amplitude to a constant voltage of 150 V,
and the ion trap was floated to a dc bias of 2000 V. Since a
small molecular ion produced by laser desorption usually has
asingle charge, the number of ions detected should reflect the
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true number of ions produced so that quantitative measure-
ment can be achieved. Our results (Figure 2a) indicate that
small ions such as Cg, ions can be detected by a charge
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Figure 2. a) Single-scan mass spectrum of Cg,. The peak height indi-
cates that there were approximately 15000 singly charged Cq, ions
produced during the laser ablation process. The scan time was 1 s.
b) Single-scan mass spectrum of CEM cancer cells. Each peak indi-
cates a cell particle and the peak height indicates the number of
charges on the particle. The mass of each cell was calculated from
simultaneous measurement m/z and z. The scan time was 5 s.

detector with a good mass resolution (m/Am = 500). Since a
Faraday plate used for charge detection has no amplification
due to secondary electron emission, a charge-monitoring
mass spectrometer can be used to obtain mass spectra without
detection efficiency bias. It can be particularly useful for
quantitative analysis of organic polymer and biopolymer
samples. A typical mass spectrum of CEM cells by CLIAD-
MS is shown in Figure 2b. Five peaks are observed. Each peak
has a specific m/z value determined by the ejection frequency.
The number of charges on each cell was derived from the
amplitude at the charge-detection plate. There were about
10 cells on average trapped in each laser pulse. If the scanning
rate is fixed at 5s to cover the entire frequency range, the
speed of measurement is estimated to be around 7200 micro-
particlesh™!, which is an improvement of three orders of
magnitude over light scattering measurement (2-4 micro-
particlesh ™. We noticed that occasionally there were
doublets trapped. Since the number of charges on a doublet is
about twice that of a single cell, the m/z value should be about
the same as that of a single microparticle. Nevertheless, the
amplitude corresponding to total charges should be about
double. The mass obtained can be determined as a doublet. A
conventional mass spectrometer cannot distinguish between
M,?" and M, because no charge information can be obtained
and m/z is identical for both types of ion.
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Mass and charge distributions for polystyrene with a size
of 3, 7.2, 10.1, and 29.6 um are shown in Figure 3.%%) The
average masses were measured to be 9.9 x 102,1.3x10',3.5x
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Figure 3. Mass and charge distributions for variously sized polystyrene
microparticles. Each count represents a single detected microparticle.
Fewer counts were obtained for the 29.6-um microparticles (d,h)
because it is more difficult to trap large particles owing to gravity.

10", and 7.1 x 10" Da, respectively, which are in good agree-
ment with the calculated masses of 8.8 x 10", 1.2 x 10", 3.4 x
10", and 8.6 x 10” Da, respectively. The fwhm values (full
width at half maximum) for the masses (Am) of these particles
were measured to be 9.1 x 10", 2.3x 10", 6.2 x 10", and 1.5 x
10" Da, respectively. A peak for a polystyrene dimer (2.7 x
10" Da) was also observed and the population ratio of dimer
to monomer is estimated to be around 11% (Figure 3b).
Distributions of the number of charges for different sizes of
polystyrene are also shown in Figure 3. The number of
charges increases as the size increases but is not proportional
to the surface area of a microparticle. As many as 250000
charges were observed on a single 29.6-uym polystyrene
particle. More studies are needed to resolve the mechanism
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of charge attachment to cells and microparticles under mild
corona discharge conditions.

As well as the measurement of polystyrene microparticles,
we also applied this method to measure the mass distribution
of various types of cells. T lymphocyte (CD3" cells) and
monocyte (CD14" cells) are major components of peripheral
blood mononuclear cells, which play a critical role in the
immune system. CLIAD-MS was used to measure mass
distributions of lymphocyte and monocyte. The peak posi-
tions were assessed to be 2x10% and 4.2x10"Da for
lymphocyte and monocyte, respectively (Figure 4). Because
of the difference in mass distribution, these two different cells
can be clearly distinguished. Since there is some overlap in

cp14
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3 4
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Figure 4. Mass distributions of lymphocyte (CD3" cells, black) and
monocyte (CD14" cells, red).

mass distribution, it is unlikely that a cell could be identified
by measuring the mass of only a few cells. However, CLIAD-
MS can be used to distinguish these two types of cells. We also
compared CEM leukemia cells with normal lymphocyte
(CD3* cells; Figure 5a). The mass distribution peaks of
lymphocyte and CEM cells were determined to be 2.2 x 10
and 1.1 x 10" Da, respectively. The average mass of CEM
cells is clearly larger than normal lymphocyte. We again can
easily distinguish CEM cells from normal lymphocyte. We
also mixed an equal number of CEM cells and lymphocyte
(CD3* cells) into the sample. As shown in Figure 5a, the
histogram of this mixture sample is almost the same as that
obtained by adding the individual spectra of CEM and
lymphocyte, which indicates that CLIAD-MS can be used not
only to measure a single kind of cell but also mixtures of cells.
The size of CEM cells was measured with a particle-sizing
device to be 9.8+ 1.8 um in diameter, and the average cell
weight in air was approximately 3 x 10** Da./®! These results
suggest some loss of intracellular water in the vacuum
chamber of the mass spectrometer. Size distributions may
not reflect true mass distributions since the density of a CEM
cell can be different from that of a normal lymphocyte owing
to its doubled number of chromosomes. The average number
of electrons attached to a CEM cell was measured to be
approximately 45000, which is about the same as that for a
comparably sized polystyrene particle. As the sizes of
lymphocyte, monocyte, and Jurkat were measured to be
5.8+1.7, 6.9+£1.3, and 8.0 +2.2 um, respectively, we antici-
pated the average mass of Jurkat to be greater than that of
monocyte. Surprisingly, CLIAD-MS showed the mass peak
position of Jurkat to be 4.5x 10" Da (Figure 5b), which is
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Figure 5. a) Mass distributions of lymphocyte (CD3™ cells), CEM, and
an equal-ratio mixture of lymphocyte and CEM. b) Mass distribution of
Jurkat cells and a plot of cell size vs. mass. 1: CEM cells, 2: monocyte
(CD147 cells), 3: Jurkat cells, 4: lymphocyte (CD3" cells).

only 8% heavier than the mass of monocyte (4.2 x 10" Da),
even though Jurkat is 16% larger. The inset in Figure 5b
shows the relationship between the size and the mass of the
cells. Although there is a general correlation between size and
mass, the curve is not exactly linear. Thus, CLIAD-MS is
useful for measuring the mass distribution of various types of
cells.

In most mass spectrometers, ions are detected by a charge-
amplification device such as a microchannel plate (MCP). The
detection is based on the ejection of secondary electrons. The
efficiency of secondary electron ejection is closely related to
the velocity of incoming ions.?!! Therefore, mass spectra of
mixtures of large biomolecules usually do not reflect the
number of ions detected. With a charge-monitoring mass
spectrometer, individual peaks in a mass spectrum should
reflect their ion population without detection bias. Since a
charge-detection plate has no amplification by secondary
electron emission, a charge-monitoring mass spectrometer
can be used to obtain mass spectra without detection
efficiency bias. The major limitation of the sensitivity with a
charge-detection plate is the electronic noise. Recently,
Fuerstenau reported the observation an of electronic-noise
level equivalent to 100 electrons. With cooling of the
detector electronics, the noise could be expected to be
reduced by a factor of 5 to reach similar levels with their
facility. With this noise level, virus and nanoparticle detection
by CLIAD-MS would become feasible. As well as for cancer-
cell measurements, CLIAD-MS could be readily used for
aerosol measurements.”
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