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In single-molecule mass spectrometry, the mass of each ion is
measured individually; making it suitable for the analysis of
very large, heterogeneous objects that cannot be analyzed by
conventional means. A range of single-molecule mass spectrom-
etry techniques has been developed, including time-of-flight
with cryogenic detectors, a quadrupole ion trap with optical
detection, single-molecule Fourier transform ion cyclotron
resonance, charge detection mass spectrometry, quadrupole ion
traps coupled to charge detector plates, and nanomechanical
oscillators. In addition to providing information on mass and
heterogeneity, these techniques have been used to study impact
craters from cosmic dust, monitor the assembly of viruses,
elucidate the fluorescence dynamics of quantum dots, and much
more. This review focuses on the merits of each of these
technologies, their limitations, and their applications. # 2016
Wiley Periodicals, Inc. Mass Spec Rev
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I. INTRODUCTION

The m/z (mass to charge ratio) spectrum for a small protein
ionized by electrospray contains a series of peaks from different
charge states. The separation between the peaks can be used to
deduce the charge, which combined with the m/z gives the mass.
Native mass spectrometry (electrospray from non-denaturing
solutions) (Chowdhury, Katta, & Chait, 1990; Ganem, Li, &
Henion, 1991; Loo, 1997; van den Heuvel & Heck, 2004; Zhou
& Robinson, 2010) allows large assemblies to be placed into the
gas phase. As size increases, it becomes increasingly difficult to
resolve the charge states. Heck and co-workers have provided a
convincing argument that this loss of resolution is not instru-
mental, but results from heterogeneity (L€ossl, Snijder, & Heck,
2014).

There are two types of heterogeneity, intrinsic and extrinsic.
By extrinsic, we mean objects that have a single well-defined
mass, but they appear heterogeneous because their ions are
incompletely desolvated, possess different numbers or types of
counter ions, or form adducts with impurities in solution. In this
case, a resolved m/z spectrum may be generated with extensive
purification of the sample, and through collisional activation

to remove adducts, counter ions, and any remaining solvent.
GroEL, an 800 kDa protein complex, is an example of extrinsic
heterogeneity. Well-resolved m/z spectra can be obtained, but
only after a substantial effort to purify the sample.

For some objects, purification does not result in a resolved
m/z spectrum. In these cases, the ions might be intrinsically
heterogeneous, which means that the objects themselves do not
have a single, well-defined mass. Cells, polymers, nanoparticles,
and aerosols are examples. In general, larger objects are more
likely to be intrinsically heterogeneous. Intrinsically heteroge-
neous objects are also likely to be extrinsically heterogeneous,
further congesting the m/z spectrum. If the number of masses
present is much less than the number of ions sampled then, in
principle, the charge states could be resolved if the resolving
power is sufficiently high. However, the charge states cannot
be resolved if the number of masses present is much greater
than the number of ions sampled. At some point, charge-state
resolution will be lost (Wong, Meng, & Fenn, 1988; Stockley
et al., 2007; Bereszczak et al., 2014).

One solution to this problem is to perform a single-
molecule mass measurement where the mass of each individual
ion is determined. If measurements were performed for a large
number of ions, then a mass distribution can be constructed by
binning them into a histogram. The width of the distribution can
provide valuable information about sample heterogeneity and
its origin. In addition, some of the techniques used to perform
single-molecule mass measurements also provide the opportu-
nity to trap an ion for a long time and investigate its properties.
These studies can provide valuable information about how the
properties differ from the ensemble average.

Single-molecule mass spectrometry (MS) is not limited
by charge-state resolution, so it can be extended to arbitrarily
high masses and broad heterogeneity. A single-molecule mass
measurement can be accomplished in several ways. Some
techniques involve simultaneous measurement of m/z and
charge, including direct charge detection in Fourier transform
ion cyclotron resonance (FTICR), charge detection mass
spectrometry (CDMS), and a quadrupole ion trap (QIT) with
a charge detecting plate. Time-of-flight MS (TOFMS) with
cryogenic detectors can potentially measure m/z and charge
simultaneously, but the method currently does not perform
well for large, highly-charged ions. Other techniques involve
charge stepping, where the m/z of a single ion is measured
for several different values of charge to deduce mass. Charge
stepping can be performed in an FTICR or in a QIT with
optical detection. Finally, mass can be measured indepen-
dently of charge with a nanomechanical oscillator, where the
resonant frequency of the device changes as mass accretes on
it. This review will focus on the advantages and disadvantages
of single-molecule MS techniques. Applications will be noted
along the way.
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We would be remiss if we did not recognize the progress
that has been made in studying high-mass ions with conventional
MS. There are several technical issues in addition to the
problem of heterogeneity and charge-state resolution. The low
detection efficiency of electron multipliers for large ions is well
known (Gilmore & Seah, 2000; Westmacott et al., 2000; Fraser,
2002). For mass spectrometers that use image charge detection
such as FTICR and the orbitrap, the finite charge capacity
(Marshall, Hendrickson, & Jackson, 1998; Hu, Cooks, & Noll,
2007) of the cell can preclude analysis of a representative
ensemble for a heterogeneous sample. Recent modifications
to the orbitrap have extended its mass range to �1 megadalton
(MDa) with substantially better resolving power than TOF
(Rose et al., 2012; Dyachenko et al., 2015).

Small viruses have masses of a few MDa and they have
become attractive targets for high-mass studies. Robinson
and co-workers were the first to measure the mass of a virus
capsid with conventional MS. An m/z spectrum with barely
resolved charge states was measured for the 2.5MDa MS2
capsid with TOFMS (Tito et al., 2000). At the time, this was the
largest mass measured with conventional MS. Within the last
decade, Heck and co-workers have obtained well-resolved m/z
spectra for hepatitis B virus (HBV) capsids formed from the
assembly domain of the capsid protein (Cp149) (Uetrecht et al.,
2008a,b, 2010). The HBV Cp149 T¼ 3 capsid (with 180 capsid
proteins) has a mass just over 3MDa, and the T¼ 4 (with
240 capsid proteins) has a mass just over 4MDa. Charge state
resolution was lost for capsids assembled from the full length
capsid protein (HBV Cp183). This loss was attributed to the
retention of short RNA fragments by the binding domain
(Uetrecht et al., 2008a). The same group has published m/z
spectra with incipient charge-state resolution for the Prohead I
form of HK97 bacteriophage capsids weighing �18MDa
(Snijder et al., 2013). This remarkable achievement represents
the highest mass measured so far with conventional MS.
They estimated the upper mass limit of conventional electro-
spray MS to be �20MDa because of extrinsic heterogeneity
from water and salt adducts. Except in rare cases (Snijder
et al., 2014), conventional MS requires strict homogeneity
to weigh ions in the MDa range. It is no coincidence that all of
the examples mentioned above are virus capsids. Icosahedral
virus capsids that have been studied by MS are composed
of a specific number of (usually) identical proteins, and are
therefore much less heterogeneous than other complexes of
similar size.

There have been several recent reviews of high-mass MS,
but they have focused primarily on conventional MS, with only
some attention paid to single-molecule MS (Peng, Chou, &
Patil, 2014; Snijder & Heck, 2014). Chang reviewed single-
molecule MS in 2009 (Chang, 2009), but much progress has
been made since then.

Finally, a ground rule; in an ensemble measurement, the
precision is represented by the resolution or resolving power.
When masses are measured individually, the precision can be
determined by measuring the masses of many identical objects
or the same object multiple times. Binning the results into
a histogram should lead to a Gaussian peak shape with a full
width at half maximum (FWHM) 2.3548 times the root mean
square deviation (RMSD). In what follows, we use the resolving
power (m/Dm FWHM) to compare the precision of the different
techniques discussed here.

II. CRYOGENIC DETECTORS

TOFMS has, in theory, an unlimited m/z range. It is often
coupled with MALDI (matrix-assisted laser-desorption ioniza-
tion). MALDI produces much lower charge states than electro-
spray, which can lead to large m/z values. Microchannel plates
(MCPs), the detectors most commonly used with TOFMS, have
poor detection efficiency for high-m/z ions (Gilmore & Seah,
2000; Westmacott et al., 2000; Fraser, 2002). MCPs also cannot
distinguish between different species with the same m/z, such as
singly charged monomers and doubly charged dimers. A variety
of solutions to the high-m/z detection efficiency problem have
been developed: conversion dynodes (Spengler et al., 1990;
Weidmann & Zenobi, 2014), ion-to-photon detectors (Dubois,
Knochenmuss, & Zenobi, 1999; Gilmore & Seah, 2000; Li
et al., 2007), nanomembrane oscillators (Park et al., 2011,
2013), and cryogenic detectors, including microcalorimeters
(Hilton et al., 1998; Frank et al., 1999; Rabin, Hilton, &
Martinis, 2001b), superconducting tunneling junctions (STJs)
(Twerenbold et al., 1996; Benner et al., 1997), and super-
conducting stripline detectors (SSLDs) (Koji et al., 2008; Suzuki
et al., 2008; Casaburi et al., 2012). Microcalorimeters and
STJs are considered in more depth below because they can also
measure the charge for individual ions, and hence they can
perform single-molecule mass measurements.

Twerenbold was the first to propose the use of a cryogenic
detector for high-m/z ions (Twerenbold, 1996). Unlike MCPs
that respond to an ion’s velocity, cryogenic detectors respond to
its kinetic energy. Because all ions of the same charge have the
same kinetic energy from acceleration through a fixed potential
difference, the detection efficiency should not depend on the
m/z. Another advantage of cryogenic detectors is that they can
be used to detect neutral molecules from post-source decay
(PSD) (Ohkubo et al., 2006), electron-transfer dissociation
(ETD), and collisionally activated dissociation (CAD) (Ohkubo
et al., 2011; Novotn�y et al., 2015). The disadvantages of
cryogenic detectors are that they require cooling to <4K and
their active area is small (10�4� 10�3 cm2). Microcalorimeters
and STJs are also slow, with response times much longer than
the sub-nanosecond response time of MCPs. Much work has
been done to mitigate these disadvantages (Suzuki et al., 2008;
Casaburi et al., 2009, 2012; Zen et al., 2012).

A. Microcalorimeters

Amicrocalorimeter consists of a metal absorber on an insulating
substrate held at <1K. When an ion strikes the absorber, it
deposits its kinetic energy and heats the metal. The temperature
shows a sharp rise followed by a slower exponential decay as the
heat is dissipated into the substrate. The temperature rise can
be measured with very precise thermometers, most commonly
by NIS (normal insulator superconductor) tunnel junctions or
transition-edge sensors (Frank et al., 1999). Microcalorimeters
require extremely low temperatures and precise temperature
stabilization. Both of these requirements can be met with a
liquid-helium cryostat with an adiabatic demagnetization refrig-
erator (Hilton et al., 1998).

Ideally, the temperature increase is proportional to the
kinetic energy of the impinging ion. However, for polyatomic
ions some of the kinetic energy is not deposited into the metal
due to internal excitation and possibly fragmentation of the ion.
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Twerenbold and co-workers found that singly charged, 66 kDa
bovine serum albumin (BSA) ions accelerated to 20 keV
deposited on average 11.8 keV, and the distribution was 1.7 keV
wide (FWHM) (Hilton et al., 1998). The energy resolving power
(E/DE �7) is sufficient to completely separate singly charged
monomers from doubly charged dimers of BSA. However, the
fraction of energy deposited depends on the analyte. Whereas
BSA deposited �60% of its energy, lighter sinapinic acid
deposited over 70%. The signal decay time constant (due to
dissipation of heat into the substrate) is long and ranged from
just over ten microseconds to milliseconds (Hilton et al., 1998;
Zen et al., 2012); therefore, pulses can pile up if ion fluxes are
not kept small.

Singly and doubly charged ions can be completely sepa-
rated with a microcalorimeter detector, but electrospray gen-
erates much more highly charged ions than MALDI. Martinis
and co-workers have used a magnetic sector MS with a
microcalorimeter detector to measure electrosprayed BSA ions
with charge states from þ15 to þ21 (Rabin, Hilton, & Martinis,
2001b). They found that the pulse height was proportional to z0.4

rather than the expected linear dependence. There was insuffi-
cient energy resolution to determine charge. Later work by the
same group suggested that the sub-linear response was not due
to the detector, but rather to the fraction of kinetic energy
deposited by the ions (Rabin, Hilton, &Martinis, 2001a).

Cryogenic detectors can be used for single-molecule MS on
ions as small as protons (Novotn�y et al., 2015). These detectors
can also be used to detect neutral molecules in tandem MS
experiments. Novotn�y et al. (2015) used a microcalorimeter to
study the fragmentation pathways of CH3

þ and acetone ions. In
these experiments, the precursor ions had a known kinetic
energy from their acceleration potential, and the kinetic energies
of fragments (including neutral fragments) were proportional to
their masses. The ability to detect neutral fragments directly,
rather than through re-ionization, is a great advantage of using
cryogenic detectors in tandem MS experiments, at least for
small molecules.

B. Superconducting Tunnel Junctions

An STJ consists of two thin superconducting layers separated
by a thin insulating layer. The detector is held at �10% of
the critical superconducting temperature, typically �1K or less.
When a high-energy ion impinges on one of the superconducting
layers, millions of Cooper pairs are broken, and a bias between
the two layers causes the liberated electrons to form a tunneling
current between them. The first STJ used for TOFMS had a
pulse decay time under 10ms (Twerenbold et al., 1996),
somewhat faster than the best microcalorimeters. Newer
STJs have decay times on the order of hundreds of nanoseconds
(Wenzel et al., 2005). STJs also do not require temperatures
as precisely controlled as microcalorimeters. Consequently,
STJ detectors have been more widely used in TOFMS than
microcalorimeters.

As with the microcalorimeter, the energy deposited into the
STJ should be proportional to the ion energy which makes it
possible, in principle, to measure the charge. Measuring the
charge with an STJ was first explored by Frank and co-workers
in 1996 (Frank et al., 1996). For singly charged, 66 kDa human
serum albumin ions, the energy resolving power was only
�1.67. Singly and doubly charged ions at the same m/z were not

resolved. On the other hand, the energy resolving power for
6 keV X-rays was 20. The higher resolving power with X-rays
suggests that the poorer resolving power for macromolecular
ions is at least partly due to internal excitation or fragmentation
on impact. Similar results were obtained in 1997 by Benner
et al. (1997).

Like microcalorimeters, STJs can also be used to detect
neutral molecules. In 2006, Ohkubo et al. (2006) detected
neutral and ionic PSD fragments of 200 kDa polystyrene and
BSA ionized with MALDI. Ohkubo et al. (2011) have also
performed tandemMSmeasurements on acetyl and acetone ions
with an STJ, albeit with worse energy resolution than Novotn�y
et al. (2015) managed a few years later. The ability to detect
neutral fragments gave them deeper insight into fragmentation
pathways than is attainable from conventional MS experiments.

One disadvantage of cryogenic detectors is their small size.
This disadvantage can be mitigated with an array. Friedrich et al.
(2014) have developed a 112-pixel array of STJs, though this
array has not been used for MS. In 2005, Zenobi and co-workers
reported results for a 4� 4 array of STJs developed for MS by
Comet AG. Each array element had its own electronics (Wenzel
et al., 2005). The total active area was 0.002 cm2. An array of
detectors is preferable to one large detector for several reasons.
A single, large detector has higher noise, decreased sensitivity,
increased response times, and a higher likelihood of pulse pileup
(Frank et al., 1999). Figure 1 shows the m/z spectrum and the
scatter plot of deposited energy versus TOF for IgG antibodies
measured with the 4� 4 STJ array (Wenzel et al., 2005). Arrows
connect several charge state peaks in the IgG m/z spectrum to
their associated bands in the scatter plot. The energy resolution
was good enough to distinguish charges for these relatively low
charge states. In such cases, cryogenic detectors can be used to

FIGURE 1. (a) m/z spectrum of IgG antibodies measured with a 4� 4 array
of STJs. (b) Deposited energy versus TOF scatter plot of ions in part a.
Adapted fromWenzel et al. (2005).
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analyze very heterogeneous analytes, such as ferritin (Plath
et al., 2015). Unfortunately, the relationship between the pulse
height (i.e., the energy deposited) and ion charge was sub-linear
(see Fig. 1b), which was attributed to self-recombination of the
electrons into Cooper pairs (Wenzel et al., 2005). The sub-linear
response and poor energy resolution has limited the utility
of the charge measurement for more massive ions (Aksenov &
Bier, 2008). Recent work has focused on improving the energy
resolution. In one example, a metal mesh was placed in front of
the STJ to block infrared radiation (Shiki et al., 2008) and lower
the noise. The energy resolution for argon ions improved by a
factor of 2.5. However, the energy resolution for macromolecu-
lar ions is not expected to improve by as much because, in this
case, the resolution is mainly limited by the energy deposition.

The main benefit of cryogenic detectors is the improved
detection efficiency for high-m/z ions, particularly for MALDI
TOF. Bier and co-workers have analyzed the �18MDa Prohead
I form of bacteriophage HK97 with a 16-channel STJ detector.
The m/z resolving power was �15 for theþ6 charge state (Plath
et al., 2015). As with other STJ TOF studies, there was a sub-
linear relationship between the pulse height and the charge state
(which extended to aboveþ30). The ion’s initial internal energy
may be a factor in the sublinear dependence: the internal energy
calculated by classical statistical mechanics for an HK97
particle at room temperature is over 180 keV. Because of the
difficulties with the charge measurement, TOFMS with a
cryogenic detector is usually not the best method for mass
analysis of extremely large ions, particularly those generated by
electrospray, which produces ions in high charge states.

III. OPTICAL DETECTION WITH A QUADRUPOLE
ION TRAP

In 1959, Wuerker, Shelton, & Langmuir (1959) demonstrated
that charged iron and aluminum particles, up to 20mm in
diameter, could be trapped in a 3D QIT. Large particles driven
by a low-amplitude waveform on the ring electrode will oscillate
in relatively slow, Lissajous-like trajectories with small super-
imposed “micromotions” at the driving frequency. Formm-sized
particles of interest here, the frequency is in the radio or audio
range. The particles are large enough that their scattered light
can be observed visually with a microscope through holes
drilled through the ring electrode and end caps. Figure 2a is
photograph of a particle’s motion observed through a hole in the
ring electrode.

To trap individual, charged particles in a QIT and detect
their scattered light is one of the most precise ways to measure
their m/z. Because the scattered light intensity increases with
d6, where d is particle diameter, this technique is most suitable
for particles larger than 50 nm (Nie et al., 2006), so analysis is
precluded for many large biologically-important species such
as protein complexes, ribosomes, and many viruses. The lower
size limit can be overcome by the study of intrinsically (Bell
et al., 2014) or tagged (Cai et al., 2002b; Cai, Peng, & Chang,
2003) fluorescent particles, or by the use of a bright probe
particle to infer the behavior of a small dark particle (Howder
et al., 2015a). However, all these methods have limited
applicability.

A. Measurement of Single-Molecule Mass in a QIT

In the work of Wuerker, Shelton, & Langmuir (1959) mentioned
above, the m/z of each particle was measured by applying a
small AC signal to the end caps and determining the frequency
where the particle’s secular motion was in resonance with the
signal. At that point, the m/z was calculated from the voltages
and frequencies applied to the QIT. The mass, however, cannot
be determined from a singlem/zmeasurement.

Micron-sized metal particles are so massive that gravity
forces them to orbit significantly below the center of the trap. A
DC bias can be applied between the top and bottom electrodes
(the end caps) to offset the force due to gravity. That voltage
provides a second way to measure the m/z of the ion. In 1983,
Arnold and co-workers used this technique to measure the m/z
of single, 2.35mm latex particles, which were large enough to
be observed optically with illumination from a He-Ne laser
(Philip, Gelbard, & Arnold, 1983). The absolute mass and
charge of a trapped particle can be determined using a method
they called “electron-stepping.” With this method, the particles
are exposed to UV radiation which caused electrons to be
ejected; the m/z of the particle was then re-measured by
adjusting the DC bias on the end caps. The process can be
repeated several times to provide more m/z measurements and
hence a more reliable mass determination. The mass resolving
power achieved by the “electron-stepping” method is on the
order of 102.

In 1995, Hars & Tass (1995) developed a third method to
measure the m/z with QIT optical detection, which is more
accurate than the two described above. When a charged particle
oscillates in a QIT, as shown in Figure 2a, its trajectory projected

FIGURE 2. (a) Photograph of a single ion trajectory in a QIT observed through a hole in the ring electrode
(perpendicular to the axis of the end caps). From Wuerker, Shelton, & Langmuir (1959). (b) Photograph of a
single ion in a QITobserved along the axis of the end caps. FromHars & Tass (1995).
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onto a perpendicular plane (i.e., the plane normal to the axis of
the end caps) is elliptical with superimposed micromotions. If
the ratio of the driving frequency (which causes the micro-
motions) to the secular frequency (the Lissajous motion) is an
integer, then the elliptical trajectory appears as a stationary
star pattern, as shown in Figure 2b. The m/z can be determined
from the number of points on the star and the driving frequency
and amplitude on the ring electrode. The absolute mass can
be determined with the electron-stepping method described
above, although here the drive frequency is changed to measure
the new m/z. The resolving power was �103 for mm-sized,
�1012Da polystyrene particles. The resolving power can be
improved to the 104 range with an averaging peak-to-peak
voltage detector to provide a more accurate measurement of the
amplitude of the driving signal (Peng et al., 2005a).

Chang applied the same methodology in 2004 to measure
the mass distribution of dry Escherichia coli cells ionized with
MALDI (Peng et al., 2004). One-electron steps were induced
with electron bombardment. The average mass of 60 cells was
�50GDa. This measurement was the first time MS was applied
to intact organisms above the 10 GDa mass range.

The Chang group also used the star pattern method with
laser-induced acoustic desorption (LIAD). For LIAD, the
sample was deposited directly on a silicon wafer, and a laser
aimed at the back of the wafer caused acoustic, mechanical
shaking forces that desorbed some of the sample. Some
particles were apparently pre-charged and simply liberated
from the substrate as ions (Peng et al., 2006). The masses of
polystyrene spheres from NIST were measured. The measured
masses were found to be within the expected range (Peng
et al., 2005b). The technique was also applied to vaccinia virus
(3.26� 109Da) and human red blood cells (RBCs). The
substantial mass difference observed between normal RBCs
(1.9� 1013 Da) and anemic RBCs (1.3� 1013Da) (Peng et al.,
2006) demonstrated the potential use of this technique for
biomedical applications.

The three methods to measure the m/z in a QIT described
above rely on the adjustment of settings until some characteristic
of the particle motion is obtained. A more precise method of
measuring the m/z is to maintain a constant frequency and
voltage while the particle is illuminated with a laser (Schlemmer
et al., 2001). The particle motion is on the order of the width
of the beam, so the intensity of scattered light is modulated.
Gerlich and co-workers replaced the QIT ring electrode with
eight cylindrical rods to increase the acceptance angle of the
scattered light onto the detector. In this trap, the AC voltage is
applied to the end caps only. A fast Fourier transform (FFT)
was used to extract all the frequencies of motion the particle
undergoes, including motion in all three directions as well as
combinations and higher harmonics. The resolving power of this
method was 104 for 10 sec trapping of 500 nm SiO2 particles, but
it can be improved to better than 105 for trapping over an hour.
This method is precise enough, and trapping times long enough,
that adsorption and desorption rates of C60 from nanoparticles as
well as binding energies could be measured over the course
of weeks (Schlemmer et al., 2004). It was also used to study
charging mechanisms of SiO2 nanoparticles with soft X-rays
(Grimm et al., 2006). Particles up to at least 50mm have been
trapped (Seo, Hong, & Boo, 2003).

The FFT measurement scheme has also been used with
a cylindrical ion trap (Nie et al., 2006), which consists of a

cylindrical electrode capped with two flat, electrically conduc-
tive glass plates. Scattered light can be detected through the
transparent end caps. This design increases the detection
efficiency of the scattered light. Viruses as small as the �80 nm
diameter adenovirus were measured.

The masses of nano- and micro-particles can be measured
with very high precision while they are trapped in a QIT, but
this technology is not suited for rapid analysis of many ions.
In some cases, the trap has to be pumped out each time a new
ion is introduced (Hars & Tass, 1995). Once an ion is injected,
it can take tens of seconds to thermalize its motion before
analysis is done (Schlemmer et al., 2001; Cai et al., 2002a).
The electron-stepping method is critical for the mass measure-
ment, but it is also time-consuming. Ionization by illumination
or electron bombardment (Schlemmer et al., 2004) should
be sufficiently inefficient that only one or a few charges are
stripped at a time, so it typically takes several seconds for
charge stripping to occur (Hars & Tass, 1995). Also, depend-
ing on how the m/z is measured, settings might have to be re-
optimized to measure the new m/z each time a charge is
stripped. Because each ion can, therefore, take minutes to
analyze, measurement of a mass distribution of any unknown
sample would be onerous. Mass distributions have typically
been determined from measurements of tens of particles
(Peng et al., 2004, 2005b). For more accurate estimates of
mass heterogeneity, or for more heterogeneous samples, far
more measurements would be needed. The long measurement
time is not always a disadvantage. Because a single ion can be
trapped almost indefinitely, its mass and charge can be tracked
over time. Therefore, this technology is ideal for study of
surface reaction kinetics, optical properties, or other properties
of nano- or micro-particles in the gas phase. Some of these
applications are discussed in part B of this section.

Chang and co-workers have developed a much faster
method to measure the m/z of nanoparticles with a QIT (Cai
et al., 2002a). However, with their method only a single m/z
measurement can be made per ion, which precludes mass
determination. Multiple polystyrene spheres of �1mm or
diamond nanocrystals of �100 nm generated by electrospray
were trapped at the same time, and the end cap voltage was
scanned. Each particle had a different m/z and would therefore
be ejected through a hole drilled in the end cap at a different
voltage. This axial instability mode is used for conventional
QIT MS, in which an ion detector, usually MCPs, detects the
ions as they are ejected. For single-particle detection, however,
a continuous Ar ion laser illuminated the particles upon
ejection, and the scattered light was detected. The timing of
the scattered light was correlated with the ejection voltage to
provide an m/z measurement with a resolving power of �102

(Nie et al., 2008). Chang proposed the addition of a charge
detector tube to measure the charge of each particle after its
ejection, so that the m/z measurements could be converted
to mass measurements; however, this addition has not been
implemented.

B. Extension of the Mass Range to Smaller Particles

Single-molecule m/z measurements in a QIT have been
performed for particles up to at least 50mm (Seo, Hong, &
Boo, 2003). However, determination of the m/z of a single
particle with a QIT relies on optical detection. As stated
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above, the light scattering intensity increases with diameter to
the sixth power, which limits the technique to particles above
�50 nm diameter (Nie et al., 2006). Smaller particles can be
detected this way if they are fluorescent.

Chang detected 27 nm, fluorescein-labeled polystyrene
spheres in a QIT from their laser-induced fluorescence (LIF)
(Cai et al., 2002b). Multiple particles were generated with
MALDI and trapped at the same time. When a particle passed
through an Ar ion laser focused into the center of the trap,
detectable LIF was generated before photobleaching of the
particle occurred. After the majority of particles had been
bleached (which took only a few seconds), spikes of LIF were
determined to be from an individual particle that passed
through the laser’s path. With many particles in the trap, and
with only a short time before bleaching and consequent loss of
signal, the m/z could not be determined.

To measure the m/z, Chang and co-workers developed a
dual-QIT instrument (Cai, Peng, & Chang, 2003; Peng et al.,
2003). The first QIT was used as the mass analyzer in axial
instability mode, though here the frequency was scanned
rather than the voltage. However, the interaction time between
each ejected particle and a probe laser was too short to detect
the LIF. The second QIT was used to collect the ejected
particles, and continuous laser illumination of that trap
provided LIF detection. This method was also used to obtain
an m/z spectrum of fluorescently labeled, 150 kDa immuno-
globulin G (IgG).

The disadvantage of non-specific fluorescent labeling, as in
the two cases above, is that not every ion will have the same
number of fluorophores. The resolution is insufficient to resolve
each peak in the m/z spectrum, even for relatively small IgG.
Because the absolute mass was not determined for each particle,
it would be very difficult to determine an accurate mass of any
unknown.

Intrinsically fluorescent particles do not have the limita-
tion described above. Anderson and co-workers (Howder, Bell,
& Anderson, 2014) measured the mass of single, 5 nm, ligand-
coated CdSe/ZnS quantum dots (QDs) with a resolving power
on the order of 106 in a split-ring QIT. They applied an AC
waveform to an electrode just outside the trap. When this
driving frequency was in resonance with the particle’s secular
frequency, the enlarged amplitude of the particle’s motion
removed it from the path of a probe laser focused in the
center of the trap to result in a dip in LIF and consequent
m/z determination. This approach is conceptually similar to
Langmuir’s original method to measure the m/z of a particle
in a QIT (Wuerker, Shelton, & Langmuir, 1959), although
the precision here is much better. These extremely precise
measurements require a very slow scan of the driving
frequency. If a faster scan speed is used, then resolving power
is reduced (to the 102 range) (Howder, Bell, & Anderson,
2014), but changes in the mass of the particle can be tracked.
For example, the mass of the 5 nm QDs slowly dropped
over the course of about twelve hours, presumably from
sublimation due to heating from the probe laser (Bell et al.,
2014). Unlike the labeled particles studied by Chang, QDs can
be tracked continuously for days without bleaching. Charge
states were changed via collision with electrons, Arþ, or Ar�

(electronically excited Ar) generated by the cold cathode gauge
used to measure the argon pressure in the trap. Multiple m/z
measurements provide the mass of each particle.

This technology has enabled the Anderson group to study
a number of interesting features of single isolated QDs, such
as fluorescence blinking (Bell et al., 2014) as well as intense
brightening and drastic changes to emission spectra upon
heating with a laser (Howder et al., 2014). They have also
developed a method to use a trapped QD to probe the m/z of a
co-trapped, dark particle of comparable size (Howder et al.,
2015a). Figure 3 illustrates the concept. When the probe QD
is alone in the trap (the black curve), there is a dip in LIF
when the ion’s secular frequency matches the scanned driving
frequency (�22 kHz), as described above. When the dark
particle is added (the red curve), its motion will also resonate
when the driving frequency matches the particle’s secular
frequency (�5 kHz). Because the QD probe and the dark
particle interact Coulombically, the dark particle’s large-
amplitude motion scatters the QD out of the laser beam to
reduce the LIF signal and provide the m/z of the dark particle
with a resolving power of �103. The dip in LIF from the QD
still appears at the same frequency, which indicates that the
probe QD and the dark particle do not interfere with each
other’s secular frequencies even though they apparently
interfere with each other’s amplitudes. This method invites
the study of particles too small to scatter sufficient light for
optical detection but too large or heterogeneous for conven-
tional MS: precisely the range of many important biological
complexes, though the technology has not yet been applied to
this type of problem.

Another way to analyze relatively small particles with a
QIT is to heat them with a laser until thermal emission becomes
detectable. Anderson and co-workers heated 20–50 nm carbon
nanoparticles with several different lasers to several thousand
Kelvin and studied sublimation and oxidation kinetics as well as
optical properties of the nanoparticles (Howder et al., 2015b).
Mass loss rates ranging from �101 to 106 Da/min were tracked,
so this technology is capable of probing a wide range of gas
phase processes. The high temperatures attained in these studies
are relevant for applications such as hypersonic flight and
high-temperature combustion.
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FIGURE 3. Plot of LIF detected as the secular frequency in a QIT is
scanned. The black line shows a scan with only a bright probe (a QD) in the
QIT. The LIF signal drops when the ion’s secular frequency matches the
driving frequency. The red line shows a scan with a dark particle added. A
second drop in LIF is observed at the secular frequency of the dark ion.
Adapted from Howder et al. (2015a).
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IV. SINGLE-MOLECULE FOURIER TRANSFORM
ION CYCLOTRON RESONANCE HERE

In the mid-1990s, Smith and co-workers used FTICR to perform
single-molecule mass measurements. The approach is similar to
single-molecule QIT in many ways. A trapped ion’s m/z is
measured with high precision; the charge state is stepped, and
subsequent m/z measurements yield the mass (Smith et al.,
1994; Bruce et al., 1994). With FTICR, single ions were isolated
with stored-wave inverse Fourier transform (SWIFT), where all
ions except for a narrow band of m/z values are excited and lost
(Chen et al., 1987). After determination of the remaining ion’s
m/z, the charge was stepped by introduction of a gaseous reagent
into the FTICR cell. The reagent is pumped out, and the m/z is
re-measured. Several charge-stepping cycles were performed,
and the mass determined. The resolving power was 104–105.
Unlike QIT with optical detection, where the lower limit of
detection is set by the intensity of the scattered or fluoresced
light, the lower limit of detection in single-molecule FTICR is
set by the smallest signal that can be measured on the detection
plates; single proteins as small as 66 kDa BSA with 30 charges
have been detected. BSA is much less massive than any single
particle detected in a QIT. Single ions down to 17 kDa myoglobin
with 20 charges have also been detected on the orbitrap (Makarov
& Denisov, 2009), but only a single m/z measurement was done
on each ion; therefore, mass was not determined.

As with single-molecule QIT experiments, single-molecule
FTICR experiments are time-consuming. Up to a minute of
collisional cooling and pumping-down (Bruce et al., 1994) was
required for each ion before analysis even began, and determina-
tion of the mass with charge stepping is always laborious. Like
single-molecule QIT, single-molecule FTICR is better-suited
to monitoring a single ion over a long time period than to
performing the large number of mass measurements needed to
determine a mass distribution.

Smith and co-workers used FTICR to perform the first
single-molecule mass measurement for a large biopolymer
(Cheng et al., 1994). Masses were measured for 133 kDa BSA
dimer ions. In this case, charge-stepping was accomplished via
proton transfer to ammonia. Mass measurements were also
performed for a 1.95MDa plasmid (Cheng et al., 1996). Here,
gaseous acetic acid was used to induce charge state steps
through proton transfer; gas-phase adduction and elimination of
acetic acid were also observed.

A second method to measure the mass of single molecules
with FTICR involves direct charge detection. If the detection
circuit capacitance and the radius of the cyclotron motion are
known, then the total number of charges on an ion can be
determined from the voltage drop across the detection circuit
(Chen et al., 1994). For simplicity, the measurements were
performed with only a single ion in the cell. The number of ions
present can be determined from the frequency spectrum (except
in the unlikely event that two large heterogeneous ions have
exactly the same m/z). Multiplication of the m/z and charge of
the ion yields the mass. However, the problem with this
approach is that the radius of the cyclotron orbit is difficult to
measure accurately. To estimate the radius, the ion cyclotron
motion is excited, and the voltage drop across the detection
circuit measured. The cyclotron motion is damped, and the
process is repeated for higher and higher excitation amplitudes.
The voltage drop across the detection circuit increases at each

step because of the increased radius until, finally, the ion
is excited to the point where it collides with an electrode and is
lost. The voltage drop for the measurement just before the ion is
lost is used for the charge measurement. For that measurement,
it is assumed that the cyclotron radius is 95% of the cell radius.
This approach has been applied to multi-MDa PEG ions (Chen
et al., 1994), and a similar approach has been applied to
110MDa T4 DNA ions (Chen et al., 1995b). To our knowledge,
110MDa remains the record for largest mass successfully
analyzed in FTICR. Unfortunately, the resolving power was
only �10 because of significant uncertainty in the cyclotron
radius and detector capacitance. Like charge stepping, direct
charge detection in FTICR is a time-consuming process because
multiple measurements are required.

V. CHARGE DETECTION MASS SPECTROMETRY

CDMS is a single-molecule technique where the m/z and the
charge are both measured simultaneously. The concept is
simple: an ion passes through a conducting cylinder and induces
a charge on the cylinder. The induced charge is picked up by a
charge-sensitive preamplifier. As long as the length to diameter
ratio of the cylinder is greater than �4, the induced charge is
equal in magnitude to the charge on the ion (Shockley, 1938;
Weinheimer, 1988). This approach to measuring the charge is
unlike the FTICR method mentioned above, where the induced
charge is distributed between all the electrodes in the cell, not
just the detection electrodes. Thus, knowledge of the ion
trajectory is not required with CDMS. There are three modes of
operation: single-pass measurements, a linear array of detector
tubes, and a detector tube in an electrostatic ion trap so that the
ion oscillates back and forth through the detector tube.

A. Single-Pass Measurements

The first CDMS measurements were performed in 1960
(although it was not called CDMS at the time) (Shelton,
Hendricks, & Wuerker, 1960). Micrometer-sized iron spheres
were accelerated through a 100 kV potential difference to
�3 km/sec to study their impact craters on various surfaces.
Because the induced charge only lasts as long as the particle
is inside the detector tube, the velocity, and therefore the
m/z, was determined from the width of the signal due to
the induced charge or from the time between signals from
consecutive detector cylinders. The charge was obtained from
the amplitude of the signal. The particles were charged to
�104 e. The resolving power was only �5 because of the
uncertainty in the charge measurement. In similar studies, a Van
de Graaff generator was used to accelerate particles through a
6MV potential difference (Keaton et al., 1990) in order to simulate
cosmic dust impact on spacecraft. Charges as low as �2000e
were detected. Although this method is relatively imprecise,
it allows the mass to be determined for �100 particles/sec
(Stradling et al., 1993).

In 1995, Fuerstenau and Benner used electrospray to extend
the technique into the MDa range (Fuerstenau & Benner, 1995)
and opened the door to the future studies of biological species
and nanoparticles. Their detector tube was connected to a JFET
at the input of the charge-sensitive preamplifier. Because the
signal was processed with a Gaussian differentiator, an ion
entering the tube produced a pulse, and a pulse of opposite
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polarity resulted when the ion exited. The polarity of the pulses
depends on whether the ion is positively or negatively charged.
The amplitudes of the pulses were used to determine the charge.
The pulse area provides a better measure of the charge because
the amplitude is affected by ion velocity. Nevertheless, the pulse
amplitude has frequently been used for simplicity. Care was
taken to minimize the capacitance of the detector, which
minimized noise and maximized the response to a charge that
passed through the cylinder. The charge measurement was
calibrated by application of a test charge to the detector tube by
means of a capacitor and a signal generator. With this setup, the
RMS noise was 150 e. The limit of detection (the smallest charge
that could be measured) was �425 e. Masses were measured for
DNA ions in the 3–30MDa range.

A few years later, the RMS noise was reduced to 100 e, and
the limit of detection was improved to�300 e (Schultz, Hack, &
Benner, 1998, 1999). The limit of detection effectively imposes
a lower-mass limit; DNA masses could be measured down to
�1MDa. Even with these improvements, the resolving power
was still fairly poor,�6. The resolving power was limited by the
charge measurement, which was about an order of magnitude
less precise than the m/z measurement. Benner and co-workers
used the same methodology to measure the masses of intact
viruses (Fuerstenau et al., 2001). The mass spectra measured for
rice yellow mottle virus (6.6MDa) and tobacco mosaic virus
(40.5MDa) are shown in Figure 4. Although the peak maxima
are moderately accurate, the peaks were broad with large, high-
mass tails. A lot of the breadth probably comes from the
imprecision of the single-pass charge measurement used in this
work.

Antoine, Dugourd, and collaborators later applied this
technology to synthetic polymers (Doussineau et al., 2011b),
nanoparticles (Ouadah et al., 2013), composite nanoparticles
(Doussineau et al., 2015a), self-assembled amphiphilic block
copolymer micelles (Doussineau et al., 2012b, 2013), and
vesicles (Warren et al., 2015) in the MDa-GDa range to study
the charging mechanism in electrospray and polymeric nanopar-
ticle mass distributions. Charging was consistent with the charge
residue mechanism (Fernandez de la Mora, 2000), where the
charged droplet evaporates from the analyte and deposits its
leftover charge. Detection of >1000 ions/sec was achieved
(Doussineau et al., 2011b). Figure 5 shows the mass distribution
measured for composite nanoparticles that consisted of six
polystyrene spheres (hexapods). The low-mass component is
due to free polystyrene beads, whereas the higher mass
component is due to hexapods. The resolving power in these
measurements is limited by the uncertainty in the charge
(�150 e RMSD). Because the hexapods carry on average�5000
charges, the resolving power in this case is �14 and the broad
peak widths in Figure 5 are mainly due to the mass distribution
of the nanoparticles. The charge and mass are determined for
each ion in CDMS; thus, they can be correlated. The blue points
in Figure 5 show a scatter plot of charge versus mass. The
different slopes for the two components indicate different
morphologies.

In the preceding work, the ion’s m/z is determined from its
TOF through the detector tube. To convert the TOF to the m/z,
the ion’s kinetic energy is required. The contribution to the
kinetic energy from acceleration through a known potential
difference in the instrument is easily determined, but the ions
also pick up energy from the gas expansion into vacuum. The
most common way to correct for the energy that the ions pick up
from the expansion is to measure TOF with all electrodes
grounded to determine the velocity from gas flow and subtract
that velocity from the total velocity (Fuerstenau & Benner,
1995; Schultz, Hack, & Benner, 1998, 1999; Fuerstenau et al.,
2001; Doussineau et al., 2011b, 2012b, 2013, 2015a; Ouadah
et al., 2013; Warren et al., 2015). However, there is a broad
distribution of velocities from the gas flow (Maze, Jones, &
Jarrold, 2006), and it is better to account for the aerodynamic
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FIGURE 4. CDMS mass spectra measured for (a) rice yellow mottle virus
(RYMV) and (b) tobacco mosaic virus (TMV). Adapted from Fuerstenau
et al. (2001).
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energy of each particle individually (Mabbett et al., 2007). One
way to make this correction is to measure the velocity through a
detector tube, accelerate the ion through a known potential
difference, and re-measure the velocity with a second detector
tube. Them/z is determined from the potential difference and the
change in velocities. This approach has been used to study the
aerodynamic break-up of electrosprayed water droplets as they
travel through a differentially pumped interface (Zilch et al.,
2009). A similar approach involves acceleration and then
deceleration of the particles through a symmetric triangular
potential ramp in between the two detector tubes (Zilch et al.,
2008). In that case, the arrival time at the second tube is
compared with the expected arrival time to calculate them/z.

B. Linear Detector Array

The large uncertainty in the charge measurement and the high
limit of detection with single-pass CDMS limits its applicability
to highly charged objects. Signal averaging, either with a
detector array or with an electrostatic ion trap, can overcome
these limitations. A linear detector array consists of a series of
cylinders that each ion passes through in turn. This approach
was first used by Gamero-Casta~no (2007). In principle, the
uncertainty in the charge and the limit of detection should
improve as the square root of the number of detectors. However,
if all the cylinders are connected to the same amplifier, then the
increased input capacitance limits the increase in performance.
If a separate amplifier is used for each tube, then there is no
limitation on the number of detector tubes that can be used,
except for the effort required to maintain and calibrate all of the
circuits. Usually a compromise is struck, where each amplifier
is connected to several detector tubes. In Gamero-Casta~no’s
original work, a linear array of six detector tubes was used. The
first, third, and fifth detector tubes were connected to one
amplifier, and the second, fourth, and sixth tubes were connected
to another. The RMS noise was 100 e.

As noted above, an accurate determination of the m/z from
the TOF requires knowledge of the ion energy. In subsequent
work, Gamero-Casta~no (2009) coupled a differential retarding
potential energy analyzer to a linear detector array. Only ions
within a narrow band of kinetic energies per charge were
deflected by an appropriate angle to enter the array. This
approach was used to study electrosprayed water nanodroplets,
and it was found that 100–400 nm droplets were charged to
between 50 and 100% of the Rayleigh limit. The method has
also been used to study sputtering with electrosprayed droplets
(Gamero-Casta~no &Mahadevan, 2009).

The method to measure the m/z from two velocity measure-
ments described above in the section on single-pass measure-
ments (Mabbett et al., 2007) has been applied to a linear array
of 22 detector tubes (Smith et al., 2011). The first 11 were all
connected to one amplifier and held at one potential, and the
next 11 were all connected to a second amplifier and held at
another potential. A correlation analysis was used for each
set to measure the charge and the velocity of electrosprayed
polyethylene glycol ions. The velocity difference between the
two sets was used to determine the energy and the m/z. With
this improved methodology, the RMS charge uncertainty was
reduced to 10 e. The limit of detection was improved to 100 e,
which reduced the smallest mass that could be detected by
CDMS to�150 kDa.

Austin and co-workers recently showed that printed circuit
boards (PCBs) could be used for CDMS (Barney, Daly, &
Austin, 2013). An array of metal film strips on the PCBs were
used as the electrodes. Two identical PCBs must be placed, face
to face, one above the other; an ion that passes between them
induces an image charge on each electrode. So far, this work
has only been proof-of-principle; no mass measurements have
been reported.

C. Electrostatic Ion Trap

A second way to reduce the uncertainty of the charge measure-
ment is to trap individual ions in an electrostatic ion trap so that
they oscillate back and forth through a central charge detector
tube. Although this approach is much slower than single-pass
detectors or linear arrays, it offers the lowest uncertainty in the
charge measurement.

Benner first implemented CDMS with an electrostatic ion
trap in 1997 (Benner, 1997). His trap, shown schematically in
Figure 6, consisted of several flat, parallel electrodes on either
side of a shielded detector tube. The electrodes have apertures so
that ions can enter the trap. To initiate trapping, all front
electrodes are grounded and the back electrodes are maintained
at their trapping potentials. When an ion of sufficiently high
charge is detected, the front electrodes are set to the same
potentials as the back ones. The ion is trapped and oscillates
back and forth through the detector tube. The mass of the ion
was determined from the time-domain data for each cycle and
averaged. Benner suggested that the charge measurement could
be as precise as the RMS noise level at the detector (which was
equivalent to 50 e). The noise should decrease as the reciprocal
of the square root of the number of oscillations. In the best case,
the ion underwent 450 cycles (�10ms trapping time) to reduce
the RMS noise to 2.3 e. However, the limit of detection was still
relatively high (�250 e) because the increase of the potential on
the front electrodes was triggered on a single pass.

trapping plates

insulators

shielding

detector tube

FET

FIGURE 6. Schematic diagram of the electrostatic trap used by Benner to
perform multiple measurements of the charge on a single ion. Adapted from
Benner (1997).
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A similar ion trap has been used by Antoine and co-workers
to do tandem MS. They studied infrared multiphoton dissocia-
tion of MDa-range DNA (Doussineau et al., 2011a, 2012a,
2015b) and PEG (Antoine et al., 2013) ions. A single-pass
charge detector tube preceded the trap and was used to trigger a
trapping event for an ion with the appropriate mass and charge.
Trapping times were improved to several tens of milliseconds.
The ion was irradiated while it was trapped, and time-resolved
analysis of the induced charge signal allowed calculation of
dissociation rate constants and activation energies. This single-
particle analysis illuminated several fragmentation pathways
that could not have been detected from ensemble studies. An
example of the signal recorded for multiphoton dissociation of a
single l-phage DNA ion stored in the trap under continuous
irradiation is shown in Figure 7. The signal was processed with a
Gaussian differentiator; for a cation a negative going pulse
results when the ion enters the detector tube and a positive going
pulse when it leaves. The amplitude of the leading pulse is used
to determine the charge. In the example shown in Figure 7, the
charge starts at 1700 e, and between 8 and 10ms the signal
gradually decreases as the ion dissociates and the fragments are
ejected from the trap. An expanded view of the 8–10ms time
range is shown in the inset in Figure 7. The signal after 10ms is
due to noise.

Recent work by Jarrold and co-workers has reduced the
uncertainty in the charge measurement and lowered the limit of
detection in CDMS (Contino & Jarrold, 2013; Contino et al.,
2013; Pierson et al., 2013, 2015; Keifer, Shinholt, & Jarrold,
2015). In the preceding work, the ion trap was closed when it
was known that an ion was present (gated trapping). The
presence of an ion was determined from a single-pass measure-
ment leading to a high limit of detection. To reduce the limit of
detection, Contino & Jarrold (2013) used continuous trapping,
where the trap is continuously opened and closed for predeter-
mined times. The resulting signals were analyzed off-line with
FFTs. The ion’s m/z was determined from the frequency of the
fundamental, and the charge was determined from the magni-
tude. The limit of detection is much improved compared to
gated trapping because the induced charge does not need to
rise above the noise in the time domain. This improvement

dramatically expands the range of species that can be studied.
Ions with as few as six charges have been detected (Pierson
et al., 2015). For light ions, the charge states are resolved in the
m/z spectrum to allow a direct determination of the uncertainty
in the charge measurement by comparing the measured charge
to the charge assigned by the m/z. All previously reported
uncertainties were inferred from simulations or noise levels.

For CDMS with a gated ion trap, it is necessary to restrict
the signal to minimize the number of events where more than
one ion is trapped. With continuous trapping, the trap might be
empty, contain a single ion, or contain multiple ions. Trapping
events that are empty or contain multiple ions are discarded
during the data analysis. The maximum fraction of single-ion
trapping events that can be realized is 37% (Pierson et al., 2015).
If the average signal is increased beyond the optimum value,
then the fraction of multiple-ion trapping events increases at
the expense of single-ion events, and if it is decreased, then the
fraction of empty trapping events increases.

Because the charge is quantized, it only needs to be
measured with sufficient accuracy that the charge state can be
assigned with a high degree of confidence. This level of accuracy
requires an uncertainty (RMSD) in the charge measurement of
better than �0.25 e. The main contribution to the uncertainty is
electrical noise from the JFETat the input of the charge-sensitive
preamplifier. Cryogenically cooling the JFET increases its
transconductance, lowers thermal noise, and consequently
improves the signal to noise ratio (Contino et al., 2013). The
uncertainty in the charge measurement can be lowered further
by trapping the ion for a longer time: the uncertainty decreases
as the reciprocal of the square root of the trapping time. With a
modified cone trap (Schmidt et al., 2001) optimized for long
trapping times and operation at pressures in the ultra-high
vacuum regime to minimize collisions with the background
gas, trapping times of several seconds were obtained. With
3 s trapping, the uncertainty in the charge measurement was
reduced to less than 0.20 e (RMSD) for pyruvate kinase (PK)
multimers (Keifer, Shinholt, & Jarrold, 2015). Figure 8 shows
the charge spectrummeasured for PK ions trapped for 3 sec. The
peaks in the spectrum are due to ions with a different number of
charges. The group of peaks at �33 e is due to the PK tetramer,

FIGURE 7. Signal recorded for a single l-phage DNA ion stored in the ion
trap under continuous irradiation with a CO2 Laser (14.6W/cm2). The inset
shows an expanded view of the signal between 8 and 10ms. Adapted from
Doussineau et al. (2012a).

FIGURE 8. Charge spectrum measured with CDMS for pyruvate kinase
ions trapped for 2991ms. The bin width is 0.2 e, and the histogram contains
3125 ions. FromKeifer, Shinholt, & Jarrold (2015).
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the group at �45 e is due to the octamer, and group at �60 e is
due to the dodecamer. When the charges are so well-resolved,
it is possible to assign charge states. For ions with charges that
are close to integral values, the assignment is unambiguous, but
the assignment is ambiguous for ions with charges that lie near
half-integral values. With an RMSD of 0.2 e, ions within one
standard deviation of the mean (67% of the total) can be
assigned to the correct charge state with an error rate of �1 in
15,000. With such a low error rate, the uncertainty in the mass
measurement is almost entirely limited by the uncertainty in the
m/zmeasurement.

The low uncertainty in the charge measurement described
above was achieved for ions with masses less than 1.5MDa and
with fewer than 100 charges. As the mass of the ion increases,
the m/z and charge both increase. A larger m/z leads to a lower
oscillation frequency in the electrostatic trap. The noise is larger
at lower frequency because of the 1/f contribution. This increase
can be mitigated by raising the ion energy in the trap. For a fixed
oscillation frequency, the uncertainty in the charge due to the
noise is independent of the charge. Thus, if the uncertainty is
0.2 e at 60 e, then it will be 0.2 e at 600 e. However, as the
contribution to the uncertainty from the noise is reduced by
averaging, other contributions emerge. In particular, the magni-
tude of the signal in the FFT used to analyze the time domain
signals depends on the duty cycle of the ions. The duty cycle
depends slightly on the entrance conditions (the angle and radial
offset of the ion’s trajectory with respect to the trap axis) and the
deviation of the ion energy from the design value. Ions that enter
the trap off-axis undergo complex Lissajous-like trajectories.
Keifer, Shinholt, & Jarrold (2015) showed that the uncertainty
due to these factors can be minimized by summing the first and
second harmonic in the FFT. However, the uncertainty in the
charge measurement due to variations in the duty cycle scales
with the charge; thus, this contribution becomes more important
as the mass increases.

Charge-state resolution has been achieved for ions with
fewer than 100 charges; however, the same precision has not
yet been achieved for more highly charged ions. Also, the high-
precision charge measurements were achieved mainly by
extending the trapping time. Although the long trapping times
demonstrate that high-precision charge measurements are feasi-
ble, they are not practical for routine applications. Finally, in
cases where high-precision charge measurements have been
performed, the mass resolution did not improve dramatically
because the m/z resolution of the existing trap is relatively poor.
The best mass resolving power that has been achieved to date
is �100. Thus, although substantial improvements in CDMS
performance metrics have been achieved in the last few years, a
number of areas remain where further improvement is needed.

The improvements described above have opened the door
to a number of important applications, particularly in the areas
of virus assembly and virus analysis. For example, CDMS has
been used to probe kinetically trapped intermediates in HBV
assembly (Pierson et al., 2014) and non-icosahedral polymorphs
in woodchuck hepatitis virus (WHV) (Pierson et al., 2016),
helped to compare the temperature dependence of HBV and
WHV assembly (Kukreja et al., 2014), and measured the
distribution of scaffolding proteins in bacteriophage P22 (Keifer
et al., 2014). Figure 9 shows a portion of the mass distribution
measured for WHV assembly products. The main peak at just
over 4.1MDa is due to the T¼ 4 capsid, an icosahedron that

consists of 120 capsid protein dimers. As is evident from the
mass distribution, there is a significant number of higher-mass
species due to oversized capsids. The integrated intensity of the
oversized capsids is roughly equal to the integrated intensity
of the peak due to the T¼ 4 capsid, thus around half of the
assembly products are oversized. The prominent peak at just
over 5.1MDa is due to a species with 150 dimers. The
prominence of this species suggests that it has a special
structure. A plausible candidate is obtained by extending the
T¼ 4 capsid along its fivefold axis by adding a ring of hexamers.
A model of this structure is shown in the inset in Figure 9.

VI. CHARGE DETECTION WITH A QUADRUPOLE
ION TRAP

Another way to measure the m/z and charge of single particles is
to trap some of them in a QIT and eject them, one at a time, onto
a detector plate that acts as a Faraday cup. This approach was
pioneered by Chen and co-workers in 2007 (Peng et al., 2007).
The m/z is determined from the ring electrode frequency that
ejects the ions. The detector plate is connected to a JFET at the
input of an operational amplifier, and the amplitude of the signal
due to the arriving ion provides a measure of the charge.
However, because the RMS noise was �500 e this approach is
only appropriate for very highly charged objects. The method
has been called charge detection mass spectrometry, but we
consider it to be a distinct from the CDMS methods described
above because a single destructive measurement of the charge
is performed.

Mass measurements have been performed for polystyrene
microparticles and several types of intact cell in the 1012–1015

Da range. The charged microparticles were generated by LIAD.
However, because the LIAD generated microparticles usually
had a charge less than 2000 e, a corona discharge was often used
to increase the charge. Around two particles can be analyzed per
second, which is much faster than with a QIT with optical
detection. The resolving power, however, is only �7 because of
the relatively low m/z resolution of a single-particle QIT in
the axial instability mode and the poor precision of the charge
measurement (Nie et al., 2007). Careful calibration of the QIT
can improve the m/z resolving power to 100, although the

FIGURE 9. Mass distribution of WHVassembly products. The inset shows
a possible structure for the oversized species with 150 dimers (�5.1MDa).
Adapted from Pierson et al. (2016).
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precision of the charge measurement is still the limiting factor
(Nie et al., 2008).

The average masses of healthy and anemic human red
blood cells were determined to differ by �40% with this
technique, even though the heterogeneity of the cells and the
poor mass precision make for only poorly resolved peaks in
a mass distribution of a mixture of the cells. The kinetics of
gold and polystyrene nanoparticles’ endocytosis into cells was
measured by observation of the shift in average mass of the cells
after incubation of their solution with nanoparticles (Lin et al.,
2010). A QIT with detector plate has also been used to
characterize HPLC column-packing materials (Xiong et al.,
2011).

Several approaches to simplify the technology have been
explored. The scanned frequency applied to the ring electrode
typically has a sinusoidal waveform, but rectangular and
triangular waveforms provide comparable precision and are
much easier to implement through digital electronics (Xiong
et al., 2012). The whole device can be miniaturized and operated
without a turbo pump by using the simpler cylindrical ion trap
(CIT) with slightly reduced precision (Zhu et al., 2011). Finally,
the LIAD ionization source traditionally used for this method
requires a laser and is not very sensitive. A simpler aerodynamic
desorption source liberates pre-charged particles from a sub-
strate with a pulsed airflow, and was more sensitive than LIAD
(Xiong et al., 2013). This source was used to measure the
kinetics, pH dependence, and dissociation constant of protein
adsorption to microparticles (Xiong et al., 2014).

VII. NANOMECHANICAL OSCILLATORS

The techniques discussed so far rely on one or several m/z
measurements (and in some cases, also a charge measurement)
to determine the mass. Awholly different approach is to measure
the mass directly with a micro- or nanomechanical oscillator
(Chen et al., 1995a). The resonant frequency of a mechanical
oscillator depends on its mass. When a particle adsorbs on an
oscillator its resonant frequency usually decreases. The fre-
quency shift depends on the mass of the oscillator and the mass
and position of the adsorbed particle; adsorption to a higher-
amplitude location on the oscillator causes a larger shift (Dohn
et al., 2005). Several ways to deal with the position issue have
been devised, and will be described below. The smallest mass
detected with this approach is �100Da (Chaste et al., 2012).
The resonator in that case was a short carbon nanotube held at
3� 10�11mbar.

Micromechanical oscillators were first used for single-
particle analysis in 2001 when Ilic et al. (2001) measured the
mass of individual E. coli cells. A 15–25mm long, 5–10mm
wide, 320 nm thick silicon nitride cantilever was used. The
method required coating the cantilever with E. coli-specific
antibodies, measurement of its resonant frequency in air,
immersion of the oscillator in a solution that contained E. coli,
drying of the oscillator, measurement of the position of any
adsorbed E. coli with scanning electron microscopy (SEM), and
re-measurement of the resonant frequency. The average mass
determined in this way was �4� 1011 Da. There are relatively
large uncertainties in individual mass measurements due to
uncertainties in the positions of the particles (from SEM) and in
the resonant frequencies. The vibrational damping that occurs
in air leads to a broad frequency bandwidth for the oscillator.

The approach employed in the preceding measurements is
tedious and requires specific antibodies. Nevertheless, it demon-
strated the feasibility of using a micromechanical oscillator for
single-molecule mass analysis. Single-molecule mass measure-
ments were also made for vaccinia virus (5.7 GDa) with the
same approach (Gupta, Akin, & Bashir, 2004).

In related work, hollow microcantilevers have been used
for single-molecule mass analysis of cells in solution (Burg
et al., 2007; Godin et al., 2007). A buffer that contained cells
flowed through the microcantelever, and, as a cell passed
through, there was a transient resonant frequency shift that
maximized when the particle reached the end of the cantilever.
The technique measures the mass difference between the cell
and the displaced buffer, and the densities of the buffer and cell
are needed to determine the mass of the cell.

Performing the measurements in vacuum reduces the
vibrational damping that occurs in air and substantially reduces
the uncertainty in the frequency. In addition, it is desirable to
avoid the use of SEM to locate the particles. One way around the
position issue, introduced by Roukes and co-workers, is to
perform an ensemble measurement, where hundreds or thou-
sands of frequency shifts from single-particle adsorption events
are detected and analyzed together (Naik et al., 2009). To
demonstrate this approach 2.5 nm gold nanoparticles were
electrosprayed and introduced through a differentially pumped
interface. The detector stage was in a region held below
10�8mbar, and the detector was cooled to 40K to enhance
physisorption (and to avoid the use of antibodies). A probability
histogram of the frequency shifts was constructed, and with
knowledge of the mass responsivity of the resonator and the
shape of its fundamental bending mode, the average mass of the
particles as well as the width of the distribution can be deduced.
However, this method does not constitute a single-molecule
mass measurement.

Single-molecule mass measurements can be made by
measurement of the frequency shifts of two bending modes of an
oscillator (Dohn et al., 2007; Schmid, Dohn, & Boisen, 2010).
Dohn and co-workers showed that, with detailed knowledge of
the shape of each bending mode, the two frequency shifts can be
used to determine the mass and the position of the particle. In
proof-of-principle studies, �mm-sized gold (Godin et al., 2007)
or polystyrene beads (Naik et al., 2009) were manually placed
on the oscillators.

The first attempt at single-molecule mass analysis with
random adsorption was performed in 2012 by Roukes and co-
workers (Hanay et al., 2012). In this work, the oscillator was a
beam clamped at both ends and actuated electrostatically.
Figure 10a shows a colorized electron micrograph of a device.
The oscillator was cooled to 80K, and the background pressure
was �10�9mbar. The resonant frequencies for the first two
vibrational modes (which are shown in Fig. 10b) were tracked
and used to determine the mass and position. Mass spectra were
measured for 5 and 10 nm gold nanoparticles ionized with
MALDI or electrospray. It is not possible to determine the
precision of the mass measurements in this case because of
the broad nanoparticle mass distribution. Figure 11 shows an
electrospray mass spectrum of human IgM antibody subunits
(�190 kDa each) measured with the experimental configuration
shown in Figure 10. The spectrum contains 73 ions binned into
100 kDa bins. The spectrum was interpreted as resulting from
IgM aggregates with 3–12 IgM subunits with the maximum at
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5 subunits (at �950 kDa). Aggregates with even a few subunits
are not resolved. Incomplete desolvation and chemical heteroge-
neity of IgM aggregates could contribute to the widths of the
peaks (L€ossl, Snijder, & Heck, 2014), but they are almost
certainly not the main contributors. The relative precision might
improve for more massive particles, because, theoretically, the
uncertainty should be independent of the mass. However, this
improvement in precision has not yet been demonstrated
experimentally.

Measurement of the frequency shifts of more vibrational
modes can in principle provide higher-order moments of the

mass distribution (Hanay et al., 2015). For example, if the
frequencies of five vibrational modes are monitored, then
the mass, position (location of the particle’s center of mass
on the oscillator), length (standard deviation of the mass
distribution), and asymmetry (skewness of the mass distribution)
can be determined. At present, this kind of analysis neglects
the effects of adsorbate stiffness, which are discussed below.
In addition, because only longitudinal vibrational modes are
monitored, information about the mass distribution is only
available along one axis of the oscillator.

Like cryogenic detectors, nanomechanical oscillators can
measure the masses of neutral particles (Sage et al., 2015). In
recent work, tantalum nanoclusters in the MDa-range were
generated with a sputtering gas aggregation source, which
produced neutral and ionized clusters. Mass spectra measured
with a nanomechanical oscillator and TOF m/z spectra were
measured on the same instrument. The mass spectra measured
with the nanomechanical oscillator looked similar whether or
not ionized clusters were deflected away, which shows that the
ionic and neutral clusters had similar mass distributions. In
one example (see Fig. 12), the mass spectrum measured with the
nanomechanical oscillator (labelled NOMS) and the TOF m/z
spectrum measured with MCPs both showed a broad peak
centered �2.4MDa. In the TOF m/z spectrum, the peak occurs
at 2.4MDa and was attributed to ions with z¼ 1. There were
also broad peaks in the m/z spectrum at lower m/z attributed to
ions with z¼ 2 and z¼ 3. The 2.4MDa peak in the TOFMS
spectrum is�0.66MDa wide (FWHM). This width is due to the
broad cluster-size distribution. A 2.4MDa tantalum cluster
contains �13,000 atoms, and the individual cluster sizes are not

FIGURE 10. (a) Colorized electron micrograph of a nanomechanical
oscillator. The white dotted line shows the boundaries of the region beneath
the suspended device that anchors it to the substrate. The yellow regions
represent Al/Si gate contacts. The narrow gauges near the ends of the beam
become strained with the motion of the beam, thereby transducing
mechanical motion into electric resistance. Scale bar: 2mm. From Hanay
et al. (2012). (b) The two vibrational modes of the oscillator used to deduce
the mass.
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FIGURE 11. Mass spectrum measured for IgM using a nanomechanical
oscillator. The spectrum contains 73 ions binned into 100 kDa bins. Adapted
from Hanay et al. (2012).
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MCP detectors (labelled TOFMS) and with a nanomechanical oscillator
(labeled NOMS). Features attributed to z¼ 1, 2, and 3 are labelled in the
TOFMS spectrum. Adapted from Sage et al. (2015).
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resolved. The 2.4MDa peak in the NOMS spectrum is
0.80MDa wide (FWHM), which is slightly broader than the
TOFMS peak. The difference between the peak widths can
be used to obtain a rough estimate of the uncertainty in the
nanomechanical mass measurements; the result is �450 kDa
(FWHM), so the resolving power at 2.4MDa is estimated to
be�5.

A frequently overlooked complication with nanomechan-
ical oscillators is that the stiffness and orientation of the
adsorbate (if it is non-spherical) affects the resonant frequency
(Gil-Santos et al., 2010; Ruz et al., 2014). The frequency can
actually increase upon adsorption of a stiff particle. Therefore,
mass and mechanical properties could both conceivably be
measured. However, the ability to decouple all of the variables
has not been demonstrated. The mechanical properties might
contribute to the low precision of single-molecule mass
measurements with nanomechanical oscillators. Also, the prop-
erties of the oscillator change as they accrete mass (Naik et al.,
2009). This dependence provides an upper mass limit for single-
molecule detection and the number of measurements that can be
made with one oscillator.

The small size of the oscillator means that the vast majority
of particles that enter the detector region bypass the detector.
An even larger fraction of neutral particles will bypass the
detector because they cannot be focused as easily as ions. The
effective area of the detector is usually smaller than its physical
size because particles that adsorb at a low-amplitude region of
the oscillator will not produce a large enough frequency shift.
Although an array of oscillators would increase the effective
area, an array has not yet been demonstrated. Moreover, these
devices are driven by phase-locked loops with a settling time on
the order of several tens of milliseconds to seconds (Hanay
et al., 2012; Sage et al., 2015). Consequently, the resonator

frequencies must be measured for at least that amount of time
for each adsorption event, which prevents rapid acquisition rates
even if particles frequently strike the effective area of the
detector.

VIII. CONCLUSIONS

Single-molecule techniques extend the mass range of MS to
almost arbitrarily large values. They can also be used to obtain
mass distributions for very heterogeneous samples and, in
some cases, to do single-molecule kinetics experiments or to
measure optical properties of single particles. These capabilities
have allowed MS to provide valuable information for entirely
new classes of object, such as nanoparticles and cells. Studies of
the properties of individual ions can be performed to determine
how they diverge from the ensemble average, along the lines
of conventional single-molecule studies. A variety of methods
have been used to perform single-molecule MS. We summarize
their strengths and weaknesses in Table 1. We provide metrics
for the measurement rate (the number of ions that can be
measured per second), the accuracy of the mass measurements,
and the mass range that has been accessed. We report metrics
that have been demonstrated experimentally, not what are
theoretically feasible. Sample consumption is not included in
Table 1 because the amount needed depends strongly on the
application. To measure a mass distribution containing 104 ions
requires more sample than to measure the sublimation rate
for a single nanoparticle. As a rule, single-molecule methods
are usually less sensitive than conventional MSmethods because
the sample is used less efficiently. For some single molecule
methods the detectors are small, so the probability of an ion
striking the detector is low, and in others, the ions are only used
for a fraction of the available time. On the other hand, single
molecule methods can measure mass spectra for samples
without the extensive purification steps needed to resolve charge
states with conventional MS.

In general for single-molecule MS, there is a trade-off
between precision and acquisition time, and this affects what
kinds of applications are useful for each technique. Single-
molecule FTICR and optical detection in a QIT can achieve
mass precision on par with the best obtained with conventional
MS, but it takes several minutes per particle to collisionally cool
the ions after they have been injected, measure the m/z, shift
the charge, re-measure the m/z, and sometimes repeat the shift
and re-measure multiple times. For heterogeneous samples
that might require thousands of mass measurements to obtain
a reliable distribution, these techniques are impractical. On
the other hand, these methods are well-suited to investigate
the properties of individual ions, such as the measurement
of the oxidation rates of nanoparticles with different gases, or
conceivably for tandem MS on individual trapped ions. A QIT
with optical detection is also ideally suited to measure optical
properties of single particles.

TOF with a cryogenic detector and a QIT with a charge
detector plate can be orders of magnitude faster than single-
molecule FTICR and a QIT with optical detection, but they are
relatively imprecise. The faster methods are more suitable for
getting relatively rapid mass measurements of massive particles
for applications where a precise mass measurement for each
particle is not needed, such as water droplets or whole cells.
TOF with cryogenic detectors can sometimes make moderately

TABLE 1. Comparison of the performance metrics for the different

methods that have been used to perform single-molecule MS

Technique Rate 
(particles/s)

Resolving 
Power

Mass 
Range (Da)

Limitations

Cryogenic Detector TOF 10-103 5-103 1-107 Poor energy 
resolution for

charge 
determination

QIT Optical Detection >50 nm or 
fluorescent

In-Trap Detection 10−4-10−3 102-106 105-1017

Axial Ejection 10−2-10−1 measures 
only m/z

105-1012

Single-Particle FTICR 10−3-10−2 10-105 105-108 >30 e

CDMS

Single-pass 102-103 5-7 106-1013 >300 e

Linear Array 10-102 ~10 105-1012 >100 e

Ion Trap 1-10 10-102 104-108 >6 e

QIT to Charge Detector ~2 ~7 1012-1015 >103 e

Single-Particle NEMS 10−2-2 ~10 105-1014 Spherical or 
must know 

stiffness

We only give metrics that have been demonstrated experimentally, not

those that are theoretically possible.
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precise mass measurements rather quickly; however, it is
presently only useful for analytes with no more than a few
charges. One benefit of TOF with cryogenic detectors is that
neutral molecules can be detected, which has been useful for
tandemMS experiments on small molecules.

CDMS is multifaceted in the trade-off between speed and
precision. Single-pass and linear array CDMS are very fast, but
the charge measurement is imprecise, which severely limits
the mass precision. The low precision CDMS techniques are
appropriate for the same types of applications as TOF with
cryogenic detectors and QIT with a charge detector plate.
CDMS with an ion trap has dramatically improved charge
precision but requires longer acquisition times. Like single-
molecule FTICR and QIT with optical detection, ion-trap
CDMS can measure reaction kinetics of single particles in the
gas phase, and it has been used for tandemMS experiments with
infrared multiphoton dissociation. Ion-trap CDMS is faster than
FTICR or QITwith optical detection, but it is not as precise, and
trapping times are limited. It is precise enough in many cases,
however, to measure stoichiometries of biological complexes
such as virus capsids. All types of single-molecule MS are
slower than conventional MS, but they can all extend to much
higher masses (although this high-mass capability has not been
demonstrated for cryogenic detectors).

The use of nanomechanical oscillators for single-molecule
MS is the least-characterized of the techniques discussed here
and requires a note on speed and precision. The measurement
time for nanomechanical oscillators seems to be limited mostly
by the low probability of particles striking the resonator, which
is reduced to the nanoscale to enhance performance. The
resonator itself does not need excessive time to respond to ion
impact (several tens of milliseconds to seconds). Its relative
mass precision has only been experimentally demonstrated for
relatively small particles and is unimpressive. However, because
its absolute precision is expected to be constant, relative
precision might be substantially better for larger analytes. Until
nanomechanical oscillators have become better characterized
for single-molecule MS, it is difficult to predict what types of
applications will be suitable.

Most types of single-molecule MS will continue to benefit
from further technological advances. Cryogenic detectors can
measure charge, but the signal is not proportional to the charge.
This technology would benefit from improved energy resolution
and elucidation of the relationship between signal amplitude and
charge. Larger arrays of detectors would improve measurement
rate. Large arrays do exist, but they have not yet been used for
MS. The charge measurement for QIT with a charge detector
plate is imprecise and limited by the noise level of the detector.
Reduction of the noise would substantially improve the preci-
sion of that technique. The charge measurement in CDMS has
been improved dramatically in recent years, but accurate charge
measurements with CDMS require a single ion to be trapped for
several seconds. Further reduction of the electrical noise would
allow reduced acquisition times. Moreover, the precision of the
m/z measurement in CDMS is relatively poor; it will need to be
improved for the precision of CDMS to approach that of single-
molecule FTICR and QITs with optical detection.

For nanomechanical oscillators, measurement speed cur-
rently seems to be limited by the rate that particles strike the
detector. Arrays of oscillators would therefore improve the
speed of these measurements. The published, experimental mass

resolving power of these devices is unimpressive, but as
discussed above, this should improve for more massive particles.
Finally, nanomechanical oscillator measurements are compli-
cated by the mechanical properties of the analyte particles.
More improvements in data analysis, and measurements for
more modes are required to account for those properties. If those
improvements can be achieved it will be possible to measure
mass and mechanical properties simultaneously, which would
be a unique and exciting advance.

Single-molecule MS and conventional MS are complemen-
tary techniques. Many applications such as proteomics, glyco-
mics, imaging, or any kind of high-throughput screening will
almost certainly always be the domain of conventional MS
because of the requirement for speed and the relatively small
masses involved. On the other hand, the extension of the mass
range with single-molecule MS has enabled the study of objects
that have not been studied by MS before, including aerosols,
liquid droplets, various inorganic particles, large synthetic
polymers, cells, and organelles. In addition to information on
the mass and heterogeneity, detailed study of fluorescence
dynamics, adsorption rates, and more can all be performed at
the single-molecule level. Small viruses are in the range of
conventional and single-molecule MS, though heterogeneity can
restrict the application of conventional MS. Larger viruses, like
enveloped viruses, can only be studied with single-molecule
MS.
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ABBREVIATIONS

BSA bovine serum albumin
CAD collisionally activated dissociation
CDMS charge detection mass spectrometry
CIT cylindrical ion trap
Cp149 149-residue assembly domain of capsid protein of

hepatitis B virus
d diameter
E/DE energy resolving power
ETD electron-transfer dissociation
FFT fast Fourier transform
FTICR Fourier transform ion cyclotron resonance
FWHM full width at half maximum
HBV hepatitis B virus
LIAD laser-induced acoustic desorption
LIF laser-induced fluorescence
m/z mass-to-charge ratio
m/Dm mass resolving power
MALDI matrix-assisted laser-desorption ionization
MCP microchannel plate
MDa megadalton
MS mass spectrometry
NIS normal insulator superconductor
PK pyruvate kinase
PSD post-source decay
QD quantum dot
QIT quadrupole ion trap
RBC red blood cell
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RMSD root mean square deviation
SSLD superconducting stripline detector
STJ superconducting tunnel junction
SWIFT stored-wave inverse Fourier transform
TOF time-of-flight
WHV woodchuck hepatitis virus
z charge number
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