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Heterogeneity usually restricts conventional mass spectrometry to molecular weights less
than around a megadalton. As a single-particle technique, charge detection mass spectrom-
etry (CDMS) overcomes this limitation. In CDMS, the mass-to-charge (m/z) ratio and charge
are measured simultaneously for individual ions, giving a direct mass measurement for each
ion. Recent applications include the analysis of viruses, virus-like particles, vaccines, heavily
glycosylated proteins, and gene therapy vectors.

Introduction to CDMS
Soft ionization techniques, especially electrospray, allow non-covalent interactions to be preserved after
ions are transferred into the gas phase for interrogation by mass spectrometry (MS). This, along with the
development of new strategies to transmit and detect high molecular weight (MW) ions, has enabled the
analysis of large biomolecular complexes by MS [1–5]. However, the mass range available to conventional
MS is limited, leaving many high MW samples like viruses and virus-like particles (VLPs) inaccessible.
This limitation results because electrospray creates a distribution of charge states for each mass species,
yielding a series of peaks in the mass-to-charge ratio (m/z) spectrum that is measured. If the m/z peaks
are well resolved, the charge associated with each peak can be determined from their spacing and the
mass obtained from the m/z and charge [6]. Heterogeneity broadens the m/z peaks, making it difficult
to assign the charge. There are several sources of heterogeneity, including post-translational modifica-
tions, salt adducts, counterions, and trapped solvent. Heterogeneity increases with size and usually limits
conventional MS to masses less than around a megadalton. Measurements have been reported for a few
highly purified homogeneous samples with larger MWs [7,8]. However, heterogeneity can also prevent
the MS analysis of much smaller species such as heavily glycosylated proteins. In this short review, charge
detection mass spectrometry (CDMS) is discussed as a solution to the heterogeneity problem. Just like
conventional MS, in CDMS the m/z ratio is measured, but instead of relying on charge state assignment
after the measurement, the charge is measured along with the m/z for each ion, allowing for direct deter-
mination of each ion’s mass. Measurements performed for many particles are then binned to give the mass
distribution. This technology opens the door to accurate MW measurements into the gigadalton regime.

In CDMS, ions are detected by passing them through a conducting cylinder. When an ion enters the
cylinder, it induces a charge that dissipates when it leaves. If the cylinder is long enough the induced
charge equals the charge on the ion. This approach was first used in the early 1960s to measure masses for
micron-sized metal particles [9]. Fuerstenau and Benner adapted it to electrosprayed ions in the 1990s,
but electrical noise led to a high charge uncertainty (150 e) [10–12]. Trapping the ions in an electrostatic
linear ion trap (ELIT) so that they oscillate back and forth through the detection cylinder [13–15] along
with improvements in amplifier design and signal processing [16–22] has brought us to where the charge
can be measured with an uncertainty (RMSD) of 0.2 e (elementary charges). With this uncertainty, charge
states are well resolved in the charge spectrum and ions can be assigned to integer charge states with a low
error rate.

A schematic diagram of a illustrative CDMS instrument is shown in Figure 1A. Ions are generated by
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Figure 1. How CDMS measurements are performed

(A) Schematic diagram showing main components of an illustrative CDMS instrument using an ELIT. (B) Cross-section of an ELIT

showing the detection cylinder between two end-caps. (C) Time domain signal from a 100 ms trapping event for a single ion. The

inset shows the periodic oscillations of an ion over a 1 ms period. (D) Fast Fourier transform of the full trapping event in (C).

electrospray and enter the instrument through a capillary. The resulting supersonic jet is thermalized, and the ions
are desolvated in an ion funnel/ion carpet hybrid (FUNPET) [23]. The ions then pass through a radiofrequency (RF)
hexapole, where their kinetic energy is set. The ion beam is radially compressed in a segmented RF quadrupole,
and then the ions are focused into a dual hemispherical deflection energy analyzer (HDA) where a narrow band of
ion kinetic energies are transmitted into the ELIT. Figure 1B shows a cross-section through the ELIT showing the
central detection cylinder located between the endcaps. The endcap potentials are switched between transmission
and trapping modes to trap ions that oscillate back and forth through the detection cylinder. When inside, the ion
induces a charge on the cylinder which is detected by a charge sensitive amplifier. A time domain signal from a 100
ms trapping event is shown in Figure 1C. The inset shows an expanded view of the signal from 41 to 42 ms that shows
oscillations due to the ion passing through the cylinder. Figure 1D shows a fast Fourier transform (FFT) of the 100
ms signal. The trapped ion’s m/z ratio is determined from the oscillation frequency and its charge is obtained from
the amplitude of the fundamental in the FFT.

Research-grade CDMS instruments are currently available in a few laboratories in the US and Europe [24–28]. The
technology is currently being commercialized and will become more widely available soon. Individual ion measure-
ments have been reported on two other platforms. In the 1990s, Smith and co-workers measured masses for indi-
vidual ions using Fourier transform ion cyclotron resonance (FT-ICR) [29]. More recently, Kelleher and co-workers
performed individual ion measurements on an Orbitrap [30,31]. Their approach which they called Individual Ion
Mass Spectrometry (I2MS) has now been commercialized as a Direct Mass Technology Mode on the Orbitrap. Heck
and co-workers have also performed individual ion measurements using a slightly different way of analyzing the data
[32].

In CDMS, the ion is surrounded by the detection cylinder and the induced charge equals the charge on the ion
regardless of the ion’s trajectory. This allows the charge to be measured very accurately—to within a fraction of an
elementary charge even for ions with hundreds of charges [21]. In the Orbitrap and FTICR instruments, the electrodes
that detect the induced charge do not surround the ion, thus the full charge is not detected, and the part that is detected
depends on the ion’s trajectory (i.e., how close the ion is to the detector electrodes) [33]. Since the ions have slightly
different trajectories, this leads to an uncertainty in the charge measurement which amounts to approximately 4% in
the case of Orbitrap I2MS. This limits the mass resolving power to around 25 for heterogeneous samples where m/z
charge states are not resolved.
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Figure 2. CDMS measurements for SARS-CoV-2 spike protein trimer derived from HEK293 cells

(A and B) show the measured m/z ratio and charge distributions. The blue line in (C) shows the mass distribution obtained by

multiplying each ion’s m/z by its integer charge. The red line shows the mass distribution expected from glycoproteomics mea-

surements. The orange line shows the mass distribution measured for β-galactosidase under identical conditions. The distribution

is narrow and the measured mass for β-galactosidase (467.6 kDa) is <0.5% larger than the expected mass (465.4 kDa). Masses

measured for large protein complexes by MS are usually slightly larger than the expected masses because of residual salt and

counterions. This result shows that the broad distribution measured for the spike trimer is not a consequence of the experimental

conditions employed.

In what follows we briefly describe several studies of viruses and VLPs (taken mainly from our own work) to
illustrate the types of problems CDMS and the other individual ion methods can be used to investigate.

Heavily glycosylated surface proteins—SARS-CoV-2 spike
trimer
Glycosylation is one of the most common post translational modifications. It plays an important role in virus anti-
genicity and infectivity. The surface proteins of SARS-CoV, HIV, and Ebolavirus are all extensively glycosylated. Since
each glycosite is usually populated by several different glycans, the number of possible glycoforms can become as-
tronomically large. The resulting mass distribution cannot be analyzed by conventional MS. Glycosylation is usually
studied using a bottom-up approach such as glycoproteomics where glycoproteins are enzymatically digested to give
glycopeptides, which are analyzed by liquid chromatography-MS [34]. This approach gives information on the gly-
cosylation sites as well as the glycans found at each site.

The SARS-CoV-2 spike trimer has 66 N-linked glycosites. The glycans occupying each site have been determined by
glycoproteomics [35]. Considering glycans with populations >1%, 8.2 × 1075 different glycoforms would be expected
(assuming glycosylation at different sites is not correlated) [36]. Figure 2 shows CDMS measurements for a spike
trimer derived from HEK293 cells. Figure 2A shows the m/z spectrum of the trimer. Because of heterogeneity, charge
states are not resolved. Figure 2B shows the charge spectrum measured for the trimer which shows near baseline
resolution of the charge states. The blue line in Figure 2C shows the mass distribution for the spike trimer. This
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Figure 3. CDMS mass distribution measured for an HBV capsid assembly reaction

HBV Cp149 capsid protein dimers are assembled into T = 3 and T = 4 icosahedral capsids by raising the ionic strength. The T =
3 capsid contains 90 identical dimers and the T = 4 contains 120. In this example, the assembly reaction has stalled leaving many

kinetically trapped intermediates.

distribution was obtained by multiplying the m/z ratio for each ion by its integer charge and then binning the masses.
The red line in Figure 2C shows the mass distribution calculated from the glycoproteomics results. The measured
distribution is at a significantly higher mass, probably because the abundances of larger complex glycoforms are
underestimated in the glycoproteomics measurements. Similar behavior was found for several variants. In contrast,
Heck and co-workers recently reported Orbitrap I2MS measurements for a spike protein trimer where they found an
average mass in exact agreement with that expected from the protein sequence mass and the glycan mass expected
from glycoproteomics [37]. However, the results of Stiving et al., who also used Orbitrap I2MS, agree with the CDMS
measurements described above [38]. Heck used a different variant, but it is not clear why one variant should be
different from all the others studied. The measured peak in Figure 2C (blue line) is much broader than the distribution
calculated from the glycoproteomic results (red line) (all three studies concur on this point). This observation suggests
that glycan processing is correlated, so that, for some trimers most of the glycosites are lightly processed while for
others most of them are heavily processed.

Assembly of viruses and virus-like particles
Viruses assemble into complex structures on a biologically relevant time scale [39]. The capsid, the protein shell that
surrounds the viral genome, is assembled from many identical subunits. Understanding the assembly process is ben-
eficial to the design of antiviral therapies and in manipulating the assemblies into structures useful in biotherapeutics
[40]. In some cases, the capsid proteins self-assemble in vitro into VLPs that mimic the native capsid structure. Struc-
tural tools such as cryo-electron microscopy are particularly valuable for the analysis of well-defined, high-symmetry
structures such as the end product of a virus assembly reaction, but they are not well suited to the analysis of hetero-
geneous mixtures of assembly intermediates. CDMS fills this void because it can be used to determine stoichiometry
[41–50]. Mass distributions can be measured relatively quickly, so CDMS can be used to find conditions where a par-
ticular structure or intermediate is abundant and then cryo-EM used to determine its structure, using the stoichiom-
etry determined by CDMS. This synergistic approach was recently used to identify some unusual non-icosahedral
geometries found in the assembly of brome mosaic virus capsid proteins with short oligonucleotides [46].

Figure 3 shows a CDMS spectrum measured for VLPs from the assembly reaction of hepatitis B virus (HBV)
truncated capsid proteins (Cp149). The building block is the capsid protein dimer and assembly is triggered by raising
the ionic strength. The dimer assembles into two icosahedral VLPs: a T = 3 with 90 capsid protein dimers and a
T = 4 with 120. In the example shown in Figure 3 the assembly reaction has stalled and there are many trapped
intermediates. In addition to peaks due to the T = 3 and T = 4 capsids, there are peaks due to the dimer and every
possible dimer oligomer up to the T = 4 capsid. There are also peaks due to oligomers with more than 120 dimers.
Other studies indicate that these overgrown species relax back to the T = 4 capsid [42]. CDMS studies of the HBV VLP
assembly reaction have revealed important information about the assembly intermediates [41–43,45,51]. Hepatitis B
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Figure 4. CDMS analysis of AAV

(A) Shows a mass distribution measured for an AAV sample with a peaks at approximately 3.7 and 5.2 MDa due to empty capsids

and capsids that have packaged a full genome at near the packaging capacity. The broad distribution between the peaks results

form particles that have packaged a partial genome. Panel (B) shows the charge versus mass scatter plot for the sample in (A).

Each point is a measurement for a single ion. (C) Shows the mass distribution measured for AAV8 with CMV-GFP genome that is

2.54 kb (just over half the packaging capacity). In this case, the full peak occurs at around 4.5 MDa. The peak at around 5.2 MDa is

due to particles that have over packaged. Panel (D) shows the mass distribution measured for AAV8-CMV-GFP after incubation at

an elevated temperature to release the genome. The green dashed line shows the sequence mass for single-stranded CMV-GFP

genome (ssDNA), and the purple line shows the mass of double stranded (dsDNA).

is a devasting disease with over 800 000 deaths annually. Capsid assembly is thought to one of the most druggable steps
in the virus lifecycle. Better knowledge of the assembly process will aid in the development of assembly inhibitors.

Gene therapy vectors-AAV and adenovirus
With two FDA approvals, recombinant adeno-associated virus (rAAV) is the leading platform for gene delivery [52].
This non-pathogenic 25 nm single-stranded DNA virus has a capsid assembled from three capsid proteins VP1,
VP2, and VP3 in a ratio of approximately 1:1:10. Sixty capsid proteins assemble into a quasi-icosahedral capsid that
packages a single-stranded DNA (ssDNA) genome [53–55]. As the use of AAV based therapeutics expands to larger
patient cohorts, in depth characterization becomes even more critical to avoid unfavorable patient outcomes. CDMS
has emerged as an important technique for AAV characterization [56,57]. Figure 4A shows a CDMS mass distribution
measured for AAV with a genome close to the packaging capacity (the wt genome is approximately 4.7 kb). The
prominent peaks at around 3.7 MDa is due to empty capsids and the one at 5.2 MDa is due to particles that have
packaged the full genome. In addition, there is a low intensity distribution between the two peaks, which is attributed
to particles that have packaged a partial genome.
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Figure 5. CDMS measurements for HAdV5

Panel (A) shows the CDMS mass spectrum measured for HAdV5. The inset shows an exterior view of HAdV5. The hexons are

purple, the pentons are blue, and the fibers are green. Panel (B) shows a charge versus mass heat map for the data in part (A).

Warmer colors indicate higher intensity.

Figure 4B shows a charge versus mass scatter plot. In this plot, the mass and charge of each ion that contributes to
the mass distribution in Figure 4A are represented by a point. The ions assigned to empty, partial, and full particles
have similar charges (approximately 150 e). Large ions generated by electrospray are thought to be produced by the
charge residue mechanism, where the charge carried by the ion is expected to reflect its size [58,59]. Thus, similar
charges for the empty, partial, and full particles suggest that the DNA is inside the capsid (if it was outside, the charge
would be larger). When DNA is extruded from the capsid the charge increases substantially [60]. Figure 4C shows a
mass distribution measured for an AAV8 sample with a CMV-GFP genome. In this case, the genome (2.54 kb) is just
over half the length of the wt genome (4.7 kb) and the peak due to the full particle is at 4.5 MDa. There is, however,
still a peak at around 5.2 MDa (i.e., close to the packaging capacity). This could be due to the packaging of a full and
partial genome, but studies indicate that it results mainly from a single heterogeneous strand of DNA, presumably
derived from the host or plasmid [57]. AAV is apparently not very selective in the DNA that it packages.

The best way to characterize the packaged DNA is to extract it. Figure 4D shows CDMS mass distributions mea-
sured for AAV8-CMV-GFP after incubation at an elevated temperature to release the DNA [60]. The sequence mass
of the CMV-GFP genome is 0.783 MDa (indicated by the dashed green line in Figure 4D). AAV packages negative
and positive sense DNA with equal frequency [61] and once the ssDNA is released into solution it can base pair. The
sequence mass of dsDNA CMV-GFP genome is 1.567 MDa (indicated by the purple dashed line in Figure 4D). There
are peaks at slightly higher mass than the sequence masses for the ssDNA and dsDNA. The small deviation from
the sequence masses is attributed to counterions which are needed because the DNA backbone is partially ionized in
solution.
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The small packaging capacity of AAV is remedied by adenovirus. Adenovirus is a large non-enveloped dsDNA virus
with a 36 kb genome. In addition to being a gene therapy vector it was recently approved as the delivery system for
several COVID-19 vaccines including Oxford/AstraZeneca and Johnson & Johnson. Adenovirus contains over 2500
protein molecules and has an overall diameter of 165 nm. The pseudo-T = 25 capsid is made of hexons, pentons, and
fiber proteins (see inset in Figure 5A). The CDMS mass spectrum for a human adenovirus 5 (HAdV5) shows a main
peak at 156.1 MDa assigned to the mature virus and the smaller peak at 129.6 MDa attributed to an empty or light
particle that does not contain the genome [62,63]. Such high MWs are well beyond the range of conventional MS.
The charge versus mass heat map in Figure 5B shows that the empty/light particles have a significantly lower charge
than the mature virus because the light particles are missing some if not all of the fiber proteins [64].

Mass spectrometry has played a critical role in the characterization of small molecule pharmaceuticals. It is now
poised to make a similar contribution to the analysis and of larger biologics, including gene therapies and vaccines, as
well as delivery vehicles such as nanoparticles. The characterization of these large and complex samples is challenging,
and robust analytical techniques are in short supply.

Summary
• CDMS brings the resolution and accuracy of mass spectrometry to the analysis of complex, hetero-

geneous macromolecules with masses that extend into the gigadalton regime.

• In addition to CDMS, other individual ion methods are now being developed, most notably Orbitrap
I2MS.

• The few applications briefly summarized here illustrate the wide range of problems that CDMS and
other emerging individual ion methods can help to solve.
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