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ABSTRACT: Vaccines induce immunity by presenting disease
antigens through several platforms ranging from individual protein
subunits to whole viruses. Due to the large difference in antigen
size, the analytical techniques employed for vaccine character-
ization are often platform-specific. A single, robust analytical
technique capable of widespread, cross-platform use would be of
great benefit and allow for comparisons across manufacturing
processes. One method that spans the antigen mass range is charge
detection mass spectrometry (CDMS). CDMS is a single-ion
approach where the mass-to-charge ratio (m/z) and charge are
measured simultaneously, allowing accurate mass distributions to
be measured for heterogeneous analytes over a broad size range. In
this work, CDMS was used to characterize the antigens from three
classical multivalent vaccines, inactivated poliomyelitis vaccine (IPOL), RotaTeq, and Gardasil-9, directly from commercial samples.
For each vaccine, the antigen purity was inspected, and in the whole virus vaccines, empty virus particles were detected. For IPOL,
information on the extent of formaldehyde cross-linking was obtained. RotaTeq shows a narrow peak at 61.06 MDa. This is at a
slightly lower mass than expected for the double-layer particle, suggesting that around 10 pentonal trimers are missing. For Gardasil-
9, buffer exchange of the vaccine resulted in very broad mass distributions. However, removal of the virus-like particles from the
aluminum adjuvant using a displacement reaction generated a spectrum with narrow peaks.

Vaccines have eradicated smallpox, provided a near-global
eradication of poliomyelitis, and led to a substantial

reduction in many other serious diseases, including measles,
rubella, tetanus, and diphtheria.1 Since the discovery of the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) in late 2019, vaccine development has taken center stage as
our best hope to end the coronavirus disease 19 (COVID-19)
pandemic. More than 100 vaccine candidates have entered
trials. The first two to be granted emergency use authorization
by the FDA2 were based on mRNA, a new vaccination
approach. Vaccine formulations are typically mixtures of
antigenic particles in a complex matrix. The antigenic particles
are often heterogeneous, and the methods used to characterize
them are low resolution. Here, we show that charge detection
mass spectrometry (CDMS) can characterize the antigenic
particles from a variety of vaccine types. Accurate mass
information provides insight into the composition of the
antigenic particles and can identify misassembled particles.
Classical vaccination approaches can be roughly classified

into four main types: whole-inactivated viruses, live-attenuated
viruses, virus-like particles, and protein subunits. Each method
induces immunity by presenting a disease antigen in different
ways. The formulation is critical, often requiring different
excipients (nonactive ingredients) such as preservatives,

adjuvants, stabilizers, and bulking agents. For a vaccine to
become licensed, formulations undergo rigorous safety testing
including many years of formulation development and ending
with clinical trials. Typical vaccine development proceeds in a
linear fashion, and characterization steps can be slow for large,
complex molecules that lack fast and robust analytical tools.
For FDA approval of a vaccine, the identity, purity, potency,

and stability of the antigen must be characterized, as well as the
long-term safety. Physicochemical properties are tested, with
techniques such as UV/visible spectroscopy and/or mass
spectrometry, amino acid analysis, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and related
assays to detect specific proteins.3 The biological activity can
be tested with enzyme-linked immunosorbent assay (ELISA),
cytometric analysis, serotyping, neutralization assays, and
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titrations. Polymerase chain reaction (PCR) is often employed
to detect viral contamination.
Orthogonal techniques are essential for complete character-

ization of commercial vaccines. Examples include electron
microscopy (EM), circular dichromism, gas-phase electro-
phoretic mobility molecular analysis (GEMMA) measure-
ments,4 and dynamic and multiangle light scattering (MALS)
techniques.5 GEMMA allows the separation of particles based
upon their electrophoretic mobility, giving insight into the
average size of antigens, and MALS is able to analyze particles
in their native buffer. All of these techniques provide valuable
information about the antigen but lack the ability to provide
detailed compositions for the antigenic particles found in
commercial vaccines.
The challenges provided by the development and

manufacturing of vaccines provide a significant barrier to
entry for companies or governments wishing to develop or
produce their own vaccines.6−10 Some efforts have focused on
the improvement of instrumentation and methodologies,
which would reduce costs and time associated with the
development and production of vaccines.7−14 However, the
diversity of vaccine platforms has made it difficult to identify
analytical techniques, with a dynamic range large enough to
characterize early in process formulations to final clinical-grade
formulations. The development of many vaccines requires a
suite of analytical tools to support this production and
development process. In this work, we explore whether
CDMS can extend the accuracy and precision of mass
spectrometry to vaccine characterization. CDMS is a single-
particle technique where the mass-to-charge (m/z) and charge
(z) are measured for each ion, allowing a direct determination
of the mass distribution for even the most heterogeneous
analyte.15−22 CDMS has been used previously to characterize
many viral platforms including protein subunits and assembly
reactions.23−32 Herein, CDMS is used to characterize
commercially available formulations of whole-inactivated
viruses (IPOL, Sanofi Pasteur), live-attenuated viruses
(RotaTeq, Merck), and virus-like particles (Gardasil-9, Merck).

■ MATERIALS AND METHODS
Sample Preparation. Inactivated poliomyelitis vaccine

(IPOL, Sanofi Pasteur SA) and Gardasil-9 (Merck) were
purchased from IU Health Center Pharmacy (Bloomington,
Indiana). RotaTeq (Merck) was donated to the research group
by IU Health Pediatrics (Indianapolis, IN).
Gardasil-9 antigens were removed from the aluminum

adjuvant via a displacement reaction. The vaccine was spiked
with a 140 mM sodium phosphate buffer and incubated at 37
°C for 4 h. The sample was then centrifuged for 3 min at 8800g
to pellet the displaced adjuvant. The supernatant was removed
and exchanged into 200 mM ammonium acetate using Micro
Bio-Spin P-6 gel columns (Bio-Rad). All other samples were
directly exchanged into a 200 mM ammonium acetate solution
using the same columns and buffer exchange procedure. The
samples showed no signs of degradation during the analysis
time.
Charge Detection Mass Spectrometry Measure-

ments. The CDMS instrument used is a home-built
instrument that is described in detail elsewhere.33−40 Briefly,
ions are generated by nanoelectrospray and enter the
instrument through a metal capillary. Positively charged ions
are thermalized and focused through multiple stages of
differential pumping and accelerated to an energy of 100

eV/z. A dual hemispherical deflection energy analyzer passes a
narrow energy distribution into an electrostatic linear ion trap
(ELIT) where ions are trapped for 100 ms. The signal from the
oscillating ions is detected by a charge-sensitive amplifier,
digitized, and analyzed by fast Fourier transforms. The
oscillation frequency and magnitude give the m/z and charge
of individual ions allowing for the direct determination of the
mass. Measurements are repeated for thousands of ions, and
the results are binned to give the mass distribution. For
samples with concentrations of around 1012 particles/mL, it is
usually possible to measure a spectrum containing 5000 ions in
less than an hour.

Negative-Stain Electron Microscopy. All electron
microscopy (EM) measurements were performed at Indiana
University’s Electron Microscopy Center on the JEOL JEM
1010 microscope. EM samples were prepared by transferring
10 μL of sample to 300 mesh Formvar/Carbon film copper
grids that were glow-discharged with a PELCO easiGlow glow
discharger. Samples were dried for 10 min before excess
solvent was removed by blotting. Staining was accomplished by
the transfer of 10 μL of 2% uranyl acetate stain and subsequent
immediate removal. Images were collected with 50 000×
magnification.

■ RESULTS AND DISCUSSION
CDMS Analysis of IPOL Vaccine. IPOL is a trivalent

whole-inactivated virus vaccine used to prevent three types of
poliomyelitis. Poliomyelitis is caused by the poliovirus.41−45

The poliovirus has a 7440−7445 nt ssRNA genome (depend-
ing on the serotype). The capsid, which is around 30 nm in
diameter, contains 60 copies each of the four viral proteins
VP1, VP2, VP3, and VP4 arranged in icosahedral symmetry.
VP4 is found on the interior surface of the capsid. The vaccine
consists of three serotypes Type 1 (Mahoney), Type 2 (MEF-
1), and Type 3 (Saukett) to provide more robust immunity.
The virions are inactivated by cross-linking with formaldehyde.
Poliovirus naturally assembles both with and without the
genome. The empty and full particles (called the C-antigen
and D-antigen, respectively) can be differentiated by ELISA.
ELISA is used for each batch of the vaccine to ensure that the
total D-antigen concentration is in the required range and that
the ratios of the D-antigens for each serotype (1, 2, and 3) are
also within the required range (nominally 5:1:4).46−48 Table 1
shows a summary of the sequence masses for the C- and D-
antigens for the three serotypes and the weighted average
values.
A typical CDMS mass histogram for the IPOL vaccine is

shown in Figure 1a. The spectrum was collected for 60 min
and contains 12 045 ions. It has prominent peaks at 5.94 and
8.58 MDa (according to Gaussian fits). These peaks are
assigned to C- and D-antigens (empty and full particles),
respectively (see Table 1). Note that there is little intensity

Table 1. Sequence Masses of Poliovirus C- and D-Antigens
(Empty and Full Particles) for the Three Serotypes in IPOL

poliovirus
strain

sequence mass (in MDa) of C-
antigen (empty particle)

sequence mass (in MDa) of
D-antigen (full particle)

type 1 5.86 8.25
type 2 5.81 8.21
type 3 5.83 8.22
weighted
average

5.84 8.23
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between the two peaks, indicating that the fraction packaging a
partial genome is low. The presence of C-antigen can interfere
with immunoassays used to determine the D-antigen serotype
ratio because both particles can react. Serotype-specific and D-
antigen-specific monoclonal antibodies must be used.49 CDMS
shows the relative amounts of C- and D-antigens without
relying on highly specific monoclonal antibodies; this is
beneficial as formalin cross-linking can alter the binding site of
an antigen, further hampering ELISA measurements. Negative-
stain EM can also be used to differentiate between the C- and
D-antigens. Particles are assigned to empty or full based on
whether they have absorbed stain (generally, empty particles
absorb stain and full do not). A typical EM image of the IPOL
vaccine is shown in Figure 1b. An empty particle is identified
by the white arrow and a full by the black. Determining relative
abundances in this way is time consuming as thousands of
particles must be viewed and assigned. In addition, the results
are influenced by how well the particles are stained and there
are often some particles that cannot be clearly classified as
empty or full.
In a CDMS spectrum, the heterogeneity of the particles is

represented by widths of the peaks. Peak widths were
determined by means of a Gaussian fit. The empty peak has
a full width at half-maximum (FWHM) of 115 kDa and for the
full the FWHM is 187 kDa. The experimental resolution is
around 107 kDa at 5.94 MDa and 162 kDa at 8.58 MDa. When
we incorporate the heterogeneity from the three serotypes, the
expected peak widths increase slightly to 115 and 166 kDa,

respectively. Thus, the peak width for the C-antigen (empty
particle) agrees with the expected value, and the peak width for
the D-antigen is slightly broader than expected. The extra
width of the D-antigen peak probably results from hetero-
geneity derived from the packaged genome, such as counter-
ions and cross-links (see below).
The expected mass of the empty C-antigen particle is 5.89

MDa (purple line in Figure 1a). To calculate the expected
mass, we started with the average sequence mass from Table 1
and then incorporated known modifications, such as
myristoylation of the N-terminal of VP4 proteins, and
additions, such as sphingosine that occupies a hydrophobic
pocket of VP1.50−52 The deviation between the measured mass
(5.94 MDa) and the expected mass (5.89 MDa) for the empty
C-antigen is around 0.8%. Large protein complexes generated
by electrospray of volatile salt solutions often have masses a
few tenths of a percent higher than the expected mass due to
counterions, residual salt, and trapped solvent. Empty
poliovirus capsids are known to have an excess negative charge
of around 240 e that is neutralized by counterions.53 In the
present case, an additional contribution comes from form-
aldehyde cross-linking, which adds 12 Da per cross-link. The
three serotypes of poliovirus are incubated in a 1:4000
formalin solution for at least 12 days allowing sufficient cross-
linking to stop the release of a genome from the capsid.54 It is
not possible to say with confidence how much of the excess
mass is due to cross-linking for the C-antigen. If we attribute a
minimum of 0.3% of the 0.8% excess mass to counterions,
residual salt, and trapped solvent, then the number of cross-
links must be less than 2500.
The expected mass for the D-antigen is 8.43 MDa, which is

indicated by the green line in Figure 1a. This value was
obtained from the measured mass of the empty capsid (5.94
MDa) and the average sequence mass of the ssRNA genome
(2.395 MDa) plus the mass of the counterions associated with
the genome. Some of the backbone phosphate groups will be
ionized and have counterions.50−56 In a recent study of DNA
packaging in adeno-associated virus, we determined that
counterions added around 4% to the genome mass for ions
generated by electrospray under similar conditions to those
used here.57 Thus, counterions are expected to contribute
around 0.096 MDa to the expected mass of the poliovirus.
The difference between the expected mass of the D-antigen

(8.43 MDa) and the measured mass (8.58 MDa) is around 150
kDa. This is probably mainly due to cross-linking. Using 12 Da
per cross-link, the D-antigen has around 12 500 cross-links.
This is much larger than for the C-antigen where a limit of less
than 2500 cross-links was deduced. Formaldehyde reacts with
primary and secondary amines to form methylene bridges. It
can react with amino acids (e.g., lysine) and with DNA and
RNA bases (e.g., adenine). Thus, protein−protein, protein−
RNA, and RNA−RNA cross-links are all possible. The number
of protein−protein cross-links (from the results for the C-
antigen) is much smaller than the number of cross-links
involving RNA bases (protein−RNA and RNA−RNA). Note
that the increase in the number of cross-links with addition of
the RNA (around 10 000) exceeds the number of RNA
nucleotides (around 7440). While guanine has two amines that
can cross-link, the other bases have only one. The conditions
and very long reaction times employed during the manufacture
of IPOL (at least 12 days in 1:4000 formalin at 37 °C) may
drive the formation of cross-links between mildly nucleophilic
sites that are not normally considered reactive. However, we

Figure 1. Determination of the relative abundances of C- and D-
antigen particles in IPOL vaccine with CDMS and transmission
electron microscopy (TEM). Part (a) shows a CDMS mass spectrum
of IPOL after buffer exchange into ammonium acetate. A bin size of
20 kDa was used. The expected masses (see the text) of the C- and D-
antigen particles are shown by the purple and green lines, respectively.
The measured masses are slightly larger than the expected masses
because of cross-linking and a small contribution from counterions,
residual salt, and trapped solvent (see the text). Part (b) shows a
negative-stain EM image of the same IPOL sample. The white arrow
shows an empty C-antigen particle and the black arrow shows a full
D-antigen particle.
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also cannot rule out the possibility that some of the additional
mass comes from another source. The relatively large shift in
the mass for the D-antigen due to cross-linking could be used
to track cross-linking during vaccine preparation.
Figure 2a shows a charge vs mass heat map for the IPOL

vaccine. Two vertical streaks at around 5.9 and 8.6 MDa

correspond to the C- and D-antigens, respectively. It is
generally accepted now that large ions generated by electro-
spray are produced by the charge residue mechanism,58 where
a water droplet deposits its charge on the analyte as it
evaporates away. Thus, the charge reflects the physical size of
the ion and larger geometries are expected to have a higher
charge. As can be seen from Figure 2a, the average charges for
the C- and D- antigens are similar, which is consistent with
them having similar sizes, the mass difference resulting from
the encapsulated genome. The charge distributions for both
the empty C-antigen and the full D-antigen are unusually
broad, extending from around 180 e (elementary charges) to
around 270 e. A closer inspection of Figure 2a reveals what
appear to be at least two maxima in the heat map for the full D-
antigen. The black line in Figure 2b shows the charge spectrum
for IPOL. The IPOL charge distribution appears to contain
several components: two prominent peaks centered on around
220 and 250 e, and a broad low charge tail that extends to 170
e. For comparison, the charge spectrum measured for adeno-
associated virus 8 (AAV8) reference material (ATCC VR-
1816) is shown in red. Like poliovirus, AAV8 is a
nonenveloped icosahedral virus, but it has a much narrower
charge distribution, centered on around 165 e. According to
the Rayleigh model for the maximum charge on a spherical
droplet, the charge is proportional to r3/2, where r is the
droplet radius. AAV8 is slightly smaller than poliovirus (25 vs

30 nm), which explains the lower average charge found for
AAV8. However, given a charge of 165 e on 25 nm AAV8, a
charge of around 215 e would be expected for a 30 nm
poliovirus, assuming an r3/2 dependence; 215 e is close to the
first peak in the charge spectrum in Figure 2b, which suggests
that the second higher charge peak at 250 e is due to a
structure that is larger (around 33 nm in diameter if it were
roughly spherical and the charge shows an r3/2 dependence).
As previously mentioned, IPOL vaccine is composed of

three serotypes in a 5:1:4 ratio of type 1 (Mahoney), type 2
(MEF-1), and type 3 (Saukett), respectively. The structural
differences between the three serotypes arise at the antigen
binding sites on the capsid,59,60 and it is unlikely that these
differences are responsible for the broad charge distributions.
However, when the poliovirus binds to its receptor, it
undergoes a conformational change that leads to external-
ization of VP4 and the N-terminus of VP1 with a segment of
VP1 being cleaved.45,61,62 Reversible externalization can also be
induced by heating to 37 °C.63 During manufacture, the
vaccine is exposed to 1:4000 formalin at 37 °C for at least 12
days where cross-linking could trap externalized VP1 or VP4.
The CDMS mass measurements rule out significant loss of
VP1 or VP4 in the IPOL vaccine. However, externalization of
some of the VP1 and VP4 N-termini could account for the
high charge population detected in the CDMS measurements.

CDMS Analysis of RotaTeq. Rotavirus, known to cause
severe gastroenteritis in young children, has been greatly
diminished by the RotaTeq vaccine. As a pentavalent, live-
attenuated vaccine, it offers a broad immunity by using a
reassortant combination of five human-bovine rotavirus
strains.64 Most of the analysis of RotaTeq centers on
electropherotyping of the dsRNA to make sure the correct
genetic composition was achieved.42 Genotyping with PCR to
detect the five strains is also done. PCR is a robust platform
that identifies specific genomic sequences of the viral genome
but requires specified primers to the sequences of interest. In
addition, PCR gives no information about the integrity of the
reassortment assembly.
In nature, infectious rotavirus forms 80 nm triple-layered

particles (TLPs) packaging an 18 550 bp double-stranded
RNA (dsRNA)-segmented genome. Shedding of the outer-
layer proteins, VP4 and VP7, creates a noninfectious double-
layer particle (DLP). The DLP is commonly found when the
viral particles are attenuated for vaccine purposes.65 The core
of the rotavirus consists of a VP2 capsid that surrounds the
genome and 11 or 12 copies of VP1 (viral polymerase) and
VP3 (viral capping enzyme). To obtain an expected mass for
the rotavirus, the sequence masses of the structural proteins
and the dsRNA were determined for each strain and then
averaged. The results along with the expected copy numbers
are shown in Table 2.66,67 In the case of the dsRNA genome,
the mass has been scaled up by 4% in anticipation of
copackaged counterions.55 The core has an expected mass of
27.17 MDa. The expected masses of the double-layer and
triple-layer particles are 62.16 and 106.77 MDa, respectively.
As an oral vaccine, the reassortants are dispensed in a

buffered solution that contains sugars, salts, and the surfactant
polysorbate 80. The vaccine was buffer-exchanged into 200
mM ammonium acetate before electrospray. A typical CDMS
mass spectrum measured for RotaTeq is shown in Figure 3a. It
contains 3013 ions collected in under 20 min. The spectrum
covers a 30−80 MDa range as core particles and TLPs were
not detected at lower or higher masses, respectively. The main

Figure 2. CDMS analysis of IPOL vaccine. Part (a) shows a charge
versus mass heat map for IPOL. Part (b) shows a charge spectrum of
IPOL in black. The red line shows the charge spectrum for the AAV8
reference standard (see the text). A bin size of 20 kDa and 2 e were
used for part (a), and a bin size of 1 e was used for part (b). The
AAV8 charge spectrum has been scaled down by 0.67 to match the
maximum intensity in the IPOL spectrum.
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species detected by CDMS, the DLP, is thought to have a
small antigenic response. The main antigen in the RotaTeq
vaccine is the TLP that has a concentration of between 5 × 106

and 80 × 106 infectious units/mL in the vaccine. This is below
the current limit of detection for CDMS (which is around 330
× 106 particle/mL for hepatitis B virus).68 The concentration
of the DLP is not specified, but it is clearly much larger than
for the TLP.
The Rotateq spectrum in Figure 3a has a narrow prominent

peak centered on a mass of 61.06 MDa with a smaller peak at
49.64 MDa. The lower mass peak has a low mass tail that
extends to below 30 MDa. The blue line in Figure 3a shows
the expected mass of the DLP (62.16 MDa; see Table 2). The
line is at a higher mass than the main peak in the spectrum at
61.06 MDa, which indicates that some of the components
counted in Table 2 must be missing in the sample. Previous
studies have found that the pentonal trimers dissociate from

the transcriptionally active DLP in Wa strains.64,69 There are
five pentonal trimers around each 5-fold axis, so altogether,
there are 60. In the Wa strain, >90% are lost. The loss of a
small number of pentonal trimers is a plausible explanation for
the lower-than-expected mass found here. If 10 pentonal
trimers are lost, the expected mass would be 60.81 MDa, which
is 0.4% less than the measured value. This discrepancy is
within the range normally found for counterions, salt adducts,
and trapped solvents. While loss of around 10 pentonal trimers
can account for the measured mass and seems the most likely
explanation, we only measure the total mass and so we cannot
exclude other possible explanations.
The lower abundance peak in Figure 3a at around 50 MDa

probably results from DLPs that do not contain a genome. The
green line shows the expected mass of an otherwise intact DLP
that does not have a genome (49.85 MDa). The measured
peak is at a slightly lower mass (49.64 MDa), indicating that
some additional components are missing, possibly a few copies
of VP1, VP2, or a small number of pentonal trimers.
The peak width can be used to assess sample heterogeneity.

The width of the measured peak at 61 MDa is 1.02 MDa
(FWHM). Considering the expected instrumental mass
resolution for this peak (0.84 MDa), the underlying peak
width is 0.58 MDa (FWHM). While at first glance, this seems
broad, bear in mind that this is for a 61 MDa peak. In fact, the
relative peak width is less than 1%. Factors that contribute to
this peak width include possible variations in the copy numbers
of VP1 and VP3 and in the number of missing pentonal
trimers. The distribution of excess mass due to counterions,
salt adducts, and trapped solvents also contributes.
Figure 3b shows a charge versus mass heat map for the

RotaTeq vaccine. The charge distributions are elongated, like
the results for IPOL. For the main peak at 61 MDa, the charge
population extends from 570 to 860 e, spanning almost 300 e.
There appear to be several subpopulations at around 650, 770,
and 810 e. Since RotaTeq is pentavalent, it is possible that the
broad charge population is related to the different strains. The
charge distribution for the smaller 50 MDa peak in Figure 3b is
not as broad as for the 61 MDa peak and only extends up to
around 750 e. In this regard, the charge distributions for
RotaTeq and IPOL differ. For IPOL, the peak due to the
empty and full capsids had similar charge distributions. The
higher charge population for the DLP could be due to the
partially exposed genome, a suggestion that is supported by the
complete absence of the higher charge population in the empty
DLP.

CDMS Analysis of Gardasil-9. Gardasil-9 is a recombi-
nant vaccine made from nine strains of the human
papillomavirus’s (HPV) major capsid protein (L1) formed
into virus-like particles (VLPs). These VLPs provide immunity
to multiple cancers caused by nine separate forms of HPV.70

The VLPs are assembled from 72 pentameric capsomers
arranged in a T = 7 icosahedral lattice that closely resembles
that of the native human virions.71,72 Table 3 provides
molecular weight and relative abundance information for the
HPV strains in Gardasil-9.
For a better immunological response, the L1 VLPs are

adsorbed onto an aluminum adjuvant and prepared as a liquid
suspension containing additional salts, amino acids, and
polysorbate 80. Figure 4a shows the CDMS spectrum
measured following buffer exchange of the Gardasil-9 into
200 mM ammonium acetate before electrospray. There are no
discernible peaks, and the mass distribution is very broad with

Table 2. Rotavirus Protein Copy Number and Average
Molecular Weights

viral
protein location

sequence mass
(kDa)

copy
number

cumulative mass
(MDa)

VP1 core 124.92 11−12
VP2 core 102.36 120
VP3 core 97.91 11−12
dsRNA core 12 320a 1 27.17
VP6 middle layer 44.87 780 62.16
VP4 outer layer 86.57 180
VP7 outer layer 32.21 780 106.77

aAverage mass of the reassortant genomes. The mass difference
between the different genomes is 5 kDa. The mass in the table
includes counterions assuming that they contribute 4% to the mass.
The mass without counterions is 11 840 kDa.

Figure 3. CDMS spectra of RotaTeq. Part (a) shows a typical mass
spectrum of RotaTeq after buffer exchange into ammonium acetate
(black line). Colored vertical lines show expected masses of the DLP
with all pentonal trimers (blue) and the DLP with all pentonal trimers
but missing the genome (green). The bin size is 100 kDa. Part (b)
shows a charge versus mass heat map of RotaTeq. The bin sizes are
100 kDa and 10 e.
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a high mass tail extending to beyond 60 MDa. The blue
vertical line in Figure 4a shows the weighted average for the
nine VLPs in Gardasil-9 (see Table 3). We attributed the
broad mass distribution in Figure 4a to the problem of
separating the VLPs from the aluminum adjuvant. Figure 4b

shows a typical CDMS spectrum measured after removal of the
aluminum adjuvant via a displacement reaction (see the
Materials and Methods section) followed by exchange into 200
mM ammonium acetate. The spectrum contains 8845 ions and
took 276 min to collect due to the low signal intensity from
this sample. In addition to the main peak centered on 21.44
MDa, there is a broad distribution with a maximum at around
26 MDa that extends from the main peak to beyond 30 MDa.
The blue line in Figure 4b shows the spectrum expected for the
VLPs listed in Table 3. The spectrum was calculated by
representing each VLP by a Gaussian located at the VLP mass,
with an intensity given by its relative abundance, and an
FWHM given by the experimental resolution (0.34 MDa). The
nine Gaussians were then summed to give the blue line in
Figure 4b. According to the calculated spectrum in Figure 4b,
it should be possible to resolve three subpopulations for the
Gardasil-9 vaccine. The most intense peak at 20.2 MDa (0.45
MDa FWHM) is due to strains 6, 11, 16, 31, and 33. The
broader peak at around 21.5 MDa (0.66 MDa FWHM) is due
to strains 45, 52, and 58. Finally, the peak at 22.9 MDa (0.34
MDa FWHM) is due to strain 18.
The measured spectrum does not show the three predicted

subpopulations, and the measured peak appears to be at a
significantly higher mass than the main peak in the predicted
spectrum. To overlap with the main peak in the measured
spectrum with the predicted spectrum, it is necessary to shift
the measured spectrum to lower mass by around 1 MDa. An
excess mass of around 5% is much larger than usually
associated with counterions, salt adducts, and trapped solvents.
The large excess mass is probably due to an aluminum
adjuvant that is not completely removed, though we cannot
rule out the presence of misassembled particles.
If the measured spectrum is shifted down by 1 MDa, the

peak at 22.9 MDa in the simulated spectrum (the peak due to
strain 18) falls outside the range of the main peak in the
measured spectrum and lacks an obvious corresponding feature
in the measured spectrum. It is possible that the broad higher
mass feature in the measured spectrum centered on around 26
MDa is due to strain 18 (the 22.9 MDa peak in the simulated
spectrum) that has retained significantly more residual
aluminum adjuvant than the other strains. Thus, adjuvant
release may depend on the strain.
Figure 4c shows the charge versus mass heat map for

Gardasil-9. For the main peak in the mass distribution, there is
a single charge group at around 390 e. This differs from the
elongated charge distributions found for IPOL and RotaTeq.
Note that the charges for the broad higher mass distribution
are systematically larger than that for the main peak. The
higher charge indicates a larger object, which would be
consistent with the aluminum adjuvant bound to the exterior
of the VLPs.

■ CONCLUSIONS
CDMS provides a new way to characterize vaccines, offering
substantial benefits in both their development and mass
production. Representative examples of three classical vaccine
strategies were investigated: IPOL, an inactivated whole virus
vaccine; RotaTeq, a live-attenuated virus; and Gardasil-9, a
recombinant vaccine using VLP’s. Protein subunits are the
other major types of classical vaccine strategy, and we recently
reported CDMS measurements for the SARS-CoV-2 spike
protein.32 In each case, the ability to analyze the viral antigen
goes beyond the realm of a typical mass spectrometer because

Table 3. Strains Present in Gardasil-9 and the VLP
Molecular Weights

HPV
strain

L1 molecular weight
(Da)

VLP molecular weight
(MDa)

relative
abundance

6 55 566.94 20.00 0.111
11 55 835.27 20.10 0.148
33 55 902.73 20.12 0.074
16 56 278.19 20.26 0.222
31 56 352.03 20.29 0.074
58 59 038.44 21.25 0.074
52 59 468.93 21.41 0.074
45 60 310.74 21.71 0.074
18 63 623.72 22.90 0.148

Figure 4. CDMS spectra of Gardasil-9. Part (a) shows a mass
spectrum of Gardasil-9 buffer-exchanged into 200 mM ammonium
acetate. The bins are 110 kDa. The blue line is the weighted average
mass of the 9 VLPs in Gardasil-9. Part (b) shows a mass spectrum of
Gardasil-9 after removal of aluminum adjuvant and buffer exchange
into 200 mM ammonium acetate (black line). The bins are 55 kDa.
The blue line shows the expected mass distribution for Gardasil-9
considering the experimental resolution (see the text). Part (c) shows
a charge versus mass heat map for Gardasil-9. The bins are 55 kDa
and 6 e.
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of both the size of the antigen and the sample heterogeneity.
CDMS can provide the mass distribution for the antigen and
masses and relative abundances of impurities (i.e., empty and
defective particles). CDMS is a robust technique that does not
require sample-specific standards. The depth of information
available from a CDMS assay that is quick (usually <1 h
analysis time), efficient (sample size 10−20 μL), and sensitive
enough to detect low abundance intermediates and mis-
assembled particles has the potential to increase the speed and
reduce the cost of vaccine development.
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