Challenges in the Analytical
Characterization of VLPs

Characterization and quantification of virus-like particles (VLPs) through high performance liquid chromatography (HPLC)-based
methods are challenging because of their large size, structural complexity, internal structural heterogeneity, and instability.
Analytical techniques are essential to monitor morphology and internal structural heterogeneity at each process stage. Common
analytical tools used in VLP characterization are microscopic techniques (such as transmission electron microscopy [TEM],
atomic force-field microscopy [AFM], cryo-electron microscope [cryo-EM]), biochemical techniques (SDS-PAGE, western blotting),
and light scattering techniques (such as dynamic light scattering [DLS], nanoparticle tracking analysis [NTA], and size-exclusion
chromatography coupled with multi-angle light scattering [SEC-MALS]). However, these techniques are semi-quantitative and
do not address morphology and internal heterogeneity. Therefore, HPLC-based techniques are sensitive, robust, and offer
better resolution. The purity and titer of VLPs at any process stage can be monitored by reversed-phase chromatography and
morphology, and stability-related issues can be monitored by the combination of HPLC and light scattering techniques like SEC-
MALS. Challenges in HPLC-based methods are choosing columns with the right pore size and surface chemistry and effective
sample preparations, as VLPs are very unstable and prone to fragmentation at process stages and the low titre of the VLPs. This

article discusses the challenges and effective solutions for HPLC-based analytical characterization of VLPs.

IRUS-LIKE PARTICLES (VLPS) ARE
nanoparticle-sized, multimer-
ic, self-assembled protein
complexes. They are non-in-
fectious, as they lack the genetic
material of parental viruses (1).
VLPs trigger both cell-mediated
and humoral-mediated immune respons-
es, and are safer and more effective than
attenuated or inactive vaccines, as there
are fewer chances of reversion. Therefore,
VLPs are emerging as potential vaccine
candidates. Apart from vaccines, VLPs
are also used as gene carriers in gene
therapy (2). The size of VLPs ranges from
22-200 nm. VLPs can be expressed in
different host systems, such as bacteria,
yeast, insect cell lines, plant cell lines, and
mammalian cell lines (3). Determining the
identity, purity, and potency of VLPs is a
crucial step towards regulatory approval,
as they hold potential as vaccine candi-
dates. Analytical methods play a critical

role in ensuring quality control, monitor-
ing stability during long-term storage, and
thereby managing the critical quality attrib-
utes (CQA) in vaccine development.

Microscopic techniques such as transmis-
sion electron microscopy (TEM), atomic
force-field microscopy (AFM), cryo-elec-
tron microscope (cryo-EM), biophysical
or light scattering techniques like dynamic
light scattering (DLS), nanoparticle track-
ing analysis (NTA), size-exclusion chroma-
tography coupled with multi-angle light
scattering (SEC-MALS), asymmetric flow
field fractionation coupled with multi-angle
light scattering (AF4-MALS), and analytical
ultracentrifugation (AUC) are commonly
used to measure the morphology of VLPs
(4). Biochemical techniques like sodium
dodecy! sulphate-polyacrylamide gel

electrophoresis (SDS-PAGE) and western
blotting are commonly used for composi-
tion analysis of VLPs, and are quantified
through densitometry. Other common
techniques used for the quantification of
VLPs are bicinchoninic acid assay, Brad-
ford assay, and Lowry assay. Circular
dichroism (CD) and differential scanning
calorimetry (DSC) are also used to monitor
thermal stability of VLPs (5) (Figure 1).

Artifacts are introduced by microscop-
ic methods such as TEM and AFM
because they require drying for sample
preparation. AFM offers superior reso-
lution compared to TEM. Nevertheless,
artifacts can be minimized when VLPs
are scanned in their natural state utiliz-
ing cryo-EM. However, in general, micro-
scopic methods are non-quantitative,
and require laborious sample prepara-
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tions. Biophysical techniques like DLS
only work with monodisperse samples;
however, DLS suffers from a major flaw in
that the signal is disproportionately impact-
ed by larger particles. Therefore, if there is
a broad particle distribution, accuracy of
measuring smaller particles is significant-
ly compromised. Other biophysical tech-
niques like SEC-MALS, AF4-MALS and
electrospray-differential mobility analy-
sis (ES-DMA) offer size separation before
size measurement, which is more accurate
and robust, but these techniques too are
semi-quantitative. SDS-PAGE and western
blotting are time-consuming and tiresome.
Quantification through bicinchoninic acid
assay, Bradford assay, and Lowry assays
is sensitive to the use of detergents like
urea, and also give total protein quantifi-
cation rather than VLP structural proteins
(6,7) (Figure 2).

Chromatography has been the most
widely used technique for analytical char-
acterization and quality control moni-
toring of biotherapeutics for decades.
Reasons for this include the simplicity
of operation, high resolution, robustness,
sensitivity, and continued innovation in
development of chromatography media
that facilitates protein separation based
on a variety of physicochemical charac-
teristics, such as charge, hydrophobicity,
and size (8). Beginning in the early 1980s,
attempts were made to isolate influenza
viral proteins using a variety of chroma-
tographic techniques, including size-ex-
clusion chromatography (SEC), reversed-
phase chromatography (RP-HPLC), and
ion exchange chromatography (IEX).
However, significant challenges are faced
when performing chromatographic char-
acterization of VLPs.

Multimeric State Through SEC

In comparison to other biotherapeu-
tic proteins, VLPs are very large in size.
Furthermore, most of the HPLC columns
are designed for analysis of therapeutic
proteins (such as monoclonal antibodies).

As a result, when used for VLP characteri-
zation, the VLPs simply are eluted into void
volumes of these columns. Very few bigger
pore-size columns are available commer-
cially for identification and quantification of
intact VLPs. VLPs can be found in several
molecular states in in-process samples.

For instance, human papillomavirus (HPV)
VLP is known to exist in three different
states: monomeric (55 KD), pentamer-
ic (capsomeres), and completely assem-
bled (19 megadaltons). It is impossible to
identify and accurately measure each of
these three states in a single HPLC analy-
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FIGURE 2: Challenges in analytical characterization of VLP through HPLC-based techniques.

sis. Recent development of two-dimen-
sional liquid chromatography (2D-LC)
has made it possible to use multiple
pore-size SEC columns to better char-
acterize the different molecular states.
Researchers have coupled a 2D-LC
system with refractive index (RI) and a
MALS detector and effectively separat-
ed, disassembled—intact—and aggre-
gated VLP species in a single run using
SEC columns in both dimensions (9). In
the first dimension, a 250 A SEC column
was used and the peaks eluted in void
volume were transferred to the second
dimension through a heart-cut method.
The second dimension SEC column has
a pore size of 2000 A, an ideal column
used for intact VLP separation (9).

Molecular Heterogeneity

Through RP-HPLC

VLPs are also structurally heterogeneous,
as they are composed of many structural
proteins, and, in certain instances, struc-
tural proteins of the virus combine with
the proteins of the host cell to gener-
ate irregularly shaped VLPs. Therefore,

using SEC alone to characterize VLPs
may be incomplete. A better approach in
such a case would be to use chromato-
graphic techniques that separate based
on other physiochemical properties like
hydrophobicity. However, VLPs must be
reduced from a fully assembled state to
a monomeric state to perform reversed-
phase chromatography. It is possible to
convert completely formed VLP into a
monomeric state by efficient sample
preparations with the optimum amount
of denaturants and reducing agents.
Selecting the appropriate carbon chain
column and pore size together yields
improved resolution and accurate quan-
tification than SDS-PAGE. The molecu-
lar weight of the desired species can be
confirmed using reversed-phase chro-
matography by coupling LC with mass
spectrometry. By reducing VLPs and
digesting the resultant peptides with the
trypsin enzyme, reversed phase chroma-
tography in combination with tandem
mass spectrometry (MS/MS) provides
sequence coverage of the molecule with
the database sequence (known as peptide

mapping). In a recent publication, we have
demonstrated efficient sample prepara-
tion for any process stage for character-
ization of HPV VLP (10). Crude samples
were precipitated with 30% ammoni-
um sulfate solution and the pellet was
dissolved in 8M guanidine hydrochlo-
ride (GuHCI) and 100 mM dI-dithioth-
reitol (DTT) to effectively reduce the 19
megadalton molecule into its monomer-
ic forms of 55 kilodaltons. The reversed-
phase chromatography method was vali-
dated to identify HPV VLP L1 proteins in
20 min.

Column Fouling

In many cases, nucleic acids act as scaf-
folds for assembly of viral structural
proteins. The use of optimal mobile phases
that preserve the native state of VLPs and
reduce the interactions of nucleic acids
with columns help in achieving better reso-
lution. Often, SEC mobile phases consti-
tute higher NaCl concentrations than usual,
along with other components like ethylen-
ediaminetetraacetic acid (EDTA) to mini-
mize sample and resin interactions. In
reversed-phase chromatography, envel-
oped viruses exert column interactions due
to their outer lipid membrane, and zwit-
terionic detergents are used to solubilize
surface envelop glycoproteins and to also
minimise the column interactions. In the
case of chikungunya virus VLP, researchers
have incubated samples with Zwittergent
3-12 detergent before analysis (7). The
same strategy can be followed to release
hemagglutinin (HA) proteins of influenza
VLP. Other researchers have incubated
influenza whole virus (inactivated vaccine)
with 1% zwittergent 3-14 for 10 minutes at
room temperature before analysis through
reversed-phase chromatography (11).

Detection

VLP samples typically have lower titres
than monoclonal antibody samples. When
detecting at 280 nm UV wavelength, it is
advantageous to inject highly concen-
trated samples or to use UV wavelengths
of 220 nm in addition to 280 nm. Using
more sensitive detectors, like fluorescence
detectors, would be the best choice.
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Stability

Because of significant instability that is
inherent in VLPs, they frequently fragment
or agglomerate to create irregularly shaped
particles. VLPs of asymmetrical shapes
are not very potent. Therefore, maintain-
ing ideal pH conditions and using optimum
amounts of EDTA can preserve the VLP's
native state and size. DTT and EDTA have
been used to reduce the SV40 VLP's ability
to withstand mechanical stress, leading to
populations of varying sizes (12). Any nega-
tively charged polymer, like DNA, promotes
interpentameric (capsomers) interactions
that lead to homogeneous populations.

HPLC in conjunction with MS provides
detailed information on VLP components,
primary structure, glycosylation patterns,
post-translational modifications (PTMs),
and also chemical modifications. With
the advent of several sensitive MS tech-
niques like orbital trap MS and charge
detection-mass spectrometry (CD-MS),
even knowing the molecular weight of fully
assembled VLPs has been made possible.

Electrospray lonization (ESI)-MS

VLPs are highly heterogeneous, and very
large in size. This limits the application of
MS in analyzing intact (fully assembled)
VLPs. Electrospray ionization (ESI) is the
most commonly used ion-generating
technique for proteins. It can be coupled
to liquid chromatography (LC) or capillary
electrophoresis (CE) for protein separation.
ESI can generate ions directly from solu-
tion, and thereby produce multiply charged
ions, enabling determination of intact mass
up to 1 mega Dalton. In some cases, there
can be signal overlap and deviations in
observed ionic mass from actual analyte
mass, due to multiple charged ions and
adduct formation. This complicates the
interpretation of mass spectra, especially
in heterogeneous ions, because of poorly
resolved signal distribution.

Matrix-Assisted Laser

Desorption lonization (MALDI)-MS
MALDI-MS produces a singly charged
state. Sometimes, ions may be multi-

ply charged, especially in the case of
larger molecules, and the low extent of
multiple charging requires the use of
the time-of-flight mass analyzers. Also,
the adduct formation leads to deviation
in ionic mass from the neutral analyte.
MALDI-MS is not compatible with either
LC or CE. Hence, it is poorly suited to

native MS and requires chemical linkers
for analyzing non-covalent interactions.

lon Mobility-Mass Spectrometry (IM-MS)
IM-MS plays an efficient role in charac-
terization of heterogeneous molecules up
to a few kilodaltons. It resolves gas phase
ions based on differences in their collision
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cross-section. However, it is incompatible with large heteroge-
nous molecules (13).

Charge Detection Mass Spectrometry (CD-MS)

CD-MS plays a prominent role in determining the mass of large
heterogenous molecules where conventional techniques fail
because of overlapping signals from complex ion distributions. CD-
MS is a single ion approach that measures mass by estimating
both mass-to-charge ratio (m/z) and charge of the ion. This gives
an accurate mass of molecules over a broad size range. CD-MS
resolves overlapping signals by transferring ions to a lower charge
state. In CD-MS, ionization occurs through ESI or MALDI and the
ion passes through a conducting tube, m/z is measured by the
passage time or oscillation frequency, and z is determined from
the magnitude of the charge. This technique is highly sensitive,
as it measures the m/z and charge of a single particle and there-
fore requires very little sample. Researchers have used CD-MS to
analyze the mass of a live attenuated virus (RotaTeq), a VLP (Gardasil
9), and a complete viral vaccination as an inactivated polio vaccine
(IPOL) (14). In this study, ions were generated through nano-ESI and
multiple phases of differential pumping were employed to thermal-
ize and concentrate positively charged ions, accelerating them to an
energy of 100 eV/z. An electrostatic linear ion trap (ELIT), which traps
ions for a duration of 100 milliseconds, received a narrow energy
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distribution from a dual hemispherical deflection energy analyzer.
A charge-sensitive amplifier picked up the oscillating ions' signal,
which were then converted to digital form and examined using quick
Fourier transforms. The researchers reported that CD-MS is a reli-
able, sensitive method that can quickly ascertain the mass of large,
heterogeneous molecules (14).

VLPs are large heterogenous molecules and their characterization
poses significant challenges, due to their large size, heterogenei-
ty, low titres, and instability of intermediate molecular states. Tradi-
tional methods of analytical characterization include a wide variety
of microscopic, biochemical and biophysical techniques. However,
although all of these techniques do offer useful information about
morphology or structural composition, they are semi-quantitative,
tedious, and time-consuming. In contrast, HPLC offers the possibil-
ity of a robust, simple, and sensitive analysis. Most commonly used
chromatographic techniques include size-exclusion chromatogra-
phy for assessing morphology and molecular state (fully assembled,
capsomere, or monomeric state) and reversed-phase chromatogra-
phy for purity and structural composition. However, there are signifi-
cant challenges that are faced when performing HPLC-based char-
acterization of VLPs. These exist because of the large size (and, at
times, improper assembly) of viral structural proteins. Furthermore,
column fouling (because of strong binding or the instability of the
VLP) can also be a hurdle. In this article, we reviewed the challeng-
es—as well as solutions—that researchers have proposed. Intact
VLP characterization through ESI-MS is not possible because of
multiply charged states that would lead to overlapping signal and
deviation because of adduct formation. CD-MS is the ideal choice,
asitis a single ion approach and gives both charge and m/z ratio.

This article has additional supplemental information only
available online.
Scan code for link.
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