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Vesicular stomatitis virus expressing the glycoprotein of the
lymphocytic choriomeningitis virus (VSV-GP) is a promising
platform for oncolytic viruses and cancer vaccines. In this
work, cryoelectron microscopy (cryo-EM) imaging was em-
ployed to directly visualize VSV-GP particles. Several different
subpopulations of virus particle morphology were observed.
Definition and fraction counting of subpopulations enabled
quantitative comparison of subpopulation profiles between
several VSV-GP samples. In developing an orthogonal method
with higher throughput, we showed that the morphological
profile of the VSV-GP particles can be characterized by size
exclusion chromatography coupled with a multi-angle light
scattering detector (SEC-MALS) based on a novel shape-based
separationmechanism. Together, the two complementary tech-
niques enable the analysis of morphological profile for VSV-GP
and potentially other non-spherical viruses or nanoparticles.

INTRODUCTION
Viruses with oncolytic properties have become an attractive new mo-
dality in anti-cancer drug development.1,2 These viruses can selec-
tively lyse cancer cells, change the tumor microenvironment, and
induce additional immune response against tumors antigens.1 Vesic-
ular stomatitis virus expressing the glycoprotein of the lymphocytic
choriomeningitis virus (VSV-GP) is one oncolytic virus platform
and cancer vaccine that has demonstrated excellent anti-tumor activ-
ities.3–11 New analytical techniques for better characterization of
VSV-GP can enhance the understanding of the structure-function
relationship and serve as additional tools in process development.

The structure of VSV components, the VSV capsid, and whole virions
have been investigated by X-ray crystallography,12–19 negative stain-
ing transmission electron microscopy (TEM)20–22 and cryoelectron
microscopy (cryo-EM).23–25 X-ray crystallography solved the fine
structure of individual viral proteins and RNA-protein complexes.
Previous attempts of negative staining TEM on VSV only provided
limited two-dimensional structural details on intact virions.21 Cryo-
EM studies revealed how individual viral proteins assemble into the
whole virion and enable the development of a structural model for
VSV capsid packing.23,26–28 Each virion capsid involves three helical
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layers: an inner helix formed by packing of RNA and the nucleopro-
tein N complex and two outer helical layers of matrix protein M,
which are associated with both the inner helix and the cytoplasmic
tail of envelope G proteins. Intact VSV adopts a rigid bullet-shaped
morphology due to the interactions between neighboring viral
proteins.23,24

Morphology changes and the presence of VSV subpopulations have
been described previously. Besides the bullet-shaped particles
(B particles), distorted or damaged B particles have been observed
by negative staining TEM in VSV samples after long-term storage.20

In addition, defective interfering particles with a truncated genome
and a shorter length have been isolated and investigated for their
biological function.22,29–32 Despite these observations, there is only
limited structural understanding of these particle subpopulations.20

In this study, structural details of the subpopulations present
in VSV-GP preparations were systematically investigated with
cryo-EM.

Cryo-EM can clearly reveal the morphology profile of VSV-GP sam-
ples, but the technology is not readily accessible to all manufacturing
facilities and organizations. In developing an orthogonal, high-
throughput screening method, we employed size exclusion chromatog-
raphy coupled with amulti-angle light scattering detector (SEC-MALS)
for the characterization of VSV-GP particle morphology. SEC is a
liquid chromatography method that separates macromolecules based
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Figure 1. Cryo-EM images of VSV-GP samples

(A) Sample A with mostly B particles. (B) Sample B with morphologically different subpopulations at 28,000�magnification. (C) Sample B at 75,000�magnification. Packed

or partially packed capsids of selected virus particles 1–6 are highlighted with red bars.
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on the partial exclusion of analytes from the pores of the stationary
phase. When coupled with a MALS detector, SEC provides a general
approach for accurate analysis of size, molar mass, oligomeric state
and aggregations of macromolecules.33 Previous applications of SEC
or SEC-MALS to viruses or viral vectors were focused on viral particle
quantification, aggregation analysis, virus purification, and quantifica-
tion of full versus empty viral vectors.34–41 To the best of our knowl-
edge, this work represents the first example demonstrating that SEC-
MALS can differentiate between morphologically different viral
particles through a shaped-based separation mechanism.

RESULTS
All VSV-GP samples in this study were prepared in early pre-clinical
process development using different process parameters. Cryo-EM
imaging of two representative VSV-GP samples, A and B, revealed
Table 1. Measured length of packed capsid segments

Particle Segments (nm) Total capsid length (nm)

1 – 150.7

2 99.8, 53.5 153.3

3 88.2, 58.0 146.2

4 93.0, 60.6 153.6

5 71.5, 46.4, 42.8 160.7

6 84.0, 73.9 157.9
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distinct subpopulation profiles (Figure 1). In sample A (Figure 1A),
most species are B particles in a preferential side-view orientation
with an average length of about 190 nm and width of about 70 nm.
This is consistent with the expected morphology of a VSV-type vi-
rus.23 However, in sample B (Figure 1B), only a few B particles are
present, while most particles are round or irregularly shaped with a
size comparable to B particles. The nature of each sample and its sub-
populations can be readily analyzed in higher-magnification images.
In a representative image of sample B at 73,000�magnification (Fig-
ure 1C), in addition to the VSV-GP B particles (1), irregularly shaped
particles with dense interior (2–6) and round/near-round particles
with a lighter interior (7–9) were observed.

Surface spikes with features of GP protein complexes described pre-
viously23 are present in both B particles and irregularly shaped parti-
cles, suggesting that these subpopulations are related to VSV-GP. The
interior striated pattern of B particle 1 (Figure 1C) is a characteristic
feature of packed VSV ribonucleocapsids.23 Inspection of the irregu-
larly shaped particles showed that each block of the striated interior
feature is consistent with a partially packed capsid, as highlighted
by red bars in Figure 1C. To check the integrity of the viral genome,
the length of each capsid segment was measured and is summarized
in Table 1. The total capsid segment length of the irregularly shaped
particles 2–6 matched well the total capsid length within B particle 1
(�150 nm), suggesting that the total genomic material is present in
irregularly shaped particles. This is further supported by the
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Figure 2. A spectrum of VSV-GP subpopulations in sample B

(A) B particle consistent with intact VSV-GP. (B) Particle with a near bullet shape morphology. (C) Irregularly shaped particle. (D) Irregularly shaped particle with a small extent

of genomic material leakage. (E) Balloon-shaped particle with significant genomic material leakage. (F) Completely disrupted viral particles. White arrow, species consistent

with VSV-GP genomic material.
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observations that the envelope membrane of 2–6 was intact and that
there was no visible leakage of genomic material. The irregular shape
of the particle appears to be determined by the arrangement of rigid
capsid fragments, while the soft membrane adapts to and maintains
the overall shape of the particle.

Particles with round or near round morphology typically have a less
dense interior (7–9), suggesting a lack of full-length genomic material
inside the particles.42 Most round particles have characteristic surface
spikes of VSV-GP, and therefore these are likely empty or near-empty
viral particles. This is further supported by thread-like species adja-
cent to the membrane of some balloon-shaped particles (7–8), which
is consistent with features of unpacked genomic material.21 A small
fraction of round particles with light interior density (e.g., 9) were
found to have a smooth surface and are most likely extracellular ves-
icles or exosomes derived from the host cell.

After analyzing more particles in cryo-EM images, we found addi-
tional species in between the subpopulation groups described above.
There are particles with a near-bullet shape in which the capsid struc-
ture is already disturbed but has not fully become individual segments
(Figure 2B). Moreover, irregularly shaped particles with a disturbed
membrane and short tail-like species consistent with genomic mate-
rial leakage are also present. Figure 2 shows the full spectrum of
various subpopulations that are observed by cryo-EM.

Quantitative analysis by fraction counting of major subpopulation
groups allows the comparison of subpopulation profiles between
VSV-GP samples. To describe the particle morphologies observed,
we define four subpopulations.

(1) Intact B particles: well-packed B particles that contain dense, stri-
ated interiors and are enclosed by a single lipid bilayer that is
covered in spikes (Figure 2A).
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(2) Near-B particles: intact particles that resemble a bullet shape with
perturbations of striated interiors and are enclosed by a single
lipid bilayer that is covered in spikes (Figure 2B).

(3) Irregularly shaped particles with a dense interior: intact particles
that are round or irregular in shape, contain dense granular or
striated interiors, and are enclosed by a single lipid bilayer that
is covered in spikes (Figures 2C and 2D).

(4) Round or irregularly shaped particles with a less dense interior:
intact particles that are round or irregular in shape, contain less
dense granular interiors or are similar in density to that of the
surrounding buffer, and are enclosed by a single lipid bilayer
that is covered in spikes (Figures 2E and 2F).

Figure 3 shows the fraction counting analysis of five VSV-GP samples
into the four defined morphologies. Sample A was found to contain
58% of B particles, a low percentage of near B particles, and an equal
amount of irregularly shaped and empty particles, while sample B was
composed mostly of irregularly shaped and empty particles with only
6% of B particles. The relative ratio of subpopulations varies signifi-
cantly in some other samples, C–E, generated using different process
parameters. Sample C features a near-equal amount of B particles and
irregularly shaped particles, while D contains a high percentage of
near-B particles. Samples B and E have similar percentages of B par-
ticles, but the ratio of round empty particles is higher in sample E.

To develop an orthogonal and high-throughput analytical method,
we hypothesized that the morphology of particles with similar size
and molecular weight may impact their interactions with the size
exclusion chromatography stationary phase, particularly when the
particle size is comparable to the pore size of the stationary phase
(Figure 4B).

To test this hypothesis, SEC-MALS experiments were performed on
multiple SEC columns (TSKgel G3000PWXL, TSKgel G4000PW,
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 3
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Figure 3. Fraction count of subpopulations in VSV-

GP samples A–E

The number of particles used in each analysis is as fol-

lows: A, 646; B, 414; C, 262; D, 480; E, 743.
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TSKgel G6000PW, and TSKgel G6000PWXL, which are packed with
the same type of resin but exhibit different pore and particle sizes).
TSKgel G3000PWXL and TSKgel G4000PW have small pore sizes
of approximately 20 and 50 nm, respectively, while TSKgel
G6000PWXL has been reported to have a large pore diameter of
250 nm.39 To check the morphology effect on the SEC profile, sample
A with a high percentage of B particles and sample B with mostly
irregularly shaped particles were employed in SEC method develop-
ment. The majority of near-B particles and irregularly shaped parti-
cles in sample B were found to have intact lipid membranes, total
genomic material, and viral proteins within the particle, so the molec-
ular weights of these subpopulations are comparable to B particles in
A. SEC-MALS chromatography using TSKgel G3000PWXL yielded
sharp peaks with a near-identical elution volume and peak shape de-
tected by static light scattering at 90� for samples A (Figure 5A, trace
A-1) and B (Figure 5A, trace B-1). Similar chromatograms were ob-
tained using TSKgel G4000PW (Figure S1). In contrast, sample B
(Figure 5A, trace B-2), with mostly irregularly shaped viral particles,
showed a significant shift in peak maximum and a broadened peak
compared with sample A (Figure 5A, trace A-2) when analyzed on
TSKgel G6000PWXL. Peak broadening was also observed using a
TSKgel G6000PW column, although the difference between samples
A and B was less pronounced (Figure S1). The strong light scattering
and UV absorption ratio (A260/A280) of the peaks were consistent
with virus particles containing both protein and nucleic acid. These
observations showed that an appropriate SEC method can differen-
tiate VSV-GP samples with different morphological profiles.

To investigate whether the observed peak broadening was caused by
morphologically different subpopulations or by sample overloading, a
serial dilution experiment was performed on sample B. The static
light scattering intensity decreased according to the dilution factor
applied to the original sample (Figure 5B). If the light scattering pro-
file was individually normalized, then the peak broadening profiles
were identical in the original and samples diluted by 50 times (Fig-
ure 5C), suggesting that the peak tailing was caused by subpopula-
tions in the sample and not chromatography artifacts. Further exper-
iments also confirmed that peak shape was independent of sample
4 Molecular Therapy: Methods & Clinical Development Vol. 33 March 2025
injection volume (data not shown). Therefore,
a broadened peak profile in SEC-MALS was
the characteristic feature of sample B, and indi-
vidually normalized SEC profiles detected by
static light scattering at 90� (LS90) can be
directly compared for samples within about
two orders of magnitude concentration range.

Angular dependence of the scattered light in
MALS allows for sizing of particles.43 Sample
A provided a rms (root mean square) radius (or radius of gyration)
at about 71 nm, consistent with the size of VSV-GP viral particles.
For sample B, the rms radius ranged from about 73 nm at the front
of the SEC peak to 65 nm at the tail, consistent with a higher propor-
tion of morphological subpopulations (Figure 5A, dashed line). This
observation differed from dynamic light scattering measurement of
particle sizes in bulk sample solution, where both samples A and B
yielded similar hydrodynamic radii at 78 nm. These data suggest
that the SEC separation mechanism is based on differences in radius
of gyration, which are related to the shape of viral particles.

To better understand the degree of separation between particles with
different morphologies, fractions at the front (16–17 min), center
(18–19 min), and tail (20–23 min) of the SEC-MALS peak of sample
B were collected, concentrated, and imaged by cryo-EM. In all of these
fractions, viral particles were readily visible. The fraction of the peak
front contained a higher percentage of B particles or near-B particles
(49%) compared with the load material sample B (16%), while the
peak tail (20–23 min) consisted of nearly all round and irregularly
shaped particles (Figure 5D). The results suggest that, despite the
low resolution, SEC fractionation allowed the enrichment of morpho-
logically different subpopulations, further supporting a separation
mechanism based on particle morphology.

Besides particle morphology analysis, SEC-MALS enables the analysis
of residual impurities or formulation components in virus prepara-
tions and quantification of virus particles when UV chromatograms
are also considered, as shown in our previous study.44 The separation
of viral particles from proteins using the SECmethod in this work was
demonstrated by the SEC-UV-MALS profile of a mixture of sample B
with BSA (Figure S2A). The light scattering detection was more sen-
sitive to large virus particles, while UV detection readily revealed the
presence of other UV active species in the sample (Figures S2B and
S2C). Therefore, the combination of light scattering and UV profiles
offers a more comprehensive characterization of virus samples.

Application of SEC-MALS to virus particle morphology analysis
was further demonstrated with more virus samples in different



Figure 4. Separation mechanisms in SEC

chromatography

(A) Size-based separation mechanism. (B) Hypothesis of

a size- and shape-based separation mechanisms.
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formulations, and SEC-MALS peak shape was shown to correlate well
with sample subpopulation profile. Figure 6A plots the SEC-MALS
LS90 profile of the five VSV-GP samples, A–E, described in Figure 3.
The extent of peak broadening and shift was consistent with the sub-
population fraction counting analysis for the five samples, with sam-
ple B having the highest percentage of non-B particles and, therefore,
the broadest SEC peak. Only minor but reproducible differences were
observed for samples A, C, and D, although the percentages of intact
bullet shaped particles were 58%, 38%, and 15%, respectively. This
can be attributed to the presence of large numbers of near-B particles
in samples C and D that may interact with the SEC stationary phase
similarly as intact B particles and that are therefore indistinguishable
from B particles in SEC. Therefore, SEC-MALS peak broadening is
sensitive to the presence of round and irregularly shaped particles,
consistent with a morphology-based separation mechanism.

SEC-MALS peak broadening can be measured by peak full width at
half maximum peak height (FWHM). Figure 6B plots the percentage
of round and irregularly shaped particles from cryo-EM imaging of 12
samples against FWHM in the SEC-MALS LS90 chromatogram. A
good non-linear correlation was observed, suggesting that SEC-
MALS is a robust orthogonal method to characterize VSV-GP particle
morphology.

DISCUSSION
Morphological subpopulations of VSV-GP particles were systemati-
cally investigated in the study. A spectrum of subpopulations with
different morphology was observed in certain VSV-GP samples,
and detailed structural features of these species were readily visible
from high-resolution cryo-EM imaging. The characteristics of some
subpopulations, such as morphologically distorted particles, are
consistent with previous findings with negative staining TEM,20 but
high-resolution cryo-EM imaging enables the study of fine structure
details, such as the interior features and membrane integrity of these
subpopulations. Moreover, in contrast to negative staining TEM,
cryo-EM sample preparation does not require sample staining, and
the vitrification process embeds virus particles in a thin layer of amor-
phous ice with only minimal perturbation of the native state of the vi-
rus particles in sample grid preparation. Overall, cryo-EM is superior
Molecular Therapy: Methods
to negative staining TEM when studying the
structure of VSV-GP subpopulations.45,46

Cryo-EM provides high-resolution and infor-
mation-rich images for VSV-GP subpopulation
analysis, but a high viral particle concentration
(1011–1012 particles/mL) is required for reliable
analysis of subpopulation profile. Some excipi-
ents commonly used in formulations, such as
sugar or sugar derivatives, may also lower the contrast of the cryo-
EM images. In addition, the high cost and low throughput of cryo-
EM make it an unfavorable method for routine analysis of VSV-GP
samples when higher sensitivity or faster analysis is needed.

The SEC-MALSmethod developed in this work serves as an alterna-
tive method to cryo-EM. Since different subpopulations have similar
sizes, and they usually form a continuous spectrum of morphology,
it is not feasible to fully separate B particles and non-B particles with
the current method. Instead, peak shifting and broadening correlate
well with the presence of non-B particles. Better resolution can be
achieved with TSKgel G6000PWXL (13 mm) than with the TSKgel
G6000PW (17 mm) column, suggesting that the particle size and
possibly the inter-particle channels of the stationary phase will
also influence the separation. Using a calibration curve prepared
with samples that have different ratios of the subpopulations (Fig-
ure 6), SEC-MALS can also semiquantitatively measure the ratio
of B to non-B particles.

The resolution of subpopulation separation in SEC-MALS is low, but
the method enables high-throughput particle morphology and purity
analysis of VSV-GP samples. In addition, the high sensitivity of SEC-
MALS against virus particles allows the analysis of virus samples at as
low as 108 particles/mL, which is approximately two to three orders of
magnitude lower than the minimal sample concentration for cryo-
EM imaging. The increased sensitivity enables the analysis of less
concentrated virus samples from process development.

We showed that morphologically different VSV-GP particles can be
enriched by fractionation of the broadened SEC peak (Figure 5D).
B particles elute mostly in the front of the broadened peak, suggesting
less interactions with the stationary phase, while irregularly shaped
and round particles have more retention on the column. This obser-
vation is consistent with the proposed model (Figure 4B) where sur-
face pores of the stationary phase are more accessible to round parti-
cles and morphologically different particles can be partially separated
based on shape. So, in addition to being a characterization method,
the SEC-MALS method also serves as a simple approach to enrich
the morphologically different VSV-GP particles from a single
& Clinical Development Vol. 33 March 2025 5

http://www.moleculartherapy.org


Figure 5. SEC-MALS method development

(A) Individually scaled peak profiles of samples A and B with TSKgel G3000PWXL (A-1 and B-1) and TSKgel G6000PWXL (A-2 and B-2) columns. (B and C) Globally scaled

(B) and individually scaled (C) SEC-MALS peak profiles of sample B diluted by 0, 10, 20, and 50 times with the mobile phase. 90� static light scattering (LS90) profiles were

employed in all comparisons. (D) Percentage of B particles and near-B particles for sample B load material; fractions were collected at 16–17, 18–19, and 20–23 min during

SEC chromatography of sample B, measured by fraction counting of cryo-EM images. Error bars were calculated by fraction counting of images from three grid preparations.
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VSV-GP sample on a small scale, which is difficult to achieve by other
separation methods.

In summary, the characterization of VSV-GP morphology can be
achieved when combining the high resolution of cryo-EM imaging
and high throughput of SEC-MALS. We envision that the two com-
plementary methods will also be applicable to morphological analysis
of other non-spherical viruses or nanoparticles.

MATERIALS AND METHODS
VSV-GP samples

VSV-GP particles were propagated in HEK293-F cells. After infec-
tion, the harvest was clarified by centrifugation at 2,000 � g for
5 min. The supernatant was treated with 200 mMNaCl, filtered using
a 0.22 mm filter, and then treated with nuclease to reduce the host cell
DNA content. The virus material was then diluted 1:1 with 100 mM
Tris-HCl (pH 7.5) before proceeding with downstream processing.
The virus material was subsequently purified by downstream unit op-
erations, including ion exchange chromatography and tangential flow
ultrafiltration, similar to a method published previously.47 All VSV-
GP samples, including A–E, were produced in early pre-clinical pro-
cess development using different upstream and downstream process
parameters. Infectious virus titer, virus genome copies, and virus par-
ticle counts were measured using methods published previously.48
6 Molecular Therapy: Methods & Clinical Development Vol. 33 March 2
Cryo-EM

Cryo-EM imaging data collection was performed by NanoImaging
Services.

Each sample was preserved in vitrified ice supported by holey carbon
films on 400-mesh copper grids. Each sample was prepared by
applying a 3 mL drop of sample suspension to a cleaned grid, blotting
away with filter paper, and immediately proceeding with vitrification
in liquid ethane. EM was performed using a Thermo Fisher Scientific
Glacios cryotransmission electron microscope operated at 200 kV
and equipped with a Falcon 3 direct electron detector. Vitreous ice
grids were clipped into cartridges and transferred into a cassette
and then into the Glacios autoloader, all while maintaining the grids
at cryogenic temperature (below�170�C). Automated data collection
was carried out using Leginon software,49 where high-magnification
movies are acquired by selecting targets at a lower magnification.

Images of each grid were acquired at multiple scales to assess the over-
all distribution of the specimen. After identifying potentially suitable
target areas for imaging at lower magnifications, high-magnification
images were acquired at nominal magnifications of 150,000�
(0.10 nm/pixel), 73,000� (0.20 nm/pixel), and 28,000� (0.52 nm/
pixel). The images were acquired at a nominal underfocus of �5.5
to �2.5 mm and electron doses of �10–25 e�/Å2.
025



Figure 6. Correlation of SEC-MALS profile with cryo-EM imaging

(A) SEC LS90 profile of five different VSV-GP samples. (B) Correlation of SEC-MALS

peak broadening measured by peak width at half-height with percentage of round

and irregularly shaped particles from cryo-EM imaging.
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Fraction counting of subpopulations

VSV-GP-related particles had to have a minimum length of 50 nm to
be included in the fraction counting analysis. At least 200 particles were
randomly selected from a random subset of images at 28,000�magni-
fication. The particles were sorted into fourmorphology subpopulation
categories as defined in the text.

SEC-MALS

In SEC-MALS analysis, samples were injected through an Agilent
HPLC (high-performance liquid chromatography) system with UV
detection coupled with a DAWN HELOS-II multiangle light scat-
tering detector (Wyatt Technology, Santa Barbara, CA, USA) with
a built-in QELS (quasi-elastic light scattering) dynamic light scat-
tering (DLS) detector and an Optilab T-rex RI (refractive index) de-
tector. Virus subpopulation analyses were performed on a TSKgel
6000 PWXL SEC column (13 mm, 30 cm � 7.8 mm, TOSOH Biosci-
ence), TSKgel 6000 PW SEC column (17 mm, 30 cm � 7.5 mm,
TOSOH Bioscience), TSKgel 4000 PW SEC column (17 mm,
30 cm � 7.5 mm, TOSOH Bioscience), or TSKgel 3000 PWXL SEC
column (7 mm, 30 cm � 7.8 mm, TOSOH Bioscience) operated at
room temperature with an isocratic flow rate of 0.5 mL/min using a
mobile phase composed of PBS or a buffer system suitable for the vi-
rus to be analyzed.40 Unless otherwise mentioned, the injection vol-
ume was 40 mL. The UV detector was operated at 280 nm wavelength.
ASTRA v.7.3 software was used for acquiring and analyzing UV, RI,
and MALS data.

The MALS data were analyzed, and the rms radius was calculated
with the instrumental software Astra v.7.3 following a procedure
Molecu
described previously for AAV (adeno-associated viruses).35 The
calculated specific refractive index increment (dn/dc) of VSV-GP
was 0.173, which is based on the concentration weighted average of
virion components using the reported composition of VSV50 and
intrinsic dn/dc values of 0.185, 0.170, and 0.130 for viral proteins, nu-
cleic acid, and lipid.
SEC fractionation

Fractions of the SEC-MALS peak were manually collected 10 times at
elution times of 16–17, 18–19, and 20–23 min during SEC-MALS
chromatography of sample B. The material of fractions at each
time slice was combined and concentrated by centrifugation at
19,000� g for 2 h at 4�C. The supernatant was discarded, and the re-
sidual material was redispersed in 50 mL of buffer for cryo-EM imag-
ing. Fraction counting analysis was performed with cryo-EM images
acquired at 8,500� magnification.
Particle size measurement by DLS

ADynapro Plate Reader III (Wyatt Technology) was utilized to deter-
mine the hydrodynamic radius (rh) of viral particles. All measure-
ments were performed on 384-well microtiter plates (Greiner, Bio-
one) at room temperature. 60 mL sample was carefully added to the
wells, and the plate was centrifuged at 400 � g for 1 min prior to
loading into the plate reader. Data analysis was performed with Dy-
namics software, utilizing the autocorrelation function to determine
quality of data. The rh distribution of peaks was calculated using reg-
ularization fit.
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