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and Xiaomei Yan*

Abstract: Viruses are by far the most abundant biological
entities on our planet, yet existing characterization methods are
limited by either their speed or lack of resolution. By applying
a laboratory-built high-sensitivity flow cytometer (HSFCM) to
precisely quantify the extremely weak elastically scattered light
from single viral particles, we herein report the label-free
analysis of viruses with a resolution comparable to that of
electron microscopy and the throughput of flow cytometry. The
detection of single viruses with diameters down to 27 nm is
described. T7 and lambda bacteriophages, which differ in size
by as little as 4 nm, could be baseline-resolved. Moreover,
subtle structural differences of the same viral particles can be
discriminated. Using monodisperse silica nanoparticles as the
size reference standards, the virus sizes measured by the
HSFCM are in agreement with the equivalent particle diam-
eters derived from their structural dimensions. The HSFCM
opens a new avenue for virus characterization.

Viruses are by far the most abundant biological entities on
our planet.'! Whereas animal viruses are notoriously respon-
sible for a large number of fatal diseases, plant viral pathogens
cause significant losses in crop yields worldwide each year. On
the other hand, the high transfection efficiency of viral gene-
therapy vectors and their monodisperse structures with
precise shapes and sizes make viral particles powerful drug-
delivery vehicles and versatile nanotechnology building
blocks.>™ Therefore, the high-resolution and high-through-
put analysis of single viral particles is of great importance for
virology research, disease diagnosis and treatment, and
biotechnology and nanotechnology applications.
Transmission electron microscopy (TEM) has historically
been the method of choice for determining the size and
morphology of single viruses. However, the tedious processes
required for sample preparation and image analysis, along
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with the high cost, prevent its use on a routine basis. Recently,
many newly developed single-particle techniques have been
applied to single-virus analysis, such as surface plasmon
resonance imaging,”! whispering-gallery-mode microcavi-
ties,®! suspended micro- and nanochannel resonators,’! scan-
ning probe microscopy,”® resistive pulse sensing with nano-
pores” and nanoparticle tracking analysis (NTA).'”
Although some of these techniques have proven to be very
useful in various fields, a simple and practical approach with
exceptional sensitivity and high resolution remains to be
developed. The real-time, label-free analysis of the size and
composition of individual viral particles could be enabled by
the quantification of their elastically scattered light intensity.
However, the sixth-power dependence of the scattered light
intensity on the particle size and the low dielectric contrast
with the surrounding medium make it extremely challenging
to discriminate single viruses over background scattering.
Recently, Manoharan et al. reported the label-free tracking of
individual cowpea chlorotic mottle viruses (28 nm in diame-
ter) in a single-mode silica fiber with a subwavelength
nanofluidic channel.' This is the smallest virus that has
been detected at the single virion level using purely elastic
scattering, yet sample clogging could be a severe problem.
Although the scattered intensity scales with the sixth power,
interferometric techniques can benefit from mixing with
a reference beam and thus allow for third power dependence.
The detection of bacteriophage lambda, empty capsids of
simian virus 40 (45 nm in diameter), and even single proteins
has been achieved.!"*

Flow cytometry is a high-throughput technique for single-
cell analysis. Although great efforts have been made with
regard to single virus detection,'>'® it has been difficult to
detect viruses smaller than 80 nm by label-free light scattering
measurements. By adopting strategies for single-molecule
fluorescence detection in a sheath flow,"”) we have recently
developed a high sensitivity flow cytometry (HSFCM)
method, which enables the real-time detection of the light
scattering of single silica and gold nanoparticles with diam-
eters as small as 24 nm and 7 nm, respectively.“g] Herein, we
report a rapid high-resolution approach for virus character-
ization by applying the HSFCM to precisely quantify the
ultraweak elastically scattered light from single viral particles.

The laboratory-built HSFCM is shown in Figure 1a. The
sample fluid was hydrodynamically focused to a very fine
stream (ca. 1.4 um) at the exit of a tapered capillary (40 pm
inner diameter, 240 um outer diameter) by the sheath flow. As
the sample stream is located far from the windows of the
cuvette (a 250 um x 250 pm square-bore quartz flow channel)
and is surrounded by a sheath flow of pure water, the

Wiley Online Library

An dte

Chemie

10239


http://dx.doi.org/10.1002/ange.201603007
http://dx.doi.org/10.1002/anie.201603007
http://dx.doi.org/10.1002/anie.201603007

al — % Ultrapure water
[5
3
g 1K
g Ms2
[72]
(7]
e bbb il il
0 25 50 75 100
Time (ms)
C 600
£| 40pm £ 4004 6
2 = g
o A w _
< 200 - MS2
Sample Stream (1.4 pm) - H20
0
102 10°  10*  10°

SS burst area (counts)

Figure 1. a) The laboratory-built HSFCM for the light-scattering detec-
tion of single viruses with the sheath flow system and the cross-
section (not to scale) of the capillary and fluid streams. b) Representa-
tive SS burst traces of ultrapure water and the bacteriophage MS2.

c) SS burst-area distribution histograms of ultrapure water and the
bacteriophage MS2. Each distribution histogram was derived from
data collected over 1 min. Laser excitation power: 200 mW,; focused
laser spot: 6.4 um diameter.

background scattering from the cuvette windows can be
efficiently blocked by simple spatial masking. Here, the small
active area of the avalanche photodiode (APD) detector (ca.
180 um in diameter) acts as a limiting
aperture to prevent the light scat-
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Based on the theory of Rayleigh scattering, the scattering
cross-section of a nanoparticle is not only determined by the
particle size but also influenced by the refractive index
contrast, which is the ratio of the refractive indexes of the
particle and the medium.”” A silica nanoparticle (with
a refractive index of 1.46) scatters 3.8 fold less light than
a polystyrene nanoparticle (with a refractive index of 1.59) of
the same size at a wavelength of 532 nm. The exact refractive
index of the virus is not known, but it can be assumed to be
1.45 or 1.46, which is similar to that of proteins®') and DNA.*?
The effect of the refractive index on the light-scattering
detection of single viruses was examined with the bacterio-
phage T7, a bacterial virus with an icosahedral capsid head
with a diameter of about 60 nm, along with silica nano-
spheres and polystyrene nanobeads of a comparable size.

To avoid signal saturation and to ensure a more uniform
illumination of the sample stream, the laser excitation power
was attenuated to 16 mW, and the laser beam was focused to
a spot with a diameter of 16 um (1/e?), which resulted in
a reduced background count of about 200 counts/bin.
Representative SS burst traces for bacteriophage T7 virions,
60 nm silica nanospheres, and 63 nm polystyrene nanobeads
are shown in Figure 2 a, and the measured S/N ratios were 94,
97, and 635, respectively. Compared with the highly mono-
disperse silica nanospheres of 60+2 nm diameter (see the
Supporting Information, Figure S1), the naturally occurring
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532 nm continuous-wave laser was
focused to a spot with a diameter of
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approximately 6.4 um (1/e?), which
resulted in an excitation energy
density of 6.2x10°Wcem ™2 Fig-
ure 1b shows the representative
side scatter (SS) burst traces for

Figure 2. HSFCM analysis of single nanoparticles by light-scattering detection. a) Representative SS
burst traces of the bacteriophage T7 virions (i), 60 nm diameter silica nanospheres (i), and 63 nm
diameter polystyrene nanobeads (iii). b) SS burst-area distribution histograms of the bacteriophage
T7 virions (i), 60 nm diameter silica nanospheres (ii), and 63 nm diameter polystyrene nanobeads
(ii). The nanoparticle concentrations were 2-5x10°mL"". Laser excitation power: 16 mW; focused
laser spot: 16 um diameter.

10240 www.angewandte.org

ultrapure water filtered through

a 0.22 um filter and the MS2 viruses;

in both traces, a continuous background signal of about
1100 counts/bin was observed (for a bin width of 100 ps). The
signal to noise (S/N) ratio, which was calculated as the
average burst height of all of the nanoparticles detected in
1 min divided by the standard deviation of the background
signal (noise), was 11 for the MS2 viruses, indicating that the
HSFCM provides exceptional sensitivity in discerning MS2
viruses against the background noise.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

bacteriophage T7 is more uniform with a very narrow
distribution profile for the light-scattering intensity. Consid-
ering the sixth-power dependence of the scattering intensity
on the particle size, the 12 % coefficient of variation (CV, the
ratio of the standard deviation and the mean) of the scattering
intensity for the T7 virion corresponds to a 1.9 % variation in
the size measurements, which can be ascribed to the actual
particle size distribution and the measurement uncertainty.
The comparable burst height/burst area for the T7 virions and
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60 nm silica nanospheres confirms that the virus and silica
nanoparticles exhibit comparable refractive indices.”) The
approximately 6-fold higher scattering intensity observed for
the polystyrene nanobeads of 63 nm diameter compared to
that of the 60 nm silica nanospheres agrees with the theoret-
ical prediction of a 5.1-fold increase.

The applicability of the HSFCM for the discrimination
and size determination of viruses in a mixture was examined
by using bacteriophages as the model system because
bacteriophages are the most abundant viruses, are safe to
handle, and have been instrumental to the study of the basic
principles of virology. One bacteriophage from each of the
four most extensively studied phage families, Inoviridae,
Podoviridae, Siphoviridae, and Myoviridae, was selected, and
they were mixed. The structural dimensions of the M13, T7, A,
and PPO1 phages are listed in Table 1. PP01 is a T2-type phage

Table 1: Comparison of the accuracy and precision of the HSFCM, DLS, and TEM techniques in virus

size measurements.

that infects the E. coli O157:H7 strain with high specificity.*"
A representative SS burst trace is shown in Figure 3a. The SS
burst-area distribution histogram indicates that these four
types of viruses can be resolved with baseline separation
(Figure 3b) even though the size difference between bacter-
iophages T7 and A, for example, is only 4 nm. Interestingly,
the profile of PP01 is bimodal, a feature that can be ascribed
to the retraction or extension of the tail fibers™! as was
confirmed by TEM measurements (Figure S2).

To measure the actual size of single viruses from their
scattering intensities, a standard calibration curve was con-
structed with monodisperse silica nanospheres of five differ-
ent diameters ranging from 43 to 113 nm. When the centroids
of the SS burst areas obtained from the fitted Gaussian curves
for each nanosphere population (Figure 3¢) were plotted as
a function of the diameters determined by TEM (Figure S3),
a 5.95th order dependence of the
scattering intensity on the particle
size was determined, in excellent
agreement with Rayleigh scattering

theory (Figure 3d). Using this cali-

Virus Family Capsid [nm] Tail [nm] EPD [nm]® HSFCM [nm] DLS [nm] bration curve. the SS burst area of
M13 Inoviridae ca. 6.5x930° - 38.9 41.8+3.2 49.0+£16.9 every single virus was converted
T7 Podoviridae 60 17x8 60.2 60.641.3 574£133  into the corresponding particle size
A Siphoviridae 631 150% 8 64.2 74.4+1.4 65.14+15.0 (Figure 3¢). The measured particle
PPO1 Myoviridae 85x 110" 110x25 96.5 99.6+4.5 110.5+29.0

sizes were 41.8, 60.6, 74.4, and

[a] EPD: The equivalent particle diameter is defined as the diameter of a sphere with a volume equivalent
to the volume of a virus obtained by approximating its shape to a cylinder (M13), a sphere on top of
a cylinder (T7, 1), or a spheroid on top of a cylinder (PPO1). See the Supporting information for details.

[b] Ref. [26]. [c] Ref. [23]. [d] Ref. [27]. [e] Ref. [23].

99.6 nm for the M13, T7, A, and
PPO1 bacteriophages, respectively.
Virus samples containing each of
these four different types of viruses
were also analyzed in parallel by
dynamic light scattering (DLS), and
the compiled size distribution pro-
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uted to an orientation effect induced
by its long rigid tail as the virus
transits through the polarized laser
beam. From the perspective of mea-
surement precision, HSFCM per-
forms better than DLS. For example,
the standard deviation of the mea-
sured particle sizes was 1.3 nm for
bacteriophages T7 whereas that of
the values obtained by DLS was
approximately 10-fold higher. These

Particle diameter (nm) Particle diameter (nm) Particle diameter (nm)

Figure 3. Differentiation and size measurement of different virus types in a mixture by the HSFCM
approach. a) Representative burst traces of a mixture of the bacteriophages M13, T7, A, and PPO1.
b) SS burst-area distribution histograms of ultrapure water (blank) and the virus mixture, derived
from data collected over 1 min. ) SS burst-area distribution histogram of a mixture of silica
nanoparticles of five different diameters ranging from 43 to 113 nm, and the fit of the data to

a sum of Gaussian peaks. d) Plot of the Gaussian fitted SS burst areas as a function of the particle
sizes determined by TEM. e) Particle size distribution histogram with a bin width of 0.5 nm for the
mixture of four different types of bacteriophages obtained by HSFCM. f) Normalized virus size
distribution histograms (by particle number) for the four types of virus samples measured
separately and for the mixture (the black dashed/dotted line) by DLS. The laser power was
attenuated to 10 mW to avoid APD saturation.
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results demonstrate that by using silica nanoparticles as the
calibration standards, HSFCM enables accurate virus size
measurements with a resolution comparable to that of TEM.
Particularly, with a throughput of up to 10000 particles per
minute, a statistically reliable size distribution profile can be
obtained in 2-3 min.

Purity assessment of virus products is indispensable in
many biotechnology applications. As we can see from Fig-
ure 4a, many particles can coexist in the lysates of host cells
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The HSFCM method was further applied to monitor the
viral genome release process. Figure 4 cii indicates that after
20 h treatment with 1.0m NaClO, solution, in addition to the
mature virions, a peak with a lower scattering intensity
appeared, which can be ascribed to the empty capsid of
bacteriophage T7. The population of empty capsids reached
95 % when a 1.5wm solution of NaClO, was used. These results
confirm that simply by detecting the scattering signal of
individual particles, HSFCM can easily distinguish the empty

Virus infection and replication Monitoring of viral genome release
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Figure 4. Purity assessment and genome release study of viruses by HSFCM. a) Schematic
representation of the virus infection and replication process of bacteriophage T7. b) Purity
assessment of the virus products. Normalized SS burst-area distribution histograms of the crude
extract of the bacteriophage T7 (i) and the purified products upon density gradient centrifugation
(ii). ¢) Analysis of the NaClO, triggered DNA ejection process of the bacteriophage T7. Normalized
SS burst-area distribution histograms of the bacteriophage T7 after 20 h of NaClO, treatment at
concentrations of Om, 1.0m, and 1.5 m (i—iii, respectively). The signals that correspond to the
mature virions are highlighted in pink, and those corresponding to the proheads and capsids are
shown in purple and cyan, respectively. d) Effect of the NaClO, concentration on the generation of
empty T7 capsids. €) Dynamic monitoring of the viral genome release process upon treatment with

capsid of T7 from mature T7 virions.
The effect of the NaClO, concentra-
tion on the production of the T7
capsid is shown in Figure 4d. To
further probe the capsid—genome
interplay, the dynamic process of
DNA release was monitored (Fig-
ure 4e). It has been reported that
DNA ejection from phages is a spon-
taneous process in vitro, but neither
the kinetics nor the thermodynamics
are fully understood.™ Tt is interest-
ing to note that as soon as NaClO,
was added (ca. 1 min from sample
injection to analysis), approximately
13% of the virions completed the
ejection of their viral genome, and
this percentage increased to 21%
after 15 min. The action rate of
DNA release increased during the
first 5h and decreased afterwards.
After 20 h, approximately 97 % of the
virions had completed the release of
their viral genome. It is worth noting
that the scattering signals of the pro-
heads in the crude extract of T7
(Figure 4bi, peak value of about
1100 counts) are slightly higher than

1.5m NaClO, solution.

infected with a wild-type phage, including cell debris, DNA-
free proheads, empty capsids (after DNA ejection), and
mature virions. Figure 4bi and ii show the SS burst-area
distribution histograms of a crude extract of bacteriophage T7
obtained by polyethylene glycol precipitation and of the
purified products after density gradient centrifugation,
respectively. For the crude extract, the peak of lower
scattering intensity is assumed to consist of cell debris,
proheads, and empty capsids, whereas the peak of higher
intensity can be ascribed to the mature virions. In our
HSFCM setup, the hydrodynamically focused sample stream
(ca. 1.4 ym) was completely illuminated within the central
region of the interrogating laser beam (16 um), and nearly
100% detection efficiency can be achieved.”®! Therefore,
single particle enumeration can be used to quantify the
abundance of each population, and the percentage of mature
virions detected improved from 29.5 % in the crude extract to
93.6 % after purification.

www.angewandte.org
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those of the empty capsids generated
by DNA release from the mature
virions (Figure 4 ciii, peak value of ca.
600 counts).

In summary, the HSFCM method provides a simple and
practical approach for the high-resolution and high-through-
put characterization of viruses. The exceptional sensitivity of
the HSFCM enables us to detect viruses with diameters of less
than 30 nm and efficiently resolve different types of viruses in
a mixture. Broad applications in the analysis of virus products
during both the manufacturing process and storage can be
envisioned. The capability of the HSFCM in discriminating
the subtle structural differences of the same viral particles,
that is, the differentiation of bacteriophages PP01 with
retracted or extended tail fibers, the complete separation of
the empty capsids from the mature virions of T7 bacterio-
phages, and the differentiation of capsids before DNA
packaging (proheads) and after DNA release (empty cap-
sids), indicates that the HSFCM method could be an efficient
approach for virology studies. Yet, it is worth noting that with
the presence of a large number of scattering objects, such as in
the case of virus detection in serum or plasma, nucleic acid

Angew. Chem. Int. Ed. 2016, 55, 10239 -10243
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fluorescence staining is needed to differentiate single viruses.
Thus the fluorescence channel of the HSFCM setup can be
applied to further extend the analysis of viruses under many
realistic conditions.
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