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Viruses can infect all types of life forms, from animals and plants to microorganisms, including bacteria and archaea.
When studying samples containing viruses, one confronts an unavoidable question of the quantitative determina-
tion of viral particles in the sample. One of the simplest and efficient approaches to quantitative determination
of viral particles in preparation includes the use of electron microscopy; however, a high detection threshold is
a significant limitation of this method (107 particles per ml). Usually, such sensitivity is insufficient and can result
in error diagnosis. This study aims to develop a method making it possible to detect the number of viral particles
more precisely and work with samples in which the concentration of particles is lower than 107/ml. The method
includes a concentration of viral particles on the polyethersulfone membrane applied in centrifugal concentrators
and subsequent calculation using an electron microscope. We selected env-pseudoviruses using a lentiviral system
making it possible to obtain standardized samples of virus-like particles that are safer than a live virus. Suspension
of viral particles (a volume of 20 ml) was placed into the centrifugal concentrator and centrifuged. After that, we
took a membrane out of the centrifugal concentrator and evaluated the number of particles on the ultrathin sec-
tion using an electron microscope. The number of viral particles on the whole surface of the filter (a square of 4 cm?)
was 4 x 107 virions, the initial concentration of pseudoviruses in the sample was 2x 10° per 1 ml (4x 107 particles
per 20 ml). As a result, the developed method enables one to evade the major disadvantage of quantitative de-
termination of viruses using electron microscopy regarding a high detection threshold (concentration of particles
107/ml). Furthermore, the centrifugal concentrator makes it possible to sequentially drift a considerable volume of
the suspension through the filter resulting in enhancement of test sensitivity. The developed approach results in
increased sensitivity, accuracy, and reproducibility of quantitative analysis of various samples containing animal,
plant or human viruses using electron microscopy.
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Brpycbl nopaatoT Bce TUMbl OPraHU3MOoB, OT PAaCTEHUI 1 XMBOTHbIX [0 6akTepuin n apxei. Mpn nccnegosaHnn
06pa3LoB, cofepKaLlmx BUPYChl, HEN36eXHO BCTAET BOMPOC KONMYECTBEHHOIO OnpefeneHns BUPYCHbIX YacTuL, B
npo6e. OfHa 13 Hanbosnee NPOCTbIX 1 3GHEKTUBHBIX METOLMK KONMYECTBEHHOIO ONpPeaeNeHnst BUPYCHbIX YacTuL
B NnpenapaTte — NCMOob30BaHMEe 3NIEKTPOHHON MUKPOCKOMMM, OQHAKO OCHOBHbIM OFpaHNYyeHneM MeToa ABNAETCA
OTHOCUTESNIbHO BbICOKWI Npefaen obHapyeHus (107 yactu/mn). YacTo Takas 4yBCTBUTENbHOCTb HEOCTATOUHA U
MOXET MPMBOANUTL K OWIMOBOYHON ArarHoctuke. Llenb gaHHo! paboTbl 3aKnodanach B pa3paboTke METOAUKHN, NO-
3BoniAtoLiel 6onee TOYHO OLIEHVBATb KOMMUYECTBO BMPYCHBIX YacTUL, 1 paboTaTb ¢ 06pa3LamMm, B KOTOPbIX KOHLEH-
Tpauus Hixe, yem 107 yacTul/mn. MeToA 3aK/oYaeTcs B KOHLEHTPUPOBAHMM BUPYCHbIX YacTUL, Ha MembpaHe 13
nonuapupcynbdoHa, NpMMeHAEeMOon B LEHTPUYKHbIX KOHLLEHTpaTopax, C Noc/efyowyM NoAcHeToOM C MOMOLLbIO
3M1eKTPOHHOrO MMKPOCKONa. B KauecTBe MofenbHOro o6bekTa 6bin BblbpaHbl env-nceBAOBUPYChI, CO3AaHHbIE C
MCMONb30BaHNEM JIEHTUBUPYCHON CUCTEMbI, KOTOPas MO3BOJIAET NoyyYaTb CTaHAAPTM30BaHHble 06pa3Lbl BUPY-
conofobHbIx yacTml. CycneHsmnio BUPYCHbIX YacTuL (06bemom 20 mn) noMeLlani B LeHTPUDYKHbI KOHLIEHTpaTop
1 LeHTpudyrmposanu. 3atem U3BfeKanm MembpaHy 13 KOHLEHTpaTopa 1 OLeHMBANN KONMYECTBO OCaXAeHHbIX Ha
MeMbpaHe YacTuL, C MOMOLLbIO 3MIEKTPOHHOFO MUKPOCKOMA, UCMOMb3yA METOA YbTPaTOHKMX cpe3oB. Konnuectso
BUPYCHbIX YacTUL| Ha BCell MOBePXHOCTY GunbTpa (Mnowaab 4 cm?) cocTaBasano 4x 107 BUPMOHOB, CXOAHAA KOH-
LieHTpaLyiA NceBaoBMPYCcoB B obpasie — 2x 106 Ha 1 mn (4x 107 yactu/20 mn). Takum 06pa3om, NpeanoxeHHas
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An optimized method for counting viral
particles using electron microscopy

METOAVKa NMO3BONAET NPEOAOoNeTb OCHOBHON HeOCTaTOK KOJIMYECTBEHHOTO ONpefesieHns BYPYCOB C MOMOLLbIO
3MEKTPOHHOM MMUKPOCKOMUWK, CBA3aHHBIM C OTHOCMTENIbHO BbICOKUM Npefenom obHapyxeHus (107 yactuu/mn).
Kpome Toro, ueHTpudyHblii KOHLEHTPATOP AaeT BO3MOXHOCTb MOCIefoBaTeNlbHO NPOrHaTb Yepe3 OAnH U TOoT
xe GVNbTp 3HaUMTeNbHbIe 06beMbl CYCreH3uUK, COAePXaLLEeN BUPYChI, YTO TaKXKe MOXKET NPUBECTM K MOBbILIEHUIO
YyBCTBUTENBbHOCTY MeTofa. [peAnoXeHHbI NOAXo  MO3BONAET MOBLICUTL UyBCTBUTENIBHOCTb, TOYHOCTb U BOC-
NPOU3BOANMOCTb KOIMYECTBEHHOIO aHan3a pasnyHbix 06Pa3sLoB, COAEPXKALLMX BUPYCbI XKUBOTHbIX, PaCTeHWIA 1
YenoBeKa, C UCMONb30BaHNEM 3NIEKTPOHHON MUKPOCKOMMNU.

KnioueBble CNnoBa: 3MEKTPOHHAsA MUKPOCKONWS; MCEBAOBMPYChI; KOHLEHTPUPOBAHME; KOIMYECTBO BUPYCHBIX

yactuu,.

Introduction

Atcurrent, the interest in viruses has increased tremendously.
Viruses affect all types of organisms, from plants and
animals to bacteria and archaea. According to recent release
of the International Committee on Taxonomy of Viruses,
nearly 5000 species of viruses are presently known, and
new viruses are discovered every year.

Modern diagnostic is an important element in the system
of protection against infectious diseases; it determines
adequate preventative measures and efficacy of further
therapy. Visual detection and identification of an infectious
agent with microscopy is an explicitly positive outcome of
diagnostics. Electron microscopy is used widely to study
viruses (Goldsmith, Miller, 2009). Apart from diagnos-
tic purposes, electron microscopy is also employed for
structural studies of nanoparticles, such as artificial VLP
(virus-like particles), created to construct vaccine and for
genome studies. Along with identification of particular
nano-dimensional objects, electron microscopy gives im-
portant information about their morphology, survival rate
under an impact of various physical and chemical (includ-
ing pharmacological) factors, and enables to determine their
content in biological fluids.

The main obstacle for use of electron microscopy in
studies of viral objects is insufficient concentration of par-
ticles in fluids for the purposes of detection. To apply the
simplest and the most popular method — negative staining,
the concentration of virions (or other nano-scale objects)
should be no less than 107 particles/ml (Reid et al., 2002;
Malenovska, 2013). Such level of sensitivity, however,
is often insufficient and can result in error diagnosis. To
increase sensitivity, concentrating nanoparticles by means
of ultracentrifugation is broadly used. It helps increase
concentration of the analyzed particles per unit volume
approximately thousandfold. At the same time, such work
would require expensive equipment and a lengthy period
of sample preparation.

Our study presents an original method for more accurate
counting of viral particles. We illustrate the method pro-
posed using env-presudoviruses as an example.

Materials and methods

Production of pseudoviruses. Pseudoviruses were ob-
tained and characterized according to an earlier described
method (Ryzhikov at al., 2012) with some modifications.
HEK?293T/17 cells were seeded in the 5x 103 cells/hole
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concentration on a 6-hole cultural plate and incubated in
an CO,-incubator at +37 °C in DMEM, containing 10 %
fetal bovine serum, 600 mg/ml L-glutamine and 50 pg/ml
gentamicin. To obtain pseudoviruses, HEK293T cells
were transfected simultaneously with two plasmids:
pcDNA3.1env (SF162.LS) (NIH) and backbone pSG3Aenv
(with the defective env gene) using MATra (PromoKine) ac-
cording to the protocol recommended by the manufacturer.
The plates were put into the CO,-incubator and incubated
at +37 °C. In 4-6 hours the medium in the plates was re-
placed. The cultural medium was collected after 48 hours
of incubation. Pseudoviruses were separated from cells
by low-frequency centrifugation followed by filtration
through a nitrocellulose filter with 0.45 um pore diameter.
The obtained pseudoviral samples were stored at —80 °C in
the DMEM medium containing 20 % fetal bovine serum.

Determining functional activity. Functional activ-
ity of the obtained pseudoviruses was determined using
TZM-bl cells. 5x10* TZM-bl cells were put in each hole
of a 96-hole cultural plate, then 50 pl of suspension of
the analyzed env-pseudoviruses were added to each hole,
four hopes per pseudovirus. The plates were incubated at
37°Cin5 % CO,. After 48 hours of incubation, luciferase
activity was determined in cells with a LAR (Promega)
set in accord with the manufacturer’s recommendations.
Pseudovirus-free TZM-bl cells were used as the control.
A luminescent signal was measured on a STATFAX® 4400
(Lumate) luminometer and registered in RLU (relative light
units), the intensity of luminescence correlates with the
amount of a pseudovirus in a cell (Ryzhikov at al., 2012).
Env-pseudovirus was used in further work if RLU exceeded
the twofold value of spontaneous luminescence of TZM-bl
cells by 50 times or more.

Electron microscopy. Cell-purified supernatant, con-
taining pseudo-viral particles, was fixed by adding the equal
volume of 8 % paraformaldehyde solution. The fixation
time was 48 hours at +4 °C.

A standard negative staining was used for control
counting, studying the forms and dimensions of virus-like
particles (Harris, Horne, 1994). The supernatant was put
on copper grids for electron microscopy, covered with
carbon-stabilized formvar film. The samples were stained
with 2 % aqueous solution of uranyl acetate.

The cell culture was separated from the surface with a
rubber spatula and fixed in 4 % paraformaldehyde solution
at +4 °C for 24 hours. Then it was rinsed in a buffer, addi-
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tionally fixed with 1 % solution of osmic acid, dehydrated
according to the standard procedure in increasing-concen-
tration solutions of ethanol and acetone, and embedded
in epon-araldite mixture. The procedure was described
earlier in the literature (Sergeev at al., 2016). The semithin
(1 pm) and ultrathin (50-60 nm) sections were prepared
on a Reichert-Jung microtome (Austria). Semithin sec-
tions were stained with azure-I1I solution and studied in an
AxiolmagerZ1 light microscope (Zeiss, Germany). The
ultrathin sections were stained with uranyl acetate and
lead citrate and studied in a JEM 1400 electron microscope
(Jeol, Japan) at accelerated voltage 80 kV. Image acquisi-
tion, image analysis and processing were performed using
a Veleta digital camera (SIS, Germany) and iTEM software
suit (SIS, Germany).

Pseudoviruses concentration. 20 ml of cell-purified
supernatant were successively run through a Vivaspin 6
(300 000 MWCO) centrifugal concentrator (Sartorius, UK)
in 5 ml doses (5 min per dose at the speed of 3000 rotations/
min). We used the concentrator with a membrane filter with
a 300 000 kDa molecular weight cutoff threshold, holding
objects with a molecular weight higher than 300 000 kDa
and letting pass macromolecules with a smaller molecular
weight. Then the filter was taken out and some pieces, sized
approximately 1 x 1 mm, were cut off from its different
parts. Further sample preparation followed the technique
described above for the cell culture. Embedding into resin,
membrane pieces were oriented in such a way as to obtain
a section through the entire thickness of the filter.

To determine a physical titre of pseudoviral particles
in suspension, the average amount of such particles per
length unit of the upper (from the side of the filtrated fluid)
edge of the filter on the cutoff was counted. Based on the
assumption about homogeneity of the fluid flow in the
course of filtering on the filter area and the isotropy of the
filter itself, it was believed that the density of particles on
the filter is uniform in all directions, and, therefore, is the
square of the linear density. The value was calculated for
the full filter area — 4 cm?.

Results

To count the amount of viral particles several methods
can be used, including plaque-forming cells; quantitative
RT-PCR; immunofluorescence microscopy; analytical flow
cytometry; electron microscopy, etc. (Ferris et al., 2002;
Reid et al., 2003; Malenovska, 2013; Heider, Metzner,
2014; Rossi et al., 2015).

Electron microscopy has some advantages over the
above-listed methods since it gives information not only
about the amount of all viral particles (regardless of whether
they are infectious) but also about the morphology of an
analyzed virus (Malenovska, 2013). Briefly, the method can
be described as follows. An analyzed sample containing
viral material is added a certain amount of suspension
with a known concentration of latex beads. The mixture
is put on copper grids covered with supporting film or
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adsorption for a particular period of time, or spraying of
the mixture over the grids with an ultrasound probe. Then
the electron-microscopic grids are analyzed in an electron
microscope. Latex particles and viral particles are counted
simultaneously in several grid elements. Knowing the
latex concentration and comparing it with the amount
of the detected viral particles, it is possible to estimate
concentration in the initial sample. Naturally, this method
is not very accurate, but convenient, and it is widely used
for quantitative assessment of some viruses.

With such counting, errors are due to heterogeneous
properties of the surface of the supporting film, aggrega-
tions of both latex and viral material, deviations from
the experimental design, such as insufficient mixing or
contamination during the spraying. The main limitation of
negative staining method for counting the amount of viral
particles by means of electron microscopy is insufficient
sensitivity: the level of concentration required to obtain
reliable results should be at least 107 particles/ml (Reid
etal., 2003).

The study presents an original method (on the case of
env-pseudoviruses) enabling to evaluate the amount of
VLP in the samples, where their concentration is lower
than 107 particles/ml.

HIV-1 virus-like particles (env-pseudoviruses) were
chosen as a model. Env-pseudoviruses can penetrate into
the cell similarly to live human immunodeficiency virus.
Due to the deficient genome, though, they cannot form
adequate virus progeny so they are safe to work with. Two
types of plasmids are used to obtain env-pseudoviruses:
envelope and packaging. Packaging, or core plasmid
(pSG3Aenv) codes all HIV-1 proteins except the envelope
ones. The second plasmid (pEnv), on the contrary, codes
only HIV-1 envelope proteins. To verify infectivity of
env-pseudoviruses, TZM-bl genetically engineered cells
are used; their genome contains a luciferase gene that
becomes active when getting to an HIV-1 or pseudovirus
cell (Montefiori, 2009).

Co-transfection of 293T cells with two plasmids forms
pseudoviral progeny capable of only single cells infect-
ing, without further replication. Electronic microscopy of
ultrathin sections was used to confirm pseudoviral particles
assembly and yield (Fig. 1).

Pseudovirus was also characterized by defining func-
tional activity with a single infection cycle in TZM-bl
cell-target culture. The results are shown on Fig. 2.
Signal intensity is given in luminescence standard units —
RLU/ml. The findings are indicative of the functional
activity of the virus.

However, using negative staining we did not reveal
virus-like particles (VLP) with positive functional activity
in the supernatant fluid. The most probable reason was a
low particle concentration in the original fluid. To solve the
task, we proposed a method of concentrating viral particles
on polyethersulfone membranes used in centrifugal
concentrators. Viral particles are deposited from suspension
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Fig. 1. a, Electron microscopic image of 293T cells with SF162 budded pseudovirus. b, Several
pseudovirus particles of different maturity level.

Transmission electron microscopy, an ultrathin section.

on a concentrator membrane by low-speed centrifugation. Henceforth, a part
of the membrane is embedded into epon-araldite and used to make ultrathin
sections for analysis with electron microscope. We used membranes with the
300 000 kDA cutoff threshold to entrap pseudoviral particles of around 100 nm
diameter.

Figure 3 demonstrates VLP captured in a nanofilter during centrifugation. The
particles are clearly discernable in the body and on the surface of the nanofilter,
which allows to identify them morphologically and count (determine the aver-
age number per length unit of a filter section).

An optimized method for counting viral
particles using electron microscopy

RLUX 10°

SF162.LS Control

Fig. 2. Functional activity of SF162.LS pseudo-
viruses.

Assuming homogeneity of the fluid
flow in the course of filtering on the
filter area and the isotropy of the filter
itself, we believed that the density of
particles on the filter is uniform in
all directions, and, therefore, is the
square of the linear density. Particles
were counted for the full filter area —
4 cm?2, On average, 3 virions per run-

500 nm

Fig. 3. Pseudovirus particles captured by a Vivaspin 6 filter (300 000 MWCO).
Transmission electron microscopy, ultrathin sections.
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Fig. 4. Pseudovirus particles captured by a Vivaspin 6 (300 000 MWCO)
filter. Particles are located both on the surface and inside the filter.

Transmission electron microscopy, ultrathin section.

ning 10 um are observed on a section. Considering that the
perpendicular density is the same, there are 3 x 3 =9 virions
per 100 um?. Thus, there are around 4 x 107 virions on the
entire filter surface (the area of 4 cm?). Understanding that
the volume of supernatant containing pseudoviruses was
20 ml, the input concentration of pseudoviruses in a sample
(4 % 107 particles/20 ml = 2 x 10 particles per 1 ml) can
be determined. This value is by order lower than the value
that can be registered when negative staining is used, which
confirms our assumption (negative staining did not detect
pseudoviral particles).

Conclusion

Thus, the proposed method overcomes the main disadvan-
tage of virus quantitative estimation by means of electron
microscopy, associated with a relatively high detection
threshold (particles concentration — higher than 107/ml).
As demonstrated on Fig. 4, the density of pseudoviruses
on the section is quite high. It permits to expect that
decreasing virion concentration in suspension by two
more orders will also allow identifying the captured vi-
rions. In addition, centrifugal concentrator successively
runs considerable suspension volumes through the same
filter, which can also increase sensitivity of the method.

Comparing the proposed method with a widely used
plaque-technique, we can emphasize the advantages related
to the speed of work execution and possibility to determine
the total titer of viral particles, including “noninfectious”
particles. The plaque-technique detects only the particles
that possess infectivity under the given conditions. In some
cases, for instance, when characterizing vaccine specimens,
it is necessary to know the amount of all particles, including
noninfectious ones because they can also influence the host
immune response (Blancett et al., 2017).
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The developed method can be used for quantitative
analysis of various samples containing viruses of animals,
plants and humans, as well as noninfectious nanoparticles
and virus-like particles. The method is especially valuable
for analyzing specimens with a low content of viral
particles. This approach increases sensitivity, accuracy and
reproducibility of quantitative analysis made by means of
electron spectroscopy.
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