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Abstract

In the last few decades, flow cytometry has redefined the field of biology, exponentially enhancing 

our understanding of cells, immunology, and microbiology. Flow cytometry recently gave birth to 

flow virometry, a new way to detect, analyze, and characterize single viral particles. Detection of 

viruses by flow cytometry is possible due to improvements in current flow cytometers, calibration 

and tuning methods. We summarize the recent birth and novel uses of flow virometry and the 

progressive evolution of this tool to advance the field of virology. We also discuss the various flow 

virometry methods used to identify and analyze viruses. We briefly summarize other applications 

of flow virometry, including: virus detection, quantification, population discrimination, and viral 

particles’ antigenic properties. Finally, we summarize how viral sorting will allow further progress 

of flow virometry to relate viral surface characteristics to infectivity properties.
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1. Introduction: History of Flow Virometry

Traditional use of flow cytometers involves detection of cells, cell populations and antigens 

on these cells [1]. However recent advances in the field of flow cytometry have allowed the 

detection of microparticles that range between 100 nm and 1000 nm in size. These 

microparticles can be components of cells, for example exosomes, or intruders of cells, for 

example small bacteria or viruses [2–30]. Flow virometry refers to the use of a flow 

cytometer to detect viral particles. Viruses and/or viral particles are commonly examined via 

transmission electron microscope (TEM) epifluorescence microscopy (EFM), ELISA, 

titration assays, western blot analysis, and PCR methods. However, these methods analyze 

viral preparations in bulk, and often require toilsome sample preparation. Major drawbacks 

of these techniques include the inability to perform fast-throughput analyses, the inability to 

produce data for individual virions or their proportions in viral preparations, and the lack of 

discrimination between virions and non-infectious viral particles. The advent of flow 
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virometry, however, allows for the direct detection of single viral particles as well as their 

characteristics [4–10, 15–17, 19–29]. Like conventional flow cytometry staining procedures, 

viruses are typically first isolated and incubated with a stain, and then analyzed through a 

flow cytometer that can detect viral particles. As flow virometric analytic tools have only 

been recently available, they have slowly evolving applications. This review addresses the 

development of flow virometry and the various methods used to analyze viruses.

1.1. Early Virus Detection

Earlier flow cytometer models had major restraints on the size and type of samples they 

could detect. Detection of viruses became possible when Hercher et. al. designed a custom 

flow cytometer in 1979 [4]. This cytometer was built to stream viruses through a sheath-

fluid-containing capillary and central core by a microliter pump. The diameter of the stream 

was 200 µm, and the core diameter 2–20 µm. This decrease in cross-sectional area pushes 

particles through a smaller volume, highly encouraging single-particle flow. Moreover, 

lasers were focused and magnified through the observation plane of the capillary using 

microscope magnifiers. Using this custom-built flow cytometer, Hercher et. al. were able to 

detect T2 bacteriophages (60 nm head and 120 nm tail) distinctly from background noise or 

from reovirus (60–80 nm) populations based on light scattering profiles [4]. Although viral 

detection by light scattering properties was possible, not much information could be 

determined based on light scattering profiles. The development of a flow cytometer capable 

of detecting viruses, however, was a first step in opening a new field of research.

1.2. Early Virus Staining

The development of flow cytometers with microcapillary fluidic systems and stronger lasers 

along with the discovery of stable and superior DNA staining dyes allowed for detection of 

fluorescently-labeled viruses. In 1999, Marie et. al. labeled marine bacteriophages using a 

novel SYBR Green-I nucleic acid stain [5]. Detection of viruses by flow cytometric means 

was further expanded to viruses from different families, for example, Baculoviridae, 
Herpesviridae, Myoviridae, Phycodnaviridae, Picornaviridae, Podoviridae, Retroviridae and 

Siphoviridae [6]. With the development of more stable and strongly fluorescent nucleic acid 

stains, such as SYBR-Gold, marine viruses were better stained and detected [7]. Throughout 

the aforementioned studies, viruses were visualized by genome staining. However, only 

DNA viruses (larger viruses) were successfully detected.

1.3. Viruses Captured on Scaffolds

Further progression of flow virometry involved capturing viruses on scaffolds. Scaffolds in 

an earlier study involved the use of microspheres coupled with antibodies and a later group 

used discretely sized magnetic nanoparticles. Microsphere/nanoparticle-bound viruses were 

then stained by targeting antigens on viral particle surfaces with fluorophore-conjugated 

antibodies. Yan et. al. used microspheres coupled to antibodies to capture and differentiate 

between Influenza A and Influenza B viruses. Another group used a magnetic-nanoparticle 

type of scaffold to capture HIV-1 and Dengue viruses [16, 22, 27]. These studies opened up 

the field of flow virometry to the detection of viral glycoproteins on the viral surface.
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1.4. Direct Detection of Viral Particles Using Antibodies

Direct detection of viral like particles (VLPs) either alone or by the use of antibodies was 

initially achieved by Landowski et al. Nipah VLPs were purified and stained with primary 

and secondary antibodies and detected via a flow cytometer capable of small particle 

detection [17]. This was the first time viral particles were stained with antibodies to detect 

viral glycoproteins without the use of scaffolds. Importantly, these virions were detectable 

solely by forward and side scatter parameters, without the need of fluorescent labels, 

allowing for quantification of total numbers of virions. The following year Gaudin et. al. 
used a similar flow virometric approach to detect Junin virus using a non-neutralizing 

antibody that recognizes the Junin virus glycoprotein [21].

1.5. Viral Sorting

The Allen, Khalil, and Gaudin groups took it a step further and sorted bacteriophages, 

marine amoebic viruses, and Junin viruses, respectively. A mixture of λ and T4 E. coli 
bacteriophages were sorted for further downstream genomic characterization [19]. 

Mimivirus and Cedratvirus were successfully sorted from amoebic co-culturing supernatants 

[29]. Junin virus was sorted onto grids to recapitulate size of particles via EM analysis as 

well as develop an infectivity profile that reflected virus size, viral surface glycoprotein, and 

lipid raft content [21]. Likewise, Bonar et. al. applied flow virometry to HIV-1 detection and 

further sorting, and importantly, the sorted HIV-1 retained infectivity [25]. Furthermore, 

Bilali et. al. reported a correlation between high levels of HSV-1 tegument proteins VP16 

and VP22, and infectivity [26].

2. Flow Virometry Equipment and Methodologies

Flow virometric analysis requires careful consideration at many steps, including: the type of 

instrument used, background determination, calibration method, virus preparation and 

staining. Depending on the question at hand, an investigator may opt to use a particular flow 

cytometer and a particular method. These next sections aim to outline various flow 

virometric techniques and recommendations.

2.1. Flow Cytometer Recommendations

Detection of viruses via flow cytometry was possible after customized improvements on 

flow cytometers [4, 8]. These improvements eventually led to the creation of modern flow 

cytometers that have a lower detection limit for smaller particles. It is important to note that 

the majority of flow cytometers are not built for the purpose of detecting smaller particles 

such as viruses, however modifications to a flow cytometer in combination with background 

noise determination, improved buffers, appropriate gating, and calibration with standard 

beads can lead to detection of small particles.

The different types of flow cytometers commercially available will offer varying results and 

detection. Depending on the necessity for particle discrimination based on size, sorting, etc., 

investigators may opt to use a particular flow cytometer. The underlying themes with flow 

cytometers that have been reported to successfully detect viruses are capillary fluidic 

systems equipped with high-powered lasers, optical technology, filters and enhanced 
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detectors for Forward/Side Scatter (FSC/SSC) as well as enhanced photomultipliers (instead 

of photodiodes) [4–29]. Modified settings for cytometers used to detect viruses include high 

pressure, photomultiplier voltage adjustment and slow rate of sample acquisition (Table 1.1).

Several flow cytometer models have been published to detect viruses and beads between 

100–900 nm in size. For example, the Apogee A50 (Apogee Flow Systems) [14] utilizes a 

small volume to stream particles through the observation plane and can be adjusted to have 

low flow rates (0.75 µl min−1) [25]. The Guava easyCyte 8HT (Millipore) and other flow 

cytometers (Table 1.1) have also been reported to detect and discriminate viruses with the 

aid of fluorescent labeling [5–29]. For actual sorting of viruses, it is recommended to use the 

FACSAria II SORP (BD sciences). The FACSAria II SORP was published to sort viruses of 

down to 300 nm in diameter [21]. However, the FACSAria II SORP requires additional 

hardware and custom modifications (a grid to collect viruses) to allow for small particle 

detection and sorting. The ViroCyt Virus Counter 2100/3100 is a flow cytometer designed 

with the special capacity to count viruses using a dual staining technique to stain genomes 

and surface antigens. The Virus Counter 2100 has been reported to quantify Ebola viruses, 

however this machine is specialized for viral quantification only [38].

2.2. Flow Cytometer Analysis Preparation

Whether an investigator is working with a flow cytometer previously reported (Table 1.1) or 

another flow cytometer, the first step is to determine whether the flow cytometer can 

distinguish small particles from background noise and to further define background noise. 

This is typically accomplished by running cleared buffer through the instrument and 

changing the settings of detection and voltages on the flow cytometer. Background noise can 

be further minimized by cleaning the flow cell and performing several cleaning steps 

through the entire system using buffer cleared of small particle debris. Another option is 

introducing filters to fluidics systems, procuring that sheath fluid is free of particles that may 

contribute to background noise [11]. Different methods of clearing the buffer itself include 

ultracentrifugation steps and/or filtering through size-exclusion pore filters. Gates can then 

be made that exclude background noise.

To further correct gating, calibration beads of known sizes are typically analyzed. There are 

many options for the types of calibration beads an investigator may choose. For example, 

there are unstained or fluorescent polymer, silica or magnetic beads. These beads can come 

in a singular size or in a mixture of several sizes (Fig. 1 and Fig. 2, respectively). Different 

types of beads have different refractive indices. Therefore, some may be better detected via a 

light scattering channel alone or a combination of light scattering and fluorescent channels 

[11, 14]. As examples, Fig. 1 and Fig. 2 illustrate the difference in detection of beads from 

different compositions and manufacturers. Detection of unstained 100 nm acrylic beads 

using a Guava easyCyte 8HT flow cytometer results in a shift in both FSC and SSC when 

compared to the background (Fig. 1). However, when using FITC fluorescent polystyrene 
beads, FSC is no longer a good parameter to differentiate beads from background (Fig. 2). 

When analyzing the same FITC fluorescent polystyrene beads in Fig. 2 using a newer 

generation of the Guava easyCyte 8HT flow cytometer, polystyrene beads are better 
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differentiated (Fig. 3F), likely due to the stronger lasers newer instruments are equipped 

with.

Note: It is also advised to use fluorescent beads that fluoresce at the wavelength of the stain 

used on viral particles to calibrate settings and create gates.

2.3. Virus Dilution and Adjustable Settings Prior to Analysis

Once it is determined that the flow cytometer can distinguish small beads from background 

noise, viruses can be analyzed. Viral samples can be prepared in various ways depending on 

the type of analysis being sought, and can be grown in culture or taken from natural sources 

[5]. The virus, however, should be further diluted in an appropriate medium. The appropriate 

dilution of the virus involves troubleshooting by running several dilutions of virus and 

observing particle counts/mL. Analysis within a linear correlation between the two 

parameters will yield the best results [9, 22, 25]. Previous studies have used a range of viral 

dilutions [5–9]. Dilutions of viruses that give a rate of 100–1000 events s−1 or 100–500 

events s−1 (correlation coefficient of 0.99) are preferable to increase the signal to noise ratio, 

avoid coincidence, and thus achieve the best results [5–9, 11, 14, 21]. Additionally, lowering 

the flow rate of the sample increases the signal to noise ratio. Examples of flow rates 

previously used can be found in Table 1. A flow rate of 10 uL s−1 or lower have been 

recommended to achieve the best results [4, 14, 25]. A flow cytometer may not have the 

capability to decrease the flow rate to such low levels, however, using diluted virus can 

decrease the amount of coincidence (the analysis of multiple particles in the same flow 

droplet).

The buffer in which the viruses or VLPs are diluted or suspended in prior to flow virometric 

analysis is also an important factor to consider. Tris-EDTA buffer, 5% sucrose-NTE buffer, 

PBS or 0.1%–1% PFA have been used as suspension medium for flow virometric analysis 

[5–21]. EDTA-containing buffers have been reported to aid the distribution of viruses during 

flow cytometric analysis and prevent viral aggregates from forming [5–8, 17]. To achieve 

optimal results, the final resuspension buffer should be filtered several times to remove 

particulates that may contribute to background noise.

Notes:

▪ Cleared resuspension buffer alone should be used as the negative/background 

control to set the gating specifications to detect beads or viral particles.

2.4. Virus Staining Methods

Most of the studies aforementioned utilized stained viruses as opposed to viruses without 

staining. The limit of detection for the aforementioned flow cytometers using light scattering 

or the FCS channel alone is 100–200 nm or greater [5–14, 21, 25]. However, the limit 

detection for flow cytometers generally improves when using fluorescent channels to detect 

particles ranging from 20, 40, to 100 nm [11, 14, 21, 25]. The advantage of staining viruses 

is that they can be better detected when using the fluorescence channel and FSC or SSC as 

opposed to exclusively relying on light scattering profiles [11, 14, 21] (Figs. 2–3). In fact, 

with most flow cytometers it is recommended to use the SSC instead of FSC channel for 
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better size discrimination between microparticles [11, 14]. Furthermore, detection of virions 

based solely on light scattering profiles is problematic because of the ambiguous sizes of 

other microparticles within a sample. Detected microparticles may include exosomes 

(extracellular vesicles) or microvesicles that are 50–300 nm [30, 32–34]. Additional labeling 

procedures ensures detection of virions from other microparticles (Fig. 4). Staining methods 

involve labeling with nucleophilic dyes, lipophilic dyes, antibodies or labeled virus 

constructs. The next section will describe several staining procedures.

2.4.1. DNA and RNA labeling—Early staining methods involved labeling viruses with a 

nucleic acid stain [5–9, 12]. This method, however, worked better with larger DNA viruses 

[5–6]. The overall staining procedure requires virus to be made in culture, fixed and then 

frozen. The frozen virus is then thawed and treated with detergent at a low concentration 

(Triton X-100 at 0.1%) in the presence of SYBR Green-I or SYBR Gold at 80°C [5–9]. 

Other groups have used 70–80°C heat treatment in the presence of a SYBR Green dye [6, 

10, 19, 28–29]. The Khalil et. al. group successfully stained amoebic viruses by incubating 

cultured viruses overnight in the presence of a SYBR Green dye at 25°C [28, 29]. There are 

a larger variety nucleic acids stains with different half-lives an investigator can choose from. 

Furthermore, Syto 11 and 13 nucleophilic dyes were previously reported to stain viral 

genomes that are are encapsidated [15]. These dyes are likely useful for staining viruses with 

a saturated viral protein surface. For RNA viruses, a potential RNA nucleic acid stain is 

Styryl-TO that has been reported to stain nuclear RNA in live cells [35]. Other potential 

RNA genome fluorescent stains include TOTO-1, SYTO 12 and 14, SYTO RNASelect, and 

LDS 751. Exosomes and microvesicles have been reported to contain RNA, thus 

immunolabeling viral surface proteins may constitute a suitable virion isolation and 

detection method for flow virometry [31, 35, 37].

2.4.2. Scaffold labeling—Another form of virus staining utilizes microspheres or 

nanoparticles loaded with antibodies to first isolate viral particles [12, 16, 22]. Carboxylated 

microspheres can be coupled with antibodies specific to a surface protein on the viral surface 

so as to bind viruses. Yan et. al. utilized 5.4 µm SPHERO carboxyl polysterene particles 

loaded with antibodies against the influenza HA protein to bind influenza virus. The 

microsphere-bound-influenza virus was then targeted with R-phycoerythin conjugated anti-

influenza antibodies. The same group also used Luminex 100 LabMAP carboxylated beads 

that are differentially color-coded and can be distinguished using the Luminex 100 

cytometer. Using these color-coded beads coupled with antibodies specific to Influenza 

viruses, Yan et. al. were able to detect and differentiate between different types and strains of 

Influenza viruses. When working with microspheres to bind viruses, it is recommended to 

use an intermediate bead number to bind virus, a higher concentration of virus and larger 

sample volume to attain optimal detection [12].

Fluorescent magnetic nanoparticles have also been reported for flow virometric use. Like 

microspheres, magnetic nanoparticles are coupled with antibodies that bind a surface antigen 

on the virus. Then the viruses attached to the beads can be labeled with another antibody that 

binds a different epitope in the virus. This technique also allows the exclusion of non-desired 

particles in the viral preparation. Purification of magnetic nanoparticle-virus complexes can 
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be done via magnetic column precipitation [16, 22, 27]. Unlike microsphere-based analyses, 

magnetic nanoparticle-virus complexes can increase the possibilities of detection of single 

viruses as opposed to bulk amounts of virus or aggregates. This is because gating 

specifications are determined by selecting for the 15 nm fluorescent magnetic particles. The 

magnetic nanoparticle-virus complexes are first gated using fluorescence height and width, 

selecting only for complexes with low width and height (single particles as opposed to 

aggregates) [14]. The gated complexes are then analyzed with a fluorescence channel to 

detect the magnetic nanoparticle and another fluorescent channel to detect bound virus. 

Event rates for magnetic nanoparticle-virus complexes have been adjusted to about 150 

events sec−1 [14, 21]. Utilizing this magnetic-nanoparticle method lowers the chance of free 

unbound-fluorophore detection and coincidence. Furthermore, this method allows for 

isolation of particulate virions from a group of virions. Arakelyan et. al. studied surface 

composition on a discrete subset of HIV-1 particles that contained defective GP trimers [27]. 

Arakelyan et. al. and Zicari et. al. first reported this method to study HIV-1 and Dengue 

virions.

2.4.3. Direct viral labeling—Direct detection of VLPs and viruses without the use of 

small particle scaffolds has also been reported [16, 21, 24]. VLPs are made less efficiently 

than actual viruses. Therefore, if an investigator opts to analyze VLPs, a large stock should 

be prepared. The staining of VLPs or viruses with antibodies is similar to the protocol for 

staining cells. First viruses are incubated with a primary antibody and subsequently 

incubated with a fluorophore-conjugated secondary antibody [17, 21]. As an example, Fig. 5 

shows Nipah VLPs that contain either the surface fusion glycoprotein (F), the surface 

attachment glycoprotein (G) or a combination of both surface glycoproteins detected after 

staining with antibodies. The fusion glycoprotein was stained with a primary anti-F antibody 

and a secondary Alexa Fluor 647 antibody; the attachment glycoprotein that contains an HA 

tag was stained with a PE anti-HA antibody. Because wash steps include time-consuming 

ultracentrifugation steps, it is advised to use primary antibodies conjugated to a fluorophore 

[21]. The use of fluorescently labeled monovalent Fab fragments may prove advantageous as 

it eliminates the use of secondary antibodies. Moreover, monovalent Fab fragments can 

reduce background associated the use of divalent mAbs and multi-staining procedures, and 

prevent virion aggregates from forming. Fluorescent monovalent Fab fragments were 

reported to detect anti-HIV antibodies on 15 nm magnetic nanoparticles [27]. An 

investigator may also choose to stain viruses with monoclonal or polyclonal antibodies. 

Better results may be obtained when using monoclonal antibodies against a specific epitope, 

for example an HA or FLAG tag. This, however, requires surface glycoproteins to be 

synthesized with those epitopes. Viral incubations with antibodies differs among different 

studies, between 1–18 hr incubation periods at 4°C [16, 21, 23–25]. Other staining 

procedures include staining the lipids of enveloped viruses with lipophilic tracers (DiO, 

DiA, DiI, DiD and DiR) or synthesizing viruses that express fluorescently labeled proteins 

[15, 16, 23–25]. Alternative staining procedures involve the use of Alexa Fluor 488 or 633 

maleimide derivatives that can conjugate to thiol groups on viral proteins [27]. Stained 

viruses are finally fixed and analyzed through a flow cytometer prepared for flowing viruses 

(see previous sections).
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3. Troubleshooting

▪ Cleaning the flow cytometer thoroughly with buffer that has been filtered and/or 

ultracentrifuged, decreases background.

▪ Standardize flow cytometers with calibration beads.

▪ Increasing forward scatter and side scatter gain allows improved particle 

resolution.

▪ Using smaller sample volumes and slow sample flow rates improves virus 

detection.

▪ Viruses can be mixed with calibration beads to provide a size standard for 

analysis [10].

▪ To minimize aggregates forming use of monoclonal antibodies that bind single 

epitopes as well as utilizing a buffer with EDTA are recommended.

▪ To avoid viral aggregates: filtrate through 0.2 or 0.45 µm size-exclusion pore 

filters, reduce amount of ultracentrifugation steps, avoid multiple freeze-thaw 

cycles [10, 22].

▪ Fixing viruses may enhance FSC/SSC and fluorescent signals; however, live 

samples may work better for other viral types and prevent aggregates [10, 24].

▪ When utilizing fluorescent signal detection, appropriate virus dilutions can be 

determined by plotting several viral dilutions by mean fluorescence intensity; a 

horizontal line m=0 indicates dilutions that result in single particle detection (as 

opposed to swarm detection) [12, 22, 25].

▪ To ensure individual virion detection: separate viral preps into two fractions that 

get labeled with different fluorescent lipophilic dyes or maleimide dyes [16, 22, 

27]. Events with detection in both fluorescent channels are aggregates. 

Aggregate formation may vary between 6–10% [16, 22, 27].

4. Flow Virometry Applications

Flow virometry has the potential to be used as a tool for several applications. Applications 

include enumeration of viruses, discrimination of viral populations from environments, or 

determination of virus glycoprotein and lipid topography of viral particles. [5–7, 9–10, 13, 

18]. With the advent of flow virometry, viral sorting became possible. Sorting of viruses 

allowed investigators to separate viruses based on size and to relate this size to infectivity for 

the first time as well as discriminate between different viral microparticles. Here we review 

reported uses of flow virometry.

4.1. Flow Virometry for Virus Quantification

One of the early reported uses of flow virometry was enumeration of viruses. Viruses were 

counted using flow cytometer and compared to TEM, EFM, Digital Imaging Analysis (DIA) 

and end-point dilution assay (EPDA) enumeration methods [5, 7–10, 13]. Viral counts 

determined by flow virometry correlated with counts of TEM and EFM [5, 8]. Viral titers 
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determined by flow virometry resulted in higher titers when compared to EPDA-determined 

titers. This is because flow virometry enables an investigator to account for both infectious 

and non-infectious particles [9]. Bonar et. al. showed that flow virometry is a much more 

sensitive technique when compared to ELISA and has similar detection of viruses to PCR 

assays. Once flow virometry proved to be a comparable method for virus quantification, 

investigators used this tool to count viruses from lake water samples and activated sludge 

and distinguish different viral populations within those samples [5, 7, 18]. Flow virometry 

therefore can be a useful tool for studying and discovering new viruses from natural bodies 

of water or for water quality assurance.

4.2. Flow Virometry for Virus Surface Glycoprotein and Lipid Composition

The advent of flow virometry allowed for surface compositions of viruses to be studied for 

the first time. Different viruses have different proteins on their surface and using flow 

virometry, the distribution of these proteins can be analyzed. Arakelyan et. al. discovered the 

distribution of HLA-DR and LFA-1 on two HIV-1 variants. These two antigens are the most 

common cell proteins associated with HIV-1 virions [16]. Using flow virometry tools, it was 

shown that individual HIV-1 viral particles are made with different levels these surface 

antigens; particles had either one or the other or both. Blood plasma from patients infected 

with HIV-1 was also analyzed and able to be detected via flow virometric analysis. Flow 

virometric analysis revealed individual viral particles are not always made exactly the same, 

containing variations in antigenic characteristics. Therefore, a potential application of flow 

virometry is as a diagnostic tool to detect, characterize and serotype viral particles. This in 

turn may lead to better treatment determination depending on the types of antigens and viral 

loads detected.

Similarly, our group analyzed Nipah VLP glycoprotein incorporation into VLPs and 

receptor-induced conformational changes. Results showed that VLPs that contained only one 

of the surface glycoproteins (NiV-G) had low incorporation of that protein unto VLPs. 

However, when NiV-G was expressed in combination with the fusion protein (NiV-F), levels 

of NiV-G in VLPs increased. Furthermore, we were able to detect on VLPs receptor-induced 

conformational changes important for viral entry [17, 39]. Zicari et. al. determined the 

heterogeneity of mature Dengue viruses that contained cleaved M protein. Dengue viruses 

produced from BHK-21 and LoVo Cells (furin-deficient) were shown to have different levels 

of unprocessed M (prM); LoVo cells producing more prM-containing viruses. Viruses were 

stained with a lipophilic dye (DiI), AlexaFluor 647 labeled anti-prM antibodies and Zenon 

Alexa Fluor 488 magnetic nanoparticles [21]. Therefore, flow virometry has enabled 

virologists to measure the level of heterogeneity of viral particles in a viral population.

4.3. Virus Sorting

Flow cytometers with sorting capabilities were also reported to be modified to detect viral 

particle. This allowed investigators to sort viruses based on several characteristics and then 

relate those characteristics to infectivity, genome size, etc. The first viruses to be sorted were 

bacteriophages [19]. Allen et. al. sorted mixtures of stained (with SYBR Green I) lambda 

and T4 bacteriophage populations for downstream sequencing processes [19]. Likewise, 

Khalil et. al. sorted populations of mixed amoebic viruses to re-culture and genomically 
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characterize [28, 29]. Additionally, Junin virus size and glycoprotein levels on the viral cell 

surface were sorted and later tested of infectivity. Larger Junin viruses were shown to be 

more infectious as these viruses had both greater glycoprotein and RNA content. It was also 

shown that different cell lines produced viruses with different infectivity levels [21]. Junin 

virus particles were also shown to incorporate cholesterol-rich lipid raft micro domains. This 

was done by incubating virus particles with antibodies that bind lipid-raft markers [21]. 

Furthermore, it was shown that Junin virus needs cholesterol to produce infectious viral 

particles with incorporated glycoproteins. Similar sorting techniques were done with HIV-1 

which contained EGFP or mKOκ in the Gag protein [25]. Recently, a group sorted HSV-1 

viruses that contained GFP tagged VP16 and VP22 tegument proteins to determine 

infectivity profiles associated with these proteins [26]. Flow virometry therefore offers a tool 

to visualize the important relation of infectivity and viral protein content/incorporation in 

viruses.

Note: Immunolabeling viruses for further sorting and use in infectivity assays requires the 

use of non-neutralizing antibodies [21].

4.4. Flow Virometry for Vaccine Quality Assurance

The advent of viral detection by using flow virometry has the potential to discriminate 

viruses from other microparticles that may contaminate vaccine preparations. This requires 

the use of light scattering properties combined with fluorescent labeling and viral sorting. 

For example, human cytomegalovirus (HCMV) vaccine preparations contain populations of 

infectious virions, dense bodies and non-infectious particles lacking capsid and viral genome 

[23]. Vlasak et. al. were able to create a method to distinguish between these populations 

using a combination of light scattering properties and DNA labeling [23]. Tang et. al. used 

similar methods to differentiate Vaccinia virus (VV) from other submicron particles. 

Vaccinia virus forms infectious mature intracellular virions. However, a small proportion of 

cell-associated enveloped viruses and extracellular enveloped viruses are also formed [24]. 

Tang et. al. sorted VV and showed a relationship of viral particles size to DNA genome 

incorporation [24]. Flow virometry has a potential to be used for vaccine quality assurance 

to produce vaccines that includes optimal viral particles. Flow virometry can contribute 

guidelines for vaccine storage: reports have shown that viral preparations that underwent 

multiple freeze-thaw cycles had increased aggregate formation [23, 24]. Similarly, flow 

virometry will prove to be useful to test the effects of lyophilization on viral vaccine 

preparations. Furthermore, flow virometry can also be used to characterize and sort 

multivalent VLPs that contain the multiple glycoproteins from different viruses to illicit the 

best immune response for many pathogens.

5. Conclusions and Future Applications

Flow virometry involves the modification and adaptation of a flow cytometer to flow and/or 

sort viruses. This tool has evolved over the last three decades, but relatively more rapidly in 

the last few years, and has been possible as flow cytometers are built with stronger 

hardware. Applications of flow virometry allows investigators to answer important and 

interesting questions in the field of virology. For example, flow virometry could be used to 
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determine viral quantities in a sample comparably or better than TEM/EM enumeration 

techniques, PCR and ELISAs and other titration assays. This has allowed for quantification 

of marine viruses in natural and human-made aquatic environments and can be applied to 

aquatic samples attained from the melting ice caps. New viruses can be detected and found 

using flow virometry; perhaps the next Mimivirus will be detected by flow virometry. Flow 

virometry has been used to characterize several novel amoebic viruses [20, 28, 29]. Flow 

virometry has the capability to be used for the private sector in water quality assurance or for 

research purposes.

Flow virometric analysis and tools could be used during outbreaks of viral pathogens. The 

ViroCyt® Virus Counter has been shown to quantify Ebola viruses with minimal exposure to 

aerosols thus can potentially be used to quantify or detect viruses in the event of another 

outbreak. Flow virometry can also be used to discern between viral populations or subtypes. 

Therefore, flow virometry has the potential to be used to determine if a population is 

infected with a specific subtype of influenza virus, or if an individual is infected with 

multiple subtypes and recombinant circulating types of HIV by examining blood samples 

directly.

Importantly, flow virometry allows an investigator to study single viral particles as opposed 

to large bulks of particles (for example by Western blot analysis). With detection of single 

viral particles, we can study discrete viral particles and viral surfaces: the glycoproteins and 

lipid domains on those surfaces. Furthermore, the advent of viral sorting will likely allow 

sorting based on size, genome content, surface protein content, lipid composition, or a 

combination of these features. These morphological characteristics can then be used to 

determine infectivity profiles. Morphological and infectivity profiles can then be used to 

engineer optimal vaccine candidates by sorting particles that will elicit a strong immune 

response (e.g. more glycoproteins on the viral surface). The aforementioned applications 

involve detection of natural viruses; however engineered viruses or viral like particles can 

also be studied. Engineering viral particle constructs that contain multiple surface 

glycoproteins, peptides, or other antigens can also be confirmed with flow virometry and 

selected for using sorting.

As aforementioned, microparticles include a repertoire of entities that can be mistaken for 

virions when solely using light scattering detection. The importance of exosomes in cell-cell 

communication, tumor-inflammation and other cellular processes has come to light in the 

last two decades through the use of flow cytometric analysis [30–34]. Similar applications 

outlined in this review may be utilized to characterize exosomes and microvesicles using 

antibodies targeting exosome or microvesicle makers (e.g. CD9, HSPA8, HSC70 or CD81) 

[19]. Additionally, exosomes and microvesicles can be stained with lipid dyes PKH67 and 

PKH26 [31, 34]. Exosomes and microvesicles are formed utilizing similar cellular 

machinery that a virus uses for budding. Therefore, in a virus-infected cell, exosomes and 

microvesicles may incorporate viral proteins, thus forming non-infectious viral particles 

[32]. Taking into consideration the size similarities between exosomes, microvesicles and 

virions, isolation and study these microentities is difficult. Future advances in flow 

virometry have the unique potential to be applied to separate viral particles from exosomes 
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and microvesicles. Flow virometry has the capability to be used for diagnostic and clinical 

applications.

Virologists can potentially further evolve flow virometry to examine internal viral proteins 

just as flow cytometry was used to detect internal cell proteins. We have already seen reports 

of HIV-1 incorporating varying levels of host-cell surface proteins on the viral surface, and 

host proteins packaged into viruses may also differ. Internal viral protein incorporation can 

potentially be related to morphological characteristics such as: viral size, surface antigen 

content and infectivity. We might, perhaps, be able to see if a large proportion of influenza 

viral particles have similar nucleoprotein content (thus lending evidence to influenza viral 

particles being packaged with their 8 nucleoprotein-covered genome segments in an orderly 

fashion). Plant virologists might able to apply this tool to detect, enumerate and study 

surfaces of plant viruses as well. Thus, flow virometry has a great potential to be used 

broadly with various viruses and ensure a high-throughput and relatively inexpensive 

method to study viruses. There are size detection limitations to many flow cytometers based 

solely of FSC and SSC channels; however, this detection limit is improved when utilizing 

FSC/SSC in conjunction with fluorescent labeling. Flow virometry thereby provides new 

tools to answer biological and quantitative questions about viruses recently thought 

impossible to be answered.
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Highlights

• The birth of flow virometry and its various methodologies and 

accomplishments are summarized.

• Preparation and troubleshooting of flow cytometers and their analytical tools 

are described.

• Sorting of viruses and further applications of flow virometry and sorting are 

described.
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Figure 1. Detection of plain acrylic polymer microparticles to determine flow cytometer 
detection limit
(A) PBS buffer alone that has been filtered and ultracentrifuged used to determine 

instrument background noise. The pink gate outlines instrument and buffer background 

noise. (B) 100 nm acrylic polymer beads diluted in cleared PBS buffer. The turquoise gate 

populations from A and B are plotted onto histograms (bottom left and right, respectively). 

The purple histogram represents the A background control and the yellow histogram 

represents the B 100 nm bead population. 100 nm acrylic polymer beads can be discerned 

from background noise based of Forward Scatter (bottom left) and Side Scatter (bottom 

right) profiles. Millipore’s Guava easyCyte 8HT second generation flow cytometer was used 

with Bang Laboratories estapor Uniform Microspheres (Cat No. P0001000CN).
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Figure 2. Detection of polysterene microparticles to determine flow cytometer detection limit
(A) PBS buffer alone that has been filtered and ultracentrifuged used to define instrument 

background noise. The variously colored R1 gate excludes background noise (B) 220 nm 

polysterene beads diluted in cleared PBS buffer can be distinguished from background noise 

based on Side Scatter profile. (C) 450 nm polysterene beads diluted in cleared PBS buffer 

can be distinguished from background noise based on Side Scatter profile. (D) 880 nm 

polysterene beads diluted in cleared PBS buffer can be distinguished from background noise 

based on Side Scatter and Forward Scatter profiles. (E) 1340 nm polysterene beads diluted 

in cleared PBS buffer can be distinguished from background noise based on Side Scatter and 

Forward Scatter profiles. (F) Combination of 220, 450, 880, and 1340 nm beads detected in 

the Green Fluorescence channel v. Forward Scatter channel and Green Fluorescence channel 

v. Side Scatter channel. Different sized particles are outlined with gates corresponding to 

their R1 gate. Millipore’s Guava easyCyte 8HT second generation flow cytometer was used 

with Spherotech’s SPHERO™ Nano Fluorescent Particle Size Standard Kit Beads (Cat No. 

NFPPS-52-4K).
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Figure 3. Detection of polysterene microparticles in a flow cytometer with relatively stronger 
lasers
(A) PBS buffer alone that has been filtered and ultracentrifuged used to determine 

instrument background noise (B) 220 nm polysterene beads diluted in cleared PBS buffer; 

Green fluorescence and Side Scatter profiles. (C) 450 nm polysterene beads diluted in 

cleared PBS buffer; Green Fluorescence and Side Scatter profiles. (D) 880 nm polysterene 

beads diluted in cleared PBS buffer; Green Fluorescence and Side Scatter profiles. (E) 1340 

nm polysterene beads diluted in cleared PBS buffer; Green Fluorescence and Side Scatter 

profiles. (F) Combination of 220, 450, 880, and 1340 nm beads detected in the Side Scatter 

channel v. Forward Scatter channel, (G) Green Fluorescence channel v. Forward Scatter 

channel and Green Fluorescence channel v. Side Scatter channel. Different sized particles 

are outlined with corresponding colored gates. Millipore’s Guava easyCyte 8HT third 

generation flow cytometer was used with Spherotech’s SPHERO™ Nano Fluorescent 

Particle Size Standard Kit Beads (Cat No. NFPPS-52-4K).
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Figure 4. Immunolabeling to distinguish virions from other microparticles
Virions and exosomes/microparticles are similar in size. (A) Detection utilizing light 

scattering parameters show similar sized microparticles. (B) Immunolabeling clearly 

distinguishes virions from other microparticles.
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Figure 5. Detection of Stained Nipah VLPs
(A) PBS buffer alone that has been filtered and ultracentrifuged used to determine 

instrument background noise (B) Viral like particles with the Nipah fusion (F) protein only 

stained with Alexa Fluor 647 (C) Viral like particles with the Nipah attachment (G) protein 

only stained with PE-conjugated anti-HA (D) Viral like particles with the Nipah fusion 

protein and attachment protein stained with Alexa Fluor 647 and PE-conjugated anti-HA, 

respectively. Millipore’s Guava easyCyte 8HT third generation flow cytometer was used.
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