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Abstract

Flow cytometry is a sophisticated instrument measuring multiple physical characteristics of a

single cell such as size and granularity simultaneously as the cell flows in suspension through a
measuring device. Its working depends on the light scattering features of the cells under

investigation, which may be derived from dyes or monoclonal antibodies targeting either

extracellular molecules located on the surface or intracellular molecules inside the cell. This

approach makes flow cytometry a powerful tool for detailed analysis of complex populations in
a short period of time. This review covers the general principles and selected applications of

flow cytometry such as immunophenotyping of peripheral blood cells, analysis of apoptosis

and detection of cytokines. Additionally, this report provides a basic understanding of flow

cytometry technology essential for all users as well as the methods used to analyze and
interpret the data. Moreover, recent progresses in flow cytometry have been discussed in order

to give an opinion about the future importance of this technology.
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Introduction

Historically, the first developed flow cytometry was a single-

parameter instrument detecting only the size of cells.

Currently, highly sophisticated instruments have evolved

with the capability of detecting 14 parameters simultaneously

(Wilkerson, 2012). Flow cytometry has the ability to measure

the optical and fluorescence characteristics of a single cell or

any other particle such as microorganisms, nuclei and

chromosome preparations in a fluid stream when they pass

through a light source (Macey, 2010). Size, granularity and

fluorescent features of the cells, derived from either

antibodies or dyes, are also examples of parameters used to

analyze and differentiate the cells (Wilkerson, 2012). The

underlying principle of flow cytometry is related to light

scattering and fluorescence emission, which occurs as light

from the excitation source (commonly a laser beam) that

strikes the moving particles (Figure 1). The data obtained

could give valuable information about biochemical, biophys-

ical and molecular aspects of particles. Light scattering is

directly related to structural and morphological properties of

the cell while fluorescence emission derived from a

fluorescence probe is proportional to the amount of fluores-

cent probe bound to the cell or cellular component (Macey,

2010).

There are two different types of flow cytometry – named as

non-sorting and sorting. Non-sorting type can perform light

scattering and fluorescence emission while the sorting type

has the ability to sort particles as well. Fluorescent activated

cell sorters (FACS) are flow cytometers that have the capacity

to sort fluorescent-labeled cells from a mixed cell population

(Wilkerson, 2012).

The main components of flow cytometers and cell sorters

are basically fluidics, optics (excitation and collection), an

electronic network (detectors) and a computer. The fluidics is

responsible for directing liquid containing particles to the

focused light source. The excitation optic focuses the light

source on the cells/particles while collection optics transmits

the light scatter or fluorescent light of the particle to an

electronic network. The electronic network detects the signal

and converts the signals to a digital data that is proportional to

light intensity and the computer is also required to analyze

data (Shapiro, 2004; Wilkerson, 2012).

Flow cytometry is used in various applications based on

the detection of the membrane, cytoplasmic and nuclear

antigens. Additionally, whole cells and cellular components

such as organelles, nuclei, DNA, RNA, chromosomes,

cytokines, hormones and protein content can also be

investigated by flow cytometry. Analysis of cell proliferation

and cell cycle, measurements of calcium flux and membrane

potentials are the commonly used examples of methods

developed for flow cytometry (Wlodkowic et al.,

2011a,2013).
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Herein, we explained the general principles and selected

applications of flow cytometry such as immunophenotyping

of peripheral blood cells and analysis of apoptosis. Besides,

we also discussed the basic data presentation and interpret-

ation methods as a helpful material to the researchers who is

interesting in flow cytometric analyses.

Components of a flow cytometer

Fluidic system

The fluidic system transports the cells from a solution through

the instrument to obtain the data includes two components;

sheath fluid and pressurized lines. Sheath fluid is a diluent

(commonly phosphate-buffered saline (PBS)), which is

injected into the flow chamber located at the heart of the

instrument by pressurized lines. A pressurized airline also

injects the suspended cells in the sample tube into the flow

chamber. The sample stream becomes a central core in the

sheath fluid stream called as a coaxial flow that is based on a

pressure difference between the sheath fluid and sample

stream (Macey, 2010; Wilkerson, 2012). The sample pressure

is always greater than the sheath fluid pressure, making the

cells align in a single file fashion through the laser beam.

Therefore, this event allows uniform illumination of a cell

called hydrodynamic focusing. The injection rate of the cells

into the laser beam can be manipulated by the flow cytometer

user based on the purpose of the analysis. For instance, high

flow rates are common for qualitative measurements such as

immunophenotyping of mammalian cells, whereas slow flow

rates are appropriate for applications requiring higher reso-

lution such as DNA content analysis. The slow flow rate

makes the size of the sample stream smaller while it increases

the uniformity and accuracy of the illumination (Macey, 2010;

Shapiro, 2004; Wilkerson, 2012).

The critical parameter for providing proper interception

between particles and the laser beam is the proper operation

of fluidic components. Therefore, the operator must always

ensure that the fluidics system is free of air bubbles and debris

and is properly pressurized at all times.

Optical system

A flow cytometer has an optical bench that holds the

excitation, which includes the laser and lenses and collection

optics in fixed positions. The lenses are used to shape and

focus the laser beam. Meanwhile, the laser produces light by

energizing electrons to high energy orbitals with high voltage

electricity. Photons of light are produced when these

energized electrons fall back into their lower energy orbitals

(Wilkerson, 2012). Light is deflected around the edges of the

cell after the laser strikes the cells, also called as light

scattering. Two types of light scatter occur named as forward

scatter (FSC) and side scatters (SSC) (Figure 2). The factors

affecting total light scatter include the membrane, nucleus,

granularity of the cell, cell shape and surface topography.

Generally, the size of a cell or a particle and its internal

complexity specify the type of scatter. FSC light is a result of

diffraction collected along the same axis as the laser beam.

FCS is proportional to cell-surface area or size and suitable

for detecting particles greater than a given size that makes it

the most commonly used method for immunophenotyping. On

the other hand, SSC light is a measurement of mostly

refracted and reflected light, which is collected at approxi-

mately 90 degrees to the laser beam. SSC is proportional to

cell granularity or internal complexity as important as the

fluorescent light derived from fluorescent-labeled antibodies

or dyes such as propidium iodide (PI) are reflected at the

same angle as SSC. In order to differentiate the cell types in a

heterogeneous population correlated measurements of FCS

and SSC can be used (Reggeti & Bienzle, 2011).

There is a variety of laser configurations in flow

cytometers based on the type of fluorochromes being excited.

The argon laser (a common laser with an excitation

wavelength of 488 nm) is used to excite many synthetic

dyes such as fluorescein isothiocyanate (FITC) and natural

fluorochrome dyes including algae and phytoplanktons,

resulting in the emission of light at a higher wavelength.

Many flow cytometers and sorters have additional lasers

including ultraviolet that excite UV (300–400 nm) sensitive

fluorochromes or the red diode which excites fluorochromes

of the far red (630 nm) range (Macey, 2010; Wilkerson,

2012).

Collection optics consists of a collection of the lens to

collect light emitted from the particle-laser beam interaction

and a system of optical mirrors and filters to separate and then

direct specified wavelengths of the collected light to the

appropriate optical detectors (Reggeti & Bienzle, 2011).

The specificity of a detector for a particular fluorescent

dye is determined by placing a suitable filter that can be long

pass, short pass and band pass filters. Band pass filters allow

only a narrow range of wavelengths, which is close to the

emission peak of the fluorescent dye to reach the detector.

Short pass filters transmit wavelengths of light equal to or

shorter than a specified wavelength whereas long pass filters

transmit wavelengths of light equal to or longer than a

specified wavelength (Reggeti & Bienzle, 2011).

Figure 1. The underlying working principle of a flow cytometer.
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Signal detection and processing

Light signals generated as particles passing through the laser

beam in a fluid stream are converted to voltages by

photodetectors. Two types of detectors, photodiodes (PDs)

and photomultiplier tubes (PMTs), can be preferred based on

their sensitivity (Reggeti & Bienzle, 2011; Snow, 2004).

Additionally, the photocathodes of PMT have the greater

sensitivity as compared to PD although they are known to

convert light into photoelectrons in a more efficient manner.

Therefore, PDs detect the stronger light signals generated by

FSC, while PMTs are commonly used to detect the weaker

signals generated by SSC and fluorescence (Figure 3)

(Reggeti & Bienzle, 2011).

The light signals captured by PMT or the PD are converted

into a proportional number of electrons to create an electrical

current. The electrical current travels to the amplifier and is

converted to a voltage pulse. The maximum amount of scatter

or fluorescence is obtained as the particle is in the center of

the beam. When the particle leaves the beam, the pulse comes

back down to the baseline (Snow, 2004).

Analog signal measured as an analog quantity is generated

after the conversion of the initial light signal into an electrical

current by the detectors. After that, this electrical current is

amplified by two types of amplifier, which are linear and

logarithmic. The obtained analog signal must be converted

into digital signal by an analog to digital converters for

computer processing. Then, the signals become a digital data

that can be displayed as plots or histograms. Although the

data obtained by using the two mentioned amplifiers is

exactly the same, the distributions look different based on the

approach used to convert an analog signal into digital data.

Moreover, dynamic range is another important parameter to

choose either linear or logarithmic amplification. Linear

amplification is used if a limited dynamic range is required

like in DNA analysis (a twofold difference in DNA content).

On the other hand, logarithmic amplification is used if a much

broader dynamic range is needed such as analysis of surface

marker expression (100–10 000 fold) (Snow, 2004).

Electrostatic cell sorting

Electrostatic cell sorting is responsible for capturing and

separation of the cells with predefined features. Once the cells

of interest are collected, they can be used for further analysis

such as microscopic, biochemical and functional studies. A

single parameter or combination of several parameters can be

used for cell sorting. To achieve cell sorting, cell sorters are

commonly used. The general principle of flow cell sorters is

based on the electrostatic deflection of charged droplets, some

of which contain cells. In this method, the cells are injected

through a nozzle to form a stream of regular droplets by

applying a vibration to the nozzle. Then, these droplets pass

through one or more laser beams and are charged by a

charging electrode at the same time. Droplets can be deflected

from the mainstream based on their given charges. Positively

charged droplets are deflected toward a platinum plate of

negative charge, negatively charged droplets are deflected

toward the positively charged platinum plate and uncharged

droplets are collected into a waste container (Figure 4)

(Davies, 2010).

FACS is a specialized type of flow cytometry providing a

method for sorting a heterogeneous mixture of fluorescent-

tagged cells into two or more containers, one cell at a time,

based on the specific fluorescent characteristics of each cell

(Davies, 2010). In this case, the operator selects the fluores-

cent cell of interest using a computer as they are passing

through the laser beam. The tagged cells in the drop will be

charged, which will be used to separate the cells into different

collection vessels (Wilkerson, 2012).

Principles of fluorescence

A fluorescent compound has a range of specific wavelengths

at which it absorbs light energy. This absorption of light

causes an electron to rise from a ground state to a higher

energy level (excited state). The excited electron quickly goes

back to its ground state while giving the excess energy as a

photon of light. This transition of energy is called fluores-

cence (Figure 5) (Ormerod, 2009).

Figure 2. Light scattering. FSC is propor-
tional to size while SSC is proportional to
cell granularity or internal complexity.
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Fluorochromes and their properties

The number of intrinsically fluorescent compounds in the cell

is limited as well as its provided information. Therefore, the

cells are usually stained with fluorescent probes called

fluorochromes that are able to show the presence of

components that otherwise would not be visible. Fluorescent

probes are used in a wide range of applications such as

identification of different cell populations, cell surface

receptors or intracellular organelles, cell sorting, immuno-

phenotyping, determining nucleic acid content, measuring

enzyme activity and apoptotic cell populations (Macey,

2010).

The important features of a fluorochrome include an

absorption spectrum at which a fluorescent compound can be

excited and a range of emitted wavelengths called its emission

spectrum. The emission wavelength of any fluorochrome will

always be longer than its excitation wavelength (Ormerod,

2009). The difference between the maxima in the wavelengths

of absorption and emission is known as the Stoke’s shift that

determines how good a fluorochrome. The higher the Stoke’s

shift means, the greater the separation between the exciting

and the emitted light (Figure 6) (Ormerod, 2009). Since the

color of the exciting and emitting light is different, they can

be separated from one another by using optical filters. The

total photons of light being absorbed by the fluorochrome are

related to the wavelength of excitation. For example, FITC

absorbs the light within the range of 400–550 nm, however, it

gives maximum absorbance near 490 nm at which more

photons are absorbed. Therefore, the fluorescence emission

will be more intense. These optimal conditions are termed

maximal absorbance and maximal emission wavelengths

(Ormerod, 2009). In fluorescence detection, a positive

signal is observed against a negative background, which

makes this technique very sensitive. In this technique,

multiparametric analysis of the cells is quite possible due to

the detection of up to 14 compound fluorescing at different

wavelengths. The majority of applications provide the usage

of up to four fluorochromes (Ormerod, 2009).

Figure 3. Signal processing and detection.
Components of a flow cytometer are also
indicated.

Figure 4. Sorting cells by droplet deflection.
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Fluorochromes used in flow cytometry

Fluorochromes used in flow cytometry are classified into

several groups including fluorochromes used to label proteins

covalently, fluorochromes for nucleic acids and reporter

molecules.

In order to label proteins covalently, the probe is

commonly selected as an antibody. However, other proteins

such as a lectin, hormone, avidin or streptavidin, or even

c-DNA may be labeled using various fluorochromes. The

most widely used fluorochromes for labeling antibodies

include FITC, phycoerythrin (PE) and allophycocyanin

(APC) (Ormerod, 2009). The selection of the most suitable

fluorochrome is an important issue and depends on the laser

to be used. If an argon-ion laser including flow cytometer is

going to be used, the first choice will be FITC, since there are

numerous FITC-labeled antibodies available. PE is the second

choice of color for a similar reason.

FITC easily reacts with the amino groups on the lysine

residues in the protein and produces moderately stable

conjugates. FITC (excitation/emission maxima approx 495/

520 nm) is a good fluorochrome for single-color staining

since its maximum absorbance near 490 nm. On the other

hand, its emission with longer wavelengths makes it inappro-

priate for multicolor applications. Moreover, its fluorescence

is highly pH-sensitive and subjected to photobleaching with a

high rate. To solve these problems, various FITC derivatives

have been developed such as AlexaTM series with greater

photostability and increased fluorescence (Macey, 2010).

PE (excitation/emission maxima 495 565/578 nm) and

APC (excitation/emission maxima 650/660 nm) are called

phycobiliproteins that are the components of photosynthetic

systems. They have good light absorption and high fluores-

cence intensities. Although their fluorescence is about 30-fold

greater than that of fluorescein, in practice, cells labeled

with phycobiliprotein antibodies have fluorescence

intensities between five- and 10-fold greater than those

labeled with FITC-labeled antibody. Although using an argon

laser excites FITC and PE, the excitation of APC needs

helium–neon laser due to its higher (650 nm) absorption

maxima. The major drawback of using phycobiliproteins is

related to their higher molecular weight, causing steric

changes when conjugated to proteins. They can also give

higher backgrounds if the cells are not washed properly

(Telford, 2015).

The development of tandem dyes, containing two fluoro-

chromes, has increased the number of labeled proteins to be

used. Examples include conjugates of PE and APC with

various cyanine dyes, for instance, PE-Cy�5 and APC-Cy7

(Hulspas et al., 2009). In tandem dyes, when the first dye is

excited and reaches its maximal absorbance, it transfers all its

energy to the second dye located in close proximity. As a

result, this second fluorochrome is activated and produces the

fluorescence emission. This process is called fluorescence

resonance energy transfer (FRET). It is a good way to obtain

higher stokes shifts that increase the number of colors

analyzed from a single laser wavelength (Leavesley et al.,

2013).

Figure 6. The absorption (green line) and emission (blue line) spectra of
a fluorochrome. The difference between the peak wavelengths of the
absorption and emission spectra is known as the Stokes shift. The higher
the Stoke’s shift means the greater the separation between the exciting
and the emitted light (top).

Figure 5. Fluorescence generation.

DOI: 10.3109/07388551.2015.1128876 Flow cytometry 167
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Fluorochromes used to stain nucleic acids in flow

cytometry have some main applications including DNA

quantification, the evaluation of membrane integrity and

measurement of ploidy and cell cycle analysis. At present,

there are many dyes that can stain both RNA and DNA such

as ethidium bromide (EB) and PI. It is important to remove

RNA with RNase when quantifying DNA. EB and PI

intercalate between the bases in double-stranded nucleic

acids. PI is excited by blue light and gives red fluorescence.

PI can be used in combination with FITC for simultaneous

measurement of antibody binding and DNA content if an

argon laser is tuned to 488 nm. 7-Aminoactinomycin D

(7-ADD) characterized by its preferential binding to GC-rich

regions of DNA is generally removed by live cells and used to

stain DNA of dead cells. It can be excited by an argon laser

and used with FITC- and PE-labeled antibodies. There are

also UV-excited dyes such as Hoechst and DAPI that bind to

AT-rich regions of DNA. Although they are membrane

permeable dyes, dead cells can uptake them more easily

(Telford et al., 2011; Wlodkowic et al., 2011b).

Reporter molecules are also used in flow cytometric

analysis. For instance, green fluorescent protein (GFP) is

excited at 488 nm and fluorescent green. GFP and its mutant

forms are used in various applications such sorting of GFP

transfected cells (Telford et al., 2012). Another reporter

molecule is JC-1 dye used to measure mitochondrial mem-

brane potential. JC-1 dye accumulates in mitochondria of

healthy cells by forming red JC-1 aggregates with emission at

590 nm (Wlodkowic et al., 2011b). In addition, there are

several other reporter molecules to detect several changes in

experimental cells such as production of the reactive oxygen

species, measurement of intracellular calcium ions and

changes in intracellular pH (Macey, 2010).

Fluorescence compensation

Each fluorochrome has a wide emission spectrum resulting in

some overlap between the fluorochromes when multiple

fluorochromes are used. This situation is called spectral

overlap and being exemplified as the emission spectra for

FITC and PE are overlapped at the same wavelengths at which

some of the light emitted by fluorescein will be pass through

the filter used for PE. This spectral overlap is corrected by

subtracting a fraction of the FITC signal from the PE signal or

vice versa. This process is named as color compensation, that

also calculates how much interference (as a percent) a

fluorochrome will have a channel that was not assigned

specifically to measure it (Roederer, 2001). In order to

determine how much compensation should be applied to the

dataset, some control readings must be performed first. One

of the fluorochromes should be read on itself and then the

percent of its detectable total emission in the channel specific

for second fluorochrome is determined. This procedure

should be repeated for a second fluorochrome as well

(Figure 7) (Ormerod, 2009).

Data analysis

Flow cytometry data analysis has been considered as the most

critical parameter for biological experiments. The major

principles of data analysis are to selectively show the cells of

interest and to find out more about your cells. This method is

called ‘‘gating’’ in flow cytometry as well as a gate can be

defined as one or more regions combined. A region can be

defined as a set of points carefully selected by the user that

determines an area on a graph. Several regions can be defined

on the same graph. These parameters can provide you with an

opportunity to eliminate results from the unwanted particles

such as dead cells and debris. The most common application

of gating strategy is to use FSC and SSC plots (Figure 8). The

different physical characteristics of white blood cells, gran-

ulocytes, monocytes and lymphocytes, allow them to be

distinguished from each other.

Gates and regions

A subset of data can be defined by gating methods.

Additionally, a gate is a numerical or graphical boundary

that can be used to define the characteristics of particles for

further analysis. For example, in a blood sample containing a

mixed population of cells, you might want to restrict

your analysis to only the lymphocytes. Based on FSC or

cell size, a gate can be set on the FSC versus SSC plot for the

analysis of lymphocytes. The resulting display would reflect

the fluorescence properties of only the lymphocytes

(Figure 9). The data can be displayed by several different

plot types. These range from histograms to 2-D plots such as

dot plots, contour and density plots, to 3-D plots such as a

tomogram plot.

Single parameter analysis

A histogram is a single parameter plot where the x-axis

represents the parameter’s signal value in channel numbers

and the y-axis represents the number of events per channel

number. Each event placed in the channel corresponds to its

signal value. Signals with identical intensities accumulate in

the same channel. Brighter signals are displayed in channels

to the right of the dimmer signals. Ideally, flow cytometry

will produce a single distinct peak (Figure 10). However, flow

analysis is sometimes marked on a mixed population of cells

resulting in several peaks on the histogram.

Two parameter analysis

Alternate methods of data display are available for two-

parameter plots. These are graphs that display two measure-

ment parameters, one on the x-axis and one on the y-axis and

the cell count as a density (dot) plot or contour map. A dot

plot provides a two-parameter display of data and each dot

represents one or more events (particles) while density

plot displays two parameters as a frequency distribution

(Figure 11). The color is used to code the different

frequencies of events in density plot (Figure 12). The contour

plot is the same as a density plot, except the density of the

cells is displayed as contour lines.

A quadrant marker divides two-parameter plots into four

sections to discriminate populations as negative, single

positive or double positive. The upper-right quadrant of the

plot indicates cells positive for both fluorescent marker or

double positive. The lower-left quadrant displays events that

are negative for both markers. The upper-left quadrant of the
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plot indicates cells only positive for the y-axis parameter.

The lower-right quadrant contains events that are positive for

the x-axis marker but negative for the y-axis fluorescent

marker (Figure 13).

Common protocols

Flow cytometry is a powerful technology to study different

types of cells and their functions. The most common cell

staining principles for identifying and investigating functions

of a single cell are surface and intracellular staining are

described in detailed below.

Cell surface staining

Cell surface antigens localized on the plasma membrane of

the cells are the most common proteins to use for flow

cytometry to identify and characterize the cell types. Plasma

membrane proteins are easily accessible to the antibody for

cell surface staining. To obtain the best result of staining,

protocols should be optimized in terms of antibody concen-

tration, incubation time and temperature for each flow

cytometry experiment.

Cell surface antigens either on cultured or freshly isolated

cells can also be stained. Freshly isolated peripheral blood

mononuclear cells (PBMCs) were labeled with the selected

combination of cell surface antibodies including anti-CD3,

anti-CD4 and anti-CD14 (BD Biosciences, Franklin Lakes,

NJ) for 15 min at 4 �C in the dark. Then, cells were washed

two times by centrifugation at 400 g for 5 min and

resuspend in the ice-cold PBS. Then, cells were analyzed

by flow cytometry (Figures 13 and 14). Attune Acoustic

Flow Cytometer (Life Technologies, Carlsbad, CA) has been

used to acquire all of the samples and data presented in

this review were analyzed by Attune Cytometer Software

(Life Technologies, Carlsbad, CA) version 2.1.0.

Figure 7. Explanation of fluorescence compensation by using two imaginary fluorochromes A and B. A is measured in the FL-1 channel while B is in
FL-2 channel. Orange part indicates the proportion of B that overlaps into the FL-1 channel. Blue part indicates the proportion of A that enters into the
FL-2 channel.

Figure 9. Rectangular gates. Peripheral blood mononuclear cells
(PBMCs) are plotted as SSC on the y-axis versus CD14 fluorescence
on the x-axis. Freshly isolated human PBMCs were washed and labeled
with CD14 monoclonal antibody (BioLegend, San Diego, CA) for cell
surface antigen CD14. The labeled cells were analyzed by Attune flow
cytometry. Rectangular gate indicates CD14 positive monocytes in
PBMC population.

Figure 8. Analysis of freshly isolated human peripheral blood mono-
nuclear (PBMCs) cells using SSC/FSC. Separation of PBMCs from
whole blood is most commonly performed using Ficoll (Böyum, 1968).
FSC correlates with the cell volume while SSC correlates with a
granularity of the cell. Neutrophil, monocytes and lymphocyte popula-
tions were identified with their light scattering characteristics alone. A
total of 30 000 events were acquired for analysis.

DOI: 10.3109/07388551.2015.1128876 Flow cytometry 169
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Intracellular antigen staining

Intracellular proteins of cells can also be detected by flow

cytometry. To stain the intracellular proteins, cells are fixed

with formaldehyde to stabilize the cell membrane antigens

and then permeabilized with detergent or alcohol to allow

antibodies to enter into the cell. It is important to focus on the

location of proteins that will be stained. The presence of

proteins either in cytosol or nucleus of the cell will dictate the

protocol and buffer system that will be used to get optimum

staining of a protein of interest. It is also possible that cell

surface and intracellular staining protocols can be used

simultaneously at the single-cell level by flow cytometry to

gain more information about the specific cell.

Bcl-2 or active caspase-3 staining protocols were described

here as an example of intracellular protein staining. Cultured

or freshly isolated cells were harvested, washed with cold

PBS and fixed with Cytofix/Cytoperm solution (Pharmingen

containing PBS with 4% paraformaldehyde and 0.1% saponin

for 30 min on ice. Cells were then washed with wash buffer

including PBS plus 0.1% sodium azide and 1.0% fetal bovine

serum (FBS). Cells were re-suspended and permeabilized in

permeabilization buffer containing PBS with 1% FBS, 0.1%

Figure 10. A single-parameter histogram. The x-axis represents the parameter’s signal value in channel numbers (Count) and the y-axis represents the
number of events per channel number (IL17 positive cells). Naı̈ve CD4+T cells were stimulated with Th17 culture condition during 7th d. The cells
were fixed with Fixation Buffer and permeabilized with Permeabilization/Wash Buffer I (BioLegend). Both (A) unstimulated and (B) stimulated cells
were stained with Anti-Human IL-17A Fluorescein-conjugated Antibody (BioLegend). Finally, cells were washed and analyzed with Attune flow
cytometry.

Figure 12. Density plots of a stimulated naive CD4+T cells. Isolation of
naive CD4+ T helper cells from PBMCs using the Naive CD4+ T Cell
Isolation Kit II (Miltenyi Biotec, Bergisch Gladbach, Germany). Naive
CD4 T cells were stimulated with Th17 polarizing conditions for 7 d. It
shows all the cells where the different colors represent the density of the
cells at a given position.

Figure 11. Dot plot of PBMC. Cell subpopulations based on FSC versus
SSC were analyzed by flow cytometer. Correlated measurements of FSC
and SSC can allow cell population to be distinguished from each other
and from cellular contaminants. Dead cells have higher side scatter and
lower forward scatter than living cells.
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sodium azide and 0.1% saponin for 10 min on ice. Then, cells

were stained for 20 min at 4 �C in the dark with monoclonal

antibodies specific for intracellular antigens such as Bcl-2

(Figure 15) or active caspase-3 (Figure 16). Following two

times washing, cells were analyzed by flow cytometry.

Applications of flow cytometry

Phenotypic characterization of blood cells

Immunophenotyping or phenotypic characterization of cells is

the identification and quantification of a specific cell group in

the mixed population using flow cytometry e.g. immune cells

of the blood. Specific cell surface membrane proteins, which

are known as markers, can be detected by using antibodies.

These specific antigens can be expressed on more than one

cell type.

Therefore, immunophenotyping of the cells can be

accomplished by staining of a single cell simultaneously

with two or more antibodies. Phenotypic characterization of

blood cells is seen in Figure 17. Human PBMCs were first

isolated by Ficoll-Hypaque density gradient centrifugation

(Böyum, 1968). Then, PBMCs were labeled with the selected

combination of cell surface antibodies including anti-CD3,

anti-CD4 and anti-CD14 (BD Biosciences) (Figure 14). Cell

surface labeling was carried out as described in ‘‘Cell Surface

Staining’’ section. Cell surface staining section and labeled

cells were analyzed by flow cytometry.

Measurement of apoptosis markers

Rapid and quantitative measurement of apoptotic cells can be

detected by flow cytometry. The methods for the detection of

cells undergoing apoptosis (programmed cell death) should

detect apoptotic properties of cells rapidly and allow them to

keep their natural state in order to obtain the most reliable

results. Many different flow cytometric methods for the

assessment of apoptosis in cells have been described

including measuring plasma membranes changes, detection

of active caspase-3 and DNA fragmentation.

Cell viability

The measurement of cell viability plays an important role in all

kinds of cells. Viability analysis can provide information about

the viable (live) and non-viable (dead) cells. Non-viable cells in

your samples can non-specifically bind to your antibodies

resulting in false positives and ultimately inaccurate results. The

detection of cell viability by flow cytometry is based on a

simple yet powerful principle (Wlodkowic et al., 2012). The

viability of cells can easily be determined in flow cytometry by

adding one of DNA binding dyes at a relatively low concen-

tration to a population of cells. Discrimination between live and

dead cells in flow cytometric analysis can be carried out based

the usage of several different fluorochromes including 7-amino

actinomycin D (7-AAD) (Figure 17), PI and DAPI.

Detection of plasma membrane changes

Apoptosis is characterized by a variety of molecular and

morphological changes. One of the earliest events in an

apoptotic cascade is the alteration in the plasma membrane.

The membrane phosphatidylserine is translocated from the

inner to the outer leaflet without affecting the plasma

membrane integrity, which leads to detect the culmination

of apoptosis by the loss of plasma membrane integrity

(Vermes et al., 1995).

Cells were washed and labeled with Annexin V and 7-AAD

in the presence of Ca++ binding buffer (Becton Dickinson,

Mountain View, CA) for 30 min and analyzed by flow

cytometry within 1 h in order to measure the plasma

membrane changes Annexin V-positive, 7-AAD-negative

cells were defined as early apoptotic cells with an

intact cell membrane with externalized phosphatidylserine

(Figure 18). In contrast, Annexin V-positive and 7-AAD-

positive cells were defined as dead cells.

Detection of active caspase-3 activity

Another molecular hallmark of apoptosis is the activation of

caspases. Caspases are inactive enzymes and must become

active during apoptosis. One of the effector caspases activated

at the late apoptosis stage is caspase-3. Active caspases-3

initiates series of events that ultimately kill a cell (Lessene

et al., 2008; Wlodkowic et al., 2012). The active caspase-3

can be detected and analyzed with flow cytometry

(Figure 16).

Detection of mitochondrial proteins

Bcl2 is a human proto-oncogene located in the membranes of

the endoplasmic reticulum, nuclear envelope and in the outer

membrane of mitochondria. Preclinical studies demonstrated

that Bcl2 is anti-apoptotic intracellular protein and the

decreased Bcl2 level indicates progression of apoptosis

(Wlodkowic et al., 2012). In order to detect Bcl2 activity,

cells were fixed and permeabilized. Then fluorescence-

conjugated Bcl2 antibody was added into cells and analyzed

by flow cytometry (Figure 15).

Figure 13. Density plot quadrants. Freshly isolated human peripheral
blood mononuclear cells were labeled with CD4 and CD3 antibodies for
cell surface antigens (BioLegend). The labeled cells were analyzed by
Attune flow cytometry. Cells were gated on lymphocytes. The x-axis
represents CD3 positive and the y-axis represents CD4 positive cells.
Upper right quadrant shows CD3 and CD4 double positive cells.
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DNA fragmentation

Programmed cell death is accompanied by degradation of

chromosomal DNA. Technically, the easiest characteristic to

detect is a loss of DNA from permeabilized cells due to DNA

fragmentation (Wlodkowic et al., 2009). After permeabil-

ization, the fragmented 182 bp DNA multimers leak out of

the cell. Providing that, the cells are stained with PI, then a

DNA profile representing cells in G1, S- and G2/M phases

will be observed together with apoptotic cells being

represented by a sub G0/G1 population seen to the left of

the G0/G1 peak.

The advantage of this method that it is very fast, inexpensive

and simple. Furthermore, it detects cumulative apoptosis and is

applicable to most cell types. Moreover, the method may not

detect cells induced to apoptosis in the G2/M phase.

An alternative method to identify DNA fragmentation

involves the identification of the nicks (or strand breaks) using

the TUNNEL technique. This protocol is used for detection and

Figure 14. (A) Phenotypic characterization of PBMCs. Human peripheral blood mononuclear cells were gated using FSC/SSC parameters. PBMC
were labeled with monoclonal antibodies for CD4, CD3 and CD14 cell surface markers (BioLegend). The labeled cells were analyzed by Attune flow
cytometry. Cells were gated on lymphocytes. (B–D) Rectangular gates show CD3, CD4 and CD14 positive cells. (E–G) Two-parameter dot plots
quadrants show (from left to right) CD4 and CD3 double positive cells and CD14 positive cells only.

Figure 15. The expression of Bcl-2 in CD4 T
cells. Naı̈ve CD4 T cells were cultured using
Th17 culture condition during 9 d. Golgi Stop
was added to the cultures before 4 h for
intracellular immunofluorescence staining.
Cells were washed and cell surface was
stained with CD4 antibodies (BioLegend).
After fixation and permeabilization with
Fixation and Permeabilization Buffer Set
(BioLegend), fluorescence conjugating with
the Bcl2 antibody (BioLegend) was added
into cells. Bcl-2 and CD4 expression was
analyzed by double immunostaining by
Attune flow cytometry, and populations were
all CD4 gated. (A) Rectangular gate indicates
Bcl2 positive in CD4+T cell population and
(B) right quadrant shows Bcl2 and CD4
double positive cells.
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quantification of apoptosis (programmed cell death) at the

single cell level based on labeling of DNA strand breaks

(Wlodkowic et al., 2009). In the TUNEL assay, (Apo-BrDU)

exogenous TdT is used to catalyze a template-independent

addition of bromodeoxyuridine triphosphates (Br-dUTP) to the

free 3’-hydroxyl ends of double or single-stranded DNA

fragments. These cells are visualized by flow cytometry.

Intracellular cytokine detection

Culturing of the cells was carried out as described above

except for intracellular cytokine staining. To detect intracel-

lular cytokines, cultured cells were treated with Golgi stop

(1:1500) for 4 h at 37 �C. At the end of incubation, cells were

first washed and labeled with cell surface markers for T cells.

Following washing, cells were fixed and permeabilized for

intracellular staining of cytokines. After fixation and perme-

abilization, fluorescence-conjugated antibody for a target

molecule was added to the cells. Finally, the labeled cells

were analyzed by flow cytometry (Figure 19).

Recent developments in flow cytometry

One of the most important progresses in flow cytometry

technology is the discovery of Quantum dots (QDs) that

provide a great opportunity for highly multiplexed experi-

ments and improved resolution. QDs produced from semi-

conductor materials such as selenium and cadmium are

fluorescent nanocrystals (2–6 nm in size) with different

properties as compared to small and tandem dyes mentioned

(Akinfieva et al., 2013). QDs do not have an absorption

spectrum unlike FITC and PE; instead, they have a wide

absorption spectrum and so can be excited by a range of

different wavelengths. They are also extremely photostable at

wavelengths greater than 300 nm and their different colors can

be excited simultaneously by the same source (Buranda et al.,

2011; Moquin et al., 2015). There are a wide variety of QDs

developed by the commercial companies that are named

based on the wavelength of their peak emission including

QD545, QD605 and QD655 (Chattopadhyay, 2011).

Currently, QDs conjugated to protein A or streptavidin or as

secondary antibody conjugates are also available. Antibody-

conjugated QDs are suitable to stain both surface antigens and

intracellular antigens (Buranda et al., 2011). QDs have been

used in a broad range of applications due to their superior

properties including the labeling of several targets (cell

surface receptor, nuclear antigens) located in different com-

partments of different samples (tissue samples, cultured live

cells and fixed cells) and detection of multiple cancer markers

Figure 16. The detection of active-caspase-3.
Human naı̈ve CD4 T cells were cultured in
Th17 polarizing conditions. (A) IMDM was
used as a negative control. The expression of
active caspase-3 was measured at 7th d. In
order to detect the active caspase-3, the cells
were fixed with Fixation Buffer and per-
meabilized with Permeabilization/Wash
Buffer I (BioLegend). Either (A) unstimu-
lated or (B) stimulated cells were incubated
with active caspase-3 antibody (BD
Bioscience) for 20 min at 4 �C. Finally, cells
were washed and analyzed with Attune flow
cytometry.

Figure 17. The cell viability measurement by
7AAD. Naive CD4+T cells were stimulated
with Th17 polarizing conditions for 7 d.
Stimulated naı̈ve CD4+T cells were labeled
with 7AAD and CD4. The cells gated on CD4
positive cells. The viability of CD4 T cells
were measured by 7-AAD staining protocol
(BD Biosciences). The distinction between
positive and negative is clear. Rectangular
gates indicate 7AAD positive cells in naı̈ve
CD4+T cell population.
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(Akinfieva et al., 2013). QDs are also considered as more

efficient FRET donors as compared to conventional fluor-

ophores, thus, they are used to study intracellular interactions

and binding events (Akinfieva et al., 2013).

In recent years, the development of spectral flow cytometers

has enabled fast and sensitive high-resolution measurements of

the cell and other particles compared with conventional flow

cytometry. The great efforts accomplished by spectral flow

cytometers are related to their unique instrumental design,

which is different from conventional flow cytometers in terms

of optics and detectors (Nolan & Condello, 2013). Optics

(dichroic mirrors) in conventional flow cytometry transmits,

block or reflect a photon based on its wavelength while photons

are dispersed in a spectral flow cytometer by using prisms and

gratings as dispersive optics. A linear array of detectors is

commonly used in spectral flow cytometry to measure the

continuous spectrum produced by the prism or grating.

Currently, charge coupled devices and multianode PMTs are

the detectors used in spectral flow cytometers (Nolan et al.,

2013). The biological applications of spectral flow cytometry

are still under investigation and most of the work with this

technique are related to validation studies. For instance, in a

recent study, spectral flow cytometry has been used to analyze

five different engineered bacterial fluorescent proteins without

any spectral overlap (Telford et al., 2015).

In the field of flow cytometry, many advantages have been

provided by the development of microfabricated flow

cytometers that use microfluidics. Microfluidics are defined

as cutting-edge science and technology in which small

amounts of fluids (10�9–10�18 liters) can be processed and

manipulated in channels with very small dimensions (Chen

et al., 2015). Therefore, microfluidic flow cytometers can be

used to analyze single cells in a small population, cellular

differences in gene expression or response to a drug within a

population of cells (Cheung et al., 2010). These chip-based

flow cytometers are cost- and size-effective and portable

when compared to conventional benchtop instruments

(Cheung et al., 2010). Microfluidic flow cytometers have

several advantages over conventional flow cytometers. For

instance, a typical flow cytometer delivers a sample of

interest at rates of 10–100 ml per minute, which is not

practical to detect the cells such as circulating tumor cells and

hematopoietic stem cells found in very small numbers in the

total sample. Because, conventional flow cytometers require

analysis of several milliliters of the sample to detect small

numbers of cells. However, microfluidic flow cytometers

have the ability to concentrate cells and particles at the center

of a microfluidic channel for direct analysis, which is based

on acoustic concentration (Piyasena & Graves, 2014).

Another advantage of microfluidic flow cytometers is

Figure 18. Quantification of apoptosis in CD4 positive T cells with Annexin V/7AAD staining. Naive CD4+T cells were stimulated with Th17 culture
conditions during 7 d. Stimulated naı̈ve CD4+T cells were labeled with 7AAD, Annexin V and CD4. The cells gated on CD4 positive cells. Viability
of CD4 T cells was measured according to 7-AAD and Annexin V staining protocol (BD Biosciences). (A,B) Representative side scatters (SSC) versus
7-AAD and Annexin V density plot. (C,D) Upper right and lower left quadrant shows Annexin V/CD4 and 7AAD/CD4 double positive cells. (E) Cells
in the lower right quadrant indicate Annexin-positive/7AAD negative, meaning early apoptotic cells while the cells in the upper right quadrant indicate
Annexin-positive/7AAD positive, late apoptotic cells.
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high-throughput screening in which small volumes of hun-

dreds of thousands of samples can be analyzed simultan-

eously. This approach has been used to analyze the cells for

high protein content screening in 384 microfluidic flow

channels, which uses laser scanning to analyze samples in

parallel (McKenna et al., 2011).

Conclusion

Flow cytometry is one of the most powerful approaches for

the analysis of various kinds of samples in a short period of

time, which gives valuable information about the question of

interest. In this review, the working principle of flow

Figure 19. Expression of IL17 cytokine. Th17
cultures were terminated according to the
expression level of IL-17 (7th or 9th d) and
cells were stimulated by 10 ng/ml IL-23 for
every 5 d in order to refresh the culture
condition. Cells are restimulated for 4 h with
Golgi Stop (BD Bioscience). The cells were
fixed with Fixation Buffer and permeabilized
with Permeabilization/Wash Buffer I
(BioLegend). Both unstimulated and stimu-
lated cells were stained with Anti-Human IL-
17A Fluorescein-conjugated Antibody
(BioLegend). Finally, cells were analyzed by
Attune flow Cytometer and populations were
all CD4 gated. Naive CD4+T cells were
gated using FSC/SSC parameters in (A)
unstimulated and (B) stimulated Th17 cells.
Rectangular gate indicates CD4 and IL17
positive in (C,E) unstimulated negative con-
trol and (D,F) stimulated cells. Cells in the
lower left and right quadrant show IL17-
positive/CD4 positive cells in (G) unstimu-
lated negative control (Figure 19G) and (H)
stimulated Th17 cells.
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cytometry has been emphasized in detail and its common

applications, by using data gathered from our own studies,

have been discussed to provide a general overview for data

generation and analysis. Although new developments have

been achieved in the flow cytometry area over the last

century, it has continued to adopt innovations in order to

reduce cost, size and complexity and to increase sensitivity.

These innovations include the development of more efficient

fluorochromes such as QDs and of high technology flow

cytometers including spectral and microfluidic flow cyt-

ometers as discussed throughout the text. It is clear that

efforts will continue to optimize and develop flow cytometry,

which will ultimately result in significant improvements in

several areas such as basic science, medical and biomedical

researches.
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