
REVIEW
published: 18 June 2019

doi: 10.3389/fbioe.2019.00147

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 1 June 2019 | Volume 7 | Article 147

Edited by:

Ioanna Giouroudi,

National Technical University of

Athens, Greece

Reviewed by:

Giuseppe Maruccio,

University of Salento, Italy

Attilio Marino,

Istituto Italiano di Tecnologia, Italy

*Correspondence:

Mohammad A. Qasaimeh

mohammad.qasaimeh@nyu.edu

Specialty section:

This article was submitted to

Nanobiotechnology,

a section of the journal

Frontiers in Bioengineering and

Biotechnology

Received: 27 March 2019

Accepted: 31 May 2019

Published: 18 June 2019

Citation:

Vembadi A, Menachery A and

Qasaimeh MA (2019) Cell Cytometry:

Review and Perspective on

Biotechnological Advances.

Front. Bioeng. Biotechnol. 7:147.

doi: 10.3389/fbioe.2019.00147

Cell Cytometry: Review and
Perspective on Biotechnological
Advances
Abhishek Vembadi 1, Anoop Menachery 1 and Mohammad A. Qasaimeh 1,2*

1Division of Engineering, New York University, Abu Dhabi, United Arab Emirates, 2Department of Mechanical and Aerospace

Engineering, New York University Tandon School of Engineering, Brooklyn, NY, United States

Cell identification and enumeration are essential procedures within clinical and research

laboratories. For over 150 years, quantitative investigation of body fluids such as

counts of various blood cells has been an important tool for diagnostic analysis. With

the current evolution of point-of-care diagnostics and precision medicine, cheap and

precise cell counting technologies are in demand. This article reviews the timeline

and recent notable advancements in cell counting that have occurred as a result of

improvements in sensing including optical and electrical technology, enhancements

in image processing capabilities, and contributions of micro and nanotechnologies.

Cell enumeration methods have evolved from the use of manual counting using a

hemocytometer to automated cell counters capable of providing reliable counts with

high precision and throughput. These developments have been enabled by the use

of precision engineering, micro and nanotechnology approaches, automation and

multivariate data analysis. Commercially available automated cell counters can be broadly

classified into three categories based on the principle of detection namely, electrical

impedance, optical analysis and image analysis. These technologies havemany common

scientific uses, such as hematological analysis, urine analysis and bacterial enumeration.

In addition to commercially available technologies, future technological trends using

lab-on-a-chip devices have been discussed in detail. Lab-on-a-chip platforms utilize the

existing three detection technologies with innovative design changes utilizing advanced

nano/microfabrication to produce customized devices suited to specific applications.

Keywords: cytometry, enumeration, biotechnology, microfluidics, microfabrication

INTRODUCTION

Precise determination of cells in a sample is important for a broad field of applications, such as
tissue culture studies by microbiologists and disease progression in medical laboratories (OYAMA
and EAGLE, 1956; Houwen, 2001). Early medical practitioners realized the importance of counting
blood cells as a tool for investigation and quantitative study in healthcare (Verso, 1964). Prior to
the advent of microscopy, bacterial microorganisms were enumerated with the naked eye by means
of colony counts. This is restricted by culture growth time since most microorganisms take long to
form visible colonies. Subsequently, cells were counted manually using a microscope. For over 100
years, cell biologists have been using a hemocytometer (counting chambers) to quantify cells (Bard,
1974). This lets the user count the number of cells manually, within a volume of liquid, under a
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microscope. Mass manufacturing techniques led to addition of
laser etched Neubauer grids in modern slides and made them
cheaper (available retail for < $ 100 from Sigma Aldrich).
Despite the gradual replacement of manual counting methods
with automated counters due to their ability to process multiple
specimen types including blood and urine, hemocytometer is
still a mainstay of all cell biology laboratories as of now
(Hsiung et al., 2013).

Nowadays, there are three main commercial methods
(detection principles) used in automated counters. The first is
the automated detection and analysis using electrical properties
as the basis of distinguishing cells. Coulter counter uses the
impedance properties of the cell to make the analysis; cells are
detected every time they cross through an aperture (orifice),
typically around a few micrometers in size. Modern coulter
counters are capable of measuring cells even smaller than
1µm (Yang and Yamamoto, 2016). Bacterial cells, typically
much smaller than mammalian cells, can be detected with
coulter counters. Coulter counter was the first electronic cell
counter which was widely accepted as an alternative to manual
counting. Bull et al. showed clinical relevance of early coulter
counters in making accurate and reproducible platelet counts
(Bull et al., 1965).

Optical Flow cytometer, another widely used commercial
method available in the market, is based on optical cell
detection (Lee et al., 2003). It is used for management of
patient diagnosis and prognosis, such as for blood cancers like
leukemia and Lymphoma (Jelinek et al., 2017). They provide large
scale, automated quantification of cells based on their optical
parameters on a cell by cell basis. Laser light is illuminated on
the particles in the sample stream; thereby, getting scattered and
measured by optical detectors. Each event or cell in the flow
produces characteristic information or parameter based on its
light scattering and/or fluorescent properties, hence optical flow
cytometers can simultaneously providemulti-parametric analysis
with data on cell morphology and chemical characteristics (Cho
et al., 2010). Several optical flow cytometers have an added feature
which allows them to physically separate cells of interest from a
heterogeneous sample, based on their optical properties and are
categorized as Fluorescence assisted cell sorting (FACS) systems.
They have a low coefficient of variation (CV) when counting cells
below the range of 30 cells/µL (Sandhaus et al., 2010). Krediet
et al. reported high precision and accuracy while using optical
flow cytometer in comparison to manual and coulter counting
methods (Krediet et al., 2015). They usedMillipore GuavaTM flow
cytometer for counting algal cells and the device was able to
perform quantification over a wide range of cell concentrations.
The system provides automated processing (rinsing and mixing)
of 96-well plate samples providing low operator time and
high throughput. The Food and Drug Administration (FDA)
has approved Flow cytometry as a clinical detection technique
which will help manufacturers target more devices for clinical
hematology and circulating tumor cell (CTC) detection (Goodin,
2017). Flow cytometers and Coulter counters have earned a place
in research and clinical laboratories despite their bulky size and
costs, which is explained due to the rise in demand for precision
high-end cell counters for high throughput counts. In general,

these devices can cost up to tens of thousands of dollars, which
makes them unfeasible for developing countries or for portable
point-of-care diagnostics.

The third most common type of device utilizes digital
image analysis using a photo-microscope (O’Brien et al., 2016).
These devices, readily available from established manufacturers
like ThermoFischer scientific (i.e., Countess II automated cell
counter) and BioRad (TC20 automated cell counter), contain
an optical system with autofocus, capable of detecting cells
using integrated software to characterize particles in terms of
their fluorescent intensity and size while having a processing
time of few seconds (Goldberg, 2008; Gupta et al., 2018).
Image cytometry devices can either analyze static samples or
perform kinetic analysis, in which case it is also referred to
as imaging flow cytometry (Lanigan et al., 1993). Imaging
flow cytometry gained commercial use after technological
improvements in optics and detection systems that allowed
the imaging of moving cells to stay in focus. There are some
examples of small full blood counting systems utilizing image
cytometry, such as HemoCUE WBC system, which can make
cell counts with clinical accuracy and have been certified by the
European Conformity CE marking (Lohman et al., 2018). Lui
et al. developed a method for CTC detection in hepatocellular
carcinoma using image flow cytometry (Liu et al., 2016). They
performed fluorescent imaging of cells and enumeration of
CTCs based on morphological criteria. In research laboratories,
images of cells obtained using microscopy are also commonly
analyzed and quantified using open source software (Hennig
et al., 2017). Cell profiler, ImageJ, and other such open-source
software, are routinely used by cell biologists for cell count
from thousands of images, by performing object identification
through segmentation, thresholding, recognition and division
of clumped cells and other processing steps, which are
user customizable.

A brief comparison of the different counting methods is
summarized in Table 1. Values of sample concentration for
various devices obtained by correspondence from company.

With the rise of microfluidic devices, several attempts have
been made to develop cell counters embedded in a chip. These
devices show great promise as portable and low-cost diagnostic
tools (Chin et al., 2012). Microfluidics finds itself organically
linked with cell manipulation and analysis because of the obvious
size match between microfluidics- leveraging micrometer scale
channels to process low volume fluid samples (Whitesides,
2006). However, improved stability over longer periods of time
is necessary for the technology to become mainstream and
find commercial success. Many studies have been done for
sample enumeration in a single microfluidic platform (van Berkel
et al., 2011). Currently, most of the microfluidics based cell
counting systems available in the market, such as FX500 by Sony
Biotech and Ampha z32 by Amphasys, use a microfluidic chip
or cartridge integrated within conventional cytometry system.
Such designs offer simplicity and flexibility since they feature
a replaceable fluidics system with microchannels for sample
flow, which is easy to set-up and maintain. For microfluidic
devices to supplant current cytometers, it will require more
development in sample preparation and detection techniques
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TABLE 1 | Summary of commercial cell counting principles and specifications.

Detection principle Example Sample concentration

(cells/mL)

Price

range ($)

Label needed Analysis time/throughput

Manual counting Sigma-Aldrich, BrightLine

Hemocytometer

2 × 105-2.5 × 106 $ Yes—Trypan Blue,

Methylene Blue, Erythrosin

B, Nigrosin, Saffrarin

Low

SKC,Inc, C-ChipTM

Disposable Hemacytometers

Impedance system Scepter 2.0- Sigma-Aldrich 2 × 103-1 × 106 $$-$$$ NO High

Multisizer 4 COULTER

COUNTER

Optical system ACCURI c6- BD 1 × 103-1 × 106 $$$ Both- Label free for

scattering ; Label Needed

for absorption and

fluorescence

High

Guava- Millipore

Image cytometer Countess II-Fischer scientific 1 × 104-1 × 107 $$ Yes- for cell identification Low

Cellometer T4- Nexcelom

TABLE 2 | Summary of fluid focusing methods in microfluidic cytometry.

Focusing Method Principle Advantage Disadvantage

Sheath flow 2D and 3D Hydrodynamic

focusing

Ligler and Kim, 2010; Golden

et al., 2012

Fabrication of fluidic channels without

the need for active electrical circuitry

Production of large amounts of waste sheath buffer fluid

Need for multichannel fluidic pumps to precisely position cells

within the fluid

Increased cell concentrations can result in the loss of a focused

single cell stream resulting in erroneous cell counts

Sheath-less flow Acoustic focusing

Piyasena et al., 2012

High volumetric throughput

Precise Spatial Positioning within 3D

sheath flow

Requires integration of piezoelectric devices to generate

acoustic waves

Dielectrophoretic focusing

Yu et al., 2005

Similar efficiency to acoustic focusing Requires electrode integration within the channel

Requires sample buffer conductivity to be adjusted

Depends on particle polarizability

Inertial focusing

Gou et al., 2018

Passive method not requiring external

driving power

Diminished performance at high cell concentrations similar to

hydrodynamic focusing

Results in pressure variations and consequently the shear stresses

Magnetic focusing

Zeng et al., 2012

Precise spatial positioning can be

achieved by extrinsic magnetic

bead labeling

Few biologicals particles are diamagnetic like erythrocytes and

platelets

Other cell types need to be tagged/ labeled using magnetic beads

Requires the integration of strong magnets to produce intense

field gradients

within a lab-on-a-chip microfluidic platform. The timeline in
Figure 1 shows an overview of all cell counting methodologies.

CLINICAL SIGNIFICANCE

Clinics and hospitals worldwide widely use cell counting to
determine the health of a patient. Hematological analysis of body
fluids can provide valuable diagnostic information and indicate
medical conditions. Physician can use the results from these
tests to learn a great deal about health and help in discovering
the problem in its early phase. Since blood is rich with cells
and proteins, among other biological substances, and provides
important information about health, it has become a form of
liquid biopsy performed on patients for cases such as monitoring
an anemia, infection, cancer and a wide gamut of disorders.

The full blood count is therefore routinely performed for any
measure of diagnoses in clinics and it involves counting all the
cells in the blood sample (Houwen, 2001). This determines the
composition of various constituents within the blood such as red
blood cell (RBC), white blood cell (WBC), and platelets, which
give insight into the health status of a patient. For example, low
white blood cell count could be a cause of a bigger underlying
issue like infections with Human immunodeficiency virus (HIV),
which uses CD4+ T Lymphocyte cells for replication and hence
leads to critically low WBC count (Kannel et al., 1992). Hence,
methods for CD4+ T cell enumeration are important for HIV
disease staging and treatment monitoring, which makes portable
label-free cell cytometers a necessity especially in resource
limited setting where the disease has a higher prevalence (Cheng
et al., 2007). Multi-parametric flow cytometry has become the
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FIGURE 1 | Evolution of various cell counting and detection technologies.

FIGURE 2 | Principle of hemocytometer for cell counting. (A) Zoomed inset of a hemocytometer showing the Neubauer chamber with counting grid. (B) Stained colon

carcinoma CT-26 cells using trypan blue dye where the arrows indicate dead cells (Hong et al., 2011). This work is licensed under the Creative Commons Attribution

4.0 International License.

mainstay of most hematologic malignancies (Braylan, 2004) and
automated counters are standard inventory of most medical
diagnostic laboratory. Automated cell counters like Sysmex XE-
200 or Beckman coulter DxH 600 are extensively used by
laboratory technologists for analyzing most body fluid samples

due to their low turnaround times and improved precision,
as opposed to manual hemocytometer. Other instruments such
as the CSF cell counter GlowCyte by Advanced Instruments
are marketed for specialized sample analysis in clinics and
offer comprehensive results with patient reports. These devices
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follow validation and verification protocols set by international
regulations, like the FDA in USA and diagnostic devices directive
in EU, to ensure universal standards are set for the laboratory
method (Verbrugge and Huisman, 2015). Cell counting and
analysis of CTCs is also a widely popular field of research due
to the prognostic information in cancer patients. For example, it
was shown that the detection of CTCs using flow cytometry can
be a predictor of survival in patients (Nowakowski et al., 2005).
The use of FDA approved CTC enumeration by CellSearchTM

(Menarini Silicon Biosystems) opened the door for rare cell
characterization for drug development and as a prognostic
marker for personalized therapies which has led to several such
attempts at quantification of rare cells (Maertens et al., 2017).

HEMOCYTOMETER

After the modern hemocytometer was initially invented in
the late nineteenth century, it has been used extensively for
cell enumeration. The device evolved from being used by
clinical practitioners to analyze blood samples to becoming a
common tool in laboratories and clinics all over the world. It
is still commonly used for counting cells due to its low cost
and versatility.

The history of hemocytometer is intertwined with
hematology, as the study of blood associated diseases was
of interest to the early physicians (Verso, 1964). The first
such device which resembled the modern hemocytometer
was invented by Louis Charles Malassez in 1874 and this was
followed by several iterations to make improvements to the
design. He created a counting chamber glued to glass slide with
markings that correlated the length to volume of sample. The
concentration of cells could be determined by counting them
and multiplying by the dilution factor. The most significant
improvement to the counting efficacy was proposed by Karl
Burker (1872-1957), who made the device using heavy glass slide
and three cemented glass platforms on the surface along with
gridding. Over time, the hemocytometer rulings and counting
grid evolved to account for more diverse requirements; initial
design was made for counting smaller cells, like RBCs, and was
not appropriate for other kinds of cells.

Hemocytometers currently available in the market are mass
manufactured with laser etched grids. They are more accurate
and easier to use compared to its predecessors. The device is
crafted to ensure that the area covered by the lines as well as
the volume of the chamber is known. The gridded area of the
hemocytometer consists of 1×1mm squares, which are again
subdivided into smaller divisions, as shown in Figure 2A. The
cell suspension is loaded via capillary action into the chamber and
the cells are counted manually. The number of cells can further
be used to determine the concentration or density of the cells
(Absher, 1973).

Traditionally, a hemocytometer was also used to supplement
cell enumeration with viability analysis, shown in Figure 2B.
Cell viability, which is essential to assess the kinetics of growth,
is performed by the selective staining of the sample using
various staining approaches. Vital exclusion stains are commonly
used to mark cells that have lost membrane integrity such as
Trypan Blue or inclusion stains which mark cells retaining

membrane integrity such as Fluorescein Diacetate (Kwizera
et al., 2017). Hemocytometer is not limited to certain staining
methods and allows all staining techniques according to the
purpose of the analyses. Variations of the device, such as
Nageotte hemocytometer allow analysis of low cell concentration
beyond the capabilities of standard hemocytometer. Nageotte
hemocytometer have been shown to make accurate counts
of low leukocyte concentrations using crystal violet stain
(Lutz and Dzik, 1993).

Although an integral part of every laboratory in cell
based research, the method is still subject to several inherent
shortcomings due to its design. Instrumentation and material
variation, such as the type of buffer and pipette used, can add
unwanted errors to the result. Since hemocytometer still depends
on manual counting, human error is inevitable in the various
stages of the process (mixing, handling, and dilution). If the
analyst does not have a certain level of expertise in using the
hemocytometer, it may lead to less accuracy and high inter-
operator errors. The standard error in a hemocytometer is
described as 1/

√
n, where n is the number of cells counted

(Berkson et al., 1939). Biggs et al. performed a study to
quantify the standard and observer error using trained doctors
who were made to count RBCs. Operator and standard error
was reported to be 3.12 and 7.8%, respectively (Biggs and
Macmillan, 1948). The cells have to be diluted and mixed
thoroughly, to ensure that the sample is representative of the
original mixture and to ensure it is not too crowded and
difficult to count. Higher dilution factors also seemed to produce
higher standard error in the results obtained (Ongena et al.,
2010). Multiple sample counts usually need to be made to
ensure the results are consistent and representative of the
original sample. The manual counting process is also time
consuming and hence not efficient to be implemented for
large scale analyses. Despite the shortcomings, in the hands
of an experienced user it continues to be a useful tool
to discriminate and enumerate a heterogeneous population
of cells.

AUTOMATIC CELL COUNTING

Since the early days of cell counting, there were attempts made to
automate the process to yield high throughput, whilemaintaining
accuracy. With the development of computers, improved optical
and electronic components, cameras and algorithms, it is possible
to eliminate some of the errors of manual counting through
automation in the cell counting process. Fully automated systems
can also perform sample preparation thereby reducing operation
and turnaround time.

Electrical Impedance Based Cell Counting
Cell analysis using impedance for counting particles is one of
the most popular conventional methods. It is predominantly
based on the “Coulter principle” which was developed byWallace
H. Coulter, in 1953, who reported a novel method to analyze
individual cells in a fluidic channel (Simson, 2013). After his
invention of impedance based single cell flow cytometer, he
focused its usage on counting RBCs since he believed automation
was desirable in clinics due to error prone measurements in
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manual cell counting and user dependent variability. Wallace
described it as a non-optical counting system, and claimed
it could count over 6,000 single cells per second. It was
a revolutionary device at that time, since most diagnostic
laboratories had physicians working tediously on microscopes
to count blood cells on hemocytometers. His invention was
pitched as an alternative to visual cell counting and quickly
commercialized as an instrument (Coulter, 1956).

The Coulter principle is based on the phenomenon that the
electrical impedance of a particle is different from that of the
buffer. An aperture is placed between two electrodes while the
electrolyte forms the current path. The aperture creates a “sensing
zone,” which causes a change in impedance, concurrent with
electric current, as the particle passes through it (Kubitschek,
1969). Furthermore, the change in impedance is correlated to
the size of the particle and its volume which is the foundation
of cell size analysis (Hurley, 1970). The change of impedance
within an aperture depends on various physical aspects such
as particle size, shape and orientation. In addition to visible
physical attributes of the particle, the electrical conductivity
of the particle and solution, and homogeneity of the electric
field also have a significant effect on impedance. Since the
movement of particles across this aperture causes a decrease
in the electric current passing through, these pulses can be
monitored to count the particles. Also, because this depends
on the intrinsic electrical properties of the cell, a fluorescent
marker or label is not necessary. The initial design of the device,
as illustrated by Wallace, was very simple; consisting of just
an orifice/small current path between electrodes. The modern
version of the device can be applied in many areas, including
medical instruments, for applications such as counting and
analysis of blood cells, proteins, bacteria and prokaryotic cells
(Kulp et al., 2004). It made possible the most common medical
diagnostic test- the complete blood count, to be carried out for
many samples in a very short period of time.

The first commercial counter, the “Coulter Counter Model A”
incorporated novel components, like the invention of mercury
manometer based metering system to tackle the challenge of
accurately measuring the sample volume flowing through the
orifice (Hogg and Cooley, 1964). The other essential element
to the device was the electronic circuit for tracking individual
events passing through the aperture. The change in electrical
impedance due to passage of particles through the aperture
is analyzed using pulse processing (Graham, 2003). Through
this basic electronic circuit, the number of pulses that are
detected can be correlated to the particle count, and the height
(amplitude) of the pulse proportionally relates to the volume
of the particle (Bull et al., 1965). In the early version of the
device, an initial calibration was required to correlate the cell
size to the threshold values on the oscilloscope to account for
background noise level and cell type. Using the principle that
larger cells produce high amplitude pulses in relation to smaller
cells, various cell types are distinguished and characterized by
analyzing the signal peaks. Wallace accurately demonstrated this
method by determining the number of RBCs and cancer cells,
based on the pulse information, from a sample solution. A lot
of work published through the 1960’s also looked at answering

the challenges of particles simultaneously transiting through the
aperture (Edmundson, 1966; Last and Smol, 2006). A major
assumption made by impedance flow cytometers is that only
one particle passes through the “sensing zone” at a time. The
passage of more than one cell at a time causes an artifact known
as coincidence. On an oscilloscope, this can be detected as
a change in pulse height and/or width compared to a single
cell pulse, for coincident passage. This can be minimized by
reducing the aperture size or increasing dilution of the solution.
A mathematical treatment was also proposed for coincidence
correction. The mathematical expression obtained defines the
count loss that occurs and can be factored into the data to
give a more accurate result (Princen and Kwolek, 1965). Newer
commercial devices contain threshold comparators that only
allow pulses through that are equal or greater than the value
predefined by the user for a cell type, thereby allowing processing
of a heterogeneous cell population (Guo et al., 2012). Data
can then be obtained on these pulse parameters (e.g., height
and width of pulse), which can be converted to the required
information such as cell size and distribution. With the help of
advanced electronic circuitry, modern coulter counters employ
digital signal processing. By means of automation, the data is
displayed in a readily accessible manner to the user by tabulating
the various morphological parameters.

Most early implementations of coulter counter use direct
current resistance between the electrodes since that generates
data, which is easy to process (Graham, 2013). Subsequently,
patents were published to use high frequency AC currents
coupled with low frequency or DC current (Wallace and
Counter, 1966). The advantages of incorporating AC capacitance
measurement is that it gives detailed information on the nature
of the particle such as cell composition based on its dielectric
properties (Holmes and Morgan, 2010). When the impedance
measurement is made for two different frequencies, the device
can distinguish between particles of identical size but different
cellular contents. Byerly et al. demonstrated the use of AC
technique to detect and count organisms bymeans of tracking the
change in current as the particle passes through two electrodes
(Byerly et al., 1975; Hoffman et al., 1981).

Coulter principle has been widely adopted across many
industry and clinical applications since its conception.
(Kubitschek, 1958). MS parker et al. made an attempt to
use coulter counter to measure the swelling of bacterial spores
during germination and growth based on size distribution.
Since impedance based counting is a label-free technology, it
is suitable for counting virtually any kind of cell, revealing the
cell size and morphology (Parker and Barnes, 1967). In another
instance, electronic impedance counting using coulter counter
was used for standardization of yeast inoculum preparation for
fungal susceptibility testing, and results were compared with
culture colony counts. The results showed that coulter counter
had great inter-laboratory reproducibility and correlated with
the colony counts (Eng and Valensteini, 1989). However, most
of the work using coulter counter was focused on hematology.
Platelet counts using a coulter counter were reported on
patients undergoing chemotherapy with acute leukemia and
megaloblastic anemia (Bessman et al., 1982). Later, there were
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attempts to enumerate stem cells using coulter counter and
it was observed that they provided reliable and reproducible
results with CVs comparable to hemocytometer (Fernyhough
et al., 2004). Simiele et al. proposed the use of coulter counter for
measuring intracellular concentration of drugs. They determined
the mean corpuscle volume using coulter counter method
(Beckman Coutler Z2TM) from HIV positive samples, which
was then used to calculate the anti-HIV drug concentration.
Traditionally the concentration of intracellular drug required
sensitive instrumentation, such as mass spectroscopy coupled
with liquid chromatography, due to very low concentration. The
use of coulter counter provides significantly reliable and accurate
way to quantify antiretroviral intracellular drug concentrations
(Simiele et al., 2011).

Since its early days in 1960’s, technology in commercial
impedance counters has evolved immensely. These modern
instruments count tens of thousands of cells in just a few seconds
and boast very low coefficient of variance. The dynamic range
of the instrument- that is, the size of the particles that can be
analyzed- depends on the aperture size and is central to the
application. For example, benchtop Coulter Counter Z seriesTM

By Beckman Coulter offers several aperture sizes to choose
from, giving a range of 1µm to 120µm particles that can be
analyzed. Hence the device can count and analyze various types
of mammalian cells including blood cells, yet has the capabilities
to work with bacterial or plant cells. Similarly, their another
benchtop counter called coulter counter MultisizerTM is made
to handle anything including industrial particles because its
aperture tubes can handle particles up to 1,600µm (Figure 3A).
On the other hand, manufacturer’s like EMD Millipore and
ORFLO offer miniaturized impedance counters for research
laboratories. EMDMillipores’ pipette shaped handheld ScepterTM

2.0 aspirates sample through its disposable sensors and presents
histograms on the counters screen display. Figures 3B,C show
the coulter counting principle with an orifice and channel
incorporated inside the scepter counter tip. More recently,
relatively new companies like Izon ScienceTM are coming with
innovative solutions like putting a nanopore hole in a plastic
membrane which can mechanically open or close, instead of
standard fixed aperture, thereby giving an even larger dynamic
range. QNano GoldTM, a device from Izon Science, were able to
analyze sub-micrometer particles like viruses and micro-vesicles
(van der Pol et al., 2013). Most certified clinical impedance based
hematology analyzers, such as Sysmex XE 5000TM, use multiple
cell enumeration technologies in tandem to perform 5- part
blood differential counts (lymphocytes, monocytes, granulocytes,
eosinophils, basophils). They use dual impedance and optical
methods to maximize instrument output (Paris et al., 2010). They
supplement coulter principle with optical fluorescent based flow
cytometry in their devices to ascertain multiple parameters. For
instance, when performing platelet counts, abnormally large or
fragmented platelets can skew data. The accuracy in reporting is
increased by using fluorescent platelet count as a complimentary
parameter to the impedance count. Although there are many
commercial devices in the market that implement the impedance
principle for cell enumeration, several attempts have been made
to miniaturize these systems.

Microfluidic Impedance Analysis
More recently, advances in impedance cytometry have been
achieved using cleanroom microfabrication protocols to
miniaturize sensing and detection components through the
introduction of microfluidic impedance analysis systems. When
microfluidics was first introduced to cell counting/particle
detection, its main goal was to bring portability, low cost, and
simplicity (Sun and Morgan, 2010). It offers distinct advantages
as they take less sample, have low power consumption,
and offer point-of-care solutions (Cheng et al., 2009). Early
impedance flow cytometry systems were only capable of
making measurements in large sample volumes. Now, research
in microfabricated impedance analysis is growing since it
offers high sensitivity coupled with reduction in sample size.
Microfabricating the impedance sensing technology alleviates
some of the problems encountered by macro scale impedance
flow cytometers such as the requirement of large sample volumes
for analysis. Microfluidic impedance counter work on the same
principle as the commercial coulter counter based devices,
wherein there exists a pore in the microchannel which creates
a change in electrical resistance when the cell/particle passes
through it. This change can be processed by the amplification
circuit and analyzed by the computer. For clinical applications
that use impedance flow cytometry such as blood differential
counts in hematology analysis, microfluidic chip based counting
offers a way to make it cheap and available to remote locations
without medical infrastructure. In addition, some devices
employ an adjustable aperture thereby allowing larger range of
particles and cell sizes to be detected (Rodriguez-Trujillo et al.,
2008). The adjustable aperture in this context does not refer to
a physical component, but to the spatial positioning of the cell
within a fluid stream which was achieved using hydrodynamic
focusing in 2 dimensions. The focalized sample volume acts as an
aperture, which can be adapted to the particle size, as the sample
flows between two electrodes and impedance is measured. Such
a system supports a wider threshold of particle dimensions to
be detected since the aperture size can be controlled by varying
the focusing flows. Such sub-micrometer scale coulter counters
hold important applications in DNA sequencing. With the
help of modern microfabrication techniques, it is possible to
fabricate sub-micrometer channels and apertures for counting
and detecting particles, as small as single DNA/RNA molecules
(Spinney et al., 2012).

One of the earliest examples of a microfluidic coulter counter
employed DC voltage to count living cells (Larsen et al., 1997).
Figure 4A shows DC impedance sensing accomplished using
salt-bridge electrodes across a microchannel. The resulting
micro-device was used for evaluating human blood cells and
achieved cell counting as well as measurement of cell velocity
up to 100 mm/s (Chun et al., 2005). A different approach
utilizing AC frequencies instead has also been used to quantify
and characterize cells in a microfluidic device. This was first
elucidated by Ayliffe et al. who used single cell impedance
spectrum discrimination for cell analysis (Ayliffe et al., 1999).
The method involves AC current that is applied across
passing cells which causes polarization due to accumulation
of charges at the interface of the cellular membrane and the
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FIGURE 3 | Coulter counter technology used in a benchtop and handheld device. (A) Schematic of a standard benchtop coulter counter. (B) Illustration of the

mechanism of detection used in benchtop coulter counter. (C) Illustration showing Scepter handheld coulter counter and its working principle.

suspension medium. Such application of impedance cytometry
to micro/nano-fluidic channels provides higher sensitivity
(Zhang et al., 2009). Figure 4B shows a microfluidic device
where RBCs are lysed on the chip and leukocytes in whole blood
sample are counted. Hence the impedance measurements made
at such wide frequency ranges provide information on cell size,
membrane capacitance, and cytoplasm conductivity along with
cell concentration (Petchakup et al., 2017). The wide bandwidth
impedance signal processing and analysis from AC microfluidic
devices requires sensors for probing impedance measurements at
multiple frequencies. Fuller et al. used discrete mixers, filters and
direct digital signal synthesis circuits integrated withmicrofluidic
chips for measuring impedance at different frequencies
(Fuller et al., 2000).

Mikael Evander et al. used impedance spectroscopy at
multiple frequencies ranging from 280 kHz to 4 MHz for
determination and analysis of platelets from blood samples
(Evande et al., 2013). Sohn et al. introduced a significant
microfluidic device utilizing flow cytometry based on AC
capacitance in an integrated microfluidic chip for measuring
biologicals cells. Cells were characterized by distinct peak in
signals as they flow past electrodes at a fixed frequency of
1 kHz frequency (Sohn et al., 2000). Later, from the same group,
a rapid and quantitative measurement of nanoscale colloids
was demonstrated by successfully fabricating a counter using
a quartz substrate (Saleh and Sohn, 2001). The application of
multi-frequency microfluidic counters is found across several
domains including stem cell differentiation (Bagnaninchi and
Drummond, 2011), white blood cell differential count (Holmes
et al., 2009), cell sensing for drug delivery (Ramasamy et al.,
2014), enumeration of CD4+/CD8+ from whole blood samples
(Watkins et al., 2013), and complete blood cell counts at
point-of-care settings (Hassan et al., 2015). Despite the many
advantages of microfluidic technologies, challenges like low-
throughput makes it unsuitable for measuring and processing
large volume of samples such as rare cells within a heterogeneous
background population of billions of cells in body fluids. Multiple
frequency AC spectroscopy also requires impedance analyzers
and lock-in amplifiers to acquire and analyze impedance
signals along with bulky fluid pumps for introducing the

sample through the microfluidic chip which makes it hard to
achieve portability.

Electrode Design and Particle Focusing
Various electrode design and configurations have been
investigated for use as microfluidic impedance sensors.
Studying electrode geometry is important to achieve better
detection sensitivity because of variability in the electric field
distribution created by electrode design as cells go through their
trajectories and create impedance signals. For higher sensitivity,
the size of the electrodes has to be comparable to the size of
cells. In order to facilitate this miniaturization, microfabrication
techniques have been used extensively (McDonald et al.,
2000). The material chosen for electrode fabrication depends
on its electrochemical properties and manufacturability.
Gold (Au) is commonly used because it is electrochemically
stable and biologically inert, but other materials like Silver
(Ag), Platinum (Pt), Nickel (Ni), and even liquid electrodes
made by inserting Silver/Silver Chloride (Ag/AgCl) wires in
conductive electrolyte solution have also been demonstrated
(Shrirao et al., 2018). Although several variations of electrode
configurations exist, the two most common configurations
adopted in microfluidic devices are the co-planar and parallel
electrode arrangements.

Gawad et al. introduced co-planar electrodes and devised
a microfluidic system to measure the spectral impedance of
individual cells or particles at multiple frequencies (Gawad et al.,
2001). They achieved significant advancement in microfluidic
impedance flow cytometry by fabricating co-planar electrodes on
the bottom of a microfluidic channel as shown in Figure 5A.
This device used differential signals to record each particles
impedance with the suspension media as a reference. AC
voltage was supplied to the electrodes which resulted in a
non-uniform electric field. Differential impedance variation at
multiple frequencies ranging from 100 kHz to 10 MHz, is
measured as cell passes through two successive segments. The
device successfully discriminated between erythrocytes and beads
based on the impedance spectrum. Their co-planar electrode
structure provided the advantage of deriving cells speed and
height as it traverses through the electrodes because the distance
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FIGURE 4 | Microfluidic impedance cytometers for cell detection. (A) A micro-Coulter system employing two Ag/AgCl electrodes through a salt bridge (Chun et al.,

2005). Reprinted with permission from Analytical chemistry. (B) A Microfluidic platform lysing RBCs from whole blood before performing a cell count (Hassan et al.,

2015). This work is licensed under the Creative Commons Attribution 4.0 International License.

between the electrodes and time separating the spikes on
plot are known. They are also attractive because of ease of
microfabrication yielding miniaturized low cost devices. But
the major disadvantage of this arrangement is that identical
cells traversing at different heights in the channel give different
impedance signals (Spencer and Morgan, 2011).

The other most common electrode configuration used in
impedance flow cytometry systems is the parallel overlap
arrangement. Cheung et al. first fabricated parallel facing
microelectrodes in a fluidic channel (Cheung et al., 2005). The
device consisted of a pair of measurement electrodes and an
additional pair of reference electrodes placed symmetrically,
as shown in Figure 5B, to allow simultaneously measurements
at multiple frequencies. Their device successfully differentiated
between beads and RBC’s as well as fixed RBC’s (defined as
RBC’s treated with glutaraldehyde) and normal RBC’s. The cell
velocity was limited to 10 mm/s to avoid shear stress deformation
on RBC’s flowing through the channel. This technique involves
fabricating electrodes on two identical wafers which then need
to be thermally bonded to create closed channels that have
electrodes aligned face-to-face. To overcome the complicated
method of fabricating electrodes in microfluidic chip, other
alternatives have been made such as using reusable microneedles
made of tungsten (Mansor et al., 2017), shown in Figure 5C.
Mansor et al. used the device to detect cell concentrations of
yeasts at high frequency ranges, between 100KHz and 5 MHz.
Thismakes the device low-cost since it does not require expensive
fabrication for patterning the electrode or probe on the substrate.
In addition, other research groups have also explored using
electrodes deposited on a SU-8 coated printed circuit board as
a low cost platform- for developing countries. Guo et al. made
an impedance cytometer built on a PCB for cancer cell detection
and enumeration (Guo et al., 2014). To address the issue of low
throughput faced by coplanar and parallel microelectrodes, Tang
et al. demonstrated the use of liquid electrodes (Tang et al., 2017).
This method improves detection sensitivity while maintaining

high flow rate of samples through the channel (Figure 5D). Their
device uses a pair of perpendicular positioned liquid electrodes to
the channel flow and can distinguish cancer cells that are spiked
in a suspension of WBCs.

In order to mitigate the influence of positional alignment as
the sample passes through electrodes, several fluid flow focusing
techniques have been proposed. This ensures that the cells flow
in a single stream in the interrogation region. Holmes et al. used
dielectrophoresis (DEP) to focus particles within the flowing fluid
and demonstrated it by counting fluorescent latex particles at
rate of 250 particles/s (Holmes et al., 2006). Similarly, Mernier
et al. made use of lateral focusing to focus particles in the middle
of the channel to reduce variation of measurements. The device
uses DEP focusing using electrodes with large surface area for
easy fabricationwhile allowingmeasurement at lower frequencies
(Mernier et al., 2012). However, the most common method
employed to focus particles to the middle of the channel and
reduce variation in measurements is by hydrodynamic focusing.
A novel 3D hydrodynamic focusing was achieved by using
sheath fluid on both vertical and horizontal direction (Testa
et al., 2015). This provides increased detection sensitivity as it
creates a single file of particle stream by varying the sheath to
sample flow ratio. 2D hydrodynamic focusing to spatially confine
particles in a microchannel was developed to identify both beads
and bacterial cells for cytometric detection and quantification
(CanjunMu et al., 2011). A different sheath-less approach relayed
on staggered channels design consisting of curved and straight
sections that combine to order particles in a single stream
(Oakey et al., 2010). They showed inertial focusing in straight
channels and curved channels with varying modes of symmetry.
High aspect ratio channels focus beads to two lateral positions
while asymmetrically curved channels focus beads to vertical
positions. Combining these channels in series biases the entire
particle population to one half of the channel where they are
focused to a single vertical streamline within the straight channel.
Others exploit signal processing methods to reduce the positional
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FIGURE 5 | Different electrode geometry configuration. (A) Cell flowing through co-planar electrodes. (B) Illustration of a cell flowing through a parallel electrode

configuration inside a microfluidic channel. (C) Schematic diagram of needle electrodes (Mansor et al., 2017). This work is licensed under the Creative Commons

Attribution 4.0 International License. (D) Liquid electrodes made of Ag/Agcl (Tang et al., 2017). Reprinted with permission from Analytical Chemistry.

dependence issue without the need for particle focusing (Erricoa
et al., 2017). Table 2 summarizes the various fluid focusing
methods commonly employed in microfluidic devices.

Microfluidic impedance flow cytometry has evolved due
to developments in particle focusing and microfabrication of
electrodes integrated within the fluidic channels. The high
sensitivity of impedance detection has allowed detection of
particles of submicron sizes (Petchakup et al., 2017). Impedance
approach can offer a cost effective and high throughput solution
for cell detection without the need for biomarkers to label cells.

Optical Cytometry
Developments within the fields of laser technology, signal
processing, antibody production, and fluorochrome chemistry
led to the advent of optical based detection methods. The first
optical cytometer was developed approximately two decades
after the advent of coulter counter (Mittag and Tarnok, 2011).
The initial instrument was large and cumbersome, making
it difficult to operate, hence they were principally used in
research laboratories. However, the benefits of optical flow
cytometers over coulter counters in terms of their multi-
parametric capabilities were soon realized and they were adopted
more commercially. Current state-of-art optical flow cytometers
are capable of analyzing up to 20 parameters (forward and
side scatter and 12 fluorescence channels) on each cell at very
high rates (Chattopadhyay and Roederer, 2012). Advancement
in automation and robotics has helped improve efficacy of
these devices. Flow cytometry is employed in cell analysis by
suspending them in a stream of fluid and passing through an
optical detection apparatus. The device is now routinely used

by healthcare professionals in clinical diagnostic application
(Pedreira et al., 2013). Modern optical flow cytometers perform
several features, such as cell sorting, making them indispensable
in clinical practice.

Technological developments have enabled the creation of
FACS systems using flow cytometry. The first fluorescently
labeled antibodies using Fluorescein Isothiocyanate (FITC) was
developed by Albert Coons in 1941, which led to the creation of
FACS by Herzenberg and commercialized by Becton Dickinson
in 1974 (Moon et al., 2010; Adan et al., 2016).

Flow cytometry on cells quantifies the optical and fluorescence
characteristics of individual cells in flowing liquid as they pass
through an optical and fluorescence light path. The fluidic setup
is comprised of a central fluid stream in which the sample
is contained, surrounded by a sheath fluid which provides
hydrodynamic focusing to create a single stream of particles.
This is essential so that only a single cell can pass through
the light path at a time to prevent errors in cell counts. Flow
cytometers are now available with more customizable parts that
enable optimized operation based on the cells being studied. For
example, various nozzle sizes are available to control the pressure
and the shear stress on cells helping to improve and preserve
viability in cell sorting applications (Graves et al., 2002). As each
particle subsequently passes through the light beams, which are
commonly generated by lasers, the scattered light provides data
on the particles. In most flow cytometer instruments, several
lasers are used that produce various wavelengths ranging from
Ultraviolet (UV) to far red (Telford, 2004). These lasers are
typically quite compact as they employ solid-state electronics.
Moreover, with advances in technology, these lasers offer superior
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beam quality and minimum laser noise. Light that is scattered
in the forward direction is picked up by photomultiplier tube
(PMT) and is referred to as forward scatter (FSC), and it
primarily provides information on the size of the particle.
Whereas, light that is scattered in an orthogonal direction to
the initial laser beam is referred to as side scatter (SSC), and
this provides information on cell morphology and internal cell
complexity. Figure 6A illustrates the information that can be
gathered as an incident light beam hits the particle. Based on the
detection of the light from the particle, different parameters can
be obtained.

Cells can be quantified not only based on forward scatter
and side scatter, but also on the basis of a fluorescence light
(FL) from the fluorochromes used for the detection of target
cells (Brown and Wittwer, 2000). Various optical components
are used in flow cytometer to direct photons to the respective
photomultiplying tubes while minimizing spectral overlap.
Fluorochromes are generally chosen such that they satisfy a few
conditions. The chosen fluorochromes should minimize spectral
overlap and should be very bright. In addition, the biological
antibody heterogeneity must be considered, and the brightest
flourochromes must be used for dim antibodies and vice versa
to maximize detection ability. Figure 6B shows the working
principle of commercial flow cytometer. The suspended cells are
focused in the fluidics system to ensure that cells travel through
the center of the channel with a uniform velocity. Sheath fluid
surrounds the cell suspension to align them in a single stream
as it passes through the detection region. Conventional systems
use the optical signals based on the scattered light and emitted
fluorescence to characterize individual cells or particles based
on several parameters in a heterogeneous population. Another
alternative that is gaining popularity is the use of quantum dot
probes. Unlike commonly used organic based fluorochrome,
such as FITC, quantum dots have a broad excitation spectra
and are able to remain fluorescent under constant illumination
without photobleaching which results in greater precision and
flexibility (Buranda et al., 2011). Recently developed mass
cytometry, which is a variation of flow cytometry, works by
labeling cells with metal based cell markers as opposed to
fluorochromes. This can provide more than 40 parameters on the
cell and is particularly useful for single cell analysis (Guo et al.,
2017). This augments the ability of cytometer to evaluate complex
cellular systems such as enabling biological research to immune
cell responses.

Flow cytometry is used in various cell enumeration
applications based on the detection of the membrane,
cytoplasmic and nuclear antigens (Lan et al., 1996). 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 (Garner
et al., 1983; Jung et al., 1993). Flow cytometry has also been
exploited for drug detection in order to investigate cell uptake
in several chemotherapeutic delivery systems. Nano-particles
such as cell derived vesicles and other vectors are being used
as models for carrying drugs to target cells (Goh et al., 2018;
Tapeinos et al., 2019). In addition, flow cytometry is used for
the detection of microbial contamination in food supplies by

gathering information on the physiological state of microbes to
detect and identify specific forms of contamination. Contrary
to colony counting method which can take long time based on
growth of organisms on agar plate, cell counting and viability
assessment using flow cytometry is rapid, taking approximately
5min for processing each sample and providing a much higher
level of accuracy. In addition to this, flow cytometry can be used
to assess the impact of various food processing treatment such
as pressure processing, thermal treatments and UV radiation
(Comas-Riu and Rius, 2009).

Modern optical flow cytometers have evolved immensely
to be more user-friendly through the use of intuitive digital
interfaces and simpler operation protocols. BD AccuriTM c6
plus is a great example of a device used widely in research
for studying cell viability, absolute cell counts and monitor
cell proliferation. The device uses peristaltic pump which
drives the fluidics such as sheath fluid (composed of distilled
water) and sample. It uses 4 fluorescence detectors for the
detection of common fluorochromes such as FITC among
others, and 2 scatter detectors. EMD Millipore also offers
a benchtop optical flow cytometer called Guava easyCyteTM.
Their use of a novel microcapillary method eliminates the
need for sheath fluid, hence making it more compact than
AccuriTM c6. The easyCyteTM can provide enumeration of cell
population using small sample volume. Attune NxTTM is another
device available in the market from ThermoFisher scientific that
utilizes acoustophoresis instead of hydrodynamic focusing to
position cells along the flow channel. Using acoustic method,
the device can achieve high throughput to perform analysis.
Such commercial devices offer great precision and sensitivity
for cell population enumeration. But the initial investment and
large size can be challenge for implementation in remote, low
resource deployment. To tackle this bottleneck, researchers have
attempted to integrate optical components onto lab-on-a-chip
devices for inexpensive point-of-care settings.

Microfluidic Optical Flow Counting System
Fueled by the need to reduce size and cost of flow cytometers,
significant effort has been made to miniaturize and make point-
of-care optical flow cytometry systems based on microfluidic
chips. At the time that impedance measurement systems
exploited the potential of microfluidics for low-cost cytometry
analysis (as described in previous sections), researchers also
focused on developing microfluidic cytometer with optical
detection systems. They are similar in principle to conventional
flow cytometers, in that they rely on optical system and
sensors for particle detection. To achieve microfluidic optical
cytometry systems, several necessary technological innovations
have been proposed toward microfabrication of fluidics system
for introduction of samples inside the miniaturized channel and
integration of optical excitation and detection system (Cho et al.,
2010; Verellen et al., 2018). The application of these devices is
found across several domains such as CD4+ T cells, RBCs, and
platelets counting (Evande et al., 2013; Watkins et al., 2013)

The mechanisms used in conventional systems for fluid
flow, focusing, optical illumination and detection need to be
redefined to suit microfluidic platforms. A major component
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FIGURE 6 | Principle of optical flow cytometry. (A) As incident light beam hits the cell, different parameters such as extinction, scatter and fluorescence are measured

and this interaction provides information on optical properties and composition of the cell. (B) Schematic showing the particles lined in a single stream using sheath

fluid as they interact with the laser light which gets collected by detectors.

of microfluidic flow cytometry is the single stream focusing of
cells in the channel to avoid coincidence of multiple cells passing
through the detection zone. This is accomplished through
various flow focusing methods such as hydrodynamic focusing
using sheath flow, dielectrophoresis and inertial microfluidics
(Gong et al., 2018). Waveguides or optical fiber are most
commonly employed to route light to the chip based on total
internal reflection. Variousmethods to deliver and detect the light
beam have been explored using different fabrication techniques
(Mohan et al., 2017). One of the most important components
of the detection system is the photodetector and its integration
into the device is key to producing portable devices (Martini
et al., 2012). Measurements from these photodetectors are very
sensitive to misalignment.

Several materials and optical configurations have been studied
for development of sensitive yet robust microdevices. Sobek
et al. achieved fabrication of flow chambers by bonding together
two etched silicon wafer substrates using borophosphosilicate
glass (Sobek et al., 1993). This assembly allowed them to
integrate optical waveguides into the flow duct for collecting
scattered laser light. By employing waveguides, they were able
to couple laser light in and out of the chip with minimum
propagation loss. Chabinyc et al. made a noteworthy device
using rapid prototyping for fabrication of Polydimethylsiloxane
(PDMS) microfluidic channels (Chabinyc et al., 2001). They
integrated a micro-avalanche photodetector in the PDMS
channel for fluorescent detection, without the need for a
detection waveguide. This eliminates the need to have transfer
optics such as waveguides and optical fibers, since the detector
was built into the microfluidic system. The device used an
LED as the excitation source which was delivered using
optical fiber placed inside PDMS and successfully detected
proteins labeled with fluorescein. Pamme et al. performed the

counting of C–reactive protein using measurement of laser light
scattering at two different angles (Pamme et al., 2003). Localized
optical detection system in the chip is imperative for scatter
measurements with low coefficient of variation (CV). This will
reduce the effect of scattering from debris in the sample fluid.
The CV is an important parameter for signal quality of a flow
cytometer. They utilized Poly (methyl methacrylate) or PMMA
with 50µm deep inlet and outlet channels for sample flow to
minimize the internal reflections occurring at the PMMA/air
interface. The fluid was flown through the channels from
the reservoir using negative pressure generated by a syringe
pump. The two fibers were mounted externally above the flow
channel at two different angles to collect scattering signals which
was then sent to detection system consisting of PMT’s. This
allowed for particle detection in the range of 2–9µm. Wang
et al. demonstrated scatter measurements by integrating all
optical elements in SU-8 polymer. Rapid prototyping using SU-
8 polymer permitted integration of waveguides for incident and
scattered laser into the channel, all of which could be made in
a moderately short period of time (Wang et al., 2004). While
testing scatter signals from beads, a CV of 29.7% was observed
for beads of diameter 9.1µm. This is relatively large compared to
conventional flow cytometers and can be attributed to the use of
bulk optics for the optical measurements resulting in alignment
problems and shock stability. The use of simple waveguides holds
the risk of contamination from stray light due to substantial
degree of noise as these accept light over their entire numerical
aperture. Also, the device uses sheath flow from just two lateral
sides and not from the top and bottom, as opposed to 3D fluid
routing where the sample is sheathed and focused from all sides.
This is increasingly important as the sample size decreases and
is essential to reduce variation. To address this issue, Fan et al.
designed a high-throughput, 3-D microfluidic device to ensure
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that the particle gets uniform lateral and vertical focusing so that
they receive equal excitation laser intensity which was detected
on a CMOS sensor (Fan et al., 2013). Multiple sample and sheath
flow channels as well as micro-ball lens array were fabricated
in 3D PDMS layers of the microfluidic chip. Using parallel
analysis, the device can achieve a detection rate of 188,800 cells/s
which is much higher than standard commercial device and
suitable for detection/enumeration of rare cells, such as CTCs,
with a background of billions of other cells. Such simplified and
integrated chips show promise in presenting multiple parameters
with low CV’s. In addition, a system with 3D flow focusing
and integrated collection light system consisting of input and
output waveguides for FSC and SSC detection was used by Godin
et al. to create a microfluidic cytometer (Godin and Lo, 2010).
The scattered light is collected at two different angles at the
interrogation location using unique tapered waveguides and uses
PMT and photodiode for laser detection. The device offered
good CV due to a 10-fold decrease in signal to noise ration
from its tapered waveguides built into the PDMS. This device
has a capability to characterize bead populations at throughput
of up to 800 particles/s. Similar integrated waveguides, made
of liquid core using immersion oil (refractive index n = 1.515)
as opposed to the traditional solid waveguides used in optical
chip based cytometers was also later demonstrated (Fei et al.,
2012). These waveguides are built into the PDMS chip by filling
selected microfluidic channels with specific optical fluids, while
other channels are used for delivering samples. The cells get
excited and emit fluorescence which is collected by the two
detection waveguides. The intensity changes are obtained as
distinct peaks used for enumerating cells. The signal is collected
by the waveguide and coupled with CCD camera for detection.
The cytometry device is able to count cells in a sample at a rate of
50 cells/s.

More recently, Schafer et al. enumerated cancer cells on
their microfluidic device and compared it to commercial
systems (Schafer et al., 2009). The device was made of glass
using femtosecond laser ablation and anodic bonding. The
development of glass microfluidics helps in overcoming the
optical limitations of PDMS while still creating channels
and integrating optical fibers to contact fluid through their
unique single step fabrication method. Using an inexpensive
photodiode, their device offers sensitive optical detection with
low power consumption. However, the detection parameters
of these microfluidic cytometry devices do not achieve the
multiparametric detection capabilities of benchtop counterparts.
To address this issue, Mao et al. designed an integrated device
with 3D hydrodynamic focusing combined with optical fibers
(Figure 7A) to facilitate on-chip detection using all three optical
output signals: Forward scatter, side scatter and fluorescence
(Mao et al., 2012). The optical fiber module consisted of one
input fiber and three detection fibers integrated in chip. Laser
coupled to the input fiber is incident perpendicular on a single
stream of cells at the detection point. The three detection fibers
were arranged around the fluidic channel at different angles to
gather signals simultaneously. Then, the repeatability was tested
by measuring CV for the chip and comparable results were
obtained to conventional flow cytometers with just slightly larger

values. The device has the capability to detect particles with a
throughput of 685 particles/s. In addition, others have considered
addressing the challenges of integrating optical components, such
as lenses, and scattering due to external optical elements. A
device made using optofluidic lens was developed by Song et al.
to reduce scattering and improve accuracy (Song et al., 2011).
Figure 7B shows the optofluidic lens developed to focus laser
from the optical fiber tip to the detection point in the channel.
Low CV was achieved in particle detection compared to previous
cytometers. A more integrated optical system in the microfluidic
channels was developed by Zhao et al. Their optical excitation
and collection fibers, and microlens were fabricated inside the
PDMS channels which allowed them to achieve significant size
reduction (Zhao et al., 2016). Figure 7C shows how all the
optical components are on the same plane thereby allowing the
microlens to focus laser light on a narrow region of sample flow
channel while the detection fibers collect the scatter information.
Another unique approach involving micro-chamber cytometer
using an all-silica fiber for the transport of cells and collection
of scattered and fluorescent laser inside the capillary housing was
reported (Etcheverry et al., 2017). The system integrates transport
of cells and detection of optical signal in the samemicro-chamber
making it an attractive point-of-care system (Figure 7D).

Microfluidic optical flow cytometers have brought accurate
and high throughput way to enumerate and characterize
cells. Advancements in microfabrication methods have allowed
integration of optics and detection system to the chip. They are
shown to be capable of detecting and quantifying cells of different
size better than impedance based methods by labeling them with
fluorescent markers. However, to make the device more practical,
they need to match the low CV’s and multiparametric capabilities
of benchtop flow cytometers. Most of the attempts at optical
microfluidic flow cytometry involve using conventional hardware
such as lasers, detectors, fluid pumps, high power light source and
electronics while just miniaturizing the microfluidic chip. The
main disadvantages of using bulk optics for microfluidic systems
are the size, susceptibility to shock, and alignment problems
which prevents it from being truly portable.

Image-Based Cytometry
With the advent of computers and rise in their processing
capabilities in the last few decades, along with the emergence of
inexpensive high-quality camera sensors, there has been a revival
in image based analysis for cell counting. This is due to the
advantages it provides- easier sample preparation and handling,
economical, and visual information on the morphology of the
cell (Lanigan et al., 1993). For that reason, there has been a
rise on computer based image cytometry fueled by development
of robust machine learning and image analysis algorithms. A
software can now be trained to count cells in a sample, hence
automating the mundane task and also making the process faster
and consistent compared to tedious visual inspection. Image
cytometry not only provides a platform for obtaining high-
quality data, but also allows for inspection of data through robust
software. Quantitative image analysis performed by computer
is able to detect features not detectable by human observer.
For example, the software can also pick up on other small
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FIGURE 7 | Microfluidic optical flow cytometers. (A) A microscopic image indicating hydrodynamic focusing and the arrangement of the optical fibers in a flow

cytometry chip (Mao et al., 2012). FL, FSC, and SSC stand for fluorescence light, forward scatter, and side scatter, respectively. Reprinted with permission from

Biomicrofluidics. (B) Schematic configuration of a microfluidic flow cytometer using an optofluidic lens (Song et al., 2011). This work is licensed under the Creative

Commons Attribution 4.0 International License. (C) System showing integrated optics comprising of fibers and microlens in PDMS (Zhao et al., 2016). Reprinted with

permission from Biomicrofluidics. (D) Schematic of a fiber-based micro-flow cytometer with an integrated detection micro-chamber encased in a double clad fiber

(DCF) (Etcheverry et al., 2017). This work is licensed under the Creative Commons Attribution 4.0 International License.

features, such as increase in nucleus size, which are not noticeable
otherwise. This allows label free detection between phases of
the cell cycle, which is not possible using the conventional
hemocytometer approach (Blasi et al., 2016).

Image based cytometry can broadly be categorized to static
image cytometry and kinetic image processing performed on
high resolution images from flow cytometers. Firstly, we will be
looking into static image cytometry within the context of image
analysis. Unlike optical flow cytometry systems, image based
cytometry devices provide the advantage of identifying each
cell using real images from the heterogeneous population. Most
image analysis systems, such as Life TechnologiesTM CountessR,
use disposable slides with appropriately stained samples, using
dyes such as Trypan blue, which the system images onto a digital
camera. The device is categorized as semi-automatic because
the user is responsible for performing the appropriate staining
protocol to optimize the reading. Such a system may need an
adjustment in staining to obtain a better resolution of cells from
the background image, as captured by the auto-focus camera.
High Trypan blue concentration in the sample can lead to
background noise and interfere with the ability of the instrument

to correctly distinguish cells. However, some image cytometers,
such as the Vi cell XR by Beckman Coulter allow user to load
several samples simultaneously (up to 9) and perform automated
analysis. This eliminates the need for the analyst to perform
staining on the samples; thereby making the sample preparation
steps less time consuming.

For the successful analysis of a sample it is important to
have fast and accurate software which can gather data from the
captured images. Figure 8 shows the workflow of steps required
to gather data from a device using image-based cytometry. As
described earlier, sample preparation protocols form the primary
step in any image cytometry system. Appropriate selective
staining with the right concentration of dye to perform the
analysis is crucial. This allows for visualization of cells by the
camera and get better resolution of cells from the background.
This is followed by image acquisition by the system using
bright field or fluorescence microscopy. This is followed by
segmentation, also known as object identification, which is the
most important step in the process for determining accurate cell
measurements. Segmentation algorithm has to detect adjoined
cell aggregates in a biological sample. Histological images of
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FIGURE 8 | Image cytometry workflow showing the different stages from

sample preparation to data analysis.

cells are difficult to analyze due to image artifacts that are
introduced due to multistep preparation process as well as
variation in batches due to different microscopy and staining
steps. The technique must be able to extract information
from images by combining local and global properties that
are characterized by different pixel classes in the continuous
boundary. Several methods were developed to accurately address
cluster segmentation. Previous work by Sonal Kothari et al.
described an edge based segmentation method that can segment
complex clusters with reasonable accuracy (Kothari et al., 2009).
Recently, deep learning methods are being applied to medical
image analysis (Litjens et al., 2017). The method is inspired
by neurons in the brain and involves creating artificial neural
network that can transform input data to output. This is achieved
by training the computer with annotated images and improving
performance iteratively by using large variety of samples (Gupta
et al., 2018). This emerging field presents exciting growth in
image analysis as it has great power in improving the accuracy
in cell detection and segmentation. Xie et al. successfully used
neural networks for performing T-cell counts (Xie et al., 2018).
Most commercial devices, which rely on static imaging, have
built-in software modules which perform the segmentation to
accurately identify and analyze individual cells within smaller
aggregates. They use intensity peaks from the fluorescent stain to
segment objects relative to the background intensity levels. This
information from the images is further used for quantification,
cell cycle analysis and other assays. The results can then be
used for statistical data analysis and represented graphically for
better validation.

In contrast, research in kinetic image flow cytometry offers
an alternative to conventional flow cytometry through high-
resolution imaging or microscopy of single cells in flowing
environments. Essentially, the goal of such systems is to perform
live cell imaging in a sample suspension using powerful image

segmentation and feature extraction, as described previously,
while combining features of flow cytometry. Hence, it allows
evaluation of morphological and fluorescent data on single cell
in a heterogeneous population. The limitation of static image
cytometry due to challenges in image segmentation as described
earlier has little effect on kinetic imaging flow cytometry as
the cells are in suspension and interrogated on an individual
basis. This progress was mostly due to emergence of high-speed
cameras to image large number of cells per acquisition frame.
For instance, McKenna et al. developed a device that utilized a
parallel microchannel network along with confocal microscopy
for rare cell detection (McKenna et al., 2011). The device achieved
a throughput of 103 cells/s. A fluorescent labeled approach that
uses novel techniques to offer pixel readout rates much higher
than CCD’s was reported. The method was used to perform
fluorescent imaging of human breast carcinoma. Meanwhile,
similar imaging flow cytometry systems were also used for CTC
detection as a more sensitive and reliable approach. Liu et al.
elucidated a method to study morphological properties of cancer
cells using imaging flow cytometry (Liu et al., 2016). After DAPI
staining (a blue-fluorescent DNA stain) and antibody labeling,
measurements of a new parameter called karyoplasmic ratio
were performed. This is defined as the ratio of the area of the
nucleus to the area of the cytoplasm. Using this method, they
were able to conclude that CTCs had higher karyoplasmic ratio
compared to healthy cells. Rane et al. presented a microfluidic
imaging flow cytometer without the need of sheath fluid by using
inertial focusing (Rane et al., 2017). This device can perform
fluorescence bright field and dark field images for analysis of
cell suspensions while still giving high throughputs in excess of
50,000 cells/s. More recent developments and research on image
cytometers have been focused on introducing machine learning
and interpretation capability to the devices. Using advanced
machine learning systems, image cytometers are capable of
analyzing and interpreting cells in a large dataset. This emerging
technology was used by Heo et al. to acquire rich information
from single cell images for enumeration and analysis (Heo et al.,
2017). A real time image processing system called R-MOD (Real-
time Moving Object Detector) was developed to analyze images
from image flow cytometry. Using machine learning to image
sequences obtained by CMOS camera, the system was able to
achieve classification and cell counts. Such real time analysis
ensures that huge amount of data in the form of acquired images
does not need to be stored inmemory for post-processing thereby
addressing the computational challenges of image cytometry.

Currently, several commercial image-based cytometers are
available for research and clinical use. Multi-parametric data is
obtained by applying powerful image segmentation and feature
extraction algorithms to raw data. Modern image cytometers
combine the power of fluorescent detection with imaging
capabilities as they are highly complementary, allowing multiple
parameters to be measured for individual cells. Vast array of
fluorescent probes and stains makes it possible to measure spatial
distribution, intensities of markers on cells, as well as general
morphological quantities to generate data on each cell. Simple
cell counters like TC-20TM by Bio-rad Laboratories claim to
count mammalian cells in <30 s. It uses light microscopy with
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auto-focus that analyses multiple focus planes, along with a cell
counting algorithm that is able to identify cells and exclude
debris thereby calculating the total cell count. These kind of
devices eliminate the need to dilute the solution (process a
concentration range of 5× 104-1× 107 cells/mL), as usually done
in hemocytometer, and reduce the error associated with sample
dilutions. NC-3000TM by NucleoCounter utilizes fluorescent
imaging to characterize cell properties. This is achieved by
exploiting fluorescent dyes with affinity for DNA to generate
images which are otherwise missed by light microscopy. Other
devices such as FlowSight R© Imaging Flow Cytometer combine
flow cytometry capabilities with imaging and simultaneously
produce dark field (side scatter), bright field and fluorescent
images of each cell.

Image cytometry can measure information at single cell
resolution. The method provides rich morphological data and
overcomes the lack of this information from electrical impedance
and optical flow cytometers. Specialty applications where specific
information is required without destroying the cell, such as
assays studying cell-cell interaction or morphological data make
image cytometer ideal for use. The primary bottleneck of using
this technology in clinical applications is the computational
challenges in handling large volumes of image data that need to
be processed in real time (Nitta et al., 2018).

CONCLUSION

Tremendous progress has been made in each paradigm of cell
enumeration. Several industry, clinical and research applications
leverage the use of impedance, optical, or image analysis systems
for cell counting and characterization. Each method provides
advantages that need to be considered while keeping in mind the
cost, throughput, accuracy, and portability of the device.

Cell analysis using a hemocytometer has been widely used
for over a century, primarily due to its low cost and portability.
The device is used by clinics to analyze blood samples and
as a common tool in research laboratories around the world.
However, due to the cumbersome process of manual counting,
there was a strong push to develop automatic cell counting
technologies which yielded high throughput while maintaining
accuracy. Over the last two decades, automatic cell counters
have undergone significant improvements due to introduction
of new technologies. Coulter technology using impedance for
counting particles is one of themost popular automatedmethods.
With the help of modern micro-fabrication techniques, it is now
possible to fabricate sub-micrometer apertures for counting and
detecting particles as small as DNA molecules. Two decades
after the advent of Coulter technology, flow cytometry developed
as a result of advancements in the fields of optics, antibody

production, and fluorochrome discovery. The benefits of flow
cytometers over coulter counters are in terms of their ability to

distinguish cells based on multiple parameters such as a wide
array of cellular markers. This technology was quickly adopted
commercially. Another commonly used technology is referred
to as image-based cytometry. With an increase in computing
capabilities and high-quality camera sensors, there has been
an increase in image based analysis for cell counting. This
technology is implemented through high-resolution imaging or
microscopy of single cells in static and flowing environments.
Using this approach, image based morphological data from
a heterogeneous cell suspension is obtained using powerful
segmentation and feature extraction algorithms.

Microfluidic cytometers have brought accurate and high
throughput way to enumerate and characterize cells on devices
with a small footprint. Advancements in microfabrication
methods have allowed integration of electrodes, optics, and
various detection systems on a chip. Miniaturization will
eventually diminish the need for benchtop cytometry by
replacing these relatively large devices with portable or
even wearable platforms that provide qualitative information
about the various cell types within a heterogeneous sample
such as blood. In addition, such platforms would also
enumerate rare cells, such as CTCs and other cell irregularities
within biological fluids. Providing diagnostic information from
portable home based blood counting devices without the
need for a centralized diagnostic laboratory will provide user
value and generate commercial interest for medical device
manufacturers. These miniaturized cell counters could be
accessible at low cost like modern blood sugar monitors (i.e.,
Blood Glucose Meter) and act as an indicator for disease status at
point-of-care settings.

AUTHOR CONTRIBUTIONS

AV, AM, and MQ: designed the research. AV and AM: wrote
the manuscript. MQ: supervised the work and finalized the
manuscript.

FUNDING

We acknowledge funding from the Sheikh Hamdan Award for
Medical Science Research Grant (Dubai, UAE), the New York
University AbuDhabi (NYUAD), and theNYUAD2017 Research
Enhancement Fund.

ACKNOWLEDGMENTS

We also acknowledge Christina Johnson for designing Figure 1.

REFERENCES

Absher, M. (1973). Tissue Culture: Methods and Applications. Massachusetts, MA:

Elsevier Inc.

Adan, A., Alizada, G., Kiraz, Y., Baran, Y., and Nalbant, A.

(2016). Flow cytometry: basic principles and applications.

Crit Rev Biotechnol. 37, 163–176. doi: 10.3109/07388551.2015.

1128876

Ayliffe, H. E., Frazier, A. B., and Rabbitt, R. D. (1999). Electric

impedance spectroscopy using microchannels with integrated

metal electrodes. Microelectromech. Syst. 8, 50–57. doi: 10.1109/84.

749402

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 16 June 2019 | Volume 7 | Article 147

https://doi.org/10.3109/07388551.2015.1128876
https://doi.org/10.1109/84.749402
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Vembadi et al. Cell Cytometry: Biotechnological Advances

Bagnaninchi, P. O., and Drummond, N. (2011). Real-time label-free

monitoring of adipose-derived stem cell differentiation with electric cell-

substrate impedance sensing. Proc. Nat. Acad. Sci. U.S.A. 108, 6462–6467.

doi: 10.1073/pnas.1018260108

Bard, J. (1974). Tissue culture, methods and applications. Cell 2, 120–121.

doi: 10.1016/0092-8674(74)90102-0

Berkson, J., Magath, T. B., and Hurn, M. (1939). Error of estimate of the blood

cell count as made with the hemocytometer. Am. J. Physiol. 128, 300–323.

doi: 10.1152/ajplegacy.1939.128.2.309

Bessman, J. D., Williams, L. J., and Gilmer, P. R. (1982). Platelet size in health and

hematologic diseas. Am. J. Clin. Pathol. 78, 150–153. doi: 10.1093/ajcp/78.2.150

Biggs, R., and Macmillan, R. L. (1948). The error of the red cell count. J. Clin.

Pathol. 1, 288–291. doi: 10.1136/jcp.1.5.288

Blasi, T., Hennig, H., Summers, H. D., Theis, F. J., Cerveira, J., Patterson, J. O.,

et al. (2016). Label-free cell cycle analysis for high-throughput imaging flow

cytometry. Nat. Commun. 7:10256. doi: 10.1038/ncomms10256

Braylan, R. C. (2004). Impact of flow cytometry on the diagnosis and

characterization of lymphomas, chronic lymphoproliferative disorders and

plasma cell neoplasias. Cytometry A 58A, 57–61. doi: 10.1002/cyto.a.

10101

Brown, M., and Wittwer, C. (2000). “Flow cytometry: principles and clinical

applications in hematology”, in: Clinical Chemistry, eds E. R. Ashwood (Miami,

FL: Clinical Chemistry), 1221–1229.

Bull, B. S., Schneiderman, M. A., and Brecher, G. (1965). Platelet counts with

coulter counter. Am. J. Clin. Pathol. 44, 678–688. doi: 10.1093/ajcp/44.6.678

Buranda, T., Wu, Y., and Sklar, L. A. (2011). “Quantum dots for quantitative flow

cytometry,” inMethods inMolecular Biology (Methods and Protocols). (Humana

Press), ed J. M. Walker (New York, NY: Humana Press), 67–84.

Byerly, L., Cassada, R. C., and Russell, R. L. (1975). Machine for rapidly

counting and measuring the size of small nematodes. Rev. Sci. Inst. 46:517.

doi: 10.1063/1.1134262

Canjun Mu, F. Z., Zhiyi, Z., Min, L., and Xudong, C. (2011). Highly efficient dual-

channel cytometric-detection of micron-sized particles in microfluidic device.

Sensors Actuators B: Chem. 151, 402–409. doi: 10.1016/j.snb.2010.09.055

Chabinyc, M. L., Chiu, D. T., McDonald, J. C., Stroock, A. D., Christian,

J. F., Karger, A. M., et al. (2001). An integrated fluorescence detection

system in poly(dimethylsiloxane) for microfluidic applications.Anal. Chem. 73,

4491–4498. doi: 10.1021/ac010423z

Chattopadhyay, P. K., and Roederer, M. (2012). Cytometry: Today’s

technology and tomorrow’s horizons. Methods 57, 251–258.

doi: 10.1016/j.ymeth.2012.02.009

Cheng, X., Gupta, A., Chen, C., Tompkins, R. G., Rodriguez, W., and Toner, M.

(2009). Enhancing the performance of a point-of-care CD4+ T-cell counting

microchip through monocyte depletion for HIV/AIDS diagnostics. Lab Chip 9,

1357–1364. doi: 10.1039/B818813K

Cheng, X., Irimia, D., Dixon, M., Sekine, K., Demirci, U., Zamir, L., et al. (2007).

A microfluidic device for practical label-free CD4+ T cell counting of HIV-

infected subjects. Lab Chip 7, 170–178. doi: 10.1039/b612966h

Cheung, K., Gawad, S., and Renaud, P. (2005). Impedance spectroscopy flow

cytometry: on-chip label-free cell differentiation.Cytometry Part A 65, 124–132.

doi: 10.1002/cyto.a.20141

Chin, C. D., Linder, V., and Sia, S. K. (2012). Commercialization of

microfluidic point-of-care diagnostic devices. Lab Chip 12, 2118–2134.

doi: 10.1039/c2lc21204h

Cho, S. H., Godin, J. M., Chen, C. H., Qiao, W., Lee, H., and Lo, Y.-H.

(2010). Review article: recent advancements in optofluidic flow cytometer.

Biomicrofluidics 4:43001. doi: 10.1063/1.3511706

Chun, H., Chung, T. D., and Kim, H. C. (2005). Cytometry and velocimetry

on a microfluidic chip using polyelectrolytic salt bridges. Anal. Chem. 77,

2490–2495. doi: 10.1021/ac048535o

Comas-Riu, J., and Rius, N. (2009). Flow cytometry applications in

the food industry. J. Ind. Microbiol. Biotechnol. 36, 999–1011.

doi: 10.1007/s10295-009-0608-x

Coulter, W. H. (1956). “High speed automatic blood cell counter and cell size

analyzer”, in National Electronics Conference (Chicago, IL), 1034–1042.

Edmundson, I. C. (1966). Coincidence error in coulter counter particle size

analysis. Nature 212, 1450–1452. doi: 10.1038/2121450b0

Eng, C., and Valensteini, P. (1989). Standardization of Yeast Inocula with an

electronic impedance counter. J. Clin. Microbiol. 27, 2397–2399.

Erricoa, V., DeNinnoa, A., Bertani, F. R., Businaro, L., Bisegna, P., and

Casellia, F. (2017). Mitigating positional dependence in coplanar electrode

Coulter-type microfluidic devices. Sensors Actuators B: Chem. 247, 580–586.

doi: 10.1016/j.snb.2017.03.035

Etcheverry, S., Faridi, A., Ramachandraiah, H., Kumar, T., Margulis,W., Laurell, F.,

et al. (2017). High performance micro-flow cytometer based on optical fibres.

Sci. Rep. 7:5628. doi: 10.1038/s41598-017-05843-7

Evande, M., Ricco, A. J., Morser, J., Kovacs, G. T., Leung, L. L., and Giovangrandi,

L. (2013). Microfluidic impedance cytometer for platelet analysis. Lab Chip 13,

722–729. doi: 10.1039/c2lc40896a

Fan, Y. J., Wu, Y. C., Chen, Y., Kung, Y. C., Wu, T. H., Huang, K. W.,

et al. (2013). Three dimensional microfluidics with embedded microball

lenses for parallel and high throughput multicolor fluorescence detection.

Biomicrofluidics 7:44121. doi: 10.1063/1.4818944

Fei, P., Chen, Z., Men, Y., Li, A., Shen, Y., and Huang, Y. (2012). A compact

optofluidic cytometer with integrated liquid-core/PDMS-cladding waveguides.

Lab Chip 12, 3700–3706. doi: 10.1039/c2lc40329c

Fernyhough, M. E., Helterline, D. L., Vierck, J. L., Hill, R. A., and Dodson, M. V.

(2004). Coulter counter use in the enumeration of muscle and fat stem cells.

Methods Cell Sci. 25, 221–225. doi: 10.1007/s11022-004-2382-5

Fuller, C. K., Hamilton, J., Ackler, H., Krulevitch, P., Boser, B., Eldredge, A., et al.

(2000). “Microfabricated multifrequenc particle impedance characterization

system,” inMicro Total Analysis Systems, eds A. van den Berg, W. Olthuis, and

P. Bergveld (Enschede: Kluwer Publisher), 265–268.

Garner, D. L., Gledhill, B. L., Pinkel, D., Lake, S., Stephenson, D., Dilla,

M. A., et al. (1983). Quantification of the X- and Y-chromosome-bearing

spermatozoa of domestic animals by flow cytometry. Biol. Reproduct. 28,

312–321. doi: 10.1095/biolreprod28.2.312

Gawad, S., Schildb, L., and Renaud, P. H. (2001). Micromachined impedance

spectroscopy flow cytometer for cell analysis and particle sizing. Lab Chip 1,

76–82. doi: 10.1039/b103933b

Godin, J., and Lo, Y.-H. (2010). Two-parameter angular light scatter collection for

microfluidic flow cytometry by unique waveguide structures. Biomed. Opt. Exp.

1, 1472–1479. doi: 10.1364/BOE.1.001472

Goh, W. J., Zou, S., Lee, C. K., Ou, Y.-H., Wang, J.-W., Czarny, B.,

et al. (2018). EXOPLEXs: chimeric drug delivery platform from the fusion

of cell-derived nanovesicles and liposomes. Biomacromolecules 19, 22–30.

doi: 10.1021/acs.biomac.7b01176

Goldberg, E. M. (2008). Method, System, and Compositions for Cell Counting and

Analysis. US Patent Application US20080212069A1. Washington, DC: U.S.

Patent and Trademark Office.

Golden, J. P., Justin, G. A., Nasir, M., and Ligler, F. S. (2012). Hydrodynamic

focusing – a versatile tool. Anal. Bioanal. Chem. 402, 325–335.

doi: 10.1007/s00216-011-5415-3

Gong, Y., Fan, N., Yang, X., Peng, B., and Jiang, H. (2018). New

advances in microfluidic flowcytometry. Electrophoresis 0, 1–18.

doi: 10.1002/elps.201800298

Goodin, T. (2017). “FDA allows marketing of test to aid in the detection of

certain leukemias and lymphomas,” eds T. Goodin. (US Food and Drug

Administration website: US Department of Health and Services). Available

online at: https://www.fda.gov/news-events/press-announcements/statement-

fda-commissioner-scott-gottlieb-md-implementation-agencys-streamlined-

development-and

Gou, Y., Jia, Y., Wang, P., and Sun, C. (2018). Progress of inertial microfluidics in

principle and application. Sensors 18, 1–26. doi: 10.3390/s18061762

Graham, M. D. (2003). The coulter principle: foundation of an industry. J. Lab.

Autom. 8, 72–81. doi: 10.1016/s1535-5535(03)00023-6

Graham, M. D. (2013). The Coulter principle: imaginary origins. Cytometry A 83,

1057–1061. doi: 10.1002/cyto.a.22398

Graves, S. W., Nolan, J. P., Jett, J. H., Martin, J. C., and Sklar, L. A. (2002). Nozzle

design parameters and their effects on rapid sample delivery in flow cytometry.

Cytometry part A 47, 127–137. doi: 10.1002/cyto.10056

Guo, J., Li, H., Chen, Y., and Kang, Y. (2014). A microfluidic impedance cytometer

on printed circuit board for low cost diagnosis. IEEE Sensors J. 14, 2112–2117.

doi: 10.1109/JSEN.2013.2295399

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 17 June 2019 | Volume 7 | Article 147

https://doi.org/10.1073/pnas.1018260108
https://doi.org/10.1016/0092-8674(74)90102-0
https://doi.org/10.1152/ajplegacy.1939.128.2.309
https://doi.org/10.1093/ajcp/78.2.150
https://doi.org/10.1136/jcp.1.5.288
https://doi.org/10.1038/ncomms10256
https://doi.org/10.1002/cyto.a.10101
https://doi.org/10.1093/ajcp/44.6.678
https://doi.org/10.1063/1.1134262
https://doi.org/10.1016/j.snb.2010.09.055
https://doi.org/10.1021/ac010423z
https://doi.org/10.1016/j.ymeth.2012.02.009
https://doi.org/10.1039/B818813K
https://doi.org/10.1039/b612966h
https://doi.org/10.1002/cyto.a.20141
https://doi.org/10.1039/c2lc21204h
https://doi.org/10.1063/1.3511706
https://doi.org/10.1021/ac048535o
https://doi.org/10.1007/s10295-009-0608-x
https://doi.org/10.1038/2121450b0
https://doi.org/10.1016/j.snb.2017.03.035
https://doi.org/10.1038/s41598-017-05843-7
https://doi.org/10.1039/c2lc40896a
https://doi.org/10.1063/1.4818944
https://doi.org/10.1039/c2lc40329c
https://doi.org/10.1007/s11022-004-2382-5
https://doi.org/10.1095/biolreprod28.2.312
https://doi.org/10.1039/b103933b
https://doi.org/10.1364/BOE.1.001472
https://doi.org/10.1021/acs.biomac.7b01176
https://doi.org/10.1007/s00216-011-5415-3
https://doi.org/10.1002/elps.201800298
https://www.fda.gov/news-events/press-announcements/statement-fda-commissioner-scott-gottlieb-md-implementation-agencys-streamlined-development-and
https://www.fda.gov/news-events/press-announcements/statement-fda-commissioner-scott-gottlieb-md-implementation-agencys-streamlined-development-and
https://www.fda.gov/news-events/press-announcements/statement-fda-commissioner-scott-gottlieb-md-implementation-agencys-streamlined-development-and
https://doi.org/10.3390/s18061762
https://doi.org/10.1016/s1535-5535(03)00023-6
https://doi.org/10.1002/cyto.a.22398
https://doi.org/10.1002/cyto.10056
https://doi.org/10.1109/JSEN.2013.2295399
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Vembadi et al. Cell Cytometry: Biotechnological Advances

Guo, J., Pui, T. S., Rahman, A. R. A., and Kang, Y. (2012). Numerical investigation

of the performance of coulter counter with novel structure. Int. J. Info. Electron.

Eng. 2, 885–888. doi: 10.7763/IJIEE.2012.V2.233

Guo, Y., Baumgart, S., Stärk, H. J., Harms, H., and Müller, S. (2017). Mass

cytometry for detection of silver at the bacterial single cell level. Front.

Microbiol. 8:1326. doi: 10.3389/fmicb.2017.01326

Gupta, A., Harrison, P. J., Wieslander, H., Pielawski, N., Kartasalo, K., Partel, G.,

et al. (2018). Deep learning in image cytometry: a review. Cytometry Part A 89,

1057–1072. doi: 10.1002/cyto.a.23701

Hassan, U., Reddy, B., Damhorst, G., Sonoiki, O., Ghonge, T., Yang, C., et al.

(2015). A microfluidic biochip for complete blood cell counts at the point-of-

care. Technology 3, 201–213. doi: 10.1142/S2339547815500090

Hennig, H., Rees, P., Blasi, T., Kamentsky, L., Hung, J., Doa, D., et al. (2017).

An open-source solution for advanced imaging flow cytometry data analysis

using machine learning. Methods 112, 201–210. doi: 10.1016/j.ymeth.2016.

08.018

Heo, Y. J., Lee, D., Kang, J., Lee, K., and Chung, W. K. (2017). Real-time

image processing for microscopy-based label-free imaging flow cytometry

in a microfluidic chip. Sci. Rep. 7:11651. doi: 10.1038/s41598-017-1

1534-0

Hoffman, R. A., Johnson, T. S., and Britt, W. B. (1981). Flow cytometric

electronic direct current volume and radiofrequency impedance measurements

of single cells and particles. Cytometry. 1, 377–384. doi: 10.1002/cyto.9900

10605

Hogg, W. R., and Cooley, K. D. (1964). Variable Pressure Pump for Manometric

Metering Device. U. S. Patent Application US3289916A. Washington, DC: U.S.

Patent and Trademark Office.

Holmes, D., and Morgan, H. (2010). Single cell impedance cytometry for

identification and counting of CD4 T-cells in human blood using impedance

labels. Anal. Chem. 82, 1455–1461. doi: 10.1021/ac902568p

Holmes, D., Morgan, H., and Green, N. G. (2006). High throughput particle

analysis: combining dielectrophoretic particle focussing with confocal optical

detection. Biosens. Bioelectron. 21, 1621–1630. doi: 10.1016/j.bios.2005.

10.017

Holmes, D., Pettigrew, D., Reccius, C. H., Gwyer, J. D., van Berkel, C.,

Holloway, J., et al. (2009). Leukocyte analysis and differentiation using high

speed microfluidic single cell impedance cytometry. Lab Chip 9, 2861–3024.

doi: 10.1039/b910053a

Hong, C., Lee, J., Zheng, H., Hong, S. S., and Lee., C. (2011). Porous silicon

nanoparticles for cancer photothermotherapy. Nanoscale Res. Lett. 6:321.

doi: 10.1186/1556-276X-6-321

Houwen, B. (2001). The differential cell count. Lab. Hematol. 7, 89–100.

doi: 10.1.1.461.3308

Hsiung, F., Mccollum, T., Hefner, E., and Rubio, T. (2013). “Comparision of count

reproducibility, accuracy and time to results between a hemocytometer and

the TC20 automated cell counter”, in Technical Document BioRad, ed BioRad

(California, CA: BioRad Laboratories Inc.), 1–4.

Hurley, J. (1970). Sizing particles with a coulter counter. Biophys. J. 10, 74–79.

doi: 10.1016/S0006-3495(70)86286-5

Jelinek, T., Bezdekova, R., Zatopkova, M., Burgos, L., Simicek, M., Sevcikova, T.,

et al. (2017). Current applications of multiparameter flow cytometry in plasma

cell disorders. Blood Cancer J. 7:e617. doi: 10.1038/bcj.2017.90

Jung, T., Schauera, U., Heusser, C., Neumann, C., and Riegera, C. (1993). Detection

of intracellular cytokines by flow cytometry. J. Immunol. Methods 159, 197–207.

doi: 10.1016/0022-1759(93)90158-4

Kannel, W. B., Anderson, K., andWilson, P.W. (1992).White blood cell count and

cardiovascular disease insights from the framingham study. J. Am. Med. Assoc.

267, 1253–1256.

Kothari, S., Chaudry, Q., and Wang. M. D. (2009). “Extraction of informative

cell features by segmentation of densely clustered tissue images”, in Annual

International Conference of the IEEE Engineering and Medicine Society IEEE

(Minneapolis, MN), 6706–6709.

Krediet, C. J., DeNofrio, J. C., Caruso, C., Burriesci, M. S., Cella, K., and Pringle,

J. R. (2015). Rapid, precise, and accurate counts of symbiodinium cells using

the guava flow cytometer, and a comparison to other methods. PLoS ONE

10:e0135725. doi: 10.1371/journal.pone.0135725

Kubitschek, H. E. (1958). Electronic counting and sizing of bacteria. Nature

182, 234–235.

Kubitschek, H. E. (1969). Methods in Microbiology, eds J. R. Norris and D. W.

Ribbons (Amsterdam: Elsevier).

Kulp, S. K., Yang, Y. T., Hung, C. C., Chen, K. F., Lai, J. P., Tseng, P. H., et al. (2004).

3-phosphoinositide-dependent protein kinase-1/Akt signaling represents

a major cyclooxygenase-2-independent target for celecoxib in prostate

cancer cells. Cancer Res. 64, 1444–1451. doi: 10.1158/0008-5472.CAN-0

3-2396

Kwizera, R., Akampurira, A., Kandole, T. K., Nielsen, K., Kambugu, A., Meya,

D. B., et al. (2017). Evaluation of trypan blue stain in a haemocytometer for

rapid detection of cerebrospinal fluid sterility in HIV patients with cryptococcal

meningitis. BMCMicrobiol. 17:182. doi: 10.1186/s12866-017-1093-4

Lan, H. Y., Hutchinson, P., Tesch, G. H., Mu, W., and Atkins, R. C. (1996).

A novel method of microwave treatment for detection of cytoplasmic

and nuclear antigens by flow cytometry. J. Immunol. Methods 190, 1–10.

doi: 10.1016/0022-1759(95)00233-2

Lanigan, D., McLean, P. A., Curran, B., and Leader, M. (1993). Comparison of flow

and static image cytometry in the determination of ploidy. J. Clin. Pathol. 46,

135–139. doi: 10.1136/jcp.46.2.135

Larsen, U. D., Blankenstein, G., and Braneb, J. (1997). “Microchip coulter particle

counter,” in Proceedings of International Solid State Sensors and Actuators

Conference (Transducers ’97) (Chicago, IL), 1319–1322.

Last, W. M., and Smol, J. P. (2006). Tracking Environmental Change Using Lake

Sediments. Berlin: Springer.

Lee, G.-B., Lin, C.-H., and Chang, G.-L. (2003). Micro flow

cytometers with buried SU-8/SOG optical waveguides. Sensors

Actuators A: Phys. 103, 165–170. doi: 10.1016/S0924-4247(02)

00305-9

Ligler, F. S., and Kim, J. S. (2010). The Microflow Cytometer. New York, NY:

Pan Stanford.

Litjens, G., Kooi, T., Bejnordi, B. E., Setio, A. A. A., Ciompi, F., Ghafoorian, M.,

et al. (2017). A survey on deep learning in medical image analysis.Med. Image

Anal. 42, 60–88. doi: 10.1016/j.media.2017.07.005

Liu, Z., Guo, W., Zhang, D., Pang, Y., Shi, J., Wan, S., et al. (2016). Circulating

tumor cell detection in hepatocellular carcinoma based on karyoplasmic

ratios using imaging flow cytometry. Sci. Rep. 6:39808. doi: 10.1038/srep

39808

Lohman, A. C., Van Rijn, I., Lindhardt, C. L., Vonthein, R., Rades, D.,

and Hollander, N. H. (2018). Preliminary results from a prospective study

comparing white blood cell and neutrophil counts from a laboratory to those

measured with a new device in patients with breast cancer. In Vivo 32, 1283–

1288. doi: 10.21873/invivo.11378

Lutz, P., and Dzik, W. H. (1993). Large volume hemocytometer chamber

for accurate counting of white cells in WBC reduced platelets.

Transfusion 33, 409–412. doi: 10.1046/j.1537-2995.1993.3359325

5602.x

Maertens, Y., Humberg, V., Erlmeier, F., Steffens, S., Steinestel, J., Bögemann,

M., et al. (2017). Comparison of isolation platforms for detection

of circulating renal cell carcinoma cells. Oncotarget 8, 87710–87717.

doi: 10.18632/oncotarget.21197

Mansor, M. A., Takeuchi, M., Nakajima, M., Hasegawa, Y., and Ahmad, M. R.

(2017). Electrical impedance spectroscopy for detection of cells in suspensions

using microfluidic device with integrated microneedles. Appl. Sci. 7:170.

doi: 10.3390/app7020170

Mao, X., Nawaz, A. A., Lin, S. C., Lapsley, M. I., Zhao, Y., McCoy, J. P., et al.

(2012). An integrated, multiparametric flow cytometry chip using “microfluidic

drifting” based three-dimensional hydrodynamic focusing. Biomicrofluidics 6,

1–9. doi: 10.1063/1.3701566

Martini, J., Recht, M. I., Huck, M., Bern, M. W., Johnson, N. M., and

Kiesel, P. (2012). Time encoded multicolor fluorescence detection in a

microfluidic flow cytometer. Lab Chip 12, 5057–5062. doi: 10.1039/c2lc

40515f

McDonald, J. C., Duffy, D. C., Anderson, J. R., Chiu, D. T., Wu, H.,

Schueller, O. J., et al. (2000). Fabrication of microfluidic systems in

poly(dimethylsiloxane). Electrophoresis 21, 27–40. doi: 10.1002/(SICI)1522-

2683(20000101)21:1<27::AID-ELPS27>3.0.CO;2-C

McKenna, B. K., Evans, J. G., Cheung, M. C., and Ehrlich, D. J. (2011). A

parallel microfluidic flow cytometer for high-content screening. Nat. Methods

8, 401–403. doi: 10.1038/nmeth.1595

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 18 June 2019 | Volume 7 | Article 147

https://doi.org/10.7763/IJIEE.2012.V2.233
https://doi.org/10.3389/fmicb.2017.01326
https://doi.org/10.1002/cyto.a.23701
https://doi.org/10.1142/S2339547815500090
https://doi.org/10.1016/j.ymeth.2016.08.018
https://doi.org/10.1038/s41598-017-11534-0
https://doi.org/10.1002/cyto.990010605
https://doi.org/10.1021/ac902568p
https://doi.org/10.1016/j.bios.2005.10.017
https://doi.org/10.1039/b910053a
https://doi.org/10.1186/1556-276X-6-321
https://doi.org/10.1.1.461.3308
https://doi.org/10.1016/S0006-3495(70)86286-5
https://doi.org/10.1038/bcj.2017.90
https://doi.org/10.1016/0022-1759(93)90158-4
https://doi.org/10.1371/journal.pone.0135725
https://doi.org/10.1158/0008-5472.CAN-03-2396
https://doi.org/10.1186/s12866-017-1093-4
https://doi.org/10.1016/0022-1759(95)00233-2
https://doi.org/10.1136/jcp.46.2.135
https://doi.org/10.1016/S0924-4247(02)00305-9
https://doi.org/10.1016/j.media.2017.07.005
https://doi.org/10.1038/srep39808
https://doi.org/10.21873/invivo.11378
https://doi.org/10.1046/j.1537-2995.1993.33593255602.x
https://doi.org/10.18632/oncotarget.21197
https://doi.org/10.3390/app7020170
https://doi.org/10.1063/1.3701566
https://doi.org/10.1039/c2lc40515f
https://doi.org/10.1002/(SICI)1522-2683(20000101)21:1<27::AID-ELPS27>3.0.CO;2-C
https://doi.org/10.1038/nmeth.1595
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Vembadi et al. Cell Cytometry: Biotechnological Advances

Mernier, G., Duqi, E., and Renaud, P. (2012). Characterization of a novel

impedance cytometer design and its integration with lateral focusing by

dielectrophoresis. Lab Chip 12, 4344–4349. doi: 10.1039/c2lc40551b

Mittag, A., and Tarnok, A. (2011). Advanced Optical Flow Cytometry: Methods and

Disease Diagnoses, ed V. V. Tuchin (New Jersey, NJ:Wiley).

Mohan, A., Marshkole, N., Nair, A. P., Bharadwaj, A., Prabhakar, A., and Saiyed, T.

(2017). “Development of a lab on a chip flow cytometer”, in BIODEVICES, eds

N. Peixoto, A. Fred, H. Gamboa, and M. Vaz (Porto: SciTePress), 179–185.

Moon, I. S., Lee, H., Park, S. D., and Seog, D.-H. (2010). Immunonucleochemistry:

a new method for in situ detection of antigens in the nucleus of

cells in culture. Cytotechnology 62, 89–93. doi: 10.1007/s10616-0

10-9266-0

Nitta, N., Sugimura, T., Isozaki, A., Mikami, H., Hiraki, K., Sakuma, S.,

et al. (2018). Intelligent image-activated cell sorting. Cell 175, 266–276.

doi: 10.1016/j.cell.2018.08.028

Nowakowski, G. S., Witzig, T. E., Dingli, D., Tracz, M. J., Gertz, M. A., Lacy, M. Q.,

et al. (2005). Circulating plasma cells detected by flow cytometry as a predictor

of survival in 302 patients with newly diagnosed multiple myeloma. Blood 106,

2276–2279. doi: 10.1182/blood-2005-05-1858

Oakey, J., Applegate, R. W., Arellano, E., Di Carlo, D., Graves, S. W.,

and Toner, M. (2010). Particle focusing in staged inertial microfluidic

devices for flow cytometry. Anal. Chem. 82, 3862–3867. doi: 10.1021/ac

100387b

O’Brien, J., Hayder, H., and Peng, C. (2016). Automated quantification and analysis

of cell counting procedures using imagej plugins. J. Visual. Exp. 117:54719

doi: 10.3791/54719

Ongena, K., Das, C., Smith, J. L., Gil, S., and Johnston, G. (2010). Determining

cell number during cell culture using the scepter cell counter. J. Visual. Exp.

45:2204. doi: 10.3791/2204

OYAMA, V. I., and EAGLE, H. (1956). Measurement of cell growth in

tissue culture with a phenol reagent. Exp. Biol. Med. 91, 305–307.

doi: 10.3181/00379727-91-22245

Pamme, N., Koyama, R., and Manz, A. (2003). Counting and sizing of particles

and particle agglomerates in a microfluidic device using laser light scattering:

application to a particle-enhanced immunoassay. Lab Chip 3, 187–192.

doi: 10.1039/b300876b

Paris, A., Nhan, T., Cornet, E., Perol, J. P., Malet, M., and Troussard, X. (2010).

Performance evaluation of the body fluid mode on the platform Sysmex XE-

5000 series automated hematology analyzer. Int. J. Lab. Hematol. 32, 539–547.

doi: 10.1111/j.1751-553X.2010.01220.x

Parker, M. S., and Barnes, M. (1967). Use of the coulter counter to

measure the swelling of bacterial spores during germination and

outgrowth. J. Appl. Microbiol. 30, 299–303. doi: 10.1111/j.1365-2672.1967.

tb00300.x

Pedreira, C. E., Costa, E. S., Lecrevisse, Q., van Dongen, J. J., and Orfao, A.

(2013). Overview of clinical flow cytometry data analysis: recent advances and

future challenges. Trends Biotechnol. 31, 415–425. doi: 10.1016/j.tibtech.2013.

04.008

Petchakup, C., Li, K. H. H., and Hou, H. W. (2017). Advances in single cell

impedance cytometry for biomedical applications. Micromachines 8, 87–107.

doi: 10.3390/mi8030087

Piyasena, M. E., Austin Suthanthiraraj, P. P., Applegate, R. W., Goumas, A.

M., Woods, T. A., López, G. P., et al. (2012). Multinode acoustic focusing

for parallel flow cytometry. Anal. Chem. 84, 1831–1839. doi: 10.1021/ac20

0963n

Princen, L. H., and Kwolek, W. F. (1965). Coincidence corrections for

particle size determinations with the coulter counter. Rev. Sci. Instr. 36:646.

doi: 10.1063/1.1719656.

Ramasamy, S., Bennet, D., and Kim, S. (2014). Drug and bioactive molecule

screening based on a bioelectrical impedance cell culture platform. Int.

Nanomed. 9, 5789–5809. doi: 10.2147/IJN.S71128

Rane, A. S., Rutkauskaite, J., deMello, A., and Stavrakis., S. (2017). High-

throughput multi-parametric imaging flow cytometry. Chem 3, 588–602.

doi: 10.1016/j.chempr.2017.08.005

Rodriguez-Trujillo, R., Castillo-Fernandez, O., Arundell, M., Valencia, A., and

Gomila, G. (2008). High-speed particle detection in a micro-Coulter counter

with two-dimensional adjustable aperture. Biosens. Bioelectron. 24, 290–296.

doi: 10.1016/j.bios.2008.04.005

Saleh, O. A., and Sohn, L. L. (2001). Quantitative sensing of nanoscale

colloids using a microchip Coulter counter. Rev. Sci. Inst. 72:4449.

doi: 10.1063/1.1419224

Sandhaus, L. M., Ciarlini, P., Kidric, D., Dillman, C., and O’Riordan, M.

(2010). Automated cerebrospinal fluid cell counts using the sysmex XE-

5000: is it time for new reference ranges? Am. J. Clin. Pathol. 134, 734–738.

doi: 10.1309/AJCPABGQXSIA4SMT

Schafer, D., Gibson, E. A., Salim, E. A., Palmer, A. E., Jimenez, R., and Squier, J.

(2009). Microfluidic cell counter with embedded optical fibers fabricated by

femtosecond laser ablation and anodic bonding. Optical Express 17:6068–6073.

doi: 10.1364/OE.17.006068

Shrirao, A. B., Fritz, Z., Novik, E. M., Yarmush, G. M., Schloss, R. S., Zahn, J.

D., et al. (2018). Microfluidic flow cytometry: the role of microfabrication

methodologies, performance and functional specification. Technology 6, 1–23.

doi: 10.1142/S2339547818300019

Simiele, M., D’Avolio, A., Baietto, L., Siccardi, M., Sciandra, M., Agati, S.,

et al. (2011). Evaluation of the mean corpuscular volume of peripheral

blood mononuclear cells of HIV patients by a coulter counter to

determine intracellular drug concentrations. Am Soc Microbiol. 55, 2976–2978.

doi: 10.1128/AAC.01236-10

Simson, E. (2013). Wallace Coulter’s life and his impact on the world. Int. J. Lab.

Hematol. 35, 230–236. doi: 10.1111/ijlh.12069

Sobek, D., Young, A. M., Gray, M. L., and Senturia, S. D. (1993). “A

microfabricated flow chamber for optical measurements in fluids,” in

Proceedings IEEE Micro Electro Mechanical Systems (Florida, FL), 219–224.

Sohn, L. L., Saleh, O. A., Facer, G. R., Beavis, A. J., Allan, R. S., and Notterman, D.

A. (2000). Capacitance cytometry: Measuring biological cells one by one. Proc

Nat Acad Sci U.S.A. 97:10687–10690. doi: 10.1073/pnas.200361297

Song, C., Luong, T. D., Kong, T. F., Nguyen, N. T., and Asundi, A. K. (2011).

Disposable flow cytometer with high efficiency in particle counting and sizing

using an optofluidic lens. Opt.Lett. 36, 657–659. doi: 10.1364/OL.36.000657

Spencer, D., and Morgan, H. (2011). Positional dependence of particles

in microfludic impedance cytometry. Lab Chip 11, 1234–1239.

doi: 10.1039/c1lc20016j

Spinney, P. S., Collins, S. D., Howitt, D. G., and Smith, R. L. (2012).

Fabrication and characterization of a solid-state nanopore with self-aligned

carbon nanoelectrodes for molecular detection. Nanotechnology 23:135501

doi: 10.1088/0957-4484/23/13/135501

Sun, T., and Morgan, H. (2010). Single-cell microfluidic impedance cytometry: a

review.Microfluid. Nanofluid. 8, 423–443. doi: 10.1007/s10404-010-0580-9

Tang, W., Tang, D., Ni, Z., Xiang, N., and Yi, H. (2017). Microfluidic

impedance cytometer with inertial focusing and liquid electrodes for high-

throughput cell counting and discrimination. Anal. Chem. 89, 3154–3161.

doi: 10.1021/acs.analchem.6b04959

Tapeinos, C., Marino, A., Battaglini, M., Migliorin, S., Brescia, R., Scarpellini,

A., et al. (2019). Stimuli-responsive lipid-based magnetic nanovectors increase

apoptosis in glioblastoma cells through synergic intracellular hyperthermia and

chemotherapy. Nanoscale 11, 72–88. doi: 10.1039/C8NR05520C

Telford, W. G. (2004). Analysis of UV-excited fluorochromes by flow

cytometry using near-ultraviolet laser diodes. Cytometry Part A 61A, 9–17.

doi: 10.1002/cyto.a.20032

Testa, G., Persichetti, G., and Bernini, R. (2015). Micro flow cytometer with

self-aligned 3D hydrodynamic focusing. Biomed. Opt. Express 6, 54–62.

doi: 10.1364/BOE.6.000054

van Berkel, C., Gwyer, J. D., Deane, S., Green, N. G., Holloway, J., et al. (2011).

Integrated systems for rapid point of care (PoC) blood cell analysis. Lab Chip

11, 1249–1255. doi: 10.1039/c0lc00587h

van der Pol, E., Coumans, F., Varga, Z., Krumrey, M., and Nieuwland, R. (2013).

Innovation in detection of microparticles and exosomes. J. Thromb. Haemost.

11, 36–45. doi: 10.1111/jth.12254

Verbrugge, S. E., and Huisman, A. (2015). Verification and standardization of

blood cell counters for routine clinical laboratory tests. Clin. Lab. Med. 35,

183–196. doi: 10.1016/j.cll.2014.10.008

Verellen, N., Vercruysse, D., Rochus, V., Bois, B. D., Dusa, A., Kerman,

S., et al. (2018). “Integrated metasurface photonics for miniature flow

cytometry,” in SPIE- Nanoscale Imaging, Sensing, and Actuation for Biomedical

Applications XV, eds A. N. Cartwright, D. V. Nicolau, and D. Fixler (San

Francisco, CA: SPIE).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 19 June 2019 | Volume 7 | Article 147

https://doi.org/10.1039/c2lc40551b
https://doi.org/10.1007/s10616-010-9266-0
https://doi.org/10.1016/j.cell.2018.08.028
https://doi.org/10.1182/blood-2005-05-1858
https://doi.org/10.1021/ac100387b
https://doi.org/10.3791/54719
https://doi.org/10.3791/2204
https://doi.org/10.3181/00379727-91-22245
https://doi.org/10.1039/b300876b
https://doi.org/10.1111/j.1751-553X.2010.01220.x
https://doi.org/10.1111/j.1365-2672.1967.tb00300.x
https://doi.org/10.1016/j.tibtech.2013.04.008
https://doi.org/10.3390/mi8030087
https://doi.org/10.1021/ac200963n
https://doi.org/10.1063/1.1719656.
https://doi.org/10.2147/IJN.S71128
https://doi.org/10.1016/j.chempr.2017.08.005
https://doi.org/10.1016/j.bios.2008.04.005
https://doi.org/10.1063/1.1419224
https://doi.org/10.1309/AJCPABGQXSIA4SMT
https://doi.org/10.1364/OE.17.006068
https://doi.org/10.1142/S2339547818300019
https://doi.org/10.1128/AAC.01236-10
https://doi.org/10.1111/ijlh.12069
https://doi.org/10.1073/pnas.200361297
https://doi.org/10.1364/OL.36.000657
https://doi.org/10.1039/c1lc20016j
https://doi.org/10.1088/0957-4484/23/13/135501
https://doi.org/10.1007/s10404-010-0580-9
https://doi.org/10.1021/acs.analchem.6b04959
https://doi.org/10.1039/C8NR05520C
https://doi.org/10.1002/cyto.a.20032
https://doi.org/10.1364/BOE.6.000054
https://doi.org/10.1039/c0lc00587h
https://doi.org/10.1111/jth.12254
https://doi.org/10.1016/j.cll.2014.10.008
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Vembadi et al. Cell Cytometry: Biotechnological Advances

Verso, M. L. (1964). The evolution of blood-counting technologies. Med. History

8, 149–158. doi: 10.1017/S0025727300029392

Wallace, H., and Counter, W. R. H. (1966). Signal Modulated Apparatus

for Generating and Detecting Resistive and Reactive Changes in a

Modulated Current Path for Particle Classification and Analysis. U.S. Patent

Application US3502974A.Washington, DC: U.S. Patent and Trademark Office.

Wang, Z., El-Ali, J., Engelund, M., Gotsaed, T., Perch-Nielsen, I. R., Mogensen,

K. B., et al. (2004). Measurements of scattered light on a microchip flow

cytometer with integrated polymer based optical elements. Lab Chip 4,

372–377. doi: 10.1039/b400663a

Watkins, N. N., Hassan, U., Damhorst, G., Ni, H., Vaid, A., Rodriguez, W.,

et al. (2013). Microfluidic CD4+ and CD8+ T lymphocyte counters for

point-of-care HIV diagnostics using whole blood. Sci. Transl. Med. 5:214.

doi: 10.1126/scitranslmed.3006870

Whitesides, G. M. (2006). The origins and the future of microfluidics. Nature 442,

368–373. doi: 10.1038/nature05058

Xie, W., Noble, J. A., and Zisserman, A. (2018). Microscopy cell counting

with fully convolutional regression networks. Comp. Methods Biomech.

Biomed. Eng. Imaging Visual. 6, 283–292 doi: 10.1080/21681163.2016.11

49104

Yang, L., and Yamamoto, T. (2016). Quantification of virus particles using

nanopore-based resistive-pulse sensing techniques. Front. Microbiol. 7:1500.

doi: 10.3389/fmicb.2016.01500

Yu, C., Vykoukal J., Vykoukal, D. M., Schwartz, J. A., Shi, L, P. R. C.,

et al. (2005). A three-dimensional dielectrophoretic particle focusing channel

for microcytometry applications. J. Microelectromech. Syst. 14, 480–487.

doi: 10.1109/JMEMS.2005.844839

Zeng, J., Chen, C., Vedantam, P., Brown, V., Tzeng, T. R. J., and

Xuan, X. (2012). Three-dimensional magnetic focusing of particles

and cells in ferrofluid flow through a straight microchannel.

J. Micromech. Microeng. 22, 1–8. doi: 10.1088/0960-1317/22/10/

105018

Zhang, H., Chon, C. H., Pan, X., and Li, D. (2009). Methods for counting

particles in microfluidic applications. Microfluid Nanoffluid. 7, 739–749.

doi: 10.1007/s10404-009-0493-7

Zhao, Y., Li, Q., Hu, X., and Lo, Y. (2016). Microfluidic cytometers with

integrated on-chip optical systems for red blood cell and platelet counting.

Biomicrofluidics 10:064119. doi: 10.1063/1.4972105

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Vembadi, Menachery and Qasaimeh. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 20 June 2019 | Volume 7 | Article 147

https://doi.org/10.1017/S0025727300029392
https://doi.org/10.1039/b400663a
https://doi.org/10.1126/scitranslmed.3006870
https://doi.org/10.1038/nature05058
https://doi.org/10.1080/21681163.2016.1149104
https://doi.org/10.3389/fmicb.2016.01500
https://doi.org/10.1109/JMEMS.2005.844839
https://doi.org/10.1088/0960-1317/22/10/105018
https://doi.org/10.1007/s10404-009-0493-7
https://doi.org/10.1063/1.4972105
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Cell Cytometry: Review and Perspective on Biotechnological Advances
	Introduction
	Clinical Significance
	Hemocytometer
	Automatic Cell Counting
	Electrical Impedance Based Cell Counting
	Microfluidic Impedance Analysis
	Electrode Design and Particle Focusing

	Optical Cytometry
	Microfluidic Optical Flow Counting System

	Image-Based Cytometry

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


