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Preface

Cells are the most fundamental building blocks of most life forms and play a significant
role in coordinating with each other to perform systematic functions in all living creatures.
However, the behavior of cell to cell, or cell to the environment with their organelles and their
intracellular physical and biological functions remains unknown. To better understand the
physiological interactions among molecules, organelles, and cells ensemble average
measurement of millions of cells together, cannot provide detailed information such as stem cell
proliferation, differentiation, neural network coordination, and cardiomyocytes synchronization.
Again, biological functions such as genomes, epigenomes and transcriptomes as a bulk
population is informative, however it is not enough to understand the cellular heterogeneity
characteristics in phenotypic behavior assays and dynamics of individual cells. Thus, single
cells analysis (SCA) has evolved in frontier research.

Over the last two decades there has been a tremendous shift to study biological cell
function in a holistic manner rather than as a reductionist scientific paradigm, thus
establishing the approach to be named “systems biology” or “systomics”. In this system,
multiple disciplines including biochemistry, molecular biology, physics, mathematics,
information technology and system engineering act together to examine the interaction
between biological pathways rather than individual pathways in an isolated manner. Today
system biology can study individual characteristics of single cells conducted by employing
miniaturized devices, whose dimensions are similar to that of single cells.

Due to the rapid development of sophisticated micro/nanofluidic devices, we now have
Bio-MEMS, Lab on a Chip (LOC), and micro total analysis systems (LTAS) that enable more
complex manipulations of chemicals and biological agents in fluidic environments. Thus,
micro-nanofluidic devices are not only useful for cell isolation, manipulation, cell lysis, and
cell separation, but also to easily control the biochemical, mechanical and electrical
parameters of SCA. With these novel devices, technology has become a pioneer in omics
analyses and an integral part of medical biotechnology, such as diagnostics, prognostics and
cancer therapy.

This special issue book entitled “Single Cell Analysis in Biotechnology and System
Biology” summarizes an overview of single cell manipulation, isolation, injection, cell lysis,
intracellular delivery with electrokinetic phenomenon, transport mechanisms, flow resistance
and molecular diffusion into cells. The book also discusses biochemical, mechanical and
electrical characterization of single cell by using advanced micro/nanofluidic devices. The
role of SCA in system biology, proteomics, genomics and the applications of SCA in
medical biotechnology with future challenges and their advantages as well as limitations
are also elaborated.

We hope this book will be valuable for the academic and industrial scientific community,
where researchers are working on SCA with different clinical applications.

Fan-Gang Tseng and Tuhin Subhra Santra
Guest Editors






Technologies for Single-Cell Isolation

Andre Gross, Jonas Schoendube, Stefan Zimmermann, Maximilian Steeb, Roland Zengerle
and Peter Koltay

Abstract: The handling of single cells is of great importance in applications such as cell line
development or single-cell analysis, e.g., for cancer research or for emerging diagnostic methods. This
review provides an overview of technologies that are currently used or in development to isolate
single cells for subsequent single-cell analysis. Data from a dedicated online market survey conducted
to identify the most relevant technologies, presented here for the first time, shows that FACS
(fluorescence activated cell sorting) respectively Flow cytometry (33% usage), laser microdissection
(17%), manual cell picking (17%), random seeding/dilution (15%), and microfluidics/lab-on-a-chip
devices (12%) are currently the most frequently used technologies. These most prominent technologies
are described in detail and key performance factors are discussed. The survey data indicates a further
increasing interest in single-cell isolation tools for the coming years. Additionally, a worldwide
patent search was performed to screen for emerging technologies that might become relevant in the
future. In total 179 patents were found, out of which 25 were evaluated by screening the title and
abstract to be relevant to the field.

Reprinted from Int. J. Mol. Sci. Cite as: Gross, A.; Schoendube, J.; Zimmermann, S.; Steeb, M.;
Zengerle, R.; Koltay, P. Technologies for Single-Cell Isolation. Int. J. Mol. Sci. 2015, 16,
16897-16919.

1. Introduction

With regards to heterogeneous cell populations, such as those found in many tumors, the
generation and analysis of single cells has an increasing impact on various fields of life sciences and
biomedical research [1]. The analysis of heterogeneous cell populations in bulk is only able to
provide averaged data about the population, by which important information about a small but
potentially relevant subpopulation is possibly lost in the background. Cancer development is based on a
complex interrelation of mutations, selection, and clonal expansion resulting in a mosaic out of different
subclones within a single tumor [2]. If rare subclones, which lead to only subtle genomic signals, can
be detected at all from studying bulk populations, it takes a large sequencing and computational
effort [3]. In contrast, the analysis of single cells, representing such a subpopulation, can provide
very detailed information—information which may be used for therapeutic decisions in an increasingly
personalized medicine. A further need for the analysis of single-cells relates to very rare cells like
circulating tumor cells, which are surrounded by billions of normal blood cells and have an increasing
clinical impact as a so-called liquid biopsy [4]. However, at present, the isolation and separation of
single cells is still a technically challenging task. Main challenges are the yield and quality or in other
words the integrity and purity of the cells as well as the throughput and the sensitivity of single cell
isolation methods. Today, a large variety of technologies for single-cell separation, isolation, and




sorting are already available that are applied according to the scientific objective. These technologies
can be briefly classified according to their:

e Level of automation, distinguishing manual methods for cell separation like
microscope-assisted picking from automated devices such as fluorescence activated cell
sorters (FACS).

e Ability to isolate specific/individual cells, distinguishing statistical methods (i.e., the
separation of cells according to a certain statistical probability) from a controlled cell separation
(i.e., a cell is specifically selected and confirmed to be single).

e Compatibility with certain application requirements, distinguishing technologies mainly
applied for production of monoclonal cell cultures (derived from single cells) from technologies
preferably used for single-cell genome/proteome analysis.

In this review, we present the current single-cell isolation technologies in consideration of their
compatibility with requirements for downstream life-science applications. In order to identify the
most relevant technologies to be presented, a market study of single-cell technologies was conducted
by the authors by means of an online survey. After briefly describing the methodology of the market
study, the five most-used technologies are reviewed in the following in detail. In addition to these
most widely adopted technologies, further emerging technologies were identified through a patent search
at the European Patent Office (EPO) for worldwide patents about single-cell separation technologies.
Many of these patented technologies are probably not commercialized so far, but nevertheless have
the potential to enable advances in the field of single-cell research and might become more relevant
and well known in the future. Although this review does not claim to be exhaustive, it might turn out
be a helpful guide through the heterogeneous field of state-of-the-art single-cell handling technologies.

2. Market Study of Single-Cell Technologies

As part of this work, a market survey about the German market for single-cell technologies has
been conducted in the summer of 2014. More than 3000 contacts of potential survey participants
have been manually selected as statistical population as described in the following. The criterion
for (academic) research contacts to be considered for participation was to be active in the field of
cell biology. For company contacts, the criterion was to be listed in the publicly available
database for biotechnological companies “Biotechnology Database”, provided by BIOCOM AG,
Berlin, Germany [5].

The data for the marked study was generated by an online questionnaire in June and July 2014.
Invitations were sent by e-mail to the previously identified group of contacts. In total 210 participants
from German universities, research institutes, and industry have responded to the invitation, out of
which 102 have completely filled out the questionnaire. Of all participants 17% are affiliated to
universities, 16% to university hospitals, 11% to non-university research organizations, 5% to
commercial companies and 51% did not specify their affiliation. Most participants categorized
themselves as belonging to the fields of research in medicine (46%) or biology (42%). Figure 1 shows
the distribution of the participants in their general and specific fields of research. Basic research
appears to be slightly more widespread than applied research, which can potentially be attributed to the



immaturity of the young field of single-cell research. With regards to the more specific research fields,
immunology and oncology were the areas, where most participants worked.

(a) (b)

General field of research Specific field of research

Immunology
Oncology
Molecular Biology
Plant Science

=]
Basic research

Neuroscience
Endocrinology

Cell Biology
Biochemistry
Developmental Biology
Applied research Systems Biology
Biophysics
Microbiology
Tissue Engineering
0 10 20 30 40 50 Virology

Number of participants MateraliSciencs

o
“-||||||||I|

10 20 30
Number of Participants

Figure 1. (a) Distribution of participants in their general fields of research. 44 participants
stated basic research and 30 applied research as their general field; and (b) Distribution
of participants in their specific fields of research. Immunology and oncology were most
frequently named.

According to the survey participants, the most commonly used technologies for handling of single
cells today are FACS respectively flow cytometry (33%), manual cell picking (17%), laser
microdissection (also 17%), random seeding/limiting dilution (15%) and microfluidics/lab-on-a-chip
devices (12%). Technologies like optical tweezers and others were mentioned less often (in total
6%). Figure 2a shows the most commonly used technologies in Germany in 2014. The five most
prominent technologies will be in the focus of Section 3 of this review. Comparable results were
obtained by a worldwide market study performed also in 2014 by HTStec (Cambridge, UK) [6], in
collaboration with the authors of this paper. This study ranks the same technologies as the top five
most extensively used amongst researchers worldwide (Figure 2b).

A further finding of the survey was, that on average approximately 14 single-cell experiments are
performed by the respondents per month, which corresponds to 164 experiments per year. The most
frequently given answer was 1-5 experiments per month (mode of the data set). This indicates, that
single-cell separation and handling is not a routine procedure yet, but performed regularly by those
active in the field.

Finally, the participants were asked to rank the importance of the following criteria for selection
of a specific instrument for single-cell isolation: acquisition costs, maintenance & running costs,
number of cells needed (minimum to operate the device), cell viability (after isolation), single-cell
yield, compatibility with existing workflows, throughput (in terms of single cells per second), and
space needed in the laboratory (for the instrument). It turned out, that all of these criteria are
considered to be important (i.e., ranking larger 2.5 out of 5). The lowest ranking had space needed
in the laboratory (2.75 of 5) and the highest ranking had cell viability and single-cell yield
(4.12 of 5). Certainly, the relative importance of these criteria depend on the specific application, but
it is for example noteworthy, that cell viability is ranked in average higher than throughput
(3.52 of 5).
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Technologies Currently Used To Isolate Single Cells From Tissues Or Liquid Culture Today

Usage of single-cell technologies
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Figure 2. (a) The usage of technologies for handling single-cells in Germany in 2014. This
data was derived as part of this work by a survey amongst 210 participants from German
universities, research institutes and industry; and (b) Extensiveness of use of different
single-cell technologies (data from “Single Cell Technologies Trends 2014”’[6], reproduced
with permission from HTStec Limited, Single Cell Technologies Trends 2014, HT Stec 2014
URL: http://selectbiosciences.com/ MarketReportsID.aspx?reportID=83).

3. Single-Cell Isolation Technologies

Based on the market survey above, the methods and technologies presented hereafter are the most
widespread technologies used for single-cell handling. In general, the applied methods strongly
depend on the nature and origin of the sample and the processing or analysis to be performed on the
cells once being isolated. To illustrate the diversity of sample nature, separation technology, and
target applications Figure 3 shows schematics of the working principle of the five methods to be
considered in detail in the following.

3.1. Flow Cytometry

Thanks to the early pioneers of flow cytometry, since the 1970s researchers have access to ever
more powerful flow cytometry instruments. Amongst others, patents and methods developed by
Andrew Moldavan 1934 [7], Frank T. Gucker 1947 [8], Wallace H. Coulter 1953 [9], Mark Fulwyler
1965 [10,11], and Wolfgang Dittrich and Wolfgang Gohde 1968 [12] paved the way for the success
of commercial flow cytometry [13].
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Figure 3. Schematic overview of single-cell separation technologies discussed in the
following. The five technologies were identified through market studies as the most
commonly used technologies for the handling of single cells (cf. (compare to) Figure 1).

Amongst the various types of flow cytometers, mainly Fluorescence Activated Cell Sorting (FACS)
systems provide the ability to isolate single cells, thus they are focus of this section. FACS systems
employ laser excitation and offer various analysis options. Cellular properties like relative size and
granularity can be extracted as forward scatter (FSC) and side scatter (SSC), respectively. In addition
a huge palette of functional properties can be measured by fluorescent staining. In FACS systems,
cell suspensions are pressure driven through a flow cell. There they are lined up by a sheath flow
liquid exploiting the effect of so called hydrodynamic focusing (see Figure 3). Upon such an
arrangement, the cell stream rapidly passes by a laser beam to provide optical excitation and then optical
detectors are used downstream to capture cell specific signals. The signals depend on the cells’
respective physical, chemical, or optical properties—often enhanced by synthetic markers such as
fluorescent dyes. Apart from size analysis and counting, the bypassing cells can also be sorted. After
analysis, the cells are suspended in a closed system of small channels, the cell stream is forced
through a small nozzle (typically 60—100 pum orifice diameter) and thereby a liquid jet is formed. By
targeted vibrational actuation (e.g., by ultrasound) this jet breaks apart into a continuous stream of free
flying droplets some of which carry cells. Using electrically charged plates for deflection of droplets
containing cells of interest, these droplets can be guided to a collector vessel (typically a tube or
micro well plate).

Popular systems like the FACS-Aria™ III (Becton, Dickinson and Company, Franklin Lakes, NJ,
USA) provide up to six different colored excitation lasers and simultaneous fluorescent read-out in
up to 18 color channels (FACS-Aria III brochure, BD, 2015, http://static.bdbiosciences.com/documents/



BD FACSAria III brochure.pdf). The system is able to generate up to 100,000 droplets per second
and analyze up to 70,000 events per second (FACSAria III technical data sheet, BD, 2015,
http://static.bdbiosciences.com/documents/ BD FACSAria III tech specs.pdf). Similar systems
are available from Beckman Coulter (Brea, CA, USA), Sony Biotechnology Inc. (San Jose, CA,
USA.), Bio-Rad Laboratories Inc. (Hercules, CA, USA), and others. Typically FACS systems
provide different sort modes specialized either on high throughput or enrichment or purity.
Depending on the application, type of cells, and the chosen sort mode the actual rate of sorted cells
per second can strongly differ between some hundred up to several thousand cells.

Not only since the discovery of hybridoma cells by Koehler and Milstein [14] FACS has become
an accepted, worldwide standard in analysis and sorting of cell populations [15], especially due to
the known potential hazards in cloning by limiting dilution [16]. Prominent fields of research and
application for the FACS technology are for example: DNA content analysis, immunophenotyping,
quantification of soluble molecules [17], cell cycle analysis, hematopoietic stem cells, apoptosis,
quantification of subpopulations [18], microbial analysis [19], and cancer diagnostics [20,21]. The
sample range covers nearly every cell type from blood, bone marrow, tumor, plants, protoplasts, yeast,
to bacteria and even viruses.

3.2. Laser Capture Microdissection

Laser capture microdissection (LCM) is an advanced technique to isolate individual cells or cell
compartments from mostly solid tissue samples [22,23]. Figure 4 illustrates three different variations
of the working principle. A tissue section is observed through a microscope and the target cell or
compartment is visually identified. The operator marks the section to be cut off on the display by drawing
a line around it. Along this trajectory the laser cuts the tissue and the isolated cell (or compartment)
is—if required—extracted. While the cutting procedure using the laser is usually the same, there are
several methods to extract the dissected tissue:

Contact-based extraction is done by laser cutting followed by extraction via adhesion, employing
adhesive tube caps or heat-absorbing transfer foils, locally made adhesive by infrared (IR) lasers
(cf. in Figure 4a).

Contact-free gravity-assisted microdissection (GAM) is featuring an inversely mounted substrate
placed over a collector tube. Once being cut out by the laser, the target cell (or compartment) falls
down into the collector (cf. in Figure 4b, Leica LMD7000).

Contact-free laser pressure catapulting (LPC) uses a short defocused laser pulse to ignite a local
plasma below the previously cut cell (or compartment) [24,25]. The plasma impulse catapults the
cell (or compartment) vertically against gravity into a nearby collector container (cf. in Figure 4c,
Zeiss PALM MicroBeam LCM).
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Cut-out section extracted by gravity; and (¢) Cutting with a focused laser followed by
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Samples are typically provided fixed in formalin, embedded in paraffin, or cryo-fixed [26]. Some
LCM systems even allow for dissection of living tissue, enabling the extraction of live cells for
culture or analysis (Leica LMD7000 with Live Cell Cutting (LCC)).

Analysis of solid tissue is of great interest when investigating heterogeneous tissue
sections regarding their cellular structure as well as physiological and pathological processes [27].
In solid tumor research linking the molecular information of individual cells to their specific location
in the tissue has become an important research field. Particularly, the access to cells in situ is of
interest [28]. In combination with immune histological staining, LCM is a powerful tool for solid sample
analysis on the single-cell level [29]. In the past years, various applications in single-cell analysis based
on LCM extracted cells have been published: Single-cell RT-PCR [30], short tandem repeat analysis
(STR) analysis in forensics [31], Western blot and mass spectrophotometry [32].

3.3. Limiting Dilution

Today many laboratories and companies use hand-pipettes or pipetting robots to isolate individual
cells through dilution of the cell suspension. Due to the statistical distribution of the cells in the
suspension, the number of cells in a highly diluted sample can be as low as one single cell per aliquot,
when the suspension is split into small volumes (aliquots). This process is termed limiting dilution
and is well known for decades for the production of monoclonal cell cultures [33-36]. Besides
antibody production (as done by hybridomas), other applications such as cell-based assays, etc. also
require cell populations grown from a single-cell.

Such seeding of cells in low concentration is indeed simple to carry out with standard pipetting
tools, but it is not very efficient since the probability of achieving a single-cell in an aliquot is of
statistical nature. The probability to obtain a certain number of cells per aliquot (i.e., 0, 1, 2, etc.) is
described by Poisson’s distribution [37]. In order to achieve a sufficiently high probability for the



appearance of single cells while at the same time minimizing the probability for multiple cells, the
sample has to be strongly diluted. Typically a density of less than one cell per aliquot is applied (e.g.,
cell concentration smaller than 1 cell/10 pL = 100 cells/mL, if the aliquot volume is 10 pL). Often
cited protocols e.g., recommend 0.5 to 0.9 cells per aliquot [16,35,38]. Table 1 presents the respective
distribution of cells per well and the ideally achievable number of empty wells, single cells, and
multiple cells according to Poisson’s distribution. Obviously, on average only about one third of the
prepared wells in a cell culture plate will contain a single-cell. Which of the wells indeed contain
single cells has to be confirmed after seeding the cells in a separate process (e.g., by microscopy) due

to the statistical nature of the separation method.

Table 1. Statistical probability for the number of cells per aliquot according to Poisson’s
distribution for cell concentrations of 0.5 and 0.9 cells per aliquot.

0.5 Cells/Aliquot 0.9 Cells/Aliquot
Cell Number/Well Probability Cell Number/Well  Probability
0 61% 0 41%
1 30% 1 37%
2 8% 2 16%
3 1% 3 5%
4 0% 4 1%

3.4. Manual Cell Picking

Micromanipulators for manual cell picking typically consist of an inverted microscope combined
with micro-pipettes movable through motorized mechanical stages. Micropipettes are made of
ultrathin glass capillaries coupled to an aspiration and dispensation unit. The cell sample is typically
provided as suspension in a dish or well-plate. Via microscope observation the operator selects a
specific cell, moves the micro-pipette in close proximity and aspirates the cell by applying suction
to the micropipette. The aspirated liquid volume including the selected cell can be transferred to a
collection vessel (e.g., a well of a well-plate), where it is released by dispensation. This process is
commonly performed manually.

Micromanipulators enable the controlled separation of selected, living cells from suspension and
even allow for isolation of prokaryotic cells [39]. The fields of application range from bacterial

analysis [40] to reproductive medicine [41] and forensics [42].

3.5. Microfluidics

Vast numbers of microfluidic or lab-on-a-chip devices have been proposed for single-cell analysis
and handling in the past years (for reviews see [43] or [44]). In this section, we focus on methods
that enable isolation of single cells for further downstream analysis or culture. General cell separation
techniques that offer no control at the single-cell level [45] are not within the scope of this section.
Though many different microfluidic devices for single-cell separation and handling have been
published in the literature, most of these devices use at least one of the three following microfluidic

principles to isolate single cells:



e Droplet-in-oil-based isolation as for example published in [46] (Figure 5a);
e Pneumatic membrane valving as for example published in [47] (Figure 5b);
e Hydrodynamic cell traps as for example published in [48] (Figure 5c).
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Figure 5. Schematic overview of different microfluidic methods for single-cell isolation.
(a) An aqueous stream of cells is broken up into individual droplets-in-oil containing
random distribution of cells; (b) Pneumatic membrane valves use air pressure to close a
microfluidic channel by membrane deflection. This stops the flow and can trap a cell; and
(¢) Hydrodynamic traps are passive elements that only fit single cells and hold them at

one position.

Droplet-based microfluidics uses channels filled with oil to hold separated aqueous droplets
(similar to an emulsion). Within these droplets, single cells can be contained and thus be isolated
(Figure 5a). Droplet-based microfluidic concepts can separate single cells either randomly according
to Poisson’s distribution [46] (similar to the limiting dilution method discussed above) or with even
higher yields of over 80% [49]. The biggest advantage of droplets-in-oil-based cell separation and
sorting technologies in general is the tremendous throughput of up to several thousand single-cells
per second [49].

Pneumatic membrane valves use pressurized air to deflect an elastomer membrane. This
membrane deflection closes a microfluidic channel below (Figure 5b). This allows for digitally
opening or closing channels in a microfluidic network. Valve-based approaches need a cell detection
unit or an operator to isolate cells individually. Typically, these systems are limited in throughput,
compared to the droplets-in-oil-technology described before.

Hydrodynamic traps are passive structures in a microfluidic channel that allow only one cell to
enter the “trap” (Figure 5). Typically, double occupation is minimized by adjusting the trap size to
the average cell size in a given sample. Such systems can operate on a large number of cells in parallel
by using a large number of traps [48]. The commercial system C1 from Fluidigm Corp. for example,
allows for isolation and subsequent genetic analysis, of up to 96 individual cells in parallel.
Hydrodynamic trapping can even be integrated into handheld pipettes to enable manual single-cell
pipetting [50] without the need of micromanipulation under a microscope.

Furthermore, approaches to miniaturize flow cytometers by use of microfluidic technologies have
been proposed [51]. One of the goals of this field of research is to bring the advantages of flow cytometers
(see Section 3.1) such as cell sorting and counting to small and affordable devices, which can
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potentially be portable. Microfluidic lab-on-a-chip technologies for single-cell applications
demonstrate exciting opportunities, but are mostly specifically designed to serve a particular
application and therefore exhibit only little flexibility regarding upstream sample preparation and
downstream analysis methods. To increase the flexibility and enable easier interfacing with other
upstream and downstream methods, the authors of this review have proposed previously a flexible
single-cell isolation system (Figure 6), based on inkjet-like single-cell printing [52,53]. This so called
single-cell printer (SCP) uses an imaging system and automated object recognition algorithms to
detect cells in a microfluidic dispenser chip that can produce droplets similar to an inkjet printer.
Cells are classified in the nozzle of the chip and subsequently ejected within a microdroplet (60 pm
in diameter) to be deposited onto various substrates. Droplets containing no cell or multiple cells are
deflected in flight towards a waste container by vacuum suction. The suitability of the SCP for
biomedical applications such as single-cell genomics [54] and clonal cell line production has already
been demonstrated [53].

Printhead

Detected and
Camera system ejected single cell

Figure 6. Single-cell printer (SCP) for single-cell isolation. A microfluidic dispenser
chip integrated in a polymer cartridge is filled with cell suspension. An automated object
recognition algorithm detects cells in the dispenser nozzle prior to the dispensation. This
allows for ejection of droplets containing one single-cell only and their deposition in
direction of the arrow on various substrates, such as micro-well plates.

4. Patent Search for Single-Cell Separation Technologies

In order to identify emerging single-cell separation technologies currently not well known by the
scientific community, a patent search has been performed. The reasoning behind this complementary
approach is that a market analysis like described above can only be expected to reveal technologies
that are sufficiently well known within the user community, while novel technologies that are probably in
a pre-commercialization phase are not necessarily known by this group of persons. Still, such emerging
technologies could become relevant or even displace existing technologies in the future. In order to
screen for novel technologies, we performed a patent search at the European Patent Office (EPO) in
the worldwide database for patents. In detail, we were applying the “Smart search” on the EPO
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homepage (http://www.epo.org/ searching/free/espacenet.html) using combinations of search termini
based on Boolean operations: (txt = “single cell” and (txt = isolation OR txt = separation)) NOT
(txt = fuel OR txt = solar). This search led to 179 results, which can be found as a complete list in
the supplement (Table S1). The titles and abstracts of the 179 results were carefully reviewed in
consideration of their relevance as actual isolation technology for single biological cells. Conversely,
the patents considered to be particularly relevant should not represent:

e Only an analysis method of single cells.

e A common method using the term “single cell suspension” without addressing specifically
a method for single-cell isolation.

e A cell separation method, which is already established and only part of a patented workflow.

e Other, in this context, irrelevant methods by using the term “cell” in a non-biological context
such as for a battery or a chamber in a technical device. Therefore, the terms “fuel” and “solar”
were already excluded from the original search from the beginning (see above).

According to these criteria 25 patents were selected from the list of search results based on the
information provided in the title and abstract of these patents. The resulting list of relevant patents is
presented in Table 2.

Table 2. Patents of single-cell isolation technologies identified in the worldwide database
of the European Patent Office (EPO).

Title EPO Publication Number Reference
Methods for multiplex analytical

L o AU2013315409 (A1) [55]
measurements in single cells of solid tissues

Single-cell isolation screen adapted with pipettor tip CN104195036 (A) [56]

An integrated microfluidic device for single-cell

CA2817775 (Al 57
isolation, cell lysis and nucleic acid extraction * (A (571

System and method for capturing and analyzing cells * US2014349867 (A1) [58]

Single-cell automatic analysis device based on

CN203929785 (U 59
dual-optical-path micro-fluidic chip * © [59]

Microfluidic devices and methods for cell sorting,
. . . US2014248621 (A1) [60]
cell culture and cells based diagnostics and therapeutics *
High-throughput single-cell imaging, sorting, and isolation * US8934700 (B2); US2014247971 (Al) [61]

Automatic single cell analysis method

CN103926190 (A 62
based on microfluidic system * @A) (621

Apparatus for single cell separation and position fixing * US2013129578 (A1); US8475730 (B2) [63]

Method and apparatus for single cell isolation and analysis US2012315639 (A1) [64]

Apparatus for magnetic separation of cells US2012045828 (A1) [65]
Method and apparatus for the discretization

CN102187216 (A 66
and manipulation of sample volumes * (#) L66]

Plate for separating single cell JP2011152108 (A); JP5622189 (B2) [67]
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Table 2. Cont.

Title EPO Publication Number Reference
Array apparatus for separation of single cell * KR20110037345 (A); KR101252829 (B1) [68]
Device and method for continuously analyzing
. . . . CN101923053 (A); CN101923053 (B) [69]
single-cell contents by miniflow control chip at high speed *
Complete set of equipment for
CN201662556 (U) [70]

single cell gel electrophoresis test
Single cell analysis of membrane molecules * US2009173631 (A1) [71]

Single-cell inclusion analytical method based

on micro-fluidic chip * CN101393124 (A) [72]

Analytical system based on porous material
. . . US2008020453 (A1) [73]
for highly parallel single cell detection *
Single cell isolation apparatus and method of use US6538810 (B1) [74]

Cell isolation and screening device and

method of using same * WO03011451 (A1) [75]

Cell transfer mechanism and cell fusion apparatus * JPHO0731457 (A) [76]

Device for automatically testing single cell dielectric

e . CN201075104 (Y) [77]

spectrum based on composite dielectrophoresis
High-pass cell separation device and use method therefor * CN1962845 (A) [78]
Cell inclusions analysis method based on microfluid chip * CN1734265 (A) [79]

* indicate patents which can be assigned to the field of microfluidics.

Considering that isolation of biological cells means handling of particles in liquid typically in
the range of 10-100 um in diameter, the majority of these patents (17 out of 25) can be assigned to
the field of microfluidics, as indicated by the appearance of “microfluidic” or terms inherent to
microfluidics in the title, abstract and/or original document of the respective patents. Since microfluidics
has been described in section 3.5 in general terms, the authors refrain from a full discussion of these
technologies. The remaining rather “non-microfluidic” technologies utilize a targeted lysis within a
tissue [55], a separation sieve for a conventional pipette tip [56], antibody-conjugated magnetic
beads [64,65], adjustable permeable wells on a plate [67], electrophoresis [70], tailor-made wells on a
membrane [74], and dielectrophoresis [77] for the isolation of single cells.

5. Future Potential of Single-Cell Technologies

There are currently several indicators that suggest that the field of single-cell analysis is going to
grow further in the coming years. One of them is the recent acknowledgments of the field by the
journal Nature Methods. The increased interest is supported by Nature Methods selecting “‘single-cell
methods” as method to watch 2011 [80] and “single-cell sequencing” as method of the year 2013 [81].
The demand for single-cell handling technologies is expected to grow simultaneously with the field of
single-cell analysis.

Figure 7 shows the expected increase in importance of single-cell technologies as seen by the
participants of the market study, described in Section 2. In the online survey participants were asked
to rank the importance of single-cell research from not important to very important to their present
as well as for their future work. For the present year (2014) the answer with the highest score (mode
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of the data set) was fairly important. For 2017 the expectation with the highest score was very
important (the highest possible score). These data were acquired amongst German researchers. A
similar trend is expected to hold for worldwide researchers, which is in accordance to market data
published [6].

Furthermore, participants, who did not have any experience with single-cell technologies in 2014,
were asked about their future plans. Out of these, 79% planned to work with single-cell technologies
within the next five years. 48% even planned to start working with single-cell technologies in 2015.

In recent years, the field of single-cell analysis has seen a few commercial products hit the market
and more are expected to come. Applications currently envisioned or implemented include next
generation sequencing (NGS) of single cells [82], isolation of circulating tumor cells for diagnostic
purposes [83], or single-cell proteomics [84].

Importance of single-cell research

Very important

Important

Fairly important

Slightly Important

u2017

Not important u2014
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Figure 7. Importance of single-cell analysis to German cell researchers in 2014 and
estimated for 2017. This data was derived by a survey amongst 210 participants from
German universities, research institutes and industry. A strong growth of interest is
expected over the next years.

6. Discussion

The requirements for technologies to separate and isolate single cells from samples of different
nature are as heterogeneous as the purpose for which the cells are used downstream of the separation
and isolation process. Depending on the specific requirements, some of the mentioned technologies
might be more suitable than others to enable a specific single cell application. In the following,
strengths as well as shortcomings of the reviewed commercial technologies are listed and compared
to these requirements qualitatively. However, quantitative performance parameters for the various
technologies cannot be determined, since this would require focusing on a specific application, which
is out of scope of this article. The actual result of a single-cell isolation process—especially with
respect to efficiency and cell viability—is depending on many factors like cell type, sample
preparation, device calibration, sorting mode, substrate, and many more factors that are hard to
quantify in general (e.g., operator skill for manual methods). Thus, the assessment of the different
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technologies has to remain more general and instead general properties of the technologies like
throughput or cell viability, efc. are discussed.

6.1. General Aspects

Defining general requirements in the field of single-cell handling and analysis is not trivial due to
the heterogeneity of the applications mentioned above. The following non-exhaustive list seeks to
cover general requirements that many applications have in common.

Sample nature and origin defines to a large extent which technologies can be used at all. The
information to be determined from the cells of interest could largely differ: in solid samples often
tissue architecture or cell-cell interactions are of interest, while in cell suspensions heterogeneity studies
of the cell population are mostly the primary objective.

Cell integrity is often required throughout the cell isolation process. Especially when the genome
or proteome is the target of the analysis, cell integrity should be kept prior to lysis to avoid early
degradation of DNA/RNA.

Cell viability is required when isolating single-cells for the purpose of production of monoclonal
cell cultures or for studying stem cell differentiation. Cells respond to stress factors like mechanical
forces, radiation, chemical changes in their environment, efc. which can lead to differentiation,
reduced viability or even apoptosis. Technologies should provide sufficiently “gentle” extraction and
handling when operating on living cells.

Throughput in terms of single cells isolated per second as well as the targeted total number of
single cells is another important factor. Especially when large populations with low abundance of
target cells are given (e.g., for CTC (Circulating tumor cells) applications), high throughput or high
parallelization is mandatory and manual procedures are prohibitive.

Rare samples with a low amount of cells require technologies capable of dealing with small
sample volumes and providing low dead volumes. In this context the separation yield (see below) is
often a key issue as well in this context to prevent the loss of cells of interest.

Purity of the isolated single cells is crucial when analyzing cellular DNA and RNA. Isolating the
cell of interest and while excluding any other contamination from the liquid suspension (e.g., cell
fragments, free-DNA, efc.) is of highest importance. Transfer volume (the droplet or pipetting
volume the cell is typically enclosed in during transfer to the target) and cross-contamination come
into play here as well, as they determine the amount of contaminants in the aliquot containing the
single cell.

Efficiency concerning yield of the single-cell isolation process can be of importance when using
homogeneous samples containing a large number of cells (e.g., for cloning). However, it’s a lot more
important when performing single-cell analysis on a rare cell sample or when using complex and
costly reagents. Besides the costs per cell that come into play from the economical point of view
(e.g., for amplification and library preparation for next-generation sequencing [85]), the analysis of
individually selected cells rather than randomly seeded ones or the analysis of a complete population
(100% analysis) can impose strict requirements on the separation efficiency. Preventing aliquots that
are empty or occupied with multiple cells can be mandatory in certain applications while in others it
might be more important that no cell must be lost in the isolation process.
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Besides these most relevant general criteria for the assessment of different technologies each
application might impose additional specific requirements that have to be carefully considered. For
applications with living cells, for example, often carry over-free and sterile operation conditions are
requested which calls for technologies relying on disposable components (e.g., microfluidic chips).

Obviously, each single cell separation technology exhibits specific features with respect to the
above mentioned aspects that have to be matched to the application under consideration. Usually,
this problem is addressed from the side of the application (e.g., single-cell analysis, monoclonal cell
cultures, efc.) for which the requirements are usually well known. In the following the view point
should be shifted towards considering the specific features of the previously discussed technologies.

6.2. Flow Cytometry

FACS systems provide high throughput in terms of single-cell analysis and sorting. Paired with
high flexibility in terms of cell type, standardized substrates, and sorting modes FACS is a powerful
tool. Moreover its suitability for rare cell sorting (subpopulations < 1%) has increasing diagnostic
prospect when analyzing heterogeneous cell samples. Some of the FACS systems are able to deposit
single cells in micro-well plates with high purity and yield within the time frame of minutes to enable
further downstream analysis such as NGS (Next generation sequencing). The popularity and
wide-spread use of FACS systems makes them accessible to a broad range of users.

Nevertheless, for certain applications FACS systems are still limited to some extent. Cells must
be in suspension meaning tissues need to be dissociated resulting in loss of cellular functions and
cell-cell interactions as well as tissue architecture [86]. Subpopulations with similar marker
expression are difficult to differentiate and overlap of emission spectra between fluorochromes may
lead to an increasing noise level making low-intensity samples unavailable for detection. Further,
FACS sorting may have non-negligible effects on cell viability, which was demonstrated for Chinese
Hamster Ovary (CHO) cells and for a human monocytic cell line (THP1) by trypan blue exclusion
and necrosis/apoptosis assays [87].

Minimal sample volume for FACS systems is in the range of several hundreds of microliters to
milliliters. This is due to the fact, that typically long sections of tubing cause high dead volumes,
preventing the use of rare samples, especially when the entire sample needs to be analyzed. And
finally, sterile operation is difficult to achieve by FACS systems in general due to the complex system
consisting of non-disposable components. However, such limitations are not always present or
significant, but strongly dependent on instrument, process parameters (e.g., speed, laser type, etc.), cell
type, and application.

6.3. Laser Capture Microdissection

Whenever single cells need to be isolated from solid samples (e.g., tissue, biopsies) LCM systems
are the commonly applied tool of choice. For such applications a single cell’s location within the
tissue architecture is essential to know. LCM systems enable separation and isolation of individual
cells for downstream analysis. Based on optical microscopes coupled with a coaxial cutting laser and
computer assisted control, such systems are relatively easy to handle. The sharply focused pulse
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lasers cut with sub-micrometer precision and without introducing deleterious heat to the tissue.
Another benefit might be that operators actually decide on every cell to select and isolate rather than
leaving the decision to automated systems or statistical distributions.

Although modern LCM systems provide a higher level of user-friendliness and automation,
the selection and isolation process remains operator based and therefore strongly limits the
throughput. The integrity of extracted cells is important for reliable downstream analysis of
biomolecules such as DNA, RNA, and proteins [88]. Depending on the quality of fixation [32] and
cell extraction method used (adhesive tape, gravity, catapulting) single-cell integrity might be
compromised [89]. It might remain unclear, if the cell was actually transferred and/or if any
contaminants (e.g., fragments of adjacent cells) were transferred to the substrate along with the cell
of interest, especially when using contact-based cell extraction (adhesive cap) [90].

6.4. Micromanipulator

Micromanipulators are microscope assisted picking tools allowing for targeted isolation of
individual single cells from suspensions, which is a feature not shared by many other technologies.
The operator selects the cells to be isolated and performs the aspiration, transfer, and dispensation.
Similar to LCM systems, the targeted isolation of a specific cell under microscope vision is one of
the key benefits of this technology.

Although being a very flexible technology in terms of cell types and substrates, the serial and
manual process of obtaining single cells limits the overall throughput. Furthermore, with the majority of
the systems it is not possible to observe and control the correct transfer of the single-cell to its target
location. Once the micropipette leaves the microscope’s optical focus plane the transfer volume
containing the cell is unobservable as is the actual transition to the target. To actually confirm if a
single-cell has successfully been transferred additional observation of the target is required. Recent
approaches target improvement on this towards fully automated isolation and placement of single
cells assisted by video systems and image processing algorithms [91].

6.5. Limiting Dilution

In many pharmaceutical companies, fully automated pipetting robots perform limiting dilution in
great numbers at considerable throughput. The process is simple, reproducible and to a certain extent
cost-efficient since the degree of automation is very high. However, due to the statistical nature of
the process and the lack of control over an individual cell, often further technologies are
required downstream to prove the presence of single cells in a specific well, such as automatic
microscopic imaging systems. However, limiting dilution remains a simple, gentle, and relatively
cost efficient process to obtain single cells with reasonable throughput, but lacking the controlled
isolation and sorting as well as proof of single-cell presence. Combined with upstream sorting or
enrichment techniques it can constitute an appropriate tool to easily separate viable single cells for
downstream analysis.
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6.6. Microfluidics

Microfluidics plays an increasing role in establishing entire workflows for single-cell separation,
isolation, and analysis. Although the number of commercially available systems is still low, this
field of research itself is highly dynamic. Microfluidic systems can be operated with very low
volumes regarding cell sample as well as reagents, which is advantageous for rare cell applications
as well as from an economical point of view. Developed as disposables and once produced with
mass-fabrication techniques those systems could provide an attractive alternative, especially with
regard to clinical applications: when using disposables, cross-contamination between subsequent
samples is not an issue.

Recent hurdles preventing a broader market-entry of microfluidic technologies might be the low
degree of flexibility offered by a specific microfluidic chip. Microfluidic systems—unlike the more
established technologies discussed before — are often restricted to one single application (e.g.,
genomic single-cell analysis). Regarding the complexity and variety of single-cell applications
throughout the field, and in view of continuously newly established analysis methods, this likely is
one of the greatest drawbacks of microfluidic technologies for research applications. Leading
scientists and microfluidic companies often regret the absence of a “killer application” supporting
their technology (This is true for the entire microfluidic field, not only for those devices targeting
single-cell applications.) to enter the markets [92-94]. Still, when a sufficiently standardized workflow
of isolation, sorting, and analysis can be established by a microfluidic approach, there are probably
few other technologies that can provide similar performance in that specific case.

6.7. Patents and Emerging Technologies

The patent search performed for this review revealed that 68% (17 out of 25) of the related patents
cover microfluidic devices. This patent trend has been present since the middle of the 90s [95] and
emphasizes the strong driving forces generated by research and emerging industries. Besides
microfluidics few patents deal with alternative technologies e.g., separation by dielectrophoresis or
size/affinity based filtering. Partially such alternative technologies are also combined with
microfluidic approaches at chip level. Whether or not such special technologies will become relevant
in the future depends to a large degree on the applications that can be enabled by them. As outlined
before, a strong match between application requirements and technology features can render any
technology relevant in the context of a well matching application.

7. Conclusions

The review focused on the most frequently used single-cell isolation technologies as derived from
a market survey amongst German scientists. It can be concluded that there is no universal technology
suitable for all single-cell applications. However, the vast majority of applications can be addressed
by at least one of the technologies available today.

Regarding performance FACS systems have the main benefit of high throughput and sorting
capability but are cost-intensive and potentially harmful to some cells. LCM is ideal for isolation of
single cells from solid tissue and quite unique in this regard. Micromanipulator assisted cell picking
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is a manual process and therefore slow, but provides maximum control over individual cells. Limiting
dilution relies on statistical distribution, is simple to implement and can be automated. However,
the presence of single cells often needs to be verified subsequently. Apart from these established
technologies, microfluidic technologies allow for integration of entire application specific workflows
and only require small amounts of sample and reagents. Thus, microfluidic technologies have
potential but are still lacking broad commercial presence, probably due to a lower degree of
flexibility. To summarize the topic, Table 3 provides an overview about the key features of the
presented technologies.

The worldwide patent search carried out with the objective to identify emerging technologies,
resulted in 179 patents out of which 25 have been identified to be particularly relevant to the field.
17 out of those 25 are related to the field of microfluidics, again emphasizing the importance of this
evolving field. From the market study it can also be concluded, that the field of single-cell analysis
can be expected to grow significantly in the following years and the need for single-cell isolation
technologies is likely to increase simultaneously. Presumably, established commercial technologies
as well as novel microfluidic devices will contribute equally to advances in this field in the
coming years.

Table 3. Selected features of discussed technologies. Rating based on the authors’
personal experience and knowledge.

Control over Compatibility with
Impact on
Technology Automation Level Throughput Individual Cell Established Workflows
Cell Integrity . s
Fluorescence-Activated Often
Automatic High Yes High
Cell Sorting (FACS) impairing
Limiting dilution Manual or automatic Moderate Gentle No High
Micromanipulation Manual Low Moderate Yes Moderate
Often
Laser-capture microdissection Manual Low Yes Low
impairing
Microfluidics (Lab-on-a-Chip) Automatic Low to high Diverse Typically not Low
Microfluidics (inkjet-like printing) Automatic Moderate Gentle Yes High

!, Possibility for active selection of single cells before their isolation in contrast to random distribution
of individual cells; 2, Compatibility with commercially available substrates such as microtiter plates, tubes,

slides, etc.
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Single-Cell Isolation and Gene Analysis:
Pitfalls and Possibilities

Kjetil Hodne and Finn-Arne Weltzien

Abstract: During the last two decades single-cell analysis (SCA) has revealed extensive phenotypic
differences within homogenous cell populations. These phenotypic differences are reflected in the
stochastic nature of gene regulation, which is often masked by qualitatively and quantitatively
averaging in whole tissue analyses. The ability to isolate transcripts and investigate how genes are
regulated at the single cell level requires highly sensitive and refined methods. This paper reviews
different strategies currently used for SCA, including harvesting, reverse transcription, and
amplification of the RNA, followed by methods for transcript quantification. The review provides
the historical background to SCA, discusses limitations, and current and future possibilities in this
exciting field of research.

Reprinted from Int. J. Mol. Sci. Cite as: Hodne, K.; Weltzien, F.-A. Single-Cell Isolation and Gene
Analysis: Pitfalls and Possibilities. Int. J. Mol. Sci. 2015, 16, 26832-26849.

1. Introduction

Genes are regulated at the single cell level, and the stochastic nature of genes turning on and
off results in a temporally heterogeneous gene expression, even within homogenous cell
populations [1-9]. This unique feature is often concealed behind average quantification in whole
tissues. Based on earlier discoveries of gene expression dynamics, along with recent improvements
in robust and sensitive methods, interest in single-cell omics is growing rapidly. In 2013 single-cell
sequencing was awarded “method of the year” by Nature Methods [10] demonstrating groundbreaking
discoveries and exciting potential in cell biology [11-15]. Today, novel technologies, like
lab-on-a-chip, have facilitated large-scale screenings of transcripts within single-cells. This review
opens with a historical perspective focusing on nucleic acid amplification and single-cell gene
analysis. We then move on to discuss pros and cons regarding different strategies for harvesting
and isolation of nucleic acids, and quantification of gene expression, and finally provide some
thoughts on future possibilities within the field of single-cell gene expression.

2. Historical Background—Nucleic Acid Amplification

The idea of isolating and analyzing small levels of nucleic acids goes back almost five decades.
During the work of unraveling the genetic code, working as a researcher in Har Gobind Khorana’s
laboratory, Kjell Kleppe described for the first time a method for primer-defined enzymatic
replication of short DNA fragments. However, at that time little focus was put into Kleppe and
Khorana’s vision in which a system could target and amplify a specific DNA sequence defined by
complementary primers [16]. In fact, it took another decade until Kary Mullis reintroduced the
concept of primer-dependent DNA amplification, which we now know as PCR [17]. Through
several studies, and subsequent publications, Mullis and Saiki reintroduced and refined Kleppe’s
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ideas and described the basic principles of exponential DNA amplification employing two
complementary primers for each DNA strand [18,19]. The initial PCR protocol consisted of
20-27 cycles with 2 min at 95 °C to separate the two DNA strands followed by 2 min at 37 °C,
allowing the primers to anneal and the polymerase to synthesize the complementary strand.
However, because of the thermolability of the polymerase (Klenow fragment of Escherichia coli
DNA polymerase (I)), it was inactivated during the 95 °C step. As a result, the procedure required
new polymerase between each cycle. This limitation was overcome a few years later when
Saiki et al. [20] utilized a thermostabile DNA polymerase [21] isolated from Thermus aquaticus [22].
With this refinement, scientists could conduct the DNA amplification reaction at high temperatures
without adding new enzyme between each round of the PCR cycle. The higher amplification
temperature also permitted more precise targeting of the DNA and reduced the incidence of
primer dimers. Combined with the in vitro development of reverse transcription (RT) of mRNA
into complementary DNA (cDNA) [23-26], detailed investigations of target transcripts
became feasible. In order to visualize the PCR product(s), the samples were separated using
gel-electrophoresis [27-29].

The sensitivity of PCR was clearly demonstrated by Li ef al. [30] who, in 1988, analyzed genomic
DNA of single sperm cells collected through a glass capillary. Two years later, Brady et al. [31]
were able to analyze gene transcripts from single macrophages. This ability, to amplify and
analyze transcripts from single cells, was taken one step further when Eberwine ef al. [32,33] and
Lambolez et al. [34] combined patch-clamp recordings with single-cell RT-PCR. Eberwine et al.
utilized acutely dissociated neuronal cells obtained from the hippocampus of neonatal rats. The
patch pipette served two purposes: to deliver oligo(dT) (with T7 recognition), deoxynucleoside
triphosphates (ANTPs) and RT enzyme (Avian myeloblastosis virus), and to insulate the electrode
solution needed to perform the electrophysiological recordings. Following the electrophysiological
recordings, negative pressure was applied through the patch pipette and the cytosol was carefully
collected with the pipette for nucleic acid amplification. In these experiments, several rounds of
pre-amplification using T7 RNA polymerase in isothermal conditions were performed to increase
the transcript concentration prior to the PCR. This approach allowed Eberwine et al. [33] to
qualitatively detect transcripts of specific Ca’" channels, y-aminobutyric acid (GABA) receptors,
K* channels, and Na* channels, as well as G-protein subunits and transcription factors c-jun and
c-fos. The same group also conducted semi-quantitative measurements of transcript levels by
measuring the relative intensity of the ethidium bromide (EtBr)-stained PCR products at the end of
the PCR. However, as will be explained in the following sections, this method is unreliable and the
quantitative results should be interpreted with caution. Lambolez et al. [34] used a slightly different
approach to characterize several forms of AMPA receptors and their splice variants. Instead of
pre-amplification of RNA, two rounds of PCR were conducted. Following the first round of PCR to
amplify large fragments of the cDNA template, internal or nested primers were used to amplify a
smaller fragment from the first PCR product. Similar to pre-amplification using T7 RNA
polymerase, the PCR pre-amplification strategy also increases the amount of product needed to
detect low abundance transcripts.
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Although the technical difficulty of investigating low-level transcripts was now resolved,
the challenge of quantitatively measuring transcript levels remained. Traditionally, gene
quantification was performed at the so-called plateau phase of the PCR at the end of a PCR assay
(semi-quantification). However, as discovered by Higuchi and co-workers [35,36] this plateau
phase differs among replicated samples and was first discovered when Higuchi and co-workers
started experimenting with the possibility of monitoring the PCR continuously, or in real-time
during each amplification cycle [35,36]. By adding EtBr to the PCR reaction and using
a charge-coupled device (CCD) camera, every PCR cycle could be monitored as a function of
increasing fluorescence. It was clearly shown that after the initial exponential phase, the PCR
enters a linear phase followed by a plateau phase [36-38]. This plateau phase results from
inhibition of the PCR [37,38] and sample-to-sample variation, causing imprecise quantitative
calculations [39]. When monitoring the PCR in real-time (i.e., at each cycle), however, it became
possible to calculate the starting amount of the DNA template based on the exponential phase of
the PCR curve. Additionally, using the exponential phase, rather than the plateau phase, increased
the dynamic range. Currently, real-time PCR analysis is usually based on the PCR crossing point
(quantification cycle), Cq. Cq is defined as the PCR cycle-number at which the signal monitoring
the process reaches a predefined threshold level. Older terms that have also been used as the basis
for calculating the amount of DNA/cDNA starting material include threshold cycle, Ci, and
crossing point, Cp (see [40—42]).

The sensitivity of the quantitative (q) PCR assay is dependent on the specific labeling of the
DNA/cDNA. Previously, EtBr was the preferred dye because of its strong shift in fluorescent
intensity when bound to DNA. However, the use of novel dyes were already beginning to make
their way by the mid-1990s. One of these dyes was SYBR green I, which greatly improved
sensitivity [43—45]. Whereas 7000 ng of 40-basepair DNA is needed to give a visible signal on a
gel using EtBr, less than 14 ng is needed when using SYBR Green I. In addition, Karlsen et al. [43]
showed that SYBR green I was less dependent on the length of the DNA, thus generating similar
fluorescence levels among short and long DNA fragments. In addition to novel DNA-specific dyes,
several target-specific labeling strategies have been developed for qPCR (explained in the
following sections), including gene specific probes [46]. Extensive work has also been conducted
to standardize qPCR procedures, including laboratory practices and data analysis (See description
of the MIQE-guidelines [42]. Such advances have led to qPCR becoming the gold standard for
quantifying gene expression levels, both in research and in diagnostics.

In the present review, our main focus will be on the different strategies used for obtaining single
cells or cell content from tissue slices or from dispersed cell cultures as a basis for gene expression
analyses. We will then discuss strategies for optimizing RT and qPCR based on material from
single cells.

While this review focuses on single-cell qPCR, several of the discussed methods are highly
relevant for researchers exploring single-cell RNA-sequencing. However, we will not discuss
RNA-sequencing per se but encourage the readers to study recent research papers and reviews
specifically on this topic [47-55].
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3. Single-Cell Isolation and Harvesting Strategies

Harvesting and securing the small amount of RNA molecules found within a single cell requires
meticulous laboratory practice. In our laboratory we utilize separate rooms for RNA and cDNA/DNA
handling. All equipment and experimental hardware are treated with RNase-inactivating
reagents, like RNaseZAP (Ambion, TX, USA). In addition, we only use certified RNase-free
aerosol-resistant filter tips, tubes, and reagents. All glassware is baked overnight at 220 °C,
including glass capillaries used for making cell harvesting pipettes and patch electrodes. Over time,
DNA contaminations may also lead to false positives. Therefore, decontamination strategies should
include DNA degrading detergents.

As mentioned above, two of the initial strategies to obtain DNA or RNA from single cells used
glass capillaries. These methods involve either harvesting the whole cell, or via patch clamping,
harvesting only the cell’s content or cytosol [30,33]. Additional methods include isolating cells
using laser-assisted micro-dissection [56-59], or by utilizing fluidics techniques, such as
fluorescent-activated cell sorting (FACS) [60,61] and microfluidic technology utilizing
polydimethylsiloxane (PDMS)-based lab-on-a-chip plates [62—66]. An overview of the different
technologies are given in Table 1.

Fluidics Technology

The user-friendly environment and high throughput of fluidics technology compared to cell
and cytosol harvesting with using glass capillaries have made these methods favorable in
many applications.

Table 1. Overview of different cell and cytosol harvesting techniques.

Equipme Laboratory Throuhgp

Method Ti
e nt Costs Skills ut e
FACA High Normal High Dissociated cells (in vitro)
Microfluidics High Normal High Dissociated cells (in vitro)
Ijaser.assist.ed High High Low lntact' ﬁxgd and li've tissue
microdissection (in vitro/ex vivo)
Whole cell harvesting Low Normal Medium Dissociated cells (in vitro)
Harvesting of cytosol . Intact live tissue
,V & . Y High High Low o v ) U
using patch pipette (in vitro/ex vivo)

FACS sorting of cells allows separation or sorting of heterogeneous cells into different
containers or distribution of individual cells onto multi-well plates (Figure 1). Before separation,
the cells are labeled with different fluorescent probes depending on the cytometry equipment and
on the experimental setup. For instance, if the setup has three lasers, up to twelve different
parameters can be quantitatively assaye, including viability, apoptosis, necrosis, intracellular Ca*"
signaling, membrane potential, and cell cycle stage (see review by Herzenberg et al. [61]). The
most common lasers are the 488 nm (>20 mW) and 633 nm (>18 mW). However, depending on the
experiments several additional lasers may be used including 375 nm (>7 mW), 405 nm (>50 mW),
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and 561 nm (>18 mW). The fast flowing liquid allows for single-cell separating before passing
between one or several lasers and a detector. As individual cells pass, the detector measures light
scatter from the emitting fluorophores. Depending on the selected characteristics, each droplet of
liquid containing a single cell is given a charge, allowing cells to be separated into separate
collecting tubes by an electric field just downstream of the laser-detector system. One disadvantage
of this approach is that cells or cell cultures must be subjected to stimulation experiments and
treated in a separate environment before FACS analysis.

To overcome the one experiment-one machine paradigm, a novel concept of a “total chemical
analysis system” (TAS) utilizing microfluidics (often termed pTAS) has emerged. The commercially
available platform provided by Fluidigm is based on single-phase microfluidic systems using
multilayer soft lithography (Figure 2). Multilayer soft lithography allows for compartmentalization
of the cells by making and controlling small channel valves [67]. Another promising technology to
handle small volumes of fluids is droplet-based microfluidics [68,69]. Depending on the
technology, uTAS has the potential to provide different microenvironments where cells are grown
and stimulated in small chambers whereupon either programmable valves regulate solution flow in
or out of the chamber, or using droplet-based technology, the cells are guided to successive
chambers for downstream experiment and analysis. These techniques may soon allow automated
patch-clamp recordings and intracellular Ca** measurements [62,70], followed by transcriptome
analysis in one chamber and proteomics analysis in another [66,71,72]. Microfluidics has also been
applied to cells grown in monolayers or in three-dimensional environments, opening novel
possibilities to explore intercellular communication.

Despite the great potential in single-cell analysis using uTAS microfluidics, the method is
limited by the range of cells that can be used; in particular, the fixed chamber size found on the
micro plates can limit the use of variable cell sizes. In addition, because the pTAS technology is
still in its infancy, commercial systems offering multi-experimental microfluidic chips are limited
to proof-of-concept. A few companies like Fluidigm have made several automated instruments for
single-cell gene expression analysis, including sequencing. Their platforms are constructed of
devices able to isolate single cells followed by lysis chips that can analyze gene sequence and
expression from single cells.
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Figure 1. Fluorescence-activated cell sorting (FACS). The suspended cells are
subjected to different fluorescent tags depending on the experimental set-up. As the
cells flow in a stream of liquid they pass through a laser-detector system that monitors
the fluorescent and light scatter characteristics. Based on their characteristics cells are
separated in an electric field and into different collecting tubes or multiwell plates.
Depending on the experiment a variety of markers may be used for separating the cells
of interest. Demonstrated in this figure are cells tagged with green and red fluorescent
proteins. Cells that are not labeled are separated into a third column/tube.
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Figure 2. Microfluidics. Lab-on-a-chip technology allows for high-throughput screening
in a microenvironment using small volume chambers to conduct different experiments.
(Upper) similar to FACS, the cells need to be dissociated prior to the experiments;
(Middle) the cells are typically placed in a chamber and, depending on the technology,
the cells may be separated into different chambers containing only one cell; (Lower)
the technology currently used by Fluidigm are single-phase microfluidic systems using
multilayer soft lithography to make on and off valves to compartmentalize the cells.
Another promising technology is the droplet-based microfluidics to handle small
volumes of fluids. (Right) following single-cell isolation, lysis and cDNA synthesis the
samples are subjected for gene analysis. A typical qPCR profile is shown with different
colors representing the amplification curve of target gene(s).

4. Single-Cell Laser-Assisted Microdissection

While microfluidics are dependent on dissociated cells or cells removed from their natural
environment, laser-assisted microdissection methods and cytosol harvesting through a patch-clamp
pipette (see below) can be used in intact tissue [56]. In addition, laser-assisted microdissection does
not require enzymatic dissociation of cells, making it less prone to disrupting intracellular signaling
pathways. The cells are harvested under direct microscopic visualization and the method can be
used on both live and fixed tissues (Figure 3) [57-59,73]. Today, there are four slightly different
technologies that allow for precise laser dissection: laser microbeam microdissection (LMM), laser
pressure catapulting (LPC), microdissection of membrane-mounted tissue (MOMeNT), and laser
capture microdissection (LCM) (reviewed by [73]). All four technologies use a controllable
pulsating laser coupled to a microscope allowing precise dissection of target cell(s). Depending on
the equipment, the laser can be controlled by moving the objectives, by moving the microscope
stage, or by using a dichroic mirror. The laser creates a cutting width of around 1 um. One of the
main challenges in single-cell laser assisted microdissection analysis is, therefore, the ability to



32

dissect only the cell of interest and avoid contamination with neighboring cells or other unspecific
fragments. This challenge can result in both false positives and false negatives. Dissecting too
conservatively may lead to a cut not encompassing the entire cell, resulting in insufficient RNA
harvest for downstream analysis. Dissecting too liberally may, on the other hand, lead to inclusion
of unwanted RNA into the sample.
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Figure 3. Single-cell laser-assisted microdissection. (Upper) The technique utilizes a
laser placed on a microscope for visual identification; (Middle and lower) the laser can
be controlled to dissect out target cells in fixed and live tissue. Several different
technologies exist on how the laser works and how the target cell is collected
following dissection.

5. Harvesting Cells or Cytosol through Glass Capillary

Similarly to laser assisted microdissection, harvesting of whole cells or cell cytosol using a glass
capillary allows direct visualization of the target cell through a microscope. The harvesting of
whole cells assures complete cell isolation and minimizes loss of already-limited amounts of RNA
before the RT step (Figure 4) [6,74-76]. The method typically uses a controllable piston system
coupled to a micromanipulator [6,75]. To avoid delays when adjusting the harvesting pressure the
piston system should contain a non-compressible liquid, such as mineral oil. The glass capillary
used for the harvesting can be made using a horizontal or vertical puller and the final diameter
should be about 1/3 of the cell diameter. The glass can also be polished using heat to avoid sharp
edges. In addition, the tip can be modeled to a specific angle to improve harvesting and reduce the
possibility of collecting surrounding solution. However, even with an optimized harvesting pipette,
precautions should be taken. When collecting whole cells a small amount of the surrounding
extracellular solution will follow into the collecting pipette [75]. This collected solution may
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contain contaminants like unwanted RNA. In fact, during our own work of optimizing single-cell
qPCR assays we compared harvesting strategies on primary dispersed cells from pituitary with an
immortalized pituitary cell line. We discovered that unwanted RNA contamination was dependent
on the type of cell culture used. When harvesting whole cells from dissociated primary cell cultures
there was a substantial amount of RNA present in the cellular bath. This contamination introduced
false positive results in almost all of our samples. Even performing control experiments by solely
resting the pipette in the bath for a few minutes had the potential of transferring unwanted RNA to
our samples. However, when using the rat pituitary tumor GH4 cell line, we were able to collect
whole cells without introducing false positives. We believe that these contradicting observations
are a result of the relatively rough mechanical handling following chemical (trypsin, collagenase,
etc.) treatment needed to dissociate tissues into single cells, as compared to the gentle pipetting
sufficient for detaching cells like GH4 from the dish surface. In addition, most cell lines are usually
well attached to plastic and glass surfaces making it easier to properly flush or wash the culture
plates with clean incubation solution prior to collecting the cell of interest. Still, several
groups have used whole cell harvesting on primary cell cultures seemingly without RNA
contamination [6].
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Figure 4. Harvesting of single cells in culture. The technique provides an economical
and simple to use platform for harvesting single dissociated cells in culture. (Left) the
cells are monitored under a microscope; (Right) using a glass pipette connected to a
micromanipulator single cells can be collected relatively easily and transferred to a new
tube for lysis and cDNA synthesis. The photograph of a typical microscope set-up is
modified from Eppendorf.

To avoid aspiration of cell incubation medium or extracellular fluids, the cytosol can be
harvested using the patch-clamp technique (Figure 5). Similar to harvesting of the whole cell,
patch-clamping utilizes a glass pipette that is heat-pulled from a capillary to narrow the tip
diameter. However, the tip is narrower than that in pipettes used for collecting whole cells. This
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narrow tip is positioned at the cell membrane. During optimal conditions, a tight interaction in the
gigaohm range between the cell and the tip of the glass allows even small currents across the
membrane to be recorded while also creating a barrier between the fluids surrounding the cell and
the cell cytosol. To access the cytosol, a sub-atmospheric pressure can be created through the
pipette, rupturing the membrane inside the patch. As mentioned, we experienced that RNA can
attach to the glass surface and introduce false positives in the subsequent PCR analyses. To avoid
this problem we silanize the patch pipette glass using Sigmacote [75]. However, combining
patch-clamp experiments and subsequent single-cell RNA harvesting faces another problem. As a
result of the large pipette volume, cytosolic factors are quickly diluted when using whole cell
configurations. Since these cytosolic factors are important regulators of ion channel activity,
researchers are often turning to the so-called perforated patch configuration where a perforating
agent is added to the patch pipette. In this situation, the perforating agent makes small pores in the
membrane within the patched membrane. This method leaves the cell interior preserved but does
not provide access to the RNA. To overcome this obstacle and combine perforated patch-clamp
recordings with subsequent cellular RNA collection, we found that substituting Amphotericin B
with the saponin B-escin as the perforating agent, we could preserve the high resistance gigaohm
seal when going from perforated patch to whole cell configuration. This transition was conducted
in a similar way as when creating a normal whole cell configuration following formation of the
gigaohm seal, simply by using gentle suction through the pipette. Thus, by combining whole cell
configuration using silanized patch pipettes we were able to harvest the cell cytosol without the risk
of collecting extracellular contaminants (Figure 6). Even though most of the RNA will be
contained in the pipette using this approach, sample-to-sample variation can occur as a result of the
harvesting. Therefore, quantitative measurements should be used with caution.
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Figure 5. Harvesting of the cell’s cytosol using a patch pipette. The technique is usually
performed on tissue slices and combines patch-clamp electrophysiological recordings with
analysis of gene transcripts. Following the electrophysiological experiments the cytosol
from the cell may be harvest into the pipette using gentle suction. When the harvesting
is finalized the tip of the pipette is withdrawn from the cell. During the final process
membrane fragments reseals the tip of the patch pipette and protects the harvested RNA
from contaminations in the surrounding solution. Silanizing the glass surface will also
prevent extracellular RNA from attaching to the pipette.
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Figure 6. Schematic overview of the protocol used in our laboratory when performing
perforated patch-clamp experiments followed by single-cell qPCR. This procedure
allows for using perforated patch-clamp recordings and minimizes the incidents of false
positive results during gene analysis.The patch pipette is silanized by briefly exposing
the tip of the glass in a 1/10 dilution of Sigmacote. To allow for a tight high-resistance
interaction between the glass and cell membrane, called a gigaohm seal, the glass tip
needs to be fire polished using a microforge. (Upper left) The pipette is filled with an
RNase-free solution suitable for the experiments and using B-escin to perforate the cell
membrane; (Upper right) the cell cytosol can be harvested following transition to
whole cell configuration using gentle suction; (Lower left) the cell content is
transferred to a 0.5 mL tube containing RNA stabilizing solution; (Lower middle
figure) the target genes are amplified using qPCR (colored curve represents target gene
been amplified); (Lower right) following qPCR amplification a melting curve analysis
is performed by gently heating the PCR product(s) from 65 to 98 °C while continually
reading of the fluorescent (The curve(s) are plotted as the negative 1. derivative of
fluorescent with respect to temperature).

6. Lysis and Securing the RNA

Unless the cytosol is harvested using a patch pipette, cells need to be lysed in order to access the
RNA for RT. Cell lysis must be efficient, yet not interfere with downstream processes. Today,
several methods have been used for lysing single cells, The methods including optical, acoustic,
electrical, mechanical, and chemical lysis (for review see [77]). The benefit of non-chemical lysis
is that the methods are buffer independent. This means that the buffer can be optimized for the
downstream processes such as RT. However, with the exception of chemical lysis, most of these
methods are developed and validated for use with microfluidics technologies, including capillary
electrophoresis. Cells collected using a glass pipette, FACS, or laser-assisted cell harvesting are
typically chemically lysed, (e.g., [6,75,78,79]) where a detergent generates small pores in the
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membrane. Since the different detergents differ both in general structure (e.g., ionic, non-ionic and
zwitterionic moieties) and their ability to interact and lyse the cell, it is important to validate and
test the detergent in use. Several detergents, such as the anionic sodium dodecyl sulphate (SDS), or
the cationic ethyl trimethyl ammonium bromide, lyse cells quickly, often within seconds, but also
have the tendency to denature proteins potentially disturbing the RT enzyme. Other detergents are
non-denaturing, including 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS/CHAPSO), Triton, and Nonidet P-40/IGEPAL CA-630. In addition, several manufacturers
deliver a variety of ready-to-use lysis buffers optimized for small number of cells, down to
single-cells, in combination with RT. Several cell lysis strategies have also used high
concentrations (>4 M) of guanidine salts because of their ability to inactivate nucleases and free the
nucleic acids from bound proteins [80-82]. One disadvantage of this approach is that the RNA then
needs to be purified, as a result of the detrimental effect guanidine salts have on proteins including
the RT enzyme. However, Bengtsson et al. [83] demonstrated that low volumes and concentrations
(1-2 pL and 0.5-1 M) of guanidine thiocyanate (GuSCN) efficiently lysed single pancreatic cells.
Prior to the RT step, the GuSCN was diluted down to about 40 mM, thereby avoiding the need for
RNA cleanup. At this concentration GuSCN even improved the conditions for RT, and the
authors concluded that GuSCN serves both as a cell lysis agent and RNase inhibitor. Recently,
Svec et al. [78] performed a comprehensive study by comparing several detergents, lysis solutions
and column-based RNA isolation. The experiments were conducted using single FACS-sorted
astrocytes collected into 96-well plates with 5 pL lysis buffer per well. The evaluated solutions
were 7-deaza-2'-deoxyguanosine-5'-triphosphate lithium salt (100 uM), Betaine solution (4 M),
bovine serum albumin (BSA) (1-4 mg/mL), guanidine thiocyanate solution (40-80 mM), GenElute
linear polyacrylamide (50 ng/uL), Igepal CA-630 (0.5%—4%), and polyinosinic acid potassium salt
(50 ng/pL). Interestingly, BSA was sufficient for single-cell lysis and compatible with both RT and
qPCR. Earlier studies have also demonstrated that BSA efficiently buffers inhibitory factors and
can improve PCR efficiency [84-89]. Since GuSCN and BSA have several positive effects
downstream of cell lysis they could potentially improve conditions for single-cell analysis where
only the cytosol is harvested and transferred for RT. In our experience, the cell content harvested
following patch-clamp recordings may be expelled directly into a storage solution containing the
relatively weak chelating agent citrate and a thermostabile RNase inhibitor. The low pH and
chelating properties of citrate reduces RNA base hydrolysis. In addition, because we use random
hexamers to prime the RNA for cDNA synthesis, the RNA need to be heated for several minutes at
65 °C. By using a relatively heat-stable RNase inhibitor we can add the inhibitor at an earlier step
than is recommended in the protocol developed by ThermoFisher Scientific/Invitrogen.
Importantly, EGTA and EDTA should be avoided because their strong chelating properties reduce
free Mg?" levels to below the requirements of downstream enzymes, like reverse transcriptase.

7. Reverse Transcription

Three basic strategies are used when priming RNA for RT are oligo(dT), random hexamer
primers (or a combination of these), and gene specific primers. Earlier reports have suggested that
random hexamers may be less efficient compared to oligo(dT) nucleotides that are specific for the
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polyA tail of mRNAs [90]. However, priming with oligo(dT) will only generate cDNA from RNA
containing a polyA tail. If the starting material contains small numbers of transcripts from
individual cells, and heat treatment is used for cell lysis, then the prevalence of fragmented mRNA
may decrease. Random hexamers, on the other hand, will bind to all complementary regions of an
RNA fragment increasing the likelihood of converting all RNA fragments into ¢cDNA, including
those targeted by gene specific primers in the subsequent PCR. A combination of the different
primers may also be used and could be beneficial when performing gene analysis on single
cells [91].

The amount of mRNA from single cells is limited to between 10°-~10° molecules [92] and the
isolation is often time consuming, rendering the RNA from each cell valuable. Therefore, to avoid
multiple sampling in order to analyze several genes from a single cell type, pre-amplification is
often necessary. As mentioned above, two strategies are commonly used for increasing the number
of transcripts. In the strategy developed by Vangelder er al. [32], the authors used oligo(dT)
primers comprising a promoter recognized by the bacteriophage DNA-dependent RNA polymerase
T7. Following cDNA synthesis RNase H hydrolyzes the template RNA leaving single stranded
cDNA. Under isothermal conditions, the T7 synthesizes a new RNA strand from the cDNA
template. Since only the initial ¢cDNA template contains the T7 promoter, the template
concentration itself does not increase, making the amplification process essentially linear. New and
improved promoters and reaction buffers for RNA amplification have reduced nonspecific activity
and increased cDNA yield (see e.g., [93-97]). However, pre-amplification involves multiple steps
and is, therefore, labor intensive. A less time consuming strategy is to use two rounds of PCR, as
demonstrated by Lambolez et al. [34]. However, in their study they could only target a few genes
defined by the primers [34]. Therefore, they developed an improvement of the method using
homomeric tailing of the cDNA with polyA and subsequent PCR (global amplification) with
oligo(dT) primers [31,98]. In fact, Iscove et al. [99] demonstrated that by using this strategy they
could preserve abundance relationships through amplification as high as 3 x 10'!-fold. Further,
compared to linear amplification strategies, the RNA needed for microarray analysis could be
reduced by a million-fold and give reproducible results using the picogram range of total RNA
obtainable from single cells. Several reports have tested and validated different amplification
strategies [100,101] including the so-called switching mechanism of 5’end of RNA template PCR
(SMART PCR) [102]. Both linear pre-amplification and SMART PCR have been used in single-
cell RNA sequencing experiments [103—107].

8. qPCR

Several detection formats can be used in qPCR. These include fluorescent dyes, such as SYBR
green, which bind to any double-stranded DNA, [90], and sequence-specific probes (see review
by [108]). The advantages of using probes are that fluorescence is emitted only during specific
binding and that several genes can be detected in the same reaction [109]. The main disadvantages
are the cost and the fact that a melting curve analysis (explained below) cannot be performed
directly following PCR. SYBR green or other non-specific DNA-binding fluorescent dyes, on the
other hand, may be used with any gene-specific primer pair. Compared to probe-based qPCR, the
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widely-used SYBR green is more cost-efficient. SYBR green binds to the minor groove in
double-stranded DNA and, once bound, the signal increases 1000 times compared to free dye in
solution. As SYBR green binds to any double-stranded DNA, including primer dimers, the gPCR
assay must be carefully validated. To discriminate different products, a melting curve analysis of
the products is usually performed directly after the PCR without breaking the sealed samples,
eliminating carry-over contamination or pipetting errors. The melting temperature of the PCR
product is based not only on the product size, but also on the GC content and the distribution of GC
within the PCR product. This is favorable compared to gel-electrophoresis, which can only separate
the products based on size. The specificity of melting curve analysis reduces the risk of false
positives and can be used to separate products with minor differences, such as point mutations.

Specificity, sensitivity, and efficiency of qPCR are dependent on numerous factors including
priming strategies, purity of cDNA, as well as number and length of the PCR cycle(s). In our
laboratory we utilize the freeware Primer3plus [110] to design gene-specific primers. In addition,
we routinely perform in silico testing of all primers using software like Vector NTI [111] or similar
Following initial screening, the primers are validated and the optimal primer annealing temperature
is determined using cDNA synthesized from total RNA extracted from tissue. In general, lowering
the annealing temperature increases sensitivity and efficiency. However, too low of a temperature
can create nonspecific primer binding and give false positives. These parameters are measured
using serial dilution curves of cDNA. The Cq can be plotted against the logarithm of the relative
concentration of the cDNA starting material. The efficiency of the qPCR assay can then be
described by the slope of the regression line (efficiency = 10 '/slope). If the slope of the dilution
curve is —3.32, the efficiency equals 2, meaning that each PCR cycle doubles the product. If the
efficiency is 2, or 100%, a 10x dilution of cDNA starting material will give a change in Cq
(ACq) of 3.2.

Due to the limited amount of transcript, single-cell qPCR is often conducted using undiluted
cDNA as template. This can result in accumulated levels of DTT and RT enzyme, which inhibit
and profoundly affect the qPCR assay performance [112—114]. To avoid these inhibitory factors, a
protocol for single-cell cDNA precipitation was developed by Liss [113]. Introducing this cDNA
precipitation step into our own single-cell analyses has greatly reduced the incidence of
inconclusive qPCR results. Notably, adding a known concentration of non-expressed synthetic
RNA-spike can be used for validating the workflow process downstream of cell lysis including
the precipitation.

9. Quantitative Gene Analysis

The nature of gene regulation within a single cell prevents relative quantification normalized to
so-called housekeeping genes. For reliable quantification Bengtsson et al. [83] developed a
protocol for absolute quantification based on a known standard. The genes of interest are cloned
and amplified by PCR before determining the concentration spectrophotometrically (A260). A
series of dilutions is made before qPCR with the diluted DNA as template. The template needs to
be pure and the copy number can be determined by using the average weight of a base (660 g/mol).
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10. Future Possibilities and Challenges

Although much progress has been made during recent years in single-cell gene analysis, the
field is still facing several challenges related to harvesting strategies, and to transcript amplification
and analysis. Common to most stages and technologies is the need for improved reagents and more
precise enzymes, e.g., reagents that avoid or reduce the potential for biased or non-linear
pre-amplification of the transcripts. In addition, more powerful software focusing on genetic
analysis of single-cell transcript variability needs to be developed.

Despite the challenges, the field of single-cell gene analysis is moving forward rapidly with
continuous development of new hardware, software and reagents. In particular, we have seen a
dramatic development in the field of nucleic acid sequencing. This development has resulted in
more than 10-fold reduction in costs for sequencing during the last decade. In parallel with this
development integrated systems, like lab-on-a-chip technology, has facilitated single-cell analysis.
Within the next decade multifunctional equipment, based on microfluidics technology, will
probably reduce hands on time for sample preparation and create a more streamlined processing.
The working platforms will likely perform several subsequent steps including cell stimulation and
manipulation, automated patch-clamp electrophysiology, imaging, including Ca’>" measurements,
nucleic acid amplification and sequencing, and possibly proteomics, again, reducing hands-on time
related to manual transfer of samples between equipment. [62,70].

Despite the promising and broad applications of fluidics technology, it will most probably be
limited to dissociated cells in suspension. Investigations on whole organ function and plasticity
require that spatial integrity of the tissue is preserved, allowing investigations of temporal events.
Intact, model organs generally rule out fluidics systems. However, as opposed to the rapid
development of microfluidics, the development of equipment that allows single-cell harvesting
from intact tissue has relied on older techniques, like harvesting of cytosol through a patch pipette.
This slow progress may now come to a close with nanotechnology. Currently, the preferred method
for isolating transcripts from live, intact tissues is harvesting of the cell cytosol using a glass patch
pipette. Even though this has proved valuable, it is limited by the fact that the harvesting requires a
continuous tight interaction between the tip of the glass and the cell membrane, which is often lost
during harvesting (Figure 5). However, recent developments demonstrate the potential use of
multiwalled carbon nanotubes mounted at the tip of conventional micropipettes [115]. Because
these carbon nanotubes only have a fraction of the diameter used when making conventional
patch-clamp pipettes, the nanotubes can, in a less invasive fashion, access the cytosol by
penetrating the cell membrane without destroying the cell. However, the technology is still at the
stage of “proof of principle”, but has successfully been demonstrated to work as a cell-specific
delivery system and used for electrophysiological experiments, e.g., [115,116]. With further
development these tools may soon be commercially available.

11. Summary

Single-cell gene analysis is a highly-powerful approach to understand the dynamics of gene
regulation. Depending on the research focus, several methods are available for harvesting or
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isolating single-cell RNA. The methods need to be carefully evaluated and considerations, like
spatial and temporal gene regulation, can be affected by the chosen harvesting strategy. In addition,
the sensitivity of PCR makes it prone for false positives, affecting the assay both qualitatively and
quantitatively. In our experiments, in which the assay was designed for phenotyping cells based on
their gene expression, we identified extracellular contamination that greatly affected the qPCR
assay. Thus, thorough validation of the cell isolation process is as crucial as the validation of
downstream processes.
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Digital Microfluidics for Manipulation and Analysis of
a Single Cell

Jie-Long He, An-Te Chen, Jyong-Huei Lee and Shih-Kang Fan

Abstract: The basic structural and functional unit of a living organism is a single cell. To
understand the variability and to improve the biomedical requirement of a single cell, its analysis
has become a key technique in biological and biomedical research. With a physical boundary of
microchannels and microstructures, single cells are efficiently captured and analyzed, whereas
electric forces sort and position single cells. Various microfluidic techniques have been exploited to
manipulate single cells through hydrodynamic and electric forces. Digital microfluidics (DMF), the
manipulation of individual droplets holding minute reagents and cells of interest by electric forces,
has received more attention recently. Because of ease of fabrication, compactness and prospective
automation, DMF has become a powerful approach for biological application. We review recent
developments of various microfluidic chips for analysis of a single cell and for efficient genetic
screening. In addition, perspectives to develop analysis of single cells based on DMF and emerging
functionality with high throughput are discussed.

Reprinted from Int. J. Mol. Sci. Cite as: He, J.-L.; Chen, A.-T.; Lee, J.-H.; Fan, S.-K.
Digital Microfluidics for Manipulation and Analysis of a Single Cell. Int. J. Mol. Sci. 2015, 16,
22319-22332.

1. Introduction

Multicellular organisms are composed of varied cells grouped into specialized tissues and
organs, which typically comprise cells of diverse types present in widely varying abundance. The
single cell is the basic structural and functional unit of a living organism. The most critical
knowledge for biological and biomedical science is constructed from research on cell biology [1,2];
this information about cell functionality and behavior has been applied in many clinical and
biomedical applications [3], such as drug development, disease diagnosis, cancer research and
assisted reproductive technology (ART).

Traditional cell assays to study cell differentiation, gene expression and drug response were
focused mainly on a population of cells. For an average result of multiple cells, the outcome of all
cells is assumed to be homogeneous, but several authors have found cellular heterogeneity or
multi-modal distributions in a cell population [4—6]. The heterogeneity might arise through genetic
or non-genetic processes, which induce distinct cellular decision-making [7]. If an average
response of multiple cells is taken to be representative of a typical population, cellular
heterogeneity might result in a misleading interpretation [8]. Analysis of a single cell indicated that
individual cells that form a cell population might have a complicated distribution. This information
is ignored in a traditional cell assay, which emphasizes evaluating the mean of a cell population [9].
To understand the variability from cell to cell and to improve the clinical and biomedical
applicability, development of new approaches to isolate, to manipulate, to treat and to analyze
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single cells are required. Analysis of single cells has become a key technique in biological and
biomedical research, as one can thereby analyze individual cells within a cell population [1,7].

Various techniques for analysis of a single cell have been developed, such as flow cytometry
and microfluidic chips [10]. Flow cytometry, which has been under development for many years,
has become a mature technique for single-cell analysis. In particular, fluorescence-activated cell
sorting (FACS), builds upon flow cytometry in order to sort single cells that are tagged with
specific fluorescent markers [11,12]. Flow cytometry is, however, a complicated and costly system:
it cannot support analysis of cells in real time in their natural environment. Furthermore, integration
of an entire assay based on a single cell typically entails processes such as cell manipulation,
treatment and final detection. To overcome these problems, integrating various methods of cell
manipulation with microfluidic lab-on-a-chip (LOC) platforms, also known as microfluidic chips,
has become a major activity in assays of single cells [8,11,13—15]. Microfluidic chips could
provide efficient genetic screening through a well-controlled microenvironment for analysis and
treatment of a single cell. On these platforms, isolation of a single cell, purification of mRNA and
subsequent multiplex quantitative polymerase chain reaction (qPCR) in real time must be effected
on a chip [16]. Single-cell genomics, transcriptomics, epigenomics and proteomics will allow many
enduring questions in biological and biomedical sciences to be answered [17-20]. Digital
microfluidics (DMF), the manipulation of individual droplets by electric forces, is one of the
particularly important techniques for single cell manipulation and analysis on a microfluidic chip.
In this paper, we review recent developments in DMF chips for analysis of a single cell and
efficient genetic screening, which involve manipulation of a single cell, next-generation sequencing
(NGS) and assisted-reproductive applications. We conclude with views on the future development
of DMF chips for analysis of a single cell and discuss how this emerging efficient tool can advance
biological and biomedical research.

2. Microfluidic Chips for Analysis of a Single Cell

In an organism, a single cell is small: its volume is about 1 pL. Cells constituting a tissue or
organ are complicated and diverse. An extracellular matrix (ECM) provides structural and
biochemical support of the structural connection. To analyze a single cell on a chip, a microfluidic
chip typically entails integration of four functions: (1) cell sorting, through microwells [21-25],
traps [26-29], optical tweezers [30-33] or dielectrophoresis (DEP) [34-37] to isolate a single cell;
(2) cell manipulation, through a traditional syringe pump [38] or an electrowetting-on-dielectric
(EWOD) technique [39]; (3) cell lysis, through a mechanical [40], chemical [24] or electrical [23,41,42]
process; and (4) analysis of an individual cell, such as with PCR [21,43] or NGS [44].

Microfluidic chips have been applied in biological and biomedical research, including culturing,
sorting, patterning and genetic screening of single cells for clinical diagnostics [45-49]. These
platforms have become a promising tool for efficient genetic screening through analysis of single
cells, because these microfluidic chips can provide rapid, real-time and automated analysis.
Gossett et al. [50] demonstrated an automated microfluidic technique capable of probing single
cells. A rapid assay of the deformability of native populations of leukocytes and malignant cells in
pleural effusions has been enabled on this chip. Guan et al. [S1] introduced a new microfluidic chip
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with real-time feedback control to evaluate single-cell deformability, which was used to discriminate
different kinds of cells for cancer diagnosis [30]. Guo et al. [52] produced a microfluidic chip to
distinguish red blood cells containing parasitic Plasmodium falciparum from uninfected cells.
Several microfluidic chips have been generated to capture single cells and to measure the impedance
of the cells, such as human cervical epithelioid carcinoma (HeLa) cells [53,54] or circulating tumor
cells (CTCs) from blood [55,56]. Kurz et al. [57] reported a microfluidic chip to trap single cells
and to measure the impedance for the monitoring of sub-toxic effects on cell membranes.

The method most frequently used to isolate a single cell is physical separation. At designed
physical boundaries, an individual cell is isolated, captured and sorted with mechanical structures
on a chip. Capturing an individual cell with microwells is an attractive strategy, because it is simple
and easily operated. Jen et al. [23,24] reported microfluidic chips with arrays of microwells that
isolated individual cells and provided chemical and electric lysis of a single cell with high
throughput (Figure la). Lindstrom et al. [21,22,58,59] developed a novel microplate with
microwells for efficient analyses of single cells. This platform allowed each single cell to be
cultivated and analyzed individually for reprogramming factor evaluation on stem cells [22], PCR
amplification and genetic analysis [21] (Figure 1b).

Microfluidic hydrodynamic traps combine dynamic cell isolation with prospective high
throughput on a chip [60,61]. Di Carlo et al. [26,62] produced a dynamic platform that allows
culture of a single cell with a consistent environment and dynamic control of individual cells
(Figure 2a). Kobel et al. [60] reported a microfluidic chip with efficiency of trapping a single cell
enhanced up to 97% (Figure 2b).

Compared with use of mechanical structures, isolating a cell with an optical or electric force is a
contact-free method that eliminates deformation and damage of cells [63,64]. Here we focus more
on the electric forces, including DEP and EWOD. The DEP force generated with a non-uniform
electric field interacting with polarized, suspended particles [65-67] has been widely used to
manipulate cells [39,63,68,69]. The DEP force is classified as positive DEP (pDEP) and negative
DEP (nDEP) based on the polarizability of the particles or cells and the liquid. Fan et al. [39] used
DEP forces to concentrate suspended particles in a liquid droplet with dielectric-coated electrodes
patterned on a plate (Figure 3a). Creating two droplets with mammalian cells and polystyrene
beads at distinct concentrations was achieved with DEP and EWOD (Figure 3b).
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Figure 1. Individual cells isolated on a chip with microwells described in: (a) Jen ef al.,
2012 [24]; (b) Lindstrom et al., 2009 [21]. Reproduction of the figures has been made

with permission from Multidisciplinary Digital Publishing Institute and The Royal
Society of Chemistry.

3. Digital Microfluidic Chips and Biological Application

Digital microfluidics (DMF), according to which tiny droplets are manipulated with electric forces,
including EWOD and DEP, have been confirmed to be a powerful platform for reagent addition,
droplet transmission, solution mixing, splitting and dispensing for biological application [70-80].
For a simple configuration of device and easy modular interfaces, portable and wearable DMF systems
with assembled modules for continuous actuation of droplets were demonstrated [70] (Figure 3c).
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Figure 2. Individual cell isolated on a chip with microfluidic hydrodynamic traps
described in: (a) Di Carlo et al., 2006 [26]: (A) A photograph of the cell trapping
device; (B) A diagram of the device and mechanism of trapping; (C) A high resolution
micrograph of the trapping device; (b) Kobel et al, 2010 [60]: (A) Schematic
illustration of the single cell trap; (B) A three-dimensional reconstruction image of the
cell trap; (C) An array of the single cell traps; (D) An orthogonal view of a fluorescently
labeled single cell. Reproduction of the figures has been made with permission from
The Royal Society of Chemistry.

A DMF chip with arrays of electrodes is typically fabricated on indium tin oxide (ITO) glass
plates using photolithography and wet etching. The patterned ITO electrodes are then covered with
a dielectric and a hydrophobic layer [16,39,73,81]. The advantages of DMF include ease of
fabrication, simple device structure, small consumption of reagents, easy integration with analytical
instruments and prospective automation. Thus, DMF has become highly suitable for biological
application. Barbulovic-Nad et al. [80] introduced a DMF chip to implement cell-based assays; the
platform was demonstrated to be advantageous for cell-based assays because of potential for
automated manipulation of multiple reagents. Vergauwe et al. [78] reported a DMF chip for
homogeneous and heterogeneous bio-assays with great analytical performance capable of medical
applications. Kumar et al. [75] demonstrated the first use of a DMF technique for individual
protoplasts from Arabidopsis thaliana plants. Shih et al. developed the first DMF chip capable of
cell impedance sensing [76]; they also integrated droplet-in-channel microfluidics with DMF to
develop a novel chip to perform complicated assays [81].
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Figure 3. Dielectrophoresis (DEP) forces exerting on the suspended particles described
by Fan et al., 2008 [39]. (a) A parallel-plate device with square and strip electrodes to
manipulate droplets and a particle; (b) DEP forces exerted on suspended particles
including mammalian cells (Neuro-2a); (¢,d) Prototype of EWOD-based, continuously
microfluidic module for a portable system reported by Fan et al., 2011 [70]. Reproduction
of the figures has been made with permission from The Royal Society of Chemistry.

This work demonstrates that DMF chips would be a generic and powerful platform for the
biological assays, including drug screening, immunoassays, analysis of single cells and digital
PCR. This promising new technique might allow the efficient genetic screening based on a single
cell to become a reality.

4. Digital Microfluidic Chips for Genetic Screening

Investigating gene expression and developing genetic screening at a level of a single cell
provides an important capability to resolve the problem of disease etiology, cancer pathology and
other biomedical applications [82]. Traditional methods of genetic screening require a large amount
of sample for an analysis, which typically decreases the sensitivity and accuracy on analysis of only
a single cell [83,84]. Various microfluidic techniques have been developed to address this problem.
Digital polymerase chain reaction (digital PCR) platforms have measured DNA or cDNA of a
single cell [85,86], but challenges persist in treating the integration of varied programs for genetic
analyses of a single cell on a device, including cell sorting, manipulation, lysis, PCR and genetic
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screening. Within the past decade, microfluidic chips have become one of the most powerful platforms
to achieve efficient genetic screening at the level of a single cell [16,87]. Toriello et al. [88] and
Bontoux et al. [89] reported a polydimethylsiloxane (PDMS) device to analyze the gene expression
of single cells, and Marcus ef al. [90] developed a microfluidic chip with integrated flow that
conducted cell capture, lysis, mRNA purification, cDNA synthesis and purification but with a
complicated auxiliary system for control.

As mentioned above, the DMF chip has advantages of ease of fabrication, simple supporting
instrumentation and prospective automation. Rival et al. [16] described an integrated and
automated EWOD system to perform a complete workflow from the isolation of a single cell to a
genetic analysis (Figure 4). DMF is becoming a powerful approach for biological applications,
even enabling sample preparation for PCR to develop an efficient genetic screening platform based
on a single cell [16,91,92].
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Figure 4. An integrated EWOD system for genetic analysis based on a single cell
described by Rival et al., 2014 [16]. The lysis and mRNA capture steps: (1) A droplet
containing a few cells is dispensed; (2) A droplet of lysis buffer and magnetic beads is
dispensed; (3) A droplet with the cells and a droplet with the beads are merged for cell
lysis; (4) This merged droplet is moved to the “sample preparation” electrodes for
operating magnetic beads; (5) The droplet is moved back and forth to enable bead
mixing and mRNA capture; (6) The droplet is moved towards the magnet, the beads are
concentrated to result in bead extraction; (7) An empty droplet is moved towards the
waist. Reproduction of the figures has been made with permission from The Royal
Society of Chemistry.
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5. Efficient Genetic Screening for Assisted Reproductive Techniques

The early development of a mammalian embryo is a complicated process involving an upheaval
of a transcriptional architecture [93-95]. In applications, human in vitro fertilization (IVF) is an
important scientific achievement in the twentieth century, but until recently there has been little
knowledge of regulatory mechanisms in genes of early mammalian embryos. The early embryo
undergoes cleavage divisions in a series from two cell, four cells, eight cells, morula, even to blastocyst.
A platform for genetic screening based on a single cell could provide critical knowledge to clarify
regulatory mechanisms of genes in early mammalian embryos [93]. This emerging efficient
technique would benefit a biomedical approach, such as assisted reproductive technology (ART).

The microfluidic ART platforms under development are focused on simulation of the Fallopian
tube to optimize the IVF, especially the early embryo culture in vitro [96-98]. Pre-implantation
genetic diagnosis (PGD) has been recently developed to detect genetic diseases [99,100]. The
current methods of sorting single cells include taking trophectoderm cells from blastocyst,
blastomeres from embryos at a cleavage stage and polar bodies from the oocyte or zygote [101].
The advantages of a DMF chip include simple accompanying instrumentation and prospective
automation for sorting single cells from an early embryo. Huang et al. [98] demonstrated
a EWOD-based microfluidic device for culture of early mammalian embryos in vitro, presaging
future clinical application. Although a DMF chip applied in efficient genetic diagnosis is still at an
initial stage, we believe that this powerful platform will have a major impact on the ART field.

6. Conclusions

Recent developments of microfluidic chips for single cell analysis were reviewed; microfluidic
techniques provide numerous advantages for biological and biomedical research, including ease for
modularity, small sample requirement, potential of automation, and high-throughput. Perspectives
on DMF in analysis of a single cell and efficient genetic screening were particularly focused on and
described. We expect that these novel single-cell techniques on microfluidic chips will be
important in biomedical areas.
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Numerical Analysis of Hydrodynamic Flow in Microfluidic
Biochip for Single-Cell Trapping Application

Amelia Ahmad Khalili and Mohd Ridzuan Ahmad

Abstract: Single-cell analysis has become the interest of a wide range of biological and biomedical
engineering research. It could provide precise information on individual cells, leading to important
knowledge regarding human diseases. To perform single-cell analysis, it is crucial to isolate the
individual cells before further manipulation is carried out. Recently, microfluidic biochips have
been widely used for cell trapping and single cell analysis, such as mechanical and electrical
detection. This work focuses on developing a finite element simulation model of single-cell
trapping system for any types of cells or particles based on the hydrodynamic flow resistance (Rh)
manipulations in the main channel and trap channel to achieve successful trapping. Analysis is
carried out using finite element ABAQUS-FEA™ software. A guideline to design and optimize
single-cell trapping model is proposed and the example of a thorough optimization analysis is
carried out using a yeast cell model. The results show the finite element model is able to trap a
single cell inside the fluidic environment. Fluid’s velocity profile and streamline plots for
successful and unsuccessful single yeast cell trapping are presented according to the hydrodynamic
concept. The single-cell trapping model can be a significant important guideline in designing a new
chip for biomedical applications.

Reprinted from Int. J. Mol. Sci. Cite as: Khalili, A.A.; Ahmad, M.R. Numerical Analysis of
Hydrodynamic Flow in Microfluidic Biochip for Single-Cell Trapping Application. Int. J. Mol. Sci.
2015, 716, 26770-26785.

1. Introduction

Lab on a Chip (LOC) and Micro Total Analysis Systems (LTAS) have attracted researchers’
attention in the areas of biotechnology and biomedical engineering. The rise in interest is due to
the utilization of these devices in a broad range of biological and biomedical application
areas including genomics, enzymatic analysis, disease diagnosis, cell treatment, drug screening,
single-cell analysis, and drug delivery. In cellular biology, single-cell analysis refers to the study of
individual cells isolated from tissues in multi-cellular organisms. Conventionally, cell analyses are
conducted with large populations of cells and data measurement can only represent the average
values summed over the responses of many cells. Therefore, single-cell analysis is important to
obtain more precise information and to reveal the properties of individual cells and cell-to-cell
differences [1].

In order to perform single-cell analysis in microfluidic devices, trapping of a single cell is
necessary. A variety of techniques have been employed to trap an individual cell. For example,
microwell-based [2-6], dielectrophoresis-based [7-11], and hydrodynamic-based [12-24]
microfluidic devices for single-cell trapping have been developed in response to an increasing
demand for simple yet reliable tools for high-throughput cell manipulation at the single cell level.
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In microwell-based platforms, a precise geometry design is required to achieve a high trapping
efficiency [4]. Dielectrophoresis-based cell trapping applied a non-uniform AC field to manipulate
polarized particles in suspension and is an effective technique to efficiently manipulate a single
cell. However, it appears to damage the trapped cells, thus affecting the cell proliferation.
Hydrodynamic trapping uses the altered fluidic resistance created by microstructures on a fluid
path, such as sieve-like traps [23-25] or small trapping sites [12—17,26,27], to control the movement
of cells in a microchannel. For straight or serpentine-shaped channels with trapping sites, the
fluidic resistances of these channels are carefully calculated so that the fluid and cells in the main
channel will preferentially flow into the trapping sites when they are empty, but bypass them when
they are occupied with a cell. The main challenge in hydrodynamic trapping is that it requires a
precise microfluidic control of multiple streams. Further investigation and optimization of cells’
trapping efficiencies are still required [20].

The concept of hydrodynamic trapping for small trapping sites was originally proposed by Tan
and Takeuchi [26]. However, a proof of concept is performed by experimental work only and no
prior optimization of the microfluidic design through simulation works has been reported. From our
point of view, this could probably involve high fabrication costs and it might be time consuming to
find the optimized geometry through devices fabricated by trial and error. Therefore, our work is
focused on developing the single-cell trapping model to produce a finite element simulation system
that could be used to optimize a channel’s geometry for any type of cells or particles. The model is
developed based on hydrodynamic flow resistance (R/) manipulation in the main channel and trap
channel to achieve successful trapping. This study provides a proof of concept demonstration for a
cell positioning platform to trap single cells and a guideline for designing and optimizing
single-cell trapping channel is proposed. The example of a thorough optimization study is
presented using a 5-um yeast cell model. Microchannels’ geometrical size optimization is carried
out by manipulating the geometry of the trap channel, trap hole, and main channel. Numerical
simulations are conducted to evaluate the cells’ trapping efficiencies for a variety of geometrical
parameters. Fluid’s velocity profile and streamline plots are studied to explain the fluid’s stream
direction according to the hydrodynamic principles. The single-cell trapping system is dependent
on the cell’s size, as different cells require different optimized trapping channel sizes, trap hole’s
sizes, and main channel lengths (Lmain). Therefore, it is important for us to optimize the channel’s
geometry before fabricating the real device to reduce time and fabrication costs.

2. Results and Discussion
2.1. Verification of Hydrodynamic Trapping Concept

The purpose of this finite element analysis is to verify the hydrodynamic trapping concept in the
proposed model and to perform geometry optimization for efficient single-cell trapping. According
to the hydrodynamic trapping concept proposed by Tan and Takeuchi [26], single-cell/particle
trapping is achievable when the flow rate of trap channel to main channel (Qtrap/Omain) ratio is
above 1. To verify the concept, the cell trapping model with trap hole’s width (Whole) 2.0 pm is
used to study the appropriate flow resistance of main channel to trap channel (RAmain/RATrap) ratio.
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Main channel’s length (Lmain) is manipulated to create an RAimain/RATrap ratio ranging from 1 to 6.
Increasing the RAmain/RATrap ratio is proportional with the increase in the main channel’s (loop path)
length. A yeast cell model is successfully trapped when a RAmain/RhTrap ratio of 3.5 or higher is used
(Figure 1C,D). Furthermore, results show that an RAmain/RATrp ratio ranging between 1.0 and 3.0
caused the cell to bypass the trap channel (Figure 1A,B).

From the simulation result, an RAmain/RhTrap ratio of 3.5 or above is found to be able to trap
single cells via the hydrodynamic trapping concept. To further verify the principle of the
hydrodynamic trapping, the fluid’s velocity inside the main channel and trap channel before and
after trapping is analyzed. The velocity of the fluid at two points is analyzed (Figure 2A) to
represent the fluid’s velocity before and after trapping for a cell trapping model with an
RhMain/RhTrap tatio of 3.5 or 4.5 (Figure 2B). The fluid’s velocity in the main channel before cell
trapping is found to be lower than the velocity in the trap channel (Figure 2B). However, after the
cell is trapped inside the trap channel, the fluid’s velocity inside the trap channel decreases
instantly and the fluid’s velocity at the main channel increases dramatically. This finding supports
the principle of hydrodynamic trapping in which when the trapping side is empty, the trap channel
will have lower flow resistance compared to the bypass channel (main channel). When the velocity
of fluid in the trap channel is higher, it leads to a lower hydrodynamic resistance in the trapping
site, which creates a trapping stream that will direct cells into the trap channel. When a cell has
been trapped inside the trap channel, it blocks the trap hole and drastically decreases the fluid’s
velocity inside the trap channel. The direction of fluid flow diverges from the trap channel to the
loop path (main channel). Therefore, subsequent cells will be directed to the loop path. The
simulation results are found to be in good agreement with the reported experimental results.
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Figure 1. Cell trapping results at simulation time of 28 s for cell trapping model with
Whiole of 2 pm for different Rimain/RATrap ratio of (A) 1.5; (B) 2.5; (C) 3.5; and (D) 4.5.

2.2. Effects of Rhmain/Rh1rap Ratio in Cell Trapping

Subsequent simulation is carried out to study the effects of the RAmain/RhTrap ratio on cell
trapping using a model with trap hole widths of 1.0 or 1.5 um. The main channel’s length has to be
manipulated to comply with the desired RAmain/RhTrap ratio. Similar trapping behavior is obtained
when the Whole is decreased to 1.5 pm. The hydrodynamic concept works accordingly and the yeast
cell is able to be directed towards the trap channel by the fluid stream when the RAMain/RhTrap ratio is
3.5 and above. However, for models with a trap holes width of 1.0 um, a cell is not able to be
trapped even though the RAmain/RATrap ratio is above 3.5. The cell is found to not be moving to the
trap channel and bypasses it (data not shown). This result shows that a Whole of 1 um is not suitable
for the specified trap channel dimension (7 um width, height, and length). The design fails to
follow the hydrodynamic trapping concept, probably due to the small trap hole (<1/5 of trap
channel’s width (Wtrap)). The small Whole probably cause a very low fluid velocity distribution and
produce low pressure drop that unable to capture cells into the trap channel. [28]. A simulation
study performed by Khalili et al. [28] showed the same trend of results when a very small
Whole/ Wrap 1s used (<1/5). For designing a single-cell trapping channel, we suggest for the Whole to
be more than 1/5 of Wrrp for a uniform Hchannel. Table 1 summarizes the single-cell trapping
model’s ability for different Whole, Hchannel, and trap channel’s length (Ltrap), and various
RhMain/ RhTrap Tatios.
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The fluid velocity profile and velocity streamline field of the cell trapping model are analyzed to
understand the hydrodynamic trapping mechanism. Fluid velocity streamlines present the direction
the fluid streams are heading, while velocity profiles represent the velocity value in the channel by
the contour color. The velocity streamlines produced by the cell trapping model with an
Rhmain/Rhtrap tatio below 3.5 (Figure 3A,B), are found to be not fully directed to the trap channel
and the portions of the streamlines that passed through the trap channel are directed to the loop.
The produced fluid streams unable to direct the cell into the trap channel. This finding is in
agreement with the fluid’s velocity distribution produced by the same model (Figure 4A,B).
Results show that the main channel’s (loop path) fluid velocity for the single-cell trapping model
with an RAmain/Rhtrap ratio of 1.5 and 2.5 is higher compared to the trap channel’s fluid velocity.
Therefore the main stream will direct the yeast cell to flow into the main channel’s path and bypass
the trap channel.

In contrast with the cell trapping model with an Rhmain/Rhrrap ratio of 3.5 and above
(Figure 3C,D), the streamlines profiles show the fluid flow diverging from the main channel to the
trap channel and directed towards the trap channel. For models with an Rhmain/RhTrap ratio of 3.5 or
4.5 (Figure 4C,D), the fluid’s velocity distribution from the trap hole to the trap channel is higher
compared to the fluid’s velocity in the main channel. These results show that the trap channel
produces lower hydrodynamic resistance than the main channel and the mainstream will direct the
yeast cell into the trap channel. Both models with an Rhwain/Rhrrap ratio of 3.5 and 4.5 produce almost
similar fluid velocity patterns that will produce appropriate pressure drop for the cell to be trapped.

The hydrodynamic trapping concept is found to be ineffective for a cell trapping model with a
Whote of 1.0 um. Subsequently, the Lmain has been increased to obtain an Rimain/RATrp ratio between
3.5 and 6.0; however, the cell trapping is not successful. The fluid velocity streamlines produced by
this model show different profiles compared to the streamlines produced by models with Whole of
1.5 um and 2.0 um (Figure 5). The streamlines profile for the model shows that the flow direction
is not fully focused into the trap channel but diverted to both the trap channel and the loop path
directions (Figure 5A). The behavior of the fluid before cell bypass trap channel represents same
trend of velocity profile and streamlines as models with unsuccessful trapping (Figure 3A,B). From
the simulation results, the minimum main channel length needed to perform successful trapping is
the length which produces an RhAmain/Rhtrp ratio of 3.5 (with the exception of the model with
Whole of 1.0 um).

Both cell trapping models with a trap hole width of 1.5 um or 2.0 pm are found to be able to trap
the yeast cell model with almost similar velocity profile. However, there are variations in the
complete cell trapping time (time when the cell touches the surface of the trap channel) between
different RAmain/RhTrap ratios. A higher ratio requires a shorter time for the trapping process
compared to a lower ratio. The graph in Figure 6 shows the results of trapping time for cell
trapping models with Whole of 1.5 and 2.0 um for RAmain/RhTrap ranging from 3.5 to 6.0. From the
graph, it is evident that the trapping time decreases with increasing R/AMain/RhTrap. This is probably
due to the higher RAmain/RATrap ratio being able to perform velocity distribution in a shorter time
compared to the lower Rhmain/Rhtap. A greater Rhmain/Rhtrap ratio could provide a lower
hydrodynamic resistance in the trap channel and could transfer the fluid at a faster rate. The
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velocity distribution produces different pressure from the main channel to the trap hole, making the
flow resistance inside the trap channel lower than the main channel. Therefore, together with the
fluid, cells will flow to the lower flow resistance area and be trapped. A bigger Whole value is able
to produce shorter trapping time compared to the smaller height. Analyses are conducted for Whote
of 2.5, 3.0, and 3.5 pm and similar results are obtained where the cell is able to be trapped with
Rhmain/RhTrap ratio of 3.5 and above (refer Table 1).

Figure 3. Velocity streamlines before cell trapping (top view) for cell trapping
model with Whoie of 2 um for different Rimain/RhAtrap ratios of (A) 1.5; (B) 2.5; (C) 3.5;
and (D) 4.5. V represents the fluid’s velocity in ums™.
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Figure 4. Velocity of fluid before cell trapping for single-cell trapping model with
trapping hole width of 2 pm for RAmain/RhAtrap ratios of (A) 1.5; (B) 2.5; (C) 3.5; and (D)
4.5.V represents the fluid’s velocity in pms .

Figure 5. Velocity streamlines for the cell trapping model (top view) with RAMain/RATrap
ratio of 3.5 for model with trap hole width of (A) 1.0 pm; (B) 1.5 um; or (C) 2.0 um. V
represents the fluid’s velocity in pms .
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Figure 6. Cell trapping time for model with different R/main/Rhtrap ranging from 3.5 to
6.0 for single-cell trapping model with trapping hole widths of 1.5 and 2.0 um.

2.3. Optimization of Trap Channel’s Length

After investigating the effects of RhAmain/Rhtap ratio for the single cell trapping model, the
efficiency of the single-cell trapping is enhanced by optimizing the trap channel’s length (Ltrap)
(refer Figure 2A). Using yeast cell and four different Ltrp, the behavior of cell trapping is
observed. A model with Ltrap of 3 pm is able to trap single cells; however, after a cell is trapped,
both of the paths to the loop and the outlet will eventually be blocked, causing clogging of
subsequent cells at the main channel and thus preventing the smooth movement of cells towards the
outlet (Figure 7A). Therefore the length is not suitable for efficient cell trapping. From the results,
a model with Ltrap of 5 pm is found to be the most suitable length to trap a 5-um yeast cell as it
could allow the subsequent cell to flow to the loop and heading to the outlets (Figure 7B). For a
model with Ltrap of 7 or 9 pm, results show that two cells are able to enter the trap channel during
cell trapping (Figure 7C,D). The aim for the cell trapping model development is to trap a single
cell; therefore the Ltrap of 7 and 9 um are not suitable for efficient single-cell trapping.

Figure 7. Cell trapping results for the optimization of different Ltrp values: (A) 3 pm;
(B) 5 pm; (C) 7 um; and (D) 9 pum.
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Figure 8. Cell trapping results at simulation time of 34s for cell trapping model with
the same trap hole size (2, 7 and 7 um of W, L and H, respectively) for an Rhimain/RATrap
ratio of 3.5 at three different positions: (A) model A; (B) model B; and (C) model C.
(Left) side view; (right) top view of the model.

2.4. Effects of Different Trap Hole Positions

The final analysis is carried out to study the effects of the trap hole’s position on the cell
trapping. Analysis is carried out using a cell trapping model with an Rimain/RhTrap ratio of 3.5 and
trap hole dimensions of 1, 7, and 2 pm in length, height, and width, respectively. Three different
trap hole positions with similar dimensions are analyzed as illustrated in Figure 12, namely models
A—-C. Cell trapping results demonstrate that all of the models are able to trap cells with an
Rhmain/RhTrap tatio of 3.5 (Figure 8). The streamlines velocity fields produced by the models before
cell trapping are focused towards the trap channel. The streamlines show that the fluid stream
produced is fully directed toward the trap channel with a similar pattern. The only difference in the
streamlines pattern between the models is the position of streams towards the trap hole (Figure
9B,D). The differences could be observed by viewing the streamlines at three different views
(Figure 9A). For model A, the streamlines’ focusing could be clearly seen from the top view, where
the streamlines’ direction focused on the center of the trap channel (Figure 9A(i)). For models B
and C, the streamline focusing could be clearly differentiated by viewing from the front and side
(Figure 9C,D(i,ii)), where model B streamlines are focused at the base of the channel while model
C are focused at the middle of the trap channel. The findings suggest that a cell trapping
model with similar RAmain/RhTrap ratio produces similar trapping behavior despite the different trap
hole’s positions.
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Figure 9. Streamline velocity for three different cell trapping models with the same
trap hole size (2 um, 7 um, and 7 um of W, L, and H, respectively) for an RAmain/RATrap
ratio of 3.5 at three different positions: (A) model A; (B) model B; and (C) model C.
(Left) side view; (right) top view (top) and front view (bottom) of the model. V
represents the fluid’s velocity in pms .

3. The Concept of the Model

The hydrodynamic trapping concept can be summarized as follows: (a) the trapping channel has
a lower Rh than the by-passing channel when a trapping site is empty, and will make the
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particles/cells flow into the trapping stream and directed into the trap; (b) when a bead/cell is
trapped, it will act as a plug and will increase the RA along the trap channel drastically; and (c) the
main flow will change from the trap channel to the by-pass channel (main channel) and the next
particles/cells will be directed to the by-pass stream, passing by the filled trapping site [29]. Figure
10 shows a schematic explanation of the hydrodynamic trapping concept with RhAtrap and RAMain
representing the flow resistance of trap channel and main channel, respectively. The yellow circle
denotes a yeast cell that needs to be trapped.

Figure 10. Simple schematic of single-cell trapping channel with the
hydrodynamic resistance.

The Darcy-Weisbach equation is used to determine the pressure drop or pressure difference in a
microchannel and solve the continuity and momentum equations for the Hagen-Poiseuille
flow problem. From the Hagen—Poiseuille equation, the flow rate (Q) can be defined by the
following equation:

(M

CuLP?
AP =QxRh=Qx =3

where AP is the pressure drop, R/ is the flow resistance of the rectangular channels, C is a constant
that depends on the aspect ratio (ratio between height and width of the channel), p is the fluid’s
viscosity, and L, P, and A are the length, perimeter, and cross-sectional area of the channel,
respectively.

From Equation (1), by approximating that the pressure drop across the trap channel and the main
channel are the same (APTrap = APwmain), the flow rate ratio (Qrrap/QOmain) or flow resistance ratio
(Rhmain/Rhtrap) between the trap channel and the main channel can be given as follows [30]:

2
QTrap — RhMain — (CMain> (LMain> <PMain> (ATrap)3 (2)
QMain RhTrap CTrap LTrap PTrap AMain
By using a relationship of 4 = W x H and P = 2 (W + H), where W and H are the width and
height of the channel, respectively, Equation (2) can be defined as:

2
QTrap — RhMain — <CMain> (LMain> (WMain + HMain) (]/I/Tl“a[:)HTrap>3 (3)
QMain RhTrap CTrap LTrap WTrap + HTrap WMainHMain

From Equations (2) and (3), it is noted that the flow rates of the trap channel (Orrp) and the
main channel (Owmain) are distributed depending on the corresponding Rh. For the trap to work, the

flow rate along the trap channel must be greater than that of main channel (Qtrap > OMain). In other
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words, the flow resistance along the main channel must be greater than that of the trap channel
(Rhmain > Rhtrap). Therefore, a single cell can be trapped by manipulating the flow resistance ratio
(RhMain/Rhtrap), which is determined by the geometric parameters of the channels.

A single-cell trapping model is developed to produce a finite element single-cell trapping system
in which the optimization of a channel’s geometry, dependent on the desired cell size, could be
performed. The geometry of the trapping channel is a variable for optimization (see Equation (3))
and subject to the size of cells and the application that will be carried out in the channel after the
cells are trapped. An example of a thorough optimization study is presented in this paper using a
5-um yeast cell model. For other cell sizes, a guideline for designing and optimizing the cell
trapping channel is proposed. Firstly the diameter of the viable cells in suspension (floating cells)
before cell adhesion occur (for adherent type of cells) should be determined. This is important to
determine the range of suitable trap hole sizes. We suggest that the Whole to be less than one third of
the cell’s size due to the ability of cells to deform and the flexibility to enter the trap hole instead of
being trapped in the trap channel [30]. This could happen, especially to cells that have no cell wall
such as human cells. Next, after determining Wrole, the Hchannel and Wrrap have to be optimized.
Hcnamel should be bigger than the diameter of the cells to reduce friction between the cell surface
and the channel’s wall and to avoid cell squeezing (for applications that do not require cells to be
squeezed, e.g., cell culturing, drugs treatment, and cell adhesion study). The optimization of the
Ltrap, is dependent on the application of cells after being trapped. Long Lrap could cause more than
one cell to be trapped if cells in suspension are very near to each other. However, for long-term
monitoring of cell behavior for Tetrahymena thermophila, a long trap channel is needed to avoid
cell from swimming back to the main channel [30]. The trap channel’s geometry size choices are
dependent on the application of the trapping platform after the cells/particles are trapped. For
example, if adherence cells are used and need to be cultured inside the trapping platform, the Wrrap
should be bigger than the diameter of the cell (viable cells in suspension before adhesion). This is
because cells need space for cell adhesion and spreading as the diameter of cells after adhesion will
increase depending on culture time. In different applications, individual ciliate protozoan,
Tetrahymena thermophila [30] need to be trapped and maintained in the trap channel for long-term
monitoring of cell behavior. Therefore, no expansion in size is expected after the trapping process
and the trap channel’s width does not require space for expansion. In summary, the geometry of
channels is a variable (L, H, and W, see Equation (3)) for optimization, subject to the size of cells
used and the application that will be carried out after the cells are trapped.

In this single-cell trapping model, cells are introduced into the device through the inlet with an
appropriate flow rate and directed to the trap channel by optimizing the channel’s geometry. Trap
hole and trap channel geometry are optimized and Lmain is manipulated to produce an appropriate
Rh ratio that leads to successful trapping (see Equation (3)). The excess and remaining cells will be
directed out through the channel’s outlet by injecting cell’s culture medium. The appropriate
channel’s geometry to trap a 5-um single yeast cell in the specified design is studied. The finite
element single-cell trapping model is focusing only on a single trap channel (see dashed box in
Figure 1) for geometry optimization due to the complexity and high processing time required for
the analysis.
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4. Simulation Setup

The analysis is carried out using finite element ABAQUS-FEA™ analysis software, which can
perform multiphysics analyses. The single-cell trapping model consists of two different parts,
the Eulerian part as the fluid channel and a three-dimensional (3D) deformable part as the sphere-
shaped elastic yeast cell model (Figure 11A,B). The fluid consists of two microchannels, the main
channel (loop channel) and a trap channel with a rectangular trap hole placed in the center, at the
edge of the trap channel. The microchannel is modeled as 3D Eulerian explicit EC3DR and an
eight-node linear Eulerian brick element part assigned with water properties (density, equation of
state, and viscosity). A sphere-shaped yeast cell (5 pm in diameter) is modeled as an elastic 3D
standard solid deformable C3D8R and an eight-node linear brick 3D part with the yeast properties
(Young’s modulus, Poisson’s ratio, and density) obtained from literature [31-38].

Figure 11C shows the assembly setup with a yeast cell positioned in the main channel, near the
channel’s inlet (left). The parts are assembled to develop the finite element model for the proposed
system (Figure 11C). The initial position of the cell is fixed (same distance between cell and trap
channel) for all models. Interaction between cell and water is set as general contact with rough
tangential behavior and the interaction between cell surface and channel’s wall is set as frictionless.
The fluid channel and cell are meshed using hexahedron mesh types. Total mesh elements for the
cell trapping model ranged from 10,627 to 22,485 elements. No-inflow and non-reflecting outflow
Eulerian boundary conditions are applied to the channel’s wall. A constant inflow velocity of
0.5 pms ' is applied to the inlet and atmosphere pressure is applied to the outlet of the channel.

A B
Lwain

- '

-

1

Figure 11. Construction of the finite element model of single-cell trapping system and
parts involved: (A) Eulerian part (fluid channel’s top view) Lmain represents the main
channel’s length and Ltrp represents the trap channel’s length; (B) 3D deformable part
(yeast cell model); (C) simulation’s assembly setup (cell is positioned between inlet
and trap channel as initial position). Whole represents trap hole’s width.

The simulation analysis could be divided into four parts: the verification of the hydrodynamic
trapping concept, the effects of Rhmain/Rhtrap ratio in cell trapping, the optimization of the trap
channel’s length, and the effects of the trap hole’s position. For the verification of the
hydrodynamic trapping concept, a model with a trap hole’s width of 2.0 pm is used for the analysis.
To study the effects of RAmain/RATrap ratio in cell trapping, various Lmain ranging from 46 to 268 um
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(Figure 11A) and Whole ranging from 1.0 to 3.5 um (Figure 2C) with fixed Luole of 1 pm are applied
to obtain the appropriate RAmain/RhTrap ratio for cell trapping. The height of main channel, trap
channel, and trap hole are uniform (Hcnanel) and were tested in the range of 69 pm and set to be
7 um throughout the analysis. For trap channel length (Ltrap) optimization, various trap channel
lengths from 3 to 9 um and a fixed trap channel width of 7 um are used, with three yeast cells in the
analysis. Lastly, to study the effects of trap hole’s position, three different positions for similar trap
hole’s dimensions are studied to observe the ability of the model for cell trapping. Figure 12 shows
the different views for the three different positions, represented by models A, B, and C.

View 1 View 2
(Side view) ,/V (Top view)
- /
View/ View 1 View 2
model (side view) (top view)
Model A
Hyole |
L <4»Y Liiole
e Whole
]
Model B

B |

"
by e
‘Hole. ——————

%ﬂe

Hiole

=

Model C

Figure 12. The views for three cell trapping models with the same trap hole size (2, 7
and 7 um for Whote, Luole, and Huole, respectively) at different positions.

5. Conclusions

This study presents the finite element model of single-cell trapping inside microfluidic channel.
This single-cell trapping system is constructed using Abaqus-FEA™ software. A guideline to
design and optimize single-cell trapping model is proposed and the example of a thorough
optimization analysis is carried out using a yeast cell model. The results show that the finite
element model is able to trap a single cell inside the fluidic environment. The fluid velocity profile
and streamline plots of successful and unsuccessful single yeast cell trapping are presented
according to the hydrodynamic concept. This cell trapping model is able to isolate an individual yeast
cell inside a fluidic environment, thus providing a platform for further single-cell mechanical or
biological study. Single-cell manipulation such as chemical and biophysical treatments and also
mechanical characterization could be performed inside the microfluidic channel using this system.
The single-cell trapping model can be a significant important guideline in designing a new chip for
biomedical applications.
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Get to Understand More from Single-Cells: Current Studies
of Microfluidic-Based Techniques for Single-Cell Analysis

Shih-Jie Lo and Da-Jeng Yao

Abstract: This review describes the microfluidic techniques developed for the analysis of a single
cell. The characteristics of microfluidic (e.g., little sample amount required, high-throughput
performance) make this tool suitable to answer and to solve biological questions of interest about a
single cell. This review aims to introduce microfluidic related techniques for the isolation, trapping
and manipulation of a single cell. The major approaches for detection in single-cell analysis are
introduced; the applications of single-cell analysis are then summarized. The review concludes with
discussions of the future directions and opportunities of microfluidic systems applied in analysis of
a single cell.

Reprinted from Int. J. Mol. Sci. Cite as: Lo, S.-J.; Yao, D.-J. Get to Understand More from
Single-Cells: Current Studies of Microfluidic-Based Techniques for Single-Cell Analysis. /nt. J.
Mol. Sci. 2015, 16, 16763-16777.

1. Introduction

A single cell is the smallest functional unit within an organism and maintains the functions of
tissues through mutual cooperation. Biological research has extended from cell physiology and
mechanics to gene expression. Accompanied by numerous achievements of biological research
over hundreds of years, biology has progressed to becoming a data-rich subject; omic biology thus
is integral to large-scale study (i.e., genome, proteome, connectome etc.). Apart from the rise of
omic biology, in single-cell biology there have been investigations of the effect of one or a few
genes in thousands of single cells over a long period of time. Single-cell biology utilizes
speed-limited approaches (i.e., fluorescence in situ hybridization; FISH) to study functions in a
single cell, whereas omic biology employs high-throughput approaches (i.e., whole genome
sequencing) to collect much data rapidly. Note, omic biology passes over variations between cells.
In recent years, molecular biotechnology and the related techniques have progressed toward
quantitative analysis of a single cell. In this way, omic biology moves in the same direction as
single-cell biology, namely studying many genes in many single cells [1]. No matter in which
direction biological research evolves, single-cell analysis hence remains an important and
fundamental topic in the biological field.

Although analysis of a single-cell plays an important role in biological search for an
understanding of functions in an organism, analytical techniques face diverse challenges: (1) the
analytical tool should work well with a single cell as the size of a cell is below the micrometer
scale, and the target in a single cell of interest is thus on a sub-micrometer or even nanometer scale;
(2) the analysis is conducted using little sample; (3) the analytical approach could be handled with
high throughput so as to acquire sufficient data for significant statistics; and (4) the analytical tool is
universally affordable for laboratories. Microfluidic systems thus conform to these requirements
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and have exhibited great performance in recent decades [2]. Microfluidic systems transport and
manipulate a liquid volume ranging from microlitres to femtolitres in microfluidic channels of
which the dimensions are on a micrometer scale. A living biological specimen has typically a liquid
form; as a result microfluidics is favorable for single-cell analysis. Moreover, microfluidic chips
are made of inexpensive materials; the chips can certainly be designed for high-throughput use.
Microfluidic chips have hitherto been fabricated from silicon or glass, elastomer, thermosets,
hydrogel, thermoplastics and paper [3]. Microfluidic chips are sometimes constituted as multiple
layers of varied materials for a specific purpose [4,5], i.e., an elastomer bound to glass for a product
with increased rigidity. Polydimethylsiloxane (PDMS) is an elastomer of one kind that has become
a popular material for the fabrication of microfluidic chips because of its low cost, gas permeability
and biocompatibility; most microfluidic devices related to biological research are consequently
made of PDMS. In this review, we hence focus on the microfluidic-based techniques that have
been applied in single-cell analysis and highlight some new developments.

2. Isolation, Trapping and Manipulation of Single Cells

Before initiating a single-cell analysis, cells of interest must be selected for further treatment.
One advantage of a microfluidic device is that one can generate droplets with tiny volumes (nL to
fL) as a separated environment for growth or chemical reaction of a single cell. Table 1
summarizes the microfluidic techniques for single-cell analysis and Figure 1 shows an overview of
various approaches for the isolation, trapping and manipulation of a single cell. The concept of
droplet-based analysis is similar to that of micro-wells, significantly decreasing the possibility of
cross-contamination. The generated droplets are then selected with a flow cytometer. Flow
cytometry is a historic and commonly used technique in biological laboratories for high-throughput
sorting of cells of interest; it can be used for analysis of the cell properties according to various
parameters, i.e., cell morphology, cell viability, protein expression efc. Accompanying the
development of microfluids, flow cytometry is unrestricted to a cumbersome instrument, and can
be operated in a pocket chip. The selection of cells of interest in a microfluidic-based flow
cytometer can be classified into optical sorting and magnetic sorting. In optical sorting, the design
of a flow cytometer is generally constituted by switching valves with a branched microfluidic
channel. The switching valve can be mechanically based or bubble-based [6]. The width and height
of a fluidic channel are sufficient for a single cell but not two cells concurrently passing through.
The fluorescent signal of each cell is the selection criterion of optical sorting, which is excited by a
microfluidic integrated laser system and emitted from fluorescein-linked antibodies or fluorescent
probes; the cells of interest become guided to the reservoir via the function of a switching valve.
This optical sorting is also named fluorescence-activated cell sorting (FACS) [7]. The cell selection
of interest might thus be achieved with a flow cytometer via a specific antibody—antigen conjugation
and labeling with a fluorescent probe. Secondly, according to the magnetic sorting approach,
magnetic-affinity cell sorting (MACS) [8], also employs the specificity of an antibody—antigen
conjugation, but the difference is a magnetic-bead-linked antibody rather than a fluorescein-linked
one. To select a cell in magnetic sorting involves applying a magnetic field at a cell-collection
reservoir, through which a fluid flows, to capture the magnetic-bead-labeled cells. A droplet-based
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microfluidic device with the function of flow cytometry can thus achieve single-cell analysis of
various types [9]. A droplet-based microfluidic device can also be integrated with various sorting

techniques, introduced in what follows, to select the target cells or compounds for analysis.

To date, varied trap techniques are commonly utilized and combined with microfluidic systems

for observation or manipulation. If enduring manipulation is required, the trapped single cells also

can be cultivated on a chip with nutrition supplied in a continuous flow. In a flow cytometer, the

cells of interest are selected. In what follows we introduce the commonly used techniques of cell

separation and manipulation for advanced analysis of single cells.

Table 1. Comparison of various microfluidic techniques for single-cell analysis.

Approaches

Main Applications

Major Advantage

Major Disadvantage

Droplet-based microfluidics

¢ Cell culture in droplet

Single cell isolation High throughput screening

for specific single-cells

Challenge to encapsulate

single-cells in each droplet

Single cell isolation Multifunction in one

Complicated fabricating

Hydrodynamic trap . .
¢ Cell culture on chip device process
X . . Efficient trapping of Requires antibodies or
Magnetic trap ¢ Specific cell trapping . .
labeled cells primers for magnetic label
. . . . May have negative effect
Acoustic trap ¢ Cell manipulation Good for cell positioning

to cells

Dielectrophoretic trap

Cell manipulation Easily select target cells via

alternating frequency of
Cell selection g fred Y

Heat problem during

long-term manipulation

AC
Ontical ¢ ¢ Cell manipulation Applicable in many Requires expensive
ical tra
P P ¢ Cell mechanics fields of study optical system
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Figure 1. Schematic diagram of diverse approaches for the isolation, trapping and

manipulation of single cells in a microfluidic device.
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2.1. Hydrodynamic Trap

Hydrodynamic trap utilizes specific microstructures and valves in a microfluidic channel to
control the fluid flow so as to collect single cells without the use of other apparatus. This method is
simple, but the fabrication of a microfluidic channel might be complicated because of
microstructures. The structure of a microfluidic channel acts like a filter to trap cells within the
fluid flow so as to acquire many single cells, but the number of cells lost is considerable, which
should be considered in applications. Long et al. [10] fabricated a microfluidic chip containing two
large feeding channels connected with multiple trapping or growth channels on a sub-micrometer
scale. This ladder-like microfluidic chip was used to study the population of E. coli responding to
dynamic changes in their environment that was achieved on varying the composition of growth
media in feeding channels. Lin ef al. [11] demonstrated sieve-like trap arrays in a microfluidic
channel to trap and to position single cells on a glass substrate for their interactive study. Various
paired configurations to trap cells were efficiently investigated and discussed in this work,
providing an alternative approach for cell patterning. Secondly, there is another kind of
hydrodynamic trap which employs the characteristics of fluidics via alternating the flow rate,
causing either laminar flows or vortex flows, so as to achieve a specific purpose such as locating
targets at the desired micro-structure. Sochol et al. [12] demonstrated a resettable hydrodynamic
arraying system for trapping and releasing the target single cells. Although the performance of
target trapping is important, the efficiency of target releasing is also a major concern in device
development. In their work, the loading efficiency of the device was finally 99.8% and 78% for
bead-based and cell-based experiments, accordingly. Wang et al. [13] developed a microfluidic
hydrodynamic trapping system with the capability of long-term monitoring the cellular dynamics.
The microfluidic device has a special bypass structure, which alternates the hydrodynamics in flow
channel, and traps single-cells at the desired locations. The microfluidic trapping array has single
cell trapping efficiency of ~90% and used as a tool for evaluating the efficiency of
chemotherapeutic reagents.

2.2. Optical Trap

Optical trap is also called optical tweezers, which is a highly precise technique for manipulating
micro-scale objects. The optical trap utilizes laser beam to generate a force sub-pN in a microfluidic
channel [14], which is sufficient to trap single cells. From a combination of an optical system and a
microfluidic system, a new research field called optofluidics has emerged. On altering the focus of
laser beams in a microfluidic channel, an object (i.e., blood cells, PS beads, efc.) can be manipulated
according to its shape, size and refractive index. The cost of using an optical trap to separate single
cells is great because of the optically controlled system to locate precisely the focus of laser beams.
Moreover, prolonged manipulation in an optical trap might cause a problem because the cells
become damaged through the heat generated from the laser energy. Liberale et al. [15] developed
an integrated microfluidic device containing a micro-prism structure, which was fabricated with
two-photon photolithography and allowed light from an optical fiber to trap a single cell. The
integrated microfluidic device is capable of on-chip manipulation, Raman and fluorescence spectra
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of single cells. An optical trap has been developed to alter the shape of an aperture to improve the
trapping efficiency, such as a rectangle, a double nanohole (DNH) and a coaxial aperture. The
DNH optical trap has been utilized to study protein—protein interaction [16] and protein-DNA
interaction [17], and also to determine the size and concentration of nanoparticles in solution [18].

2.3. Magnetic Trap

The isolating technique based on magnetic force functions through an action of
immunomagnetic labeling or a hybridization of a nucleic-acid probe modified with magnetic beads.
The objects of interest contain antigens that can be recognized by specific antibodies; the
antibodies are linked with dextran-coated magnetic particles. The magnetically labeled objects can
hence be captured in a microfluidic device treated with a magnetic field. The separation can be
implemented through positive selection (i.e., collect objects linked with magnetic beads) or
negative selection (i.e., collect objects without magnetic beads linked). The only disadvantage is
the specificity of a magnetic trap depending on the antibodies and the primer design. Lai et al. [19]
developed a microfluidic chip integrated with a magnetic trap for the screening of aptamers specific
to influenza A virus; the aptamer screening, also called systematic evolution of ligands and
exponential enrichment (SELEX), was shortened to 60 min with this micro fluidic chip, to be
compared with a conventional process that requires at least 160 min. Chen et al. [20] developed a
mobile magnetic trap array, which was integrated with a droplet-generating microfluidic device, to
encapsulate magnetically selected single cells as a powerful analytical tool for a single cell.
Nawarathna et al. [21] developed an integrated nanoscale magnetic trap within a plastic
microfluidic device; the magnetic field gradients therein were significantly increased to trap
magnetic beads efficiently.

2.4. Dielectrophoretic Trap

Dielectrophoresis (DEP) is a phenomenon that involves a motion of polarizable particles under a
non-uniform electric field. The types of DEP can be briefly classified into positive DEP (p-DEP)
and negative DEP (n-DEP) [22,23], depending on the permittivity of the polarizable particles and
the surrounding medium. When the permittivity of particles is greater than that of the medium, the
particles have polarized opposite charges in the electric field; the particles move to the direction of
a strong electric field, which is called p-DEP. n-DEP exhibits conversely that the particles move to
the direction of a weak electric field when the permittivity of particles is less than that of a
medium. The particles have polarized identical charges in the electric field because the polarized
charges of the particles surface become greater than that of the particle inside. The electrical
property of a particles surface and the interior is opposite as a result of the particles being induced
with identical charges in the electric field. DEP is readily incorporated into a microfluidic device
via a fabricated microelectrode. Cell patterning in microfluidic device is achievable via a DEP
approach with an electrode array [24]. A dielectrophoretic trap has also a smaller heat problem than
an optical trap during a protracted manipulation, because the heat generated is less and is removed
adequately with the fluid flow. Bhattacharya et al. [25] employed insulator-based dielectrophoresis
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(iDEP) to trap single mammalian breast-cancer cells (MCF-7) from mixtures with mammalian
peripheral blood mononuclear cells (PBMC). Simulation and experimental results of their tear-drop
structure in a microfluidic channel indicate the weakly metastatic cancers cell (MCF-7) could also
be selectively trapped from a mixture containing the highly invasive cancer cells (MDA-MB-231),
so that this iDEP based microfluidic device might be applied as a diagnostic tool for breast cancer.
Huang et al. [26] also used a DEP-integrated microfluidic device for single MCF-7 cell trapping,
and investigated the effects on a trapped cell under a varied applied electric field, suggesting
that an applied electric field less than 2 kV/cm was safe for cell viability. An alternative material,
a carbon electrode, has been used as a function of electrode and insulator structure for DEP
applications [27].

2.5. Acoustic Trap

A surface-acoustic wave can be used as a non-contact approach to sense a specific analyte or to
confine single cells in a microfluidic channel. The principle of an acoustic trap is that an ultrasonic
standing wave, produced with a pair of interdigital transducers (IDT) while applying electricity,
traps or agglomerates cells. The IDT structure is deposited on a piezoelectric substrate in a parallel
or orthogonal arrangement for varied cell patterning [28]. The negative effect of acoustic manipulation
has been an issue and discussed [29,30], but little evidence verifies that exposure to ultrasound
decreases the survival rate of cells. Chen et al. [31] developed a microfluidic device based on a
standing surface-acoustic wave (SSAW) for continuous enrichment of a limited cell sample. The
limited sample can be concentrated within the standing waves in a microfluidic channel and be
eventually collected for further cellular study. The systems of acoustic trap and optical tweezers are
currently combined as optoacoustic tweezers in a microfluidic device with the characteristics of
biocompatibility and ease of fabrication for dynamically concentrating and patterning particles and
cells [32].

3. Single-Cell Analysis in a Microfluidic Device

As varied techniques to trap a single are applicable in a microfluidic device, techniques of
microanalysis are equally important in the analysis of a single cell. Electrophoresis is a commonly
used technique to separate small molecules via varied electrophoretic mobility of charged
molecules in an electric field. A major difference between electrophoresis and dielectrophoresis
(DEP) depends on the objects being charged, or not. The separation principle of electrophoresis is
based on the electric charge of an analyte, whereas DEP is based on an induced dipole inside an
analyte. Accompanying the development of microfluidics, electrophoresis can be implemented
within a narrow capillary, named capillary electrophoresis (CE), and be integrated to the
microfluidic chip. Because of a small amount of single-cell analysis, CE has been applied as a
treatment before an analysis and has the advantage of concentrating the analyte for the next step in
the analysis.

In addition to lyse cells for CE approach, various non-invasive methods are applicable for
live-cell detection. Investigation of live-cells has more restrictions than analyzing cell lysates
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because of the cell structure (e.g., cell membrane or nuclear membrane) that hinders the
interactions between the labeling probes and targets of cells. Optical measurement is the most used
non-invasive method for biological research; furthermore, fluorescence detection currently is
simple and convenient for many kinds of research application because of the plentiful
commercialized fluorescent probes. Fluorescent proteins, nanoparticles and quantum dots all can be
utilized as the fluorescent source of probes, the specificity of which depend on the antibodies or
DNA sequence (aptamers). Li er al. [33] developed a highly sensitive detection system for
membrane protein of living single-cells by employing aptamer and enzyme assisted fluorescence
amplification, which successfully carried out high throughput single-cell analysis of the low-
abundance biomarker (PTK7). In what follows we introduce the major detection approaches for
single-cell analysis (Figure 2).
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Figure 2. Schematic diagram of major approaches for the analysis of single cells with a
microfluidic device.

3.1. Fluorescence Detection

Rough information about cellular contents can be acquired by lysing a trapped single cell and
performing capillary electrophoresis, but such rough information to understand an organism in
detail is limited. Capillary electrophoresis and laser-induced fluorescence (CE-LIF) provide
scientists with more sub-cellular information about the interior of the cells. LIF employs a laser to
excite fluorescence from a specific molecular moiety, and has been integrated with CE in a
microfluidic device that provides a powerful technique with great sensitivity and a small detection
limit for use in single-cell analysis. The fluorescein tagged substance is an analytical target of the LIF
approach; the structure of the compound in the cell that signals transmission typically contains
aromatic rings exhibiting self-fluorescence that is an effective candidate for LIF detection.
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Keithley et al. [34] developed a capillary electrophoresis system with a three-color laser-induced
fluorescence detector to measure BODIPY fluorophores conjugated glycophingolipids. Three
fluorophores (BODIPY-FL, BODIPY-TMR and BODIPY-650/665) were prepared in a
chemoenzymatic synthesis and excited with diode-pumped solid-state lasers and a diode laser at
wavelengths 473, 532 and 633 nm sequentially. Neuronal-like dPC12 cells were incubated with the
fluorophores; their metabolic products were studied with the three-color CE-LIF system.
Metto et al. [35] demonstrated an integrated microfluidic device to measure nitrogen oxide (NO)
produced in single T-lymphocytes (Jurkat cells). The functions of cell transport, lysis, injection,
electrophoretic separation and fluorescence detection were integrated in that microfluidic device.
Two fluorescent probes, 4-amino-5-methylamino-2',7'-difluorofluorescein diacetate (DAFFM DA)
and 6-carboxyfluorescein diacetate (6-CFDA), were used to label NO and Jurkat cells sequentially.
NO production in the cells can be stimulated on applying lipopolysaccharide (LPS) via inducible
nitrogen oxide synthase (iNOS) in immune cells. The ultimate results of NO measurement from
single-cell analysis compared well with the bulk cell level. Ban et al. employed a CE-LIF system to
detect micro-RNA in cardiomyoblast cells [36] and lung-cancer cell lines [37]. Micro-RNA was
captured via hybridization with DNA probes labeled with 6-FAM- or CyS5 in a separate sequence,
and detected with a dual laser system. Their results showed that CE-LIF could be completed within
13 min and evaluated several endogenous miRNA.

3.2. Amperometric Detection

Although much subcellular information can be acquired via fluorescently based single-cell
analysis, such as with fluorescein conjugated antibodies to capture proteins or fluorescein labeled
probes to hybridize nucleic acids (DNA, mRNA), another approach that applied amperometry has
been used to study specific proteins, especially in neurobiological research. Amperometry
combined with capillary electrophoresis for electrochemical analysis of single cells becomes an
effective tool to analyze chemical messengers (e.g., neurotransmitters, neuropeptides and neurohormones)
in neurons; this method is also called capillary electrophoresis with electrochemical detection
(CE-ED) [38]. The microfluidic device is integrated with an amperometric detecting system. After
applying a stimulation of a trapped neuron (e.g., electric stimulation or chemical stimulation),
chemical messengers in vesicles are released via exocytosis of a neuron of which the response can be
measured. Moreover, the released chemical compounds can be collected concurrently in a microfluidic
channel. Omiatek ef al. [39] used this technique to measure the total vesicular content from single
neuronal cells (PC12 cells), and found that a vesicle released only 40% of their transmitter load
from a comparison of the single neuron measurement and a cell-free mode. They found also a
phenomenon in which the release of a vesicular neurotransmitter and a hormone is not certainly all
or none. In addition, the background noise decides the limit of amperometric detection, especially in
a biosensor application. Larsen et al. [40] investigated the current noise caused by various electrode
materials with varied capacitive properties, and concluded that low- capacitive materials and small
electrodes have a small current noise, which benefits the design of a low-noise amperometric sensing
device. Other than lowering the current noise, they investigated also the physical and electrochemical
properties of poly(3,4-ethylenedioxythiophene):tosylate (PEDOT:tosylate) as a microelectrode
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material for neurochemical detection [41]. From the results, the capacitance of this conductive
polymer is greater than of other thin-film materials, which limits the low-noise amperometric
sensing, but this shortage can be overcome through sufficiently small fabrication. The
neuron transmitter release of PC12 cells was measured with this chip-based device with
microelectrodes made of PEDOT:tosylate that have the advantages of cheap and easy fabrication in
all polymer devices.

3.3. Mass Spectrometric Detection

Mass spectrometer (MS) is a powerful tool to measure chemical components, whether used for
qualitative or quantitative purpose, and is capable of providing an analysis with information about
concentration, chemical structure and elemental composition. As the great sensitivity of a MS
combined with CE has rapid separation and efficiency, the CE-MS analytical method becomes a
suitable approach for single-cell analysis. The CE within a microfluidic device functions to
selectively collect components of interest in a single cell and to concentrate the components before
analyzing via a MS; the CE processed sampling approach could significantly simplify analyses entering
a MS, in order to achieve a reduction of noisy signals from undesired components via the mass
spectrometric analysis. With a period of CE-MS technological development, various instruments have
been used for sample-ionization interfacing between a CE and a MS, such as electrospray ionization
(ESI), matrix-assisted laser desorption or ionization (MALDI), laser-ablation electrospray ionization
(LAES]) or inductively coupled plasma (ICP). A compatible ionizing interface is important because
it affects the sensitivity of CE-MS [42]. To date, EST and MALDI are the most popular methods for
a sample—ionizing interface, but they both have advantages and disadvantages. For instance, ESI is
suitable for online interfacing of a microfluidic device to a MS because of the compatible small
flow rate [43]. ESI generates highly charged ions directly from a micro-fluid, which assists easy
coupling between a CE and a MS, but ion suppression due to the large concentration of salts within
samples becomes a challenge of analysis. In contrast, MALDI has a greater tolerance to salts, but
matrix ions of MALDI limit the spectral analysis to molecular mass less than 500 Da.
Aerts et al. [44] applied entire-cell patch-clamp recording and a CE-MS to establish the cytoplasm
metabolomics of a single neuron. The physiological activity of glutamatergic thalamocortical
neurons of a rat were recorded via the entire-cell patch-clamp technique, of which the metabolomics
were analyzed via a CE-MS. Approximately 60 metabolites were detected and determined via a
CE-MS from a tiny volume (~3 pL) of neuronal cytoplasm. This combined technique provides a
new measurement tool to study the changes of cellular metabolome-related neuronal activity.
Mellors et al. [45] developed an integrated microfluidic device that used a CE and an ESI-MS to
analyze single cells automatically in real time. Human erythrocytes were lysed with this
microfluidic device, of which the components were separated with the function of CE. The
separated components were then ionized via an electrospray emitter and characterized in a MS.
This device can verify the heme group and subunits of hemoglobin from individual erythrocytes
with a throughput rate 12 cells per minute. The sensitivity of this device can ultimately be improved
in optimizing the channel dimensions to decrease the possible flow rate. Smith et al. [46] developed
an ESI-MS- integrated droplet-based microfluidic device for study of single cells with high
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throughput. Four populations of droplets, containing cytochrome C, a-chymotrypsinogen A, carbonic
anhydrase or chicken lysozyme, were generated with a surfactant-stabilized reagent in a microfluidic
device. The droplets containing sub-femtomolar quantities of an analyte were collected and then re-
injected into the main channel of a microfluidic device for further characterization via an ESI-MS.
This technique provides an alternative approach for analysis of single cells with high throughput.

4. Application Summary of Single-Cell Analysis

To date, microfluidic-based single-cell analysis has been applied in cellular research of diverse
aspects and with multiple functions, for example, polymerase chain reaction (PCR) for gene analysis
or cell differentiation for regenerative medicine. As mentioned at the beginning of this review,
single-cell biology begins to investigate the functional mechanism of an organism from a single cell,
the goal of which is the same as omic biology and provides more information about cellular
heterogeneity. Many data of single-cell analysis can now be catalogued as single-cell genomics,
single-cell transcriptomics and single-cell proteomics. Single-cell genomics can be established using
single-cell qPCR [47], nanopore-based DNA sequencing [48] efc., and provides researchers a
complete understanding in order to verify whether a specific gene is constantly expressed in the
same cell population or selectively expressed. Single-cell transcriptomics is thus generally
established using a reverse transcriptase polymerase chain reaction (RT-PCR) [49,50], real-time
PCR [51] or transcriptome sequencing (RNA-Seq) [52]. The study of single-cell transcriptomics
provides intracellular variability of RNA profiles under varied environmental conditions. Compared
with the omic biology of nucleic-acid-based methods, the construction of single-cell proteomics is
much more difficult than single-cell genomics and transcriptomics because the small amount of
protein in a single cell requires highly sensitive detection. A CE-integrated microfluidic device
combined with MS-related techniques enables the convenient establishment of single-cell proteomics.
The single-cell proteomics helps researchers in studying diverse post-translational modifications [53],
translocations [54], and activity-correlating protein conformations [55]. Besides the above mentioned
omic biology, epigenomics currently is a frontier in single-cell analysis [56]. Epigenomics investigates
epigenetic modulations (e.g., DNA methylation or histone modification) of DNA, which is heritable
and affects gene expressions in each single cell, although these single-cells have the same DNA
sequence. Various bio-techniques now can be applied in establishing epigenomics [57], such as
Chromatin immunoprecipitation followed by sequencing (ChIP-seq) [58] or bisulfite sequencing
(BS-seq) [59], which have been used for locating histone modification.

Although the literature about microfluidic-based single-cell analysis is enormous, the
contributions that matter most are in fundamental cellular research to provide new insights into the
mechanisms of life. Single-cell analysis applications are now moving in the direction of diagnostic
use and personalized medicine. The detection of circulating tumor cells (CTC) is a useful example
of using a microfluidic device for diagnostic use. CTC are generated on metastasis of a primary
tumor and are found in the peripheral blood from cancer patients. The variant number of CTC
indicates the severity of the cancer and reducing it represents success of cancer therapies. The
challenge of CTC detection is that CTC are rare in a heterogeneous sample (blood); high
throughput and sensitive techniques are needed. A microfluidic device thus becomes an ideal tool



92

to capture, separate, count and further analyze CTC efficiently [60—63]. Drug discovery for
personalized medicine is also a prominent issue within single-cell analysis, to understand the
mechanism of a drug-treated single cell, which exhibits a complicated response (i.e., gene
expression, metabolic alteration). The single-cell transcriptome analysis can provide a variation of
RNA profiles after a drug treatment; the proteomic analysis can rapidly screen the candidates of
antigen-specific antibodies for potential drug use [64].

5. Conclusions

In summary, various techniques are now available for the analysis of a single cell; with the aid
of these techniques, many biological questions can be answered. A microfluidic device is perhaps
now a suitable technique for single-cell analysis because a microfluidic system can be manipulated
with high throughput, and the amount of sample from a single cell is limited. A microfluidic device
might, however, be replaced with the further development of tools through the future efforts of
physicists and engineers to answer other interesting biological questions. Although devices ready to
use for diagnosis at a point of care are rare at present, most techniques have been applied in basic
research. We believe that from the combination of the versatile design of microfluidic devices, flexible
choice of analytical technique and increased knowledge, a portable device for personalized medical use
can ultimately emerge.
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Single Cell Electrical Characterization Techniques
Muhammad Asraf Mansor and Mohd Ridzuan Ahmad

Abstract: Electrical properties of living cells have been proven to play significant roles in
understanding of various biological activities including disease progression both at the cellular and
molecular levels. Since two decades ago, many researchers have developed tools to analyze the cell’s
electrical states especially in single cell analysis (SCA). In depth analysis and more fully described
activities of cell differentiation and cancer can only be accomplished with single cell analysis. This
growing interest was supported by the emergence of various microfluidic techniques to fulfill high
precisions screening, reduced equipment cost and low analysis time for characterization of the single
cell’s electrical properties, as compared to classical bulky technique. This paper presents a historical
review of single cell electrical properties analysis development from classical techniques to recent
advances in microfluidic techniques. Technical details of the different microfluidic techniques are
highlighted, and the advantages and limitations of various microfluidic devices are discussed.

Reprinted from Int. J. Mol. Sci. Cite as: Mansor, M.A.; Ahmad, M.R. Single Cell Electrical
Characterization Techniques. Int. J. Mol. Sci. 2015, 16, 12686-12712.

1. Introduction

Study of the cell has emerged as a distinct new field, and acknowledged to be one of the
fundamental building blocks of life. Moreover, the cells have unique biophysical and biochemical
properties to maintain and sense the physiological surrounding environment to fulfill its specific
functions [1,2]. Cellular biophysical properties analysis, such as the electrical, mechanical, optical
and thermal characterization of cells, provides critical knowledge to diagnostics, clinical science and
pharmaceutical industry [1]. Biophysical properties of cells provide early signals of disease or
abnormal condition to the human body, which make it them valuable as potential markers for
identifying cancers [3—7], bacteria [8—10], toxin detection [11] and the status of tissues [12,13].
Furthermore rapid growing technologies (e.g., conventional patch-clamp, dual nanoprobe-ESEM
(environmental scanning electron microscope) and microfluidics) to investigate the biophysical
properties of cells have been invented and developed by the researchers in the last decades. The
technologies are continually improved make substantial contributions to biology and the clinical
research community [14,15].

Single cell analysis (SCA) has become a trend and major topic to engineers and scientists in the
last 20 years to develop the experimental tools and technologies able to carry out single cell
measurement. In addition, in depth analysis and more fully described activities of cell differentiation
and cancer can only be accomplished with single cell analysis [16]. In conventional methods of
cellular analysis, population based studies have been utilized for cellular processes such as
metabolism, motility, cell growth and proliferation. Population methods use averages of cell
properties to measure and predict the biophysical and biochemical parameters of cell. However, this
method suffers from inaccurate measurements and often overlooks the essential information
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available in the cell due to the heterogeneity of cells (e.g., specific gene expression levels) [17]. For
this reason, single cell studies have been emphasized to provide biologists and scientists to peer into
the molecular machinery of individual cells. Single cell analysis has also been essential to our
understanding of some fundamental questions, such as what makes single cells different
biophysically, biochemically and functionally. Single cell analysis has been a key in probing of
cancer [4,18], and thus helps doctors to develop a prognosis and design a treatment plan for
particular patients.

Electrical properties of cells provide some insight and vital information to aid the understanding
of complex physiological states of the cell. Cells that experience abnormalities or are infected by
bacteria may have altered ion channel activity [19], cytoplasm conductivity and resistance [20,21]
and deformability [22]. For instance, red blood cells (RBCs) infected by Plasmodium falciparum,
which cause malaria in humans, reduce deformability of the RBC by producing
cytoadherence-related neoantigens that increase the rigidity and internal viscosity of the
cytomembrane [23,24]. Each RBC which experiences the deformation process, has difference
resistance, where the average resistance value of normal RBCs and rigidified RBCs are 14.2 and 19.6
Q respectively [23]. Since electrical properties of cells have several advantages in cells analysis such
as counting, separating, trapping and characterizing of single cell, development of suitable devices
for single cell electrical analysis in term of accuracy prediction, portable, and user friendly are very
important. In this review, we present an overview of classical technique and microfluidics technique
in single cell electrical properties analysis.

2. Classical Platforms

The classical technique for a cell’s electrical properties analysis was originated in 1791, when
Luigi Galvani conducted the first experiment for measuring electrical activity in animals, which is
evoking muscular contractions in frog nerve muscle preparations by electrical stimulation with metal
wires [25]. From that study, tools for analyzing a cell’s electrical properties have development over
the years. Conventional patch clamp and probing were have been the classical platform tools for
characterization of single cell electrical properties.

2.1. Conventional Patch Clamp

The patch clamp technique is unique in enabling high-resolution recording of the ionic currents
flowing through a cell’s plasma membrane. Since the introduction of the patch-clamp technique by
Neher and Sakmann in 1976, patch-clamp was adopted by researchers in cellular and molecular
biology research areas for studying and providing valuable information of biological cell electrical
properties [26,27]. The patch-clamp technique is also capable to analyze ionic currents in the cell
membrane under conditions of complete control over transmembrane voltage and ionic gradients.
Figure 1a illustrates the basic principle of patch clamp technique. A glass micropipette is used as a
probe to suck a cell membrane into a micropipette to form a high electrical resistance or also called as
giga-seals (e.g., normally between 10 and 100 GQ [28]. Thus, the ion current that flows through the
pipette (containing an electrode) is measured through an amplifier. Patch clamp can be operated in
two modes, which are voltage and current mode. Voltage mode is used to measure voltage specific
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activity of an ionic channel, while current mode is used to measure the potential change in membrane
when a current pulse has been injected into the cell [29]. Furthermore, the patch clamp technique has
five basic measurement configurations such as cell-attached patch (CAP), whole-cell (WC),
inside-out patch (IOP), outside-out patch (OOP) and permeabilized-patch WC-configuration
(ppWC) [30,31]. More detail on the working principle of the patch clamp technique has been
described [32,33].

The work of Hamill et al. sparked an approach for obtaining information about the characteristics
and distribution of ion channels in living cells [28]. They used frog muscle fibres and rat myoballs as
cell samples to detail several variants of this technique to create complete electrical isolation of the
patched membrane for a variety of cells. This whole cell configuration is the most often utilized
mode of the patch clamp technique. Zhang ef al. combined the whole-cell patch clamp with
fluorescence ratio imaging for measuring the electric properties of a cell membrane [34].
Fluorescence dye was used to monitor the transmembrane potential change of the cell in the long
term without seriously perturbing the intracellular milieu. Both techniques combined have been
successfully used to distinguish between differentiated and undifferentiated N1E-115 neuroblastoma
cells according to the values of the resting potentials.

The conventional patch clamp technique has several disadvantages. First, the patch clamp
technique is time consuming process [29,35]. The entire dish of cells needs to be replaced after the
extracellular fluid has been manipulated, before continue the recording. Second, the quality of the
cell and suspension must remain in good condition for channel expression to be homogenous [29].
Third, an experienced operator is required to move the glass pipette over the single cell for measuring
current and voltage changes across the membrane through ion channels without damaging the whole
cell. Other issues arise such as recoding quality and temperature control. Nevertheless, the patch
clamp technique offers high sensitivity (pA resolution) and allows low noise measurement of the
currents passing through the low conductance (pS) ion channels [25]. The evolution of upgraded
modifications of the patch clamp technique can be found elsewhere [36].

2.2. Nanoprobe

Nanoprobes could potentially be used to perform single cell’s electrical characterization. The
nanoprobe capable to measure direct electrical properties of single cell and quantitatively determine
the viability of single cells. M. R. Ahmad et al. developed a dual nanoprobe integrated with
nanomanipulator units inside environmental scanning electron microscope (ESEM) to perform
electrical probing on single cells for novel single cell viability detection [37]. Figure 1b illustrated
the working principle of dual nanoprobe for single cell electrical measurement. Based on Ohm’s law,
current flow passing through the intracellular area of the cell was measured when a dual nanoprobe
penetrated the intracellular area. ESEM was used for high resolution observation while preserving
the cell’s native state even when the cell is moving out of its buffer [38]. This technique successfully
differentiated the live and dead cells of W303 wild yeast cells based on the electrical properties of the
cell [37]. Recently, electrostatic force microscopy (EFM) was utilized to quantify the electric
polarization response of single bacterial cells with high accuracy and reproducibility [39]. They
demonstrated effective dielectric constants obtained from the different bacterial types (Salmonella
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typhimurium, Escherichia coli, Lactobacillus sakei and Listeria innocua), which were well
correlated with the hydration state of bacteria. Figure lc illustrated the working procedure of
effective dielectric constant measurement using EFM. The electric polarization force between a
bacterium and a nanometric-conducting tip mounted on a force-sensing cantilever was measured at
different positions. Topographic images were used to obtain the geometry of the bacterium and finite
element numerical simulations of a homogeneous bacterium were utilized to measure the effective
dielectric constants of the cell [39,40]. A simple single cell electrical model was used in order to
measure electrical properties of yeast cells. However, this technique requires a skilled operator to
perform the measurement and is time consuming. The device is bulky system, which can only be
performed in a restricted area, e.g., clean room [40].

3. Microfluidics Platforms

An advance in microfabrication technique, such as soft lithography, creates new opportunities for
producing structures at micrometer scale inexpensively and rapidly [41]. For this reason, we have
witnessed rapid development of microfluidics system for more than a decade ago for biology and
medical research [1,14,42]. Microfluidics systems are a science and technology of manipulating
fluids at the submillimetre length scale in the microscale fluidic channel. Microfluidics recognized as
micro total analysis systems (LTASs) [43] or lab-on-a-chip (LoC) technologies have attracted
attention because of the potential to improve diagnostics and biology research. Microfluidic systems
have shown a potential to become widely adopted in modern clinical diagnosis and biology research
(e.g., DNA analysis [44] and cell analysis [45]) because they are reproducible, have low power
consumption, less sample and reagent consumption, are economical, amenable to modifications and
can be integrated with other technologies [46,47]. The ability of microfluidics system to perform
early cancer detection and address some problems in cellular analysis, make them suitable to replace
the classical technique in single cell electrical analysis. Several microfluidic systems have been
developed for single cell electrical properties analysis, such as electrorotation, impedance flow
cytometry and microelectrical impedance spectroscopy (LEIS).

3.1. Electrorotation

A cell shows a rotated ability when it is placed into a rotating electric field within a medium with
a non-uniform electric field. Analysis of these phenomena called an electrorotation (ROT), is
commonly used for measuring the dielectric properties of cells without invasion. ROT measurement
theory is based on rotational speed of cells/particles when the cell and the suspending medium have
different electric polarizability, by referring to the frequency of a rotational electric field. This
electric field is generated by quadrupole (arranged in a crisscross pattern) electrodes and each
electrode is connected to an AC signal with a 90° phase difference from each other.
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Figure 1. (a) Schematic diagram of conventional patch clamp technique; (b) Single cell

electrical measurement using dual nanoprobes incorporated with ESEM. Reprinted with

permission from [37]; (¢) Schematic of measurement of the effective dielectric constant

of a single bacterium using electrostatic force microscopy. Reprinted with permission

from [39].

The quadrupole electrodes connected to sine wave was a famous design in ROT technique [48-50].

Figure 2a shows a working principle of ROT, four electrodes were energized by sinusoidal signal

generator created rotating electrical field, E. Laser tweezers were used to drag a single cell to the

center of a four-electrode chamber, then a single cell, P will rotate in either the same direction
(co-field) or in the opposite direction (anti-field) to the rotating field [S1]. The direction was taken by
the cell depending to the dielectric properties of the cell and suspending medium along with the

frequency of the electric field. The dielectric properties of a single cell can then be extracted by

utilizing Maxwell’s mixture theory, to associate the complex permittivity of the suspension to the

complex permittivity of the cell [49]. More detail on theory and working principle of electrorotation
can be found in other articles [52—54] and a book [55].
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Figure 2. (a) An illustration of the working principle of electrorotation to analyse
single cells; (b) The electrorotation (ROT)-microchip incorporated with the 3D octode.
nQDEP (negative quadrupole dielectrophoresis) signal, Asin (wiz + 0°) and Asin
(12 + 180°) are used for a single cell trapping, while the ROT signals, Bsin(w2z + 0°),
Bsin (w2t + 90°), Bsin (m2f + 180°) and Bsin (w2 + 270°) are used to simultaneously
generate torque. Reprinted with permission from [56].

In the ROT technique, the amplitude of the electric field remains unchanged because the cells are
only rotated at a certain position in an electric field [57]. Therefore, it is suitable for fitting the
rotation spectra at frequency range from 1 kHz to around 200 MHz to determine the intrinsic
electrical properties of single cells such as cytoplasm conductivity, cytoplasm permittivity and
specific membrane capacitance [48,58,59]. Electrorotation spectra are referred to cellular rotation
rate versus frequency of the applied field. Jun Yang ef al. [48] used frequency range between 1 kHz
and 120 MHz, to fitting the rotation spectra in order to extract dielectric properties (membrane
capacitance) of four main leukocyte subpopulations, i.e., T- and B-lymphocytes, monocytes, and
granulocytes. From this experiment, ROT was capable to characterize the dielectric properties of cell
subpopulations within a cell mixture. In addition, ROT was utilized to determine the cell viability at
real time assessment [51,60,61]. C. Dalton demonstrated that electrorotation technique can be used to
determine the viability of two intestinal parasites, i.e., Giardia Intestinalis and Cyclospora
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Cayetanensis [51]. An ellipsoidal two-shell model [58] was utilized to analyse the data and estimate
the electrical parameter value.

Recently, the concept of negative quadrupole dielectrophoresis (nQDEP) and ROT signals
superposed on each other in electrorotation technique was reported (Figure 2b). An accurate ROT
spectrum was measured without any other disturbances because repulsive force by the nQDEP signal
is stronger [56]. Specific membrane capacitance and cytoplasm conductivity of human leukocyte
subpopulations (T-lymphocytes, B-lymphocytes, granulocytes, and monocytes) and metastatic
cancer cell lines (SkBr3 and A549) were well achieved. Although the electrorotation technique is
powerful tool, capable of extracting the electrical properties of the cell, such as cytoplasm
conductivity and membrane permittivity, ROT technique has several drawbacks. Time consumption
is a major factor for why the ROT technique has been unable to enter the modern clinical disease
diagnosis as an analysis tool. G. De Gasperis ef al. and M. Cristofanilli et al., utilized ROT technique
to analyze single cells and it took approximately 30 min to test a single cell [62,63]. These reports
indicate that electrorotaion is a slow technique. Electrorotation also requires a skilled operator to
position a single cell in the middle of a rotating electric field and also count the number of revolutions
made by particles [64]. Nevertheless, electrorotation is a noninvasive technique which allows it to be
used in sequential investigations. ROT also operates at a single-organism level and does not require
extensive cell preparations [59]. Table 1 shows a summary of a microfluidic device using
electrorotation technique for single cell electrical characterization.

3.2. Impedance Flow Cytometry

Flow cytometry is a fundamental and powerful analytical tool in cell biology and cellular disease
diagnosis for many years. Flow cytometry has an ability to address some problems in single cell
analysis such as identifiying, counting and sorting cells [68,69]. Based on laser-induced fluorescence
detection in flow cytometry for single-cell studies within cell populations of relatively large sizes [70],
flow cytometry creates an ideal scenario to analyze single cell electrical properties from a cell
population. Coulter [71] developed the first flow cytometry tool having capability to measure the
electrical properties of single particles, which is known as the microfluidic Coulter counter. A Coulter
counter measures the changing of DC resistance between two electrically isolated fluid-filled
chambers when microparticles act as an insulating layer at DC pass through a small connecting orifice.
Figure 3 illustrates the working principle of the Coulter counter, where two large electrodes are placed
on connecting chamber. When a particles or biological cells flow through a sensing aperture which has
current flow, it will displace the conductive fluid and alters the resistance. The current flow was
decreased as a particle passes through and for this reason, individual cells can be counted and
sized [72]. The Coulter counter is limited to counting cells and classifying cell types based on size due
to challenging of selecting electrode design and channel geometry [73]. The Microfluidic Coulter
counter is incapable of characterizing electrical properties of cell. In order to determine the electrical
properties of cells, Sohn et al. [74] developed flow cytometry based on capacitance principle to
measure the DNA content of fixed eukaryotic cells. Electrical properties of individual cells were
referred to distinct peaks measured by a capacitance bridge at 1 kHz frequency.
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Aperture

Figure 3. Schematic diagram of the Coulter counter working principle. Reprinted with
permission from [72].

Gawad et al. [75] developed a significant device in single cell impedance technology, which is
known as the impedance flow cytometry (IPC). This device used coplanar electrodes to measure
clear differentiation of beads and also erythrocytes and ghost cells (ghosts are RBCs that have been
lysed in hypotonic buffer, leaving behind a membrane sack filled with ionic solution). As shown in
Figure 4a, three microelectrodes were fabricated on the bottom of a microfluidic channel. An AC
voltage was supplied to energise the electrodes for generating a non-uniform electric field within the
channel. The impedance value within channel was changed, when a single cell was flowing through
the detection area. This impedance value was used to characterize the electrical properties of single
cell. However, this electrode configuration may affect impedance measurement when single cell was
at variation position. To address this issue, K. Cheung et al. [76] designed parallel facing electrodes
in a microfluidic channel (Figure 4b). One pair of parallel electrodes was used to detect cells and
measure electric current fluctuation, whereas the other one was acted as a reference. Then, the
difference between the two signals was measured. The device has the ability to measure electrical
properties of normal RBCs and glutaraldehyde-fixed RBCs. More details for the derivation of the
electric field distribution for two different electrode configurations, based on Schwarz—Christoffel
Mapping (SCM) have been described [77]. In addition, a similar system (parallel facing electrodes)
was used by Kampmann et al. [78] to monitor frequency effect during conducted measurement
processes. The result showed that the cell can be accurately sized at around 500 kHz, where low
frequency behaviour is dominated by the electrical double layer (EDL). Meanwhile, at intermediate
frequencies behaviour is dominated by the membrane capacitance and at high frequencies, the cell
cytoplasm becomes important. High frequency (8.7 Mhz) measurements were used to detect
infection of RBCs with the parasite Babesia bovis based on the changes in the electrical properties of
the cell cytoplasm [79]. Recently, an impedance flow cytometry that covers frequency range from
DC up to 500 Mhz was developed by Niels Haandbak et al. [80]. The device has a capability of
dielectric characterization of subcellular components of yeast cells, such as vacuoles and cell nuclei,
and can be used for discriminating wild-type yeast from a mutant.
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Figure 4. (a) Illustration of a particle flowing over three electrodes inside a microfluidic
channel, and a typical impedance signal for a single particle. Reprinted with permission
from [75]; (b) A single cell flowing over one pair of electrode and second pair used as
reference is shown. Reprinted with permission from [76]; (¢) Schematic diagram of the
micro impedance cytometer system, including the confocal-optical detection. Reprinted
with permission from [81]; (d) Schematic of the complete microfluidic cytometer. The
lock-in amplifier drives the series resonance circuit, formed by the discrete inductor and the
impedance between the measurement electrodes, with an alternating current (AC) signal at a
frequency close to resonance. Reprinted with permission from [82].

Holmes et al. [81] demonstrated measurement and differential of single cells at a high speed level
by using microfluidic flow cytometry with an attached fluorescence measurement unit (Figure 4c).
The device accurately identified T-lymphocytes, monocytes and neutrophils of WBC and a full
three-part differential count of whole human blood was achieved. Despite single cells being
measured, the data represented the average of the population and was not accurately measured on an
individual cell. In addition, similar research groups developed an integrated microfluidic impedance
flow cytometry system with haemoglobin concentration measurement unit [83] and RBC lysis [84].
In order to increase the signal-to-noise ratio relative to a single-phase, unfocused stream, while to
avoid large shear forces on cells, Mikael Evander [85] developed a microfluidic impedance
cytometer that utilizes dielectrophoretic focusing technique. This technique was used to center cells
in a fluid stream, thus forms the core of a two-phase flow. Then, this flow will pass between
electrodes for analysis of cells at various frequencies from range 280 kHz to 4 MHz. As a result, this
technique is able to distinguish between red blood cells and platelets and between resting and
activated platelets.

A label-free cell cytometry based on electrophysiological response to stimulus was reported [86].
This method recorded a cell’s functionality rather than its expression profile or physical
characteristics. In order to distinguish different cells types, they used nature electrically excitable
cells that are activated by sufficient transmembrane electric fields. During this activation, the
extracellular field potential (FP) signal from cells was produced and detected by electrode inside
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microchannel. Human induced pluripotent stem cell-derived cardiomyocyte (iPSC-CM) clusters
from undifferentiated iPSC clusters were differentiated by using these signals. A contactless
measurement method to perform single cell impedance cytometry using a disposable biochip
integrated with a printed circuit board that has reusable electrodes was reported [87]. The device can
detect and measure impedance of biological cells in a real biological sample (e.g., whole blood
(sheep)) and also significantly reduces the manufacturing costs. Recently, a microfluidic impedance
cytometer, incorporated with an electrical resonator was reported. This device is high sensitive and
capable to measure at high frequencies. Figure 4d showed microfluidic system integrated with a
resonant circuit which consists of a discrete inductor in series with the impedance between the
measurement electrodes [82]. The cells detection principle is based on the resonance- enhanced
phase shift of the measurement current induced by cells or particles passing through the microfluidic
channel. Discrimination based on the differences in dielectric properties of E. coli and B. subtilis was
well achieved. T. Sun et al. extends impedance measurements from one dimension to two or three
dimensions by utilized electrical impedance tomography (EIT) [88]. A circular 16-electrode array
with equal spacing was fabricated and images of Physarum polycephalum were reconstructed by
measuring the voltages across sequential electrode-pair combinations. Human fibroblast cells were
used to differentiate between an environment of growth medium with and without cells using
EIT [89]. Table 2 shows a summary of microfluidic impedance flow cyometry techniques for single
cell electrical characterization.

3.3. Micro Electrical Impedance Spectroscopy (u-EILS)

Micro electrical impedance spectroscopy (u-EIS) is a technique where dielectric properties in a
frequency domain of a cell is measured to characterize and differentiate the various types of cell.
Mainly this technique analyzed the current response when a single cell was trapped in a trapping
system where an alternating current (AC) was applied across the trapping zone. A trapping system is
a major contribution and significant part in p-EIS device. For this reason, development of a trapping
system is very crucial and varieties of the trapping system have been developed, such as
hydrodynamic traps, negative pressure traps and DEP traps.

First development of micro electrical impedance spectroscopy (1-EIS) was reported in 2006 [97].
They developed microfluidic device which utilized the negative pressure to capture the single cell
into the analysis cavity (Figure 5a). This device was used to measure the electrical impedance of
human breast cancer cell lines of different pathological stages (MCF-7, MDA-MB-231, and
MDA-MB-435) [18]. However this device has a disadvantage to monitor the cell capturing process
using a microscope because the contrast difference in the silicon nitride membrane composing the
cell traps area and the surroundings. The same group, Cho et al. [4] developed an array of horizontal
cell traps of an u-EIS device to overcome the limitation of the previous device. Negative pressure
was used to capture single cells and impedance measurement was performed to obtain the
electrical impedance spectra of metastatic head and neck cancer (HNC) cell lines. This device also
can minimize the leakage current due to the position of cells formed in direct contact between cells
and electrodes.
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Furthermore, the concept of vertical trapping system in p-EIS has been used to monitor the
dynamic change of single cell electrical properties over a period of time [98,99]. Hydrodynamic
trapping system (e.g., micropillars) within a microfluidic channel was developed by Jang et al. [21].
Figure 5b showed the micropillars structure inside microfluidic channel and capable to capture
physically single cells. A single human cervical epithelioid carcinoma (HeLa) was successfully
captured by the micro pillars and its impedance was measured. Mondal ef al. performed impedance
measurement of HeLa cell based on two geometry structures of micropillars trapping system,
namely, parallel and elliptical geometry [100]. Malleo ef al. demonstrated a hydrodynamic trapping
device which has a differential electrode arrangement that measures multiple signals from multiple
trapping sites. Measurements was performed by recording the current from two electrode pairs, one
empty (reference) and one containing HeLa cells [101]. The device continuously monitored the toxin
activity at the single cell level.

Recently, the concept of dielectrophoresis (DEP) for trapping system was reported [102].
The non-uniform electric field distribution between the top and bottom electrodes caused the red
blood cells (RBCs) to experience positive dielectrophoresis at 80 kHz frequency [103]. As a
result, the red blood cells have been trapped inside microwells, thus the impedance of RBCs was
measured [102]. Another DEP trapping technique was developed by Tsai ef al. to capture a single
HeLa cell, then impedance measurement was performed [104]. Figure 5c illustrated trapping system
using DEP [104]. Despite that microelectrical impedance spectroscopy (u-EIS) has several
advantages such as label free, real time measurement and non invasive, p-EIS also has some
drawbacks. For example, p-EIS requires theoretical model for data analysis [105] and time
consuming (trapping and releasing process take time to be completed) [106]. Table 3 shows a
summary of microelectrical impedance spectroscopy technologies for analyzing the single cell’s
electrical properties.

Trapped
Cells

Analysis / Electrodes
Fluid

- Interconnects
Single
- HeLa cell
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Figure 5. Cont.
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Figure 5. (a) Illustrated a micro electrical impedance spectroscopy system using
multielectrode configurations within an analysis cavity. Reprinted with permission
from [97]; (b) Shown 3D schematic of the u-EIS device incorporated with micropillars
structure for capture the single cells; (¢) Schematic diagram of cell measurement using
DEP cell trapping technique. Reprinted with permission from [104].
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4. Discussion

The rapid development of single cell analysis tools (e.g., biophysical and chemical
characterizations) can be seen based on the hundreds of review and technical papers currently
published every year [109]. Clearly, the growing interest in this research field demonstrates its
practical value from the viewpoint of proof of concept and applications. The traditional platform is a
basic foundation to provide the most straight-forward mechanisms to analyze electrical properties of
individual cell. However this approach suffers from low throughput, delicate protocol, requires an
experienced operator and bulky experimental set-up [110]. For instance, in clinical application, high
throughput devices are significantly required to test a large number of cells (e.g., blood) in order to
obtain low numbers of meaningful data (e.g., CTC cells) [57]. Nevertheless, traditional platforms
have provided fundamental insights to the microfluidic development. The microfuidics device is a
promising technique to understand the cellular heterogeneity and overcome the limitation of
traditional technique. For that reason, three microfluidics techniques (electrorotation, impedance
flow cytometry and microelectrical impedance spectroscopy) have been developed to analyze and
characterize the single cell’s electrical properties. Among these techniques, microfluidic impedance
flow cytometry (IFC) is a technique used widely in clinical diagnosis because of high throughput
during count and differentiation of the WBCs. For example, parallel facing electrodes device

achieved ~100 cells-s™

and is capable of testing a large number of cells for obtain statistically
meaningful data [81]. Microfluidic impedance flow cytometry has been demonstrated to distinguish
various single cells (16 types of cell) based on the electrical properties conditions. Meanwhile, 13
types of cell were distinguished by electrorotation and microelectrical impedance spectroscopy.

Electrical measurements can also be incorporated with a cell sorting unit to collect cells having
different physical properties for further biochemical assaying. AC dielectrophoretic (DEP) for
sorting live cells from interfering particles of similar sizes by their polarizabilities under continuous
flow was reported [111]. DEP forces induced by the AgPDMS electrodes were used to manipulate
cells to move toward high or low electric field regions, depending on the relative polarizability
between the cells and their suspending medium. Jun Yang et al. utilized magnetically activated cell
sorting (MACS) for obtaining the subpopulations from human peripheral blood (B-lymphocytes and
monocytes), thus performing the single cell electrical properties measurement by electrorotation
techniques [48].

Microfluidic devices have demonstrated great potential in realizing electrical measurements on
single cells at a higher testing speed and label free approach. Electrical measurements on single
cells can be used to indicate possible diseases and it suitable for disease prescreening application.
From prescreening processes, future examinations can be done to evaluate the disease
condition. Table 4 shows a summary of comparisons between three microfluidic methods. The
microfluidic techniques were discussed have some potential applications in biological and medical
application [18,44,92,101,112].
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Table 4. Comparisons between three microfluidic techniques.

Approaches . s
i Advantages Disadvantages Applications
Technique
Capable to quantifying Low throughput and
Electrorotation a cell’s intrinsic limitation to low conductivity ~Monitor parasite; Cell separation
electrical properties sucrose buffer solution
Cell sorting and counting;
Impedance flow . . . ..
High throughput low specificity Cell impedance variations;
cytometry e .
DNA hybridization detection
Microelectrical . .
. Characterizing ion Low throughput and Cancerous stage screening;
impedance .. . . .
channel activity size-independent parameters ~ Toxin detection
spectroscopy

5. Conclusions

The presented review of selected research works on single cell electrical properties provides
information on technological development in single cell electrical characterization from traditional
approaches to current microfluidic approaches. Microfluidics technology opens a new paradigm in
cellular and microbiology research for early disease detection and provides critical information
needed by research scientists and clinicians for improved clinical diagnosis and patient outcome. The
recent excellent achievements in microfabrication techniques have enabled the rapid development of
microfluidic technologies for further practical applications for the benefit of mankind. Furthermore,
microfluidic technological progress has provided additional advantages such as reduced complexity
of experiment handling, lower voltage on the electrodes, faster heat dissipation, small volume of
reagents used, and in situ observation of the cell response [113].
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Microfluidic Impedance Flow Cytometry Enabling
High-Throughput Single-Cell Electrical
Property Characterization

Jian Chen, Chengcheng Xue, Yang Zhao, Deyong Chen, Min-Hsien Wu and Junbo Wang

Abstract: This article reviews recent developments in microfluidic impedance flow cytometry for
high-throughput electrical property characterization of single cells. Four major perspectives of
microfluidic impedance flow cytometry for single-cell characterization are included in this review:
(1) early developments of microfluidic impedance flow cytometry for single-cell electrical property
characterization; (2) microfluidic impedance flow cytometry with enhanced sensitivity; (3) microfluidic
impedance and optical flow cytometry for single-cell analysis and (4) integrated point of care
system based on microfluidic impedance flow cytometry. We examine the advantages and
limitations of each technique and discuss future research opportunities from the perspectives of
both technical innovation and clinical applications.
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Microfluidic Impedance Flow Cytometry Enabling High-Throughput Single-Cell Electrical
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1. Introduction

Single-cell electrical properties (e.g., membrane capacitance or cytoplasm resistance) can be
utilized as cellular biophysical markers to evaluate cellular status in a label-free manner [1,2]. They
have been demonstrated to classify various types of tumor cells [3-5], stem cells [6] and blood
cells [7-11].

Conventionally there are mainly three techniques capable of characterizing single-cell electrical
properties: dielectrophoresis, patch clamping and electrorotation [12]. Dielectrophoresis is
demonstrated to quantify cellular electrical properties by curve fitting of the Clausius—Mossotti
factor spectra or cell count spectra. However, since the spectra are not from the measurements of
the same cells, only average electrical properties of a cell population can be obtained [3,4,12—17].
Patch-clamp devices characterize the activities of cellular ion channels by sucking a portion of cell
membrane into a micropipette tip to form a high electrical resistance seal, enabling the
quantification of specific membrane capacitance of single cells (an intrinsic size-independent
electrical parameter of cells) [18—24]. In electro-rotation, a rotating electric field is exerted to rotate
a suspended single cell as a result of Maxwell-Wagner polarization. By measuring the rotating rate
as a function of the applied frequency, this method is capable of collecting membrane permittivity
and cytoplasm conductivity of single cells [25-32]. However, patch clamping and electrorotation
rely on the precise manipulation and positioning of pipettes (patch clamping) or cells
(electrorotation) which is time-consuming and labor-intensive [12,33-36]. This could greatly affect
the measurement efficiency and therefore hamper the wide application of using these techniques to
acquire statistically-meaningful data.
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Microfluidics is the science and technology on the processing and manipulation of small
amounts of fluids (107 to 1078 liters) in channels with dimensions of tens of micrometers [37-39].
The micrometer dimension well matches with the size of typical biological calls, making
microfluidics an ideal platform for cell studies [40—44]. Based on the advantageous features of
microfluidic technologies, microfluidics has been used for characterizing the biochemical (e.g.,
gene and protein) and/or biophysical properties (mechanical and electrical) of cells at the single-
cell level [45-51].

Microfluidics-based devices for the characterization of single-cell electrical properties have been
proposed, in which two major approaches, the micro electrical impedance spectroscopy (u-EIS) and
microfluidic impedance flow cytometry [12,35,36], are commonly used. p-EIS is a non-invasive
approach to characterize immobilized single cells between two electrodes relying on hydrodynamic
fluid trapping [52-58], vacuum aspiration [59-65], dielectrophoretic forces [66—69] or surface
modifications [70-72]. Although this technique can conduct spectroscopy sweeping on the trapped
single cells, it normally suffers from limited throughput and thus might not be suitable for
collecting data from large amounts of cells [12,33-36].

Meanwhile, microfluidic impedance flow cytometry has also been demonstrated where single
cells are pushed to continuously flow through two microelectrodes in which the impedance data of
cells at multiple frequencies are measured [35,36]. Compared to the conventional coulter
counters which rely on DC or low-frequency signal for cell size characterization [73-76], the
multiple-frequency-based impedance data obtained from the microfluidic impedance flow
cytometry enable the characterization of cellular sizes, membrane capacitance and cytoplasm
resistance in a high-throughput manner [35,36].

In this review, we focus on the recent advances of the four perspectives of microfluidics-based
flow cytometers for single-cell electrical property characterization: (1) early developments of
microfluidic impedance flow cytometry for single-cell electrical property characterization; (2)
microfluidic impedance flow cytometry with enhanced sensitivity; (3) microfluidic impedance and
optical flow cytometry for single-cell analysis and (4) integrated point of care system based on
microfluidic impedance flow cytometry (see Table 1).

Table 1. Key developments in the field of microfluidic impedance flow cytometry
enabling high-throughput cellular electrical property characterization.

. . Classified Objects
Techniques Quantified Parameters . References
and Key Observations

. Polymer beads of 5 and 8 pum, normal
. Two-frequency impedance data .
Coplanar microelectrodes erythrocytes and their ghost [77]
(1.7 and 15.0 MHz)

counterparts
. One-frequency impedance Liver tumor cells at normal, apoptotic
Coplanar microelectrodes . . [78]
data (100 kHz) and necrotic status, leukemia cells
. Different stages of P. falciparum
. One-frequency impedance . .
Coplanar microelectrodes infected red blood cells and uninfected [9]

data (2.0 MH
ata ( 2) red blood cells
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Table 1. Cont.

X . Classified Objects
Techniques Quantified Parameters A References
and Key Observations
Two-frequency impedance
. opacity |Znighl/|Zref| (frer = 602 Polymer beads of 5, 6 um, red blood
Parallel microelectrodes . [79]
kHz, fhigh = 350 kHz-20.0 cells and their fixed counterparts
MHz )
Two-frequency impedance Wild-type yeasts and a mutant with
Parallel microelectrodes opacity |Znighl/|Zref] (frer = 500 different sizes and distribution of [80]
kHz, fiigh = 0.5-250.0 MHz) vacuoles in the intracellular fluid
Parallel microelectrodes + One-frequency impedance .
. . . X Polymer beads of 1, 2 um, and E coli [81]
insulating fluid focusing data (503 kHz)
Parallel microelectrodes +  Two-frequency impedance data E. coli, B. subtilis and [82]
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equivalent circuit model and cytoplasm conductivity .
from hundreds of single cells
o . . Paired high- and low-metastatic cancer
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. L o cells, and tumor cells with single [5]
equivalent circuit model and cytoplasm conductivity .
oncogenes under regulation
. Two-frequency impedance data
Parallel microelectrodes + lymphocytes, monocytes
. (503 kHz and 1.7 MHz) and . [10]
optical lens . and neutrophils
fluorescent signals
. Two-frequency impedance data Lymphocytes, lymphocytes + CD4
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optical lens .
fluorescent signals monocytes + CD4
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on-chip optical fibers ; . . .
and side scattered light diameter plain)
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. Lymphocytes, granulocytes,
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. . . monocytes, neutrophils and CD4 [87]
on-chip waveguides fluorescent signals, .
. . labelled white blood cells
and side scattered light
Parallel microelectrodes +  Two-frequency impedance data ~ Lymphocytes, monocytes, neutrophils, [88]
sample pretreatment module (500 kHz and 1.7 MHz) red blood cells and platelets
Parallel microelectrodes +  Two-frequency impedance data
CD4" and CD8* lymphocytes [71

sample pretreatment module

(303 kHz and 1.7 MHz)
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2. Early Development of Microfluidic Flow Cytometry for Single-Cell Electrical
Property Characterization

Renaud et al. are the pioneers in the field of microfluidic impedance flow cytometry [77,79,89-93].
In 2001, Renaud et al. proposed the first microfluidics-based impedance flow cytometry for
high-throughput single-cell electrical property characterization [77]. As shown in Figure la, a
microfluidic chip with channels integrated with a differential pair of coplanar microelectrodes was
used to characterize electrical properties of single cells. The cells were flushed through the
measurement area in a high-throughput manner with the impedance data measured at two given
frequencies. In this study, an equivalent circuit model for microfluidic impedance flow cytometry
was developed where Cm, Re, Rsoi and Ca represent cell membrane capacitance, cytoplasm
resistance, buffer solution resistance and electrical double layer capacitance, respectively (see
Figure 1a).

In addition, complex impedance spectrum of a cell as simulated using an equivalent circuit
model was shown in Figure 1b. Based on simulation results, the authors suggested that the impedance
data for frequencies lower than 100 kHz, between 100 kHz—1 MHz, 2-5 MHz and 10-100 MHz
reflect the electrical double layer, cellular size, membrane capacitance and cytoplasm resistance,
respectively. Note that this impedance spectrum has served as the guiding rule of frequency choice in
the subsequent development of microfluidic impedance flow cytometry.

To demonstrate its applications, the microfluidic device was used to differentiate latex beads of
5 and 8 um at 1.72 MHz. The result confirmed that impedance data at ~1 MHz does reflect particle
sizes (see Figure lc). Furthermore, normal erythrocytes and erythrocyte ghost cells (namely the
erythrocytes with cytoplasm replaced with phosphate buffer solution) were characterized and
differentiated. The impedance data for these two types of cells were found similar at 1.72 MHz
indicating comparable cell sizes whereas, significantly different at 15 MHz suggesting differences
in cytoplasm conductivity (see Figure 1d).

In 2005, Renaud et al. proposed the second-generation microfluidic impedance flow
cytometry [79] where the parallel overlap microelectrodes were used to replace the previously
reported coplanar microelectrode, enabling the production of more homogeneous current density
around the single cells under measurement (see Figure 2a). Furthermore, systematic experiments
were conducted to classify polystyrene beads (5 and 6 um), normal red blood cells and fixed red
blood cells based on the impedance data at the frequency of 602 kHz and 10 MHz (see Figure 2b).
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Figure 1. (a) The first-generation microfluidic impedance flow cytometry where a
microfluidic chip with integrated channels and a differential pair of coplanar
microelectrodes were proposed to quantify two-frequency impedance data of single
cells flushed through the measurement area in a high-throughput manner; (b) The
complex impedance spectrum of a cell is simulated using an equivalent circuit model
where impedance data at various frequency domains indicate the electrical double
layer, cellular size, membrane capacitance and cytoplasm resistance, respectively; (c)
Impedance amplitude difference of 5 and 8 pum latex beads, confirming that impedance
data at ~1 MHz can reflect particle sizes. Note that “transit time” indicates the traveling
velocity of latex beads which were also obtained from impedance data; (d) Normal
erythrocytes and erythrocyte ghost cells were characterized, with comparable
low-frequency impedance data indicating size comparability and significant differences
at high-frequency impedance data suggesting cytoplasm conductivity differences [77].
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Figure 2. (a) The second-generation microfluidic impedance flow cytometry where the
parallel overlap micro electrodes were used to replace the previously reported coplanar
micro electrodes; (b) Two-frequency impedance data of polystyrene beads, normal red
blood cells and fixed red blood cells, which can be classified to an extent based on
opacity defined as |Znigh|/|Zref; (¢) Opacity spectrum of red blood cells and polystyrene
beads where no significant difference was noticed among the opacity spectra for
polystyrene beads of different diameters, confirming that opacity can be used to
normalize the particle size. In addition, a decrease in opacity at the high frequency
domain of red blood cells compared to polystyrene beads was observed, confirming
that the cytoplasm of red blood cells is more conductive than polystyrene beads [79].

In this study, opacity was defined as |Znign|/|Zref| to partially remove the dependence of the
impedance data on particle sizes. As shown Figure 2c, no significant difference was noticed among
the opacity spectrum (frer = 602 kHz)) for polystyrene beads of 4.0, 5.1, and 6.0 pm diameters,
confirming that, to an extent, opacity is insensitive to particle sizes. In addition, a decrease in
opacity at the high frequency domain of red blood cells compared to polystyrene beads was
observed, confirming that the cytoplasm of red blood cells is more conductive than polystyrene
beads. As a valuable impedance parameter, opacity has been commonly used in the subsequent
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development of microfluidic impedance flow cytometry to evaluate electrical properties of
single cells.

3. Microfluidic Impedance Flow Cytometry with Enhanced Sensitivity

The drawback of the microfluidic impedance flow cytometry reported by Renaud ef al. is the
lack of close contact between cells and electrodes when the cells were continuously flushed to flow
through the detection area between two electrodes. This issue could lead to current leakage where
electric signals circumvent the cells under measurement by travelling through solutions
surrounding the cells. In addition, the relative positions of travelling single cells between two
facing electrodes (i.e., in the middle of two facing electrodes vs. alongside the boundary of one
detecting electrode) can also lead to issues of low detection stability and repeatability. In order to
address these issues, the detection area of the microfluidic impedance flow cytometry needs to be
further reduced. Two approaches have been developed to this end: sandwiching cells between two
insulating fluid layers (e.g., insulating fluid flow [81,94]) or confining cells within solid
constriction channels (cross sectional area smaller than biological cells) [63,83,84].

As the first demonstration, Morgan et al. developed a microfluidic impedance flow cytometer
which utilized an insulating fluid to hydrodynamically focus a sample stream of cells suspended in
electrolyte through the sensing area between two microelectrodes [81] (see Figure 3a). The
focusing technique enhanced the measurement sensitivity without reducing the dimensions of the
microfluidic channels so that channel blockage can be avoided. This microfluidic platform was
used to successfully classify polystyrene beads with diameters of 1 and 2 pm based on impedance
amplitudes at the frequency of 503 kHz (see Figure 3b). As to the classification of 2 um diameter
polystyrene beads and E. coli (~2 pm in length and 0.5 pm in width), a significant overlap in the
impedance amplitude histogram was observed, which may result from the comparable sizes
between 2 pm beads and E. coli (see Figure 3b). In this study, only one frequency at 503 kHz
was used, which was previously demonstrated as the frequency enabling particle size
quantification [77,79]. More frequencies higher than 503 kHz may be further used to characterize
the electrical properties of E. coli.

Although this technique can, to an extent, address the current leakage problem by sandwiching
the detection solution between two insulating fluid flows, this type of sandwiching is only one
dimensional and produces a vertical conductive sheet of cells (see Figure 3a, top view and side
view), which still suffers from the current leakage. In addition, the impedance data of cells can also
be affected by the z-direction position of single cells during the measurement [95], which leads to
additional concerns on the measurement accuracy in this microfluidic system.

To tackle the technical hurdle, a constriction channel design was put forward to further decrease
the current leakage and enable single-cell electrical property characterization [63,65,83,84]. The
constriction channel design with a cross-section area smaller than that of biological cells was initially
used for the characterization of cellular mechanical properties (e.g., red blood cells [84,96-98],
white blood cells [99] and tumor cells [83,100-102]), by which single cells were aspirated into the
constriction channel with their entry times adopted as a biophysical marker.



. (a)
6X 10 .
45t
5 @ ® 40}
%2 35}
o4 &% ™1 ym beads .
o ogdd O §aor
£s ° J%a" 5.2umbead ot
: g3t gt 1§
g So 22 o 2 2 pym beads
g 2 Lo e M
= X m :
1 %o
0
0 0.05 0.1 0.15 0.2 0.25 004 006 008 01 012 014 016 018 02 O
Magnitude @ 503 kHz (V) Signal magntude V]
. (b)
~x 10 a0,
6
°
5.

»

2 pm beads

Number of event:

Transit time (s)
N W@

-

(=]

0 0.05 0.1 0.15 0.2 0.25 04 006 008
Magnitude @ 503 kHz (V)

01 012 014 016 018 02
Signal magnttude (V)

(©)

Figure 3. (a) A microfluidic impedance flow cytometer uses an insulating fluid to
hydrodynamically focus a sample stream of cells suspended in electrolyte through the
sensing area of two microelectrodes; (b) Successful classification of 1 and 2 pm diameter
polystyrene beads based on impedance amplitudes at 503 kHz; (c) As to the classification
of 2 um diameter polystyrene beads and E coli (~2 pum in length and 0.5 um in width), a
significant overlap in the impedance amplitude histogram at 503 kHz was observed [81].
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In 2011, Sun et al. proposed the first microfluidic impedance flow cytometry based on the
constriction channel design, where single cells were continuously aspirated through the constriction
channel while cell elongations and single-frequency impedance profiles were measured
simultaneously (see Figure 4a) [83]. When a cell is aspirated through the constriction channel, it
blocks electric fields and leads to a higher impedance amplitude value, which is used as an indicator
of cellular electrical properties (see Figure 4b). This technique was used to classify two types of
bone cells (osteoblasts vs. osteocytes) using a constriction channel of 6 um x 6 um in dimensions
(at 100 kHz). To quantify the overall impedance of the cell, an impedance amplitude ratio was
adopted which is defined as the ratio between the highest impedance amplitude value captured
while cells are squeezed through the constriction channel and the background impedance amplitude
value without cells. Compared with osteocytes, osteoblasts were found to have a larger cell
elongation length and a higher impedance amplitude ratio (see Figure 4c).

The constriction channel design (8 um x 8 um at 100 kHz) was then used to characterize tumor
cells EMT6 and their more malignant counterparts EMT6/AR 1.0, revealing a linear trend between
the cell elongation length and the impedance amplitude ratio with different slopes and different
y-axis intersections (see Figure 4d).

Furthermore, based on equivalent circuit models and two-frequency measurements, these raw
impedance data were translated to intrinsic cellular electrical parameters including specific
membrane capacitance (Cspecific membrane) and cytoplasm conductivity (Geytoplasm) [5,85,103,104]. As
shown in Figure 5a, when a cell is squeezed into the constriction channel, there is an increase in
amplitude and a decrease in phase for the impedance data at the frequency of 1 and 100 kHz. The 1
kHz impedance data was used to evaluate cellular sealing properties with constriction channel
walls to obtain Rieak while 100 kHz impedance data was used to quantify Cmembrane and Reytoplasm,
which were then translated to Cspecific membrane and Geytoplasm (see Figure 5a) [85]. Based on the above
translations, the Cspecific membrane and Geytoplasm of tumor cells with different types were quantified [5].

For paired high- and low-metastatic carcinoma strains 95D and 95C cells, significant differences
in both Cspecific membrane and Geytoplasm Were observed (see Figure 5b). In addition, a statistically
significant difference only in Cspecific membrane Was observed for 95D cells and 95D CCNY-KD cells
with single oncogene CCNY down regulation (CCNY is a membrane-associated protein) (see
Figure 5c). Furthermore, a statistically significant difference only in Geytoplasm Was observed for
A549 cells and A549 CypA-KD cells with single oncogene CypA down regulation (CypA is a
cytosolic protein) (see Figure 5d).

Although the combination of impedance flow cytometry with the constriction channel design
can adequately tackle the current leakage issue, the use of constriction channel could reduce the
detection throughput and may lead to channel blockage. Thus, the detection throughput in the
constriction channel-based microfluidic impedance flow cytometry is normally lower than its
conventional counterparts [77,79,81].
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Figure 4. (a) The constriction channel based microfluidic impedance flow cytometry
where single cells were aspirated through a constriction continuously while cell
elongations and single frequency impedance profiles are measured simultaneously; (b)
Raw impedance data of single cells, recording higher impedance amplitudes during
cellular squeezing through the constriction channel; (¢) The scatter plot of impedance
amplitude ratio vs. cell elongation length for osteocytes and osteoblasts. Compared with
osteocytes, osteoblasts have a larger cell elongation length and a higher impedance
amplitude ratio; (d) The scatter plot of impedance amplitude ratio vs. cell elongation
length for tumor cell EMT6 and their more malignant counterparts EMT6/AR 1.0,
revealing a linear trend between cell elongation length and impedance amplitude ratio
with different slopes and different y-axis intersections Reproduced by permission of the
Royal Scoeity of Chemistry [83].



134

- B B i
e i
loclcin ampliiar TR cutenl path - 100K curent path E . %D, ! a5¢
(dual frequency 1 kHz + 100 kHz) i ,‘ -E \
Histder —H= i
electrade electrode] o B P - 24 4 |
. ! j M £ i
cell loading channel c parasitic £ 8 :
i H = s g BRIy y
Cpargstic R = Cmembrane E "E:i- *".Ra g
H Raar [ pr » o o
i Yeak(i TR 5 1 B e iy
+ 4 H 528 cyloplasm :ll N
. Cremprane U o H
" without cell with call 0 05 | 15 2 0 05 ) 15 2
Nivedn Capacitic marnbenis =Cinermbeane | Scarma cross-saction

2
CSPQCIFIC membrane[“mm )

- o (8/m)
Iniciogaope Oytoptasn ™ Lost sorgation | (Rayiopisem * Scnannet crose-sessian) cytaplasm

characterization of specific membrane capacitance (Cspecific membrane) and cytoplasm
conductivity (Gcytoplasm) Of single cells. Cells are aspirated continuously through the
constriction channel with impedance data at 1 and 100 kHz measured simultaneously
where 1 kHz impedance data were used to evaluate cellular sealing properties with
constriction channel walls while 100 kHz impedance data were used to quantify Cspecific
membrane aNd Geytoplasm [85]; (b) For paired high- and low-metastatic carcinoma strains 95D
and 95C cells, significant differences in both Cspecific membrane and Geytoplasm Were observed; (¢)
A statistically significant difference only in Cspecific membrane Was observed for 95D cells and
95D CCNY-KD cells with single oncogene CCNY down regulation (CCNY is a
membrane-associated protein); (d) A statistically significant difference only in Geytoplasm
was observed for A549 cells and A549 CypA-KD cells with single oncogene CypA
down regulatio n (CypA is a cytosolic protein) [5].

4. Microfluidic Impedance and Fluorescent Flow Cytometry for Single-Cell Analysis
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Figure S. (a) The microfluidic impedance flow cytometry for continuous

In order to enhance the functionality of microfluidic impedance flow cytometry and provide a

more comprehensive understanding on cellular biophysical and biochemical properties, Morgan et al.

integrated the functions of impedance measurement and fluorescence detection in a microfluidic
impedance and fluorescent flow cytometry [8,10,11,35,81,86—88,95,105—117]. Figure 6a shows the
first-generation microfluidic platforms capable of characterizing both cellular electrical and optical
property consisting of dual laser excitation, three color detection and dual frequency impedance

measurement [10]. As the first demonstration, whole blood cells were successfully classified by the

microfluidic impedance and fluorescent flow cytometry (see Figure 6b) [10]. In this study, the
lymphocytes were differentiated from monocytes and neutrophils due to their significantly smaller
cell sizes based on impedance data at 503 kHz. In addition, the neutrophils were differentiated from
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monocytes due to their significant differences in membrane capacitance based on impedance data
at 1.707 MHz.

Furthermore, the whole blood cells mixed with CD4 antibody coated beads were successfully
characterized by the microfluidic impedance (frequency: 503 kHz and 10 MHz) and fluorescent
flow cytometry. In this work, the lymphocytes, lymphocytes + CD4 beads, granulocytes &
monocytes and monocytes + CD4 beads were classified. This method was found useful for CD4"
T-lymphocyte counting (see Figure 6¢) [11]. Note that these impedance based cell type
classification were confirmed by the simultaneous fluorescent measurement.

In the first-generation microfluidics-based impedance and fluorescent flow cytometry, laser
excitation and fluorescent collection was implemented by using optical lens and thus only
fluorescent signals can be obtained while other optical parameters such as side scattered light
cannot be acquired. In order to address the limitation, Morgan et al. proposed the second-
generation impedance and fluorescent flow cytometry where optical fibers were integrated into the
microfluidic platform enabling the simultaneous measurement of impedance signals (at two
frequencies) and optical signals (e.g., side scattered light and fluorescence) [86,87]. Figure 7a
shows the microfluidic impedance flow cytometry with on-chip optical components. More
specifically, a groove in SU-8 material holds a fiber to launch incident light perpendicular to the
channel, which is focused into a sheet across the width of the channel using an air compound lens.
Fluorescent emission is then collected with the fibers placed in two grooves on the same side as the
incident light (at 135°). A 7° fiber is used to measure the optical extinction signal and the light loss
due when a particle passes through an incident beam. Furthermore, two more collection fibers
placed at 22.5° and 45° were designed to measure side scattered light [86]. The reported
microfluidic platform was used to classify a mixture of beads (the fluorescent beads with 10 and 15
um in diameter, and the plain beads with 20 and 25 pm in diameter). Figure 7b shows
that the beads with four different sizes can be distinguished from optical side scattered light, but the
impedance signals provide much better discrimination between the populations. The fluorescence
signals from the 10 and 15 pm beads provide easy discrimination in this platform.

In 2014, Spencer and Morgan proposed a novel microfluidics-based impedance and fluorescent
flow cytometry capable of measuring four different parameters, namely fluorescence, large angle side
scattered light and dual frequency electrical impedance (electrical volume and opacity) (see
Figure 7c) [87]. In this study, on-chip waveguides were used to replace the inserted fibers
described in the previous study, which can effectively address the issues of optical fiber
misalignments and incident light scattering from multiple interfaces. In addition, a sheath-less
particle focusing technique was used and thus hydrodynamic focusing is no longer required.
Figure 7d shows a 3-D scatter plot for a CD4 labelled white blood cell sample based on parameters
of side scattered light, fluorescence, and two-frequency impedance data. Both side scattered light
and low frequency impedance data at 0.5 MHz provide information on cell sizes, which separate
smaller lymphocytes from granulocytes. High-frequency impedance data at 2 MHz separate
monocytes from neutrophils due to differences in cell membrane capacitance while CD4 labelled
white blood cells were distinguished from white blood cells without CD4 labelling based on
fluorescent data.
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Figure 6. (a) The first-generation microfluidic impedance and fluorescent flow
cytometry where a cell flows between two pairs of electrodes and the optical detection
region composed of dual laser excitation, three color detection and dual frequency
impedance measurement; (b) Impedance and fluorescent measurement results. Based on
low frequency impedance amplitudes, lymphocytes can be differentiated from monocytes
and neutrophils due to significantly smaller cell sizes. High frequency impedance
amplitudes were used to differentiate neutrophils from monocytes due to significant
differences in membrane capacitance. Note that these impedance based classification
were validated by the simultaneous fluorescent detection by fluorescently labelling whole
blood cells; (¢) Whole blood cells mixing with CD4 antibody coated beads were
characterized by the microfluidic impedance and fluorescent flow cytometry where
lymphocytes, lymphocytes + CD4 beads, granulocytes & monocytes and monocytes +
CD4 beads were successfully classified and confirmed by simultaneous fluorescent
characterization [10,11].
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Figure 7. (a) The second-generation microfluidic impedance and fluorescent flow
cytometry with on-chip optical components where a groove in SU-8 holds a fiber to
launch incident light, which is then focused into the channel using an air compound
lens. Fibers at various angles are used to collect fluorescence emission, optical
extinction signal loss, and side scattered light, respectively; (b) Side scattered light,
fluorescence and impedance data based classification of a mixture of different beads
(10 and 15 pm diameter fluorescent, 20 and 25 pum diameter plain); (¢) A new
microfluidic impedance and fluorescent flow cytometry with on-chip waveguides in a
sheath-less manner, which can effectively address misalignment of the optical fibers,
incident light scatter from multiple interfaces and signal dependent on particle
positions; (d) The 3-D scatter plot for CD4 labelled white blood cells based on
parameters of side scatter light, fluorescence, and two-frequency impedance data. Both
side scattered light and low frequency impedance data provide information on cell
sizes, which discriminate smaller lymphocytes from granulocytes. High-frequency
impedance data discriminates monocytes from neutrophils due to differences in cell
membrane capacitance while CD4 labelled white blood cells were distinguished from
white blood cells without CD4 labelling based on fluorescent data [86,87].
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5. Integrated Point of Care System Based on Microfluidic Impedance Flow Cytometry

Diagnostic testing at or near the site of patient care is often termed as ‘“near-patient” or
“point-of-care” (POC) testing, which can be facilitated by microfluidic technologies [118—123].
Blood cell counting, as the most common clinical indicator of patient health, is one area where
microfluidics based POC systems are expected to bring significant advancements [124—126]. Due to
the advantages of compactness, low cost and no requirement for optical interfaces, microfluidic
impedance flow cytometry has been integrated with sample pretreatment components to enable
whole blood cell counting in the POC manner [7,88].

In 2011, Morgan et al. proposed an integrated microfluidic platform based on impedance flow
cytometry, enabling the counting of 3-part differential leukocytes (granulocyte, lymphocyte and
monocyte), as well as erythrocytes and platelets from raw blood samples [8,88]. As shown in
Figure 8a, the integrated system consists of two parts: an impedance detection chip and a
microfluidic sample preparation block. The microfluidic sample preparation block performs whole
blood loading, pre-treatment and dilution into two separate fluid channels for impedance
characterization, respectively. The bottom arm performs analysis of white blood cells with
erythrocytes lysed while the upper arm performs counting of red blood cells and platelets.

Figure 8b shows the impedance scatter plot of cell membrane opacity (the ratio of impedance
measured at 1.7 to 0.5 MHz) vs. the electrical cell volume (impedance magnitude at 0.5 MHz) for
white blood cells. Consistent with previous studies [10,11], the three main subpopulations
(lymphocytes, monocytes and neutrophils) are clearly separated while the top left region represents
red blood ghost cells and other debris that are not completely eliminated by the on-chip lysis.
Counting of red blood cells and platelets was performed using a single frequency of 0.5 MHz,
where the cells are easily differentiated by sizes (see Figure 8c). Due to the relatively low number
of platelets, platelet concordance was conducted, and the results showed an excellent linearity
between the absolute platelet counts obtained from the impedance cytometry system and the
hematology analyzer in hospitals.

In 2013, Bashir ef al. proposed a microfluidic CD4" and CD8" T Lymphocyte counter for
point-of-care HIV diagnostics targeting raw whole blood samples [7,127,128]. As shown in Figure
9a, the integrated microfluidic device is based on differential electrical counting and relies on five
on-chip modules that, in sequence, chemically lyses erythrocytes, quenches lysis to preserve
leukocytes, enumerates cells electrically, depletes the target cells (CD4 or CDS8) with antibodies,
and enumerates the remaining cells electrically. Target cell depletion was accomplished through
shear stress-based immunocapture, and antibody-coated microposts were used to increase the
contact surface areas and enhance the depletion efficiency. Based on the differential electrical
counting method, which relies on two-frequency impedance data to classify lymphocytes,
monocytes and neutrophils, CD4" and CDS8" cell difference before and after the target cell
depletion region was quantified (see Figure 9b).

Figure 9¢,d show CD4" and CD8" T cell count results between chip and flow cytometry control
with a close match using healthy (» = 18) and HIV-infected patient (n = 32) blood samples,
respectively. By providing accurate cell counts in less than 20 min, this approach can be potentially
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implemented as a handheld, battery-powered instrument that would deliver simple HIV diagnostics

to patients anywhere in the world, regardless of geography or socioeconomic status.
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Figure 8. (a) The integrated point of care system based on microfluidic impedance

flow cytometry enabling whole blood cell counting. The integrated system consists of

two parts, an impedance measuring chip and a microfluidic sample preparation block.

The bottom arm performs analysis of white blood cells with erythrocytes lysed while the

upper arm performs counting of red blood cells and platelets; (b) The impedance scatter

plot of cell membrane opacity vs. the electrical cell volume for classification of three main

subpopulations of white blood cells (lymphocytes, monocytes and neutrophils);

(¢) Counting of red blood cells and platelets was performed based on single-frequency

impedance data, where the cells are easily differentiated by sizes [88].
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6. Conclusions and Outlook

In this review, recent developments in the field of microfluidic impedance flow cytometry have
been discussed from four perspectives: (1) early developments of microfluidic impedance flow
cytometry for single-cell electrical property characterization; (2) microfluidic impedance flow
cytometry with enhanced sensitivity; (3) microfluidic impedance and optical flow cytometry for
single-cell analysis and (4) integrated point of care system based on microfluidic impedance
flow cytometry.

From the aspect of technical development, microfluidic impedance flow cytometry enabling
high-throughput characterization of size-independent intrinsic cellular electrical properties (e.g.,
specific membrane capacitance, a throughput of ~1000 cells per second) should be under intensive
research. The majority of reported microfluidic impedance flow cytometry can collect cellular
electrical properties in a high-throughput manner, which, however, are only capable of reporting
size-dependent electrical properties (e.g., impedance values at several specific frequencies).
Although these parameters can indicate membrane capacitance and cytoplasm resistance, they are
dependent on cell sizes and specific experimental conditions (e.g., channel geometries and electrode
dimensions). Since these parameters do not directly reflect intrinsic cellular electrical properties, it
would be difficult to evaluate cellular status and classify cell types based on these parameters.

Recently, impedance spectroscopy and the constriction channel design were combined, enabling
the quantification of Cspecific membrane and Geytoplasm from hundreds of cells [85,103]. In addition, a
microfluidic platform was developed where the cross-sectional area of the constriction channel is
under regulation, effectively addressing the issue of constriction channel blockage [104]. However,
the throughput of such microfluidic devices is roughly one cell per second, which is still low as
compared to the conventional flow cytometry (~1000 cells per second). Thus, further technical
development should focus on microfluidic impedance flow cytometry enabling high-throughput
size-independent intrinsic electrical property characterization of single cells.

From the perspectives of clinical applications, microfluidic impedance flow cytometry can be
used to classify tumor cells, stem cells, and blood cells in a label-free manner. In the field of tumor
cell classification [5,64,83], paired high- and low-metastatic carcinoma strains and tumor cells as
well as their counterparts with single oncogenes under regulation were successfully classified based
on cellular electrical properties [5]. Further studies should be conducted to characterize electrical
properties of human tumor samples and evaluate the feasibility of tumor classification based on
cellular electrical properties.

As to the stem cell classification, undifferentiated and differentiated mouse embryonic
carcinoma cells (P19) based on impedance data at 50 kHz, 250 kHz, 500 kHz and 1 MHz were
differentiated [6] where it was speculated that the capacitance of stem cells can vary as they
experience various stages of differentiation. These results provide some preliminary data along this
direction but more data are needed for a decisive conclusion. For example, during stem cell
differentiation, impedance data should be collected at multiple time points. This can help sketch the
trend in how electrical properties of stem cells evolve as they differentiate into adult cells.
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Furthermore, electrical properties of human rather than mouse stem cells should be characterized to
further evaluate the possibility of stem cell classification based on cellular electrical properties.

In the field of red blood cell classification based on cellular electrical properties [9,84], in 2013,
Chandrakasan et al. developed a microfluidic impedance flow cytometry capable of differentiating
P. falciparum infected red blood cells from uninfected red blood cells based on amplitude and
phase data at 2 MHz. However, multiple-frequency impedance data are suggested to further
evaluate the electrical properties of various types of red blood cells. For white blood cell
differentiation, since it has a close relationship with point of care applications, intensive research
efforts have been devoted [7,8,10,11,88] (e.g., CD4" T lymphocyte counting [7]). Further studies
should compare these approaches with other point of care methods and test a large number of
human samples with statistical significance.
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Detecting Antigen-Specific T Cell Responses: From Bulk
Populations to Single Cells

Chansavath Phetsouphanh, John James Zaunders and Anthony Dominic Kelleher

Abstract: A new generation of sensitive T cell-based assays facilitates the direct quantitation and
characterization of antigen-specific T cell responses. Single-cell analyses have focused on measuring
the quality and breadth of a response. Accumulating data from these studies demonstrate that there
is considerable, previously-unrecognized, heterogeneity. Standard assays, such as the ICS, are often
insufficient for characterization of rare subsets of cells. Enhanced flow cytometry with imaging
capabilities enables the determination of cell morphology, as well as the spatial localization of the
protein molecules within a single cell. Advances in both microfluidics and digital PCR have improved
the efficiency of single-cell sorting and allowed multiplexed gene detection at the single-cell level.
Delving further into the transcriptome of single-cells using RNA-seq is likely to reveal the
fine-specificity of cellular events such as alternative splicing (i.e., splice variants) and allele-specific
expression, and will also define the roles of new genes. Finally, detailed analysis of clonally related
antigen-specific T cells using single-cell TCR RNA-seq will provide information on pathways of
differentiation of memory T cells. With these state of the art technologies the transcriptomics and
genomics of Ag-specific T cells can be more definitively elucidated.

Reprinted from Int. J. Mol. Sci. Cite as: Phetsouphanh, C.; Zaunders, J.J.; Kelleher, A.D. Detecting
Antigen-Specific T Cell Responses: From Bulk Populations to Single Cells. Int. J. Mol. Sci. 2015, 16,
18878-18893.

1. Introduction

A wide variety of assays can be used to characterize T cell responses in order to determine the
state and capability of the immune system. Such studies can reveal fundamental mechanisms
underlying immunity aid the design of clinical diagnostics, help develop intervention therapies, and
determine signatures of effective immune responses [1]. Primarily, research on antigen (Ag)-specific
CD4+ T cells has been done using bulk-sorted populations by focusing on small sets of cells defined
by selected markers that were hypothesized to identify homogenous sub-populations; for example,
central versus effector memory cells defined by surface markers such as CD45RA/RO isoforms and
CCR7 or CD62L expression [2-4]. However, accumulating data demonstrate that there is
considerable heterogeneity within the Ag-specific population on the basis of genomic differences,
cytokine secretion profiles, function, and trafficking markers [1,5-8].

Standard analytical technologies historically have measured the average response from highly
heterogeneous populations. Common assays that detected cell proliferation, cytolytic activity,
and cytokine expression have yielded valuable insights into disease pathogenesis and immunity to
microbes such as viruses and tumour or self-antigens. However, these assays examined multiple
parameters at the population level, where the implicit averaging of many measurements may mask
the specific involvement of individual cells and the interactions that can occur between neighbouring
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cells. These technologies made it difficult to infer the characteristics of rare subsets of cells, such as
Ag-specific T cell responses, without first purifying subsets of T cells. Even when purified, the T cell
subsets were generally identified on the basis of a relatively small number of markers, compared to
the much larger number of cell surface proteins expressed by T cells [9—11]. Single cell analyses are
beginning to show that these approaches have underestimated heterogeneity.

Recently, single-cell analyses have focused on measuring the quality and breadth of a response.
Variations in the expression of molecules between individual cells are thought to play an important
role in functionally diversifying an immune response at the population level and also determining
the diverse anatomical locations of individual cells. Advances in genome-wide quantitative analysis
of single cells can provide an important vehicle that allows the investigator to make further insights
into the variation between individual cells and to determine how these impact on the fine specificity
of the nature and regulation of the immune response.

The challenge of understanding heterogeneity between cells, particularly tumour cells [12—14] has
driven many of the major technological advances, resulting in the design of powerful instruments,
protocols, and analysis protocols that enable the elucidation of DNA, RNA, and protein expression
at the single-cell level. Flow cytometry has been widely adopted as the cornerstone of high-
throughput analysis of specific protein expression and phosphorylation states of single cells within
complex populations. Cell sorting has typically been used to purify up to six populations at a time
from these mixtures of cells. The recent coupling of this technology with microfluidics and genome-
wide deep sequencing at the single cell level has enabled further insights into cell biology. Single-
cell genomics provides the basis for unbiased investigations into the molecular and functional
consequences of cellular variability. In this review, the advantages and disadvantages of standard T
cell response detection assays will be discussed. Newer technologies to more comprehensively define
T cell responses at the single-cell level will be examined and the advances in single-cell genomics
will be highlighted.

2. Standard Assays Are Insufficient for the Detection of T Cell Responses at the
Single Cell Level

Measuring T lymphocyte proliferation after antigenic or mitogenic stimulation is an important
parameter used in diagnosis of various immuno-deficiencies and in the monitoring a variety of
immune responses. Measurement of the incorporation of tritiated thymidine [*H] into lymphocyte
DNA is a common approach used to determine the extent of antigen- or mitogen-driven cell
proliferation [15]. Disadvantages of this assay include: The response of individual populations cells
cannot be delineated without cell sorting; the inherent variability of the assay; the limitations and
safety of handling radioactive material; and the labour-intensive nature of the protocols (i.e., multiple
wash steps involved, PBMC isolation, and inability to determine which cells are proliferating) [16].

More recent approaches that overcome some of these problems include the use of the cytoplasmic
dyes, such as carboxyfluorescein succinimidyl ester (CFSE), to track lymphocyte proliferation [17].
CFSE covalently binds to amino groups on intracellular macromolecules that anchor the dye. CFSE is
inherited equally by daughter cells after division, resulting in the halving of mean fluorescence with each
generation. Disadvantages of this assay are: The time required for proliferation detection is usually
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4-6 days; and high concentrations can cause cell toxicity and impair expression of activation
markers [17,18]. However cell subpopulations can be tracked if markers are expressed stably. The
use of multi-parameter flow cytometry allows other information about the proliferating cells and their
phenotype to be accumulated. Further, the stability, or otherwise, of markers during the process of
proliferation in response to antigen can be definitively determined.

ELISPOT (enzyme-linked immunospot) and intracellular cytokine staining (ICS) are widely used
assays for the detection and enumeration of antigen-specific T cells. ELISPOT assays detect
antigen-induced secretion of cytokines (usually IFN-y) trapped by an immobilized antibody on a
nitrocellulose membrane and visualized by an enzyme-coupled secondary antibody. ICS also detects
cytokines produced by antigen-stimulated T cells, via the detection of the cytokines, such as IFN-y,
TNF, and IL-2, trapped within golgi/ER bodies in the cytoplasm through inactivation of granule
secretion by brefeldin A or monensin, and visualized via fluorochrome-labelled monoclonal
antibodies (mAb) after cell permeabilisation followed by flow cytometry.

The use of both assays is associated with implicit a priori assumptions regarding the importance
of certain cytokines in the responses of interest (i.e., [IFN-y) and do not take into account the other
aspects of the T cell response; most often used to measure Th1 or Th2 responses, but can also be used
to measure effector molecules such as Granzyme B. ELISPOT can only measure one or two
parameters at a time and, without depletion or purification of cell subsets, the source of the cytokine
cannot be determined. Multiple parameters in the ICS need to be optimized for each model system,
such as stimulation, fixation/permeabilization, and appropriate controls need to be considered [19].
These assays are typically restricted to Thl subset identification, as Th2 cytokine detection works
poorly in these assays, and Th17 responses are usually only detectable when mitogens are used. This
is due to a combination of factors including limitations in availability of mAb and the lower levels
of cytokine production. Further, these assays do not allow live isolation of cells for downstream
functional or molecular analysis and bulk populations with high cell numbers are required for each
assay [20,21].

Detailed information of responding single cells in ELISPOT assays is limited to the level of
markers used to purify cells prior to the assay, while ICS assays are limited by the number of
additional fluorescence markers that can added to the assay. Each assay comes with issues of assay
validation and quality control, with advantages and disadvantages depending on the nature of the
responses detected. For example, standardization of assay requires the removal of differences in
confounding variables when comparing experiments performed by the same or different users under
the same conditions. Issues, such as choice of starting material, coating techniques, incubation and
washing steps, and personal preference in reading spot development, need to be taken into
account [22]. Additionally, currently-available flow cytometric analysis is generally limited to a
maximum of 16 fluorochromes, but the use of up to 29 parameters has been recently
reported [1,23,24]. The use of mAbs labeled with rare-earth isotopes, combining flow cytometric and
mass cytometric technologies (CyTOF®), also greatly increases the number of parameters able to be
defined on each cell [25,26]. A caveat with the CyTOF® platform is that it still lacks the sensitivity of
standard fluorescences cytometry, up to three-fold less sensitive and requires more cells for staining.



154

Nevertheless, the available number of parameters still does not approach the number of proteins that
are variably expressed by T cells [27,28].

2.1. Using MHC-Multimers to Identify Antigen-Specific T Cells

Recombinant multimeric complexes of soluble recombinant MHC molecules often referred to as
“tetramers” have emerged as a key tool for elucidation of the frequency of antigen-specific T cells in
vitro, particularly in viral infections and post-vaccinations. Since 1996, there has been a revolution
in the characterization of antigen-specific T cells, due to the development of reagents consisting of
soluble multimerized MHC-I peptide complexes to detect epitope specific CD8+ T cells using flow
cytometry through their increased avidity for TCR [29,30]. MHC-I tetramers combined with other
staining techniques have been used to examine detailed information about antigen specific T cells, such
as levels of activation, effector function, proliferation, and apoptosis [31], but importantly because
they bind to the surface of T cells based only on their expression of TCR which recognize the
incorporated epitope cells which are anergic, “stunned” or “exhausted” can be identified by this
technology [32-36]. Further, because only surface staining is required, the cells can be sorted and
used for functional assays and/or RNA profiling. This has led to the colossal expansion of
information on antigen-specific CD8+ T cells and to a lesser extent antigen-specific CD4+ T cells,
because of the more limited availability of MHC-II tetramers [37].

MHC-I-peptide complexes consist of an invariant light chain (B2-microglobulin), a polymorphic
heavy chain and a specific 8-10 amino acid peptide. The presence of a cognate peptide in the
antigen-binding groove is essential for the formation of MHC-I molecules. This association is based
on specific complimentary interactions between amino acid side chains at the anchor positions of the
peptide and allele-specific pockets [38]. This helps ensure that the recombinant MHC-I heterodimers
that refold are conformationally correct. Typically the formation of these soluble MHC-I multimers
is dependent upon the specific biotinylation of a tail engineered to replace the transmembrane and
cytoplasmic domains of the heavy chain. The biotinylated heterodimers are then bound to each of
the four binding sites of fluorescently labeled streptavidin, forming a tetrameric complex. However,
other strategies for multimeriziation have been employed to achieve the necessary increase in avidity
between MHC-I and TCR to allow interactions stable enough for robust staining of T cells and
subsequent identification by flow cytometry [39—42]. A possible drawback from this technique is
that individual tetramers have to be designed for each epitope of interest, and then are only applicable
to individuals carrying a particular class I allele. The shelf life of the constructs are variable, and
positive and negative controls need to be carefully identified to ensure staining is specific, thus
making the process very labour intensive, especially if multiple epitope-specific responses are to be
studied simultaneously [37]. To overcome these limitations, dextramers (multimers with a dextran
backbone) were developed, each dextramer molecule bears multiple fluorescein and streptavidin
components. These dextramers were able to identify low frequency antigen-specific T cells and
produced stronger signals than their tetramer counterpart [43].

In contrast to the relative ease of production MHC class I tetramers, the development of MHC
class II tetramers has been more difficult. There are multiple reasons for this. Firstly, the
peptide-binding grove depends on correct association of variable alpha and beta chains making the
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synthesis of some alleles inefficient. The characteristics determining binding of antigenic peptide to
MHC-II are different to MHC-I in several ways. Secondly, the stability of the class I molecule is
not dependent on the binding of peptide in the groove. The groove is open-ended at either end
allowing longer peptides to bind and these may bind in different registers within the groove. Further,
efficient loading of peptide occurs at acid pH, is dependent upon molecules such as HLA-DM and
DO catalysing the efficient exchange of peptide for the CLIP peptide and the peptide receptive state
of'the class IT molecule is rapidly lost. These conditions are difficult to reproduce in vitro. In addition,
there is much greater promiscuity of peptide binding to class II than class I, which has resulted in
much lower rates of definitive description of class II restricted epitopes [44,45]. Many methods have
been explored in an attempt solve these problems. One of these methods is producing class II proteins
by co-expressing the a and B subunits in mammalian or insect cells and relying on in vivo, rather than
in vitro, re-folding, as is the case with proteins produced from E. coli [44]. Unfortunately, much of
the material bound to the binding groove is not the epitope of interest and the exchange of peptide
into the binding groove is often inefficient. To overcome this constructs expressing a fusion protein,
consisting of peptide fused to MHC-II B N-terminus via a flexible linker region have been trialled.
This covalently attached peptide has preferential access to the peptide-binding site, thus increasing
the rate of the correct peptide occupying the binding groove [46,47]. Other modifications used to
enhance the assembly of the subunits have included the use of leucine zippers and chimeric IgG Fc
domains to promote assembly and stability of the heterodimer [48,49]. Combined these approaches
have resulted in a slow, but steady, increase in the availability of the pool of reliable MHC-II
multimers, though their availability is still far more limited than MHC-I equivalents. With
these methods of MHC-II production, it is now theoretically possible to identify a subset of
antigen-specific CD4+ T cells with multimeric complexes [37,50]. This will facilitate the isolation
of single antigen-specific CD4+ T cells for downstream analysis [51,52]. MHC/peptide tetramers,
termed streptamers, were developed for this purpose. Streptamers can be reversibly dissociated from
binding to antigen-specific CD4+ T cells, this feature allows these cells to remain functionally
active, contrary to conventional tetramers that impairs lytic function and proliferation of the bound
cells [53].

2.2. Cell Surface Detection of Antigen-Specific T Cells

Apart from ICS and multimeric MHC-II complexes, other approaches have been reported to use
flow cytometry to identify Ag-specific T cells, including cell surface trapping of cytokines using
magnetic bead technology (Miltenyi cytokine-capture system®) [54], or the use of activation-induced
trafficking of some intracellular markers to the cell surface such as CD40L expressed on CD4+ T
cells [55,56]. However, both these assays are limited by their detection of only one effector molecule
at a time and we know that many important responses, such as Tregs and CTL, are not detected by
either of these methods.
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2.3. CD25/0X40 Assay

CD4+ T cell responses are pivotal to the regulation of the immune system during viral infection.
Due in great part to the difficulties associated with the synthesis and use of class II multimers and
therefore an inability to identify and isolate epitope specific CD4+ T cells, our understanding of the
molecular basis of CD4+ function has fallen behind that of CD8+ T cells. Thus an assay that allows
live isolation of antigen specific T cells is necessary.

A recent flow cytometric assay, developed by Zaunders et al., employs the co-expression of CD25
(IL-2Ra) and CD134/0X40 (a TNF receptor family member) to identify antigen-specific CD4+ T
cells. The co-expression of these two molecules in CD4+ T cells is very low in peripheral blood.
However, with antigenic stimulation in vitro, their expression becomes up regulated over time,
peaking at approximately 44 h post-stimulation. Advantages of this assay are that it detects a more
global population of antigen-specific cells that appear to include all Th1, Th2, Th17, Tth, and Treg
lineages and is, therefore, not biased by detection of a particular cytokine or effector molecule,
resulting in higher levels of antigen-specific T cells than ICC and ELISPOT. Further, it allows live
isolation of individual cells for downstream functional and molecular characterization [7,57-62].

3. Enhanced Flow Cytometry Techniques for Single-Cell Analysis

Flow cytometry has been extensively used to analyse protein expression within cells. The
relatively recent development combining microscopic imaging and fluorescence-activated flow
cytometry has allowed a more in-depth examination of single cells. Each cell can be examined for
morphology, as well as the spatial localization of the protein molecules within the cell. Instruments,
such as the Imagestream®, allow rapid acquisition and processing, enabling measurements of
thousands of cells per second, which is an advantage over conventional microscopy platforms [63].
This combination technology has been useful for the determination of protein localization, cell
morphology, observation of protein interactions during signalling cascades and cellular uptake of
foreign particles [64,65]. Although highly useful for providing information on single cells, the
measurements acquired are only obtained at a single snapshot in time.

Newer technologies that complement and augment the data generated from flow cytometry have
been developed. These technologies can assess the functional and transcriptional dynamics of cells
at the microliter to picolitre scale. The two types of techniques that have emerged as tools to detect
immune responses are microfluidic systems and spatial arrays with nanolitre-scale wells. For a
detailed review on nanolitre micro-well and micro-dense arrays please refer to a review by
Lindstrom, et al. [66].

Micro-dense arrays contain up to 100,000 sub-nanolitre welled compartments that allow the
isolation or distribution of single-cells and measurement of cellular function, protein secretion and
mRNA in parallel. This platform provides the ability to examine cellular interaction between
different cell types and provides highly-specific resolution not found when using bulk populations.
These cells can be deposited into nanowells for co-culture by dispensing each cell onto the array
sequentially and allowing cells to settle via gravity, these cells can then be used for further
analyses [1]. Co-cultures of cells (e.g., one effector cell and one antigen-presenting cell) in individual
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wells can provide insight into intercellular signaling and interaction dynamics. This technology can
be used to assess antigen-specific interactions between cognate T cells and their corresponding
antigen presenting cell to detect activation, cytolysis and cytokine production [67]. This approach
has demonstrated that HIV-specific CD8+ T cells responses initially involve either cytolysis or
secretion of pro-inflammatory cytokines (i.e., IFNy) [68,69].

Nanolitre micro-well arrays enable the study of single-cell phenotyping of rare cells, such as
antigen-specific T cells and B cells. Studies on these rare subsets have revealed structure-function
relationships between molecular synapses and signalling cascades [70]. Co-culture studies together
with barcoded antibody arrays enabled the examination of the influence of paracrine signalling
molecules on tumour cell function and signalling networks via the multiplexed detection of both
intracellular and secreted proteins/cytokines [71,72]. These nano-arrays have also been used to
examine serial killing capacities of Natural Killer (NK) cells, whereby NK cells were able to kill
MHC-I deficient tumour cells and also showed that simultaneous interaction with several target cells
increases the cytotoxic responsiveness of NK cells [73]. This platform has been used to show to the
extent of variability among homogeneous populations. Dura et al. investigated the heterogeneity of
CD8 T cells upon antigen presentation and correlated this with early activation events. They discovered
that the cells showed relatively homogeneous calcium mobilization with high antigen stimuli with
uniform timings of activation. However, the response pattern became more heterogeneous with lower
antigen concentrations. These cell populations could be grouped into distinct clusters. Measurement
of early signalling events simultaneously revealed high heterogeneity in ERK phosphorylation in
single-cells, despite uniform timing and stimulus strength [74]. This study demonstrates the potential of
micro-scale tools to clarify the complex intercellular interactions initiating and regulating T cell
activation through the measurement of multiple parameters over a substantial number of individual
cells. However, there are some technical limitations in this system, which include the limited control
on the fluidic microenvironment required to maintain the cells in culture, as well as the risk of cross-
contamination between wells during the rinsing of the array chips [75].

4. Microfluidics and Digital PCR at the Single-Cell Level

Reverse transcription quantitative polymerase chain reaction (RT-PCR) has been extensively used
to examine gene expression patterns in T cells and has been the basis for many systems biology
approaches profiling cellular activity. It provides exceptional specificity and sensitivity and has been
adapted for the measurement of gene expression in single cells [7,76]. The challenges of single-cell
RT-PCR studies include the cumbersome and laborious steps in purifying mRNA from individual
cells, and the difficulty in synthesizing and purifying cDNA from single cells [77]. These difficulties
arise from the loss of starting material during cell isolation, lysis, and cDNA synthesis steps. The
loss of material may be caused by mRNA degradation, adhesion to plastics, and inefficient reverse
transcription [78,79]. Microfluidic devices have been developed as platforms to overcome these
particular problems and to handle the low reaction volumes required for single-cell analyses, while
allowing relatively high-throughput, whereby multiple samples can be run simultaneously on the same
device under standardized conditions.
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One of the commercially-available valve-based microfluidic qPCR systems that have been
successfully used for single cell studies is the Dynamic Array™ (Fluidigm). This is a low-volume
(nanolitre) system that allows high-throughput with assessment of up to 96 parameters in 96 cells per
run. It allows low copy detection while being used for large-scale studies [76]. The concordance of
copy number detection between microfluidics and digital PCR compared to conventional PCR has
been demonstrated [80]. This technology offers a higher level of precision and can be used to measure
rare transcripts [81], as well as small RNA species (i.e., microRNA) [82,83].

Mingueneau et al. used this platform to examine early thymocyte differentiation of of T cells.
Gene expression patterns during early T cell differentiation were measured. It was found that during
transit through the CD4+CD8+ stage, these double-positive thymocytes showed a global repression
of housekeeping genes, which is rare among other cells of the immune system and correlated highly
with the expression of c-Myc. They also identified genetic signatures that distinguished cells destined
for positive selection versus apoptosis [84]. Johnson et al. used the Fluidigm® platform to define
transcriptional profiles of HIV-specific CD4+ T cells. In doing so they identified a distinct
transcriptional signature of HIV-specific cytolytic CD4+ T cells compared to Thl cells, and these
signatures were similar to features found in HIV-specific CD8+ T cells. These cytolytic CD4+ T
cells also showed comparable killing activity to their CD8 counterpart and worked co-operatively to
destroy virally infected target cells [85].

These examples demonstrate the innovative uses of these technologies; however, only a selected
number of genes can be examine within one cell at a given time. Although this technology expands
on the fairly outdated capabilities of traditional PCR, the elucidation of the entire transcriptome
would be too cumbersome for this platform. Separation of single cells using microfluidics and the
extraction of total DNA or RNA for next-generation sequencing would solve this issue. An example
of this is the Fluidigm® C1 single-cell isolation instrument which allows automated cell capture for
RNA/DNA extraction and nucleic acid amplification that is highly useful for RNA-seq and
downstream genomic analysis. Microtools such as these allow clinical samples consisting of very
small cell numbers to be examined [86]. Examination of cells from cytobrushes and biopsies allows
the comparison between cell phenotypes, cell-to-cell communication [87], and function at mucosal
sites, which is important in many disease conditions, such as HIV-1 infection.

5. Single-Cell Genomics Analysis via Next-Generation Deep Sequencing

A new and important extension of bulk transcription technologies, single-cell RNA sequencing
(RNA-seq) has emerged as a powerful tool for mRNA expression analysis and allows genome-wide
transcriptomics to be explored [88]. The transcriptome encompasses an essential part of cell identity
and function, as RNA is essential for regulation, house-keeping, effector and messenger roles. The
state of a specific single-cell (e.g., antigen-specific T cells) can be assessed via the profiling of all
coding and non-coding transcripts that eventually leads to genome-wide transcriptomics analysis.
RNA-seq techniques involve the conversion of cellular RNA transcripts into cDNA and subsequent
sequencing in parallel by using next-generation sequencing technologies [89]. This technology
enables high-resolution analysis of single-cells, whereby important cellular events such as alternative
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splicing (i.e., splice variants) and allele-specific expression can be studied, that will also aid the
discovery of new genes [90].

Single-cell RNA sequencing has been to investigate the role of de novo hormone synthesis in T
helper cells and its role in T cell homeostasis. Mahata et al. demonstrated that that Th2 cells produce
the steroid, pregnenolone, which inhibits T helper cell proliferation and B cell class switching. They
proposed that this lympho-steroid is produced in an intrinsic manner by Th2 cells during allergic
immune responses to restore immune homeostasis [91]. Shalek ef al. used single-cell transcriptomics
to assess heterogeneity of mouse bone marrow-derived dendritic cells (BMDCs) responding to
lipopolysaccharides. They found bimodal variance in the RNA abundance and splicing patterns
within responding cells. The observed splicing patterns displayed high levels of heterogeneity
between cells. They identified 137 highly variable, but co-regulated, antiviral response genes that
may be propagated through an interferon feedback loop involving the transcription factors Stat2 and
Irf7 [89]. These studies highlight the promise and power of single-cell RNA-seq. This technology
can be used to uncover the functional diversity between cells, as well as, discovering new gene
regulation circuits.

5.1. Detecting Clonally-Related Ag-Specific T Cells Using TCR RNA-seq

A single-cell method to assess T cell receptor beta chain (TRBV) and alpha chain (TRAV)
sequence data of sorted CD4+ and CD8+ T cells has recently been published [92]. This method also
describes a method allowing simultaneous measurement of mRNA transcripts for up to 34 CD4+ T cell
lineage-defining transcription factors and cytokines. Three steps of nested PCR amplification from a
single cell, including barcoding from each well of up to 20 separate 96-well plates, followed by
pooling and deep sequencing, allows high throughput TCR sequencing and RNA profiling in parallel
in 1000 s of single cells, which will dramatically increase our ability to consider relationships
between TCR repertoire and T cell phenotypic or functional subsets in a range of immune responses.
Previous approaches using cloning and Sanger sequencing have not been feasible for this number of
cells. Also, the combination with other genomic data on the transcription factors and cytokines, using
this approach is an extremely favourable combination of cost-effectiveness and high throughput, for
the first time definitively matching information on clonality and genotype. Detailed analysis of
clonally-related antigen-specific T cells will finally provide information on pathways of
differentiation of memory T cells not possible by other currently available techniques.

6. Conclusions

The final goal of complete genomics of the full range of single antigen-specific T cells is getting
closer, due to very substantial and rapid improvements in identification of antigen-specific T cells,
particularly CD4+ T cells, combined with advances in single cell mRNA technology (Figure 1).
Finally, it is hoped that such studies will discriminate favourable outcomes after vaccination, or after
pathogenic infection and provide a road map for rationale, rather than empiric development of
vaccines and immunotherapeutics for chronic infections and drug resistant cancers.
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Evidence for P-Glycoprotein Involvement in Cell Volume
Regulation Using Coulter Sizing in Flow Cytometry

Jennifer Pasquier, Damien Rioult, Nadine Abu-Kaoud, Jessica Hoarau-Véchot,
Matthieu Marin and Frank Le Foll

Abstract: The regulation of cell volume is an essential function that is coupled to a variety of
physiological processes such as receptor recycling, excitability and contraction, cell proliferation,
migration, and programmed cell death. Under stress, cells undergo emergency swelling and
respond to such a phenomenon with a regulatory volume decrease (RVD) where they release
cellular ions, and other osmolytes as well as a concomitant loss of water. The link between
P-glycoprotein, a transmembrane transporter, and cell volume regulation is controversial, and
changes in cells volume are measured using microscopy or electrophysiology. For instance, by
using the patch-clamp method, our team demonstrated that chloride currents activated in the RVD
were more intense and rapid in a breast cancer cell line overexpressing the P-glycoprotein (P-gp).
The Cell Lab Quanta SC is a flow cytometry system that simultaneously measures electronic
volume, side scatter and three fluorescent colors; altogether this provides unsurpassed population
resolution and accurate cell counting. Therefore, here we propose a novel method to follow cellular
volume. By using the Coulter-type channel of the cytometer Cell Lab Quanta SC MPL (multi-
platform loading), we demonstrated a role for the P-gp during different osmotic treatments, but also
a differential activity of the P-gp through the cell cycle. Altogether, our data strongly suggests a
role of P-gp in cell volume regulation.

Reprinted from Int. J. Mol. Sci. Cite as: Pasquier, J.; Rioult, D.; Abu-Kaoud, N.; Hoarau-Véchot, J.;
Marin, M.; Le Foll, F. Evidence for P-Glycoprotein Involvement in Cell Volume Regulation Using
Coulter Sizing in Flow Cytometry. Int. J. Mol. Sci. 2015, 16, 14318-14337.

1. Introduction

Each living cell type seems to have a form and volume that is well defined, and determined by
the size of their cytoplasmic membrane as well as their cytosolic content. However, variations of
osmotic pressures lead to cell volume regulation [1,2]. In the hypotonic or hypertonic context, the
ability of cells to regulate their volume in a short period of time (around a minute) in order to avoid
swelling or shrinkage is a fundamental mechanism [3]. Under hypo-osmotic conditions, cells are
able to escape a burst after swelling by activation of a mechanism known as regulatory volume
decrease (RVD) [4]. Interestingly, even under a regular osmotic pressure, the cell volume is
fluctuating in response to cell events such as cell proliferation, migration, glycolysis or cell
death [5-8].

P-glycoprotein (P-gp, ABCB1), a member of the ATP-binding cassette (ABC) superfamily of
transporters, is a 170-kD transmembrane glycoprotein involved in the multi-drug resistance (MDR)
phenotype [9,10]. The link between P-gp expression and cell volume regulation has been widely
debated over the past decades [1,11,12]. Some studies reported that the P-gp is able to increase
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the magnitude of cell volume activated chloride currents, and so modulate the RVD [13-16].
On the contrary, other studies did not find any functional correlation between P-gp and
volume regulation [17-20]. In 2005, our team demonstrated the role of P-gp in the regulation of
volume activated chloride currents using wild-type human breast cancer MCF7 cells, and a
doxorubicin-selected MDR variants [21]. Recently, it has been shown that apoptotic resistance in
MDR P-gp overexpressing ascite tumour cells, involved impairment of the apoptotic volume
decrease (AVD), an apoptotic event similar to the RVD [22]. Finally, in 2012, a team working on
hepatocytes of the fish, Sparus aurata, suggested the involvement of the P-gp in the RVD [23].

The difference between all these studies could originate from the models and the methods used.
Therefore, technological challenges still exist and the technique’s accuracy to measure both cell
volume and P-gp activity/expression seems essential.

In this paper, we develop an original method based on flow cytometry analysis to study the role
of the P-gp in the RVD in response to hypo-osmotic shocks. By using the Coulter-type channel of
the cytometer Cell Lab Quanta SC MPL, we were able to follow accurately the electronic volume
(EV) of the cells during either osmotic and/or pharmacologic treatment types.

2. Results

2.1. Resistant and Sensitive Variants Display Different Cell Volumes, Shapes and

Membrane Capacitance

Our group previously studied P-gp overexpression and activity in the MCF7/Doxo variant [24-26];
cell volumes of MCF7 and MCF7/Doxo were measured using different methods (Figure 1). In
classical microscopy, morphological differences between the two variants could be verified
(Figure 1A). The MCF7 appeared more birefringent and round, whereas the MCF7/Doxo were
more flat and spread. Using Hoffman modulation contrast imaging on a freshly plated 50:50
co-culture, we revealed a clear morphological difference between MCF7 and MCF7/Doxo
(Figure 1B top panel). After four days of co-culture, it was possible to observe a stable and unique
spatial organization with the formation of MCF7 islets surrounded by MCF7/Doxo (Figure 1B
bottom panel).

These differences have been confirmed using the Cell Lab Quanta MPL flow cytometer. This
system exploits the Coulter principle for an accurate volume determination instead of the low-angle
laser light scattering technique implemented in most of the cytometers. In short, as particles
suspended in a saline solution are drawn through the small aperture of an insulated electrical
sensor, they displace an equal volume of electrolyte solution that creates a resistance and leads to a
voltage pulse. The voltage pulse intensity is proportional to the particle volume, thus called
Electronic Volume (EV). Figure 1C displays the diameter (in pm) of the cells in suspension in a
300 mOsmol/kg H20. A statistical analysis performed on more than 300 measurements revealed
that the MCF7 were smaller in diameter and volume compared to the MCF7/Doxo (Figure 1D). It
is also interesting to note that the MCF7 seemed to be less homogeneous in size than the
MCF7/Doxo as revealed by the variation coefficient for the diameters (40.03% + 0.05% and
30.85% =+ 0.85%, respectively).
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Finally, using electrophysiology, we measured the whole-cell capacitance of the two variants,
20.7 + 1.4 pF (n = 19) for MCF7 and 29.4 + 2.1 pF (n = 33) for MCF7/Doxo, respectively (Figure
1E). Considering a constant specific capacitance of Cs = 1 uF/cm? [27] for the plasma membrane,
these results indicate that the membrane electric surface is higher in the MCF7/Doxo compared to
wild-type. This observation seems to contradict the one obtained by the volume Coulter
(Figure 1F).
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Patch Clamp Flow cytometry
MCF7 MCF7/Doxo MCF7 MCF7/Doxo
Capacitance (pF) 20.7 294 | e e
Surface (em?) 2.07x10° 2.94x10°° 1.89x10°% 1.54x10°0
Radius (pum) 25.67 30.59 7.80 7.11
Volume (pm?) 70 847 119918 2004 1513

Figure 1. MCF7 and MCF7/Doxo display different morphological features. (A) Spatial
organization of MCF7 and MCF7/Doxo in phase contrast microscopy. Scale bar: 50 um;
(B) Hoffman modulation contrast (top) and phase contrast micrographs (bottom) of
MCF-7 and MCF-7/Doxo in co-cultures. Dishes were seeded with a 50:50 mixture of
MCF-7:MCF7/Doxo at day zero. Morphological differences permit an immediate
identification of each cell subpopulation islets. MCF7 appeared birefringent and round
(rounds) whereas MCF-7/Doxo are more flat and spread (square). Scale bar: 20 um,;
(C) Cell volume of MCF7 and MCF7/Doxo in flow cytometry. The electronic volume
(EV) was determined by the flow cytometer according to the Coulter Principle;
(D) Histograms giving the mean cell diameter (left) and volume (right) for 185
repeated experiments. The MCF7 appear significantly bigger than the MCF7/Doxo.
Data are presented as mean £ SEM; (E) Whole-cell capacitance measurements of
MCF7 and MCF7/Doxo. MCF7/Doxo display a higher whole-cell capacitance than the
MCF7. Data are presented as mean = SEM; (F) Summary of the different size
measured or calculated for the MCF7 and MCF7/Doxo. *** p < 0.001.

2.2. Cell Volume Monitoring during Hypo-Osmotic Shocks

Flow cytometry coupled to Coulter EV measurements represents a valuable approach to monitor
cell size variations in real-time. Thus, we have used this possibility to carry out analysis of volume
change time-course of cells undergoing osmotic challenges in suspension at a low flow rate
(25 pL/min). With these settings, the cell volume distributions can be determined over 20 min. This
approach is better than the traditional volume coulter method that allows only a static measurement
of the cell volumes. As shown in Figure 2A, cell volumes of the two variants were stable over the
20 min period. However, during 50% hypo-osmotic shocks (150 mOsmol/kg H20), a significant
swelling of both variants was detected two minutes after the substitution of the isotonic solution
with the hypotonic one (Figure 2B). The temporal monitoring of the volume compensation, RVD,
revealed important differences between the two variants (Figure 2C). While the MCF7/Doxo cells
were able to compensate the swelling drove by hypotonicity, the MCF7 cells could not. For the
MCF7/Doxo cells, cell volume normalization appeared after less than 10 min, whilst no RVD
mechanism was noticed after 20 min for the MCF7 cells.

This experiment has been repeated several times in isotonic and hypotonic conditions. To
analyze the large number of points generated (200,000 cells analyzed/experiment), 20 successive
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gates of 1-min cell volume continuous recording have been set (Figure 2D). For each 1-min
interval, the mean cell volume has been determined. In these conditions, it has been possible to
draw a graph representative of the different experiments (Figure 2E,F). After 20 min, the MCF7
were not able to display any RVD mechanism, neither under 25 nor under 50% hypo-osmotic
shocks (Figure 2E). On the contrary, in the MCF7/Doxo cells, a RVD was set up immediately and
re-established normotonic volume values after 7 min in both 25% and 50% hypo-osmotic shocks
(Figure 2F).
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Figure 2. Cell volume monitoring during hypo-osmotic shocks. (A) Cell volume
monitoring of MCF7 and MCF7/Doxo cells in normotonic conditions. The two graphs
represent flow cytometry plots of the electronic volume (EV) vs. time, during the
20 min of the experiment; (B) Cell volumes after one minute of hypo-osmotic stress.
Cell volumes were recorded by flow cytrometry before (control) or after one minute of
a 50% hypo-osmotic shock (Hypo 50%). Data are presented as mean + SEM; (C) Cell
volumes monitoring in MCF7 and MCF7/Doxo cells during a hypo-osmotic shocks.
The two flow cytometry plots represent the electronic volume (EV) of the cells
subjected to a 50% hypo-osmotic stress during the 20 min. MCF7 cells (left plot)
increased their volume without any compensation phenomenon. After a significant
volume increase, MCF7/Doxo cells (right plot) retrieved their original volume; (D) Data
extraction method. Nineteen equal gates of 1 min length have been created and applied
to all samples. The mean cell diameter (Diam.) and of the mean cell volume (MCV) in
each region have been extracted with the Cell Lab Quanta analysis software; (E) Cell
volume monitoring of MCF7 under different conditions. Cell volumes of MCF7 have
been recorded by flow cytometry in isotonic conditions (control) or during 25% or a
50% hypo-osmotic challenges; (F) Cell volume monitoring of MCF7/Doxo cells
under different conditions. Cell volumes of MCF7 have been recorded by flow
cytometry in isotonic conditions (control) or during 25% or a 50% hypo-osmotic
challenges. *** p < 0.001.

2.3. RVD in MCF7/Doxo Cells Is Dependent on P-gp Activity

The role of efflux activity of P-gp in the regulation of the RVD has been investigated using
different ligands of P-gp chosen for their different mechanisms of action. Thus, a non-competitive
inhibitor, zosuquidar (20 pM), a conformational monoclonal antibody, UIC2, and a P-gp substrate
used in chemotherapy treatment of breast cancer, doxorubicin (20 uM), have been used. First we
quantified the effect of each compound on the P-gp efflux activity with the calcein-AM as a
fluorescent allocrite probe (Figure 3A). Cells expressing high levels of P-gp rapidly extrude
nonfluorescent calcein-AM from the plasma membrane. As a result, fluorescence intensity is
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inversely related to P-gp [26]. The conformational antibody UIC2 and zosuquidar completely
abolished the P-gp activity in MCF7/Doxo cells, while doxorubicin did not alter the ability of
MCF7/Doxo to expel calcein. In isotonic conditions, the cell volumes of MCF7/Doxo were not
modified by any of the three ligands (data not shown). On the contrary, after 50% hypo-osmotic
shocks, RVD was inhibited by the 3 P-gp modulators (Figure 3B). Analysis at 1 min shows clearly
that the untreated MCF7/Doxo cells were already engaged in a RVD process while, in the presence
of zosuquidar or doxorubicin, they did not even reach their maximal volume (Figure 3C). After
7 min, the three ligands were able to significantly decrease RVD kinetics in MCF7/Doxo.
Comparisons of the RVD rates revealed that doxorubicin slowed down most of the RVD process
(Figure 3D). The experimental points of five different experiments, under doxorubicin treatment,
were fitted with straight lines (Figure 3E). The small slope demonstrated the nearly total inhibition
of the RVD in the presence of doxorubicin.
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Figure 3. RVD in MCF7/Doxo is dependent on the P-gp activity. (A) P-gp activity.
P-gp activity was followed with calcein-AM as a fluorescent probe. In each flow
cytometry measurement, a sample of 10,000 cells was analyzed. Superimposed
all-events histograms of calcein fluorescence distribution (log scale) in control
MCF-7/Doxo cells (left plot) and MCF-7/Doxo pre-incubated with the P-gp antagonist
zosuquidar and UIC2 (10 pM, middle plots) or with doxorubicin (right histogram); (B)
Cell volume monitoring of MCF7/Doxo in presence of P-gp modulators; (C) The
histogram represents the mean of the cell volume after 1 or 7 min of 50% hypo-osmotic
stress for the experiments presented in B. While under the control conditions (black)
the cells retrieved their original volume after 7 min, the cells in presence of the P-gp
modulators were not able to compensate their volume increase. Data are presented as
mean £ SEM, *** p < 0.001.; (D) RVD rate of MCF7/Doxo cells in 50% hypo-osmotic
shock (*** p < 0.001); and (E) Graphs show MCF7/Doxo cell volumes from five
independent samples analyzed by flow cytometry after 50% hypo-osmotic conditions in
the presence of doxorubicin. The data were fitted with Sigma Plot.

2.4. P-gp Activity and Cell Cycle

In isotonic conditions, cell proliferation is one of the major events leading to cell size regulation.
Thus, in the present work, cell volume changes were analyzed for the two variants during the cell
cycle (Figure 4A). Measurements of large cell populations indicate that MCF7 exhibits larger size
than MCF7/Doxo cells. In phase S or G2/M phases however, the volume of MCF7/Doxo was
found to be higher than that of MCF7. In order to study the P-gp activity during the cell cycle, we
developed a gating strategy based on the cell volumes defined by the cell cycle analysis
(Figure 4B). However, cell size variations affect fluorescence signals and induce alteration in cell
calcein content assessments. To overcome these potential variations, we have used the FL1-FC
parameter of the cytometer, in which fluorescence intensity (FL1) was normalized as a ratio of
fluorescence concentration to an accurate cell sizing determined by Coulter-type electronic volume
(EV) [26]. Results indicate that the basal fluorescence of the calcein was more important in gate 1
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(corresponding to the cells in G0/G1), which correlates with a lower P-gp activity (Figure 4C). The
best P-gp activity was detected in cells in G2/M which are the cells displaying the larger size. After
this, we used a non-competitive P-gp inhibitor, the PSC833, and tested its efficacy on the calcein
accumulation at the different stages of the cell cycle (Figure 4D). Dose response curves represented
in Figure 4E allowed us to determine ECso (half maximal effective concentration) and FEmax
(maximal effect) values of PSC833 for each gate. PSC833 maximal effect was increasing with the
progression of the cells in the cell cycle, without any modifications of potency (ECso).
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Figure 4. MCF-7/Doxo cells exhibit a cell cycle-dependent P-gp activity. (A) Cell
cycle of MCF7 and MCF7/Doxo was determined by DNA content measurements with
the nucleic acid dye Hoechst 33342. Four gates corresponding to hypoploid particles
(Apo), cells in GO/G1, cells S or cells G2/M phases were defined based on the FL1
level (left plots) and applied on the cell volume EV (right plots). The mean cell volume
of the MCF7 and MCF7/Doxo were extracted from each gate (tables); (B) The gates
defined in A on the FL1 parameter were switched on the EV channel to be applied to
the following experiments; (C) P-gp activity within the cell cycle. The P-gp activity
was assayed with calcein-AM and the amount of fluorescence per cell was expressed as
FL1-FC (fluorescent light in channel I-fluorescence concentration) which is the
fluorescent light (FL) divided by the electronic volume (EV) determined by the flow
cytometer according to the Coulter Principle; (D) P-gp inhibition with PSC833 within
the cell cycle. Different concentrations of PSC833 were used and the P-gp activity was
assayed with calcein-AM. The histogram represents the FL1-FC mean in each gate. The
stars represent the difference between the three groups after an ANOVA test; and (E)
PSC833 dose response curves expressed as mean FL1-FC. Each point represents mean
+ SEM (10 independent experiments) of FL1-FC, expressed as the ratio of signals in
the presence of a blocker to signal in control conditions in each gate. Four-parameter
logistic dose-response curves were fitted to the data to obtain blocker potencies
(half-maximal effective concentration, ECso) and efficacies (maximum response, Emax).
Data are presented as mean £ SEM with » = 10 independent assays per data point.
*p <0.05,*¥* p <0.01, *** p < 0.001.

3. Discussion

The role of P-gp in cell volume regulation has been discussed widely over the past 20 years. In
the present study, we used an original, non-intrusive and label-free method based on flow
cytometry coupled to Coulter volume determination to compare RVD in wild-type and
doxorubicin-resistant MCF7, during hypo-osmotic challenges. This technique allowed us to follow
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not only the volume variation of cells in a live scenario, but also to concurrently study cell volumes
and P-gp activity.

First, we demonstrated that MCF7 cells do not respond as MCF7/Doxo cells to hypo-osmotic
shocks. In fact, while MCF7 cells underwent a persisting volume increase throughout the 20 min of
the experiment, MCF7/Doxo cells were able to offset osmosis and to cancel swelling in less than
ten minutes, suggesting strongly that the P-gp is promoting RVD. Historically, because of sequence
similarities with an ABC transporter functioning as a chloride channel (the cystic fibrosis
transmembrane regulator, CFTR), a role for P-gp in volume regulation has been investigated and,
as a matter of fact, confirmed in P-gp overexpressing cells [13,28]. Thus, in 1992, Gill et al. stated
that P-gp could form a channel itself, or a component of such a channel [28]. Two years later,
Sadini and collaborators demonstrated in mdri/ABCBI transfected NIH-3T3 cells that short-term
hypotonic conditions caused an inhibition of P-gp activity [29]. In 1998, using a drug-sensitive cell
line (MCF-7) and a P-gp-expressing derivative (BC19/3), the authors demonstrated an increase in
the magnitude of cell volume activated chloride currents in BC19/3 cells, but ruled out the
possibility of P-gp being itself the channel responsible for the volume-activated currents [14].
Conversely, other studies concluded that RVD and osmoregulatory chloride currents were not
related to P-gp expression in resistant cell lines or in cells transfected with mdri/ABCBI
transcripts [17,19,20,30] or injected with the protein [31]. To add to the confusion, in 2002,
Chen et al. abolished volume-activated chloride currents in bovine pigmented ciliary epithelial cells
by using mdrl/ABCBI antisense oligonucleotides; suggesting their dependence on endogenous P-gp
expression [32]. In 2005, using the same cell lines as in the present study, our team demonstrated
that during hypotonic challenges, swelling-activated chloride currents were significantly activated
faster and with larger densities in MCF7/Doxo cells than in MCF7 cells [21]. We also
demonstrated the inhibition of this current by P-gp ligands, including conventional substrates such
as doxorubicin, as well as antibodies. These results are in accordance with the total inhibition of
RVD obtained in the presence of doxorubicin herein. In addition, our study is the first that
combines non-invasive measurements of the cell volume and a cell model overexpressing the P-gp
only by selection and not by transfection or injection.

More recently, in 2014, a relation between P-gp, AQP5 and drug resistance has been
established [33]. By using AQP5-siRNA to silence AQPS5 in the colon-derived cell line HT-29, the
authors obtained a decrease of P-gp expression as well as of other actors of drug resistance, such as
GST-n, and TOPO II. These findings are of prime importance since aquaporins are known to be
involved in the early phase of apoptosis, characterized by a cell shrinkage, named apoptotic volume
decrease (AVD) [34]. For instance, the under-expression of aquaporin AQP8 and 9, in
hepatocellular carcinoma, is responsible for the resistance to starvation or TGFp-induced
apoptosis [35]. Resistance to apoptosis is one of the principal features of tumor cells [22,36,37],
hence we could hypothesize a role of P-gp in AVD-impairment as a mechanism associated with
death evasion. In the presence of cytotoxins such as doxorubicin, and while pumping the substrate
out of the cells, the P-gp could be involved in pathways counteracting cell shrinkage and may thus
contribute to avoid apoptosis. Alteration of AVD could therefore be added to the classical
mechanisms of resistance that the cancer cells use against chemotherapeutic agents.
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In parallel to the mechanisms of cell volume regulation in hypotonic conditions, we demonstrated
obvious differences in term of morphology and cell volume between the two variants, in regular
osmotic pressures. MCF7 cells in suspension in an isotonic solution have an average volume of
about 2000 um?®, while MCF7/Doxo cells have a much smaller volume of 1500 um?. This is in
accordance with the results of Yang and collaborators demonstrating that human ovarian cancer
cell line SKOV3 that started to express P-gp after a selection with cisplatin, exhibited dramatic
changes in morphology, including reduction in cell size, loss of cellular projections and
clustering [38]. In ascites tumor cell lines, a high correlation between the ability to pump out
daunorubicin (by the P-gp), and the decrease in cell volume detected has also been demonstrated in
resistant cell lines [39].

The measurement of the membrane capacitance in the whole cell configuration of the patch
clamp technique revealed that the enclosed volume of the membrane is theoretically 70,847 um? for
MCF7 cells and 119,918 um? for MCF7/Doxo cells. This technique gives some information on the
total area of the plasma membrane. Therefore, although the difference between the values obtained
by Coulter volume and volume per surface area may seem significant, the folding structure of the
membrane, which indeed contributes to the membrane capacity and not to the volume, could be an
explanation. Thus, the measurements of the membrane capacitance suggest that the two variants
have a different membrane conformation, whereby MCF-7/Doxo cells contain more membrane
folding than MCF-7 cells (Figure 5). The volume differences between the two variants could also
be explained by the difference in terms of morphology in phase contrast on adherent cells, since it
was mentioned that MCF7 cells are more birefringent, so more swollen than MCF7/Doxo cells. We
can hypothesize that through peculiar interactions with lipids and favorable locations in the plasma
membrane, P-gp can influence the membrane structure [40—42].

Recently, many authors raised the possibility of a G1/S volume checkpoint controlling the
progression through the cell cycle [43,44]. Even if the concept of a cell size checkpoint in the cell
cycle has been well established in yeast and other organisms [45], it yet remains controversial in
mammalian cells [46—48]. Some authors suggest that translational checkpoints at the G1/S
transition could set a lower cell size limit [49-51], while others claim the importance of an upper
limit of cell volume in progression through M phase [52,53]. Even if the cell volume regulation
seems mandatory for the cell cycle progression and cell division, it remains unclear if these events
are triggering the cell cycle itself or if they are just actors activated through the regular cyclin
dependent kinase/cyclin (Cdk/cyclin) complex [43,44]. As per our results reported here, it seems
that MCF7 cells are able to undergo a complete normal mitosis. Moreover, in a previous
publication, we confirmed that there is no difference between the proliferation capacity of MCF7
and MCF7/Doxo, except the resistance to chemotherapy drugs exhibited by MCF7/Doxo cells [25].
Therefore, even if during the 20 min of hypotonic stress MCF7 cells were not able to display any
efficient volume compensation, it seems that they are completely able to activate volume regulatory
mechanisms in the cell cycle context.
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Figure 5. Schematic representation of MCF7 and MCF7/Doxo cells in each situation.

Finally, we were also able to show that the cells involved in mitosis display the highest P-gp
activity. During mitosis, cells are subjected to constant volume variation that may reinforce the role
of P-gp in cell volume regulation. Moreover, many drugs used in chemotherapy target cell division,
and a high expression level of P-gp has been linked to resistance to these drugs [54,55]. We can
thus suggest a new mechanism of resistance to this drug, independent of the drug efflux abilities of
P-gp; this data therefore allows us to imagine the existence of new mechanistic consequences of
P-gp overexpression.

4. Material and Methods
4.1. Cell Cultures

The study was carried out with human breast carcinoma derived cells, MCF-7 cells and its
multi-drug resistant variant (MCF-7/Doxo); kindly provided by J.-P. Marie (Hotel Dieu, Paris,
France). MCF7/Doxo cells were isolated by stepwise selection with increasing concentrations of
doxorubicin [56]. Cells were maintained in RPMI 1640 (Sigma, St. Louis, MO, USA) containing
5% of heat-inactivated fetal bovine serum (Sigma), 2 mM L-glutamine (Sigma, St. Louis, MO,
USA), 1% antibiotic/antimycotic solution (Sigma), and incubated in a humidified atmosphere



181

containing 5% of CO2 at 37 °C. Doxorubicin (1 uM) was added to the culture medium for the
maintenance of the multi-drug resistant phenotype of MCF7/Doxo cells.

4.2. Reagents

All reagents were of the highest grade of purity and quality available. Purified doxorubicin
(DOXO), DMSO, and phosphate buffer saline (PBS buffer, pH 7.4) were purchased from Sigma.
Calcein acetoxy-methylester (calcéine-AM) was supplied by Invitrogen Life Technologies
(Carlsbad, CA, USA). SDZ PSC833 and zosuquidar were kindly provided by J.-P. Marie (Hotel
Dieu, Paris, France). The final concentration of DMSO and H20 was less than 0.1%.

4.3. Flow Cytometry

For P-gp expression, activity or cell cycle, the fluorescent light (FL) was quantified using a Cell
Lab Quanta SC MPL flow cytometer (Beckman Coulter, Fullerton, CA, USA) equipped with
a 22 mW 488 nm excitation laser. Voltage settings of photomultipliers were not modified
throughout the experiments [24,25]. Each analysis consisted of a 10,000 events record, triggered on
electronic volume (EV) as primary parameter, according to a particle diameter exceeding 8 pm.

For the volume monitoring, the cytometer was operated at a flow rate of 25 pL/min. Cell sizes
were accurately determined using the Coulter-type electronic volume (EV) channel of the
cytometer, after calibration with 10-um FlowCheck microspheres [57]. The cell volume
distribution was measured for 20 min.

4.4. Osmostic Challenges and RVD Rate Calculation

Osmolality of solutions was checked and adjusted by using a Wescor Vapro 5520 vapor pressure
osmometer (Wescor Elitech, Logan, UT, USA). RVD rate is the time constant. It has been
calculated using the Software Sigma Plot 11 (Systat Software Inc., Chicago, IL, USA). Data have
been fitted with the Regression wizard using the Exponential Decay function. There are three
parameters and the equation is y = y0 + a x e(—bx), where “b” is the decrease constant
corresponding to the time constant represented in the bar graph (Figure 3D).

4.5. P-gp Activity

The calcein-AM efflux assay was used as previously described [26]. Briefly, resuspended cells
were loaded with 0.25 uM calcein acetoxy-methylester (Invitrogen) in RPMI for 15 min at 37 °C in
the dark. Green FL was quantified via the FL1 channel (log scale) through a 525 nm band
pass filter.

4.6. Cell Cycle

By using a cell-penetrating DNA-binding dye, Hoechst 33342, cellular DNA content could be
measured without fixation and permeabilization. Briefly, cells were incubated with 20 pg/mL
Hoechst 33342 in cell culture medium for 45 min at 37 °C. The stained cells were analyzed by the
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Quanta SC MPL using the Hg arc lamp with a 355/37BP excitation filter as excitation and detected
on the FL1 with a 465/30BP filter. Data acquisition was carried out by triggering on FL1.

4.7. Electrophysiology

For patch-clamp recordings, cells were allowed to attach for 3—4 h to 20 mm diameter glass
cover slips. The electrophysiological studies were performed at room temperature (23-25 °C) on
the stage of an inverted microscope (Nikon TE2000, Champigny-sur-Marne, France) using the
whole-cell configuration of the patch-clamp technique in the voltage-clamp mode. Patch pipettes
were pulled from borosilicate glass capillaries (Harvard Apparatus, Holliston, MA, USA) with
a P-97 horizontal puller (Sutter Instrument, Novato, CA, USA). The intracellular (pipette) solution
contained (in mM): 134 CsCl, 1.8 CaCl, 1 MgCl, 2 ethylene glycol-bis(b-aminoethylether)-
N,N,N',N'-tetraacetic acid (EGTA), 10 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) and 3 Na2ATP; adjusted to pH 7.2 with CsOH. The 20%-hypotonic bath solution
(240 mOsmol/kg H20) contained (in mM): 2.8 tetraethyl ammonium (TEA)-Cl, 100 N-methyl-D-
glucamine (NMDG)-CI, 2 MgClz, 1 CoClz and 10 HEPES, adjusted to pH 7.4 with HCI. In order to
avoid any change in ECI, the osmolality was set at 300 mOsM by adding mannitol. When in the
bath and filled with the intracellular solution, patch pipettes had a resistance between 2 and 4 MQ.

Recordings were made with an Axopatch 200B patch-clamp amplifier interfaced to a 1.5 GHz
computer via a Digidata 1322 and pClamp 8.0 software (Axon instruments, Foster City, CA, USA).
Cells with access resistances exceeding 10 MQ immediately after gaining the whole cell
configuration or during hypotonic challenge were discarded.

4.8. Statistical Analysis

All quantitative data were expressed as mean =+ standard error of the mean (SEM). Statistical
analyses were performed with SigmaPlot 11 (Systat Software Inc., Chicago, IL, USA). A Shapiro-Wilk
normality test, with a p = 0.05 rejection value, was used to test normal distribution of data prior
further analysis. All pairwise multiple comparisons were performed by one way ANOVA followed
by Holm-Sidak posthoc tests for data with normal distribution or by Kruskal-Wallis analysis of
variance on ranks followed by Tukey posthoc tests, in case of failed normality test. Paired
comparisons were performed by Student’s z-tests or by Mann-Whitney rank sum tests in case of
unequal variance or failed normality test. Statistical significance was accepted for p < 0.05 (*),
p<0.01 (**) or p <0.001 (***). All experiments were performed in triplicate.

For the purpose of ICso value calculation (dose-response curves of calcein-AM assay), data were
fitted to a sigmoidal three parameters dose-response model [58]:

y=b+ (a—b)/(1 + 10 (log ICso — X))

where (y) is response, i.e., the ratio of mean FL1-FC in the presence of PSC833 to mean FL1-FC in
control condition, (b) represents minimum of response, (a) represents maximum of response Emax,
(x) is logarithm of PSC833 concentration and ICso (or ECso) is the concentration of inhibitor that
corresponds to 50% of maximal effect.
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5. Conclusions

In this study, we show evidence for a role of P-gp in cell volume regulation by combining
microscopic observations, coulter volume, flow cytometry and electrophysiology. Taken together,
our results strongly suggest that overexpression of P-gp in MCF7/Doxo cells has an impact on cell
volume regulation in regular osmotic pressure and also during hypo-osmotic stresses. We highlight
unexpected differences between two MCF-7 variants in regular osmotic conditions. Under osmotic
challenge, P-gp overexpression influences cell volume regulation; it can then be supposed that
P-gp overexpression contributes to chemoresistance not only by drug efflux, but also by volume
stabilization and AVD-impairment. However, it should be emphasized that even if hypo-osmotic
challenges associated with RVD monitoring remains an experimental approach to model AVD, a
direct study of AVD seems necessary to validate our assumption. Overall, by multimodal cell
volume monitoring, we were able to rekindle discussion on the role of P-gp in cell volume regulation.
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A Review of Cell Adhesion Studies for Biomedical and
Biological Applications

Amelia Ahmad Khalili and Mohd Ridzuan Ahmad

Abstract: Cell adhesion is essential in cell communication and regulation, and is of fundamental
importance in the development and maintenance of tissues. The mechanical interactions between a
cell and its extracellular matrix (ECM) can influence and control cell behavior and function. The
essential function of cell adhesion has created tremendous interests in developing methods for
measuring and studying cell adhesion properties. The study of cell adhesion could be categorized
into cell adhesion attachment and detachment events. The study of cell adhesion has been widely
explored via both events for many important purposes in cellular biology, biomedical, and
engineering fields. Cell adhesion attachment and detachment events could be further grouped into
the cell population and single cell approach. Various techniques to measure cell adhesion have
been applied to many fields of study in order to gain understanding of cell signaling pathways,
biomaterial studies for implantable sensors, artificial bone and tooth replacement, the development of
tissue-on-a-chip and organ-on-a-chip in tissue engineering, the effects of biochemical treatments
and environmental stimuli to the cell adhesion, the potential of drug treatments, cancer metastasis
study, and the determination of the adhesion properties of normal and cancerous cells. This review
discussed the overview of the available methods to study cell adhesion through attachment and
detachment events.

Reprinted from Int. J. Mol. Sci. Cite as: Khalili, A.A.; Ahmad, M.R. A Review of Cell Adhesion
Studies for Biomedical and Biological Applications. Int. J. Mol. Sci. 2015, 16, 18149-18184.

1. Introduction

Adhesion plays an integral role in cell communication and regulation, and is of fundamental
importance in the development and maintenance of tissues. Cell adhesion is the ability of a single
cell to stick to another cell or an extracellular matrix (ECM). It is important to understand how cells
interact and coordinate their behavior in multicellular organisms. In vitro, most mammalian cells
are anchorage-dependent and attach firmly to the substrate [1]. According to the “cell adhesion
model”, the more a cell sticks the more it shows the greater number of chemical bonds it has on its
surface [2,3].

Cell adhesion is involved in stimulating signals that regulate cell differentiation, cell cycle,
cell migration, and cell survival [4]. The affinity of cells to substrate is a crucial consideration in
biomaterial design and development. Cell adhesion is also essential in cell communication and
regulation, and becomes of fundamental importance in the development and maintenance of
tissues. Changes in cell adhesion can be the defining event in a wide range of diseases including
arthritis [5,6], cancer [4,7,8], osteoporosis [9,10], and atherosclerosis [11,12]. Cell adhesiveness is
generally reduced in human cancers. Reduced intercellular adhesiveness allows cancer cells to
disobey the social order, resulting in destruction of histological structure, which is the morphological
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hallmark of malignant tumors [8]. Tumor cells are characterized by changes in adhesivity to ECM,
which may be related to the invasive and metastatic potential. Alterations in cell-matrix and
cell-cell interactions are cell type- and oncogene-specific. For example, while the transfection of
rodent fibroblast cells with Src and Ras oncogenes reduces the adhesiveness to fibronectin (Fn) by
impairing a5B1 integrins, the activation of oncogene ErbB2 in breast cancer up-regulates a5f1
integrin and enhances adhesion [13,14]. The adhesion of highly invasive cancer cells altered the
biomechanics of endothelial cells [15]. Mierke [15] reported that MDA-MB-231 cells’ attachment
may lower the endothelial cells’ stiffness by breaking down the cells’ barrier function through
remodelling of the actin cytoskeleton.

Different requirements for cell adhesion are needed for various types of applications, and are
dependent on the cell’s specific applications [16]. Various techniques to analyze cell adhesion have
been applied to understand different fields of study including biomaterial studies [17], the effects of
biochemical treatments and environmental stimuli to the cell culture [18], and determination of
adhesion properties of normal and cancerous cells [19]. Biomaterials designed in biomedical
engineering that have to interact with blood, like those in artificial heart valves or blood vessels, are
required not to be adherent to cells or plasma proteins to avoid thrombosis and embolism. On the
other hand, materials used in scaffolds for tissue generation are needed to act as substrate to
promote the cells’ adhesion, subsequent proliferation, and biosynthesis [16]. Adhesion between
cells allows blood clot formations that may lead to heart failure by restricting the blood supply to
the heart muscles [16].

1.1. Focal Adhesion

Cells transmit extracellular or intracellular forces through localized sites at which they are
adhered to other cells or an extracellular matrix. The adhesion sites are formed by transmembrane
proteins called integrins to anchor the cell to a matrix or adhesion molecules to other cells [20].
Both the integrins and adhesion molecules are attached to the tensile members of the cytoskeleton,
the actin filaments, through the focal adhesion (FA) complex (Figure 1), a highly organized cluster
of molecules [21]. The cytoskeletal structure holds the nucleus and maintains the shape of the
cell [22-24]. As a pathway for force transmission to the cytoskeleton, integrins play an important
role in mechanotransduction through FA proteins connecting the integrin domains to the actin
filaments to form the adhesion complex [24]. Upon binding, integrins cluster into FA complexes
that transmit adhesive and traction forces [25,26]. The FA formation is important in cell signaling
to direct cell migration [27], proliferation, and differentiation [28,29] for tissue organization,
maintenance, and repair [28].
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Figure 1. Schematic representation of activated integrin and formation of
ECM-integrin-cytoskeleton linkages in the focal adhesion site upon application of
an external tensile load. Reproduced “in part” from [24] with permission of The Royal
Society of Chemistry.

1.2. Phases of Cell Adhesion and Spreading
1.2.1. Passive in Vitro Cell Adhesion

Passive in vitro cell adhesion is the cell adhesion process in a static medium culture, e.g., culture
flasks, petri dishes. During static in vitro cell-matrix attachment and spreading, cells undergo
morphologic alterations driven by passive deformation and active reorganization of the cytoskeleton.
Integrin receptors and heterodimeric transmembrane proteins play a central role in cell adhesion and
spreading. Specific integrin binding provides not only a mechanical linkage between the
intracellular actin cytoskeleton and ECM, but also the bidirectional transmembrane signaling
pathways [29-33]. Integrins recognize soluble ligands and insoluble ECM proteins and their
interaction regulates cell responses such as cytoskeleton formation. The binding of integrins with
their ECM proteins activates the Rho GTPase family (including Rho, Rac, and Cdc42), which is
involved in cell spreading and migration [34,35], and Rho controls stress fiber formation and the
assembly of focal adhesions [34].

The process of static in vitro cell adhesion is characterized by three stages (Table 1): attachment
of the cell body to its substrate (initial stage), flattening and spreading of the cell body, and the
organization of the actin skeleton with the formation of focal adhesion between the cell and its
substrate [35]. Cell spreading appears to be accompanied by the organization of actin into
microfilament bundles. The strength of adhesion becomes stronger with the length of time a cell is
allowed to adhere to a substrate or another cell. The initial adhesive interaction between the cells
and the substrate are driven by the specific integrin-mediated adhesion and starts with the binding
of single receptor-ligand pairs [36]. This will initiate the subsequent receptor-ligand bonds and
quickly enhance in number, thus increasing the total adhesion strength [37]. The adhesion
properties of cells could be determined by studying various cell-substrate contact times [38].
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Following initial attachment, cells continue flattening and spreading on the substrate, resulting
in the decrement of cell height (the cell flattens) and increment of contact area (Phase I) [16]. Next,
the cell spreads beyond the projected area of the unspread spherical cell (Phase II) [36]. The
spreading process is the combination of continuing adhesion with the reorganization and
distribution of the actin skeleton around the cell’s body edge [16]. Cells will reach their maximum
spread area through expansion and adhesion strength will become stronger (Phase III).

Table 1. Evaluation of passive in vitro cell adhesion intervention and stages [36].
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1.2.2. Dynamic in Vivo Cell Adhesion

The adhesion of cells to the extracellular matrix in vivo under blood flow is a dynamic process.
Cells will undergo dynamic adhesion alterations during their morphogenesis, tissue remodeling,
and other responses to environmental cues [39]. /n vivo dynamic cell adhesion is mediated through
molecular bonding between cell-surface receptors and their ligands or counter-receptors on the
other cell surfaces in the extracellular matrix. Shear flow is a crucial factor to initiate cell adhesion
as it mediates the activation of B-integrin via E-selectin signaling [40]. The adhesive bond is
defined as the sum of non-covalent interactions, e.g., hydrogen bonds, electrostatic interactions,
van der Waals forces, dipole-dipole interactions between two macro molecules [39]. Leukocytes or
hematopoietic progenitors and tumor cells are the cells involved in dynamic vascular cell adhesion
in vivo. Leukocytes and hematopoietic progenitors are the essential cells in the human immune
response system that will migrate from one site to another to provide the effector function. Tumor
cell interactions with endothelium and the subendothelial matrix constitutes a crucial factor in
determining the metastatic potential of the cells and organ preferences of cancer metastasis [41,42].

The cell adhesion cascade and signaling events in vivo involve three basic steps: selectin-mediated
rolling, chemokine-triggered activation, and integrin-dependent arrest [43]. Initial recognition of
dynamic cell adhesion in vivo involves the “docking” phase, which occurs between the rolling of
cells to endothelial cells and to cell arrest (Figure 2), mediated by a weak and transient adhesion
mechanism involving carbohydrate-carbohydrate and/or carbohydrate-protein interactions. The
molecules involved at this stage are cell-surface conjugates, selectins, chemokines, or
immunoglobulins (Igs) [42]. The cell adhesion cascade begins as a cell tethers to roll on the
vessel’s wall. Molecular bonding between the adhesion molecules must form rapidly for cells to
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tether, and the bonding must break rapidly for cells to roll [39]. The rolling cells transduce signals
from adhesion receptors and chemokine receptors that cause cells to roll slower and then to arrest, a
prerequisite for emigration through the vasculature into underlying tissue [39].

Subsequently, cells will established stable bonds with endothelial cells during the activation-
dependent “locking” phase, mediated largely by integrins and modulated by a host of bioactive
mediators resulting from the activated cells [42]. Integrin-mediated adhesion is characterized by at
least two events: arrest from rolling, which is mediated by increased cell avidity to endothelium, and a
post-binding phase of adhesion stabilization [43]. In the “locking” phase, cell adhesion
strengthening and spreading happens similarly to the static in vitro adhesion followed by
intravascular crawling and transmigration (paracellular or transcellular) (Figure 2) [43]. This then
permits the adhered cells to emigrate out of the vasculature. The intraluminal crawling facilitates the
cell adhesion to emigration [44]. The post-adhesion events strengthen cell attachment to the
endothelium, and into the molecules that are involved in cells’ transendothelial migration [45,46].

DOCKING LOCKING

Endothelial cells
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Endothelial cells

Figure 2. Dynamic in vivo cell adhesion cascade with “docking” and “locking” phases.
The basic cascade steps are labeled in red boxes and steps recovered later are labeled in
green boxes.

2. Types of Adhesion Studies

The mechanical interactions between a cell and its ECM can influence and control cell behavior
and function. The essential function of cell mechanobiology and its progressively important role in
physiology and disease have created tremendous interests in developing methods for measuring the
mechanical properties of cells. In general, cell adhesion studies can be categorized into cell
attachment and detachment events. Numerous techniques have been developed to analyze cell
adhesion events through the study of single cells as well as the populations of cells. Cell adhesion
attachment events are focusing on the cell attachment mechanism to the substrate, while the
detachment events involve the application of load to detach the adhered cells on the substrate
(Figures 3 and 4).
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Figure 3. Schematic diagram of cell adhesion attachment events for (a) single cell
studies via the formation of molecular bonds; (b) cell population studies via static
adhesion (e.g., wash assay technique); and (c) cell population studies via dynamic
adhesion (e.g., microfluidic technique).

2.1. Cell Adhesion Attachment Events

Cell attachment studies cover the analysis from the formation of a molecular bond between the
cell’s surface receptors and the complementary ligands (on the ECM’s surface) to the observation
of a population of cells’ responses through the cells’ behavior and changes of morphology during
the attachment events. In cell migration, the cell adhesion plays a pivotal role in the driving force
production [27]. The adhesion events could be grouped into single cell and cell population analysis
(Figure 5). For the single cell study, the experiments were performed to analyze the interaction
forces between the individual cell and its substrate (Figure 3a), observing the individual cell’s
morphology changes, studying the cell’s migration, and measuring the cell’s traction forces using
polyacrylamide (PA) gel-based traction force microscopy (PA-TFM), micropattering technique,
and three-dimensional traction force quantification (3D-TFM). Population studies involve the
analysis of attachment events for a group of cells. It is important in analyzing the adhesion
behavior of cells toward treatments or different physiological conditions (e.g., wash assay and
microfluidic techniques), for the understanding the cell adhesion kinetics (e.g., resonance
frequency technique), in determining the biocompatibility of biomaterials for tissue engineering,
cancer metastasis studies, and also the potential of drug treatments (e.g., microfluidic techniques).

2.1.1. Techniques to Study Cell Attachment Events
Attachment Events: Single Cell Approach

Polyacrylamide-Traction Force Microscopy (PA-TFM). Numerous techniques have been
developed to understand cell adhesion by characterizing single cells during their attachment events.
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PA-TFM is one of the widely used techniques to study single cells’ traction force, the force exerted
by cells through contact to the substrate surface. Cells will be cultured on the polyacrylamide gel
functionalized with the cells’ adhesive ligands and fluorescent beads embedded near the gel
surface [47]. Upon the adhesion attachment events, cells will generate traction forces that move
the beads and the movement will be quantified by tracking the displacement of the fluorescent
beads [47-49]. Reinhart-King et al. [50] reported cell spreading increased with the increasing
concentration of arginine-glycine-aspartic acid (RGD)-peptide by measuring the magnitude,
direction, and spatial location of mechanical forces exerted by endothelial cells. Sabass et al. [51]
improved the reliability and spatial resolution of traction force microscopy to 1 um by combining
the advances of experimental computational methods. An epithelial wound-healing assay was
developed by Ng et al. [52] to study the migration of individual MCF10A4 on PA substrates with a
range of substrate compliances. Their findings showed that the wound could initiate a wave of
motion that directs cells’ coordination towards the wound edge and substrate stiffness influenced
the collective cell migration speed, persistence, and directionality as well as the coordination of cell
movements [52]. Traction forces of human metastatic breast, prostate, and lung cancer cell lines
were found to be higher than non-metastatic counterparts, suggesting the cellular contractile force
involve in metastasis and the physiological environment might regulate cellular force
generation [48]. Wen et al. [53] reported stem cell differentiation was regulated by the stiffness of
planar matrices independently of protein tethering and porosity. Beside single cell analysis, there
have also been some adhesion studies done on the population of cells. Endothelial cells were
reported to exert greater traction forces compared to single cells once in contact with the adjacent
cell, thus suggesting an increase in cellular contractility with contact [54].

Micropatterning. Micropatterning (also known as microfabricated elastomeric post array
(mPADs) or micropillar) is a method that provides a micrometer scale: a soft, three-dimensional
complex and dynamic microenvironment for both single cell studies and also for the multi-cellular
arrangements in populations of cells. It relies on basic elastic beam theory, which makes force
quantification easier and more reliable, as there is only one traction force field for each
micropost/micropillar displacement map [55]. Cell micropatterning comprises the fabrication
and use of a culture substrate with microscopic features that impose a defined cell adhesion pattern.
It is an efficient method to investigate the sensitivity and response of a cell to specific
microenvironmental cues [56]. At the basic level, micropatterning approaches involve controlling
cellular attachment, shape, and spreading as a function of the engineered spatial properties of the
cultured surface [57]. Micropattering could be used to study cell adhesion for both the single cell
level and also for the population of cells. Tan et al. [26] found that cell morphology regulates the
magnitude of traction force generated by cells. These findings demonstrate a coordination of
biochemical and mechanical signals to regulate cell adhesion and mechanics, which introduce the
use of arrays of mechanically isolated sensors to manipulate and measure the mechanical
interactions of cells [26]. Mandal et al. [58] introduced the micropatterned surfaces combined with
the thermo-responsive poly(N-isopropyla-crylamide) (PNIPAM) as an actuator which induces cell
detachment when the temperature is reduced below 32 °C. It has been reported that the
micropatterning technique is able to independently tune the biochemical, mechanical, and
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spatial/topography properties of biomaterials that could provide the opportunity to control cell fate
for tissue engineering and regenerative medicine applications [59]. Laminar atheroprotective fluid
shear stress has been found to induce increments in traction force generation and endothelial cell
alignment, which are associated with inflammation and atherosclerosis progression [60].

Three-Dimensional Traction Force Quantification (3D-TFM). The ability to grow cells
within ECM gels (3D culture) is a major advantage to understand in vivo cellular cell behaviors,
ranging from differentiated function to maintenance of stem cell functions [61,62]. The 3D-TFM
technique uses 3D matrixes such as agarose, collagen, hyaluronic acid, fibrin, or matrigel for the
cell culture. Individual cells are grown inside the gel matrix embedded with fluorescent beads
surrounding the cell. Bead dispersion in the 3D gel will be observed to estimate the cellular
contractility of the cell during migration [63—67]. In contrast to 2D migration, cell migration
through a dense 3D network of extracellular matrix proteins is possible only when the cell generates
sufficient tractions to overcome the steric hindrance of the surroundings [68]. Koch et al. [69] used
the method to develop the 3D traction map of several tumor cell lines (MDA-MB-231 breast
carcinoma, 4-125 lung carcinoma) and found that the directionality is important for cancer cell
invasion rather than the magnitude of traction, and the invasive cells elongated with spindle-like
morphology as opposed to the more spherical shape of non-invasive cells [69]. The disruptive
effect of the nocodazole drug on the neuronal processes has been analyzed using matrigel-embeded
microbeads and neuron cells [65]. Kutys and Yamada [70] managed to explored pathways
controlling the migration involving the GEF/GAP interaction of fPix with srGAPI that is critical
for maintaining suppressive crosstalk between Cdc42 and RhoA during 3D collagen migration.
Fraley et al. [66] reported that instead of forming aggregates in the 3D matrix, the focal
adhesion proteins diffused and distributed throughout the cytoplasm and were responsible in
modulating cell motility.

Attachment Events: Population Approach

Wash Assay. In the population cell adhesion studies, the process of cell attachment can be
divided into two types; static culture and dynamic culture, depending on the cell adherence
mechanism during the cell culturing. Static culture is the stagnant condition of the cell culture
medium during the incubation for cell adhesion, which is applicable for the culturing of cells inside
microwell plates (Figure 3b), petri dishes, culture flasks, and cell cultures on the ECM-coated
cantilever inside the chamber. The static culture was used in the wash assay and resonance
frequency techniques. In the wash assay, cells were cultured in 96 multiwell plates for the cell
attachment events, followed by cell washing before adhesion analysis (e.g., cell count, protein/DNA
count, or antibody binding) was carried out [71-74]. Wash assays provide basic qualitative
adhesion data by determining the fraction of cells which remain adhered after one or more
washings [75]. Cells that remain adhered to the substrate after washing will be analyzed for further
quantitative analysis such as cell count, quantification of DNA content, protein count, or antibody
binding. Treatment of D. mucronata crude extract to the cancerous wehi-164 cells significantly
modulated their attachment and spreading behavior to the fibronectin-coated multiwell plates [74].
Chen et al. [73] extracted the adhered HeLa cells from the collagen-coated multiwell for further
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enrichment process and analysis. Park ef al [71] developed adhesion-based assay for high-
throughput screening for the discovery of small-molecule regulators of the integrin CD11b/CD18
to further understand the mechanism of integrin activation and binding.

Resonance Frequency. The integration of advanced microelectronics technology with signaling
processing and biological sensing interfaces has grown widely to develop biosensor devices.
Piezoelectric sensor is the acoustic sensor which is able to detect label-free and selective biological
events in real time. Quartz crystal microbalance (QCM) is one of the widely used piezoelectric
acoustic wave resonator [76] biosensors for the study of cell adhesion and cell spreading. It is
comprised of a thickness shear mode resonator made from a thin (AT-cut) quartz crystal
sandwiched between two metal electrodes [77]. The sensor is coated with ECM before cells are
mounted on it and placed in the chamber for cell adhesion to occur. Whole cells will act as sensing
elements in the cell-based biosensors, as cells continuously react to the environment. The
piezoelectric resonators will perform shear oscillations parallel to the sensor faces [78] upon cell
adhesion activity, which will propagate through the sensor in a direction perpendicular to its
surface. During attachment and cell spreading on the sensor surface, changes in resonant frequency
could be detected upon the interactions between the cell membrane and the substrate, and upon the
changes in the fractional surface coverage by the cells [77-85]. The resonance frequency of the
sensor alters when a foreign mass attaches to the sensor’s active surface and the frequency
shifts will represent the mass of the absorbed material [77]. The adhesion process and the
molecular interactions will produce signals representing cell adhesion kinetics determined by the
sensor [36,83,86,87]. This technique has been found able to monitor cell attachment and spreading
of animal cells on a particular surface quantitatively and in real time.

Zhu et al. [87] found the mechanisms governing elasticity and adhesion are coupled and affected
differently during aging. Heitmann and Wegener [78] reported that the resonance frequency
technique not only can be used to monitor cell adhesion but can also present as an actuator to
perturb cell-substrate contact sites without causing damage to the cell when using the driving
voltage for normal monitoring amplitude. The propagation properties of the acoustic wave in
materials vary according to the different properties of the materials, and their energy is dissipated
in the presence of fluids or viscoelastic materials [76,88]. The variation of the sensor resonance
frequency (Af) and acoustic wave energy dissipation can be used to gain direct measurements of the
physical properties of the layers in contact with the chip [76,88,89]. The obvious difference in total
frequency shift is caused by the different numbers of attached cells, since the geometries and the
fundamental resonance frequency are similar. Besenbacher et al. [84,85] analyzed cell adhesion
and spreading of MC37T3-El and NIH3T3 cells on different precoated biocompatible surfaces.
Braunhut et al. [90-93] have developed and optimized the performance of the QCM biosensor and
carried out a study on the effects of various types of anti-tumor drugs (e.g., nocodazole, taxol,
taxane) on the adhesion of different types of cancer cells. In the advancement of resonance
frequency technology, the sensor has been shown capable of acting as both sensor and actuator. It
can be used as a sensor for cell adhesion and as an actuator to induce oscillations on the growth
surface [78]. Recently, the usage of resonance frequency technique in cell adhesion has emerged to
provide a platform for small sample sizes of cells in a dynamic fluid condition. Resonance
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frequency technique is used as an actuator to provide the acoustic wave needed for the dynamic
fluid condition in the device and as sensor to measure cell adhesion. Warrick ef al. [94] have
developed a high-content adhesion assay to overcome the limitation of the available methods to
perform analysis on small animal biopsies and rare cell isolations. Hartmann ez al. [95] produced a
new tool for the dynamic analysis of cell adhesion that provides small cells’ sample volume, a short
measuring time, and flexibility for different types of substrates that are suitable for studying the
implant material compatibility.

Microfluidics. In contrast to the static culture, the dynamic culture applies fluid movement
during the cell culturing and adhesion process. Low fluid shear flow is needed to help the cell
attachment process as it mimics the blood flow in the human body. Cells are continuously exposed
to hemodynamic forces generated by blood flow in most biological systems. The balance between
the adhesive forces generated by the interactions of membrane-bound receptors and their ligands
with the dispersive hydrodynamic forces determines cell adhesion [96]. Cell adhesion attachment
events dynamic culture can be observed using microfluidic technique. The advantages of
microfluidic systems (fluid manipulation and control, low fluid intake and miniaturization)
encouraged their use in dynamic culturing for cell adhesion studies. This technique was used to
study the ability of cells to adhere and to observe cell spreading, tracking, and migration inside the
channel under the influence of fluid flow. Rupprecht et al. [97] reported that cell shape,
movements, and the rate of cell division were found to be similar in petri dishes and microfluidic
channels. Alapan et al. [98] applied the microfluidic technique to analyze the adhesion properties
and deformability of human red blood cells in flow using blood samples from 12 different subjects.
From the study of cell adhesion properties and dynamics, the technology has grown and been
upgraded into the development of tissue-on-a-chip and, later, organ-on-a-chip for biomedical and
pathological studies. Cell monolayers were grown in the microfluidic channel and made to mimic
the human vascular system to be used for important bioengineering and biomedical analysis. A
multi-step microfluidic device has been developed by Chaw er al. (2007) to analyze the
deformation and biological and migratory capability of various tumor cell lines (HepG2, HeLa, and
MDA-MB 4358) to the lining of HMEC cells inside the channels [99]. Nalayanda et al. [100] have
built a series of bio-mimetic devices for the model of alveolar-capillary membranes while
Song et al. [101] have developed a cancer cell metastasis model using microfluidic technology.
Fu et al. [102] studied tumor cell adhesion to the endothelium cell layer under shear flow by
combining micro-particle imaging velocimetry (uPIV) technique with flow chamber assay to
understand the interactions between leukocytes and tumor cells near the endothelium wall region.
A microfluidic model for organ-specific extravasation of circulating tumor cells (CTCs) has been
build by Riahi ef al. [103] to demonstrate the extravasation of MDA-MB-231 cancer cells by
analyzing the cells’ adhesion capability to the endothelial monolayer inside the channel.

2.2. Cell Adhesion Detachment Events

Cell adhesion detachment studies involve load application to the adhered cells on the ECM to
free the cells from their cell-matrix bonding (Figure 4). The applied force that produces cell
detachment is quantified as the cell’s adhesion strength. Many types of assays have been developed
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to measure cells’ adhesion strengths and can be divided into single cell and population cell studies
(Figure 4b,c). Measuring cells’ adhesion strengths has become an emerging interest in various
areas of study, including biomaterial compatibility in the human body, characterizing different
stages of cancer cells, drug treatments for diseases, and the discovery of biomarkers for early
disease diagnosis. Cells will be cultured and allowed to adhere on the ECM-coated matrix followed
by cell detachment processes and adhesion strength measurement. For the single cell approach, the
detachment process is focused on an individual cell and the measured value represents the adhesion
strength of a single cell. Single cell detachment techniques were carried out either to fully detach a
single cell from its substrate (whole cell detachment) for obtaining a single cell’s adhesion strength
or to focus on the load needed for breaking the molecular bonds to further understand cell adhesion
kinetics. Techniques used for whole cell detachment are the cytodetachment and micropipette
aspiration techniques, while to perform molecular bond breakage, the single cell force spectroscopy
(SCFS) technique was used (Figure 4). Cell detachment events for the cell population approach
were carried out by applying load at the population on adhered cells. Following the detachment
process, the fraction of cells remaining on the substrate is quantified after varying loads of global
force or stress have been applied. The force or stress value at which 50% of the cells detach is
determined as the population adhesion strength. The adhesion measurement techniques for the cell
population approach can be divided into four categories depending on the loading method applied
to detach cells: centrifugation assay, spinning disk, flow chamber, and microfluidics (Figure 5).
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Figure 4. Schematic diagram of cell adhesion detachment events for (a) single cell
studies via the breakage of molecular bonds (e.g., SCFS, micropipette aspiration, and
optical tweezer techniques); (b) cell population studies via static adhesion (e.g.,
centrifugation technique); and (c) cell population studies via dynamic adhesion (e.g.,
spinning disk, flow chamber, and microfluidic techniques).
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adhesion attachment events and detachment events.
2.2.1. Techniques to Study Cell Detachment Events
Single Cell Approach

Cytodetachment. Cytodetachment technique uses an atomic force microscopy (AFM) probe to
physically detach individual cells in an open medium environment such as petri dish [75]. Cells have
to be attached to a functionalized matrix before the single cell-probe alignment and probe translation
application are carried out to detach the cell. Force is quantified by measuring the elastic deflection
of the probe used to detach the cell and then divided by the cell area to calculate the average shear
stress for each cell [75]. Yamamoto et al. [104] studied the force needed to detach murine
fibroblast £L929 on four different materials by using cytodetachment technique. Using an image
analysis system and fiber optic sensor, the apparent cell adhesive area was measured and the
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adhesive strength and detachment surface energy were calculated by dividing them by the cell
adhesive area [104]. Their findings showed that cells on collagen-coated polystyrene produce the
highest adhesion strength and cell detachment surface energy, and the adhesive properties of the
cells between both polystyrene and glass are almost the same [104]. Human cervical carcinoma
cells (NHIK 3025) were found to attached stonger and faster to the hydrophilic substrate using
technique 1 at 37 °C when compared to 23 °C. There are multiple adhesion measurement studies
combining the cytodetachment method with the laser tweezer work station [105] and optical
tweezer technique to further understand the temporal effects of cell adhesion by analyzing the
molecular binding between the cell and the substrate [16,105]. The study of bovine articular
chrondocyte cell adhesion with different ECM-coated substrate was carried out by using a
combined cantilever glass beam with a carbon filament as a cytodetacher. Huang et al. [16] used
rabbit articular chrondocyte cells to study the mechanical adhesiveness of the cells using the
cytodetachment method. They examined membrane cell tether formation using optical tweezers
and cytoskeleton change through fluorescent staining. Findings showed that chrondocytes exhibited
increasing mechanical adhesiveness and tether formation force with the increment of seeding time.
Yang et al. [106] reported that the adhesion force of human fetal osteoblast (#FOB) cells was
influenced by the cell’s shape grown on the Ca-P grooved micropattern surface.

Micropipette Aspiration Technique. Micropipette aspiration is a widely used technique for
measuring the mechanical properties of single cells. For single cell adhesion measurement, this
technique detaches an immobilized cell by applying suction force to a portion of the cell surface
employed by micropipette suction [107] under observation via a microscope. The force will release
the cell from the substrate by increasing the aspiration pressure or by translating the pipette away
from the substrate [75]. Adhesion strength is defined as the minimum force needed to detach a
single cell from its substrate. Micropipette aspiration technique is able to measure various
mechanical properties of cells, such as the membrane stiffness of chondrocytes and endothelial
cells [108], the cortical tension of neutrophils [108], and the adhesion strength of human umbilical
vein endothelial cells on different substrates [109]. Gao ef al. [109] used cells in the phase they
called the “adhered cells in round shape” phase to eliminate the influences of floating cells, weakly
adhered cells, and spread cells and obtained high reproducibility and sensitivity of the measurement
on different substrates. They reported that the sensitivity and accuracy of their technique could
reach 8 x 10712 N [109]. Micropipette aspiration technique was found able to identify comparable
differences between the adhesion strength of normal and cancerous cells. Palmer et al. [18] have
developed a single cell measuring apparatus using micropipette aspiration (SCAMA) that is able to
measure and differentiate the adhesion strength of normal and cancerous prostate and breast cells.
They found the measurement made on analogous human prostate cancer and normal cells showed a
comparable three-fold difference in adhesiveness [18].

Single Cell Force Spectroscopy (SCFS). Force spectroscopy measurement methods were
developed to measure the strength of cell adhesion down to single cell level. Commonly, the
methods will use a microscope to observe the cell while force is applied to detach the cell using a
nano/micromanipulator or micropipette. The imaging mode is used to study the structures and
mechanics of isolated biomolecules [110-112], components of the cell nucleus [113,114], and
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subcellular cytoskeletal structures [110,115], while force mode is used to determine the mechanical
properties of various cell types. The methods differ in the type of manipulation applied to the cell
and the type of force measurements made. Examples of single cell force spectroscopy techniques
used to measure cell detachment are the AFM probe techniques, biomembrane probe (BFP), and
optical tweezer methods. Among these methods, AFM-based techniques are widely used to study
various types of cell adhesion, effects of surface treatments and environmental conditions, and
biomaterials compatibility.

AFM Probe Force Measurement. AFM probe force measurement is widely used to
measure the stiffness [116-119] and adhesion strength of individual cells against mechanical
force [16,104,105,120] due to its versatility and precision. By immobilizing individual cells to an
AFM cantilever, the living cell will be converted into a probe for the measurement of adhesion
strength between cell-cell or cell-matrix adhesions [38]. This probe is attached to a cell or
ECM-coated substrate (cell adhesion occurs) and the cantilever is withdrawn at a constant speed to
detach the cell from its binding place. Cantilever deflection is recorded as force-distance curve and
the highest force recorded represents the cell’s adhesion strength [38]. When the probe encounters
the single cell surface, various forces between the cantilever probe and cell lead to a deflection of
the cantilever according to Hooke’s law [120]. Adhesion strength of a single cell could be monitored
as a function of adhesion time and environmental conditions by using AFM probe force
measurement [75]. Various aspects of adhesion could be studied using AFM probe SCFS without
restriction on the type of cell adhesion molecules and cell types used. Puench ef al. [121] reported
that the technique is able to quantitatively determine the adhesion of primary grastulating cells and
provide insight into the role of Wntll signaling in modulating cell adhesion at single cell level.
Weder et al. [122] studied the adhesion of human osteosarcoma cell lines (Saos-2) during different
phases of the cell cycle and found that the cells are loosely attached to the substrate during the cells’
round up (M phase) compared to during the interphase. Hoffmann et al. [123] determined the
influence of the activating NK cell receptor 2B4 on the early adhesion processes of NK cells using
AFM-probe SCFS. In addition, AFM is flexible and can be integrated with the standard modern
inverted and transmission optical microscope. Lee et al. [105] developed a cell-detachment
apparatus to measure the adhesion force of single cells integrated with a laser tweezer work station
for cell manipulation observation. They studied the effect of experimental medium on the cell
adhesion force of NIH/3T3 fibroblast cells and found the cell adhesion strength increased with
culturing time, and growth factor was found to enhance the adhesion strength between the cell and
substrate. The study was continued with the combination of the optical trapping technique to further
study the single cell adhesion properties of MCDK cells in different phases of adhesion [119]. Their
findings showed that focal adhesion kinase (FAK) plays a role in enhancing the binding and
spreading of MDCK cells through all the different phases of cell adhesion. Beaussart et al. [124]
studied the adhesion forces of medically important microbes using AFM-SCFS and showed that
procedures are applicable to pathogens such as Staphylococcus epidermidis and Candida albicans.

Biomembrane Force Probe (BFP). BFP is a sensitive technique that allows the quantification
of single molecular bonds. It is a versatile tool that can be used in a wide range of forces (0.1 pN to
1 nN) and loading rates (1-10° pN/s) [125]. This technique uses a force transducer made of a
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biotinylated erythrocyte (such as biotinylated red blood cell (bRBC)) maintained by a glass
micropipette. A streptavidin-coated glass microbead was attached to the bRBC (with known
stiffness) and tuned by the controlled aspiration pressure applied by the holding micropipette. The
assembly formed by the bRBC and the microbead constitutes a powerful nanodynamometer and is
the force transducer (probe) used in the BFP [125]. The probe is brought into contact with the
targeted cell and adhesion (bond formation) will occur between the probe and cell, followed by the
detachment process where targeted cells are pulled away from the probe using a piezoelectric
manipulator. Evans et al. [126,127] developed a transducer capable of measuring force ranging
from 1072 to 10* picoNewton (pN) for probing molecular adhesions and structures of a living cell
interface [126] to improve their previous probing method [127]. The BFP technique was used to
quantify the human neutrophil (PMN) membrane unbinding forces and the kinetics rate for the
membrane unbinding was found to increase as an exponential function of the pulling force [128].
Gourier et al. [125] proved the capability of the technique to quantify the local changes of gamate
(oocyte and spermatozoan) membrane adhesion and probe the mechanical behavior of the oocyte
membrane at a micrometer scale.

Optical Tweezers (OT). OT uses a highly focused laser beam to trap and manipulate
microscopic, neutral objects such as small dielectric spherical particles that experience two kinds of
forces: namely, the scattering force and the gradient force [129,130]. The technique is able to measure
forces ranging from sub-pN up to several hundreds of pN with good precision (<1 pN) and is
applicable for the study of interfacial interactions and non-covalent bonds, e.g., receptor-ligand
bonds [129]. Single cell adhesion studies have been explored using OT [131-136] involving
various cell types and purposes. Askenasy and Farkas [137] used OT for studying the cellular
adhesion of hematopoietic stem cells (HSC) to the bone marrow stroma, and a forward scatter
analysis (FORSA) has been integrated with the OT to investigate the binding force associated with
cell-cell interactions and molecular interactions [132]. Thoumine et al. [131] were able to produce
information on the receptor-ligand adhesion kinetics of fibroblast cells to fibronectin by coupling the
experimental results with a probabilistic model of receptor-ligand kinetics. They gained information
on the number, strength, and reaction rates of the bonds. Optical tweezers have also been applied to
study the adhesion of Saccharomyces cerevisiae cells [134,135,138] and to map the adhesion force
during the formation and maturation of cell adhesion sites of mouse embryonic fibroblasts [136].

Detachment Events: Population Approach

Centrifugation Assay. Centrifugation assay is one of the frequently used techniques to measure
cells adhesion strength due to their simplicity and the wide availability of equipment in most
laboratories. Cells will be seeded in a multiwell plate and undergo treatments by culturing (cell
culturing is similar to wash assay) before being spun for the cell detachment process. During the
spinning, cells will experience a body force acting in the direction normal to the bottom of the plate
that pulls them away from the surface [75]. To assess adhesion strength, the number of cells before
and after application of load in the centrifuge is quantified. The fraction of cells that remains
adhered after centrifugation can be determined by measuring the amount of radiation emitted from
radio-labeled cells [139,140], quantifying the amount of cells or cellular genetic material [139], or
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by using automated fluorescence analysis [140,141]. In many cases, the assay is used to assess the
relative effect of treatments such as ECM protein type and concentration or the inhibition of a
specific cellular function.

This method was used by Channavajjala et al. [141] to understand the importance of
cell attachment to HIV-1 Tat protein and their finding shows that Tat protein mediates a significant
but weak attachment of HT 1080 cells compared to the cells binding to ECM proteins.
Garcia et al. [142—-145] used centrifugation assay to study cell adhesion and integrin binding and
the effects of surface functionality of self-assembled. Harbers et al. [146,147] demonstrate the
importance of flanking amino acids in the developing ligands with tuneable activity and the relative
adhesion strength of each ligand by high-throughput assays for rapidly testing receptor-ligand
engagement. High-throughput capabilities of the centrifugation method have been applied by Reyes
and Garcia [144], who analyzed the adhesion capabilities of different cells (H7-1080, NIH3T3 and
MC3T3-E1) on different concentrations of collagen or fibronectin. Koo ef al. [140] used the method
to study the effect of different ligand density and clustering to show that biophysical cues such as
ligand spatial arrangement and ECM rigidity are central to the governance of cell responses to the
external environment.

Spinning Disk. The spinning disk technique utilizes shear stress generated from a rotating disk
device. Cells are first seeded on circular glass coverslipsor on the surface of a disk (typical
diameter 10-50 mm). These disks are later fixed onto a rotating device, that is placed inside a
chamber filled with buffer solution [75,148]. The rotating device has a rotating range from 500 to
3000 rpm. The adherent fractions of cells are generally quantified using microscopy and by
counting the number of cells before and after spinning using either a manual procedure [149] or
automated image processing software [150]. The spinning disk technique has been used to
investigate various types of cell-substrate interactions for wide range of applications such as
quantifying the adhesion strength of an osteoblast-like cell on bioactive glass [150,151], human bone
marrow cells on hydroxyapatite [152,153], and MC3T3-E1 cells on RGD peptides on self-assembled
monolayers [154]. Lee ef al. [154] used this method to quantify the nonspecific and specific
contributions of bone cells on immobilized RGD peptides and quantitatively demonstrated both the
possibilities and limitations of enhancing the osteogenic response of RGD-immobilized
biomaterials by a change in peptide. The method has been used to study the role of focal adhesion
kinase, which is essential for the focal adhesion function and the cell’s adhesion strength [154,155].
Boettiger et al. observed the effect of transformed oncogene v-src on the adhesion strength of chick
embryo fibroblasts [156] and human osteosarcoma cells [157] to understand its effect on integrin
function. Lynch et al. [158] investigated the nature of signaling mechanisms that regulate integrin
function in a steady-state adhesion and during cell motion using cells exposed to the insulin-like growth
factor I (IGF-I). The effect of surface charges on different substrates has also been studied using
HT-1080 cells following fibronectin coating [159]. Reutelingsperger et al. [148] have investigated
the effects of differential shear stresses on cell-cell and cell-matrix interactions in a monolayer of
endothelial cells. Garcia et al. [160] were able to measure the short- and long-term adhesion
strength of /MR-90 human fibroblasts adhered to fibronectin-coated glass using the spinning
disk technique.
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Flow Chamber. There are two types of flow chambers used for adhesion strength measurement:
the radial and parallel flow chambers. The radial flow chamber methods involve flowing fluid in
a chamber over adhered cells on a stationary substrate where a wide range of radially dependent
shear stresses are applied [161] to detach a population of cells in a single experiment. The fluid
flow is directed outwards from the center of a circular chamber, impinges on the surface of interest,
and flows radially outward over a substrate seeded with cells. The inlet flow is directed outwards
from the center of the chamber and the shear stress of the fluid decreases with increasing radial
distance in a nonlinear fashion [75]. The radial flow chamber is also known as a stagnation point
flow chamber or confined impinging jet [162]. The linear fluid velocity and shear stress will
decreased radially across the disk as the flow duct cross-sectional area increases with the radius,
and this method provides a continuous range of shear force in a single experiment [162].

The radial flow chamber technique has been used by Cozens-Roberts et al. [163] to investigate
the effects of ligand and receptor densities and the influence of the pH and ionic strength of the
medium on the cell-surface interactions. DiMilla et al. [164] studied the human smooth muscle
cells (HSMCs) initial attachment strength and migration speed on a range of fibronectin and collagen
type IV concentration. Their finding’s suggested that cell-substrate initial attachment strength is a
central variable governing cell migration speed and the cell’s maximal migration occurs at an
intermediate level of cell-substrate adhesiveness [164]. A number of studies have been carried out
to study the adhesion strength of murine 373 fibroblasts on the fibronectin-coated of self-assembled
monolayers on glass surfaces [161,165-167]. The adhesion of MC3T3-El cells to multilayer
polyallylamine hydrochloride (PAH) heparin films was analyzed in order to evaluate
biocompatibility of various film chemistries [168]. Rezania et al. [169—173] carried out studies on
the adhesion of osteoblasts and osteoblast-like cells to RGD peptides [169—171] and the adhesion
of endothelial cells to interpenetrating polymer networks [173] for the application of orthopaedic
implants. A study by Brown et al. [174] showed that low trypsin concentrations could improve cell
adhesion and promote stronger endothelial adhesion while high trypsin concentrations significantly
reduced the number of functional integrins available on the membrane. Beside human cells, the
radial flow method has also been used to understand the adhesion kinetics of bacteria Escherichia
coli K12-D21 in the in the mid-exponential and stationary growth phases under flow conditions.
Chinese hamster ovary cells (CHO) were used to explore the adhesion behavior towards different
substrates with different treatments [175].

The parallel plate flow chamber consists of a bottom plate and an upper plate separated by a
distance of the channel’s height to form a rectangular flow channel. Cells are grown on a coverslip
and positioned in the flow chamber, constructed by sandwiching a thin rubber gasket between
two plates and mounted on a microscope to allow direct observation of the cells during
experiments [75]. The flow is often driven using hydrostatic pressure from a raised reservoir or
with an automated pump to independently drive the flow [176—178]. The fluid’s shear stress can be
adjusted by varying the flow’s rate of the perfusate, the fluid viscosity, or the channel’s height and
width [179].

The parallel flow technique was first introduced to study endothelial cell adhesion [178,179] and
has been further explored in the adhesion studies of biotinylated endothelial cells adhered on glass
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with fibronectin or RGD peptide functionalization [180—183]. Tapered height chamber have been
developed to produce linear variations of shear stresses along channels at a single flow rate [184].
Cao et al. [185] modified the chamber to developed a side-view chamber system where side-view
images of cellular deformation and adhesion to various adhesive surfaces under dynamic flow
conditions could be observed. Cellular adhesion to surfaces functionalized with artificial ECM
proteins and polymer surfaces treated by plasma using different gaseous substances have also been
studied [186,187]. The parallel flow technique has been been used to investigate the adhesion
potential of various cell types to a range of different materials, including poly-L-lactide (PLL)
films [187-189], polyelectrolyte multilayer films [190], polyethylene films [191], and numerous
glass-treated surfaces [177,178,192—194]. Interestingly, the flow chamber can be used to observed
cells” vascular adhesion potential to the endothelial monolayer, which represents the human
endothelial vein system. Gerszten et al. [176] were able to study the adhesion of monocytes to
vascular cell adhesion molecule-1 (VCAM-1) transduced human endothelial cells under
physiological flow conditions. Palange er al. [195] investigated the extravasation ability of
circulating tumor cells (CTCs) to the endotheial cell layer under flow and the potential of natural
compounds and curcumin treatment to attenuate the cell’s metastasis potential.

Microfluidics. Microfluidic lab-on-a-chip technologies represent a revolution of the flow
chamber in laboratory experimentation, bringing the benefit of miniaturization, integration, and
automation to many research-based industries. These greatly reduce the size of the devices and
make many portable instruments affordable with quick data read-outs. The use of small sample
volumes leads to greater efficiency of chemical reagents, straightforward construction and
operation processes, and low production costs per device, thereby allowing for disposability and
fast sampling times. The ability for real-time observation makes microfluidics bring high promises
for cell adhesion studies. In recent years, cell adhesion studies have been carried out in a miniature
form of the traditional parallel plate flow chambers as discussed above, using flow in rectangular
microchannels to apply shear stresses to cells. These devices are typically constructed from
optically transparent PDMS bonded to glass using the soft lithography rapid prototyping process
that allows many nearly identical devices to be manufactured in a short amount of time [196]. The
optically transparent criteria is important to enable the use of different real-time microscopy
techniques to explore cell behaviors under diverse experimental conditions [197]. Small dimensions
associated with micrometer-sized channels ensure laminar flow even at very high linear fluid
velocities, which is often required when large shear stresses are generated [198].

A microfluidic device consisting of eight parallel channels has been used to assess the effect of
varying collagen and fibronectin concentrations on the adhesion strength of endothelial cells [197].
A series of microfluidic channels have been constructed to investigate the adhesion strength of
fibroblast cells adhered to fibronectin-coated glass surfaces [198]. In another case, microchannel
assays were used to examine the adhesion of various cell types on surfaces with various coatings,
including collagen, glutaraldehyde, and silane [199]. Kwon et al. [19] used a microfluidic shear
device consisting of four parallel channels with different surface topography patterns to separate
cancer cells mixed in a population of healthy cells based on adhesion strength. A shear stress-dependent
cell detachment from a temperature-responsive cell culture using a microfluidic device has been
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developed to quantitatively estimate the interaction between cells (N/H/3T3 mouse fibroblast and
bovine aeortic endothelial cells) and materials [200]. Recently, microfluidic technology has moved
forward to the studies of single cells. Honarmandi et al. [24] integrated microfluidics with optical
tweezers for the study of mechanotransduction and focal adhesion of single endothelial cells.
Microfluidic devices were ‘used to provide convenient means of positioning a cell into a specific
location in the channel with controlled physiological conditions while the optical tweezers were
used to detach the adhered cells. Christ ef al. [107] have upgraded the application of microfluidics
from the study of population cell adhesion to single cell studies. A rectangular microchannel was
used to analyze the adhesion strength of single NIH373 fibroblast cells that had been allowed to
adhere for 24 h on the collagen and fibronectin coatings on glass [107]. In this work, single cells
were imaged throughout the detachment process, and the relationship between adhesion strength
and cell geometry was investigated.

3. Advantages and Limitations of the Techniques Used in Cell Adhesion Studies

Single cell approaches allow for precise measurements of the separation of the cell from the
substrate. Specialized equipment, which is bulky and expensive, is often required for manipulation
and alignment of the probe and testing can be time-intensive. The single cell adhesion
measurement approach provides more precise measurement of the individual cell when compared to
the population cell approach. The single cell measurement approach allows the system to image
biomolecules at nanometer-scale resolution, to have a dynamic range of forces able to be applied to
cells, and to process samples in their physiological medium and aqueous buffer [120]. It has been
widely used in the cells’ teether (adhesion process) formation [126] and in the rupture
forces [125,128,201] of the molecular adhesion bonds that couldn’t be measured by most of the cell
adhesion strength measurement methods. However, beside the precision of the techniques,
limitations such as low-throughput measurement, high equipment cost, time consumption, the need
of a skilled operator, and other operator variables in the data obtained are unavoidable. These
restrictions underscore the need for developing additional simple techniques that do not require
expensive equipment, and are able to measure changes in cell adhesion properties associated with
diseases or specific physiological perturbations. Some of the methods require computational
processing and high-end confocal microscopes, which are not available in most laboratories. Table 2
summarizes the advantages and limitations of techniques used to study cell adhesion. The
population cell approach provides data from the average response of a group of cells. Even though
this approach could not provide precise data on the characteristic of an individual cell, the approach
was still widely used to study cell adhesion until recently. The importance of the approach can not
be denied as it provides essential information in the medical field for disease treatments, tissue
engineering, and biomaterial compatibility.
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Table 2. Comparison of advantages and limitations in the techniques used for cell

adhesion studies.

Method Strength Weaknesses References
Real time observation;
. . No special and expensive equipment Needs to record both unstressed and
Polyacylamide-traction o .
. needed for fabrication Inexpensive; stressed state of the substrate;
Force Microscopy . . o . [47-54]
Flexible to chemical and Suffers from uncertainties in tracking
(PA-TFM) . . ..
mechanical adjustment; beads’ position
Adaptable to a large variety of cells
Real-time observation; Substrate can alter cell’s behavior;
Force quantification easier and more Requires sophisticated equipment
Micropatterning reliable than PA-TFM; to fabricate;
(Micropost The micropillar stiffness is manipulated ~ Needs skilled operator; [26,55-60]
array/micropillar) by its geometry; Sensitivity of the microposts to the
Gives good precision over surface particular cell type needs to be
chemical properties on micrometer scale  optimized
Real-time observation; Needs high-end confocal microscope;
. . Flexible to chemical and Needs high computational
Three Dimensional . . .
. mechanical adjustment; processing;
Traction Force .
. . Adaptable to a large variety of cells; Needs to record both unstressed and [61-70]
Quantification ) )
Flexible to chemical and stressed state of the substrate;
(3D-TFM) . . s .
mechanical adjustment; Suffers from uncertainties in tracking
Adaptable to a large variety of cells beads position
Not a quantitative data, needs further
. analysis to obtain quantitative data;
Wash Assay Simple L [71-74]
Poor reproducibility;
Insensitive
Real-time observation; o
Resonance Frequency . Poor reproducibility [36,76-95]
Real-time measurement
Straightforward construction
and operation;
. . Attachment
Real-time observation
events [96-103,107];
. o and measurement; Low detachment force;
Microfluidics . o . . Detachment Events
Convenience in size Restricted to short-term adhesion
. . . [19,24,107];
(compatible with cell sizes);
[197-200]

Fast and simple to operate;

Non-invasive to cell
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Table 2. Cont.

Method Strength Weaknesses References
Alignment of probe and cell;
Time-consuming;
Real-time observation; Quick detachment ~ Needs highly skilled
of cell; Range of force produced is high (experienced) operator;
Cytodetachment [104-106]

and applicable to

long-term adhesion

Operator variable;
Cell damage (hard contact);
Expensive equipment;

Not real-time measurement

Micropipette

Aspiration

Real-time observation and measurement;

Common lab equipments

Alignment of probe and cell;
High skilled (experienced) operator;
Operator variable;

Cell damage (hard contact)

[18,108-109]

SCFS-AFM probe

Real-time observation Precise data for

short term adhesion studies

Alignment of probe and

cell require micromanipulator;
Time consuming;

Need skilled operator;
Operator variable;

Cell damage (hard contact);
Expensive equipments;

Not real-time measurement

[105]; [116-124]

SCFS-Biomembrane

Real-time observation; Precise data for

Low maximum force (pN);
Restricted to short term adhesion;

High skilled (experienced) operator;

] ) ) [125-128]
Probe short term adhesion studies Operator variable;
Probe variable (fluctuation of probe
due to thermal excitation)
. . Low maximum force (pN);
Real-time observation; . .
. Restricted to short term adhesion;
. Precise data for short term . . .
SCFS-Optical Tweezer . . High skilled (experienced) operator; [129-138]
adhesion studies;
. . . o . Operator variable;
Compatible with microfluidic device
Cell damage
Low maximum force
. o (uncomplete detachment);
. . Many analysis can be examined in . .
Centrifugation . Only a single force can be applied [139-147]
parallel; Common lab equipments .
per experiment;
Nota real-time analysis
o . A range of stresses able to be applied in Not a real-time analysis;
Spinning Disk . . . [148-160]
single experiment; High stresses Custom-made apparatuses
Radial flow: Ranges of stresses applicable
. in single experiment; Real-time cell Radial flow: Low detachment force;
Flow chamber: Radial . . .
a detachment observation; Paralel flow: Restricted to short term adhesion; [163-175];
ow;
Simple fabrication; Straightforward Paralel flow: Low detachment force; [176-195]

Parallel flow

operation; Real-time cell

detachment observation

Restricted to short term adhesion
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4. Summary

Studying human diseases from a biomechanical perspective can lead to a better understanding of
the pathophysiology and pathogenesis of a variety of illnesses because changes occurring at the
molecular level will affect, and can be correlated to, changes at the macroscopic level. Research on
biomechanics at the cellular and molecular levels not only leads to a better elucidation of the
mechanisms behind disease progression, it can also lead to new methods for early disease
detection, thus providing important knowledge in the fight and treatments against the diseases.
Sickle cell disease (SCD) could be characterized by observing the red blood cells’ (RBC)
adhesiveness and deformability [98,202-205]. Cell adhesiveness was found to be reduced in human
cancers. Diseased cells’ properties have been found to be physically different from that of healthy
cells [206]. The adhesion strength of cancer cells was found to be lower than the normal cells [19]
and decreased in line with their increased “metastatic potential” [18]. Reduced intercellular
adhesiveness allows cancer cells to disobey the social order, resulting in the destruction of the
histological structure, which is the morphological hallmark of malignant tumors [8].
Polymorphonuclear leukocytes (PMNs) migrate from the bloodstream to the inflammation sites by
adhering to the surface of the endothelium during infection and tissue injury [207]. The knowledge
obtained can also be useful in the development of new and improved assays and diagnostic devices,
and the techniques are not only sensitive enough for the early detection of diseases, but they are
also highly accurate, so it is possible to detect diseases when the symptoms or signs are hardly
discernable. Determining chronic diseases in their initial stages is promising in curing the illness
and saving lives, thus improving the quality of human health.

Figure 6 summarizes the importance of cell adhesion studies and its applications categorized by
attachment and detachment events and grouped by single cell and population studies. Cell adhesion
studies cover a wide range of important applications from the fundamental single cell adhesion
behavior (morphology, migration, kinetics) and understanding the cell signaling pathway to how
the physiological factors (temperature, pH, fluid flow), treatments (chemical, drugs, toxic, different
substrate) and conditions affect cell adhesion and cancer metastasis studies as well as tissue
engineering and biocompatibility studies for implants. This essential information obtained from
the adhesion studies leads to the development of the computational model for further studying
and understanding cell adhesion [27,96,208-217]. The future potential of single cell adhesion
characterization is especially significant for early disease diagnosis. This emerging field can lead to
the development of biomarkers for chronic diseases and cancers in their early stage at the cellular
level. Furthermore, the new techniques or devices will bring high promises in the search of suitable
treatments for those who have diseases in their early stages. Beside the importance of single cell
adhesion, the cell adhesion population approach plays an important role in and brings high
promises for the development of biomaterials in tissue engineering for implantable
bioMEMs/biosensors, tissue scaffold production, and the applications of artificial bones as well as
tooth replacement. Cell adhesion population studies are also essential in analyzing the potential of
drug treatments, improving drug delivery systems, attenuating cancer metastasis development,
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understanding the dynamic mechanism of cell adhesion in many important biological processes,
and finding a cure for many diseases or human health-realated problems.

5. Conclusions and Future Directions

Cell adhesion is a very important process in the human biological system. Studying both cell
attachment and detachment events provides essential knowledge in understanding many important
functional processes in the human body, which lead us to find the causes and problems that trigger
certain diseases and thus develop the strategy for curing and improving them. Many different
techniques and adhesion assays have been developed to study cell adhesion applicable to a wide
range of fields. Every method is unique and was developed for specific important and independent
purposes, which makes them difficult to compare in finding the best method applicable for cell
adhesion studies. Choosing an appropriate technique is highly dependent on the purpose of the
information that a person desires to obtain. Both single cell and population studies are equally
important and required to fully understand how cells behave and function in the human system.
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Figure 6. Summary of the importance of adhesion studies and their applications.
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