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Abstract—Cell screening or, in other words, identification of cells with certain properties is now increasingly used in scien-
tific and medical research, e.g., in diagnostics, drug testing, and production of cell clones with desired characteristics. In
this review, we discuss existing methods of cell screening and their classification according to the cell presentation format.
We describe the principles of the one-dimensional and two-dimensional formats and compare the main advantages and
drawbacks of these formats. The first part describes the methods based on the 2D-format of cell presentation, when cells are
immobilized in the same plane by various techniques. The second part describes the methods of the 1D-screening, when
cells are aligned in a line in a stream of fluid and scanned one-by-one while passing through a detector. The final part of the
review describes the method of high-performance cell analysis based on the merged gel technique. This technique combines
the advantages of both 1D and 2D formats and, according to the authors, might become an effective alternative to many

modern methods of cell screening.
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Screening of living cells is commonly understood as
identification of cells with specific properties in large het-
erogeneous populations, analysis of cell distribution in
such populations, or testing the effects of various condi-
tions on cell behavior. Various cell screening methods are
widely used in such biology and medicine fields as disease
diagnostics, food and water quality control, search for
new microbial species, evaluation and monitoring of cell
physiology and functioning, studies of the effects of cellu-
lar compounds (e.g., enzymes and antibiotics), and drug
development. The majority of existing cell screening
methods use either two-dimensional (2D) or one-dimen-
sional (1D) formats of cell presentation. In this review we
discuss specific features of these formats.

SCREENING METHODS BASED
ON THE TWO-DIMENSIONAL FORMAT
OF CELL PRESENTATION

The 2D format of cell screening is based on cell
immobilization on a flat support surface. Each of the cells
occupies a unique position and can be reinvestigated,
which ensures reliable cell identification by morphologi-
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cal or other characteristics. The cells can be easily manip-
ulated and cloned, if the technology used allows it.
Methods based on colony growing. Cel/ colonies on a
support (solid nutrient medium). The first scientist to use
this approach was R. Koch [1], who grew bacterial
colonies on the surface of solid gelatin and agar nutrient
plates in order to obtain pure cultures of pathogens of var-
ious diseases. His studies had provided a powerful stimu-
lus for the development of medicine and microbiology;
causative agents for many diseases have been isolated and
studied [2]. Since R. Petri introduced glass dishes into
microbiological practice [3], the method has not changed
much and continues to be widely used in modern science.
Despite its simplicity and reliability, it has a significant
drawback, which is low resolution. Thus, no more than
1000 colonies can be grown in a standard 10-cm Petri
dish. If the plating density is high, some colonies merge,
and the growth of closely located colonies is inhibited [4,
5]. It is generally recommended to plate no more than
250-300 colony-forming units per dish to ensure reliable
colony detection and counting [5, 6]; therefore, only rel-
atively small populations (less than thousands or tens of
thousands of cells) can be screened by this method [7-13].
First of all, manual analysis of a large number of Petri
dishes is very labor- and time-consuming. Thus, Maullu
et al. [14] reported that screening of a library consisting of
~96,000 clones and plated at a density of 300 colonies per
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dish had taken several months. However, sometimes cell
populations consist of hundreds of thousands of cells, as
in screening of gene libraries obtained by random muta-
genesis of a particular protein [15, 16] or of metagenom-
ic libraries [17-19]. To solve these problems, the screen-
ing procedure should be optimized.

The procedure can be simplified by automation.
Several models [20-23] have been proposed that photo-
graph dishes with the colonies and analyze the resulting
images with a special software, which allows the number
of analyzed cells in the studied population to be
increased. Thus, Joo et al. [24] used this approach to
assay a library consisting of 200,000 cells. There are sev-
eral commercially available automated cell counters (e.g.,
ColonyQuant from Schuett Biotec, Germany; Scan series
from Interscience, France). According to the manufac-
turers, these devices can analyze up to six Petri dishes per
minute.

Another way to increase the productivity of the Petri
dish method is to increase the resolving ability by increas-
ing the colony density. Using this approach, up to 5000
colonies can be grown in the same dish [25]. However, the
colonies are small and some of them merge, and the
colonies cannot be counted with accuracy. At the same
time, clones with selective features could be rapidly iden-
tified by scanning of hundreds of thousands of colonies
[26]. Sometimes, closely spaced small colonies are

1) Mix and use 0.5 yl
for PCR

2) Dilute the cell mixture
that gave positive result
in PCR

3) Repeat step (1)

4) Repeat step (2)

5) Plate cells onto agar
and test individual clones - sa
by PCR b=

Individual
- clones

\i

Fig. 1. Enrichment of gene libraries. A mixture of cells contain-
ing clones of interest (as indicated by the formation of the corre-
sponding PCR product) is diluted in new test tubes and subjected
to the next rounds of cultivation in gel and PCR screening until
individual clones are isolated (reprinted with modifications from
[38] with kind permission from Elsevier ©2007).
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screened under a microscope. If the microscope is
equipped with appropriate filters, it is possible to analyze
the fluorescence of the colonies in addition to optical
magnification [15, 25].

As a rule, the above-described approaches enable the
analysis of libraries with less than 10° cells, because in the
majority of cases, the incidence of the desired cells is
above 10~* [8, 27]. However, when the fraction of the
required clones is 107-107%, the occurrence of these
clones in a library containing 10°-10° cells will be within
a single digit range [28, 29]; it is highly probable that they
might be even missing from the library. Sometimes, the
fraction of the required clones is even smaller, so larger
libraries must be created and analyzed for their identifica-
tion. In this case, strict selection conditions are applied,
so that only the desired cells would proliferate and form
colonies: up to 107 cells could be plated on a Petri dish
with a selective medium, but only single colonies will
grow [30]. Using selective conditions, it is possible to
analyze libraries consisting of up to ~10° cells and to
search for clones which the occurrence of 107 [31-34].
Despite the fact that this approach significantly increases
screening productivity, it is rarely used, because proper
selection procedures (e.g., for cells with particular enzy-
matic activity) cannot always be successfully developed
and implemented [35].

A special problem in molecular biology is identifica-
tion of rare clones containing in their genome a sequence
with either no phenotypic manifestation or whose mani-
festation is difficult to observe. In the case of small
libraries, standard protocols are used that include analy-
sis of each colony by PCR or hybridization. However, if
the number of clones is large, such analysis requires a lot
of financial and labor resources, which makes the stan-
dard approaches unfeasible. Therefore, screening of large
libraries includes rough primary selection, when pools of
clones (and not individual colonies) are analyzed by
PCR. These pools are obtained by washing the colonies
off the dish. The positive pools are replated onto a solid
nutrient medium but at a lower colony density. Then the
screening procedure is repeated until individual clones
are isolated [36, 37]. The advantages of this method are
high sensitivity and efficiency that make possible screen-
ing of a library of up to 100,000 cells within a week.
However, analysis of larger libraries requires more dishes
and is too labor-consuming. For screening of such
libraries, a similar approach was proposed, when the first
screening rounds were performed on colonies grown in
test tubes in a semi-solid low-temperature-meting
agarose (Fig. 1). This type of medium, on the one hand,
provides spatial separation of the colonies, and on the
other hand, makes it possible to easily mix or centrifuge
the cells directly in the test tube. At the first stage, 1 ml of
the semi-solid medium contains, on average, 1000
colonies; at each subsequent stage, the colony concentra-
tion is reduced ten times. The authors of this approach
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reported that screening of a library containing 400,000
clones took only four days [38]. Despite significant pro-
ductivity of this method, it remains highly specialized and
is not suitable for direct screening based on the pheno-
typic features. Indeed, at the first stages of screening, the
colonies densely located within the medium volume will
inevitably overlap and prevent observation of the colonies
distant from the test tube walls.

Frost little plate method. The procedures for colony
isolation in all the above-described methods do not differ
much from the protocol proposed by Koch: the cells are
plated and grown on a solid nutrient medium. Only the
medium composition, the size of Petri dishes or vessels
with similar function, and the colony density are changed,
or an additional stage of preliminary rough screening is
introduced. However, there are also more significant
modifications of this standard approach. Thus, Frost has
developed the little plate method for rapid counting of
viable bacterial cells [39-41]. He mixed a drop of bacteri-
al suspension with a drop of molten agar and spread
approximately 100 pl of the mixture on a coverslip (2 cm x
2 cm) that was then incubated in a wet chamber for 3-
6 h, which resulted in the appearance of “Lilliputian”
bacterial colonies visible under a microscope at a small
magnification. The diameter of such colonies is compara-
ble to the thickness of the gel layer; therefore, it might be
assumed that the colonies are positioned in the same
plane. If necessary, they can be fixed and stained directly
in the gel. Later, this method was improved by Tanner who
applied a new procedure for colony staining and proposed
to use boarded coverslip to limit the gel area, which made
the method more standardized [42]. The Frost little plate
method was initially developed for microbiological analy-
sis of food, in particular, milk, milk products, water sam-
ples, and wash-offs from vegetables. The results obtained
by this method are in a good agreement with the results
obtained with traditional Petri dishes [43-46]. However,
compared to the standard protocol that uses Petri dishes,
the little plate method reduces the time of analysis by an
order a magnitude, so that entire procedure could be car-
ried out within the same day. It also requires less consum-
ables (flasks, tubes, and media), which is important in the
routine analysis of a large number of samples [44, 47, 48].
In addition to bacteria, the method has been adapted for
analysis of yeast and mold fungi [48]. The known draw-
back of the method is a possible formation of dead cells
aggregates that are often present in the analyzed samples
(e.g., in pasteurized or sterilized milk) and could be mis-
taken for growing colonies under the microscope, thereby
distorting the results of microbiological analysis [43].
Although Frost suggested that his method could be
applied for both cell colonies and individual cells, analy-
sis of individual cells is hindered by the fact that they are
located at different depth in the gel and therefore, could
not be simultaneously observed under the microscope and
compared.
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Direct observation of cells under a microscope. There
is a number of approaches that provide cell alignment in
the same plane for their direct observation and counting,
such as the use of wet mounts and counting chambers,
cell filtration on a membrane, immobilization on a flat
support, etc.

These methods allow the cells to be immediately
observed in an analyzed sample, so there is no need to
wait for these cells to proliferate and form colonies visible
with a naked eye as it occurs when the cells are grown on
a nutrient medium. Moreover, when cells in the sample
form aggregates or just are close to each other, their prog-
eny might merge into a single colony. Direct observation
methods make it possible to study all the cells in a sample
and, therefore, are more sensitive than the methods
requiring colony formation [42, 49-51].

Direct observation methods are most suitable for
studies of heterogenous population consisting of cells of
different species. Colonies of different species of microor-
ganisms grow at different rates: some colonies can become
visible already after one day of growth, whereas the others
require several days to appear. Direct observation methods
make it possible to investigate uncultured bacteria, i.e.,
live bacteria whose cultivation on agar under laboratory
conditions is difficult or impossible [52-57]. This is espe-
cially important for analysis of soil and water samples
from natural sources, in which microorganisms that could
be detected by cultivation on agar can comprise less than
1% of total microbial population [58, 59].

Wet mounts. The use of wet mount preparations in
the microscopy of live bacteria has started rather early
(e.g., the squashed drop or wet chamber methods). To
make a wet mount preparation, a drop of the specimen is
placed onto a clean degreased slide surface and covered
with a coverslip. To prevent fluid movement caused by
convection, sample drying, or coverslip displacement, it
is recommended that the gap between the coverslip and
the slide is sealed with Vaseline®, Vaspar (a mixture of
equal parts of Vaseline and paraffin), wax, or transparent
nail polish [60, 61]. Wet mounts are better observed under
a phase-contrast microscope. Many motile microorgan-
isms move very quickly, which makes it difficult to study
them. Adding methylcellulose to the microbial suspen-
sion reduces the speed of microbial movement and cre-
ates the conditions, at which the movement of flagella
becomes visible [62]. The center of the wet mount is char-
acterized by a rapid occurrence of oxygen deficit. This
phenomenon allowed Pasteur to discover anaerobic
metabolism: when observing a wet mount, he noticed that
obligate anaerobes retained their motility only in the cen-
ter but not at the periphery of the preparation [63]. Wet
mounts are also used for studying various eukaryotic cells,
from protozoa to cells of higher vertebrates [64-67]. The
method is also used for diagnostic purposes (search for
pathogenic agents in various clinical samples) and in sci-
entific research, such as studies of heterogenous micro-
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bial populations and bacterial motility [60], assessment of
cell state (e.g., viability) in analyzed samples [68], studies
of the leukocyte activity [69, 70], etc.

The advantages of the wet mount methods are sim-
plicity of sample preparations and possibility of its rapid
analysis; however, the main drawback is that the thickness
of the liquid layer between the slide and the coverslip
varies from preparation to preparation and cannot be
controlled. Because it is impossible to determine the
preparation thickness, it is impossible to calculate the cell
concentration in a sample that might be important in the
diagnostic procedures. Moreover, to align the cells in the
same plane, it is necessary to press the coverslip toward
the slide, which can crush some of the cells, especially if
they are animal cells that lack the cell wall.

Cell counting chambers. The above-described prob-
lems can be solved by using cell counting chambers —
special devices for counting microorganisms and cells in
blood, urine, cerebrospinal fluid, etc. The first counting
chamber was proposed by the physiologist Malassez in
1874 [71]. A counting chamber is a thick slide with a
depression; the bottom of this depression has a counting
grid (engraved or applied by vacuum deposition) that is
covered by a polished coverslip. Depending on the cham-
ber type, the depth of the resulting chamber varies from
10 to 200 um. The fixed height of the chamber is ensured
by close contact between the slide and the coverslip — the
coverslip is reseated against the slide until the appearance
of iridescent Newton rings (interference bands) [71, 72].

The structural elements of all grids are large and
small squares. Different type of grids (Thoma, Biirker,
Predtechensky, Tiirk, Neubauer, Goryaev, Nusbaum,
Fuchs—Rosenthal, etc.) differ in the area, number, and
grouping of large and small squares. Knowing the grid
parameters, such as the chamber height and areas of small
and large squares, makes it possible to calculate the num-
ber of cells in a certain volume.

There are open and closed counting chambers. In
the closed chambers, the cover slip is reseated after the

a b

Fig. 2. The Makler chamber: photograph (left) and principle of
action (right). A drop of the analyzed preparation (1) is placed
onto the grid surface (2) and covered with a coverslip (3) (repro-
duced with modifications from [76] and [77] with kind permission
from Elsevier, ©1980 and ©1984).
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Fig. 3. Open cell counting chamber. Left upper panel, general
view; left bottom panel, side view; right panel, Goryaev chamber
grid. 1) Slide with engraved grid; 2) longitudinal grooves; the mid-
dle part is below the lateral parts by 0.1 mm (the depth of the
chamber) and is divided by a transverse groove (3); 4) coverslip.

chamber has been filled, which might let some air bubbles
into the sample preparation [71]. Earlier, such chambers
were used for the analysis of blood cells (Thoma—Zeiss
chamber), cerebrospinal fluid (Dunger chamber), and
bacterial suspensions [73, 74], but they have been
replaced by the open type chambers. At present, closed
chambers are mainly used for analyzing viscous prepara-
tions. Thus, the Makler chamber (Fig. 2) with a depth of
10 pm is used for the analysis of undiluted sperm, e.g.,
sperm cells count, determination of spermatozoon con-
centration, and sperm motility assay [75-77]. However,
results obtained with this chamber are inaccurate and
often overestimate the cell concentration [78-81].

Open chambers (Fig. 3) were for the first time
described by Alferov in 1883 and then by Biirker in 1905
[71]. These chambers are filled after the cover glass has
been reseated. A drop of the analyzed sample is placed
onto the slide at the very edge of the coverslip to let the sus-
pension to enter the chamber due to the action of capillary
forces [60, 72]. Surface areas with the applied grids are
separated from each other and from the slide by grooves
that regulate the filling of the chamber. The cells are
counted at least 3 min after the chamber is filled to allow
the cells to sediment (the sedimentation time depends on
the cell size). There are many versions of open chambers
that differ in the type and number the grids (from one to
ten; usually, two or four) and in chamber depth. Some
chambers (e.g., Hausser chamber) are equipped with
clamps to fix the coverslip. At present, Fuchs—Rosenthal
[82-86], Goryaev [87-89], Thoma [90, 91], Neubauer [81,
92-94], and Biirker [95-97] chambers are widely used. In
Russia, Fuchs—Rosenthal and Goryaev chambers are most
popular. The Goryaev chamber is typically used for analy-
sis of blood cells. It has a volume of 0.9 pl; its depth is
100 um, and the grid area is 9 mm? (Fig. 3). The grid con-
sists of 225 large squares (with the side of 200 um), 100 of
them are nongridded; 25 squares are subdivided into 16
small squares each (with the side of 50 pm); 100 squares
are divided by lines. The Fuchs—Rosenthal chamber is
commonly used for cells analysis in the cerebrospinal fluid
and urine. The concentration of cells in these biological
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fluids is lower than in the blood; therefore, the size of the
Fuchs—Rosenthal chamber is larger than the size of the
Goryaev chamber: its volume is 3.2 pl, the grid area is
16 mm?, and the depth is 200 pm [71].

Traditional counting chambers are not suitable for
analysis of bacterial preparations, because of the
Brownian motion of bacteria, location of bacterial cells at
different depths, and slow sedimentation. These difficul-
ties could be overcome by using shallow (depth, 10 um)
open Thoma chamber. To reduce the Brownian motion,
0.2-0.5% gum arabic or 2% peptone could be added to the
bacterial suspension [73].

It should be noted that cell counting with counting
chambers is not accurate. The error of the method
depends on several factors and might be up to 20% [71,
98]. The accuracy depends on the number of analyzed
and counted cells. It is believed that 300-600 cells (at least
100 cells) must be counted in a sample for reliable results
[60, 99]. Moreover, although counting chambers have
strictly determined dimensions, Norris and Powell [100]
found that the thickness of the fluid layer in the chamber
is usually more than the nominal depth of the chamber,
because of insufficiently tight contact between the cover-
slip and the slide surface (even when the interference
rings are present). The authors believe that this might
explains the counting errors and recommend the actual
thickness of the suspension layer in the chamber to be
determined with an interferometer. In addition, errors
can be caused by adhesion of the cells to the coverslip and
their agglutination. The movement of the fluid in the
chamber is strongly restricted by capillary forces, but
because the chamber depth is several times more than the
linear dimensions of the cell, the cells are not immobi-
lized in the fluid layer and can change their positions.

A microfluidic chip (Fig. 4), which is a slightly mod-
ified open cell counting chamber, was proposed by M.
Beck et al. [101] for determining the concentrations of
CD4" and CDS8* T lymphocytes in the blood of HIV
patients undergoing the antiretroviral therapy. The chip is
made on a slide and consists of five identical chambers,
each with an area of 130 mm? and depth of ~25 pm. The
bottom of the chambers is coated with a layer of dried gel-
atin (100-150 nm thick) containing a set of fluorescently
labeled antibodies for staining the cells of interest. After
the chamber is filled with a blood sample due to capillary
forces, the antibodies are released into the blood and
interact with the cells. Then a snapshot is made of the
central part of the chamber, and CD4* and CD8" T lym-
phocytes are counted automatically with a special soft-
ware. The data obtained with a microfluidic chip are
comparable with the results of flow cytometry traditional-
ly used for such purposes. However, the chip is much eas-
ier to use and does not require special expensive equip-
ment. One drop of patient’s undiluted blood is sufficient;
there is no need for sample pretreatment that might lead
to the changes in the cell concentration.
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Fig. 4. The use of two-dimensional microfluidic chip. The depth
(26.5 um) and the shape of the chambers are determined by the
layer of glue between the two slides of different sizes placed one
on top of another. The chambers have openings for loading blood
samples and escape of the air. One of the internal surfaces is coat-
ed with dried gelatin containing fluorophore-conjugated anti-
bodies for cell staining. The chamber is filled with the analyzed
sample due to the action of capillary forces and sealed with a
mineral oil. After incubation for 10-30 min, images of fluorescent
cells are obtained and used for cell counting (reprinted with mod-
ifications from [101], http://dx.doi.org/10.1039/C1LC20565J,
with kind permission from the Royal Society of Chemistry).

Cell screening on a membrane. To analyze diluted
microbial suspensions whose volume can reach tens of
milliliters, these suspensions can be filtered through a
membrane. For the first time, this approach was used in
1928 by N. Kholodny [50, 58] for analysis of bacterial
plankton — after filtration, the cells were transferred from
the filter onto a slide and studied under a microscope.
Later, A. Razumov [102] proposed to examine the cells
directly on the filter. For better results, phase contrast
microscopy [103] or cell staining [104-106] are used. In
the case of fluorescent staining, low-autofluorescence
polycarbonate [107-110] or aluminum oxide [111] mem-
branes are used for higher contrast images. A multichan-
nel system for image processing has been developed to
provide quick identification of bacteria immobilized on
the membrane and to assess their metabolic activity [112].

The disadvantage of this method is that filtration
exposes cells to pressure that can damage them.
Moreover, there are the so-called filterable bacteria
whose size is less than the filter pore diameter [113, 114],
so that they are not retained by the membrane and, there-
fore, will be lost for analysis [50]. The method limits the
ways the cells can be manipulated, e.g., the refusal to
immobilize the cells because of resulting cell death might
result in cells washed off the filter and lost.

Agarose pad method. The agarose pad method makes
it possible to arrange living bacterial cells in the same
plane and observe each of them under a microscope. The
pads are prepared by pouring nutrient agarose medium
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onto a glass and then placing another glass on top of the
liquid agarose (Fig. 35; http://www.youtube.com/
watch?v=81ZmkPffMmg). The resulting “sandwich” is
cooled allowing agarose to harden. Then, the agarose layer
is taken out and cut into fragments of desired size (agarose
pads). A small drop of cell suspension is placed on a pad,
which is then turned upside down and placed in a Petri
dish (or the pad is simply covered with a coverslip) so that
the cells are fixed by being pressed between the pad and
the surface of the Petri dish (or the coverslip) [115-118].
Various substances, such as inducers, inhibitors, antibi-
otics, live dyes, etc., can be added into the agarose to allow
the researcher to observe in real time the effects of these
substances on the synthesis of certain proteins or their
localization [115]. If the observed cells are fluorescent, the
components for preparing agarose pads should have low
autofluorescence. Agarose pads are soft and do not dam-
age immobilized cells. The agarose layer acts as a reservoir
of nutrients and contains a sufficient amount of oxygen for
the cells to divide, grow, and form colonies [118-121]. If
the incubation time is more than several hours, silicon
lubricant or paraffin are used to prevent sample drying; in
some cases, special slides with chambers for additional
supply of nutrients or oxygen are used [120]. When immo-
bilized on agarose pads, cells can divide and form micro-
colonies. However, the dividing cells can spread only on
the pad/coverslip interface, which results in the formation
of loose flat colonies that merge more rapidly than
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colonies on agar. The disadvantage of the method is also
that the cells are immobilized only when pressed between
the glass and the agarose pad. Once the pad is taken off,
the cells immediately get back the ability to move.
Therefore, researchers cannot pick up the cells of interest
or change the cell environment by removing or adding
new components by virtue of washing the gel.

Cell adhesion on a support. Another method for cell
arrangement in the same plane is immobilization on a
support by adhesion. This approach is frequently used for
eukaryotic cells. Adhesion is provided by the interaction
between cell surface proteins and charged groups of the
support. When adhered to the support and covered with
nutrient medium, many eukaryotic cells can grow and
multiply. The immobilized cells can be easily examined
under a microscope. Initially, the support was made of
glass, cellophane, poly(methyl methacrylate) or another
polymer, but for a long time glass has remained the most
popular material because of its availability [122]. Glass
supports are still widely used for cell immobilization in
microscopic studies [123-127].

Starting around the second half of the 1970s, poly-
styrene plasticware has been used in cell culture studies.
Polystyrene has a high optic transparency; it is cheap and
can be pressed into any desired shape. Polystyrene is also
hydrophobic, so cell attach very poorly to it. To make
polystyrene an adhesive material, it is modified chemical-
ly (e.g., by treatment with sulfuric acid) or physically (by

Fig. 5. Preparation of agarose pads. 1) Melted agarose is poured onto a coverslip; 2) another coverslip is placed on top of the agarose to obtain
a “sandwich” of even thickness; 3) the agarose layer is taken out and cut into agarose pads; 4) a drop of cell suspension is applied onto the pad
surface; 5) the pad is turned over and transferred into a Petri dish for subsequent observation under a microscope; 6) several pads can be placed
in one Petri dish (reprinted with modifications [118], https://www.nature.com/nprot/journal/v7/nl/full/nprot.2011.432.html, with kind per-

mission from Macmillan Publishers Ltd. ©2012).
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treatment with a corona electric discharge, plasma, or
radiation) to induce formation of sulfonic, hydroxyl,
aldehyde, ketone, carboxyl, etc., groups on the surface
[128-130]. Obviously, since the cells placed on the sup-
port are immersed in the medium, they are not perfectly
immobilized. Although most cell cultures would adhere
to the support, some cells can get detached from the sur-
face and migrate in the solution.

One of the limitations of this method is that it can-
not be used for nonadhesive (suspension type) cells, such
as blood cells (especially immunocytes), certain cancer
cells, and stem cells that are important in various fields of
biology and medicine. To solve this problem, a new
immobilization method was developed that uses polyeth-
ylene glycol-lipid (PEG-lipid). PEG-lipid has an affinity
for the membrane and was named “biocompatible anchor
for membrane” (BAM) [131, 132]. BAM consists of three
successively connected functional units: the hydrophobic
oleyl group, hydrophilic PEG chain, and N-hydroxysuc-
cinimide ester group. BSA-coated glass is modified with
BAM by virtue of formation of the amide bond between
the protein amino groups and N-hydroxysuccinimide
ester groups in BAM. Non-adhesive cells are immobilized
on the BAM-coated surface due to incorporation of the
BAM oleyl fragment into the cell membrane. The authors
of the method have shown that such immobilization does
not impair cell proliferation.

Bacteria, in particular F. coli, are often immobilized
on poly-L-lysine-coated glass, because such immobiliza-
tion enables cell washing and staining [133].

3D-cultures. When working with cells of higher
eukaryotes, it often difficult to reproduce cell microenvi-
ronment existing in a multicellular organism, where the
development and normal functioning of cells depend on
their interactions with the microenvironment represented
mostly by the extracellular matrix (ECM). ECM consists
of various macromolecules, whose structural integrity and
functions are essential for the maintenance of normal cell
architecture in tissues, cell development, and tissue-spe-
cific functions [134]. Hence, eukaryotic cells are often
cultured on supports coated with the ECM components,
such as collagen [135, 136], fibronectin [137-139], and
laminin [137, 140], ECM derivatives, or compounds that
mimic them, such as gelatin [141, 142], poly-D-lysine,
poly-L-lysine [143-145], or their combination [146]. This
treatment makes cell environment more physiological
and increases the adhesiveness of the support.

The so-called 3D-cultures (Fig. 6) are even better
mimic of the in vivo conditions of a multicellular organism
[147-150]. This approach is based on culturing the cells by
submerging them into the ECM layer (strictly speaking,
this approach does not belong to methods based on the
2D-format of cell presentation, but we discuss it in this
section for comparison). For the first time, the 3D-culture
was used in 1972 for growing fibroblasts in the in vitro
polymerized collagen matrix that formed a fibrous 3D-
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2D-culture

Fig. 6. Different approaches to culturing eukaryotic cells.

network [151]. At present, it is well known that the cell
response to certain stimuli in a 2D-culture might be quite
different from the cell response in vivo or in a 3D-culture
[152-155], partially because cell physiology is determined
by the mechanical properties of ECM and by the physical
and chemical anisotropy [149, 156-158], which are com-
pletely different in 2D- and 3D-cultures [152, 159, 160].
Thus, the 3D-cultures are more preferable for the studies
of stem cell differentiation, tissue morphogenesis, cancer
biology, and virus—cell interactions, as well as cell-based
drug screening and toxicology assays [147, 161, 162].
However, 3D-cultures lack a number of advantages of
the 2D-cultures. Thus, in 3D-cultures, cells are located at
different depths characterized by different physiological
conditions, e.g., gas exchange efficiency, nutrient availabil-
ity, and waste removal. Moreover, the distribution of cells
throughout the thickness of the 3D-matrix significantly
hinders simultaneous monitoring, screening, and picking
up the cells for future use [150, 155]. Another problem is
the difficulty of using a conventional microscope for moni-
toring the cells immersed at different depths in a light-scat-
tering medium [152]. Both these problems are partly over-
come by using the so-called on-top cultures (Fig. 6), in
which cells attached to the gel surface are cultured in a lig-
uid medium. The ECM components are added to the nutri-
tional medium, from where they partially sediment onto
the cell-carrying surface of the gel. This to a certain extent
imitates the conditions of 3D-cultures [163, 164]. However,
in on-top cultures, the cells and their progeny can easily
detach from the surface and float into the surrounding
medium. Moreover, the cells often aggregate before adher-
ing to the gel surface and might spread unevenly on it [163].
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SCREENING METHODS BASED
ON THE ONE-DIMENSIONAL FORMAT
OF CELL PRESENTATION

The 1D-format of cell presentation includes passing
the cells through a detector in a fluid flow. This is a high-
throughput format that makes it possible to analyze thou-
sands of cells per second.

This approach was first proposed by Moldavan in
1934 [165]. He suggested to pass a cell suspension under
pressure through a thin tube placed in the visual field of a
microscope. A photoelectric device mounted on the
microscope ocular would record the passing of each cell
through the capillary. However, it seems that this device
has never been built [166]. During the next decades, a
number of instruments have been created for particle
counting in suspensions [167-169].

The Coulter counter. One of the most successful first
models of a flow cytometer was patented in 1953 by W.
Coulter [170] and later named the Coulter counter. The
operation principle of this device comprises pressing cells
suspended in an electrolyte through a miniature chamber,
through which a weak electric current is passing. When
passing through the chamber, the cell increases the elec-
trical impedance, which results in a transient decrease in
the current. The cell concentration is estimated by count-
ing the number of such pulses during the passing of a def-
inite volume of cell suspension through the chamber. The
magnitude and the shape of the pulse depend on the cell
size, thereby making it possible to determine the distribu-
tion of cells or other particles in the sample by their linear
size or volume [72, 171]. Since its creation, Coulter
counter has been extensively used by researchers [72,
172-174]. However, in many cases, the data on the cell
optical characteristics are required in addition to the
information about the cell size. For this, more sophisti-
cated devices have to be used.

Optical flow cytometers. The information about opti-
cal properties of cells can be obtained using flow cytome-
ters equipped with an optical system through which the
cells are passed one by one in a fluid flow. A significant
success in this field of research has been achieved in the
second half of 1960s, when an automated flow cytometer
was built. This flow cytometer used a microscope optical
system (after the principle by Moldovan) capable of
measuring and recording the UV absorption and blue
light scattering of cells moving by the objective at the rate
of 500 cells per second [175]. In 1969, Dittrich and
Gohde described a similar device that detected the fluo-
rescence of cellular DNA stained with ethidium bromide
[176].

Hydrodynamic focusing. In 1969, a fluorescent
cytometer has been developed that differed from the ear-
lier microscope-based systems: in addition to the mutual-
ly perpendicular specimen illumination axis and the axis
of cell suspension flow in the tube, it had a photomulti-
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plier detection axis that was perpendicular to both these
two axes [177]. Argon laser was used to obtain high-den-
sity monochromatic light; this is important when working
with fluorescence. Moreover, the developed cytometer
used the principle of hydrodynamic focusing proposed
earlier by Crosland-Taylor [178]. This principle is based
on the injection through a special nozzle of a cell suspen-
sion into the center of a rapidly flowing wide stream of a
buffer solution, the so-called sheath fluid. The nozzle
geometry prevents the turbulence of the cell suspension
flow and its mixing with the sheath fluid. The volumetric
flow rate of the sheath fluid is usually 10-100 times high-
er than that of the sample. The pressure of the external
flow on the suspended cells aligns them in center of the
stream. As a result, the cells form a “line” in the fluid
flow. Before this invention, the creators of flow cytome-
ters had to choose whether to use a wide tube allowing
two or more cells to pass simultaneously through the
detector, thereby distorting results of the measurements,
or to use a narrow tube that makes it difficult to observe
cells because of different refraction indices of the tube
material and the cell-containing fluid. In addition, nar-
row tubes clogged easily [166]. Hydrodynamic focusing
solved the above-described problems, on one hand, by
using a sufficiently wide flow, and, on the other hand, by
localizing the cells in a rather narrow section of this flow.

Further development of flow cytometers has mostly
consisted of technical improvements of the suggested pro-
totype. Modern cytometers are equipped with a whole set of
lasers and can measure and analyze signals from various cell
fluorophores. Some of modern flow cytometers can simul-
taneously analyze up to 17 fluorescence channels [179].

In addition to fluorescence, flow cytometers can
measure the scattering of the laser beam by each cell (Figs.
7 and 8). Both forward (small-angle) scatter and side scat-
ter are evaluated. To measure the forward scatter (FSC), a
narrow partition is put in the path of the laser beam to
block the laser beam itself but not the scattered rays that
are focused by a lens placed between the partition and a
photodetector. In this system, the lens usually collects the
rays deflected by 0.5-10° from the original direction of the
laser beam. In general, a cell with a larger cross-section
will deflect the rays stronger. Therefore, FSC is used for
estimating the cell volume. However, this is not quite cor-
rect, because FSC could be affected by the cell refraction
index, which depends on the cell morphology and physio-
logical state [180]. To assess the side scatter (SSC), the
collecting lens and photodetector are placed perpendicu-
larly to the laser beam to detect the rays strongly deflected
by the cell. The SSC data might provide information on
the cytoplasmic and membrane properties of the cells.
Analysis of the light scatter alone (without fluorescence
data) makes it possible to evaluate the cell morphology,
e.g., at the analysis of blood samples (Fig. 9).

Analysis of bacterial cells by flow cytofluorometry is
problematic, because bacteria are much smaller than
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Fig. 8. Cell screening in a laser flow cytometer. The fluid flow and
the FSC and SSC collecting lenses are placed on mutually per-
pendicular axes (reprinted with modifications from [166] with
kind permission from Springer Science+Business Media,
©2011).

eukaryotic cells, for which the majority of modern flow
cytometer models have been created. Thus, the average
diameter of a bacterium is 1 pm whereas the average
diameter of a blood cell is 10 um; consequently, the sur-
face area of a bacterium is about 100 times smaller and its
volume is about 1000 times smaller than those of the
blood cells. The signal from fluorescent probes bound to
the surface or distributed within the volume of a bacterial
cell would be essentially weaker than the signal from a
eukaryotic cell. Therefore, flow cytometry of bacteria
requires more sensitive detector systems [181, 182].

The key feature of flow cytometers that made them
so popular for cell screening is their high throughput. The
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sample flow rate in modern flow cytometers is several
hundred microliters per second, which enables the analy-
sis of up to 100,000 cells per second [183]. However, as a
rule, the operational rates do not exceed 10,000 cells per
second [184, 185], and the rates lower than 1000 cells per
second are commonly used [91, 186, 187]. This is because
increasing the screening rate increases the probability of
error. At a fixed cell suspension injection rate, the screen-
ing rate can be increased by increasing the cell concen-
tration in the suspension. However, such increase might
cause cell aggregation before the cells pass through the
detector. Moreover, it might also increase the probability
that more than one cell will simultaneously pass through
the detector (Fig. 10). Another approach for increasing
the screening rate is to increase the injection rate of the
cell suspension into the sheath flow; however, this will
increase the cross-section of the region occupied by the
cells (Fig. 11), i.e., impair the hydrodynamic focusing. As
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Fig. 9. Analysis of leukocyte subpopulations in rat peripheral
blood based on FSC and SSC. PMN, polymorphonuclear cells;
M, monocytes; L, lymphocytes (reprinted from [245] with kind
permission from John Wiley and Sons, ©1995).
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Fig. 10. Dependence of the probability of two or more cells pass-
ing through a laser beam as a single event on the cell flow rate
(reprinted with modifications from [182] with kind permission
from John Wiley and Sons, ©2001).
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Fig. 11. Influence of the sample feed rate on the efficiency of
hydrodynamic focusing. Cell sample in the center of the sheath
fluid flow passes through the analytical chamber illuminated by a
laser beam. When the sample is injected slowly (left), the cells are
better focused and pass through the center of the laser beam one
at a time. When the sample is injected quickly (right), the cells are
less focused and not illuminated equally because some of them are
out of the laser beam focus. Besides, more than one cell can be
illuminated simultaneously (reprinted with modifications from
[182] with kind permission from John Wiley and Sons, ©2001).

a result, more than one cell can simultaneously pass
through the detector, which would also lead to the distor-
tion of the results.

Acoustic focusing. An actively developing technique
of flow cytometry is acoustic focusing that is based on the
use of sound pressure [188]. The effect of sound pressure
on particles was for the first time described by Kundt and
Lehmann in 1874 who observed a striated pattern of dust
particles levitating in the organ pipes [189]. Later, this
effect was used for separation of particles in aqueous solu-
tions [190-193]. When applied in flow cytometry, acoustic
focusing substitutes for the traditional, hydrodynamic
focusing, since it does not require a flow of sheath fluid
but uses physical differences between the carrier fluid and
the cells in the cell suspension to align the cells in a queue
directed along the central axis of the flow in the capillary
(Fig. 12). The possibility to focus the cells in a line with-
out the sheath fluid provides advantages over convention-
al flow cytometry, such as a rapid analysis of highly dilut-
ed samples and unique possibility to control (slow down,
stop, or reverse) the flow. The theory of acoustically con-
trolled capillary was described in 2005 [194]; its use for
cytometry was suggested a few years later [195].

The principle of acoustic cytometry is that sonica-
tion of a capillary with the sample stream results in the
formation of acoustic radiation pressure field. The distri-
bution of the field potential in the capillary cross-section
is shown in Fig. 12. Particles passing through the capillary
experience the pressure that transfers them into the
potential minimum region (the potential well) and aligns
them in a focused line along the capillary axis. Note that
such behavior is manifested by almost all particles studied
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by flow cytometry; however, there are exceptions.
Speaking strictly, the behavior of particles in the acoustic
field is determined by the acoustic contrast between the
fluid and the particle in it. The contrast, in its turn, is
determined by the difference between the compressibility
and density of the particles and the fluid. The particles
that aligned along the central axis of the capillary have a
positive acoustic contrast. However, there exist particles
with a negative acoustic contrast, such as fat globules or
gas bubbles, that migrate towards the capillary walls under
the action of the acoustic force. If the density and com-
pressibility of the particles and the surrounding fluid are
equal, i.e., acoustic contrast is absent, no acoustic radia-
tion pressure is generated.

It should be mentioned that ultrasonic pressure does
not disintegrate the cells. Unlike acoustic lysis of cells in
ultrasonic homogenizers that generate ultrasound with
frequencies of tens of kHz, acoustic focusing uses ultra-
sound with a higher frequency (above 1 MHz) that pre-
vents formation of cavitation bubbles, whose collapse
leads to cell lysis. Moreover, acoustic lysis uses very high
energies, whereas acoustic cytometry is performed at rel-
atively low energies, only hundred milliwatts at a very
high sample stream flow rate, so that energy rapidly dissi-
pates in the fluid. It was shown that the acoustic field cre-
ated by a capillary with an acoustic source in the subMHz
region did not affect the viability of Chinese hamster
ovary cells [196].

Acoustic cytometry has some disadvantages. First,
focusing strongly depends on temperature and the type of
carrier medium in which the cells are suspended. Any
changes in these factors require optimization of the ultra-
sound resonance frequency. Second, because of the direct
contact between the sample and the capillary walls, the
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Fig. 12. Acoustic focusing. Left panel: linear capillary with dense
particle focusing along the central axis of the capillary; the fluid
flow is directed downward. Right panel: calculated acoustic
potential for erythrocytes suspended in PBS in the cross-section
of a capillary. Cells with positive acoustic contrast are concentrat-
ed in the potential well in the capillary center (reprinted with
modifications from [188] with kind permission from John Wiley
and Sons, ©2009).
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acoustic cytometry system is very sensitive to contamina-
tion [197]. Third, the effect of the acoustic force on par-
ticles depends on their size. The overall effect, which is a
result of the acoustic force action and the opposing fluid
resistance, is proportional to the squared particle radius.
Hence, small particles are focused more slowly than larg-
er particles with the same acoustic contrast. That means
that during flow cytometry of small cells, such as bacteria,
the sample flow in the focusing capillary should be slowed
down, which would considerable increase the time of
analysis. At present, there are no reliable procedures for
acoustic focusing of smaller, submicron particles, e.g.,
bacteria and viruses, and hydrodynamic focusing should
be used. Since the acoustic forces do not depend on the
flow, any volumetric ratio between the sheath flow and
sample flow can be used. In traditional flow cytometers,
the volume of the sheath fluid required for sample focus-
ing is usually 100-1000 times larger than the sample vol-
ume. In a combined acoustic-hydrodynamic cytometer, it
might be reduced to the ratioof 10: 1, or2: 1, oreven 1 :
10, that would still be sufficient to prevent the contact
between small particles and capillary walls. Because the
acoustic forces act on the particles stronger if the particles
are located closer to the central axis, focusing in this case
requires less time. However, the combination of acoustic
and hydrodynamic focusing has some limitations, in par-
ticular, the accuracy of focusing can worsen if the sheath
fluid and the sample carrier medium are not “acoustical-
ly” similar. This effect has a complex nature that is not
completely understood yet and depends on physical prop-
erties of these fluids, the ratio between their volumes, the
delivery system geometry, and other factors. Acoustic
focusing followed by hydrodynamic focusing can partial-
ly solves this problem, especially for the focusing of small-
er particles and prevention of the sample contact with the
optic chamber walls.

Modern acoustic cytometers can focus lymphocytes
and larger cells at a sample flow rate of 2 to 3 ml/min, that
is one to two orders of magnitude higher than in tradi-
tional flow cytometers. Such a high sample flow rate
enables high-throughput screening of cells even in dilut-
ed samples.

Another advantage of acoustic focusing in compari-
son to the hydrodynamic focusing is that the former can
be used for analysis of cells with a small number of fluo-
rophores. In this case, to accumulate a sufficient signal
on the detector, the sample stream should be slowed
down. In hydrodynamic focusing cytometers, combina-
tion of the slow sample stream and dense focusing
requires the use of small-size flow systems that can be
easily clogged by the cells. As mentioned above, the sam-
ple stream rate can be easily reduced in the acoustic
focusing cytometers. Moreover, this would even improve
the focusing, because cells moving at a lower speed would
be subjected to the action of acoustic forces for a longer
period of time.
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An interesting development in the acoustic cytome-
try is the method for the formation in the same flow
chamber of several parallel streams of focused cells. Such
parallel streams are created using multi-node standing
waves, when the cells align in the nodes. To demonstrate
the possibilities of this approach, a rectangular flow
chamber was made of an aluminum frame that was sand-
wiched between two microscope glass slides (25 mm x
75 mm) and sealed with epoxy glue. The space between
the two glass slides was 0.73 mm. Using this flow chamber
and acoustic focusing, the authors were able to create up
to 37 parallel streams of cells [198].

In acoustic cytometry, the cell stream can be arrest-
ed or even reversed. By combining the cell stream control
and high throughput, it is possible to create flow cytome-
ters that would combine a statistical power of traditional
cytometry with the reliability of cell observation under a
microscope. Such tools would provide high-throughput
cell screening with the possibility to stop the stream and
to obtain images of cells of interest.

When speaking about modern flow cytometry, we
must mention devices that do not use cell focusing [197,
199]. The cell stream is limited by a capillary with a small
internal diameter. When using this type of cytometers, it
is necessary to avoid high concentrations of cells to pre-
vent (i) simultaneous passage of several cells through the
detector and (ii) clogging of the capillary with cell aggre-
gates. The optics in such devices is tuned to detect the
cells located both along the central axis of the stream and
at its periphery [200]; therefore, these cytometers are not
as accurate as devices with the hydrodynamic and
acoustic focusing, but they are cheaper and easier in
operation.

Microfluidic systems. The development of micropro-
cessing and microfabrication technologies has allowed
the size of flow systems to be decreased. This has led to
the emergence in 1990s of a special interdisciplinary
branch of research, microfluidics, that studies the behav-
ior of small (about 107°-10~"® liters) fluid volumes [201-
203] in capillaries with the diameter comparable to the
size of eukaryotic cells. Historically, the purpose of
microfluidic studies was to make the equipment smaller
(to save reagents), simpler, and less expensive to produce
[200]. It had been generally believed that these new
devices would operate according to the same principles as
their macro analogs. However, it turned out that the
physics of fluid behavior in microflows is different, there-
by promoting development of entirely new devices with
no analogs on the macroscale [197, 200, 204, 205].

The flows in the microfluidics systems are, as a rule,
laminar and not turbulent. Therefore, the behavior of
these fluid flows and the changes in the substance concen-
trations in them can be modeled mathematically, thereby
making it possible to quantitatively predict the cell envi-
ronment. Such deterministic behavior of the stream in the
microchannels is a unique property of microfluidics, that
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does not have analogs in the macroscopic world and,
hence, often requires special engineering approaches.
Microchannels, as it is evident from their name, can be
manufactured at the cell-size scale; therefore, they can be
used for studies of cellular effects, for dispersion and sort-
ing of individual cells, creation of systems with particular
physiological parameters, etc. At relatively small addi-
tional expenses, microvalves, micropumps, and other
modules can be integrated on the same solid support,
which would allow the sample to be isolated from its envi-
ronment in order to prevent errors caused by contamina-
tion and human factor and also to automate the delivery
of fluids. Because of this, systems based on microfluidic
chips are often called “labs-on-a-chip” [203, 206]. It is
expected that microfluidics will lower down the cost of
high-throughput studies, especially when the manufac-
turing of the equipment becomes routine. As mentioned
above, microfluidic devices consume less reagents, pro-
duce less waste, and occupy less space than their
macrofluidic analogs; therefore, they can easily be trans-
ported and used not only in a limited number of special-
ized laboratories but in the field as well [200, 204-207].

Second stage
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flow

Sheath fluid
flow

Sample flow

Sheath fluid flow

Sample flow
<— Sheath fluid flow

Fig. 13. Hydrodynamic focusing with optimized stream geometry.
a) Fluid flows in the microfluidic chip with the two-stage cascade
focusing (reprinted with modifications from [215] with kind per-
mission from The Royal Society of Chemistry). b) Fluid flows in
the microfluidic chip with the hydrodynamic spin focusing. Left
panel, operation principle with sheath and sample flow directions;
right panel, sample fluid is stained with a dye (reprinted with mod-
ifications from [208] based on the Creative Commons Attribution
license (CC BY 3.0)).
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One of the branches of microfluidics is on-chip flow
cytometry. The cost and the complexity of manufacturing
of flow system components that are traditionally made
from a high-quality glass could be reduced by using inex-
pensive polymers. The channels manufactured by micro-
processing and microfabrication provide a laminar flow
that can deliver cells to the optic chamber detection zone
with a higher accuracy and better control than in conven-
tional flow cytometers [208]. The new technologies make
it possible to manufacture rapidly and at low cost the
required components and to create the optimized chan-
nel geometry, which is otherwise difficult or impossible to
achieve by traditional glass handling methods [200].
Already in 1993, a flow cytometer model was developed
[209] that had a chip of two parts made from fused quartz.
The hydrodynamic focusing in this model was achieved
by injecting the sample into the center of the narrowing
flow of sheath fluid. Using this system, the sample stream
was focused to 10 um at a high flow rate (up to 10 m/s).

One of the simplest modern microchannel systems
for hydrodynamic focusing consists of two streams of the
sheath fluid located on both sides of the sample stream
and oriented either perpendicularly or at an angle to it
[198, 210]. By varying the channel sizes, the sample can
be focused in a very narrow stream. Moreover, the para-
bolic profile of the flow in these channels allows the par-
ticles to be focused to a certain degree in the vertical
direction [211]. Further development of this technology
has been aimed at the increasing the number of sheath
fluid streams. Thus, a device with three sheath fluid
streams was proposed, in which the accuracy of focusing
was improved by varying the height of the sheath fluid
streams. The use of three sheath fluid streams not only
resulted in more precise particle focusing, but also
increased the processivity and accuracy of cell analysis,
which made this device comparable to the commercial
flow cytometers [212, 213]. Later, the number of focusing
streams was increased — up to eight in some models [214].
In general, increase in the number of sheath fluid streams
improves the quality of sample focusing and allows the
sample position in the channel to be controlled, but
makes the manufacturing of such devices more difficult.

To simplify the manufacturing of microfluidic chips,
new schemes for the hydrodynamic focusing with the
optimized flow geometry are developed. Thus, a
microfluidic chip with the two-stage cascade focusing was
proposed (Fig. 13a). At each stage, the sample is injected
between the two converging streams of the sheath fluid. In
addition to the relatively simple process of chip manufac-
turing, the hydrodynamic pressure on the cells in this case
is less than during the classical hydrodynamic focusing
[208, 215, 216]. Another approach, the so-called “spin
focusing”, is based on the use of a stream of compressive
fluid swirled around the sample stream (Fig. 13b). This
approach ensures a high quality of the cell alignment in
the center of the flow and, compared to the cascade
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focusing, requires a simpler design and easier manufac-
turing of microfluidic system components [208].

An approach that has been widely used in microflu-
idics in recent years is inertial focusing. Inertial focusing
is provided by the action of inertial lift forces and also by
resistance forces [197] that cause the cross-streamline
migration of cells into predicted equilibrium positions.
Exact spatial-temporal focusing positions emerge due to
the combination of lateral focusing by inertial forces and
longitudinal ordering that results from hydrodynamic
interaction between the particles. The focusing depends
on the particle size and on the cross-section geometry and
curvature of the channel along which the sample moves
[217]. Inertial focusing is simple; it does not depend on
external forces and does not require the sheath fluid,
which makes it suitable for high-throughput analysis of
cells in microfluidic systems [179, 203]. Thus, a device
was developed that performed inertial cell focusing in 256
parallel microchannels [218]. However, a particle has to
occupy a significant part of the channel cross-section,
which must be taken into account when designing inertial
microchannels [179].

It should be noted that modern microfluidic flow
cytometers often use acoustic focusing, because it does
not require creation of channels for the sheath fluid [198,
208, 219, 220].

Encapsulation of individual cells in separate aqueous
vesicles with a diameter of tens or hundreds of microns
(and with a femto- or nanoliter volume, respectively) and
their analysis is another application of microfluidics. The
vesicles are isolated from each other by an oil (non-mis-
cible with water) phase. This approach is called droplet
microfluidics [201].

In one of the first works on the encapsulation of indi-
vidual cells, vesicles were created using a T-shaped junc-
tion of capillaries: one — for supplying the oil phase; the
other — for the cell suspension. During the droplet gener-
ation, the oil and suspension flows are stopped. Then,
using the optic capture technology, the cell of interest is
brought to the oil—water interface. When a slight exces-
sive pressure is applied to the suspension-containing
microcapillary, a portion of the aqueous phase (with a cell
in it) adjacent to the interface is pushed into the oil phase
forming a microvesicle that is picked up by the oil flow
[221]. Because of the necessity to direct each cell to the
interface manually, the prototype device had a very low
throughput. Later, microfluidic systems were developed
for encapsulation of individual cells in lipid vesicles sur-
rounded by a continuous aqueous phase [222] and in vesi-
cles of liquid agarose that formed microbeads after cool-
ing [223]; however, the throughput of these prototypes
also was low [201].

In many modern microfluidic emulsion systems, oil
and aqueous phases are mixed continuously, without
stopping the flows, which certainly increases the rate of
vesicle formation but makes cell encapsulation a random
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process. Therefore, to ensure that no more than a single
cell gets encapsulated into a vesicle, the majority of vesi-
cles should remain empty; although even in this case,
some vesicles will contain multiple cells. For example, if
the cell-containing vesicles comprise only ~15% of all
vesicles and the remaining vesicles are empty, 10% of
these cell-containing vesicles will have two or more cells
encapsulated [224]. There are some approaches to avoid
this limitation. One of them is based on the fact that cell-
containing vesicles are larger than the empty vesicles. By
choosing an appropriate geometry of vesicle flow in oil,
empty vesicles might be partially separated from the cell-
containing ones. Another approach is based on prelimi-
nary uniform distribution of the cells in the capillary with
the aqueous phase by inertial focusing. In this case, the
fraction of vesicles with a single cell can be increased by
establishing a spatial order of the cells in flow and syn-
chronizing their entrance into the oil phase with the vesi-
cles formation. However, even these approaches fail the
increase the fraction of the single cell-containing vesicles
over 70-80% [201].

Since the cell in an emulsion is isolated in a limited
volume of the microdrop, molecules at the cell surface or
secreted by the cell rapidly achieve detectable concentra-
tions and can be reliably detected by fluorescent methods,
which allows very low amounts of biomarkers to be used
[201, 225]. For the first time, this approach was used for
investigating alkaline phosphatase activity in E. coli cells,
when the cells and the substrate were encapsulated in
vesicles. Alkaline phosphatase cleaved the substrate with
the formation of fluorescent molecule. Later, the same
approach was used for investigation of other E. coli
enzymes and of receptor activation on the surface of
eukaryotic cells upon ligand binding, as well as in the
studies of cytokines, antibodies, and other secreted mol-
ecules [201, 205, 225].

Studying cells in emulsions has a number of draw-
backs. The microenvironment in vesicles (the level of
nutrients and gas exchange) is significantly different from
the cell environment in vivo; therefore, in some cases, this
approach cannot provide an adequate experimental
model. When working with cells in emulsions for long
periods of time, it is important to take into consideration
the risks associated with a possibilities of coalescence
(fusion) of the drops, nutrient depletion, or accumulation
of toxic metabolites [201, 225]. Moreover, because of the
absence of calibration, it is impossible to reliably assess
the content of analyzed metabolites, although it is often
interesting for the researchers [205]. Also, the throughput
of vesicle analysis is usually lower than the throughput of
cell analysis in traditional flow cytometry [225].

In conclusion, all methods of cell screening based on
one-dimensional format of cell presentation have a com-
mon drawback — they lack the reliability and comprehen-
siveness of cell identification typical for the two-dimen-
sional screening format. Being measured once, the cell
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cannot be reanalyzed. A researcher obtains a set of spec-
tral data that only indirectly indicate the type of the cell
analyzed, whereas the information on most morphologi-
cal features and subcellular structure is lost [226, 227].
During the analysis, some cells can aggregate, which dis-
torts the results. Very seldom, samples are additionally
tested by direct microscopy to obtain more reliable infor-
mation [228]. Therefore, it is essential to develop and
implement cell screening methods that would combine
the availability, reliability of identification, and possibili-
ty of repeated analysis typical of two-dimensional screen-
ing format with the speed of flow cytometry.

MERGED GEL METHOD

To conclude this review, we consider an approach that
combines the availability, reliability of identification and
feasibility of repeated analysis of cells characteristic of the
2D screening format with the throughput of flow cytome-
try and the advantages of 2D and 3D cell cultures. This
approach is based on the method of merged gels [229-
231]; it comprises two-dimensional format of cell presen-
tation and allows prokaryotic and eukaryotic cells to be

14 mm

0.4mm

Well with dried displacing PAA gel

Cells suspended in a medium, containing
components of immobilizing gel, are
added to the well

\

Merged gel

Swelling of the displacing gel causes
cell arrangement in a thin layer
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both immobilized in a gel and arranged in a thin layer. To
do this, cell suspension in a solution containing polyacryl-
amide (PAA) monomers or molten agarose is poured on
the surface of a dried PAA gel. When the dry gel swells, it
displaces the cells and collects them on its surface (Fig.
14a). The swelling stops as soon as the upper immobilizing
gel is formed, and the cells become fixed in the surround-
ing matrix. The more the displacing gel swells, the higher
is the concentration of the cells and the closer they are to
the merged gel surface. Using this approach, E. coli cells
placed in a 400 um-deep well were concentrated more
than 200 times into a less than 2 pm-thick layer [230].
Unlike the Frost little plates and agarose pads,
merged gels tightly pack and firmly immobilize cells in a
monolayer — the cells retain their position even when the
gel is intensely washed for long periods of time. Such reli-
able immobilization of all cells in the same plane in the
merged gel makes it possible to assign a unique two-
dimensional address to each cell, so it could be easily
found later. Immobilization makes it easy to influence the
cells, e.g., to synchronize their division [72] by rapidly
changing the medium composition via simply washing
the gel in an appropriate solution. Cell immobilization
also gives a possibility to individually monitor each cell in

»

Collagen

Incubation time, days

Fig. 14. Merged gel technique. a) Merged gel formation (reprinted with modifications from [230] with kind permission from John Wiley and
Sons, ©2011). b) Screening of E. coli cells in a merged gel. A mixture of GFP-expressing and nonexpressing E. coli cells was embedded in a
merged gel. Left: cell layer viewed in the light field mode; all cells are visible. Center: same cells viewed in the fluorescent mode; only GFP-
expressing cells (~1% of the population) are visible. Right: fluorescent image of a field with one of seven GFP-expressing cells found among
1.5-107 cells of the monolayer (reprinted with modifications from [230] with kind permission from John Wiley and Sons, ©2011). ¢) The effect
of collagen on the growth of embryonic fibroblasts in a merged gel (reprinted with modifications from [231] with kind permission from

BioTechniques, ©2012).
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a large population either in real time or at certain time
intervals, for example, in the studies of intracellular
dynamics [232].

Placing every cell in a gel at the same depth, the
merged gels technique ensures uniformity of physico-
chemical conditions, such as rates of gas exchange, nutri-
ent supply, and waste removal. It is also important that
immobilization conditions are mild, without unnecessary
mechanical or other types of stress; therefore, almost all
cells remain viable and able to multiply in the gel.

It should also be noted that, unlike the agarose pad
method, when dividing cells form 2D-colonies that are
spread between the pad and the coverslip, bacterial cells
immobilized in a merged gel form compact spheroid
microcolonies reminiscent of “Lilliputian” bacterial
colonies grown on Frost little plates.

The microcolonies of eukaryotic cells in a merged gel
are much more compact than colonies growing in 2D-
cultures on a plastic surface; their morphology is more
typical of 3D-cultures. As in traditional 3D-cultures, the
cells are submerged in the agarose matrix that partially
mimics the in vivo cell environment. Due to its mechani-
cal properties (stiffness, elasticity), the PAA matrix also
contributes to mimicking the cell natural environment
[157]. However, unlike traditional 3D-cultures, cells and
microcolonies they produce are submerged in the matrix
at the same depth, which provides identical physico-
chemical conditions for all cells and makes them avail-
able for simultaneous observation.

To better suit the requirements of various cells, other
known natural or synthetic 3D-matrices can be used for
cell immobilization instead of agarose [148-150, 233-
236]. Also, ECM components can be added to agarose for
the optimal development of certain cell types [158, 237-
240]. Thus, addition of commercial collagen (mixture of
type I and III collagens) promoted the growth of fibro-
blasts and influenced the morphology of their colonies
(Fig. 14c). In this case, collagen was retained in the gel
due to mechanical incorporation into the agarose matrix
without any covalent attachment to it [241].

The high density of cells in merged gels provides for
a high-throughput cell screening. For example, just a few
GFP-expressing cells were found among 1.5-107 other
bacterial or 2:10° eukaryotic cells within 30 min with a
manually controlled (not automated) microscope (Fig.
14b), i.e., the screening rate was ca. 8000 bacterial or 100
eukaryotic cells per second. For bacterial cells, the
achieved throughput of manual screening approximated
the throughput of automatic flow cytometry (see above).
Such a high rate of cell screening in a monolayer was
made possible because all cells in the two-dimensional
vision field of the microscope were analyzed at once,
whereas in the flow cytometry, the cells are analyzed con-
secutively, one by one.

Although for eukaryotic cells the achieved screening
throughput is lower than that in flow cytometry, the two-
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dimensional format of cell presentation enables analysis
of the obtained images and, therefore, increases the
detection reliability: each cell can be differentiated from
other cells and particles of noncellular origin. Besides,
because each cell has its unique address in the gel, cells of
interest identified during rapid initial screening can easi-
ly be re-located and analyzed in detail. At present, the
gels are scanned manually, but this process can signifi-
cantly be accelerated and made more informative by
automation. For instance, it would be possible to quanti-
tatively describe the phenotypic parameters of each cell
and to determine their mean values and dispersion for the
cell population. The same could be done for the fluores-
cence intensity of cells or other parameters of interest.
The equipment and programs for automated scanning
and analysis of two-dimensional cellular chips have been
already developed and are available commercially [242-
244].

In conclusion, the merged gel-based two-dimen-
sional format of cell presentation combines the advan-
tages of the 1D- and 2D formats of cell screening but
lacks their drawbacks. Indeed, the merged gel format
combines the high throughput cell screening typical for
flow cytometry with the reliability of visualization, possi-
bility of cell reexamination, immobilization of cells under
mild nontraumatic and uniform physicochemical condi-
tions characteristic of the two-dimensional format. At the
same time, it mimics cell microenvironment in the mul-
ticellular organism, which is typical for the 3D-cultures.
All this makes the merged gel technique highly competi-
tive and an efficient alternative to the present-day meth-
ods of cell screening.
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