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High spatial and temporal resolution cell
manipulation techniques in microchannels

Pedro Novo,* Margherita Dell'Aica, Dirk Janasek and René P. Zahedi

The advent of microfluidics has enabled thorough control of cell manipulation experiments in so called
lab on chips. Lab on chips foster the integration of actuation and detection systems, and require minute
sample and reagent amounts. Typically employed microfluidic structures have similar dimensions as cells,
enabling precise spatial and temporal control of individual cells and their local environments. Several strat-
egies for high spatio-temporal control of cells in microfluidics have been reported in recent years, namely
methods relying on careful design of the microfluidic structures (e.g. pinched flow), by integration of
actuators (e.g. electrodes or magnets for dielectro-, acousto- and magneto-phoresis), or integrations
thereof. This review presents the recent developments of cell experiments in microfluidics divided into
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two parts: an introduction to spatial control of cells in microchannels followed by special emphasis in the
high temporal control of cell-stimulus reaction and quenching. In the end, the present state of the art is
discussed in line with future perspectives and challenges for translating these devices into routine
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1. Introduction

Purification, concentration and counting of specific cell types
from complex mixtures (e.g. blood, cell culture) is often
required in clinical diagnostics but also fundamental research.
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Well established methods include fluorescence or magnetic
activated cell sorting (FACS and MACS). These techniques are
readily available and widely used in laboratories as they allow
effective counting and separation of cell populations. Besides
routine applications, these techniques have been demon-
strated to (i) detect rare cells," such as circulating tumor cells
(CTC), and achieve high (ii) isolation/purification rate as well
as (iii) throughput. However, FACS and MACS both lack of
more sophisticated cell manipulation capabilities, e.g. to pre-
cisely control and adjust trajectories as required in elaborated
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cell stimulation experiments. To date, cell manipulation has
been majorly performed using conventional techniques and
labware such as pipettes, sample tubes, microwell plates and
cell culture flasks. Notably, these strategies have only limited
cell manipulation capabilities, are rather time and reagent
consuming, lack sufficient precision and reproducibility and
have only limited or no online monitoring capacities (e.g:, inte-
grated sensors for pH, fluorescence or magnetic field measure-
ment).* These limitations have motivated the development of
microfluidic methods for enhanced spatial and temporal
control of the neighboring cellular environment, as rep-
resented by numerous publications (>3.500 in the last two
decades, according to a search report in ISI Web of Knowledge
using the “cell microfluidics” keywords, October 2015).>”
Although different examples of microfluidic systems exist in
nature (e.g., channel networks in paper), in literature the terms
microfluidics or microchannels are generally employed for
microfabricated fluidic networks that have characteristic
dimensions below 100 pm. The possibility to tailor micro-
fluidic networks enables the custom design of channels aiming
at different manipulation methods. These may include a multi-
tude of flow operations integrated in series or in parallel. As a
consequence of the reduction of the characteristic dimensions
in microfluidic channels, liquids flow in the laminar regime
(low Reynolds numbers), allowing precise spatial and temporal
control of flow patterns. Moreover, the conditions for laminar
flow can be kept at high flow rate values (e.g., in the order of
m s~'), opening possibilities, e.g., for high-throughput cell
manipulation®® and fast local environment switching times."°
Channel size can be fabricated to dimensions in the order of
magnitude of cells, thus allowing precise control at the single
cell level, but also requiring low volumes which is highly bene-
ficial in many biological and clinical research scenarios
which deal with limited amounts (e.g., cerebrospinal fluid) or
numbers (e.g., research in rare disease) of samples. Control of
the flow of cells by rational structure design, such as in
pinched-flow viag stream thinning elements (STE)s, or determi-
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nistic lateral displacement (DLD), can be further complemen-
ted by integrated actuation methods such as those employing
dielectro-, magneto- and acoustophoresis, as well as pressured
valving."" Therefore, great attention has been paid to the devel-
opment of microfluidic devices for cell manipulation, reflected
by a vast number of publications that may be found in litera-
ture. Importantly, the overall reduction of chip size holds a
great potential for portability as well as integration of sensors
and actuators, which is an important factor in current lab-on-
a-chip and point-of-care applications.

Integrating sensors or detection and quantification systems
in lab on chips fall outside the scope of this review and
therefore will not be discussed here. Suggested literature
includes."™®

Owing to the large number of examples and broad spec-
trum of applications, this review will not cover the general
state-of-the-art, but will rather focus on selected recent devel-
opments. We will first introduce microfluidic strategies used
for fast cell manipulation, such as those for separation and
concentration of CTCs. Then we will present the latest develop-
ments of microfluidic methods for fast cell stimulation and
quenching reactions. Further examples such as for inertial,"”
droplet,'®'® pneumatic,”**" filter-based,**** electroosmotic,**
immunoaffinity*® and digital*® microfluidics, cell traps®” and
optical tweezers,”® are not covered here, but we recommend
corresponding in-depth literature.**~>*

2. Biological relevance of cell
manipulation studies

A cell is an extremely complex system comprising many
different classes of biomolecules. Among those particularly
proteins, lipids, and metabolites are highly dynamic and there-
fore key to the adaptability of cells to immediately respond to
external stimuli. The human body comprises more than
100 different cell types and tissues, each evolutionary and
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individually tailored to fulfill specific tasks, individually or in
concert with other cells and tissues. Indeed, this complexity is
not limited to different cell types, but is also reflected in the
heterogeneity among populations of the same cell type.

Even minor dysregulation of specific cells or cell-cell inter-
actions can have dramatic effects on the homeostasis of a
tissue or even the entire organism. Consequently, the detailed
and quantitative study of cellular processes and their dynamics
to understand causes and consequences of (dys)regulation is
imperative to combat diseases such as cancer, cardiovascular
and neurodegenerative disorders. It is furthermore one of the
major goals of system biology research. To elucidate these pro-
cesses and to reveal their underlying principles, one needs to
investigate adaptations of cells on the level of proteins, lipids
and metabolites under a large variety of conditions. Indeed,
microfluidic applications hold a great potential to boost
systems biology research, as they offer incomparable possibili-
ties to manipulate and perturb cells, starting from minute
sample amounts, in an automated, reproducible, fast and
efficient way. Therefore, in the future microfluidics might be a
cornerstone of sample preparation for disciplines such as
(clinical) proteomics which aim at quantifying a large number
of biomolecules from complex samples, i.e. body fluids, with
high reproducibility, precision and accuracy. Moreover, micro-
fluidics offers a higher throughput, as well as novel opportu-
nities for temporal and spatial analysis of samples, which are
otherwise not achievable.

In principle, manipulation studies have four major goals:
(i) separation of cells and (ii) single cell analysis, (iii) subcellu-
lar analysis, as well as (iv) temporal analysis of cellular pro-
cesses and signaling.

2.1. Separation of cells

Particularly for blood samples, which are often used in clinical
diagnostics, there is a considerable need to separate and
analyze specific cell types. This is not only limited to the classi-
cal blood cells erythrocytes, leukocytes or platelets and their
subtypes, but also applies to microparticles, CTCs or even bac-
terial pathogens. Conventional biochemical methods based on
differential and/or density centrifugation are rather slow and
laborious, and even more importantly cannot be automated
and therefore lack reproducibility. More modern methods
such as FACS and MACS are more powerful, however, may
require specific labeling of cells, can be time and cost inten-
sive or have limited capacity. Here, microfluidics represents a
most promising alternative that may allow a fast, comparably
cheap, automated and high-throughput method to separate
different cell types for subsequent analysis.

2.2. Single cell analysis

Since in vitro cell culture has been introduced in the early
1900’s, many strategies have been developed to mimic natural
cellular environments and to efficiently grow and differentiate
cells. However, even in cell culture, there is a complex hetero-
geneity within cell populations and observed phenomena
often represent average rather than individual responses.*®
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The main interest for individual cell analysis derives from
cancer research,’’*® where precise methods are needed to
define cellular phenotypes from average population data. Start-
ing with the first single cell-like proteomic approach in
Saccharomyces cerevisiae,®® many significant studies have fol-
lowed and underline the importance of such focused
assays.”"® Particularly, in stem cell research, separate analyses
of individual cells led to the characterization of varying levels
of proteins abundance depending on time and differentiation
of cells.”" The different analytical readouts used in single cell
analysis comprise affinity based assays, such as flow cytometry
and immune-cytochemistry, and non-affinity based assays
such as mass spectrometry (MS). However, the biggest chal-
lenge in the field still remains the selective and robust iso-
lation of single cells out of a tissue, cell culture or body fluid,
often characterized by poor efficiency and reproducibility.

Indeed, recent advances in single cell analysis make use of
microfluidics to overcome some of the limitations. Over the
past decades a large number of high quality studies on single
cell analysis using microfluidic chips have been published in
the literature.**™*® Typically these studies aim either at (i)
studying single cell’s response to stimuli* or at (ii) detecting
and concentrating specific cell types from a large population.®®
The most common microfluidic methodologies for single cell
analysis involve (i) mechanical trapping, such as using
posts®”*® and grooves,”" (ii) spatial control during fluid flow,
such as by means of deterministic lateral displacement and
inertial microfluidics,”® or microdroplet encapsulation.’® For
instance, Fernandes et al.>” studied the modulation of alpha-
synuclein toxicity in S. cerevisiae using a microfluidic gradient
generator coupled to nine parallel chambers, each containing
arrays of posts where cells were individually trapped (Fig. 1 -
left). Then the number of cells with alpha-synuclein inclusions
was investigated by subjecting cells to different levels of FeCl;
and monitoring via fluorescence microscopy (Fig. 1 - right).
Hence, this device enabled investigation of both single cell
response and its magnitude upon exposure to stimuli, with
applications in research on Parkinson’s disease.

The field of single cell analysis, as can be assessed in the
recommended literature, is vast and is starting to translate
into successful industrial products, such as the case for the
Fluidigm®C1 equipment,®® an automated solution for single-
cell genomics being capable of handling up to 800 cells indivi-
dually in a single run, a considerable throughput capability.

2.3. Subcellular analysis

One of the most striking limitations of -omics technologies
typically used for the in-depth analysis of cells is the lack of
spatial information. Nevertheless, it is well established, that
e.g. (i) many proteins have multiple localizations that may lead
to different functions, or (ii) may translocate either upon
specific cellular stimuli®® or in disease conditions.>® Such
information, however, is lost in typical large scale proteome
studies. Although these can provide quantitative information
on expression levels for thousands of proteins, they cannot
distinguish whether the distribution of proteins between

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Analysis of cell's response to different stimuli concentrations using a microfluidic chip combining a gradient generator with single cell trap-
ping chambers. (Left) each trap holds a single S. cerevisiae cell. (Right) the number of cells per trapping chamber showing alpha-synuclein inclusions
is a function of the concentration of the FeCls stressor. Reproduced from ref. 27 with permission from the Royal Society of Chemistry.

different organelles or sub-compartments has changed. There-
fore, the separate analysis of isolated organelles and their
content is of major interest as it allows studying the subcellu-
lar localization and distribution of proteins, representing a
crucial step towards a better understanding of their individual
functions and dynamics. Thus, proteomic studies analyzing
isolated organelles,”®>® or sub-compartments®”®' have been
mainly based on classical, laborious and non-automated
methods. Typically, they encompass the mechanical rupture of
the plasma membrane, homogenization of cellular matrix, and
separation of its components by differential/density centrifu-
gation. Notably, free flow electrophoresis (FFE), which allows
the continuous separation of a broad variety of analytes,
including cells and organelles, represents an interesting
alternative to the common centrifugation steps. For instance,
Lu et al®® developed an isoelectric focusing microfluidic
device for subcellular organelle sorting from crude cell lysates
from NR6 murine fibroblasts. Fig. 2 shows the separation of
mitochondria from nuclei under free flow electrophoresis.
Alternative techniques, e.g. MACS, rely on the use of affinity
tags or antibodies against specific epitopes present on the
organelle’s surface. Thus, microfluidics may play an important
role and many recent publications have demonstrated
different possibilities and prototypes for cell and organelle

separations,®®® some of which will be further described
below.

2.4. Signaling dynamics

Recently, increasingly powerful mass spectrometry-based

studies considerably improved our knowledge about cellular
signaling, its complexity and dynamics.®*®® However, it con-
currently became more and more evident, that the detailed
elucidation of such dynamic processes as well as the under-
lying and intertwined networks requires more powerful sample
preparation techniques. Notably, in cells different situations

This journal is © The Royal Society of Chemistry 2016
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fraction
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Fig. 2 Isoelectric focusing free flow electrophoresis in microfluidics for

organelle sorting from a crude cell lysate using a pH gradient between 3
and 6 and under a 20 V cm™ electric field. Mitochondria are focused in
a band closer to the cathode whereas nuclei focus closer to the anode.
Reprinted with permission from ref. 62. Copyright ©2004 American
Chemical Society.

involve different timescale dimensions: processes such as
regulatory protein phosphorylation upon kinase activation, or
ion transport can occur within milliseconds to seconds, while
others, such as changes in protein expression during cell cycle,
require minutes to hours. Whereas rather slow processes can
be easily followed in a time-resolved manner using convention-
al and mainly manual sample preparation methods, such strat-
egies are not sufficiently reproducible and robust to study fast
and short term processes. Initial signaling events are too fast
to tolerate imprecise sampling and consequently measuring
points; studying such fast processes demands for sub-second
time resolution in combination with high accuracy and pre-
cision during sampling.

Analyst, 2016, 141, 1888-1905 | 1891
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3. Fast free flow cell manipulation in
microfluidic devices

Fundamental and technological developments in science pro-
gress hand-in-hand which also holds true for the use of micro-
fluidics to study cell properties and/or cellular processes.
Consequently, new reports of novel applications, designs and
capabilities of microfluidic systems for cell manipulation
emerge constantly. Optimizing existing protocols and/or devel-
oping original research are the main motivation drawing
researchers’ interest to the microfluidic technology. However,
for many microfluidic systems handling issues have not been
appropriately solved, and proper operation requires specialized
professionals — often even the developers of the specific system
- and well-controlled environments. This issue is relevant for
future work and will be discussed later in this review.

Different microfluidic technologies for cell manipulation
have been described in literature. These can be divided into
passive, active or integrated strategies as represented in Fig. 3.
The cells’ position within microchannels can be controlled
either by (i) rational design of the microfluidic structures,
which results in deflection of cells’ trajectories, as for the
passive strategies, or (ii) as a result of a force generated by an
actuator, taking into account the cells’ electrical, magnetic and
mechanical properties, as for active strategies. Often it is
advantageous to combine different strategies to improve per-
formance and functionalities within a single chip, referred to
as integrated systems. However, integration is challenging,
especially concerning handling simplicity, such as the need for
alignment of micrometer-sized structures or fluidic and elec-
tronic connections.®”"*® Firstly, we will revisit the aspects of
different cell manipulation strategies and then highlight
examples representing different integration designs thereof.

View Article Online
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3.1. Geometry based manipulation techniques

Pinched flow (namely by using STEs), DLD and inertial micro-
fluidics have been employed especially in cell sorting or con-
trolled cell stimulation experiments. These are characterized
by simplicity of fabrication and operation requiring only a flow
control unit as external equipment.
. pdv
The magnitude of the Reynolds number (Re) (Re =—,
where d is the microchannel characteristic dimension, and p, v
and 7 are the fluid’s density, velocity and viscosity, respectively)
indicates whether the flow is laminar (Re < 1) or turbulent
(Re > 1). In microfluidics, flow regimes are typically laminar due
to very low Re as a consequence of the small characteristic
dimensions (d). Hence, a particle per cell will tend to keep its
flow trajectory coincident with the streamline in which it is sus-
pended. However, when the cell’s dimension becomes compar-
able to the microchannel cross section width, the cell’s center
can be deflected into a different flow lamina. This characteristic
is explored analogously in STE (Fig. 3A) and DLD (Fig. 3B).
3.1.1. Stream thinning element. A schematic of the oper-
ation of a stream thinning element (STE) for changing a par-
ticle’s suspension medium is demonstrated in Fig. 3A. Two
particles with different radius flow through the upper inlet at a
flow rate Q, which is much smaller than that of Q,. Hence, in
the STE region, the flow width of the particle containing
medium (o) is much smaller than that of the second medium.
Particle deflection occurs when the particle’s radius (such as
for ry;) exceeds the width 6. An expansion channel placed at
the STE output further guarantees that the particle is only
submerged on the new medium. When considering the rela-
tively small dimensions and high fluid speeds, this strategy
has potential for the controlled cell deflection between media
in the sub-millisecond range. For instance, Chiang et al.'°
made use of a two-level STE microfluidic chip for sequential

C
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Fig. 3 Passive, active and integrated microfluidic strategies for cell manipulation. (A) STE controlled cell solution exchange. (B) DLD separation of
cells with different diameters. (C) “Electrode cell highways" by DEP. (D) Separation of cells with different geometrical and mechanical properties by
acoustophoresis. (E) Isolation of cells labeled with magnetic particles using magnetophoresis. Q indicates the inlet flow. In the drag force equation,
.Ed,ag, n stands for the fluid viscosity, and u; and uy, for fluid and particle velocity, respectively.
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cell manipulation experiments, as demonstrated in Fig. 4,
aiming at studying ligand-mediated cell surface signaling pro-
cesses which are suspected to occur at the sub-second level. In
that work, the cell is firstly deflected from its suspension
medium (transparent) into a ligand containing medium to
stimulate the insulin-like growth factor receptor. The reaction
is arrested at the second STE in which the cell is deflected into
a quenching medium. Their device showed an unprecedented
time resolution control, yielding a cell switch (time it takes to
completely submerge the cell membrane into the ligand
medium) time of 1 ms and about 100 ms controlled cell stimu-
lation prior to quenching.

3.1.2. Deterministic lateral displacement. The principle of
cell deflection in deterministic lateral displacement (DLD) is
identical to that in STE, but instead makes use of an array of
pillars inter-spaced by a distance (g) larger than the cell’s dia-
meter (Fig. 3B). Typically, each successive pillar row is shifted
by a distance, &4, forcing the flow streamlines to bifurcate.”® A
cell is deflected when its radius is bigger than the width of the
flow stream in which it was contained originally before it is
bifurcated.”" On the other hand, small particles will maintain
their trajectory at the post array’s output. A critical particle size
(D) which suffers net deflection can be calculated as (using a
design constituted of an array of round posts distanced 4 from
center to center, with a gap g and an array to array post center
offset of e4):

D, = 2’72’8 (1)

in which 5 accounts for non-uniform parabolic flow through
the pillar’s gap.”” Hence, this technique is used for particle

stimulation
zone

incubation
pathway

reaction
arrest zone

250 um

Fig. 4 Perspective open channel representation of a two-level
pinched-flow microfluidic device for high temporal resolution of cell/
ligand interaction. Insert figure: optical microscope image of the “stimu-
lation zone". The cell, originally flowing in the transparent medium, is
deflected into the red ligand containing medium at the first STE
element. The time of exposure to the surface ligand is a function of fluid
flow and length of the incubation path. The reaction is arrested at a
second, down-stream located STE element. Reprinted with permission
from ref. 10. Copyright ©2013 American Chemical Society.
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separation depending on its dimensions and has been shown
achieve high separation resolutions. For instance, Huang
et al.”* demonstrated the use of DLD for the separation of sub-
micrometer particles with a resolution of <20 nm. It is impor-
tant to stress that this analysis is only valid for solid particles,
whereas impacts against the posts may alter cell shape, thus
changing the effective critical cell size deflected, D.. Interest-
ingly, Holmes et al.”> made use of the change of deformability
in cells (by treating them with different concentration levels of
glutaraldehyde, which makes them more rigid) and conse-
quently differential cell separation results in a DLD micro-
fluidic device. Cell deformation studies are of -clinical
relevance, such as in the case of sickle cell anemia which leads
to a reduction of the red blood cells’ deformability.”

Notably, although simple and attractive, both DLD and STE
impose shear stress on cells which might trigger unwanted
biological processes or could even disrupt cells. As there is no
general way for a priori simulation of potential cell damage,
assumptions are based on empirical results and, generally,
shear stress is considered qualitatively rather than quantitat-
ively. Although it is possible to simulate shear stress induced
on a particle (constituted by a defined material construction)
upon flow in a microchannel, calculations become very
complex for cells, owing to their erratic structural constitution
(e.g. cell membrane, organelles, microtubules, etc.). Therefore,
assessing cell viability after flow through microfluidic chan-
nels has been the gold standard for validating design and
operation. Hence, additional experiments have to be per-
formed every time a new or modified design is employed.
Thus, Varma and Voldman”® developed a cell-based shear
stress sensor. They used NIH3T3 cells and created a transcrip-
tional cell-sensor where transcription of Early Growth Factor-1
(a mechanosensitive protein) induces a fluorescent signal,
achieving shear stress limits of detection down to 2 dyn cm™>
or, in SI units, 0.2 Pa, which is well below the predicted physio-
logic range of 0.8-3 Pa to which osteoblasts and osteocytes are
exposed,” for instance. Once biological changes induced by
co-suspension of these cells with cells of interest can be
excluded, it is possible to investigate simultaneously if a given
shear stress value is overcome and whether this has an impact
on the cells of interest.

3.2. Active manipulation techniques

Active manipulation techniques are based on the cells’ physi-
cal properties. For instance, dielectrophoresis (DEP) and
acoustophoresis (ACP) rely on the dielectric and mechanical
properties, respectively. The overall physical properties of cells
may be influenced, for instance, by controlled biological
stimuli (e.g. response to membrane shear stress in osteo-
cytes;® treatment of red blood cells with glutaraldehyde
increases their membrane stiffness’) or by surface-labeling
using antibodies attached to tags or magnetic particles. The
latter is often used for specific isolation/purification of cells
from a mixture by magnetophoresis (MAP) since a vast selec-
tion of antibodies for different cell surface receptors and
protocols for labeling are readily available. However, such
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approaches depend heavily on antibody specificity as well as
the availability of specific marker proteins that are uniquely
expressed on one of the cell types at hand. Active manipulation
techniques are not necessarily interchangeable and may actu-
ally be complementary at addressing complex cell manipu-
lation procedures. Therefore, we will first present these
techniques individually and later discuss integration develop-
ments. An advantage common to all these techniques when
coupled to microfluidics is the possibility to control the posi-
tion of cells in free-flow format. All following information will
be related to free-flow strategies coupling DEP, ACP, MAP or
combinations therefrom. For ease of reading we will not use
the “free-flow” term.

3.2.1. Dielectrophoresis. Dielectrophoresis (DEP) is the
motion of a dielectric particle caused by a force, generated due
to polarization differences between cells and the medium
under a non-uniform electric field.”® The DEP force on a
spherical cell considered to have uniform complex electrical
permittivity is given by:

Fpgp = 21 emRefom VE[, (2)

where r is the cell’s radius, ¢, the medium’s permittivity and
Re{ foum} the real part of the Clausius-Mossotti factor, which is
a function of the frequency of the applied electric signal and is
limited to values between —0.5 and 1. For a given set of fixed
particle-medium properties, the DEP force magnitude is
strongly dependent on the gradient of the square of the elec-
tric field. This value is greatly increased in microdevices as
compared to bulk equivalents due to the small dimensions in
microchannels.”” Consequently, even low electric potential
(<30 V,_p) values are sufficient to generate DEP forces above
PN values,”® sufficiently high to deflect cells in microfluidic
devices. DEP has been very popular in biomedical applications
for being a label free technique of relatively easy microfabrica-
tion and also for its ability to discriminate between cells of
identical morphological aspect but with different electric foot-
print such as in the isolation of prostate tumor initiating cells
as demonstrated by Salmanzadeh et al.”® DEP can also be used
in the particle size separation mode since the DEP force
depends on the cube of the particle radius.

DEP may not be suitable for manipulating cells suspended
in media of high electrical conductivity, which is typically the
case for cell culture medium, and cause harm to cells by Joule
heating.® Therefore, cell medium exchange is required.
Additionally, applied electric fields might be limited to avoid
cell damage, concurrently limiting actuation force levels.
Another concern regarding DEP is the lack of systematic
studies, especially related to the use of high frequency signals
(e.g- MHz) on the influence of the applied electric fields. These
might cause changes observable only in the long term.

3.2.2. Acoustophoresis. Acoustophoresis (ACP) is another
label-free technique®® that makes use of sound waves to focus
particles. Microfluidic ACP uses pressure resonators in micro-
channels to generate a standing wave field with pressure nodes
and anti-nodes located at the channel cross-section. Thus, ACP
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allows for free flow cell manipulation by placing the resonator
in such a way that the standing wave is perpendicular to the
fluid flow. Cells are focused on the pressure nodes or anti-
nodes depending on the difference of their density (p) and
compressability () as compared to the surrounding medium,
and radius (7). As described by Laurell et al,** the primary
acoustophoretic force in the direction of the wave propagation
(here defined along the x axis only) is defined as:

iV, .
Fuomic®) = = (T gt ppsinGak), )
where p, is the acoustic pressure amplitude, V. is the cell’s
volume, f, is the medium compressability, 4 is the wavelength,

. . 2n . .
k is the wavenumber defined as k = o x is the distance from a

pressure node and ¢ a measure of the mechanical differences
between the cell and the medium defined as:

5/)0 —

5pc = 2pm _ Pe
2pc + Pm

P’

where the indices m and c¢ correspond to the medium and cell
properties, respectively. Particle aggregation at the pressure
nodes or anti-nodes is further enhanced by a secondary acous-
tic force. This is a result of wave scattering by neighboring par-
ticles and is defined as:

d(B.p) = (4)

e — Pm)”(3c08%0 — 1 2D (Be — Bun)’
(P P ép(m(;los )vz(x)pr (/;dz ﬂ )pZ(x) ,

(5)

where d is the inter-particle distance, 6 is the angle between the
center line of the particle pair and the direction of the wave
propagation, v(x) is the particle velocity amplitude, w the angular
frequency and p(x) is the acoustic pressure amplitude. Negative
force values correspond to a inter-particle attraction situation
and vice-versa. A direct observation of the above equation is that
its value is highly dependent on the inter-particle distance, d,
present in the denominator of both fractions. This indicates that
the secondary acoustic force is only significant when the par-
ticles are very close to each other. Suggested literature for further
insight into the physical concepts includes.**>®"-%>

ACP offers an effective strategy for cell manipulation in
microchannels, but contrary to DEP in which complex elec-
trode “highways” can be fabricated for local cell manipulation,
ACP techniques are only capable of focusing cells into pressure
nodes or anti-nodes which are static along a channel cross
section. On the other hand, the risk of affecting cell viability is
much reduced as compared to DEP (is this case mainly due to
Joule heating). For instance, Burguillos et al.®® demonstrated
that microfluidic ACP had no impact on survival or function of
Microglia, Leukocytes or tumor cells under several acoustic
pressure and suspension flow conditions. Li et al®' went
further by claiming that acoustic-based separation offer excel-
lent biocompatibility in terms of preserving both the cellular
phenotype and genotype. They demonstrated the use of an
ACP microfluidic device (Fig. 5) for the separation of CTCs

Fsecundary (x> = 4nr6
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Fig. 5 ACP microfluidic device used by Li et al.%* for isolation of CTCs
from complex samples. (A) Tilted inter-digital transducers generate
pressure nodes and anti-nodes within the microchannel cross-section,
which force cells to separate. (B) CTCs and WBCs are separately col-
lected into two outlets. (C) Photograph of the real microfluidic device
next to a coin for size comparison. Reprinted with permission from ref.
84.

from white blood cells (WBC) containing solutions. Recovery
rates above 83% were obtained for samples with CTC: WBC
ratios of 1:100.000 and CTCs could be isolated from real clini-
cal samples from breast cancer patients.

3.2.3. Magnetophoresis. In contrast to DEP and ACP, mag-
netophoresis (MAP) requires labeling of cells with magnetic or
paramagnetic particles. MAP is a popular strategy since a vast
selection of antibodies coupled to magnetic beads is commer-
cially available and labeling of cells only requires a simple
incubation procedure. Then, a bulk magnet, which ensures a
force (Fuap)® (see eqn (6)) only in labeled cells, is used to
deplete other cells and remove the solution. Since some anti-
bodies bind antigens, such as cell membrane receptors, with
very high specificity, MAP offers a rather simplified instrumen-
tal and proceedings for cell separation, purification and con-
centration. According to Karabacak et al,*® magnetophoreis
has been popular because it “[...] requires simple and readily
available tools”.

o 2
Fyvap = gﬂrsllo){effVH27 (6)

where 4, is the permeability of vacuum and y.¢ is the effective
susceptibility of the cell which is related to the intrinsic sus-
ceptibility, y;, and given as ye = xi(1 + yi/3)-

This journal is © The Royal Society of Chemistry 2016
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Table 1 Cell manipulation techniques’ details

Cell handling Principle for cell Shear Versatile
technique manipulation Force stress cell control
STE Dimension — ++ v

DLD Dimension — -+ 4

DEP Electric properties 5 pN®®  ++ v
Acoustophoresis Mechanical properties 2 pN*>  + —

MAP Label cells with 6 pN®  + —

magnetic particles

The above advantages, together with aforementioned
aspects of microfluidics, are the motivation behind developing
microfluidic MAP equivalents. In parallel to the bulk equi-
valent, microfluidic MAP are characterized by simplicity of fab-
rication and magnet integration. This strategy, is very attractive
for cell separation and focusing since low intensity magnetic
fields are not known to harm cells. However it is “a one way”
focusing strategy that lacks the versatility of DEP, for instance, in
which the cell can be guided using dedicated electrode “high-
ways”. Moreover, it does not offer simple solutions for multiple
cell sorting, in contrast to multiplexed FACS techniques available
in certain flow cytometers. Recently, Giudice et al.®® reported the
development of a particle sorting device employing MAP. First, a
mixture of magnetic and non-magnetic beads are aligned along
a streamline. Then, particles are separated into two different
outlets via MAP force, yielding a deflection efficiency of 96%. See
Table 1 for a summary of the above techniques’ details.

3.3. Integration

The presented techniques for cell manipulation have inherent
advantages and disadvantages which do not necessarily
overlap, rendering them suitable only for some applications.
Thus, cells that have identical dimensions, electrical and
mechanical properties, and only differ in the expression
(levels) of certain membrane surface proteins can only be
differentiated in microfluidic devices by using appropriate
labels, such as in MAP-based separation. Most studies use
proof-of-principle examples of low complexity, such as cultured
cell suspensions instead of complex mixtures such as blood,
for development and verification of their devices. However,
often such approaches are not sufficiently flexible to be suc-
cessfully translated to specific real-world applications. For
instance, size-based separation of blood cells does not necess-
arily allow distinguishing healthy from infected red blood
cells. Hence, progressively researchers invest efforts to inte-
grate different methodologies into a single lab-on-chip (LoC)
(as represented in Fig. 3-bottom) in order to either merge
advantages of different strategies while canceling out handi-
caps, or to enhance cell manipulation control by joint forces.
In the next sub-sections, we will present recent examples of
integration on microchannels for improved cell manipulation.

3.3.1. ACP and DEP. Collins et al®® developed an inte-
grated DEP and ACP microfluidic device for the separation of
particles with different dimensions and termed it virtual DLD.
The device employs a novel fabrication scheme that made use
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of interdigital electrodes, deposited over a piezoelectric
lithium niobate, for both exerting ACP and DEP forces, as rep-
resented in Fig. 6. The device was capable of sorting particles
with small dimension differences down to the sub micrometer
range (i.e. 300 nm from 500 nm particles). The authors demon-
strated that this integrated strategy yields similar overall
particle separation results, even when wusing different
microchannel heights, with DEP and ACP being dominant in
small and tall microchannels, respectively. The reason is that
due to the planar electrode fabrication the DEP force range is
limited and therefore compatible with channel heights close
to the dimension of cells. However, the limited DEP force
range is compensated for by the ACP force which spans the
overall channel height.

3.3.2. DEP and DLD. Beech et al®® developed an inte-
grated device employing DEP to “tip the balance of DLD”. Here,
the separation of particles by DLD is complemented by DEP
forces in order to increase the critical particle diameter for
separation by 50%. Furthermore, the use of DEP in this inte-
grated construction allows (i) decreasing the shear stress
applied to cells by avoiding or minimizing collision with posts,
as well as (ii) discriminating between particles of the same
dimension but different dielectric properties, as demonstrated
by Shafiee et al.’® who separated living from dead human Leu-
kemia THP-1 cells.

3.3.3. ACP and MAP. Adams et al.’" showed the develop-
ment of serially integrated ACP and MAP actuation in a micro-
fluidic device in order to attain high enrichment of specific
particles from a mixture. Their device had three individual
outlets for separate collection of fluid fractions that ideally
should only contain non-, acoustically or magnetically targeted
particles. Therefore, they used a mixture of particles with
different diameters: 0.9% 5 pm fluorescent green polystyrene
particles (acoustic target), 0.7% 4.5 pm magnetic microspheres
(magnetic target) and 98.4% 1 pm blue fluorescent polystyrene
particles (non-targeted). The particle mixture distribution was
chosen to mimic rare target separation and was flowed in the
microchannels at a rate corresponding to 10° particles per
h. Whereas they collected 94.8% magnetic target, 0.2% acous-
tic target and 5% non-target particles at the magnetic target
outlet, the distribution at the acoustic target outlet was 89.2%

flow

ofvt 77
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X
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acoustic target, 2.4% magnetic target at 8.4% non-target par-
ticles. Additionally, 91% of all target particles were recovered
from the initial mixture. This work demonstrates a simple inte-
gration yet efficient scheme for multi-parameter particle separ-
ation, which might be useful for biological applications.
However, further development should be invested (as with
most proof-of-principle designs employing particles) due to
the considerable difference between synthetic particles and
cells which might even compromise the device’s proper oper-
ation, for instance, as discussed in the DLD section (ie.
regarding the different deformability of cells - not rigid
particles).

3.3.4. DLD, inertial focusing and MAP. An almost transver-
sal promise throughout LoC literature is that these devices
perform at least comparable if not considerably better than tra-
ditional bench-top equivalents, while reducing complexity.
Although this is generally true, one should note that often LoC
devices only partially comply with the procedures required to
attain the desired output (when compared to conventional
methods) requiring third party processing by technicians. This
is owing to the challenging integration of several independent
functional units into a single all-in-one LoC device. As afore-
mentioned, the combination of different strategies for particle
or cell manipulation have increased microfluidic operation
performance, however not without still leaving room for
further development. Karabacak et al.’° went beyond in the
integration level and developed a two-level strategy for the iso-
lation of CTCs from blood samples (Fig. 7A). The whole appar-
atus includes two devices: the first, named CTC-iChip1,
performs DLD on a concurrent flow of whole blood and buffer,
in order to isolate larger cells (WBCs and CTCs), while deplet-
ing abundant and undesired red blood cells and platelets. The
first device is connected in series to a second, named CTC-
iChip2, which further guarantees that only CTCs are collected
at the output of interest. In a first stage, the cells are focused
to a precise location of the channel cross section by inertial
microfluidics. Then, in a second stage, WBCs (which were
labeled with magnetic particles via anti-CD45 and anti-CD66b
antibodies) are magnetically guided to a waste reservoir. Con-
sequently, CTCs are collected into a second reservoir for count-
ing purposes. The device was tested using real blood samples,

Fig. 6 Combination of DEP and ACP by integrating electrodes in a microchannel. (Left) schematics of the integrated microfluidic constitution and
operation. (Middle) the electrodes make an angle 0 toward the fluid flow direction. A particle, flowing from left to right will be subjected to a combi-
nation of drag force in the direction of the fluid flow, and DEP and ACP forces both perpendicular to the electrodes. Particles/cells with dimensions
above the critical diameter will be deflected along the electrodes. (Right) representation of the acoustic pressure field magnitude in gray, and the first
10 DEP force potential contours in color and the DEP force vectors. Reproduced from ref. 88 with permission from the Royal Society of Chemistry.
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(A) Schematics of CTC-iChip operation. The actual device combines two separate microfluidic devices that integrate three cell manipulation

techniques: DLD for removing red blood cells and platelets, an inertial focusing region, and a MAP region for separation of CTCs from WBCs. (B)
CTC-iChip bench-top prototype. (Left) schematic of the microfluidic network and operation. (Right) photo of the integrated device. Reprinted by
permission from Macmillan Publishers Ltd: Nature Protocols,>® Copyright ©2014.

and sorted up to 107 cells per s, achieving a 3.8-log depletion
of WBCs and a 97% recovery yield of CTCs. Besides providing
impressive sample treatment capabilities and results within a
single experimental operation, the overall apparatus is an ideal
example of an easy-to-operate all-in-one LoC (Fig. 7B) that
bridges the gap between technological development and the
end user with real life applications, i.e. mostly clinical and lab-
oratory technicians. Notably, user intervention is only required
for introducing the sample/buffer solutions and connecting
tubbing/reservoirs.

4. Fast cell stimulation and
quenching

The previous sections introduced microfluidic methods that
enable high spatial control of cells within microchannels.
Those applications often target cell-cell separation from
complex mixtures based on an invariant characteristic, or tem-
porally static, such as whether the cell is a CTC or a white
blood cell. On the other hand, cell growth, cell-cell communi-
cation and response to stimulus, for instance, are transient
processes requiring not only tight control of the localization of
cells but also the time lapse between events.”” This represents
an additional concern and imposes design limitations. For
instance, free-flow is not suitable to study processes which
occur for adherent cells, or in opposition, non-adherent cells
require free-flow strategies.

Most recent developments on fast cell stimulation tech-
niques make use of cell adhesion on specific parts of the
microchannels. Then, cells can be subjected to a sequence of
different solutions, such as growth medium exchange, stimu-
lant containing solution and lysis or fixation buffer, simply by
controlling the injection of solutions. Adsorbing, culturing
and maintaining cell populations is per se not a trivial task

This journal is © The Royal Society of Chemistry 2016

and subject of many studies in the literature***** that will

not be covered here. However, it is important to stress that, in
contrast to traditional cell culture, microfluidic applications
require more time and skills to successfully adhere/cultivate/
maintain cells. On the other hand, microfluidics allows auto-
mation in a highly parallelized (high throughput) fashion
under well-controlled conditions that are not achievable other-
wise.”? Notably, adherent cells pose substantial limitations to
the range of applications. When fast solution switching is
required (e.g., in the sub-second range) two important limit-
ations have to be taken into account: (i) cells are shear stress
sensitive and will not allow the use of high flow rates, and (ii)
fast solution switching while avoiding contamination is a time
limiting factor, because it usually requires physical separation
of solutions (e.g:, using valves or air bubbles). In the next para-
graphs we will present some work developed recently which is
based on cell adhesion models.

4.1. Using perforated membranes

Chingozha et al.®® developed a microfluidic device using a
PDMS perforated membrane to allow stimulus from one side
of the membrane to reach cells located on the other side
(Fig. 8A). Hence, they created a physical barrier that controls
the flow rate delivered to the cells in order to control the shear
stress applied. At the same time, the hydraulic resistance was
tuned to ensure rapid mass transport of the ligand. Cells were
seeded into the cell’s compartments by gravity-driven flow. As
shown in Fig. 8B, an array of single cells (Jurkat E6-1 human
acute T lymphoma) were compartmentalized within the cell
microfluidic compartment, separated from the active flow layer
via pores. With the cell layer inlet closed, the microfluidic
device was flushed sequentially with buffer and stimulant with
control of the frequency of switching. The authors used FITC
and fluorescence microscopy in order to characterize the
device’s performance in terms of (i) homogeneity of the mass

Analyst, 2016, 141, 1888-1905 | 1897
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density cell trap layer. Fluorescence measurement was performed under application of an oscillating stimulus. (B) Detailed representation of the
microfluidic device, structures and microfabrication process. Adapted with permission from ref. 95. Copyright ©2013 American Chemical Society.

delivery to the different cell locations and (ii) required time
(“rise-time”) to exchange the solution at the cell location. They
found a negligible difference in the periodicity of the upstream
and downstream flows (<0.01%) and a rise-time of 154 ms,
both values in good quantitative agreement with their compu-
ter simulations.

The device was used to evaluate the response of intracellu-
lar Ca®>" depleted Jurkat to alternating flows of Ca®* and EGTA
solutions, using Fluo3-AM as signal. Different switching
periods between 20 s and 2 min were tested, showing the
potential of this device to perform controlled stimulation
experiments. Moreover, the device offers a general strategy
since cell adhesion to the microfluidic walls is not mandatory.
However, ensuring that cells are individually immobilized, par-
ticularly in long term experiments, is not trivial, even more
when using small cells such as bacteria.

4.2. Electro wetting - digital microfluidics

Recently, Ng et al.”® described the use of digital microfluidics

to perform immunocytochemistry in single cells. Digital
microfluidics makes use of planar electrodes to change the
contact angle of droplets in order to move them above a planar
surface.”” The device comprised two parallel plates, separated
in about 180 pm distance, forming an “infinite” microfluidic
chamber. An array of electrodes was deposited on one of the
plates, covered with a Teflon film to avoid cell adhesion. In the
second plate, specific areas for cell adhesion (i.e. hydrophilic
areas) were patterned into a Teflon coating (Fig. 9). Fluids
where moved around by sequential actuation of the planar
electrodes. Except for the cell adhesion spots all areas of the
microdevice were hydrophobic, allowing precise circulation of
nl volumes of solution. By flushing a solution through the
hydrophilic spots a “virtual microwell” was formed by trapping
a given quantity of liquid between the two parallel plates. Its
lateral footprint was defined by the hydrophilic area (Fig. 10).

1898 | Analyst, 2016, 141, 1888-1905

Liquid exchange was performed by circulating a second solu-
tion through the virtual microwell area with an exchange
efficiency of 93% in a single step and up to 99% in two steps.

The digital microfluidic device was used to investigate the
activation dynamics of the phosphoinositide 3-kinase signal-
ing pathway upon stimulation of fibroblasts with PDGF.
Around 300-400 cells were immobilized in each virtual micro-
well. A series of 11 automated steps were conducted to
perform cell starvation, ligand stimulation, fixation, permeabi-
lization, blocking, staining and washing. Successive end-to-
end solution exchanges were possible in about 1.3 s. Hence
this device allows for fast cell stimulation assays down to the
second time regime.

4.3. Chamber based microfluidics for sequential cell
stimulation

Another concept to control the sequential flow of solutions to
adherent cells on a chamber is by using pneumatic valving.
Blazek et al'' developed a large scale integration platform
containing 16 “logic blocks”, each addressing 8 chambers for
conducting high throughput studies of fast protein phos-
phorylation kinetics in NIH3T3 fibroblasts (Fig. 11a). The chip
was supplied with all solutions required using tubbing and
eventually flasks, thus avoiding any further disturbance during
experiments. An automated pressure controller was used to
ensure controlled flow rate delivery and timings of the
different reagents used, with the full experiment taking about
one and half days. The device’s theoretical time resolution of
1.5 s for cell-stimulation was measured by monitoring the time
required to fully exchange the cell chamber buffer at different
pressure values (see Fig. 11b and c). However, the experimental
resolution time was 10 s, since the authors used stimulation
pulses of 5 s followed by a cell fixation pulse. Full cell acti-
vation experiments were performed on chip and signals were
quantified via proximity ligand assays. Cell counts between

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6an00027d

Open Access Article. Published on 11 Februar 2016. Downloaded on 23.02.26 01:56:28.

Analyst
a 2in
00000 %
ddofplolpo ,
7
" A
4
= 7]
L - IENENS - 1 |n
11
Top plate :
L S
N
~
N
docada o Ny
fo]
Automated cell culture,
stimulation/inhibition, and

c V immunocytochemistry

Il-|\yldro :*;:'lc siltzls ||

(elfle]ie) (o) (0] (0] (& ©

Top plate

|
Fixed and stained adherent cells

a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

b +ve
x1 control x2

No wash
Wash 1
Wash 2
Wash 3

Wash 4

x3

Microarray

Virtual micl

— Active dispensing

Top view

Target protein channel

scan

=3 Phosphorylated protein channel

Raw microarray images

View Article Online

Tutorial Review

@9 Ligand

N O Target protein
) & Phosphorylated protein
1° antibody

'—‘I\ﬂ\ N Receptor

L - o
Cell membrans 7~ Labelled 2° antibody
Top plate 0 Glass
B Electrode
[Droplet J Air ~) O Teflon AF
@ Parylene C
Bottom plate [T Virtual microwell
Side view

Image
analysis

—

a Control
© Stimulated

% of cells

e 5. T

CeII ientified Protein phosphorylation

Fig. 9 Schematics of the digital microfluidics device. Fluid droplets are circulated by actuation of integrated planar electrodes passivated with a Teflon
coating. In designated areas, the absence of hydrophobic coating allows the formation of a virtual microwell where cells are trapped for further stimulation
experiments. Signal inspection was performed using a microarray scanner. Reprinted with permission from ref. 96. ©2015 Macmillan Publishers Limited.

o) d
5
’:',:\ 10 ,S 1.0 1
% ] No wash g 0.8 4
o 1 €
c | @
3 g 0.6
0 10* 3 0
S 3 B 0.4 -+
= ] N
R £ 02-
S 1 S
Q =
04 103 S S——— 0.0

0.001 0.01 0.1

1 10

Concentration (uM)

0 1 2 3 4

Number of washes

Fig. 10 (Top) device operation details. A virtual microwell containing 5 pul of fluoresceinamine is washed sequentially and the remaining fluor-
escence compared to calibrated data. (Bottom) washing efficiency experimental results: two washing steps displaced >99% of the original solution.
Reprinted with permission from ref. 96. ©2015 Macmillan Publishers Limited.

This journal is © The Royal Society of Chemistry 2016

Analyst, 2016, 141, 1888-1905 | 1899


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6an00027d

Open Access Article. Published on 11 Februar 2016. Downloaded on 23.02.26 01:56:28.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

a)
=
|
-
=
|
b) 3 2
o
c24 168
E z
=18 129
e s
S 1.2 08 €
: 2
2 : s
0.6 : 0.4 2
H (7]
- v 0

5 10 1520 25 30 35 40 45 50 55 60
pressure / kPa

0.0 0.1 0.2 0.3
time / se¢ ——————vxi
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lapsed images of buffer exchange in one cell culture chamber for an
applied 40 kPa inlet pressure. Reproduced from ref. 98 with permission
from the Royal Society of Chemistry.

350 and 500 where used to ensure statistically relevant data.
The characteristic phosphorylation times for different cell
receptors (PDGF and IGF-1) were between 13 and 35 seconds.

Despite reduced time resolution compared to the previous
examples, this work demonstrates a highly compact and paral-
lelized cell stimulation device that once properly interfaced
with the outer world can perform complete cell stimulation
experiments autonomously. However, interfacing complex
tubing and pressure source connections in microfluidics is a
challenging task.
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4.3.1. Free-flow cell stimulation and quenching. “Whole
cell quench flow” microfluidic systems can be used as alterna-
tive to adherence-based cell stimulation microfluidic methods,
by using STE' or micromixers.”® Here, cells flow freely in
microfluidic channels while pumping the cell suspension.
Since cells will follow the solution flow, the fluid velocity at
their membranes is lower than in the surface adherent version
and therefore sheer stress is reduced.’® Once the cell is effec-
tively transferred into the stimulation solution, stimulation
time is a function of flow rate and dead volume, including how
fast the cell is brought into contact with the stimulus and the
reaction arrest. The same is true for aforementioned examples
and the bottleneck in many others throughout literature, i.e.
often methods lack of a precise quenching/lysis method. This
is of particular relevance, as fast signaling events based on
phosphorylation can proceed within milliseconds to
seconds.”® Therefore, analogous to stimulation, quenching/
lysis should be performed in microfluidics (in opposition to
off-chip) to ensure high temporal resolution, however requires
additional care. An SDS containing cell lysate is highly viscous
compared to typical microfluidic solutions and specific
designs need to accommodate for this change. One example of
such a strategy has already been presented in the “STE”
section above. Briefly, a microfluidic device comprising an in
series two-level STEs was used for whole cell quenched flow
analysis. A cell suspension and stimulation reagent were input
into the first STE level which ensures that cells (HeLa S3)
migrate from the cell suspension into the stimulation media
(IGF-1) in about 1 ms. Quenching was performed by merging
the previous flow with quenching solution in a second STE
stage. Although this strategy ensures high temporal resolution,
it also requires high flow rate ratios to ensure that cells are
properly deflected into different solutions. Taking a 1:7 flow

Pressure Drop
Channels

Stimulation Duration Control

Lysis Inlet

Module 2

Cell Lysate Outlet

Fig. 12 A two module microfluidic application for cell stimulation and
quenching. (Top left) photograph of module 1 showing mixing of
colored solutions, achieved in 0.25 s. (Middle) the mixed solution is
divided through 8 outlets which are connected to module 2 via different
tubbing lengths corresponding to different cell stimulation time points.
(Right) the input from module 1 is mixed with lysis buffer in module
2. Reproduced from ref. 11 with permission from The Royal Society of
Chemistry.

This journal is © The Royal Society of Chemistry 2016
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Table 2 Cell manipulation techniques details
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Cell handling technique Principle for cell manipulation Time resolution User friendly Generalizable
Perforated membrane Controlled solution exchange ++ ++ +

Digital microfluidics Electro-wetting + ++ +

Chamber and valving Solution exchange using valving + — ++

Pinched flow Deviation of cells via STE +++ ++ ++
Micromixers Mixing cell and stimulus ++ +H+ +++

ratio for instance, per ml of cell solution 7 and 49 ml of stimu-
lation and quenching solutions are required, respectively,
which may pose restrictive limitations to the concentration of
the final lysate. Furthermore, for typical microfluidic device
sizes and lysate collection requirements, single experiments
may take hours of operation per time point experiment. Since
in microfluidics liquids flow in the laminar regime, mixing of
substances is controlled by diffusion. Diffusion constants are
very low and especially reduced for larger molecules, hence
mixing solutions in microfluidics is time inefficient. However,
mixing times can be greatly reduced by increasing the number
of interfaces between the liquids to mix within a microchannel
cross section (i.e., diffusion distances are decreased). Micro-
fluidics especially designed for this effect have been termed
micromixers.'®® Although micromixers might not offer such a
high temporal resolution as STE elements, they offer the possi-
bility to mix different solutions at comparative flow ratio
values, hence avoiding dilution problems. For instance, Hirsch
et al.’® used a herringbone-based micromixer to activate T
cells. The microfluidic device (Fig. 12) integrated several
micromixers in parallel using a common source of cells, stimu-
lus and lysis buffers. A mixed solution of cell and stimulus
buffers, obtained in only 250 ms, was split into eight different
time stimulation circuits (30 s to 5 min). Cell lysis was also per-
formed in parallel and the experiments were carried out with
an equivalent of 5% of material as compared to conventional
methods (Table 2).

5. Discussion

As reviewed here, alongside high spatial resolution, high tem-
poral control of cell manipulation in microfluidics has been
performed at unprecedented levels. High temporal control is
especially important when high time resolution is required
and/or in characterization of fast occurring phenomena, both
of which are of the interest of different fields such as research
and clinics. However, key to success encompasses also technol-
ogy transfer. The transfer of microfluidic technologies, such as
those for cell manipulation, into real world applications faces
two main obstacles, referred to in several publications in
recent years.'”""'%> The first obstacle is to guarantee reproduci-
bility of microfluidic operation in non-comfort zones, i.e. in
the field of application rather than in the laboratory of devel-
opment, without the need for specialists. Although, as demon-
strated in this review, many studies have demonstrated high

This journal is © The Royal Society of Chemistry 2016

potential and control regarding particle per cell manipulation,
issues regarding interfacing microfluidic chips to up- and
downstream applications of the external world are often
omitted. Importantly, in many cases this may actually compro-
mise the practical application of otherwise elaborate devices.
The above mentioned issues are well-known and in the past
years researchers have put efforts into both scaling integration
levels of microfluidic systems and designing practical chip-
world interfaces. This applies to microfluidic devices for par-
ticle or cell manipulation, but also to other microfluidic
based applications, such as biosensing, which may actually be
used complementary in cell studies; for instance, early
cancer diagnosis facilitated by such technologies either by
detection/quantification of cancer biomarkers and CTCs may
improve treatment outcomes. The second obstacle is the devel-
opment of a working prototype into industrialized products.
This is mainly attributed to the inability to mass-scale produce
microfluidics in their typical research environment form.
Thus, PDMS has been the material-of-choice for microfluidic
device fabrication, but casting is incompatible with estab-
lished industrial fabrication techniques such as micro-injec-
tion and compression molding, and thermoforming. Thus,
whereas microfluidic devices open up novel possibilities in
fundamental research, there is a still a gap to bridge for
routine usage and applications, such as in clinical research.

6. Perspectives

Microfluidic devices, whether in their early development
stages or as integrated systems, have increasingly received
attention by the research community. Among those, particu-
larly microfluidic devices for cell manipulation have attracted
attention in the field of life science and (bio)medicine. Nowa-
days there is a huge demand, both economically and ethically,
to miniaturize procedures and develop cell-based experiments
that might replace traditionally performed animal models in
accordance with the 3R (Replacement, Reduction, Refine-
ment). Along this line, there is a general trend to reduce time
and costs of analyses and increase efficiency. All these con-
cepts may greatly benefit from migration to microfluidic
formats. Indeed, microfluidic technology has opened new
paths to perform original studies that had been impossible
previously, and many tools are available. However, what is
lacking is the development and fabrication of standardized
microfluidic connections and ideally of-the-shelf parts, such
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as in the case of electronics. Then, building a microfluidic
circuit would be easily customizable, rendering it increasingly
attractive to research in (bio)medicine and biology, among
others. Furthermore, despite a vast research community of
potential customers, the potential of microfluidics is see-
mingly still confined to experts. Breaking this invisible bound-
ary by advertising its power to the general scientific public
would greatly promote further interdisciplinary discussion,
cooperation and development.
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