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Living cells are a fascinating demonstration of nature’s most intricate and well-
coordinated micromechanical objects. They crawl, spread, contract, and relax—
thus performing a multitude of complex mechanical functions. Alternatively, they
also respond to physical and chemical cues that lead to remodeling of the cyto-
skeleton. To understand this intricate coupling between mechanical properties, me-
chanical function and force-induced biochemical signaling requires tools that are
capable of both controlling and manipulating the cell microenvironment and mea-
suring the resulting mechanical response. In this review, the power of microfluidics
as a functional tool for research in cell mechanics is highlighted. In particular,
current literature is discussed to show that microfluidics powered by soft litho-
graphic techniques offers the following capabilities that are of significance for
understanding the mechanical behavior of cells: �i� Microfluidics enables the cre-
ation of in vitro models of physiological environments in which cell mechanics can
be probed. �ii� Microfluidics is an excellent means to deliver physical cues that
affect cell mechanics, such as cell shape, fluid flow, substrate topography, and
stiffness. �iii� Microfluidics can also expose cells to chemical cues, such as growth
factors and drugs, which alter their mechanical behavior. Moreover, these chemical
cues can be delivered either at the whole cell or subcellular level. �iv� Microfluidic
devices offer the possibility of measuring the intrinsic mechanical properties of
cells in a high throughput fashion. �v� Finally, microfluidic methods provide ex-
quisite control over drop size, generation, and manipulation. As a result, droplets
are being increasingly used to control the physicochemical environment of cells
and as biomimetic analogs of living cells. These powerful attributes of microfluid-
ics should further stimulate novel means of investigating the link between physi-
cochemical cues and the biomechanical response of cells. Insights from such stud-
ies will have implications in areas such as drug delivery, medicine, tissue
engineering, and biomedical diagnostics. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3067820�

I. INTRODUCTION

Mechanical processes like pushing, pulling, and squeezing play a remarkably significant role
in the biological function of a cell.1,2 For example, such forces turn out to affect biological
processes such as cell growth, division, migration, and death. In addition, mechanical forces at the
cellular level impact the function of biological structures ranging from large length scales such as
tissues to small length scales such as genes. As a result it is not surprising that when living cells
are affected by disease, changes in their mechanical properties also occur. Indeed cell mechanics
has been implicated in a variety of diseases, such as cancer,3–5 malaria,6 sickle cell anemia,7

asthma, and glaucoma.8 For example, Cross et al.5 studied individual cells taken from the tissues
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of suspected patients with various cancers. From physiology it is suggested that metastatic cancer
cells must be more deformable than healthy cells, to be able to invade tissue. Consistent with this
notion, individual metastatic cancer cells were indeed found to have lower Young’s moduli mea-
sured via atomic force microscope. Also, in suspended state, cancerous and metastatic cells could
be distinguished from healthy breast epithelial cells via their resistance to optical stretching.9 Thus
there exists an intimate link between the mechanical properties and the diseased state of living
cells.

From a mechanics perspective it is well known that intracellular forces are generated and
supported via an intracellular framework called the cytoskeleton. This network, containing actin
filaments, microtubules, and intermediate filaments, is dynamic in nature, and is regulated via
polymerization and depolymerization rates, which in turn are controlled via molecular motors and
ATP.10 This coupling between intracellular mechanics and chemistry appears to be universal.11,12 It
allows cells to respond mechanically to external stresses by activating biochemical signaling
cascades and also underlies the possibility to restore the mechanical properties of diseased cells by
pharmacological interventions. Thus cellular mechanotransduction studies that involve under-
standing and the control of interactions between mechanical forces and biochemical signaling
pathways could lead to novel therapeutic strategies to treat diseases.

Fundamentally, understanding cell mechanics is a complex problem. This is because cells are
not only micromechanical objects that support and generate mechanical forces, but they are also
capable of sensing their microenvironment and adapting to it. To understand this intricate coupling
requires tools that are capable of both manipulating the cellular microenvironment in a controlled
manner and also quantifying the resulting mechanical response. We believe this is precisely where
tools such as microfluidics and microfabrication present an immense opportunity for studies in cell
mechanics. As summarized in Fig. 1, these tools are not only capable of creating and manipulating
the physicochemical environment of cells but also measuring the intrinsic mechanical properties of
cells. The goal of this review is to highlight this power of microfluidics and its significance for
fundamental and applied studies of cell mechanics. The importance of other micro- and nanotech-
nological tools for investigating cell mechanics has been recently reviewed by Le Duc and
co-workers.13 Recent advances in the basic understanding of cytoskeleton remodeling14 and the
broad suite of techniques2,15 available for characterizing the mechanical properties of the cytosk-
eleton have been reported elsewhere. In addition, soft lithographic procedures to fabricate micro-
fluidic channels, structured elastomeric substrates, and multilayer devices have been reviewed
elsewhere.16,17

II. MICROFLUIDIC DEVICES MIMIC IN VIVO CELLULAR MICROENVIRONMENT

The last decade has witnessed revolutionary advances in the manipulation of fluids at small
scales.18 This growth has been driven by the potential that microfluidic devices can perform fast,
reliable, and high throughput biochemical analysis using only minute quantities of samples and
reagents. In addition, microfluidics has become such a powerful tool that its application has been
extended from analyzing simple systems such as proteins and DNA to more complicated biologi-
cal systems such as living cells. This concept of cells on chips19 is appealing from a cell mechan-

Microfluidics as a functional tool for cell mechanics

Mechanical
characterization

(Biomechanical flow cytometry,
μStructured surfaces &
Multi-layer devices)

Minimal models of
physiological

microenvironments
(Microvasculature, Lung)

Physical Cues
(Cell shape, Fluid flow,
Substrate topography &

Stiffness)

Chemical Cues
(Growth factors, Drugs,
Concentration gradients
& Substrate chemistry)

Droplet-based
Microfluidics
(Cell encapsulation,

Biomimetic model of cell)

FIG. 1. Various attributes of microfluidics that are useful for fundamental and applied investigations in cell mechanics.
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ics point of view, because microfluidic systems can be built that mimic the in vivo environment of
cells, allowing mechanical behavior of cells to be studied under almost physiological conditions,
with minimal consumption of reagents.

One general consideration that needs to be assessed during cell culture in chips is the degree
of cell viability in a given microfabricated device.20 Apoptosis assays, especially on adherent cells,
are employed as a sensitive test to ensure that the microfluidic device and the culture conditions
used do not negatively influence the cellular behavior.21 Several studies22,23 have shown normal
cell viability in polydimethylsiloxane �PDMS� chips for as long as a few weeks. Besides PDMS,
cell culture has been performed in devices made with other materials such as silicon dioxide and
glass. Even in these devices, good cell viability has been demonstrated.21 However, devices fab-
ricated with different materials require different strategies to ensure delivery of gases �oxygen and
carbon dioxide�. In glass chips, this has been achieved by gas dissolution in the liquid, whereas in
PDMS devices, gas permeation through the walls suffices. In one study,24 the thickness of the
PDMS was varied between 100 microns and several millimeters, without noticeable effects on cell
viability. Also, nongaseous nutrients and secretion products need to be transported to/away from
the cell. Since diffusion is slow, liquid flow is often needed to ensure this.24,25 However, careful
design of the channel geometry is needed to ensure undesirable shear-induced activation of gene
expression. The amount of shear stress that can be endured without significant changes in cell-
state depends on the cell type.26,27 While this implies that different �maximum� shear stresses
apply for different types of cells, it should be noted that the chip design is generally flexible—
changing the channel dimensions is a straightforward way to change the flow stress. Apart from
flow fields, cell viability under the application of external fields that are often incorporated into
microfluidic devices for cell manipulation has also been addressed. For example, the sorting of
cells using dielectrophoresis28 or optical forces29 does not appear to perturb cell physiology ap-
preciably. Under well-controlled conditions, also ultrasound has been applied to cells inside mi-
crofluidic chips, without significant loss of viability.30

Given that many studies have shown good viability of living cells in microfluidic devices,
there is ample scope to use microtechnology to design and mimic in vivo cellular microenviron-
ments. An excellent case, for example, is the recent growth in using microfluidics to develop
minimal models of the microvasculature. A number of studies31–34 have begun to use microfluidic
devices, instead of parallel plate chambers, to grow endothelial cells and expose them to shear.
These microfluidic channels of 10–100 �m in size are better mimics of the capillaries in the
microvasculature because of the matching of the length scales of channels and cells. Such micro-
fluidic channels have also been integrated with membrane valves and pumps to achieve an auto-
mated in vitro microvascular system for long term culturing and shearing of endothelial cells.34 In
addition, shear stresses of 1–10 Pa are quite easily achieved in microfluidic devices mimicking
the hemodynamic shear stresses experienced by endothelial cells. Apart from using microfluidic
devices for microvasculature studies, a recent development has been the application of two-phase
microfluidic systems to mimic the physiology and pathophysiology associated with pulmonary
airways. Huh et al.35 were able to demonstrate mechanical injury of airway epithelial cells due to
rupture of liquid plugs in microfluidic channels.

Microfluidic devices are also being increasingly used as in vitro model systems for investi-
gating the role of blood cell mechanics in hematological diseases.36 Shelby et al.37 used narrow
microfluidic channels to investigate the deformability of red blood cells infected with the malarial
parasite Plasmodium falciparum. Healthy red blood cells were able to pass through these narrow
constrictions readily, compared to infected cells, indicating that infected cells were mechanically
more rigid than the healthy cells. Higgins et al.38 studied sickle cell vasoocclusion in a microflu-
idic device. The microfluidic format enabled them to vary a number of parameters �geometric
confinement, flow rates, oxygen concentration� and identify the conditions for the onset of va-
soocclusion. More recently, Fletcher and co-workers39 used a microfluidic device consisting of
successively bifurcating channels to characterize the single-cell transit times of red blood cells and
neutrophils. The transit time distributions of the cells infected with sepsis and leukostasis were
found to be significantly different from that of the corresponding healthy cells.
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III. MICROFLUIDICS AS A MEANS TO DELIVER PHYSICAL CUES TO CELLS

Microfluidics and microfabrication are versatile means of manipulating physical cues that
affect cell mechanical behavior such as fluid flow, substrate topography and stiffness, and cell
shape. For example, cells can be easily exposed to laminar shear and extentional flows in micro-
fluidic devices.40 More complex flows including pulsatile17,41 and chaotic flows42,43 can also be
generated in microfluidic devices. The capability of producing such a broad range of flow types in
microchannels opens up new possibilities for studying flow-induced cytoskeleton remodeling,11

particularly for cells that are sensitive to fluid forces such as endothelial cells.
Soft lithographic techniques allow varying the topography of substrate with feature size rang-

ing from microns to nanometers.44 Remarkably, cells can sense substrate topography as well as
stiffness.45,46 A recent study has shown that the elastic modulus of cells grown on softer substrates
is lower than those grown on harder substrates and that cells tend to tune their stiffness to the
stiffness of the substrate.47 Cancer cells have also been identified via their growth on soft agar
gels.4 In certain stem cells it has been demonstrated that their development into highly specialized
cells can be steered via the stiffness of the substrate.48 As a result, microfluidic devices should find
increasing application in such studies, as the substrate stiffness of these devices can be easily
tuned. For example, the stiffness of substrates fabricated using soft lithography can be varied from
�1 kPa to 100 kPa.45,49 Microfluidic strategies also allow cells to be grown in 3D microstructures
that could be used to study anchorage dependent cells.33,50,51

Apart from the use of microfluidics to control the physical microenvironment of the cell, it
also allows control over the shape of individual cells. Patterning techniques such as microcontact
printing52 are well equipped to control the shape of single cells, including introducing anisotropy
in shape. The basic principle exploits the affinity of adherent cells to regions where the extracel-
lular matrix is present. Although patterning techniques work well for cells on open substrates,
coupling them to microfluidic channels requires additional steps including cumbersome alignment.
The advantage of coupling microfluidic networks and patterning techniques is that the channels
provide a conduit for delivery of either physical or chemical cues in a precise manner. Such
functionality could be useful in endothelial cell mechanics to address the link between cell mor-
phology and flow-induced cytoskeleton remodeling. In this regard, we recently developed a multi-
layer device that has the capability to pattern cells inside microchannels53 �see Fig. 2�. These
devices were fabricated in a manner similar to membrane valves, except that topographical struc-
tures were introduced on the roof of the fluid channel. The working principle of this device is
based on using the deformation of the structured elastomeric membrane �SEM� to mask a certain
area on the microchannel surface and passivate the unmasked area with a blocking agent. Subse-
quently extracellular matrix proteins can be introduced that preferentially adsorb in the previously
protected area. Thus, depending on the shape of the feature on the SEM, adhesive islands of
various shapes can be obtained. Figure 3 shows that this technique can indeed provide good
control over the shape of a cell on a microchannel surface.

IV. MICROFLUIDICS AS A MEANS TO EXPOSE CELLS TO CHEMICAL CUES

Microfluidics is capable of delivering chemical cues such as growth factors and drugs to living
cells that in turn affect their mechanical behavior. The laminar nature of microfluidic flows pro-
vides unique possibilities for stimulating cells chemically. Coflowing streams can be used to
deliver chemical cues locally to individual cells �see Fig. 4�a��. Takayama et al.54 were the first to
apply this principle and demonstrate selective labeling of mitochondria with different fluorescent
dyes in endothelial cells. The laminar interface in such flows can also be controlled with a high
degree of spatiotemoral resolution.55 Local chemical stimuli have also been delivered using mi-
crofluidic flow-focusing as shown in Fig. 4�b�.56 Gradients in concentration of chemical cues
including extracellular matrix proteins on a substrate can also be easily set up using microfluidic
laminar flows. Motivated by studies on chemotaxis, several groups have reported a variety of
microfluidic networks that are capable of generating simple to complex chemical gradients.57
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V. MICROFLUIDIC TOOLS TO CHARACTERIZE THE MECHANICAL PROPERTIES OF
CELLS

So far we have discussed how microfluidics allows regulating the physicochemical environ-
ment of cells. We now discuss microfluidic strategies that have been developed to characterize
cellular mechanical properties. In particular, biomechanical flow cytometry is well suited for
analyzing suspended cells and microstructured elastomeric surfaces and multi-layer devices are
suitable for characterizing the mechanical behavior of adherent cells. Below we discuss these tools
in detail.

Biomechanical flow cytometry: Recently, several groups9,39,58–60 have demonstrated microflu-
idic strategies to screen suspended cells mechanically in microchannels. Akin to conventional flow
cytometry where cells are selectively detected based on fluorescence, these recent methods detect
cells mechanically in microfluidic devices by exploiting characteristics that are linked to their
individual mechanical properties. Such approaches therefore fall under the category of biome-
chanical flow cytometry. �Recently Fletcher and co-workers collectively referred to these ap-

FIG. 2. A multilayer microfluidic device capable of patterning cells inside microchannels �a� Cross-sectional view of the
device showing the fluid channel in green and control channel in pink. Sandwiched in between the two channels is the
structured elastomeric membrane. In the top view �not shown� the fluid and control channels are oriented perpendicular to
each other. �b� Actuation of the control channel by pressure deforms the membrane, allowing it to touch the floor. �c�
Scanning electron micrograph of the mold showing the fluid channel with recessed features. �d� High resolution scanning
electron micrograph of the feature that has a tear drop shape. Scale bar corresponds to 10 �m. �e� Optical micrograph of
the PDMS-based multilayer device. The fluid channel is oriented horizontally and the control channel is oriented vertically.
Both the channels are 200 �m in width. The features are also shown. �f� Selective patterning of proteins on the micro-
channel surface. Fluorescently labeled bovine serum albumin protein and immunostained fibronectin are shown in red and
green, respectively. �g� High resolution image of fibronectin patterned on the microchannel surface. Additional details
regarding the fabrication of devices and experimental procedures on protein patterning are reported in Ref. 53.
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FIG. 3. Patterning of endothelial cells on microchannel surfaces by the multilayered device with structured elastomeric
membrane. �a� Phase contrast image showing the device. Scale bar is 50 �m. ��b�, �c�, and �d�� High-resolution phase
contrast �left� and fluorescent �right� images of the endothelial cells showing high fidelity shape control. Fluorescence is
due to staining of actin network with FITC-phalloidin. In some cases multiple cells adhered on the same fibronectin
patterned island.
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proaches as biophysical flow cytometry; however, we suggest it is more appropriate to categorize
these approaches as biomechanical flow cytometry since they are based on cell mechanics.� Typi-
cally mechanical property measurements obtained from biomechanical flow cytometry are quali-
tative compared to more precise techniques such as atomic force microscopy and micropipette
aspiration. However, their advantage lies in throughput �see Table I for throughput reported by
various approaches� compared to these precise techniques, which analyze a few cells per day.
Hence biomechanical flow cytometric approaches are suitable for rapid biomechanical diagnosis
of diseased state of cells.

In one of its simplest manifestation, biomechanical flow cytometry involves pumping sus-
pended cells through narrow microfluidic channels and subsequently recording the changes in cell

a

b

FIG. 4. Microfluidic delivery of chemical cues locally to single cells using �a� co-flowing laminar flows and �b� flow-
focusing streams. The arrows show direction of fluid flow.

TABLE I. A summary of the throughput generated by current microfluidic-
based biomechanical flow cytometric devices.

Biomechanical flow cytometric techniques
Throughput
�cells/min�

Transit-time based microfluidic binary tree network
�Ref. 39�

50–100

Microfluidic manometer �Ref. 58� 600–6000
Optical stretcher �Ref. 9� 1
Electroporative-based flow cytometry �Ref. 59� 300
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size due to shear-induced deformation.61 Alternative approaches involve measuring the transit time
for single cells to pass through a narrow channel. The transit times can be recorded using
optoelectronic62 or resistive pulse detection63 methods. Instead of using a single pore, recently,
Fletcher and co-workers39 performed many parallel measurements using a microfluidic binary tree
network that consists of successive bifurcations of a large channel into smaller channels. In this
study, cell size and transit times were measured using automated image processing methods. This
allowed them to delineate the dependence of transit times on cell size and cell deformability and
thus establish a link between transit time distributions, cell deformability, and their diseased state.

Instead of measuring transit time due to cell passage through a pore, Abkarian et al.58 reported
a novel technique called microfluidic manometer to measure the excess pressure drop due to
passage of a cell in a confined channel. The microfluidic manometer is a fluidic analog of a voltage
comparator.64 It typically consists of two identical channels—the reference and test channels—that
are connected downstream to form the comparator region �see Fig. 5�. To measure the excess
pressure drop due to the confined cell, fluid flow is generated in both the channels with the cell
being present only in the test channel. When equal driving pressures are imposed at the channel
inlets, any increase in the hydrodynamic resistance due to the presence of the cell in the test
channel yields a corresponding displacement of the fluid-fluid interface in the comparator region.
In practice, prior to the introduction of the cell into the test channel, a calibration curve is
generated between known excess pressure drop ��P� and measured interface displacement ��Y�.
This relation together with the measured interface displacement directly yields the excess pressure
drop induced by the traversing cell. Using this approach Abkarian et al.58 were able to demonstrate
pressure drop variation due to drug-induced changes in the cytoskeleton mechanical properties.

A key determinant of the performance of the manometer for measuring cellular-scale hydro-
dynamics is the calibration curve as it determines the sensitivity of the measurement. In Abkarian
et al.58 the interface displacement was measured from the symmetry line of the comparator and
also their geometry involved a long comparator section that could smear the interface due to
diffusive mixing downstream. We recently modified this previous comparator design by introduc-
ing a split in the downstream section of the comparator as shown in Fig. 5�b�. The interface
displacement due to a soft object �droplet� was measured from the vertex of the angular split as
shown in Fig. 5�c�. Figure 5�d� shows interface displacement as a function of excess pressure drop,
obtained via numerical calculations of the flow field in the comparator. Also shown is the curve for
the comparator geometry used by Abkarian et al.58 The results demonstrate that for the smallest
excess pressure drops, the interface displacement is about an order of magnitude higher in our
comparator geometry compared to that of Abkarian et al. We also investigated the effect of the
aspect ratio �width/height� of the geometry and we found that the sensitivity increases with in-
crease in the aspect ratio of the channel.65 We recently demonstrated the applicability of this
improved comparator design by measuring the excess pressure drop due to the flow of a single
confined droplet in a microchannel.66

Apart from microfluidic devices that use shear flows to assess cellular mechanical properties,
other field-based approaches have also been developed to determine cellular mechanical proper-
ties. In one technique, called the optical stretcher, optical forces are used to induce surface stresses
on the cell and subsequently determine the cell deformability.67 This approach has been success-
fully coupled to a microfluidic format to screen healthy and metastasized cancer cells.9 Recently,
Bao et al.59 reported electroporative-induced cell swelling in a microfluidic device as a marker for
cellular biomechanical properties. Using this approach, these authors were able to demonstrate that
cancer cells showed higher degree of swelling compared to healthy cells.

Microstructured elastomeric surfaces: So far we have discussed microfluidic devices capable
of screening suspended cells. However, the majority of the cells in the human body are adherent
cells that prefer to stick to substrates. The process of cell adhesion to a substrate involves binding
to the extracellular matrix, spreading, and subsequent generation of traction forces that are medi-
ated by the intracellular contractile apparatus. Thus, there is significant generation of mechanical
forces during cell adhesion. To characterize these traction forces microfabricated elastomeric
substrates that typically have microtopography in the form of pillars or posts have been
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developed.45,68,69 The basic principle for extracting the traction forces relies on measuring the
deflection of the posts, when a cell exerts forces on the substrate �see Fig. 6�. In the linear regime,
the deflection of the post ��� is proportional to the exerted force, F=3EI� /L3, where E is the
Young’s modulus of the elastomer �typically PDMS�, I is the moment of inertia of the �usually
cylinder shaped� post, and L is the length of the post. Thus, the structured elastomeric substrates

FIG. 5. �a� Schematic diagram of the comparator as reported by Abkarian et al. �Ref. 58�. The top and bottom channels are
reference and test channels, respectively. When equal input pressures �Pi� are applied, the fluid-fluid interface position lies
on the dashed symmetry line. However, when a cell is passing through the test channel, the interface moves and is shown
by the red line. �b� The modified comparator design as reported by Vanapalli et al. �Ref. 65�. Due to the application of
equal input pressures, the comparator is balanced. Scale bar is 200 �m. �c� The interface gets displaced due to hydrody-
namic resistance of a single confined moving droplet. Scale bar is 200 �m. �d� For the same excess pressure drop, our
comparator design �red line� yields higher interface displacement compared to the design of Abkarian et al. �Ref. 58� �blue
line�. The lines are derived from numerical calculations and the symbols are experimentally measured data points in which
known �P was imposed and �Y was measured. Additional details regarding the comparator design and microfluidic drop
experiments are reported in Refs. 65 and 66.
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provide a direct measure of traction forces with high spatial and temporal resolution. Recently
Chen and co-workers70 introduced elastomeric substrates with magnetic posts to actively manipu-
late cellular traction forces locally.

Using this approach, Balaban et al.45 and Tan et al.69 showed that cells exert a constant stress
�of �5 nN /�m2� at focal adhesions irrespective of the area and the magnitude of force corre-
sponding to each focal adhesion site. By controlling the morphology of the cell and therefore the
spread area, Tan et al.69 further showed that the average force exerted on each post is proportional
to the area of cell spreading. Compared to these two studies, du Roure et al.68 employed a higher
density of elastomeric pillars and were able to demonstrate that the adhesion forces at the edge of
a monolayer are higher than those measured for a single cell. In most of these studies, elastomeric
substrates with pillars that are typically 2–3 �m in diameter, 6–10 �m in length, and spaced
4–9 �m apart have been used. The availability of microstructured elastomeric substrates capable
of both measuring and manipulating cellular adhesion forces should open up new possibilities to
understand the link between external and internal forces that regulate cell mechanics.

Multi-layer devices: Microfluidic devices with deformable membranes have also been recently
demonstrated to be capable of measuring cellular mechanical properties. These multi-layer devices
made using soft lithography typically consist of an elastomeric membrane that is sandwiched
between two fluid channels that are oriented orthogonal to each other.17 The basic principle
underlying the measurement of cellular mechanical properties using this technique is illustrated in
Fig. 7. In the approach devised by Solomon and co-workers,49 stress is imposed on the cell by
pressurizing the control channel which deforms the membrane. The resulting strain in the mem-
brane is measured by visualizing the membrane deflection using confocal microscopy. Structural
mechanics calculations based on finite element methods are then used to extract the relative
contributions of the membrane and the cell to the measured deformation. Using this approach, the
authors were able to measure the Young’s modulus of bacterial biofilms to be �1 kPa. Additional
design calculations revealed that this technique is capable of characterizing soft objects with
elastic moduli in the range of 102–105 Pa. Since the elastic modulus of mammalian cells is
typically reported to be �1 kPa, this technique is potentially useful for high throughput mechani-
cal characterization of mammalian cells as well. In an alternative approach, Kim et al.71 used
much stronger PDMS membranes compared to Solomon and co-workers to essentially compress
the cell and measure the resulting deformation �or bulge�. Such cell deformability measurements
were shown to be a biomechanical marker to distinguish breast cancer cells and healthy cells.

VI. DROPLET BASED MICROFLUIDICS

Besides the continuous flow methods discussed so far, also droplet-based microfluidic
systems72,73 can be used for creating and manipulating physicochemical environments for cells

FIG. 6. Schematic of a microstructured elastomeric surface to measure cellular traction forces. The arrows show some
deformed pillars.
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inside microfluidic chips. Having individual cells inside microscopic aqueous droplets �surrounded
by air or oil phase� offers additional possibilities for diagnosis or treatment. This could, for
example, be the controlled addition of a drug, or a mechanical test. One distinct advantage of
having a droplet environment is that the volume, and with it the exchange of material, can be kept
under control. For example, drugs can be kept inside as long as needed for incubation. Additional
control over intradroplet concentrations is possible by letting a cell-droplet coalesce with a cell-
free droplet having well-defined amounts of chemicals �nutrients, drugs� and volume. Using rela-
tively large droplets enables transport of cells without significant stress due to the flow of its
surrounding liquid. Just as in continuous microfluidic systems, cell viability in aqueous droplets is
an important consideration. Judicious choice of oil phase and surfactants is required in order to

(a)

(b)

(c)

(d)

(e)

FIG. 7. ��a� and �b�� Schematic of the principle of operation of the multilayer microfluidic device for cell mechanical
characterization. The control channel is pressurized to impose deformation on the cell. ��c�, �d�, and �e�� Confocal cross-
sectional images of the fluid channel showing the deformation of the membrane with increasing control channel pressure
�0, 0.2, and 0.4 bar�. The width of the fluid and control channels are 120 and 100 �m, respectively. The depth of both
channels is 20 �m and the thickness of the membrane is 11 �m. Buffer solution containing fluorescein was introduced into
the fluid channel for visualization by confocal microscopy.
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ensure cell viability. Fluorocarbon oils combined with fluorosurfactants have been shown to ex-
hibit good biocompatibility and also induce less swelling of PDMS-based microfluidic devices.74

These possibilities have recently come within reach, due to tremendous developments in both
droplet generation and manipulation.72,75,76 Droplet generation in miniaturized devices has been
typically achieved using either passive �T-junction and flow-focusing geometries� or active �elec-
tric, electrowetting, and acoustic� methods. There exists plenty of scope to combine both passive
and active methods to achieve enhanced flexibility and finer control over drop generation and size.
In this context, we recently developed an electrowetting-based microfluidic flow-focusing
device77,78 that offers continuous and much finer digital control over drop size than purely
hydrodynamics-based devices �see Fig. 8�.

With respect to single cell encapsulation in droplets, different methods have seen the light in
the past few years, with impressive improvements in reliability, high throughput, and
downsizing.79 In principle, each of these methods could be combined with a downstream microf-
luidics module for further cell processing. For applications in biomedical diagnostics that favor
portability, digital microfluidic platforms driven by electrowetting76 are well suited. This could
involve an array of individually addressable electrodes with a size and pitch tweaked to the size of
the droplets. Electrowetting could then be used to achieve merging and mixing �with nutrient or
reagent�, transport, and holding �at a detector site or an on-chip reservoir� of each individual
cell-droplet. The first implementation of digital microfluidics for cell-based assays has been re-
cently realized,80 but considering its potential, it is expected that many will follow. Moreover, with
electrowetting based manipulation of cell-laden droplets, unwanted interactions of cells and elec-
tric fields are negligible, since there is practically no field inside the droplet at low frequencies of
the voltage.

Another interesting application of droplets is as in vitro models for living cells. Confined fluid
volumes have been used to interrogate enzyme kinetics, mimicking the confined microenviron-
ment of cells.81 Also confined cytoskeletal networks have been generated using droplets demon-
strating the important role that confinement plays on the mechanics of cytoskeletal networks.82

Thus, significant potential exists for using droplets to unravel the biochemical and biophysical
machinery driving the mechanical behavior of living cells.

FIG. 8. Images showing droplet generation from an electrowetting-controlled microfluidic flow-focusing device. The
continuous phase is driven at a constant flow rate �capillary number=0.072� by a syringe pump and the pressure �Pw� at the
aqueous inlet is adjusted using a hydrostatic head. The voltage and Pw have been varied to generate this diagram.
Reproduced from Ref. 77.
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VII. CONCLUSIONS

Living cells are complex and dynamic systems. Understanding the coupling between the sheer
biological complexity and the cellular mechanical behavior requires tools capable of probing and
manipulating living cells. In this review, we have highlighted the importance of microfluidics as an
enabling tool for fundamental investigations in cell mechanical behavior. While the current studies
primarily make use of relatively simple microfluidic channels, the design flexibility of microflu-
idics and the degree of control of both chemical and physical parameters will allow for analyzing
the cells’ response in unparalleled detail under conditions that will reflect more and more aspects
of the complexity of life. Physical models—theoretical and numerical—will have to be developed
to model the cell mechanical behavior and to interpret quantitatively the information that becomes
available from such experiments. For example, there is a need for quantitative modeling to extract
membrane and cytoskeleton mechanical properties from micofluidic manometer measurements. In
turn, numerical models can be used to optimize the design of dedicated microfluidic devices for
extracting specific properties. Given the easy optical access, the full spectrum of optical-
microscopy-based techniques for analyzing intracellular processes such as signaling pathways is
readily combined with microfluidics and thereby provides access to the regulatory network behind
the cell’s mechanical response. Simultaneously efforts need to be pursued to integrate established
rheometric methods such as atomic force microscopy, particle-tracking microrheology, and mag-
netic twisting cytometry into microfluidic devices in order to extract more specific mechanical
information. Insights from such combined studies may lead to therapeutic strategies for the
control and prevention of diseases and the development of miniaturized devices for biomedical
diagnostics.
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