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Pumps for microfluidic cell culture

In comparison to traditional in vitro cell culture in Petri dishes or well plates, cell culture
in microfluidic-based devices enables better control over chemical and physical environ-
ments, higher levels of experimental automation, and a reduction in experimental mate-
rials. Over the past decade, the advantages associated with cell culturing in microfluidic-
based platforms have garnered significant interest and have led to a plethora of studies
for high throughput cell assays, organs-on-a-chip applications, temporal signaling studies,
and cell sorting. A clear concern for performing cell culture in microfluidic-based devices
is deciding on a technique to deliver and pump media to cells that are encased in a mi-
crofluidic device. In this review, we summarize recent advances in pumping techniques
for microfluidic cell culture and discuss their advantages and possible drawbacks. The
ultimate goal of our review is to distill the large body of information available related to
pumps for microfluidic cell culture in an effort to assist current and potential users of

microfluidic-based devices for advanced in vitro cellular studies.
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1 Introduction

Microfluidic devices, also known as Lab-on-a-Chip platforms,
are typically polymer-based devices with micro- and nano-
geometric features to hold and manipulate small volumes
of fluids. Ultimately, such devices serve as tools to accu-
rately control small volumes of liquids for a wide variety
of chemical, medical, environmental, and biological appli-
cations. With small footprints, microfluidic devices provide
the potential for high throughput and automated experimen-
tation [1], enabling users to perform more experiments in a
shorter period of time, at a lower cost, and with less com-
plexity than large-scale fluidic systems. Overall, microfluidics
is a relatively large area of study and a number of reviews
have already been published related to the wide variety of
applications and aspects of the field of microfluidics [1-6].
Beyond their diminutive size and potential for high
throughput experimentation, microfluidic-based devices are
an especially attractive tool for culturing cells as they en-
able better control over chemical and physical environments
in comparison to traditional in vitro cell cultures in Petri
dishes or well plates. More specifically, when cells are placed
in micro-channels or chambers the cells can be exposed to
flowing media to more closely resemble in vivo conditions
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in comparison to static cell culture in Petri dishes. This is a
critical feat. In nature, cells are often found in dynamic en-
vironments with continuous or pulsatile flow, circumstances
that can be straightforwardly implemented in a microfluidic
device but are difficult to impose in a static cell culture [6]. Be-
yond utilizing microfluidic devices to mimic in vivo cellular
environments, microfluidic devices can also be used to study
cellular response in novel environments (i.e. conditions in
which the cells are not naturally found). Such study would
be useful to interrogate signaling pathway architectures or
to evaluate autocrine factor response. Additionally, microflu-
idic devices can be employed to perform simple, periodic
media replacement for experimental automation. Therefore,
it is without surprise that the several advantages associated
with cell culturing in microfluidic devices have led to a large
number of studies for high throughput cell assays, organs-
on-a-chip applications, temporal signaling studies, and cell
sorting [6,7].

A clear issue for performing cell culture in microfluidic-
based devices is deciding on a technique to deliver and pump
media to the cells encased in microfluidic devices that are
typically no larger than the palm of a hand. While several
reviews have been published on the topic of fluid manipu-
lation and pumping in microfluidic devices [7-10], pumping
techniques for perfusion cell culture in microfluidic-based
devices is a subject that has been only partially examined but
not separately reviewed.
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The aim of this review is to summarize the wide vari-
ety of pumping techniques that have been employed to per-
form perfusion cell culture in microfluidic platforms in an
effort to assist current and potential users of microfluidic-
based devices for advanced in vitro cellular studies. For each
pumping technique, we briefly cover the underlying principle
for flow generation, highlight recent examples, and discuss
their strengths and weaknesses. This is followed by a look
at specific applications in which particular pumping tech-
niques were employed to achieve unique cellular studies in
microfluidic devices. Applications include microfluidic de-
vices for high throughput and multiplexed experimentation,
flow recirculation, pulsed flow, and continuous flow. For clar-
ity and brevity, we limit the range of this review to deal mainly
with works that are related to pumping techniques to achieve
perfusion and manipulation of cells in microfluidic-based
devices. Topics such as cell isolation, separation, and cellu-
lar component analysis are only lightly touched upon in this
review.

2 Background

In this section, we will briefly discuss the various pumping
techniques that have been implemented for perfusion cell
cultures in microfluidic devices (Fig. 1). Pumping techniques
are categorized based on their driving mechanisms and are
evaluated in terms of their characteristics demonstrated in the
literature (flow rate, flow pattern, durations of flow, ability to
recirculate fluids, and electrical power requirements) [10-58]
(Table 1).

2.1 Gravity-driven flow

Gravity-driven flow is one of the simplest passive flow tech-
niques available as it only requires two liquid reservoirs with
different heights to achieve fluid propulsion from the higher
reservoir to the lower one [11-19]. Generally, as the height of
liquid level in the inlet reservoir decreases, the flow rate re-
duces until the heights of the liquid reservoirs become equal
(Fig. 1A). A key advantage of gravity-driven flow is that the
inlet can be filled with more liquid at any time to prolong
flow and therefore this type of pumping can be considered
to be an “open” system to enable long-term studies. Further-
more, it is naturally a low maintenance type of flow, requiring
no moving mechanical parts. For applications that require a
constant flow rate, horizontally orientated reservoirs with dif-
ferent heights can be used (Fig 1B). The diameter of the
horizontal reservoirs are made small enough such that sur-
face tension keeps the fluids from spilling out, and meniscus
position changes that occur as liquid flows from one reservoir
to the other only affects lateral positions without changing the
height of the liquids [12]. The simplicity of gravity-driven flow
is beneficial for high-throughput applications as it eliminates
the complexity associated with fluidic interconnects/tubing
and the need for off-chip active pumps (e.g. syringe pumps)
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thatrequire electrical power [16]. A limitation to gravity-driven
flow is that it can only produce nonpulsatile flow, rendering
it unsuitable for applications in which dynamic flow is de-
sired during cell culturing. A recent study by Sung et al. [17]
introduced a periodic rocking device to tilt a plate below a
microfluidic chip to virtually switch the inlet and outlet to re-
circulate media for cell culturing with gravity alone; however,
an electrical tool for tilting was required.

2.2 Surface tension-driven flow

Another straightforward passive flow technique is known as
surface tension-driven flow and works as follows. First, a big
droplet is loaded at the outlet of a microchannel and is al-
lowed to fill the channel. Then, a small droplet is introduced
to the inlet of the same microchannel to induce higher in-
ternal pressure as compared to the outlet droplet (Fig. 1C).
Flow occurs because the droplet introduced to the inlet dis-
places the droplet that was added to the outlet. Flow continues
until the pressure at the inlet and the outlet equalizes. Flow
based on this strategy is slightly oscillatory as flow occurs in
both directions as the system stabilizes. Like gravity-driven
flow, surface tension-driven flow does not require any elec-
tric power, rendering it easy to implement. Additionally, it
has a small footprint, only requiring micro-liter size droplets
above the inlet and outlet. While surface tension pumps are
also “open” systems that enable a user to refill liquid into the
inlet at any time, surface tension-driven flow is most suitable
for transferring micro-liters of liquid for short-term flows and
requires constant refilling for continuous flow. This restric-
tion makes it difficult to perform long-term perfusion studies
via surface tension-driven flow. Surface tension-driven flow
has been widely studied and reviewed by Beebe et al. [7,20].
This straightforward type of flow has been implemented to
perform multiplexed studies [20] as well as backward flow
oscillation [21]. Furthermore, surface tension-driven flow has
been paired with dieletrophoresis for cell manipulation [22].

2.3 Osmosis-driven flow

Osmosis-driven flow is a third example of a passive pump-
ing technique that has been employed for microfluidic cell
cultures. This type of flow is induced by a difference in con-
centrations across a membrane that is only permeable to the
solvent and not the solute (Fig. 1D). The flow rate generated is
proportional to the difference in the osmotic pressure across
the permeable membrane as well as the contact area of the
membrane [23]. The most important characteristic of osmotic
pumps is that they can provide very slow flow rates at almost
constant flow that can last from hours to days [21-24], mak-
ing it suitable for long-term cell cultures. In addition, the flow
rate in osmosis-driven pumps can be easily tuned by chang-
ing the concentration of the solute. Like the other passive
flow techniques, osmotic-driven flow does not require elec-
tricity; however, it does require a more involved setup than
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Figure 1. Schemes of types of pumps used for microfluidic cell culture devices along with their representative flow pattern characteristics.
Flow rate is not plotted to scale. (A) Gravity-driven pump with vertically oriented reservoirs, (B) gravity-driven pump with horizontally
oriented reservoirs, (C) surface tension-based droplet pump, (D) osmosis-based pump, (E) positive pressure syringe pump, (F) negative
pressure vacuum pump, (G) general peristaltic pump, (H) peristaltic pump by pneumatic pressure, () peristaltic pump by Braille pins, (J)
electrokinetic pump, (K) centrifugal pump of lab-on-a-disc.

gravity-driven flow or surface tension-driven flow, render- 2.4 Syringe and gas pressure pumps

ing it higher in maintenance than the other two techniques.

Furthermore, osmosis-driven flow is strictly unidirectional. While passive flow mechanisms are simple to implement,
However, like gravity-driven flow, liquid can be refilled into active mechanical pumps such as syringe pumps and vac-
the inlet of an osmosis-driven device and therefore can be uum pumps are much more widely utilized largely because
considered to be “open” system. of the greater control over flow they afford to the user.
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Table 1. Comparison of pump characteristics for cell culture and manipulation
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Driving force Flow rate Flow pattern Flow Electrical Example of Advantages References
duration power recirculation
requirement
Gravity 8nl/s [11], Continuous 160 min [12], Nooryes[17] Yes[17] Simple, easy to [11-19]
0~2.5 mm/s [12] (decreasing 15 h [16], multiplex, low
gradient or cost
constant)
Surface tension 67 nl/s (ave.) [20] Continuous 2 min [20] No No Simple, easy to [20-22]
(decreasing multiplex, low
oscillation cost
gradient)
Osmosis 0.15~15 ul/h [23] Continuous (almost  4h~10days No No Simple, low cost, [23-26]
constant) [24] long-lasting flow
Syringe 0.05~0.18 mL/h [27], Continuous or 8days[28], VYes No Commericial, good  [27-29]
0.13, 0.2 pL/min [28] pulsatile [29] 20 min [29] for droplet
generation
Vacuum 6~20 mL/h [30] Continuous or 4days[32], VYes No Good for droplet [30-33]
0.1 wl/min [31] pulsatile [31] 2 days [33] generation, Easy
to multiplex
Peristaltic 0.3~30 pL/min [34]  Pulsatile 24 h [34], Yes Yes [35, 36] Commercial, good [34-37]
(general) 0.0~1.1 mL/min [35] 24 h [35], for long-term
72 h [36] culture and
pulse stimulation
Peristaltic 2.35nL/s [38], Pulsatile >500h[39], VYes Yes [39] Easy to integrate [38-42]
(pneumatic) 0.25 mm/s [39] 48 h [41] and multiplex,
8.5~185.1 pwL/min good for pulse
[41] stimulation
Peristaltic 3~74 nL/min [43] Pulsatile 70 min [43], Yes Yes [43-46] Commercial, easy to [43-48]
(Braille pins) 36 h [44], integrate and
96 h [45] multiplex, good
for pulse
stimulation
Electric 0.054~0.55 mm/s Continuous Not specified Yes No No moving parts, [49-51]
(electro-kinetic) [49] (constant) easy flow
switching,
pulse-free flow
Electric 3.6 wl/min [52], Continuous 60 min [54] Yes No No moving parts, [52-55]
(electro- 0.6~1.7 pL/min [53], (constant) easy flow
osmotic) 1~2 wl/min [54] switching,
pulse-free flow
Centrifugal <10nl/s ~ Continuous 14 days [56], Yes No Easy to multiplex [10,56-58]
(lab-on-a-disc) >100 pL/s [10] (constant) 24 h [57,58] and mix culture

Syringe pumps use a piston to generate positive pressure
to push liquids out of a liquid conduit (Fig. 1E). While on the
other hand, vacuum pumps pull liquids through a conduit by
inducing negative pressure (Fig. 1F).

Syringe pumps have been employed for a variety
of cell culture applications [27-29] and are offered by a
wide variety of vendors, enabling users to select the best
pump for their desired application. A limitation of syringe
pumps is that they can only pump the volume of the
liquid enclosed within a single syringe, and can therefore
be considered to be a “closed” system, unlike the passive
pumping mechanisms described above. For applications
that require large volumes of perfusion media over a long

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

period of time, this might be a critical concern. In contrast,
vacuum pumps are an “open” system as long as the inlet
reservoir is continuously refilled with media. Nevertheless,
both pumps have moving mechanical components, ren-
dering them significantly higher in initial setup costs and
operational requirements compared to passive pumping
techniques. Several demonstrations employing syringe or
vacuum pumps for cell delivery and culture have been
reported [27-33].

Users may consider more sophisticated, commercially
available devices in order to meet their needs. For example,
the microfluidic flow control system, developed by Fluigent
Company, is pneumatically operated and provides highly
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stable flow controls for up to eight independent channels
and can generate a wide range of flow rates.

2.5 Peristaltic pumps

The peristaltic pump is another well-known type of active
pump. Peristaltic pumps are based on positive displacement
in which a flexible conduit is pressed to displace the liquid
inside the conduit. In a traditional peristaltic pump, a flexi-
ble tube is wrapped around a rotor that has rollers that press
the tubing at a various positions and as the rotor cam rotates
liquid is pushed through the tube (Fig. 1G). The peristaltic
pump can be operated bi-directionally by changing the direc-
tion of rotation of the rotor, clockwise or counter clockwise.
Due to the mechanism of flow generation, flow from peri-
staltic pumps is pulsatile and oscillatory in principle rather
than constant. Peristaltic pumps can be configured to be in
an “open” format in which the main fluid reservoir can be
refilled or in a “closed” format in which liquids are recircu-
lated. Peristaltic pumps have several key advantages, includ-
ing the ability to produce bi-directional flow. As compared
to vacuum pumps that must make direct contact with fluids,
peristaltic pumps, and syringe pumps do not directly touch
the fluid being propelled, making them more suitable for
applications in which one wants to minimize contamination
of the pump. Furthermore, when utilizing peristaltic pumps
care must be taken as the pinching mechanism of the pump
can cause cellular damage. Like syringe and vacuum pumps,
peristaltic pumps have mechanical components that wear out
over time.

A few examples exist in which a peristaltic pump was
employed as a means for flow generation in microfluidic cell
culture [34-36]. However, due to the large footprint associ-
ated with commercially available versions of these pumps
they are not always practical to implement in microfluidic
devices. A commercially available, miniaturized peristaltic
pump for palm-sized cell culture systems has been developed
[37]. In 2000, Quake and co-workers demonstrated pneumat-
ically controlled microdevices in which empty microchan-
nels, fabricated out of PDMS were expanded by air pressure
to function as mixers, valves, and miniaturized peristaltic
pumps [38]. Essentially, by pneumatically changing the shape
of one microchannel, another underlying or overlying chan-
nel was opened or closed. Using this concept, they demon-
strated that parallel channels could be sequentially expanded
in a rolling fashion to achieve peristaltic-like pumping un-
der a microchannel (Fig. 1H). This technique was used to
develop one of the smallest chemostats demonstrated in the
literature (16 nL of loop volume) to continuously circulate
bacterial culture for mixing with newly introduced medium
[39]. A fully automated cell culture microfluidic platform that
utilizes a combination of monolithic microfluidic peristaltic
pumps, cell culture chambers, and mixers, was also subse-
quently demonstrated [40].

Another example of peristaltic pumping in a microfluidic
device was demonstrated by Takayama et al. [43] in which

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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computer-controlled Braille pins were employed to push flu-
ids in an overlying microfluidic channel (Fig. 1I). Beyond
their use as a miniaturized peristaltic pump, the pins were
also implemented as valves to pinch microchannels shut. The
Braille pin module is compact, facilitating portability, unlike
traditional bulky syringe pumps. Furthermore, Braille pin
modules are commercially available [44, 45, 47]. Several ap-
plications using Braille pin pumps for flow recirculation for
cell culturing in a microfluidic device have been published
[43-46,48).

2.6 Electrokinetic and electroosmotic pump

Electrokinetic or electroosmotic pumps also use electricity for
active flow generation but are based on a very different prin-
ciple than mechanical pumps (Fig. 1]). EOF is the movement
of a polar liquid induced by an electric field applied paral-
lel to a solid-liquid interface. Rather than generating flow
with a parabolic flow profile, EOF generates plug-like flow
[8,9, 52, 54, 55]. Furthermore, electrokinetic and electroos-
motic pumps are considered to be “open” systems, enabling
the user to refill liquids into the inlet. In general, the pump
structure is very simple as there are no moving parts.

A limited amount of work has been reported in which
electrokinetic pumps were utilized for cell delivery purposes
[49-51]. An important caution of electrokinetic pumps is that
the electric field should be equal or less than 1 kV/cm to pre-
vent cell lysis [50]. Moreover, EOF requires surface-ionizable
materials and carries a risk of electrolysis, limiting the use of
such pumps for long-term cell culture applications. By iso-
lating the electrode from the fluids to be pumped through
the use of gels or membranes, the electroosmotic pump over
comes several limitations. In this fashion, the pump indi-
rectly generates flow in a microchannel. Glawdel et al. [54,55]
have studied the use of electroosmotic pump for cell culture
applications.

2.7 Centrifugal pumping

Lab-on-a-disc devices, also known as centrifugal microflu-
idic discs, were largely pioneered by Madou et al. [10] and
are unique fluidic devices in which flow is induced by
spinning the microfluidic device on a motor to generate cen-
trifugal forces (Fig. 1K). Several applications have been re-
ported in which cells were cultured on a lab-on-a-disc plat-
form [10, 56-58]. Centrifugal pumping is advantageous as it
is a noncontact pumping technique and enables multiplex-
ing in a similar fashion to how a centrifuge can hold and
spin many tubes. In addition, centrifugal pumping is capa-
ble of generating a wide range of flow rates, from less than
tens of nL/min to more than hundreds of wL/min by con-
trolling channel dimensions and changing rotational speeds.
However, the flow generated on microfluidic discs is usually
uni-directional (from the center to the outer rim), eliminat-
ing the possibility to perform flow recirculation. Unlike the
case of electrokinetic or electroosmotic pump, the surface
properties of disc materials are virtually irrelevant to the flow.

www.electrophoresis-journal.com
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2.8 Other pumps

Beyond the pumping techniques for microfluidic cell culture
that have been discussed above, there a variety of other types
of pumps that are suitable for cell culturing applications
[7-10]. For example, the diaphragm pump (also referred to
as diffuser pump or membrane pump) is a pump in which a
diaphragm is actuated mechanically or electrically to generate
flow [7,59-62].

Magnetic stirrer-based micropumps have been reported
by a couple of research groups. Similar to macroscopic rotary
pumps using mechanical propellers, continuous flow is con-
trolled by the rotational frequency of a magnetic bar. Beebe
et al. applied this technique to separate particles [63]. And
Fujii et al. integrated the pump with a cell culture chip and
performed long-term culture of a monolayer of intestinal cells
[64].

Another type of pump that can be employed for mi-
crofluidic cell culturing is the magnetohydrodynamic pump
which can produce continuous or pulsatile flow and has
no moving parts [65]. A more recent pump is the non-
membrane micro surface tension pump that also has no
moving parts. This pump performs a sort of peristaltic pump-
ing by the combined use of surface chemistry, channel ge-
ometry, and sequential pressurization of different channels
with different gas pressure levels [66]. The advantage of this
pump is the need for only one layer of channels, although
a need for a defined surface chemistry and contact angle
control may make the system difficult to use for pumping
fluids, such as cell culture media, that can foul surfaces.
Lastly, paper wicking [67] and capillary-driven passive flow
[68] have the potential to be useful for microfluidic cell culture
systems.

2.9 Shear stress effects on cell culture

An important concern for perfusion cell cultures in mi-
crofluidic devices is the effect of shear stress on the cells
as a result of flowing media. While shear stress has been
reported to positively affect cells in terms of differentia-
tion, stimulation, and survival, stresses that are too large
in magnitude can lead to cellular damage and death. This
topic has been broadly dealt with by many prior studies and
the effects of shear stress on both prokaryotes and eukary-
otes (such as bacteria, mammalian endothelial cells, and
plant cells) have already been reviewed [69-78]. Other than
mechanical aspects of laminar flow, physical and chemi-
cal aspects of flow such as diffusion and chemical gradi-
ent, also affect cell status [6, 79, 80]. The surface area to
volume ratio of microchannels and the substrate stiffness
of microfluidic devices are additional factors for cell cul-
ture that users may take into consideration [6, 7,79, 81, 82].
Other possible side effects of cell study in microfluidic
devices have already been covered by Levchenko et al.
[83].

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3 Applications

This section highlights recent examples of perfusion cell cul-
tures in microfluidic devices.

3.1 High-throughput and multiplexed
experimentation

High-throughput processing (often referred to as multiplex-
ing or high parallelism) is the concept of performing several
experiments in parallel to save cost and labor. Microfluidic
devices have garnered widespread interest from the cellular
biology community as they offer a platform for multiplexed
experimentation using a very compact footprint. Rather than
setting up large-scale systems of tanks and conduits to study
cells in dynamic environments, with microfluidic devices re-
searchers are able to miniaturize their whole experimental
setup into a device that typically is no larger than the palm of
a hand.

A recent application was demonstrated by Yuen et al.
in which they employed gravity-driven passive flow for mul-
tiplexed cell culturing and assaying in a 96-microwell plate
device [16] (Fig. 2A). Through the introduction of cellulose
membranes into the microchannels of the device, their plat-
form avoided the bubble formation problem experienced by
previous efforts [84, 85] that can disrupt cell perfusion and
cell behavior. Another application of a multiplexed cell cul-
turing device based on a passive flow mechanism was demon-
strated by Beebe et al. [8] and was based on surface tension-
driven flow (Fig. 2B). In their work, they demonstrated
highly parallel compartmentalization, routing and pump-
ing, and microfluidic cell culturing for several days. Over-
all, these demonstrations illustrate that with simple passive
flow mechanisms relatively advanced perfusion cell cultures
can be easily performed by standard life science laboratories
without any prior knowledge or experience of microfluidic
devices.

There are also a number of studies in which active
flow mechanisms were employed to afford multiplexed
cell culturing in microfluidic platforms [28, 33, 86]. For
example, Wu et al. reported a high-throughput perfusion
cell culture system of 30 micro-bioreactors using negative
pressure (Fig. 2C) [33]. In addition, the application of positive
air pressure to enable high-throughput cell culturing was
reported by Hung et al. [28] and Sugiura et al. [86]. More
specifically, Sugiura et al. (Fig. 2D) demonstrated a parallel
cytotoxicity test of seven anticancer drugs on Hela cells
cultured in their microfluidic device. In general, active
pumping techniques enable more advanced flow patterns as
compared to passive pumping techniques but active pump-
ing techniques significantly increase the complexity of the
microfluidic device by requiring more peripheral hardware
(e.g. computers and pump sources) and fluidic components
(e.g. fluidic interconnects, tubing), serving as significant
barriers to adaptation beyond the Lab-on-a-Chip community.

www.electrophoresis-journal.com
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3.2 Flow recirculation

The ability to recirculate culture media is one of the unique ad-
vantages associated with perfusion cell culture systems com-
pared to static cultures. Media recirculation is important to
mimic in vivo cellular environments as well as for the under-
standing of drug absorption, distribution, metabolism, and
elimination. As previously noted, media recirculation is pos-
sible with a general peristaltic pump and was demonstrated
by Sung and Shuler [36]. Media recirculation is also possi-
ble with a miniaturized on-chip peristaltic pump based on
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Products with Metabolism
Nutrient Media
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Figure 2. Examples of high-
throughput microfluidic plat-
forms for cell culture using
different pumps. (A) Gravity-
driven 96-well perfusion mi-
croplate for cell culture [16],
(B) an array of 192 microchan-
nels for surface tension driven
flow [20], (C) 30-well perfusion
3D cell culture chip by nega-
tive pressure [33], (D) pressure-
driven perfusion cell culture
chip having 8 x 5 arrays of cell
culture microchambers [86]. All
figures are reprinted with per-
missions from publishers.

pneumatically controlled microchannels and was reported
by Balagaddé et al. (Fig. 3A) [38]. In the demonstration
by Balagaddé et al. the miniaturized peristaltic pump was
utilized to recirculate media in long-term bacteria culture
for synthetic biology. Another notable example of recircula-
tion by a miniaturized peristaltic pump was shown by Futai
et al. [45] in which they employed a Braille pin-based peri-
staltic pump to partially recirculate autocrine factors from
cultured cells (Fig. 3C). Flow recirculation in microfluidic
devices can also be made possible with simple passive
flow mechanisms. For example, Sung et al. [17] reported a

Cc

Partial
Drug Recirculation of
Effect Autocrine

Factors

Figure 3. Top: Cell culturing chips for recirculation. Bottom: Concept schematics of recirculation for each chip. (A) Six microchemostats
having circulation loop in which the medium is continuously mixed for bacterial culture [39], (B) a microscale cell culture analog having
three cell culture chambers for liver, tumor, and marrow [17] with microchannel connections for gravity-based recirculation, which allows
interorgan circulation of liver metabolized drugs to the tumor and marrow, (C) a portable Braille display-based microfluidic cell culture
system capable of cell seeding, adhesion, and culture. The goal of recirculation here is to partially recirculate autocrine and secreted

factors [45]. All figures are reprinted with permissions from publishers.
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visualized by fluorescence resonance energy transfer based protein indicators of intracellular calcium levels. Comparison of experimental
observations to predictions from mathematical models of different plausible pathway architectures enables pinpointing of the architecture
of the particular cell being studied. DAG = diacylglycerol; DAG-DP = DAG-dependent protein; IP3 = inositol triphosphate; IP3R = IP3
receptor; IP3R(i) = inactivated IP3R; Ca?t(ER) = endoplasmic reticulum calcium [87]. (B) The endothelial cell culture module can imitate
different blood flow patterns observed physiologically in blood vessels at different parts of our body. Such biomimetic pulsed flows
can elicit different responses from the same types of endothelial cells just by changing flow patterns [88]. All figures are adapted with

permissions from publishers.

gravity-driven recirculation system (Fig. 3B), called micro cell
culture analog. This device was composed of multiple cell cul-
ture chambers that were connected to microchannels in order
to reproduce interactions between organs and to screen drug
toxicity.

3.3 Pulsatile flow

Many cells are naturally found in environments that have pul-
satile flow, such as endothelial cells in the lumen of a blood
vessel. Cells found in these environments require mechan-
ical sheer stress to elicit physiological behavior. Therefore,
to accurately mimic in vivo fluid mechanical environments,
it is critical that microfluidic devices for cell culturing are
powered by a source that can produce pulsatile liquid flow.
Pulsed flow is also important for providing temporally pat-
terned chemical stimulation to cells, either to mimic phys-
iology, such as periodic release of hormones, or as a way
to interrogate signaling pathway architectures. Jovic et al.
[87] used the Braille pin peristaltic pump to induce a pulsed

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

flow that was beneficial for pulsed chemical stimulation of
cells (Fig. 4A). Different pattern pulses of carbachol induced
different patterns of calcium responses from cultured cells.
By comparing these experimental phase-locking responses to
mathematical predictions from multiple plausible signaling
pathway models, the most appropriate architecture of mul-
tiple pathway components within the cell being studied was
determined. The usefulness of the method is its ability to
use a single readout (calcium response in this case) to obtain
information about multiple steps and components within a
signaling pathway. Estrada et al. [88] introduced a peristaltic
pump for an endothelial cell culture module (Fig. 4B) to im-
itate cardiac pulsed flow. In their work, they observed align-
ment of cytoskeletal filaments and high expression B-catenin
for cultured cells in the endothelial cell culture module as
compared to cells cultured in a static condition. In addition,
King et al. [31] used vacuum and parallel microfluidic cell
chambers to realize “flow-encoded switching” for dynamic
cellular stimulation and Stocker et al. [29] employed syringes
to study the effect of nutrient pulses on bacterial chemotactic
behaviors.
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Figure 5. Examples of using continuous flows in microfluidic cell cultures. (A) Continuous media flow washes out autocrine factors
from mouse embryonic stem cell culture and changed their self-renewal state [89], (B) continuous laminar flows sorts motile sperm
from nonmotile cells [11], (C) gravity-driven hydrodynamic focusing flows guide Hela cells sequentially, one-by-one through an optical
interrogation zone before electrical cell sorting [90], (D) microdroplet encapsulation of single algal cell and cultivation in a separated

chamber [92]. All figures are adapted with permissions from publishers.

3.4 Continuous flow

Continuous flow, which is nonpulsatile and smooth, is a
basic but important type of flow with many applications
in cell culture. For example, Przybyra and Voldman [89]
used continuous media flow to diminish cell-secreted fac-
tors of mouse embryonic stem cells in microchambers and
observed their escape from a state of self-renewal. Cho
etal. [11] used a constant flow rate, gravity-driven, and multi-
ple laminar stream microfluidic system to separate motile
sperm from nonmotile components. A steady continuous
flow rate was critical to ensure that the widths of the dif-
ferent laminar streams remained constant over the sorting
period to enable consistent sorting (Fig. 5B). Continuous
focusing flows of Y- or T-shape junctions in microfluidic
devices are commonly used for cell cytometry to position

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cells within a flow stream to pass through a specific po-
sition within the cross-sectional area of a channel for pre-
cise, in-focus optical interrogation [13,90] (Fig. 5C). With
appropriate control of flow rates and interfacial tension, ad-
jacent laminar flows of two immiscible liquids in microflu-
idic structures similar to Fig. 5C can generate droplets [91].
This technique has been applied to microalgae culture [92]
(Fig. 5D) and to highly parallel cocultivation of bacterial
communities [32].

3.5 Digital microfluidics
Pump-less microfluidic systems, such as digital microflu-

idics (DMF), are a recent and important technology to ma-
nipulate liquids in microfluidic devices. In these devices, the
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Table 2. Required characteristics of pumps for cell culture and manipulation

Property Gravity Surface Osmosis Syringe Vacuum Peristaltic (general, Electric (electrokinetic, Centrifugal
tension pneumatic, Braille pins) electroosmotic, EWOD) (lab-on-a-disc)
Stability against surface fouling ++ + +4+ ++ ++ ++ — 4t
Mechanical gentleness ++ ++ ++ + + + ++ +
(minimal cell squishing, not
too much shear)
Chemical gentleness (minimal ~ ++ ++ + ++ ++ 4+ + 4+
surfactants/toxic chemicals)
Electrical gentleness (no ++ ++ ++ ++ ++ ++ - ++
electrical cell damage)
Optical accessibility ++  ++ ++ ++ ++ ++ ++ ++
Recirculation of cell culture + - - - - ++ + _
media
Pulse flow generation - - - ++ - 4+ 4+ +
Steady flow generation + - 44 ++4 + + + +

++: Recommended, +: acceptable, —: not recommended. EWOD, electrowetting-on-dielectric.

pump is essentially part of the microfluidic chip and liquid
droplet manipulation is based on electrowetting-on-dielectric.
The topic of DMF for digital microfluidics has been reviewed
by Wheeler et al. [93]. Recent studies from the same group
utilized DMF to culture various cell types, such as bacteria
and mammalian cells [94-99].

3.6 Special requirements for pumps for microfluidic
cell culture

There are many considerations when using pumps for cell
culture in microfluidic-based devices — such as surface foul-
ing as well as chemical (minimal use of surfactants, etc), me-
chanical (minimal squishing, not too much shear), and elec-
trical (moderate electric fields) compatibility. Furthermore,
additional concerns include optical accessibility, the ability to
recirculate liquids, and the ability to generate pulsing/steady
flows. Different pumps have unique characteristics and one
must carefully select the best pump for their application. We
have summarized general considerations when implement-
ing a particular pumping technique (Table 2). In addition
to considerations mentioned in Table 2, there are material
considerations for on-chip cell culture when the microfluidic
device is largely made of PDMS. PDMS allows oxygen per-
meation that can be beneficial for cell growth but also allows
for evaporation of embedded liquids [47] and absorbs small
hydrophobic chemicals [6, 100-104], rendering it difficult to
deliver such compounds to the cells within the device.

4 Conclusions
In summary, a variety of pumps with different designs

and driving mechanisms are available for short- and long-
term cell culture in microfluidic devices. Each has unique

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

characteristics, requirements, and advantages. Simple, pas-
sive flow pumps are easy to use and are advantageous for
high-throughput assays. As they require very little equip-
ment for implementation, they are more likely to be adapted
by users outside of the Lab-on-a-Chip community. How-
ever, as passive flow pumps produce simple flows, they are
not suitable for cell culture situations in which dynamic
flow patterns are desired. Therefore, the importance of ac-
tive pumps cannot be undervalued when it is necessary
to perform complex and demanding experiments, such as
“organ-on-a-chip” or “body-on-a-chip,” to mimic in vivo tis-
sue environments and to interorgan chemical communica-
tion. An area of opportunity and need is the development
of active pumps that are user-friendly, compact, have low
power requirements, and are capable of producing a wide
range of flow rates and flow patterns. Or alternatively, pas-
sive pumps that allow for a higher degree of flow con-
trol and programing. Devices that combine multiple dif-
ferent pumping techniques can also be useful and enable
unique fluidic functions. For example, the work of Goral
et al. [16] applied gravity-driven flow and membrane wick-
ing together. Peng’s work of micro surface tension pump [68]
can be regarded as a combination of pneumatic pressure and
surface tension. Overall, the main goal of this review was to
distill out key concepts from the large body of information
available related to pumps for microfluidic cell cultures. We
hope that this article will assist current and potential users
of microfluidic-based devices for advanced in vitro cellular
studies.

The authors were partly supported by WCU (World Class
University) program (R322008000200540), and by Basic Sci-
ence Research Program through the National Research Founda-
tion of Korea (NRF) funded by the Ministry of Education, Science
and Technology (2012R1IA6A3A01040672).

The authors have declared no conflict of interest.

www.electrophoresis-journal.com



Electrophoresis 2014, 35, 245-257

5 References

(11

[10]

(111

[12]

[13]

(14]

[15]

[16]

(171

(18]

[19

[20]

[21]

[22]

[23]

[24]

McDonald, J. C., Duffy, D. C., Anderson, J. R., Chiu,
D. T, Wu, H. K., Schueller, O. J. A., Whitesides, G. M.,
Electrophoresis 2000, 21, 27-40.

Verpoorte, E., Electrophoresis 2002, 23, 677-712.

Fiorini, G. S., Chiu, D. T, Biotechniques 2005, 38,
429-446.

Roman, G. T.,, Kennedy, R. T., J. Chromatogr. A 2007,
1168, 170-188.

Peoples, M. C., Karnes, H. T., J. Chromatogr. B 2008,
866, 14-25.

Wu, M. H., Huang, S. B., Lee, G. B., Lab Chip 2010, 10,
939-956.

Beebe, D. J., Mensing, G. A., Walker, G. M., Ann. Rev.
Biomed. Eng. 2002, 4, 261-286.

Laser, D. J., Santiago, J. G., J. Micromech. Microeng.
2004, 14, R35-R64.

Wang, X., Cheng, C., Wang, S., Liu, S., Microfluid.
Nanofluid. 2009, 6, 145-162.

Madou, M., Zoval, J., Jia, G., Kido, H., Kim, J., Kim, N.,
Ann. Rev. Biomed. Eng. 2006, 8, 601-628.

Cho, B. S., Schuster, T G., Zhu, X. Y., Chang, D.,
Smith, G. D., Takayama, S., Anal. Chem. 2003, 75,
1671-1675.

Zhu, X. Y., Chu, L. Y., Chueh, B. H., Shen, M. W., Haz-
arika, B., Phadke, N., Takayama, S., Analyst 2004, 129,
1026-1031.

Huh, D., Bahng, J. H., Ling, Y. B., Wei, H. H., Kripfgans,
0.D., Fowlkes, J. B., Grotberg, J. B., Takayama, S., Anal.
Chem. 2007, 79, 1369-1376.

Takayama, S., McDonald, J. C., Ostuni, E., Liang, M. N.,
Kenis, P. J. A., Ismagilov, R. E, Whitesides, G. M., Proc.
Nat. Acad. Sci. USA 1999, 96, 5545-5548.

Takayama, S., Ostuni, E., LeDuc, P, Naruse, K., In-
gber, D. E., Whitesides, G. M., Nature 2001, 411,
1016-1016.

Goral, V. N., Zhou, C. F, Lai, F, Yuen, P. K., Lab Chip
2013, 13, 1039-1043.

Sung, J. H., Kam, C., Shuler, M. L., Lab Chip 2010, 10,
446-455.

Lee, K., Kim, C., Yang, J. Y., Lee, H., Ahn, B., Xu, L.
E, Kang, J. Y., Oh, K. W., Biomicrofluidics 2012, 6,
014114.

Marimuthu, M., Kim, S., Anal. Biochem. 2013, 437,
161-163.

Meyvantsson, |., Warrick, J. W., Hayes, S., Skoien, A.,
Beebe, D. J., Lab Chip 2008, 8, 717-724.

Ju, J., Park, J. Y., Kim, K. C., Kim, H., Berthier, E., Beebe,
D. J., Lee, S. H., J. Micromech. Microeng. 2008, 18,
087002.

Ju, J,, Ko, J. M., Cha, H. C,, Park, J. Y., Im, C. H., Lee, S.
H., J. Micromech. Microeng. 2009, 19, 015004.

Park, J. Y., Kim, S. K., Woo, D. H., Lee, E. J.,
Kim, J. H., Lee, S. H., Stem Cells 2009, 27,
2646-2654.

Park, J. Y., Hwang, C. M., Lee, S. H., Lab Chip 2007, 7,
1673-1680.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[25]

[26]

[27]

[28]

[29

[30]

[31]

[32]

[33]

[34]

[35]

[36]

(37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

Microfluidics and Miniaturization 255

Park, J. Y., Yoo, S. J., Hwang, C. M., Lee, S. H., Lab Chip
2009, 9, 2194-2202.

Xu, Z.R., Yang, C. G., Liu, C. H., Zhou, Z., Fang, J., Wang,
J. H., Talanta 2010, 80, 1088-1093.

Park, J. Y. Morgan, M., Sachs, A. N., Samore-
zov, J., Teller, R., Shen, Y., Pienta, K. J.,
Takayama, S., Microfluid. Nanofluid. 2010, 8,
263-268.

Hung, P. J., Lee, P. J., Sabounchi, P, Aghdam, N., Lin, R.,
Lee, L. P, Lab Chip 2005, 5, 44-48.

Stocker, R., Seymour, J. R., Samadani, A., Hunt, D.
E., Polz, M E, Proc. Nat. Acad. Sci. USA 2008, 105,
4209-4214.

Huh, D., Tung, Y. C., Wei, H. H., Grotberg, J. B., Skerlos,
S. J., Kurabayashi, K., Takayama, S., Biomed. Microdev.
2002, 4, 141-149.

King, K. R., Wang, S., Jayaraman, A., Yarmush, M. L.,
Toner, M., Lab Chip 2008, 8, 107-116.

Park, J., Kerner, A., Burns, M. A., Lin, X. N., PLoS One
2011, 6. €17019.

Huang, S. B., Wang, S. S., Hsieh, C. H., Lin, Y. C,, Lai, C.
S., Wu, M. H., Lab Chip 2013, 13, 1133-1143.

Wang, J. B., Heo, J., Hua, S. Z., Lab Chip 2010, 10,
235-239.

Ota, H., Yamamoto, R., Deguchi, K., Tanaka, Y., Ka-
zoe, Y., Sato, Y. N., Miki, N., Sens. Actuat. B 2010, 147,
359-365.

Sung, J. H., Shuler, M. L., Lab Chip 2009, 9, 1385-
1394.

Sasaki, N., Shinjo, M., Hirakawa, S., Nishinaka, M.,
Tanaka, Y, Mawatari, K., Kitamori, T., Sato, K., Elec-
trophoresis 2012, 33, 1729-1735.

Unger, M. A., Chou, H. P, Thorsen, T., Scherer, A.,
Quake, S. R., Science 2000, 288, 113-116.

Balagaddé, F K., You, L. C., Hansen, C. L., Arnold, F H.,
Quake, S. R., Science 2005, 309, 137-140.

Gomez-Sjoberg, R., Leyrat, A. A., Pirone, D. M,
Chen, C. S., Quake, S. R., Anal. Chem. 2007, 79,
8557-8563.

Wu, M. H., Huang, S. B., Cui, Z. F, Cui, Z., Lee, G. B.,
Biomed. Microdev. 2008, 10, 309-319.

Huang, S. B., Wu, M. H., Cui, Z. F, Cui, Z., Lee, G. B., J.
Micromech. Microeng. 2008, 18, 045008.

Gu, W., Zhu, X. Y, Futai, N.,, Cho, B. S,
Takayama, S., Proc. Nat. Acad. Sci. USA 2004, 101,
15861-15866.

Song, J. W., Gu, W., Futai, N., Warner, K. A,
Nor, J. E., Takayama, S., Anal. Chem. 2005, 77,
3993-3999.

Futai, N., Gu, W., Song, J. W., Takayama, S., Lab Chip
2006, 6, 149-154.

Tung, Y. C., Torisawa, Y. S., Futai, N., Takayama, S., Lab
Chip 2007, 7, 1497-1503.

Heo, Y. S., Cabrera, L. M., Song, J. W., Futai, N., Tung,
Y. C., Smith, G. D., Takayama, S., Anal. Chem. 2007, 79,
1126-1134.

Mehta, G., Mehta, K., Sud, D., Song, J. W., Bersano-
Begey, T, Futai, N., Heo, Y. S., Mycek, M.-A.,

www.electrophoresis-journal.com



256

[49]

(50]

[51]

(52]

(53]

[54]

[55]

[56]

(57]

(58]

(59]

[60]

[61]

[62]

[63]

(64]

(65]

(66]
(67]

(68]

[69]

[70]

(71]

[72]

[73]

C. K. Byun et al.

Linderman, J. J., Takayama, S., Biomed. Microdev.
2007, 9, 123-134.

Li, P C. H., Harrison, D. J., Anal. Chem. 1997, 69,
1564-1568.

Emmelkamp, J., Wolbers, F, Andersson, H., DaCosta,
R. S., Wilson, B. C., Vermes, |., van den Berg, A., Elec-
trophoresis 2004, 25, 3740-3745.

Xuan, X. C., Li, D. Q., Electrophoresis 2005, 26,
3552-3560.

Zeng, S. L., Chen, C. H., Mikkelsen, J. C., Santiago, J.
G., Sens. Actuat. B 2001, 79, 107-114.

Chen, L. X., Wang, H. L., Ma, J. P, Wang, C. X, Guan, Y.
F, Sens. Actuat. B 2005, 104, 117-123.

Glawdel, T,, Ren, C. L., Mech. Res. Commun. 2009, 36,
75-81.

Glawdel, T, Elbuken, C., Lee, L. E. J., Ren, C. L., Lab
Chip 2009, 9, 3243-3250.

Rhee, S. W., Taylor, A. M., Cribbs, D. H., Cotman,
C. W., Jeon, N. L., Biomed. Microdev. 2007, 9,
15-23.

Kubo, I., Furutani, S., Nagai, H., ECS Transact. 2009, 16,
1-8.

Ren, Y., Chow, L. M.-C., Leung, W. W.-E, Biomed. Mi-
crodev. 2013, 15, 321-337.

Sin, A., Reardon, C. F, Shuler, M. L., Biotechnol. Bioeng.
2004, 85, 359-363.

Inman, W., Domansky, K., Serdy, J., Owens, B.,
Trumper, D., Griffith, L. G., J. Micromech. Microeng.
2007, 17, 891-899.

Andersson, H., van der Wijngaart, W., Nilsson, P,
Enoksson, P, Stemme, G., Sens. Actuat. B 2001, 72,
259-265.

Zhang, W. H., Lin, S. C., Wang, C. M., Hu, J., Li, C,
Zhuang, Z. X., Zhou, Y. L., Mathies, R. A,, Yang, C. Y. J.,
Lab Chip 2009, 9, 3088-3094.

Atencia, J., Beebe, D. J., Lab Chip 2006, 6, 567-574.
Kimura, H., Yamamoto, T., Sakai, H., Sakai, VY., Fujii, T,
Lab Chip 2008, 8, 741-746.

Lemoff, A. V., Lee, A. P, Sens. Actuat. B 2000, 63,
178-185.

Peng, X. Y., Lab Chip 2011, 11, 132-138.

Li, X., Ballerini, D. R., Shen, W., Biomicrofluidics 2012,
6,011301.

Kim, S. J., Paczesny, S., Takayama, S., Kurabayashi, K.,
Lab Chip 2013, 13, 2091-2098.

Anderson, D. E. J., Hinds, M. T., Ann. Biomed. Eng.
2011, 39, 2329-2345.

Ziolkowska, K., Kwapiszewski, R., Brzozka, Z., New J.
Chem. 2011, 35, 979-990.

Young, E. W. K., Simmons, C. A., Lab Chip 2010, 10,
143-160.

Nickerson, C. A., Ott, C. M., Wilson, J. W., Ramamurthy,
R., Pierson, D. L., Microbiol. Mol. Biol. Rev. 2004, 68,
345-361.

Meijer, J. J., Tenhoopen, H. J. G., Luyben, K,
Libbenga, K. R., Enz. Microb. Technol. 1993, 15,
234-238.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[74]

[75]
[76]

[77]

(78]

[79]

[80]

(81]

[82]

(83]

[84]
[85]

(86]

(87]

[88]

(89]

(90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

Electrophoresis 2014, 35, 245-257

Hammond, T. G.,, Hammond, J. M., Am. J. Physiol.-
Renal Physiol. 2001, 281, F12-F25.

Shyy, J. Y., Chien, S., Circul. Res. 2002, 91, 769-775.

Di Carlo, D., Wu, L. Y., Lee, L. P, Lab Chip 2006, 6,
1445-1449.

Frangos, J. A., Mclntire, L. V., Eskin, S. G., Biotechnol.
Bioeng. 1988, 32, 1053-1060.

Dimmeler, S., Haendeler, J., Rippmann, V.,
Nehls, M., Zeiher, A. M., FEBS Letters 1996, 399,
71-74.

Walker, G. M., Zeringue, H. C., Beebe, D. J., Lab Chip
2004, 4, 91-97.

Sia, S. K., Whitesides, G. M., Electrophoresis 2003, 24,
3563-3576.

Yeung, T., Georges, P. C., Flanagan, L. A., Marg, B.,
Ortiz, M., Funaki, M., Zahir, N., Ming, W. Y., Weaver,
V., Janmey, P. A., Cell Motility Cytoskeleton 2005, 60,
24-34.,

Su, X. J., Theberge, A. B., January, C. T,, Beebe, D. J.,
Anal. Chem. 2013, 85, 1562-1570.

Kshitiz Kim, D. H., Beebe, D. J., Levchenko, A., Trends
Biotechnol. 2011, 29, 399-408.

Kim, T, Cho, Y.-H., Lab Chip 2011, 11, 1825-1830.

Chen, S.-Y. C., Hung, P. J., Lee, P. J., Biomed. Microdev.
2011, 13, 7563-758.

Sugiura, S., Edahiro, J., Kikuchi, K., Sumaru,
K., Kanamori, T, Biotechnol. Bioeng. 2008, 100,
1156-1165.

Jovic, A., Howell, B., Cote, M., Wade, S. M.,

Mehta, K., Miyawaki, A., Neubig, R. R., Linderman,
J. J., Takayama, S., Plos Computat. Biol. 2010, 6,
e1001040.

Estrada, R., Giridharan, G. A., Nguyen, M. D., Roussel,
T. J., Shakeri, M., Parichehreh, V., Prabhu, S. D., Sethu,
P, Anal. Chem. 2011, 83, 3170-3177.

Przybyla, L. M., Voldman, J., Proc. Nat. Acad. Sci. USA
2012, 109, 835-840.

Yao, B., Luo, G. A., Feng, X., Wang, W., Chen, L. X,,
Wang, Y. M., Lab Chip 2004, 4, 603-607.

Anna, S. L., Bontoux, N., Stone, H. A., Appl. Phys. Lett.
2003, 82, 364-366.

Pan, J., Stephenson, A. L., Kazamia, E., Huck, W. T. S.,
Dennis, J. S., Smith, A. G, Abell, C., Integr. Biol. 2011,
3,1043-1051.

Jebrail, M. J., Wheeler, A. R., Curr. Opin. Chem. Biol.
2010, 74, 574-581.

Au, S. H., Shih, S. C. C., Wheeler, A. R., Biomed. Mi-
crodev. 2011, 13, 41-50.

Barbulovic-Nad, 1., Au, S. H., Wheeler, A. R., Lab Chip
2010, 70, 1536-1542.

Bogojevic, D., Chamberlain, M. D., Barbulovic-Nad, I.,
Wheeler, A. R., Lab Chip 2012, 12, 627-634.

Eydelnant, I. A., Uddayasankar, U., Li, B. Y,
Liao, M. W., Wheeler, A. R., Lab Chip 2012, 12,
750-757.

Fiddes, L. K., Luk, V. N., Au, S. H., Ng, A. H. C., Luk, V.,
Kumacheva, E., Wheeler, A. R., Biomicrofluidics 2012,
6.014112.

www.electrophoresis-journal.com



Electrophoresis 2014, 35, 245-257

[99] Srigunapalan, S., Eydelnant, I. A., Simmons, C. A,,
Wheeler, A. R., Lab Chip 2012, 12, 369-375.

[100] Roman, G. T, Hlaus, T, Bass, K. J., Seelhammer,
T G., Culbertson, C. T, Anal. Chem. 2005, 77,
1414-1422.

[101] Gomez-Sjoberg, R., Leyrat, A. A., Houseman, B. T,
Shokat, K., Quake, S. R., Anal. Chem. 2010, 82,
8954-8960.

[102] Toepke, M. W., Beebe, D. J., Lab Chip 2006, 6,
1484-1486.

[103] Eddington, D. T., Puccinelli, J. P, Beebe, D. J., Sens.
Actuat. B-Chem. 2006, 114, 170-172.

[104] Regehr, K. J., Domenech, M., Koepsel, J. T., Carver,
K. C., Ellison-Zelski, S. J., Murphy, W. L., Schuler,
L. A., Alarid, E. T, Beebe, D. J., Lab Chip 2009, 9,
2132-2139.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Microfluidics and Miniaturization 257

Yoon-Kyoung Cho is an associate
professor at UNIST. She is also
the director of the WCU program
at UNIST. She received her
Ph.D. in Materials Science and
Engineering from the University
of Illinois at Urbana-Champaign
in 1999, having obtained her MS
and BS in Chemical Engineering from POSTECH in
1994 and in 1992, respectively. Before joining UNIST,
she worked at Samsung for development of lab-on-a-
chip devices. Her current research interests include
nano/microfluidic devices for advanced diagnostics,
environmental monitoring and cell biology.

Shuichi Takayama’s research
interests (B.S. & M.S. from

the University of Tokyo, Ph.D.
from the Scripps Research
Institute) started with organic
synthesis. Subsequently he
pursued postdoctoral studies

in bioengineered microsystems
at Harvard University as a Leukemia and Lymphoma
Society Fellow. He is currently Professor at the
University of Michigan in the Biomedical Engineering
Department and Macromolecular Science and
Engineering Program. He is also a WCU Professor

at UNIST. He develops microfluidic technologies and
constructs microfluidic cell culture systems.

www.electrophoresis-journal.com



