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Systems biology seeks to develop a complete understanding of cellular mechanisms by studying
the functions of intra- and inter-cellular molecular interactions that trigger and coordinate cellular
events. However, the complexity of biological systems causes accurate and precise systems biology
experimentation to be a difficult task. Most biological experimentation focuses on highly detailed
investigation of a single signaling mechanism, which lacks the throughput necessary to reconstruct
the entirety of the biological system, while high-throughput testing often lacks the fidelity and
detail necessary to fully comprehend the mechanisms of signal propagation. Systems biology
experimentation, however, can benefit greatly from the progress in the development of
microfluidic devices. Microfluidics provides the opportunity to study cells effectively on both a
single- and multi-cellular level with high-resolution and localized application of experimental
conditions with biomimetic physiological conditions. Additionally, the ability to massively array
devices on a chip opens the door for high-throughput, high fidelity experimentation to aid in
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accurate and precise unraveling of the intertwined signaling systems that compose the inner

workings of the cell.

1. Introduction

The post-genomic era has ushered in the promise of complete
understanding of biological systems. Systems biology is the
discipline currently leading this endeavor, attempting to
elucidate the myriad of interactions between the dynamics of
molecular components in a biological system such that system
behavior can be accurately predicted.! To achieve this goal,
dynamic models of biological systems must be developed. The
approach to model development, as described by Ideker et al.,
is the use of existing data to formulate an initial model and the
subsequent use of the model to predict system responses to
various perturbations. These perturbations are then experi-
mentally applied to the system and the collected results are
used for further model refinement. An example systems model
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of epidermal growth factor receptor (EGFR) signaling is
shown in Fig. 1.

Due to the overwhelming size and complexity of biological
systems, high-throughput experimental methods are generally
employed to generate the immense amount of information
required to sufficiently describe a system. For example,
methodologies such as Yeast Two-Hybrid (Y2H) screens®
and technologies such as protein microarrays® return large-
scale data sets of protein interactions. The limitations faced by
such high-throughput methods are due to the lack of whole cell
experimentation, leading to potential false positives from
molecules that may not truly interact in vivo because of a lack
of spatial proximity, organelle compartmentalization, or
regulation by other components. These high-throughput
techniques generally provide no data regarding the interaction
dynamics between molecules, either. Methods such as affinity
chromatography and protein fluorescence are used to quantify
interaction dynamics (e.g. determine binding constants and
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Epidermal Growth Factor Receptor Pathway Map
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Fig. 1 A recently developed comprehensive map of EGFR signaling.’ The entire map of the EGFR pathway is quite large but demonstrates how

intracellular components interact to trigger events.

diffusion coefficients),® but are generally not applied in a high-
throughput manner. DNA microarrays generate an enormous
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wealth of information regarding gene expression levels, but
only provide a static snapshot of the sampled state of cells.
Additionally, many techniques used to determine the dynamic
parameters of biochemical interactions suffer from poor
temporal resolution, calculating parameters from 10? s—10* s
scale measurements rather than 1072 s-10° s scale at which
these interactions occur.” Consequently, there is a need for new
instrumentation that can perform high-throughput whole cell
experimentation under a large variety of highly specific
environmental conditions and at a cellular scale.

Microfluidic technologies have the potential to significantly
progress systems biology by overcoming the limitations
hindering the currently available instrumentation. Taking
advantage of the same microfabrication techniques used to
pattern integrated circuits on silicon wafers, microfluidics is
the design and development of miniaturized fluidic devices that
manipulate samples at nanoliter volumes. Due to its extremely
small-scale and low cost of production, microfluidics can
revolutionize our ability to perform procedures such as high-
throughput drug screening, biological and chemical sensing,
and genetic analysis.® For example, the ability to process
samples at nanoliter volumes significantly reduces dosage
requirements for testing, cutting down on both cost and waste.
The size of microfluidic systems increases the speed of
common experimental techniques, such as protein and DNA
electrophoresis, by orders of magnitude.” Additionally, the
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Fig. 2 Fluorescence imaging of the distribution of Abl tyrosine-kinase activity in a NIH 3T3 cell before and after perturbation with platelet-

derived growth factor (PDGF).'?

small form factor of microfluidic components allows for the
integration of functionally diverse systems on a single
miniaturized device. Referred to as micro-Total Analysis
Systems (pu-TAS) or Lab-on-a-Chip (LOC), these devices
perform techniques such as cell culturing, Fluorescence
Activated Cell Sorting (FACS),'® and Polymerase Chain
Reaction (PCR)"' on one small and disposable chip.

In combination with the recent advances in molecular
fluorescent imaging technology,'> microfluidics presents
unique opportunities for live cell experimentation. An example
of fluorescent imaging techniques for studying signaling
networks is shown in Fig. 2. These techniques can be
performed within microfluidic devices, benefiting from the
small-scale of microfluidics, which allows for highly specific
control or perturbations of the cellular microenvironment, as
well as subcellular manipulation of molecules.'* Additionally,
most microfluidic devices can easily be scaled to perform
massive-scale experimentation without impacting fabrication
cost. Finally, using high-throughput microfluidics, visualiza-
tion of molecular movement within whole cells allows for the
large-scale determination of dynamic properties, including
temporal and spatial characterizations, a dimension only
recently gaining popular consideration in the development of
mathematical models of biological systems. ¢

Currently, the biggest roadblock in the large-scale applica-
tion of microfluidic engineering to systems biology is the lack
of experimental compatibility with established methodologies.
While the current focus of the field is in validating the
fundamental advantages of microfabricated systems, the next
stage of development needs to address the engineering of
functional instrumentation to exploit the novel advantages
noted above. Primarily, the micro/macro interface is an area
that deserves increased attention. For example, most micro-
fluidic devices lack an acceptable methodology for low volume
delivery of cells/reagents, making the claims of high through-
put and reagent savings unattainable in practice. Similarly,
customized detection methodologies for the low concentra-
tions in microfluidic channels have yet to be reliably
introduced. As demonstrated in this review, the initial progress
in microengineering for biological studies is reaching a critical
mass, with substantial technological improvement expected in
the next 5-10 years.

This review highlights relevant developments in microfluidic
devices and microfluidic biological experimentation from the
perspective of their use toward the advancement of systems
biology. It begins with a summary of the basic knowledge
required to understand microfluidics and an overview of
several important points to consider when planning systems
biology experiments. It is then organized into categorical

sections that contain discussions on microfluidic devices that
have been developed and the experiments that have been
performed using them. This review concludes with an outline
of how microfluidic technologies might be utilized to develop a
cellular systems biology platform.

2. Micro-scale biophysics

Upon shrinking to the micro-scale, the dominant forces of
physical phenomena change. Three characteristics of physics at
the micro-scale (laminar flow, diffusion, surface area to
volume ratio) are briefly explained, as they are the most
pertinent to the microfluidic devices reviewed. More exhaus-
tive discussions of micro-scale physics are available from other
sources.®

Due to the miniscule characteristic lengths of microfluidic
channels (down to the order of 1 pm), microfluidic flow is
generally laminar. Turbulent flow is chaotic, whereas laminar
flow allows precise calculation of mass transport as a function
of time. The convective flow profile for laminar flow is
straightforward to calculate from parameters such as channel
geometry, pressure drop, and fluid properties. Due to the
translation invariance of laminar flow, fluid streamlines
remain constant over time, and mixing of microfluidic streams
occurs primarily by diffusion.

By their natural Brownian movement, particles tend to
spread such that they are evenly distributed over a volume.
The time it takes a particle to travel, one-dimensionally, over a
distance is directly proportional to the square of that distance.
Consequently, for large distances, diffusive motion occurs on a
high enough timescale to generally be negligible. When
operating on the micro-scale, however, diffusion can account
for a significant portion of mass transport.

When moving to the micro-scale, the relative amount of
surface area exposure experienced by a volume of fluid greatly
increases. Increased surface area contact causes faster diffusion
and increased heat conduction. Macromolecules are easily
adsorbed to device materials such that the effects of diffusion
and adsorption onto the device surface must be accounted for.

These first two properties (laminar flow, controlled diffu-
sion) enable the creation of unique experimental platforms
using microfluidics. Laminar flow allows barrier-free adjacent
perfusion of different reagents, which can be used for localized
treatment of cells. Controlled diffusion and laminar flow in
combination can be used to construct chemical gradients with
sub-cellular resolution. The high surface-to-volume ratio of
microfluidic channels, however, presents a serious design
consideration due to the potential absorption of certain
molecules into the device material.
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3. Considerations for studying biological systems

Systems biology technology is a relatively young field of study
and has few standardized methodologies for experimentation.
The following are several points to bear in mind when
planning experimentation on biological systems.

Because tissues are composed of a heterogeneous cellular
matrix, cell population studies are perhaps more physiologi-
cally relevant than single-cell experimentation. The cells within
a population, however, are not homogeneous. When perform-
ing experimentation on an ensemble of cells, the measurement
of the individual cellular response is lost in the bulk average
response. Experiments have shown that significant cellular
phenotypes are only resolvable when studying a single cell,'”*'®
indicating the importance of studying individual cells rather
than only heterogeneous populations.

Intracellular signaling systems are complex networks of
interactions that respond to environmental cues. These
environmental cues, however, could likely be signals from
other cells. Whereas understanding how a cell functions on its
own is important, the interplay between cells can significantly
alter behavior. In order to account for intercellular signaling,
cells can be studied in populations, leading to the dilemmas
discussed above, or in systems with shared media.

Lastly, whereas protein networks are often considered a
large nodal network with massive amounts of connections,'®
additional factors that should be considered may regulate the
functionality of molecular systems. Temporally, not all
interacting factors are expressed at the same time, despite the
physical ability to interact. Spatially, organelle compartmen-
talization can place a barrier between potential interacting
partners, localized receptors limit a cells ability to sense a
trigger, and diffusion imposes restrictions on the speed at
which interacting molecules can reach each other.

Studies of cellular signaling systems are often performed on
cell cultures, using the lysate for procedures such as protein
electrophoresis or DNA microarrays. The microfluidic plat-
forms reviewed herein offer the option of both cell culture and
single cell experimentation, enabling the elucidation of precise
molecular mechanisms from isolated cells or those in more
physiologically  relevant  multi-cellular ~ environments.
Additionally, with the use of optical probes, signaling
components can be spatiotemporally characterized to deter-
mine the in vivo dynamics of molecular interactions.

4. Microfluidic components and devices for
biological experimentation

4.1. Exploiting microfluidic flow for unique opportunities in
experimentation

In order to model a biological system, it is important to
understand its dynamic output in response to a specific input.
Systematic network perturbation has been a popular and
successful means of generating data of system responses. The
data is then statistically correlated for reconstruction of the
pertinent biological networks.”** When applying systematic
perturbations, high-specificity stimuli are required in order to
isolate the resulting system response. Contemporary labora-
tory techniques saturate cell cultures in reagents in order to

subsequently study their responses. Temporal variation of
stimuli is limited by the timescale at which the experimenter
can replace reagent and localized stimuli is only achieved
through the manual manipulation of glass micropipettes.
Microfluidics technology enables high-specificity perturbation
of many parallel cellular microenvironment spaces. Laminar
flow can be used to apply precise, localized, as well as spatially
and temporally dynamic perturbations.

As a demonstration, Takayama et al.'>** adhered a bovine
capillary endothelial (BCE) cell in a microfluidic channel and
flowed Trypsin/EDTA locally over it, observing the detach-
ment of the treated area. The simple microfluidic device
consisted of three inlets from which the flows converged into a
rectangular capillary as parallel laminar streams. Different
color fluorescent dyes were flowed over opposite sides of a live
BCE cell, staining two subpopulations of mitochondria for
observation (Fig. 3c,d). Subsequently, the cell was locally
treated with latrunculin A (promoting the break up of

Fig. 3 Experimental design of PARTCELL. The inlets and outlets
where the three input streams converge is magnified (a, b).'* BCE cell
after treatment of the right side with Mitotracker Green FM and the
left side with Mitotracker Red CM-H,XRos in order to observe the
movement of subpopulations of mitochondria. The image on the right
was taken 2.5 h later to demonstrate mitochondrial movement (c, d?
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polymeric actin filaments) and the mitochondrial response to
the cellular damage was observed. Dubbed “PARTCELL” by
the investigators, the method allows for local cellular delivery
of membrane-permeable molecules, maintaining localized flow
both inside and around the cell (Fig. 3a,b).

The necessity for spatially localized stimuli in the study of
molecular signaling systems was demonstrated through the
investigation of intracellular spatiotemporal propagation of
localized epidermal growth factor (EGF) stimulation using
microfluidics.”® The EGF-receptor (EGFR) system is well
characterized with much success derived from the use of
systems-level computational modeling in its investigation.?® A
previous study had reported that local EGF stimulation
caused propagation of receptor phosphorylation over the
entire cell. However, to enable visualization of the cellular
events, EGFR had to be overexpressed. Using microfluidics,
Sawano ef al.>> were able to study EGF stimulation without
altering EGFR density and found contradictory results. They
discovered that EGF signaling remains local when EGFR is
expressed at a normal level (Fig. 4); however, when the
receptors are overexpressed as in the previous study, EGF
signaling propagates over the entire cell. The experiment took
into account the spatial context of cellular signaling and only
recently has spatial heterogeneity been seriously gaining
momentum as a necessary dimension to consider in systems
biology modeling and simulation.'>!416

On a cellular systems scale, Lucchetta ez al.>” used localized
microfluidic flow to explore embryonic patterning compensa-
tion mechanisms against spatiotemporal perturbations applied
to a Drosophila embryo. The robustness of the Drosophila
patterning system to a large range of physicochemical
parameters has been well-demonstrated using system-level
mathematical models.”®? Luccetta e al. tested these mechan-
isms with an embryo positioned between two laminar streams
of different temperatures. Dynamic Even-skipped gene expres-
sion, which fluoresces a well-known striped pattern, was one

.

factor studied (Fig. 5). Stripe positions remained consistent
with control experiments, although stripes appeared in a
different order than normal. Dynamic Hunchback gene
intensity profiles were recorded in response to experiments
during which the temperature step was temporarily reversed.
Hunchback expression variability increased most significantly
during a temperature reversal between 65 min and 100 min,
indicating that this development period is the most critical for
compensatory mechanism activity. Mathematically, von
Dassow er al.?® demonstrated that the Drosophila segment
polarity network is robust due to the intra- and inter-cellular
topology of the system. To this end, an entire Drosophila
protein—protein interaction map has been developed.®
Additionally, many other specific Drosophila systems are
available (e.g. circadian rhythm,” EGFR*?) whose study
could benefit from the full experimental capabilities of
microfluidics.

Because cells are responsive to concentration differences
down to 2% across their diameter,® the ability to generate
gradients with single-cell resolution is extremely beneficial for
the study of chemotaxis and polarized signaling. Spatial
complexity and localization in intracellular systems is impor-
tant in chemotaxis signaling®* and could thus benefit greatly
from the high-specificity of microfluidics. Furthermore,
cellular signaling during chemotaxis has already been exten-
sively characterized® ¢ and very successfully modeled.?”°
Modeling approaches to chemotaxis signaling have demon-
strated robustness®® and adaptation®’ as two properties of the
bacterial chemotaxis signaling system. Studies of adaptation
would be well suited for microfluidic gradient generators
because of their ability to maintain basal concentrations across
the gradient.

Jeon et al.*® developed a microfluidic device capable of
creating a single cell-resolution concentration gradient of three
input streams. Initially, a network of serpentine channels
allowed adjacent laminar streams to flow together long enough

Fig. 4 Time-series (min) response of microfluidic local Rhodamine-EGF stimulation through visualization of Ras activation. The intensity of the
).25

response ranges from low (blue) to high (red

Embryo

\nterior +— Posterior

180 mi
Warm Cool
“
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Fig. 5 Experimental setup of the microfluidic device used to apply a temperature across a Drosophila embryo and the dynamic Even-skipped gene
expression response. The second row shows the reversed T-step experiment of the first experiment. Even-skipped expression was faster in the warm
half of the embryo, but both embryos resolved the same final expression pattern.”’
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for full diffusive mixing. By organizing these serpentine
channels in a pyramidal arrangement, as in Fig. 6, fluid flows
could be joined, mixed, and then divided. Streams of different
concentrations were flowed adjacently into a single outlet,
creating a concentration gradient in the outlet. If the bottom-
level output channels are not converged into a single outlet, the
device could be used in order to create and isolate several
differently concentrated mixtures of the input streams.***' The
gradient shape was adjustable in width and shifted from side to
side by changing the individual input stream flow rates, which
can be performed dynamically. With little modification, linear
and nonlinear concentration gradients that could be controlled
temporally and spatially were generated.** The slope, baseline,
and direction of linear gradients as well as the power of a
power law form gradient were variable. Notably, the ability to
control the baseline of the gradient is important if an
experiment requires a minimum background concentration.
Additionally, sawtooth profiles, periodic profiles, and over-
lapping gradients of different solutes can be produced.*

Neutrophil chemotaxis in interleukin-8 (IL-8) gradients was
investigated using the gradient device.** The investigators
observed neutrophils in a linear, hill, and cliff (increase and
sudden drop to zero) gradient of IL-8. In the linear gradient,
neutrophils migrated toward increasing concentrations of IL-8
(Fig. 7). In the cliff gradient, neutrophils ceased migration
upon reaching the sudden drop to zero. However, in the hill
gradient, neutrophils overshot the maximum concentration of
IL-8. After the overshoot, they reversed direction back toward
maximum concentration. Another microfluidic experiment
determined that the mean concentration of IL-8 across the
gradient (optimally 3 nM) was the most influential factor in
directing effective neutrophil chemotaxis.** Such high-preci-
sion data provides unique opportunities to thoroughly validate
models of the chemotactic signaling pathway. Additionally,
the study of optimum mean concentration generates interest-
ing data for use in studies of system adaptation.

—
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Fig. 6 (a) Design of the pyramidal gradient generator. (b) Each
serpentine channel splits and then joins with another channel. (c) Each
flow is a different concentration of the inputs, isolated in separate
channels before being combined into a single gradient stream.*
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Fig. 7 Neutrophil chemotaxis over linear gradients of IL-8.
Neutrophils tended toward increasing IL-8 concentration.*

Breast cancer cell chemotaxis in EGF gradients has also
been studied.*® Although previous reports had indicated that
breast cancer cells migrated toward EGF, no evidence of
directed chemotaxis in a linear gradient was found. However,
when polynomial gradients that mimicked the experiment
in the previous reports were applied, significantly directed
chemotaxis toward increasing EGF concentration was
observed. Just as in the experiment on EGFR localization,
the use of microfluidics in this case eliminated confounding
experimental conditions. Theoretical models of cells in
the different gradient profiles indicated that the difference in
the fraction of receptors occupied between the front and back
of the cell in halfway through a gradient was significantly
greater in the nonlinear gradient than in the linear gradient.
Once again, precision microfluidic experiments eliminated
confounding variables that significantly altered cellular
response.

Even though continuous gradients can be created with high
levels of accuracy, the ability to expose cells to many dilutions
of molecular solutions in parallel also enables high-throughput
screening of cellular response to different environments. Neils
et al*’ created a microfluidic combinatorial mixer that had
four inputs and outputted 16 different mixtures. More
specifically than the ability to perform multiple simultaneous
experiments, studying cells under a variety of dilutions
facilitates the elucidation of input thresholds for triggering
system responses as well as the study of stimulus amplification
throughout a signaling cascade.
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Laminar flow and controlled diffusion obviously present
new opportunities for biological experimentation. In their
most simplistic use, they allow dynamic and localized cellular
perturbation. Furthermore, they enable the creation of multi-
plexed chemical dilutions and high-resolution gradients. As
shown, these benefits have been directly realized for signal
transduction and chemotaxis studies. However, as will be
shown, integrating these properties with constant perfusion
has allowed the creation of far more extensive devices that can
perform a wide variety of molecular- and cellular-level
experimentation.

4.2. Experimental platforms for cellular analysis and cellular
systems biology

The devices discussed above cover the basis for perturbing
systems using microfluidics. However, the ability to further
manipulate individual cells expands the possibilities for
experimentation. Whereas the biomolecular detection plat-
forms used in systems biology experimentation have signifi-
cantly advanced as the field has grown, methods of cellular
perturbation and analysis have not particularly progressed
past standard laboratory techniques. The following devices,
combined with optical probes or integrated microfluidic
biomolecular analysis devices, provide novel platforms with
which to perform molecular and cellular systems biology
experimentation.

Wheeler ez al.*® developed an elegant device for the study of
single cells. The device trapped a single cell, separating it from
an ensemble, in a microfluidic T-junction. The design
minimized the pressure drop over the cell as it was trapped,
decreasing the mechanical stress to which the cell was exposed.
After a cell was trapped, reagent was delivered by flowing it
toward the cell. However, by delivering a flow from the side of
the T-junction, the extra flow acted as a wall between the
reagent and the cell. Calcium flux response to cross-linking by
performing two-step perfusion was studied. Cross-linking is
the result of certain intracellular signaling cascades being
stimulated in response to the binding of multiple ligands to
linked receptors (in this case, Fc,R). Initially they perfused a
cell with human immunoglobulin G (IgG) and subsequently
with goat anti-human IgG. Dynamic fluorescence of the cell
during the second perfusion was recorded, noting the lag time
between secondary perfusion and the system response as well
as the duration of the response. Both of these types of
measurements are useful in fitting computational models to
experimental data, with the platform itself providing a novel
means of studying single cell gating kinetics.

Whereas single cell investigation provides critical insight
into intracellular systems, as discussed, the study of multi-
cellular systems is of significant physiological relevance. Cell—
cell communication has influence on the cellular life cycle, and
multicellular systems maintain intercellular signaling upon
experimentation. However, in order to investigate the effects of
intercellular communication on signaling systems, it is most
beneficial to isolate a cell pair, the smallest unit of study for
cell—cell communication. Lee, Hung et al.*® developed a unique
device to study gap junction-facilitated intercellular signaling
between arrays of cell pairs, with single-cell resolution. Two

cells were held in opposing trapping channels such that their
membranes were in contact. Commonly, fluorescently dyed
cells are cultured with unlabeled cells and the transfer of dye is
used to determine whether cells have developed intercellular
gap junctions. This device is an improvement over such
techniques, as it enables the study of single-cell transfer
kinetics with high precision because the time and location of
the cell-cell contact is known, eliminating any arbitrariness in
accounting for the basis of cellular communication.

Isolated single cell and cell pair experimentation have been
demonstrated; however, Chin et al.>® developed a massively
high-throughput single cell array that maintained paracrine
signaling throughout experimentation. The microfabricated
array contained approximately 10 000 microwells and the
investigators were able to track over 3 000 individual rat
neural stem cells. All of the wells were exposed to the same
common media and consequently cells were able to draw
paracrine signaling factors released from neighboring cells.
This enabled single cells to survive and proliferate more easily,
indicating the impact of intercellular signaling systems in the
mechanisms that control the cellular life cycle.

Davidsson er al®' investigated the effect of paracrine
diffusion distances and stress in their microfluidic cellular
analysis device. The investigators created a microfluidic system
that allowed long-term cellular analysis in sterile conditions
while also minimizing the stress imposed on the cell. Because
cellular signaling systems respond to stress, any decrease in
extraneous stress allows more accurate measurements of
specific signals than otherwise. The device consisted of parallel
V-shaped grooves that increased the area for cell attachment
while decreasing the distance between cells and consequently
decreasing diffusion times between them. Long-term monitor-
ing of cells was achieved for up to 30 hours. Part of the utility
of long-term monitoring was that the investigators were able to
study the response of cells upon placement into the device and
allow the cells to normalize to their new environment before
experimentation. Using the HFF11 cell line, the investigators
dynamically quantified Photinus luciferase (LUC) expression
after placement of cells into the chamber and after allowing
them to adjust to their new environment. They found a
significant increase in LUC expression directly after loading
the cells into their device. After 30 mins of stimulation LUC
expression began in comparison to six hours in a microtiter
plate assay. They attributed this decrease in response time to
the decreased diffusion distances and the continuous flow of
fresh cell medium in the microfluidic device. The short
stimulation time makes the device useful for real-time study
of intracellular signaling kinetics. The investigator’s character-
ization of the device is unique because, as mentioned, any
reductions in the imposed stress on cells will reduce the activity
of stress—response pathways.

To the same end, Lee et al.™ developed a high-throughput
microfluidic cell culture device that greatly decreased shear
stress experienced by cells in culture by effectively mimicking
physiological interstitial space. It was an 8 by 8 array of culture
wells with individually addressable rows and a gradient
generator across the columns (Fig. 8a,c). The success of the
design was due to its ability to isolate the cultures from
convective flow and supply them with nutrients almost entirely

1‘41
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Cell Loading/Assay Selection

\ A /

Concentration Gradient

Fig. 8 (a) Entire cell culture device stained with green dye for
visualization. (b) Close up of HeLa cells growing in a single culture
chamber. (c) 8 by 8 cell culture grid. A concentration gradient of media
was perfused across the device (left to right). Individual column
addressability is demonstrated by nuclei staining (blue) and cytoplasm
staining (red).”!

through diffusion. The device was able to culture a variety of
cell lines, including primary cells (Fig. 9). They added a
gradient generator in order to create a concentration gradient
across the culture chambers, enabling experimentation under a
variety of conditions without any increased sample prepara-
tion time. Although an 8 by 8 array of cell culture chambers
was demonstrated, the device could easily be up-scaled for
increasingly high-throughput experimentation. With the addi-
tion of microfluidic valves, the device could be modified such
that each culture chamber is individually addressable, essen-
tially creating 64 entirely unique cell culture environments.
Balagaddé er al>® cleverly demonstrated the utility of a
microfluidic cell culture device for cellular systems biology.

They developed a microfluidic bioreactor, composed of six
independent 16 nl reaction chambers that eliminated bacterial
wall growth, avoiding interference within the culture from
bacterial biofilms. The investigators measured the population
dynamics of bacteria modified with an inducible synthetic
system for population control in the device. Synthetic biology
is the design and engineering of custom biological systems for
specific tasks, and is a field intimately tied up with systems
biology.>® The synthetic circuit introduced into these bacteria
dynamically regulated cell density by controlling cell death
(through expression of lacZo—cedB) in response to detection of
the intercellular signaling molecule acylhomoserine lactone.
They observed five modified populations of bacteria (three
with the circuit on, two with it off) and one control population
with no circuit. The populations with the induced circuit grew
in an oscillatory fashion in comparison to the exponential
growth of the other populations. The oscillatory results fit the
theoretical mathematical model of synthetic population
dynamics. An interesting consequence of the small size of the
reaction chambers is that the synthetic circuit was stable over
longer periods than in a macro-scale culture. Population
control was maintained for over 500 h, with stability attributed
to the fact that the micro-scale chambers maintained a
population size from approximately 10*> to 10* cells in
comparison to macro-scale cultures with a population size of
10° cells. Theoretically, the lower population size reduced the
rate of mutations in the overall population that could
otherwise have eventually dominated the bacterial culture.
Consequently, small reaction chambers and population sizes
could provide beneficial uniformity for cellular studies.
Despite the elegance of such cellular level studies, systems
biology is based on the understanding of the exact molecular
mechanisms behind cellular processes. The Living Cell Array
(LCA) is an exquisite representation of the capabilities of

Fig. 9 A variety of cell types growing in the cell culture device. (a) HeLa. (b) High density HeLa after extended perfusion. (c¢) NIH3T3 fibroblasts.
(d) Primary bovine endothelial cells. (¢) HepG2 hepatocytes. (f) Human SYSY neuroblastoma.*!
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microfluidic devices for systems biology; it is a device capable
of high-throughput, dynamic, whole cell gene expression
profiling.*® LCA consists of the pyramidal gradient genera-
tor®® that flows different concentrations of stimulus in medium
through each column of an array of cell culture chambers. By
seeding the device with cells containing a green fluorescence
protein (GFP) reporter attached to a target gene, fluorescence
levels representative of gene expression were dynamically
recorded (Fig. 10). The investigators perfused cells with
different concentrations of the cytokine TNK-o, while obser-
ving the expression dynamics of the transcription factor NF-
kB. The average fluorescent intensity per cell was recorded
over time for the different cytokine concentrations. The dose—
response kinetics was similar for each concentration, and
increased dosage prompted greater magnitude responses.
Whereas they found that results of the extreme high and low
dosages were highly reproducible, significant variability was
recorded in response to intermediate doses due to the
heterogeneity of the cell population, “highlighting the impor-
tance of single cell measurements.”

The platforms discussed are distinctive in their ability to
perform experiments on cells from a single cell to a full culture
level. Single cell platforms allow for the study of individual
signaling systems that are otherwise indistinguishable within
multicellular systems. Microfluidic devices can easily trap
single cells and perform large-scale studies of them within
isolation, or under the influence of singular gap-junction
facilitated or paracrine signaling. Microfluidic cell culture
devices provide low-stress environments to minimize shock-
induced distortion of intracellular systems as well as nanoliter
size chambers that limit population size and thus mutation
rate. However, extracting, manipulating, and assaying nano-
liter volumes is difficult to perform manually and is likely to

High
Concentration

Fig. 10 Experimental setup of the Living Cell Array. Each chamber
contained cells with GFP reporter proteins. The gradient generator
split two inputs into eight different concentrations, which flowed into
eight columns of chambers. As shown in the top right, the fluorescence
intensity in each chamber would be a dynamically measurable level of
specific gene expression.*’

generate insufficient concentration of analyte for standard
assay systems. Consequently, many biomolecular analysis
procedures, discussed below, have been adapted to a micro-
fluidic platform.

4.3. Detection systems and devices for molecular systems biology

Microfluidic analysis devices have been developed that can
perform filtration, electrophoresis, PCR, and other methods of
biomolecular analytics. In order to characterize a system, it is
crucial to be able to assay target molecules after performing
experimentation. Whereas fluorescent and luminescent techni-
ques, such as GFP-tagging used in the Living Cell Array, have
become widely used for investigation of molecular dynamics in
systems biology, they are by no means the only tools necessary.
Because of their small-scale, the microfluidic detection systems
overviewed below provide the capability to autonomously
process the nanoliter volumes of sample (e.g. single cell lysate)
generated from aforementioned experimental platforms and
within a much shorter timescale than through manual
processing.

The most commonly known and appreciated method of
sorting and filtering particles on a microfluidic platform is the
H-Filter.>* This device takes advantage of the diffusive mixing
between adjacent laminar streams in order to passively
separate small particles from solutions containing both small
and large particles (Fig. 11). By controlling the input stream
flow rates and the channel geometry, the time allowed for
diffusion of particles can be limited such that only small
particles have time to diffuse to the adjacent stream, isolating
them from the larger particles.

Another elegant sorting system, developed by MacDonald
et al.>® sorted microscopic particles from microfluidic streams
by size and refractive index with efficiency of over 95%. They
used a three-dimensional, and dynamically variable, optical
lattice that caused angular deviation in flowing particles. The
deflection separated two different types of particles from one
laminar stream into two, at about 25 particles per second.
These simple filter devices have a wide range of applications
for molecular analysis, such as sorting the constituents of cell
lysate and subsequently performing single molecule detection,
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Fig. 11 Diagram of the microfluidic H-filter. Smaller particles are
passively separated from larger particles and flow out in a receiver
stream.”’
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through integration with the recently developed femtoliter
chamber array by Rondelez er al.>®

This group was able to microfabricate a grid of chambers
with volumes on the order of femtoliters. Within the chambers,
they demonstrated the ability to trap single [-galactiosidase
molecules and continuously visualize and quantify molecular
activity with an enzyme activated fluorescence assay. Using
such small quantities of molecules for study permits the
necessary determination of molecular dynamic parameters on
the true spatiotemporal scale at which they occur, rather than
at the minimum scale of standard assays. As experiments begin
generating parameters on increasingly high-resolution scales,
quantitative systems biology models will begin to more
accurately describe the true nature of molecular dynamics.

Similarly small numbers of molecules can be studied using
microfluidic droplets. Droplets are picoliter fluid volumes
usually separated by oil within a capillary or microfluidic
channel. Because each droplet is completely isolated from
others, each one can act as individual reactor vessels for
experimentation. Through various microchannel geometries,
droplet volume can be regulated, chemical concentration of
droplets can be adjusted, droplets can be made to undergo
fission or fusion, and a series of droplets can be sorted.’®
Combining these geometrical components can be useful for
creating a microfluidic device that easily manipulates thou-
sands of reaction vessels.

An essential discovery in droplet microfluidics was the
ability to perform chaotic mixing within droplets and to
control the timescale of chemical reactions.® Droplets are
formed from laminar streams, and the streams remain
unmixed even within a droplet. However, flowing drops
through a snake-like microchannel causes controlled mixing
(Fig. 12), allowing the timescale of a chemical reaction within a
droplet to be controllable by the droplet distance and flow
velocity. As such, the geometry of the microchannel along with
controlled droplet creation can define when a reaction begins,
how it evolves, and when it ends. Through fluorescence
imaging of a single droplet stream, the entire timescale of a
chemical reaction can be obtained with millisecond resolution.
Combined with the above-mentioned droplet manipulation
geometries, multiple reactions can be combined or separated at
different periods in reaction time.

Using their development of controlled reactions in time,
Song and Ismagilov®® demonstrated millisecond-resolution
single-turnover kinetic measurements of RNase A. The device
measured both fast (k ~ 10>s™!) and slow (k ~ 1 s~ ') kinetics
and performed on-chip dilution for kinetic measurements of
several concentrations without the need for any manual
preparation. Since the microchannel was on a single chip
and the reactions occured consistently over the entirety of its
length, a single image of the channel provides the entire kinetic
profile of a reaction. The microchannel could be designed to
study any shape of kinetic profile by altering the density of
time points. For a more detailed explanation, a thorough
review on the theory behind performing droplet-based kinetic
measurements is available in ref. 61.

Zheng and Ismagilov®? developed a microfluidic droplet
system for large-scale, serial screening of volumes of solution
against multiple reagents. A stream of droplets was flowed

reagent B

separating

no dispersion
T BN BN

Fig. 12 Picoliter droplets formed from two reagents and separating
oil. As the droplets flowed through the curved channel, chaotic mixing
caused the two reagents to mix rapidly. Each droplet could act as an
individual experimental reactor.>

through a microfluidic channel from a capillary and the
screening solution was flowed perpendicularly into the channel
to form a T-junction. At the junction, the solution flowed into
the currently passing droplet, allowing observation of the
reaction outcome within that particular vessel. The investiga-
tors screened a protein against a variety of crystallizing agents,
with the correct agent causing protein crystallization within the
droplet. The investigators also screened multiple enzymes for
specific functionality. They screened alkaline phosphatase
(AP), catalase, ribonuclease A (RNase A), and lysozyme
against fluorescein diphosphate (FDP). FDP releases a
fluorescent moiety upon hydrolysis, which is catalyzed by
AP. The droplet with AP-FDP was the only one that
fluoresced, as expected. An important consideration in
performing such studies is protein adsorption into the
microfluidic device surface, however the same group developed
methods of altering droplet interfacial chemistry to actively
prevent such problems.®® These developments can be further
extended for the creation of artificial membranes on the
droplet surface.

As with the femtoliter chambers, the discussed droplet-based
microfluidic devices for kinetic parameter calculation could be
used to study the constituents of cell lysates. Furthermore,
their ability to precisely control and profile chemical reaction
kinetics could prove to be fruitful in the high-throughput
determination of reaction parameters. The ability to manip-
ulate droplets as well as combine and separate specific
reactions could provide the basis for microfluidic experimental
devices that spatiotemporally emulate complex reaction net-
works such as those in biological systems. However, the ability
to culture cells within droplets has been developed® and could
be used to test cells within droplet microreactors. The serial
screening methodology discussed above could then easily be
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applied to test reagents against extremely large numbers of
droplets containing individual cells at high-throughput rates.
These devices provide new and interesting means of
performing molecular level characterization. More traditional
tools, however, also exist on a microfluidic platform. Ewing
et al.% developed a capillary-based electrophoresis device to
dynamically study a single-cellular microenvironment. Flow
from a microfluidic capillary entered a rectangular channel
where the flow was subjected to electrophoresis as it translated
across the channel. The investigators dynamically separated
three different DNA samples (Fig. 13). They were also able to
assay down to 720 fmol of dopamine continuously over an
hour. The investigators stressed the importance of single cell
measurements and are developing their device in order to
dynamically assay single cell secretions, however with the
integration of a single cell serial feed and lysis system, it could
casily be adapted to perform high-throughput single cell DNA
and protein electrophoresis. Micro-scale electrophoresis is not
entirely new, and very many on-chip PCR, RT-PCR, and
electrophoresis devices have been developed to date; the device
reviewed was chosen because of its specific demonstration of
its dynamic analysis capabilitiecs. However, Hawtin er al
compared on-chip PCR, RT-PCR, and electrophoresis with
the conventional slab-based techniques and determined the on-
chip technologies to be as reliable as conventional means for
high-throughput molecular systems analysis, with the added
benefits of low volumes of sample and quick analysis times.
Fluorescence-activated cell sorting (FACS) is a technology
by which cells can be sorted (in serial) depending on their levels
of gene or protein expression. The technology has been applied
to systems biology experimentation because expression levels
can be quantified from a large sample of single cells. A new
microfluidic FACS device has been developed that did not
impose discernable stress on the cells.®’ Like traditional FACS,
cells flowed toward the waste stream, however if fluorescence
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Fig. 13 DNA separations in a microfluidic rectangular channel.
Separations are staggered in time from left to right, demonstrating the
continuous and dynamic monitoring capabilities of the device

was detected when they passed through the analysis region, a
laser deflected the cells into the collection stream at 20-100 cells
per s. The investigators studied the stressful effects of the
device on cells by examining the expression of the heat shock
and shear stress response genes, HSPA6 and FOS, respec-
tively. Gene expression was normal, showing the method to be
advantageous for sorting and studying cells without perturbing
their signaling system.

Ion flux is another significant component of system models
and electrophysiology experimentation plays an important role
in cellular signaling. For example, the role of calcium in muscle
contraction provides a direct link between signaling systems
and phenotypic response. Werdich et al®® integrated micro-
electrodes into a microfluidic device that was capable of
isolating a single cardiac myocyte. The device trapped a single
cell in a channel with recording electrodes that spread over the
cell, and two drug-delivery channels directed at the cell ends
(Fig. 14). The device allowed optical characterization; there-
fore the investigators were able to correlate visually observed
contractions of the myocyte with corresponding extracellular
potential spikes. The ability to locally deliver reagent was
demonstrated through the perfusion of fluorescein through
one channel and the observation of the subsequent intra-
cellular fluorescence.

Classically, cellular electrophysiology is performed using the
pipette-based patch-clamping technique. The process is per-
formed serially, manually, and painstakingly slowly. Sco et al.®
designed single-cell trapping channels to develop a microfluidic
patch clamping device. The device consisted of thin channels
that each applied negative pressure against individual cells in
order to suck in and hold onto them. The geometry used in this
device facilitated many parallel experiments in a small area and
allowed both optical and electrical characterization. They
further performed whole-cell patch-clamp recordings on
mammalian  cells’® by increasing seal resistance.
Measurements were performed that corresponded well with
experiments using the traditional pipette-based method, with
the added benefit of not needing any vibration damping
equipment. They trapped mammalian CHO cells and recorded
whole cell Kv2.1 channel currents upon incremental depolar-
ization. They also perfused TEA into the cell reservoir, which
blocks Kv2.1, recording current response to depolarization

Fig. 14 Cardiac cell trapped across three recording electrodes and
two drug delivery channels. The ability to perfuse drugs into the cell
was demonstrated with fluorescein solution. The device was capable of
both optical and electrical characterization.*®
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Fig. 15 (a) Single cell trapped on a microfluidic electrophysiology
platform. Cells were dyed for optical characterization. The image in (b)
shows the cellular deformation in the patch-clamp channel. Image (c)
shows the breakage of the cellular membrane and the flow of dye into
the channel after the application of a negative pressure pulse.”

before and after TEA introduction. Expectedly, there was no
Kv2.1 response in the presence of TEA. The investigators
measured reagent delivery time to be ~20 ms, facilitating the
study of fast gating kinetics to high-speed reagent application.
They also used calcium fluorescence to observe cell deforma-
tion and breakage, demonstrating the utility of the device in
studying response to perturbations applied directly onto or
into the cell (Fig. 15).

In addition to assaying a molecular environment for its
composition, the overall molecular and chemical balance of
the microenvironment may need to be controlled. Eddington
et al.”" developed a microfluidic device capable of autono-
mously and continuously maintaining the pH of the output
stream in response to the input stream. The device accepts an
input stream and a compensating stream, and a hydrogel
undergoes volumetric change in response to the pH of the
input, continuously adjusting the amount of the compensation
stream added to the input (Fig. 16). Hydrogels responsive to
temperature, light, and molecules, among others, could just as
easily be used. The device is useful to isolate a specific stimulus
by regulating many other factors that influence the cellular
environment, especially if the cells significantly alter the
environment themselves. This provides a simple and integrated
control mechanism in order to regulate the cellular micro-
environment, without the need for complex large-scale
equipment necessary to develop a bioreactor with standard
cell culture experiment.

4.4 Integration of microfluidic components

Even greater than the potential of the individual microfluidic
devices discussed is their potential as integrated analysis
systems. Experiments that are more complex could be
performed with integrated microfluidic components and
multiple methods of cellular study could be combined in
parallel. Microfluidic components such as a flux stabilizer and
a bistable flip—flop memory, analogous to their electronic
circuit counterparts, have been developed’ and could be used
to make increasingly controlled and integrated devices that
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Fig. 16 (a) Picture of a self-regulation microfluidic device. Scale bar
is 1 mm. (b) Schematic and top view of the circles region in (a). (c) and
(d) Schematic of the hydrogel under different input flow rates and the
resulting regulated output streams.”!

perform multiple operations. Microfluidic devices could also
be upscaled, facilitating high-throughput experimentation.
Hong et al.”™ integrated cell isolation, lysis, DNA/mRNA
purification, and recovery in a microfluidic platform. The
benefit of their use of microfluidics was the ability to deve-
lop the system in parallel for simultaneous studies and the
ability to analyze DNA or mRNA from down to one cell.
Typical procedures for mRNA require thousands of cells,
which obscure the cell-to-cell differences in gene expression.
The study of single cell gene expression would be useful
for identifying differentially expressed genes rather than
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commonly expressed genes. The device was composed of
variously organized fluidic channels, mechanical valves, and a
rotary mixing module that sequentially circulated three
different flows for rapid mixing (Fig. 17).

Thorsen et al.”* have remarkably demonstrated the extra-
ordinary complexity of which microfluidics is capable. They
developed microfluidic devices that performed analogous
functions to electronic chips such as a comparator array and
a memory storage device. The memory storage device
contained 3 574 valves with 1 000 individually addressable
picoliter chambers. The comparator contained 2 056 valves for
controlled loading and mixing of two different reagents into
256 individually addressable chambers (Fig. 18). Using the
comparator assay, the investigators performed high-scale
testing of bacteria for the expression of a specific enzyme.
They loaded the device with Amplex Red, and subsequently
inputted bacteria expressing an enzyme that amplified the
fluorecent signal. They observed which chambers contained
the bacteria by looking for the amplified signal. They further
tested the device by loading both bacteria expressing the
enzyme and bacteria expressing enhanced GFP instead. They
successfully found that the output signal had no reliance on
cells other than those expressing the amplifying enzyme.
Lastly, they demonstrated the ability to selectively purge
individual chambers of bacteria for collection and study.

5. Developing an integrated microfluidic platform for
systems biology

In the past 5 years, the volume of research involving
microfluidic applications in cell biology has increased drama-

tically. As new fabrication techniques and design principles are
discovered, the repertoire of tools available to the bioengineer
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Fig. 17 Integrated DNA/mRNA purification chip with three parallel
processors. The circular channels in the center are the rotary mixers
and the thicker black marks are mechanical valves.”®

is growing at a remarkable rate. As demonstrated in the review
above, the initial steps in the field of microfluidic biology are
promising. However, in order to approach the unique
problems of systems biology, a clear framework needs to be
adopted within the engineering community.

Two fundamental goals need to be emphasized as micro-
engineers begin to design tools for the study of systems
biology: device reliability and experimental throughput.
Currently, most publications regarding microfluidic methods
to investigate biology have a strong emphasis on experimental
novelty. Towards this end, the majority of research is focused
on “proof-of-concept’ demonstrations of microfluidic devices.
While this is sufficient to pique the public interest in the power
of microfabricated tools for biology, the realization of
practical applications for biofluidics is largely unmet and
under appreciated. In order for microengineered platforms to
have broader impact, it is necessary to develop methods that
can be utilized by the wider systems biology community. Of
primary importance is the ability to reproduce effective
experimental performance. For a successful “proof-of-
concept,” only a handful of data points (oftentimes collected
at an overall success rate of less than 10%) is necessary. If the
same tool is designed to be used by the biological community
as an experimental apparatus, the reliability of performance
needs to be near 100%. Unfortunately, the resources allocated
for this task are fairly insignificant. Topics of research that
deserve increased support include (1) optimization of design
and fabrication parameters to improve device yield, (2)
rigorous demonstration of experimental reproducibility, and
(3) development of standardized “macro-to-micro” inter-
facing. These issues are of paramount importance in the field
of systems biology, where it is necessary to be able to perform
high throughput experimentation. Largely due to the poor
reliability of current microfluidic devices, the capability of
performing large-scale microfluidic experimentation is rare.

Perhaps the most relevant application of microfluidic
engineering to systems biology lies in developing a high
throughput live cell analysis platform. While high throughput
analysis is well established on the biochemical level, there is no
adequate means to control live cell perturbation on a large-
scale. Biofluidics integrated circuit technology offers a
promising solution for this need as it has been proven for
cell culture, cell-cell communication, microenvironment con-
trol, high content analysis, and large-scale integration. The
proposed platform would thus be one where a large array of
cells can be systematically and precisely cultured in hundreds
of controlled microenvironment conditions with simultaneous
quantitative measurement of cell behavior. This tool would
prove to be of great value for experimentation in systems
biology, and is a problem that is best addressed with
microfluidic engineering.

6. Concluding remarks

Although most of the devices reviewed have not been used for
systems biology experimentation, this paper is meant to be an
overview of relevant microfluidic devices that have been
developed, their use in experimentation, and their potential
benefit to the field of systems biology. Microfluidics is a
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Fig. 18 Microfluidic-based comparator. The device contained 2 056 valves and 256 individually addressable chambers.”*

beneficial experimental basis for systems biology because: (a)
Micro-scale fluid flow enables precise and high-resolution
microenvironment control; (b) Microfluidic devices are gen-
erally compatible with imaging and microscopy techniques; (c)
The ability to upscale and array microfluidic devices facilitates
high-throughput experimentation, a necessary ability when
faced with the extraordinary complexity of biological systems.

The microfluidic devices discussed in this review have
already demonstrated the ability to easily address many
experimental issues facing systems biology. Single cell studies
have been performed in order to isolate individual cellular
responses. Studies of intracellular systems can be performed on
both a cell pair basis or on an entire population, with single-
cell resolution. There is even strong potential for the study of
cell-cell communication. Crucially, microfluidic devices enable
expanded spatiotemporal characterization of molecular and
cellular events. In addition, all such experimentation can be
massively arrayed for high-throughput studies.

The Institute for Systems Biology (http://www.systemsbio-
logy.org) already maintains a microfluidic facility and as the
capabilities of microfluidic devices expand, their use in systems
biology will quickly become as pervasive as common
technologies such as DNA microarrays, while considerably
expanding the experimental capabilities of the field. The
density of mechanical valves within a nano-fluidic platform
has been shown to follow Moore’s Law,” indicating the
incredible potential of integrated microfluidic circuits for
biological experimentation and automation in the near future.
Additionally, the integration of microfluidic devices and

biophotonic probes would add molecular-resolution sensors
for further system measurement, leading toward the future
hope of predictive and preventative medicine.”®
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