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Abstract
The cellular microenvironment is an increasingly discussed topic in cell biology as it has been
implicated in the progression of cancer and the maintenance of stem cells. The microenvironment of
a cell is an organized combination of extracellular matrix (ECM), cells, and interstitial fluid that
influence cellular phenotype through physical, mechanical, and biochemical mechanisms. Screening
can be used to map combinations of cells and microenvironments to phenotypic outcomes in a way
that can help develop more predictive in vitro models and to better understand phenotypic
mechanisms from a systems biology perspective. This paper examines microenvironmental screening
in terms of outcomes and benefits, key elements of the screening process, challenges for
implementation, and a possible role for microfluidics as the screening platform. To assess
microfluidics for use in microenvironmental screening, examples and categories of micro-scale and
microfluidic technology are highlighted. Microfluidic technology shows promise for simultaneous
control of multiple parameters of the microenvironment and can provide a base for scaling advanced
cell-based experiments into automated high-throughput formats.

Index Terms
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I. INTRODUCTION
The goal of this paper is to show the potential for the use of microfluidics in cell biology for
screening parameters of the cellular microenvironment and to review the relevant capabilities
of this micro-scale technology. However, we first discuss some of the facets and challenges
associated with screening the microenvironment, separate from the use of microfluidic
technology. This is because technological challenges related to microenvironmental screening
go beyond the ability to engineer the microenvironment of cells alone. Further,
microenvironmental screening is a developing area of biology and warrants some definition.
Thus, we first ask the following questions to help provide an appropriate context for the rest
of the review.

1. Why screen parameters of the microenvironment? (How can it help the study of cell
biology?)

2. What lessons can be learned for microenvironmental screening from other, more
developed, types of screening?

3. What technological challenges will we face as we try to screen the microenvironment?
(If experimental sizes grow exponentially with the number of screening parameters,
the availability of limited resources can become an issue.)

Each question could be the subject of a paper unto itself; however, some basic discussions of
them is important in order to fully define the technological challenges facing
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microenvironmental screening and any role for microfluidics. One major challenge addressed
by microfluidics and reviewed here is the ability to create a diverse range of environments
composed of a wide variety of environmental parameters. We begin now by describing a role
for screening the cellular microenvironment.

II. WHY SCREEN MICROENVIRONMENT?
The microenvironment is an important concept in cell biology and is often referenced in the
study of stem cells, development, and cancer. The natural microenvironment of stem cells is
typically referred to as the stem cell niche and has been suggested to play an important role in
regulating stem cell behavior [1]–[5]. The tumor microenvironment is also suggested as an
important and even necessary component to the progression of some types of cancer [6]–[9].
Cues of the microenvironment are integrated by the cell and affect cellular phenotype (i.e.,
gene expression and cell behavior), while at the same time the cell can also affect its
microenvironment (see feedback loop of Fig. 1). The balance and interplay between the
microenvironment and cellular phenotype is therefore an important and complex problem in
cell biology. Screening can be used to study cellular response to the microenvironment by
helping to create a map between environmental conditions and cellular phenotype.

It could be argued that there are two types of applications of microenvironmental screening.
Some applications search for ways to produce phenotypes of interest, others go a step further
and attempt to identify the mechanisms responsible for the produced phenotypes. Throughout
the rest of this paper, the first application is referred to as micronenvironmental screening for
phenotype while the other is referred to as screening for phenotypic mechanism.

There are uses for both types of applications. An analogy to screening for phenotype might be
the optimization of a manufacturing process. For example, it might be beneficial to develop
optimal conditions for stem cell self-renewal in order to expand cell resources for use in cell-
based therapies. However, using the same stem cell analogy, others might be interested in the
mechanism of how the microenvironment might promote self-renewal of stem cells for insight
into development and disease.

A good example of both types of applications is contained in a study performed by Prudhomme
et al. [10]. In this study, there are five parameters consisting of two soluble factors, two
components of the ECM, and the variable of time. Readouts are taken at three different time
points using all possible combinations of soluble factors and ECM components. Therefore,
there are 2×2×2×2×3=48 experimental conditions. In the first set of experiments, one readout
was used to characterize the state of cellular differentiation, the desired outcome being an
indication of what combinations of factors support the stem cell phenotype of self-renewal
versus differentiation. In a second set of experiments using the same experimental conditions,
31 different readouts of cell signaling (phospho-protein levels measured via quantitative
western blotting) were used to obtain an additional 1488 data points or cue-signal relationships.
When the two sets of data were combined for multivariate analysis, the authors were able to
identify biochemical mechanisms that correlate with particular cellular phenotypes in a data-
driven manner. The study employed a systems biology approach to first correlate
microenvironmental cues with a particular cellular phenotype (screening for phenotype) and
subsequently expanded the scope of the study to gain insight into the associated biochemical
mechanisms (screening for phenotypic mechanism).

Microenvironmental screening applications can impact cell biology in multiple ways. For
example, the application of screening for phenotype could be used to develop in vitro models
that more effectively represent in vivo phenotypes of interest, such as models to assess hERG
channel blockage for drug discovery [11] or other important cell-based models for therapy
development [12]. Screening for a phenotypic mechanism can also impact efforts to model
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cellular processes, providing data for validation and model building. Further, there is a trend
in cell biology to promote more quantitative definitions and explanations of biology that could
be facilitated by microenvironmental screening. This trend is apparent in the reprinting of a
piece written by Lazebnik that highlights, through the use of interesting engineering analogies,
how hard it is to progress our understanding of cell biology without appropriate quantitation
[13]. Quantitatively mapping the inputs of microenvironmental conditions to the outputs of
cellular phenotype is likely an important place to start.

Another area of impact for microenvironmental screening is the identification of biochemical
targets for therapy development. It can be difficult to identify the biochemical mechanisms by
which in vivo environmental conditions contribute to disease; yet, if these mechanisms could
be uncovered, more targets for therapies could be pursued. An example where understanding
of the microenvironment has impacted therapy development is illustrated by angiogenesis (i.e.,
the recruitment of blood vessels) as it relates to tumor microenvironments. It is thought that
the recruitment of blood vessels is necessary for significant tumor growth; otherwise, there
would be insufficient nutrient supply and waste removal [14]. The hypothesis is supported by
observations that tumors are often hypoxic and densely populated by neovasculature. Further,
angiogenesis is regulated by many factors in the microenvironment including the ECM and
other supporting cells [14], [15]. Study of the tumor microenvironment and angiogenesis has
led to the identification of pro- and anti-angiogenic mechanisms, which in turn have spurred
development of many potential cancer therapies as well as other therapies related to altering
the recruitment of blood vessels [14]. Similar microenvironmental screening approaches, in
other contexts, could help to interrogate biochemical processes (e.g., gradients or stromal
interactions) and identify mechanisms that can be influenced by new therapies.

Although screening is not new to biology, there are relatively fewexamples of
microenvironmental screening [16], [17]. Other types of screening are typically aimed at
observing the effect of a large number of parameters one-at-a-time (e.g., the use of chemical
libraries on particular cell phenotypes in drug screening) or look at the influence of one
parameter on many different readouts (e.g., micro-arrays for gene expression). Fewer screening
approaches are aimed at observing the simultaneous effects of multiple parameters related to
the microenvironment such as soluble factors, ECM composition, and cell–cell contact. Thus,
the role of microenvironmental screening proposed here is not to be viewed as a substitute for
other types of biological screening or therapy development. Instead, it should be viewed as a
way to improve and expand upon current methods by helping to link the conditions of the
cellular microenvironment to cellular phenotype (Fig. 1). Still, there are lessons to learn from
drawing analogies to other, more developed, modes of screening, such as screening for drug
discovery.

III. ANALOGIES BETWEEN MICROENVIRONMENTAL SCREENING AND
SCREENING FOR DRUG DISCOVERY

Of the many phases of drug discovery, the simplest analogies can be drawn to small-molecule
screening. Fig. 2 is used to help illustrate what is meant by small-molecule screening. Typically,
a panel/library of drugs is tested for interaction with proteins from potentially important
signaling pathways in a binding assay [18]. Other assays (not shown) at each stage work toward
the identification of drugs that exhibit a chosen set of key properties important for later success.
The process continues downstream, with a similar goal of pursuing only the most promising
candidates. However, at each step it is possible that molecules with therapeutic potential are
mistakenly removed from the process in the interest of limiting cost and, ideally, quickly
identifying therapeutic drugs. The cost of testing candidates goes up rapidly as the process
moves forward making late-stage testing particularly costly [19] (see Fig. 2). Costly late-stage
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testing is reduced if early stages of screening result in high attrition rates compared to later
stages.

The process is not a perfect one (i.e., it does not always identify all the possibly therapeutic
drugs within a chemical library during a screen) [20]. Instead, it might be termed a heuristic
approach to drug discovery. The term heuristic is borrowed here from computational methods
and refers to a method of determining how and where to move through a complex search space.
In this case, the search space is all the possible molecules that could have therapeutic benefit.
The methods and criteria used for identifying candidates define the heuristic approach. The
challenge is finding the “right” heuristic or, in other words, identifying the “right”
environments and criteria for choosing candidates at each step.

Analogies to drug discovery (Fig. 2) suggest ways to optimize microenvironmental screening
(Fig. 3) and can play a role in technology and method development. As mentioned previously,
late-stage testing in drug discovery can be costly, and high attrition rates early in the screening
process help to mitigate those costs. This is accomplished through a multitiered screening
process organized in a way that places highly selective readouts at the beginning (as depicted
in Fig. 2 with dollar signs and the shaded triangle). This is in contrast to a single-tier system
that performs all experimentation in a single stage. Breaking small-molecule screening into
tiers gives multiple chances to filter out unpromising parameters to streamline the next step in
the search process.

Similarly, a multitiered approach could be employed in microenvironmental screening. In the
Prudhomme example discussed previously, they were fortunate to have a single readout (Oct-4
expression) to infer the differentiated state of their cells (the phenotype of interest). This may
not always be the case. If multiple characteristics were needed to classify the cells for the
purpose of selecting a specific phenotype, it might be more efficient, depending on the
necessary readouts, to first screen for the most selective/unique characteristic first, and so on.
(See Challenge 1 of Section IV and Table II for further discussion and example calculations
regarding the benefits of the multtiered approach.)

To begin another analogy, the drug discovery industry has also found that an appropriate level
of diversity in the drug libraries used for initial testing is important to the success of a screen.
If diversity is too wide, random, or redundant, efficiency is reduced; and if the panel is too
narrow, the chance of success is reduced [19]. One way the drug industry selectively narrows
diversity is through the development of sublibraries, matching drug motifs with target proteins.
The development of sublibraries is often based on computational modeling of specific protein
classes such as G-protein-coupled receptors, ion channels, kinases, and proteases [21] and
could be considered an example of biomimicry (i.e., a process of developing experiments and
models using the in vivo system as a guide). Further, as chemical diversity is somewhat
subjective, the method of evaluating diversity is also important [22].

We can apply the concept of “appropriate diversity” to cell biology and screening the
microenvironment as well. A diverse range of parameters should be considered, yet the range
of possibilities might be narrowed by employing a biomimetic approach. For example, it has
been shown that some cells behave quite differently in terms of adhesion and even migration
on 2-D substrates as compared to when they are cultured in 3-D matrices [23]–[25]. Thus,
screening limited to culture on a 2-D substrate might be prone to artifacts, whereas if 2-D and
3-D methods were employed, associated artifacts of either constructs might be identified and
an appropriate choice between 2-D and 3-D can be made. Moreover, the in vivo system of
interest can be used to suggest which choice might be appropriate. For example, endothelial
cells typically form tubes in vivo, yet it is rare to see endothelial tissues form tubes on a planar
adherent substrate [26]. In this way, use of an appropriately diverse range of environments is
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important to the development of in vitro models and directly impacts their subsequent relevancy
and utility. The concept of choosing an appropriately diverse screening space is illustrated in
Fig. 3 as the 0th tier.

Fig. 3 summarizes the overall structure of microenvironmental screening and some of its
characteristics. It is expected that initial stages of screening the microenvironment will involve
a large number and wide range of environmental parameters along with a simplified or small
set of biological readouts. As the number and range of environmental parameters reduces with
each stage of screening, the number and rigor of each biological readout is expected to increase.
If the end goal of screening is a set of environmental conditions for a particular in vitro model,
the final step (i.e., the nth tier) in the process would likely be to compare a restricted set of
environmental parameters to an appropriate standard using a diverse set of biological readouts.
The diverse comparison of biological readouts to a known standard is suggested as a means to
validate the model and, depending on its intended use, validation results could be a way to
estimate the predictive power of the model. However, results from previous tiers can also
support validation and estimation of predictive power.

With the idea of microenvironmental screening better defined, we now examine the associated
technological challenges and highlight some types of technology and methods that can help
address those challenges.

IV. THE NEED FOR INCREASED THROUGHPUT AND MICRO-SCALE
TECHNOLOGY

As the size of the experimental parameter space increases for screening the microenvironment,
it becomes difficult to justify the use of macro-scale in vitro methods in lieu of micro-scale
alternatives. A reason for this is due to the exponential increase in the number of experimental
conditions as one tries to explain more and more biological interactions [see (1)]. The
exponential increase in the number of experiments creates multiple challenges that must be
addressed by the technology used for screening. Exponentially growing problems are costly
to solve in terms of resources and time. For perspective, consider a computational problem of
size n = 100 where the complexity (or number of calculations needed for a solution) is
considered to increase as 2n It would take a modern computer more time than the current age
of the universe to solve it. Similarly, the amount of resources needed to explore the nature of
interdependent and dynamic cellular mechanisms can be costly. Macro-scale methods (e.g.,
Petri dishes and six-well plates) generally use more resources and are slower per experiment
than high-throughput micro-scale methods. The analog of moving from macro-scale techniques
to high-throughput micro-scale techniques in the computing world would be to use a faster
computer and a less memory intensive algorithm; however, despite the linear benefits of
increased computational power, the exponential nature of the problem still exists.

The following hypothetical biology experiments help to illustrate the meaning of (1) and the
exponential increase in complexity.

A. Complexity Analysis and Illustrative Examples
P, V, and O are used in the examples to represent the input parameters, possible values of those
parameters, and outputs of a set of hypothetical experiments to illustrate the complexity of a
systems biology approach to screening the microenvironment. Different questions in cell
biology require different levels of complexity, and the complexity is a function of the number
of Vs and Os.
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1) Level 1 Hypothesis—Does the presence of fibroblast growth factor 2 (FGF-2) at a
concentration of 1 nM increase proliferation of mesenchymal stem cells (MSCs) when all other
parameters are held constant (i.e., cultured on polystyrene coated with fibronectin at 5%
CO2, etc.)? Excluding controls, one experiment with one readout must be performed resulting
in1×1 = 1 data point per replicate

2) Level 2 Hypothesis—What is the dose response of MSCs to FGF-2 in terms of
proliferation? There are now multiple possible values for the FGF-2 concentration, [FGF-2],
and a single output
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3) Level 3 Hypothesis—What is the dose response of MSCs to FGF-2 in terms of expression
and behavior? There are now multiple possible values for the given parameter and multiple
outputs
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4) Level 4 Hypothesis—What is the influence of FGF-2 on MSCs in various contexts (i.e.,
From a systems biology point of view, what is the effect of FGF-2 with different combinations
of parameters and types of parameters such as other soluble factors, extracellular matrix
(ECM), the presence of other cell types, etc.?)? The study is expanded to include multiple
parameters and outputs. Each new parameter adds a new dimension to the study, and if all the
parameters of the microenvironment were examined, the number of necessary experiments
would become unmanageable
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The final steps in searching this hypothetical parameter space would be to observe the temporal
dynamics of the system, adding time as a variable, and to perform the necessary replicates.

The size of the experimental space can be put into the form of an equation. As suggested with
subscripts in the previous figures, if there are n parameters, m outputs, and xj is the number of
possible values of parameter Pj, then the total number of data points per replicate in the
experiment is given by

(1)

Equation (1) is not actually the form of an exponential; however, if the number of possible
values of each parameter is the same, the equation does simplify to an exponential form.
Although such an assumption does not always apply, the term exponential is used to help
illustrate the notion of a roughly exponentially expanding parameter space instead of as a
rigorous description of the problem.

B. Challenges
Four main challenges pertinent to a choice of an in vitro platform for microenvironmental
screening arise as we increase in the level of complexity. First is the volume of resources
required to perform the large number of screening experiments. Second and third are the ability
to collect and analyze the increasing amounts of data. The fourth is the ability to physically
integrate the diverse range of parameters necessary for screening the microenvironment.
Although data analysis is an important challenge facing systems-based cell biology and is a
major focus of informatics research, it is primarily the other three challenges that currently
limit the use of macro-scale methods for microenvironmental screening.

1) Challenge 1—Volume of Resources—As the number of experimental conditions goes
up, so do the required amounts of limited resources. Macro-scale technology typically uses
mL’s of reagents, millions of cells, and minutes of labor per datapoint. One way to mitigate
these costs is to move the experiment to the micro scale. If the same data can be obtained on
the micro scale, volumes often go from mL’s to µL’s, cell numbers can go from millions to
thousands, and labor times could possibly go from minutes to seconds per datapoint (Fig. 4
and Table I). Each order of magnitude savings in these areas can have a similar effect on the
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monetary cost of each datapoint, which is then multiplied by the number of datapoints and
replicates. The result is a potential cost savings that can facilitate more extensive and
comprehensive studies of cell biology and is a notion that is supported by trends in drug
discovery. In drug discovery, miniaturization and automation have reduced the fluid-volumes
needed per assay while increasing rates of compound screening and reducing man power
requirements [21]. For these reasons, there is a significant motivation to use micro-scale
technology for screening the microenvironment. This assumes that the cost of the micro-scale
technology does not rise accordingly to cancel the savings.

The multitiered approach is also important in addressing the challenge of limited resources.
More specifically, a multitiered process can reduce costs (e.g., the time, money, or complexity)
related to the readouts (or outputs) of a screening process, as opposed to the costs of controlling
the microenvironment and culturing cells. The cost of readouts can be reduced by initially using
cheaper readouts that are adequate for suggesting which parameters and parameter values
should and should not be pursued in subsequent stages. Later stage testing can involve more
expensive readouts that provide a better characterization of phenotypic outcomes and
mechanisms for a reduced parameter space. Having multiple tiers also increases the number
of total experiments compared to a single-tiered approach which uses a full compliment of
readouts in the first and only stage of testing. Example calculations in Table II help to illustrate
these points. Thus, the process of microenvironmental screening can be adjusted depending on
which resources are most limiting.

Stem cell research is acutely affected by Challenge 1 due to the nature of stem cells. In general,
stem and progenitor cells are rare populations that can be difficult to isolate [1]–[4], [29],
[30]. For example, it is estimated that ~1400 mammary progenitors or mammary repopulating
units (MRU’s) exist in a suspension of dissociated cells from a single mammary gland of an
FVB mouse where the gland consists of ~2 million total viable cells. Sorting procedures to
isolate the MRU’s both reduce yield and increase the relative frequency of MRU’s in the
suspension. Thus, from a single gland, only hundreds of MRU’s can be expected (see Fig. 5)
[31], [32]. Even in the case of human embryonic stem cells (hESCs) which can continue to
self-renew, yields of clonal populations are still quite low. Typically, < 1% of hESCs initially
seeded into culture will produce another population of identical stem cells [33]. Further,
thousands to millions of cells would be needed for culture and subsequent study in
macroculture. However, on the micro scale, various cell types have been cultured in numbers
ranging from 1 cell to thousands [34], [35]. Also, ethical concerns encourage very judicious
usage of resources such as any primary cell type taken from animals or humans. Thus, the
micro scale can likely enable new discoveries related to cell sources that exist in limiting
quantities.

This first challenge is also a major reason to move to a high-throughput format for cell studies,
which does not necessarily go hand in hand with micro-scale techniques. High throughput is
used here to mean that many experiments are processed either at once in parallel (parallel high
throughput) or in an approach similar to an assembly line (continuous high throughput) to
reduce the average time per experiment. The expedition and increased coordination of
experiments through the use of high-throughput methods helps to address time constraints of
cell biology and micro-scale technology, such as the possible effects of evaporation, depletion
of soluble factors, and buildup of waste products in small volumes [36]–[40]. Human error is
also a significant consideration when experiments increase in size and especially when
treatment groups are randomized for location. Automation of high-throughput practices can
help to manage the complexity of such studies. Micro-scale technology for cell biology has
produced a wide variety of functionalities in terms of manipulating the microenvironment but
does not always translate to high-throughput formats, not to mention the ability to integrate
with existing technology for assay automation.
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2) Challenge 2—Data Collection—Assuming one can perform multidimensional studies,
a technique must exist to gather the desired information from the cells or surrounding media.
Challenge 2 has issues similar to those discussed in Challenge 1 but also has additional issues
related to the use of measurement technology with micro-scale or high-throughput methods.
Some macro-scale readouts can consume considerable amounts of time and money (e.g.,
western blots) and may not be appropriate for studies involving thousands of experimental
conditions. However, if experiments move to the micro scale, reduced sample volumes and
cell numbers may make it increasingly difficult to obtain significant signal-to-noise ratios or
interface with detection devices (e.g., typical flow cytometers have difficulty with volumes
approaching a few µL). Assuming a current technology can handle micro-scale volumes, the
technology may still not be amenable to automation or increased-throughput. Thus, creating
or adapting current biological readouts for screening large parameter spaces will be an
important challenge to increasingly complex experimental designs.

One simplification that can be made to alleviate the constraints of data collection is the use of
indirect correlative readouts that facilitate high-throughput screening. If an indirect readout
can be shown to correlate with a characteristic of interest and is much easier to implement in
a high-throughput scheme, it may be advantageous to replace the direct measurement with an
indirect measurement. Indirect readouts can be used in the early stages of multitiered screening
when there are many experimental conditions. More direct measurements can be used in late-
stage experimentation and can be used to confirm results of indirect readouts from earlier
stages. Some indirect readouts may be so abstract that a more appropriate term for them would
be signatures, having little relationship to any mechanistic understanding of the system. It
could be argued that some cell-surface marker profiles for identifying phenotype fit this
definition.

An example of a signature can be seen in the previously mentioned study by Stingl et al. where
cell-surface markers and fluorescence-activated cell sorting (FACS) were used to identify
mammary progenitor cells. The FACS plot (Fig. 5) shows multiple cell distributions, and
although some distributions can be reasoned according to our current knowledge of the markers
and their associated phenotypes, the small subpopulation representing the progenitor cells
(labeled MRU’s) is not obviously different than cells nearby on the plot. However, it has been
shown that it is possible to use a single cell from MRU subpopulation to reconstitute an entire
mammary gland [31], [32] allowing the intensity signature of the markers to be used as an
indirect readout for “stemness” of epithelial cells in the mammary gland of mice.

Other signatures might include observations such as cell size (indicated by forward scatter in
flow cytometry) [41] or cell morphology and organization [42]–[44]. Yet, if the readouts are
easy to obtain and have been shown to correlate with biologically interesting behaviors or
properties, the signatures could show promise in microenvironmental screening and for
miniaturization. Methods of detection for high-throughput readouts are often measures of
intensity, absorbance, resistance, or capacitance. Electronic measurements such as these aid
speed and accuracy (e.g., platereaders for fluorescence, absorbance, and radiation, as well as
flow cytometry using the fluorescent or electrical properties of cells).

3) Challenge 3—Data Analysis—Last in the work flow of large-scale experiments is data
analysis, which is sometimes overlooked as a challenge to cell biology. The cyclical process
of developing and testing hypotheses is often driven by data analysis and interpretation. For
relatively small studies with few variables, humans can identify trends, correlations, and
attribute context dependent relationships to current theories in biology. Typical tools to do this
are the basic plot or table. With the aid of basic metrics and standard statistical methods, the
extent of those relationships can typically be quantified. However, as the data becomes more
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multidimensional, display and interpretation of the data becomes less straightforward,
hampering the development of new hypotheses [45], [46].

Part of the difficulty is due to complex context-dependent relationships that allow a single
environmental cue to cause different behaviors in different contexts and the difficulties related
to statistics of large data sets [46]. In many cases, a significant portion of the parameters has
little effect on a system and makes interpretation more difficult. In these cases, methods such
as partial-least squares analysis or principle component analysis can be useful for identifying
only the most relevant parameters of a system, simplifying a multidimensional parameter space
(see Fig. 6) [10], [47]–[50]. However, training in such statistical methods is less common
compared to training in the analysis of one or two parameters.

4) Challenge 4—Integration of Diverse Microenvironmental Components—As
more variables are added to an experiment, it can become more difficult to flexibly and
simultaneously control them all (Fig. 1 and Fig. 3). It might be considered even more
challenging when the variables are quite dissimilar, such as soluble factors and mechanical
stimuli. Tools from different disciplines such as chemistry, biology, mechanical engineering,
and physics will likely be required to successfully engineer the multidimensional
microenvironment.

Further, an integrating platform will also be needed to bring the functionalities together for a
single purpose. Functionalities that the platform will likely need to support include: treatments,
washing, patterning of cells and proteins, gradients of soluble and insoluble factors,
maintenance of cells within artificial 3-D matrices, and the ability interface/integrate with
detection devices. Moreover, due to limited resources, the technologies and integrating
platform will likely need to function on the micro scale and be amenable to high-throughput
experimentation.

V. SUMMARY OF CHALLENGES AND MOTIVATION FOR USE OF
MICROFLUIDICS

The four challenges highlighted above argue for: 1) a multitiered and micro-scale approach to
screening due to limited resources and a resource intensive endeavor; 2) high-throughput
methods to address experimental complexity and the time constraints of biology, especially on
the micro scale; 3) the ability to integrate with automation in order to coordinate increasingly
large and complex experiments more efficiently and accurately; and 4) the ability to integrate
and control a diverse range of functionalities and elements of the microenvironment. Thus, a
technology aimed at general screening of the cellular microenvironment should facilitate
functions beyond those which are needed to engineer the microenvironment and instead
facilitate the entire screening process.

Microfluidics is a micro-scale technology that has been used to integrate techniques and
methods from a wide variety of disciplines for the purpose of engineering the
microenvironment of cells (i.e., micro-scale cell culture), sample detection, increasing
throughput, integrating with automation, and interfacing with a range of other technologies.
For these reasons, microfluidics is considered here for use as an underlying platform for
microenvironmental screening.

There have been many reviews of microfluidics related to its fundamentals and use in cell
culture and biochemistry [17], [40], [51]–[59]. The following sections give a brief review of
microfluidics from the point of view of microenvironmental screening. Microfluidic examples
are provided that illustrate control of soluble factor signaling, integration of methods to control
ECM composition, and ways to modulate cell–cell contact. There is also a discussion of
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microfluidic platforms that is aimed at bringing functionalities together for automated high-
throughput multidimensional studies of cell biology. Finally, areas of immediate need or deficit
in microfluidics will be highlighted.

VI. BASICS OF MICROFLUIDICS AND MICROFLUIDIC CELL CULTURE
One might argue that the most basic microfluidic technique for micro-scale cell culture is that
of micro-arrays. In the case of micro-arrays, very small regions are partitioned on a surface via
the use of pipettes, dip-pens, printers, stamps, lithography, or other dispensing/patterning
technologies. Each region typically represents an individual assay and can be treated
individually or submerged within a communal medium. This technique has already been used
to screen for the effects of panels of ECM compositions, ECM/growth factor (GF)
combinations, biomaterials, and transfections (Fig. 7) [60]–[67]. The referenced examples are
some of the first experiments to show the benefits of micro-scale screening of the
microenvironment. Obvious benefits of micro-arrays are low volume usage, simple
implementation, and the ability to automate experiments. They are also a natural progression
from assays performed in 384 and 1536 well plates. However, there is little additional
functionality in the control of other environmental parameters compared to macro-scale
analogs. One advantage of micro-arrays relative to micro-wells is the ability to pattern cells,
which can be used to modulate soluble factor signaling and cell–cell contact when cultured
within a single volume of media [64], [68], [69].

Beyond the deposition and patterning of small volumes, a more traditional view of
microfluidics is the use of micro-fabrication techniques to produce fluidic components such
as channels, chambers, pumps, valves, and mixers. Likely, the most common technique for
creating microfluidic devices is the use of photolithography to create a mold from which
devices are formed using poly-dimethylsiloxane (PDMS) [see Fig. 8(a)–(d)]. This technique
allows precise definition of micron-scale features in a device that is largely well suited for cell
culture with the possible caveat of absorption of small lipophilic molecules [52], [70]–[72].
The PDMS devices themselves can then be used as molds for other materials such as gelatin
in a process called soft lithography [shown in Fig. 8(d)–(f)].

Fluid behavior is different on the micro scale versus the macro scale. This is because there is
a new balance of physical forces. On the micro scale, surface tension can dominate gravity and
viscosity can dominate inertia. The dominance of viscosity causes flow to be laminar, following
predictable streamlines. In fact, two separate laminar flows can be brought together into one
with almost no convective mixing to flow side-by-side. Instead, diffusion will be the source
of mixing between the streams as shown in Fig. 9.

An example of surface tension on the microscale is its use for pumping fluid through channels
as shown in Fig. 10. According to the Young–Laplace equation, droplets with smaller radii of
curvature have a higher internal pressure than those of larger curvature of the same fluid. The
resulting pressure difference is adequate to move microliters in ~1 s, even when working
against gravity, and has been referred to as passive-pumping [75]–[77]. Similarly, capillary
forces can play a significant role in micro-device behavior.

Micro-scale fabrication techniques and properties of fluids and diffusion are leveraged to create
functionalities such as pumps, valves, conduits, and mixers for various aims in chemistry and
biology. Specifically, we will be interested in microfluidic techniques to: 1) control soluble
factor signaling; 2) integrate chemically and mechanically modified ECMs; and 3) study the
effects of cell–cell contact as these basic functionalities form the core of modulating the cellular
microenvironment.
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VII. SCREENING SOLUBLE FACTOR ENVIRONMENT
There are multiple ways in which the soluble factor environment can be screened, including
using different types of soluble factors, concentrations, gradients, cell patterns, and also by
changing the effective culture volume (or ECV) of the system.

The ability to screen different types and concentrations of soluble factors depends heavily on
the functions of treating and washing the cell culture volume. In some cases, microchannels
can be washed more efficiently and accurately compared to standard microwells and is
highlighted in previous work [78]. The increased ability to treat and wash the cell culture
volume stems from the fact that fluid in microchannels is replaced (i.e., there is an input and
output for flow), whereas in a typical well, fluid is added or removed.

The process of treatment or washing involves one fluid that is initially in the culture device at
concentration Cold, and another fluid that is being introduced to the channel at concentration
Cnew. The ability to wash or treat a channel can be measured using the ratio ϕ, which is given
by (2). Cactual is the final concentration after washing or treatment. A value of 100% means
that washing or treatment was completely successful in replacing the old fluid with the new
such that Cactual = Cnew

(2)

The act of replacing a volume of fluid in a microchannel was characterized and found to follow
(3). The equation for a single treatment or wash is in terms of the volume of the channel,
Vchan; the input volume, Vinput; and the cross sectional geometry of the channel, summarized
using ζ (see [78] for other assumptions in the derivation of this equation). ζ for rectangular
cross sections is between 0.17 and 0.33, which represents a square cross-section and an
infinitely wide (or tall) channel, respectively. Equation (3) was then used to estimate
concentration errors arising in microchannels for a given error in the dispensing of fluid volume
and compared to treatments in standard wells. Findings indicate that microchannels could be
employed to achieve errors many times less than standard wells providing more effective
washing and treatments for volumes typical of high-throughput screening

(3)

Further, microchannels can facilitate the simultaneous mixing and routing of fluid within a
device to simplify screening of multiple concentrations. Fig. 11 shows one such microfluidic
device developed by Hung et al. [79], [80]. The device employs the use of a gradient generator
to produce various treatment concentrations for cells, as illustrated using dye to produce colors
ranging from red to blue.

Gradients can also be applied within cell culture chambers to study the effects of local
concentration gradients and are reviewed extensively by Keenan and Folch in [81]. Gradients
can typically be categorized into being flow-based or nonflow-based, static or dynamic, and
2-D or 3-D. Examples of flow-and nonflow-based gradient generators are shown in Fig. 12.
Dynamic gradients are tunable, giving temporal (or on-the-fly) control over the gradient profile,
an example of which was developed by Keenan et al. using microfluidic “jets” [82]. Fig. 13
shows examples from Puccinelli et al. and Wong et al. of microfluidic devices that can be used
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to develop gradients for either 2-D or 3-D cell culture [83], [84]. Laminar flow is used in these
examples to create patterned regions of cells/gels for subsequent culture.

The devices of Fig. 13 also highlight an important aspect of soluble factor control in three
dimensions. As perfusion through 3-D matrices is often quite difficult, nutrient and waste
exchange with the supporting media is typically limited to the boundaries of the ECM and is
controlled by diffusion [see side channels of Fig. 13(b)].

The devices of Fig. 13 are also intended for culturing more than one cell type in close proximity,
which is also called co-culture. Co-culture is used to as away to study soluble factor effects
resulting from the interaction of multiple cell types. One way to modulate the co-culture
interaction is by varying the spacing between the cell types through cell patterning. Micro-
scale patterning of cells can be accomplished via surface alterations, laminar flow, cell settling,
or even via mechanical means, as shown in Fig. 14. Different ways to micro-pattern cells were
recently reviewed by Nakanishi et al. [88] and also discussed in [69], [77] and [89]–[94].

A last method of altering soluble factor signaling highlighted here is the use of different
effective culture volumes (ECVs) or average culture-volume-per-cell [see (4)]. The concept
of ECV has been previously discussed by Walker et al. in their review of microenvironmental
design considerations for cellular-scale studies [40] and is illustrated here in Fig. 15 for 2-D
and 3-D culture. The ECV of an experiment is a measure of how much influence cells can have
on their soluble factor environment and is part of the feedback loop between the cell and
microenvironment shown in Fig. 1. The smaller the ECV, the more effect cells can have on
the accumulation and depletion of concentrations.

ECV is mentioned here because it is a parameter of culture that is easily controlled and can
provide another way to screen the soluble factor component of the microenvironment. The
concept of ECV can also be abstracted to flow experiments. If nonrecirculating flow is used
to constantly replace the culture media, the ECV can become very large, reducing the overall
effect the cells have on soluble factor concentrations. Considerations of flow and soluble factor
concentrations have been treated extensively in the area of bioreactors and are discussed in a
modeling review by Mehta and Linderman [96]. The use of ECV as a screening variable in
static culture is supported by previous experiments by Knauer et al. [38] (EGF depletion in
macro-scale culture) and by Yu et al. [39] (effects on proliferation in micro-scale culture)

(4)

VIII. SCREENING FOR EFFECTS OF CELL–CELL CONTACT
Effects of cell–cell contact are often hard to distinguish from those of soluble factors as it
requires decoupling the two modes of communication. Difficulty increases when cell–cell
contact is involved in a cascade of events that influences soluble factor signaling.

One way to investigate the role of cell–cell contact is to randomly seed cells at different ratios.
However, other, more refined, methods have been developed such as the patterning of cell
types in different configurations at the same ratio to more predictably alter soluble factor
signaling relative to signaling via cell–cell contact as shown in Fig. 16 [97]. The different
configurations allow for different lengths of contact between the cell types and different
diffusion lengths for soluble factors. The same idea was used by Nelson et al. but on the scale
of single cells, as shown in Fig. 14(c). In this example, the authors also included a protocol to
chemically inhibit soluble factor signaling as an additional test of the proposed hypothesis. It
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would be realistic to perform a similar experiment where microchannel flow is used to modify
soluble factor signaling instead of a chemical.

Other examples of controlling cell–cell contact involved micromechanical techniques or
microchannels, as shown in Fig. 17 [91], [98]. In the first example, cells are seeded on separate
surfaces such that they can be cultured: 1) separately; 2) in close proximity; or 3) in contact
along a predefined border between cell types. The authors were able to suggest a distance at
which soluble factor signaling is not sufficient for the provided cellular interaction;
furthermore, they propose that a period of cell–cell contact followed by culture in close
proximity give additional benefits. The second example, Fig. 17(b), uses flow to trap cells in
proximity to one another. The traps are located such that the membranes of cells across from
each other in the channel touch to allow the transfer of dye.

IX. SCREENING PARAMETER OF ECM COMPOSITION
Controlling the mechanical and chemical composition of ECM for screening is generally a
consideration for the area of biochemistry; however, in order to screen the effects of ECM
using microfluidics, ways to integrate both 2-D and 3-D artificial ECMs into microfluidic
devices will be needed. The 2-D ECMs are considered here to be ECM components that are
adsorbed or chemically linked to a surface or substrate that cannot be significantly penetrated
by cells. The 3-D ECMs would be layers or bulk distributions of ECM components that
completely encapsulate cells or allow significant cell penetration.

One technology that could be integrated into screening ECM composition is the ability to create
surface density gradients of 2-D ECMs [99]–[105]. There are also methods for temporarily or
permanently immobilizing soluble factors on surfaces or within ECMS to create “hybrid”
environments of soluble and insoluble factors [106]–[110]. The immobilization of “soluble”
factors may mimic in some ways the in vivo sequestration and release of soluble factors by the
ECM and could be an interesting way to simultaneously modulate soluble factor signaling and
ECM composition for screening.

The first steps in screening the effects of ECM have been taken using micro-arrays, which were
discussed at the beginning of Section VI[60]–[67]. Some of the referenced micro-array
examples have already begun to incorporate the added dimension of soluble factors into ECM
screening while others focus on the presentation of factors on “inert” backgrounds [111]–
[113].

One way ECM can be integrated into microfluidic devices is through the use of laminar flow
as shown in Fig. 13. In the depicted examples, it was important to roughly match the viscosities
of the different fluids to facilitate even patterning. It was also important to have a way to
polymerize the gels after flow. If cells are to be suspended in the gels prior to flow, the gelation
or cross-linking method and precursor materials must be amenable to cells for at least a short
period of time for introduction into the device. Laminar flow can also be utilized to adsorb
gradients of ECM to the surfaces of channels [101].

Another way to incorporate cells and ECM into microfluidic devices is to have the cells
encapsulated in micro-hydrogel “beads” or spots [114]–[116] (see Fig. 18). Micro-hydrogels
containing cells could be cultured using microfluidics to control nutrient supply, treatments,
and even analysis. The previously discussed methods of cell settling and laminar flow could
be used with hydrogel beads to pattern their location. Further, basic channel design (e.g., the
use of filters and gratings) could keep compartments of micro-hydrogels separated but in fluidic
contact for co-culture.

Warrick et al. Page 16

IEEE Rev Biomed Eng. Author manuscript; available in PMC 2010 February 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Instead of integrating artificial ECMs within microfluidics, another option is to apply
microfluidics upon ECMs, as performed by Wu et al. [117], or to build microfluidic devices
from ECM materials, such as done by Paguirigan et al. [73] (see Fig. 8). In the latter case,
channels were formed in gelatin using PDMS molds and used for micro-scale culture.

X. MICROFLUIDICS AND HIGH-THROUGHPUT CULTURE
Having discussed micro-scale and microfluidic capabilities with respect to parameters of the
cellular microenvironment, we now examine the integration of those functionalities and their
translation into a high-throughput format for the purpose of screening. Instead of looking at
particular examples of integrating functionalities, we will look at existing “platforms” for
microfluidics. The term platform is meant here to refer to “ways” of doing microfluidics.
Platforms tend to centralize efforts in the field, bringing together developments from multiple
researchers towards the goal of simultaneously integrating multiple functionalities and will
likely be important in realizing the goal of screening the microenvironment. Microfluidic
platforms mentioned here include: micro-arrays, droplet-fluidics, valve-based fluidics,
electrowetting on dielectric (EWOD), and passive-pumping-based fluidics (sometimes called
tubeless fluidics).

A. Micro-Arrays
Micro-arrays refer to the use of dispensing/patterning methods (e.g., dip-pen, piezo, pipette,
stamp, and lithography) to create individualized regions of chemicals, proteins, and/or cells on
a surface. Experiments based on these technologies facilitate combinatorial experiments in a
small footprint with examples described in the previously mentioned figures and references
(Fig. 7 and Fig. 16) [60]–[67], [69], [88], [92], [94], [97].

B. Droplet Fluidics
Droplet fluidics is meant here as the use of multiple fluid phases to isolate and partition droplets;
the individual droplets then become the focus of experimentation. Droplet fluidic systems are
now being developed with functionalities separated into modules or stages that can be
assembled into different configurations. Fig. 19 shows droplet fluidic modules for
encapsulation, incubation, and analysis [34]. The technology is examined further in [58],
[118].

C. Valve-Based Fluidics
A prominent example of valve-based fluidics is this example from King et al., shown in Fig.
20. Coordinated pneumatic actuation of elastomeric valves within devices such as this are used
to route reagents and cells to perform parallel culture experiments. Other examples are
discussed in [119]–[121].

D. EWOD
EWOD uses the change in wettability of a dielectric surface under the action of a potential to
drive the motion of drops. The motion of the drops can be used to perform the basic functions
of sampling from a reservoir, cutting/splitting droplets, merging droplets, and droplet transport
(Fig. 21). These functions can be used together to perform operations such as such as mixing
and dilution [122]. The layout of the device in the figure is used to suggest the combinatorial
potential of the platform. Another resource for details on EWOD devices is [123].

E. Passive-Pumping-Based Fluidics
Passive-pumping has been discussed earlier as an example of how surface tension can play an
important role in microscale devices. The platform is typically without external tubes (i.e.,

Warrick et al. Page 17

IEEE Rev Biomed Eng. Author manuscript; available in PMC 2010 February 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tubeless), consisting of microchannels with ports to interface with various dispensing
technologies, including a manual pipette. Various combinations of dispensing and aspirating
can be used to treat, wash, mix, and route samples for cell culture assays [77]. The platform
can be used for low-throughput manual studies but can also be scaled up to integrate with
existing dispensing technology such as multi-pipette robots for automating high-throughput
experiments (see Fig. 22).

XI. CONCLUSION AND FUTURE CHALLENGES FOR MICROFLUIDICS
Functionalities important for screening the microenvironment include: 1) the control of soluble
factor signaling; 2) the integration of chemically and mechanically modified ECMs; and 3) the
modulation of cell–cell contact, as these basic functionalities form the core of modulating the
cellular microenvironment. By incorporating these abilities into the platforms such as micro-
arrays, droplet fluidics, valve-based fluidics, EWOD, and passive-pumping-based fluidics the
existing capabilities of the platforms can be leveraged to bring together microenvironmental
control with automated and high-throughput techniques to perform multidimensional studies
of cell biology. The development of these platforms for microenvironmental screening will
require overcoming some existing challenges in microfluidics.

Cell biology in microfluidics is primarily accomplished using devices made from
polydimethylsiloxane (PDMS). The material is unique in that it is easy to work with and has
characteristics beneficial to cell culture assays such as high optical quality and gas permeability.
However, PDMS is also known to absorb small lipophilic molecules. Absorption can be fast
and significant [70]. Methods to address this would aid understanding of its relevance to cell
biology and could dramatically affect the use of microfluidics in all of biology.

Micro-scale culture is also fundamentally different than macro-scale culture. The ECV of micro
culture is significantly reduced compared to typical macro culture and has already been
discussed. The increased surface-to-volume ratios of micro-scale assays also make them more
susceptible to adsorptive depletion of soluble factors and can affect the use of macro-scale
protocols in micro-scale assays [124], [125]. Fundamental differences such as these make it
important to validate micro-scale biological assays and is treated more thoroughly in recent
works [126]–[128].

Microfluidics is also in need of more simple and modular device designs, such as the droplet
fluidic modules of Fig. 19. A greater variety of simple and modular designs will help
microfluidics make the difficult transition into biology labs through increased accessibility and
robustness and can facilitate integration into high-throughput screening applications.

Finally, this review has focused somewhat on modulation of soluble factors and, in particular,
the concept of ECV. The parameter of ECV is well suited for inclusion in microenvironmental
screening because it is easy to control and plays an important role in affecting cell behavior.
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Fig. 1.
Microenvironmental screening and some of its applications. Microenvironmental screening
can help to understand how intrinsic factors of the cell integrate environmental cues to produce
various phenotypes, taking a systems biology approach that considers the many cues as a whole.
The contextual information gained using the systems biology approach can be used to: 1) search
for appropriate conditions that produce desired phenotypes or 2) go a step further to examine
the mechanisms by which those phenotypes are produced.
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Fig. 2.
Drug discovery: Stage-by-stage quality assessment to reduce costly late-stage attrition. (Hits
and leads refer to candidate molecules/structures for drugs. Hits are compounds that show
specificity and activity. Leads are hits, or types of hits, that show specificity and activity in a
“biochemically relevant” screen.) Typical important milestones are: validated hist series
(VHS), lead series identified (LSI), and clinical candidate selection (CCS), which ensure that
only drug candidates with an appropriately high-potential profile are advanced to the next phase
[19]. (Figure and caption reprinted with permission from Macmillan Publishers, Nature
Reviews Drug Discovery, 2003.) As depicted, the earlier a poor lead can be discarded, the more
money is saved. The testing methods and set of decisions to cull leads along the way defines
this particular heuristic method of drug discovery.
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Fig. 3.
Multitiered approach to screening the microenvironment. The bottom half of the figure
describes the process of screening and filtering environmental parameters as one moves to the
right. The 0th tier represents the decision process of choosing an initial screening space. The
first tier is focused on reducing the large number of environmental variables using only a few
biological readouts. The process comes to an end with the nth tier, which in this case is meant
to represent the last tier in a screen for phenotype. In the nth tier the original screening space
has been filtered to a small sub space that is examined using a diverse set of biological readouts
to thoroughly characterize the model phenotype. The upper half illustrates visually the
reduction of the environmental screening space throughout this process. Similar to drug
discovery, it is hoped that the attrition rate of screening space reduces with each tier to maximize
the benefits of a multitiered design and mitigate the loss of important variables.
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Fig. 4.
Plot of approximate volumes-per-chamber across a range of spatial densities using different
types of devices. The figure shows ranges of operation for traditional multi-well plates, tubeless
microchannels, tubed/valved microchannels, and droplet-based devices (see Section X for
descriptions and references). Tubeless microchannels can offer a reduction in volume-per-
assay compared to multi-well formats of similar density but can still preserve the ability to
individually address an assay compared to tubed/valved devices that use the same volume.
Volume-per-assay increases for tubed/valved microchannels when implemented to
individually address chambers due to increases in dead volumes, routing, tubing, or numbers
of connected reservoirs, whereas multiplexing of fluid sources decreases the average volume-
per-assay. Droplet-based fluidics typically deals with volumes below a few microliters and has
the potential to manipulate picoliter volumes at high densities.
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Fig. 5.
Example of sorting protocol to obtain progenitor cells or mammary repopulating units (MRU’s)
from the mammary gland of a mouse. CD24 and CD49f are used, along with various lineage
markers are used in FAC sorting to obtain the above plot. Only cells in the MRU identified
region are suggested as being highly enriched for cells that can reconstitute an entire gland
from a single cell. Additionally, Ma-CFCs = mammary colony-forming cells and MRUs =
mammary repopulating units [32]. (Figure reprinted with permission from Macmillan
Publishers, Nature, 2006.)
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Fig. 6.
Generic example of parameter reduction. In this case, it can be seen that information about
parameter Z provides no benefit in describing any relationships between parameters. Instead,
any significant behavior of the data can be completely described by X and Y. Thus, the system
can be reduced from a 3-D parameter space to a 2-D space. Similarly, partial least squares
regression or principle component analysis are used to describe multidimensional data with
only the parameters that contribute the most to system behavior. Information similar to this
might be used for the basic process of candidate identification or, with additional analysis,
development of behavioral models.
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Fig. 7.
Example of using microarray dispensing to screen for effects of ECM composition. Phase
contrast image scale bar is 50 µm. (a) Summary of experimental methods. (b) Layout of
experimental parameters and example image of cells on a culture spot. Fn = Fibronectin, L =
Laminin, C1 = Collagen I, C3 = Collagen III, C4 = Collagen IV [61]. (Figures reprinted with
permission from Macmillan Publishers, Nature, 2005.)
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Fig. 8.
Schematic of PDMS device/mold fabrication from a mold created using (a)–(c)
photolithography and (d)–(f) subsequent manufacture of a gelatin device from a PDMS mold
using soft lithography. Photoresist is typically spin coated onto a (a) silicon wafer. (b) The
photoresist is exposed to UV through a photomask, and unpolymerized photoresist is removed
in a developing solvent to produce a master. PDMS is then cured on (c) this master and used
as (d) a mold for gelatin. The gelatin and enzyme solution is then poured over (e) the reusable,
flexible PDMS mold and the polymerized device is then (f) pulled off the mold [73]. (Figure
reproduced by the permission of The Royal Society of Chemistry, 2006.)
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Fig. 9.
Example of a microfluidic device that uses laminar flow to produce side-by-side flow of two
different streams and depicts the diffusion of an analyte from one stream to the other [74].
(Figure reproduced by permission of IEEE, 2004.)
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Fig. 10.
Depiction of passive-pumping and the increased role of surface-tension on the micro scale.
The pressure from surface tension in the small drop on the left is greater than on the right,
driving the dispensed volume to the right [75]. (Figure reproduced by the permission of The
Royal Society of Chemistry, 2007.)
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Fig. 11.
Example of simultaneous dilution and delivery of reagents to screen multiple concentrations.
(a) Picture of device. (b) Gradient generator is used to provide the circular culture chambers
with a range of reagent concentrations [80]. (Figure reproduced by permission of Wiley, 2004.)
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Fig. 12.
Examples of microfluidic gradient generators. (a) Flow-based dynamic gradient generator.
Microchannels are used to mix streams in varying dilutions and brought together with laminar
flow to form a gradient across the channel width [85]. (Reproduced by permission of the MRS
Bulletin, 2005, characterized in [86].) (b) Gradient generator without flow. A concentration
source and sink are connected via a microchannel using polyester membranes to facilitate cell
loading and eliminate transient flow that could disturb the concentration profile [87]. (Figure
reproduced by permission of The Royal Society of Chemistry, 2006.)
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Fig. 13.
Microfluidic devices for 2-D or 3-D co-culture and transverse gradient generation. (a) Wong
et al. show a device used for partitioning a mirofluidic channel using gels to enable tunable 3-
D cell culture. Separation is achieved with laminar flow using a syringe pump. (Reprinted from
[83] with permission from Elsevier, 2008.) (b) Puccinelli et al. achieve patterned 3-D culture
using passive pumping. The red and green halves of the culture channel represent the separation
of the two cell types via laminar flow. The outer media channels allow access to each cellular
compartment via diffusion through the small diffusion channels and enable gradient generation.
The pictures at the bottom demonstrate the ability to visualize the separation of the cell types
despite the close contact between streams with the insert showing how pressure can be used
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to vary the widths of each region [84]. (Figures and captions adapted and reproduced by
permission of The Royal Society of Chemistry, 2008.)
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Fig. 14.
Examples of cell patterning in microfluidics. (a) Patterning of cells using laminar flow.
(Reprinted from [92] with permission from Elsevier, 1999.) (b) Patterning of cells via cell
settling and the use of a patterning template [89]. (Figures adapted and reproduced by
permission of The Royal Society of Chemistry, 2007.) (c) Patterning of cells via alteration of
a substrate to define where cells adhere [85]. (Figure reproduced by permission of the MRS
Bulletin, 2005, discussed in [95].)
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Fig. 15.
Effective culture volume (ECV) in 2-D and 3-D culture. (a) Schematic representation of cells
uniformly seeded in 3-D culture and the associated ECV. L is roughly the average spacing
between cells. (b) Example of different 2-D culture devices and their associate ECVs. The
microchannel, tissue-culture flask, co-culture transwell, and 96-well plate in the photo are put
in order of increasing ECV. If, in each case, the cells are plated at the same surface density
upon the culture substrate (i.e., cells/mm2), then ECV is proportional to the fluid height over
the cells.
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Fig. 16.
Examples of cell patterning via preferential adhesion to study homo and heterotypic cell
interactions. Hepatocytes are dyed red while fibroblasts are dyed green for visualizing the cell
patterns [69]. (Figure reprinted, with permission, from the Annual Review of Biomedical
Engineering, vol. 2, 2002.)
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Fig. 17.
Examples of micro-scale control of cell–cell contact. (a) Micro-mechanical positioning is used
to interleave cells and control cell separations with micrometer accuracy. The depicted device
has three positions: fully separated, in contact, and with a small gap [91] (copyright 2007
National Academy of Sciences, USA). (b) Microchannels and fluid flow are used here to trap
cells at docking sites. The docking sites can be positioned to allow cells across from one another
to be in contact. The fluorescence image shows diffusion-based transfer of dye between cells
only if there is membrane contact. (Reprinted with permission from [98], American Institute
of Physics, 2005.)
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Fig. 18.
Schematic view of micro device for production of alginate hydrogel microbeads. Droplets of
Na-alginate containing CaCO3 nanoparticles are formed at the T-junction. For cell
encapsulation, cells are added to the Na-alginate solution before introducing it into the device.
Downstream of the T-junction, a stream of “acidic oil” merges with the main stream. This pH
reduction releases Ca 2+, which reacts with Na-alginate to form Ca-alginate gel downstream
[114]. (Figure and caption reproduced with permission. Copyright Wiley-VCH Verlag GmbH
and Company, KGaA, 2007.)
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Fig. 19.
Modular design of the microfluidic components. The individual components can be flexibly
combined to meet specific experimental requirements and are connected by means of external
tubing. Schematics and micrographs showing design of (a)–(c) encapsulation chips with single
or double aqueous inlet, (d)–(f) incubation chips, and (g–h) interface to analysis (merging,
splitting, detection, sorting) chips. Schematics: (a) single-inlet (left) and double-inlet (right)
encapsulation, (d) top: serpentine incubation channel, bottom left: close-up of the serpentine
incubation channel, bottom right: incubation channel for time-resolved studies, (g) reinjection
for further drop handling. Micrographs: (b) single-inlet encapsulation, (c) double-inlet
encapsulation, (e), (f) serpentine incubation channel, (h) reinjection for further drop handling,
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and (i) incubation channel for time-resolved studies from schematic shown in lower right part
of (d). All scale bars are 100 µm. [34]. (Figure and caption reproduced by permission of The
Royal Society of Chemistry, 2008.)
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Fig. 20.
Example of a valved microfluidic device for cell culture and treatment. (a) Layer 1 (yellow)
consists of a 16 × 16 array of circular “cell visualization chambers” (50-mm height and 420-
mm diameter). Each 2 × 2 subarray in layer 1 is isolated from the others by two sets of reversible
PDMS barriers. These barriers are controlled by two valve control manifolds (green and purple)
in layer 2. Cell lines are drawn from separate inlets (left) through a common outlet (right) to
seed the device with rows of different reporters. Similarly, each stimulus is drawn from separate
inlets (top) through a common stimulation outlet (bottom). Layer 2 seeding valves (green) are
dead-end channels controlled by the pressure in a single inlet (top right) and stimulation valves
(purple) are controlled by a single control line (bottom right). (b) Cross-sectional schematic of
the reversible barriers. At rest or when positive pressure is applied to the control line, valves
are closed. (c) When negative pressure is applied to the control line, the reversible barrier is
elevated allowing fluidic communication. (d) Schematic of a typical experiment. 1) Devices
are placed in “seeding configuration” with seeding valves open and stimulation valves closed.
2) Reporter cell lines are introduced from the left. 3) The array is placed in neutral configuration
by closing seeding valves, and cells are allowed to attach. 4) Devices are then placed in
“stimulation configuration” by opening stimulation valves and closing seeding valves. 5)
Stimuli are drawn through each column of the array to stimulate each cell line with each
stimulus and create a matrix of 64 stimulus response experiments, each with four cell chambers
or “replicates”. (e) Images of the dye-filled device in each of the three configurations seeding
(top), neutral (middle), stimulation (bottom). Open valves appear to have yellow centers when
the floor and ceiling of the layer 2 control channel meet. Since the dye is squeezed away from
that area, the color is dominated by the yellow dye in the underlying layer 1. [16]. (Figure and
caption reproduced by permission of The Royal Society of Chemistry, 2007.)
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Fig. 21.
Schematic representation of an EWOD device and schematics of what are considered to be the
four basic types of operations of the platform [122]. (Figure reproduced by permission of IEEE,
2003.)
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Fig. 22.
Tubeless microchannel arrays interfaced with standard screening automation via passive-
pumping. The microchannel array ports are arranged to interface with standard pipetting
automation. A 96 pipette robot is used here to flow green dye into an array of channels filled
with water. The 192 channels in the array are treated in two separate passes by the robot in a
total of about 10–15 s. Aspirations can also be performed at microchannel ports. Background
images courtesy of I. Meyvantsson.
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TABLE I

Fluid Volumes and Typical Cell Numbers Per Well for Standard Multiwell Plate Formats

Multi-Well Format 96 [27] 384 [27] 1536 [27] 3456 [28]

Volume/well (µL) 200 50 8 2

Cells/well 40,000 5,000 4,000 700
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