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Abstract

Although stem cell fate is traditionally manipulated by exogenously altering
the cells’ extracellular signaling environment, the endogenous autocrine and
paracrine signals produced by the cells also contribute to their two essen-
tial processes: self-renewal and differentiation. Autocrine and/or paracrine
signals are fundamental to both embryonic stem cell self-renewal and early
embryonic development, but the nature and contributions of these signals
are often difficult to fully define using conventional methods. Microfluidic
techniques have been used to explore the effects of cell-secreted signals by
controlling cell organization or by providing precise control over the spatial
and temporal cellular microenvironment. Here we review how such tech-
niques have begun to be adapted for use with embryonic stem cells, and
we illustrate how many remaining questions in embryonic stem cell biology
could be addressed using microfluidic technologies.
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Autocrine: refers to
diffusible signaling
from one cell to itself
or to another cell of
the same cell type

Paracrine: refers to
diffusible signaling
from one cell type to a
nearby, different cell
type

Inner cell mass
(ICM): the cells
inside a blastocyst that
give rise to all the cells
in the adult organism

Blastocyst: an
embryonic structure
consisting of an ICM
that forms the embryo
and a trophoblast that
forms the
extraembryonic tissues

1. INTRODUCTION

Cellular phenotype is heavily influenced by the extracellular environment. Cells constantly create
and respond to external signals, including soluble secreted factors, direct cell-cell communica-
tion through gap junctions and cadherins, and extracellular matrix–based signals. These external
signals, in turn, drive signaling cascades that lead to maintenance or alteration of the cellular phe-
notype. Thus, technologies that aid in elucidating and controlling these external cues are critical
to understanding cell biology and harnessing cells commercially or therapeutically.

Stem cells in particular are strongly influenced by their extracellular environment because of
their pliability. Stem cells can create new copies of themselves indefinitely—a property known as
self-renewal—while maintaining the ability to differentiate into specialized cell types (1). External
cues strongly influence whether a stem cell decides to self-renew or differentiate, and one question
in stem cell biology is how to determine the set of signals required to dictate any given stem cell
decision.

One set of external cues that are particularly important to stem cell biology consists of the
soluble signals that the stem cells themselves produce and respond to, known as autocrine signals,
and the signals produced by other cell types in the stem cells’ microenvironment, known as
paracrine signals. These signals can act at short distances, down to the scale of a single cell (2), or
can signal over many cell diameters (3). These autocrine and paracrine cues affect diverse processes
in stem cells, including self-renewal (4, 5), growth (6, 7), and differentiation (8), and they may
contribute to heterogeneity in stem cell cultures (5, 9). In short, they are incredibly important.
However, their ubiquitous presence (i.e., they are difficult to remove) and intrinsic closed-loop
nature (i.e., they may be difficult to detect externally) make them technically challenging to study
in any cell system and in stem cells in particular.

Microfluidics provides opportunities to address these technical challenges. By allowing for
control of cells and their environment with spatial resolution down to the scale of a single cell and
timescales down to subseconds, microfluidic systems can play an important role in teasing apart
the complex interactions involved in stem cell autocrine and paracrine signals. In this review, we
describe how microfluidics can be applied to the study of autocrine and paracrine signaling in
stem cells. We employ an expansive definition of microfluidics, including methods that involve
manipulation of liquids as well as those that involve micrometer-scale control of cells (e.g., cell
patterning). To keep focus, we concentrate on questions in embryonic stem cell (ESC) biology,
although many of the technologies can be applied to related questions in other stem cell systems.

We first provide an introduction to ESC self-renewal and early differentiation, which leads to
a set of open questions in the field. We then describe existing methods used to study autocrine
and paracrine signaling in stem cells, providing context for the subsequent description of how
microfluidics can aid in studying those questions. For the microfluidic technologies presented, we
provide caveats and issues to consider when designing and implementing the techniques.

2. AUTOCRINE AND PARACRINE SIGNALS INVOLVED
IN EMBRYONIC STEM CELL PROCESSES

2.1. Embryonic Stem Cells

ESCs are pluripotent cells—they can differentiate into all embryonic lineages—derived from the
inner cell mass (ICM) of a blastocyst (10, 11). In addition to being pluripotent, they can also
self-renew, by dividing while maintaining their pluripotent state, or differentiate, by dividing and
exiting their pluripotent state to adopt other phenotypes. ESCs have been derived from several
mammals (10–16), but mouse (10, 11) and human (12) ESCs (mESCs and hESCs, respectively)
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Endogenous:
emanating from a cell
or a population of cells

are the most commonly studied. ESCs are readily available from cell banks and can be derived de
novo, are relatively straightforward to culture, and can divide indefinitely in culture without losing
their pluripotency. These cells’ ability to differentiate into all tissues in the adult explains their
clinical significance, as they have the potential to form cells or tissues for regenerative medicine,
and clinical trials using hESC-derived cells are under way (17).

2.2. Autocrine and Paracrine Signaling

Autocrine signaling and paracrine signaling canonically refer to soluble signals produced by cells
to which they respond (autocrine signals) or to which neighboring cells respond (paracrine signals)
(18). In this review, we use the term autocrine signaling to refer to signals secreted by a cell that
may bind to that cell or to a neighboring cell of similar phenotype, whereas paracrine signaling
refers to signals produced by a cell to which that cell type cannot respond but other cell types can.
Also, we differentiate between signals added to the culture media versus soluble signals released
by the cells with the terms exogenous and endogenous, respectively.

2.3. Self-Renewal

Self-renewal is the most fundamental process that ESCs undergo and is interesting both from a
basic cell biological viewpoint (i.e., How do ESCs decide to stay ESCs?) and from a biotechnolog-
ical viewpoint (i.e., How do we design bioprocesses that allow expansion of ESCs to therapeutic
scales while maintaining pluripotency?). Thus, significant effort has been expended over the past
∼30 years to understand ESC self-renewal, which has led to the identification of exogenous signals
that are important for this process. hESCs and mESCs have differing self-renewal requirements
that are thought to have arisen because of their different origins and/or species-specific differences.
mESC pluripotency can be retained through the addition of leukemia inhibitory factor (LIF) with
serum or in serum-free media with LIF and bone morphogenetic protein 4 (BMP4) (19, 20).
hESCs do not self-renew in LIF media; instead, they require exogenous Activin and fibroblast
growth factor 2 (FGF2) (21, 22). Although exogenously added soluble factors can induce self-
renewal, are they sufficient? One cannot answer this question without knowing the contributions
of endogenous factors.

Several mESC autocrine factors that influence proliferation have been identified (Figure 1a),
including Activin, Nodal, and Cyclophilin A (6, 7). LIF also acts in an autocrine fashion (23–25),
albeit not at levels sufficient to maintain self-renewal, whereas autocrine Wnt signaling is required
for mESC self-renewal (4). Other factors probably contribute, but their activities are obscured in
standard culture settings.

The known autocrine pathways in hESCs are mostly distinct from those found in mESCs
(Figure 1b). Fgf2 is an autocrine factor (26, 27), a role that is reinforced in normal cultures by
exogenous Fgf2 addition (28). Part of the mechanism may be due to a paracrine loop that forms
in hESC cultures, whereby some fraction of the population differentiates to a more fibroblast-like
state that then secretes insulin-like growth factor II in response to exogenous FGF2, which in
turn serves to keep the hESCs in a self-renewing state (5). Transforming growth factor (TGF)-
β/Activin signaling has also been proposed as an autocrine loop for maintenance of hESC self-
renewal (29), and the addition of Activin may induce autocrine FGF2 production in hESCs (30).
Growth differentiation factor 3 (GDF3), also in the TGF-β superfamily, is secreted from hESCs
and acts to block BMP and thereby inhibit differentiation (31), whereas autocrine levels decrease
during differentiation (32). Also, as in mESCs, endogenous Wnts help maintain hESCs in an
uncommitted state, acting in hESCs by blocking neuronal differentiation (33).
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Figure 1
Embryonic stem cell (ESC) autocrine and paracrine signaling. (a,b) Functional autocrine-acting signals that have been identified in
(a) mouse ESCs (mESCs) and (b) human ESCs (hESCs) and their roles. (c) Origin of paracrine signals involved in developmental
specification in the early embryo. (d ) Timing of autocrine fibroblast growth factor (FGF) signaling affects lineage specification.
Exposure of embryos to control media (i ) from embryonic day (E)2.5 to E4.5 resulted in normal development of trophectoderm (Cdx2
expression, blue), primitive endoderm (Gata6 expression, green), and epiblast (Nanog expression, red), whereas continuous exposure to
FGF-MAPK (mitogen-activated protein kinase) inhibitors (ii ) affected primitive endoderm development. Treatment with inhibitors at
(iii ) early or (iv) late time points shows that embryos are sensitive to inhibition only at late time points (iv). Scale bar, 20 μm.
Reproduced from Reference 42 with permission from the Company of Biologists. (e) Depiction of time (in days) and differentiation
stages during which ESCs are responsive to various stimuli (BMP4, Wnt, Activin/Nodal) for the induction of Mixl1. Abbreviations:
BMP, bone morphogenetic protein; CypA, Cyclophilin A; ERK, extracellular signal–related kinase; GSK, glycogen synthase kinase;
IGFL, insulin growth factor like; LIF, leukemia inhibitory factor; TGF, transforming growth factor. Panel e adapted from
Reference 44.
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Epiblast:
a postimplantation
blastocyst tissue that
gives rise to all three
germ layers that make
up the adult organism

Determination of the signals that affect pluripotency in vitro is related to our understanding
of early embryonic development, given that the pluripotent state in vivo is transient and proper
development requires an exit from this state as a result of maternal and embryonic autocrine and
paracrine signaling (Figure 1c). Indeed, paracrine communication between cells that make up
the ICM and the trophectoderm or between extraembryonic cells and adjacent epiblast cells is an
important part of early mouse embryonic growth (34, 35), and blastocyst implantation in mice
requires paracrine LIF expression in the uterus (36). Thus, numerous endogenous factors influence
stem cell self-renewal and embryonic development, and complete elucidation of these signals is
important for understanding ESC biology and for fully exploiting these cells therapeutically and
commercially.

2.4. Exit from Self-Renewal

Although the constant addition of factors can induce the continual self-renewal of ESCs, the
dynamics of factor additions play a crucial role in the exit from self-renewal and subsequent
differentiation. Many differentiation protocols use timed exposure to various exogenous growth
factors (37, 38) to drive cells to particular end points, often in an attempt to recapitulate timing of
corresponding developmental stages. Timing of autocrine or paracrine factor presentation is also
important. For example, signaling from the autocrine growth factor Fgf4 through extracellular
signal–related kinase 1/2 (Erk1/2) is required for the adoption of an early neural fate in mESCs
(39–41). The timing of Fgf4 presentation is important, and researchers have used pulsed addition
of inhibitors to standard cultures to show that only a short period of Erk1/2 activation is required,
although the exact temporal requirements have not been fully defined (39).

Fgf signaling also plays an important role in development, and again, the timing of signal
presentation plays a crucial role (42, 43). In one example, during ICM maturation, cells from
the ICM segregate and become either primitive endoderm or epiblast. The mechanism behind
this segregation was unknown until recently: The cells segregated due to either their position
or external stimuli. Recent research has identified endogenous FGF signaling through mitogen-
activated protein kinase (MAPK) as the determining factor and found a temporal requirement
for FGF-MAPK signaling in vivo (Figure 1d ) (42). Thus, for both neural precursor formation
in vitro and the formation of epiblast in vivo, the timing of autocrine or paracrine signaling is
important.

In another example, researchers sought to determine when specific additions were critical for
specification of the mesoderm lineage, as assessed by Mixl1 expression (44). The critical timing
periods for BMP4, Wnt3a, and Activin A additions differed; if timing was off, Mixl1 expression
was not induced (Figure 1e). These signals also induced paracrine loops to propagate mesoderm
induction. However, the temporal windows described were resolved only to days or half-days,
which may not correspond to the true temporal resolution.

2.5. Areas of Further Study

Although significant progress has been made in understanding the involvement of cell-secreted
signals in ESC processes, many questions remain. Two broad areas of study are described below.

The first involves determination of all the signaling components that are important in main-
taining ESC self-renewal. Although many components are known to be important or sufficient,
the inability to remove the contribution of autocrine signals means that we still do not know which
signaling pathways are minimally required and which are important but dispensable. Is there one
overarching pathway that is required, or are several required in conjunction? Are there separate
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pathways that alone can provide the necessary signaling to maintain self-renewal? For us to fully
understand the fundamental processes required for maintenance of pluripotency, we need to know
precisely which signals are necessary versus expendable, and we should understand which signals
contribute to the opposite phenomenon—exit from self-renewal.

The second question involves determining the dynamics of autocrine and paracrine signaling
involved in the exit from the self-renewing state in vitro and the corresponding early embryonic
state in vivo. These temporal requirements are important both in terms of exogenous additions that
are frequently used to mimic paracrine signals sensed in vivo and in terms of endogenous signaling,
as rapid cell-cell signaling may occur in vivo to trigger differentiation pathways. A thorough
understanding of when the presence or absence of certain signals is required for a particular early
cell-fate decision will also aid us in understanding the mechanisms that determine why cells decide
to self-renew versus differentiate, and will allow for improved directed differentiation.

3. CONVENTIONAL METHODS FOR INVESTIGATING
AUTOCRINE AND PARACRINE SIGNALING

Cell-secreted factors are the “dark matter” of soluble signaling: They are there in abundance
but are challenging to study due to their intrinsic closed-loop nature. Below, we describe the
approaches that have been undertaken to address questions of autocrine and paracrine signaling.
These methods have been quite successful, but their remaining limitations present opportunities
for microfluidic techniques.

3.1. Pathway Inhibition

When the specific factors or receptors that are part of an autocrine or paracrine signaling pathway
are known, the best way to investigate the contributions of the pathway is via inhibition with
knockout cell lines or specific inhibitors. Many small-molecule inhibitors that are specific to
receptors or downstream signaling molecules have been identified, and blocking antibodies can be
developed to target known proteins or receptors. Cell lines can also be derived in which specific
secreted proteins or receptors are knocked out. With these reagents, one can perform the definitive
experiments to identify and characterize an autocrine loop (Figure 2a). By measuring the ligand

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 2
Conventional methods for investigating autocrine or paracrine signaling. (a) As autocrine factors are secreted
from a cell, they bind to receptors to trigger a downstream response (left), unless the receptor is blocked by a
receptor-blocking antibody, in which case autocrine signals accumulate in the surrounding media (right).
(b) Varying cell density to study autocrine signaling. Growth of mouse embryonic stem cells (mESCs) on day
2 depends on initial cell-plating density, suggesting an autocrine loop. Reproduced from Reference 7 with
permission from Elsevier. (c) Use of spatial information to study autocrine signaling. (Left) Image of Oct4
staining in a mESC colony along with (right) quantification of the intensity binned into concentric rings,
showing that the intensity decreases with distance from the center of the colony. Reproduced with
permission from Reference 24. Copyright 2006, Wiley. (d ) Use of conditioned media to study paracrine
signaling. Depiction of coculture experiment indicating that fibroblast growth factor 2 (FGF2) produces a
paracrine-acting signal that is necessary for the maintenance of human embryonic stem cell (hESC)
self-renewal. Conditioned or unconditioned media with the indicated additions were added to hESC
colonies, and only feeder cells for which FGF2 was added to the media conditioned media that supported
hESC self-renewal, as shown by morphology and expression of the self-renewal markers Oct4, Nanog, and
Sox2. Abbreviation: RT-PCR, reverse transcription polymerase chain reaction. Data images reproduced
with permission from Reference 27. Copyright 2007, Wiley.
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in the media and characterizing the phenotype with and without a receptor-blocking antibody,
one can determine that (a) the cells are secreting ligand, (b) the ligand binds to the receptor, and
(c) ligand binding alters the phenotype (45, 46). Importantly, all these methods are limited to
studies of known factors.

What is currently known about autocrine signaling in ESCs has been determined primarily
with these methods. For example, when autocrine Wnt signals were identified as necessary for
mESC self-renewal, the investigators found that addition of either a Wnt antagonist or an inhibitor
of Wnt signal production could halt self-renewal, an effect that could be reversed with exogenous
Wnt addition (4).
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3.2. Using Global and Local Cell Density

In cases where the cell-secreted factors of interest have not been identified, one approach to
assessing the contribution of autocrine signaling is to vary the global cell density and assess the
density dependence of a particular phenotype, which then sets up a search for specific autocrine
factors. This approach was used after observation of the density-dependent growth of mESCs
(Figure 2b) to determine that this phenotype depended in part on the presence of the autocrine
growth factor Cyclophilin A (7). However, varying density does not provide a complete picture
because autocrine signals can be sufficient at clonal density (47), and both autocrine signaling and
contact-mediated signaling typically vary with cell density.

Instead, one can study autocrine signaling by quantifying phenotypes on the basis of spatial
position and local cell density. Quantitative single-cell immunocytochemistry, combined with
computational modeling, was used with mESCs to determine that, in the absence of LIF, radial
organization of self-renewal markers was observed, with higher marker expression in areas of
higher local cell density. This phenomenon was attributed to an unknown autocrine non-LIF
gp130 ligand (Figure 2c) (24). Spatial variation was also found in hESC colonies in terms of
Oct4 levels and Smad1 signaling (9), and cells at the periphery of hESC colonies have distinct
morphologies and different cell growth and death characteristics (48)—all phenotypes that were
attributed to the presence of autocrine and paracrine cues.

Although varying global cell density or measuring local cell density in traditional cultures can
be useful, it can be challenging to control for varying colony morphologies and to standardize
immunofluorescent staining across experiments. A particular challenge with imaging mESCs is
that the colonies grow as multilayered clumps, so studies measuring fluorescence intensity in two
dimensions require either a way to functionalize the surface so that the colonies spread out (24)
or a way to image cells in three dimensions.

3.3. Conditioned Media and Coculture Studies

An alternative to varying cell density is to use conditioned media assays. Experiments in which a
medium that has been exposed to one population of cells for conditioning (i.e., to be loaded with
cell-secreted factors) and then transferred to a separate cell population have been used in studies
of both autocrine and paracrine signaling. In studies of autocrine signaling, conditioned media
can be used as a surrogate for cell density because cells can be grown sparsely and conditioned
media can then be added to simulate culture at high density. This approach has been used to find
that autocrine factors are important for the maintenance of a short G1 cell-cycle phase in hESCs
(49).

Conditioned media studies are even more powerful in studies of paracrine signaling. Many in
vitro protocols for differentiation of ESCs rely on conditioned media or on coculture with other
cell types (50–52). One common method involves use of a transwell, an insert that allows paracrine
signals to pass between cells cultured in a single well that are separated by a protein-permeable
membrane. Conditioned media was used to determine the effect of exogenously added FGF2 on
the maintenance of hESC cultures. Exogenous FGF2 is normally added in hESC cultures that
consist of hESCs and feeder cells. However, FGF2 is not required for the maintenance of the
hESCs; instead, it is required for signaling to their feeder cells, which results in upregulation and
secretion of other proteins that are required for hESC self-renewal (Figure 2d ) (27). Although
useful, conditioned media assays may suffer from inconsistency because the complement of growth
factors present may vary according to cell-seeding density, growth time, and preparation and
storage of conditioned media.
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4. MICROFLUIDIC APPROACHES TO THE STUDY
OF CELL-SECRETED SIGNALING

Whereas conventional methods can be used to uncover the presence of autocrine and paracrine
signaling pathways, reveal their importance, and identify the specific intercellular molecules that
are or are not involved, there are issues that microfluidic approaches are better able to address.
Specifically, microfluidic approaches can help provide a precise quantitative understanding of
spatial and temporal parameters, thereby allowing for better-controlled studies of the cell-secreted
signaling environment.

4.1. Physics and Scaling

To control cell-secreted signaling, the modes by which secreted molecules are transported in
liquids need to be considered. In general, ligand that is produced by source cells at some rate
(molecules per second) can bind back to cell-surface receptors (reaction sink), diffuse away, or be
convected away (e.g., by fluid flow) (Figure 3a). Because it allows for small-scale manipulations,
microfluidics can be used to arrange cells to define regions of ligand sources and sinks, and the
predictability of microscale fluid flow allows for precise control over ligand transport.

Controlling cell arrangement at the microscale allows for control of local cell density. Density,
in turn, determines the endogenous ligand sources and sinks, which can be varied in autocrine
systems by altering the colony size or the spacing between colonies, whereas relative densities or
distributions of different cell types can alter these parameters in paracrine systems. To directly
control the transport of ligand in the media, one can use nondimensional numbers to compare dif-
ferent modes of transport and thereby determine the appropriate microfluidic operation regime.
A diffusion velocity can be estimated by D/L, where D is the ligand diffusivity (for a ∼20-kD
cytokine, D ∼ 10−6 cm2 s−1) and L is a characteristic length (e.g., the chamber height). Similarly,
a reaction velocity can be defined as konRs, where kon is the ligand binding on rate (in M−1 s−1)
and Rs is the receptor density (in mol m−2); the convection velocity is simply v, the characteristic
fluid velocity in the system. Ratios of these values lead to the Peclet number (convection/diffusion,
vL/D), the Damköhler group I (reaction/convection, konRs/v), and the Damköhler group II (re-
action/diffusion, konRsL/D). By altering these transport phenomena, one can alter the balance
among diffusion, convection, and reaction, and in turn modulate the activity of autocrine loops to
discover their effects on phenotype.

Microfluidics allows a decrease of L and the application of v, thereby allowing for tuning
of both diffusion and convection. To increase endogenous signaling, one should operate in a
convection-free environment (v = 0), where the reaction occurs at a comparable rate to or faster
than diffusion. Although v is often assumed to be zero in macroscale static cultures, convection
may still occur to some extent, so zero flow can be more accurately achieved by growing cells
in enclosed chambers. To decrease soluble signaling, one should decrease the effect of reaction,
which can be accomplished by increasing convection.

4.2. Organizing the Cells: Cell Patterning

Microtechnologies that enable cell patterning and organization have been adopted to investigate
cell-cell signaling, either within colonies of cells or between colonies of the same or different cell
types. Microscale ESC patterns can be created either by using substrates that include chemically
modified regions to which cells can attach (53, 54) or by physically constraining cell location
(Figure 3b) (55, 56). Regardless of the method, micropatterning can be used in many ways to
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further understand how autocrine and paracrine signaling affects ESCs, for example, by uncovering
endogenous signals involved in ESC processes, by determining the contributions of paracrine
signals, or by recapitulating the in vivo microenvironment.

When assessing the contribution of a density-dependent signal such as an autocrine signal,
the size of a colony of cells will affect ligand source and sink levels. Thus, controlling colony
size can help to remove source and sink variations when quantifying the impacts of autocrine
signaling. Likewise, modulating signaling by altering colony size can indicate whether cell fate is
density dependent. For example, Peerani et al. (9) patterned hESCs into different-sized colonies
using microcontact printing and assessed the ESCs’ phenotype by using quantitative immunocy-
tochemistry, ultimately implicating endogenous BMP2 and GDF3 as modulators of self-renewal
(Figure 3c). Related studies with mESCs patterned at different colony sizes indicated the impor-
tance of endogenous Stat3 activation on self-renewal and showed that transcription downstream
of Stat3 can be regulated by colony size (57).

To pattern cells without functionalizing the surface, stencil patterning is perhaps the sim-
plest approach (Figure 3b,e) (58), and multiple cell types can be organized using patterning.
Tuleuova et al. (59) used collagen and fibronectin micropatterns to pattern mESCs; they also
used a silanized background surface to constrain the mESC patterns. Because the silane was only
moderately nonpermissive, the patterned mESCs were backfilled with stellate cells for the study
of paracrine interactions in hepatic differentiation (Figure 3d ). Aqueous two-phase patterning
is another substrate-independent patterning method that has been successfully applied to ESCs
(60, 61). This method uses a pipette to deposit one aqueous phase (containing cells) into a solu-
tion of a second, immiscible aqueous phase; the cell-containing phase maintains its as-deposited
pattern, thereby patterning the cells (Figure 3f ). This method has been used to show that mESC
neuronal differentiation increases with increasing colony size (61). A challenge posed by substrate-
independent patterning is that, by its very nature of allowing for freedom of movement, this type
of patterning makes long-term control and tracking of cells difficult, especially for motile cells
such as ESCs.

Cell patterning can also help create experimentally convenient in vitro models of in vivo en-
vironments. Bio flip chip (BFC) cell patterning creates patterns by overturning a cell-loaded

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 3
Transport parameters and control over cell organization. (a) Transport modes for cell-secreted soluble signals, including diffusion,
reaction, and convection of ligands from sources to sinks. (b) Depiction of cell patterning that relies on chemical modification
(microcontact printing) or physical barriers (stencil patterning), including how coculture can be achieved with either method.
(c) Microcontact printing of human embryonic stem cells onto MatrigelTM and immunofluorescence analysis. Images show that
different markers vary from small to large colonies. Graph shows that larger colonies have higher levels of Oct4 and Nanog, probably
because of the increased levels of secreted factors. Reprinted from Reference 9 with permission from Macmillan. (d ) (Top) Microcontact
printing of mouse embryonic stem cells (mESCs) without or with stellate cell coculture. Analysis of AFP (hepatocyte marker) in
differentiated stem cells cultured alone or with stellate cells, showing (bottom) that stellate cells improve hepatic differentiation. AFP is
shown in red, and DAPI (4′,6-diamidino-2-phenylindole) is shown in blue. Reproduced from Reference 59 with permission from
Elsevier. (e) (Top) Stencil patterning of mESCs alone or (bottom) cocultured with 3T3 cells. Cells were stained with PKH26 dye
(mESCs) or CellTracker Blue (3T3s) for visualization. Reproduced from Reference 58 with permission from the Royal Society of
Chemistry. ( f ) Polymeric aqueous two-phase noncontact printing. (Top) Schematic of the approach. (Bottom) Images of cells show that
as cells are printed at increasing colony size, TuJ1 neuronal marker expression increases. Reproduced from Reference 61 with
permission. Copyright 2010, Wiley. ( g) Combined stencil and bio flip chip (BFC) patterning. Stencil patterning of trophoblast stem
(TS) cells ( green) and extraembryonic endoderm (XEN) cells (red ), combined with BFC patterning of mESCs in a coculture resembling
the organization of the late blastocyst, induces polarized differentiation (Wnt3 staining) similar to anteroposterior polarity. Reproduced
from Reference 63 with permission from the Royal Society of Chemistry. (h) Use of microfabricated wells to control embryoid body
(EB) size. (Top) Images of cells in wells of three different sizes and (bottom) EBs extracted from the wells (66).
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EMBRYOID BODIES

When ESCs are removed from self-renewing cues and grown in suspension, they aggregate and form three-
dimensional clusters of cells known as embryoid bodies (EBs). A remarkable feature of differentiating EBs is that
they recapitulate some of the early steps of embryonic development, including the formation of a primitive streak–like
region, anteroposterior polarity, and the ability to differentiate into all three germ layers (104, 105). These features
make EBs a good model system for investigating cellular processes that occur early in development, especially for
humans, in whom these processes are normally inaccessible. Developmental processes can occur to some extent in
EBs that have no imposed architecture, but methods that can control EB organization or signaling could further
expand the utility of these systems.

Polydimethylsiloxane
(PDMS):
a biocompatible
polymer used for many
cell-based
microdevices

microwell array onto a recipient substrate, whereupon the cells fall out of the well and onto the
recipient substrate while maintaining their arrangement (62). This technique has been combined
with stenciling to pattern mESCs, along with other cell populations found in the early embryo,
to create developmental models with which to study early embryonic patterning events in vitro
(Figure 3g) (63). Other microscale approaches to control organization include flowing droplet ar-
rays consisting of multiple cell types used to create controlled cocultures in small media volumes
(64) and laminated microfluidic flows used to modulate cell-soluble signaling versus contact-
mediated signaling (65), a technique that could be applied to stem cells. A more common way to
control organization during ESC differentiation involves the use of three-dimensional aggregates
of differentiating ESCs known as embryoid bodies (EBs; see the sidebar), whose size or shape
can be controlled using microfluidics to bias differentiation, presumably by altering endogenous
soluble or contact-mediated signaling (Figure 3h) (66, 67). By controlling EB size, investigators
have shown that larger EBs contribute more toward the ectoderm lineage than do smaller EBs (66)
and that differentiation can be tailored toward cardiac induction (67). One can also extrinsically
control signaling in EBs by growing them in microfluidic traps that allow for the formation of
gradients (68), by providing two separate culture conditions for a single EB (69), or by using mi-
croparticles to incorporate soluble factors within EBs (70). These approaches provide a platform
for mimicking the microenvironment of the early embryo, in which morphogen gradients and
signal polarities are important for early developmental decisions.

Although controlling cell organization is useful in that it allows for the assessment of cell-cell
signaling in a controlled setting, these techniques are most commonly used in a static culture
environment in which autocrine and paracrine signals are continually present. Another set of
methods is required to alter the transport of ligand to augment or block the signaling entirely.

4.3. Controlling Transport: Microscale Culture in Enclosed Environments

Methods to culture cells in enclosed microfluidic environments are fairly mature and have been
applied to systems ranging from neurobiology (71) to pulmonary biology (72). In the context
of studying endogenous soluble signaling, these methods can be divided into those that try to
maximize ligand concentration and those that aim to minimize it.

One can use microfluidics to confine cells in small volumes to increase the concentra-
tion of their secreted soluble signals by utilizing small polydimethylsiloxane (PDMS) chambers
or microdroplets loaded with cells (Figure 4a) (73, 74). These methods have been used for
high-throughput antigen screening (75) and to capture and lyse single cells to determine the
presence of specific signaling events (76). However, the use of small-scale culture environments
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to increase endogenous signaling in ESCs is not common, probably because of concerns about
nutrient limitations and because convection is not a fundamental problem with traditional cultures
(i.e., one can observe gradients in autocrine factors within colonies, which would be obscured if
convection always dominated). The added difficulty of working in an enclosed microenvironment
must be balanced against the new information that could conceivably be obtained. Alternatively,
one can use microfluidic systems to remove soluble signals from stem cell cultures. The fundamen-
tal requirement for these systems is that they have some mechanism for exchanging the medium
in the culture chamber. Thus, these systems are typically composed of PDMS microfluidic cham-
bers with inlets and outlets, and they often have valves (77, 78) and debubblers (79) to provide
additional functionality.

Several microfluidic platforms have been described for the culture of ESCs, primarily to min-
imize reagent volumes for screens. For example, Kamei et al. (80) developed a valved PDMS
microfluidic platform that allowed for hESC culture in chemically defined conditions for screen-
ing and quantitative imaging (Figure 4b), and another study used a simple microfluidic channel
to deliver stimuli to different parts of single hESC colonies (81). Flow has also been used in mi-
croscale cultures to periodically replace the media in cell cultures to minimize nutrient depletion
while allowing for periodic accumulation of secreted factors, as has been shown for hESCs grown
on a feeder layer that required a short pulse of media every 2 to 4 h (82).

Although these studies provide optimized platforms for the growth or screening of stem cells,
determination of the cell-secreted signals that are sufficient and necessary to maintain ESC self-
renewal can also be aided by the precise control afforded by microfluidics. The use of microfluidics
to control soluble-factor mass transport has been demonstrated for both hESCs (83) and mESCs
(84–86). For hESCs, a system was developed that could be tuned to operate in either a convection-
or diffusion-dominated regime, resulting in different percentages of differentiated cells (83). This
effect was attributed primarily to the effects of shear in the convection-dominated regime but
also to a decrease in soluble signaling because the relative amount of differentiation was density
dependent. To control for the effects of shear and microscale culture, mESCs have been grown
under microfluidic perfusion with or without added cell-secreted factors (Figure 4c) (85). In
this study, mESCs were differentiated toward a neuroectodermal fate under perfusion, and cell-
secreted factors were required for cell viability during this process because their removal resulted
in very little cell growth. In another study, researchers used microfluidic perfusion to remove
cell-secreted factors during self-renewal and found that without them, cells could not self-renew
even in the presence of the canonical LIF and BMP4 self-renewal cocktail, which implicated
autocrine factors in self-renewal (86). In this way, these studies show how the necessity of cell-
secreted factors for a specific mESC process can be verified, which has led to the possibility of
testing ESC autocrine signal sufficiency and necessity in various self-renewal and differentiation
contexts.

4.4. Temporal Analysis

In addition to allowing for spatial control, microfluidics can also provide control over the timing
of signal addition or removal to address unanswered questions in ESC biology. As stem cells
transition out of their self-renewing state and differentiate to particular cell types, the timing of
factor addition is critical, as it is in the developing embryo (Figure 1e). The timing of additions to
ESCs in vitro is therefore used to mimic endogenous autocrine or paracrine signaling processes
that occur in vivo. Identifying those temporal requirements is necessary to understand and achieve
certain developmental end points, both in vitro and in vivo, and provides an intriguing opportunity
for microfluidics.
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Although the timing of signal presentation is clearly important throughout stem cell and devel-
opmental biology, controlling timing in vitro is more difficult than controlling exogenous factor
identity and concentration. Multiwell plates and robotics make it feasible to screen different com-
binations and concentrations of factors, but these devices are more limited in their ability to test
different temporal profiles of factor addition. Because typical microfluidic chamber volumes for
mammalian cell culture are ∼1 μl or less, media can be exchanged very rapidly and in an automated
fashion, allowing precise temporal requirements to be addressed.

Several microfluidic devices have been developed that allow for precise exogenous factor ad-
ditions at specific times, but these have focused primarily on the study of yeast signaling and
gene-regulation dynamics (Figure 4d ) (87–89). These studies revealed the presence of important
signaling events, including negative feedback loops that acted at different timescales (87), but such
devices have rarely been used to study timing in stem cells. However, the ability of microfluidics
to exert temporal signal control could be combined with our increasing understanding of the
exogenous signals involved in development to further study these processes in vitro and thereby
to better control stem cell differentiation. A potential application of these systems is to study the
temporal cues required to exit from self-renewal. The timing of Fgf4 signaling is critical to mESC
specification and blastocyst development (39, 40, 42), and microfluidics could provide further
resolution as to the temporal windows that are required or sufficient for this addition so that we
may better understand how this autocrine or paracrine signal works in vivo.

Paracrine signals during development act both spatially and temporally, and both parameters
can be controlled with microfluidics. Space can be controlled as described above, whereas exoge-
nous inputs can be switched to stimulate and/or inhibit pathways, as has been shown by quantifying
the differentiation and motility of human primary mesenchymal stem cells after transient stimula-
tion in a 96-chamber device (90). Another example involved the testing of different timescales of
Steel factor stimulation in a microfluidic device to define when this protein is required to exit qui-
escence in adult hematopoietic stem cells in vitro (Figure 4a) (73). Paracrine interactions can also
be temporally controlled with microfluidics, as has been demonstrated with a valved two-chamber
device in which signals from one chamber were directed to the other chamber; this device showed
that cancer-secreted cytokines stimulate the transformation of fibroblasts into myoblasts (91).

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 4
Microscale stem cell culture. (a) Device for culturing cells in a system with small media volumes and minimal convection. The white
arrows point to single cells. Device layout and chambers (top left) and images of ND13 mouse preleukemic cells (top right) growing in
chambers for several days. At bottom is a time-course schematic of Steel factor (SF) application to hematopoietic stem cells grown in
chambers, and the graph shows cell survival at the indicated conditions. Cells appear not to tolerate more than 16 h in low-SF
concentrations to remain viable. Reprinted from Reference 73 with permission from Macmillan. (b) Microfluidic device for culture of
human embryonic stem cells (hESCs). Schematic (top), optical micrograph (middle), and immunofluorescence staining of self-renewal
markers (bottom) in an hESC colony grown on chip for six days. Reproduced from Reference 80 with permission from the Royal Society
of Chemistry. (c) Microfluidic perfusion culture for modulating diffusible signaling. (Left) Schematic of microfluidic device for multiday
culture of mouse embryonic stem cells (mESCs) under continuous perfusion. (Right) Images showing that only cells perfused with
serum-free N2B27 media with added conditioned media (containing cell-secreted factors) grew and differentiated toward neuronal
precursors (Sox1–green fluorescent protein expression) (85). (d ) Microfluidic control of timing. (Left) Schematic of a device for rapidly
controlling inputs to yeast cells, showing that sinusoidal perturbations of added signals can be controlled through the feeding channels.
(Right) Graphs show experimental and computational results of fluorescence of a yeast fusion gene as it responds to glucose waves at
varying oscillation periods. Reprinted from Reference 88 with permission from Macmillan. (e) Embryonic stem cell (ESC) removal.
mESC colonies growing in an individual culture chamber are trypsinized on chip and collected for further analysis. Abbreviations:
AP, alkaline phosphatase; DAPI, 4′,6-diamidino-2-phenylindole; GFP, green fluorescent protein.
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The use of microfluidics to mimic the in vivo environment can be extended to optimize proto-
cols for directed differentiation and to better understand the interplay between exogenous factors
and endogenous loops that operate during differentiation by altering timing and concentration
of factor addition. Such studies are performed at moderate scales by use of traditional culture
conditions (92), but they could be performed more easily and at lower cost with microfluidics.

5. EXPERIMENTAL CONSIDERATIONS

Microfluidics provides powerful tools with which to investigate unresolved questions in cell biol-
ogy. However, with any use of microfluidic systems, it is important to ensure that the advantages
outweigh the significant effort involved in developing and optimizing such systems.

5.1. Cell Growth

Whether microfluidics is used to alter cell organization or ligand transport, there are growth
requirements that need to be considered. First, the alteration of soluble signaling via microfluidics
implies an alteration of bulk media volumes. At low media volumes, a lack of media nutrients
and/or a buildup of waste products can become an issue. This issue makes it difficult to interpret
experimental results; is a change in phenotype of cells cultured in a no-flow environment due to
soluble signaling or due to nutrient issues? As long as the media are exchanged periodically in
accordance with volumes in typical bulk culture conditions (∼50–500 pl h−1 cell−1 for an ESC),
cells should not experience nutrient limitation.

5.2. Shear Stress

Any device that uses convection to alter soluble signaling also introduces shear stress. Shear stress
at the walls of a parallel-plate flow chamber is described by the following equation:

T = (6μQ)/(h2w),

where μ is the viscosity; Q is the volumetric flow rate; and h and w represent the height and
width of the chamber, respectively. Shear stresses could alter cell physiology or even remove cells
from the substrate entirely. In terms of cell removal, the detachment shear stresses for fibroblasts
are ∼30–50 dyn cm−2 (93), and shear stresses of 5 dyn cm−2 have been applied to an endothelial
monolayer for a week without noticeable cell detachment (94), indicating that the shear required to
detach adherent cells from substrates is typically �1 dyn cm−2. For mESCs in particular, removal
shear stresses are >6.5 dyn cm−2 (95).

Shear stresses that alter the signaling pathways of cells are lower than those that remove cells
from a substrate. For ESC-derived endothelial cells to begin expression of endothelial and tight
junction markers, a shear of 5 dyn cm−2 has been used (96), and induction of endothelial cell–
specific genes in mouse embryonic endothelial cells to study the activation of downstream pathways
has been performed with 5 to 25 dyn cm−2 (97). The effect of shear stress is likely to be context
dependent, given that mechanical stresses affect self-renewing cells to a greater extent than they
affect differentiated cells (98). However, whereas mESCs sense shear stress and respond to it dose
dependently at stresses from 0.016 to 16 dyn cm−2 (99), ESCs can grow indefinitely without any
effects on self-renewal properties at shear stresses up to 6.1 dyn cm−2 (100). Thus, operation at
shear stresses �1 dyn cm−2 is not likely to affect the ESC phenotype.
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5.3. Adsorption and Absorption

Another issue in microscale devices, which are molded primarily out of PDMS, is the permeability
of the chamber walls and surface adsorption. The gas permeability of PDMS is often regarded
as a beneficial feature, as it allows for oxygen–carbon dioxide gas exchange to cells grown within
PDMS chambers. However, PDMS also allows for the transport of water (101), which can lead
to dehydration and thus convection and changes in media composition. Absorption can also be an
issue for small molecules, especially hydrophobic ones (102), but is not significant for the >10-kD
proteins typically found as signaling molecules. However, the adsorption of molecules to PDMS
surfaces is enhanced in high surface area–to–volume microfluidic devices. Such adsorption tends
to lower the fraction of secreted molecules that are active (the walls act as a sink), which may bias
results obtained with static enclosed cultures or in measurements of secreted molecules collected
from perfused cultures. These issues have been addressed with many solutions, including growing
the cells in adequately humidified devices (73), prepriming devices with equilibrated cell media
before loading the cells (84), and precoating PDMS devices with BSA (bovine serum albumin) to
minimize the adsorption of cell-secreted proteins (103).

5.4. Cell Loading, Recovery, and Assay

Successful loading of ESCs into microscale devices can be challenging because ESCs tend to
require long attachment periods and, in the case of hESCs, growth in clumps. Typically, cells are
loaded through a cell-input chamber via syringe, with the benefit that only a small number of cells
are needed for microscale chambers. Then, media manipulation (e.g., application of convection or
addition of exogenous stimuli) should not begin until an adequate amount of time has elapsed to
allow cells to fully attach, which takes between 12 and 18 h after loading for mESCs. To remove
cells, trypsin can be applied in the same input into which cells or media are added; then the cells
can be replated or used for downstream assays (Figure 4e).

The assays that can be performed on cells grown in microfluidic systems are often limited by
the small cell numbers involved. This limitation is a challenge for experiments involving stem
cells because they are, by definition, functionally defined. Thus, the phenotype that is assayed in a
self-renewal or differentiation experiment must always be carefully chosen. Most experiments that
have been performed in microsystems use cell growth or fluorescence as a readout; these assays
do not require recovery or off-chip analysis of cells. However, they provide information about
only a handful of parameters (80). Obtaining more complete phenotypic information is an open
challenge in the field, but doing so will be necessary for more sophisticated questions to be asked.

6. CONCLUSION

The endogenous signals sensed by ESCs significantly influence the future state of the cells. Al-
though much is known about how endogenous signaling affects ESC fate, many questions remain.
These outstanding questions require techniques that provide precise control of cell organization,
control of ligand transport in the media, and control of temporal cues. These factors, in turn,
can be employed to better mimic the in vivo environment or to optimize differentiation and self-
renewal in vitro. Whether microfluidics is used to manipulate endogenous or exogenous signals or
to create artificial microenvironments, its ability to operate on scales closer to the scale of the cell
itself allows this technology to emulate the fundamental biological lengths and timescales. With
the appropriate design and experimental considerations, microfluidic methods can significantly
improve our understanding of ESC biology.
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SUMMARY POINTS

1. Cell-secreted signals are important for the maintenance of ESC self-renewal, but the full
repertoire of signals and their functionalities remains to be determined.

2. Autocrine and paracrine cell-secreted signals are critical for patterning the early embryo,
and their function depends on their proper spatiotemporal presentation.

3. Cell-micropatterning techniques provide the ability to control cell-secreted signals by
organizing the cells that produce the signals. Both autocrine and paracrine systems can
be modulated.

4. The use of static and perfused microchambers allows for control over endogenous signals
that have been secreted into the media.

5. By allowing for control over timing of factor addition, microfluidics provides an oppor-
tunity to study the temporal requirements of endogenous and exogenous signals during
differentiation.

6. The application of microfluidic techniques to ESC biology requires consideration of
issues such as cell growth, fluid shear stress, molecular adsorption and solvent absorption,
and cell handling.

FUTURE ISSUES

1. Robust and accessible microfluidic systems for long-term culture and manipulation of
ESCs must be developed before these systems can be widely adopted.

2. Because of the small cell numbers inherent to microfluidic studies, researchers need
to determine how to interface these devices with downstream assays, such as reverse
transcription polymerase chain reaction and immunoblotting, to fully exploit the power
of microfluidics.

3. The operation of microfluidics in a convection-dominated regime will allow for investi-
gations into the cell-secreted signals required for ESC self-renewal.

4. The timing and placement of signals required during differentiation can be further de-
fined and resolved with microfluidics.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

We thank Yi-Chin Toh for helpful comments regarding this manuscript. Our work was supported
in part by the National Institutes of Health (EB007278), the Singapore-MIT Alliance, and the
National Science Foundation (0939511).

310 Przybyla · Voldman

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
12

.5
:2

93
-3

15
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

M
as

sa
ch

us
et

ts
 I

ns
tit

ut
e 

of
 T

ec
hn

ol
og

y 
(M

IT
) 

on
 0

2/
14

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



AC05CH14-Voldman ARI 14 May 2012 12:3

LITERATURE CITED

1. Smith AG. 2001. Embryo-derived stem cells: of mice and men. Annu. Rev. Cell Dev. Biol. 17:435–62
2. Mignatti P, Morimoto T, Rifkin DB. 1991. Basic fibroblast growth factor released by single, isolated

cells stimulates their migration in an autocrine manner. Proc. Natl. Acad. Sci. USA 88:11007–11
3. Pribyl M, Muratov CB, Shvartsman SY. 2003. Long-range signal transmission in autocrine relays. Biophys.

J. 84:883–96
4. ten Berge D, Kurek D, Blauwkamp T, Koole W, Maas A, et al. 2011. Embryonic stem cells require Wnt

proteins to prevent differentiation to epiblast stem cells. Nat. Cell Biol. 13:1070–75
5. Finds that exogenous
factor dependence of
hESCs is unexpectedly
dependent on the
establishment of a
heterogeneous
population.

5. Bendall SC, Stewart MH, Menendez P, George D, Vijayaragavan K, et al. 2007. IGF and FGF
cooperatively establish the regulatory stem cell niche of pluripotent human cells in vitro. Nature
448:1015–21

6. Ogawa K, Saito A, Matsui H, Suzuki H, Ohtsuka S, et al. 2007. Activin-Nodal signaling is involved in
propagation of mouse embryonic stem cells. J. Cell Sci. 120:55–65

7. Mittal N, Voldman J. 2011. Nonmitogenic survival-enhancing autocrine factors including Cyclophilin
A contribute to density-dependent mouse embryonic stem cell growth. Stem Cell Res. 6:168–76

8. Chung BG, Flanagan LA, Rhee SW, Schwartz PH, Lee AP, et al. 2005. Human neural stem cell growth
and differentiation in a gradient-generating microfluidic device. Lab Chip 5:401

9. Perhaps the first
technique to pattern
hESCs, this approach is
elegantly used to
investigate endogenous
signaling in
heterogeneous hESC
cultures.

9. Peerani R, Rao BM, Bauwens C, Yin T, Wood GA, et al. 2007. Niche-mediated control of human
embryonic stem cell self-renewal and differentiation. EMBO J. 26:4744–55

10. Evans MJ, Kaufman MH. 1981. Establishment in culture of pluripotential cells from mouse embryos.
Nature 292:154–56

11. Martin GR. 1981. Isolation of a pluripotent cell line from early mouse embryos cultured in medium
conditioned by teratocarcinoma stem cells. Proc. Natl. Acad. Sci. USA 78:7634–38

12. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, et al. 1998. Embryonic stem cell
lines derived from human blastocysts. Science 282:1145–47

13. Thomson JA, Kalishman J, Golos TG, Durning M, Harris CP, et al. 1995. Isolation of a primate
embryonic stem cell line. Proc. Natl. Acad. Sci. USA 92:7844–48

14. Iannaccone PM, Taborn GU, Garton RL, Caplice MD, Brenin DR. 1994. Pluripotent embryonic stem
cells from the rat are capable of producing chimeras. Dev. Biol. 163:288–92

15. Hayes B, Fagerlie SR, Ramakrishnan A, Baran S, Harkey M, et al. 2008. Derivation, characterization,
and in vitro differentiation of canine embryonic stem cells. Stem Cells 26:465–73

16. Schneider MR, Adler H, Braun J, Kienzle B, Wolf E, Kolb H. 2007. Canine embryo–derived stem
cells—toward clinically relevant animal models for evaluating efficacy and safety of cell therapies. Stem
Cells 25:1850–51

17. Trounson A, Thakar RG, Lomax G, Gibbons D. 2011. Clinical trials for stem cell therapies. BMC Med.
9:52

18. Sporn MB, Todaro GJ. 1980. Autocrine secretion and malignant transformation of cells. N. Engl. J. Med.
303:878–80

19. Nichols J, Evans EP, Smith AG. 1990. Establishment of germ-line-competent embryonic stem (ES) cells
using differentiation inhibiting activity. Development 110:1341–48

20. Ying Q-L, Nichols J, Chambers I, Smith A. 2003. BMP induction of Id proteins suppresses differentiation
and sustains embryonic stem cell self-renewal in collaboration with STAT3. Cell 115:281–92

21. James D, Levine AJ, Besser D, Hemmati-Brivanlou A. 2005. TGFβ/Activin/Nodal signaling is necessary
for the maintenance of pluripotency in human embryonic stem cells. Development 132:1273–82

22. Greber B, Wu G, Bernemann C, Joo JY, Han DW, et al. 2010. Conserved and divergent roles of FGF
signaling in mouse epiblast stem cells and human embryonic stem cells. Cell Stem Cell 6:215–26

23. Davey RE, Onishi K, Mahdavi A, Zandstra PW. 2007. LIF-mediated control of embryonic stem cell
self-renewal emerges due to an autoregulatory loop. FASEB J. 21:2020–32

24. Davey RE, Zandstra PW. 2006. Spatial organization of embryonic stem cell responsiveness to autocrine
Gp130 ligands reveals an autoregulatory stem cell niche. Stem Cells 24:2538–48

25. Zandstra PW, Le HV, Daley GQ, Griffith LG, Lauffenburger DA. 2000. Leukemia inhibitory factor
(LIF) concentration modulates embryonic stem cell self-renewal and differentiation independently of
proliferation. Biotechnol. Bioeng. 69:607–17

www.annualreviews.org • Probing Embryonic Stem Cell Signaling 311

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
12

.5
:2

93
-3

15
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

M
as

sa
ch

us
et

ts
 I

ns
tit

ut
e 

of
 T

ec
hn

ol
og

y 
(M

IT
) 

on
 0

2/
14

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



AC05CH14-Voldman ARI 14 May 2012 12:3

26. Dvorak P, Dvorakova D, Koskova S, Vodinska M, Najvirtova M, et al. 2005. Expression and potential
role of fibroblast growth factor 2 and its receptors in human embryonic stem cells. Stem Cells 23:1200–11

27. Greber B, Lehrach H, Adjaye J. 2007. Fibroblast growth factor 2 modulates transforming growth factor
β signaling in mouse embryonic fibroblasts and human ESCs (hESCs) to support hESC self-renewal.
Stem Cells 25:455–64

28. Eiselleova L, Matulka K, Kriz V, Kunova M, Schmidtova Z, et al. 2009. A complex role for FGF-2 in
self-renewal, survival, and adhesion of human embryonic stem cells. Stem Cells 27:1847–57

29. Xu R-H, Sampsell-Barron TL, Gu F, Root S, Peck RM, et al. 2008. NANOG is a direct target of
TGFβ/Activin-mediated SMAD signaling in human ESCs. Cell Stem Cell 3:196–206

30. Xiao L, Yuan X, Sharkis SJ. 2006. Activin A maintains self-renewal and regulates fibroblast growth factor,
Wnt, and bone morphogenetic protein pathways in human embryonic stem cells. Stem Cells 24:1476–86

31. Levine AJ, Levine ZJ, Brivanlou AH. 2009. GDF3 is a BMP inhibitor that can activate nodal signaling
only at very high doses. Dev. Biol. 325:43–48

32. Levine AJ, Brivanlou AH. 2006. GDF3, a BMP inhibitor, regulates cell fate in stem cells and early
embryos. Development 133:209–16

33. Wexler EM, Paucer A, Kornblum HI, Palmer TD, Geschwind DH. 2009. Endogenous Wnt signaling
maintains neural progenitor cell potency. Stem Cells 27:1130–41

34. Murohashi M, Nakamura T, Tanaka S, Ichise T, Yoshida N, et al. 2010. An FGF4-FRS2α-Cdx2 axis
in trophoblast stem cells induces Bmp4 to regulate proper growth of early mouse embryos. Stem Cells
28:113–21

35. Mesnard D, Donnison M, Fuerer C, Pfeffer PL, Constam DB. 2011. The microenvironment patterns
the pluripotent mouse epiblast through paracrine Furin and Pace4 proteolytic activities. Genes Dev.
25:1871–80

36. Stewart CL, Kaspar P, Brunet LJ, Bhatt H, Gadi I, et al. 1992. Blastocyst implantation depends on
maternal expression of leukaemia inhibitory factor. Nature 359:76–79

37. Wichterle H, Lieberam I, Porter JA, Jessell TM. 2002. Directed differentiation of embryonic stem cells
into motor neurons. Cell 110:385–97

38. Kouskoff V, Lacaud G, Schwantz S, Fehling HJ, Keller G. 2005. Sequential development of hematopoi-
etic and cardiac mesoderm during embryonic stem cell differentiation. Proc. Natl. Acad. Sci. USA
102:13170–75

39. Stavridis MP, Lunn JS, Collins BJ, Storey KG. 2007. A discrete period of FGF-induced Erk1/2 signalling
is required for vertebrate neural specification. Development 134:2889–94

40. Kunath T, Saba-El-Leil MK, Almousailleakh M, Wray J, Meloche S, Smith A. 2007. FGF stimulation of
the Erk1/2 signalling cascade triggers transition of pluripotent embryonic stem cells from self-renewal
to lineage commitment. Development 134:2895–902

41. Lanner F, Lee KL, Sohl M, Holmborn K, Yang H, et al. 2010. Heparan sulfation–dependent fibroblast
growth factor signaling maintains embryonic stem cells primed for differentiation in a heterogeneous
state. Stem Cells 28191–200

42. Establishes a model
describing blastocyst
patterning and finds
that it depends on
external signaling rather
than positional cues.

42. Yamanaka Y, Lanner F, Rossant J. 2010. FGF signal–dependent segregation of primitive endo-
derm and epiblast in the mouse blastocyst. Development 137:715–24

43. Jaeger I, Arber C, Risner-Janiczek JR, Kuechler J, Pritzsche D, et al. 2011. Temporally controlled
modulation of FGF/ERK signaling directs midbrain dopaminergic neural progenitor fate in mouse and
human pluripotent stem cells. Development 138:4363–74

44. Jackson SA, Schiesser J, Stanley EG, Elefanty AG. 2010. Differentiating embryonic stem cells pass
through “temporal windows” that mark responsiveness to exogenous and paracrine mesendoderm in-
ducing signals. PLoS ONE 5:e10706

45. DeWitt AE, Dong JY, Wiley HS, Lauffenburger DA. 2001. Quantitative analysis of the EGF receptor
autocrine system reveals cryptic regulation of cell response by ligand capture. J. Cell. Sci. 114:2301–13

46. Joslin EJ, Opresko LK, Wells A, Wiley HS, Lauffenburger DA. 2007. EGF-receptor-mediated mammary
epithelial cell migration is driven by sustained ERK signaling from autocrine stimulation. J. Cell. Sci.
120:3688–99

312 Przybyla · Voldman

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
12

.5
:2

93
-3

15
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

M
as

sa
ch

us
et

ts
 I

ns
tit

ut
e 

of
 T

ec
hn

ol
og

y 
(M

IT
) 

on
 0

2/
14

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



AC05CH14-Voldman ARI 14 May 2012 12:3

47. Van Zoelen EJJ, Koornneef I, Holthuis JCMT, Oostwaard MJW, Feijen A, et al. 1989. Production
of insulin-like growth factors, platelet-derived growth factor, and transforming growth factors and
their role in the density-dependent growth regulation of a differentiated embryonal carcinoma cell line.
Endocrinology 124:2029–41

48. Moogk D, Stewart M, Gamble D, Bhatia M, Jervis E. 2010. Human ESC colony formation is dependent
on interplay between self-renewing hESCs and unique precursors responsible for niche generation.
Cytometry A 77:321–27

49. Becker KA, Stein JL, Lian JB, van Wijnen AJ, Stein GS. 2010. Human embryonic stem cells are pre-
mitotically committed to self-renewal and acquire a lengthened G1 phase upon lineage programming.
J. Cell. Physiol. 222:103–10

50. Banerjee I, Sharma N, Yarmush M. 2011. Impact of co-culture on pancreatic differentiation of embryonic
stem cells. J. Tissue Eng. Regen. Med. 5:313–23

51. Kawasaki H, Mizuseki K, Nishikawa S, Kaneko S, Kuwana Y, et al. 2000. Induction of midbrain dopamin-
ergic neurons from ES cells by stromal cell–derived inducing activity. Neuron 28:31–40

52. Lam ML, Hashem SI, Claycomb WC. 2010. Embryonic stem cell–derived cardiomyocytes harbor a
subpopulation of niche-forming Sca-1+ progenitor cells. Mol. Cell Biochem. 349:69–76

53. Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE. 1997. Geometric control of cell life and
death. Science 276:1425–28

54. Kane RS, Takayama S, Ostuni E, Ingber DE, Whitesides GM. 1999. Patterning proteins and cells using
soft lithography. Biomaterials 20:2363–76

55. Folch A, Jo BH, Hurtado O, Beebe DJ, Toner M. 2000. Microfabricated elastomeric stencils for mi-
cropatterning cell cultures. J. Biomed. Mater. Res. 52:346–53

56. Flaim CJ, Chien S, Bhatia SN. 2005. An extracellular matrix microarray for probing cellular differenti-
ation. Nat. Methods 2:119–25

57. Peerani R, Onishi K, Mahdavi A, Kumacheva E, Zandstra PW. 2009. Manipulation of signaling thresh-
olds in “engineered stem cell niches” identifies design criteria for pluripotent stem cell screens. PLoS
ONE 4:e6438

58. Wright D, Rajalingam B, Selvarasah S, Dokmeci MR, Khademhosseini A. 2007. Generation of static
and dynamic patterned co-cultures using microfabricated parylene C stencils. Lab Chip 7:1272–79

59. Tuleuova N, Lee JY, Lee J, Ramanculov E, Zern MA, Revzin A. 2010. Using growth factor arrays
and micropatterned co-cultures to induce hepatic differentiation of embryonic stem cells. Biomaterials
31:9221–31

60. Tavana H, Jovic A, Mosadegh B, Lee QY, Liu X, et al. 2009. Nanolitre liquid patterning in aqueous
environments for spatially defined reagent delivery to mammalian cells. Nat. Mater. 8:736–41

61. Tavana H, Mosadegh B, Takayama S. 2010. Polymeric aqueous biphasic systems for non-contact cell
printing on cells: engineering heterocellular embryonic stem cell niches. Adv. Mater. 22:2628–31

62. Rosenthal A, Macdonald A, Voldman J. 2007. Cell patterning chip for controlling the stem cell microen-
vironment. Biomaterials 28:3208–16

63. Toh Y-C, Blagovic K, Yu H, Voldman J. 2011. Spatially organized in vitro models instruct asymmetric
stem cell differentiation. Integr. Biol. 3:1179–87

64. Tumarkin E, Tzadu L, Csaszar E, Seo M, Zhang H, et al. 2011. High-throughput combinatorial cell
co-culture using microfluidics. Integr. Biol. 3:653

65. Sung KE, Yang N, Pehlke C, Keely PJ, Eliceiri KW, et al. 2011. Transition to invasion in breast cancer:
A microfluidic in vitro model enables examination of spatial and temporal effects. Integr. Biol. 3:439–
50

66, 67. Describe a
simple method to
control EB size and to
assess altered
differentiation capacity.

66. Ungrin MD, Joshi C, Nica A, Bauwens C, Zandstra PW. 2008. Reproducible, ultrahigh-
throughput formation of multicellular organization from single cell suspension–derived human
embryonic stem cell aggregates. PLoS ONE 3:e1565

67. Bauwens CL, Peerani R, Niebruegge S, Woodhouse KA, Kumacheva E, et al. 2008. Control of
human embryonic stem cell colony and aggregate size heterogeneity influences differentiation
trajectories. Stem Cells 26:2300–10

www.annualreviews.org • Probing Embryonic Stem Cell Signaling 313

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
12

.5
:2

93
-3

15
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

M
as

sa
ch

us
et

ts
 I

ns
tit

ut
e 

of
 T

ec
hn

ol
og

y 
(M

IT
) 

on
 0

2/
14

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



AC05CH14-Voldman ARI 14 May 2012 12:3

68. Khoury M, Bransky A, Korin N, Konak LC, Enikolopov G, et al. 2010. A microfluidic traps system
supporting prolonged culture of human embryonic stem cells aggregates. Biomed. Microdevices 12:1001–
8

69. Fung W-T, Beyzavi A, Abgrall P, Nguyen N-T, Li H-Y. 2009. Microfluidic platform for controlling
the differentiation of embryoid bodies. Lab Chip 9:2591

70. Bratt-Leal AM, Carpenedo RL, Ungrin MD, Zandstra PW, McDevitt TC. 2011. Incorporation of
biomaterials in multicellular aggregates modulates pluripotent stem cell differentiation. Biomaterials
32:48–56

71. Taylor AM, Blurton-Jones M, Rhee SW, Cribbs DH, Cotman CW, Jeon NL. 2005. A microfluidic
culture platform for CNS axonal injury, regeneration and transport. Nat. Methods 2:599–605

72. Huh D, Matthews BD, Mammoto A, Montoya-Zavala M, Hsin HY, Ingber DE. 2010. Reconstituting
organ-level lung functions on a chip. Science 328:1662–68

73. Lecault V, VanInsberghe M, Sekulovic S, Knapp DJHF, Wohrer S, et al. 2011. High-throughput analysis
of single hematopoietic stem cell proliferation in microfluidic cell culture arrays. Nat. Methods 8:581–86

74. Yu H, Alexander CM, Beebe DJ. 2007. Understanding microchannel culture: parameters involved in
soluble factor signaling. Lab Chip 7:726

75. Love JC, Ronan JL, Grotenbreg GM, van der Veen AG, Ploegh HL. 2006. A microengraving method
for rapid selection of single cells producing antigen-specific antibodies. Nat. Biotech. 24:703–7

76. He M, Edgar JS, Jeffries GDM, Lorenz RM, Shelby JP, Chiu DT. 2005. Selective encapsulation of single
cells and subcellular organelles into picoliter- and femtoliter-volume droplets. Anal. Chem. 77:1539–44

77. King KR, Wang S, Irimia D, Jayaraman A, Toner M, Yarmush ML. 2007. A high-throughput microfluidic
real-time gene expression living cell array. Lab Chip 7:77

78. Unger MA, Chou H-P, Thorsen T, Scherer A, Quake SR. 2000. Monolithic microfabricated valves and
pumps by multilayer soft lithography. Science 288:113–16

79. Kang JH, Kim YC, Park J-K. 2008. Analysis of pressure-driven air bubble elimination in a microfluidic
device. Lab Chip 8:176

80. Kamei K-I, Guo S, Yu ZTF, Takahashi H, Gschweng E, et al. 2009. An integrated microfluidic culture
device for quantitative analysis of human embryonic stem cells. Lab Chip 9:555

81. Villa-Diaz LG, Torisawa Y, Uchida T, Ding J, Nogueira–de Souza NC, et al. 2009. Microfluidic culture
of single human embryonic stem cell colonies. Lab Chip 9:1749

82. Korin N, Bransky A, Dinnar U, Levenberg S. 2008. Periodic “flow-stop” perfusion microchannel biore-
actors for mammalian and human embryonic stem cell long-term culture. Biomed. Microdevices 11:87–94

83. Cimetta E, Figallo E, Cannizzaro C, Elvassore N, Vunjak-Novakovic G. 2009. Micro-bioreactor arrays
for controlling cellular environments: design principles for human embryonic stem cell applications.
Methods 47:81–89

84. Kim L, Vahey MD, Lee H-Y, Voldman J. 2006. Microfluidic arrays for logarithmically perfused embry-
onic stem cell culture. Lab Chip 6:394

85. Uses microfluidic
perfusion to describe a
previously unknown
functional requirement
for secreted factors in
ESC neural
specification.

85. Blagovic K, Kim LY, Voldman J. 2011. Microfluidic perfusion for regulating diffusible signaling
in stem cells. PLoS ONE 6:e22892

86. Przybyla LM, Voldman J. 2012. Attenuation of extrinsic signaling reveals the importance of matrix
remodeling on maintenance of embryonic stem cell self-renewal. Proc. Natl. Acad. Sci. USA 109:835–40
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André M. Striegel and Amandaa K. Brewer � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �15

Rapid Analytical Methods for On-Site Triage for Traumatic
Brain Injury
Stella H. North, Lisa C. Shriver-Lake, Chris R. Taitt, and Frances S. Ligler � � � � � � � � � � �35

Optical Tomography
Christoph Haisch � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �57

Metabolic Toxicity Screening Using Electrochemiluminescence Arrays
Coupled with Enzyme-DNA Biocolloid Reactors and Liquid
Chromatography–Mass Spectrometry
Eli G. Hvastkovs, John B. Schenkman, and James F. Rusling � � � � � � � � � � � � � � � � � � � � � � � � � � � � �79

Engineered Nanoparticles and Their Identification
Among Natural Nanoparticles
H. Zänker and A. Schierz � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 107

Origin and Fate of Organic Compounds in Water:
Characterization by Compound-Specific Stable Isotope Analysis
Torsten C. Schmidt and Maik A. Jochmann � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 133

Biofuel Cells: Enhanced Enzymatic Bioelectrocatalysis
Matthew T. Meredith and Shelley D. Minteer � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 157

Assessing Nanoparticle Toxicity
Sara A. Love, Melissa A. Maurer-Jones, John W. Thompson, Yu-Shen Lin,

and Christy L. Haynes � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 181

Scanning Ion Conductance Microscopy
Chiao-Chen Chen, Yi Zhou, and Lane A. Baker � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 207

vi

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
12

.5
:2

93
-3

15
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

M
as

sa
ch

us
et

ts
 I

ns
tit

ut
e 

of
 T

ec
hn

ol
og

y 
(M

IT
) 

on
 0

2/
14

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



AC05-FrontMatter ARI 9 May 2012 14:24

Optical Spectroscopy of Marine Bioadhesive Interfaces
Daniel E. Barlow and Kathryn J. Wahl � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 229

Nanoelectrodes: Recent Advances and New Directions
Jonathan T. Cox and Bo Zhang � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 253

Computational Models of Protein Kinematics and Dynamics:
Beyond Simulation
Bryant Gipson, David Hsu, Lydia E. Kavraki, and Jean-Claude Latombe � � � � � � � � � � � � � 273

Probing Embryonic Stem Cell Autocrine and Paracrine Signaling
Using Microfluidics
Laralynne Przybyla and Joel Voldman � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 293

Surface Plasmon–Coupled Emission: What Can Directional
Fluorescence Bring to the Analytical Sciences?
Shuo-Hui Cao, Wei-Peng Cai, Qian Liu, and Yao-Qun Li � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 317

Raman Imaging
Shona Stewart, Ryan J. Priore, Matthew P. Nelson, and Patrick J. Treado � � � � � � � � � � � � 337

Chemical Mapping of Paleontological and Archeological Artifacts with
Synchrotron X-Rays
Uwe Bergmann, Phillip L. Manning, and Roy A. Wogelius � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 361

Redox-Responsive Delivery Systems
Robin L. McCarley � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 391

Digital Microfluidics
Kihwan Choi, Alphonsus H.C. Ng, Ryan Fobel, and Aaron R. Wheeler � � � � � � � � � � � � � � � � 413

Rethinking the History of Artists’ Pigments Through Chemical
Analysis
Barbara H. Berrie � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 441

Chemical Sensing with Nanowires
Reginald M. Penner � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 461

Distance-of-Flight Mass Spectrometry: A New Paradigm for Mass
Separation and Detection
Christie G. Enke, Steven J. Ray, Alexander W. Graham, Elise A. Dennis,

Gary M. Hieftje, Anthony J. Carado, Charles J. Barinaga,
and David W. Koppenaal � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 487

Analytical and Biological Methods for Probing the Blood-Brain Barrier
Courtney D. Kuhnline Sloan, Pradyot Nandi, Thomas H. Linz, Jane V. Aldrich,

Kenneth L. Audus, and Susan M. Lunte � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 505

Contents vii

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
12

.5
:2

93
-3

15
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

M
as

sa
ch

us
et

ts
 I

ns
tit

ut
e 

of
 T

ec
hn

ol
og

y 
(M

IT
) 

on
 0

2/
14

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



Annual Reviews
It’s about time. Your time. It’s time well spent.

Annual Reviews | Connect With Our Experts
Tel: 800.523.8635 (us/can) | Tel: 650.493.4400 | Fax: 650.424.0910 | Email: service@annualreviews.org

New From Annual Reviews:

Annual Review of Statistics and Its Application
Volume 1 • Online January 2014 • http://statistics.annualreviews.org

Editor: �Stephen E. Fienberg, Carnegie Mellon University
Associate Editors: �Nancy Reid, University of Toronto 

Stephen M. Stigler, University of Chicago
The Annual Review of Statistics and Its Application aims to inform statisticians and quantitative methodologists, as 
well as all scientists and users of statistics about major methodological advances and the computational tools that 
allow for their implementation. It will include developments in the field of statistics, including theoretical statistical 
underpinnings of new methodology, as well as developments in specific application domains such as biostatistics 
and bioinformatics, economics, machine learning, psychology, sociology, and aspects of the physical sciences.

Complimentary online access to the first volume will be available until January 2015. 
table of contents:
•	What Is Statistics? Stephen E. Fienberg
•	A Systematic Statistical Approach to Evaluating Evidence 

from Observational Studies, David Madigan, Paul E. Stang, 
Jesse A. Berlin, Martijn Schuemie, J. Marc Overhage,  
Marc A. Suchard, Bill Dumouchel, Abraham G. Hartzema, 
Patrick B. Ryan

•	The Role of Statistics in the Discovery of a Higgs Boson, 
David A. van Dyk

•	Brain Imaging Analysis, F. DuBois Bowman
•	Statistics and Climate, Peter Guttorp
•	Climate Simulators and Climate Projections,  

Jonathan Rougier, Michael Goldstein
•	Probabilistic Forecasting, Tilmann Gneiting,  

Matthias Katzfuss
•	Bayesian Computational Tools, Christian P. Robert
•	Bayesian Computation Via Markov Chain Monte Carlo,  

Radu V. Craiu, Jeffrey S. Rosenthal
•	Build, Compute, Critique, Repeat: Data Analysis with Latent 

Variable Models, David M. Blei
•	Structured Regularizers for High-Dimensional Problems: 

Statistical and Computational Issues, Martin J. Wainwright

•	High-Dimensional Statistics with a View Toward Applications 
in Biology, Peter Bühlmann, Markus Kalisch, Lukas Meier

•	Next-Generation Statistical Genetics: Modeling, Penalization, 
and Optimization in High-Dimensional Data, Kenneth Lange, 
Jeanette C. Papp, Janet S. Sinsheimer, Eric M. Sobel

•	Breaking Bad: Two Decades of Life-Course Data Analysis  
in Criminology, Developmental Psychology, and Beyond, 
Elena A. Erosheva, Ross L. Matsueda, Donatello Telesca

•	Event History Analysis,  Niels Keiding
•	Statistical Evaluation of Forensic DNA Profile Evidence, 

Christopher D. Steele, David J. Balding
•	Using League Table Rankings in Public Policy Formation: 

Statistical Issues, Harvey Goldstein
•	Statistical Ecology, Ruth King
•	Estimating the Number of Species in Microbial Diversity 

Studies, John Bunge, Amy Willis, Fiona Walsh
•	Dynamic Treatment Regimes, Bibhas Chakraborty,  

Susan A. Murphy
•	Statistics and Related Topics in Single-Molecule Biophysics, 

Hong Qian, S.C. Kou
•	Statistics and Quantitative Risk Management for Banking  

and Insurance, Paul Embrechts, Marius Hofert

Access this and all other Annual Reviews journals via your institution at www.annualreviews.org. 

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
12

.5
:2

93
-3

15
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

M
as

sa
ch

us
et

ts
 I

ns
tit

ut
e 

of
 T

ec
hn

ol
og

y 
(M

IT
) 

on
 0

2/
14

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Analytical Chemistry
Online
	Most Downloaded Analytical Chemistry
Reviews 
	Most Cited Analytical Chemistry
Reviews 
	Annual Review of Analytical Chemistry
Errata 
	View Current Editorial Committee

	All Articles in the Annual Review of Analytical Chemistry, Vol. 5

	My Life with LIF: A Personal Account of Developing Laser-Induced Fluorescence
	Hydrodynamic Chromatography
	Rapid Analytical Methods for On-Site Triage for Traumatic Brain Injury
	Optical Tomography
	Metabolic Toxicity Screening Using Electrochemiluminescence Arrays Coupled with Enzyme-DNA Biocolloid Reactors and LiquidChromatography–Mass Spectrometry
	Engineered Nanoparticles and Their Identification Among Natural Nanoparticles
	Origin and Fate of Organic Compounds in Water: Characterization by Compound-Specific Stable Isotope Analysis
	Biofuel Cells: Enhanced Enzymatic Bioelectrocatalysis
	Assessing Nanoparticle Toxicity
	Scanning Ion Conductance Microscopy
	Optical Spectroscopy of Marine Bioadhesive Interfaces
	Nanoelectrodes: Recent Advances and New Directions
	Computational Models of Protein Kinematics and Dynamics: Beyond Simulation
	Probing Embryonic Stem Cell Autocrine and Paracrine Signaling Using Microfluidics
	Surface Plasmon–Coupled Emission: What Can Directional Fluorescence Bring to the Analytical Sciences?
	Raman Imaging
	Chemical Mapping of Paleontological and Archeological Artifacts with Synchrotron X-Rays
	Redox-Responsive Delivery Systems
	Digital Microfluidics
	Rethinking the History of Artists’ Pigments Through Chemica lAnalysis
	Chemical Sensing with Nanowires
	Distance-of-Flight Mass Spectrometry: A New Paradigm for Mass Separation and Detection
	Analytical and Biological Methods for Probing the Blood-Brain Barrier


	ar: 
	logo: 



