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Abstract

During development and regeneration, tissues emerge from coordinated sequences of stem cell 

renewal, specialization, and assembly that are orchestrated by cascades of regulatory factors. This 

complex in vivo milieu, while necessary to fully recapitulate biology and to properly engineer 

progenitor cells, is difficult to replicate in vitro. We are just starting to fully realize the importance 

of the entire context of cell microenvironment—the other cells, three-dimensional matrix, 

molecular and physical signals. Bioengineered environments that combine tissue-specific transport 

and signaling are critical to study cellular responses at biologically relevant scales and in settings 

predictive of human condition. We therefore developed microbioreactors that couple the 

application of fast dynamic changes in environmental signals with versatile, high-throughput 

operation and imaging capability. Our base device is a microfluidic platform with an array of 

microwells containing cells or tissue constructs that are exposed to stable concentration gradients. 

Mathematical modeling of flow and mass transport can predict the shape of these gradients and the 

kinetic changes in local concentrations. A single platform, the size of a microscope slide, contains 

up to 120 biological samples. As an example of application, we describe studies of cell fate 

specification and mesodermal lineage commitment in human embryonic stem cells and induced 

pluripotent stem cells. The embryoid bodies formed from these cells were subjected to single and 

multiple concentration gradients of Wnt3a, Activin A, bone morphogenic protein 4 (BMP4), and 

their inhibitors, and the gene expression profiles were correlated to the concentration gradients of 

morphogens to identify the exact conditions for mesodermal differentiation.
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Introduction

Major advances in stem cell biology over the last decade have focused attention to the 

importance of the microenvironment in determining cell fate.1,2 During development and 

regeneration, tissues emerge from coordinated sequences of stem cell renewal, 

specialization, and assembly that are orchestrated by molecular and physical regulatory 
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factors.3,4 The complexity of spatial and temporal changes of these factors in their native in 

vivo milieu cannot be replicated using standard in vitro methods. Tissue engineering, 

originally developed to meet the need for regenerating human tissues lost to injury or 

disease, is now becoming increasingly focused on biologically inspired culture systems.

It has been argued that we need a new generation of three-dimensional (3D) culture systems 

that would be “something between a Petri dish and a mouse”5 to more authentically 

represent the cell environment in a living organism. In order to unlock the full potential of 

stem cells, we need to reconstruct at least some aspects of the dynamic environments 

associated with their renewal, differentiation, and assembly in native tissues.6 In response to 

this need, tissue engineering is shifting its focus to highly controllable microtissue systems 

for fundamental stem cell research, study of disease, and drug screening.7–10

Tight control of transport and signaling in bioengineered cell niches would allow us to 

decode physiological cell responses.11 New microfluidic platforms accommodating large 

numbers of small-size tissues, often described as “organs on a chip” models, are increasingly 

predictive of human physiology in health and disease.2,11–15

Microscale platforms bring significant advantages to biological and medical research, 

largely due to the small transport distances, small volumes being handled, and the ability to 

introduce and measure fast dynamic changes in cellular responses. These features allow 

precise control and fine tuning of variables in a large parameter space. On a small scale, 

transport phenomena are more easily predicted and mathematically described and are 

amenable to computational modeling16–18 that in turn provides rational approaches to the 

optimization of culture conditions. Most importantly, working on biologically relevant 

scales —in space and time—enables real-time insights into cellular responses.

Several research groups have reported the effects of substrate stiffness19–24 and other 

physical factors such as mechanical forces25,26 on stem cells and engineered tissues. 

Microscale platforms were developed to simultaneously probe the roles of biochemical and 

biophysical factors on stem cells cultured in hydrogels with tunable stiffness and 

functionalized with combinations of proteins.27

The development of in vitro models of multiorgan systems is one of the most promising 

microscale applications. Human “organs-on-a-chip” devices, capturing a more “holistic” 

behavior of human tissues, would greatly improve the current standards for screening of 

drug efficacy and toxicity.28–30 Highly meritorious studies of this kind include “Gut-on-a-

Chip” microfluidic platforms that recapitulated some aspects of normal intestinal 

physiology,31 microscale human liver constructs that exhibited species-specific drug 

responses,32,33 and a lung chip microdevice that replicated complex organ-level responses.34 

Since vasculature would be needed to connect the individual “organs,” microvascular 3D 

networks have been engineered to connect the individual organs-on-a-chip. Such vessels 

were also shown to respond to inflammatory signals with a switch from a non-thrombotic to 

a prothrombotic state.35

In addition, continuous efforts are being devoted to interfacing microscale platforms with 

the automated high-throughput analysis systems. Systems such as the Fluidigm Single-Cell 
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Gene Expression platforms (Fluidigm Corp, South San Francisco, CA 94080) can greatly 

improve the quality of the output data and overcome difficulties of analyzing small amounts 

of samples using standard techniques.36

In this mini-review, we discuss the benefits of studying biological processes on a small 

scale, where fast mass transport allows full expression of biological kinetics, and where 

perturbations in the cellular environment can be precisely introduced and measured. Exactly 

due to these features, the microscale technologies enable studies of physiological and 

medical questions in a way truly representative of human physiology. We then present a 

case study of early mesoendodermal differentiation of human embryonic stem cell (hESC) 

and induced pluripotent stem cell (iPSC) to illustrate the utility of microscale technologies in 

optimizing protocols for the derivation of human cardiac cells and their progenitors.

Biomimetic design principles

Transport phenomena

When scaling down to sub/millimeter characteristic lengths in a cell culture system, we shift 

from turbulent and intrinsically “chaotic” transport phenomena to more predictable and 

controllable molecular phenomena. At small scales intrinsic to microfluidic systems and 

microbioreactors, fluid flows are laminar (with low Reynolds numbers, Re<100), and 

molecular diffusion becomes a dominant mechanism of mass transport, allowing generation 

of well-defined concentration patterns. Laminar fluid flow can be utilized to maintain 

steady-state concentrations in cultured tissues, mimicking in vivo homeostasis much more 

closely than any standard culture system. Alternatively, microfluidic flows enable precise 

introduction of signals—such as changes in cytokines, oxygen, or pH—to replicate the 

physiological or pathological events of interest. In both cases, orderly behavior of 

microfluidic systems forms a basis for control over transport phenomena, and the 

measurement and modulation of multiple environmental factors of interest (Figure 1).

In contrast, cell culture operations in well plates involve periodic changes of relatively large 

amounts of culture media. This simple operation results in the complete disruption of the 

cell niche, with stepwise changes in the levels of nutrients and depletion of cell-secreted 

factors. After each medium change, the properties of the system and the composition of the 

soluble cell microenvironment are averaged at a new level that is constant throughout the 

plate. The metabolic activity of the cells then starts again the accumulation of secreted 

factors and depletion of nutrients. The system constantly evolves toward a new equilibrium 

state, with diffusion alone dominating the transport of nutrients into the cells and cell-

secreted factors into the medium. These sequences of events are certainly quite different 

from the in vivo situation where the micro-environmental conditions are finely regulated and 

where spatial and temporal variations in levels of multiple factors occur in an orderly and 

tightly controlled fashion.

The favorable flow and transport characteristics of microbioreactor systems allow 

maintenance of the composition of the cell niche and provision of molecular and mechanical 

signals in a more physiological fashion. By working at the steady state, one can keep a 

defined set of properties constant (i.e. concentration levels of selected factors) and ensure 
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availability of metabolites to the cultured cells. At the same time, it is possible to introduce 

precise perturbations triggering desired cellular programs. Design rules and guidelines for 

the choice of operating parameters, based on the analysis of characteristic times and scales 

of transport and reaction are gradually being established.16 For example, it has been argued 

that scaling of the “micro-human” and “milli-human” systems for physiological and 

pharmacological studies will require work with small volumes of fluid in order to reach the 

time constants for signaling effects being studied.19

Representative results of the mathematical modeling of flow profiles in a model microwell 

within a microfluidic platform are shown in Figure 1. The dimensions of culture microwells 

are 5 mm × 1 mm (length and height, respectively), with inlet and outlet in the form of 200 

μm high channels. The heat map correlates to the relative velocity of medium within the 

chamber with respect to the inflow velocity. Streamlines allow visualization of the patterns 

followed by fluids. The top panel in Figure 1 shows a schematic of the model chamber, 

filled with culture medium, and with inlet and outlet channels positioned as in Panel A and 

Panel B. The cells are adhering to the bottom surface. The example in Panel A refers to the 

case of low flow velocity, corresponding to laminar flow, exposing the cells to low levels of 

shear stress. In Panel B, the inflow velocity is two orders of magnitude higher and, although 

streamlines remain parallel to each other, shear stress values dramatically increase at the cell 

surfaces, and a stagnant area forms near the inlet port. Panel C exemplifies the case of 

improperly positioned inlets and outlets. Although the correct inflow velocities were set, 

stagnant areas form in the corner regions so that culture medium cannot reach all cultured 

cells, and the targeted environmental composition is not maintained.

When designing a microfluidic platform, one must always be aware of the nonidealities of 

the system, especially when 2D simulations are used to model 3D fluid flow and transport. 

For example, common simplifying assumptions such as ignoring the role of the channels 

walls in shaping the velocity and concentration profiles can lead to significant deviations of 

the predicted from the actual behavior.18,37

Physical signals

Differentiation, migration, proliferation, and functional assembly of many cell types are 

regulated by physical signals: hydrodynamic, mechanical, and electrical. Since standard 

culture dishes do not allow for the application and control of physical signals, the studied 

biological phenomena often undergo nonphysiological changes that poorly replicate the in 

vivo events.

Control of mechanical forces—including hydrodynamic shear—is an aspect of paramount 

importance in the design of bioreactors and microbioreactors systems. Accurate positioning 

of the inlets and outlets, flow channels, and culture chambers is the first determinant of the 

flow patterns through the platform. Geometric design of the microwells and the changes in 

flow regimes in the wells and channels allow modulation of forces acting on the cultured 

cells. An “ideal” microbioreactor platform would be modular and versatile, allowing robust 

testing of various combinations of conditions. For example, we developed a microbioreactor 

array that, by simply varying the relative positions of the microfluidic and culture chambers 

layers, creates culture environments with or without hydrodynamic shear.38 We used this 
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system for differentiation studies of hESCs into vascular lineages and established 

quantitative correlations between the expression of smooth muscle actin and cell density for 

three different flow configurations.

Complex biological stimulations

When reducing the characteristic dimensions of a system to the microscale, transport 

distances are shortened and time constants are reduced. This is essential for studying 

biological events, which, in traditional cell and tissue culture systems, are often masked by 

the slow kinetics of physical phenomena. As the overall rate of a process is always limited 

by the slowest step in the series, the biological processes can only be studied in systems 

providing kinetics of mass transport that are faster than the biological kinetics being 

measured. This requirement can only be met on a small scale.

Small dimensions also translate into small working volumes, making it easy to introduce 

precise perturbations of input parameters and rapidly establish a new steady state. 

Developmental and functional processes in vivo involve integration of the signaling events 

at multiple scales, in space and time. Several morphogens (i.e. Wnts, BMPs, fibroblast 

growth factor) are known to elicit cell responses in a concentration-dependent manner, by 

responding to gradients that are acting both over the short and long ranges.39–41 Being able 

to replicate complex patterns of stimulation is a fundamental component of recreating in 

vitro the cellular environments similar to those encountered in vivo. Since the shape of 

concentration gradients is mostly determined by the diffusion coefficient of a particular 

species of interest (which is in turn determined by the molecular weight of the species) and 

the flow regime, microbioreactors are becoming the tools of choice for controlling the 

concentration gradients around the cells.8

Throughput

Microscaling can also increase the throughput of the systems and the number of the 

experimental variables. Small-scale platforms are capable of running multiple samples and 

can be used for parallelized studies when screening a large matrix of experimental variables. 

Besides increasing the density of the output data and thereby the statistical significance of 

the experiments, this approach also leads to a reduction of the batch-to-batch variability in 

the reagents and cells. When searching for small changes in cell behavior, the actual 

differences in the output measures can be masked by the intrinsic variability of the cell 

samples. Since microbioreactor platforms require small numbers of cells per condition, 

researchers can use cells from a single passage (if not from a single plate) thus further 

reducing inter-sample variability. Similar observations can be made with regards to the 

culture medium, as the use of small amounts of culture media helps avoiding the 

nonuniformities typical of larger media volumes. Moreover, the automation of most 

operations removes the operator dependency, further reducing the sources of unpredictable 

errors.
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Case study: Activation of mesodermal and mesoendodermal programs in 

hESC and iPSC by space-resolved gradients of molecular factors

Numerous studies have shown that it is possible to generate cardiomyocytes (CM) from 

mouse42 and human Embryonic Stem Cells43 (hESC) and induced Pluripotent Stem Cells44 

(iPS). The most efficient and reproducible protocols to date are those that replicate the 

signaling pathways regulating lineage commitment in the embryo. The earliest stages of 

cardiovascular development were mapped in ES cell cultures by identifying a cardiovascular 

progenitor that has capacity to generate cardiac and vascular progeny.42,44 The expression of 

fetal liver kinase 1 in mouse and kinase insert domain receptor (KDR) in human can be used 

to enrich differentiating cells for cardiac specified mesoderm.45 When isolated from 

embryoid bodies (EBs) and cultured in monolayers, these cardiac progenitors generate 

contracting CMs,42,44 and progress through developmental stages involved in the 

establishment of the cardiovascular lineages in vivo, which in turn require presentation of 

specific cytokines.

The combination of Activin A and BMP4 on days 1–4 of EB differentiation induces a 

primitive-streak-like population and leads to mesoderm development. Subsequent 

application of Wnt inhibitor Dickkopf-related protein 1 (Dkk1) and KDR ligand vascular 

endothelial growth factor significantly enhances the differentiation of KDR+ progenitors 

into CMs,42,44 while basic fibroblast growth factor supports continued expansion. The 

concentration levels and times of application and withdrawal of morphogens and their 

inhibitors involved in early cardiac differentiation are critical for the cell differentiation 

outcomes,41 and the optimal values of these parameters change with cell type (hESC or 

hiPSC), line, and culture setting (e.g. EBs or cell monolayers). We show here that a 

microscale system, specifically developed for this purpose, enables detailed studies of 

cardiac differentiation protocols used for hESC and iPSC.

The basic design of the microbioreactor system is shown in Figure 2 and is described in 

detail in Cimetta et al. 12 Briefly, our platform combines a matrix of conical microwells and 

a network of microfluidic channels connected to the two inlets and two outlets. The 

characteristic dimensions and the numbers of microwells can be easily varied, and the 

corresponding molds are rapidly prototyped, using 3D printing. In the specific configuration 

used in previous human stem cell differentiation experiments, the microwells were sized to 

accommodate spherical cell aggregates with diameters ranging from 300 to 400 μm.

Cell culture medium flows through the two side channels that are much larger than the 

microchannels between the individual wells, so that there is no convective flow in the 

microchannels. Each of the two streams can be supplemented with specific morphogens or 

inhibitors at desired concentrations that are different between the two channels. Gradients of 

factors are established across the cell culture field (perpendicular to the flow channels) by 

molecular diffusion between the neighboring microwells, through microchannels connecting 

each row of wells. The parallel rows of wells are fully independent from each other. The 

flow in the large channels is large enough to effectively eliminate longitudinal gradients. 

This arrangement of microwells allows formation of concentration gradients across the rows 

of microwells (left to right and/or right to left) in a culture environment protected from 
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hydrodynamic shear (Figure 2). As a result, each biological sample is exposed to a different 

microenvironment, with separate rows serving as replicates (Figure 3).

The assembled platform is optically transparent in the cell culture area, allowing online 

monitoring of the cultured samples. The base configuration is capable of generating up to 

eight different conditions (composition across the linear concentration gradient) with 15 

replicates for each condition, totaling 120 data points (Figure 2). After seeding the EBs into 

the wells, the open-well configuration is reversibly sealed using permeable membranes and a 

clamping system, by following a very simple protocol.

In our published work, we used hESC and hiPSc and studied their early mesodermal and 

mesoendodermal differentiation. Based on the hypothesis that the application of 

concentration gradients of soluble factors would provide more reliable in vitro models of 

development, we used this microbioreactor to expose EBs to controlled environments with 

compositions changing in a graded fashion. We selected a set of known activators of the 

mesodermal/ mesoendodermal programs: Wnt3a, Activin A, BMP4, Dkk1, and SB-431542 

(Activin A inhibitor).

Large numbers of EBs were formed starting from the same cell passage and the same culture 

plate. The size of EBs is important, as it determines the concentrations of factors (through 

diffusional distances).46 Uniformly sized EBs were formed in AggreWell® plates from 

single cell suspensions (1000–1200 EBs are formed in one well of a 6-well AggreWell® 

plate). An aliquot of suspension of EBs is pipetted onto the microbioreactor and the EBs are 

docked by gravity settling into the conical wells (one EB per well, ~100% yield), by placing 

the platform onto an orbital shaker (Figure 4, hESC-derived EBs).

The assembled platform was connected to the syringe pump infusing culture medium 

through the two inlets. Each syringe could be filled with medium enriched with different 

cocktails of factors, thus broadening the spectrum of conditions to be tested.

The platform also allowed online monitoring of cell differentiation by using reporter cell 

lines (i.e. in Cimetta et al. 12 we used H1-BAR-Venus: H1 hESC with BAR, a β-catenin 

activated reporter, see Figure 4). Images of the fluorescing cells could be taken using a 

microscope and then analyzed via image analysis tools, resulting in semi-quantitative data.12

hESC and iPSc in the microbioreactors were exposed to a range of mesodermal-inducing 

environments. The concentration levels of soluble factors were systematically varied, by 

using the gradient feature of the system, and the effects of simultaneous activation and 

inhibition of selected pathways were analyzed by quantitative Reverse transcription 

polymerase chain reaction (RT-PCR) of mesodermal genes.

As an example, in Figure 5 we report results from the exposure of hiPSC-derived EBs to the 

opposing gradients of Activin A and BMP4 and either SB-431542 (Activin A inhibitor) or 

Dkk1 (canonical Wnt signaling inhibitor). To this end, Activin A and BMP4 were 

supplemented (one or both) to culture medium introduced through one flow channel, and 

SB-431542 and Dkk1 were introduced (one or both) through the other flow channel.
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Histograms show the quantification of gene expression profiles following inhibition of 

Activin signaling via SB counter-gradient (Figure 5, left) and inhibition of Wnt3a signaling 

via Dkk1 counter-gradient (Figure 5, right). Bars in the histograms are labeled by the 

position of the microwell across the gradient (1–6) that they represent. We measured the 

most dramatic differences in two early genes: T (T Brachyury) and Mesp1 (a key regulator 

of cardiovascular lineage commitment). The inhibition of Activin A resulted in increased 

expression levels of both genes, suggesting that cells might also endogenously produce 

Activin A and thus bring its local concentration to suboptimally high levels, such that partial 

inhibition might be required to optimally induce early mesodermal/mesoendodermal 

specification. Wnt inhibition resulted in an almost linear correlation, with differentiation 

progressing in direct proportionality for T and KDR, and inverse proportionality for Mesp1. 

The cells were differentially activated by the local microenvironment in response to 

concentration gradients and significant differences were observed in the early versus later 

genes expression profiles.

These experiments showed that linear concentration gradients elicited nonlinear cell 

responses in terms of mesodermal gene expression. The application of gradients can help 

mimic some of the traits of the signaling patterns that dictate mesoderm induction in vivo. 

Quantification of gene expression in the EBs following culture in the microbioreactor 

yielded sets of biologically meaningful results. The high-throughput mode of 

experimentation allowed the use of high numbers of replicates per condition (n = 15 EBs per 

condition) and improved statistical significance of the measured effects.

In ongoing studies, we are further exploring the roles of concentration gradients within EBs, 

by patterning cell behavior in an even more precise and spatially defined manner. A graded 

expression of fluorophores was observed in simple experiments performed by exposing EBs 

to opposing gradients of 4′,6-diamidino-2-phenylindole (DAPI) and Calcein, used as 

fluorescent dyes. When generating a left-to-right gradient with DAPI and right-to-left with 

Calcein, we observed that the EBs stained consistently with the double opposing gradient 

(Figure 6). This opens new perspectives for studies of cell patterning and polarization during 

differentiation processes and at the onset of disease states (i.e. tumor progression).

In another related study of stem cell differentiation in a microfluidic device,36 we utilized 

regional depletion of the Nanog transcriptional regulator through the exposure of cells to 

microfluidic gradients of morphogens. In this way, we established pluripotency-

differentiation boundaries between Nanog expressing cells (pluripotency zone) and Nanog 

suppressed cells (early differentiation zone) within the same cell population, with a gradient 

of Nanog expression across the individual cell colonies. Notably, gene expression patterns at 

the pluripotency-differentiation boundaries recreated in vitro were similar to those in a 

developing blastocyst.

Summary

There is a clear need to study normal and pathological tissue function under conditions 

representative of the native in vivo milieu. Tissue engineering is responding to this need by 

developing microfluidic platforms with human tissues grown under biologically sound 
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conditions and with signaling patterns representative of those in a living organism. Most 

advanced technologies of this kind are providing multitissue platforms allowing 

physiological studies of interacting tissues/organs and predictive testing of drug toxicity.

The miniaturization of culture systems further improves the throughput and accuracy of 

measurements conducted in microfluidic platforms, due to the fast transport of nutrients, 

oxygen, and regulatory molecules over short distances. However, over-complicated 

platforms end up being just “technology exercises” if not applied to significant biological 

phenomena and proven practical enough for broad use. In this sense, there should be a 

constant dialogue between “technology” and “biology,” i.e. bioengineers and life scientists 

in order to successfully coordinate the design and development of devices for biological 

experimentation.

As an illustration of the utility of microfluidic platforms, we described the design and use of 

a system supporting cultivation of stem cell EBs subjected to developmentally relevant 

gradients of morphogens and their inhibitors. Precise regulation of regulatory signals that 

normally guide cell choices between self-renewal, differentiation, differentiation, and 

functional assembly can greatly advance fundamental research of stem cells and their 

application in regenerative medicine.
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Figure 1. 
Mathematical modeling of flow profiles. A model microwell was designed and different 

flow regimes and geometries of the inlets and outlets were tested for the cells adhering to the 

bottom surface (numerical simulations by Comsol Multiphysics). The heat map represents 

the dimensionless velocity of fluids with respect to the inflow velocity. Streamlines allow 

visualization of the patterns followed by fluids. (a) Perfectly laminar and orderly flow with 

low levels of shear stress experienced by the cells generated at low flow velocities. (b) 

Higher velocities lead to increases in shear stress and the formation of stagnant areas within 

the culture chamber. (c) Poorly positioned inlets and outlets result in the formation of 

stagnant areas even at the proper flow rates. (A color version of this figure is available in the 

online journal.)
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Figure 2. 
Microscale platform for studies of human stem cells. The platform was designed using a 3D 

CAD software with the following design criteria: (i) Capability of generating multiple 

concentration gradients in a no-shear environment, (ii) 3D culture of EBs, (iii) high-

throughput, (iv) compatibility with online imaging, (v) easy retrieval of the EBs for 

additional analyses. The platform comprises a matrix of conical microwells accommodating 

EBs while shielding them from shear forces. The integrated microfluidic platform generates 

concentration gradients across the rows of microwells. The overall dimensions of the device 

are comparable to a standard microscope slide. Multiple prototypes with varying numbers of 
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microwells were made; a prototype with five microwells per row is shown. (a) From the 

CAD file a mold was produced via Stereolithography Rapid Prototyping. (b) The mold 

could be used indefinitely to produce replicates of the microbioreactor via replica molding in 

poly(dimethylsiloxane). (c) A dye-tracer fluid fills the device, for visualization of the 

channels and microwells. (A color version of this figure is available in the online journal.)
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Figure 3. 
Mathematical modeling of flow and mass transport. (a) Color heat map correlates to the 

dimensionless concentration of metabolites relative to the initial values. The concentration 

gradient is established from left to right across the rows of microwells. Parallel rows are 

replicates of the same conditions. (b) Color heat map represents the velocity. The position of 

two lines for further analysis is highlighted. (c) The parabolic velocity profiles across the 

two flow channels (left) and above the microwells (right). (A color version of this figure is 

available in the online journal.)
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Figure 4. 
The formation and seeding of EBs made of hESCs and iPSCs. (a, b) Uniformly sized EBs 

were formed in using Aggrewell® plates. Images refer to hESC-derived EBs. 

Magnifications: 4× and 10×, respectively. (c) An entire matrix composed by five rows of 

microwells filled with individual EBs can be visualized. Panel d: two magnifications of 

selected microwells. Again, a single EB fills each microwell and settles in a shear-protected 

environment. (A color version of this figure is available in the online journal.)
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Figure 5. 
Expression of mesodermal genes after exposure to multiple, opposing gradients of ActivinA/

BMP4 and SB-431542 or Dkk1. We quantified the expression levels of representative 

mesodermal and mesendodermal genes via qPCR. Data were obtained from ΔCt values and 

normalized to GAPDH. For each assay, 3–5 EBs per condition were pooled, from 

microwells in one row of the platform, corresponding to one single condition. Experiments 

without opposing inhibitors served as controls. hiPSC-derived EBs were subjected to a 

stable gradient of the chosen morphogens for 24 h between day 3 and day 4 after induction. 

Left inlet: Activin A (9 ng/ mL), BMP4 (13 ng/mL). Right inlet: SB-431542 (5 μM) for 

results in the left box, and Dkk1 (150 ng/mL) for results in the right box. Statistics were 

measured between control experiment and the corresponding inhibitor-based gradient for 

each microwell. *p <0.05, **p <0.005
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Figure 6. 
Dye tracer study of EBs subjected to opposing concentration gradients. The microbioreactor 

was used to generate the opposing gradients of DAPI (left to right) and Calcein (right to left) 

using fluorescent tracers. hESC-derived EBs stained consistently with the dye 

concentrations in the double opposing gradient. (A color version of this figure is available in 

the online journal.)

Cimetta and Vunjak-Novakovic Page 18

Exp Biol Med (Maywood). Author manuscript; available in PMC 2015 June 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


