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Abstract
The ability of the human body to naturally recover from coronary heart disease is limited because
cardiac cells are terminally differentiated, have low proliferation rates, and low turnover rates.
Cardiovascular tissue engineering offers the potential for production of cardiac tissue ex vivo but
is currently limited by several challenges: (i) Tissue engineering constructs require pure
populations of seed cells, (ii) Fabrication of 3-D geometrical structures with features of the same
length scales that exist in native tissue is non-trivial, and (iii) Cells require stimulation from the
appropriate biological, electrical and mechanical factors. In this review, we summarize the current
state of microfluidic techniques for enrichment of subpopulations of cells required for
cardiovascular tissue engineering, which offer unique advantages over traditional plating and
FACS/MACS-based enrichment. We then summarize modern techniques for producing tissue
engineering scaffolds that mimic native cardiac tissue.
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1. Introduction
Nearly 83 million American adults have one ore more types of cardiovascular disease, with
over 16 million suffering from coronary heart disease (Roger et al., 2012). Coronary heart
diseases can lead to the loss of heart tissue, including cells like cardiomyocytes, which do
not regenerate rapidly in mammals. Cardiomyocytes are considered to be terminally
differentiated, have low proliferation rates (Soonpaa and Field, 1998), and low turn-over
rates (Bergmann et al., 2009). Because the human body cannot natively regenerate cardiac
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tissue, there is a critical need for the ability to engineer cardiac tissue constructs ex vivo.
Engineered 3-D tissue constructs have the potential to serve as models for cardiac tissue to
study the function of diseased and normal tissue and the effects of drugs. The ultimate goal
is for such constructs to be used to generate transplantable tissue that can replace diseased
tissue in patients.

Cardiac tissue engineering approaches require cells that are truly doing the work of
regeneration, and suitable matrices that will allow efficient application of these cells to the
body. The cells come from either primary sources or through stem cell differentiation. Once
a suitable cell population is derived, separation methods are required to allow for enrichment
and isolation of a desired cell sub-type so that a defined tissue culture can be achieved. If a
cell type is present in large quantities in a given sample and a surface marker is known, we
can rely on established methods such as FACS or MACS to achieve isolation of large
quantities of cells. However, for smaller tissue samples and for cells where surface markers
are not known, new microfluidic methods are required for separation. Matrices for cell
delivery and culture can be made from synthetic or natural materials and their mechanical,
electrical and adhesive properties can be tuned for a specific application.

For the ultimate envisioned clinical application, the cells can either be isolated based on the
expression of surface markers tagged with magnetic particles or in a label-free fashion. The
cells whose components are labeled with fluorescent probes cannot be used in clinical
applications due to the unknown long-term effects of these organic probe molecules in
humans. These restrictions pose significant challenges for sorting of cells based on
intracellular marker expression. Antibody staining of intracellular markers such as
contractile proteins requires cell permeabilization which unfortunately renders the cells non-
viable and unusable for cell therapy. On the other hand, genetic labeling of cells for clinical
applications cannot be performed in humans due to ethical concerns. It is in these areas that
microfluidic cell separation can truly yield methods required for robust cell separation
consistent with clinical application requirements.

1.1. Cellular Composition and Cell Markers in Native Cardiac Tissue
The native myocardium (cardiac muscle) is a highly differentiated tissue composed of CM,
FB and SMC with a dense supporting vasculature and collagen-based extracellular matrix,
with an average cell density of 1–10 × 108 cells/cm3. The CM form a three-dimensional
syncytium that enables propagation of electrical signals across specialized intracellular
junctions to produce coordinated mechanical contractions that pump blood forward. Only
20–40% of the cells in the heart are CM, but they occupy 80–90% of the heart volume (Nag,
1980). Cardiac FBs constitute most of the non-myocytes in the myocardium. The main roles
of FB are to secrete the components of the (ECM) and transmit mechanical force by the
receptor mediated connections to the ECM (Sussman et al., 2002). ECs line the blood
vessels of the dense myocardial vasculature and engage in cross-talk with CM via numerous
secreted factors (Parratt et al., 1997; Shah et al., 1997). Upon harvesting the heart tissue,
cells are isolated by treatment with trypsin followed by a series of collagenase digestions
resulting in a suspension of rounded cells. As reported by Naito et al. (2006), and in
agreement with our findings (Radisic et al., 2008), after digestion the native heart isolate has
47% CM, 48% FB, 3%SMC and 2% EC. CM are the largest cells in this suspension with
diameters ranging from 13–21 µm. The non-myocytes collectively range in size from 3–15
µm (this range includes FB, SMC, EC and progenitor cells). EC and FB have established
surface markers (e.g. CD31 and DDR2 respectively), thus they conducive to FACS and
MACS provided the abundant source of cells. The surface markers for muscle-cell types
(e.g. CM and SMC) are still under active investigation. For example, Signal Regulatory
Protein α (SIRPA) was recently described as a novel surface marker for human and mouse
cardiomyocytes (Dubois et al., 2011). Until surface markers for these proteins are more
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clearly established, novel methods for separation of muscle cells in a label-free fashion must
be developed and used.

This native heart isolate can be further enriched for CM in a technique commonly referred to
as pre-plating. In pre-plating, the cell suspension is kept in a tissue culture plate for a period
of 15–75 min to allow removal of FB and SMC by fast and preferential attachment to the
tissue culture plastic surface while CM and EC remain in suspension (Laugwitz et al., 2005;
Wang, 2004). It was also reported that the heart contains small numbers of resident cardiac
progenitor cells (~ 1 in 107 cells) (Beltrami et al., 2003; Laugwitz et al., 2005; Linke et al.,
2005; Oh et al., 2003; Orlic et al., 2001). Beltrami et al. (2003) reported that small cells
positive for a stem-cell surface marker c-kit isolated from adult rat hearts and expanded
under limited dilution gave rise to CM, SMC and EC when injected into ischemic
myocardium. C-kit+ cells can be isolated by magnetic separation using beads coated with
anti-c-kit antibody. Oh et al. (2003) reported that adult mouse heart cells expressing stem
cell antigen-1 (Sca-1) on their surface can selectively give rise to CM upon treatment with 5-
azacytidine. Yet, Sca-1 is not expressed in humans. Of particular interest is a resident
cardiac progenitor marker isl1 (Laugwitz et al., 2005). During embryonic development,
isl1+ cells contribute substantially to the formation of the right ventricle, atria, outflow tracts
and part of the left ventricle in the second wave of CM formation (Evans D Fau Miller et al.,
1988; C.L.Cai et al., 2003). Laugwitz et al. (2005) demonstrated that several hundreds of
isl1+ cells remain in neonatal and adult mouse hearts as well as the hearts of newborn
human patients. Since isl1 is a transcription factor, isl1+ cells were isolated from mouse
hearts using genetic labeling in conjunction with fluorescence activated cell sorting (FACS).
They were smaller than CM and plated together with FB in the pre-plating procedure.
Several days (4–6) after pre-plating, isl1+ cell fraction increased to 0.5% and then reached
8% at 15–18 days in culture (Laugwitz et al., 2005), which is the expected percentage of
isl1+ cells in the input cell population for microfluidic enrichment. Isl1+ cells differentiated
at high frequency (~ 25%) when in direct contact with either alive or fixed CMs (Laugwitz
et al., 2005).

While EC and FB can be isolated from primary sources, cardiomyocytes are considered to
be terminally differentiated and they cannot be expanded if primary post-natal sources are
used. Studies from a number of groups have shown that it is possible to generate CMs from
mouse (Kattman et al., 2006), human ESCs (Yang et al., 2008) and human iPSCs (Zhang et
al., 2009). The most efficient and reproducible protocols to date are those that have
replicated the signaling pathways that regulate lineage commitment in the early embryo.
With this approach, the earliest stages of cardiovascular development in ESC differentiation
cultures were mapped identifying a multipotent cardiovascular progenitor that displays the
capacity to generate cardiac and vascular progeny (Kattman et al., 2006; Yang et al., 2008).
In mouse Flk1 and in humans KDR expression can be used to enrich for cardiac specified
mesoderm (Kouskoff et al., 2005). When isolated from the differentiated embryoid bodies
(EBs) and cultured as a monolayer, these progenitors generate contracting CMs (Kattman et
al., 2006; Yang et al., 2008). As these progenitors differentiate, they progress through the
developmental stages thought to be involved in the establishment of the cardiovascular
lineages in vivo, for which specific cytokines are required. The combination of activin A
and BMP4 on Days 1–4 of EB differentiation induces a primitive-streak-like population and
mesoderm development. Subsequent application of WNT inhibitor DKK1 and KDR ligand
VEGF165 significantly enhances the differentiation of KDR+ progenitors into CMs
(Kattman et al., 2006; Yang et al., 2008) while bFGF is added to support continued
expansion of cardiovascular lineages.
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1.2. Importance of Cell Isolation in Vascular Tissue Engineering
Cell-based therapeutic approaches aim to identify and utilize cells that are capable of
promoting regeneration of important cell types, such as cardiomyocytes, or structural
elements of cardiac tissue. Cell-based regenerative approaches, which can be employed
independently in vivo by cell implantation, or as a precursor to in-vitro cultivation, have
seen a major boost in the last ten years in the cardiac (Beltrami et al., 2003; Laugwitz et al.,
2005; Linke et al., 2005; Oh et al., 2003; Orlic et al., 2001) and skin areas (Morris et al.,
2004; Oshima et al., 2001). In these studies, fluorescence- or magnet-activated cell sorting
(FACS or MACS) are used to isolate the stem/progenitor cells. Both of these techniques are
highly developed and can be utilized in positive or negative selection modes of separation.
Positive selection is desirable when markers for the target cells are known, such as c-kit
(Beltrami et al., 2003; Linke et al., 2005; Oh et al., 2003; Orlic et al., 2001), sca-1 (Linke et
al., 2005; Oh et al., 2003), and MDR1 (Linke et al., 2005) for cardiac progenitor cells, or P-
cadherin, CD34, or the α6-integrin in the case of skin stem cells (Rhee et al., 2006). The
negative selection approach can be utilized when target cell surface markers are not known
(for example, islet-1+ cardiac progenitor cells are can be identified only on the basis of this
intracellular marker (Laugwitz et al., 2005)). A common aspect of either selection approach
is the requirement for pre-processing incubation to attach the fluorescent or magnetic
antibody tags which facilitate separation. FACS-based systems are expensive and typically
require core facility infrastructure. MACS systems are less expensive but are not portable.
Furthermore, when the number of cells to be isolated is very small (order of 10–100 cells in
a given sample), these techniques cannot be utilized reliably.

The potential ability of endothelial progenitor cells (EPCs) to help in repairing damaged
endothelium and promoting angiogenesis has led to exploration of their use in cardiac
therapeutics (Rehman, 2011). In vascular tissue engineering using EPCs, these cells are
removed from whole blood in two steps, centrifugation followed by pre-plating (Kaushal et
al., 2001). In the centrifugation step, the EPCs are separated along with leukocytes from
other blood components, and in the pre-plating step, the EPCs adhere to fibronectin-coated
culture dishes and are thus separated from leukocytes. The pre-plating process is inherently
prone to several shortcomings. (i) The process is inefficient in that there is no way to prevent
undesired cell types from being present in the enriched supernatant (for cardiac cells) or in
the pre-plate (for EPCs). (ii) This technique is not systematic in that there are few
parameters that can be manipulated to control the enrichment process and make it
reproducible. (iii) Lastly, the process does not allow distinction between multiple cell types
of interest that may be present in the supernatant or the pre-plate. For example, cardiac
progenitor cells have been observed in the plated fraction of cardiac cells and are generally
studied in this type of environment since further separation is difficult (Laugwitz et al.,
2005). Microfluidic cell isolation techniques have the potential to eliminate these
shortcomings, and in addition can be used to isolated rare cells that are inaccessible to FACS
and MACS systems. Such techniques are discussed in the context of cardiovascular
regenerative medicine in the next section.

2. Microfluidic Platforms for Cell Enrichment in Cardiovascular
Regenerative Medicine Applications

One of the key challenges associated with cardiovascular regenerative medicine is isolation
and enrichment of rare subtypes of cells, which is necessary for construction of scaffolds for
potential in vivo experiments and treatments. There are several reasons why pure
populations of cells are desirable for regenerative medicine in both clinical and research
applications (Kaushal et al., 2001; Kolvenbach et al., 2007; O et al., 2011). For example: (i)
minimization of foreign or unwanted tissue is critical for tissue cultures that are intended for

Tandon et al. Page 4

Biotechnol Adv. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



implantation, (ii) stem cell differentiation is influenced by surrounding cell types; pure
populations are necessary for controlled differentiation, and (iii) some important cell types
are rare (e.g. EPCs, CTCs), and cannot be analyzed in bulk samples owing to noise/
interference from the dominant cell types. Major challenges in isolating cell types include:
(i) conventional cell isolation methods are time consuming and/or labor intensive, (ii)
different cell types can be difficult to distinguish from each other, and (iii) the number of
desired cells in a clinical/biological sample may be extremely limited.

Microfluidic cell isolation methods offer unique advantages over conventional methods, as
they are relatively low cost, high throughput, can be used with small (1 µL or less) sample
volumes, and in many cases are capable of isolating extremely rare subpopulations of cells.
They also have the potential to reduce the time and labor required for cell isolation, and to
distinguish between cell types that are difficult to isolate using conventional FACS or
plating isolation methods. This section of the review describes microfluidics-based methods
for cell enrichment in cardiovascular regenerative medicine applications. A comprehensive
review of microfluidic cell enrichment methods is beyond the scope of this paper; here we
focus on methods that are adapted for or can be potentially adapted for enrichment of cells
relevant to regenerative tissue engineering.

2.1. Methodology
Several metrics are used to characterize the efficacy of cell isolation methods. Here we
summarize and define the most common quantifiers used to characterize cell isolation. In a
heterogeneous population of cells, target cells are the desired subpopulation of cells to be
isolated. The purity of a cell suspension is defined as:

(1)

Enrichment refers to an increase in purity, often denoted as an enrichment factor:

(2)

The yield is the total number of target cells obtained after isolation. The overall efficiency of
the isolation is:

(3)

Note that some define yield as the quantity given by Equation 3. For microfluidic devices in
which cells can be captured and released, capture and release efficiencies can be defined
separately.

(4)

(5)

The overall efficiency can be written in terms of the capture and release efficiencies:
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(6)

The throughput of a cell isolation system is a measure of the speed of the technique, and is
usually given as a number of sample cells processed per unit time.

2.2. Static Cell Capture and Adhesion Properties
Isolation of subtypes of cells in microfluidic devices is commonly accomplished by
immobilizing capture molecules, moieties that have an affinity for a surface protein that is
expressed in high numbers in the chosen target cells, onto the walls of a microfluidic
channel (Pratt et al., 2011). When a cell suspension (which may come from tissue digest,
whole blood, cell culture, etc.) is flowed into such a channel, target cells adhere to the
functionalized surface preferentially over non-target cells. Some non-target cells may non-
specifically bind to the channel surfaces, but they may be removed via application of shear
stress, i.e. by flowing media or buffer through the system. Trapped target cells can be
stained, enumerated, and/or lysed for further analysis. Hansmann et al. (2011), for example,
used anti-CD34 coated microfluidic channels to capture and enumerate endothelial
progenitor cells (EPCs) from whole blood, demonstrating their potential use as a diagnostic
or prognostic indicator for cardiovascular disease. Ng et al. (2010) also used anti-CD34 in
devices to capture EPCs, and in addition developed an on-chip impedance-based detection
method. Application of larger shear stresses will remove captured target cells from the
surface, but may also damage cells, and/or alter phenotypic expression levels. In
experiments where cells are sensitive to shear stress, alternative capture/release mechanisms
are preferred (see next section).

In order to optimize cell-capture devices for maximum throughput while maintaining high
capture efficiency, it is critical that cell adhesion as a function of shear stress be
characterized for each combination of cell type and capture molecule. Such an analysis also
informs shear stress parameters for capturing and removing target cells. For capture, the
shear stress must be large enough to remove non-specifically bound cells, but small enough
so that target cells are not removed. Usami et al. (1993) designed a flow chamber based on
Hele-Shaw flow with a linear drop in shear stress from inlet to outlet; Murthy et al. (2004)
and others fabricated microfluidic devices based on the design of Usami et al.,
functionalized them with capture molecules, and used them to evaluate cell adhesion as a
function of shear stress (Figure 1). The advantage of these Hele-Shaw cell devices is that
they give the researcher access to a range of shear stresses in one device and in a single
experiment.

Figure 2 summarizes cell adhesion data for cell types relevant to cardiovascular regenerative
medicine, with several capture molecules. Plouffe et al. (2007) and Green and Murthy
(2009) characterized the adhesion of smooth muscle cells (SMCs), endothelial cells (ECs),
fibroblasts (FBs), and adipose-derived stem cells (ADSCs) to surfaces coated with the
peptide sequences, REDV, VAPG, and RGDS, as a function of shear stress. ECs
preferentially bind to REDV surfaces, while SMCs preferentially bind to VAPG surfaces.
Fibroblasts tend to pass through the system without binding. Vickers and Murthy (2010)
demonstrated the ability to distinguish between three different types of endothelial cells
based on differences in their surface receptor density, as measured by examining their
adhesion to REDV peptide functionalized surfaces as a function of shear stress; the cell
types examined were human umbilical vein endothelial cells (HUVECs), human
microvascular endothelial cells (HMVECs), and endothelial colony forming cells (ECFCs).
Vickers et al. (2012) used cell adhesion data for HUVECs and HMVECs on anti-CD31
coated surfaces to inform design of an enrichment platform for HMVECs and HUVECs
(Figure 3). In developing a platform to capture endothelial progenitor cells (EPCs) for
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diagnostics/prognostics applications, Plouffe et al. (2009b) examined adhesion as a function
of shear stress for EPCs, ECs, SMCs, and mesenchymal stem cells (MSCs) on surfaces
coated with BSA, VEGFR-2, vWF, anti-CD34, anti-CD31, anti-CD146, and anti-CD45. In
general, endothelial cells can remain adhered to surfaces at higher shear stress than other
cells, such as stem cells. The data in Figure 2 can be used to determine an appropriate
surface coating-shear stress combination for microfluidic cell capture devices; a shear stress
must be chosen such that target cells adhere in large numbers, and non-target cells do not.
Furthermore, these shear stress experiments can be used to give a measure of relative surface
receptor expression levels for a given cell type (or for a comparison of two or more cell
types) under different conditions; higher expression will lead to greater adhesion.

2.3. Enrichment by Cell Capture and Release
While conventional antibody-based capture mechanisms have been highly successful in
trapping cells in microfluidic devices, releasing specifically captured cells for subsequent
analysis and culture is a significant challenge. This limits the use of antibody-based positive
selection mechanisms for cell enrichment. Covalently-bound surface antibodies cannot be
removed without causing significant damage to cells. In some cases where the interaction
between an antibody and the target cell surface receptor is sufficiently weak, captured cells
can be removed by subjecting them to shear stress (Murthy et al., 2004; Plouffe et al., 2007,
2009b; Vickers et al., 2011; Santana et al., 2012). Optimization of the strength of antibody-
antigen interaction (by varying surface antibody concentration, for example) and the
magnitude of shear stress applied is non-trivial; weak antibody-cell interactions can lead to
non-specific binding of cells and reduced purity, while high shear stresses can damage cells
and remove target cells, leading to reduced efficiency. A number of alternatives to covalent
surface attachment of antibodies for selective capture and subsequent release of target cells
have emerged, including degradable surface coatings functionalized with capture molecules,
cleavable linkages between capture antibodies and binding proteins (such as biotin), and
reversible binding of capture molecules (Figure 5). Capture/release mechanisms that have
been developed along with potential capture/release methods are summarized in Table 1.
These techniques are less damaging to cells than application of shear stress, preserving
viability, function, and phenotypic identity.

Aliginate hydrogels are commonly used in tissue engineering scaffolds, but have recently
been utilized as degradable surface coatings for microfluidic channels in cell-enrichment
platforms (Plouffe et al., 2009a; Hatch et al., 2011; Shah et al., 2012). Alginate-based
hydrogels have been successfully conjugated with peptide (Plouffe et al., 2009a) and
antibody (Hatch et al., 2011; Shah et al., 2012) capture molecules. Plouffe et al. (2009a)
functionalized alginate hydrogels with a peptide sequence (RGDS) that binds to cardiac
fibroblasts. The hydrogel was ionically crosslinked with Ca2+ ions on the walls of straight
microfluidic channels. Cells in suspension that were exposed to the hydrogel surface
adhered to the RGDS tetrapeptides, and afterward they were released by introduction of a
chelator; in this case ethylenediaminetetraacetic acid (EDTA) was used. Hatch et al. (2011)
designed a hydrogel surface coating using ionically-crosslinked alignate, and 4-armed
poly(ethylene glycol) (PEG) molecules that increased the number of conjugation sites for
capture antibodies (Figure 4a). The ionically-crosslinked hydrogel was also dissolved with
EDTA to release bound cells. When conjugated with anti-CD34 and introduced into
microfluidic devices with a pillar-array geometry, these hydrogels captured and released
endothelial progenitor cells (EPCs) from whole human blood drawn from heparin tubes with
33% efficiency, 90% viability, and 74% purity. Hatch et al. (2012) refined this system and
also explored processing blood through two of these pillar-array devices in series (where the
first capture antibody was anti-CD34, and the second was anti-Flk1), improving purity and
overall efficiency (Figure 4b). Shah et al. (2012) spin coated alginate hydrogels onto
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substrates and incubated them with a photoinitiator for photo-crosslinking. Such a hydrogel
is stable against EDTA, and can be dissolved with alginate lyase. This procedure is therefore
suitable for use with EDTA-treated blood, though it is more complicated and less cost-
effective owing to the use of an enzyme for hydrogel degradation. Using anti-EpCAM as the
capture antibody, Shah et. al. recovered spiked PC3 cells from whole blood with 99%
release efficiency and 98.9% viability.

Temperature-repsonsive polymers have also been explored as a degradable surface coating
for releasing adhered cells (Yamato et al., 2001, 2002; Ernst et al., 2007; Ma et al., 2010;
Gurkan et al., 2011; Yang et al., 2012). Poly(N-isopropylacrylamide) copolymer
(PNIPAAm) has been used as a coating in tissue-culture applications as part of an
alternative method to trypsinization for removing adhered cells (Yamato et al., 2001, 2002;
Ernst et al., 2007; Ma et al., 2010; Yang et al., 2012). It is hydrophobic at 37 °C and
hydrophilic at 20 °C, so cells can be released by reducing the temperature of the system.
This is useful in cases where digestion of extracellular matrix proteins and membrane
proteins by proteolytic enzymes, such as trypsin, must be minimized. Yang et al. (2012), for
example, demonstrated that mesenchymal stem cells from rat bone marrow (BM-MSCs) and
human adipose tissue (ATMSCs) cultured on PNIPAAm copolymer films and recovered by
reducing the temperature of the polymer were not significantly different in terms of
morphology, immunophenotype, and osteogenesis/adipogenesis than cells released by
trypsinization (Yang et al., 2012). These cells, however, had higher viability, stronger
proliferation, and higher differentiation than those removed by trypsinization. Gurkan et al.
(2011) extended the use of PNIPAAm copolymers to selective cell enrichment by
incorporating cell-capture proteins into PNIPAAm films in microfluidic channels.
Neutravidin and biotinylated antibody (humant anti-CD4 or anti-CD34) were immobilized
on PNIPAAm surfaces in microfluidic channels at 37 °C. After buffy coat samples
containing target cells were introduced into the microchannels, and a rinsing step, captured
cells were released by reducing the temperature to less than 32 °C. CD4+ cells were released
with 59% efficiency, and they were captured with 91% purity. Cell capture and release using
PNIPAAm or other thermally-responsive polymers is useful when it is imperative that the
cell sample be exposed to a minimal amount of shear stress and/or changing solvent
conditions. These polymers are relatively expensive, however, and challenging to implement
in non-trivial microfluidic channel geometries, limiting their utility for use with complex
heterogeneous cell suspensions, including clinically relevant samples such as whole blood.

Several other methods for releasing captured targets exist, including photodegradable
hydrogels (Kloxin et al., 2009, 2010), photodegradable linkers (Senter et al., 1985),
electroactive linkers (Yeo et al., 2001), and desthiobiotin/avidin binding (Hirsch et al.,
2002), though the use of these methods in selective cell enrichment has been minimal or
non-existent to this point. Kloxin et al. (2009, 2010) created photodegradable hydrogels to
create cell-culture platforms with tunable physical properties. By synthesizing a
photodegradable, PEG-based cross-linking monomer and a photoreleasable peptide tether, a
hydrogel with dynamically tunable modulus and peptide presentation was created. The
hydrogel can be degraded by exposure to UV (405 nm) light. By combining such a
photodegradable PEG hydrogel with capture molecules (antibodies or peptides), such a
hydrogel can be used for cell enrichment, where release of captured cells is achieved by
exposure to UV light. The effect of UV exposure on cell viability, morphology, and gene
expression for such a procedure is not well-characterized. Methods for creating
photocleavable linkages between antibodies and other proteins are available, and well-
characterized (Senter et al., 1985). Avidin covalently bound to surfaces on microfluidic
channels combined with capture antibodies linked to biotin via photocleavable linkers can
be used as a capture/release mechanism. Electroactive linkers for attaching capture peptides
to surfaces have also been demonstrated, and have been used to capture and release 3T3
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fibroblasts (Yeo et al., 2001). Typically, avidin-biotin binding is irreversible under
conditions amenable to maintaining cell viability. Binding between desthiobiotin and avidin,
however, is much weaker (Hirsch et al., 2002), and is reversible. In a cell-capture
mechanism where avidin is immobilized onto a surface and cells are tagged with an
antibody-desthiobiotin conjugate, cells can be released by introducing biotin into solution
for competitive binding. The challenge in this approach is that flow-induced shear stress
may be sufficient to displace captured cells owing to the weaker avidin-desthiobiotin
interaction, reducing yield and efficiency.

2.4. Continuous-Flow Cell Enrichment Techniques
There are numerous techniques for continuous-flow enrichment of subtypes of cell
populations (Pratt et al., 2011). A complete review of all continuous-flow enrichment
techniques, however, is beyond the scope of this study. Here we restrict ourselves to non-
electrokinetic techniques, with emphasis on cell enrichment for applications in
cardiovascular regenerative medicine. The cell-capture methods we have described in the
previous sections rely on positive selection based on an immobilized antibody, i.e. cells that
express surface markers with an affinity for the capture molecule are removed from the
sample stream, and are either analyzed on-chip or released later for further analysis.
Different methods have been employed to enrich cell populations from heterogeneous
suspensions in a continuous flow fashion (Table 2), including size-based sorting, negative
selection (unwanted cells are depleted from the sample stream), and tagging cells with
antibodies conjugated to fluorescent or magnetic markers to activate sorting mechanisms (as
is the case in traditional FACS). Continuous-flow methods have the potential to be higher
throughput and better-suited to batch processing than capture/release methods.

Separation or fractionation of cells based on size is attractive because size-based enrichment
techniques usually do not require tagging or pre-processing of sample cells. Size-based
sorting methods are particularly useful for enriching populations of cardiomyocytes, as they
are larger on average as compared to non-myocytes (17 ± 4 µm as compared to 12 ± 3 µm)
(Murthy et al., 2006; Green et al., 2009). Murthy et al. (2006) patterned microsieves in a
microfluidic device that filtered out 13% of cardiomyocytes from a suspension derived from
rat ventricle tissue. Deterministic lateral displacement (DLD) is another size-based
enrichment technique, which takes advantage of asymmetric bifurcation of laminar flow
around pillar obstacles in a microfluidic channel to effect size-based sorting of particles or
cells (Huang et al., 2004; Inglis et al., 2006). DLD is proficient for batch fractionation of
blood (Davis et al., 2006). In a model system for cardiomyocytes in heart tissue digest,
Green et al. (2009) enriched larger H1975 cells from a heterogeneous suspension with 97%
purity. Moving from the model system to a biological sample, Zhang et al. (2012) processed
digested neonatal rat cardiac tissue with DLD and enriched cardiomyocytes to 91% purity.
Size-based sorting techniques are useful when the target cell population is of a clearly
different size than other cells in a heterogeneous sample. However, owing to the inherent
variability in cell sizes, such techniques are less useful for separating two cell types of
similar size.

Negative selection techniques have several advantages over positive selection techniques;
they eliminate the need for a mechanism to release trapped cells, and they have the potential
to operate at higher throughput in continuous flow. They are less selective, however, so they
cannot be used to enrich very rare sub-populations of cells, and are therefore most suited to
early-stage batch processing of samples. In negative selection techniques, unwanted cells are
trapped in a microfluidic device by selective capture molecules (peptides or antibodies) and
depleted from the sample as it flows through the device (Plouffe et al., 2008; Green and
Murthy, 2009). Plouffe et al. (2008) designed a system for depletion of endothelial cells
(ECs), smooth muscle cells (SMCs), and fibroblasts (FBs) by functionalizing microfluidic
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devices with the peptide sequences REDV, VAPG, and RGDS, respectively. Green and
Murthy (2009) used a spiral device geometry to optimize this platform, and demonstrated
greater than 5-fold enrichment of adipose-derived stem cells (ADSCs) from a heterogeneous
suspension containing ECs, SMCs, FBs, and only 1.6% ADSCs. Despite the significant
enrichment, the purity of ADSCs in the output was only 8.9% with 55% efficiency,
demonstrating that negative selection is not suitable for rare cell isolation; all of the target
cells would be lost due to non-specific binding before a pure population could be obtained.

Fluorescence-activated cell sorting (FACS) has, to this point, been the standard technique
used for cell isolation and enumeration, and is ubiquitous owing to its versatility, robustness,
and ability to produce highly pure cell populations based on factors such as size and
biomarker affinity. In FACS and magnetically-activated cell sorting (MACS), cells are
labeled or tagged with a fluorescent or magnetic marker linked to an antibody that binds to a
biomarker of interest. When utilized in microfluidic devices, this technique is powerful, and
is capable of enriching extremely rare cells with high throughput; the key disadvantage is
that pre-processing is required (cells must be tagged). Plouffe et al. (2012) developed a
microfluidic MACS system that utilizes optimized electromagnets. They demonstrated
enrichment of as few as 50 MCF-7 cells/mL spiked into whole blood with 93% efficiency
and 78% purity. The same system also isolated hematopoietic stem cells (HSCs) and
endothelial progenitor cells (EPCs) from whole blood with 96.5% and 95.5% efficiency,
respectively. Magnetophoretic separation, based on the Veridex CellSearch system, has also
been used to isolate circulating endothelial cells (CECs) from blood (Damani et al., 2012),
but isolation of viable CECs from a purely microfluidic system has yet to be demonstrated.

3. Development and Functionalization of Cardiovascular Tissue Scaffolds
When assembling individual cells into a functional tissue, the extra-cellular-matrix (ECM)
plays a critical role in regulating the structural and mechanical properties of the entire tissue
as well as providing structural and molecular signaling to guide the assembly of the
surrounding cells. Native cardiac tissues are composed of well-aligned bundles of
cardiomyocytes surrounded by cardiac fibroblasts and microvasculature as support. An ideal
engineered matrix would simulate such structures as cells populate the matrix to form an
engineered tissue.

3.1. Scaffolds for Anisotropic Tissue Assembly
Scaffolds have been shown to be critical in controlling the structural alignment of
cardiomyocytes in engineered tissue. The control is often achieved by topographical features
patterned on the scaffold. For instance, using replicate molding techniques,
photocrosslinkable collagen-chitosan hydrogels with microgrooves of 10 µm, 20 µm, and
100 µm in width were fabricated from poly(dimethylsiloxane) (PDMS) molds (Chiu et al.,
2012). Seeded cardiomyocytes aligned in the direction of the grooves, resulting significant
reduction in their electrical excitation thresholds as compared to cells grown on smooth
control gels. This is evidence for the importance of cell alignment in cardiac functions. In
addition, smaller groove sizes (10 µm) provide a higher yield of functional tissue, which
implies that larger grooves could interfere with cellular communication and gap junction
formation (Chiu et al., 2012). However, hydrogel substrates may not be suitable for in vivo
applications owing to their low mechanical strength.

Other studies have focused on the interactive effects of contact guidance and electrical
stimulation on cardiac cell elongation and orientation on two dimensional (2-D) surfaces. Au
et al. (2007), for example, utilized lapping paper polyvinyl surfaces that can be rapidly
abraded resulting in unidirectional micro-grooves (3–13 µm), which help guide the
elongation and orientation of cardiomyocytes and cardiac fibroblasts. By incorporating

Tandon et al. Page 10

Biotechnol Adv. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



electrical stimulation, either parallel or perpendicular to the grooves, the study revealed that
contact guidance has a much stronger effect on cardiac cell alignment than electrical
stimulation, and that cells always orient along the grooves, even when electric fields are
applied perpendicular to the grooves (Heidi Au et al., 2009). Furthermore, electrical
stimulation has an additive effect on cell elongation if fields are applied in parallel with the
grooves. Lastly, smaller groove sizes (1 µm) have a stronger effect on cell elongation than
larger grooves (4 µm). Immunostaining of vinculin (a focal adhesion protein that links actin
fibers to integrin receptors) revealed the localized positioning of the protein along the
grooves (Heidi Au et al., 2009). The stronger effects seen from smaller grooves may be
explained by a higher number of grooves underneath each cell, which could induce a greater
effect on the localization of vinculin.

Elastomeric scaffolds have also been used to engineer aligned cardiac cell structures, and in
addition provide near-physiological mechanical properties (Engelmayr et al., 2008;
Guillemette et al., 2010; Wang et al., 2002). For instance, poly(glycerol sebacate) (PGS) was
microfabricated into porous three dimensional (3-D) scaffolds with controlled structure,
stiffness, and anisotropy (Engelmayr et al., 2008). By fabricating accordion-like honeycomb
shaped pores, the mechanical properties (effective stiffness, anisotropy ratio, and strain-to-
failure) of the scaffold were engineered to closely match that of native adult rat right
ventricular myocardium (Figure 6a). Seeded cardiomyocytes followed the structural contour
of the scaffold and formed aligned tissue, resulting in directionally-dependent electrical
excitation thresholds. Although synchronized contraction of the cardiac cells was
established, these contractions were not able to induce in-plane compression of the scaffold
macroscopically (Engelmayr et al., 2008). This is due to the large compressive resistance of
the scaffold, which must be reduced by further decreasing the strut width of the scaffold.
Therefore, there is a need to create submicron-sized structures that can help guide cell
alignment without compromising the overall scaffold compressibility.

Electrospun nanofibers were used to create submicron topographical features in 3-D (Li and
Xia, 2004; Orlova et al., 2011; Xu et al., 2004). Spatially aligned nanofibers have been
demonstrated to help guide the overall structural assembly of cardiomyocytes in 3-D. The
best aligned tissue construct was created with a fiber diameter of ~ 300 nm with an interfiber
distance of less than 30 µm (Orlova et al., 2011). This technique generates fibers on the
same length scale as that of native extra cellular matrix. It has the advantage of providing
topographical cues to cellular assembly without introducing large impedance to tissue
contraction.

To further strengthen cardiomyocytes connectivity and conductivity in engineered 3-D
tissue, gold nanowires have been incorporated into bioscaffolds made of synthetic materials,
such as alginate and poly(lactic acid) (PLA), which both have poor conductivity (Dvir et al.,
2011). These embedded gold nanowires have shown to help bridge the electrical
communication between disconnected cardiomyocytes. Engineered tissues using this
material have shown to contract synchronously and induce better cell alignment under
electrical stimulation, while pristine alginate scaffolds tend to result in asynchronous local
contractions. In addition, due to the increased electrical conductivity, engineered tissue with
nanowires also results in elevated connexion43 and actinin expression. This method is one
of the first to demonstrate that the inclusion of inorganic nanomaterials into polymer
scaffolds can help the function of engineered tissues. However, more studies are required to
examine the feasibility of this method for clinical applications.

3.2. Scaffolds for Vascularization
Microvasculature is another critical component in tissue engineering. Native tissue not only
has well-aligned cardiomyocyte bundles, but also includes microvasculature surrounding the
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cardiomyocyte fibres. In addition to the role of providing oxygen and nutrients to the
surrounding tissues, microvasculature, specifically endothelial cells, have been shown to
enhance cardiomyocyte function by paracrine signaling (Narmoneva et al., 2004). Therefore,
an ideal scaffold should also provide and induce rapid vascularization in engineered tissue to
support cell survival and enhance cardiomyocyte functionality.

We have developed a method for inducing vascularization in engineered tissue by
introducing angiogenic growth factors, such as vascular endothelial growth factor (VEGF)
and Angiopoietin-1 (Ang1). Immobilizing these growth factors on collagen scaffolds (Figure
7) helps to establish sustained presence, induce endothelial cell proliferation and survival,
and improve formation of tubular structures in 3-D scaffolds (Chiu and Radisic, 2010b).
Covalently immobilizing both VEGF and Ang1 provides significantly better tube formation
and endothelial proliferation as compared to immobilizing VEGF or Ang1 independently. In
addition, immobilizing growth factors onto scaffolds results in enhanced cell proliferation
compared to using soluble growth factors, indicating the lasting effect of signal activation
due to these immobilized growth factors (Chiu and Radisic, 2010a; Chiu et al., 2011).
Gradients of VEGF-165 were shown to direct endothelial cell migration toward higher
concentrations of VEGF, but proliferation was the same as in scaffolds with uniformly
distributed VEGF (Odedra et al., 2011). Through the use of VEGF gradients, cells cell
density at the center of an engineered scaffold can be increased.

The encapsulation and prolonged release of Thymosin β4 (Tβ4) (an angiogenic and
cardioprotective 43 amino acid peptide) was achieved with a collagen-chitosan hydrogel to
induce migration and outgrowth of CD-31 positive capillaries from mouse and rat epicardial
explants in vitro (Chiu, 2011). In addition, implanted Tβ4 encapsulated collagen-chitosan
hydrogels promoted enhanced angiogenesis in vivo as compared to collagen-only hydrogels.
Surface charges and interconnected pore structures in the collagen-chitosan hydrogels were
used to entrap Tβ4 molecules and resulting in a prolonged release profile with nearly zero-
order kinetics. Although some success of vascularization was achieved by functionalizing
scaffolds or hydrogels with growth factors, a perfusable and functional vasculature network
that can be incorporated into functional cardiac tissue is yet to be demonstrated.

Other top down approaches that have been developed have involved direct design and
fabrication of perfusable microvasculature structures. Microchannel networks have been
fabricated with both biodegradable elastomers (Fidkowski et al., 2005; King et al., 2004)
and hydrogels (Choi et al., 2007; Tang et al., 2004; Zheng et al., 2012), and then were
subsequently seeded with endothelial cells to form functional vasculature. These approaches
allow for rapid vasculature formation that can support surrounding cells. However, the size
of the microvasculature is usually in the range of 100 µm, which is significantly larger than
the typical size of capillaries, which have diameters on the order of 10 µm. Zheng et al.
(2012) recently demonstrated interaction between pericytes and seeded endothelial cells in
microfabricated microvasculature for the first time (Figure 6b). By adding this critical
interaction, a more complete model of microvasculature can be generated to study
vasculature stability and remodeling in vitro.

Many of the current top down methods for engineering vasculature are only a variation of
layer-by-layer assembly methods, which involve laminating two layers together to form a
closed channel network. This process is slow and often difficult to scale up to a 3-D
network. In contrast, sacrificial molding methods provide an attractive alternative. Using
sacrificial molds, a closed-channel network can be fabricated by casting a cell-encapsulated
gel onto a sacrificial patterned network, which can then be subsequently removed under
mild conditions to leave behind a closed-channel network. However, this approach has
generally been limited to 2-D structures due to the lack of suitable materials; the material
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needs to be strong enough to form a rigid 3-D lattice, yet also must dissolvable under mild
conditions. Miller et al. (2012) overcame this limitation by designing a carbohydrate
composite that can satisfy all of these criteria. The carbohydrate composite includes
mixtures of glucose and sucrose to form a simple and inexpensive glass, with the addition of
dextran to further reinforce the glass and improve its temperature stability (Miller et al.,
2012). Using this material, a micro-channel lattice can be printed with a 3-D printer in one
simple step, eliminating the tedious process of layer-by-layer assembly. Using a 3-D printed
scaffold composed of this material, endothelial cells were cultured to line the channel
network, which sustained the metabolic function of embedded primary rat hepatocytes in the
surrounding matrices. However one limitation with this approach, as well as other hydrogel
moulding based approaches in vascularisation, is the inability to achieve the cellular density
of native tissues (500 million cells/mL) (Zheng et al., 2012). To achieve physiological cell
densities, extensive gel compaction and remodeling must be carried out to allow cells to
form a functional tissue. Such remodeling, unfortunately, would likely interfere with the
fabricated vasculature network which is weak without pericyte support. The addition of
pericytes supporting the endothelialized network could be a potential solution. However, the
time it takes for pericytes to stabilize the vasculature might exceed the time of gel
compaction. Therefore, its feasibility in practice is yet to be demonstrated.

3.3. Functionalization of Scaffolds for Improved Tissue Performance
In addition to tissue structure and vascularization, cell survival is of critical importance in
tissue engineering. QHREDGS peptides have been shown to provide cardioprotective
properties (Rask et al., 2010a,b). The QHREDGS peptide sequence is a part of the putative
integrin binding site of Ang1, a growth factor that is angiogenic and also cardioprotective.
Immobilizing QHREDGS peptide to hydrogles has shown significant improvements in cell
viability during culture in vitro. In addition, QHREDGS seems to promote cardiomyocyte
elongation and enhance the contractile functionality of cardiomyocytes in vitro. Therefore,
QHREDGS peptide is expected to improve tissue cultures when incorporated into cardiac
tissue scaffolds. In our work with mouse models, QHREDGS-modified chitosan-collagen
hydrogels were able to localize at the site of subcutaneous injection and localize cells (Reis
et al., 2012).

In addition to functionlization of tissue scaffolds with growth factors or peptides, the
functionality of engineered tissue can also be enhanced by pre-seeding scaffolds with non-
myocytes to provide a more suitable initial environment for the subsequent seeding of
cardiomyocytes (Radisic et al., 2007). The exact cellular interactions are yet to be
elucidated, however signaling by VEGF-A released by fibroblasts and endothelial cells
during pre-culture has been found to be of significance (Iyer et al., 2012). Additionally, the
generation of extracellular matrix by the pre-seeded fibroblasts contributes to the better
attachment and elongation of subsequently seeded cardiomyocytes. This implies an
underling cellular interaction between myocytes and non-myocytes where non-myocytes
play a supportive role.

3.4. Electrical and Mechanical Stimulation
Electrical signals play a critical role in orchestrating the synchronized contraction of cardiac
muscle tissue. Cardiomyocytes respond to applied electrical stimulation by synchronous
contractions. Over time, this leads to preferred structural alignment of tissue in the direction
of the applied electric field; this reduces the excitation threshold voltage and increases the
amplitude of contraction (Radisic et al., 2004; Tandon et al., 2009). However, electrical
stimulation does not only simply induce cell alignment. On a molecular level, it also
enhances cardiomyocyte performance by increasing the level of connexin-43(Cx-43),
troponin I (Tn-I), myosin heavy chain (MHC), and sarcomeric α-actin, which are the
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components directly related to muscle contraction. Electrical stimulation also significantly
enhances electrical impulse propagation of the engineered cardiac tissue. The average
conduction velocity of stimulated tissue is significantly higher than in non-stimulated tissue
(Radisic et al., 2009). This result is directly correlated to the better structural organization
and increased gap junction density of the engineered tissue cultivated in the presence of
electrical stimulation. Symmetric biphasic electrical stimulation was also shown to induce
better cell function than using monophasic stimulation (Chiu et al., 2008). It is thought that
biphasic pulses are more biocompatible, owing to their lower cumulative energy
requirements and the ability to produce charge-balanced pulses.

Tension and mechanical stimulation also play critical roles in engineered cardiac tissue. Like
all muscle cells, cardiomyocytes elongate with surface tension. Well aligned cardiac fibres
have been engineered by utilizing tension created by gel compaction during hydrogel matrix
remodeling (Boudou et al., 2012; Legant et al., 2009; Zimmermann et al., 2000). Initially,
cardiac sheets with aligned cardiomyocytes were formed by embedding cardiomyocytes into
a collagen gel and compacting them around two glass tubes (Eschenhagen et al., 1997).
Later, this technique was altered to form tissue rings that were installed into a mechanical
stretcher to mechanically stimulate the engineered tissue (Zimmermann et al., 2000). Thick
cardiac tissue (1–4 mm) grown using this method was tested in vivo on myocardial infarcts
of immunosuppressed rats (Zimmermann et al., 2006). The engineered heart tissue
integrated successfully with the native myocardium with electrical coupling, without signs
of arrhythmia induction, and induced systolic wall thickening of the infracted myocardial
segment. This study is one of the first indicating that artificially engineered cardiac tissue
can survive and support contractile function of infracted hearts in vivo upon implantation
(Zimmermann et al., 2006).

Similar compaction methods were also utilized with fibrin gel to construct both aligned and
isotropic configurations around a tubular mold (Black et al., 2009). The goal of this study
was to examine the functional benefits of having an aligned myocardium. Aligned tissue
constructs improved contraction in the aligned direction by 181%, which was even higher
than what would be expected from simply aligning all the cells in the force measurement
direction in an isotropic model. This implies that biological factors were also involved in the
greater contraction forces experienced in the aligned model. Western blotting analysis on
connexin 43(Cx43) and phosphorylated Cx43 (a less functional derivative of Cx43) revealed
a decrease in phosphorylated Cx43 in the aligned model, which implies improved gap
junction formation and function in the aligned model.

Using this gel compaction method, many studies have focused on generating microtissue in
vitro as a 3-D heart model to study mechanotransduction, cellular forces, and drug
screening. For instance, micro-cantilevers were used to shape the remodeling of a collagen
gel embedded with cardiomyocytes (Figure 6c) (Legant et al., 2009). Forces can be
correlated to the degree of bending from the micro-cantilevers. Forces from both gel/tissue
remodeling and cellular contraction can be measured using this method in real time and with
high throughput. These measurements will help in elucidating fundamental features of
myocardial biology and in screening for drug-induced changes (Boudou et al., 2012).

3.5. Current Challenges
Numerous studies have been done on various aspects of scaffold design. Many of these
studies often only focus on one or two aspects at a time. However, the complexity of cardiac
tissue requires careful attention to physical structure, biofunctionality, vascularization, and
electical/mechanical stimulation simultaneously. Some of major challenges in simultaneous
incorporation of necessary features are summarized in Table 3.

Tandon et al. Page 14

Biotechnol Adv. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



From a design standpoint, addressing all of the needs for functional cardiac tissue is
challenging, because different aspects of design often conflict with each other. For example,
incorporating a topographical signal in a 3-D scaffold to induce cell alignment, while at the
same time providing vascularization, might be challenging in practice. In this case, electrical
stimulation can be utilized to achieve cell alignment, while scaffolds only need to be
engineered to incorporate vasculature. Simultaneous use of several of the techniques
described in this review is challenging, but has the potential to help in producing scaffolds
that more closely mimic live tissue.

4. Conclusions
Microfluidic methods for cell enrichment offer unique advantages over traditional plating
techniques and conventional FACS/MACS-based sorting, including simplicity, higher
throughput, and the potential for very rare cell enrichment. Antibody- and peptide-
functionalized devices have been shown to provide a means for measuring adhesion
properties that are related to surface receptor density and binding interaction strength, as
well as a means for capturing specific cells for diagnostics and analysis. When surface
functionalization is combined with degradable surface coatings in microfluidic devices,
captured cells can be released, cultured, and introduced into tissue engineering scaffolds for
growth of new tissue. Microfluidic devices can also enrich subpopulations of cells in a
continuous fashion, for even higher throughput analysis.

When enriched cardiac cell populations are introduced into advanced scaffolds, there is
potential for production of functional, transplantable tissue. Modern microfabrication
methods, advanced materials such as sacrificial molds, and electromechanical stimulation
have all been used to create scaffolds that more closely mimic natural tissue environments.
Scaffold geometry, biofunctionalization, and microvasculature are key components to
creating successful cardiovascular tissue engineering scaffolds. Engineered tissue can be
used to replace cells damaged as a result of cardiac disease; such tissue replacements will be
critical in cardiovascular regenerative medicine in the future.
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Figure 1.
Scheme of Hele-Shaw flow chamber geometry and shear stress profile for the device
geometry designed by Usami et al. (1993) and developed by Murthy et al. (2004). Figure
adapted from Murthy et al. (2004).
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Figure 2.
Cell adhesion on a variety of functionalized surfaces as a function of shear stress for (a)
endothelial cells, (b) endothelial progenitor cells, (c) fibroblasts, (d) smooth muscle cells,
and (e) stem cells. Open symbols denote antibodies as the capture molecules, and close
symbols represent peptides or other proteins.
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Figure 3.
Two-stage microfluidic system for separation of cells with different densities of surface
receptors. Each device stage has a different surface density of capture molecules, resulting in
enrichment of a particular cell type. Figure from Vickers et al. (2012) (Permission Pending).
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Figure 4.
(a) Micrograph of the inlet of a microfluidic device for selective capture and release of cells
using degradable hydrogels. The pillar-array geometry increases the likelihood of collisions
between the cells and the hydrogel coating. The device is symmetrical, where the outlet is
similar to the inlet. (b) Sequence of devices for adhesion-based microfluidic separation of
cells against multiple surface markers. Following capture and release from device (i), cells
expressing marker 1 enter device (ii) where a calcium chloride solution is co-injected to
neutralize the EDTA present in the cell suspension. Device (iii) mixes the calcium chloride
solution and cell suspension. Device (iv) captures cells against marker 2, which can then be
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eluted out using an injection of EDTA solution. Figure from Hatch et al. (2012) (Permission
Pending).
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Figure 5.
Schemes of potential cell capture/release mechanisms. (a) Shear stress is applied to remove
cells from capture antibodies. (b) Capture molecules are functionalized to a degradable
surface. When the surface is removed, cells are released. (c) A photo- or electrodegradable
linker between antibodies and other proteins is used to tag specific cells with biotin. Cells
are released when the linker molecule is destroyed. (d) Avidin-desthiobiotin binding is
disrupted by competitive binding from biotin, releasing captured cells.
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Figure 6.
Cardiovascular tissue engineering. (a) Accordion-like honeycomb scaffolds for anisotropic
cardiac tissue engineering (Engelmayr et al., 2008). (b) Microfluidic vessel network (Zheng
et al., 2012). (c) Microfluidic tissue gauges used to measure temporal contractility response
of micro-tissue (Legant et al., 2009).
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Figure 7.
Characterization of functionalized collagen scaffolds with immobilized VEGF+Ang1
growth factors. (a) SEM image of collagen sponge. (b) Tube formation H5V cells on
collagen scaffold immobilized with VEGF+Ang1. (c) and (d) show cell morphology and
organization after 7 days of cultivation in vitro, using (c) hemotoxylin and eosin staining,
and (d) Von Willebrand factor staining. Figure adapted from Chiu and Radisic (2010a).

Tandon et al. Page 29

Biotechnol Adv. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tandon et al. Page 30

Ta
bl

e 
1

Su
m

m
ar

y 
of

 p
ot

en
tia

l c
el

l c
ap

tu
re

 a
nd

 r
el

ea
se

 m
ec

ha
ni

sm
s.

 R
el

ea
se

 e
ff

ic
ie

nc
y 

re
fe

rs
 to

 th
e 

nu
m

be
r 

of
 c

el
ls

 r
el

ea
se

d 
di

vi
de

d 
by

 th
e 

nu
m

be
r 

of
 c

el
ls

ca
pt

ur
ed

. E
ff

ic
ie

nc
y 

re
fe

rs
 to

 th
e 

nu
m

be
r 

or
 r

el
ea

se
d 

ce
lls

 d
iv

id
ed

 b
y 

th
e 

to
ta

l n
um

be
r 

of
 ta

rg
et

 c
el

ls
 in

 th
e 

in
iti

al
 s

am
pl

e 
(m

ea
su

re
d,

 f
or

 e
xa

m
pl

e,
 w

ith
 a

FA
C

S-
ba

se
d 

fl
ow

 c
yt

om
et

er
).

 E
ff

ic
ie

nc
y 

is
 e

qu
iv

al
en

t t
o 

th
e 

pr
od

uc
t o

f 
ca

pt
ur

e 
ef

fi
ci

en
cy

 a
nd

 r
el

ea
se

 e
ff

ic
ie

nc
y.

D
em

on
st

ra
te

d 
Se

le
ct

iv
e 

C
el

l C
ap

tu
re

/R
el

ea
se

 M
et

ho
ds

P
la

tf
or

m
R

el
ea

se
M

ec
ha

ni
sm

C
ap

tu
re

M
ol

ec
ul

e
E

ff
ic

ie
nc

y
R

el
ea

se
E

ff
ic

ie
nc

y
Sa

m
pl

e
T

ar
ge

t 
C

el
ls

Io
ni

ca
lly

 C
ro

ss
lin

ke
d 

A
lg

in
at

e
H

yd
ro

ge
ls

 (
H

at
ch

 e
t a

l.,
 2

01
1)

C
he

la
tio

n 
w

ith
 E

D
T

A
A

nt
i-

C
D

34
 A

nt
ib

od
y

33
%

-
W

ho
le

 B
lo

od
E

PC
s

Io
ni

ca
lly

 C
ro

ss
lin

ke
d 

A
lg

in
at

e
H

yd
ro

ge
ls

 (
2 

St
ag

es
) 

(H
at

ch
 e

t
al

., 
20

12
)

C
he

la
tio

n 
w

ith
 E

D
T

A
A

nt
i-

C
D

34
 a

nd
 A

nt
i-

FL
k1

 A
nt

ib
od

ie
s

45
%

-
W

ho
le

 B
lo

od
E

PC
s

Io
ni

ca
lly

 c
ro

ss
lin

ke
d 

al
gi

na
te

(P
lo

uf
fe

 e
t a

l.,
 2

00
9a

)
C

he
la

tio
n 

w
ith

 E
D

T
A

R
G

D
S 

pe
pt

id
e

-
97

%
C

el
l S

us
pe

ns
io

n 
(1

0 
×

10
4  

ce
lls

/m
L

)
C

ar
di

ac
 F

ib
ro

bl
as

ts

Ph
ot

o-
cr

os
sl

in
ke

d 
A

lg
in

at
e

H
yd

ro
ge

ls
 (

Sh
ah

 e
t a

l.,
 2

01
2)

D
is

so
lu

tio
n 

w
ith

 A
lg

in
at

e 
L

ya
se

A
nt

i-
E

PC
A

M
 A

nt
ib

od
y

-
99

%
W

ho
le

 B
lo

od
Sp

ik
ed

 P
C

3 
ce

lls

L
ig

an
ds

 B
ou

nd
 w

ith
 a

n
E

le
ct

ro
ac

tiv
e 

Fu
nc

tio
na

l G
ro

up
(Y

eo
 e

t a
l.,

 2
00

1)

V
ol

ta
ge

 A
pp

lie
d 

to
 S

ur
fa

ce
R

G
D

 p
ep

tid
e

-
70

%
 I

ni
tia

lly
,

~1
00

%
 w

ith
 ti

m
e

C
el

l S
us

pe
ns

io
n 

-
C

el
ls

 w
er

e 
cu

ltu
re

d 
on

ch
ip

 f
or

 3
0 

m
in

3T
3 

Sw
is

s 
Fi

br
ob

la
st

 C
el

ls

PN
IP

A
A

m
 te

m
pe

ra
tu

re
re

sp
on

si
ve

 p
ol

ym
er

 (
G

ur
ka

n 
et

al
., 

20
11

)

R
el

ea
se

 o
f 

A
ds

or
be

d
N

eu
tr

av
id

in
 b

y 
C

oo
lin

g 
to

 <
 3

2°
C

B
io

tin
yl

at
ed

 H
um

an
 A

nt
i-

C
D

4/
C

D
34

-
59

%
B

uf
fy

 C
oa

t
C

D
4+

 c
el

ls
 f

or
 H

IV
m

on
ito

ri
ng

, E
PC

s

Po
te

nt
ia

l M
et

ho
ds

 f
or

 S
el

ec
tiv

e 
C

el
l C

ap
tu

re
/R

el
ea

se

P
la

tf
or

m
R

el
ea

se
 M

ec
ha

ni
sm

T
ar

ge
t/

A
pp

lic
at

io
n

Ph
ot

ol
ab

ile
 P

E
G

 H
yd

ro
ge

ls
(K

lo
xi

n 
et

 a
l.,

 2
00

9,
 2

01
0)

U
V

 I
rr

ad
ia

tio
n 

(4
05

 n
m

)
D

yn
am

ic
al

ly
 T

un
ab

le
 C

el
l C

ul
tu

re
 P

la
tf

or
m

s

D
es

th
io

bi
ot

in
/A

vi
di

n 
(H

ir
sc

h 
et

al
., 

20
02

)
D

is
pl

ac
em

en
t v

ia
 C

om
pe

tit
iv

e 
B

in
di

ng
 o

f 
B

io
tin

In
iti

al
 s

tu
di

es
 w

ith
 p

ro
te

in
s

Ph
ot

ol
ab

ile
 P

ro
te

in
C

ro
ss

lin
ki

ng
 R

ea
ge

nt
s 

(S
en

te
r

et
 a

l.,
 1

98
5)

Ph
ot

oc
le

av
e 

pr
ot

ei
n 

(e
.g

. B
io

tin
)-

an
tib

od
y 

lin
ke

r
A

nt
ib

od
y-

T
ox

in
 C

on
ju

ga
te

s

Biotechnol Adv. Author manuscript; available in PMC 2014 September 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tandon et al. Page 31

Ta
bl

e 
2

C
on

tin
uo

us
-f

lo
w

 c
el

l e
nr

ic
hm

en
t m

et
ho

ds
.

P
la

tf
or

m
E

nr
ic

hm
en

t
M

ec
ha

ni
sm

F
lo

w
R

at
e

E
ff

ic
ie

nc
y

P
ur

it
y

Sa
m

pl
e

T
ar

ge
t 

C
el

ls

Fl
ar

ed
 m

ic
ro

ch
an

ne
l w

ith
 s

ie
ve

s
(M

ur
th

y 
et

 a
l.,

 2
00

6)
Si

ze
-B

as
ed

 S
or

tin
g

20
 µ

L
/m

in
-

87
%

C
el

l s
us

ps
en

si
on

 f
ro

m
 n

eo
na

ta
l r

at
ve

nt
ri

cl
e 

tis
su

e;
 n

on
-m

yo
cy

te
s 

w
er

e
en

ri
ch

ed
 in

 a
 f

ir
st

 s
te

p 
by

 c
on

ve
nt

io
na

l
pr

e-
pl

at
in

g

N
on

-m
yo

cy
te

s 
(p

ri
m

ar
ily

ca
rd

ia
c 

fi
br

ob
la

st
s)

D
et

er
m

in
is

tic
 L

at
er

al
 D

is
pl

ac
em

en
t

(D
av

is
 e

t a
l.,

 2
00

6)
Si

ze
-B

as
ed

 S
or

tin
g

1 
µL

/m
in

-
10

0%
 o

f
ly

m
ph

oc
yt

es
 a

nd
m

on
oc

yt
es

re
m

ov
ed

W
ho

le
 B

lo
od

B
lo

od
 F

ra
ct

io
na

tio
n

D
et

er
m

in
is

tic
 L

at
er

al
 D

is
pl

ac
em

en
t

(G
re

en
 e

t a
l.,

 2
00

9)
Si

ze
-B

as
ed

 S
or

tin
g

20
 µ

L
/m

in
90

%
97

%
50

:5
0 

m
ix

tu
re

 o
f 

H
19

75
 c

el
ls

 a
nd

 3
T

3
fi

br
ob

la
st

s 
at

 5
 ×

 1
05  

ce
lls

/m
L

, i
nt

en
de

d 
to

m
od

el
 d

ig
es

te
d 

ra
t c

ar
di

ac
 ti

ss
ue

H
19

75
 c

el
ls

 (
M

od
el

 f
or

C
ar

di
om

yo
cy

te
s)

D
et

er
m

in
is

tic
 L

at
er

al
 D

is
pl

ac
em

en
t

(Z
ha

ng
 e

t a
l.,

 2
01

2)
Si

ze
-B

as
ed

 S
or

tin
g

80
 µ

L
/m

in
55

%
91

%
D

ig
es

te
d 

N
eo

na
ta

l R
at

 C
ar

di
ac

 T
is

su
e

C
ar

di
om

yo
cy

te
s

3 
St

ag
es

 o
f 

Sp
ir

al
 M

ic
ro

fl
ui

di
c

C
ha

nn
el

s 
w

ith
 I

m
m

ob
ili

ze
d 

R
E

D
V

,
V

A
PG

, a
nd

 R
G

D
S 

pe
pt

id
e 

se
qu

en
ce

s
(G

re
en

 a
nd

 M
ur

th
y,

 2
00

9)

N
eg

at
iv

e 
Se

le
ct

io
n

7.
54

 µ
L

/m
in

54
.9

%
8.

9%
0.

33
 : 

0.
33

 : 
0.

33
 : 

0.
01

 E
C

s 
: S

M
C

s 
:

FB
s 

: A
D

SC
s 

at
 1

 ×
 1

06  
ce

lls
/m

L
 in

 P
B

S
A

D
SC

s

M
ag

ne
tic

 S
or

tin
g 

(P
lo

uf
fe

 e
t a

l.,
 2

01
2)

C
el

ls
 a

re
 T

ag
ge

d 
w

ith
an

ti-
C

D
13

3 
fu

nc
tio

na
liz

ed
M

ag
ne

tic
 B

ea
ds

12
0 

µL
/m

in
96

.5
%

 (
H

SC
s)

an
d 

95
.5

%
(E

PC
s)

-
W

ho
le

 B
lo

od
H

SC
s 

an
d 

E
PC

s

Biotechnol Adv. Author manuscript; available in PMC 2014 September 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tandon et al. Page 32

Table 3

Challenges in Cardiovascular Tissue Engineering.

Key Challenges Expectations

Cardiac Tissue Vascularization A rapid vascularization method that can support an engineered cardiac tissue assembled with
cardiomyocytes at physiological density and anisotropy

Mechano-electrical Stimulation on
Engineered Cardiac Tissue

A platform that can provide both electrical and mechanical stimulation to engineered tissue and a
potential to scale up to thick cardiac tissue by incorporating perfusable microvasculature.

Cardiac Scaffold A scaffold that has robust mechanical properties matching that of native heart tissue but also
allows cells to contract freely without impedance.
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