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Abstract

Cell microencapsulation has been utilized for decades as a means to shield cells from the external

environment while simultaneously permitting transport of oxygen, nutrients, and secretory

molecules. In designing cell therapies, donor primary cells are often difficult to obtain and expand

to appropriate numbers, rendering stem cells an attractive alternative due to their capacities for

self-renewal, differentiation, and trophic factor secretion. Microencapsulation of stem cells offers

several benefits, namely the creation of a defined microenvironment which can be designed to

modulate stem cell phenotype, protection from hydrodynamic forces and prevention of

agglomeration during expansion in suspension bioreactors, and a means to transplant cells behind

a semi-permeable barrier, allowing for molecular secretion while avoiding immune reaction. This

review will provide an overview of relevant microencapsulation processes and characterization in

the context of maintaining stem cell potency, directing differentiation, investigating scalable

production methods, and transplanting stem cells for clinically relevant disorders.
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Introduction

In the early 1960s, Thomas M. S. Chang drew inspiration from naturally occurring aqueous

partitions, such as cells and organelles, to develop a method for microencapsulation of

biological material in natural polymers (Chang, 1964). Since that time, cell

microencapsulation has been widely researched, particularly in the field of cell

transplantation for the treatment of endocrine disorders, such as diabetes, in which a

continual regulation and response to physiologic stimuli is required. Encapsulation
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facilitates allogeneic and xenogeneic cell transplantation because the semi-permeable

membrane of the capsule protects the enclosed cells from the host immune system.

However, donor primary cells are often difficult to obtain and expand to sufficient numbers

for therapeutic efficacy, rendering stem cells an attractive alternative due to their dual

capacity for self-renewal and differentiation. In addition to the benefits of

microencapsulation for transplantation, the technology offers several potential advantages

for stem cell expansion and differentiation. The modification of encapsulation material

properties, such as the polymer species, type of coating, mechanics, and permeability, can be

used to control the stem cell microenvironment, allowing for either the maintenance of

potency or directed differentiation toward a desired lineage. In addition, encapsulated stem

cells can be expanded in scalable suspension bioreactor systems without being damaged by

the presence of hydrodynamic shear forces. Consequently, microencapsulation can play an

important role throughout the pipeline of production and delivery of stem cell therapies (Fig.

1).

Stem cells are now known to be found in nearly all tissues throughout the body and are

defined by the signature characteristics of self-renewal and differentiation capacity.

Pluripotent stem cells include embryonic stem cells (ESCs), derived from the inner cell mass

of the pre-implantation blastocyst (Evans and Kaufman, 1981; Martin, 1981; Thomson et al.,

1998), and induced pluripotent stem cells (iPSCs), obtained by reprogramming somatic cells

to a pluripotent state (Takahashi and Yamanaka, 2006; Yu et al., 2007). Both ESCs and

iPSCs can expand indefinitely in vitro and differentiate into all three germ lineages,

consequently giving rise to cells from all tissue types. Pluripotent cells differ functionally

from multipotent stem cells that are more restricted in their differentiation capacity.

Common multi-potent stem cells include mesenchymal stem cells (MSCs), which can be

derived from multiple sources including bone marrow (Pittenger et al., 1999) and adipose

tissue (Zuk et al., 2002), and hematopoietic stem cells (HSCs), found in bone marrow (Till

and McCulloch, 1961) and cord blood (Broxmeyer et al., 1989). Because most multipotent

stem cells can be readily obtained from adults, autologous, and allogeneic cell therapies are

feasible for several clinical applications; however, ex vivo expansion of multipotent stem

cells is limited when compared to the capacity for indefinite self-renewal that defines

pluripotent stem cells. Thus, ESCs and iPSCs may represent a more practical solution for

large-scale production of a broader range of cell therapy products. Although iPSCs have the

potential theoretically for use in autologous therapies, efficient non-viral reprogramming

methods and a more complete biological understanding of reprogramming effects on

epigenetic state will likely be required prior to widespread clinical use, in addition to the

establishment of certified stocks of iPSC clones (Wu and Hochedlinger, 2011; Yamanaka,

2012).

Microencapsulation for Cell Therapies

Stem cells are often considered for cell therapies owing to their ability to differentiate into

cells that can repair and replace damaged tissues. Mature primary cells, either autologous or

allogeneic, are not ideal for use in such applications, as they are challenging to expand ex

vivo and have reduced regenerative capacity (Gage, 1998). Therefore, significant effort has

been put forth to develop robust and reproducible methods to differentiate stem cells into
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relevant therapeutic cell types. In addition to replacing damaged cells with differentiated

progeny, stem cells can secrete various trophic factors, which lead to improved tissue

function and regeneration (Baraniak and McDevitt, 2010). While transplantation of

autologous cells is a generally favored approach to avoid a negative immune response, it is

often difficult to obtain somatic cell numbers sufficient for exogenous repair, expansion, and

transplantation. Therefore, transplantation of allogeneic cells may emerge as a more

practical approach than autologous cell transplants due to the capacity to expand the cells to

the necessary numbers, to remain within the current structure of the biopharmaceutical

industry, and to ensure proper product validation (Freimark et al., 2010).

In an effort to prevent immunological rejection, transplanted cells can be encapsulated

behind a semi-permeable biocompatible material, which might obviate the need for

immunosuppressant drug use. The permeability of encapsulation materials should permit the

passage of essential nutrients, oxygen, and most cell secreted factors while restricting the

passage of larger molecules, such as antibodies, and immune cells (Uludag et al., 2000). By

modifying material properties, such as the polymer species, concentration, and type of

coating, the transport of molecules into and out of the material barrier can be tightly

controlled. In addition to immune protection, encapsulation also provides a more consistent

microenvironment for the enclosed cells with greater long-term mechanical stability (Paul et

al., 2009). Microencapsulation typically refers to the creation of spherical capsules in the

range of 100–1,500 μm in diameter, while macroencapsulation usually describes larger

constructs with a planar or cylindrical geometry, such as flat sheet or hollow-core fiber

configurations (Hernández et al., 2010). Microcapsules have a higher surface area-to-volume

ratio, allowing for more durable capsule mechanical stability and enhanced mass transfer,

leading to heightened cell viability through enhanced nutrient and waste transport in

addition to faster secretory response to external stimuli.

Transplanted cell capsules provide a continuous and concentrated means of efficiently

delivering secreted molecules locally, as opposed to systemic administration of single cell

suspensions (Rabanel et al., 2009). Cell microencapsulation is particularly useful to treat

dysfunction of metabolic or secretory tissues, including diseases such as diabetes,

Parkinson’s, hypoparathyroidism, and hemophilia (Hasse et al., 1997; Hortelano et al., 1996;

Sajadi et al., 2006). Secretory disorders are often among the most difficult to address, as a

continual regulation and response to stimuli is required. In 1980, pancreatic islets

encapsulated in alginate with a poly-L-lysine (PLL) coating were transplanted into diabetic

rats, and the encapsulated cells remained viable and reduced diabetic symptoms for 3 weeks,

compared to only 6–8 days for unencapsulated islets, indicating that the protection offered

by enclosure in microcapsules increased the time of functionality (Lim and Sun, 1980). In

the 1990s, the first in-human study found that encapsulated islets from cadaveric donors

were able to reduce the required dose of both immunosuppressants and exogenous insulin in

a diabetic patient (Soon-Shiong et al., 1994), though this approach has not attained

widespread clinical use due primarily to the continued limited availability of donor tissue.

When compared to treatment with a small molecule or protein therapeutic drug,

encapsulated cells provide a more localized and sustained delivery that is capable of better

mimicking native physiologic conditions.
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Microencapsulation Process Technologies

The technologies used to microencapsulate cells have been reviewed extensively elsewhere

(Brun-Graeppi et al., 2011; Murua et al., 2008; Rabanel et al., 2009; Uludag et al., 2000;

Zimmermann et al., 2007), therefore the following discussion will focus on those processes

deemed most relevant for stem cell microencapsulation. The general encapsulation process

involves the formation of cell-containing droplets, the cross-linking of droplets, and often

the coating of droplets with a stabilizing membrane. Hydrogels are the most common

material used in encapsulation for several reasons. First, hydrogels generally have high

porosity, leading to high permeability and minimal mass transfer limitations. Second,

hydrogel materials tend to be soft and flexible, reducing mechanical friction on adjacent

tissues upon transplantation. Third, the high water content leads to hydrophilic interactions,

which reduce interfacial tension, protein adsorption, and cellular adhesion while enhancing

biocompatibility. Natural polymeric materials are used more often than synthetic polymers

because they are more biocompatible and require milder cross-linking processes (i.e., those

that take place under aqueous and physiological conditions without the presence of reactive

species). However, a reduction in the stability of the microcapsule can occur using natural

polymers when compared to results obtained with synthetic polymers (Uludag et al., 2000).

The general formulations of microcapsules include solid matrix beads, solid matrix beads

with an external coating, liquid core capsules, and direct conformal coating (Fig. 2). Liquid

core capsules are fashioned by liquefying the center of a solid matrix bead as the outer

membrane is stabilized by a thin polyion coating (Rabanel et al., 2009). Conformal coated

microcapsules are formed by constructing a thin membrane surrounding individual cells or

preformed cell aggregates, thereby minimizing the empty capsule volume (Wilson and

Chaikof, 2008). In some cases, encapsulated single cells will aggregate into spheroids within

a capsule. The fashion in which cells form aggregates within microcapsules is based on the

mechanical restriction of the hydrogel (Helmlinger et al., 1997). In solid matrix beads,

encapsulated cells are more physically constrained and therefore proliferate to form smaller

spheroids with multiple foci. In liquid core capsules, cell movement and proliferation are

less restricted, and the cells can therefore aggregate and proliferate as a single large spheroid

(Huang et al., 2012). As cells proliferate in liquid core capsules, the capsules tend to swell,

but excessive swelling can be restricted with the addition of a polymeric surface coating

(Pajić-Lijaković et al., 2007).

Alginate, a natural polymer purified from brown seaweed, is the most common material

used for microencapsulation due to its abundance, biocompatibility, and gentle cross-linking

procedure. Alginate is made up of two anionic monomers, α-L-guluronic acid (G) and β-D-

mannuronic acid (M), which are arranged in both homopolymeric regions (GG blocks and

MM blocks) and mixed monomeric regions (MG blocks) (Haug et al., 1966). Alginate can

be cross-linked by several different divalent cations, including calcium and barium. Calcium

(Ca++) cross-links only G residues, therefore, alginates with higher G content and longer GG

blocks produce stiffer, more durable capsules when cross-linked with Ca++ than alginates

with greater M content (Fig. 3). Alternatively, barium cross-links alginate by binding to both

G and M residues, thus yielding stronger and more uniform cross-linking than Ca++ alone

can provide (Mørch et al., 2006). The molecular weight of alginate also impacts its physical
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properties, with higher molecular weight alginate leading to capsules with greater

mechanical stability than lower molecular weight alginate (Uludag et al., 2000). However,

the relative impact on the mechanical stability with increasing molecular weight is not as

profound as increasing either the G content or concentration of alginate (Huang et al., 2012).

The stability of alginate capsules generally weakens over time due to exposure to certain

species in the cell culture medium or in vivo, including chelating agents (e.g. sodium citrate,

EDTA, phosphate) or monovalent ions (e.g. sodium), which can displace the ionic

interactions created by the divalent cross-linkers (Darrabie et al., 2006). Although alginate

has many favorable properties for cell encapsulation, native isoforms are not able to directly

interact with cells since alginate lacks adhesive moieties. Therefore, it is primarily the

mechanical properties of native alginate that impact its relationship with cells. The

mechanical properties (e.g. elastic modulus, viscosity, osmotic tolerance/swelling) are

generally based on the chemical properties of the alginate (e.g. G vs. M composition,

molecular weight, concentration). Thus, when deciding on an alginate for

microencapsulation, the physiochemical properties should be carefully considered

depending on the intended function(s) of the system.

Alginate encapsulation alone is usually insufficient to completely shield cells from the

immune system in vivo because of mechanical and chemical instability in addition to poor

resistance to osmotic swelling, which often results in cell escape. Therefore, coating the

exterior of alginate capsules to reduce the permeability to immune cells and proteins while

simultaneously increasing the mechanical stability and biocompatibility of the capsule is

often performed by polyelectrolyte complexation, where two oppositely charged polymers

are complexed to form a thin membrane layer with a thickness on the order of 10–100 μm

(Strand et al., 2003). Since alginate is a polyanion, the coating materials are usually

polycations, with PLL being the most common since Lim and Sun introduced the alginate-

PLL system in 1980 (Lim and Sun, 1980). PLL binds to both the M and G blocks through

ionic interactions, though it typically binds more tightly to alginate with higher M content as

there are more alginate moieties available for binding, creating a coating that is thicker and

less permeable (Vandenbossche et al., 1993). To improve biocompatibility, the positive PLL

charges on the exterior of the capsule are sometimes neutralized through incubation with

additional alginate, forming “APA” (alginate-PLL-alginate) beads. Chitosan, polyethylene

glycol (PEG), and other polycations are sometimes used as alternatives to PLL; however,

PLL remains the most commonly used polymer due to its historical prevalence and creation

of mechanically resistant capsules (De Castro et al., 2005).

While alginate is the most prevalent hydrogel used traditionally, agarose has also been

investigated in the context of stem cell microencapsulation. Agarose, derived from red algae,

is made up of β-D-galactopyranosyl and 3,6-anhydro-α-L-galactopyranosyl units and

exhibits a temperature-dependent solubility in which gelation occurs below a threshold

temperature (usually 15–30°C), avoiding the need for addition of cross-linking molecules.

Blending agarose with collagen or gelatin promotes cell survival and proliferation by

providing adhesive motifs for anchorage-dependent cells (Jain et al., 1995; Sakai et al.,

2007). In general, agarose beads are not as mechanically robust as alginate beads, with

agarose gel strength decreasing approximately 25% over the course of 60 days (Shoichet et

al., 1996), indicating that agarose may be more appropriate for short-term applications. To
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prevent issues with cell protrusion and escape, agarose beads are usually coated with an

additional layer of agarose in lieu of coating with a polycation in order to create a thicker

barrier (Jain et al., 1995).

Regardless of the specific material, the two most common methods for hydrogel bead

formation are emulsification and extrusion. The emulsification process involves creating a

dispersion of a polymeric aqueous phase in an immiscible phase (often oil), followed by

gelation through addition of a cross-linking agent or cooling of the mixture. There are

several challenges with this approach, including the presence of shear forces during mixing

that may harm cells and the insolubility of some gelling agents (e.g., CaCl2) in the

immiscible phase. The extrusion process involves forcing a cell-polymer solution through a

small aperture, such as a needle or an area of small-diameter tubing, into a solution

containing the cross-linker to stabilize bead formation. Solely adding droplets to a cross-

linking bath generates large particles (on the order of millimeters) and is feasible only for

low viscosity solutions. In order to form smaller, more uniform beads with higher viscosity

solutions, a voltage gradient between the needle and cross-linking solution can be applied to

overcome droplet surface tension and therefore produce large quantities of smaller beads

(Willaert and Brüssel, 1996). Alternatively, a constant vibration can be applied to a laminar

liquid jet to produce small, uniform capsules (Serp et al., 2000; Whelehan and Marison,

2011). A coaxial gas flow can also be used to form beads by shearing droplets with

compressed gas that flows around the needle exit. An additional extrusion approach is the

co-flowing of two immiscible liquid streams in a coaxial tube, one in the aqueous phase

containing the cells/polymer and the other a liquid paraffin solution (Sakai et al., 2004). The

paraffin solution, present in the outer coaxial tube, shears the polymer drops as they are

extruded through a nozzle. Recently, microfluidics and microlithography have been

introduced as systematic processes for more homogeneous and controlled capsule formation,

though they currently have lower throughput than the aforementioned macro-scale methods

(Rabanel et al., 2009).

Microcapsule Characterization

Three primary characteristics of microcapsules, permeability, mechanical stability, and

biocompatibility, impact the functionality of the encapsulated system and can be varied

based on the intended application. The permeability of the capsule needs to be taken into

account to ensure that the enclosed cells receive adequate levels of oxygen and nutrients to

survive, that secreted factors are able to diffuse to the exterior, and that large immune

molecules are incapable of penetrating the capsule. There are two components that

determine the capsule permeability: the molecular weight cut-off (MWCO) and the

diffusivity of the material. In order to determine the permeability of microcapsules, one

common technique is to equilibrate the capsules with a solute of interest and measure either

the entry (ingress) or exit (egress) of the solute as a function of time. The permeability (P)

can then be estimated by multiplying the mass transfer rate (U), determined through a mass

balance through the capsule wall, by the distance traveled (d) (Crooks et al., 1990). The

MWCO can be determined by size exclusion chromatography with dextran molecules of

different molecular weights run over a column packed with microcapsules (Wang et al.,

1997).

Wilson and McDevitt Page 6

Biotechnol Bioeng. Author manuscript; available in PMC 2014 September 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The permeability of capsule materials can be modified by changing the type and

concentration of the membrane coating in addition to the species and concentration of

polymer used. For example, an MWCO between 20 and 300 kDa can be achieved by

varying the PLL composition, concentration, and incubation time (King et al., 1987;

Vandenbossche et al., 1993), though it is unclear from previous literature how precise this

cut-off is. Inhomogeneous alginate beads, in which the alginate concentration decreases

when moving toward the center of the bead, can be created through rapid cross-linking

which occurs when using high cross-linker concentrations (e.g. > 100 mM CaCl2). The

resulting alginate concentration gradient can be used to modify the capsule permeability in a

similar manner to PLL coating (Thu et al., 1996a, b). The transport of nutrients and wastes

through the capsules is critically dependent on the size of the capsule and the rate of

consumption/production by the entrapped cells. For example, more proliferative cells

generally require greater permeability to oxygen than more quiescent cell types. If cell

spheroids are present within the microcapsule, the spheroids typically present greater mass

transfer limitations than the capsule material itself, lessening the role the capsule

permeability plays in the overall transport scheme (Mota et al., 2001).

Microcapsules are often exposed to mechanical forces that can lead to deformation or

dissolution, which may cause release of or damage to the inner cellular contents. Because of

the possibility of capsule failure and the additional challenge of the sensitivity of stem cell

populations to their mechanical microenvironment (Engler et al., 2006), the mechanical

strength and stability of capsules are important properties to assess and engineer. One

challenge of engineering microcapsules is increasing the strength and stability to reduce the

probability of mechanical failure without negatively impacting the permeability. Common

methods to test the mechanical stability of capsules include exposing them to a well-defined

shear flow (Lee and Chu, 1997) or uniaxial compression (Matthew et al., 1993). Osmotic

pressure testing, in which the capsules swell as they are exposed to solutions of increasing

osmotic strength until they burst, is also a commonly performed means of analysis (Van

Raamsdonk and Chang, 2001). Compression and micro-deformation testing can determine

the elastic modulus of the microcapsules (Briscoe et al., 1998; Chan et al., 2011).

Unfortunately, standard methods for determining the mechanical resistance of microcapsules

have not been established due to the limitations of testing materials with spherical geometry,

leading to variability in the mechanical characterization of microcapsules in the literature

(De Vos et al., 2009). Because stem cell fate and function are sensitive to mechanical

properties of the local microenvironment (Saha et al., 2006; Terraciano et al., 2007), an

improved general characterization of microcapsule mechanical properties may lead to better

definition of the surrounding environment and the resulting impact on stem cell phenotype.

However, it is challenging to isolate mechanical effects from other interdependent

encapsulation parameters, such as the concentration and species of the polymer and cross-

linker molecules.

The biocompatibility of the microcapsule material is an essential property when considering

the survival of the enclosed cells and the host response post-implantation. Biocompatibility

is typically determined by examining the viability of the enclosed cells, the presence of

fibrosis on the capsule exterior, and the extent of the host inflammatory response (De Vos et

al., 2009). Small perturbations in the material composition have been observed to drastically
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change the biocompatibility; for instance, changing the concentration of the cross-linker

poly-methylene-co-guanidine from 1.8% to 1.0% dramatically increased the incidence of

surface fibrosis in an alginate/cellulose encapsulation scheme (Wang et al., 1997). There is

some evidence that the ratio of G to M residues in alginate can impact biocompatibility,

though disparities in the literature (De Vos et al., 1997; Kulseng et al., 1999; Otterlei et al.,

1991) may be based on the lack of a consensus definition of what constitutes “high G” or

“high M” alginate, in addition to variable purity of different alginates (Hernández et al.,

2010).

Microencapsulation for Regulating Stem Cell Phenotype

Encapsulation of stem cells in hydrogel capsules provides a defined microenvironment that

can impact cell fate decisions. In vivo, stem cells reside in a specific niche defined by the

combination of soluble factors, cell–cell adhesions, and matrix interactions required for self-

renewal and, when necessary, differentiation and tissue regeneration (Morrison and

Spradling, 2008; Scadden, 2006). Considerable effort has been put forth to recapitulate the

stem cell niche in vitro through the development of biomaterial scaffolds, the addition of

chemical cues, and the application of mechanical forces (Burdick and Vunjak-Novakovic,

2009; Discher et al., 2009). Microencapsulation offers a unique approach for manipulation

of the stem cell environment to either maintain the pluripotent/multipotent state or induce

differentiation toward a specific lineage(s). In addition, directing the differentiation of stem

cells within micro-capsules could streamline the transition to cell transplantation by

producing cells in an immune-protected format.

Maintenance of Stem Cell Viability and Potency

The ability to culture several types of microencapsulated stem cells while maintaining

viability and potency has been achieved in a variety of manners, serving as a starting point

for future work in stem cell microencapsulation (Table I). Maintaining potency in an

encapsulated format is desired when trying to expand undifferentiated stem cell populations

or transplant undifferentiated cells to take advantage of their paracrine effects. MSCs

encapsulated in collagen-agarose and RGD-modified alginate yielded >75% cell viability

after 8 days and >80% viability after 15 days, respectively (Batorsky et al., 2005; Markusen

et al., 2006). Further studies of MSCs in alginate microcapsules found that multipotency can

be maintained for up to 2 months (Goren et al., 2010) and that the MSC secretory profile is

not altered by encapsulation (Penolazzi et al., 2010). The addition of a PLL coating on

alginate microcapsules slightly reduced MSC viability, leading to lower total levels of

secreted bFGF compared to non-coated microcapsules (Trouche et al., 2010). Proliferation

of encapsulated MSCs may depend on the specific material utilized, as MSCs continued to

proliferate during encapsulation in alginate-PLL capsules (Goren et al., 2010) but not in

RGD-modified alginate capsules (Markusen et al., 2006). Altering capsule properties to

maintain MSC viability and naïve phenotype within microcapsules will be useful for

applications in which undifferentiated trophic factor secretion profiles are desired.

The maintenance of viability and pluripotency of microencapsulated ESCs is desirable for

large-scale expansion of undifferentiated ESCs. Agarose microencapsulation prevents

embryoid body (EB) agglomeration in culture, allowing for higher density cultures without
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the formation of aggregates with large necrotic cores (Dang et al., 2004). Murine ESCs

(mESCs) were observed to retain >90% viability after 20 days in alginate-PLL capsules

(Maguire et al., 2005), with liquid core capsules leading to enhanced proliferation and

viability compared to unliquefied capsules (Wang et al., 2006). An altered liquid core

configuration in which smaller alginate microcapsules containing mESCs were encapsulated

in larger agarose capsules, followed by liquefaction of the alginate core, found that the

enclosed mESCs formed EB-like spheroids and stained heterogeneously for alkaline

phosphatase, suggesting a mixture of undifferentiated cells and differentiated progeny (Sakai

et al., 2008). An additional study found that expression of the pluripotency markers OCT-4,

SSEA-1, and alkaline phosphatase were maintained by mESCs for 2 weeks in vitro in APA

liquid core capsules, though a decrease in pluripotency marker expression was observed

once the capsules were implanted in vivo (Wang et al., 2006). More recently, human ESCs

(hESCs) were maintained in alginate-gelatin microcapsules for up to 260 days without

experiencing significant decreases in viability or pluripotency (Siti-Ismail et al., 2008),

thereby supporting future endeavors in the large-scale production of hESCs.

Microencapsulation of neural stem cells (NSCs), multi-potent cells that can differentiate into

neurons, oligodendrocytes, and astrocytes, has also been examined as a means to improve

expansion for applications in nerve repair. Alginate microcapsules containing murine NSCs

permitted neurosphere formation while maintaining multipotency and viability (Li et al.,

2006). Additional studies with murine NSCs determined that proliferation and viability were

not significantly affected by alginate composition or the presence of a PLL coating;

however, alginates with high M composition and a PLL coating were found to be less

mechanically stable than uncoated high G composition alginates, which permitted the

highest level of neurotrophic factor secretion (Purcell et al., 2009). Such studies support the

use of microencapsulation as a platform for efficient ex vivo NSC expansion.

Directed Differentiation

For therapies requiring a differentiated cell product, microencapsulation provides a defined

environment in which to control cell fate. Cell types of various lineages have been

generated, including osteogenic, chondrogenic, cardiac, pancreatic, hepatocytic, adipogenic,

neural, and hematopoietic, from different types of stem cells (Table II). Because many

delivery methods already employ microencapsulation as a means of immune protection,

differentiating stem cells within microcapsules can improve process efficiency by making

the transition from production to transplantation a one-step process. Differentiation

strategies within microcapsules include adding external signals, genetically modifying

cellular behavior, and modulating the physical and chemical properties of capsules.

The manipulation of external elements, such as soluble factor addition or changes in oxygen

tension, within microencapsulated cell culture systems are used in an identical manner to

unencapsulated differentiation protocols. Many of the biochemical cues necessary to direct

differentiation can be provided by addition directly to the culture media. Additionally,

reducing the oxygen tension can mimic the native microenvironment and be used to more

efficiently differentiate cells toward certain lineages (Dang et al., 2004). In some instances,

extracellular cues can be integrated into microencapsulated systems, such as the
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combination of alginate-encapsulated ESC-derived MSCs with a chitosan-calcium

phosphate paste, which can promote osteogenic differentiation and mineral synthesis (Tang

et al., 2012), or controlling the calcification of alginate beads containing adipose-derived

stem cells (ADSCs) (Lee et al., 2010).

Genetic modification of cells within microcapsules to produce a specific protein has been a

traditional approach for local and sustained protein delivery to exogenous cells; however,

genetic modifications can also be used to influence differentiation of encapsulated cells. Rat

MSCs transfected to constitutively express bone morphogenic protein-2 (BMP-2) and

cultured in alginate (APA) microcapsules induced osteogenic differentiation when co-

cultured with unencapsulated non-transfected MSCs (Ding et al., 2007). In another study,

Sox-9 transfected human MSCs (hMSCs) encapsulated in an alginate “bead-in-bead”

format, where microcapsules containing Sox-9 transfected hMSCs were secondarily

encapsulated in an outer alginate bead containing non-transfected hMSCs, exhibited

increased areas of cartilaginous matrix when compared histologically to the capsules with

non-transfected cells (Babister et al., 2008), demonstrating that genetic engineering of cells

within microcapsules can successfully induce tissue formation.

Modifying the material properties of microcapsules can influence stem cell differentiation

by mimicking elements of the native microenvironment and/or through specific

functionalization with relevant protein molecules. For example, alginate-gelatin

microcapsules with functional properties more akin to the native adipogenic

microenvironment led to higher proliferation and more efficient adipogenic differentiation

of entrapped ADSCs when compared to those encapsulated in alginate without gelatin (Yao

et al., 2012). Additionally, functionalizing agarose with vascular endothelial growth factor

(VEGF) yielded more efficient differentiation of microencapsulated mESCs to blood

progenitors than soluble treatment with VEGF (1.5-fold higher expression of CD34+CD31+

cells compared to the soluble control) (Rahman et al., 2010). Increasing collagen

concentrations and/or initial cell seeding density of hMSCs encapsulated in collagen beads

promoted chondrogenesis, determined using a 1,9-dimethylmethylene blue (DMMB) assay

(P <0.001) (Hui et al., 2008). Conversely, the differentiation of encapsulated cells can also

affect material properties, such as for hMSCs in collagen microcapsules whereby an increase

in the reduced elastic modulus can indicate the extent of chondrogenic differentiation due to

deposition of glycosaminoglycans and type II collagen, the incidence of dense collagen

bundles, and the reduction of type I collagen (Li et al., 2011). The modification and

monitoring of microcapsule material properties offer unique strategies for stem cell

differentiation, either alone or in tandem with more traditional approaches that include

soluble factor addition or genetic modification.

Stem Cell Bioprocessing

The production of stem cell therapies on a large scale requires the development of efficient

and scalable bioprocesses. Most industrial bioprocessing relies upon suspension bioreactors,

and stem cells have been successfully cultured in suspension as aggregates, on

microcarriers, or encapsulated within microcapsules (Kehoe et al., 2010; Serra et al., 2012).

Advantages of microencapsulation are that the capsules prevent excessive cell

Wilson and McDevitt Page 10

Biotechnol Bioeng. Author manuscript; available in PMC 2014 September 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



agglomeration, preserve 3D cell–cell and cell–matrix interactions, and protect the cells from

hydrodynamic forces. Because stem cells are sensitive to hydrodynamic forces, which are

created in agitated culture systems such as bioreactors (Kinney et al., 2011, 2012; Liu et al.,

2006; Sargent et al., 2010), the physical protection afforded by encapsulation provides more

consistency of the extracellular stem cell environment. Additionally, dissolving the

microcapsules during downstream processing can greatly simplify cell retrieval procedures

compared to microcarrier-based systems, which require enzymatic treatment (i.e. trypsin) for

cell harvesting. In addition to use in scalable bioreactor systems, microencapsulation can

also efficiently produce uniform EB populations, or to examine the heterotypic interactions

between cells in co-culture systems. Furthermore, encapsulation can protect cells during

cryopreservation, a process necessary for the stable storage and broad distribution of stem

cell products.

Bioreactor Systems

Several bioreactor systems have been employed for experimental studies of

microencapsulated stem cells (Table III), including spinner flasks, which simulate larger

volume stirred tank bioreactors. Ex vivo expansion of APA encapsulated bone marrow

HSCs using spinner flasks with continuous media exchange yielded a 12- to 24-fold

multilineage expansion within 19 days (Levee et al., 1994). In addition to ex vivo expansion

of HSCs, the differentiation of mESCs to hematopoietic progenitors while encapsulated in

agarose microcapsules was also performed in spinner flasks (Dang et al., 2004). Cardiac

differentiation protocols, which usually require an EB suspension culture step, have likewise

been developed for microencapsulated mESCs in spinner flasks (Bauwens et al., 2005; Jing

et al., 2010). Spinner flask culture of microencapsulated hESCs found that while

encapsulation of single hESCs led to poor viability, encapsulation of hESC aggregates and

hESCs on microcarriers allowed for maintenance of viability and pluripotency for up to 2

weeks in suspension culture (Serra et al., 2011). In addition to stirred tank bioreactors, other

reactor configurations have been investigated, including the high aspect ratio vessel

(HARV), a rotary microgravity reactor that operates under the laminar flow regime to lessen

the impact of mechanical forces, which was used with mESC-containing alginate

microcapsules to create mineralized constructs for bone tissue engineering (Hwang et al.,

2009). A fixed bed reactor in which CellBeads, a commercially available product consisting

of hMSC aggregates in alginate microcapsules, were packed and perfused with culture

medium was able to maintain viability and induce adipogenic differentiation with similar

results to stirred suspension controls (Weber et al., 2007). Other bioreactor configurations

have been developed for the direct assembly of tissue engineered constructs, including a

tubular perfusion system of aggregated alginate beads containing hMSCs (Yeatts et al.,

2011). The initial results obtained from bioreactor studies suggest that the development of

novel bioreactor systems may lead to improved bioprocess efficiency through better

maintenance of viability or more efficient directed differentiation than can be obtained with

static cultures.

Aggregate Formation and Culture

Three-dimensional spherical aggregates are used in stem cell cultures to promote

spontaneous differentiation through recapitulation of developmental processes. Additionally,
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aggregates can be cultured in suspension, allowing for straightforward translation to scalable

bioreactors. EBs, pluripotent stem cell aggregates, play pivotal roles in many differentiation

protocols and can be used as a platform for directed differentiation (Bratt-Leal et al., 2009).

Traditional methods for EB formation include hanging drop, static and stirred suspension

formation, methylcellulose culture, and microwell forced aggregation (Kurosawa, 2007;

Ungrin et al., 2008). However, each of these techniques suffers from limitations in the

aggregate size control and/or throughput of EBs that can be attained. The formation of

multicellular aggregates using microencapsulation techniques provides a well-controlled

process for constructing EBs of a desired size in a high-throughput manner (on the order of

103 EB-generating capsules generated per minute). In addition, encapsulated ESC

aggregates can be immediately introduced into a suspension bioreactor without concern for

hydrodynamic damage. The encapsulation of mESCs in solid core alginate sometimes

produces “lens-shaped” aggregates (Magyar et al., 2001; Wang et al., 2006), a morphology

that depends on the physical properties of the type of alginate used. To provide a thicker

coating and reduce the chance of cell escape, a “double encapsulation” method in which

cell-containing alginate capsules are liquefied following a second agarose encapsulation step

has been used for the creation of mESC spheroids (Sakai et al., 2008). Microfluidic droplet-

generating devices can create liquid core alginate beads in which a shell is created around an

aqueous phase in one step, rather than requiring multiple independent processing steps of

solid capsule formation, coating, and liquefaction of the center; using this method with

embryonic carcinoma cells led to compact aggregate formation in 80% of the capsules (Kim

et al., 2011). Further development of microencapsulation methods for stem cell aggregate

formation, including those for MSC mesenspheres or NSC neurospheres in addition to those

for EBs, will be useful for bioprocesses by improving the homogeneity of aggregate size, the

throughput of formation, and the creation of a physical barrier to shield against

hydrodynamic forces and inhibit aggregate agglomeration.

Co-Culture Systems

Microencapsulation-based co-culture configurations are advantageous in bioprocessing to

improve the viability, proliferation, and/or differentiation of an unencapsulated cell

population through the support of secreted factors from a different encapsulated cell type,

particularly in cases where direct contact is not essential and downstream separation of the

two cell populations is required. One primary example is the co-culture of MSCs with HSCs

to improve the ex vivo expansion of HSCs (Robinson et al., 2006), which are notoriously

difficult to expand (Karlsson, 2004). Because stromal cells like MSCs are present in the

HSC niche, they are thought to secrete factors that promote cell survival and proliferation.

Co-culture of HSCs with microencapsulated cell types found in the bone marrow niche,

including MSCs (Fujimoto et al., 2007; Liu et al., 2009) and osteoblasts (Song et al., 2009),

was found to significantly promote hematopoietic expansion when compared to cultures of

HSCs alone. This concept could be employed for other applications in stem cell expansion

or differentiation; for example, ESCs could be co-cultured with microencapsulated cardiac

fibroblasts to induce differentiation to cardiomyocytes (Ou et al., 2011) or with encapsulated

endothelial cells to promote pancreatic differentiation (Talavera-Adame et al., 2011).
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The impact of direct contact between two cell populations can also be examined with

microencapsulation technologies by co-encapsulating two different cell types together. As

discussed earlier, the creation of “bead-in-bead” micro-capsules with Sox-9 transfected

hMSCs provided spatio-temporal division of two cell types (transfected hMSCs and non-

transfected hMSCs) and direct examination of cartilage matrix formation (Babister et al.,

2008). Microfluidic technologies can tightly control encapsulation processes of more than

one cell type and give rise to high-throughput screening of the interactions between cell

populations. For example, the seeding ratio of two cell types can impact viability, as

demonstrated in studies with two blood progenitor cell lines (MBA2 and M07e), which have

a factor-dependent and responsive relationship (Tumarkin et al., 2011). By combining

multiple streams containing different cell populations in controlled ratios, emulsifying the

mixture, and cross-linking the intermingled cells into microcapsules, the specific cellular

composition of individual capsules can be tightly controlled. Direct co-culture systems can

be used to further examine the impact of niche supportive cells on the resident stem cell

populations, leading to the development of bioprocesses that better recapitulate the signals

provided within the in vivo microenvironment.

Cryopreservation

Cell preservation technology must advance as stem cell bioprocessing evolves to allow for

storage and transportation of cell products (Karlsson and Toner, 1996). Cells in suspension,

such as erythrocytes, have been successfully stored using cryopreservation for many years;

however, less progress has been made in the cryopreservation of adherent cells and 3D

tissues. The shortcomings are primarily due to the inability of cryoprotectants to fully

diffuse through thick tissues and the cells’ sensitivity to the osmotic and mechanical stresses

that occur during cryopreservation (He, 2011; Zimmermann et al., 2007b). Reduced viability

and increased tendency toward differentiation have been observed in stem cells after

cryopreservation and thawing (Reubinoff et al., 2001). However, entrapping cells in a 3D

gel matrix has been found to improve cell viability and function post-thaw for multiple cell

types, including stem cells, by maintaining cell–cell contacts and providing better protection

from damage during ice crystal formation (Malpique et al., 2009; Zimmermann et al.,

2007a). The addition of 10% dimethylsulfoxide (DMSO), a common cryoprotectant, was

found to be sufficient for successful cryopreservation and thawing of neurospheres in

alginate microcapsules (Malpique et al., 2010). Additional work with alginate microcapsules

determined that the water within the capsule can undergo preferential vitrification, a method

of cryopreservation in which the formation of intracellular and extracellular ice is prevented

through the creation of an amorphous, glassy state, using a low concentration of

cryoprotectants (10% DMSO), therefore maintaining the capsule structure and improving

the viability of the encapsulated cells post-thaw by reducing the risk of disturbing cell–cell

and cell–matrix contacts (Zhang et al., 2010). Cryopreservation of hESCs adherent to

microcarriers in alginate microcapsules with 10% DMSO yielded a threefold improvement

in cell viability post-thaw (compared to unencapsulated controls) and maintained

pluripotency, improvements which were likely due to inhibiting the disruption of cell–cell

and/or cell–matrix interactions (Serra et al., 2011). Likewise, cryopreservation of MSCs

encapsulated in PEG microcapsules preserved cell viability and osteogenic differentiation

potential (Mumaw et al., 2012). The success of microencapsulated stem cell
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cryopreservation could lead to the development of more efficient preservation techniques

and improved availability of off-the-shelf stem cell products.

Transplantation of Microencapsulated Stem Cells

The primary intent of original microencapsulation technologies was to provide a physical

separation between transplanted and host cells to minimize immunogenic rejection. Since

being developed initially for the treatment of diabetes, microencapsulated cell systems have

been explored for a number of other therapeutic applications, including liver disease, renal

failure, anemia, hemophilia, hypoparathyroidism, cancer, neurological diseases,

musculoskeletal defects, and heart diseases (Hernández et al., 2010; Hunt and Grover, 2010;

Orive et al., 2003). To lay the groundwork for clinical translation of stem cell therapies, a

number of studies have been performed to examine both the safety and therapeutic efficacy

of transplanting microencapsulated stem cells in vivo.

Safety and Microcapsule Characterization Studies

Initial studies with transplanted microencapsulated stem cells were performed to validate

safety and to examine cell and capsule behavior in an in vivo setting. Alginate

microcapsules containing mESCs were implanted intraperitoneally into 129/SVG mice, and

cell growth was found to occur at a faster rate (with no lag phase) when compared to in vitro

controls, while pluripotency marker expression decreased with time in vivo (Wang et al.,

2006). Injection of alginate microcapsules containing mESCs or hESCs into the peritoneal

cavity of SCID mice found that encapsulation delayed teratoma formation for up to 4 weeks

for hESCs and up to 3 months for mESCs (Dean et al., 2006). In vivo, encapsulated mESCs

formed aggregates and were more likely to differentiate toward an ectodermal lineage,

whereas hESCs remained as single cells and small clumps that tended to differentiate toward

endodermal lineages. Further studies with transplantation of microencapsulated pluripotent

stem cells is required to examine teratoma formation; additionally, the differences in cell

growth and differentiation patterns observed in vivo suggest that in vitro characterization of

microencapsulated cell function is not sufficient to predict behavior post-transplantation.

Subcutaneous transplantation of hMSCs in collagen microcapsules into NOD/SCID mice

determined that the encapsulated cells remained viable for 14 days and the microcapsules

remained undamaged and localized to the site of implantation (Chan et al., 2007). Similarly,

ADSCs in alginate microcapsules implanted percutaneously into athymic mice retained

viability and proliferated for 21 days, with microcapsules remaining intact for up to 3

months (Moyer et al., 2010). Transplantation of microencapsulated rat MSCs under the renal

capsule was found to have no negative impact on renal function, and the APA capsules

retained their structure for up to 25 days (Trouche et al., 2010). The success of initial safety

and characterization studies of transplanted MSCs and ADSCs in microcapsules provides

further evidence for the feasibility and efficacy of clinical therapies with these cells.

Therapeutic Efficacy of Microencapsulated Stem Cells In vivo

Several different disease and injury animal models have been examined to evaluate the

potential clinical translation of microencapsulated stem cell therapies. In an attempt to
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stimulate in vivo bone formation, MSCs were genetically engineered with a Tet-off

expression system for BMP-2 (a common osteoinductive factor), encapsulated in APA

microcapsules, and implanted into a bone defect in C3H/HeN mice. The mice that received

doxycycline (and therefore were not producing recombinant BMP-2) exhibited only stromal

tissue formation surrounding the implanted microcapsules. On the other hand, mice that did

not receive doxycycline (and therefore produced recombinant BMP-2) exhibited bone

formation at the defect site, and the cells within the microcapsules displayed a chondrogenic

phenotype (Zilberman et al., 2002). Umbilical cord blood (UCB) derived cells, which

contain both HSC and MSC populations, were encapsulated in APA micro-capsules and

transplanted intraperitoneally into KM mice 24 h after CCl4-induced liver injury. The UCB

cells exhibited increased hepatocytic behavior with time in vivo, as determined by alpha-

fetoprotein (AFP) expression, albumin expression, and urea synthesis. Repair of the liver

damage was also observed through decreased levels of serum amino-transferases and

examination of histological structure (Li et al., 2009). Genetically modified MSCs have also

been used for the development of cancer therapies. Alginate microcapsules containing

hMSCs modified to express hemopexin-like protein, an angiogenesis inhibitor, were

transplanted subcutaneously adjacent to gliobastoma tumors in nude mice and reduced

tumor volume and weight significantly compared to wild type hMSCs and empty

microcapsule controls (Goren et al., 2010).

Transplantation of microencapsulated MSCs into infarcted myocardium has been performed

to examine the capacity for promoting cardiac repair. hMSCs encapsulated in an RGD-

modified alginate were transplanted into a rat model of ischemia reperfusion myocardial

infarction (MI) 1 week after injury. Compared to PBS controls, alginate-hMSC

transplantation led to decreased infarct area, increased angiogenesis, improved cell survival,

and maintenance of left ventricular geometry and function (Yu et al., 2010). In another

study, acute MI was induced in Sprague-Dawley rats and APA microcapsules containing rat

MSCs in combination with Schwann cells, which are known to produce VEGF, were

injected intra-myocardially at four sites within and around the infarct region 30 min after

acute MI induction. The greatest increase in vessel density was observed when MSCs and

Schwann cells were transplanted together, with an approximate 1.6-fold increase over

encapsulated MSCs alone and an approximate 1.2-fold increase over encapsulated Schwann

cells alone (P <0.01), indicating that co-transplanting the microencapsulated cells can

improve vascularization post-MI (Wang et al., 2012). Though the number of studies

performed with transplanted stem cell microcapsules has been rather limited, initial studies

indicate that microencapsulation is an effective approach to stimulate in vivo tissue repair,

with functional improvement often surpassing what is seen commonly observed for

unencapsulated cells. The improvement may be explained by the enhanced localization and

persistence of transplanted cells, the prevention or delay of immunological rejection, and/or

the mechanical support provided to host tissues by implanting miniature load-bearing

scaffolds.

Conclusions and Future Trends

The current body of work in stem cell microencapsulation has laid the groundwork for

directed differentiation, bioprocessing, and transplantation protocols. However, additional
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innovation in material design, microcapsule formation methods, and modeling of

encapsulated systems could benefit the further development and eventual translation of

microencapsulated stem cell technologies.

Microcapsule materials have been engineered to contain adhesive moieties to facilitate cell

attachment and migration (Bidarra et al., 2011; Evangelista et al., 2007; Karoubi et al., 2009;

Markusen et al., 2006), modified with growth factors, such as VEGF, to modulate

differentiation (Rahman et al., 2010), or tailored to degrade with regulated rates to enable

controlled release of the cellular contents (Ashton et al., 2007; Fonseca et al., 2011; Zhou

and Xu, 2011). Because stem cells are often sensitive to their surrounding mechanical

microenvironment, the development of hydrogels with variable, well-defined mechanical

properties could also be used to regulate cell viability, proliferation, and differentiation.

Several methods to create capsules with a range of mechanical properties have been

previously developed, including the use of photocross-linkable alginates (Jeon et al., 2009)

or microfluidics to precisely control concentrations of the cell/polymer and cross-linking

solutions (Kumachev et al., 2011). Engineered materials which provide a more controlled

release of stem cell secreted factors could be used to regulate the size range of molecules

allowed to enter or leave the capsule; for example, the development of dual capsules, in

which a secondary material provides additional control over mass transfer processes, may

provide a platform for future advances (Zhang et al., 2008). Likewise, the incorporation of

molecules with specific binding characteristics, such as the affinity of glycosaminoglycans

for positively charged growth factors, could be used to further modulate the types of

molecules captured by and/or permitted to pass through a capsule. In addition to modifying

encapsulation materials, microparticles with diverse material properties can be incorporated

within aggregates (Bratt-Leal et al., 2011) that could then be encapsulated to provide

spatially localized cues for differentiation, and also potentially impact secretory properties

of the cells.

Microfluidic and microlithography methods are also being investigated to achieve more

precise formation of stem cell microcapsules. Microfluidic-based methods can improve the

efficiency and precision of encapsulation by reducing exposure to cytotoxic cross-linking

agents (Kim et al., 2009), by facilitating the homogeneous formation of cellular aggregates

within liquid core capsules (Kim et al., 2011), or by combining two cell populations in a

precise ratio (Tumarkin et al., 2011). Microfluidic chips can also be utilized for culture of

encapsulated stem cells, allowing for temporally controlled delivery of chemical cues, real-

time imaging, and on-chip phenotypic analyses (Kim et al., 2012). The formation of

microcapsules using microlithography, in which gels are cast in 3D patterned microwells,

can be used to create homogeneously sized capsules of different shapes (Qiu et al., 2007),

though current methods are relatively low-throughput. The development of novel systems

with micro-level control of capsule formation and analysis will facilitate more precise

encapsulation methods (e.g., exposure time and concentration of cross-linker, cell seeding

ratios), more systematic analysis of capsule parameters (e.g., mechanical stability), and

precise evaluation of cellular phenotype and response (e.g., differentiation status, secretory

response to stimuli).
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Computational modeling of encapsulated cell systems is currently an underutilized approach

to provide additional insight into efficient differentiation and manufacturing processes

where experimental systems alone often fall short. Mass transfer modeling of oxygen

diffusion is important to ensure cell viability and proliferation, as well as to confirm

exposure of cells to appropriate oxygen levels for directed differentiation (Gross et al., 2007;

Mohyeldin et al., 2010). Additionally, computational fluid dynamic models of

microencapsulated cells within bioreactors can elucidate estimates of hydrodynamic forces

and concentration gradients present in the system that are challenging to measure directly

(Consolo et al., 2012).

In summary, microencapsulation provides a robust platform for manipulating stem cell

expansion, differentiation, and transplantation. The significant knowledge gained from the

history of microencapsulation for the production of enzymes and isolation of primary cells

can be leveraged to accelerate the development of stem cell products. The ability of

microencapsulated environments to simultaneously control cell phenotype by varying

material properties, prevent detrimental agglomeration and shield hydrodynamic forces in

large bioreactors, and allow for allogeneic stem cell transplantation with reduced

immunogenic risk renders microencapsulation an important and integral technology for the

future of stem cell research, biomanufacturing, and clinical therapies.
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Figure 1.
Microencapsulation of stem cells permits mass transport of nutrients and secretory products

while restricting the passage of immune molecules and cells and shielding from physical

forces. Modification of various capsule parameters can modulate stem cell response(s) while

simultaneously enabling expansion in scalable suspension bioreactors for bioprocessing and

transplantation in vivo.
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Figure 2.
Microencapsulation methods facilitate several configurations of cell entrapment, including

the initial encapsulation of single cells or aggregates, the addition of a coating such as poly-

L-lysine (PLL), and/or liquefaction and hollowing of the capsule core. Murine ESCs were

encapsulated in alginate in each of these four configurations. In the PLL-coated capsules, the

creation of a liquid core led to self-aggregation of the encapsulated single cells, while the

solid matrix inhibited large aggregate formation. Scale bar =200 μm.
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Figure 3.
Alginate, the most common polymer used for microencapsulation, is made up of guluronic

acid (G) and mannuronic acid (M) residues. The ratio of G:M residues and block lengths of

each species impact the mechanics and permeability of the hydrogel material. When using

calcium as the cross-linking ion, the calcium only cross-links G residues, leading to an “egg

box” configuration (Simpson et al., 2004). Therefore, alginates with higher G content yield

stiffer, less flexible hydrogels that maintain mechanical stability for a longer period of time.
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Table I

Maintenance of viability and/or potency within microcapsules.

Cell type Capsule material References

MSCs Alginate Goren et al. (2010), Penolazzi et al. (2010), Trouche et al. (2010)

Alginate w/RGD sites Markusen et al. (2006)

Agarose-collagen Batorsky et al. (2005)

Agarose-chitosan-PEG Paul et al. (2010)

Agarose w/fibronectin Karoubi et al. (2009)

ESCs Alginate Maguire et al. (2005), SitiIsmail et al. (2008), Wang et al. (2006)

Agarose Dang et al. (2004)

Agarose w/alginate core Sakai et al. (2008)

NSCs Alginate Li et al. (2006), Purcell et al. (2009)
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Table II

Directed differentiation within microcapsules.

Differentiation lineage Starting cell type Capsule material References

Osteogenic MSCs Alginate Ding et al. (2007), Penolazzi et al. (2010)

Collagen Chan et al. (2010)

ESCs Alginate Hwang et al. (2009), Tang et al. (2012)

ADSCs Alginate Abbah et al. (2006)

Chondrogenic MSCs Alginate Babister et al. (2008), Endres et al. (2010)

Collagen Hui et al. (2008), Li et al. (2011)

Cardiac ESCs Alginate Jing et al. (2010)

Agarose Bauwens et al. (2005)

Pancreatic ESCs Alginate Chayosumrit et al. (2010), Wang et al. (2009)

Hepatocytic ESCs Alginate Fang et al. (2007), Maguire et al. (2005)

Adipogenic ADSCs Alginate-gelatin Yao et al. (2012)

Neural ESCs Alginate Li et al. (2011b)

Hematopoietic ESCs Agarose Dang et al. (2004), Rahman et al. (2010)

Biotechnol Bioeng. Author manuscript; available in PMC 2014 September 14.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Wilson and McDevitt Page 31

Table III

Bioreactor configurations for microencapsulated cell culture.

Reactor configuration Cell type Capsule material References

Spinner flask/stirred suspension ESCs Alginate Jing et al. (2010), Serra et al. (2011)

Agarose Bauwens et al. (2005)

HSCs Alginate Levee et al. (1994)

High aspect ratio vessel (HARV) ESCs Alginate Consolo et al. (2012), Hwang et al. (2009)

Fixed bed MSCs Alginate Weber et al. (2007)

Tubular perfusion MSCs Alginate Yeatts et al. (2011)
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