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Abstract Stem cells receive physical and chemical cues capable of influencing
their phenotype from inter-related elements of the microenvironment, such as cell–
cell contacts, soluble molecule signals and physical interactions with the ECM. In
contrast to conventional 2D culture systems, barriers to diffusion within 3D cul-
tures limit the effectiveness of media manipulation as a method to direct cell
behavior. Efforts to engineer stem cell microenvironments in 3D using biomate-
rials have generally been attempted by either scaffold seeding, cell encapsulation,
or microcarrier/microparticle based approaches. These different methods have
been applied not only for the propagation of pluri- and multipotent stem cells, but
also to direct the differentiation of such stem cells into more differentiated
phenotypes. This chapter discusses the unique benefits, as well as associated
challenges of integrating biomaterials into 3D stem cell microenvironments.

1 Introduction

Stem cell fate is regulated by transcription factors that control gene and protein
expression. The balance between self-renewal and differentiation of stem cells is
determined by the sensitivity of gene regulation to changes in the extracellular
microenvironment. A complex assembly of soluble factors, cell–cell and
cell–extracellular matrix interactions constitute the molecular regulators of the
microenvironment through which stem cell fate is determined [1]. Particularly in
the case of pluripotent and multipotent stem cells, the microenvironment requires
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special consideration because of the vastly divergent array of cell lineages that can
be adopted by such stem cells. In the developing embryo, morphogen gradients,
cell–cell and cell–extracellular matrix signals are integrated to provide essential
spatial and temporal information to direct cell differentiation, migration and tissue
formation.

Pluripotent embryonic stem cells (ESCs) can differentiate into cells of all three
germ lineages (ecto-, endo- and mesoderm); however, when the microenvironment
is not strictly regulated, ESCs differentiate in a spontaneous, uncontrolled manner.
Thus, much of the current focus of ESC research is to better understand environ-
mental mechanisms regulating cell differentiation and to develop the essential
technologies to direct differentiation more efficiently towards a homogeneous
population of cells that could be used for regenerative therapies. Recently, the ability
to produce ‘‘induced’’ pluripotent stem (iPS) cells from human somatic cell types
has been reported, allowing for patient specific pluripotent cells to be developed,
and thereby avoiding the potential immune rejection of allogenic ESCs [2, 3].

Multipotent adult stem cells, present in most tissues of mature organisms, serve to
repair and regenerate tissues and thereby enable organisms to live beyond the life-
span of individual cells [4]. Multipotent stem cells are also responsive to signals in
the microenvironment capable of directing self-renewal or differentiation. For
example, in many tissues, contact, or a loss of contact with a specialized basement
membrane is believed to influence the fate of stem cell daughter cells [4].

Stem cells are typically expanded in an environment intended to maintain
‘‘stemness’’ before being subjected to a different set of conditions designed to
promote differentiation, preferably to a specific phenotype. Biochemical factors
such as basic fibroblast growth factor (bFGF) for human ESCs [5, 6] or leukemia
inhibitor factor (LIF) for mouse ESCs [7, 8] are routinely added to the culture
medium to grow ESCs in an undifferentiated state. Withdrawal of these factors
from the culture media allows differentiation to proceed. In contrast, specific
factors have yet to be identified to stably maintain mesenchymal stem cells
(MSCs) and extended passaging of MSCs in vitro generally results in genetic
abnormalities and reduced differentiation potential.

The substrate on which stem cells are cultured also can be used to inhibit or
promote differentiation. Feeder layers of cells can be used, such as mouse embryonic
fibroblasts (MEFs) [5], to promote ESC self-renewal. In addition, ECM coatings,
such as MatrigelTM, a complex mixture of basement membrane components isolated
from mouse tumor cells, or gelatin can be used as alternative surface coatings to
feeder cell layers [9]. MatrigelTM and MEFs contain or produce ECM and soluble
factors which favor ESC self-renewal and growth while limiting cell differentiation.
The introduction of xenogenic material, either through the substrate, or through
animal serum, can lead to the expression of immunogenic animal proteins on human
stem cells, limiting their clinical uses [10]. Thus, chemically defined media, which
avoid the introduction of animal serum proteins, have been produced in recent years
for the purpose of presenting the most basic biochemical factors required for stem
cell growth and self-renewal [11]. Defined culture media and ECM substrates can
also be advantageous in directed differentiation protocols in order to present defined
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amounts of molecules and avoid presentation of conflicting signals which could
contribute to heterogeneous differentiation.

1.1 Culture in Two or Three Dimensions

Traditionally, two-dimensional culture (2D) is used to maintain cells in an
undifferentiated state whereas three-dimensional (3D) culture techniques are more
commonly implemented in differentiation protocols. For example, ESCs are com-
monly differentiated through the formation of 3D multicellular aggregates, referred to
as embryoid bodies (EBs) [12]. Spheroid culture provides a platform for scalable
culture of cells because they can be grown in suspension and require a lower tissue
culture surface area-to-volume ratio compared to cells in monolayer. The 3D spheroid
microenvironment is complex and becomes more so as differentiation progresses.
Differentiating cells deposit extracellular matrix and are subjected to homo- and
heterotypic cell–cell interactions, as well as autocrine and paracrine factors.

Soluble factors added to the culture media are more accessible to cells grown in
monolayer and the temporal resolution of these factors can be fairly well con-
trolled by simply exchanging the culture media at specific times [13]. In contrast,
3D culture provides more physiological cues such as increased cell–cell interac-
tions and the potential for increased cell–extracellular matrix interaction; however,
diffusion limitations complicate 3D cultures of cells. Concentration gradients of
soluble factors added to the media, which result from the diffusion properties of
3D cellular aggregates or constructs, can result in differences in the microenvi-
ronment depending on the spatial positioning of cells. Stem cells can be very
sensitive to small perturbations in the biochemical composition of their sur-
roundings and the effects of soluble factors often vary in a dose-dependent
manner. This limited control of the 3D environment has necessitated the devel-
opment of biomaterial technologies to engineer the microenvironment of 3D
culture systems in order to further develop stem cell differentiation protocols.

1.2 Strategies for Biomaterial Control of the 3D
Microenvironment

As introduced above, adhesive protein biomaterials (i.e. Matrigel and gelatin) have
been used as culture substrates for stem cell maintenance culture in 2D. Bioma-
terials can also be integrated within 3D stem cell environments in order to control
the increased complexity of the microenvironment. Strategies to control stem cell
behavior using biomaterials have largely aimed to deconstruct elements of native
biological complexity and integrate defined components into controlled systems to
present molecular cues to stem cells.
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Parameters such as hydrophobicity, porosity, degradation kinetics and surface
coating can be engineered to create the desired material properties. The ability to
engineer biomaterial surface properties can be utilized to present insoluble factors
to mimic cell–cell or extracellular matrix interactions. Stem cells and biomaterials
can be combined as scaffolds in the classic tissue engineering paradigm, wherein a
spongy or fibrous scaffold provides mechanical support for attachment and
migration guidance initially and then degrades as the cells produce their own
natural scaffolding. In addition to scaffolds, which have been used extensively
with other cell types, single cell suspensions or EBs are often completely encap-
sulated in either a natural ECM matrix or in a polymer designed to provide
differentiation cues. Encapsulation typically occurs in the form of small spherical
beads (hundreds of microns in diameter) grown in suspension culture whereas
scaffolds are much larger and are grown in static or perfused cultures. Another
approach is to integrate biomaterials within stem cell spheroids, either using mi-
crocarriers or microparticles, to control the microenvironment from the ‘‘inside–
out.’’ Strategies utilizing scaffolds, encapsulation and microcarrier/microparticles
for control of the stem cell microenvironment are depicted in Fig. 1 and are
discussed in further detail below.

2 Scaffolds

The application of polymeric scaffolds to support somatic cells was one of the
original tenets of tissue engineering strategies [14]. Polymer scaffolds were
originally designed primarily as carriers for cell transplantation which provided
temporary structural support until cells could adequately synthesize their own
matrix to replace the biodegradable synthetic material. However, advancements in
the field of biomaterials have led to the development of more sophisticated
scaffolds in various forms (e.g. porous, fibrous), capable of responding to

Fig. 1 Biomaterials can be incorporated within 3D stem cell microenvironments to direct cell
behavior. Cells can be cultured on or within polymeric scaffolds (a) which provide physio-
chemical cues. Encapsulation of cell aggregates or single cells (b) can be used to increase the
surface area to volume ratio for scalable culture and to provide an artificial matrix. ‘‘Inside–out’’
approaches to direct the microenvironment include culture of cells on microcarriers (c, top) and
the incorporation of microparticles within stem cell aggregates (c, bottom)
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environmental changes (e.g. temperature, pH, electrical stimulation, proteases) and
directly incorporating biomolecular cues to mediate cell attachment, proliferation
and differentiation. Recently, pluripotent and multipotent stem cells have
been seeded onto polymer scaffolds as a means to examine self-renewal and
differentiation properties in 3D.

Scaffolds have been studied in combination with mesenchymal stem cells
(MSCs) for a wide variety of applications including bone and cartilage regener-
ation. The ability of MSCs, derived from bone marrow or other tissues (e.g.
adipose tissue), to differentiate into a variety of cell types, including osteo-,
chondro-, and adipogenic lineages, has made MSCs the most common cell source
for musculoskeletal tissue engineering strategies. A variety of synthetic and
natural polymers have been utilized for both osteogenesis and chondrogenesis
of MSCs, including nanofibrous electrospun poly(caprolactone) (PCL) [15–17],
PLGA [18–22], and silk [23–26]. The ability of multiple scaffold types with a wide
range of chemical and physical properties to support MSC proliferation and dif-
ferentiation makes this a promising and active area of stem cell research.

Pluripotent stem cells can likewise be cultured on or within scaffolds, and much
of the knowledge gained from previous studies with MSCs can be applied to ESC
culture. As discussed above, culture of undifferentiated ESCs is typically per-
formed in monolayer, with cells grown on either an inactivated MEF feeder layer
or Matrigel. However, the use of synthetic scaffolds for self-renewal culture may
circumvent the issues of xenogenic contact and scale-up feasibility associated with
MEF and Matrigel substrates. The culture of hESCs on an artificial matrix
composed of semi-interpenetrating polymer networks (sIPN) supported short-term
maintenance of pluripotency [27]. The sIPN hydrogels were functionalized with
the arginine-glycine-aspartic acid (RGD) peptide sequence, and RGD concentra-
tion, as well as the mechanical properties of the hydrogel, were varied indepen-
dently to identify conditions which promoted self-renewal of hESCs. Artificial
extracellular matrices for stem cell renewal can be used as a xeno-free alternative
to defined media.

Additionally, ESCs have been cultured on nanofibrillar polyamide matrices
known as Ultra-Web under self-renewal conditions [28]. ESCs grown on Ultra-
Web displayed higher alkaline phosphatase activity, indicative of pluripotency, as
well as enhanced proliferation, relative to gelatin-coated glass coverslips.
Activation of Rac, a small GTPase, was also enhanced in cells cultured on Ultra-
Web, as was activation of the PI3K pathway and Nanog expression. These data
indicate that the 3D architecture on which cells are cultured may play an important
role in cell fate determination and must be taken into account in future design of
cell culture systems for ESC self-renewal.

Synthetic scaffolds have also been applied to differentiation approaches for
ESCs. Porous scaffolds composed of PLGA/PLLA have been investigated as
substrates for hESC adhesion and differentiation, with the intent of forming
complex tissue architectures to be used in transplantation therapies [29]. The
combination of seeding human ESCs on porous scaffolds and media supple-
mentation with growth factors was found to induce differentiation into various
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cell types that expressed markers of neural, chondrogenic and hepatic lineages.
Cells remained viable on the scaffolds following implantation in severely
immune compromised mice, and continued differentiation and reorganization
was observed. Studies focusing specifically on neural differentiation of hESCs
seeded onto PLGA scaffolds were performed, with the effect of various media
supplements reported [30]. The addition of nerve growth factor and neurotrophin
3 to the scaffold cultures enhanced differentiation to nestin and bIII tubulin
positive cells, indicative of neural progenitors and neurons, respectively. How-
ever, formation of functional, higher-ordered tissues will likely require greater
sophistication in scaffold architecture and differentiation-cue presentation to
ESCs.

Scaffolds composed of biomimetic and natural polymers have been used in
scaffold fabrication in order to present instructive microenvironments to
pluripotent cells. ESCs cultured on the biomimetic material Cytomatrix formed
3D structures similar to EBs, but displayed enhanced ECM production as well as
increased efficiency in differentiation to hematopoietic precursor cells [31].
Genes associated with ECM production as well as proliferation and differenti-
ation were found to be enhanced relative to traditional EBs [32]. Incorporation
of ESCs into porous alginate scaffolds resulted in efficient, homogeneous EB
formation, with EBs spatially restricted within the pores. Agglomeration of
EBs appeared to be inhibited, resulting in efficient cell proliferation and
differentiation [33].

Fibrin scaffolds have also been investigated for use in directed ESC differen-
tiation to neural cell types [34]. Cells from both dissociated and intact EBs were
seeded within fibrin scaffolds, and conditions including cell density and fibrinogen
and thrombin concentration were optimized for cell proliferation and differentia-
tion. After 14 days, successful differentiation of ESCs into neurons and astrocytes
was observed. In an independent study, cells were seeded onto fibrin scaffolds as
well as PEGylated fibrin scaffolds, and proliferation and differentiation were
assessed relative to traditional EBs as well as EBs grown in semi-solid methyl-
cellulose [35]. Proliferation in both types of fibrin scaffolds was enhanced relative
to EBs and methylcellulose EBs. Culture in non-PEGylated fibrin resulted in
differentiation similar to that observed in traditional EBs, with down-regulation of
OCT4 and expression of VE-Cadherin, while ESCs growth in PEGylated fibrin
were more similar to methylcellulose controls.

Semi-interpenetrating polymer networks composed of the natural polymers
collagen, fibronectin and laminin were examined as scaffolds for ESC differ-
entiation [36]. Differentiation was found to be a function of both network
composition and concentration, as high collagen concentration inhibited EB
cavitation, fibronectin appeared to enhance endothelial differentiation, and lam-
inin enhanced cardiomyogenesis. Use of the self-assembling nanofibrillar peptide
scaffold PuraMatrix was investigated for osteogenic differentiation of ESCs [37].
EB-derived cells were seeded onto PuraMatrix scaffolds after 8 days of differ-
entiation, and cells plated onto tissue culture polystyrene served as a 2D control.
Both PuraMatrix and 2D substrates supported osteogenic differentiation,
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although maintenance of OCT4 positive cells was more prevalent in 3D. Scaf-
folds can be used to control physiochemical elements of the microenvironment,
however, their use for large scale production of homogeneous cells may be
limited due to diffusional limitations of nutrients in large constructs lacking
vasculature.

3 Encapsulation

Encapsulation of stem cells into hydrogels represents a scalable way to present
factors locally to cells. Unlike scaffolds, large numbers of capsules can be
cultured in suspension culture. Encapsulation of stem cells can affect diffusion,
control aggregate size and prevent agglomeration as well as provide an
instructive environment depending on the properties of the material chosen for
encapsulation. From a bioprocessing perspective, encapsulation provides a
method to grow anchorage dependent cells in suspension thereby increasing the
surface area to volume ratio and scale up potential. MSCs are difficult to
maintain as aggregates in suspension [38] and for this reason they are often
studied using encapsulation. In addition to bioprocessing advantages, the creation
of an artificial matrix aids in study of cellular response to specific elements of
native ECM. Elements such as material stiffness or peptide density can be varied
independent of other factors.

Single cell suspensions or cell spheroids can be encapsulated several ways
depending on the material properties. Thermosetting hydrogels such as agarose can
be used to encapsulate cells by emulsifying a mixture of agarose, cells and oil.
Agarose capsules containing EBs are formed in the oil phase after emulsification and
can be gelled by lowering the temperature below the gelation point of agarose [39].
Materials such as alginate are useful for encapsulation because gelation occurs in the
presence of Ca2+ ions and does not require oil phase emulsion or temperature change
that can lower cell viability. Precisely sized droplets of alginate and cells can be
created and gelled in CaCl2 baths and cells can be retrieved at later time points
after transfer to a medium without Ca2+ [40–43]. Artificial polymers such as
poly(NiPAAm-co-AAC) [44], poly(ethylene glycol) (PEG) [45], and PEG deriva-
tives such as PEG diacrylate [46, 47] and oligo(poly(ethylene glycol)) fumerate [48]
have been utilized as well.

Encapsulation also provides a method to investigate interactions between cells
and specific signaling sequences in an artificial ECM environment in which the
ligand density can be precisely controlled. For example, alginate can be modified
to present small peptide sequences such as arginine-glycine-aspartic acid (RGD)
[43], found on ECM proteins such as fibronectin, fibrin and vitronectin. Increasing
RGD density in alginate gels resulted in dose dependent decrease in encapsulated
MSC response to TGF-B1 and dexamethasone, components of chondrogenic
media. It was hypothesized that integrin mediated signaling may be responsible for
inhibition of chondrogenesis in the cells and control of integrin signaling may be a
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useful target for directed differentiation strategies. Mimicking ECM interactions
using small peptide sequences can aid in understanding the mechanisms by which
ECM components contribute to the cellular microenvironment.

In regards to ESCs, encapsulation originated as a method to control the homo-
geneity of differentiation culture. ESCs express high levels of E-cadherin, a homo-
typic cell–cell adhesion molecule, which has been shown to be primarily responsible
for EB formation in suspension culture [39, 49]. High levels of E-cadherin also
can lead to agglomeration which is particularly problematic in static cultures.
Agglomeration leads to heterogeneity in EB culture and contributes to the
heterogeneity of the resultant differentiated cell population. In addition, the size of
the initial ESC aggregate has been implicated in the trajectory of subsequent dif-
ferentiation, and therefore precise size control of EB formation is considered
advantageous [50–52]. In addition, EBs formed using other methods can be later be
encapsulated with one EB/capsule to prevent agglomeration and to shield EBs from
shear forces experienced in a stirred bioreactor. ESCs can be encapsulated as a
single-cell suspension and depending on the material used and the size of the capsule
formed, the result can be single EBs or small individual clumps of cells.

ESCs can be encapsulated in natural polymers such as hyaluronic acid [53] or
alginate [54] to maintain a pluripotent state useful for production of large amounts
of cells. Cells can then either be retrieved from the gels or switched to differen-
tiation conditions for further culture. Retrieval from hyaluronic acid encapsulation
requires that the capsules be incubated in hyaluronidase, while alginate capsules
can be depolymerized through the removal of divalent cations. Encapsulation can
be further used to promote differentiation into hepatocytes [42], chondrocytes [55],
cardiomyocytes [56], and definitive endoderm [57]. In some cases, encapsulation
is used as a method to support differentiation of ESCs; however, directed differ-
entiation techniques, such as the addition of soluble factors, can also be combined
with encapsulation to promote specific directed differentiation.

Bioengineers can apply knowledge of biological processes which are known to
occur naturally to direct stem cell behavior, such as the presentation the RGD
peptide to promote adhesion, however, another strategy is to screen biomaterials
with different surface chemistries to discover new non-physiological interactions
which can be useful in directing cell differentiation. Using this strategy, the gene
expression of stem cells on different surfaces can be analyzed on an array set-up
with high-throughput analysis and materials that promote the desired differentia-
tion can be further analyzed in 3D culture. PEG hydrogels functionalized with
small side functional groups of varying charge and hydrophilicity illicit different
gene expression profiles of encapsulated hMSCs [58].

4 Microcarriers and Microparticles

Encapsulation of ESCs and other stem cell types is a method to introduce bio-
material control of differentiation cues; however, this method is an ‘‘outside–in’’
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strategy. Biomaterial interaction with the microenvironment is directly imparted
on cells of the surface of encapsulated aggregates whereas interior cells are not
directly affected. Alternative strategies have similarly focused on incorporating
biomaterials with cells cultured in suspension; however, they rely either on culture
of cells on microcarriers or the incorporation of microparticles within stem cell
aggregates.

4.1 Microcarriers

Microcarriers are spherical beads, normally 150–500 microns in diameter, and can
be made of a variety of materials such as polystyrene, dextran and glass. Cells can be
grown on the surface of microcarriers to increase the available growing surface area
per unit volume and have been used to scale up culture of anchorage dependent cells.
Microcarriers have been reported to support maintenance culture of human ESCs
[59–61], mouse ESCs [49, 62, 63] and MSCs [64, 65] and importantly, population
doubling times remain comparable to 2D culture standards. Dextran beads coated in
collagen are most often used for ESC attachment. These cells can then be differ-
entiated while adhered to the bead or they can be separated from the beads for use in
other differentiation protocols. The choice of coating is important to the cell yield
and in the case of polystyrene beads, cells can adhere without a coating through
electrostatic interactions. Cell collection from uncoated polystyrene is difficult and
results in decreased cell viability, whereas with gelatin coated dextran, trypsin can
digest the collagen layer and cells can be recovered with high yield. Matrigel has
also been successfully used as a dextran bead coating as it is known that Matrigel
will support undifferentiated growth of ESCs [59, 61].

In contrast to scaffold-based approaches, the material properties of microcarriers
have not been extensively studied in regards to directed differentiation or micro-
environmental control. Microcarrier materials are evaluated on their ability to
expand large amounts of undifferentiated cells. This is in part due to the fact that
microcarrier culture is analogous to 2D culture where media manipulation using
growth factors or small molecules is a potent regulator of cell behavior. Limitations
remain with microcarrier culture including agglomeration and low cell viability after
collection procedures. Stirred suspension bioreactors are commonly utilized to
agitate the culture and prevent agglomeration and a balance must be reached between
shear forces experienced by cells and agglomeration at lower agitation rates.

4.2 Microparticles

While microcarriers are used to scale up the culture monolayers of cells, smaller-
sized particles, ranging from 250 nm to 10 lm in diameter, can be incorporated
within larger cell spheroids to take advantage of increased cell–cell contacts and 3D
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ECM contact. The incorporation of materials within stem cell aggregates is a rela-
tively new approach of ‘‘inside–out’’ engineering that can be used to place cells on
the interior of the aggregate in direct contact with the biomaterials. Biomaterial
microparticles have been widely used in the field of drug delivery as vehicles for
controlled release of encapsulated molecules, and their surface can be functionalized
with cell specific adhesion ligands for cell-targeted delivery, especially useful in
cancer therapies. In addition, microparticle surfaces can be modified to mimic cell–
cell interactions, loaded with soluble morphogens for controlled release or can be
used to introduce ECM proteins for control of matrix properties [66]. The surfaces of
materials such as polystyrene and poly(2-hydroxyethyl methacrylate) have previ-
ously been modified in 2D cultures to present LIF to prevent differentiation or
Jagged-1 to mimic cell–cell signaling [67, 68]. Microparticles can be combined with
other techniques discussed previously to add further control of soluble factor release.
Microparticles incorporated in scaffolds [69, 70] can continually release encapsu-
lated factors throughout the construct and this could similarly be used in capsules of
encapsulated cells.

Microparticles incorporated within progenitor cell spheroids was first used to
improve post-transplantation cell viability of neural cells [71]. Fetal rat brain cells
were mixed with poly(lactic-co-glycolic acid) (PLGA) microparticles which
released nerve growth factor (NGF) to increase cell viability after transplantation.
This concept has also been applied to synthetic microenvironments for ESCs for
the purpose of directed differentiation [72, 73]. As introduced in the beginning of
the chapter, ESC spheroids present barriers to diffusion and therefore cells in the
interior are not completely accessible to molecules in the media as is the case with
2D culture. Cell–cell contacts and deposited ECM can limit the diffusion of even
small molecules and the formation of gradients is likely to contribute to the
heterogeneous nature of EB differentiation.

Incorporation of biomaterials within EBs circumvents the diffusion barriers to
cells on the EB interior and microparticles can act as point sources continuously
releasing morphogen within the EB. In this way, gradients of molecules can be
minimized to create a more homogeneous environment for the cells within EBs. An
example of microparticle-mediated control of the EB microenvironment is the
incorporation of PLGA microparticles within mouse EBs [72]. The microparticles
were loaded with retinoic acid (RA), a small, hydrophobic morphogen, and were
designed to continually release RA throughout EB culture. The resulting EBs
upregulated gene expression of genes characteristic of epiblast stage embryos and
uniform cavitation was observed in large populations of EBs. This effect could not
be matched through any soluble addition of RA to the EB medium, suggesting that
the controlled release of the RA by the particles inside the EBs was needed to
provide the appropriate microenvironment for epiblast-like EB formation. Evidence
that this effect was widespread throughout the entire culture indicates that this
strategy could be used to direct differentiation of ESCs in a scalable manner.
Controlled release of morphogens is also desired to conserve growth factor for large
scale experiments. Biomaterials can preserve the bioactivity of encapsulated growth
factor by maintaining the molecule in a bound state and preventing degradation.
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Soluble addition of growth factors must be replenished as determined by the half-life
of the molecule in order to maintain the desired concentration for cell signaling.

5 Summary and Conclusions

Stem cell differentiation is controlled by a complex system of extracellular signals
from the microenvironment. Control over the microenvironment in 3D culture
systems is limited when using traditional cell culture methods and therefore
engineered biomaterials have been integrated within 3D stem cell environments
for directed differentiation. Scaffolds, hydrogel encapsulation, microparticles and
microcarriers all are used to control cell–cell interactions, cell–ECM interactions
and the presentation of soluble or immobilized factors to cells. These methods
have been used to increase the efficiency and scalability of maintenance culture as
well as for directed differentiation.

References

1. Watt, F.M., Hogan, B.L.: Out of Eden: stem cells and their niches. Science 287(5457), 1427–
1430 (2000)

2. Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., Yamanaka, S.:
Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell
131(5), 861–872 (2007)

3. Yu, J., Vodyanik, M.A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J.L., Tian, S., Nie,
J., Jonsdottir, G.A., Ruotti, V., Stewart, R., Slukvin, II, Thomson, J.A.: Induced pluripotent
stem cell lines derived from human somatic cells. Science 318(5858), 1917–1920 (2007)

4. Spradling, A., Drummond-Barbosa, D., Kai, T.: Stem cells find their niche. Nature
414(6859), 98–104 (2001)

5. Thomson, J.A., Itskovitz-Eldor, J., Shapiro, S.S., Waknitz, M.A., Swiergiel, J.J., Marshall,
V.S., Jones, J.M.: Embryonic stem cell lines derived from human blastocysts. Science
282(5391), 1145–1147 (1998)

6. Amit, M., Carpenter, M.K., Inokuma, M.S., Chiu, C.P., Harris, C.P., Waknitz, M.A.,
Itskovitz-Eldor, J., Thomson, J.A.: Clonally derived human embryonic stem cell lines
maintain pluripotency and proliferative potential for prolonged periods of culture. Dev. Biol.
227(2), 271–278 (2000)

7. Smith, A.G., Heath, J.K., Donaldson, D.D., Wong, G.G., Moreau, J., Stahl, M., Rogers, D.:
Inhibition of pluripotential embryonic stem cell differentiation by purified polypeptides.
Nature 336(6200), 688–690 (1988)

8. Williams, R.L., Hilton, D.J., Pease, S., Willson, T.A., Stewart, C.L., Gearing, D.P.,
Wagner, E.F., Metcalf, D., Nicola, N.A., Gough, N.M.: Myeloid leukaemia inhibitory
factor maintains the developmental potential of embryonic stem cells. Nature 336(6200),
684–687 (1988)

9. Xu, C., Inokuma, M.S., Denham, J., Golds, K., Kundu, P., Gold, J.D., Carpenter, M.K.:
Feeder-free growth of undifferentiated human embryonic stem cells. Nat. Biotechnol. 19(10),
971–974 (2001)

10. Martin, M.J., Muotri, A., Gage, F., Varki, A.: Human embryonic stem cells express an
immunogenic nonhuman sialic acid. Nat. Med. 11(2), 228–232 (2005)

Integration of Biomaterials into 3D Stem Cell Microenvironments



11. Amit, M., Shariki, C., Margulets, V., Itskovitz-Eldor, J.: Feeder layer- and serum-free culture
of human embryonic stem cells. Biol. Reprod. 70(3), 837–845 (2004)

12. Doetschman, T.C., Eistetter, H., Katz, M., Schmidt, W., Kemler, R.: The in vitro development
of blastocyst-derived embryonic stem cell lines: formation of visceral yolk sac, blood islands
and myocardium. J. Embryol. Exp. Morphol. 87, 27–45 (1985)

13. Wada, T., Honda, M., Minami, I., Tooi, N., Amagai, Y., Nakatsuji, N., Aiba, K.: Highly
efficient differentiation and enrichment of spinal motor neurons derived from human and
monkey embryonic stem cells. PLoS One 4(8), e6722 (2009)

14. Langer, R., Vacanti, J.P.: Tissue engineering. Science 260(5110), 920–926 (1993)
15. Li, W.J., Tuli, R., Okafor, C., Derfoul, A., Danielson, K.G., Hall, D.J., Tuan, R.S.: A three-

dimensional nanofibrous scaffold for cartilage tissue engineering using human mesenchymal
stem cells. Biomaterials 26(6), 599–609 (2005)

16. Li, W.J., Chiang, H., Kuo, T.F., Lee, H.S., Jiang, C.C., Tuan, R.S.: Evaluation of articular
cartilage repair using biodegradable nanofibrous scaffolds in a swine model: a pilot study.
J. Tissue Eng. Regen. Med. 3(1), 1–10 (2009)

17. Li, W.J., Tuli, R., Huang, X., Laquerriere, P., Tuan, R.S.: Multilineage differentiation of
human mesenchymal stem cells in a three-dimensional nanofibrous scaffold. Biomaterials
26(25), 5158–5166 (2005)

18. Yang, J., Cao, C., Wang, W., Tong, X., Shi, D., Wu, F., Zheng, Q., Guo, C., Pan, Z., Gao, C.,
Wang, J.: Proliferation and osteogenesis of immortalized bone marrow-derived mesenchymal
stem cells in porous polylactic glycolic acid scaffolds under perfusion culture. J. Biomed.
Mater. Res. A (2009)

19. Xin, X., Hussain, M., Mao, J.J.: Continuing differentiation of human mesenchymal stem cells
and induced chondrogenic and osteogenic lineages in electrospun PLGA nanofiber scaffold.
Biomaterials 28(2), 316–325 (2007)

20. Park, K., Cho, K.J., Kim, J.J., Kim, I.H., Han, D.K.: Functional PLGA scaffolds for
chondrogenesis of bone-marrow-derived mesenchymal stem cells. Macromol. Biosci. 9(3),
221–229 (2009)

21. Tanaka, T., Hirose, M., Kotobuki, N., Tadokoro, M., Ohgushi, H., Fukuchi, T., Sato, J., Seto,
K.: Bone augmentation by bone marrow mesenchymal stem cells cultured in three-dimensional
biodegradable polymer scaffolds. J. Biomed. Mater. Res. A 91(2), 428–435 (2009)

22. Stiehler, M., Bunger, C., Baatrup, A., Lind, M., Kassem, M., Mygind, T.: Effect of dynamic
3-D culture on proliferation, distribution, and osteogenic differentiation of human
mesenchymal stem cells. J. Biomed. Mater. Res. A 89(1), 96–107 (2009)

23. Hofmann, S., Knecht, S., Langer, R., Kaplan, D.L., Vunjak-Novakovic, G., Merkle, H.P.,
Meinel, L.: Cartilage-like tissue engineering using silk scaffolds and mesenchymal stem
cells. Tissue Eng. 12(10), 2729–2738 (2006)

24. Meinel, L., Hofmann, S., Karageorgiou, V., Zichner, L., Langer, R., Kaplan, D., Vunjak-
Novakovic, G.: Engineering cartilage-like tissue using human mesenchymal stem cells and
silk protein scaffolds. Biotechnol. Bioeng. 88(3), 379–391 (2004)

25. Meinel, L., Karageorgiou, V., Hofmann, S., Fajardo, R., Snyder, B., Li, C., Zichner, L.,
Langer, R., Vunjak-Novakovic, G., Kaplan, D.L.: Engineering bone-like tissue in vitro using
human bone marrow stem cells and silk scaffolds. J. Biomed. Mater. Res. A 71(1), 25–34
(2004)

26. Kim, H.J., Kim, U.J., Kim, H.S., Li, C., Wada, M., Leisk, G.G., Kaplan, D.L.: Bone tissue
engineering with premineralized silk scaffolds. Bone 42(6), 1226–1234 (2008)

27. Li, Y.J., Chung, E.H., Rodriguez, R.T., Firpo, M.T., Healy, K.E.: Hydrogels as artificial matrices
for human embryonic stem cell self-renewal. J. Biomed. Mater. Res. A 79(1), 1–5 (2006)

28. Nur, E.K.A., Ahmed, I., Kamal, J., Schindler, M., Meiners, S.: Three-dimensional
nanofibrillar surfaces promote self-renewal in mouse embryonic stem cells. Stem Cells
24(2), 426–433 (2006)

29. Levenberg, S., Huang, N.F., Lavik, E., Rogers, A.B., Itskovitz-Eldor, J., Langer, R.:
Differentiation of human embryonic stem cells on three-dimensional polymer scaffolds.
Proc. Natl Acad. Sci. USA 100(22), 12741–12746 (2003)

A. Bratt-Leal et al.



30. Levenberg, S., Burdick, J.A., Kraehenbuehl, T., Langer, R.: Neurotrophin-induced
differentiation of human embryonic stem cells on three-dimensional polymeric scaffolds.
Tissue Eng. 11(3–4), 506–512 (2005)

31. Liu, H., Roy, K.: Biomimetic three-dimensional cultures significantly increase hematopoietic
differentiation efficacy of embryonic stem cells. Tissue Eng. 11(1–2), 319–330 (2005)

32. Liu, H., Lin, J., Roy, K.: Effect of 3D scaffold and dynamic culture condition on the global
gene expression profile of mouse embryonic stem cells. Biomaterials 27(36), 5978–5989
(2006)

33. Gerecht-Nir, S., Cohen, S., Itskovitz-Eldor, J.: Bioreactor cultivation enhances the efficiency
of human embryoid body (hEB) formation and differentiation. Biotechnol. Bioeng. 86(5),
493–502 (2004)

34. Willerth, S.M., Arendas, K.J., Gottlieb, D.I., Sakiyama-Elbert, S.E.: Optimization of fibrin
scaffolds for differentiation of murine embryonic stem cells into neural lineage cells.
Biomaterials 27(36), 5990–6003 (2006)

35. Liu, H., Collins, S.F., Suggs, L.J.: Three-dimensional culture for expansion and
differentiation of mouse embryonic stem cells. Biomaterials 27(36), 6004–6014 (2006)

36. Battista, S., Guarnieri, D., Borselli, C., Zeppetelli, S., Borzacchiello, A., Mayol, L., Gerbasio,
D., Keene, D.R., Ambrosio, L., Netti, P.A.: The effect of matrix composition of 3D constructs
on embryonic stem cell differentiation. Biomaterials 26(31), 6194–6207 (2005)

37. Garreta, E., Genove, E., Borros, S., Semino, C.E.: Osteogenic differentiation of mouse
embryonic stem cells and mouse embryonic fibroblasts in a three-dimensional self-
assembling peptide scaffold. Tissue Eng. 12(8), 2215–2227 (2006)

38. Karoubi, G., Ormiston, M.L., Stewart, D.J., Courtman, D.W.: Single-cell hydrogel
encapsulation for enhanced survival of human marrow stromal cells. Biomaterials 30(29),
5445–5455 (2009)

39. Dang, S.M., Gerecht-Nir, S., Chen, J., Itskovitz-Eldor, J., Zandstra, P.W.: Controlled,
scalable embryonic stem cell differentiation culture. Stem Cells 22(3), 275–282 (2004)

40. Markusen, J.F., Mason, C., Hull, D.A., Town, M.A., Tabor, A.B., Clements, M., Boshoff,
C.H., Dunnill, P.: Behavior of adult human mesenchymal stem cells entrapped in alginate-
GRGDY beads. Tissue Eng. 12(4), 821–830 (2006)

41. Ma, H.L., Hung, S.C., Lin, S.Y., Chen, Y.L., Lo, W.H.: Chondrogenesis of human
mesenchymal stem cells encapsulated in alginate beads. J. Biomed. Mater. Res. A 64(2),
273–281 (2003)

42. Maguire, T., Novik, E., Schloss, R., Yarmush, M.: Alginate-PLL microencapsulation: effect
on the differentiation of embryonic stem cells into hepatocytes. Biotechnol. Bioeng. 93(3),
581–591 (2006)

43. Connelly, J.T., Garcia, A.J., Levenston, M.E.: Inhibition of in vitro chondrogenesis in RGD-
modified three-dimensional alginate gels. Biomaterials 28(6), 1071–1083 (2007)

44. Park, J.S., Woo, D.G., Yang, H.N., Lim, H.J., Park, K.M., Na, K., Park, K.H.:
Chondrogenesis of human mesenchymal stem cells encapsulated in a hydrogel construct:
neocartilage formation in animal models as both mice and rabbits. J. Biomed. Mater. Res. A
92(3), 988–996 (2010)

45. Nuttelman, C.R., Tripodi, M.C., Anseth, K.S.: In vitro osteogenic differentiation of human
mesenchymal stem cells photoencapsulated in PEG hydrogels. J. Biomed. Mater. Res A
68(4), 773–782 (2004)

46. Alhadlaq, A., Tang, M., Mao, J.J.: Engineered adipose tissue from human mesenchymal stem
cells maintains predefined shape and dimension: implications in soft tissue augmentation and
reconstruction. Tissue Eng. 11(3–4), 556–566 (2005)

47. Hwang, N.S., Varghese, S., Zhang, Z., Elisseeff, J.: Chondrogenic differentiation of human
embryonic stem cell-derived cells in arginine-glycine-aspartate-modified hydrogels. Tissue
Eng. 12(9), 2695–2706 (2006)

48. Temenoff, J.S., Park, H., Jabbari, E., Sheffield, T.L., LeBaron, R.G., Ambrose, C.G., Mikos,
A.G.: In vitro osteogenic differentiation of marrow stromal cells encapsulated in
biodegradable hydrogels. J. Biomed. Mater. Res. A 70(2), 235–244 (2004)

Integration of Biomaterials into 3D Stem Cell Microenvironments



49. Fok, E.Y., Zandstra, P.W.: Shear-controlled single-step mouse embryonic stem cell
expansion and embryoid body-based differentiation. Stem Cells 23(9), 1333–1342 (2005)

50. Ng, E.S., Davis, R.P., Azzola, L., Stanley, E.G., Elefanty, A.G.: Forced aggregation of
defined numbers of human embryonic stem cells into embryoid bodies fosters robust,
reproducible hematopoietic differentiation. Blood 106(5), 1601–1603 (2005)

51. Bauwens, C.L., Peerani, R., Niebruegge, S., Woodhouse, K.A., Kumacheva, E., Husain, M.,
Zandstra, P.W.: Control of human embryonic stem cell colony and aggregate size
heterogeneity influences differentiation trajectories. Stem Cells 26(9), 2300–2310 (2008)

52. Kramer, J., Hegert, C., Guan, K., Wobus, A.M., Muller, P.K., Rohwedel, J.: Embryonic
stem cell-derived chondrogenic differentiation in vitro: activation by BMP-2 and BMP-4.
Mech. Dev. 92(2), 193–205 (2000)

53. Gerecht, S., Brudick, J.A., Ferreira, L., Townsend, S.A., Langer, R., Vunjak-Novakovic, G.:
Hyaluronic acid hydrogel for controlled self-renewal and differentiation of human embryonic
stem cell. Proc. Natl Acad. Sci. USA 104(27), 11298–11303 (2007)

54. Siti-Ismail, N., Bishop, A.E., Polak, J.M., Mantalaris, A.: The benefit of human embryonic
stem cell encapsulation for prolonged feeder-free maintenance. Biomaterials 29(29), 3946–
3952 (2008)

55. Hwang, N.S., Varghese, S., Theprungsirikul, P., Canver, A., Elisseeff, J.: Enhanced
chondrogenic differentiation of murine embryonic stem cells in hydrogels with glucosamine.
Biomaterials 27(36), 6015–6023 (2006)

56. Bauwens, C., Yin, T., Dang, S., Peerani, R., Zandstra, P.W.: Development of a perfusion fed
bioreactor for embryonic stem cell-derived cardiomyocyte generation: oxygen-mediated
enhancement of cardiomyocyte output. Biotechnol Bioeng. 90(4), 452–461 (2005)

57. Chayosumrit, M., Tuch, B., Sidhu, K.: Alginate microcapsule for propagation and directed
differentiation of hESCs to definitive endoderm. Biomaterials 31(3), 505–514 (2009)

58. Benoit, D.S., Schwartz, M.P., Durney, A.R., Anseth, K.S.: Small functional groups for
controlled differentiation of hydrogel-encapsulated human mesenchymal stem cells. Nat.
Mater. 7(10), 816–823 (2008)

59. Nie, Y., Bergendahl, V., Hei, D.J., Jones, J.M., Palecek, S.P.: Scalable culture and
cryopreservation of human embryonic stem cells on microcarriers. Biotechnol. Prog. 25(1),
20–31 (2009)

60. Fernandes, A.M., Marinho, P.A., Sartore, R.C., Paulsen, B.S., Mariante, R.M., Castilho, L.R.,
Rehen, S.K.: Successful scale-up of human embryonic stem cell production in a stirred
microcarrier culture system. Braz. J. Med. Biol. Res. 42(6), 515–522 (2009)

61. Lock, L.T., Tzanakakis, E.S.: Expansion and differentiation of human embryonic stem cells
to endoderm progeny in a microcarrier stirred-suspension culture. Tissue Eng. Part A 15(8),
2051–2063 (2009)

62. Fernandes, A.M., Fernandes, T.G., Diogo, M.M., da Silva, C.L., Henrique, D., Cabral, J.M.:
Mouse embryonic stem cell expansion in a microcarrier-based stirred culture system.
J. Biotechnol. 132(2), 227–236 (2007)

63. Abranches, E., Bekman, E., Henrique, D., Cabral, J.M.: Expansion of mouse embryonic stem
cells on microcarriers. Biotechnol. Bioeng. 96(6), 1211–1221 (2007)

64. Frauenschuh, S., Reichmann, E., Ibold, Y., Goetz, P.M., Sittinger, M., Ringe, J.: A
microcarrier-based cultivation system for expansion of primary mesenchymal stem cells.
Biotechnol. Prog. 23(1), 187–193 (2007)

65. Wang, C., Gong, Y., Zhong, Y., Yao, Y., Su, K., Wang, D.A.: The control of anchorage-
dependent cell behavior within a hydrogel/microcarrier system in an osteogenic model.
Biomaterials 30(12), 2259–2269 (2009)

66. Bratt-Leal, A.M., Carpenedo, R.L., McDevitt, T.C.: Engineering the embryoid body
microenvironment to direct embryonic stem cell differentiation. Biotechnol. Prog. 25(1),
43–51 (2009)

67. Alberti, K., Davey, R.E., Onishi, K., George, S., Salchert, K., Seib, F.P., Bornhauser, M.,
Pompe, T., Nagy, A., Werner, C., Zandstra, P.W.: Functional immobilization of signaling
proteins enables control of stem cell fate. Nat. Methods 5(7), 645–650 (2008)

A. Bratt-Leal et al.



68. Beckstead, B.L., Santosa, D.M., Giachelli, C.M.: Mimicking cell–cell interactions at the
biomaterial–cell interface for control of stem cell differentiation. J. Biomed. Mater. Res. A
79(1), 94–103 (2006)

69. Jaklenec, A., Wan, E., Murray, M.E., Mathiowitz, E.: Novel scaffolds fabricated from
protein-loaded microspheres for tissue engineering. Biomaterials 29(2), 185–192 (2008)

70. Patel, Z.S., Yamamoto, M., Ueda, H., Tabata, Y., Mikos, A.G.: Biodegradable gelatin
microparticles as delivery systems for the controlled release of bone morphogenetic protein-2.
Acta Biomater. 4(5), 1126–1138 (2008)

71. Mahoney, M.J., Saltzman, W.M.: Transplantation of brain cells assembled around a
programmable synthetic microenvironment. Nat. Biotechnol. 19(10), 934–939 (2001)

72. Carpenedo, R.L., Bratt-Leal, A.M., Marklein, R.A., Seaman, S.A., Bowen, N.J., McDonald,
J.F., McDevitt, T.C.: Homogeneous and organized differentiation within embryoid bodies
induced by microsphere-mediated delivery of small molecules. Biomaterials 30(13), 2507–
2515 (2009)

73. Ferreira, L., Squier, T., Park, H., Choe, H., Kohane, D.S., Langer, R.: Human embryoid
bodies containing nano- and microparticulate delivery vehicles. Adv. Mater. 20(12), 2285–
2291 (2008)

Integration of Biomaterials into 3D Stem Cell Microenvironments


	7 Integration of Biomaterials into  3D Stem Cell Microenvironments
	Abstract
	1…Introduction
	1.1 Culture in Two or Three Dimensions
	1.2 Strategies for Biomaterial Control of the 3D Microenvironment

	2…Scaffolds
	3…Encapsulation
	4…Microcarriers and Microparticles
	4.1 Microcarriers
	4.2 Microparticles

	5…Summary and Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0033002e00310029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


