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SUMMARY 

 

 Embryonic stem cells (ESCs) hold great promise for treatment of degenerative 

disorders such as Parkinson’s and Alzheimer’s disease, diabetes, and cardiovascular 

disease.  The ability of ESCs to differentiate to all somatic cell types suggests that they 

may serve as a robust cell source for production of differentiated cells for regenerative 

medicine and other cell-based therapeutics.  In order for ESCs to be used effectively in 

clinical settings, efficient and reproducible differentiation to targeted cell types must be 

demonstrated.  Methods to induce differentiation of ESCs typically involve culture in 

monolayer or formation of spheroids termed embryoid bodies (EBs).  Monolayer culture 

is advantageous for the relatively uniform microenvironment that is presented to cells, 

but is limited in scalability, as surface attachment of cells is required.  EB culture is 

performed in suspension, making it easily amenable to large-scale production.  However, 

the complex and dynamic microenvironment inherent in EBs limits the efficiency of 

directed differentiation using this approach.  A system capable of synergizing the 

uniformity of 2D culture with the scalability of 3D suspension culture is of great interest 

for the translation of stem cells into realizable therapies. The overall objective of this 

project was to engineer microenvironmental control over differentiating ESCs through 

the formation of EBs uniform in size and shape, and through the incorporation of 

morphogen-containing polymer microspheres within the interior of EBs.  The central 

hypothesis was that morphogen delivery through incorporated polymer microspheres 

within a uniform population of EBs will induce controlled and uniform differentiation of 

ESCs. 
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 Rotary suspension culture was developed in order to efficiently produce uniform 

EBs in high yield.  ESCs aggregated into EBs with faster kinetics in rotary culture than in 

static suspension.  Compared to static suspension culture, rotary suspension also 

significantly improved the production of differentiating cells and EBs over the course of 

7 days, while simultaneously improving the homogeneity of EB size and shape compared 

to both hanging drop and static EBs.  Differentiation assessment using quantitative PCR 

indicated that differentiation could be modulated through the use of rotary EB culture.   

 The diffusive transport properties of EBs formed via rotary suspension were 

investigated.  The diffusion of a fluorescent, cell permeable dye was used to model the 

movement of small morphogenic molecules within EBs.  Confocal microscopy 

demonstrated that the dye was not able to fully penetrate EB, and that the larger EBs at 

later time points (7 days) retarded dye movement to a greater extent than earlier EBs 

(days 2 and 4).  Dye diffusion was further assessed by imaging cryosections of labeled 

EBs, which confirmed that dye is preferentially sequestered by cells at the periphery of 

EBs.  Analysis of the fluorescence of dissociated EBs fortified the observed trend that 

later EBs (7 day) were labeled less efficiently than earlier EBs (2 or 4 days).  Calculation 

of the percentage of cells at a given depth in EBs as a function of spheroid radius was 

performed, and matched well with experimental data. 

 Polymer microspheres capable of encapsulating morphogenic factors were 

incorporated into EBs in order to overcome the diffusional limitations of traditional 

soluble delivery.  First, control over microsphere integration within EBs was 

demonstrated.  The size of poly (lactic-co-glycolic acid) (PLGA) microspheres was 

observed to have an impact on incorporation, with smaller microspheres promoting 
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greater incorporation.  The coating of microspheres with an adhesive protein also 

promoted incorporation, while coating with poly(lysine) did not encourage microsphere 

incorporation.  Additionally, microsphere to cell ratio and rotary mixing speed were 

observed to impact integration of microspheres, with higher microsphere ratios and 

slower rotary speeds resulting in greater numbers of incorporated particles.  Analysis of 

EB morphology as well as cell viability and differentiation demonstrated that the 

presence of microspheres did not significantly affect cells within EBs. 

 The use of microsphere-mediated delivery within EBs to direct cell differentiation 

was examined.   Retinoic acid (RA), a small molecule morphogen commonly employed 

in ESC differentiation, was encapsulated in PLGA microspheres.  The morphology of 

EBs containing RA microspheres (RA MS EBs) was assessed and compared to untreated 

EBs, EBs containing unloaded microspheres, and soluble RA treated EBs.  RA MS EBs 

formed uniquely cystic spheroids with a visceral endoderm layer enveloping a pseudo-

stratified columnar epithelium.  Transcriptional analysis using microarrays indicated that 

RA MS EBs cultured for 10 days were in a differentiation state similar to the early 

primitive streak stage of mouse development.  The organization of epiblast and endoderm 

cells was examined using immunostaining, and RA MS EB ultrastructure was analyzed 

with scanning electron microscopy; both of these analyses confirmed the primitive 

streak-like differentiation state of the EBs. 

 Finally, the continued differentiation of RA MS EBs in defined media conditions 

was assessed.  RA MS EBs were transferred to regular serum, low serum, or serum-free 

media after 10 days of differentiation in regular serum media.  The choice of media 

appeared to influence the germ lineage differentiation of the epiblast-like cells in RA MS 
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EBs.  Gene expression demonstrated that regular serum enhanced endoderm induction, 

serum-free media supported ectoderm differentiation, while mesoderm was most 

prominent in untreated EBs in full serum. 

In summary, this work has realized a unique approach for stem cell differentiation 

through modification of the internal microenvironment of ESC spheroids.  This novel 

inside-out method toward engineering EBs demonstrated that the mode of morphogen 

delivery (soluble or microsphere-mediated) significantly affected the course of 

differentiation.  These studies provide the basis for ongoing work, which will utilize the 

choice of microsphere material, coating, and morphogen in order to uniquely study 

mechanisms of ESC differentiation and achieve unparalleled engineering of the EB 

microenvironment. 
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CHAPTER 1 

INTRODUCTION 

 

 Embryonic stem cells (ESCs) are derived from the inner cell mass during the 

blastocyst stage of development [1-4].  These cells are pluripotent, meaning they have the 

ability to differentiate into all somatic cell types from the three germ lineages (endoderm, 

mesoderm and ectoderm) as well as germ cells [1,5].  Because they are derived from one 

of the earliest developmental states, ESCs are commonly used to study embryology in 

vitro, particularly with human ESCs, as direct examination of human embryos is not 

possible [6,7].  The pluripotent nature of ESCs has also garnered attention as a potential 

cell source for tissue engineering and regenerative medicine [8], which seek to restore 

function of damaged cells and tissue through controlled assembly of cells, scaffolds, 

and/or growth factors [9-11].  A renewable source of cells, either terminally differentiated 

or multipotent progenitors, is required for successful implementation of cell-based 

therapeutics.  The unique ability of ESCs to self-renew indefinitely in vitro and 

differentiate into all somatic cell types has made ESCs a potential cell-sourcing solution 

for tissue engineers.  However, to be used successfully in therapeutic applications, 

particularly at a large scale, the differentiation of ESCs to desirable cell types must be 

controlled and efficient. 

 Differentiation of ESCs can be induced through a variety of techniques.  The 

simplest differentiation protocols involve removal of serum and Leukemia inhibitory 

factor (LIF), a cytokine known to be essential for maintenance of mouse ESC 

pluripotency [12,13], from ESCs grown in monolayer.  While this approach has been 
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shown to induce spontaneous ESC differentiation, particularly to neural cell types, cell 

survival is low and production of terminally differentiated cells is inefficient [14].  The 

addition of growth factors, cytokines, and other morphogens to ESCs in monolayer has 

been described in order to more efficiently direct ESC differentiation [15,16].  Co-culture 

of ESCs with stromal cells has also been reported in efforts to mimic specific cell niches 

and thereby induce specific differentiation events [17-19].  While both of these methods 

have been successful in improving the efficiency of differentiation to a given cell type, 

the scale of monolayer based approaches is inherently limited by surface area, as cell 

attachment is required.   

Alternatively, ESCs can be induced to differentiate as three-dimensional 

spheroids termed embryoid bodies (EBs) [20].  Because EBs are cultured under 

suspension conditions, they are suitable for scalable production via large volume 

bioreactors.  Additionally, the microenvironment within EBs more closely mimics the 

cell environment in vivo, which consists of complex interactions with cells, extracellular 

matrix (ECM), and secreted factors [21].  When grown in non-adhesive conditions, ESCs 

spontaneously aggregate into EBs; however, spontaneous aggregation of ESCs results in 

inefficient, heterogeneous EB formation as well as agglomeration of individual EBs into 

large, irregular masses.   The lack of microenvironmental control over EBs grown under 

such conditions may contribute to the heterogeneity that is typically observed between 

EBs.  Additionally, the three-dimensional nature of EBs suggests that gradients of 

oxygen, nutrients, and morphogenic factors may develop with EBs [22,23].  Compared to 

monolayer culture, in which all cells are exposed to the same environment and are in 

direct contact with the media, spheroid culture presents cells with a complex, dynamic 
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milieu which may hinder the effectiveness of directed differentiation strategies that rely 

on solely on supplementation of exogenous factors.   

Strategies for ESC differentiation that utilize the scalability of EB culture while 

simultaneously harnessing the control and uniformity of monolayer culture are of great 

interest in filling a gap between basic stem cell science and translation to clinical 

applicability.   Therefore, the overall objective of this project was to engineer 

microenvironmental control over differentiating ESCs through the formation of EBs 

uniform in size and shape, and through the incorporation of morphogen-containing 

polymer microspheres within the interior of EBs.  The central hypothesis was that 

morphogen delivery through incorporated polymer microspheres within a uniform 

population of EBs will induce controlled and uniform differentiation of ESCs.  The 

objective was accomplished by testing the central hypothesis through the following 

specific aims: 

 

Specific Aim 1.  Develop a system for promotion of homogeneous embryoid body 

production that can be utilized for the incorporation of polymer microspheres 

within EBs.   

The working hypothesis was that gentle mixing conditions provided by rotary orbital 

culture would promote aggregation of ESCs as well as incorporation of microspheres 

within cell aggregates.  This hypothesis was examined by first comparing rotary EB 

culture to hanging drop and static suspension culture, two established EB formation 

methods.  The efficiency of formation, uniformity of size and shape, yield, and 

differentiation of rotary EBs were assessed and compared to static suspension and 
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hanging drop EBs.  The incorporation of fluorescently-labeled polymer microspheres 

within EBs using rotary mixing was analyzed by fluorescent microscopy and 

spectroscopy.  Control over incorporation was assessed as a function of adhesive coating, 

microsphere size, microsphere to cell seeding ratio, and orbital mixing speed.  The effects 

of microsphere incorporation on EB morphology, viability, and differentiation were 

assessed for different size microspheres as well as different mixing ratios.  

 

Specific Aim 2.  Examine the diffusion of small, hydrophobic molecules into EBs 

formed under rotary suspension conditions.   

The working hypothesis was that the diffusion of molecules into EBs would be limited by 

inherent barriers and that diffusion would decrease as a function of time.  This hypothesis 

was examined by incubating EBs formed via rotary suspension in a fluorescent, cell 

permeable dye after 2, 4 and 7 days of differentiation.  The diffusion of dye into EBs was 

analyzed using confocal imaging of whole EBs, fluorescent imaging of frozen EB 

sections, and fluorescent quantification of dissociated EBs.  The diffusion in EBs was 

further assessed by creating an algorithm to calculate the percentage of cells at each 

radial distance within EBs as a function of EB size. 

 

Specific Aim 3.  Determine the in vitro differentiation of ESCs within EBs in 

response to microsphere mediated delivery of a morphogenic factor relative to 

soluble treatment.   

The working hypothesis was that microsphere-mediated delivery of retinoic acid would 

enhance the uniformity of differentiation relative to soluble retinoic acid treatment.  This 
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hypothesis was examined by incorporating RA-loaded microspheres within EBs using 

rotary mixing.  Untreated EBs, EBs containing unloaded microspheres, and EBs treated 

with soluble RA were produced and compared to the RA-loaded microsphere EBs.  

Microspheres containing different levels of RA were examined, and EBs were treated 

with different concentrations of soluble RA.  The morphology of differentiating EBs was 

assessed using hematoxylin and eosin staining.  Gene expression in EBs was assessed 

using quantitative PCR as well as whole genome genechip microarrays.  Embryoid body 

ultrastructure was examined using scanning electron microscopy, and protein expression 

was examined using immunostaining of whole, permeabilized EBs as well as EB 

sections. 

 

Specific Aim 4.   Evaluate the ability to direct differentiation of ESCs in EBs after 

treatment with retinoic acid microspheres into specific cell lineages using defined 

media and soluble morphogen treatment.   

The working hypothesis was that EBs treated with RA microspheres would differentiate 

in a controlled manner in response to culture in defined media and exogenous morphogen 

supplementation.  The rationale was that the cystic spheroids formed from RA 

microsphere treatment after 10 days of differentiation would be more susceptible to 

morphogen permeation than regular EBs.  The hypothesis was examined by culturing RA 

microsphere EBs for 10 days in regular differentiation media prior to culture in either low 

serum or serum-free media supplemented with BMP4.  Differentiation was assessed 

through quantitative PCR for analysis of gene expression, and immunostaining of whole 

EBs for protein expression. 
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This work is significant because it created a novel strategy to direct differentiation within 

EBs using controlled-release polymer microspheres.  The use of rotary culture for 

production of uniform EBs in high yield and for incorporation of microspheres within 

EBs was established, providing a highly efficient and translatable system for EB 

formation.  Diffusional limitations characterized within EBs demonstrated the need for 

engineered spatial control over morphogen presentation to cells within EBs.  The ability 

to induce uniform differentiation within EBs through microsphere-mediated morphogen 

delivery demonstrated the effectiveness of inside-out engineering approach.  This work is 

innovative because it utilized the scalability of 3D culture while seeking to impart the 

homogeneity of 2D culture conditions.  This work was a unique fusion of the fields of 

stem cell biology and drug delivery that will have broader implications in fields such as 

biomaterials, tissue engineering and regenerative medicine.  
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CHAPTER 2 

BACKGROUND 

 

Embryonic Stem Cells 

 Embryonic stem cells (ESCs) are derived from the inner cell mass (ICM) of the 

pre-implantation blastocyst (embryonic day 3.5 in mice, 5-8 in humans) and have the 

unique ability to both self-renew indefinitely and differentiate into all somatic cells types 

[1-4].  The pluripotency, or ability to give rise to all three germ layers, of ESCs has made 

them an attractive source for cells that cannot easily be isolated or expanded in vitro.  The 

capacity for ESCs to differentiate into cardiomyocytes, neurons, pancreatic β-cells, 

endothelial cells, chondrocytes and osteocytes has made these cells of interest to 

scientists and engineers studying and seeking to cure a breadth of diseases and disorders 

[1-5,24]. Applications such as cell-based therapeutics, in vitro drug screening and 

toxicology testing also require cells that can be provided via ESC differentiation 

[8,25,26].  Additionally, ESCs can be utilized to model embryonic development and 

processes such as gastrulation, tissue formation, and cell patterning [6,27-29].  The more 

recent derivation of induced pluripotent stem cells (iPS) from adult cell sources [30-32] 

provides intriguing new opportunities for these embryonic-like cells, such as studying 

mechanisms of various disorders at the cellular and molecular levels using iPS cells 

derived from afflicted donors [33-35].    



8 

 

 

Figure 2.1.  Microenvironmental factors affecting embryonic stem cell fate. Embryonic stem 

cell self-renewal and differentiation are influenced by homotypic and heterotypic cell-cell 

adhesions, soluble factors and the extracellular matrix.  Modified from Carpenedo and McDevitt 

[36].   

A variety of environmental factors contribute to cell fate decisions made by ESCs, 

including soluble factors, cell-cell adhesions (both homotypic and heterotypic), cell-

extracellular matrix (ECM) adhesions, and mechanical forces (Figure 2.1) [37].  The 

integration of all these components determines whether an ESC self-renews to maintain 

pluripotency or differentiates.  The specific pathways along which ESCs differentiate are 

also governed by these environmental influences.  The exquisite sensitivity of ESCs to 

their microenvironment has made controlling their behavior a challenging endeavor.  

Typically, murine ESCs are maintained in a pluripotent state on mouse embryonic 

fibroblast (MEF) feeder cells or on gelatin-coated tissue culture plates supplemented with 

Leukemia inhibitory factor (LIF) [1,12,13,38,39].  Human ESCs cannot be maintained as 

pluripotent cells through LIF supplementation alone and are generally grown on MEFs 

[4,40].  Feeder-free hESC cultures can be maintained on Matrigel-coated surfaces grown 

in MEF-conditioned or bFGF-supplemented media [4,41].  Differentiation of ESCs can 
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be induced using a variety of methods, including monolayer culture [42], monolayer co-

culture with various cell types [43], or through aggregation of ESCs into spheroids 

known as embryoid bodies (EBs) [20].  In the most basic differentiation protocols, LIF is 

removed from murine ESCs, and cells spontaneously differentiate [42].  Serum can be 

removed in order to induce cells to differentiate down what was termed the “default 

pathway” which is generally considered neuroectoderm differentiation [44], though it is 

unclear whether this notion is applicable in mouse or only in chick and Xenopus 

embryos[45].  The addition of growth factors, small molecules, and other morphogens to 

ESC monolayers has been studied in order to direct ESC differentiation toward specific 

cell types [15,16,46].  Co-cultures have been utilized in an attempt to recreate specific 

niches in vitro to provide instructive cues for ESC differentiation.  Cells such as bone 

marrow stromal cells (including S17 [43,47] and PA6 [19,48] OP9 [17,18]) and END-2 

cells (an embryonic carcinoma-derived visceral endoderm-like cell line) [49] have been 

shown to promote differentiation to hematopoietic cells, dopaminergic neurons, and 

osteoblasts, among others [17-19,43,47-49].   While monoculture and co-culture are 

frequently used for ESC differentiation, the aggregation of ESCs into EBs is a 

particularly common technique for the differentiation of mouse and human ESCs. 

 

Embryoid bodies 

Embryoid bodies are named for their likeness to post-implantation embryos.  The 

morphogenic events in EBs mimic multiple aspects of the post-implantation mouse 

embryo, including primitive endoderm formation [38,50], germ layer differentiation 

[5,24], and epithelial to mesenchymal transition [51].  The process of cavitation in mouse 
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embryogenesis has also been examined using EBs [52-59].  The specific mechanism of 

cavitation in developing embryos and EBs is thought to be regulated by programmed cell 

death induced by factors secreted by visceral endoderm, and survival of cells based on 

basement membrane attachment [52,59].  The involvement of endoderm in cystic EB 

formation was implicated in studies in which EBs grown in HepG2 (a hepatocarcinoma-

derived endoderm cell line) conditioned media formed cystic EBs that lacked an outer 

visceral endoderm layer [53,54,60].  Additionally, hedgehog [57,58] and FGF [55,56] 

signaling have been linked to EB cavitation.   

Because EBs are grown in suspension, they are more suitable for large-scale 

culture than 2D cultures, which require surface attachment.  EBs can be formed using a 

variety of techniques, including hanging drop [61], static suspension [1], semi-solid 

methylcellulose culture [62,63], and stirred-culture bioreactors [64-66].  Each system has 

specific advantages and disadvantages [20,62,67]; for example, hanging drop is relatively 

controlled, but not suitable for scale-up, while static suspension is simple and scalable, 

but not well controlled.  Rotary suspension culture provides a middle ground between 

hanging drop and static suspension, in that it produces EBs uniform in size and shape, yet 

at a high yield [68].  Recently, forced aggregation methods using micropatterned well-

inserts have been developed to efficiently produce uniform EBs in large quantities [69].  

However, maintenance of such EBs may be problematic, as agglomeration can occur 

when EBs are transferred to large-batch suspension cultures [70].   

The microenvironmental factors that dictate cell fate in EBs are similar to those 

for ESCs in general.  Control of EB size, interactions with ECM, cell-cell interactions, 

and soluble factors all can be used to direct differentiation within EBs [21] (Figure 2.2).  
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EB size control has been accomplished through a variety of methods, including stirred 

suspension [68,71,72], utilization of patterned microwells [73,74], and forced aggregation 

[69,75].  The size of EBs has been reported to play a role in specifying differentiation 

trajectory [72,76].  Encapsulation of EBs in ECM hydrogels has been performed in order 

to manipulate cell-ECM interactions [77-79].  Cell-cell interactions are critical for EB 

differentiation, as E-Cadherin mutants are unable to form EBs [80].  Directed 

differentiation of EBs is most commonly accomplished through addition of soluble 

factors to the culture media.  Growth factors such vascular endothelial growth factor 

(VEGF) [81,82], brain derived neurotrophic factor (BDNF) [83], basic fibroblast growth 

factor (bFGF) [84],  epidermal growth factor (EGF) [85], and platelet derived growth 

factor (PDGF) [85] have been studied in the context of EB differentiation.  Other 

morphogens such as bone morphogenetic proteins (BMPs) [86], Wnts [87] and retinoic 

acid [88-90] have also been assessed for directed EB differentiation.  Due to its potenct 

effects on ESC differentiation, retinoic acid is one of the more commonly employed 

morphogens for induction of ESC differentiation. 
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Figure 2.2.  Environmental factors that influence EB differentiation.  Embryoid body 

differentiation is influenced by variety of factors comprising the intercellular cell 

microenvironment. The size of the EB, soluble factor signaling, ECM interactions and cell-cell 

interactions can all influence ESC commitment. General strategies to control the different 

elements of the EB microenvironment are listed for each.   Adapted from Bratt-Leal, Carpenedo, 

and McDevitt [21]. 

 

Retinoic acid effects on ESC differentiation 

Retinoic acid (RA) is a derivative of retinol (vitamin A) capable of inducing 

potent morphogenic activity during embryological development and adult tissue 

regeneration [91-95].  All-trans RA is trafficked from the cytoplasm to the nucleus by 

cellular retinoic acid binding protein 2 (CRABP2) [96], and once it enters the nucleus, 

all-trans RA binds to the retinoic acid receptor (RAR), which then forms a heterodimer 

with the retinoid X receptor (RXR).  The RAR/RXR complex binds specifically to 

retinoic acid response elements (RAREs) within promoter regions to regulate gene 

expression [97].  RA signaling has been reported to target over 500 genes [98], some of 

which are critical in the early stages of the developing embryo, including the Oct4 

promoter [99] and the Hox family of homeobox genes [100-103].  Responsiveness to RA 
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in the developing embryo is controlled by precise localization of the ligand [104]. The 

majority of reports indicate that RA treatment induces neural differentiation when 

introduced to differentiating EBs at early time points and in high concentrations 

[88,89,105,106].  High RA concentration  (0.5 µM) has been shown to increase 

expression of neural markers (Wnt-1, Mash-1) and decrease mesodermal marker 

(brachyury, zeta globin) expression [88].  Expression of neural markers appears to be 

concentration dependant, with high RA concentration inducing a more caudal phenotype, 

while lower RA concentrations produce cells with rostral identity [89,107].  Timing is 

also important for neural development from retinoid signaling, as the order of RAR 

activation in the signaling pathway influences the type of neural cells produced from 

neural progenitors [108].  While RA induced neurogenesis is common, heterogeneity of 

differentiation is still high, as neural yields are typically 40% [109] and mesoderm and 

endoderm markers are still expressed [88,89], and in some cases, upregulated [106].  In 

addition, a few reports have shown that when introduced in low concentrations after day 

4, cardiomyocyte differentiation can be induced [110,111].  Retinoic acid has also been 

shown to increase the frequency of EBs containing adipocytes [112] as well as pancreatic 

β-cells [46,113].  Treatment of human ESCs with RA has been reported to induce 

formation of polarized, non-neural ectoderm [114-116].  The RA induced differentiation 

to keratin 14 and 18 positive epithelium was dependent on the presence of BMP 

signaling.  The effect of RA on differentiation is further complicated when co-factors 

such as serum [106,117] and beta-catenin signaling [118] are taken into account.  Thus, 

RA appears to be important in early embryonic development and the timing and 
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concentration of its delivery to differentiating ESCs are critical in controlling the fate of 

the cells. 

 

Transport in Multicellular Spheroids 

Multicellular spheroids have often been investigated in vitro to determine the 

efficacy of cancer tumor therapies, as developmental biology models for embryogenesis, 

and as engineered tissue constructs [6,119,120]. Multicellular spheroids, such as EBs, 

pose unique challenges for uniform delivery of signaling molecules to cells in vitro due to 

their inherent 3D structure. Depending on transport conditions, such as the physical-

chemical characteristics and diffusion properties of the molecule(s) being examined and 

spheroid size and permeability, severe limitations may be imposed on the soluble 

delivery of factors from the outside of cellular aggregates [121-125]. This can create a 

non-uniform distribution of molecules within the multicellular spheroid environment, 

which in turn can result in divergent cellular behaviors. For example, 3D aggregation of 

cancer cells confers a difference in drug resistance depending on the spatial location of 

cells within the spheroid [126,127]. Previous work analyzing the tight junctions of cells 

within differentiating EBs has demonstrated that the epithelial layer that typically forms 

on the outer surface of the EB can act as a barrier to the diffusion of small molecules 

(10
2-3

 Da) from the extracellular environment to the inner microenvironment of the EB 

[128,129]. Studies using EBs as a model for angiogenesis indicate that the diffusion of 

small molecules in EBs is limited in non-vascularized EBs compared to EBs containing 

primitive vasculature [23,130].  This suggests that studies examining the effects of 

soluble biomolecules on differentiating EBs are limited by the fact that not all of the cells 
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within the cellular aggregate are exposed to treatment in a consistent or uniform fashion. 

The permeability barrier at the surface of the EBs likely results in a radial gradient of 

biomolecule delivery such that cells may be exposed to heterogeneous concentrations of a 

soluble differentiation factor depending on their spatial location within an EB.  The 

heterogeneity in molecular presentation to the cells may contribute to the heterogeneous 

cell differentiation commonly observed. 

 

Engineering Stem Cell Environments 

Recently, biomaterials have attracted considerable attention as a means to engineer 

control of the stem cell microenvironment in order to manipulate stem cell self-renewal 

and differentiation [131-134].  High-throughput fabrication of acrylate-based polymers 

co-polymerized from 25 different monomers deposited on glass slides were used to 

screen substrates capable of supporting ESC adhesion and directing differentiation [135].  

Polymer compositions differed in their ability to support cell growth and attachment, as 

well as ESC differentiation to various phenotypes, demonstrating that material properties 

alone can influence stem cell fate decisions.  Phage display technology has been applied 

to screen peptide sequences that support cell adhesion and growth [136].  Similarly, 

arrays of complex extracellular matrices composed of various mixtures of collagen I, 

collagen III, collagen IV, fibronectin, and laminin and various soluble morphogenic 

factors (Wnt3a, BMP4, Activin A, Fgf4), have been used to screen the differentiated 

phenotypes of ESCs in a high-throughput manner in 2D [137,138].  Although planar 

high-throughput assays enable efficient screening of numerous, combinatorial 

environments, they fail to adequately recapitulate the native structure of developing 
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tissues.  The influence of biomaterials on stem cell differentiation has also been extended 

into 3D environments.  Simply varying the functional group chemistry of small 

molecules tethered to hydrogels was shown to induce various differentiation responses of 

encapsulated human mesenchymal stem cells (hMSCs) [139], though the mechanism 

remains unclear.  Environments that support hMSC viability and differentiation have 

been studied as a function of degradability, cell adhesion ligand, and ligand density [140].  

Embryonic stem cell self-renewal has been shown to be supported in alginic acid/gelatin 

hydrogels [141], as well as hydrogels composed of poly(N-isopropylacrylamide-co-

acrylic acid) semi-interpenetrating polymer networks [142].  Differentiation of ESCs 

encapsulated in a variety of hydrogels has also been reported.  PEG-based hydrogels, in 

combination with soluble factors, have been utilized to induce chrondrogenic 

differentiation of ESCs [143,144], as have alginate-based scaffolds [145].  Alginate 

hydrogels have been shown to support differentiation of ESCs in a concentration 

dependent manner, with higher concentrations inhibiting the formation of cystic EBs 

[146].  Hyaluronic acid (HA) hydrogels have also been used to support both self-renewal 

and differentiation of human ESCs [78].  hESCs were maintained in an undifferentiated 

state in HA hydrogels cultured in mouse embryonic fibroblast (MEF) conditioned media, 

whereas culture in media containing VEGF was shown to induce differentiation 

suggestive of angiogenesis.  Altogether, this literature suggests that biomaterials can be 

used to support the growth and differentiation of ESCs and that material properties may 

play a key role in directing stem cell fate.   
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Degradable Microsphere-mediated Drug Delivery  

Degradable polymer microspheres are a well-established means to safely deliver 

encapsulated molecules to cells and tissues in a controlled manner [147]. The release 

profile characteristics of the materials can be controlled by parameters such as the type of 

polymer(s) and formulation methods used, the size, morphology and crystallinity of the 

particles, and the amount and distribution of the encapsulated molecule(s) to be delivered 

by the microspheres. The physical-chemical properties of polymeric microspheres related 

to release characteristics and the biocompatibility of such materials have been thoroughly 

studied [147,148].  Microsphere delivery vehicles have frequently been employed in vivo 

as an alternative to systemic drug therapies to treat diseases such as cancers of the head 

and neck, brain tumors and retinopathies by releasing a therapeutic compound, such as 

retinoic acid (RA) [149-151]; for cancer treatments, RA delivery is referred to as 

differentiation therapy. Microspheres engineered to be roughly the same size as cells (1-

10 µm) can be physically mixed with cells and incorporated into cellular 

microenvironments. For example, PLGA microspheres have been investigated as 

degradable transplantation vehicles for a number of different cell types, including various 

stem cells, for in situ tissue engineering applications [152-155].  Not only can the 

particles serve as a temporary adhesive substrate to promote cell survival in vivo, but they 

can also simultaneously deliver encapsulated molecules, such as morphogens, in the 

immediate vicinity of the transplanted cells [156-159]. These studies show that 

degradable microspheres incorporating instructive cues can be integrated directly into 3D 

cell environments to control cell function and perhaps differentiation. 
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CHAPTER 3 

ROTARY SUSPENSION CULTURE FOR PRODUCTION OF 

UNIFORM EMBRYOID BODIES* 

 

Introduction  

Embryonic stem (ES) cells have the ability to differentiate into all somatic cell 

types [2-4], enabling them to serve as a potent cell source for tissue engineering and 

regenerative medicine applications, as well as an in vitro model system to study early 

embryonic development.  Differentiation of mouse and human ES cells can be induced in 

a variety of manners, but the most common technique is via formation of cell aggregates 

in non-adherent spheroids referred to as embryoid bodies (EBs) [1,5,20].  The molecular 

and cellular morphogenic signals and events within EBs recapitulate many aspects of the 

developing embryo, including differentiation to cells of endoderm, mesoderm, and 

ectoderm lineages, similar to gastrulation in vivo [24,52].  Embryoid bodies generally 

develop an outer layer of primitive endoderm that envelops a core of differentiating cells 

that take on a cystic appearance [52].  The precise number and spatial coordination of the 

various cell-cell interactions involved in EB formation are thought to influence the course 

of ES cell differentiation, and as a result, controlling cell number and size of EBs may be 

an important step in directed differentiation strategies [69,74]. 

Two techniques typically employed for EB formation are hanging drop and static 

suspension culture [20].  The hanging drop method, in which cells are dispersed in 15-20 

            

*Modified from: 

RL Carpenedo, CY Sargent, TC McDevitt.  Rotary Suspension Culture Enhances the 

Efficiency, Yield, and Homogeneity of Embryoid Body Differentiation..  Stem  Cells, 2007, 

25(9): 2224-2232. 
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µL drops suspended from the lid of a Petri dish, has been used to more precisely control 

the microenvironment for EB formation and differentiation [61,160,161].  Since EBs 

formed in each drop are physically separated, individual EBs are not able to agglomerate, 

allowing production of a fairly homogeneous final population of EBs.  This method, 

however, is not practical for large-scale applications, as each drop generally yields only 

one EB, and a typical 100 mm Petri dish can only accommodate approximately 100 

drops.  Suspension culture, on the other hand, can be used to produce EBs in larger 

quantities (100’s-1000’s) by simply inoculating ES cells in differentiation media at a 

density of 10
4-6 

cells/mL on a non-adherent surface, whereupon the cells spontaneously 

aggregate into spheroids.  While this method can be used to produce a larger number of 

EBs and differentiated cells than hanging drops, it offers little control over the size and 

shape of EBs, and often results in agglomeration of EBs into large, irregular masses.  

Currently, there are no techniques for laboratory-scale production of EBs that offer a 

satisfactory compromise between the controlled environment of hanging drops and the 

ease of producing large quantities of EBs by suspension culture methods. 

Recently, spinner-flask, slow turning lateral vessel (STLV), and high aspect 

rotating vessel (HARV) bioreactors have been used for larger-scale production of EBs 

[64-66,162-165].  The agitation provided by bioreactors improves circulation of nutrients 

and cell waste products, but can also be manipulated to control cell aggregation [166-

168].  As a result, certain bioreactors have been shown to produce a controlled 

environment for EB formation and differentiation.  While such approaches may provide a 

more uniform differentiation environment capable of sustaining increased EB and 

differentiated cell yield, bioreactors may not be practical solutions for many researchers 



20 

 

examining multiple experimental samples in parallel.  For example, the relatively large 

volume of even the smallest common bioreactors (typically > 100 mL / bioreactor) makes 

conducting screening studies of various media compositions much more laborious and 

expensive for researchers studying basic mechanisms of ES cell differentiation.  Thus, an 

improved method for simple, laboratory-scale EB differentiation capable of mimicking 

the beneficial attributes of larger volume bioreactors would be useful to many stem cell 

researchers. 

Orbital rotary shakers have been used to create spheroids from cell types such as 

tumor cells [169,170], hepatocytes [171], neural stem cells [156], and fetal brain cells 

[172] since the constant circular motion provided by this simple system generally 

increases the efficiency of spheroid formation.  Multiple cell culture dishes can be 

accommodated on the rotary platform, easily allowing production of numerous parallel 

samples and comparison of different experimental parameters.  Although horizontal 

rotation of mouse ES cells has been noted qualitatively to improve the homogeneity and 

reproducibility of EB formation [173], a quantitative characterization of the effects of 

rotary culture in comparison to hanging drop and static suspension EB culture methods 

has not been previously described.  In this study, differences in the formation efficiency, 

homogeneity, yield and differentiation of suspension EBs formed by hanging drop, static 

and rotary conditions were directly compared.  EBs initiated on a rotary orbital shaker 

formed more efficiently, demonstrated higher cell and EB yield, and exhibited improved 

homogeneity of size and shape compared to EBs formed in static suspension conditions.  

In addition, rotary EBs appeared to differentiate more efficiently than static suspension 

cultures based on morphological appearance and gene expression profile patterns.  These 
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results suggest that rotary suspension culture is a simple, yet significantly better method 

than hanging drop and static suspension culture for EB formation and differentiation. 

 

 

Methods 

 

Embryonic stem cell culture 

Murine embryonic stem cells (D3) [1] (passages 23-32) were maintained in an 

undifferentiated state on tissue culture dishes coated with 0.67% gelatin in Dulbecco’s 

modified Eagle’s medium (DMEM) (Mediatech Inc., Herndon, VA, 

http://www.cellgro.com), supplemented with 15 % fetal bovine serum (FBS) (Hyclone, 

Logan, UT, http://www.hyclone.com), 2mM L-glutamine (Mediatech), 100 U/mL 

penicillin, 100 μg/mL streptomyocin, and 0.25 μg/mL amphotericin (Mediatech), 1x 

MEM nonessential amino acid solution (Mediatech), 0.1 mM 2-mercaptoethanol (Fisher 

Chemical, Fairlawn, NJ, http://www.fishersci.com), and 10
3
 U/mL leukemia inhibitory 

factor (LIF, Chemicon International, Temecula, CA, http://www.chemicon.com).  Cells 

were routinely passaged every 2-3 days prior to reaching 70% confluence. 

 

Embryoid body formation 

Undifferentiated ES cells were dissociated from monolayer culture with a 0.05% 

trypsin-EDTA solution (Mediatech) to obtain a single cell suspension.  Suspension 

cultures of embryoid bodies were initiated by resuspending 4 x 10
5
 cells/mL in 

differentiation media, consisting of undifferentiated growth media without LIF.  Static 

and rotary suspension cultures were cultivated in sterile 100x15 mm non-tissue culture 

treated polystyrene (i.e. bacteriological grade) Petri dishes (Becton Dickinson 

http://www.cellgro.com/
http://www.hyclone.com/
http://www.fishersci.com/
http://www.chemicon.com/
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Biosciences, San Jose, CA, http://www.bdbiosciences.com) with a final volume of 10 mL 

of differentiation media.  Rotary suspension culture EBs were initiated by placing dishes 

on an orbital rotary shaker (Lab-Line Lab Rotator, Barnstead International, Dubuque, IA, 

http://www.barnsteadthermolyne.com) set at approximately 40 rotations per minute, 

except during studies in which rotary speeds of 25 and 55 rpm were also examined.  

Embryoid bodies were maintained for up to 7 days in suspension, with media changed 

every one to two days by allowing EBs to sediment in 15 mL centrifuge tubes, aspirating 

the old media, and resuspending in fresh media.  Hanging drop EBs were prepared by 

suspending 4x10
4
 cells/mL in differentiation media in 15 µl drops on the lids of a 100x15 

mm square Petri dishes, with ~72 drops/plate.  This concentration and volume (resulting 

in ~600 cells/drop) were chosen because lower concentrations resulted in inefficient 

production of EBs (i.e. many drops do not produce an EB) and higher concentrations 

often resulted in formation of multiple EBs per drop. 

 

Efficiency of embryoid body formation 

The efficiency of formation for static and rotary EBs was determined by 

quantifying the percent of total cells that incorporated into EBs, as opposed to cells that 

remained free in suspension, or adhered to the culture dish.  After 6 and 12 hours, static 

and rotary suspension cultures were passed through a 40 μm cell strainer in order to 

separate cell aggregates constituting primitive EBs from individual cells.  The cell 

strainer was rinsed 5 times with 1.0 mL of PBS and the suspension of individual cells that 

readily passed through the cell strainer was centrifuged at 1000 rpm for 5 minutes to 

pellet the cells.  The supernatant was aspirated and the cells were re-suspended in 1.0 mL 

http://www.bdbiosciences.com/
http://www.barnsteadthermolyne.com/
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of PBS. EBs trapped in the cell strainer were collected by inverting the strainer over a 50 

mL centrifuge tube and rinsing thoroughly with PBS to dislodge the EBs.  The EBs were 

allowed to sediment by gravity, and the supernatant was aspirated.  The EB pellet was 

rinsed once with 5.0 mL PBS and the supernatant was again aspirated after the EBs 

settled.  The EBs were trypsinized for 5 minutes at 37 °C in 0.05% trypsin-EDTA and 

neutralized with an equal volume of culture media.  In addition, the cells attached to the 

culture dish were rinsed with PBS and trypsinized.  The three fractions of cells (cells 

incorporated into EBs, individual cells in suspension, and adherent cells attached to the 

culture dish) were quantified using a Coulter Multisizer III with a 100 µm aperture 

(Beckman Coulter Inc., Fullerton, CA, http://www.beckmancoulter.com).  The total 

number of cells was calculated from the sum of the three cell fractions and used to 

determine the percentage of cells in each fraction. 

 

Yield of embryoid bodies and cells 

Embryoid body and differentiating cell yield were assessed by directly counting 

individual EBs and dissociated cells from EBs in separate parallel samples.  Static and 

rotary EBs were collected by gravity sedimentation, the excess media was aspirated and 

EBs were suspended in 2.0 mL of a 60:40 solution of Isoton II (Beckman 

Coulter):glycerol (Fisher Chemical).  Triplicate samples of this solution were each added 

to 150 mL of Isoton/glycerol solution and counted using a Coulter Multisizer III 

equipped with a 2000 μm aperture.  The total number of EBs present was calculated 

based on this count, taking the appropriate dilution factor into account.  The total number 

of cells within EBs was determined by dissociating the EBs with 0.25% trypsin-EDTA 

http://www.beckmancoulter.com/
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(Mediatech) and counting the cells present with a 100 m aperture Coulter counter, as 

described above (higher trypsin concentration was used in this study than in previous 

studies to more efficiently dissociate EBs).  

 

Live/Dead assay 

Static and rotary EBs were formed as described above, and after 2, 4, and 7 days 

of differentiation, cell viability was assessed using LIVE/DEAD® staining (Molecular 

Probes Inc., Eugene, OR, http://probes.invitrogen.com).  Samples were incubated in 

serum-free, phenol red free media containing 1µM calcein AM and 2µM ethidium 

homodimer I at room temperature for 30 minutes.  EBs were then washed three times 

with PBS, resuspended in fresh PBS, transferred to 6-well plates and immediately imaged 

using fluorescent microscopy. 

 

BrdU assay 

Cell proliferation was assessed using immunostaining for 5-bromo-2’-

deoxyuridine (BrdU) incorporated into cells synthesizing DNA.  After 2 and 5 days of 

suspension culture, static and rotary EBs were pulsed with 10 µM BrdU (Molecular 

Probes) for 6 hours.  EBs were then washed twice with PBS, fixed in 10% formalin for 

30 minutes, washed three times in PBS, and resuspended in HistoGel (Richard-Allan 

Scientific, Kalamazoo, MI, http://www.rallansci.com).  Fixed samples were dehydrated 

in a series of graduated alcohol solutions (70-100%) and xylene, embedded in paraffin, 

and 5 µm paraffin sections were cut using a rotary microtome.  Sections were 

deparaffinized, and antigen retrieval was performed by incubating slides in 1.5 N HCl for 

http://www.rallansci.com/
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15 minutes at 37°C followed by two 5 minute rinses in 0.1 M Borax buffer (pH 8.5).  

Slides were incubated for 30 minutes in blocking buffer (2% goat serum, 0.05% Triton X 

in PBS), followed by a two hour incubation with peroxidase-conjugated anti-BrdU 

antibody (1:50 dilution, Roche Applied Science, Indianapolis, IN, http://www.roche-

applied-sceince.com).  Slides were then washed three times in PBS prior to colorimetric 

development of diaminobenzidine (DAB, Vector Laboratories, Burlingame, CA, 

http://www.vectorlabs.com).  Nuclei were counterstained with hematoxylin and slides 

were coverslipped.   

 

TUNEL assay 

Apoptotic cells in static and rotary EBs were detected using a terminal transferase 

dUTP nick end labeling (TUNEL) assay.  After 4 and 7 days of suspension culture, static 

and rotary EBs were fixed in 10% formalin for 30 minutes, washed three times with PBS, 

and resuspended in HistoGel.  Fixed samples were processed and embedded as described 

above, and 5 µm paraffin sections were cut using a rotary microtome.  Apoptotic cells 

were identified using the DeadEnd
TM

 colorimetric TUNEL system (Promega 

Corporation, Madison, WI, http://www.promega.com).  Briefly, sections were 

deparaffinized in xylene, rehydrated in graded ethanol washes and rinsed in PBS.  

Sections were permeabilized in proteinase K solution and then incubated in buffer 

containing biotinylated nucleotide mix and recombinant terminal deoxynucleotidyl 

transferase (rTNT).  A streptavidin horseradish peroxidase solution was then added to 

bind to biotinylated nucleotides incorporated into the DNA of apoptotic cells.  The DAB 

http://www.roche-applied-sceince.com/
http://www.roche-applied-sceince.com/
http://www.promega.com/
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substrate was then added for colorimetric development to stain apoptotic cell nuclei 

brown, and cell nuclei were counterstained blue with hematoxylin. 

 

Morphometric analysis 

Phase images of EBs were acquired daily during the course of hanging drop, static 

and rotary culture with a Nikon TE 2000 (Nikon Inc., Melville, NY, 

http://www.nikonusa.com) inverted microscope with a SpotFLEX camera (Diagnostic 

Instruments, Inc., Sterling Heights, MI, http://www.diaginc.com).  EBs were analyzed 

using ImageJ image analysis software (http://rsb.info.nih.gov/ij) to measure cross-

sectional area and perimeter and calculate circularity (defined as 4π x [Area/Perimeter
2
]) 

of static and rotary EB samples for at least 100 EBs from each sample (n=3).  Hanging 

drop EBs were analyzed by transferring 2 plates of hanging drop EBs (roughly 100 EBs) 

into suspension immediately before imaging.  Histogram plots of area and circularity 

values were generated with equal numbers of static and rotary EBs divided into 30 

equally sized bins (due to the lower number of hanging drop EBs present, only 12 bins 

were used for hanging drop area analysis).  The fraction of EBs within each bin was 

plotted versus the upper bin limit for both area and circularity.  Mode absolute deviation 

(MAD) for area plot analysis was calculated for static and rotary EBs at each day as the 

sum of the absolute difference between each area value and modal area value divided by 

the total number of data points for the 95% least deviant values. 

 

 

 

http://www.diaginc.com/
http://rsb.info.nih.gov/ij
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Histology 

Embryoid bodies were formed as described above, and after 2, 4, and 7 days of 

culture, samples were harvested for histological examination.  Samples were fixed in 

10% formalin for 30 minutes, and were processed, embedded and sectioned as described 

above.  Slides were then stained with hematoxylin and eosin (H&E) and imaged with a 

Nikon Eclipse 80i microscope equipped with a SpotFLEX camera (Diagnostic 

Instruments). 

 

Reverse-transcription polymerase chain reaction analysis 

RNA was extracted from undifferentiated ES cells on day 0 and from hanging 

drop, static and rotary EBs on days 2, 4, and 7 using the RNeasy Mini kit (Qiagen 

Incorporated, Valencia, CA, http://www.qiagen.com).  Reverse transcription for 

complementary DNA synthesis was performed with 1 µg of RNA per sample using the 

iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, http://www.bio-rad.com), and real-

time PCR was performed with SYBR green technology on the MyiQ cycler (Bio-Rad).  

Forward and reverse primers for Oct-4, Nanog, Brachyury-T (B-T), nestin, α-fetoprotein 

(AFP), and glyceraldhyde-3-phosphate-dehydrogenase (GAPDH) were designed with 

Beacon Designer software, purchased from Invitrogen and validated with appropriate 

controls.  Oct-4 and Nanog relative gene expression were quantified as compared to 

undifferentiated ES cell expression levels using the Pfaffl method of quantification [174].  

Brachyury-T, nestin, and AFP concentrations were calculated using standard curves and 

normalized to GAPDH expression levels. 
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Statistical analysis 

All experimental samples were analyzed in triplicate, with data presented as mean 

± standard deviation. Statistical significance was determined using Student’s t-tests with 

a significance level of p<0.05. 

 

 

Results 

Time course of embryoid body formation 

Static and rotary suspension cultures were initiated with equal numbers of cells 

(4x10
5
 cells/mL), and hanging drop EBs were formed with ~600 cells/drop (4x10

4
 

cells/mL).  Rotary cultures formed regular, spherical EBs after 2 days, whereas static EBs 

appeared smaller and formed less defined cell aggregates (Figure 3.1A).  At the same 

time point, EBs formed in hanging drops appeared similar in shape to rotary EBs, yet 

slightly larger in diameter (~250 µm diameter for hanging drop, compared to ~190 µm 

diameter for rotary).  By day 4, hanging drop EBs increased in size (~500 µm diameter) 

and remained largely uniform in shape, though some irregularly shaped EBs were 

present.  Static cultures formed small, spherical EBs, as well as larger, irregularly shaped 

aggregates of individual EBs.  Rotary EBs at day 4 were larger than at day 2 (~250 µm), 

but remained regular and spherical with no appearance of agglomeration.  Day 7 hanging 

drop EBs increased slightly in size from day 4 (~625 µm), and static cultures showed 

fewer small spherical EBs than at day 4, as well as many more large agglomerates of 
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multiple EBs.  Rotary EBs at day 7 were larger in size than at day 4 (~290 µm) and 

remained largely spherical and uniform in appearance.  Higher magnification of EBs 

revealed that hanging drop and rotary EBs at 4 and 7 days of suspension culture exhibited 

a smooth, primitive endoderm-looking cell layer at the periphery of most EBs, whereas 

static EBs displayed a more irregular layer of cells at the edges of the EBs (Figure 3.1A, 

insets). 

 

Influence of rotary speed on embryoid body size 

To study the effect of rotary speed on EB formation, 4x10
5
 cells/mL were 

inoculated in dishes placed on orbital shakers at 25, 40 or 55 rpm and observed using 

phase contrast microscopy (Figure 3.1C).  By day 2, EBs formed on rotary shakers at 25 

rpm were quite large, roughly 400 µm in diameter (406 ± 64 µm).  In addition, fewer 

total EBs were present in 25 rpm EBs than at 40 or 55 rpm, as counts of EBs sampled 

from each population indicated that roughly 10x more EBs were present at 40 rpm than 

25 rpm.  After 2 days, EBs formed at 55 rpm were smaller and appeared to have more 

free cells not incorporated into EBs than either 25 or 40 rpm samples (Figure 3.1C).  

These trends persisted throughout 7 days of suspension culture, with 25 rpm rotary 

motion producing the largest and fewest EBs, and the 55 rpm shaker yielding the smallest 

EBs and a higher proportion of free cells in suspension.  Because of the relatively large 

number of EBs obtained compared to 25 rpm, and the more efficient formation of EBs 

(indicated by fewer individual cells remaining in suspension) compared to 55 rpm, 40 

rpm was used as the rotary speed for all of the subsequent characterization experiments 

for this study.  
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Figure 3.1.  Time course of embryoid body formation for hanging drop, static and 

rotary suspension conditions.  A) Hanging drop and rotary EBs formed by day 2 and 

increased in size at days 4 and 7 while showing minimal signs of agglomeration.  Static 

cultures formed small, irregular cell aggregates at day 2.  By day 4, both small, spherical EBs 

and large agglomerates were present and by day 7, the majority of static EBs were large, 

irregular clusters.  B) The number of cells contained in embryoid bodies (EBs), free in 

suspension (Suspension), and adhered to the plate (Plate) was assessed at 6 and 12 hours, 

with significantly more cells found in EBs in rotary culture than in static after both 6 and 12 

hours.  Static cultures exhibited increased tendency for free cells to begin to adhere to the 

surface of the plate. C) Rotary EBs initiated at 25 rpm formed large EBs by day 2, while EBs 

at 40 and 55 rpm rotary conditions formed a greater number of smaller EBs.  ** represents 

p<0.01, compared with static at the same time point, bar = 500 µm. 
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Efficiency of embryoid body formation 

From the preliminary time course studies, it appeared that rotary EBs formed 

more efficiently than static cultures within the first 1-2 days of suspension.  To quantify 

this more specifically, the fractions of cells incorporated within EBs, remaining in 

suspension, or attached to the polystyrene dish surface were counted using a Coulter 

counter after 6 and 12 hours of EB formation.  By 6 hours, 69.3 ± 3.2% of cells were 

forming putative EBs in rotary cultures (40 rpm) compared to only 5.6 ± 3.4% for static 

EBs (Figure 3.1B).  After an additional 6 hours of suspension culture (12 hours total), 

88.4 ± 4.6% of cells were incorporated into primitive EBs for rotary samples, whereas in 

static cultures, only 4.5 ± 2.6% of cells were contained within floating EBs.  In addition, 

79.9 ± 3.3% of the cells adhered to the culture dish under static conditions, whereas no 

adherent cells could be obtained from the rotary samples.  This suggested that while free 

cells in rotary suspension continued to incorporate into EBs during the first 12 hours of 

culture, static suspension cells became increasingly adherent to the polystyrene surface, 

thereby delaying or reducing overall EB formation. 

 

Embryoid body and cell yield 

In addition to an increase in the efficiency of EB formation, the number of cells 

and EBs formed under rotary conditions also increased compared to static.  This was 

initially observed in preliminary studies by a considerably larger pellet of rotary EBs 

collected during re-feedings, as well as the need for more frequent media changes to 

sustain the rotary cultures properly.  In order to quantify the yield of EBs and total 

differentiating cells, static and rotary EBs were collected at days 2, 4 and 7 and counted 
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directly or enzymatically dissociated with trypsin to obtain a single cell suspension prior 

to counting.  The number of EBs present was greater for rotary than static cultures at each 

of the time points examined (Figure 3.2A, inset).  At day 2, 8118 ± 1183 rotary EBs were 

present, compared to only 3459 ± 1088 static EBs.  However, because of the detection 

limits of the instrument used, cell aggregates less than 50 µm in diameter could not be 

counted.  As a result, many of the small clusters of cells formed by day 2 in static 

suspension, seen in Figure 3.1A, were not counted.  By day 7, the number of rotary EBs 

decreased to 6724 ± 430, and static decreased slightly to 3255 ± 671.  While EB yield 

revealed significant differences between the static and rotary cultures, the total number of 

differentiating cells is a more accurate and meaningful metric of overall yield. At days 2 

and 4 of differentiation, modest increases in cell yield were observed in rotary cultures 

relative to static (Figure 3.2A), but by day 7, rotary cultures contained an average of 95.9 

± 5.0 x 10
6
 cells, compared to only 24.4 ± 1.2 x 10

6
 cells for static culture.   
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Figure 3.2.  Time course comparison of cell and embryoid body yield in static and rotary 

conditions.  A) Total cell yield counted from dissociated EBs indicated that rotary culture yielded 

significantly more cells than static at days 2 and 7 of differentiation.  Additionally, whole EBs 

were counted at day 2, 4, and 7, revealing significantly more EBs produced by rotary culture than 

static at days 2 and 7 (inset). *=p<0.05, ** = p<0.01.  B)  LIVE/DEAD staining revealed that 

majority of cells within EBs were viable (green stain) for both static and rotary EBs, while static 

EBs appeared to contain more dead cells (red stain) than rotary EBs (white arrows indicate 

clusters of dead cells).  C) Apototic cells in EBs were labeled brown using a TUNEL assay and 

revealed the presence of apoptotic cores at the center of static EBs (black arrows). 
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Viability of cells within embryoid bodies 

In order to elucidate the cause of differences in cell yield between static and 

rotary EBs at later time points, cell viability, proliferation and apoptosis assays were 

preformed.  Live/Dead staining performed at days 2, 4 and 7 indicated that at all three 

points, both static and rotary EBs contained mostly viable cells, as indicated by prevalent 

green staining.  Staining of day 2 EBs revealed no difference in the presence of dead cells 

between static and rotary EBs (data not shown), but by day 4, static EBs appeared to 

contain more clusters of dead cells (red stain, clusters indicated by white arrows) than 

rotary EBs, which contained sparse, individual dead cells (Figure 3.2B).  This trend 

appeared to continue throughout EB differentiation, with dead cells found more 

prevalently in static EBs than rotary at day 7 (data not shown).  BrdU staining was 

performed to detect proliferating cells within static and rotary EBs after 2 and 5 days of 

differentiation.  Low levels of proliferating cells were detected at each time point, likely 

due to the relatively long doubling time of cells within EBs, and no differences were 

noted between static and rotary EBs (data not shown).  TUNEL staining for the detection 

of apoptotic cells revealed no differences between static and rotary EBs at day 4 of 

suspension culture; however, at day 7, more static EBs contained apoptotic cells than 

rotary EBs (Figure 3.2C).  In addition, dense cores of apoptotic cells were found within 

static EBs (indicated by black arrows), while positive staining within rotary EBs was 

sparser and appeared to constitute less of the total EB area.  This data indicates that static 

EBs show reduced cell viability, perhaps due to a greater number of cells undergoing 

programmed cell death compared to rotary EBs, potentially due to transport limitations in 
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agglomerated EBs or other morphogenic events associated with associated with 

agglomeration. 

 

Homogeneity of embryoid body formation 

In an attempt to quantify the homogeneity of EB formation, the area and 

circularity of EBs formed in hanging drop, static and rotary cultures were assessed by 

image analysis methods.  Hanging drop culture resulted in EBs with a fairly narrow area 

distribution at day 2, followed by considerable increase in cross-sectional area and 

dramatic broadening of the area distribution at days 4 and 7, indicating deviation over 

time from an initially homogeneous size distribution (Figure 3.4A).  Static cultures 

formed small putative EBs at day 2 and increased in size at days 4 and 7 as shown in 

Figure 3.4B.  As with hanging drop EBs, static EBs showed broadening of the area 

distribution curve over the course of differentiation.  By day 7 the distribution exhibited 

no clear peak, as EBs varied widely from very small cell clusters to giant agglomerates of 

EBs.  Rotary cultures showed an increase in size with time, yet the peak broadening was 

much less pronounced than for hanging drop or static EBs (Figure 3.4C).  Distribution 

broadening was quantified by calculating the mode absolute deviation (MAD) for each 

histogram for static and rotary EBs (Figure 3.4D).  The MAD index was larger in static 

cultures than in rotary at all time points studied, with differences approaching significant 

levels by day 4 (p<0.06), and statistical significance achieved by day 7 (p<0.05). 

Circularity (4π x (Area/Perimeter
2
)) was used to indicate the degree to which 

irregular clusters of EBs formed as opposed to regular, spherical EBs.  Hanging drop EBs 

showed narrow distributions with sharps peaks close to 0.9 at days 2, 4 and 7, indicating 
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formation and maintenance of spherical EBs (Figure 3.4E).  Static cultures displayed a 

very broad circularity distribution at day 2, with no discernable peak present (Figure 

3.4F).  In contrast, day 2 rotary cultures exhibited a sharp peak around 0.9, similar to 

hanging drop (Figure 3.4G).  This was in agreement with the observation that rotary EBs 

formed earlier (Figure 3.1C) and were regular in shape at day 2 whereas static cultures 

showed irregular multi-cell aggregates at the same time point (Figure 3.1A).  By day 4, 

static EBs showed an increase in circularity, with a small peak present around 0.9.  This 

coincided with the appearance of EBs by day 4 (Figure 3.1A).  Rotary cultures still 

displayed a peak around 0.9 that was slightly broadened compared to day 2, indicating 

slightly less uniform EB circularity.  Day 7 distributions appeared similar to day 4 for 

both rotary and static cultures, but were slightly broader and negatively shifted, indicating 

decreased homogeneity of circularity.  The fraction of EBs with circularity values greater 

than 0.8 was calculated for both rotary and static EBs since 0.8 falls exactly in between 

circularity values associated with round, individual EBs (0.9) and the merger of two 

distinct EBs into a larger agglomerate (0.7) (Figure 3.3).  The fraction of rotary EBs with 

circularity values > 0.8 was significantly greater than static cultures at 2 (p<0.01), 4 

(p<0.05) and 7 days (p<0.01) (Figure 3.4H).  

 

Figure 3.3.  Circularity values of selected embryoid bodies.  Circularity, defined as 

4π x Area/Perimeter2, was determined for EBs using ImageJ. Individual EBs with circular cross 

sections had circularities close to 0.9, whereas agglomerates of two EBs gave values around 0.7, 

and agglomerates of multiple EBs showed circularity less than 0.6. 
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Figure 3.4.  Homogeneity of embryoid body formation.  Embryoid bodies formed by hanging 

drop, static and rotary cultures were imaged at days 2, 4, and 7 of suspension culture, and the area 

(A-D) and circularity (E-H) of EBs were examined.  A-D:  Area values for hanging drop (A), 

static (B) and rotary (C) EBs were sorted into 30 bins (12 for hanging drop), and the number of 

values in each bin was plotted versus upper bin limit (note scale differences for hanging drop).  

Rotary EBs showed more uniform distribution than hanging drop and static EBs, indicated by 

larger peak values and smaller peak widths.  Mode absolute deviation showed greater deviance in 

static culture than in rotary (C).  E-H: Circularity was more uniform for hanging drop (E) and 

rotary (G) EBs than static (F) , and a significantly higher fraction of rotary EBs having a 

circularity value greater than 0.8 at all time points studied (H).  * represents p<0.05, ** represents 

p<0.01. 
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Histology of embryoid bodies 

Embryoid bodies were collected from hanging drop, static and rotary cultures at 

days 2, 4 and 7 of suspension culture and visually assessed by H&E staining.  At day 2, 

static EBs were small and irregular, in agreement with live phase images in Figure 3.1A, 

and appeared to be largely undifferentiated, indicated by a lack of organized cellular 

structures (Figure 3.5).  Hanging drop and rotary EBs appeared slightly larger than static 

EBs at day 2, but exhibited a similar undifferentiated morphology.  By day 4, hanging 

drop EBs increased in size compared to day 2 and appeared to increase in packing 

density.  Static EBs began to agglomerate at day 4, in agreement with phase images 

(Figure 3.1), and showed little sign of differentiated cell morphologies.  In contrast, 

rotary EBs did not appear to agglomerate, and contained multiple small cystic structures 

(denoted by black arrows in Figure 3.5) in a majority of the EBs.  At day 4, over 70% of 

rotary EBs contained at least one cyst, compared with less than 8% in static EBs.  Day 7 

hanging drop EBs continued to increase in size, and also began to display cysts, similar to 

rotary EBs.  By day 7, static EBs began to display cystic structures, with 50% of EBs 

containing at least one cyst, compared to 56% in rotary.  Additionally, some EBs 

contained very large cysts (denoted by red arrow in Figure 3.5) constituting a majority of 

the EB cross-sectional area.  These structures were more apparent in day 4 rotary EBs 

than static samples; however, by day 7, static cultures exhibited a similar percentage of 

large cystic EBs as the rotary cultures.  Large day 4 and day 7 static EBs began to exhibit 

necrotic core areas, suggesting possible diffusion limitations negatively impacting cell 

viability.  This morphology was in agreement with cell yield data, which demonstrated 

diminished cell yield in static EBs, and also previous reports which suggest that EB 
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agglomeration results in a reduction in viable cells [64,66].  Rotary EBs, on the other 

hand, did not possess necrotic regions, consistent with results of the viability studies, and 

the majority of the cells distributed throughout rotary EBs appeared viable. 

Figure 3.5.  Histology of embryoid bodies formed by hanging drop, static and rotary 

culture.  Day 2 static EBs were small, irregular and lacked internal cellular organization, while 

day 2 hanging drop and rotary EBs appeared to be similar to static, but slightly larger and more 

regularly shaped.  Day 4 hanging drop EBs increased in size, while static EBs showed signs of 

agglomeration as indicated by large irregularly shaped EBs.  Day 4 rotary EBs showed more 

differentiated appearance with small cysts forming (black arrows).  By day 7, hanging drop EBs 

were larger and formed cysts, static EBs displayed small cystic cavities as well as large cysts 

occupying much of the EB, and rotary EBs exhibited large, completely cystic EBs (red arrow).  

20x magnification, bar = 100 µm. 
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Quantitative gene expression analysis 

Expression of the pluripotent genes Oct-4 and Nanog, the early mesoderm marker 

Brachyury-T, the ectoderm marker nestin and the endoderm marker -fetoprotein were 

assessed quantitatively using PCR.  The expression of Oct-4 (Figure 3.6A) and Nanog 

(Figure 3.7) relative to undifferentiated ES cells was similar among hanging drop, static 

and rotary EBs, indicating that rotary culture did not inhibit or delay normal ES cell 

differentiation.  Brachyury-T expression was also similar between static and rotary EBs, 

with a transient increase in expression at day 4 that subsided by day 7, while hanging 

drop EBs showed insignificantly higher expression levels at day 4 with similar 

downregulation by day 7 (Figure 3.6B).  Nestin expression was similar in EBs under all 

conditions, with no significant differences noted between groups for a given time point 

(Figure 3.6C).  -fetoprotein showed minimal expression prior to day 7, at which point 

hanging drop, static and rotary EBs displayed increased levels of the gene (Figure 3.6D).  

The higher levels of AFP expressed by hanging drop and rotary EBs correlated with the 

smooth, primitive endoderm layer seen in phase images (Figure 3.1A, insets).  This data 

suggests a possible enhancement of differentiation in rotary cultures relative to static.  

Additionally, the expression of genes from all three germ layers indicates that EBs 

formed by rotary suspension retain their pluripotent differentiation capacity.  The 

pluripotent capacity of rotary EBs is further supported by the observation of beating foci, 

neurite extensions, and other mature phenotypes after plating EBs on gelatin-coated 

substrates, similar to that seen in hanging drop and static suspension EBs. 
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Figure 3.7.  Quantitative gene expression analysis of Nanog in hanging drop, rotary, and 

static EBs.  Similar gene expression patterns of the undifferentiated ES cell marker Nanog were 

observed in static and rotary EBs.  Hanging drop EBs showed significantly lower expression of 

Nanog and day 2 and 7 of differentiation.  * represents p<0.05 

 

Figure 3.6.  Quantitative PCR analysis of gene expression in hanging drop, static and rotary EBs.  
RNA extracted from EBs at day 2, 4 and 7 was compared for hanging drop, rotary and static cultures 

using quantitative PCR.  Similar gene expression patterns were found for pluripotent marker Oct-4(A), 

and the mesoderm marker Brachyury-T (B), with hanging drop EBs showing increased expression at day 

4.  Expression of the ectoderm marker nestin was similar for all groups (C), while cells from rotary EBs 

showed higher AFP expression than static at day 7 (D), suggesting enhanced endoderm differentiation.  * 

represents p<0.05 
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Discussion 

In this study, the effects of orbital rotary culture on the efficiency of EB 

formation, yield and viability of differentiating cells and EBs, homogeneity of size and 

shape of EBs, and differentiation were investigated relative to hanging drop and static 

suspension culture.  Rotary culture increased the efficiency of EB formation, resulting in 

a 20-fold increase in the number of ES cells incorporated into EBs compared to static 

culture after 12 hours, and rotary culture also significantly increased the yield of EBs and 

cells formed after 7 days of differentiation in suspension.  EBs formed from rotary 

suspension also appeared to contain fewer dead and apoptotic cells than those from static 

suspension culture.  Rotary culture produced EBs with greater homogeneity in size than 

either hanging drop or static suspension culture, and also produced an EB population with 

a homogenous shape similar to hanging drop and greater than static suspension culture.  

Additionally, EBs formed by the rotary process showed increased levels of endoderm 

expression compared to static EBs, but comparable induction of mesoderm and ectoderm 

markers and down-regulation of pluripotent markers during the course of differentiation.  

These results indicate that the rotary method of EB formation is an effective means for 

producing a controlled, uniform population of EBs in bulk suspension while 

simultaneously increasing the efficiency and yield of differentiating ES cells. 

Physical separation techniques, such as hanging drop cultures, provide a route to 

control the size and efficiency of initial EB formation and prevent EB agglomeration 

[175].  Similarly, EBs have been formed in individual conical tubes [176] or 96-well 

round-bottom plates [62,177] with or without centrifugation to promote cell aggregation 

for EB formation.  Although each approach can effectively produce distinct EBs of 
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similar size, individual formation and maintenance of EBs is laborious and inefficient.  

Thus, physical separation methods may be useful for small scale studies of EB 

differentiation, but they are not feasible for larger-scale production of EBs in bulk 

suspension culture.  As an alternative approach, EB formation in agarose [65,70] and 

alginate [146] beads has been investigated as a means to “shield” EBs from one another 

in suspension and thereby prevent agglomeration.  However, cell encapsulation methods 

require additional materials and equipment that may complicate EB production and affect 

the overall homogeneity of the EB population.  In this study, consistent rotary motion 

alone during suspension culture enabled EBs to form rapidly, efficiently and 

homogeneously during the first 2 days of culture.  In addition, after EB formation, 

persistent rotary motion appeared to inhibit EB agglomeration, resulting in a more 

homogeneous population of EBs throughout the duration of suspension culture. 

  Continuously mixed culture methods have been used successfully with many cell 

types such as hepatocytes [178], tumor cells [179], and neural stem cells [156,167] to 

enhance the formation of cell aggregates.  Similar strategies to increase the efficiency and 

scale of EB production from both mouse and human ES cells have been examined more 

recently with various bioreactors, such as spinner flasks, slow turning lateral vessels 

(STLVs), and high aspect rotating vessels (HARVs) [23,64,66,162,164,165].  HARVs 

have been shown to promote formation of large aggregates of EBs and induce cell death, 

thereby reducing the overall yield of viable cells and creating a more heterogeneous 

population of EBs [66].  Certain spinner flasks and STLVs, however, have been shown to 

reduce aggregation of EBs and thus sustain larger numbers of EBs.  Interestingly, spinner 

flasks with bulb-shaped impellers are capable of forming EBs from single-cell 
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suspensions, whereas spinner flasks with paddle-type impellers merely induce massive 

cell aggregation and EB agglomeration [164].  These observations, along with the 

efficient EB formation and reduced agglomeration seen in the present study, imply that 

the specific fluid mechanics profile of mixed culture systems may need to balance the 

induction of early cell aggregation required to form EBs with inhibition of EB 

agglomeration once individual EBs have formed. 

Imposing flow on cells, particularly in 3D culture systems, provides a number of 

beneficial in vitro effects, such as increased diffusion of nutrients and oxygen, that 

promote cell viability.  Increasing the yield of viable differentiated cells relative to the 

starting number of ES cells is important, since fewer input cells needed to produce EBs 

reduces the labor and cost of ES cell expansion prior to initiating differentiation 

protocols.  In addition, reduction of EB agglomeration can also increase the yield of 

viable cells by preventing oversized EB formation [64,66].  However, the benefits of 

dynamic culture systems only exist up to a certain threshold, whereupon relatively large 

shear stresses begin to exert a detrimental effect on cells.  For example, as higher rotation 

speeds such as 55 rpm were examined, the cultures contained more free cells in 

suspension than slower speeds, though it was not clear whether free cells were being 

sheared off EBs or simply incorporating less into EBs originally.  Furthermore, lower 

rotary speeds may have negative effects on EB viability and yield as well, as massive cell 

agglomerates have been observed at rotary speeds below 20 rpm, while 25 rpm produces 

roughly one-tenth the number of EBs as 40 rpm.  In contrast, rotary speeds close to 40 

rpm appear to produce a population of EBs that both form efficiently, with few free cells 
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remaining in suspension, and in high yield.  Thus, it is likely that a range of values for 

rotational speed exists which benefit cell viability and overall differentiated cell yield. 

 The ability to control the size of EBs may be necessary for creating robust, 

reproducible strategies for ES cell differentiation because cell differentiation is 

influenced by spatial and temporal patterns of cell-cell interactions, and thus the size of 

individual EBs formed may affect their differentiation profiles.  Hanging drop size as a 

function of initial ES cell number has been integrated into differentiation protocols for 

different cell lineages [160]; however, this method is limited in its ability to effectively 

control EB size, as small differences in initial cell number within drops may result in 

large differences in EB size after just 2-3 population doublings, potentially accounting for 

the broad distributions observed in hanging drop area at days 4 and 7 in this study (Figure 

3.4A).  Rotation speed and cell density of larger volume, stirred culture systems have 

been shown to influence the size and shape of EBs, but differences in cell differentiation 

were not described [23,66,164].  Using rotary orbital culture, lower rotary speeds, such as 

25 rpm, produced larger EBs (Figure 3.1B) while higher speeds, such as 55 rpm, yielded 

much smaller EBs, indicating that an inverse relationship between rotary speed and initial 

EB formation size exists.  Such observations warranted more rigorous characterization of 

EB size and rotary speed [72].  These studies also suggested that modulation of rotary 

speed influenced gene expression and differentiation kinetics within EBs [72].  

Additionally, the use of rotary culture at a single speed (40 rpm) was demonstrated to 

enhance cardiomyocyte differentiation relative to static suspension EBs [71].  Ongoing 

studies seek to assess whether modulated differentiation in rotary EBs at different speeds 
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is a consequence of EB size or the hydrodynamic environment, or a synergistic 

relationship between the two. 

 In addition to creating a more homogeneous and larger population of EBs in bulk 

suspension, rotary culture may induce differentiation of ES cells more efficiently than 

static suspension culture.  Mature embryoid bodies are generally considered to be formed 

from an outer layer of primitive endoderm surrounding an interior of differentiating cells, 

with the endoderm providing molecular signals necessary for proper differentiation 

[52,57].  The morphological appearance of a primitive endoderm surface layer and 

increased levels of AFP gene expression in rotary EBs appears to indicate enhanced 

endoderm formation.  Furthermore, formation of cystic structures in the interior of EBs is 

generally considered to be a positive indication of ES cell differentiation.  The earlier and 

more pronounced appearance of cystic structures in rotary EBs than in static suggests that 

differentiation is induced sooner and could lead to more rapid and efficient differentiation 

of subsequent cell types dependent on endoderm-derived morphogenic cues for proper 

differentiation.   
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CHAPTER 4 

DIFFUSION WITHIN EMBRYOID BODIES 

 

Introduction 

 Embryonic stem cells (ESCs) are pluripotent cells derived from the inner cell 

mass of the blastocyst that are capable of infinite self-renewal and differentiating into 

cells from all three germ layers (ectoderm, mesoderm and endoderm), as well as germ 

cells. Embryonic stem cells have been derived from mouse [1,2,180], non-human primate 

[181,182] and human embryos [4,183].  More recently, pluripotent cells have been 

created from adult cell sources using a variety of viral and non-viral techniques [30-

32,184,185] and are collectively known as induced pluripotent stem cells (iPSCs).  The 

plasticity of pluripotent cells has made them applicable in studies of developmental 

biology in vitro and as a potential cell source for regenerative cell therapies as well as in 

vitro pharmacological drug screening and toxicity testing.  Differentiation of ESCs can be 

induced by a variety of methods, including adherent monoculture [186], co-culture with 

differentiated cell types [187], and via formation of spheroids called embryoid bodies 

(EBs) [1].  Differentiation of ESCs as EBs is particularly common due to the similarities 

of these 3D spheroids to developing embryos with respect to morphogenesis and 

differentiation.  Additionally, EB culture provides ESCs with a microenvironment rich in 

cell-cell and cell-extracellular matrix (ECM) contacts that cannot be easily replicated in 

monolayer culture. 

 Spheroid culture is not limited to ESCs, but rather is utilized for a number of cell 

types, including hepatocytes [171,178,188,189], embryonic carcinoma cells [190-192], 
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and adult stem cells (mesenchymal [193,194] and neural [195-197]).  A variety of cancer 

cell types are also commonly grown as spheroids [198-203] (and reviewed by 

[119,204,205]) and are typically referred to as multicellular tumor spheroids (MCTS).  

The use of MCTS for in vitro studies of cancer biology is preferred over monolayer 

culture as MCTS more closely mimics solid tumors in vivo in regard to cell morphology, 

cell growth, drug resistance, and cell death [119,200,204].  Additionally, MCTS culture 

more accurately replicates the heterogeneity inherent to the solid tumor 

microenvironment than monolayer culture, as regions of oxygen and nutrient depletion 

and necrosis develop, whereas cells in monolayer are exposed to more homogeneous 

conditions [124].  Because of these similarities to solid tumors, MCTS are often 

employed for modeling of growth kinetics [203,206], angiogenesis [199,207], immune 

cell interactions [205], and diffusivity within solid tumors [121,123,125].  Diffusive 

properties are of particular importance in cancer research as incomplete drug diffusion, 

particularly deep within tumor tissue, can result in ineffective cancer therapeutics [208].  

Incomplete vasculature, extracellular matrix production, increased interstitial fluid 

pressure, and tight cell junctions all contribute to the resistance solid tumors and tumor 

spheroids pose toward complete drug penetration [208,209].  

 EBs also present obstacles for solute diffusion and uniform uptake by cells 

comprising EBs.  Studies have been performed on the diffusive properties of EBs as a 

function of differentiation time course and anti-angiogenic drug treatment [23].  

Interestingly, these studies suggested that vascular differentiation occurring within EBs 

facilitated transport, resulting in later stage EBs displaying a higher diffusion coefficient 

than early EBs, while anti-angiogenic agents reduced this difference.  However, other 
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studies have reported that ECM and basement membrane are produced within EBs, and 

that later stage EBs display more developed and organized basement membrane 

[51,55,56].  Studies investigating the role of basement membrane in diffusion within EBs 

demonstrate that disruption of membrane formation, via modulation of nitogen 

interactions with laminin, resulted in enhanced EB permeability [210].  Additionally, 

studies with human EBs have shown that EBs progress from a primitive cluster of cells at 

early time points (3 days) to spheroids with smooth, matrix-rich exteriors at later time 

points (7 and 10 days) [22].  Diffusive transport studies demonstrate that methylene blue 

uptake by the shell-like EB exterior decreases significantly between 3 and 7 days of 

differentiation, suggesting that ultrastructural changes within differentiating EBs restrict 

molecular diffusion [22].  The discrepancies observed between these studies as well as 

the species and culture system-specific differences common in EBs warranted further 

investigation into the diffusional properties of EBs. 

 In this study, the diffusive transport characteristics of murine EBs formed via 

rotary suspension culture were assessed.  Scanning electron microscopy was used to 

examine the ultrastructure of differentiating EBs, particularly at the EB periphery.  

Fluorescent dye uptake by cells in EBs was assessed both in situ by microscopy, and by 

dissociating EBs and quantifying cell labeling.  A simple model of EB geometry was 

used to determine the percentage of cells at a given depth from the EB exterior as a 

function of spheroid radius.  Finally, a diffusion model based on Fick’s laws was 

constructed to demonstrate that experimental results are in agreement with governing 

transport equations.  These results indicate that significant barriers to solute diffusion 

exist within EBs that should be taken into account in directed differentiation protocols.   
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Methods 

 

Embryonic stem cell culture 

Murine embryonic stem cells (D3) [1] (passages 23-32) were maintained in an 

undifferentiated state on tissue culture dishes coated with 0.1% gelatin in Dulbecco’s 

modified Eagle’s medium (DMEM) (Mediatech Inc., Herndon, VA), supplemented with 

15 % fetal bovine serum (FBS) (Hyclone, Logan, UT), 2mM L-glutamine (Mediatech), 

100 U/mL penicillin, 100 μg/mL streptomyocin, 0.25 μg/mL amphotericin (Mediatech), 

1x MEM nonessential amino acid solution (Mediatech), 0.1 mM 2-mercaptoethanol 

(Fisher Chemical, Fairlawn, NJ), and 10
3
 U/mL leukemia inhibitory factor (LIF, 

Chemicon International, Temecula, CA).  Cells were routinely passaged every 2-3 days 

prior to reaching 70% confluence. 

 

Embryoid body formation 

 Undifferentiated ESCs were dissociated from monolayer culture with a 0.05% 

trypsin-EDTA solution (Mediatech) to obtain a single cell suspension.  Suspension 

cultures of EBs were initiated by resuspending 4 x 10
5
 cells/mL in differentiation media 

(undifferentiated growth media without LIF) on bacteriological grade Petri dishes.  

Rotary suspension culture EBs were initiated by placing dishes on an orbital rotary 

shaker (Lab-Line Lab Rotator, Barnstead International, Dubuque, IA) set at 40 

revolutions per minute (RPM).  Embryoid bodies were maintained for up to 10 days in 
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suspension, with media changed every one to two days by allowing EBs to sediment in 

15 mL centrifuge tubes, aspirating the old media, and resuspending in fresh media 

 

Scanning electron microscopy 

Embryoid bodies were collected after 10 days of rotary culture and were fixed in 

2.5% gluteraldehyde (Electron Microscopy Sciences) diluted in sodium cacodylate buffer 

(Electron Microscopy Sciences) for 1 hour. After rinsing, EBs were further treated with 

1% osmium tetroxide (Electron Microscopy Sciences) for 1 hour. Samples were 

dehydrated in graded acetone dilutions and critically point dried using a Polaron E3000 

critical point dryer (Quorum Technologies Inc, Guelph, ON, Canada). Finally, EBs were 

sputter coated for 120 seconds at 2.2 kV using a Polaron SC7640 sputter coater and 

imaged using a Hitachi S-800 scanning electron microscope (Hitachi High Technologies, 

Pleasanton, CA). 

 

CellTracker labeling 

 After 2, 4, and 7 days of rotary culture, EB samples were collected and labeled 

with CellTracker Red
TM

 (CTR; Molecular Probes).  EBs were incubated for 30 minutes in 

24 well plates containing 1.0 mL of 2.5 µM CTR solution.  The CTR solution was then 

replaced with regular differentiation media, and EBs were incubated for an additional 30 

minutes.  EBs were then rinsed with PBS and then dissociated into single cells via 

trypsin-EDTA digestion.  Trypsin was neutralized using differentiation media and cells 

were collected via centrifugation, resuspended in PBS, loaded into a hemocytometer, and 

counted. Fluorescent images of CTR labeled digested EBs were acquired on a Nikon 
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Eclipse 80i microscope equipped with a Spot RT3 Slider camera (Diagnostic 

Instruments), and the percentage of labeled cells was calculated for each time point.   

 

Confocal microscopy 

 Embryoid bodies were labeled with CTR as described above.  Prior to the 

trypsinization step, samples of labeled EBs were collected for imaging via confocal 

microscopy.  Images were acquired on a Zeiss LSM/NLO Multi-Photon microscope.  

Labeled EBs were imaged at a range of Z-depths with 4.66 µm between optical sections.  

ImageJ software was used to generate plot profiles as well as to calculate the fraction of 

labeled pixels within EBs.  Briefly, fluorescent intensity profiles were generated using the 

rectangular selection tool in order to create intensities averaged in the vertical direction 

across the horizontal length of the rectangle.  Distance values were transformed such that 

the center of the EB corresponded to zero on the x-axis.  The fraction of labeled pixels in 

each EB section was also calculated using ImageJ.  The threshold and analyze particles 

features were used to quantify the number of fluorescent pixels in each section, and the 

number of pixels corresponding to the entire EB area was also calculated.  The fraction of 

labeled pixels at each Z-depth was determined and values were normalized to the 

maximum labeling fraction for each EB.   

 

Cryosectioning 

 EBs fluorescently labeled with CTR (as described) were collected, rinsed in PBS, 

and embedded in optimal cutting temperature (OCT) solution.  The OCT blocks 

containing EBs were frozen over dry ice until completely solid and stored at -20⁰C prior 



53 

 

to sectioning.  Ten µm sections were taken using a cryostat (Micron Cryo-Star HM 

560MV), with at least 100 µm between sections to minimize repeated sectioning of the 

same EBs.  OCT was washed from the sections using PBS followed by two washes in 

deionized water.  To counterstain cell nuclei, slides were incubated in Hoechst (diluted 

1:100) solution for 5 minutes, washed in PBS and water, and coverslipped using aqueous 

mounting medium (Gel/Mount, Biomedia Corp.).  Slides were imaged on a Nikon 80i 

microscope.  Cell labeling in cryosections was quantified using ImageJ software.  Each 

EB was divided into four equi-radial regions (i.e. the length of each region in the radial 

direction was equal).  The percentage of CTR-labeled pixels was quantified by using the 

analyze particles tool to calculate the number of fluorescent pixels, and the selection tool 

and measure feature to determine the total pixels within the specified region.   

 

Geometric model 

 An algorithm to calculate the percentage of cells at a given radius within an EB as 

a function of EB size was constructed using Matlab (The MathWorks Inc.).  EBs were 

assumed to be solidly packed spheroids consisting of concentric cell layers, each 10 µm 

(the average diameter of an ESC) thick.  The volume of a layer at radius r=r1 was 

determined by calculating the volume at r=r1 and then subtracting the volume of a sphere 

at r=r1 - 10µm (i.e. volume of a shell calculation).  The number of cells in a given layer 

was calculated as the quotient of layer volume and the volume of a single cell.  The 

percentage of total cells at a given depth from the EB exterior was plotted for multiple 

spheroid radii.     
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Diffusion model 

 Concentration as a function of radial distance from the center of a spheroid was 

modeled using Fick’s second law as the governing equation.  The system was assumed to 

be in steady state with a constant consumption rate.  Calculation of the constants based on 

the different boundary conditions can be found in Appendix A.  Concentration was 

plotted as a function of radial distance from the EB center using Matlab. 

 

Statistical analysis   

Values are reported as mean ± standard deviation.  Statistical significance was 

determined using one or two way ANOVA coupled with Tukey’s post hoc analysis using 

Systat (v12, Systat Software Inc.). 

 

 

Results 

 

Embryoid body ultrastructure 

 Embryoid bodies were cultured for 10 days under rotary suspension conditions 

prior to imaging via scanning electron microscopy (SEM).  The EB surfaces contained 

regions in which individual cells protruded, though the majority of the surface area was 

smooth with individual cells less discernable (Figure 4.1A).  This suggests that cells 

predominantly have a flattened, epithelial morphology, and that ECM is deposited 

between cells.  Bisection of EBs revealed the formation of a dense, shell-like layer 

approximately 10 µm thick enveloping the EB (Figure 4.1B, C).  This layer was similar 

in appearance to the collagen IV-containing shell structure reportedly formed in human 
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EBs [22].  Formation of EBs with smooth surfaces, matrix-rich peripheries and epithelial-

like cells motivated further investigation into molecular diffusion within EBs.          

 

Figure 4.1.  Ultrastructure of embryoid bodies.  EBs were imaged with scanning electron 

microscopy after 10 days.  EBs had smooth surfaces (A), and bisected EBs had a shell-like 

exterior (B) approximately 10 µm thick (C). 

 

CellTracker Red diffusion in embryoid bodies 

 Embryoid bodies were formed via rotary suspension culture, and phase images 

confirmed formulation of relatively uniform, spherical EBs by 2 days and continued EB 

growth after both 4 and 7 days (Figure 4.2).  Diameters for the EBs were 155 ± 28, 192 ± 

29, and 250 ± 35 µm for day 2, 4 and 7 EBs, respectively.  In order to investigate 

molecular diffusion within EBs as a function of time, EBs formed via rotary suspension 

culture were collected and assessed after 2, 4, and 7 days using confocal microscopy, 

cryosectioning of OCT-embedded EBs, and quantification of dissociated EBs. 
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Figure 4.2.  Temporal analysis of EB appearance.  EBs formed via rotary suspension culture 

were spherical and uniform, and EB size increased over time. 

 

Confocal microscopy   

After 2, 4, and 7 days of rotary culture, EBs labeled with CTR  displayed intense 

fluorescent staining on their exterior surface (Figure 4.3, 0 µm column).  At deeper 

optical sections, temporal differences were noted in EBs.  Day 2 EBs remained relatively 

uniform in CTR staining at deeper sections, whereas day 4 and day 7 EBs displayed ring-

like staining patterns (Figure 4.3, 18.6 and 37.3 µm columns).  Cells at the exterior were 

intensely stained while EB interiors were unlabeled.  This phenomenon was quantified 

using the Plot Profile feature of ImageJ.  Averaged intensity profiles were generated 

across three depths of EBs for each time point (Figure 4.3, right column).  Fluorescent 

signal was maintained in day 2 EBs across the entire EB diameter, even at the deepest 

optical section.  In contrast, both day 4 and day 7 EBs produced profiles with signal 

spanning the EB at the superficial layer, but signal was lost at the EB center at depths of 

both 18 and 37 µm.  In the deepest sections, fluorescent signal was only detected 20-30 

µm into day 4 and day 7 EBs, suggesting that at these time points, CTR is only able to 

penetrate through 2-3 cell layers.   
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Figure 4.3.  Confocal imaging and analysis of CellTracker Red labeling.  EBs stained with 

CTR were imaged after 2, 4 and 7 days, and representative images at three Z-depths (0, 18.6, and 

37.3 µm) are shown.  Plot profiles were constructed across the EB diameters for three depths at 

each time point, demonstrating the ring-like staining profile in day 4 and 7 EBs. 

 

 Cell labeling in confocal images was also quantified on an area basis.  The 

percentage of fluorescent pixels was quantified within optical sections of EBs.  Due to 

variations in the absolute percentages obtained, attributed in part to photobleaching, 

values were normalized to the maximum percentage for each EB analyzed.  Plots of 

normalized labeling as a function of Z-depth demonstrate that early EBs (day 2) display 

relatively uniform profiles, whereas later EBs (days 4 and 7) show a gradual decrease in 

staining at deeper sections (Figure 4.4).  However, statistical significance was only 

observed at 28 µm sections between day 2 and day 7 EBs (p = 0.046).  These results are 
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in agreement with the plot profiles described above and suggest that diffusion within EBs 

is restricted in a time-sensitive fashion.   

 

 

Figure 4.4.  Fraction of labeled cells in EBs.  Confocal images were analyzed for the percentage 

of labeled pixels within EBs as a function of both time and Z-depth.  Values are normalized to the 

maximum labeling fraction for a given EB. * denotes p < 0.05 for Day 2 vs. Day 7. 

 

Cryosections of labeled EBs.   

To further characterize CTR diffusion in EBs, labeled EBs were embedded in 

OCT, frozen over dry ice, and sectioned with a cryostat.  Quantification of fluorescence 

as a function of radial distance once again indicated that staining was most prevalent 

around the EB exterior (denoted region R1 in Figure 4.5), and that staining progressively 

decreased toward that EB center.  Interestingly, the centermost region (R4) did not follow 

this pattern, and instead showed staining most similar to an intermediate (R2) region.  

The cause of this discrepancy is not entirely clear, though sectioning artifact and 

background fluorescence may be factors. 
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Figure 4.5.  Analysis of frozen EB sections.  The percentage of labeled pixels in frozen sections 

was quantified in 4 radial regions (R1 is the outermost region, R4 is the interior).  Staining was 

most prevalent at the EB exterior (R1 region). *denotes p < 0.02. 

 

EB dissociation   

Cell labeling within EBs was further assessed via quantification of fluorescence in 

dissociated EBs.  As described above, EBs were labeled with CTR prior to trypsin 

digestion and reduction to single-cell suspensions.  Cells were then loaded in a 

hemocytometer, and the total number of cells as well as the number of fluorescent cells 

was counted under a fluorescent microscope.  This method of quantification resulted in 

comparatively high percentages of labeled cells (Figure 4.6).  As expected, day 2 EBs 

had the highest level of cell labeling (94.7 ± 3.7 %) while later EBs had progressively 

fewer labeled cells (78.5 ± 5.4 and 59.8 ± 8.4 % for days 4 and 7).   All time points had 

significantly different labeling percentages (p < 0.05).  In previous quantification 

methods (analysis of confocal and frozen section images), labeling was assessed through 

quantitation of fluorescent pixels rather than the number of positive cells.  The binary 
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nature of dissociative quantitation (i.e. either CTR positive or negative) means that a cell 

with low fluorescent intensity, translating to few fluorescent pixels, is counted the same 

as a cell with intense fluorescence and many positive pixels.  As such, these data appear 

to be in agreement with results obtained from in situ imaging and frozen sections.     

 

 

Figure 4.6.  CellTracker labeling in dissociated EBs.  EBs were labeling with CellTracker Red 

and the percentage of labeled cells was quantified by dissociating EBs and counting fluorescent 

cells using microscopy.  The percentage of labeled cells progressively decreased with time. * 

denotes p < 0.05. 

 

A model of embryoid body geometry 

 In the above analyses, CTR labeling within EBs was generally observed to 

decrease as EBs matured, and staining was less prevalent in the interior than exterior cell 

layers.  A significant amount of EB growth takes place between each of the time points 

examined, suggesting that EB growth may play a role in determining the fraction of cells 

that are exposed to media solutes.  A graphical representation of the percentage of cells at 
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a given distance from the EB surface was created for various EB radii (Figure 4.7).  EBs 

were assumed to consist of concentric cell layers of equal thickness (10 µm, the 

approximate diameter of a single ESC).  The volume of each cell layer was calculated, 

and the number of cells in the layer was calculated as this volume divided by the volume 

of a single cell.  This figure illustrates that in spheroids with very small radii, nearly all 

cells are in contact with the media, suggesting that transport limitations do not exist.  

However, for spheroids with radii greater than 100 µm, less than 25% of cells are in 

contact with the surrounding media.  Confocal studies indicated that in larger EBs (r > 75 

µm), CTR was only able to penetrate 2-3 cell layers (20-30 µm from the EB exterior).  

Interestingly, the percentage of cells within 30 µm of the exterior for r = 75, 100, and 125 

µm (the average radii of EBs after 2, 4 and 7 days) are 95, 81, and 70%, respectively.  

When compared to the observed percentage of CTR labeled cells in dissociated EBs (95, 

79 and 60% for days 2, 4 and 7), these figures start out similar but begin to deviate after 7 

days.  The 95% labeling in day 2 EBs fits the geometric model of 75 µm radius with 30 

µm diffusion length very closely, as do day 4 EBs with average radius of 100 µm and 

80% CTR labeling.  Day 7 EBs, with 125 µm average radii and 60% CTR labeling, 

extrapolate to a diffusion length of approximately 20 µm.  This suggests that processes 

within the EB that take place between 4 and 7 days restrict the diffusion of extracellular 

molecules within EBs.  The production of ECM and basement membrane, formation of 

tight cell junctions, and increased cell packing density within EBs over the course of 

differentiation may all contribute to this behavior.   
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Figure 4.7.  Graphical representation of the fraction of cells at a given radial distance.  The 

percentage of cells in each cell layer was plotted for EBs with various dimensions, starting with 

the outermost layer.   

 

Modeling diffusion in embryoid bodies 

 A system of equations describing the concentration of a media component both 

inside and outside a spheroid was derived and is listed in Appendix A.  Assuming steady 

state, radial symmetry, and constant rate of consumption, this system of equations 

reduces to: 
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where Cint(r) and Cext(r) are the concentration inside and outside the spheroid, 

respectively and Q is the consumption rate of the solute divided by the diffusion 

coefficient in the spheroid (Q=-q/D).  The constants in these equations were solved for 

using initial conditions and boundary conditions, as described in Appendix A.  In the 

simplest scenario, the solute is assumed to diffuse throughout the spheroid, and the 

concentration is assumed to be continuous across the spheroid border.  The equations 

reduce to: 
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where R is the spheroid radius.  Numerical examples of this situation are depicted in 

Figure 4.8 for a range of Q and R values.  When Q is very small, consumption is very low 

and the concentration within the spheroid deviates only slightly from the bulk 

concentration (Figure 4.8A).  As Q increases due to increasing consumption or 

decreasing diffusion coefficient, the concentration within the spheroid decreases more 

sharply as the radius approaches zero (Figure 4.8B).  This effect is more pronounced as 

the size of the spheroid increases.   
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Figure 4.8.  Concentration profiles in spheroids without complete depletion.  Low Q values 

result in high concentration throughout the spheroids (A) while higher Q values result in greater 

depletion (B).  Vertical dashed lines represent the spheroid radius for each curve. 

 

As Q continues to increase, the concentration within the spheroid reaches zero, and at a 

sufficiently high Q value, the above equations are no longer valid as negative 

concentrations will be obtained.  The threshold at which this occurs is defined by the 

relation: 

Q

C
R

bulk2
0   

where R0 is the radius at which a zero-concentration zone develops within the spheroid.  

For a fixed Cbulk value, the relationship between Q and R0 is demonstrated in Figure 4.9.   
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Figure 4.9.  Radius at which a zero concentration zone develops as a function of Q.  R0 is 

proportional to one divided by the square root of Q. 

 

Intuitively, a zero-concentration zone develops in spheroids with very high Q (either high 

consumption or low diffusion) even if the spheroid dimensions are very small, whereas 

such as zone will only occur in large spheroids if the radius is large when Q is very low.   

For R>R0, new boundary conditions apply (see Appendix A), and recalculation of the 

constants yields: 
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Examples of this case are shown in Figure 4.10.  When Q=1x10
-3

, this set of equations 

only applies to spheroids with R>141 µm.  Significant depletion of the solute is observed 

within the spheroid before the concentration finally drops to zero (Figure 4.10A).  At 

higher Q values, the concentration reaches zero nearly immediately after contact with the 

spheroid surface (Figure 4.10B).   
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Figure 4.10.  Concentration profiles for spheroids in which complete depletion occurs.  

Depletion occurs more gradually for smaller Q values (A) while larger Q values result in 

depletion very near the spheroid surface (B). 

 

Finally, the spheroid size was fixed at radii of 75, 100, and 125 µm and the concentration 

was plotted for a range of Q values (Figure 4.11).  For a spheroid of fixed size, there 

exists a Q value at which a zero-concentration region develops precisely at the spheroid 

center.  For Cbulk=10 µM, this Q value is 3.55x10
-3

, 2.0x10
-3

, and 1.28x10
-3

 for R=75, 100 

and 125 µm, respectively.  This reveals that, for a constant consumption rate, a diffusion 

coefficient that allows for complete penetration in a spheroid with a 75 µm radius 

(corresponding to day 2 EBs) would only allow diffusion to 35 and 25 µm into spheroids 

with 100 and 125 µm radii (corresponding to day 4 and 7 EBs, respectively).  Thus, small 

changes in spheroid parameters, such as radius, diffusion coefficient, and consumption 

rate, have a pronounced effect on transport properties in this model.  Finally, as Q 

increases in spheroids of all three sizes (Figure 4.11 A, B and C), the concentration 

curves shift to the right, indicating that consumption begins to dominate over diffusion.   
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Figure 4.11.  Concentration profiles in different size spheroids for a range of Q values.  

Concentration was plotted for 75, 100, and 125 µm radius spheroids, corresponding to day 2, 4 

and 7 EB dimensions. 

 

 

 

Discussion 

 In this study, ultrastructure and fluorescent dye uptake were analyzed in EBs 

formed via rotary orbital culture.   Images acquired using SEM demonstrated the 

formation of a smooth EB surface and a shell-like outer layer.  Multiple methods were 

used to quantify CTR labeling and diffusion in EBs, including in situ multi-photon 

microscopic imaging, frozen sectioning, and trypsin dissociation of EBs.  Confocal 

imaging revealed incomplete CTR penetration within EBs, producing ring-like staining 

patterns, particularly in day 4 and 7 EBs, suggesting that diffusion becomes increasingly 

restricted with time.  Fluorescent intensity profiles of confocal images illustrated that the 

ring-like staining became more prominent at deeper optical sections within EBs.  

Quantification of the percentage of labeled pixels in confocal images confirmed that the 

degree of staining decreased as a function of Z-depth.  Analysis of cryosections also 

indicated that staining was most prevalent at the outermost EB regions.  The percentage 

of labeled cells in dissociated EBs was highest at day 2 and decreased at days 4 and 7.  A 

geometric spheroid model suggested a diffusion path length of ~30 µm in day 2 and 4 
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EBs, but a shorter length (~20 µm) in day 7 EBs.  Modeling of diffusion based on Fick’s 

second law confirmed that diffusion is increasingly limited as the spheroid dimensions 

increase, or as the ratio of consumption to diffusion increases.  Collectively, these results 

demonstrate that free diffusion of solutes does not occur in cell spheroids, and that 

barriers inherent to EBs restrict transport in a temporal manner. 

 Previous studies have demonstrated that diffusive transport barriers exist in 

various multicellular spheroids, including EBs [22,23,207,208].  In general, the diffusion 

of relatively large molecules, including antibodies (~150,000 Da) [211], FITC-labeled 

dextrans (typically > 10,000 Da) [23] or even nanoparticles [122], has been reported.  

While this may be appropriate for cancer therapeutic applications, many ESC 

differentiation protocols require small, hydrophobic molecules such as retinoic acid (RA; 

300.44 Da) [88,90,212].  Diffusion of RA, which generally passes through cell 

membranes and interacts with cellular binding proteins before binding retinoid receptors 

in the nucleus [213], is likely to have different properties than that of much larger, 

hydrophilic molecules.  Here we show that the diffusion of a small, hydrophobic 

fluorescent dye (686.25 Da) is restricted within EBs, despite the membrane-permeability 

of this molecule.  It is expected that the diffusion of larger, non-membrane-permeable 

molecules will be more severely restricted than CellTracker Red. 

 Directed differentiation protocols for ESCs generally rely on the addition of 

morphogenic factors in order to alter the gene and protein expression of cells in various 

states of potency.  The ability of morphogens to uniformly access cells and evoke cellular 

changes may be important for the production of a pure population of a desired cell type.  

In development, morphogens are generally secreted from a source such that a gradient of 
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the signal is formed.  This gradient is used to specify cell fate and ensure that proper 

patterning occurs in developing tissue [214,215].  The formation of morphogen gradients 

in ESC differentiation protocols in vitro may not be desirable, as a heterogeneous 

population specified by morphogen concentration will likely result.  However, EB culture 

is advantageous over monolayer culture for a number of reasons, including the ability to 

scale production in bioreactors and the rich microenvironment provided by spheroid 

culture.  For these reasons, methods to overcome diffusional barriers within EBs and 

present morphogens to differentiating cells uniformly and with temporal control are of 

great interest.      
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CHAPTER 5 

INCORPORATION OF POLYMER MICROSPHERES WITHIN 

EMBRYOID BODIES USING ROTARY SUSPENSION CULTURE
*
 

 

Introduction 

Embryonic stem cells (ESCs) are pluripotent cells derived from the inner cell 

mass of developing blastocysts with the inherent ability to differentiate into all somatic 

cell types [2-5].  The pluripotent nature of ESCs has attracted interest in these cells as a 

renewable cell source for tissue engineering and other cell based therapies as well as for 

in vitro drug screening and studies in mammalian development [216-218].  

Differentiation of ESCs can be induced using a variety of methods, including monolayer 

culture [14,42,219], co-culture with stromal cells [19,43,47], and aggregation into 

multicellular spheroids called embryoid bodies (EBs) [1,2,5].  The use of EBs for ESC 

differentiation is particularly common due to their ability to differentiate to cells from all 

three germ lineages and similarities to embryonic development; however, the 

microenvironment within EBs is complex and dynamic, resulting in spontaneous and 

heterogeneous differentiation events [21].  Efforts to control and direct differentiation of 

ESCs comprising EBs have traditionally focused on the addition of soluble morphogens 

to the culture media [88,220].  While soluble treatment can improve the efficiency of 

   

 

*Modified from: 

RL Carpenedo†, SA Seaman† and TC McDevitt.  Microsphere size effects on embryoid body 

incorporation and embryonic stem cell differentiation.  J Biomed Mater Res A (in press). 

†These authors contributed equally, and 

RL Carpenedo, AM Bratt-Leal, RA Marklein, SA Seaman, NJ Bowen, JF McDonald, TC 

McDevitt.  Homogeneous and organized differentiation within embryoid bodies induced by 

microsphere-mediated delivery of small molecules.  Biomaterials, 2009, 30(13): 2507-2515 
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directed differentiation to specific cell types, a high degree of heterogeneity is still 

common.  Studies investigating the diffusion of molecules into tumor spheroids 

[123,211,221,222] and EBs [22,23,207] have shown that diffusion into cell spheroids is 

hindered by spheroid size, extracellular matrix (ECM) content, and tight cell junctions.  

The inability of morphogens to effectively penetrate cell spheroids limits the efficacy of 

soluble morphogen delivery strategies for EB-based differentiation. 

 Recently, two approaches have been examined to overcome the diffusional 

limitations posed by EBs.  One approach has been to disrupt ECM in EBs using 

proteinases in order to enhance morphogen penetration into EBs [22].  However, ECM is 

an important component of the 3-D microenvironment of EBs, and its disruption may 

negatively impact cell organization, viability and differentiation.  Additionally, the 

kinetics of ECM degradation and remodeling in EBs have not been characterized, 

indicating that the timescale during which enhanced diffusion into EBs is permitted is 

unknown.  Alternatively, the diffusional barriers posed by the EB exterior can be 

circumvented by incorporating biodegradable polymer microspheres containing 

morphogenic molecules directly within the interior of EBs [223,224].  Such an approach 

facilitates the presentation of morphogens to ESCs directly within the EB 

microenvironment rather than relying on passive diffusion to transport morphogens into 

the EB interior.  Additionally, microsphere-mediated delivery more closely replicates 

embryogenic processes in which morphogens are secreted locally to differentiating cells 

and tissues in a spatially and temporally controlled manner.   

 The objectives of this work were to incorporate polymer microspheres within EBs 

formed via rotary suspension culture, and evaluate the ability to control the level of 
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incorporation using both microsphere and mixing parameters (Figure 5.1).   Distinct size 

populations of PLGA microsphere were fabricated and analyzed using scanning electron 

microscopy.  Microspheres were mixed with ESCs in various ratios and at three rotary 

speeds (25, 40, and 55 RPM).  Additionally, different adhesive proteins and polypeptides 

were used to coat microsphere surfaces prior to mixing.  Incorporation of fluorescently-

labeled microspheres was quantified as a function of initial mixing conditions using 

fluorescent spectroscopy.   The morphology of EBs was assessed using hematoxylin and 

eosin (H&E) staining, and gene expression was analyzed using polymerase chain reaction 

(PCR). Cell viability within EBs containing microspheres was examined using Live/Dead 

and alamarBlue® assays.  The results of the studies demonstrate that polymer 

microspheres can be incorporated into EBs under rotary suspension mixing conditions 

and that initial mixing parameters can be varied to control the degree of incorporation. 
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Figure 5.1.  Schematic representation of parameters used to control microsphere 

incorporation.  Microsphere coating, microsphere size, ratio of microspheres to cells and rotary 

mixing speed are all varied in order to achieve control over microsphere levels in the embryoid 

body microenvironment.     

  

Methods 

 

Microsphere fabrication 

Poly(lactic-co-glycolic acid) (PLGA, 50:50, 0.55-0.75 dL/g, ester terminated, 

Absorbable Polymers International) microspheres encapsulating CellTracker
TM

 Red 

(Molecular Probes, Eugene, OR) were fabricated using a single emulsion solvent 

evaporation technique as described previously [223].  Briefly, PLGA dissolved in 

dichloromethane (DCM) (20 mg/mL) was added to a 0.3% poly(vinyl alcohol) solution 
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and different sized microspheres were formulated by homogenization at 1000, 3000, 

5000, or 12,000 RPM (Polytron PT 3100, Kinematica Inc, Bohemia, NY).  The residual 

organic solvent was evaporated under light stirring for four hours before the microspheres 

were lyophilized for 24-36 hours (Freezone 4.5, Labconco, Kansas City, MO) and stored 

at -20°C until use. 

 

Scanning electron microscopy 

Microspheres suspended in dH2O were attached to SEM stubs with carbon 

double-sided adhesive discs (SPI Supplies, West Chester, PA), frozen at -80ºC and 

lyophilized for ~6 hours until stubs were completely dehydrated.  After lyophilization, 

stubs were gold sputter coated using a Polaron range sputter coater (Quorum 

Technologies, East Sussex, United Kingdom) and imaged using Hitachi S-800 SEM 

microscope.  Microsphere size was quantified using ImageJ software to measure the 

diameter of a minimum of 100 microspheres for each group.  The resulting distribution of 

microsphere sizes was plotted as a histogram with an equal number of bins between the 

largest and smallest values for each experimental group. 

 

Embryonic stem cell culture 

Embryonic stem cells (D3[1]) were grown on 0.1% gelatin coated tissue culture 

dishes in Dulbecco’s modified Eagle’s medium (DMEM) (Mediatech Inc., Manassas, 

VA).  The media was supplemented with 15% fetal bovine serum (Atlanta Biologicals, 

Lawrenceville, GA), 0.1 mM 2-mercaptoethanol (MP Biomedicals, LLC, Solon, OH), 

100 U/mL penicillin (MP Biomedicals, LLC, Solon, OH), 100 μg/mL streptomyocin (MP 
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Biomedicals, LLC, Solon, OH), 0.25 μg/mL amphotericin (MP Biomedicals, LLC, Solon, 

OH), 1x MEM nonessential amino acid solution (Lonza, Walkersville, MD), 2 mM L-

glutamine (Mediatech, Inc., Manassas, VA), and 10
3
 U/mL leukemia inhibitory factor 

(Millipore, Temecula, CA).  Cells were passaged routinely every 2-3 days before 

reaching 70% confluence. 

 

Embryoid body formation 

To initiate formation of EBs containing PLGA microspheres, microspheres were 

first coated with an adhesive substrate and then mixed with ESCs under rotary mixing 

conditions.  For studies on microsphere coating, microspheres were suspended in either 

PBS (uncoated), poly(L-lysine) (PLL, 1 mg/mL), gelatin (0.1%) or laminin (0.71 mg/mL, 

Invitrogen) and placed on a rotisserie rotator at 37⁰C for 3 hours. Studies on microsphere 

size were performed by suspending equal masses of the different size microspheres in a 

0.1% gelatin solution.  Coated microspheres were collected by centrifugation at 3000 

RPM for five minutes and resuspended in differentiation media (ESC media without 

LIF).  Embryonic stem cell colonies were dissociated into single cells with a 0.05% 

trypsin-EDTA solution and resuspended in 10 mL of differentiation media (2 x 10
5
 

cells/mL final concentration) with coated microspheres in 100 mm bacteriological-grade 

Petri dishes.  The ratio of microspheres to cells was controlled by varying the volume of 

resuspended microspheres added to the Petri dishes.  Embryoid body formation was 

initiated by placing dishes on an orbital rotary shaker set at 25, 40 or 55 rotations per 

minute (RPM) [68].  Phase images of EBs were acquired after two days using a Nikon 

TE 2000 inverted microscope equipped with a SpotFLEX (Diagnostic Instruments) 
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camera.  Image J software was used to quantify the cross-sectional area of EBs formed 

with and without microspheres. 

 

Microsphere incorporation quantification 

After two days of rotary suspension culture, EBs were collected by gravity-

induced sedimentation in conical tubes, spent media containing unincorporated 

microspheres was aspirated, and EBs were resuspended in 10 mL of fresh media.  Phase 

and fluorescent images were obtained as described above.  A fraction of the EBs (1/10) 

were counted using a Nikon TE 2000 inverted microscope after being suspended in a 

60:40 PBS:glycerol solution. The remaining EBs were suspended in 5% SDS 0.1M 

NaOH solution and rotated overnight at 37°C in order to lyse the EBs and hydrolyze the 

microspheres to release encapsulated fluorescent dye (CellTracker
TM

 Red).  The number 

of microspheres incorporated within EBs was determined using a standard curve relating 

fluorescence intensity to a known number of microspheres hydrolyzed in NaOH/SDS 

overnight at 37⁰C.  Fluorescence readings were acquired with a microplate reader 

(SpectraMax M2
e
, 586 nm excitation, 613 nm emission) and average fluorescence 

readings were plotted against initial microsphere concentration to determine the average 

number of incorporated microspheres per EB.   

 

Confocal microscopy analysis 

EBs formed at 40 RPM in a 2:1 (gelatin-coated, CellTracker
TM

 Red-loaded 

microsphere:ESC) ratio were collected after 2 days.  EBs were counterstained for 30 

minutes at 37⁰C in 5 µM CellTracker
TM

 Green (Molecular Probes) in serum-free media.  
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The CellTracker
TM

 staining solution was removed and EBs were cultured for an 

additional 30 minutes in full differentiation media prior to imaging.   Images were 

acquired in Z-stacks with 5 µm optical sections using a Zeiss LSM 510 confocal 

microscope.  Additionally, EBs containing different size microspheres were harvested 

after 2 and 7 days of differentiation, fixed in 10% formalin for 30 minutes at room 

temperature on a rotisserie rotator, rinsed three times in PBS and permeabilized in a 1% 

Triton/PBS solution for 10 minutes with rotation.  The fixed EB samples were stained 

with a 1:50 Phalloidin (FITC) (Alexis Biochemicals, San Diego, CA) and Hoechst (10 

µg/mL) solution in PBS for 30 minutes.  Samples were stored in PBS at 4ºC until 

imaging was performed on a Zeiss LSM 510 confocal microscope. 

 

Histological analysis 

Embryoid bodies with incorporated microspheres were harvested at days 7 and 10 

of differentiation and fixed in 10% formalin for 30 minutes on a rotisserie rotator at room 

temperature.  Following fixation, the samples were washed three times with PBS and re-

suspended in HistoGel (Richard-Allan Scientific, Kalamazoo, MI).  Fixed samples were 

dehydrated in a series of graduated alcohol solutions (70-100%) and xylene prior to being 

embedded in paraffin.  Sections (5 µm) were stained with hematoxylin and eosin (H&E) 

and imaged using a Nikon 80i microscope with a SpotFLEX camera. 

 

Polymerase Chain Reaction 

RNA was extracted from undifferentiated ES cells on day 0 and from EBs on days 

4, 7, and 10 using the RNeasy Mini kit (Qiagen Incorporated, Valencia, CA, 
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http://www.qiagen.com).  Reverse transcription for complementary DNA synthesis was 

performed with 1 µg of RNA per sample using the iScript cDNA synthesis kit (Bio-Rad, 

Hercules, CA, http://www.bio-rad.com), and real-time PCR was performed with SYBR 

green technology on the MyiQ cycler (Bio-Rad).  Forward and reverse primers for Oct4, 

Brachyury-T (B-T), α-fetoprotein (AFP), and glyceraldhyde-3-phosphate-dehydrogenase 

(GAPDH) were designed with Beacon Designer software, purchased from Invitrogen and 

validated with appropriate controls.  Oct4 relative gene expression was quantified as 

compared to undifferentiated ES cell expression levels using the Pfaffl method of 

quantification [174].  Brachyury-T and AFP concentrations were calculated using 

standard curves and normalized to GAPDH expression levels. 

 

Live/Dead assay 

EBs were formed as described above, and after 2, 4, 7, and 10 days of 

differentiation, cell viability was assessed using LIVE/DEAD® staining (Molecular 

Probes Inc., Eugene, OR, http://probes.invitrogen.com).  Samples were incubated in 

serum-free, phenol red-free media containing 2µM calcein AM and 4µM ethidium 

homodimer I at room temperature for 45 minutes.  EBs were then washed three times 

with PBS, resuspended in fresh PBS, transferred to 6-well plates and immediately imaged 

using fluorescent microscopy. 

 

AlamarBlue® assay 

 Equal quantities of untreated EBs and EBs formed from 1:2, 1:1, and 2:1 mixing 

ratios of microspheres to ESCs were collected after 2, 4, 7 and 10 days of differentiation.  
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The EBs were incubated in 10% alamarBlue® solution (Biosource) for 6 hours in a 37⁰C, 

5% CO2 incubator.  Supernatant (100 µL) was collected from each sample and analyzed 

with a fluorescent plate reader (excitation: 545 nm, emission: 590 nm).   After subtracting 

the blank reading (naïve alamarBlue® solution), emission values were normalized to the 

average of untreated EB readings at each time point to calculate relative viability. 

 

Statistical analysis   

Values are reported as mean ± standard deviation (n=3).  Statistical significance 

was determined using one or two way ANOVA coupled with Tukey’s post hoc analysis 

using Systat (v12, Systat Software Inc.). 

 

 

Results 

Microsphere analysis  

The morphology and size distribution of different sized microspheres were 

assessed in order to determine the relative sizes of the microspheres fabricated at 

different homogenization speeds.  As expected, microspheres were round with smooth 

surfaces and the average size of the microsphere populations decreased with increasing 

homogenization speed (Figure 5.2 A-C, Figure 5.3A).  The lowest homogenization 

setting (1000 RPM) yielded microspheres with an average diameter of 10.9 ± 3.2 µm 

(Figure 5.2D), whereas 5000 RPM produced 3.01 ±0.71 µm  (Figure 5.2E), and 12,000 

RPM yielded microspheres with an average diameter of 1.09 ± 0.27 µm (Figure 5.2F).  

Additionally, homogenization at 3000 RPM produced microspheres with an average 
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diameter of 7.8 ± 1.8µm (Figure 5.3B).  These results demonstrated that microsphere size 

could be controlled through simple modulation of homogenization speed. 

 

Figure 5.2.  Scanning electron microscopy (SEM) and size distribution analysis of PLGA 

microspheres.  The average diameter of the microspheres was controlled by varying the 

homogenization speed during fabrication of the microspheres.  Microspheres were homogenized 

at 1000 RPM (A), 5000 RPM (B), and 12000 RPM (C).  Increased homogenization speeds 

yielded smaller average size microspheres (D-F). 

 

Figure 5.3.  Characterization of microsphere formed at 3000 RPM.  Microspheres displayed 

smooth spherical morphology in SEM micrographs (A).  Image analysis determined the 

microsphere diameter to be 7.8 ± 1.8 µm (mean ± standard deviation) (B). 

 

 

Incorporation of microspheres within EBs  

Microsphere coating   

Initially, microspheres fabricated at 3000 RPM (8 µm mean diameter) were mixed 

with ESCs at 40 RPM rotary speed in a 2:1 (microspheres to ESCs) ratio.  Prior to 
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mixing, microspheres were coated with PBS (i.e. uncoated microspheres), poly(L-lysine) 

(PLL), gelatin or laminin.  EB formation and microsphere incorporation were assessed 

after 2 days of rotary mixing of microspheres with ESCs and compared to ESCs alone.  

Similar to previous results, rotary orbital culture produced relatively uniform populations 

of EBs (Figure 5.4).  Quantitative analysis of microsphere incorporation indicated that 

uncoated and PLL coated microspheres were incorporated with poor efficiency, with 17 ± 

11 and 14 ± 4 microspheres per EBs, respectively (Figure 5.4).  Gelatin and laminin 

coating each enhanced the uptake of microspheres into EBs relative to uncoated and PLL 

coated microspheres and resulted in 112 ± 50 and 160 ± 5 microspheres per EBs (p<0.01 

for gelatin and laminin compared to both uncoated and PLL).  However, incorporation of 

gelatin and laminin coated microspheres was not statistically different (p=0.180); for all 

subsequent incorporation studies, gelatin coating was used.   

 

Figure 5.4  Microsphere incorporation as a function of adhesive coating.  Fluorescent images 

of CellTracker
TM

 Red-loaded microspheres with different adhesive coatings incorporated within 

EBs (A).  Quantification of microsphere incorporation confirmed that gelatin and laminin coating 

enhanced microsphere incorporation relative to uncoated or PLL coated microspheres (B).  Scale 

bar = 200µm. * denotes p<0.01 compared to uncoated and PLL. 
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Microsphere size   

In order to quantify the relative incorporation of the different size microspheres 

within EBs, ESCs were mixed with the 1, 3, and 11 µm (average diameter) microspheres 

using rotary orbital shaking.  The addition of equivalent masses of the different size 

microsphere populations did not affect the average yield of EBs (Figure 5.5A), and the 

average size of the resulting EBs did not change significantly with or without 

microspheres, regardless of the size of the microspheres (Figure 5.5B).  Interestingly, 

microscopic images revealed more intense and widespread fluorescent signal emanating 

from EBs as microsphere size decreased (Figure 5.6).  Quantitative spectroscopic 

analysis of lysed EB populations indicated that the number of incorporated particles was 

significantly different for each of the different size microsphere populations examined (p 

< 0.001). The microspheres with an average diameter of 11 µm yielded 72 ± 7 

microspheres per EB, whereas microspheres with average diameters of 3 µm and 1 µm 

yielded 295 ± 11 and 411 ± 21 microspheres per EB, respectively (Figure 5.6B).  

Altogether, the analysis of microsphere incorporation within EBs indicated that 

decreasing the average size of microspheres from 11 m to 1 m significantly increased 

the incorporation within EBs.   
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Figure 5.5.  EB size and Yield.  Average number of EBs formed and average cross sectional area 

of EBs for different treatment groups. Statistical significance was not observed between the 

treatment groups for number of EBs (A) or average cross-sectional area (B). 

 

 

 

Figure 5.6.  Incorporation of microspheres within EBs as a function of size. Embryoid bodies 

were formed with no microspheres or 11, 3 or, 1 µm microspheres and imaged with fluorescent 

microscopy (merged with phase images) (A).  Incorporation of microspheres within EBs 

decreased as the average diameter of the microspheres increased (B).  All groups are statistically 

different (p<0.001).  Scale bar = 200 µm.  

 

Ratio and speed   

To further evaluate the ability to control microsphere integration within EBs, the 

extent of microsphere incorporation was examined as a function of microsphere to cell 

ratio and orbital mixing speed.  Gelatin-coated CellTracker™ Red microspheres were 
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mixed with ESCs at a range of microsphere to cell ratios (1:2, 2:1, 5:1) and three rotary 

mixing speeds (25, 40, 55 RPM).  Differences in microsphere incorporation for the 

speeds and mixing ratios were observed using fluorescent microscopy and quantified 

using fluorescent spectroscopy of lysed EBs (Figure 5.7A).  Higher microsphere to cell 

ratios and slower rotary speeds were found to facilitate greater microsphere incorporation 

within EBs.  However, normalizing microsphere incorporation to average EB volume 

demonstrated that EBs formed at 25 RPM (slowest speed and largest EBs; see Figure 

3.1B) had the lowest level of incorporation, while EBs formed at 40 RPM had the highest 

incorporation (data not shown), indicating that the greatest microsphere density within 

EBs was achieved at 40 RPM.  Incorporation of microspheres mixed with ESCs at 40 

RPM was more rigorously studied using five ratios of microspheres to cells (1:4, 1:2, 1:1, 

2:1, and 4:1).  No differences were observed between 1:4 and 1:2 mixing ratios, nor were 

differences seen between 2:1 and 4:1 (p=1 for both comparisons).  Statistical differences 

were observed between 1:2 (25 ± 5 microspheres per EB) and 2:1 (92 ± 17) (p<0.05).  

The 1:1 mixing ratio fell between these two values (55 ± 7), yet incorporation was not 

statistically different than either the 1:2 or 2:1 group.  These studies suggest that while 

mixing ratio of microspheres to cells can be used to control incorporation, saturation 

occurs above a 2:1 ratio, and a linear relationship only exists between 1:2 and 2:1 ratios.     
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Figure 5.7.  Influence of mixing speed and microsphere to cell ratio on incorporation.  

Decreasing rotary speed and increasing microsphere to cell ratio resulted in increased 

incorporation within EBs (A).  Examination of a broader range of ratios at 40 RPM mixing 

revealed a linear relationship between ratio and incorporation between 1:2 and 2:1 (B).  * denotes 

p<0.05 compared to 1:4 and 1:2. 

 

Spatial distribution of microspheres within embryoid bodies  

While spectroscopic analysis of lysed EB populations gave quantitative data on 

microsphere incorporation, microsphere localization within EBs could not be assessed by 

this technique.  In order to examine the spatial distribution of microspheres incorporated 

within EBs, fluorescently-labeled EBs and microspheres were imaged using confocal 

microscopy.  After 2 days, EBs containing CellTracker™ Red-labeled gelatin-coated 

microspheres (8 µm) mixed in a 2:1 (microsphere:cell) ratio at 40 RPM were 

counterstained with CellTracker
TM

 Green prior to imaging. Counterstaining was limited 

to the outermost 1-2 cell layers (Figure 5.8) of most EBs, which indicated that the shell-

like EB exterior impeded diffusion of molecules into the interior.  In contrast, red 

microspheres appeared at all focal planes within the EBs, demonstrating that 

microspheres were distributed throughout the entire depth of the EBs, as opposed to 

preferentially residing at the EB surface or core. 
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Next, to investigate the distribution of the different sized microspheres throughout 

EBs, confocal imaging of fixed, permeabilized EBs was performed.  After 2 days of 

rotary culture, microspheres containing CellTracker
TM

 Red were visible in optical 

sections distributed throughout EBs formed with the different size microspheres (Figure 

5.9B-D).  Estimates of microspheres per EB, based on the number of visible 

microspheres within optical sections, scaled with the results obtained via quantitative 

analysis for the three sizes of microspheres above (Figure 5.5B).  Additionally, 

microspheres appeared to reside within the interstitial space rather than becoming 

internalized by ESCs.  Interestingly, although ESCs were initially mixed with 

microspheres with distinct size distributions (Figure 5.2D-F), the observed size of 

microspheres incorporated within EBs was similar in confocal sections for each of the 

three treatment groups (Figure 5.9B-D).  Image analysis revealed that EBs formed by 

mixing ESCs with 11 µm average diameter microspheres contained particles with an 

average diameter of 4.3 µm (4.3 ± 1.2), and similarly, the average diameter of 

incorporated microspheres from the 3 µm population was 4.0 µm (4.0 ± 1.1).  In addition, 

the average diameter of the incorporated microspheres from the 1 µm population was 

actually 2.7 µm (2.7 ± 1.0).  After 7 days of differentiation, the spatial distributions of 

microspheres within EBs were similar to those observed after 2 days (Figure 5.9E-H) and 

similar densities of fluorescent microspheres were observed in the interstitial spaces 

between cells, indicating that many of the particles remained largely intact for the first 

week of culture.  Altogether these data suggest that although the microsphere populations 

examined were of three distinct size distributions, microspheres in the range of 2-5 µm 

appeared to be preferentially incorporated within EBs using rotary orbital mixing.  
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However, fluorescent image analysis of microsphere diameters from confocal sections of 

EBs after 2 and 7 days may not provide an accurate assessment of the size of 

microspheres that were initially incorporated into EBs, as CellTracker
TM

 Red is released 

and PLGA degrades over time, both of which may affect the observed microsphere size 

in confocal images. 

 

Figure 5.8.  Confocal microscopy of EBs.  EBs were formed at 40 RPM with a 2:1 ratio of 8 µm 

microspheres to cells.  Microspheres labeled with CellTracker
TM

 Red were observed in multiple 

focal planes (30 µm between images), while soluble treatment of CellTracker
TM

 Green labeled the 

outermost 1-2 cell layers.  Scale bar = 100 µm. 

 

Figure 5.9.  Spatial distribution of different size microspheres within EBs.  Confocal analysis 

was performed on EBs with CellTracker
TM

 Red microspheres of different sizes after 2 (A-D) or 7 

(E-H) days of differentiation with counterstaining for F-actin (FITC-Phalloidin) and nuclei 

(Hoechst). Embryoid bodies were formed with no microspheres (A, E), 11 µm microspheres (B, 

F), 3 µm microspheres (C, G), and 1 µm microspheres (D, H). Scale bar = 150 µm. 
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Morphology 

In order to assess cell organization and gross EB morphology in response to 

incorporation of PLGA microspheres, H&E staining was performed on fixed EB sections.  

EBs containing 8 µm microspheres formed from three different mixing ratios (1:2, 1:1, 

and 2:1; Figure 5.10) were examined, as were EBs containing different size microspheres 

(11, 3, and 1 µm; Figure 5.11).  After 7 days of differentiation, untreated EBs and EBs 

containing 8 µm microspheres in the three ratios appeared similar with no notable gross 

morphological differences observed (Figure 5.10).  Additionally, EBs collected after 10 

days also appeared similar in all the groups studied, and comparison of day 7 and day 10 

EBs revealed no EB growth or striking cell reorganization (indicative of differentiation).    

Interestingly, subtle differences were noted in EB size, with the 1:2 EBs appearing 

slightly larger than the other groups.  Quantitative analysis of phase images acquired at 

day 10 revealed that untreated EBs were significantly smaller than all other EBs, yet no 

other statistical differences were observed.  Examination of EBs containing different size 

microspheres revealed that the EBs were able to form regular spheroids (i.e. similar 

appearance to EBs with no microspheres) regardless of the microsphere size (Figure 

5.11).  EBs containing the largest microspheres (11 µm) did not display large void 

spaces, as might have been expected; however, EBs containing the smallest microspheres 

(1 µm) appeared to be more densely packed than other groups, including untreated EBs.  

Day 10 EBs appeared larger and less densely packed than the corresponding day 7 EBs, 

but no notable differences were observed among the treatment groups. 
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Figure 5.10.  Hematoxylin and eosin staining of EBs formed from different mixing ratios.  

Incorporation of microspheres did not appear to significantly affect cell organization or overall 

EB morphology. 

 

 

 

Figure 5.11.  Morphology of EBs containing different size microspheres.  EBs containing no 

microspheres or 11, 3, or 1 µm microspheres were stained with H&E after 7 and 10 days.  Overall 

morphology appeared similar among different treatments. 
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Gene expression 

 While only subtle differences were observed in morphology among EBs formed 

from different ratios of microspheres to cells, further analysis was undertaken in order to 

determine whether differentiation trajectory was being modulated through microsphere 

incorporation (Figure 5.12).  Expression of Oct4, a transcription factor associated with 

pluripotency, was assessed in untreated EBs and EBs from the three mixing ratios 

(1:21:1, and 2:1) after 4, 7 and 10 days.  Although no statistically significant differences 

were observed, levels of Oct4 expression were consistently higher in EBs containing the 

most microspheres, particularly after 4 and 7 days, compared to untreated EBs.  

Brachyury T, a transcription factor involved in primitive streak formation and transiently 

expressed in early EBs, was observed to increase in all EBs after 4 and 7 days, suggesting 

that differentiation to mesoderm and/or endoderm lineages is taking place.  No 

differences were observed in Brachyury T expression among all the treatment groups, 

indicating that microspheres neither inhibit nor promote mesendoderm differentiation.  

Alpha-fetoprotein (AFP), a protein expressed in primitive as well as definitive endoderm 

cells, increased in all groups after 10 days of differentiation.  Significant differences were 

observed in the 1:2 treatment group relative to untreated EBs and the 2:1 group (p=0.025 

and 0.036, respectively).  Expression of AFP appeared to decrease as the level of 

microsphere incorporation decreased, suggesting that a low level of PLGA microspheres 

may promote endoderm differentiation in EBs.    



91 

 

 

Figure 5.12.  Gene expression analysis of EBs containing microspheres.  EBs containing 

different levels of microspheres were analyzed for pluripotent (Oct4), mesendoderm (Brachyury 

T) and endoderm (AFP) markers. *denotes p<0.05 compared to untreated and 2:1. 

 

Cell viability within embryoid bodies 

Finally, to determine whether microsphere incorporation within EBs had an 

impact on cell metabolism and cell death, alamarBlue® and Live/Dead assays were 

performed.  After 2, 4, 7 and 10 days, EBs formed from 1:2, 1:1, and 2:1 mixing ratios as 

well as untreated EBs were collected and stained with Live/Dead (Figure 5.13).  At all 

days studied, a majority of the cells in EBs from all experimental groups were viable, as 

indicated by intense Calcein staining (green fluorescence, indicating live cells).  Dead 

cells (red fluorescence) were also observed in all groups; however, the presence of 

microspheres did not appear to create a preponderance of dead cells.  In order to 

quantitatively assess cell viability among populations of EBs, an alamarBlue® assay was 

utilized.  Data was normalized to untreated EBs for all the experimental groups at each 

time point.  No negative impact on cell viability from microsphere incorporation was 

observed.  In fact, after 7 and 10 days, small though statistically insignificant increases in 

cell metabolic activity were observed in microsphere-containing EBs.  Together, these 

data suggest that PLGA microspheres neither inhibit cell metabolism nor promote cell 

death in EBs.    
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Figure 5.13.  Live/Dead staining of embryoid bodies.  Majority of cells were viable (green 

stain) in all groups at both 7 and 10 days, though dead cells (red) were found within all EBs. 

 

 
Figure 5.14.  Cell viability within embryoid bodies.  AlamarBlue® was used to assess 

metabolic activity in EBs containing different ratios of microspheres to cells.  Incorporation of 

microspheres did not negatively impact metabolic activity. 

 

 

 

 



93 

 

Discussion 

 In this study, the ability to modulate microsphere incorporation within EBs as a 

function of various mixing conditions was examined.  Different microsphere coatings, 

microsphere sizes, ratios of microspheres to ESCs, and rotary mixing speeds were all 

evaluated for their capacity in controlling microsphere incorporation within EBs.  

Quantitative analysis of incorporation demonstrated that gelatin and laminin were 

effective in enhancing microsphere incorporation, while uncoated and poly(lysine) coated 

microspheres were incorporated with low efficiency.  The size of PLGA microspheres 

had a significant effect on incorporation, as smaller microspheres were incorporated to a 

greater extent than larger microspheres.  The ratio of microspheres to cells used to initiate 

EB formation was found to modulate incorporation, with higher ratios inducing greater 

incorporation.  Rotary mixing speed also impacted microspheres per EB, as the 

intermediate speed (40 RPM) promoted the greatest density while the slowest speed (25 

RPM) induced the lowest microsphere density.  Confocal analysis revealed that 

incorporated microspheres were distributed throughout EBs.  Examination of EB 

morphology, differentiation, and viability revealed few differences among EBs 

containing different levels of incorporated microspheres, demonstrating that the presence 

of microspheres did not in and of itself significantly alter the course of EB formation and 

differentiation.  These results suggest that PLGA microspheres can be safely incorporated 

within EBs without adverse effects, making this approach appealing for manipulation of 

differentiating stem cell microenvironments.   

 Multiple approaches for controlling microsphere incorporation were investigated 

in this study.  While each approach (coating, size, ratio, and mixing speed) displayed 
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some degree of success in controlling incorporation, some were more effective than 

others.  The inability of PLL coating to enhance incorporation was an unexpected result, 

as the polycation was expected to interact with the net negatively charged cell 

membranes.  Protein coatings (gelatin and laminin) were significantly more effective in 

promoting incorporation.  In additional studies, gelatin, laminin and fibronectin coatings 

were observed to induce similar levels of incorporation, suggesting that microspheres are 

incorporated within EBs via an integrin-mediated mechanism.  Coating of microspheres 

with specific integrin-binding domains may provide a novel route for directing ESC 

differentiation trajectory.  Modulation of the rotary speed at which ESCs and 

microspheres were mixed dramatically affected the size of the EBs formed (see Figure 

3.1B); 25 RPM produced very large EBs, while 40 and 55 RPM produced progressively 

smaller EBs.  While the absolute number of microspheres incorporated was significantly 

higher in 25 RPM EBs than either 40 or 55, when normalized to EB volume, 

incorporation density was highest in 40 RPM EBs.  This suggests that slower speeds 

promote aggregation of large cells clusters, but the more rigorous mixing at faster speeds 

enhances the integration of microspheres within the cell clusters.  The seeding ratio of 

microspheres to cells was also observed to affect incorporation within EBs.  Interestingly, 

incorporation was controlled within a relatively narrow range; incorporation reached a 

minimum at 1:2 and a maximum at 2:1.  Ratios outside of this range did not significantly 

affect incorporation.  Overall, these results demonstrate the diverse toolset that can be 

used to engineer microsphere-mediated regulation of EB microenvironments.   

 Control over stem cell microenvironments is an important concept for both 

studying basic mechanisms involved in differentiation and self-renewal and applying 
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stem cells for various therapeutic technologies.  A multitude of techniques have been 

utilized in order to control stem cell environments in two dimensions, including 

micropatterning and microfluidics.  Micropatterning provides a power means for 

controlling cell-cell and cell-matrix interactions [225-228], two key concepts in dictating 

cell fate [21,37].  The relative size and positions of mouse embryonic fibroblasts (MEFs) 

and ESCs in self renewal cultures can be controlled through the use of micropatterning 

[229,230], which in turn allows for control over the degree of homotypic and heterotypic 

cell-cell interactions, a concept known to be important for cell phenotype [231,232].  The 

same approach can be applied for controlling ESC interactions with stromal cells for 

directed differentiation [233].  Micropatterning has also been applied to control the size 

of ESC colonies in feeder-free conditions in order to modulate the cell differentiation 

trajectory [73,234,235].  Interactions of ESCs with an array of biomaterials synthesized 

on the nanoliter scale in high throughput fashion have also been studied using 

micropatterning techniques[236], as have interactions of various stem cells with ECM 

[138,237,238].  Microfluidics is another powerful technique for controlling stem cell 

environments [239-241], as precise control over shear forces and nutrient, growth factor, 

and cytokine delivery can be achieved [242-245].  However, both micropatterning and 

microfluidics are generally applied to cell monolayers.  Three-dimensional systems more 

accurately replicate the in vivo niche and therefore are a more relevant approach for 

studying stem cell biology and applying stem cell technologies. 

 Microencapsulation is a common technique for culture and delivery of multiple 

cell types, particularly those that are commonly grown as spheroids.  Microencapsulation 

can be used to isolate spheroids from one another, allowing for spheroid size control, 
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inhibition of agglomeration, which alleviates issues with reduced cell viability, and large-

scale culture (i.e. bioreactors) [70,246].  The materials used for encapsulation can be 

tailored for specific applications.  For example, semi-interpenetrating polymer networks 

(SIPNs) with functionalized peptide sequences have been successfully utilized for 

propagation of ESCs in the absence of MEF feeder layers [142].  Alginate hydrogels 

were shown to influence differentiation in EBs in a dose dependant manner, as low 

concentrations produced cystic EBs with spontaneously beating foci while higher 

concentrations evoked neither of these responses [247].  Microbeads made from alginate-

PLL were shown to facilitate hepatocyte differentiation of encapsulated ESCs, as 

indicated by urea secretion and intracellular albumin levels [248].  Additionally, RGD-

modified PEG hydrogels were shown to facilitate chondrogenic differentiation of ESC-

derived MSC-like cells [76].      

 Biodegradable polymer microspheres have previously been incorporated within 

cell spheroids in order to modulate cell survival and differentiation.  PLGA microspheres 

containing nerve growth factor (NGF) were incorporated within spheroids of fetal rat 

brain cells, which were subsequently transplanted into adult rats [156].  Cell survival was 

enhanced by the presence of microspheres, but the differentiation of cells was not 

assessed.  Interestingly, PLGA microspheres coated with poly(L-lysine) were readily 

incorporated within spheroids in a dose-dependent fashion; however, incorporation is 

reported in relative rather than absolute values, so the data cannot be directly compared to 

the current study.  PLGA microspheres were also incorporated into human EBs [224].  

Different size microspheres were used (25, 6 and 0.24 µm) and while incorporation was 

not assessed quantitatively, fluorescent imaging suggested that small microspheres were 
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incorporated more effectively.  The smallest particles, however, were shown to be 

internalized by ESCs comprising the EBs.  In the current study, internalization was not 

observed, even with the smallest microsphere diameter (1 µm).  This likely reflects the 

size-dependence of particle uptake, which has also been observed in other cell types 

[249,250].  Additionally, in contrast to the rotary method used in the current study, a 

forced aggregation technique was used to make EBs, making the coating of microspheres 

unnecessary.    

 An important result from this study was that the presence of microspheres within 

EBs did not significantly affect differentiation or viability.  The degradation of PLGA by 

ester bond hydrolysis results in acidic products that in some applications has shown to 

have negative effects on cell viability [251].  However, H&E sections of EBs containing 

microspheres did not indicate development of necrotic regions.  Assessment of cell 

viability through both Live/Dead and alamarBlue® assays indicated that cell death was 

not enhanced by incorporation of microspheres.  Analysis of gene expression indicated 

that differentiation was also similar to that in untreated EBs.  However, a few subtle 

differences were observed between the groups.  Oct4 levels showed dose-dependent 

(though statistically insignificant) expression after 4 and 7 days, with higher levels of 

microspheres displaying the highest expression, indicating that microspheres may slightly 

delay down-regulation of this gene.  Afp levels, however, were highest in the 1:2 EBs 

after 10 days and progressively decreased as the ratio increased.  Together, these results 

suggest that any inhibition of differentiation that may occur during the first 4-7 days of 

differentiation is overcome by day 10, and that the presence of microspheres may even 

enhance endoderm differentiation.  However, the relative contributions of PLGA 
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degradation byproducts, disruption of cell-cell interactions, and addition of cell-matrix 

interactions is not known.  In general, the relatively low response elicited by 

microspheres incorporated in EBs is advantageous in that studies intended to examine the 

effect of morphogen delivery via microspheres will not be significantly confounded by 

the effects of microspheres alone.  Future work may include functionalization of 

microsphere surfaces in order to direct cell differentiation within EBs.   
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CHAPTER 6 

HOMOGENEOUS AND ORGANIZED DIFFERENTIATION 

WITHIN EMBRYOID BODIES INDUCED BY MICROSPHERE-

MEDIATED DELIVERY OF SMALL MOLECULES* 

 

Introduction 

 Pluripotent embryonic stem cells (ESCs) are a renewable cell source for studies of 

embryonic development, regenerative medicine and in vitro diagnostics.  ESCs, derived 

from the inner cell mass of the blastocyst stage embryo [2-4], can be induced to 

differentiate via aggregation into multi-cellular spheroids referred to as embryoid bodies 

(EBs) [1].  Cells within EBs differentiate in response to a variety of environmental 

stimuli, including cell-cell adhesions, cell-matrix interactions [252], cytokines [13], 

growth factors [220], and small molecules [253].  Because the EB microenvironment is 

comprised of a complex mixture of these extracellular stimuli, differentiation within EBs 

is typically heterogeneous and spatially disorganized.  Efforts to manipulate the EB 

environment and subsequent ESC differentiation have focused primarily on controlling 

media composition [220] and assembly of EBs using different culture methods [20]; 

   

 

*Modified from: 

RL Carpenedo†, SA Seaman† and TC McDevitt.  Microsphere size effects on embryoid body 

incorporation and embryonic stem cell differentiation.  J Biomed Mater Res A (in press). 

†These authors contributed equally, and 

RL Carpenedo, AM Bratt-Leal, RA Marklein, SA Seaman, NJ Bowen, JF McDonald, TC 

McDevitt.  Homogeneous and organized differentiation within embryoid bodies induced by 

microsphere-mediated delivery of small molecules.  Biomaterials, 2009, 30(13): 2507-2515 
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however, precise control over the molecular milieu within the interior of EBs has not 

been achieved by such approaches [254].   

During development, morphogens are secreted locally and presented to embryonic 

cells in a spatially and temporally controlled manner to direct appropriate differentiation 

and tissue formation [255-258].  In vitro strategies to deliver morphogenic factors to EBs, 

namely diffusion of supplemental media components, do not accurately replicate this 

process, with exogenous morphogens originating in the external fluid rather than within 

the cell spheroid.  In addition, the diffusion of soluble factors into EBs may be restricted 

by the formation of an exterior shell composed of collagenous matrix and tight E-

cadherin mediated cell-cell adhesions at the EB surface [22].  These fundamental 

challenges in morphogen presentation to ESCs limits the ability of EBs to accurately 

serve as controlled models of embryogenesis in vitro and perhaps limits the homogeneity 

of differentiated phenotypes that can be attained using EB differentiation methods.  

Engineering of biomaterials-based approaches has been used successfully to control the 

spatiotemporal presentation of morphogens to 3D assemblies of cells [156,259].  Thus, 

the use of biodegradable microspheres to deliver morphogens directly within EBs may 

enable production of more homogeneous populations of differentiated cells.   

In this study, we describe the differentiation effects of spatially and temporally 

controlled presentation of morphogenic factors to ESCs comprising EBs from degradable 

biomaterials.  Microsphere incorporation within EBs was assessed as a function of initial 

mixing conditions, and the release and cellular uptake of a fluorescent dye from 

incorporated microspheres was evaluated.  The morphology, gene and protein expression, 

and ultrastructure of EBs containing retinoic acid (RA)-loaded poly(lactic-co-glycolic 
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acid) (PLGA) microspheres are reported.  These studies demonstrate that biomaterials 

can be used to engineer the microenvironment within EBs to efficiently direct ESC 

differentiation, which may be applied in regenerative cell therapies, in vitro 

pharmaceutical screening and models of developmental biology. 

 

 

Methods 

 

Microsphere fabrication   

Poly(lactic-co-glycolic acid) (PLGA, 50:50, 0.55-0.75 dL/g, ester terminated, 

Absorbable Polymers International) microspheres were fabricated using a water-in-oil 

single emulsion, as described [150].  Briefly, 200 mg PLGA was dissolved in 

dichloromethane (DCM) containing 50 µg CellTracker Red (Molecular Probes, 

Invitrogen Corp, Carlsbad, CA) or 600 µg RA (all trans, Acros Organics, Geel, Belgium), 

added to 0.3% PVA, and homogenized at 3000 rpm (Polytron PT 3100, Kinematica Inc, 

Bohemia, NY).  Microspheres of different sizes were also fabricated through modulation 

of homogenization speed (12,000, 5,000, and 1,000 RPM).  DCM was evaporated for 4 

hours and microspheres were collected by centrifugation, washed with dH2O, and 

lyophilized for 1-2 days (Freezone 4.5, Labconco, Kansas City, MO). 

 

Microsphere characterization 

Initial CellTracker Red (CTR) loading in PLGA microspheres was determined by 

hydrolyzing microspheres in 0.1 M NaOH containing 5% SDS solution overnight, 
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analyzing the solution with a fluorescent plate reader (SpectraMax M2
e
, Molecular 

Devices, Sunnyvale, CA), and comparing relative fluorescence to a standard curve of 

CTR constructed under equivalent conditions; unloaded microspheres served as a blank.  

A CTR release profile was constructed over the course of 14 days by incubating CTR 

microspheres in PBS under light mixing, centrifuging the microspheres at various time 

points, and collecting and analyzing the supernatant in a fluorescent plate reader.  Values 

were reported as the percent of initially loaded CTR released.  RA release was 

characterized under the same conditions by hydrolyzing centrifuged microspheres in 0.1 

M NaOH/5% SDS and analyzing this solution spectrophotometrically at 355 nm.  In 

order to image microspheres via scanning electron microscopy, microspheres suspended 

in dH2O were attached to SEM stubs with carbon double-sided adhesive discs (SPI 

Supplies, West Chester, PA), frozen at -80ºC and lyophilized for ~6 hours until stubs 

were completely dehydrated.  After lyophilization, stubs were gold sputter coated using a 

Polaron range sputter coater (Quorum Technologies, East Sussex, United Kingdom) and 

imaged using an Hitachi S-800 SEM microscope.  Microsphere size was quantified using 

ImageJ software to measure the diameter of a minimum of 100 microspheres for each 

group.  The resulting distribution of microsphere sizes was plotted as a histogram with an 

equal number of bins between the largest and smallest values for each experimental 

group. 

 

Embryonic stem cell culture 

Murine embryonic stem cells (D3) [1] (passages 23-32) were maintained in an 

undifferentiated state on tissue culture dishes coated with 0.1% gelatin in Dulbecco’s 
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modified Eagle’s medium (DMEM) (Mediatech Inc., Herndon, VA), supplemented with 

15% fetal bovine serum (FBS) (Hyclone, Logan, UT), 2mM L-glutamine (Mediatech), 

100 U/mL penicillin, 100 μg/mL streptomyocin, and 0.25 μg/mL amphotericin 

(Mediatech), 1x MEM nonessential amino acid solution (Mediatech), 0.1 mM 2-

mercaptoethanol (Fisher Chemical, Fairlawn, NJ), and 10
3
 U/mL leukemia inhibitory 

factor (LIF, Chemicon International, Temecula, CA).  Cells were routinely passaged 

every 2-3 days prior to reaching 70% confluence. 

 

Embryoid body formation 

 To initiate formation of EBs containing PLGA microspheres, microspheres were 

first coated with gelatin (0.1%, Chemicon) and placed on a rotisserie rotator at 37⁰C for 3 

hours. Studies examining different size microspheres were performed by suspending 

equal masses of the different size microspheres in a 0.1% gelatin solution.  Coated 

microspheres were collected by centrifugation at 3000 RPM for five minutes and 

resuspended in differentiation media (ESC media without LIF).  Embryonic stem cell 

colonies were dissociated into single cells with a 0.05% trypsin-EDTA solution and 

resuspended in 10 mL of differentiation media (2 x 10
5
 cells/mL final concentration) with 

coated microspheres in 100 mm bacteriological-grade Petri dishes.  Embryoid body 

formation was initiated by placing dishes on an orbital rotary shaker set at 25 or 40 

rotations per minute (RPM) [68].  EB media was exchanged every 1-2 days as needed.  

EBs were treated with 0.1 µM RA in DMSO between days 2 and 6 as a soluble RA 

treatment control. Phase images of EBs were acquired using a Nikon TE 2000 inverted 

microscope equipped with a SpotFLEX (Diagnostic Instruments) camera.   
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Histology   

Between days 6 and 10 of differentiation, EBs were collected, fixed in 10% 

formalin, embedded in Histogel (Richard-Allan Scientific), processed and paraffin 

embedded, as described [68].  Paraffinized samples were cut into 5 µm-thick sections, 

placed on glass slides and deparaffinized before staining with hematoxylin and eosin 

(H&E) or immunofluorescence.   Prior to immunostaining, slides were subjected to 15 

minutes pressure-cooker treatment in 10 mM citrate buffer.  Samples were then 

permeabilized and blocked in 0.05% Triton X-100/2% BSA for 30 minutes, incubated 

with FoxA2 primary antibody (Santa Cruz Biotech., 1:400) in 2% BSA solution 

overnight at 4ºC, rinsed with PBS (3x 5 min) and incubated with Alexa Fluor 488-

conjugated secondary antibody (donkey-anti-goat, 1:200 dilution, Molecular Probes) for 

1 hour.  Slides were counterstained with Hoechst, mounted, cover-slipped and imaged 

using a Nikon 80i microscope (Nikon Inc, Melville, NY).  For whole-mount EB 

immunofluorescence, EBs were washed in PBS, fixed for 1 hour in 4% parafomaldehyde 

at 4ºC, and washed again 3 times in wash buffer (150mM NaCl, 1 mg/mL bovine serum 

albumin, 0.1% Tween-20, 50 mM Tris).  EBs were permeabilized for 30 minutes in 2% 

TritonX-100, re-fixed in 4% paraformaldehyde for 15 minutes, and then blocked in wash 

buffer for 1-3 hours.  Samples were incubated in Oct4 primary antibody (1:100, Santa 

Cruz Biotech.) overnight at 4ºC, washed again (3 times, 15 minutes), and then incubated 

in a FITC-conjugated goat anti-rabbit secondary antibody (1:200, Southern Biotech.) for 

4 hours at 4ºC.  EBs were then stained with Alexa Fluor 546 phalloidin (1:40, Molecular 
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Probes) and Hoechst (1:100).  Finally, samples were re-suspended in a low volume of 

PBS and imaged with a Zeiss LSM 510 Confocal Microscope (Carl Zeiss Inc.).   

 

Quantitative PCR   

After 2, 4, 7 and 10 days, RNA was extracted from EBs with an RNeasy Mini kit 

(Qiagen Inc, Valencia, CA).  Reverse transcription for complementary DNA synthesis 

was performed with 1 µg of RNA per sample using the iScript cDNA synthesis kit (Bio-

Rad, Hercules, CA, http://www.bio-rad.com), and real-time PCR was performed with 

SYBR green technology on the MyiQ cycler (Bio-Rad).  Forward and reverse primers for 

Oct4, Brachyury-T (B-T), fibroblast growth factor 5 (Fgf5), and glyceraldhyde-3-

phosphate-dehydrogenase (GAPDH) were designed with Beacon Designer software, 

purchased from Invitrogen and validated with appropriate controls.  Oct4 relative gene 

expression was quantified as compared to undifferentiated ESC expression levels using 

the Pfaffl method of quantification [174].  Brachyury-T and Fgf5 concentrations were 

calculated using standard curves and normalized to GAPDH expression levels. 

 

Affymetrix microarray  

Total RNA was extracted from day 10 EBs containing unloaded microspheres and 

RA-loaded microspheres using an RNeasy Mini kit (Qiagen).  Labeled cRNA from three 

micrograms of total RNA was generated using the One-Cycle Target Labeling and 

Control Reagents Kit (Affymetrix Inc, Santa Clara, CA) and hybridized to the Mouse 

Genome 430 2.0 Array according to manufacturer’s protocols (Affymetrix). CEL files 

generated by the Affymetrix Gene Chip Operating System (GCOS) were converted to 
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expression level values using the affy and GCRMA packages of the Bioconductor project 

(www.bioconductor.org) for the R statistical programming environment 

(www.rproject.org).  After GCRMA preprocessing, SAM [260] (Significance Analysis of 

Microarrays v.3.02) analysis was performed on the probe sets with log2 intensity values 

 5.0 in at least one of the experimental replicates using the following relevant 

parameters: Delta=1.35, minimum fold change = 3, number of permutations = 500, and 

False Discovery Rate = 0%.  SAM yielded 1270 significantly differentially expressed 

probe sets (DEPs) between the RA treated and untreated EBs.   These probe sets were 

filtered to exclude non-existent and redundant Gene Titles by Affymetrix Annotation (file 

Mouse430_2 Annotations, CSV format (13 MB, 3/19/08)), to produce 1057 differentially 

expressed genes (DEGs).  The log2 expression values for the 1057 DEGs were 

normalized by Z-score calculation and used to generate the heat map for presentation 

using Spotfire DecisionSite 9.1.1 (http://spotfire.tibco.com).  Microarray data were 

deposited at the Gene Expression Omnibus website (http://www.ncbi.nlm.nih.gov/geo/) 

under accession GSE12333. 

 

Scanning electron microscopy   

Samples were fixed in 2.5% gluteraldehyde (Electron Microscopy Sciences) 

diluted in sodium cacodylate buffer (Electron Microscopy Sciences) for 1 hour. After 

rinsing, samples were further treated in 1% osmium tetroxide (Electron Microscopy 

Sciences) for 1 hour. Samples were dehydrated in graded acetone dilutions and critically 

point dried using a Polaron E3000 critical point dryer (Quorum Technologies Inc, 

Guelph, ON, Canada). Samples were sputter coated for 120 seconds at 2.2 kV using a 

http://www.bioconductor.org/
http://spotfire.tibco.com/
http://www.ncbi.nlm.nih.gov/geo/
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Polaron SC7640 sputter coater and imaged using an Hitachi S-800 scanning electron 

microscope (Hitachi High Technologies, Pleasanton, CA). 

 

Statistical analysis   

Values are reported as mean ± standard deviation (n=3).  Statistical significance 

was determined using one or two way ANOVA coupled with Tukey’s post hoc analysis 

using Systat (v12, Systat Software Inc.). 

 

 

Results 

 

Microsphere analysis 

 As described previously, microspheres fabricated at 3000 RPM homogenization 

speed were spherical with smooth surfaces and displayed a relatively uniform size 

distribution (Figure 6.1A, B; mean diameter = 7.8 µm).  CellTracker Red was 

incorporated within the microspheres, resulting in intensely fluorescent particles (Figure 

6.1C).  Microspheres released retinoic acid with an initial burst phase during the first 6-

12 hours, followed by sustained release for up to 10 days (Figure 6.1D). 
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Figure 6.1.  Micropshere analysis.  Microspheres were fabricated using an oil-in-water 

emulsion and displayed smooth, spherical morphology in SEM micrographs (A). The size 

distribution was determined using image analysis of SEM micrographs, and the diameter was 

found to be 7.8 ± 1.8 µm (mean ± standard deviation (B).  CellTracker Red™ was incorporated 

within microspheres allowing visualization with fluorescent microscopy (C).  Release of RA from 

microspheres took place over the course of 14 days, and displayed a burst phase followed by 

sustained release (D). 

 

Molecule release within EBs   

Small molecule release from microspheres within the EB interior and uptake by 

cells were investigated using CellTracker™ Red (CTR) loaded PLGA microspheres.  

Labeled microspheres were incorporated in EBs, and after three days of differentiation, 

the microspheres appeared largely as individual, punctate fluorescent spheres, with some 

diffuse fluorescence in the vicinity of the microspheres (Figure 6.2A-C).  In contrast, 

after 10 days of culture, individual microspheres exhibited reduced fluorescent intensity, 

and many of the EBs displayed uniform fluorescence throughout the cell aggregate 

(Figure 6.2D-F).  The fluorescent intensity profile across a day 3 EB contained multiple 

peaks (dashed line, Figure 2C), corresponding to the presence of individual microspheres, 
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whereas day 10 EBs exhibited uniform fluorescence throughout an entire cell aggregate 

(Figure 6.2G), suggesting CTR was released from microspheres and taken up by cells.  

CTR release from microspheres incubated in PBS was triphasic (Figure 6.2H), consisting 

of a burst phase (up to 24 hours), sustained release (1-7 days) and a plateau region (7-14 

days), where the rate of release decreased as CTR availability diminished.  After 3 days, 

(black arrow) <60% of CTR was released from microspheres, whereas >90% release was 

observed after 10 days (red arrow), indicating that CTR release was nearly complete 

before uniform fluorescence was exhibited in day 10 EBs.  Collectively these results 

indicate that delivery vehicles incorporated within EBs present small molecules locally to 

cells throughout the entire aggregate.  Additionally, these results suggested that 

microsphere-mediated delivery within EBs distributed molecules more uniformly to cells 

in EBs than traditional soluble treatment methods, which are limited by diffusional 

barriers created at the exterior surface of EBs. 
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Figure 6.2.  Small molecule release within EBs.  EBs formed at 40 rpm with a 2:1 microsphere 

to cell ratio were imaged after 3 (A-C) and 10 days (D-F).  (A-C) After 3 days, microspheres 

were visible within EBs as individual, punctuate spheres.  (D-F) EBs imaged after 10 days 

contained diffuse fluorescence throughout and fewer individual spheres were apparent. (G) 

Fluorescent intensity plots across day 3 and day 10 EBs (dashed lines in C and F, respectively) 

revealed the presence of individual microspheres in day 3 EBs and uniform fluorescence 

throughout day 10 EBs. (H) CellTracker was released from microspheres over the course of 14 

days, and a burst phase (up to one day), sustained release phase (1-7 days), and plateau phase (7-

14 days) were observed (n=3, mean ± standard deviation). (A,B,D,E bar = 200 µm; C,F bar = 100 

µm). 

 

The time course of microsphere retention and dye release was assessed for the EB 

populations with different size microspheres incorporated as well.  Regardless of size, 

microspheres remained embedded within the EBs for at least ten days (Figure 6.3).  In 

agreement with confocal images (see Figure 5.9), 1 µm microspheres appeared to be 
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incorporated within EBs as clusters, whereas 3 and 11 µm microspheres displayed fewer 

agglomerates within EBs.  The microsphere agglomerates were apparent after 4, 7 and 10 

days, suggesting that the cells within EBs do not significantly alter the distributions of 

microparticles after initial incorporation.  Low levels of fluorescent signal were 

detectable in regions of EBs lacking microspheres and provided a visual outline of EB 

boundaries that overlapped with phase images (phase images not shown).  The 

fluorescent outline was more pronounced in EBs containing smaller microspheres 

suggesting that the CTR dye release from the microspheres was taken up by cells in EBs 

to varying extents depending on microsphere size.  These results motivated additional 

studies examining the response of EBs to a morphogen delivered via different size 

microspheres. 
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Figure 6.3.  Temporal analysis of EBs containing CellTracker Red microspheres.  EBs 

containing 11, 3 and 1 µm microspheres were imaged after 4, 7 and 10 days of differentiation.  

Microspheres were stably incorporated with fluorescent dye remaining visible during the time 

course examined. Scale bar = 250 µm. 
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Retinoic acid delivery   

Differentiation of ESCs in response to microsphere-mediated delivery of a small 

molecule morphogen was examined.  Retinoic acid (RA), a derivative of vitamin A 

important in regulating embryonic development [261], was encapsulated in microspheres 

(3µg RA/mg PLGA, with release profile in Figure 6.1D) and mixed with ESCs to form 

EBs.  EBs treated with soluble RA (0.1 µM, days 2-6) or unloaded microspheres as well 

as untreated EBs served as controls.  At early time points, EBs containing RA 

microspheres (RA MS EBs) appeared smaller than the other treatment groups, though 

after 6 days, RA MS EBs appeared noticeably larger than other EBs.  After 10 days of 

differentiation, the RA microsphere-containing EBs exhibited a dramatically different 

morphology than controls.  While untreated (Figure 6.4A) and soluble RA (Figure 6.4C) 

treated EBs were solid spheroids, EBs containing unloaded microspheres displayed small 

void spaces (Figure 6.4B) and EBs with RA microspheres formed large cystic structures 

that comprised the majority of the EB (Figure 6.4D).  Small cystic regions were observed 

in 90.0±4.0% of RA MS EBs, compared to 29.1±11.5%, 9.7±2.3% and 5.6±7.9% for 

unloaded MS, soluble RA and untreated EBs, respectively (Figure 6.4I).  Completely 

cystic EBs, which consisted entirely of the two epithelial layers, were found in 

30.6±12.7% of RA MS EBs, compared to <1% for all other treatment groups.  

Additionally, the degree of cavitation was quantified for RA MS EBs compared to 

unloaded MS EBs (Figure 6.4H).  The area of cystic regions was quantified using ImageJ 

and was normalized to the area of the entire EB.  A histogram plot of this data 

demonstrates that majority of unloaded MS EBs contain cavitation fractions less than 0.1, 

while RA MS EBs had a greater extent of cavitation, with fractions as high as 0.7 
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observed.  Upon inspection at higher magnification, the bilayer morphology of cystic EBs 

consisted of a flattened endoderm-like cell population (red arrows, Figure 6.4G,H) 

enveloping a pseudo-stratified columnar epithelial cell layer (black arrows, Figure 

6.4G,H).  Higher concentrations of soluble RA (>10 µM) did not induce formation of 

cystic EBs and instead resulted in formation of fewer, smaller EBs, while lower RA 

concentrations (<10 nM) resulted in EBs similar in appearance to untreated spheroids, 

indicating that morphological differences between RA MS and soluble RA EBs were not 

solely attributed to differences in RA concentration (Figure 6.5 A-C).  The temporal 

effect of RA delivery was also examined.  Soluble RA was added to EBs (0.1 µM) 

starting at EB formation and added daily throughout differentiation (Figure 6.6).  While 

some cystic regions were observed, the extent of cavitation demonstrated by RA MS EBs 

was not approached.  This suggests that while temporal aspects of delivery play a role in 

cystic spheroid formation, it is the unique spatial delivery using microspheres that 

induces widespread cavitation.  Similar to soluble treatment, microspheres containing 

higher levels of RA (30µg RA/mg PLGA) reduced EB size and microspheres with less 

RA (0.3µg RA/mg PLGA) exhibited slightly fewer cystic EBs, indicating a dose 

dependent response to microsphere-mediated RA delivery (Figure 6.7).  The formation of 

cysts in RA MS EBs took place over the course of ~4 days, with multiple small cystic 

regions appearing within EBs after 6 days of differentiation (Figure 6.8).  By 8 days, 

individual cysts were noticeably larger within EBs containing RA-releasing 

microspheres, and complete cavitation occurred by 10 days of differentiation, indicating 

that the continuous columnar layer of cells arose from the progressive merger of the 

smaller cystic structures.   
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Figure 6.4.  Delivery of retinoic acid to EBs.  Untreated EBs as well as EBs treated with soluble 

RA, unloaded microspheres, or RA-loaded microspheres were formalin-fixed, sectioned and 

stained with H&E after 10 days of differentiation.  (A) Untreated EBs and (C) soluble RA treated 

EBs formed solid spheroids while (B) EBs containing unloaded microspheres contained small 

void spaces. (D,E) EBs containing RA microspheres frequently were completely cystic.  (F) 

Cystic EB formation was significantly enhanced in RA MS EBs compared to all other treatments 

(n=3, mean ± standard deviation).  (G) Cystic RA MS EBs contained bi-epithelial morphology, 

with a columnar, pseudo-stratified inner cell layer (black arrows) and an adjacent, flattened 

outermost cell layer (red arrows). (H) A histogram of the degree of cavitation (Cystic Area/EB 

area) confirmed that RA MS EBs cavitate to a greater extent than unloaded MS EBs.  * denotes 

p<0.05 vs. untreated, soluble RA; ** denotes p=6x10
-6 

vs. all treatments. 

 

 

 

Figure 6.5.  Dose dependent response of EBs to soluble RA.  Treatment of EBs with soluble 

RA with low (A, 0.01 µM) and medium (B, 0.1 µM) RA concentration results in solid spheroids 

after 10 days, while high RA (C, 10 µM) results in survival of few EBs and decreased EB size.  

Scale bar = 250 µm. 
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Figure 6.6.  Temporal response of EBs to soluble RA.  RA was delivered solubly to EBs 

starting at the onset of EB formation continuing throughout differentiation with daily supplement.  

EBs were largely solid after 6 (A) and 8 (B) days, though some cavitation was observed after 8 

days (red arrow).  EBs were larger but mostly solid after 10 days (C). 

 

Figure 6.7.  Dose dependent response of EBs to microsphere-mediated delivery.  EBs 

containing microspheres with low RA concentration ( 0.3 µg RA/mg PLGA) induced formation 

of fewer cystic EBs and incomplete cystic regions compared to medium RA concentration (3 µg 

RA/mg PLGA).  EBs containing microspheres with high RA (30 µg RA/mg PLGA) induced 

formation of small EBs with few cystic regions.  Scale bar = 250 µm. 
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Figure 6.8. Time course of cystic EB formation.  (A) Small cystic regions were visible in RA 

MS EBs after 6 days. (B) After 8 days, cysts appeared larger, and columnar cell layers become 

apparent. (C) By 10 days of differentiation, smaller cystic regions expanded and merged to form 

completely cystic EBs.  Bar = 200 µm. 

 

Previous studies have shown that microsphere incorporation and distribution 

within EBs can be modulated through microsphere size (see Figures 4.6 and 4.9).  In 

order to investigate the microsphere size dependence of RA-induced cavitation, ESCs 

were mixed with RA-loaded microspheres with the three size distributions (1, 3, and 11 

µm; Figure 6.9).  After 7 days, EBs containing 11 µm RA microspheres did not appear 

morphologically different than untreated EBs.  However, EBs containing 1 and 3 µm 

microspheres began to display small cystic regions and reorganization of cells within 

EBs.  After 10 days, 11 µm RA MS EBs contained multiple void regions, but formation 

of columnar cell morphologies was not observed.  EBs with 3 µm RA MS contained 

cystic regions surrounded by pseudo-stratified columnar cells EBs as well as an outer, 

endoderm-like cell layer.  This bi-layered cystic morphology was most pronounced and 

uniform in EBs containing 1 µm RA microspheres.  These results illustrate that the 

response of ESCs in EBs to microsphere mediated morphogen delivery can be modulated 

via microsphere size, with smaller microspheres inducing accelerated and more uniform 

differentiation within EBs. 
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Figure 6.9.  Morphology of EBs containing different size RA microspheres.  Microspheres 

encapsulating CellTracker Red (CTR MS) induce little to no change in morphology and shape 

after 7 and 10 days.  Microspheres containing retinoic acid (RA MS) induce cavitation, with 

smaller diameter retinoic acid microspheres inducing earlier and more complete cavitation than 

larger retinoic acid microspheres.  Scale bar = 250 µm. 

 

Finally, the rotary speed at which RA MS EBs were formed was altered in order 

to assess the effect of this parameter on EB morphology.  Slower rotary speeds (25 RPM) 

were shown to produce larger EBs than 40 RPM and incorporate more microspheres per 

EB (see Figures 3.1B and 4.7A).  However, microsphere density within EBs formed at 25 
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RPM was found to be less than that of EBs formed at 40 RPM.  The incorporation of RA 

MS within EBs formed at 25 RPM (RA MS 25) led to endoderm-like cell formation in 

some EBs after 6 days (Figure 6.10).  By 8 days, cystic regions lined by pseudo-stratified 

cells formed, and by 10 days, some of these regions became larger.  In general, cavitation 

was less pronounced in RA MS 25 EBs than RA MS 40 EBs.  This may be attributed to 

the lower microsphere density in the 25 RPM EBs, though differences in the 

hydrodynamic environment may contribute to the observed morphological discrepancies.    

 

Figure 6.10.  Time course of EB cavitation for RA MS EBs formed at 25 RPM.  Cystic 

regions formed at day 8 and expanded by day 10, yet cavitation did not reach the same frequency 

and expansiveness observed with 40 RPM EBs.  Scale bar = 250 µm. 

 

Gene expression analysis   

Based on the significant differences in EB morphology elicited by RA MS 

treatment, transcriptional profiling using Affymetrix GeneChip mouse genome arrays 

was performed in order to characterize the phenotype of the differentiating cells.  RNA 

expression was compared between day 10 RA MS treated EBs (40 RPM, 8µm 

microspheres), and EBs containing unloaded microspheres and significant gene 

expression changes were identified using significance analysis of microarrays (SAM) 

[260].  SAM analysis identified 1,057 genes with a minimum three fold expression 
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change (and p<0.005), 410 of which were up-regulated in RA MS EBs, and 647 were 

down-regulated relative to unloaded MS EBs (Figure 6.11).  Many of the genes that were 

up-regulated in RA MS EBs are phenotypic markers of structures specific to the early 

post-implantation embryo [262], including visceral endoderm, epiblast, and early 

primitive streak.  The visceral endoderm surrounds the epiblast and provides a substrate 

for epiblast attachment, promotes nutrient and gas exchange, and secretes signals to direct 

epiblast patterning and differentiation [263,264].  The cells comprising the epiblast are 

pluripotent and differentiate into the entire embryo proper [265].  Primitive streak 

formation occurs at E6.75 in mouse embryos and is characterized by ingression of 

epiblast cells, which go on to form mesendodermal progenitor cells [266,267].  Visceral 

endoderm genes identified in the array as being significantly up-regulated in RA MS EBs 

included: Dkk1 (31 fold change), Cer1 (22), Sox17 (20), Hex (18), amnionless (17), and 

Dab2 (6.2).  Epiblast-related genes up-regulated in RA MS EBs included: Fgf5 (271), 

Foxd4 (13), Pou5f1 (aka Oct4, 11), Tdgf1 (aka Cripto1, 6) and Sox2 (5).  Up-regulated 

primitive streak genes included: Brachyury T (195), Eomes (177), Follistatin (38), and 

Mix1 (8).  Genes expressed in multiple structures included: Lhx1 (endoderm and 

primitive streak, 86), Foxh1 (endoderm and epiblast, 73), Otx2 (endoderm and epiblast, 

55), and Foxa2 (endoderm and primitive streak, 12).  Other notable genes significantly 

up-regulated in RA MS EBs included: Pim2 (anti-apoptosis, 785 fold change), DNA 

methyltransferase 3B (DNA methylation, 321), cytochrome p450 family 26 (retinoic acid 

degradation, 74) and laminin α1 (basement membrane, 16).  Many of the genes down-

regulated in RA MS EBs relative to unloaded MS EBs were related to mesoderm and 

definitive endoderm differentiation, including plasma proteins (albumin, transferrin, 
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apoplipoproteins, hemopexin), contractile proteins (myosin, actin and troponin), 

hemoglobin chains, growth factors (PDGF, VEGF, HDGF), and matrix molecules 

(collagen, fibronectin, vitronectin, osteopontin, versican). In summary, EBs containing 

unloaded microspheres exhibited reduced expression of epiblast and visceral endoderm 

markers and increased expression of more mature mesoderm and definitive endoderm 

genes, whereas treatment of EBs with RA microspheres for 10 days resulted in cystic 

EBs with transcriptional profiles similar to early post-implantation mouse embryos, 

consisting of visceral endoderm, epiblast, and early primitive streak cell phenotypes.   

 

Figure 6.11.  Microarray analysis of gene expression.  410 genes were identified as up-

regulated greater than 3-fold in RA microsphere EBs compared to unloaded microsphere EBs 

after 10 days of differentiation, while 647 genes were observed to decrease in RA MS EBs.  

Many genes with large fold changes in RA MS EBs were associated with early embryonic 

structures, including visceral endoderm, epiblast and primitive streak. 
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 Temporal transcriptional analysis by quantitative PCR was performed to assess 

the expression of several genes found to change significantly in microarray analysis.  The 

pluripotent transcription factor Oct4, expressed by cells in the inner cell mass as well as 

the epiblast [268], was significantly enhanced after 7 days in RA MS EBs relative to both 

untreated and unloaded MS EBs (Figure 6.12, left).  The epiblast marker Fgf5 was also 

analyzed, and in agreement with previous reports of mouse EB differentiation [53,86], 

untreated and unloaded MS EBs exhibited a transient increase in Fgf5 after 2 and 4 days 

which subsided by day 7 (Figure 6.12, center).  In contrast, relatively high levels of Fgf5 

expression by RA MS EBs were present at 7 and 10 days of differentiation.  Importantly, 

the pattern of Fgf5 expression in RA MS EBs correlated with the appearance of 

columnar, epiblast-like cells at day 7 and completely cystic spheroids at day 10.  

Brachyury T, a transcription factor expressed in the primitive streak by mesendodermal 

progenitor cells [269], was also observed to transiently increase in untreated and 

unloaded MS EBs between days 2 and 7 of differentiation (Figure 6.12, right).  Levels of 

Brachyury T mRNA in RA MS EBs remained almost undetectable until day 10, at which 

point a small increase in the transcript was observed, suggesting that a subset of cells in 

day 10 RA MS EBs were entering the primitive streak stage.  This data, together with 

microarray analysis, demonstrates that while EBs containing unloaded microspheres 

expressed markers of epiblast, primitive streak and more mature phenotypes over the 

course of 7 days of differentiation, RA microspheres directed EBs to form spheroids with 

gene expression patterns closely resembling the early post-implantation E6.75 mouse 

embryo.   
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Figure 6.12.  Temporal analysis of gene expression by qPCR.  The epiblast markers Oct4 and 

Fgf5 were significantly enhanced in RA MS EBs after 7 days, and Fgf5 was enhanced after 10 

days as well.  Expression of Brachyury T, a marker for primitive streak, in RA MS EBs was 

delayed until day 10, when a small increase was observed (n=3, mean ± standard deviation).  * 

denotes p=0.02 vs. untreated; ** denotes p<0.05 vs. all treatments; *** denotes p=5.2x10
-6

 vs. all 

treatments. 

 

Embryoid body immunostaining   

The spatial organization of the epiblast and visceral endoderm cell populations 

was analyzed by immunofluorescence staining for OCT4 and FOXA2, respectively.  

OCT4+ cells in day 10 RA MS EBs were localized to the inner layer of columnar, 

pseudo-stratified cells, while the adjacent endoderm-like cells were OCT4- (Figure 

6.13C).  The patterns of OCT4 expression were consistent for both confocal imaging of 

whole, permeabilized EBs and histological sections of formalin-fixed, paraffin embedded 

samples.  In contrast, day 10 untreated and unloaded MS EBs contained regions of 

OCT4+ cells randomly distributed throughout the spheroid (Figure 6.13A, B).  Similarly, 

FOXA2, a marker for visceral endoderm [264], was expressed in clusters of cells 

dispersed throughout untreated and unloaded MS day 10 EBs (Figure 6.13D, E).  

However in RA MS EBs, FOXA2 expression was restricted to cells in the exterior, 

endoderm-like layer, while cells in the epiblast-like, OCT4+ cell layer were FOXA2- 

(Figure 6.13F).  These data demonstrate that cystic RA MS EBs consist of spatially 

distinct populations of FOXA2+ endoderm and OCT4+ epiblast organized similar to an 

early streak mouse embryo. 
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Figure 6.13.  Immunostaining of EBs.  (A-C) OCT4 staining was performed on day 10 

untreated (A), unloaded MS (B) and RA MS EBs (C).  Untreated and unloaded MS EBs 

contained clusters of OCT4+ cells, while OCT4+ cells in RA MS EBs were localized to the 

columnar cell layer.  (D-E) FOXA2, a marker of visceral endoderm, was also expressed in 

clusters of untreated (D) and unloaded MS EBs (E), but was localized to the outermost layer of 

cell in RA MS EBs (F). A-C, bar = 50 µm; D-F, bar = 100 µm. 

 

Embryoid bodu ultrastructure   

Embryoid bodies containing RA microspheres were examined ultrastructurally 

after 10 days using SEM, with micrographs displaying the two distinct epithelial layers 

(Figure 6.14A-E).  The columnar, pseudo-stratified organization of the inner layer of 

epiblast-like cells was readily apparent (Figure 6.14B,C), as was the simple, squamous 

morphology of the overlaying endoderm layer.  Interestingly, the RA MS EBs did not 

contain the matrix-rich outer layer observed in untreated EBs (Figure 5.2 B,C), but 

displayed a dense coat of microvilli roughly 100 nm in diameter on the exterior surface of 
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the endodermal cell layer (Figure 6.14F).  These microvilli structures are similar to those 

that are present on the surface of visceral endoderm in day 5-7 mouse embryos [270].  

Altogether, these observations demonstrate the high level of organization attained in day 

10 RA MS EBs closely resembles the structural organization and phenotype of E6.75 

mouse embryos.   

 

Figure 6.14.  Embryoid body ultrastructure.  (A-C) SEM micrographs of day 10 RA MS EBs 

reveal the structure of the distinct squamous endoderm and pseudo-stratified epiblast layers.   (D-

F)  A dense coat of microvilli was observed on the surface of the endoderm cells, similar to that 

observed on early streak stage mouse embryos. 

 

 

Discussion 

The efficient formation of highly organized, cystic EBs is significant for a number 

of reasons, including improved in vitro models of embryogenesis and biomanufacturing 

of differentiated cell types for regenerative medicine and in vitro diagnostic applications.  
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Currently, directed differentiation strategies using EBs are limited in their ability to 

produce a homogeneous differentiated cell population, due largely to the fact that EBs 

consist of a population of cells exposed to a diverse set of instructive cues within the 

microenvironment [5,271,272].  The variability in the interactions of different cells 

within an EB with soluble morphogens, extracellular matrix, and neighboring cells leads 

to significant heterogeneity in cell differentiation microscopically within an individual 

EB and macroscopically among a population of EBs [37].  However, by specifying EB 

differentiation to two cell phenotypes initially – visceral endoderm and epiblast – it may 

be possible to subsequently direct cells more efficiently to specific lineages by reducing 

endogenous signaling, thereby allowing defined media components to more potently 

dictate cell fate decisions.  Moreover, while untreated EBs contain a matrix-dense outer 

layer that appears to hinder diffusion of soluble media components, RA MS EBs contain 

an outer cell layer densely coated with microvilli.  The appearance of microvilli strongly 

suggests that the outer cells may be proficient in the absorption of nutrients and soluble 

signaling molecules from the media, allowing such molecules to reach the interior 

epiblast cells more efficiently and thereby enhance subsequent directed differentiation. 

The striking similarity of RA MS EBs to E6.75 embryos has significant 

implications for in vitro studies of embryogenesis.  EBs have been utilized to study the 

roles of specific genes in development, particularly for genes in which knockout models 

in vivo are unavailable due to embryonic lethality [56,273].  However, EBs formed using 

conventional methods may not provide an accurate representation of the roles of such 

genes in later stages of embryogenesis, since EBs commonly differentiate in a 

heterogeneous, disorganized manner within a fairly short period of time (<7 days).  The 
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use of RA MS EBs may provide greater insight into developmental processes due to their 

close phenotypic resemblance to early streak (E6.75) embryos [262].  Additionally, the 

roles of specific secreted molecules during development can be studied in the well-

controlled, in vitro environment created using RA MS EBs, which may lead to a better 

understanding of early differentiation events, such as axis formation, specification of 

epiblast cells, and germ layer formation.   

 RA treatment of ESCs most commonly promotes neurogenesis [88-

90,106,107,212]; however, enhanced cardiogenesis [111] and pancreatic beta-like cell 

formation [113] in response to RA have also been reported, indicating this retinol-derived 

morphogen is a potent inducer of differentiation to various cell lineages.  Similar to the 

effects of RA in vivo [274], the concentration of RA and the timing of its delivery appear 

to be critical in dictating cell differentiation in vitro [89,108].  We report here that 

delivery of RA directly within the EB interior via microspheres maintains the 

pluripotency of ESCs through the formation of a highly organized OCT4+ epiblast, 

suggesting that the mode of presentation of RA (media supplement vs. microsphere-

mediated) is a key determinant of cellular response, as soluble RA treatment at a wide 

range of concentrations [10 nM – 10 µM] was unable to efficiently produce comparable 

cystic EBs.  These discrepancies may be attributed to the fact that soluble factor delivery 

only affects cells at the exterior surface of EBs and prevents the remaining interior cells 

from being directly exposed to exogenous biochemical stimuli, such as RA.  

Interestingly, ESCs that constitutively express Nodal, a member of the TGF-β 

superfamily, form cystic spheroids with similar characteristics as RA MS EBs, whereas 

addition of recombinant Nodal to the culture media did not elicit a similar effect [275]. 
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This suggests that 1) diffusion of Nodal into EBs is restricted and results in distinct 

responses between soluble delivery and constitutive local expression, and 2) the RA and 

TGF-β signaling pathways may share common elements [276,277], resulting in similar 

outcomes for local RA delivery and Nodal over-expression.  Differentiation of EBs in 

media conditioned by HepG2 cells, a hepatocarcinoma-derived endodermal cell line, 

induces formation of uniform cystic EBs that lack an outer endoderm cell layer [53,54].  

This suggests that in the absences of an epithelial exterior, morphogens contained within 

the conditioned media may more efficiently diffuse into EBs and direct differentiation.  

Thus, the diffusional limitations posed by EBs may be an underappreciated facet of ESC 

biology that may lead to an incomplete understanding of the roles of specific molecules 

in ESC differentiation [22]. 

Previous studies have reported the incorporation of PLGA microspheres 

containing growth factors into spheroids of fetal brain cells [156] as well as human EBs 

[224] in order to manipulate the biochemistry of 3D spheroid microenvironments.  PLGA 

microspheres containing nerve growth factor (NGF) were assembled with fetal rat brain 

cells to form programmable neo-tissues and transplanted into adult rats.  The controlled-

release microspheres were able to support transplanted cell survival, but specific effects 

on cell differentiation were not described or compared directly to soluble delivery 

methods.  Recently, microspheres containing angiogenic growth factors (vascular 

endothelial, placenta and basic fibroblast growth factors) were incorporated into EBs 

using forced aggregation, and expression of vascular cell markers was assessed after 10 

days of differentiation.  However, compared to soluble growth factor treatment, this 

approach did not improve vascular differentiation of human ESCs, likely due to the lack 
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of release of growth factors after 24 hours and the low overall growth factor availability.  

In contrast, small hydrophobic molecules (such as RA) are readily incorporated into 

PLGA microspheres using a single emulsion and release is sustained over the course of 

days-weeks, allowing sufficient morphogen availability within EBs to elicit significant 

differences in ESC differentiation compared to soluble delivery methods. 

These results demonstrate that the locally controlled presentation of morphogens 

from microspheres to cells comprising an EB more closely mimics characteristics of early 

embryogenesis than simple soluble delivery of signaling molecules to cell spheroids.  In 

addition to developmental studies, microsphere-mediated presentation of morphogenic 

cues to stem cell spheroids represents a powerful enabling technology readily capable of 

being integrated into biomanufacturing strategies to obtain stem cell derivatives for 

regenerative medicine therapies and in vitro diagnostic cell technologies.  Thus, the 

application of biomaterials and drug delivery principles to stem cell biology significantly 

enhances the efficiency of directed differentiation strategies and more clearly reveals the 

effects of specific molecules on morphogenic events. 
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CHAPTER 7 

DIFFERENTIATION OF MICROSPHERE-MEDIATED RETINOIC 

ACID TREATED EMBRYOID BODIES IN DEFINED MEDIA 

CONDITIONS 

 

Introduction 

 Embryonic stem cells (ESCs) are a commonly studied cell type for applications in 

developmental biology, regenerative medicine, and pharmaceutical development 

[7,25,216].  These pluripotent cells, derived from the inner cell mass of the developing 

blastocyst [2-4], are often differentiated in suspension as three dimensional spheroids 

known as embryoid bodies (EBs) [5,20,24].  The microenvironment within EBs is 

complex and dynamic, with cell-cell and cell-extracellular matrix (ECM) interactions, 

paracrine factor secretion, and media components all contributing to cell fate decisions 

[21].  The complex milieu of EBs results in spontaneous and heterogeneous cell 

differentiation, an undesirable result in applications requiring a pure cell population [24].  

Efforts to direct differentiation of ESCs comprising EBs have traditionally focused 

exclusively on treatment with exogenous growth factors and defined media components.  

Morphogens, including various growth factors [220], bone morphogenetic proteins 

(BMPs) [278,279], Wnts [87,280], and retinoic acid (RA) [90,212], vitamins [281], small 

molecule inhibitors [22,282-284], and other organic compounds [285] have been 

examined in attempts to control the differentiation trajectory within EBs.  However, 

significant barriers limit the ability of such molecules to diffuse throughout EBs in order 

to interact with cells and regulate gene expression.  Basement membrane and tight cell 
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junctions are commonplace within EBs, and EB diameters often exceed 400 µm and 

consist of greater than 10,000 cells.  Reports confirming transport limitations within EBs 

underscore the need for alternative methods to direct differentiation within EBs [22]. 

 Polymer microspheres have been incorporated within EBs in order to present 

morphogens directly within the EB interior, thereby circumventing diffusional barriers at 

the EB exterior [22,223].  Previous work has utilized PLGA microspheres to deliver RA 

within EBs in efforts to uniformly direct ESC differentiation [223].  Interestingly, unlike 

soluble RA treatment, which typically results in neural differentiation [89,90,108,212], 

microsphere-mediated RA delivery promoted the formation of cystic spheroids with gene 

and protein expression patterns equivalent to the early primitive streak stage of mouse 

development.  The organization and synchronicity was enhanced in these EBs relative to 

untreated EBs, which characteristically expressed transcripts indicative of all three germ 

layers and various stages of development.  Cells on the exterior of EBs treated with RA 

microspheres were microvillous, suggestive of an absorptive phenotype.  Transcripts for 

genes associated with absorption, including cubilin, were significantly increased 

compared to EBs containing unloaded microspheres.  The ultrastructure and gene 

expression of these EBs indicate that the ability of cells to traffic media components, 

including nutrients and morphogens, toward the EB interior may be enhanced relative to 

normal EBs.  Additionally, because the cystic RA microsphere-treated EBs 

predominantly consist of two cell layers (endoderm and epiblast), the diffusional path 

length required for solutes to reach cells is greatly diminished.  Collectively, these data 

suggest that RA microsphere-treated EBs may uniformly differentiate in a controlled 

manner in the presence of defined media components.  
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 In this study, EBs containing RA loaded microspheres (RA MS EBs) were 

cultured in defined media after 10 days in regular media, and the differentiation trajectory 

of the cells was assessed.  Media containing low serum (2.5%), low serum supplemented 

with BMP4, DMEM/F12 supplemented with insulin, transferrin, and selenium 

(henceforth referred to as ITS), and ITS with BMP4 were all compared to high serum 

(15%) differentiation media.  The overall morphology of the EBs was assessed via phase 

microscopy.  Gene expression of the various EB treatment groups was analyzed using 

quantitative PCR.  Additionally, immunostaining of whole EBs was used to examine 

protein expression of OCT4 and Brachyury T.  Gene expression data indicated that 

continued culture of RA MS EBs in full serum promoted endoderm formation, while ITS 

media supported ectoderm induction.  Mesoderm differentiation was most prominent in 

untreated control EBs cultured in full serum.  Culture of RA MS EBs in low serum 

generally resulted in gene transcript levels between those of EBs grown full serum and 

ITS.  Collectively, these data suggest that EBs differentiated via incorporation of RA 

microspheres to the point of cavitation are receptive to their extracellular environments, 

and that differentiation trajectory can be influenced via media choice.   

 

Methods 

 

Microsphere fabrication   

Poly(lactic-co-glycolic acid) (PLGA, 50:50, 0.55-0.75 dL/g, ester terminated, 

Absorbable Polymers International) microspheres were fabricated using a water-in-oil 

single emulsion, as described [150].  Briefly, 200 mg PLGA was dissolved in 
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dichloromethane containing 600 µg RA (all trans, Acros Organics, Geel, Belgium), added 

to 0.3% PVA, and homogenized at 3000 rpm (Polytron PT 3100, Kinematica Inc, 

Bohemia, NY).  Dichloromethane was evaporated for 4 hours and microspheres were 

collected by centrifugation, washed with dH2O, and lyophilized for 1-2 days (Freezone 

4.5, Labconco, Kansas City, MO). 

 

Embryonic stem cell culture 

Murine embryonic stem cells (D3) [1] were maintained in an undifferentiated 

state on tissue culture dishes coated with 0.1% gelatin in Dulbecco’s modified Eagle’s 

medium (DMEM) (Mediatech Inc., Herndon, VA), supplemented with 15 % fetal bovine 

serum (FBS) (Atlanta Biologicals), 2mM L-glutamine (Mediatech), 100 U/mL penicillin, 

100 μg/mL streptomyocin, and 0.25 μg/mL amphotericin (Mediatech), 1x MEM 

nonessential amino acid solution (Mediatech), 0.1 mM 2-mercaptoethanol (Fisher 

Chemical, Fairlawn, NJ), and 10
3
 U/mL leukemia inhibitory factor (LIF, Chemicon 

International, Temecula, CA).  Cells were routinely passaged with 0.05% Trypsin-EDTA 

every 2-3 days prior to reaching 70% confluence. 

 

Embryoid Body Formation 

 To initiate formation of EBs containing PLGA microspheres, microspheres 

(unloaded and RA) were first coated with 0.1% gelatin and placed on a rotisserie rotator 

at 37⁰C for 3 hours. Embryonic stem cell colonies were dissociated into single cells with 

0.05% trypsin-EDTA solution and resuspended in 10 mL of differentiation media (2 x 

10
5
 cells/mL final concentration) with coated microspheres in 100 mm bacteriological-
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grade Petri dishes.  Embryoid body formation was initiated by placing dishes on an 

orbital rotary shaker set at 40 rotations per minute (RPM) [68].  EB media was exchanged 

every 1-2 days as needed.  Phase images of EBs were acquired using a Nikon TE 2000 

inverted microscope equipped with a SpotFLEX (Diagnostic Instruments) camera.   

 

Defined Media Studies 

 After 10 days of rotary suspension culture, RA microsphere (RA MS) EBs were 

switched to low serum, ITS, or remained in full serum.  Low serum media consisted of 

regular differentiation media (ESC media described above, without LIF) containing 2.5% 

serum (full serum media contained 15%).  Media denoted ITS consisted of 1:1 

DMEM/F12 (Gibco) supplemented with insulin (5 µg/mL), transferrin (50 µg/mL), and 

selenium chloride (30 nM).  Additionally, RA MS EBs were added to low serum or ITS 

media supplemented with BMP4 (10 ng/mL, R&D Systems).   Phase images of EBs were 

acquired with a Nikon TE2000 microscope equipped with a SpotFlex camera (Diagnostic 

Instruments). 

 

Quantitative PCR   

After 4, 7, 10, 12, 14, and 17 days, RNA was extracted from EBs with an RNeasy 

Mini kit (Qiagen Inc, Valencia, CA).  Reverse transcription for complementary DNA 

synthesis was performed with 1 µg of RNA per sample using the iScript cDNA synthesis 

kit (Bio-Rad, Hercules, CA), and real-time PCR was performed with SYBR green 

technology on the MyiQ cycler (Bio-Rad).  Forward and reverse primers for Oct4, 

Brachyury-T (B-T), fibroblast growth factor 5 (Fgf5), α-fetoprotein (Afp), fetal liver 
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kinase 1 (Flk1), myosin light chain 2v (Mlc2v), Nestin, GATA binding protein 4 (Gata4), 

paired box gene 6 (Pax6), runt related transcription factor 2 (Runx2), forkhead box a2 

(Foxa2), myocyte enhancer factor 2c (Mef2c), and glyceraldhyde-3-phosphate-

dehydrogenase (GAPDH) were designed with Beacon Designer software, purchased from 

Invitrogen and validated with appropriate controls.  For Oct4 and Foxa2, relative gene 

expression was quantified as compared to undifferentiated ESC expression levels using 

the Pfaffl method of quantification [174].  For all other genes, concentrations were 

calculated using standard curves and normalized to GAPDH expression levels.  

 

Histology   

In order to perform whole-mount EB immunofluorescent staining, EBs were 

washed in PBS, fixed for 1 hour in 4% parafomaldehyde at 4ºC, and washed again 3 

times in wash buffer (150mM NaCl, 1 mg/mL bovine serum albumin, 0.1% Tween-20, 

50 mM Tris).  EBs were permeabilized for 30 minutes in 2% TritonX-100, re-fixed in 4% 

paraformaldehyde for 15 minutes, and then blocked in wash buffer for 1 hour.  Samples 

were incubated in Oct4 or Brachyury T (Santa Cruz Biotech.) primary antibody overnight 

at 4ºC, washed again (3 times, 15 minutes), and then incubated in an Alexa488 

conjugated secondary antibody (Molecular Probes) for 4 hours at 4ºC.  Nuclei were then 

stained in Hoechst solution (1:100).  Finally, samples were re-suspended in a low volume 

of PBS and imaged with a Zeiss LSM/NLO 510 Multi-photon Microscope (Carl Zeiss 

Inc.).   
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Statistical analysis   

Values are reported as mean ± standard deviation (n=3).  Statistical significance 

was determined using one or two way ANOVA coupled with Tukey’s post hoc analysis 

using Systat (v12, Systat Software Inc.). 

 

 

Results 

 

Embryoid body morphology 

 Embryoid bodies were formed under rotary suspension conditions with either no 

microspheres (untreated EBs), unloaded microspheres (unloaded MS EBs) or with 

retinoic acid loaded microspheres incorporated (RA MS EBs).  After 10 days of culture 

in regular differentiation media, RA MS EBs were either maintained in full serum media 

or transferred to low serum (with and without BMP4) or ITS (with and without BMP4) 

media.  Phase images were acquired 2, 4 and 7 days after the media transfer (Figure 7.1).  

Untreated and unloaded MS EBs each appeared to be solid spheroids at all time points 

and were largely uniform in size and shape, though some irregular EBs were observed.  

In both untreated and unloaded MS EBs, EB size decreased with time, particularly after 

17 days.  RA MS EBs all appeared to be cystic, as the outline of the epiblast cell layer 

was clearly discernable in phase images.  The regular serum and low serum RA MS EBs 

were larger and darker in phase images acquired on day 17, suggesting that the epiblast 

and/or endoderm cells may expand to fill the cystic region.  ITS EBs also showed 

enlargement and darkening after 17 days, though to a lesser extent than regular and low 
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serum EBs. Regular serum RA MS EBs were larger than other treatments after 12 and 14 

days, yet smaller after 17 days.  The other RA MS groups displayed growth between 14 

and 17 days, whereas regular serum RA MS EBs did not appear to increase in size.  The 

subtle morphological differences in EBs grown in different media formulations prompted 

further investigation into the differentiation states of the EBs. 
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Figure 7.1  Time course of EB morphology.  Phase images of EBs were acquired after 12, 14 

and 17 days of differentiation for the various treatment groups.  Untreated and unloaded MS EBs 

formed solid spheroids, while RA MS EBs were cystic.  Subtle differences in size, growth, and 

degree of cavitation were noted among the RA MS treatments. 
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Figure 7.1 continued. 

 

 

 

 

 

 



140 

 

Gene expression analysis 

 In order to investigate the differentiation state of cells in EBs cultured in the 

various media formulations, quantitative PCR was performed.  Expression of Oct4, a 

transcription factor associated with pluripotency, was significantly lower in RA MS EBs 

than in untreated or unloaded MS EBs after 4 days, yet higher than both groups after 10 

days, which was similar to previous reports (Figure 7.2A).  Oct4 remained higher in full 

serum RA MS EBs and low serum EBs compared to untreated or ITS EBs after 12 and 14 

days.  Fgf5, a marker for primitive ectoderm (or epiblast) was significantly reduced in 

EBs cultured in ITS media after 14 and 17 days (Figure 7.2B). 

 

Figure 7.2.  Gene expression of pluripotent markers.  qPCR was used to analyze expression of 

the pluripotent gene Oct4 (A) and the primitive ectoderm gene Fgf5 (B).  Oct4 was enhanced in 

regular serum RA MS EBs (red bars) after 10 days, and in regular serum and low serum RA MS 

EBs (+/-BMP4) after 12 days (red, blue and gray bars).  Fgf5 was significantly reduced in ITS 

(+/-BMP4) RA MS EBs (green and maroon bars) after 14 and 17 days.   

 

 Next, the expression of Afp, a phenotypic marker for primitive endoderm, was 

assessed in the EB treatment groups (Figure 7.3A).  RA MS EBs maintained in full serum 

displayed enhanced Afp expression relative to all other groups at all time points (except 

day 14, at which point comparison to untreated EBs was insignificant).  The expression 

of Gata4, a transcription factor  expressed by primitive endoderm, mesendoderm and 
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later cardiac mesoderm [286,287], was also enhanced in full serum RA MS EBs 

compared to all groups after 7, 10, 12 (except when compared to ITS and unloaded MS), 

and 17 days (Figure 7.3B).   

 

Figure 7.3.  Analysis of endoderm and mesendoderm genes.  Afp (A, primitive endoderm) was 

enhanced in regular serum RA MS EBs at all time points (except compared to untreated at day 

14).  Gata4 (B), an early mesendodermal marker, was likewise enhanced in regular serum RA 

MS EBs, particularly after 7, 10 and 17 days.  

 The transcript levels of Pax6, a transcription factor expressed during neural 

development, and Nestin, an intermediate filament protein known to be expressed by 

neural progenitors, were also analyzed (Figure 7.4).  In general, expression of these 

neuroectoderm genes was enhanced in RA MS EBs cultured in ITS media.  Pax6 in 

particular was strongly enhanced after 12, 14 and 17 days in EBs treated with ITS 

containing BMP4 (Figure 7.4A).  Prior to day 17, Nestin expression was most prominent 

in untreated and unloaded MS EBs, though a spike was observed on day 17 in the ITS 

EBs (Figure 7.4B).  Reports indicate that Nestin expression is less specific to 

neuroectoderm than Pax6, suggesting that increased levels of Nestin expression by 

untreated and unloaded MS EBs could be emanating from non-neural cell types 

[288,289]. 
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Figure 7.4.  Neuroectoderm gene expression.  Pax6 (A) expression was greatest in RA MS EBs 

in ITS media (green and maroon bars).  Nestin (B) expression was most consistent in untreated 

and unloaded MS EBs.  Day 17 RA MS ITS EBs displayed a sharp spike in Nestin expression. 

  

Next, a panel of mesoderm marker was examined (Figure 7.5). Flk1, a gene 

encoding a VEGF receptor commonly expressed in endothelial cells, Brachyury T, a 

transcription factor expressed in the primitive streak, Mlc2v, a cardiac specific motor 

protein, and Mef2c, a transcription factor critical in cardiovascular development, were all 

analyzed via qPCR.  Brachyury T (Figure 7.5B) was significantly enhanced in untreated 

and unloaded MS EBs compared to all other EBs at all time points (except compared to 

low serum at day 14).  Flk1 (Figure 7.5A) was also generally enhanced in untreated and 

unloaded MS EBs, particularly after 12 days.  Levels of Mlc2v (Figure 7.5C) and Mef2c 

(Figure 7.5D) and were very low in all groups except for untreated and unloaded MS 

EBs.  These results demonstrate that mesoderm induction appears to be inhibited in EBs 

containing RA microspheres.  Overall, the gene expression data indicate that culture of 

RA MS EBs in ITS promotes ectoderm induction, the use of full serum enhances 

endoderm formation, and that untreated and unloaded MS EBs exhibit the greatest 

mesoderm formation.  
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Figure 7.5.  Mesoderm gene expression.  Transcript levels of Flk1 (A), Brachyury T (B), Mlc2v 

(C), and Mef2c (D) were assessed.  For all mesoderm related genes, expression was consistently 

highest in untreated and unloaded MS EBs. 

 

Immunostaining 

 To further investigate the differentiation of RA MS EBs in various media 

formulations, immunostaining of whole EBs was performed.   Staining for OCT4 in the 

RA MS EBs in regular serum, low serum (+/- BMP4), and ITS (+/- BMP4) was 

performed after 12, 14, and 16 days (2, 4 and 6 days, respectively, after switching from 

full serum media) (Figure 7.6).  After 12 days, EBs in regular and low serum displayed 

an OCT4-negative endoderm-like outer layer enveloping nearly uniformly OCT4-positive 

cells.  EBs cultured in ITS displayed regions of OCT4 staining, but also contained many 
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OCT4 negative cells.  The addition of BMP4 to ITS appeared to enhance the expression 

of OCT4 in 12 day EBs.  After 14 days, OCT4 staining remained prevalent in full serum 

RA MS EBs.  Low serum also supported OCT4 positive cells, though staining was less 

uniform than in the corresponding day 12 EBs.  In contrast, after 14 days, EBs grown in 

ITS displayed few cells staining positively for OCT4.  Finally, after 16 days, full serum 

and low serum each maintained a high percentage of OCT4-positive cells.  Interestingly, 

the addition of BMP4 to low serum appeared to reduce the percentage of positively 

stained cells.  As with 14 day EBs, ITS EBs after 16 days had low levels of staining, 

though addition of BMP4 appeared to mildly increase expression.  In general, the 

immunostaining images are in agreement with the gene expression data obtained via 

qPCR.  Full and low serum media supported continued expression of OCT4, whereas ITS 

did not.  Gene expression data suggested that the addition of BMP4 to either low serum 

or ITS did not significantly affect Oct4 expression, while analysis of the OCT4 protein 

suggested that BMP4 may have attenuated expression in low serum while enhancing 

expression in ITS.  However, quantitative analysis of protein expression would be 

required to validate this observation. 
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Figure 7.6.  OCT4 staining in RA MS EBs cultured in various media conditions.  OCT4 

expression was most prominent in regular serum and low serum EBs.  The addition of BMP4 

appeared to foster OCT4 expression in serum-free (ITS) media, yet attenuate expression in low 

serum. 

 

 Expression of the transcription factor Brachyury T was also assessed using whole-

mount immunofluorescent staining (Figure 7.7).  Brachyury T was expressed less 

prominently than OCT4 in all EBs.  ITS media did not support an appreciable level of 

Brachyury induction at any of the time points examined, as few labeled cells were 

observed.  Regular serum EBs did not show significant positive staining until 16 days, at 

which point a region of stained cells was observed.  Low serum appeared to support the 

most consistent induction of Brachyury expression, as positive cells were observed at 

each time point.  The addition of BMP4 did not seem to significantly affect Brachyury T 

expression in either low serum or ITS media.  Protein expression corroborated gene 

expression data, which showed that low serum evoked the greatest levels of Brachyury 
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among the RA MS EBs.  However, expression in RA MS EBs was generally lower than 

in untreated or unloaded MS EBs. 

 

Figure 7.7.  Brachyury T expression in RA MS EBs.  Staining for Brachyury T was relatively 

low for all treatment groups.  RA MS EBs cultured in low serum media (+/- BMP4) exibited the 

most positive staining.   
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Discussion 

 In these studies, the differentiation of EBs pre-treated with RA MS for 10 days 

prior to incubation in defined media conditions was examined.  The morphology of EBs 

showed stark differences among untreated and unloaded MS EBs and RA MS EBs.  

Differences within RA MS EBs cultured in the various media conditions were more 

subtle, though distinctions in size and cavitation were noted.  Gene expression analysis 

revealed interesting trends within the RA MS EBs; continued culture in full serum 

appeared to maintain pluripotent cells, but also enhanced expression of primitive 

endoderm genes.   Transfer to ITS media evoked the greatest levels of neuroectoderm 

gene expression levels among the RA MS EBs.  Low serum culture appeared to result in 

intermediate expression levels between full serum and serum free media EBs.  Mesoderm 

gene expression appeared to be inhibited in all RA MS EBs relative to untreated and 

unloaded MS EBs, though low serum appeared to be the most meso-inductive among RA 

MS EBs.  Protein expression analysis via whole-mount immunostaining generally 

confirmed trends noted from qPCR.  These results demonstrate that the media 

environment can be used to direct the differentiation trajectory of RA MS EBs. 

 The ability to efficiently direct ESC differentiation has implications for fields as 

diverse as developmental biology, pharmacology, and tissue engineering.  While different 

media formulations have been shown to improve differentiation down specific pathways, 

it was postulated that the asynchrony of cells within EBs and gradients of instructive 

media components would contribute to heterogeneity in EB-based differentiation 

strategies.  Many EB protocols call for formation and initial growth of EBs in high serum 

media, as this best supports cell aggregation and survival.  After 2-4 days of growth, 
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supplemental cues are added to the media, or the high serum media is replaced with 

defined media.  The initial period of EB culture in serum with undefined morphogens and 

cytokines may result in a heterogeneous cell population that is subsequently exposed to 

the rigorously defined media of the differentiation protocol. Because instructive cues for 

ESC differentiation are generally context dependent, with the specific cellular 

components that the cell possesses dictating the ability of the cell to respond, the lack of 

synchronicity within EBs may pose a problem for producing a uniform population of 

differentiated cells.  Because RA MS EBs appear to be in a synchronized state after 10 

days of culture and consist largely of pluripotent epiblast cells and supportive visceral 

endoderm cells, we hypothesized that uniform differentiation of the epiblast cells could 

be induced through selection of media components and supplemental morphogens. 

 The results of this study indicate that the choice of media could be used to further 

instruct differentiation of RA MS EBs after 10 days.  Broad trends that were noted 

include maintenance of pluripotency in serum-containing media relative to serum-free 

(ITS), induction of endoderm in full serum media, enhancement of ectoderm in ITS 

media, and inhibition of mesoderm in all RA MS EBs relative to RA-free controls.  More 

rigorous assessments of the relative proportions of these cell types will be needed in order 

to make definitive statements on the effectiveness of the different media formulations on 

directing differentiation.  It was generally noted, however, that the addition of BMP4 to 

either low serum or ITS media did not have a profound effect on differentiation.  This 

morphogen was chosen as a supplement due to its role in early embryo patterning.  The 

production of BMP4 on the posterior side of the developing embryo and BMP 

antagonists (Noggin, Chordin, Follistatin) on the anterior side are thought to play a role in 
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the spatial regulation of primitive streak induction and neuroectoderm formation.  By 

introducing BMP4 to epiblast-like cells, it was expected that primitive streak and 

mesoderm differentiation would be enhanced.  However, significant increases in 

mesoderm gene expression or Brachyury T protein expression were not observed in EBs 

treated with BMP4.  One possible explanation for this is that the visceral endoderm cells 

that surround the epiblast secrete a multitude of factors which may provide conflicting 

signals for differentiating cells.  In embryogenesis, factors secreted by the visceral 

endoderm are spatially regulated such that proper tissue development takes place.  

However, in the context of the EB, it is not clear what dictates which factors are secreted 

by visceral endoderm cells.  Microarray studies (Chapter 6, Figure 6.10) suggested that 

genes associated with anterior visceral endoderm (AVE) were expressed in RS MS EBs, 

including Follistatin, Dkk1, Cer1 and Foxa2.  Factors secreted by the AVE often function 

to inhibit BMP and Wnt signaling, thereby promoting ectoderm induction.  In serum free 

conditions, these AVE signals may promote the neuroectoderm gene enhancement that 

was observed in ITS media.  The combination of serum proteins and AVE signals may 

combine to drive endoderm differentiation, as demonstrated by Afp and Gata4 

expression.  Finally, AVE signaling may be sufficient to block mesoderm induction, even 

in the presence of full serum.   

 In summary, these results indicate that media choice is an important consideration 

for continued differentiation of RA MS treated EBs.  The specific signals secreted by the 

supportive visceral endoderm cells may hinder differentiation to some cell lineages while 

enhancing differentiation of others.  Future directions in this area may include isolation of 
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epiblast cells from EBs in order to remove visceral endoderm as a competing factor to 

media constitution.   

  



151 

 

CHAPTER 8 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

In this work, the production of uniform EBs containing polymer microspheres 

using rotary suspension culture was reported.  Rotary culture was utilized to produce EBs 

homogeneous in size and shape with high efficiency and with high yield.  The 

incorporation of PLGA microspheres into EBs could be modulated through microsphere 

coating, microsphere size, ratio of microspheres to cells, and rotary mixing speed.  The 

incorporation of microspheres did not negatively impact cell viability, nor did it 

significantly affect cell differentiation.  Diffusion of a fluorescent dye within EBs was 

examined temporally, and evidence was provided that limitations to diffusive transport 

within EBs exist.  The incorporation of retinoic acid-loaded microspheres within EBs 

resulted in the formation of cystic spheroids with spatial organization and gene 

expression similar to the developing embryo at the onset of primitive streak formation.  

Continued differentiation of the cystic EBs in defined media suggested that 

differentiation to mesoderm, endoderm or ectoderm could be influenced through the 

specific media formulation.  While these results demonstrate an innovative integration of 

stem cell engineering, biomaterials, and drug delivery, facets of each of these studies 

remain to be explored. 

Rotary suspension culture is a simple and efficient method for bench-scale 

production of uniform EBs.  The ability to control EB size and therefore downstream 

differentiation events was alluded to in this work but not rigorously described.  

Subsequent work in this area has described the use of rotary culture to enhance 
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cardiomyocyte differentiation in EBs relative to static culture.  The ability to control EB 

size through modulation of rotary speed has also been confirmed.  Assessment of 

differentiation of EBs formed at the different rotary speeds demonstrated that gene 

expression profiles and the proportions of differentiated cell populations could be 

modulated through choice of rotary speed.  This approach, however, does not separate the 

variables of hydrodynamic environment and EB size, so the differentiation observed 

could be in response to EB size alone, shear forces from the fluid environment, or a 

combination of the two.  Ongoing studies are utilizing forced aggregation to form 

uniform EBs in the absence of rotary culture.  By placing the uniform EBs in rotary 

culture at different speeds, the hydrodynamic effect can be isolated.  Conversely, forced 

aggregation can be used control the size of the aggregates, so EBs of different size can be 

cultured at the same speed in order to isolate the size effect.  These studies will 

thoroughly exploit the rotary system as a tool for probing EB differentiation mechanisms. 

The diffusion of CellTracker Red within EBs was examined in order to mimic the 

transport of a small, hydrophobic morphogen, such as retinoic acid.  However, 

examination of RA diffusion was not assessed directly.  Labeling of RA with a 

fluorescent probe would significantly increase the molecular weight of RA (MW of RA is 

300.44 Da, while typical dyes are 600-1000 Da) and would in turn affect the diffusion 

properties of the molecule.  In order to detect RA diffusion directly in a minimally 

disruptive manner, radio-labeling of RA could be utilized.  Such an approach would 

allow for more accurate understanding of the diffusion of RA within EBs.  Additionally, 

radio-labeled RA could also prove useful for understanding the kinetics of RA uptake and 

consumption.  While studies of CellTracker Red diffusion indicated that the dye was not 
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free to diffuse throughout the spheroids, significant EB penetration was observed.  

Growth factors are typically larger molecules than either RA or CellTracker, and it is 

expected that diffusion of growth factors within EBs will be more severely restricted.   

Future studies could strive to characterize the diffusion of larger, hydrophilic molecules 

within EBs.  This may provide a strong rationale for the use of hydrogel-based 

microspheres to overcome diffusional barriers and deliver growth factors within EBs.  In 

addition, a predictive model was not used to investigate diffusion within spheroids.  A 

model based on Fick’s laws could be constructed in order to predict diffusion as a 

function of spheroid size as well as diffusive parameters of both the solute and EBs.  

Experimental extraction of parameters such as diffusion coefficients would be required, 

as would experimental validation of the model.   

Polymer microspheres composed of PLGA were incorporated within EBs, and the 

effects of various parameters on incorporation were studied.  Somewhat surprisingly, 

these studies demonstrated that the presence of microspheres within EBs did not affect 

viability or differentiation.  Because ECM is an integral component of 

microenvironments both in vitro and in vivo, it was expected that the choice of ECM 

microsphere-coating would alter the differentiation of cells within EBs.  However, none 

of the ECM molecules examined, including gelatin, laminin and fibronectin, significantly 

affected EB gene expression.  Future work will explore the use of protein-mimetic 

peptide sequences in order to target specific integrins on cell surfaces.  This should 

enable greater interaction of the cell-binding motifs with cells than coating microspheres 

with the full protein.  Such experiments may lead to a novel route to directing 

differentiation of stem cells in 3D culture.  Additional molecules may also be used to coat 
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microspheres in order to control cell-microsphere interactions.  Cell-cell adhesions in 

early EBs are generally mediated by E-Cadherin.  Coating of microspheres with E-

Cadherin in a controlled orientation may promote controlled assembly of microsphere-

cell constructs.  Other cell adhesion molecules, such as N-Cadherin, or VE-Cadherin, 

may also be utilized in these studies.  Microspheres coated with these Cadherins could be 

incorporated within EBs using forced-aggregation techniques.  These molecules may be 

used to mimic cell-cell adhesions in order to determine whether the presence of such 

molecules can influence stem cell fate.  Thus, such an approach may be useful for 

studying the role of cell-cell interactions in the EB microenvironment in a novel manner 

and may be useful for directed differentiation.  

Retinoic acid was chosen as a morphogen to be delivered via microspheres within 

EBs due to its ease of encapsulation in hydrophobic polymers and ubiquity in ESC 

differentiation studies.  However, because RA is relatively small and hydrophobic, its 

diffusion in EBs may be less restricted than larger, more hydrophilic molecules.  In spite 

of this, RA delivered via microspheres produced a profound biological result that could 

not be reproduced through soluble delivery.  The use of microspheres to deliver growth 

factors within EBs has the potential to induce a more prodigious effect on EB 

differentiation.  Ongoing studies are focused on the development of hydrogel-based 

microspheres to deliver growth factors within EBs.  The presence of the hydrogel 

materials alone may also have an impact on differentiation and will be assessed.  

Additionally, some hydrogel materials that have been investigated do not readily 

incorporate within EBs using the rotary method.  The forced aggregation approach has 

been adopted to incorporate these microspheres within EBs.  Preliminary results suggest 
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that multiple microspheres (e.g. containing different dyes or growth factors) can be 

incorporated in a spatially controlled manner using forced aggregation.  Future studies 

will be designed to investigate axis formation and cell patterning by purposefully 

inducing morphogen gradients within the interior of EBs.  

The technology developed in this proposal can also be readily adapted to deliver 

molecules other than traditional morphogens (i.e. growth factors, cytokines and small 

molecules).  For example, small interfering RNA (siRNA) is commonly used to silence 

gene expression of specific targets without creating knockout genotypes.  This approach 

is advantageous over knockout models in that silencing is inducible rather than 

constitutive, so temporal assessments are possible, as well as in ease of use.  However, as 

with any other solute, diffusion of siRNA into EBs is likely limited by the matrix and 

cell-cell junctions in EBs.  Microspheres encapsulating siRNAs targeting genes of 

interest may be used to more effectively silence expression than soluble delivery.  

Microspheres may also be used to deliver various types of probes within EBs to directly 

examine properties of the EB microenvironment.  For example, live imaging of the redox 

environment within EBs, which may be useful for understanding the role of reactive 

oxygen in stem cell differentiation, could be facilitated by microsphere encapsulation.  

Similarly, pH sensitive probes encapsulated within microspheres may be used to analyze 

the local pH environment within differentiating EBs.  Such an approach would allow for 

investigation into the buildup of acidic by-products of metabolism within EBs, which 

may result due to transport limitations within EBs.   

PLGA was chosen as the microsphere material in these studies due to its ubiquity 

in the biomaterials community, ease of microsphere fabrication, and well characterized 
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degradation and release properties.  However, for many applications, a material with a 

higher degree of sophistication is desirable.  Stimulus-responsive materials have been 

developed to respond to changes in temperature, pH, light, mechanical stimulation, as 

well as enzyme presence.  Such materials are capable of allowing on-demand delivery; 

that is, no release prior to the stimulus, followed by controlled release after the stimulus.  

A shift toward stimulus-responsive materials for incorporation into EBs may be 

advantageous for a number of reasons.  It is known that different cell types can respond 

to the same morphogenic signal in widely different manners.  As such, presentation of 

morphogens to EBs containing cells in various differentiation states is likely to result in 

further heterogeneous differentiation.  If, however, morphogen release from microspheres 

is delayed until a known differentiation event occurs, differentiation may be more 

uniform.  For example, if differentiation to a specific progenitor were accompanied by an 

increase in secretion of an enzyme, a biomaterial with a peptide sequence responsive to 

that enzyme could be designed and used to make microspheres.  Encapsulation of a 

morphogen that induces maturation of the progenitor cell could be used to direct 

differentiation to terminally differentiated cells.  An analogous approach could be used 

with GFP-linked promoters and other stimulus responsive materials.  For example, GFP 

linked to Brachyury T expression could be used to detect primitive streak induction in 

real-time.  Once Brachyury T is detected, microspheres could be stimulated (via 

temperature change, ultrasound, or light exposure) to release their contents in order to 

direct the differentiation of Brachyury positive cells.  In this manner, more rigorous 

control over the EB microenvironment may be achieved.   
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While it was observed that the incorporation of RA-loaded microspheres into EBs 

resulted in the formation of cystic structures, a complete understanding of the events 

driving this morphological change was not acquired.  Understanding how and why the 

cells in these EBs behave the way they do may be useful in further controlling 

differentiation.  Confirmation that the RA signaling pathway is activated in response to 

microsphere-mediated RA delivery could be demonstrated through analysis of 

components of this pathway, including cellular retinoic acid binding proteins (CRABP I 

and II), retinoid acid and retinoid X receptors, as well as retinoic acid response elements 

(RAREs).  Cavitation within EBs could be presumably due to necrosis, programmed cell 

death (PCD), or simply cell migration.  Determining the relative contribution of the 

processes to cystic EB formation would help provide a mechanistic understanding of the 

process.  Real-time detection of Caspase, or other markers for apoptosis, would allow for 

rapid identification of PCD in EBs.  Migration could be analyzed by first labeling a small 

fraction of the cells used to form EBs with a long-term fluorescent tracer.  A single EB 

could be isolated, and the fluorescence within the EB assessed periodically with multi-

photon fluorescent microscopy in order to track cell movement.  It could then be 

determined whether cavities within EBs form due to cell migration, PCD, or 

contributions from each process.  

Embryoid bodies treated with RA-loaded microspheres were observed to contain 

spatially distinct endoderm and epiblast cell layers.  Future studies will address the 

spatio-termporal events that lead to the formation of these distinct layers.  Fluorescent 

proteins can be linked to the promoters for epiblast and endoderm specific genes (for 

example, GFP-Fgf5 and RFP-FoxA2).  The expression of these proteins can then be 
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monitored in a non-destructive manner through confocal microscopy.  Fluorescence as a 

function of radial distance could be quantified in order to obtain spatial information on 

the two cell types.  Additionally, movement over time of endoderm and epiblast cells 

could be analyzed using these methods.  Such an approach would lead to a better 

understanding of the formation of EBs resembling early primitive streak stage mouse 

embryos. 

It was hypothesized that cystic RA MS EBs could be induced to differentiate to 

more mature cell types when cultured in defined media conditions.  Gene expression data 

suggested that the three germ lineages preferentially differentiated under different 

conditions.  Ectoderm induction was most prominent in ITS media, endoderm was 

enhanced in full serum media, while mesoderm induction was greatest in untreated EBs.  

The starkest differences in gene expression were observed at the last time point studied 

(17 days), particularly for endoderm and ectoderm genes.  It is possible that divergence 

was beginning at this time and continued culture would have resulted in more 

pronounced phenotypic differences.  Future studies in this area will include time points 

past 17 days.  Additionally, to quantitatively assess differentiation to specific cell types, 

methods such as flow cytometry will be employed.  This will allow for statements on the 

yield of cells (on a percentage basis) from each of the three germ layers under different 

conditions to be made.   

The addition of BMP4 to either low serum media or ITS media did not seem to 

strongly alter gene expression.   The choice of BMP4 may not have been ideal for the 

media types chose.  It was expected that BMP4 would promote mesoderm formation, as 

BMP4 contributes to this process in vivo.  The addition of a morphogenic factor was 
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expected to be most pronounced in the ITS groups due to its lack of serum proteins which 

may dilute the effect of the supplemental morphogen.  However, ITS alone did not 

support mesoderm formation and instead enhanced ectoderm induction.  The ITS may 

have been overriding such that the effect of BMP4 was diminished in this environment.  

A morphogen more complementary to the action of ITS media will be utilized in future 

studies.  However, preliminary studies with Noggin, a BMP inhibitor, did not suggest 

strong differences compared to ITS alone, though additional characterization is required.  

Additional morphogens will be examined, including Wnts, Wnt inhibitors, and hedgehog 

signaling agonists. 

The visceral endoderm plays a significant role in embryo patterning and may 

provide potent instructive cues to epiblast cells in RA MS EBs.  Media selection may be 

insufficient to overcome the signaling prowess of the visceral endoderm, in which case 

continued screening of media and supplements may be a fruitless effort.  The dissociation 

of RA MS EBs in order to isolate epiblast cells from the endoderm will be attempted.  

Cell sorting based on OCT4 expression can be utilized, as endoderm cells were observed 

to be consistently OCT-negative.  Successful isolation of epiblast cells may enable more 

efficient differentiation.  

All work described thus far has focused on in vitro differentiation of ESCs in 

EBs.  However, the incorporation of microspheres within EBs could also be applicable 

for transplantation studies on stem cells and in vivo differentiation.  In traditional cell 

transplantation studies, the microenvironment of the implanted cells cannot be 

manipulated, post-procedure.  However, the incorporation of microspheres within 

spheroids allows for control over the factors presented to the cells even after 
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implantation.  As a result, in vivo differentiation of ESCs, which typically results in 

teratoma formation, may be more controlled in the presence of controlled release 

microspheres.  Additionally, microspheres could be labeled in order to track the 

implanted constructs.  For example, a near-infrared dye could be encapsulated in 

microspheres such that imaging could be performed in live animals.  These studies would 

make the microsphere-mediated delivery approach more relevant in tissue engineering 

and regenerative medicine applications. 

In conclusion, this work has realized a unique approach for stem cell 

differentiation through modification of the internal microenvironment of ESC spheroids.  

This novel inside-out method toward engineering EBs demonstrated that the mode of 

morphogen delivery (soluble or microsphere-mediated) significantly affected the course 

of differentiation.  Future studies will utilize the choice of microsphere material, coating, 

and morphogen in order to uniquely study mechanisms of ESC differentiation and 

achieve unparalleled engineering of the EB microenvironment. 
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APPENDIX A 

 

DERIVATION OF SPHEROID DIFFUSION EQUATIONS 

 

 

The diffusion of solutes into spheroids is governed by Fick’s second law: 
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where Cext and Cint are the concentration outside and inside the spheroid, respectively, D1 

and D2 are the respective diffusion coefficients, 
2
 is the Laplacian operator, and q is the 

rate of consumption (q<0).  Assuming spherical symmetry, constant consumption and 

steady state, this system of equations becomes: 
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where Q = -q/D2.  Integration of these equations twice yields: 
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The constants are solved for by applying boundary conditions.  Two cases are described; 

in the first case, diffusion throughout the spheroid occurs, and in the second case, 

depletion occurs within the interior of the spheroid. 

Case 1.  No depletion 

As r approaches ∞, Cext=C∞ 

For a spheroid of radius R: 
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0 ≤ Cint(0) < ∞ (that is, the concentration at the spheroid center is finite and non-

negative). 

These four boundary conditions allow the constants to be solved for: 
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The final boundary condition (0 ≤ Cint(0) < ∞) is only true when 
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or, 

For R>R0, depletion within the spheroid occurs, and the second case applies. 



185 

 

Case 2.  Depletion within the spheroid. 

Let R1 equal the radius of the depletion zone. 

As r approaches ∞, Cext=C∞ 

For a spheroid of radius R: 
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Q=0 and Cint(r)=0 for r ≤ R1 

This set of boundary conditions allows the integration constants to be solved for and 

yields: 
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