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ABSTRACT OF THESIS 
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 During embryogenesis, complex balances of growth factors (GFs) influence 

differentiation into the three germ layers: endoderm, mesoderm, and ectoderm. Current models 

of development are limited to introduction of soluble factors without the ability to localize GFs 

to specific layers within a 3D cell scaffold.  FGF2 was recruited to its cell surface receptor by 

glycosaminoglycan (GAG) mimetics to direct stem cell differentiation into neural rosettes. This 

provided the basis for testing the incorporation of these GAG mimetics into a three-dimensional 

(3D) scaffold, more representative of a developing embryo or organoid. Altering the structure of 

the GAG mimetics affected their penetration into the EBs. The longer the GAG mimetic, the 

larger the molecular weight and size thus taking longer to incorporate into the EB compared to a 
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shorter GAG. No correlations were observed between the ability to penetrate EBs and the 

different charges of the sugars ligated to the GAG mimetics. The short GAG mimetic recruited 

FGF2 throughout the EBs showing their ability to localize GFs in a 3D cell scaffold. Future 

directions include patterning Erk phosphorylation, the first step in the signaling cascade leading 

to Neuroectoderm differentiation, to the localization of FGF2 by the GAG mimetics. Overall 

these GAG mimetics show promise as tools to further explore stem cell differentiation through 

the recruitment of growth factors in three dimensional cell models. 
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INTRODUCTION 

 

Overview: 

 Stem Cells offer great promise in the field of regenerative medicine as well as a tool for 

studying embryogenesis from their ability to differentiate into all three germ layers: endoderm, 

ectoderm, and mesoderm. The biggest caveat to this therapeutic application is controlling stem 

cell differentiation. When undifferentiated stem cells are implanted subcutaneously into mice, 

they form teratocarcinomas containing all three germ layers indicating little control over 

differentiation (1).  There are many factors that influence stem cell differentiation, such as 

growth factors like FGF2 and BMP, morphogens, cell surface receptors, and the cellular 

microenvironment (2, 3, 4, 5). The glycocalyx contains long, linear polysaccharides, known as 

glycosaminoglycans (GAGs), which extend from the cell surface and facilitate growth factor 

receptor interactions. FGF2, one such example, is known to interact with heparan sulfate GAGs 

(HSGAGs) which extend from the protein core of proteoglycans (PGs) that extend from the cell 

surface to form a complex with fibroblast growth factor receptors (FGFRs) to initiate a 

downstream response (6). Through the novel synthesis of GAG mimetics that anchor themselves 

into the cell membrane, neural differentiation can be rescued through the GAG mimetic 

recruitment of FGF2 in cells knocked out for native GAG synthesis (7). This provides the basis 

for future studies involving the roll of GAGs in controlling differentiation of stem cells. While 

GAGs have been shown to influence stem cell differentiation in monolayer culture, 3D tissue 

culture is more representative of a developing embryo or organoid. To be able to establish a 

gradient of GAG mimetic incorporation into a 3D scaffold, called an embryoid body (EB), would 

unlock the tools for patterning differentiation during development.  
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Chapter 1: Mouse Embryonic Stem Cells   

Mouse embryonic stem cells (mESCs), first isolated from the blastocyst of mice in 1981, 

have the ability to differentiate into the three cell types: mesoderm, ectoderm, and endoderm (1). 

The ability of mESCs to differentiate into all three germ layers, from which specialized cells of 

all adult tissues can be derived, is called pluripotency. As such, mESCs provide and powerful 

tool for studying embryonic development and a source of precursor cells for regenerative 

medicine applications. After obtaining mESCs from a mouse blastocyst, mESCs can be 

maintained in their pluripotent state in culture supplemented with leukemia inhibitory factor 

(LIF) (10). 

 

Figure 1: FGF2 Signaling During Embryogenesis. The cells within the inner cell mass 
respond to paracrine FGF signaling to differentiate into the trophectoderm and the primitive 
endoderm. FGF must then be inhibited within the inner cell mass to prevent differentiation 
signals involved in later cell fates within the Neuroectoderm. Figure Adapted from (46). 
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  In vivo, germ layer specification occurs early in development. After fertilization of the 

zygote, the cells rapidly divide and segregate into an inner cell mass and an outer trophectoderm. 

The inner cell mass soon becomes the epiblast that can differentiate into all three germ layers. 

The whole structure is known as the blastocyst and will implant in the uterine lining within 4 

days in mice (8). After implantation, local signals initiate differentiation into the three germ 

layers in a process called gastrulation. Transplanting embryonic stem cells (ESCs) into various 

locations within the epiblast still led to the same spacial differentiation as traced 

autoradiographically. This indicates that the ESCs are not preprogramed into a lineage fate but 

rather respond to local cell signals such as GFs (9).  

If ESCs are implanted into various adult tissues in mice, they uncontrollably differentiate 

into all three germ layers forming a teratocarcinoma in the absence of differentiation signals (1). 

The delicate balance of soluble factors and micro-environmental cues required for cell fate 

determination is difficult to recapitulate in in-vitro systems. Obtaining homogenous populations 

of differentiated cells from ESCs in culture continues to be a significant challenge limiting the 

applicability of ESCs in cell based therapies. Identifying new mechanisms for controlling GF 

signaling and cell differentiation may open new opportunities in the field. 

 

Chapter 2: Proteoglycans and Glycosaminoglycans 

The cellular glycocalyx is an underexplored interface, which mediates GF activity. The 

glycocalyx is composed of glycans that extend from the cell surface attached to lipids and 

proteins. This collection of glycoconjugates consisting of proteoglycans (PGs), proteins 

posttranscriptionaly modified with glycosaminoglycan (GAG) sulfated polysaccharide chains, 

that harbor binding sites for GFs and their receptors (12). For instance Heparan Sulfate GAG 
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(HSGAG) is prominent on surfaces of cells and in the extracellular matrix (ECM) and is 

involved in regulating processes such as cell adhesion, proliferation, and directing differentiation 

(7, 13). HS is comprised of 50-150 repeating dissacharride units of N-acetylglucosamine 

(GlcNAc) β1-4 linked to glucoronic acid (GlcA) which is attached to the protein backbone at 

serine residues via a tetrasaccharide primer. There are many modifications to the HS GAG chain 

including deacetylation and then sulfation of the N residue on GlcNAc as well as epimerization 

of GlcA to iduronic acid (IdoA) and subsequent sulfation thereof. The Charged sulfated glycans 

are present in repeating segments of GlcNAc and IdoA followed by varying unsulfated segments 

of GlcNAc and GlcA. The length and number of sulfated glycans are highly variable on HSPGs 

and are thought to differ based on cell type (17).  

 

Figure 2: HSPG structure and modifications. HSPG is extended from the protein core by the 
enzyme EXT1 and 2 attaching repeating units of GlcA and GlcNAc. Various enzymes like N-
deacetylase, N-sulfotransferases (NDST) and O-sulfotransferases (OST) are responsible for 
modifying the sugars with sulfate groups adding charge (17). Figure adapted from (17).  
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These HS modifications provide structural basis for specificity in interactions with 

growth factors or other proteins (13, 14). HS is thought to bind proteins through electrostatic 

interactions, hydrogen bonding and van der Waals forces between its sulfated regions and 

positive amino acids on solvent exposed surfaces of proteins (17). One example is the interaction 

of HS with FGF2, which has been shown to be required for cell proliferation (14, 15). FGF2 

binds with high affinity to HS with high levels of sulfation. Specific sulfation groups and a 

variation in this sulfation patterning leads to various cellular responses (15). FGF2 has shown to 

still bind heparin without the glucosaminyl 6O sulfation but does not bind if the 2O sulfation is 

removed from the IdoA indicating requirement for proper sulfation for activity. 2O sulfation is 

needed for binding while 2O and 6O are required for signaling effect (18). 

 The glycosyltransferases exostosin 1 and 2 (EXT 1 and 2) form a heterodimer for the 

elongation of HS chains through alternate addition of UDP-GlcA and UDP-GlcNAc 

monosaccharides. Deletion of either enzyme prevents HS GAG chain formation and loss of 

function. In Ext1 -/- mice, embryos fail to undergo gastrulation during embryonic development 

and the Ext 1 deletion is therefore lethal in a developing embryo (12, 22). mESCs derived from 

Ext1 -/- mice blastocysts can be maintained in culture and remain in a pluripotent state even in 

the presence of exogenous GFs, such as FGF2 and BMP4. Addition of soluble HS media along 

with GFs compensates for Ext1 -/- deficient differentiation, indicating the necessity of HS for GF 

signaling (23). mESCs genetically modified to be knocked out for Ext1 provide a great model to 

look at the necessity of HSPGs and their roles in GF recruitment to cell surface receptors. 
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Figure 3: FGF2 Complex Formation with FGFR and HSPG. EXT1 knockout mESC model. 
In wild type (WT) mESCs, HSPGs recruit FGF2 with FGFR to form a dimerization complex in 
which the FGFRs auto phosphorylate leading to phosphorylation of ERK and downstream 
signaling events towards differentiation. Experiments using mESCs knocked out for EXT1 
provide a model for studying HSPG interactions with GFs. Synthetic GAG mimetics have been 
shown to rescue differentiation in EXT1 -/- mESCs and provide a platform for patterning GF 
recruitment (7). Figure adapted from (7). 
 

Chapter 3: FGF2  

 FGF2 is known to bind HS and dimerize in complex with 2 FGF receptors (FGFRs) (19, 

20). It is still a debate if FGF2 forms a dimer and changes conformation upon interaction with 

HS before FGFR dimerization. A current model for the FGFR complex is a heterotetramer with 

FGFR/FGF2/HS (2:2:2) to be a dimer of dimers with the FGFR complex with HS. HS is known 

as a coreceptor as it aids in FGF2 and FGFR complex formation (18). HSPGs are low affinity 

receptors required to bring FGF2 to bind with FGFR, which is a high affinity receptor (21). 

GAG Mimetic 

WT mESC EXT1 -/- mESC 
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Figure 4: FGF2, FGFR1, HS Signaling Complex. FGF2 (green), FGFR (orange), HS (stick). 
The resulting crystal structure and molecular surface figure depict the 2:2:2 FGF2, FGFR1, HS 
complex model. This is the alternative to the 2:2:1 model involving a single HS with FGF2 
binding and forming a heterotetramer. Figure adapted from (47). 
 
 



8 

After FGF2 binds FGFRs and dimerize, auto phosphorylation of the tyrosine kinase 

receptors occur. These phosphorylated tyrosine kinases provide the basis for different binding 

molecules to initiate a multitude of cellular effects such as differentiation into Neuroectoderm 

during embryogenesis. After several signaling events in the mitogen-activated protein kinase 

(MAPK) cascade, extracellular signal-regulated kinas (ERK) is phosphorylated by MAPK/ERK 

kinase (MEK) (24). MAPK signaling is implicated in early Neuroectoderm differentiation and 

critical part of the pathway includes phosphorylation of ERK. As a component of FGF2 

mediated MAPK signaling leading to Neuroectoderm differentiation, bone morphogenic protein 

(BMP) signaling is blocked through repression of smad (25, 26). BMP4 absence is not sufficient 

for neural formation during development, FGF2 is required aside from just inhibition of the BMP 

pathway (27, 28). A developing embryo has many intersecting signals and pathways arranged in 

a complex manner, which can be difficult to model for better understanding. More tools in 3D 

tissue culture are needed to better understand the intricate balance of GFs that occurs during 

embryonic development. 

 

Chapter 4: Embryoid Bodies 

 In vivo studies are the most representative of the environment that cells experience 

during embryogenesis. However, full organism studies with mice can be difficult to observe and 

to run experiments that target individual events of interest in differentiation. In vitro studies 

using monolayer culture bypass this first problem of creating a simplified environment to test 

individual conditions of differentiation, however they lack the 3D characteristics of an in vivo 

model. In vitro studies also allow for the use of genetically modified cell systems to dissect 
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signaling components of differentiation (30). Embryoid bodies (EBs) are 3D cell structures in 

which in vivo embryonic development can be recapitulated (29). 

EBs can be formed via hanging drop, suspension culture, and methylcellulose culture as 

well as several other novel techniques using large bioreactors (31). Each technique varies in the 

amount of EBs made as well as the homogeneity between EBs. The microenvironment within 

each surrounding cell has a profound effect on its differentiation. This can be mimicked in vitro 

through hydrogel cultures to induce EB formation and simulate a denser extracellular 

environment found in hepatocyte formation for example (48).  The hanging drop method 

provides a way to produce homogenous EBs by controlling the initial concentration of cells in 

each droplet (29, 31). 

The structure of EBs includes a loosely packed inner cell layer with cavities that start to 

form after several days through programmed cell death simulating embryonic development (32). 

The outer layer of EBs consists of tight junctions linking the outer cells into a dense shell. This 

outer layer of cells also forms a relatively thick extracellular matrix (ECM), which can make 

small molecule diffusion a challenge (29, 33).  
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Figure 5: EB Formation and Differentiation Techniques. EBs can be formed using multiple 
techniques including the hanging drop, suspension culture, and methylcellulose culture methods. 
These techniques have various pros and cons varying from homogeneity and amount of EBs 
produced depending on the experimental necessity of the EBs. EBs can be modified through 
control of their size, modifications to ECM, addition of Soluble Factors like GFs, and by altering 
cell-cell interactions to influence differentiation. 
 
  EB differentiation can be influenced through multiple ways; controlling size, altering the 

ECM structure, modifying cell-cell interactions, and the addition of soluble factors (29). 

However, the EB structure and its shell allows only for the outer layer cells to interact with 

exogenous molecules. The molecules need to diffuse through the dense outer shell in order to 

uniformly interact with the inner cells of the EB. During the first 2 days of EB formation, the 

outer cell layer starts to thicken its ECM and form the shell that makes diffusion of small 

Hanging Drop Suspension Culture Methylcellulose Culture 

EB 

Size Control ECM Modifications Addition of 
Soluble Factors 

Altering Cell-Cell 
Interactions 
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molecules difficult (33). This can be an advantage when attempting to create gradients based on 

size of molecule incorporation into EBs. 

 

Figure 6: EBs Form Dense Outer Shell. After 2 days EBs start to form a dense outer layer of 
increased thickness of their ECM comprising mostly of collagen. The outer cells of the EBs form 
tight knit adhesions through Cadherin proteins at the cell surface that create tight junctions as 
indicated by the arrows in the electron microscope images. Images adapted from (29). 
 
 
 
Chapter 5: Techniques to Patterning Embryonic Development 

 During embryogenesis, there are a plethora of signals initiated at different times 

influenced by the spatially regulated expression profiles of GFs. GFs have also been thought to 

passively diffuse through surrounding cells to be able to initiate differentiation signals to the 

appropriate locations in a developing embryo. Activin, for example, has been shown to produce 

longer-range signals across cells through passive diffusion to initiate mesodermal differentiation 

(34, 35).  

 One way to mimic GF patterning during embryogenesis is to use a microfluidic platform 

in which EBs can grow uniformly within this two-channel system. A membrane that only allows 

media and factors to perfuse but not cells separates these channels. This offers the ability of this 

device to introduce different soluble GFs to possibly create a gradient of GF signaling within the 
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EB (36). Previously, a microfluidic platform was used to flow 2 different medias: one 

supplemented with LIF to maintain pluripotency and the other with retinoic acid to induce neural 

differentiation. These different medias were presented flowing through each half of a single EB 

resulting in an EB that was half differentiated into neural cell types as marked by neurofilament 

marker NF160 while the other half remained pluripotent noted by proliferation marker Ki67 (37). 

This presents a significant step in developing an embryogenesis model through managing 2 

different differentiation conditions in a single EB.  

 

Figure 7: Microfluidic Device to Induce 2 Differentiated Types in 1 EB. A Y-channel 
microfluidic platform was established to flow 2 different types of media through a single EB. 
The resulting device is able to differentiate half of the EB into a neural cell type while keeping 
the other half pluripotent from the different medias. Figures adapted from (37). 
  
 The difficulty of getting GFs to the interior of EBs and increasing their half life there has 

been tested through the use of soluble micro particles that contain GFs. These micro particles 

were able to diffuse into the EBs and release GFs as they degraded slowly to increase the time 

these GFs are presented (38). These micro particles were used to deliver retinoic acid to the 
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inside of EBs in order to promote neuroectodermal differentiation (39). The ability to introduce 

and localize GFs and other small molecules inside the EB allow for a closer representation of 

embryonic development. Engineering materials to pattern GF localization may provide for a 

more accurate model of a developing embryo in 3D culture. 

 

Chapter 6: Glycocalyx Remodeling Strategies to Influence Differentiation 

 The glycocalyx is an attractive target for modification as it controls interactions between 

growth factors and their cell surface receptors and serves as the intermediary between the cell 

and its microenvironment. Ways to remodel the glycocalyx in cells include genetic manipulation 

of glycosyltransferases, addition of exogenous unnatural sugars, and introduction of novel 

structures that mimic native GAGs (40, 41). The first two methods have their limitations of 

accurately remodeling specific GAG structures due to their biological complexity of post 

translational modifications and are reliant on internal cell machinery to engineer the changes to 

the glycocalyx. One way to remodel the glycocalyx is through the exogenous introduction of 

synthetic materials that mimic the structure and function of glycoconjugates. For instance, 

linking HS GAGs to membrane bound HaloTag proteins. This technique allowed for covalent 

modification and long-term presentation of HS GAG chains on the cell surface for upwards of 10 

days and direct neuronal differentiation in mESCs (42). While these materials offer a benefit of 

longer cell surface presentation, they require of genetic manipulation that can introduce 

undesirable mutations in stem cells. This in turn is not feasible for a regenerative medicine 

application. 

A different non-covalent method to introduce GAGs onto the cell surface is through lipid 

moieties that passively insert into the cell membrane (41, 43, 7). These lipid-remodeling 
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strategies are much simpler as they do not require genetic manipulation of the target cells. One 

lipid glycocalyx remodeling technique is to attach chondroitin sulfate GAGs to liposomes. These 

lipid moieties fuse to the lipid membrane and present the GAGs on the cell surface to further 

direct cell signaling (43). Another lipid remodeling strategy incorporates the use of a lipid-tailed 

polymer, which anchors into the cell membrane and presents HS GAG mimetics on the cell 

surface. Using HS disaccharide motifs presented on polymer scaffolds are sufficient for activity 

and bypass the difficulty of synthesizing long GAG structures. This lipid-oriented GAG mimetic 

remodeling strategy offers a simpler method shown to promote FGF2 mediated recruitment and 

direct neuronal differentiation without genetic manipulation of the stem cells (7).  

To my knowledge there are no glycocalyx remodeling techniques employed in 3D tissue 

culture such as EBs. Utilizing the GAG mimetics from (7) I hope to establish a gradient for GF 

patterning in an EB as a more representative model for embryonic development. 
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Figure 8: Glycocalyx Remodeling and Patterning GF Recruitment in EBs. Using GAG 
mimetics with lipid tails that insert into the cell membrane, I want to establish a gradient of the 
mimetic incorporation. Through altering the structure of the GAG mimetics, I expect the short 
mimetics to penetrate farther through the EBs than the longer mimetics in the same time frame. 
This would allow for concurrent FGF2 recruitment by these GAG mimetics in a patterned 
manner based on the length of the mimetic to provide a more representative model of embryonic 
development. 
 
 
 
 
 
 
 

Neuroectoderm Differentiation 

FGF2 

Short GAG Mimetic Long GAG Mimetic 
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MATERIALS AND METHODS 

GAG Mimetic Synthesis: 

 The lipid chain transfer agent (CTA) was synthesized according to a procedure adapted 

from Kamil Godula. A Schlenk Flask was flame dried with a magnetic stir bar and charged with 

nitrogen. Dry dimethylformamide and C15H31S3CO2H was added to the flask and cooled stirring 

to 0ºC. Triethyl amine was added followed by pentafluorophenyl dropwise and run for 1 hour on 

ice. Finished by thin layer chromatography (TLC) in 20% ethyl acetate/hexanes and then dipped 

in methanol and heated with heat gun. Product was worked up thorugh partitioning between 

ether and 1N HCl aq. Washed organic ether layer 2x with water, 1x with brine and then dried 

with magnesium sulfate then rotovaped and vacuum overnight. The product was added to 20ml 

vial with amine-DPPE lipid and 1:20 methanol/chloroform. The reaction was heated to 65ºC in 

oil bath while adding Hünigs base and run for 5 hours on heat. Finished by TLC run in 5% 

methanol/chloroform with 3 drops acetic acid and then purified by chromatography in a column 

of 5-20% methanol/chloroform. Characterized by HNMR and TLC. 

Monomer was synthesized according to the procedure in (7) supplemental. For the RAFT 

polymerization, the lipid CTA described above and the monomer are added to a flame dried 

Schlenk Flask with a magnetic stir bar pumped with nitrogen. The concentrations of each are 

different based on polymer length desired. Dioxanes were filtered through a glass pipette column 

consisting of cotton at the tip and then filled with basic alumina. AIBN initiator was dissolved in 

filtered dioxanes in a 4ml vial and then added to the flask and then rest of dioxanes added to 

correct concentration. Solution was sonicated to dissolve the lipid CTA into solution. Septum 

was closed and parafilm wrapped to ensure air tight enclosure. The flask was frozen in liquid 

nitrogen, vacuum pumped, and thawed four times. When there were no more bubbles on the 
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thaw stage then the flask was pumped full of nitrogen. The reaction was run stirring at 65ºC for 

6-9 hours depending on length of polymer desired. A crude hydrogen nuclear magnetic 

resonance (HNMR) sample was taken to calculate the percentage of monomer present for 

percent conversion. Polymer solution was added to 20ml vial filled with hexanes to workup. 

Washed flask two times with 100ul of ether and added to hexanes after each wash. 20ml vial 

centrifuged for 4 minutes at 1000xg, poured off hexanes, refilled with hexanes and added ether 

wash, repeated three times. Concentrated in chloroform and rotovaped down the puffed up on 

high vac. Ran GPC and HNMR to characterize.  

For the end de-protection, polymer backbone was added to flame dried Schlenk Flask 

with stir bar and nitrogen. Made a stock solution of 20mM n-butylamine in tetrahydrofuran and 

added to flask. Froze, pumped, and thawed four times and pumped full of nitrogen. Reaction was 

run for 2 hours at 0ºC on ice bath. Workup was same as previous polymer backbone workup. 

Characterized by UV-visualization, HNMR, and GPC. 

For the fluorophore ligation, the end de-protected polymer was added to a 4ml vial with 

stir bar, vacuumed and then pumped with nitrogen through a septum cap. The Alexa Fluor 488 

c5-maleimide (REF A10254 Life Technologies) was dissolved in dry dimethylformamide 

(DMF). The DMF fluorophore solution was added to the reaction vial and ran stirring overnight 

for at least 18 hours covered in foil. Workup was same as previous polymer backbone workup.  

Side chain boc de-protection starts with making 3M phenol and 1M trimethylsilane 

chloride solution in dichloromethane (DCM). Solution is added to 4ml vial containing the 

fluorophore labeled polymer with stir bar. Reaction is run stirring for two hours at room 

temperature. Reaction is precipitated in ether in same reaction vial and centrifuged for for 4 

minutes at 1000xg and then ether is poured off and fresh ether added. This is repeated three 
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times. The polymer is then dried with compressed air and dissolved in Milli-Q filtered water 

while stirring. A PD-10 pre-packed column from GE Healthcare (REF W13286057) was used 

according to its directions to separate the fluorophore from the labeled polymer and fractions of 

water were collected in 2ml Eppendorf tubes from Genemate (CAT# 490003-300). These were 

then frozen and lyophilized overnight. Samples were analyzed my UV-visualization and HNMR. 

The new molecular weight was calculated from boc protecting group removal of each sidechain. 

The sugar ligation was performed by first aliquotting and lyophilizing the sugar into 

desired amounts. A 1M urea and sodium acetate solution was made in water as the sugar ligation 

buffer. The polymer was dissolved in this buffer solution. The sugar amount was calculated to 

200mM per side chain of polymer. The polymer solution buffer was added to the sugar in a 

polymerase chain reaction (PCR) tube and set in a thermocycler for 50ºC 72 hours. Quick Spin 

columns for radiolabeled DNA Purification by Roche (REF 11273973001) according to their 

directions, were used to purify the polymer from the non ligated sugar. Polymer was 

characterized by UV-visualization and HNMR. The UV-visualization was used to calculate the 

amount of polymer based on absorption.    

 

Stem Cell Culture: 

 All mouse cell lines both EXT1-/- and E14 were grown in polystyrene, canted neck flasks 

T-25cm2 and expanded to T-75cm2 in an incubator at 37ºC with 5% CO2. They were grown 

without feeder cells on 0.1% gelatin coated on the bottom of the flasks. The cells were 

maintained with “maintenance media” consisting of Knockout-DMEM from Gibco (REF 10829-

018) with addition of 0.9% 200mM L-Glutamine from Gibco (REF 25030-081), 0.9% non-

essential amino acids from Gibco (REF 11140-050), 0.09% 2-mercaptoethanol from Gibco (REF 
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21985-023), 9% of fetal bovine serum from Gibco (REF10099-133), and 0.01% LIF from 

Millipore. Serum free media was used when serum starving the EBs and is the same as 

maintenance media minus fetal bovine serum. Cells were expanded in a 1:8 dilution factor every 

two days. Cells are washed two times with DPBS from Corning Cellgro (REF 21-031-CM) and 

then cleaved from the gelatin with 0.05% trypsin-EDTA from Gibco (REF 25300-54) for 3 

minutes then neutralized with a 1:2 dilution with maintenance media. 

 

EB formation: 

 Cells are expanded to a T-75cm2 flask and after two days are cleaved with trypsin and 

neutralized with maintenance media and transferred to a 15ml centrifuge tube from Biopioneer  

(Item # CNT-15). A sample of cells are then removed and stained with Trypan blue from Gibco 

(REF 15250061) and counted to calculate concentration of cells per ml of media. The cells then 

diluted to 1000 cells/20uL of maintenance media. An Eppendorf multichannel pipette from 

Pipette Plus was used to pipette roughly 100 20ul drops onto the lid of a 150x15 petri dish from 

Kord-Valmark (CAT# 2902). The bottom plate of the petri dish was filled with sterile de-ionized 

water to keep a moist environment for the EBs to form. The lid of the petri dish is carefully 

flipped over onto the bottom plate and incubated for two days. After two days the EBs are 

washed into smaller 100x15 petri dishes from Kord-Valmark (CAT# 2910) with serum free 

media in order to serum starve them overnight. After one day of serum starving overnight, the 

EBs are transferred to the 15ml centrifuge tubes and then to 2ml Eppendorf tubes. The same 

procedure is done for both Ext1 -/- and E14 mESCs. 
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Figure 9: EB formation via Hanging Drop Technique. After the cells are trypsonized and 
become free floating in solution, they are then calculated to 1000 cells per 20ul droplet of media. 
Using a multichannel pipette, the hundreds of droplets are made on the lid of the petri dish which 
are then turned upside down to allow gravity to pull the cells towards the bottom of each droplet 
forming a nice spheroid structure of cells called an EB. 
 

GAG Mimetic and FGF2 experiments: 

 The GAG mimetics are diluted to experimental concentrations in serum free media and 

then added to the Eppendorf tubes containing EBs. The tubes are left open in the incubator for 

gas exchange, then closed and vortexed gently every 20 minutes to prevent EBs from fusing 

together during the GAG mimetic and FGF2 incorporations. After the 1 or 2 hour incorporation 

of the GAG mimetics, the EBs are washed three times with DPBS then human FGF2 0.5mg/ml 

from Peprotech (CAT# 100-18B-100UG) is added, also diluted in serum free media. The same 

vortexing technique is applied. The EBs are then washed three times again with DPBS and then 

fixed with 4% cold paraformaldehyde at 4ºC diluted in DPBS on ice for 15 minutes, washed 

three times again with DPBS.   

 

Immunocytochemistry: 

 The EBs were then subjected to cold methanol for 20 minutes rocking in a cold room at 

4ºC in order to permeabilize the cell membranes for antibody binding. The cells were then 

washed three times with DPBS and then blocked in a blocking buffer of 3% (w/v) bovine serum 
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albumin and 2% (v/v) goat serum in water for one hour rocking at room temperature. The EBs 

were then washed three times with DPBS and then the primary antibodies were introduced in 

blocking buffer overnight rocking in the cold room at 4ºC. The anti FGF2 antibody made in 

mouse from Millipore Sigma (CAT# 05-118) was used at 1:200 and the anti P-Erk made in 

rabbit from Cell Signaling Technologies (CAT# 4370S) was used at 1:100 are monoclonal 

antibodies. The EBs were washed two times with DPBS and once with blocking buffer then the 

secondary antibodies were introduced at 1:1000 with anti mouse (REF A11045) and anti rabbit 

(REF A11046) are both produced in goat and are AF-350. These secondary antibodies are 

introduced in blocking buffer to EBs rocking at room temperature for one hour. Once again the 

EBs were washed three times with DPBS. 

 

EB Slide Mounting and Confocal Imaging: 

The EBs are then mounted with Prolong Gold Antifade Mountant from Life Technologies 

(CAT# P36930) onto microslides from VWR (CAT# 48300-048). The slides are mounted with 

8x9 Secure-Seal Imaging Spacers from Grace Bio-labs (Item# 654008) to prevent squashing of 

the EBs against the 25x75mm cover slips from Chemglass Life Sciences (REF CLS-1762-2575). 

The slides sides are then painted with clear nail polish to seal the cover slip to the slide and dried 

overnight. The same procedure is done for both Ext1 -/- and E14 mESCs.  

The EBs are imaged using the Leica SP5 Confocal Microscope in the UCSD Microscopy 

Core in the Division of Neurosciences. Images are taken using the multiphoton setting and each 

EB is taken through a full z-stack. The images are analyzed using ImageJ software. Cross 

sections of EBs are analyzed using the “plot profile” function to develop a fluorescent intensity 

section graph. The 3D function develops a 3D video of the confocal z-stack of an EB. Finally the 
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corrected total cellular fluorescence is calculated by drawing a circle around the EB cross section 

and using the measure tool to generate intensity density and area. Then the intensity density is 

subtracted from the area multiplied by the average of three of the background sections. This is 

averaged among 3-5 EBs and plotted on a bar graph of fluorescent intensities compared to 

different conditions. 
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EXPERIMENTAL RESULTS 
 

Goals of this project: 

 Aim 1: Synthesis of GAG mimetic library 

 Aim 2: Establish gradient of mimetic incorporation into EBs 

 Aim 3: Pattern FGF2 recruitment  

 

Aim 1: Synthesis of GAG mimetic library 

 This project begins with synthesizing the polymer backbones that serve as the scaffold 

for the GAG mimetics. The principal of establishing a gradient of GAG mimetic incorporations 

is to vary the length and sugars attached to the polymer backbone and see how those structural 

alterations affect the mimetics ability to penetrate into the EBs. The GAG mimetics are 

synthesized by polymerizing a monomer designed by Kamil Godula.   

 Synthesis of the monomer was performed following the procedure from a previous 

publication in Kamil Godula’s lab (7). The monomer consists of an N-methylaminooxy group for 

reacting with the reducing end of a glycan and an acrylamide group for polymerization (44). The 

monomer is polymerized using reversible addition fragmentation chain transfer (RAFT) 

polymerization for its ease of controlling the length of the polymer called degree of 

polymerization (DP) and with a narrow polydispersity index (PDI) which is the molecular weight 

chain distribution (45). The polymer backbone has a lipid tail for insertion into the cell 

membrane as well as a fluorophore for visualization. Three different lengths of polymer 

backbones were synthesized to provide a range of size distributions with DPs of 40, 125, and 

300. These lengths were used to establish a gradient through different sizes of GAG mimetics 

penetrating deeper into the EBs. 
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Figure 10: Synthetic Scheme of GAG Mimetic. The monomer is polymerized using RAFT 
polymerization. The resulting polymer backbone scaffold has a lipid tail that was attached to the 
chain transfer agent used in the polymerization as well as a free thiol group for attaching a 
fluorophore for imaging. The N-methylaminooxy group provides a nucleophile for attachment to 
the reducing end of glycans. This scaffold provides flexibility with many glycan and fluorophore 
attachment possibilities. 
 

 Several different glycans were attached to these backbones with varying degrees of 

charge and sugar presentations. GlcNAc 6s consists of a sulfate group on the 6 position of the 

monosaccharide and thus has a single charge. This sugar has been shown on GAG microarray 

screening experiments to not bind FGF2 with great affinity and thus serves as a control when 

looking at FGF2 binding (7). Hep1A however presents three charges and is a disaccharide 

consisting of IdoA with position 2 sulfation and charged carboxylate group and GlcNAc 6s. This 
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sugar has been shown to bind FGF2 with good affinity and thus is presented on the GAG 

mimetics to create a gradient for FGF2 recruitment following polymer penetrance into EBs. The 

GlcNAc unsulfated monosaccharide serves as an uncharged sugar to be compared to GlcNAc 6s 

in the charge independent experiment with the longest n=300 GAG mimetic. 

Graph 1: GPC Traces of Different Length Polymer Backbones. The polymer backbones were 
analyzed by gel permeation chromatography (GPC) in which the longer polymers elute first. The 
three lengths were constructed to provide a range for penetrance into the EBs. The technique of 
RAFT polymerization provides for ease of control over the length of repeating units of monomer 
within the polymer backbone. 

 
 

Aim 2: Establish gradient of mimetic incorporation into EBs 

During a developing embryo, there is a plethora of growth factor signaling events taking 

place. GFs diffuse throughout the embryo to initiate signaling cascades. To be able to localize 

these GFs to specific parts of cells would allow for a more accurate control of cells fates in 

differentiating within the 3D structure. The use of GAG mimetics presents a feasible solution to 
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be able to control where GFs localize as previous work has shown their ability to recruit FGF2 

and initiate neuroectodermal differentiation (7). 

Table 1: GAG Mimetic Library. The GAG mimetic library consists of the three different 
length polymer backbones. The backbones are analyzed by GPC and the PDI is determined 
which dictates the spread of polymer sizes within a sample. The lower the PDI the more 
polymers that are similar sized to the peak max molecular weight. The sugars are then attached 
with various ligation efficiencies.  
 

 

In order to pattern growth factor recruitment, we first have to create a gradient of GAG 

mimetic incorporation into the EBs. To develop a gradient with the GAG mimetics we start by 

altering the structure and sugar attached. Looking at how the length of the polymers and the 

sugar charge affect the polymers ability to penetrate the EBs will give insight as to what 

structures will provide the biggest difference in penetrance. Finding several structural conditions 

that differ the most in penetrating the EB in the same amount of time and concentration will 

allow for a similar pattern of growth factor recruitment. The ability to have two polymer 

different conditions, for example a long polymer that incorporates only on the outer layer of the 

Polymer	DP	 Sugar	 Sugar	
Liga0on	

n=40	 Hep1A	
GlcNAc	6s	

63.3%	
55.7%	

n=125	 Hep1A	
GlcNAc	6s	

38.5%	
47.3%	

n=300	 Hep1A	
GlcNAc	6s	
GlcNAc	

44.7%	
45.0%	
48.6%	
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EB while a short polymer penetrates all the way through would allow for growth factors to be 

recruited in a similar manner depending on the polymer.  

 

Figure 11: GAG Mimetic incorporation into EBs is size dependent. Three different sized 
GAG mimetics were introduced into EBs for 1 hour at 3uM concentrations. Intuitively the size of 
the polymer correlated with its ability to penetrate the EB, the smaller the polymer the more 
penetrance observed. The fluorescent intensity maps of the middle slice of each EB go from a 
steep incline with the longer polymer and gradually plateaus with the shorter the polymer 
indicating its penetrance. Therefore, the ability of the GAG mimetics to penetrate the EBs is 
likely length dependent. 
 

 After introducing three different sized GAG mimetics into EBs, we observed a gradient 

of incorporation based on length. The shorter the polymer, the more its penetrance in the same 

amount of time as compared to the longer polymer, which minimally penetrates the EB and 

resides on the outer layer. From previous studies looking at small molecule penetrance into EBs 

as they grow their thick outer shell it becomes more difficult to get larger molecules to diffuse 

into the inner layers of the EB (33). While human FGF2 that we use is 18kDa, the longer 

polymer is 98.5kDa and the shorter polymer is 14.5kDa. The size difference between the shortest 
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polymer and the FGF2 is negligible when is comes to the molecules’ penetrance of EBs. This is 

one issue thought to contribute to the gradient of FGF2 recruitment by the polymers. However 

we speculate that the size of FGF2 does not contribute to the gradient due to the size similarity 

between it and the smallest polymer that is able to fully penetrate EBs within the same time 

frame. 
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Graph 2: Length Dependence of GAG Mimetics on Penetrance of EBs. The three different 
sized GAG mimetics were introduced into the EBs to gauge how length affected their ability to 
penetrate EBs. This is the calculated total fluorescence averaged between 5 EBs per condition. 
As we can see, the shorter the polymer, the more fluorescence it has within a cross section of EB 
as more of the polymer has penetrated through. 
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Graph 3: Sugar Charge Independence on Polymer Penetrance of EBs. The longest polymer 
with n=300 was fitted with uncharged GlcNAc and charged GlcNAc 6s to look at the effects of 
sugar charge with the GAG mimetics ability to penetrate EBs. The sugar charge appears to not 
affect the GAG mimetics ability to penetrate the EB as there is no difference between the same 
concentration conditions. Five EBs were averaged per condition. 

 

 Looking at the effect of charge on sugars attached to the GAG mimetic backbone 

structure, GlcNAc and GlcNAc 6s were ligated to the longest polymer n=300. The longest 

polymer would have the most sugars attached and thus the most charged from sugars of the other 
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pronounced in the longest polymer, as it would have the most sugars ligated from the amount of 

side chains. The charged GlcNAc 6s showed indistinguishable difference in fluorescent intensity 

compared to the uncharged GlcNAc at the same concentration. This suggests that the charge of 

the sugar does not affect the GAG mimetics ability to penetrate the EB. 

 

Aim 3: Pattern FGF2 recruitment 

 The length of the GAG mimetic can be used to control its penetrance into an EB 

regardless of sugar charge. This opens the possibility of utilizing this material to develop a 

gradient of growth factor recruitment as FGF2 is shown to bind these GAG mimetics with high 

affinity (7).  

 

Figure 12: FGF2 Recruitment by GAG Mimetics. FGF2 secondary only control used for 
control of nonspecific interactions. The short n=40 polymer was able to penetrate all the way 
through EBs and recruit FGF2 in a dose dependent manner.  
 
 FGF2 binds to HSPG on the cell surface, which consists of GlcNAc 6s and IdoA which 

has 2s and 6s sulfation respectively (17, 18). These GAG mimetics attached with the 

dissacharide Hep1A, which consists of GlcNAc 6s and IdoA, has been shown to bind FGF2 in 

monolayer culture. GlcNAc 6s showed very little binding to FGF2 in microarray data and in 

monolayer culture (7). This is due in part to the specificity of the 2s and 6s sulfation patterns 
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found on IdoA and GlcNAc respectively, to bind FGF2. Experiments involving removal of either 

of these sulfation motifs has shown their necessity for FGF2 binding (15, 18).  

 These results show how the GAG mimetics that consist of GlcNAc 6s also bind FGF2 to 

a similar degree of Hep1A. Upon speculation, we hypothesize that this is due in part to the large 

amount of negative charge surrounding the EB from the polymers. The EB contains a lot more 

cells and thus a lot more polymer is bound to the surface leading to the possibility of recruiting 

FGF2 despite the lack of specific sulfation patterns.  

 

Discussion: 

 The ability to create a gradient of growth factor recruitment in a 3D cell scaffold would 

allow for a more accurate model for studying embryogenesis as well as an insight to controlling 

stem cell differentiation in the field of regenerative medicine. Several ways to control 

differentiation include GF signaling, genetic alteration, and cellular microenvironment 

engineering (2, 3, 4, 5). Of the last method mentioned, GAG mimetics were used to direct stem 

cell differentiation into neurons from their ability to recruit FGF2 (7). This was done in 

monolayer stem cell culture that shows proof of concept to altering the extracellular 

microenvironment. A 3D cell scaffold of an embryoid body is more representative of a 

developing embryo and would be a great model to study embryogenesis if this GAG mimetic 

engineering can be applied to EBs. 

  The first step would be to create gradients of GAG mimetic incorporation by altering the 

structure of the polymer. The novel synthesis of three different length polymers to create a 

library of GAG mimetics was performed. Several different sugars with various charges were 

attached in order to look at sugar charge effect on the polymers ability to penetrate EBs. The 
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charge on the sugar was found to not have an affect between the uncharged GlcNAc and the 

charged GlcNAc 6s. The length of the polymer, however, had a profound effect on its ability to 

penetrate through EBs. Most notably the short n=40 and the long n=300 polymers had drastically 

different penetrance at the same time and concentration of incorporations into EBs. This 

difference paved the way for establishing a gradient of polymer incorporation.  

 The short polymer was shown to recruit FGF2 in a dose dependent manner through both 

GlcNAc 6s and Hep1A. The lack of specificity of FGF2 binding between the sugars is 

hypothesized to be from the large amount of negative charge sequestered at the cell surfaces of 

the EBs from the GAG mimetics. More experiments involving uncharged GlcNAc vs GlcNAc 6s 

vs Hep1A in EBs will need to be done to conclude the sugar charges effect on FGF2 recruitment 

in a 3D tissue environment.  

 Future directions for this project include establishing a GF gradient of FGF2 that 

correlates to the gradient of GAG mimetic incorporation between the short and long polymers. 

The following up experiment would look into downstream signaling effects of FGF2 through 

looking at P-ERK stimulation. The ability to show a gradient of FGF2 binding and P-ERK 

stimulation that follows the GAG mimetic incorporation would pave the way for patterning 

development through engineering of the glycocalyx. 
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Figure 13: Future Directions with P-ERK Signaling. As a proof of concept, exogenous FGF2 
was added to E14 WT mESCs which have native HSGAGs on the cell surface. Antibodies for 
FGF2 and P-ERK were used to visualize their binding and activation respectively. This same 
technique would be employed in Ext1 -/- mESCs with the short and long GAG mimetics 
localizing FGF2 binding to their respective layers within the EB and P-ERK activation 
resembling this FGF2 binding. 
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