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Ligand-Immobilized Biomaterial Surfaces for Notch Signaling and  

T Cell Differentiation 

 

 

Myunghee Michelle Kim, Ph. D. 
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Supervisor:  Krishnendu Roy 

 

In vitro T cell differentiation from hematopoietic progenitor cells is a potential 

alternative source of T cells for adoptive therapy in treatment of cancers as well as T cell 

deficiencies. Presentation of Notch ligands immobilized on a surface is necessary in 

designing a stroma-free in vitro T cell differentiation system. Current methods for in vitro 

T cell differentiation have advanced greatly in the recent years, allowing development of 

functional T cells in vitro. However, these are limited to 2D coculture with stromal cells 

or culture on hard plastic surfaces with immobilized ligands, and have yet to report 

quantitative effects of variables such as substrate stiffness.  

This dissertation discusses the fabrication of 2D and 3D systems of various 

properties for presentation of Notch ligands for development of an efficient culture 

system, at the same time offering insight into the science of cell signaling and cell-

material interactions. Magnetic microbeads, liposomes, as well as 2D and 3D soft 

hydrogel surfaces were fabricated to present Notch ligands at varying ligand densities and 

to study their quantitative effect on Notch signaling and T cell differentiation. The 
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findings of this dissertation demonstrate that substrate material plays a role in Notch 

signaling in combination with ligand density, and may affect downstream events of T 

lineage commitment. Insights gained from this research provide a new direction in the 

importance of culture substrate in ligand-presenting systems and allow development of 

new systems to support efficient generation of T cells in vitro.  
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CHAPTER 1 

Introduction: Specific Aims and Overview 

1.1 INTRODUCTION 

Successful ex vivo immunotherapy with autologous T cells by “adoptive transfer” 

has been widely reported for the treatment of melanoma, renal cancer, leukemia, multiple 

myeloma, prostate cancer, Hodgkin’s disease, nasopharyngeal cancer as well as post-

transplant lymphoproliferative diseases [1-5]. Currently T cells for adoptive transfer 

therapy are isolated from the patient’s peripheral blood, expanded, then selected or 

trained for antigen specificity before being returned into the patient [1]. Obviously, these 

methods are constrained by (a) difficulties and inefficiency of patient cell isolation (b) 

problems with expansion of patient-isolated primary cells in vitro (c) morbidity 

associated with autologous cell therapy and (d) limited availability of donor cells [6,7]. In 

addition, the time required to expand and train patient-isolated cells for adoptive therapy 

can often be too long, especially for patients with advanced diseases. Therefore, in order 

for T cell immunotherapy to be clinically applicable in a broad scale, more practical, 

scalable technologies for providing efficient, high throughput and “on demand” source 

for antigen-specific, therapeutic T cells are needed.  

It is now well established in the T cell development literature that two key signals, 

presented in the thymic niche in a highly controlled and sequential manner, play crucial 

roles in generating functional T cells: (i) Delta like ligands - Notch receptor signaling [8-

10] and (ii) Major Histocompatibility Complex (MHC) - T cell receptor (TcR) signaling 
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[11,12]. The Delta like ligands that control Notch signaling and the MHC molecules that 

direct TcR signaling in the thymus are present on the surface of stromal cells and antigen 

presenting cells, with which the developing stem/progenitor cells directly interact. It has 

been shown that the Notch signaling process can be mimicked in vitro using retrovirally 

transfected stromal cells displaying Notch ligands. Culture of stem cells on stroma-free, 

Delta ligand-coated surfaces has been shown to be able to support T-lineage specification 

as well [13]. Recently, it has been reported that microbeads with surface-immobilized 

Notch ligands (delta-like ligand 4, DLL4) can efficiently direct hematopoietic progenitor 

cells to the early T cell lineage [14].  

However, most efforts to date, has focused on mimicking these niche-specific 

signals in 2-dimensional, tissue culture plates. However, there are more growing 

evidences that substrate mechanical properties play important roles not only in 

mechanically directing cell fate, but also in efficiency of presentation of surface-

presented ligands [15-18]. Based on the promising data in our group and others showing 

possibilities of stroma-free T cell differentiation, we hypothesize that Delta-Notch 

signaling pathway can be triggered through biomaterial-based soft 2D or 3D surfaces that 

more closely mimic the thymic microenvironment. The goal of the research presented 

here is to engineer such synthetic, 2D and 3D T cell niches (artificial thymus-like 

microenvironment) to direct stem cells into T cell progenitors by providing Notch 

signaling, specifically, on the niche surface.  
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1.2 SPECIFIC AIMS 

1.2.1 Specific Aim 1: To fabricate Notch ligand-immobilized magnetic microbeads 

and liposomes and study density-dependent Notch signaling in these systems 

In this aim, we sought to address the question of whether Notch signaling can be 

presented through magnetic microbead and liposome surfaces and quantitatively study 

the effect of different microparticle surfaces and ligand density on Notch signaling.  

Since density of Notch ligands in immobilized form, and type of Notch ligand are known 

to affect the degree of Notch signaling, we immobilized two different types of Notch 

ligands, DLL1 and DLL4, to varying densities on magnetic microbeads and liposomes 

[13,19].  We transiently transfected HEK 293T cells with the luciferase reporter gene 

under Notch-activated promoter and studied the density-dependent effects of DLL-

functionalized microbeads and liposomes on Notch signaling. 

1.2.2 Specific Aim 2: To fabricate Notch ligand-immobilized soft 2D hydrogel and 

study Notch signaling and T cell differentiation 

In this aim, we sought to address the question of whether mechanical properties of 

Notch ligand-presenting surfaces affect signaling and T cell differentiation in 

hematopoietic progenitor cells cultured on such surfaces.  We fabricated 2-dimensional 

thin hydrogels from polyacrylamide (PA) and immobilized the Notch ligand, DLL4, on 

the surface using a streptavidin linker.  We studied the activation of Hes-1, a 

downstream Notch gene, using real-time reverse transcriptase polymerase chain reaction 

(RT-PCR) technique. Mouse bone marrow-derived hematopoietic progenitor cells 

(HPCs) were cultured on hard versus soft DLL4-coated surfaces with defined cocktail of 
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cytokines known to support T lineage commitment and cells were analyzed by flow 

cytometry for early T cell surface markers. 

1.2.3 Specific Aim 3: To fabricate Notch ligand-immobilized 3D inverse opal 

hydrogel scaffolds and study Notch signaling and T cell differentiation 

The goal of this aim was to fabricate a 3-dimensional, soft hydrogel scaffold that 

can present immobilized Notch ligands and to study the effect of 3D presentation of 

ligands on Notch signaling and T cell differentiation, as compared to signaling 

presentation in 2D studied in hard and soft surfaces in Aim 2.  Poly(ethylene glycol) 

(PEG) hydrogel scaffolds were fabricated with ordered porosity.  These “inverse opal” 

scaffolds were modified to present biotinylated DLL4 via a streptavidin linker.  

Quantitative effect of ligand density on Notch signaling was studied with mouse C2C12 

myoblasts and mouse bone marrow HPCs seeded in these scaffolds using RT-PCR.  The 

capability of this 3D system to support T lineage commitment of seeded HPCs was 

studied by culture with defined cocktail of cytokines and analysis via flow cytometry. 

1.3 OVERVIEW 

Chapter 2 provides the necessary background information to understand the past 

developments and current status of the field in topics presented in this dissertation.  It 

also describes significance and motivation of this project in the context of the provided 

background.  In Chapter 3, fabrication of ligand-functionalized magnetic microbeads 

and liposomes and their quantitative effects on downstream Notch signaling is reported.  

Chapter 4 reports the development of a 2-dimensional soft substrate that presents ligands 
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on substrates of varying stiffness and demonstrates their effects on Notch signaling and T 

cell differentiation.  Chapter 5 describes translation of ligand-presentation to a 3-

dimensional soft substrate and reports studies cell seeding, Notch signaling and T cell 

differentiation.  Finally, Chapter 6 outlines the overall conclusions and proposed future 

directions of the topics discussed in the three previous chapters.  References for each 

chapter are provided at the end of each chapter.  A comprehensive list of all references 

is provided in Bibliography section at the end of the dissertation.   

1.4 REFERENCES 

1. Dudley ME, Rosenberg SA (2003) Adoptive-cell-transfer therapy for the treatment of 

patients with cancer. Nat Rev Cancer 3: 666-675. 

2. Dudley ME, Wunderlich J, Nishimura MI, Yu D, Yang JC, et al. (2001) Adoptive 

transfer of cloned melanoma-reactive T lymphocytes for the treatment of patients with 

metastatic melanoma. J Immunother 24: 363-373. 

3. Gong MC, Latouche JB, Krause A, Heston WD, Bander NH, et al. (1999) Cancer 

patient T cells genetically targeted to prostate-specific membrane antigen specifically 

lyse prostate cancer cells and release cytokines in response to prostate-specific 

membrane antigen. Neoplasia 1: 123-127. 

4. Miller JS, Soignier Y, Panoskaltsis-Mortari A, McNearney SA, Yun GH, et al. (2005) 

Successful adoptive transfer and in vivo expansion of human haploidentical NK cells 

in patients with cancer. Blood 105: 3051-3057. 
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5. Plautz GE, Bukowski RM, Novick AC, Klein EA, Kursh ED, et al. (1999) T-cell 

adoptive immunotherapy of metastatic renal cell carcinoma. Urology 54: 617-623; 

discussion 623-614. 

6. Daley GQ (2003) From embryos to embryoid bodies: generating blood from 

embryonic stem cells. Ann N Y Acad Sci 996: 122-131. 

7. Daley GQ, Goodell MA, Snyder EY (2003) Realistic prospects for stem cell 

therapeutics. Hematology Am Soc Hematol Educ Program: 398-418. 

8. Radtke F, Wilson A, MacDonald HR (2004) Notch signaling in T- and B-cell 

development. Curr Opin Immunol 16: 174-179. 

9. Parreira L, Neves H, Simoes S (2003) Notch and lymphopoiesis: a view from the 

microenvironment. Semin Immunol 15: 81-89. 

10. Maillard I, Fang T, Pear WS (2005) Regulation of lymphoid development, 

differentiation, and function by the Notch pathway. Annu Rev Immunol 23: 945-974. 

11. Germain RN (2002) T-cell development and the CD4-CD8 lineage decision. Nat Rev 

Immunol 2: 309-322. 

12. Laky K, Fleischacker C, Fowlkes BJ (2006) TCR and Notch signaling in CD4 and 

CD8 T-cell development. Immunol Rev 209: 274-283. 

13. Dallas MH, Varnum-Finney B, Delaney C, Kato K, Bernstein ID (2005) Density of 

the Notch ligand Delta1 determines generation of B and T cell precursors from 

hematopoietic stem cells. J Exp Med 201: 1361-1366. 
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16. Holst J, Watson S, Lord MS, Eamegdool SS, Bax DV, et al. (2010) Substrate 

elasticity provides mechanical signals for the expansion of hemopoietic stem and 

progenitor cells. Nat Biotechnol 28: 1123-1128. 

17. O'Connor RS, Hao X, Shen K, Bashour K, Akimova T, et al. (2012) Substrate rigidity 
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18. Reilly GC, Engler AJ (2010) Intrinsic extracellular matrix properties regulate stem 
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CHAPTER 2 

 Background and Significance 

2.1 ADOPTIVE TRANSFER OF T CELLS 

Recent advances in ex vivo immunotherapy have led to successful generation of 

therapeutic T cells for treating cancers such as melanoma, renal cancer, leukemia, 

multiple myeloma, prostate cancer, Hodgkin disease, nasopharyngeal cancer, and 

lymphoproliferative diseases [1-4]. Adoptive transfer of T cells involves harvesting 

peripheral blood cells from cancer patients, ex vivo expansion of these cells followed by 

incubation with tumor antigen loaded antigen-presenting cells, identification and isolation 

of “trained” T cells with anti-tumor activity, further expansion and finally transplantation 

into patients [1]. Since T cells are the key players in the body’s intricate, inherent 

disease-fighting mechanism, this idea of using the body’s natural defense mechanism to 

treat specific diseases is fascinating, but there are roadblocks to be overcome. In the case 

of allogeneic cell transfer, donor cells that match the patient’s MHC markers (HLA in 

human) are hard to find and there is often a long waitlist due to limited availability of 

donor cells [7,20]. Even if autologous T cells are available, the process of patient cell 

isolation is done with much difficulty and inefficiency. Selecting and expanding primary 

cells in vitro is not only difficult, but also time-consuming—therefore inappropriate for 

advanced diseases requiring immediate intervention. Recently, T cells have been 

transfected with genes encoding T cell receptors (TCRs) for antigens of interest to 

generate antigen-specific T cells for therapy [21]. This eliminates the need for screening 
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the isolated blood cells for cells with TCRs of interest, but still relies on peripheral blood 

isolation and poses potential dangers of implanting genetically-modified cells that can be 

oncogenic. Therefore, developing high-throughput methods for generating functional T 

cells that could be eventually “banked” and available as an on-demand cell source is 

crucial. 

Multipotency of stem cells, the ability to differentiate into multiple types of cells, 

makes stem cells an attractive source of cells for understanding the biology of 

development as well as for generation of therapeutic cells.  Deriving T cells from stem 

cells such as bone marrow or umbilical cord-derived hematopoietic stem cells may be an 

alternative to allogeneic T cell transfer. 

In our endeavor to use stem cells as a source of adoptive transfer T cells, the 

following sections first describe the biology that is known about in vivo T cell 

development, and provides background literature review on efforts on in vitro T cell 

differentiation up to this date. 

2.2 T CELL DEVELOPMENT 

T cell development occurs in the thymus—an organ specialized to support 

differentiation of T cells from hematopoietic progenitor cells.  The thymus is a complex 

organ that has intricate networks of stromal cells and extracellular matrix (ECM) that 

provides the necessary soluble and insoluble signals for development and selection of T 

cells to equip them with capability to fight pathogens.  The thymus is largely divided 

into the cortex and the medulla, and developing T cells travel through the cortex and the 
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medulla and receive specialized signals within each area and go through its stages of 

differentiation (Figure 2.1) [22].  Some hematopoietic progenitor cells that have left the 

bone marrow and entered the bloodstream enter the thymus through the cortico-

medullary junction and first travel through the cortex [23].  The developing T cells 

initially differentiate from double negative (DN) to double positive (DP) stage, marked 

by the presence and absence of the surface markers CD4 and CD8.  Double negative 

stages are further divided into four DN stages: DN1, DN2, DN3 and DN4, marked by the 

expressions of markers CD44 and CD25.  One key insoluble signal presented by thymic 

cortical epithelial/stromal cells at these stages is the Notch signaling, along with soluble 

factors such as cytokines stem cell factor (SCF) and interleukin (IL)-7 [24].  Notch 

signaling is known to be required for the switch from the DN1 (CD44+CD25-) to the 

DN2 (CD44+CD25+) stage.  Further description of the Notch ligand and Notch 

signaling is discussed later in Chapter 2.3.  During the DN stages, developing T cell 

progenitors travel from the cortico-medullary junction through the outer cortex to the 

subcapsular zone [24].  It is during the DN3 stage that T cells undergo T cell receptor 

(TCR) β rearrangement—responsible for the diverse repertoire of T cell receptor β 

chain—and β-selection [24]  Subsequently, recombination at the TCR α locus occurs 

and eventually double positive (DP, CD4+CD8+) cells that express αβ TCR are formed 

[11].  These DP thymocytes undergo positive selection mediated by interaction with 

cortical epithelial/stromal cells that express major histocompatibility complex (MHC) 

class I and class II molecules associated with self-peptides.  It is the interaction with the 

MHC molecules that drive the differentiation of the DP thymocytes further to the SP 
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thymocytes—CD4+ helper or CD8+ cytotoxic T cells.  Positive selection of thymocytes 

allows T cells that recognize self-MHC to survive.  Positively selected SP cells travel 

through the cortico-medullary junction and enter the medulla, where they undergo 

negative selection [24].  Negative selection of thymocytes eliminates T cells that have 

strong affinity for self peptide-MHC complexes and can result in auto-immunity.  It is 

after the migration of the developing thymocyte throughout the thymic microarchitecture 

that the T cells face all the necessary signals and mature to self-tolerant helper and 

cytotoxic T cells [22]. 

2.3 NOTCH SIGNALING 

Notch signaling is a cell-cell signaling pathway that is essential during embryonic 

development and in adult self-renewal systems. The molecules involved in the Notch 

pathway are highly conserved across species and are vital in developmental cell fate 

decisions such as neural development, epithelial-to-mesenchymal transition, vascular 

development, keratinocyte differentiation, as well as hematopoietic and T cell 

differentiation [25-29]. The Notch receptor is a transmembrane protein that binds to cell 

surface ligands—Notch ligands—of the DSL family (Delta, Serrate/Jagged, Lag-2) [30]. 

Physiologically, ligand binding to Notch initiates proteolytic cleavage of the extracellular 

and intracellular regions of the receptor [31]. The Notch intracellular domain (Notch IC, 

ICN), containing nuclear localization signals, undergoes nuclear translocation and 

interacts with a transcriptional co-activator (CoA), which displaces a co-repressor 

complex from interacting with the DNA-binding transcription factor CSL (CBF1/RBP-
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Jκ), ultimately resulting in activation of downstream Notch genes (Figure 2.2) [22].  

Some downstream Notch genes that have been identified to be transcribed upon ligand-

induced Notch activation are Hes-1, Hes-5 (Hairy/Enhancer of Split) and Hey-1 (also 

known as Herp2, Hes-related repressor protein) [29,32].  In order to understand and 

control differentiation of hematopoietic stem cells into early T cells, understanding Notch 

signaling within the thymic environment is important, since thymus is the niche in which 

T cells are differentiated and matured.  It is within the thymus that these stem cells are 

presented with Notch ligands on the surface of thymic stromal cells. T cell development 

relies heavily on the expression of Notch receptors by the developing thymocytes and the 

delta-like ligand (DLL1 and DLL4) expression on the thymic stromal cells for lineage 

commitment [9,10,29].  

2.3.1 Delta-like-ligand and Delta-like-ligand 4 in T Cell Development 

In most in vitro T cell differentiation methods to be discussed in the next section, 

Delta-like-ligand 1(DLL1) has been the main Notch ligand used to mimic Notch 

signaling in the laboratory.  DLL1 and DLL4 share a high degree of homology, and both 

are known to support T cell differentiation in coculture systems in vitro. However, it has 

been shown that DLL4 is highly expressed in thymic epithelial cells, whereas DLL1 is 

not [33].  Moreover, DLL4 inactivation in thymic epithelial cells led to a complete block 

of T cell differentiation, while DLL1 inactivation did not inhibit T cell development in 

vivo [33-35].  Abe et al. suggested that different Notch ligands transduce different 

magnitudes of signaling, and thus influence the determination of T cell fate [19].  At the 
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same time, Mohtashami et al. from the Zúñiga-Pflücker group, directly addressed this 

issue by comparing DLL1- and DLL4-mediated Notch activation by DLL transfected 

stromal cells.  They reported that DLL4-expressing stromal cells triggered higher 

activation of downstream Notch genes than DLL1-expressing stromal cells and were 

more effective at supporting T cell differentiation [36].  It was suggested that the 

difference in efficiency could be because DLL4 has greater avidity in binding to 

immature thymocytes, and that DLL4 may have higher rate of endocytosis, more 

effectively “pulling” on the Notch receptor for its activation and cleavage [36].  Thus, 

DLL4 was chosen as the main Notch ligand for Notch signaling and T cell differentiation 

in this dissertation, and studies in Chapter 2 attempts to address the differences in DLL1 

and DLL4 in microbead systems.   

2.4 IN VITRO T CELL DIFFERENTIATION METHODS 

Most blood cells develop and mature in the bone marrow except T cells, which 

are of the same lymphoid lineage as B cells, but develop in the thymus.  T cells and B 

cells are named after the organ they develop in—“T” for thymus and “B” for bone 

marrow—and these specialized organs uniquely support the development of such 

complex repertoire of cells that are capable of defending one’s body.  Efforts have been 

made to culture cells in vitro to understand some of the requirements necessary for 

supporting development of such cells.  One would start such culture methods by simply 

mimicking the natural niche that supports cell development.  Simplifying such complex 

niches down to systems that consist of the most essential components in vitro would give 
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insights to the necessary soluble and insoluble signals for cell development.  Simple B 

cell differentiation systems starting all the way from mouse embryonic stem cells were 

established early in mid-1990s by groups such as Nakano et al. and Cho et al. that 

consisted of direct co-culture of ESCs on top of a bone marrow cell line called OP9 

[37,38].  However, the only in vitro system capable of supporting T cell differentiation 

up until the 1990s was the complex fetal thymic organ culture (FTOC) system.  Other 

systems such as thymocyte dispersion cultures or thymic stromal monolayer cultures 

were only able to support fragments of the process [39].   

2.4.1 Fetal Thymic Organ Cultures 

Fetal thymic organ cultures were performed to study T cell development by 

isolating the thymus from mouse fetus and using it as a culture vessel.  Ability to culture 

the whole organ in vitro enabled seminal studies in effects of growth factors, lymphoid 

and stromal cell surface proteins, effects of peptide in repertoire selection, and role of 

inhibitors in T cell development [40] .  Many of these FTOC-based studies unveiled 

many facts about the thymus and T cell development that we know today.  Manipulation 

of the organ environment by methods such as depletion of the lymphoid compartment by 

deoxyguanosine treatment and/or disaggregation of stromal cells by trypsinization 

allowed re-colonization of the thymic lobes with defined populations of cells [40].  

These methods allowed early studies such as that by Huang et al. that isolated 

hematopoietic progenitor cells from the mouse embryo and generated T cells in vitro in 

such fetal thymic organ cultures [41].  However, the FTOC system was time-
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consuming, expensive, and inefficient [42].  It was also a system that was complex and 

allowed not much control.   

2.4.2 Notch Ligand-Expressing Stromal Cell Lines 

Simple co-culture of thymic epithelial/stromal cells with thymic precursors 

seemed to be a good, simpler alternative to FTOCs for in vitro T cell differentiation, as 

there was success with in vitro co-culture for B cells and NK cells [43].  However, this 

simple 2D re-enactment of the thymic microenvironment was not enough support in vitro 

T cell differentiation, later discovered to be due to loss of Notch ligand expression in the 

thymic stromal cells [44,45].  In the late 1990s, studies began to reveal that Notch 

signaling was involved in the T cell versus B cell fate decision and that Notch signaling 

was required for T cell differentiation in vivo [46,47].  Radtke et al. showed that 

Notch1-inactivated mice had retarded thymus development and reconstitution of lethally 

irradiated hosts with Notch1-deficient bone marrow resulted in normal development of 

all other hematopoietic lineages except T cells [46].  Pui et al., on the other hand, used 

bone marrow transduced with constitutively active Notch1 and blocked B cell 

development and induced T cell development in mice [47].  These findings led to the 

development of a new in vitro T cell differentiation system that was modified from the 

early OP9 coculture system that was capable of supporting B cell differentiation.  In 

2002, Schmitt and Zúñiga-Pflücker developed OP9 cells retrovirally transfected to 

express DLL1, a Notch ligand that binds to the receptor Notch1.  These OP9-DL1 cells 

were capable of supporting differentiation of mouse fetal liver lin-cKit+sca1+ 
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hematopoietic progenitor cells into CD4+CD8+ double positive and single positive T 

cells [48].  Around the same time, Hozumi et al. proved the same concept by showing 

that mouse fetal liver lin-c-Kit+ hematopoietic progenitor cells transfected to express 

Notch1 intracellular domains developed into Thy-1+CD25+ T lineage cells in the OP9 

coculture system, traditionally known to support B cell differentiation [49].   

Since the initial development, the OP9-DL1 system has replaced FTOCs and has 

been established as a robust, consistent system for in vitro T cell differentiation.  The 

Zúñiga-Pflücker group has consistently shown the capability of this system in mouse and 

human systems.  The OP9-DL1 system was able to support differentiation of T cells 

from mouse hematopoietic progenitor cells, ES cell-derived hematopoietic progenitor 

cells, as well as mouse ES cells, and recently these cells were proved to be capable of 

enhancing T cell reconstitution when adoptively transferred together with hematopoietic 

stem cells [48,50-52].   Taking us a step closer to in vitro differentiated adoptive 

transfer T cells, human bone marrow and cord blood-derived CD34+ HPCs have also 

been shown to be capable of forming DP and SP T cells by both the Zúñiga-Pflücker and 

Plum groups [22,53,54].  Human CD4 and CD8 cytotoxic T cell generated on the OP9-

DL1 coculture system from both human cord blood and bone marrow HPCs have proven 

to be functionally mature [55,56].  Some OP9-DL1-derived human CD8 T cells were 

diversely antigen-specific and capable of proliferation in immunodeficient mice without 

graft-versus-host response [57].  Recently, successful mature T cells have been 

generated from human ESC cells as well as induced pluripotent stem cells [58,59].  It is 

now evident that OP9-DL1 system has shown the capability of in vitro T cell 
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differentiation systems to support growth of various types of progenitor cells into 

functional, mature T cells and its potential for therapeutic use in humans—something 

unimaginable barely a decade ago with complex, painstaking FTOCs. 

2.4.3 Limitations of the OP9-DL1 System  

The robust OP9-DL1 system for differentiation of T cells from progenitor cells 

still has its drawbacks when it ultimately comes closer to cells for adoptive therapy and 

for more intricate studies into the signaling necessary for T cell commitment.  The OP9-

based systems are inherently dependent on retrovirally-transfected cells, which raise a 

concern of having transfected, animal cells/protein contamination in adoptive transfer.  

There is also a need to constantly replenish the culture with fresh OP9 stromal cells since 

OP9 cells rapidly differentiate into adipocytes [60].  Moreover, the transfection can 

interfere with normal gene expression of the OP9 cell line [61].  Also, it is now evident 

that there is a dose-dependency of Notch signaling and thus T cell differentiation on the 

presented ligand, but the fact that ligands are presented on cell surfaces make it hard to 

quantify and/or control the density of ligand presented for further studies on dose-

dependency [13].  Furthermore, the presence of the coculture cells and limitations in 

culture vessel limits the translation of in vitro T cell differentiation platforms to more 

complex systems composed of soft materials and/or 3D architecture.   

2.4.4 Stroma-Free Approaches 

Studies performed mainly by the Bernstein group on DLL1-coated tissue culture 

well plates for Notch signaling in HPCs in the past decade has allowed studies on ligand 
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presentation, ligand density, and has also proposed a system free of stromal cells for T 

cell differentiation, overcoming some of the limitations of OP9-DL1 coculture.  Early 

studies by Varnum-Finney et al. revealed that immobilization of DLL1 on plastic surface 

was necessary to activate Notch signaling in C2 myoblasts and U20S cells, and that 

soluble forms even inhibited signaling [62].  This work proved that for a stromal-cell-

free system, a material surface had to take the place of a cell surface in presenting Notch 

ligands to cells.  More work followed in developing a stroma-free system with a defined 

cocktail of cytokines to support expansion and differentiation of hematopoietic stem 

cells.  Varnum-Finney et al. showed that immobilized DLL1 in addition to a 

combination of cytokines (100 ng/mL of human IL-6, human Flt3-L, mouse SCF, and 

10ng/mL of human IL-11) could support expansion of mouse bone marrow HPCs and 

further T cell lineage commitment with the addition of interleukin-7 (IL-7) to culture 

[63].  They further showed that density of the presented DLL1 was important in T cell 

and B cell commitment of mouse HPCs and higher percentages of T cell progenitors were 

generated at higher density of DLL1 presented [13,63].  The ability of the cytokine plus 

immobilized DLL1 to support expansion of HPCs, as well as dose-dependency of 

differentiation on Notch signaling was also proved for human cord blood CD34+ CD38- 

HPCs [64]. 

These works by the Bernstein group clearly showed that immobilized Notch 

ligands on plastic surfaces could activate Notch signaling at various doses and support T 

cell differentiation in the absence of contaminating animal cells.  The development of 

the cytokine cocktail in the culture protocol brings us a step further into going animal- 



 19 

and serum-free.  However, these works still have not shown differentiation of HPCs into 

mature DP or SP T cells and only show differentiation up to early T cells—

Thy1.2+CD25+ in mouse cells and CD7+ cells in human cells [13,64].  Such early 

differentiation does show T cell commitment triggered by Notch signaling, but question 

remains as to whether the soluble factors can support further differentiation of into 

mature, functional T cells.  This culture system is also still limited to hard 2D plastic 

surface as the presentation method, which is mechanically far stiffer than a cell surface or 

surface of the thymic microenvironment and limited in ligand presentation. 

2.5 SUBSTRATE MECHANICAL PROPERTIES AND CELL FATE 

For the most part, cells have been grown in culture on a 2D hard plastic surface in 

the laboratory.  However naturally, cells grow in complex, 3D environments that vary in 

rigidity from bones to brain tissue.  The elasticity, or stiffness, of a substrate can be 

described as the resistance that a cell gets from a substrate when a cell “pushes” on the 

substrate [65].  It is now known that substrate stiffness affects cell behavior in terms of 

cell adhesion, contractility, motility, and cell fate [65].  In the recent years, with 

increasing interest in stem cell biology and the development of technology to design 

simple tunable biomaterials, landmark studies have proved that stem cell fate and lineage 

specification can be directed by substrate mechanical and biochemical properties [66].  

In 2004, McBeath et al. reported that cell shape of human mesenchymal stem cells 

(hMSCs) induced by micropatterned substrates determined fate of MSCs into either 

adipocytes or osteocytes by modulating endogenous RhoA activity [67].  In 2006, 
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Engler et al. reported that MSCs on matrices differentiated into tissue-specific cell types 

when grown on simple 2D matrices that mimicked the elastic properties of the brain, 

muscle, and bone [68].  More evidence that substrate elasticity affected stem cell fate 

was suggested by Gilbert et al. in 2010 when they showed that muscle stem cells that 

normally lose regenerative capacity on rigid substrates actually self-renew in culture on 

soft substrates that mimicked the elastic properties of the muscle [69].  Similar concept 

held true in embryonic stem cells as well.  Mouse embryonic stem cell spreading and 

growth was increased and osteogenic differentiation was enhanced on stiffer culture 

substrates [70].  It is evident that substrate rigidity somehow affects cells whether in 

terms of cell shape, cell spreading, or in terms of cell signaling that results in lineage 

commitment decisions and ultimately differentiated cell type. 

2.5.1 Substrate Mechanical Properties and Hematopoietic Cells 

Intuitively, the effects of substrate rigidity on cells mentioned above seem most 

relevant in adherent, or anchorage-dependent cells.  Naturally, most initial landmark 

works were performed with adherent cell types such as mesenchymal, muscle, or 

embryonic stem cells [67-70].  However, questions still rise when it comes to non-

adherent cells like blood cells—do substrate mechanical properties affect hematopoietic 

cells?  In 2010, Holst et al. reported work that suggested mouse and human 

hematopoietic stem cells also respond directly to biomechanical forces [16].  HSC 

culture on tropoelastin, an elastic biomaterial, resulted in increase in HSC expansion in 

the undifferentiated state [16].  The role of substrate rigidity was also influential in 
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mature T cells, when softer substrates coated with co-stimulatory molecules enhanced T 

cell activation and proliferation more than on stiffer substrates [17].  Hematopoietic 

cells do not adhere or spread on substrates, but they have the ability to sense signals 

presented by substrates, and also interact with their substrate to migrate on their surface.  

This dissertation hypothesized that mechanical stiffness of culture substrate would affect 

seeded hematopoietic stem cells by the signaling ligands presented on the substrate 

surface, and conducted research to study Notch ligand presentation through substrates of 

different mechanical stiffness. 

2.5.2 Substrate Mechanical Properties and Ligand Presentation 

In creation of a stroma-free system for early T lineage commitment of stem cells, 

it is necessary to create an engineered surface to present the Notch ligand in immobilized 

form as an alternative to the ligands presented on a stromal cell surface.  Ligand 

presentation can be simply done through a 2D surface (i.e. polystyrene well plate or 

glass) or a 3D surface (i.e. scaffold or microparticle).  Method of ligand presentation 

varies from simple adsorption that results in random orientation of ligands or controlled 

orientation through chemical crosslinking, avidin-biotin, or antibody-antigen interactions.  

Studying ligand presentation to cells through soft material surfaces, as suggested by this 

dissertation, has shown some progress in recent years.  Lutolf et al. studied single HSC 

fates in hydrogel microwells with tethered proteins, and showed that signaling proteins 

could be presented by soft poly(ethylene glycol) hydrogel surfaces to non-adherent cells 

[71].    The work on human T cell activation on soft substrates mentioned in the 
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previous section reported that the rigidity of the culture substrate regulated activation 

only in the presence of co-stimulatory molecules on substrate surface [17].  T cells 

cultured on substrates of different rigidity that were provided with co-stimulatory 

molecules on microbeads instead of on the substrates themselves did not show different 

levels of activation.  Moreover, Engler and Bacakova et al. reported that smooth muscle 

cells seeded on surfaces with varying stiffness and varying collagen density showed less 

sensitivity to adhesive ligand density on softer substrates than on stiffer substrates, 

suggesting that there is an interplay of the two variables—substrate stiffness and 

immobilized ligand density—on ligand-induced signaling and cell fate [15].  This 

dissertation addresses this issue in the case of Notch signaling in T cell development, 

studying ligand immobilized systems of varying stiffness and varying ligand densities 

and reports their downstream effects on signaling and cell fate. 

2.6 MOTIVATION FOR 2D HYDROGELS FOR NOTCH LIGAND PRESENTATION 

Technological advances have resulted in development of biomaterials that are 

biocompatible and tunable to be softer and more biomimetic than traditional polystyrene 

dishes or plates for cell culture.  2D biomaterial-based culture systems such as thin layer 

hydrogel culture takes a step forward from hard surface cultures yet providing a simple 

platform that can be controlled in analyzing effects of individual components of the 

system without added complexity [66].  Polyacrylamide (PA), polydimethylsiloxane 

(PDMS), and poly(ethylene glycol) (PEG) have been used widely in mechanobiological 

studies due to their ease of fabrication, biocompatibility, and easily tunable mechanicals 
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stiffness [15,17,68-71].  Chapter 4 of this dissertation reports fabrication of 2D 

polyacrylamide hydrogels that were modified to present Notch ligand DLL4 to seeded 

cells and studies the effect of ligand density and substrate stiffness on Notch signaling 

and T cell lineage commitment. 

2.7 MOTIVATION FOR 3D SCAFFOLD CULTURE OF HEMATOPOIETIC STEM AND 

PROGENITOR CELLS 

3D scaffold-based cultures promote cell-cell and cell-material interactions, 

maintenance of physiological cellular morphologies and provide mechanical support [72].  

In advancement from simple 2D systems that allow control over individual variables of 

the substrate, 3D scaffolds allow more biomimetic reconstruction of the natural tissue 

[66].  It is also suggested that key factors that influence differentiation of stem cells in 

2D substrates may not yield the same results when presented in 3D [18].  In the past, 

fabrication of 3D scaffolds for cell culture has focused mainly on chondrogenesis, 

osteogenesis, and vascularization. Recently, efforts are being made to culture 

hematopoietic stem and progenitor cells in 3D scaffolds with or without stromal cells as a 

model of the bone marrow stem cell niche, mainly for expansion of stem cells  ex vivo 

[73-75]. There is less emphasis on differentiation of hematopoietic stem and progenitor 

cells in 3D scaffold-based cultures into more mature blood cell types like T cells.  3-

dimensional scaffolds for cell culture can largely be divided into cell encapsulation in a 

crosslinked network and cell seeding in porous or microwell-type networks.  When it 

comes to ligand presentation, encapsulated systems may have the advantage of having 

closer, better ligand-cell interactions but may restrict cell expansion and migration and 
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requires a degradable portion in the system.  Porous or microwell systems may have less 

constraints in cell proliferation as well as better control over orientation of presented 

ligands.  However, cell-ligand interaction may be less than in encapsulated systems.  In 

this dissertation, we chose to explore a porous scaffold system for 3D ligand presentation.   

Here, we developed a porous inverse opal scaffold that not only provides a 3D 

mechanical support for stem cell differentiation, but also can provide specific ligands, 

e.g. Notch ligands or MHC molecules, to stem cells un an artificial thymic niche that 

supports differentiation into mature, therapeutic T cells.  Inverse opal structures have 

been made by material scientists, but have only recently been utilized for cell seeding 

purposes. Irvine and colleagues have successfully seeded immune cells within these 

inverse opal hydrogels to promote immune cell migration [76]. The inverse opal scaffold 

not only provides porosity for nutrient and waste transport, but also has uniformity in its 

pore sizes that has made it possible to quantitatively predict the diffusion characteristics 

and cell distribution profiles within these scaffolds [77,78]. The polymer architecture is 

also easily modifiable to incorporate factors that need to be immobilized or sequestered 

for cell signaling [76]. Efforts have been made to utilize these structures to support stem 

cell differentiation. Kotov and colleagues have generated B cells by culturing human 

HSCs in a porous polyacrylamide scaffold of a similar architecture [79], and have also 

shown possibility of early, immature T cell differentiation from human HSCs on DLL1-

coated inverse opal hydrogels [80]. However, studies on Notch signaling in 3D or 

efficiency of differentiation or generation of functional T cells have not yet been 

observed.  In Chapter 5 of this dissertation, fabrication of poly(ethylene glycol)-based 
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inverse opal scaffolds with capability of Notch ligand presentation in various densities is 

reported.   

2.8 MOTIVATION FOR MAGNETIC MICROBEADS AND LIPOSOMES IN CELL SIGNALING 

STUDIES 

Another form in which ligands can be presented to cells in immobilized form is 

on microparticles that act like artificial ligand-presenting cells.  Magnetic microbeads 

have been used for almost three decades for immunoseparation of cells [81-84]  Even 

today, magnetic bead separation is a widely used technique in the laboratory for its ease 

of use.  Magnetic microbeads for immunoseparation of cells or for protein purification 

are commercially available as products such as MACS® (Miltenyi Biotec) or 

Dynabeads® (Life Technologies).  In 1997, Levine et al. reported the use of 

Dynabeads® with immobilized antibodies for T cell co-stimulatory molecules—anti-CD3 

and anti-CD28—and induced ex vivo T cell expansion [85].  The antibody-coated 

microbeads acted as artificial antigen-presenting cells and allowed expansion of CD4+ T 

cells without the need of a feeder layer of cells [86].  Since then, magnetic microbeads 

have been extensively used for massive ex vivo T cell expansion, for both CD4+ and 

CD8+ T cells [87-89].  In the recent years, incubation of T cells with co-stimulatory 

molecule and HLA immobilized magnetic microbeads ex vivo has become an essential 

part of expansion and activation of antigen-specific human CD4 or CD8 T cells, adding 

to the potential for T cell adoptive immunotherapy  [90,91].   

In 2006, Taqvi et al. applied this magnetic microbead technology to present Notch 

ligand DLL4 to mouse hematopoietic progenitor cells and direct early T cell 
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differentiation [14].  This dissertation attempts take this further and utilize the ease to 

control density and dosage of ligands in the microbead system and reports the 

quantification of Notch signaling from DLL-immobilized magnetic microbeads of 

different densities and doses.   

Liposomes are spherical particles that have a lipid bilayer structure and liposomes 

have long been used in drug and gene delivery.  Commercial products such as drug 

delivery carriers for doxorubicin and gene delivery carrier like Lipofectamine™ are 

widely used today.  Methods for surface modification of liposomes have been developed 

for targeting, labeling, or to enhance circulation [92].  The composition of liposomes—

phospholipids—make them an excellent candidate for mimicking cell membrane 

surfaces.  This dissertation also reports DLL-immobilization on liposome surfaces for 

Notch activation and attempts to address the issue of ligand presentation in magnetic 

microparticle and liposome surfaces, as well as in 2D and 3D scaffolds.   
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Figure 2.1 T cell development in the thymus 

Hematopoietic progenitor cells enter the thymus from the bloodstream and migrate 

through the thymic microenvironment, receiving soluble and insoluble signals to undergo 

differentiation through DN (CD4-CD8-), DP (CD4+CD8+) and SP (CD4+CD8-, CD4-

CD8+) stages.  The figure below shows the different stages of T cell development and 

highlights the two key signals presented by thymic stromal cells—Notch ligand and 

MHC.  Reprinted by permission from Macmillan Publishers Ltd: [Nature Reviews 

Immunology] [22], copyright (2004) 
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Figure 2.2 Notch Signaling 

In T cell development, Notch ligands on thymic stromal cells activate Notch signaling in 

developing thymocytes by binding to Notch receptors.  Binding triggers the cleavage of 

the intracellular Notch (ICN) that in turn activates transcription of downstream Notch 

genes that determine T cell commitment.  Reprinted by permission from Macmillan 

Publishers Ltd: [Nature Reviews Immunology] [22], copyright (2004) 
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CHAPTER 3 

Notch Signaling in Notch Ligand Functionalized Magnetic Microbeads 

and Liposomes 

3.1 INTRODUCTION 

Notch signaling between Notch ligands and Notch receptors is known to be an 

essential cell-cell signaling event for early T lineage commitment of hematopoietic 

progenitor cells both in vivo in the thymus and in vitro T cell differentiation systems 

[22,24].  The first in vitro T cell differentiation methods were limited to fetal thymic 

organ cultures (FTOCs) that consisted of depleting T cells from the fetal thymus and re-

seeding cells to allow maturation of T cells [40].  When it started becoming evident that 

Notch signaling played an important role in deciding T cell fate, stromal cells expressing 

Notch ligand (OP9-DL1 cell lines) was developed for in vitro T cell differentiation [46-

48].  Since then, OP9-DL1 coculture has replaced FTOCs as a reliable platform for in 

vitro T cell differentiation from multiple cell sources—mouse and human hematopoietic 

and embryonic stem cells, as well as induced pluripotent stem cells [48,51,53,54,59]. 

Varnum-Finney et al. reported that the cell surface protein and Notch ligand 

DLL1 requires immobilization on a surface in order to activate Notch signaling [62].  

Therefore, in order to activate signaling without stromal cells, Notch ligands needed 

immobilization on a surface other than the cell surface.  DLL1 immobilized on 

polystyrene surfaces have shown ability to trigger Notch signaling and support T cell 

lineage specification from mouse and human hematopoietic progenitor cells [63,64].  

The coated-plate system simplified the OP9-DL1 coculture not only by removing the 
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need for stromal cells but also revealed that Notch signaling and thus T cell 

differentiation was dependent on the density of presented ligand [13,64].  This chapter 

reports the fabrication of a system that allows stroma-free, controllable delivery of 

immobilized ligands on a 3D microparticle surface, instead of a hard, flat surface. 

Microbead/microparticle-mediated signaling provides a platform for delivery of 

ligands that need immobilization on a surface, and at the same time still being somewhat 

similar to soluble delivery.  Ligand coating on a flat, 2D culture surface is limited in 

ligand density and dose by the culture area, and only delivers ligands in one direction.  

Microbead/particle-based signaling allows delivery of ligands in varying densities of 

ligands on bead surfaces, and also allows flexible control over dosing by varying the 

number of beads administered.  Bead-based signaling also provides a three-dimensional 

orientation of ligands that mimics natural cell-based signaling.  The use of magnetic 

beads also allows easy retrieval and addition of beads by magnetic separation. 

Magnetic beads have been used extensively for antibody presentation for 

immunoseparation [82,93,94].  In the recent years, use of magnetic beads with 

immobilized co-stimulatory molecules have had much success in augmenting T cell 

activation and expansion ex vivo [85,88,89,91,95-97].  Our laboratory has previously 

reported that DLL4-functionalized magnetic microbeads can trigger Notch signaling and 

induce T cell differentiation when added to hematopoietic progenitor cell culture [14].  

In this chapter, we report further studies of magnetic microbeads as well as liposomes 

functionalized with both DLL1 and DLL4 and the effects of ligand density and dosage on 

Notch signaling.  It has been reported that different Notch ligands trigger different levels 
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of signaling and thus play different roles in determining cell fate [19,36].  We also 

report studies on the effect of two different ligands—DLL1 and DLL4, both known to 

bind Notch1 receptor and support T cell differentiation—immobilized on microparticles 

on Notch signaling.  We functionalized histidine-binding magnetic microbeads and 

liposomes with histidine-tagged proteins at varying ligand densities and confirmed 

functionalization and ligand density by flow cytometry and gel filtration.  We developed 

a luciferase reporter assay in HEK 293 cells for quantification of Notch activation and 

confirmed the function of the assay with HEK 293 cells seeded on DLL4-coated plates.  

We conducted Notch activation studies with this luciferase assay for DLL1 and DLL4-

coated magnetic microbeads and liposomes at varying ligand density and dosage.  The 

results indicated that microparticle-based ligand presentation was able to trigger Notch 

signaling at varying levels depending on ligand type, ligand density, and ligand dosage.   

These reports indicate that the cell surface protein Notch ligand can be presented 

on a hard, magnetic microbead surface as well as on a soft liposome surface.  This 

method of presentation allowed quantitative study of ligand density, ligand dosage, and 

ligand type on Notch signaling.  The results suggest potential of this system to study 

method of presentation further at varying particle sizes and materials and provide further 

insights on the mechanism of signaling and optimal, efficient parameters for eventual 

induction of T cell lineage commitment of stem cells. 
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3.2 MATERIALS AND METHODS 

3.2.1 Tissue Culture Well Plate Coating and Ligand Density 

Delta-like-ligand 1 (DLL1) coated on hard tissue culture well surface have been 

shown to support activation of Notch signaling and commitment of mouse and human 

hematopoietic progenitor cells into early T lineage [13,63,64].  In this Chapter, we 

fabricated a similar system, instead, with immobilized biotinylated DLL4 on streptavidin-

coated hard plastic. 

Polystyrene 96 well plates were first coated with 10 µg/mL streptavidin 

(Promega) for 30 minutes at 37ºC.  Wells were then washed twice with PBS, and then 

blocked with Hank’s Balanced Salt Solution (HBSS, Life Technologies) with 2% (w/v) 

bovine serum albumin (Sigma-Aldrich) to prevent non-specific binding.  Wells were 

then coated with biotinylated DLL4 at 1, 2.5, and 5 µg/mL in PBS for 2 hours at 37ºC.  

Wells were finally washed with PBS to remove unbound bDLL4.  

Density of streptavidin immobilized on the well plate was determined by coating 

the plate with fluorescein-labeled streptavidin (eBioscience).  96 well plate was coated 

with 1, 5, and 10 µg/mL streptavidin-FITC for 30 minutes at 37ºC.  Unbound 

streptavidin was washed with 3 washes of PBS.  The washes were collected and 

unbound streptavidin in the washes was quantified on a fluorometer compared with 

standard concentrations of streptavidin-FITC (Biotek).  The density of immobilized 

streptavidin was calculated per unit area of culture well.  
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3.2.2 Magnetic Microbead Coating 

Cobalt-based magnetic microbeads were used to specifically bind his-tagged 

Delta ligands.  His-tagged DLL1 and DLL4 were purchased from Sino Biologicals.  

His-tagged enhanced green fluorescent protein (eGFP) was purchased from Cell 

Sciences.  Magnetic microbeads used were from the Dynabeads® His-Tag Isolation & 

Pulldown Kit (Life Technologies).  The supplied Dynabeads® were 1.1 µm in diameter 

and kept in 40 mg/mL solution in 20% ethanol.  Bead coating was performed by mixing 

6 million beads with either 0.6 µg or 12 µg of his-tagged protein in PBS.  Stock bead 

concentration was provided by the manufacturer as 3.3 x 10
10

 beads per µL.  Beads and 

protein were suspended in 300 µL of PBS separately, and then mixed together to form 

600 µL total bead suspension.  Mixing equal volume of bead and protein suspension 

prevented bead aggregation.  Bead-protein suspension was placed on a rotating shaker 

for 30 minutes to allow binding of protein to bead.  Unbound protein was removed by 

washing with a magnet (DynaMag™, Life Technologies).  Briefly, bead suspension in a 

microcentrifuge tube was placed on the magnet for a few minutes.  After the bead 

aggregates due to the magnetic field, supernatant was discarded.  Then, the 

microcentrifuge tube was removed from the magnetic field, and beads were resuspended 

in fresh PBS.  Washes were repeated for a total of 3 times.   

3.2.3 Liposome Fabrication and Coating 

1 µm diameter liposomes were fabricated with DOPC (1,2-dioleoyl-sn-glycero-3-

phosphocholine) and DGS-NTA(Ni) (1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-
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carboxypentyl)iminodiacetic acid)succinyl] (nickel salt)) at 9:1 molar ratio were obtained 

from Dr. Pallab Pradhan (Austin, TX).  The incorporation of DGS-NTA(Ni) allowed 

coating of liposomes with histidine-tagged proteins.  Fabricated liposomes were counted 

by flow cytometry by gating for liposomes in the forward/side scatter plot and counting 

the number events per volume.  Liposomes were coated in a similar way as the 

Dynabeads® as mentioned in the previous section.  Briefly, 6 million liposomes were 

mixed with either 0.6 µg or 12 µg of his-tagged protein in PBS.  Liposomes and protein 

were suspended in 300 µL of PBS separately, and then mixed together to form 600 µL 

total suspension.  Liposome-protein suspension was placed on a rotating shaker for 30 

minutes to allow binding of protein to liposomes.  Unbound proteins were removed by 

centrifugal filtration with Amicon Ultra-4 Centrifugal Filter (100 kDa MWCO) at 3220g 

for 30 minutes.   

3.2.4 Gel Filtration for Purification of Microbeads and Liposomes 

Gel filtration was used to separate unbound proteins from ligand-immobilized 

microbeads and liposomes.  Microbeads and liposomes were coated with recombinant 

enhanced green fluorescent protein (EGFP) that was tagged with 6 histidine groups (Cell 

Sciences) as a fluorescent model protein.  A column was set up with Sepharose CL-4B 

resin (Sigma-Aldrich).  Columns were washed with PBS before being loaded with 

ligand-coated, unwashed microbeads or liposomes were loaded onto the top of the 

column.  Since the start of microbead/liposome loading, droplets of buffer were 

collected from the bottom of the column in fractions of 500 µL.  A total of 20 fractions 
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were collected and fluorescence in each fraction was detected with a fluorescence plate 

reader (Biotek).  Fractions that contained unbound ligands were quantified with a 

fluorescence plate reader compared with standard solutions of eGFP.   

3.2.5 Luciferase Assay for Quantification of Notch Activation 

Human embryonic kidney (HEK) 293 cells (ATCC) were used as a model cell 

line for luciferase reporter assay to study the effects of microparticle-bound Notch 

ligands on Notch activation in cells.  HEK cells were co-transfected with RBP-Jκ 

luciferase plasmid and human Notch1 plasmid.  RBP-Jκ luciferase plasmid was 

purchased from SA Biosciences as part of the Cignal RBP-Jκ Reporter (luc) kit.  RBP-

Jκ is the transcription factor CSL (CBF1 in humans, Su(H) in Drosophila, LAG1 in C. 

elegans) that the activated NICD (Notch intracellular domain) binds to, triggering 

transcription of downstream Notch genes [22].  In the RBP-Jκ luciferase plasmid, the 

firefly luciferase gene is under control of the RBP-Jκ transcriptional response element.  

Therefore, once activated Notch interacts with the RBP-Jκ protein, the firefly luciferase 

gene gets transcribed, resulting in translation of the firefly luciferase protein.   

3.2.5.1 HEK Transfection 

HEKs were transfected with the RBP-Jκ luciferase plasmid as well as the 

pcDNA3.1 human Notch1 plasmid, which was a kind gift from Dr. Ferrando’s laboratory 

at Columbia University Medical Center [98]. HEKs were seeded at a density of 250,000 

cells per well of 12 well plate.  Cells were allowed to grow for 24 hours before 

transfection.  Plasmids were prepared in Opti-MEM (Life Technologies) and mixed with 
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the transfection agent Lipofectamine (Life Technologies) at room temperature for 20 

minutes.  Media was aspirated from cells and replaced with 800 µL of Opti-MEM with 

5% FBS.  Then the transfection complex was added to the cells at 2 µg total plasmid per 

well.  Cells were placed in humidified incubator for 24 hours before being used for 

Notch activation assays.  Transfected cells were trypsinized at 24 hours and 48 hours 

after transfection and stained for Notch1 expression with APC-labeled anti-human 

Notch1 antibody (clone: MHN1-519, eBioscience).  Flow cytometry was performed on 

the Accuri (BD Biosciences) and analyzed using FlowJo software (Tree Star, Inc).   

3.2.5.2 Dual Glo Luciferase Assay 

Beads or liposomes were prepared by coating with his-tagged DLL1 or DLL4 

(Sino Biological Inc.) using previously described methods.  24 hours after transfection, 

HEKs were trypsinized and incubated with the DLL-coated beads and liposomes at 1:1, 

20:1, and 40:1 bead to cell ratios. Cells were incubated with beads in a microcentrifuge 

tube in culture media for 10 minutes at 37ºC on a rotating shaker in order to maximize 

interaction of cells with beads.  Then, cell and bead suspension was seeded onto 96 well 

plates at a density of 20,000 cells per well, and placed in the humidified incubator for 24 

hours before performing the Dual-Glo Luciferase Assay (Promega).  The Dual Glo 

Luciferase Assay consists of the Dual Glo Luciferase Substrate, which contains the 

substrate beetle luciferin, whose oxygenation is catalyzed by the presence of firefly 

luciferase.  This oxygenation reaction emits light as a by-product, and quantification of 

this luminescence is indicative of the level of firefly luciferase expression in the 
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transfected cells.  The Assay kit also includes the “Stop & Glo Reagent” that contains 

coelenterazine, which is a similar substrate as the beetle luciferin, but is oxygenated with 

Renilla luciferase as the catalyst.  Since the Renilla luciferase gene acts as a control 

gene that allows normalization of the experimental result for variation in number of cells 

and transfection efficiency in each well.  24 hours after cell seeding with DLL-coated 

beads, the Dual GLo Luciferase Substrate was added to the well plate and after 10 

minutes, emitted light was measured using a luminometer (Biotek).  This measurement 

was recorded as the firefly luciferase activity.  Then, the Stop & Glo Reagent was added 

to the same wells and measured again after 10 minutes.  This second measurement was 

recorded as the Renilla luciferase activity.  Data was analyzed by normalizing the firefly 

luciferase activity against the Renilla luciferase activity, and again normalized against 

transfected cells that were not treated with any beads.   

3.3 RESULTS 

3.3.1 Ligand density was quantified for coated Plate, coated magnetic microbeads, 

and coated liposomes 

96-well hard plastic plates were coated with streptavidin and density of 

immobilized streptavidin was quantified to be around -1 pmol/cm
2
, 3.4 pmol/cm

2
, and 

10.9 pmol/cm
2
 for 1 µg/mL, 5 µg/mL and 10 µg/mL initial streptavidin incubation 

concentrations, respectively (Figure 3.1).  Since the quantification was done by an 

indirect method of washing off unbound ligands and comparing with a standard curve, 

the negative value obtained for the lowest concentration can be due to the variability of 

the assay that is greater than the small difference in quantity that has bound.  
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Considering that the standard deviations for the three concentrations were 0.12, 1.6, and 

2.7 pmol/cm
2
, respectively, it appears that the variation for the lowest concentration may 

have been less than the variation for the assay.  The ligand density for the plate gave an 

approximate for the ligand density on the plate, and also showed that the density of 

ligands on the plate could be varied by varying the initial amount of ligand that the wells 

were incubated in.  10 µg/mL, or 10.9 pmol/cm
2
 streptavidin was chosen as the 

concentration of streptavidin used for initial coating of plates for later experiments. 

The cobalt-modified Dynabeads® and nickel-modified liposomes allowed coating 

with histidine-tagged proteins.  Histidine-tagged enhanced green fluorescent protein 

(Cell Sciences, molecular weight 29.0 kDa) was used as a model protein that could be 

easily detected and quantified by fluorescence since its excitation maxima and emission 

maxima occur at 488 nm and 507 nm, respectively.  After coating, eGFP-bound 

beads/liposomes were separated from unbound eGFP by gel filtration.  Gel filtration 

was chosen as a common method for purification of both Dynabeads® and liposomes 

since only Dynabeads® could be washed on the magnetic.  Moreover, washing beads on 

the magnet resulted in remaining beads in the washes that were not separated by the 

magnet, and added false signal for the unbound protein fraction from protein-bound 

beads.  Gel filtration is a technique used to separate molecules based on their sizes.  

Sepharose CL-4B agarose-based gel consisted of beads of 45 – 165 µm in size and 

allowed elution of larger molecules faster than of smaller molecules, since smaller 

molecules get “trapped” within pores of the column and elute in later fractions.   

Elution fractions were collected and quantified on the fluorescence plate reader and 
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plotted in Figure 3.2.  For both Dynabeads® and liposomes, bound Dynbeads® or 

liposomes eluted in earlier fractions (left peak), and unbound eGFP eluted later (right 

peak).  Elution of beads and liposomes were confirmed by visualizing fractions with the 

high, earlier peaks under the microscope for presence of bead/liposomes.  Total 

unbound eGFP was quantified by collecting the fractions that made up the right peaks 

and reading its fluorescence compared to an eGFP standard curve.  Total unbound eGFP 

per number of beads/liposomes was converted to density of eGFP on bead/liposome by 

dividing the molar amount of unbound eGFP by the surface area of the beads/liposomes.  

Surface area of bead and liposomes were calculated by multiplying the surface area of a 

single bead/liposome by the number of beads/liposomes.  Density of eGFP was 

calculated to be similar for beads and liposomes at both coating concentrations (Table 

3.1).   

3.3.2 RBP-Jκ luciferase assay with hNotch1-transfected HEK cells allows 

quantification of ligand-activated Notch signaling 

Luciferase is an enzyme that catalyzes a reaction and emits light as a by-product.  

Since the amount of emitted light is proportional to amount of luciferase enzyme, 

luciferase assays are widely used to in cell-based quantification assays, especially in gene 

expression.  Cignal RBP-Jκ Reporter (luc) kit purchased from Qiagen consisted of a 

RBP-Jκ-responsive luciferase construct that can be used to monitor the activity of Notch 

signal transduction pathways.  HEK transfection with RBP-Jκ luc plasmid alone did not 

produce an assay sensitive enough to detect changes in degrees of Notch signaling 

induced by different densities of Notch ligands (Figure 3.3A).  In order to increase 
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magnitude of signal from activated Notch, HEK cells were transfected with a gene 

encoding human Notch1 receptor (pcDNA3.1 human Notch1 plasmid, gift from Dr. 

Ferrando’s laboratory).  As observed by flow cytometry 24 hours and 48 hours after 

transfection, Notch1 expression increased by 9.54% and 23.3% compared to non-

transfected cells, respectively (Figure 3.4).   

When these hNotch1 and RBP-Jκ luc co-transfected HEK cells were seeded on 

bDLL4-immobilized well plates, increasing firefly luciferase activity was observed 

(Figure 3.3B).  Firefly luciferase activity normalized to Renilla activity was again 

reported relative to background activity indicated from transfected cells seeded on 

uncoated wells.  Increasing firefly luciferase activity was detected with 1µg/mL and 2.5 

µg/mL bDLL4 coating on plates coated initially with 10 µg/mL streptavidin.  Signal 

plateaued at the highest bDLL4 coating concentration, 5 µg/mL, suggesting that an upper 

limit might exist for the assay.  

3.3.3 Level of Notch activation depends on ligand density, type of ligand and mode 

of presentation 

 Notch activation quantified by RBP-Jκ luciferase activity was reported for 

hNotch1 and RBP-Jκ luc co-transfected HEKs incubated with uncoated, DLL1, or DLL4-

coated Dynabeads® (Figure 3.5).  When compared to activity from uncoated beads at 

same bead-to-cell ratio, DLL1-coated beads at lower ligand density had no significant 

level of Notch activity at any bead-to-cell ratios (Table 3.2).  However, for higher 

ligand density DLL1 beads, there was significant amount of Notch signaling for 20:1 and 

40:1 bead-to-cell ratios.  For DLL4-coated beads, significant levels of Notch signaling 
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was detected for all conditions except for 1:1 bead-to-cell ratio conditions for both ligand 

densities (Table 3.2).  This data reported that bead-to-cell ratios of 1:1 was not enough 

to trigger significant levels of Notch activity even at higher ligand densities, and 

suggested that DLL4 activates Notch signaling at higher levels than DLL1, especially at 

lower coating densities.  Such difference in the activity of the two ligands is reported in 

Table 3.3, in which DLL1-coated and DLL4-coated Dynabeads® are compared for the 

same conditions.  Here, it is confirmed that significant differences in DLL1- vs. DLL4-

coated beads occur only at the lower ligand density (Table 3.3).  Next, the effect of 

bead-to-cell ratios for the individual ligands was analyzed (Table 3.4, 3.5).  

Significantly differential levels of Notch signaling were detected for the higher ligand 

density for both DLL1 and DLL4.  Differences in Notch signaling with increasing bead-

to-cell ratios were also observed at some conditions in lower ligand densities (Table 3.4, 

3.5).  In short, it was observed that for both DLL1 and DLL4, dose-dependency of 

Notch signaling was more pronounced when incubated with beads at higher ligand 

density, than at lower density.   

 Notch activity was similarly reported for DLL1- and DLL4-coated liposomes 

(Figure 3.6).  When compared with luciferase activity from uncoated beads at the same 

liposome-to-cell ratio, all conditions activated significant levels of Notch signaling 

except for all 1:1 liposome-to-cell ratio conditions and at the low density DLL1-coated 

liposome conditions (Table 3.6).  These results were similar to that obtained from 

Dynabeads® (Table 3.2), in which liposome-to-cell ratio of 1:1 was not enough to 

trigger any significant levels of signaling, and DLL1 coated at lower density did not yield 
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any significant levels of signaling.  The differences in DLL1- and DLL4-coated 

liposomes were also analyzed in Table 3.7, which reports the differences in Notch 

activity in DLL1-coated liposomes with DLL4-coated liposomes at the same densities 

and liposome-to-cell ratios.  Here, differences in DLL1 and DLL4 existed in all 

conditions except the 1:1 liposome-to-cell ratios, conditions in which there was no 

significant levels of Notch signaling at all compared to respective uncoated controls.  

Unlike Dynabeads®, DLL1- and DLL4-coated liposomes displayed differences in 

triggered levels of signaling even at higher coating density.  The effect of liposome-to-

cell ratio on Notch activation through DLL1- and DLL4-coated liposomes are reported in 

Tables 3.8-3.9.  Differential levels of Notch signaling with increasing liposomes was 

most evident with DLL4-coated liposomes coated at higher density (Table 3.9).  When 

normalized luciferase activity was compared between liposomes and Dynabeads®, 

Dynabeads® had significantly higher Notch activation in most 20:1 and 40:1 bead-to-cell 

rations for both DLL1 and DLL4 (Table 3.10).   

3.4 DISCUSSION 

Quantitative analysis of ligand-induced Notch signaling in T cell differentiation 

systems have mostly been done by RT-PCR analysis of downstream Notch genes.  

Expression of genes such as Hes-1 in hematopoietic progenitor cells have been quantified 

and shown to be dose-responsive [13,64].  Quantitative RT-PCR is a highly sensitive 

assay that directly quantifies the mRNA expression of downstream Notch genes directly 

in the starting population of stem cells, but also very time and resource-consuming.  
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When testing multiple systems, there is a need for a cheaper, easier assay for 

quantification of Notch signaling.  Luciferase assays have been used for quantification 

of Notch signaling in any contexts.  Abe et al. utilize Notch1-transfected NIH-3T3 cells 

in transient transfection assays with a plasmid containing multiple repeats of a RBP-Jκ-

binding sequence for quantification of Notch signaling with different types of Notch 

ligands and chimeras to study the differences in Notch ligands [19].  Notch1 and Notch-

responsive luciferase-transfected HeLa cells have also been reported to be used to study 

mutations of Notch1 and their role in human T-cell lymphoblastic leukemia [98].  

Similar constructs have been utilized to study inhibition of Notch signaling, as well as 

Notch signaling in T cell expansion, cytokine secretion and fate decision [99,100].  We 

hypothesized that using HEKs, a common cell line that is easy to maintain and transfect 

than hematopoietic progenitor cells will be a good candidate as the cell source, and that a 

luciferase assay in HEK cells would provide an easy platform for studying dose-

dependency, ligand-dependency, and substrate-dependency of Notch signaling in 

microparticle systems.  Dose-dependency of Notch signaling has been reported with 

DLL1-coated plates and cell lines transfected with different levels of DLL, but 

characterization of dose-dependency for known ligand densities on microparticle systems 

have yet been reported [13,36,64].  DLL1 and DLL4 have both been reported as 

supportive of T cell differentiation in vitro when expressed on OP9 stromal cells to 

different degrees, but exact quantification of ligand density on stromal cell surface is hard 

to determine, and variations in ligand densities were limited in the coculture system [36].  

DLL4-coated magnetic microbeads have shown successful in supporting differentiation 
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of hematopoietic progenitor cells into early Thy1.2+ T cells even when not in direct 

contact with OP9 stromal cells, but studies in quantitative control of Notch signaling at 

the gene expression level has yet been performed in this microbead system [14]. 

We first quantified the density of immobilized ligand for the various systems.  

Well plates were used as a positive control system.  Different quantities of streptavidin 

could be coated onto well plates when incubated with different initial amounts of 

streptavidin, and ligand density was on the order of around 10 pmol/cm
2
 at 10 µg/mL 

streptavidin initial concentration (Figure 3.1).  Although reports show ligand coating 

onto tissue culture well plates with different starting concentrations of ligands, no reports 

attempt, in the context of Notch signaling, to quantify approximate amounts of actual 

immobilized ligands.  Quantification of ligands in terms of number of ligands per area 

allows one to see if there is a difference in immobilized ligand quantity for different 

starting concentrations, since immobilized ligand quantity may not vary much at higher 

concentrations due to saturation of the available coating surface area.  Quantification of 

ligand density also allows one to compare different systems.  For example, wells in a 96 

well plate and wells in a 48 well plate would bind ligands at different densities even when 

incubated at same incubation concentration or amount.  Here, quantification of ligand 

density allowed us to compare the well plate, Dynabeads®, and liposomes and what the 

cells “see”.  Density of immobilized histidine-tagged protein was calculated for the 

cobalt-decorated Dynabeads and Ni-NTA-incorporated liposomes from the indirect 

quantitation of unbound ligands.  Although the calculations consisted largely of 

approximations and variations are expected from loss of protein during the assay, 
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quantitation allowed us to see that Dynabeads® and liposomes were coated to 

approximately similar densities, and at density much higher than the plate, by several 

magnitudes.  Therefore, we conclude that magnetic microbead or liposome based 

systems allow much higher ligand density than the coated plate, which may be due to the 

fact that we utilized histidine-binding metal groups with less steric hindrance from 

proteins such as streptavidin that may have allowed more binding area for ligands. 

RBP-Jκ luciferase assay was initially performed by transient transfection of HEK 

cell line with RBP-Jκ luciferase plasmid, but the assay was not sensitive enough to detect 

differences in Notch signaling levels (Figure 3.3A).  Most luciferase assay systems for 

Notch signaling utilize cell lines that have been stably transfected to express high levels 

of  Notch receptors, suggesting that introducing high levels of Notch receptor may be 

necessary for success of the assay, since most cell lines used in these assay systems do 

not inherently express high levels of Notch receptors [19,98-100].  Therefore, we 

obtained the pcDNA3.1 hNotch1 plasmid and transiently transfected HEK cells with the 

plasmid using lipofectamine.  This resulted in higher expression of Notch1 in HEKs and 

when co-transfected with RBP-Jκ luciferase, density-dependent increase in Notch 

signaling was observed (Figure 3.3-3.4).   

The development of this assay allowed studies in Notch activation in presence of 

Dynabeads® and liposomes.  We found that both DLL1- and DLL4-immobilzed 

magnetic microbeads and liposomes triggered enough Notch signaling to be detected as 

significant activation by this assay.  In both cases, 1:1 microparticle-to-cell ratio was not 

enough to trigger much signaling, and signaling increased with increased ligand density, 
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and increased bead/liposome amount.  These results confirmed the dose-dependency of 

Notch signaling and proved the advantage of the bead system that the administered ligand 

amount could be increased in multiple ways—by increasing the ligand density or the 

bead-to-cell ratio—and that it can be increased to a large amount by simply adding more 

beads.  The differences in activation by DLL1- and DLL4-coated magnetic microbeads 

and liposomes were also observed.  Generally, DLL4-coated microbeads and liposomes 

activated higher levels of Notch signaling than DLL1-coated counterparts, but 

interestingly, these differences were present for only the lower density microbeads in the 

Dynabead® system.  However, in the liposome system, the differences existed for both 

low and high density liposomes.  Somehow, differences in Notch signaling between 

DLL1 and DLL4 were more prominent for the soft surface liposomes at both low and 

high ligand densities, but not as prominent for high density ligands on hard Dynabead® 

surface.  Reports suggest a potential mechanism for higher strength of Notch signaling 

by DLL4 is that DLL4 may be more effective at “pulling” on Notch receptors and/or 

have higher avidity binding than DLL1 [36].  Our results on magnetic microbeads and 

liposome surfaces suggest that the mechanical properties of the ligand-presenting 

microbeads surface may play a role in the “pulling”, or binding of the ligands to their 

receptors, because fewer differences in DLL1 and DLL4 existed in Dynabead® particle 

system than in the liposome system.  DLL1 coated on hard surfaces may, when coated 

at high enough density, exert enough “force” than on soft surfaces to trigger Notch 

signaling to a similar degree as DLL4.  Future studies are needed to elucidate this 

mechanism by studying Notch signaling levels at higher ligand densities and bead-to-cell 
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ratios, and by direct comparison of hard and soft microparticles, since magnetic 

microparticles and liposomes were fabricated of different materials in this case, and 

material properties, in addition to the mechanical properties may contribute to the 

differences.  Moreover, the two microparticle systems presented histidine-tagged 

proteins by nickel or cobalt-mediated binding.  Both metals are known to histidine 

residues but differences in binding avidity or orientation may result.  Nickel is known to 

bind with higher efficiency than cobalt, and cobalt is known to bind polyhistidine 

residues with higher specificity instead.  Ligand mobility on a liposome surface when 

compared to the iron oxide surface of the Dynabeads® may also contribute to the 

differences in ligand presentation.  It is also needed to culture these magnetic 

microbeads and liposomes with stem cells to study these effects not only in Notch 

signaling but also in downstream T cell differentiation. 

In conclusion, we report the establishment of a sensitive and efficient luciferase-

based assay for quantitation of Notch signaling in plate-based and bead-based systems.  

By quantifying the ligand density in these systems by indirect measurements, the system 

was used to compare the degree of Notch signaling in various systems.  The 

microbead/liposome-based system offers the potential of presentation of ligands in exact, 

known doses, and the ability to increase ligand density and dosage to high levels.  This 

system could allow more studies on soft-vs-hard surfaces for ligand presentation and 

provide more insight on the mechanism of ligand-induced activation of Notch signaling.  

It would also and allow us to optimize the most efficient methods for ligand presentation 
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in the context of T cell differentiation for development of high-throughput methods for 

therapeutic T cell generation in the laboratory. 
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Figure 3.1 Tissue Culture Well Plate Immobilized Ligand Density 

96 well plates were coated with streptavidin-FITC at 1, 5, and 10 µg/mL in PBS for 30 

minutes at 37 ºC.  Unbound streptavidin-FITC was washed out in 3 PBS washes and 

quantified relative to a standard curve.  * denotes statistical significance of p<0.05 using 

a two-tailed Students’ t test. 
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Figure 3.2 Dynabeads® and Liposome Gel Filtration Plots 

Fractions eluted from gel filtrations columns loaded with (A) Dynabeads and (B) 

liposomes incubated with 0.6 µg (blue) or 12 µg (red) eGFP are plotted below, as 

detected by fluorescence plate reader.   
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Table 3.1 Density of immobilized eGFP on Dynabeads® and liposomes quantified by gel 

filtration 

 Dynabeads® 
 

Liposomes 

Diameter 
 
 

1.1 µm 1 µm 

Surface Area of Single Particle 
 
 

3.8 x 10
8
 cm

2
 3.14 x 10

8
 cm

2
 

Amount of eGFP bound per 6 
million particles  
(0.6 µg initial) 

0.6 µg 0.515 µg 

Amount of eGFP bound per 6 
million particles  
(12 µg initial) 

11.3 µg 9.72 µg 

Density of bound eGFP  
(0.6 µg initial) 
 

90 pmol/cm
2
 90 pmol/cm

2
 

Density of bound eGFP  
(12 µg initial) 
 

1,690 pmol/cm
2
 1,760 pmol/cm

2
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Figure 3.3 RBP-Jκ luciferase assay for Notch activation with DLL-coated tissue culture 

well plates 

HEK 293T cells were (A) transfected with Cignal RBP-Jκ luciferase plasmid alone or  

(B) co-transfected with hNotch1 plasmid and seeded on streptavidin-bDLL4-coated well 

plates 24 hours post transfection.  24 hours after seeding, firefly luciferase expression 

was measured and calculated relative to renilla luciferase expression for each wells.  

The firefly/renilla expression ratio for each sample was then normalized against the 

expression in cells seeded on uncoated, “no ligand” wells. *: p<0.05 with Students’ t test. 
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Figure 3.4 HEK 293T Transfection with hNotch1 

HEK 293T cells were transfected with Lipofectamine as the transfecting agent with 

pcDNA3.1 hNotch1 plasmid at 1 µg plasmid per well of 12 well plate seeded with 

250,000 HEKs previous day.  Transfected cells were stained for the expression of 

human Notch1 with the APC-labeled anti-human Notch 1 antibody (clone: MHN1-519) 

and analyzed by flow cytometry at (A) 24 hours and (B) 48 hours after transfection.  

The hNotch1 expression in transfected cells (blue) was compared relative to that in non-

transfected cells (red). 
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Figure 3.5 RBP-Jκ luciferase assay for Notch activation with DLL-functionalized 

Dynabeads®. 

HEK 293T cells were co-transfected with Cignal RBP-Jκ luciferase plasmid and hNotch1 

plasmid and seeded with DLL1 and DLL4-coated Dynabeads® 24 hours post 

transfection.  24 hours after seeding, firefly luciferase expression was measured and 

calculated relative to renilla luciferase expression for each wells.  The firefly/renilla 

expression ratio for each sample was then normalized against the expression in 

transfected cells seeded with no microbeads.  Data are reported for cells reported with 

uncoated, DLL1-coated, and DLL4-coated Dynabeads® at 1:1, 20:1, and 40:1 bead-to-

cell ratios at concentrations 1 µg/mL and 20 µg/mL which resulted in ligand densities of 

90 pmol/cm
2
 and 1.7 nmol/cm

2 
as measured by gel filtration as reported earlier.  

Statistical analysis of this data is reported in Tables 3.1-3.4. 
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Table 3.2 Student’s t test of Notch activity, DLL-coated Dynabeads® vs. controls. 

Student’s t test analysis of differences in Notch-activated luciferase fold changes: 

Difference between DLL1 and DLL4-coated Dynabeads® compared with uncoated beads 

at same bead to cell ratio and transfected cells only are reported as p values.  P values 

less than 0.05 are highlighted. 

 

  
  

Uncoated 
Cells 
Only 

DLL1 

90 
pmol/cm

2
 

1:1 p>0.05 p>0.05 

20:1 p>0.05 p>0.05 

40:1 p>0.05 p<0.05 

1.7 
nmol/cm

2
 

1:1 p>0.05 p>0.05 

20:1 p<0.05 p<0.05 

40:1 p<0.05 p<0.05 

DLL4 

90 
pmol/cm

2
 

1:1 p>0.05 p>0.05 

20:1 p<0.05 p<0.05 

40:1 p<0.05 p<0.05 

1.7 
nmol/cm

2
 

1:1 p>0.05 p<0.05 

20:1 p<0.05 p<0.05 

40:1 p<0.05 p<0.05 
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Table 3.3 Student’s t test of Notch activity, DLL1 vs DLL4-coated Dynabeads®. 

Student’s t test analysis of differences in Notch-activated luciferase fold changes: 

Difference between DLL1-coated Dynabeads® against its counterpart DLL4-coated 

Dynabeads® are reported as p values.  P values less than 0.05 are highlighted. 

 

  
  

DLL4 

DLL1 

90 
pmol/cm

2
 

1:1 p>0.05 

20:1 p<0.05 

40:1 p<0.05 

1.7 
nmol/cm

2
 

1:1 p>0.05 

20:1 p>0.05 

40:1 p>0.05 
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Table 3.4 Student’s t test of Notch activity, Dynabead®-to cell ratios and DLL1 density. 

Student’s t test analysis of differences in Notch-activated luciferase fold changes: 

Difference between liposome-to-cell ratios for the respective ligand densities for DLL1-

coated Dynabeads® are reported as p values.  P values less than 0.05 are highlighted. 

 

    90 pmol/cm
2
 

  
 

1:1 20:1 40:1 

90 
pmol/cm

2
 

1:1   p>0.05 p<0.05 

20:1 p>0.05 
 

p>0.05 

40:1 p<0.05 p>0.05   

  1.7 nmol/cm
2
 

  1:1 20:1 40:1 

1.7 
nmol/cm

2
 

1:1  p<0.05 p<0.05 

20:1 p<0.05  p<0.05 

40:1 p<0.05 p<0.05   
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Table 3.5 Student’s t test of Notch activity, Dynabead®-to cell ratios and DLL4 density. 

Student’s t test analysis of differences in Notch-activated luciferase fold changes: 

Difference between liposome-to-cell ratios for the respective ligand densities for DLL4-

coated Dynabeads® are reported as p values.  P values less than 0.05 are highlighted. 

 

    90 pmol/cm
2
 

  
 

1:1 20:1 40:1 

90 
pmol/cm

2
 

1:1   p<0.05 p<0.05 

20:1 p<0.05 
 

p>0.05 

40:1 p<0.05 p>0.05   

  1.7 nmol/cm
2
 

  1:1 20:1 40:1 

1.7 
nmol/cm

2
 

1:1  p<0.05 p<0.05 

20:1 p<0.05  p<0.05 

40:1 p<0.05 p<0.05   
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Figure 3.6 RBP-Jκ luciferase Assay for Notch activation with DLL-functionalized 

liposomes. 

HEK 293T cells were co-transfected with Cignal RBP-Jκ luciferase plasmid and hNotch1 

plasmid and seeded with DLL1 and DLL4-coated liposomes 24 hours post transfection.  

24 hours after seeding, firefly luciferase expression was measured and calculated relative 

to renilla luciferase expression for each wells.  The firefly/renilla expression ratio for 

each sample was then normalized against the expression in transfected cells seeded with 

no liposomes.  Data are reported for cells reported with uncoated, DLL1-coated, and 

DLL4-coated liposomes at 1:1, 20:1, and 40:1 liposome-to-cell ratios at concentrations 1 

µg/mL and 20 µg/mL which resulted in ligand densities of 90 pmol/cm
2
 and 1.7 

nmol/cm
2 

as measured by gel filtration as reported earlier.  Statistical analysis of this 

data is reported in Tables 3.5-3.8. 
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Table 3.6 Student’s t test of Notch activity, DLL-coated liposomes vs. control. 

Student’s t test analysis of differences in Notch-activated luciferase fold changes: 

Difference between DLL1 and DLL4-coated liposomes compared with uncoated 

liposomes at the respective liposome-to-bead ratios and transfected cells only are 

reported as p values.  P values less than 0.05 are highlighted. 

 

  
  

Uncoated 
Cells 
Only 

DLL1 

90 
pmol/cm

2
 

1:1 p>0.05 p>0.05 

20:1 p>0.05 p<0.05 

40:1 p>0.05 p>0.05 

1.7 
nmol/cm

2
 

1:1 p>0.05 p>0.05 

20:1 p<0.05 p>0.05 

40:1 p<0.05 p<0.05 

DLL4 

90 
pmol/cm

2
 

1:1 p>0.05 p>0.05 

20:1 p<0.05 p<0.05 

40:1 p<0.05 p<0.05 

1.7 
nmol/cm

2
 

1:1 p>0.05 p>0.05 

20:1 p<0.05 p<0.05 

40:1 p<0.05 p<0.05 
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Table 3.7 Student’s t test of Notch activity, DLL1 vs DLL4-coated liposomes.  

Student’s t test analysis of differences in Notch-activated luciferase fold changes: 

Difference between DLL1 and DLL4-coated liposomes at their respective ligand density 

and liposome-to-cell ratios are reported as p values.  P values less than 0.05 are 

highlighted. 

 

  
  

DLL4 

DLL1 

90 
pmol/cm

2
 

1:1 p>0.05 

20:1 p<0.05 

40:1 p<0.05 

1.7 
nmol/cm

2
 

1:1 p>0.05 

20:1 p<0.05 

40:1 p<0.05 
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Table 3.8 Student’s t test of Notch activity, liposome-to cell ratios and DLL1 density. 

Student’s t test analysis of differences in Notch-activated luciferase fold changes: 

Difference between liposome-to-cell ratios for the respective ligand densities for DLL1-

coated liposomes are reported as p values.  P values less than 0.05 are highlighted. 
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40:1 p<0.05 p<0.05   
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Table 3.9 Student’s t test of Notch activity, liposome-to cell ratios and DLL4 density. 

Student’s t test analysis of differences in Notch-activated luciferase fold changes: 

Difference between liposome-to-cell ratios for the respective ligand densities for DLL4-

coated liposomes are reported as p values.  P values less than 0.05 are highlighted. 
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Table 3.10 Student’s t test of Notch activity, Dynabeads® vs Liposomes. 

Student’s t test analysis of differences in Notch-activated luciferase fold changes: 

Difference between DLL1- and DLL4-immobilized Dynabeads® and liposomes reported 

as p values.  P values less than 0.05 are highlighted. 
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CHAPTER 4 

Notch Signaling and T Cell Differentiation on Hard and Soft Notch 

Ligand-Presenting 2D Surfaces 

4.1 INTRODUCTION 

In the previous chapter, we have reported immobilization of Notch ligands DLL1 

and DLL4 on magnetic microbeads and liposomes and the quantitative effect of ligand 

density, ligand type, and dosage on Notch signaling.  In this chapter, we aimed to also 

address a different question about Notch signaling in a different system—does the 

material stiffness of ligand presentation have an effect on Notch signaling and T lineage 

commitment in hematopoietic progenitor cells?  

Cells have been mostly grown on hard plastic surfaces in vitro.  However, 

several reports indicated that culture substrate stiffness can have drastic effects not only 

on cell adhesion and motility, but also cell fate [65].  This notion follows the intuition 

that cells naturally grow in microenvironments much softer than on hard plastic and that 

in vivo microenvironments play crucial roles in cell fate.  Such reports were followed by 

groundbreaking works that showed that stem cell fate can be guided by substrate 

mechanical stiffness [66].  Mesenchymal stem cells (MSCs) were reported to 

differentiate into brain, muscle, or bone cells depending on stiffness of material that they 

were grown on [68].  Muscle stem cells retained their ability to self-renew on soft 

surfaces mimicking the stiffness of the muscle, while this ability was lost on hard 

surfaces [69].   



 81 

In spite of observations that effect on cell fate on different substrates mainly 

involved differences in cell spreading and adhesion, several reports showed that substrate 

mechanical properties also had an impact on non-adherent, non-spreading cells such as 

cells of the hematopoietic lineage.  Hematopoietic stem cell (HSC) culture on 

tropoelastin, an elastic biomaterial, resulted in increase in HSC expansion in the 

undifferentiated state [16].  The role of substrate rigidity was also confirmed in mature 

T cells, when softer substrates coated with co-stimulatory molecules enhanced T cell 

activation and proliferation more than on stiffer substrates [17].  Hematopoietic cells do 

not adhere or spread on substrates, but they have the ability to sense signals presented by 

substrates, and also interact with their substrate to migrate on their surface.  In this 

chapter, we hypothesized that similarly, substrate stiffness would influence cell signaling 

and cell fate in the in vitro T cell differentiation system.   

In vitro T cell differentiation, which started out with complex ex vivo cultures 

such as fetal thymic organ cultures (FTOCs) have recently shown much progress in 

culture on Notch ligand-expressing stromal cells or on Notch ligand-immobilized hard 

plastic surfaces.  Mouse and human hematopoietic and embryonic stem cells have 

differentiated into functional T cells in culture on OP9-DL1 cells transfected to express 

Delta-like ligand 1 [48,51-54,56].  Stromal cell-free hard plastic surfaces have also been 

successful at presenting immobilized ligands to trigger Notch signaling and support T 

lineage commitment of mouse and human hematopoietic progenitor cells [63,64].  

However, no noticeable work has been reported of Notch ligand immobilization on soft 

surfaces and its effect on Notch signaling and T lineage commitment.   
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Ligand presentation through soft surface has been reported in other contexts. 

Signaling through proteins immobilized on soft poly(ethylene glycol) surfaces was 

studied in non-adherent, hematopoietic stem cells [71].  Reports by O’Connor et al. on 

human T cell activation on soft substrates suggested that substrate mechanical stiffness 

can have an effect on activation of T cells when in combination of the effects of its 

immobilized co-stimulatory molecules, suggesting interplay of the two components—

substrate stiffness and immobilized ligand [17].  This notion was confirmed by Engler 

and Bacakova et al. when they reported that smooth muscle cells seeded on surfaces with 

varying stiffness and varying collagen density showed less sensitivity to adhesive ligand 

density on softer substrates than on stiffer substrates [15].  This chapter addresses the 

role of these two variables—substrate stiffness and ligand density—in Notch signaling 

and T cell lineage specification. 

Here, we report the fabrication of 2D thin layer polyacrylamide hydrogel on glass 

coverslip whose stiffness was varied by composition of the hydrogel.  We conducted 

rheology studies that measured the storage modulus of hydrogels and mouse thymus, and 

chose to use hydrogels of similar and higher modulus to the thymus in later studies.  We 

modified the surface of the hydrogel to functionalize it with streptavidin, which allowed 

immobilization biotinylated ligands at varying densities.  Functionalization and ligand 

binding was confirmed by confocal microscopy and ligand density was quantified by 

indirect measurement of ligands.  Mouse bone marrow hematopoietic stem cells were 

seeded onto biotinylated DLL4-immobilized hard and soft substrates and strength of 

triggered Notch signaling was quantified by quantitative RT-PCR of the Hes-1 gene 
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expression.  RT-PCR results suggested that dose-dependent, ligand-induced Notch 

signaling occurs for plate culture and for the stiffer substrate, but not significantly in the 

softer substrate.  However, subsequent differentiation studies indicated that the T 

lineage commitment potential remains similar in ligand-immobilized substrates of 

different stiffness.  These results indicate the potential of soft material surfaces for 

supporting Notch ligand presentation and T cell differentiation, and provide a platform 

for further studies on Notch signaling and its dependency on substrate elasticity and 

ligand density.   

4.2 MATERIALS AND METHODS 

4.2.1 2D Polyacrylamide Gel Fabrication 

Thin, 2D layer of polyacrylamide hydrogel was fabricated on the surface of an 

amino-silanized glass coverslip as described by Tse, et al [101].  A thin layer of 

hydrogel was fabricated on top of a circular, 12mm glass coverslip.  In order to allow 

easy adhesion of hydrogel, glass coverslip was amino-silanated by treating with 0.1M 

sodium hydroxide (NaOH), followed by 3-aminopropyltriethoxysilane (APES).  

Mixtures of acrylamide and n,n’ methylene-bis-acrylamide (Sigma-Aldrich) was mixed 

in PBS at various ratios to control the stiffness of material.  The mixture was 

polymerized between the amino-silanized glass coverslip and a dichlorodimethylsilane-

treated glass slide in the presence of 1/100 volume of 10% ammonium persulfate (Sigma-

Aldrich) and 1/1000 volume of n,n,n’,n’-tetramethylethylenediamine (TEMED, Sigma-

Aldrich).  After polymerization for up to 30 min, the hydrogel adhered to the glass 
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coverslip was removed from the glass slide washed in PBS twice to remove 

unpolymerized acrylamide.   

4.2.2 Rheology Testing of Hydrogel Systems 

The mechanical properties of hydrogels and tissues were determined using a 

rheometer (Anton Paar Physica MCR 101) utilizing a 7.974 mm diameter oscillatory 

measuring system. Frequency and strain sweep measurements were first performed.  

Then, measurements were taken at room temperature with a 1 Hz frequency and 5% 

strain, as these conditions were in the linear regions of representative frequency and 

amplitude sweeps for all material types. Gap sizes were chosen to approximately equalize 

initial compression across all samples. Thymus samples were obtained from BALB/c 

mice and polyacrylamide gel samples were polymerized in 8 mm silicone isolators. The 

storage modulus was compared between materials and tissue samples to determine 

relative mechanical properties. 

4.2.3 Streptavidin-SANPAH Modification 

The photoactivating cross-linker, sulfo-SANPAH (N-Sulfosuccinimidyl-6-(4'-

azido-2'-nitrophenylamino) hexanoate, Pierce) was used to create a binding moiety on the 

polyacrylamide gel surface for ligands.  SANPAH is a crosslinker that has an N-

hydroxysuccinimide (NHS) ester that can react with amino groups and also has a 

photoactivatable nitrophenyl azide.  In order to immobilize biotinylated ligand onto the 

gel surface, streptavidin was first conjugated to sulfo-SANPAH at room temperature for 

3 hours.  Unconjugated SANPAH was removed by centrifugal filtration.  Then, 
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SANPAH-conjugated streptavidin was immobilized onto the polyacrylamide gel surface 

by pipetting a solution of streptavidin-SANPAH onto the gel and treating with UV light 

for 10 minutes.  Free streptavidin was then removed by PBS washes. 

4.2.4 Confocal Microscopy 

 In order to confirm modification of hydrogel surfaces, hydrogels were visualized 

by confocal microscopy.  Streptavidin-FITC (eBioscience) was conjugated to sulfo-

SANPAH.  The streptavidin-SANPAH conjugate was then immobilized onto fabricated 

2D polyacrylamide layer under UV light for 10 minutes.  Unpolymerized streptavidin 

was removed by washing with PBS.  Immobilized streptavidin was visualized under 

confocal microscope (Leica). 

 The ability of streptavidin-SANPAH to bind biotinylated ligand after conjugation 

needed to be confirmed.  Non-fluorescently tagged streptavidin-SANPAH was 

immobilized onto 2D polyacrylamide layer.  Unconjugated streptavidin was removed by 

washing with PBS.  Modified gels were incubated in bovine serum albumin tagged with 

biotin and fluorescein (biotin-BSA-FITC, Nanocs) overnight at 4ºC.  After washing gel 

with PBS, gels were visualized under confocal microscope (Leica). 

4.2.5 Biotinylated Ligand Density on 2D Gel 

One of the advantages of having an engineering system for presentation of ligands 

is that it allows one to have control over the orientation and density of ligands, more than 

one has for coculture systems or biologically complex systems.  The density of 

biotinylated ligand was varied by incubating the streptavidin-modified 2D PA hydrogels 
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with different initial amounts of biotinylated ligand.  Bovine serum albumin tagged with 

biotin and fluorescein (biotin-BSA-FITC, Nanocs) was used as a model biotinylated 

ligand.  After overnight incubation at 4ºC with the ligand, unbound ligands were 

collected in sequential PBS washes and quantified compared to a standard curve on a 

fluorescence plate reader (Biotek). 

4.2.6 DLL4 Biotinylation 

Mouse delta like ligand 4 (DLL4, R&D Systems) was biotinylated using Biotin-

XX Microscale Protein Labeling Kit (Life Technologies).  Briefly, biotin-XX-

succinimidyl ester was conjugated to DLL4 in sodium bicarbonate buffer for 15 min and 

unconjugated biotin was removed by resin filtration in a centrifugal filter.  

Concentration of reaction product was determined by absorbance reading on a plate 

reader (BioTek). 

4.2.6.1 C2C12 Myotube Inhibition Assay for bDLL4 Bioactivity 

Notch signaling through immobilized Delta ligands is known to inhibit 

differentiation of the C2C12 myoblast cell line into myotubes [62].   Bioactivity of 

biotinylated DLL4 (bDLL4) was determined by culturing C2C12 cells on bDLL4-coated 

surfaces. Briefly, tissue culture well plates were coated with 2.5µg/mL DLL4 or 

biotinylated DLL4 for 2h at 37°C.  C2C12 myoblasts (ATCC) were seeded onto either 

uncoated, DLL4, or biotinylated DLL4-coated wells and grown in DMEM with 10% 

equine serum (HyClone) for 6 days.  Differentiation of C2C12 myoblasts into myotubes 

was observed by phase contrast microscopy. 
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4.2.7 Fabrication of PDMS Wells for Cell Culture on 2D PA Gels 

In order to allow culture of non-adherent cells directly on top of the fabricated 2D 

PA gels, an appropriate culture vessel was needed.  2D PA gels were fabricated on top 

of 12mm circular coverslips, but when cells were seeded on top of the gel seated on the 

bottom of a well plate, most of the cells fell off the gel onto the surface of the well plate, 

since the well plate area was greater than the area of the 12mm circular coverslip.  

Therefore, it was necessary to fabricate a modified well plate that would allow the 12mm 

coverslip to tightly fit and lead to cell interaction with the 2D gel surface.  The surface 

area of the coverslip was approximately 1.13cm
2
, slightly less than 1.9cm

2
, surface area 

of a well of a 24 well plate.  Polydimethylsiloxane (PDMS), a commonly used silicon-

based organic polymer, was used to fabricate a custom well within the wells of a 24 well 

plate to fit the 2D PA gels.  A 12 mm circular template was first placed within the wells 

of the 24 well plate.  Millicell-CM Cell Culture Inserts of filter diameter of 12mm 

(Millipore) were used as templates.  PDMS (Sylgard 184 Silicone Elastomer Kit) was 

purchased from Dow Corning in separate containers of the monomer and the curing 

agent.  Monomer and curing agent were mixed at a 10:1 volume ratio and vigorously 

mixed.  The mixture was then placed in a vacuum chamber for 1-2 hours at room 

temperature to remove bubbles.  Once bubbles were removed, the mixture was removed 

from the vacuum chamber and pipetted onto the well plate around the 12mm circular 

templates.  Then, the mixture was allowed to settle and cure overnight at room 

temperature before the template was removed to leave behind circular wells of 12mm 
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diameters within the 24 well plate.  The fabricated 2D PA gels were carefully placed 

within these wells using forceps before gels were modified with bDLL4. 

4.2.8 bDLL4 Immobilization on Surfaces 

bDLL4-coated 48 well plates were prepared as described in the previous chapter 

by first coating with streptavidin, then followed by bDLL4.  bDLL4-coated 2D 

polyacrylamide gels were prepared as described in the previous chapter as well.  2D PA 

gels were modified with streptavidin-SANPAH, then placed within the PDMS wells 

fabricated as described in the previous section.  The gels were then incubated with no 

ligand, 2 µg/mL or 10 µg/mL bDLL4 overnight at 4ºC.  Unbound ligands were washed 

off by PBS washes before cell seeding.   

4.2.9 Mouse Bone Marrow Hematopoietic Progenitor Cell Isolation and Culture 

T lineage precursor frequency among bone marrow progenitor cells that are 

lineage (lin) -, c-Kit+, and sca-1 + are known to be very high [102].  Moreover, in vitro 

T cell differentiation in OP9-DL1 coculture and with DLL1-coated plates have been 

successful with bone marrow-derived lin-c-Kit+sca1+ progenitor cells [48,63].  

Therefore, we chose to use this cell population as the starting population for testing the 

ability of the 2D PA gel system to support T lineage commitment.  Primary mouse 

hematopoietic progenitor cells were obtained from 4-6 week old female BALB/c mice 

(Jackson Laboratory).  Mice were euthanized by CO2 and cervical dislocation was 

performed as secondary method to confirm euthanasia.  Mouse skin was removed using 

forceps and scissors and hind legs were removed by cutting the leg bone above the hip 
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joint.  Excess skin was removed from the legs using scissors and also by cleaning with 

Kimwipes.  Then, the femur and tibia were briefly sterilized by dipping in 70% ethanol 

for 1 minute before the bone marrow was exposed.  The femur was cut at the top and the 

bottom, right next to the joint to expose the bone marrow.  Then, the bone marrow was 

obtained by flushing the bone with PBS using a 21 gauge needle-loaded syringe.  Same 

was repeated for the tibia.  Clumps of bone marrow collected from these legs were made 

into single-cell suspensions by suspending with a wider gauge, 16 gauge needle.  Cells 

were pelleted by centrifugation before red blood cells were lysed with a Red Blood Cell 

Lysis Buffer (eBioscience).   

Then, from the total bone marrow population of cells, “lineage positive” cells 

were depleted by using magnetic separation (mouse Lineage Depletion Kit, Miltenyi 

Biotec).  Lineage positive cells indicate mature hematopoietic cells, such as T cells, B 

cells, monocytes, macrophages, granulocytes and erythrocytes.  The lineage depletion 

kit includes magnetic microbeads that could be modified to present antibodies for a panel 

of lineage markers—CD5, CD45R(B220), CD11b, Anti-Gr-1(Ly-6G/C), 7-4, and Ter-

119.  The microbeads were allowed to bind to the bone marrow cell population and 

bead-bound cells were separated from unbound cells in a column under strong magnetic 

field (MACS® LS Cell Separation Columns, MiniMACS™ Separator, Miltenyi Biotec).  

Lineage negative cells were stained with anti-mouse c-Kit APC and anti-mouse sca-1 PE 

antibodies (eBioscience) for further sorting by fluorescence activated cell sorting 

(FACS).   Cells were sorted for c-Kit+sca1+ cells on BD FACS Aria II (Beckton 
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Dickinson) at the Dell Pediatric Research Institute Flow Cytometry Core Facility (Austin, 

TX).   

Sorted lin-c-Kit+sca-1+ cells were seeded on tissue culture well plates and 2D 

polyacrylamide gels at 1000 cells per well.  Cells were cultured in IMDM (HyClone) 

with 20% FBS (Stem Cell Technologies) and cytokine cocktail known to support 

expansion and differentiation of mouse hematopoietic progenitor cells[63].  100 ng/mL 

of human IL-6, human IL-7, human Flt3-L, mouse SCF and 10 ng/mL of human IL-11 

(Peprotech) were added to media.  Fresh cytokines were added to culture every 3 to 4 

days.  Cells were observed for confluency, and were passaged when confluent—usually 

at Day 7. 

4.2.10 Bone Marrow Cell Flow Cytometry Analysis 

Isolated bone marrow lineage negative cells were stained for Notch ligands, 

DLL1 and DLL4, and the Notch 1 receptor.  It was important for us to know how much 

background DLL1 and DLL4 signaling these cells would be undergoing, and whether or 

not they express Notch 1 receptor so that they can receive the signaling from Notch 

ligands.  Bone marrow cells were isolated depleted of mature lineage positive cells as 

described in the previous section.  Isolated lineage negative cells were stained with c-

Kit, sca1, DLL1, DLL4, Notch1 (clones HMN1-12 and 22E5) antibodies in PBS with 2% 

(w/v) FBS, 0.1% (w/v) NaN3 and 2mM EDTA for 30 minutes at 4ºC in the dark.  

Unbound antibodies were washed off by resuspending cells in buffer and centrifuging to 

remove the supernatant.  Cells were resuspended in the same buffer and analyzed by 
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flow cytometry on Accuri flow cytometer (BD Biosciences).  Flow cytometry plots 

generated after analysis with FlowJo software (TreeStar) are plotted in Figure 4.7.  

Gates were determined compared to background staining in cells stained with appropriate 

isotype controls for each antibody.  DLL1, DLL4, and Notch1 staining were analyzed 

for cells gated positive for c-Kit and sca-1 expression.  

4.2.11 RNA Isolation  

Upon ligand binding, intracellular portion of the Notch receptor cleaves, and the 

Notch intracellular domain (Notch IC, ICN), containing nuclear localization signals, 

undergoes nuclear translocation and interacts with a transcriptional co-activator (CoA), 

which displaces a co-repressor complex from interacting with the DNA-binding 

transcription factor CSL (CBF1/RBP-Jκ), ultimately resulting in activation of 

downstream Notch genes (Figure 2.2) [22].  Hes-1, Hes-5, and Hey-1 are some genes 

that have been identified to be transcribed upon ligand-induced Notch activation [29,32].  

Among these, Hes-1 expression has widely been used as a tool to quantify the degree of 

Notch signaling induced by Notch ligands, and have shown ligand-density dependent 

Notch activation in mouse fetal liver lin- c-Kit+ cells, mouse lin-c-Kit+sca-1+ cells, and 

human cord blood CD34+CD38- hematopoietic progenitor cells [13,19,64]. Hes family 

of genes encodes basic helix-loop-helix transcription factors, which mainly function as 

repressors.  Hes-1 is reported as a critical mediator of Notch signaling in T cell 

development and Hes-1 impaired mice show impaired, lagged development of T cells 

through the DN stages [103].   
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RNA isolation was performed using the RNeasy Plus Micro Kit (Qiagen).  3 

hours after seeding, cells were removed from culture by vigorous pipetting with 

additional PBS washes.  Obtained cells were pelleted by centrifuging at 300g for 10 

minutes.  Supernatant was removed and pellet was resuspended in PBS before 

centrifuging again to remove excess protein.  After removing the supernatant again, cell 

pellet was loosened by flicking the centrifuge tube and lysis buffer provided with the kit 

was added to the pellet, in the presence of β-mercaptoethanol (Sigma-Aldrich) as a 

reducing agent to denature any remaining RNases in solution.  Cells were vortexed for 1 

minute before being added to the genomic DNA eliminator column provided with the kit.  

Further purification on the genomic DNA eliminator columns and the MinElute spin 

columns were performed as indicated by the manufacturer to obtain purified RNA in 

water.  RNA concentration was measured using the Quant-iT RiboGreen RNA Reagent 

and Kit (Life Technologies).   

4.2.12 Quantitative Reverse Transcriptase Polymerase Chain Reaction (qRT-PCR) 

RNA isolated from cells seeded on ligand-coated plate and 2D PA gels were 

converted to complementary DNA (cDNA) using the Superscript III First Strand 

Synthesis System for RT-PCR (Life Technologies) according to manufacturer’s 

directions.  Briefly, RNA was diluted in RNase free water to equal concentrations first 

allowed to bind with oligo-dT primer at 65ºC for 5 minutes.  Then, RNA was converted 

to cDNA with reverse transcriptase enzyme in appropriate buffer and the RT reactions 
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were performed at 50ºC for 50 minutes, followed by 85ºC for 5 minutes. Unconverted 

RNA was removed by incubating with RNase H for 20 minutes at 37ºC. 

Quantitative real time PCR was performed using an ABI Prism® 7900HT Real 

Time PCR System and RT
2
 SYBR Green/ROX qPCR Mastermix (SA Biosciences).  

Primers for β actin and Hes-1 were purchased from SA Biosciences.  β actin was used as 

the housekeeping gene to normalize the Hes-1 gene expression data.  The Hot-start Taq 

DNA polymerase was first activated at 95ºC for 10 minutes, then 40 cycles of 95ºC for 

15 seconds and 60ºC for 1 minute were run to repeatedly denature and anneal/elongate 

DNA to amplify cDNA that the primer had bound to. Dissociation (or melting) curve 

program was run for 15 seconds at 95ºC, 15 seconds at 60ºC, then again at 15 seconds at 

95ºC to dissociate the final amplified DNA product to check for specificity of 

amplification. 

qRT-PCR data was analyzed using the Sequence Detection Systems (SDS) 2.4 

software (Applied Biosystems) an d Excel (Microsoft).  Threshold cycle (Ct) values 

were obtained automatically from the SDS software.  The software automatically 

chooses the threshold cycle value to fall within the linear regions of amplification plots of 

all samples.  Primer-specific amplification and contamination was checked by looking at 

the dissociation (melting) curves generated by the software.  In the first derivative 

dissociation curve, presence of double peaks or peaks other than the peaks specifically for 

the primer (around 83ºC for Hes-1, around 86ºC for β-actin) indicated non-specific 

amplification or presence of other DNA, such as genomic DNA.  Wells that resulted in 

such peaks were eliminated from data analysis.  Gene expression fold differences were 



 94 

calculated using the 2
-ΔΔCt

 method [104] with β actin expression level for each sample as 

the control.  First, ΔCt values were calculated by subtracting the Ct value for Hes-1 gene 

by the Ct value for β actin gene.  Then, ΔΔCt values were calculated by subtracting the 

ΔCt value for each sample by the ΔCt value for the experimental control, which was the 

sample of cells that were seeded on tissue culture plate with no bDLL4 coating.  Then, 

the fold change of the Hes-1 expression for each sample relative to the experimental 

control was calculated by calculating 2
-ΔΔCt

.    

4.2.13 Flow Cytometry Analysis of Cultured Cells 

At 9 days after start of cell culture on constructs, cells were harvested for flow 

cytometry analysis of cell surface markers.  Cells were resuspended in PBS with 2% 

(w/v) FBS, 0.1% (w/v) NaN3 and 2mM EDTA.  All incubations and washes were 

performed in the same buffer.  Cells were blocked for nonspecific binding of antibodies 

using anti-mouse CD16/CD32 Fc Block (BD Pharmingen) for 10 min at 4°C.  Cells 

were stained with anti-CD25 Alexafluor 488, anti-Thy1.2 APC, anti-CD44 PE, and 7-

AAD (eBioscience) by incubating with the appropriate antibodies at 4ºC for 30 minutes 

in the dark.  Unbound antibodies were washed off by resuspending cells in buffer and 

centrifuging at 300g for 5 minutes at 4ºC.  Dead cells were excluded by 7-AAD stain 

and isotype controls (eBioscience) were used as negative controls.  Flow cytometry was 

performed on BD Accuri (Beckton Dickinson) and data was analyzed using FlowJo 

software (Tree Star).   
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4.3 RESULTS 

4.3.1 2D polyacrylamide hydrogels were fabricated with rheological properties close 

to that of mouse thymus 

Thin layer polyacrylamide hydrogels were fabricated on amino-silanated glass 

coverslips of 12mm in diameter.  Gels of acrylamide (A) to bis-acrylamide (B) content 

of 10%A0.1%B, 5%A0.05%B, 4%A0.04%B and 3%A0.03%B were fabricated in the 

presence of APS and TEMED.  For mechanical studies, gels were fabricated between 

non-treated glass slides in round silicone wells for easy removal.   

We conducted measurements on the rheometer to characterize the mechanical 

properties of the hydrogels as well as mouse thymus.  Compressive strain measurements 

were initially conducted on electromechanical systems (Instron), but the viscoelastic 

properties of hydrogels and thymus made it difficult to identify an elastic region on the 

stress-strain curve to derive parameters like the elastic modulus to characterize the 

elasticity of the material (data not shown).  Rheology studies were conducted instead.  

Rheology is the study of flow of matter in liquids and also in soft solids [105].  

Viscoelastic material can be characterized by rheological studies, since it “flows” and 

“deforms.”  Hydrogels or thymus were placed between cylindrical plates on the 

rheometer and deformed by applying oscillatory strain in the form of rotation of plates 

relative to one another.  The equipment measures the stress in response to this 

oscillation and the phase difference between the stress and strain that occurs due to the 

viscoelasticity of the material.  From this, the modulus (stress/strain)—the material’s 

resistance to deformation—can determined in two components: storage modulus (elastic 
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portion) and the viscous modulus (flow portion).  Here, we decided to use the storage 

modulus measurements as the parameter for comparing the different materials, as 

indication of the resistance the cell “feels” when in contact with the material.  During 

the measurement, parameters that can be varied are the frequency of this oscillation and 

the range of strain that is applied to the samples.  In order to determine a good frequency 

and strain to measure the storage modulus of “sweeps” at varying frequencies and strains 

were first performed.  We identified regions where the storage modulus stayed linear, or 

constant, and chose to observe storage modulus at 1 Hz frequency and 5% strain (Figures 

4.1 A-B).  The storage modulus was analyzed by software provided by the manufacturer 

(Anton Paar).    

Storage modulus was determined to be approximately 5,100 Pa, 220 Pa, 120 Pa, 3 

Pa, and 110 Pa for 10%, 5%, 4%, 3%, and thymus, respectively (Figure 4.1C).  All 

polyacrylamide gels had bis-acrylamide content of 1/100 of acrylamide content.  These 

results indicated that the 4% PA gel had closest storage modulus to mouse thymus, and 

other gels were stiffer or softer.  For later studies, 4% gel was chosen as a condition that 

would mimic the mechanical properties of the thymus.  10% gel was chosen as another 

PA gel condition whose mechanical properties would fall between that of the 4% gel and 

polystyrene well plate.  The softer 3% gel was excluded due to its softness that resulted 

in difficulty in handling, and 5% gel was excluded to reduce the number of conditions for 

experiments since its mechanical properties were close to that of the 4% gel.   
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4.3.2 2D polyacrylamide hydrogels were modified to present biotinylated ligands at 

varying ligand densities 

2D polyacrylamide hydrogels have been shown to be able to present collagen at 

varying densities on its surface by either passive adsorption of collagen or by sulfo-

SANPAH modification of the surface of gel followed by reaction with collagen [15,101].  

Similarly, 2D PA gels were modified to present biotinylated ligands at varying densities. 

Streptavidin was modified with sulfo-SANPAH by reacting sulfo-SANPAH with amine 

groups on streptavidin to produce photo-reactive streptavidin-SANPAH.  Then, 

streptavidin-SANPAH was immobilized onto the surface of the PA hydrogel under UV 

light.  Figure 4.2A shows confocal microscopy image of streptavidin-FITC-SANPAH-

modified surface of a 10% PA gel.  The image confirms immobilization of streptavidin, 

and that the modification occurs only on the surface of the hydrogel, as visualized by the 

cross-sectional images.  The streptavidin-modified hydrogels were then allowed to bind 

biotinylated ligands.  Figure 4.2B shows a similar confocal microscopy image of 

unlabeled streptavidin-modified PA gel incubated with biotin-BSA-FITC.  Similarly, 

the image confirms binding of biotin-BSA-FITC and that the binding occurs evenly 

throughout, but only on the surface of the hydrogel.  It also confirms that the bioactivity 

of streptavidin to bind to biotin is maintained through chemical and photo-chemical 

modification steps.   

Studies on DLL-coated hard surfaces indicate that there is a dependency of the 

magnitude of Notch signaling and subsequent T cell differentiation on the density of 

presented ligands [13,64].  Also, reports on polyacrylamide substrates with various 
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stiffness and various densities of immobilized collagen indicate that smooth muscle cells 

remain relatively insensitive to ligand density on soft substrates [15].  In order to study 

the effects of substrate stiffness and immobilized Delta ligand density on Notch 

signaling, we varied and measured the immobilized ligand density on fabricated 2D PA 

hydrogels and compared to that on hard plastic surfaces.  Hard plastic well plates were 

first coated with streptavidin at varying densities, as reported in Figure 4.3A.  

Streptavidin coating concentration of 10 µg/mL, or 1.9 pmol/cm
2
 was used for all later 

studies.  Streptavidin density was kept constant and density of biotinylated ligands were 

varied by incubating streptavidin-coated wells with different concentrations of 

biotinylated ligands.  Density of biotin-BSA-FITC at different concentrations are plotted 

in Figure 4.3B.  Biotinylated ligand densities of 0.96 pmol/cm
2
 and 2.9 pmol/cm

2
 with 

2 µg/mL and 10 µg/mL respective starting concentrations were used for later gene 

expression and differentiation experiments.   

Density on 2D PA gels were determined in similar ways as in hard plastic well 

plates.  FITC-labeled streptavidin-SANPAH was immobilized onto PA gels at varying 

concentrations and unbound streptavidin-FITC was quantified.  Results indicate that 

streptavidin density could be varied from 0.82 pmol/cm
2
 to 12.6 pmol/cm

2
 with 

streptavidin initial concentrations ranging from 1 µg/mL to 10 µg/mL.  Streptavidin 

density of 5.8 pmol/cm
2
 with initial incubation concentration of 5 µg/mL was used as a 

fixed density of streptavidin for later experiments.  Density of biotinylated ligand was 

determined for PA gels modified with unlabeled streptavidin-SANPAH.  3%, 4%, and 

10% PA gels were incubated with 2 µg/mL and 10 µg/mL biotin-BSA-FITC and 
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immobilized approximately 2.5 pmol/cm
2
 and 10 pmol/cm

2
 biotinylated ligands, 

respectively.  No significant differences in ligand density existed for gels of different 

stiffness for the same incubation concentration.   

4.3.3 The effect of ligand-induced activation of Notch signaling varies with stiffness 

of material 

DLL4 was chosen as immobilized Notch ligand, since reports indicate that DLL4 

is the indispensable necessary factor that supports T cell differentiation in vivo, and has 

also shown ability to support differentiation in vitro [35,36].  DLL4 was not 

commercially available in biotinylated form, and was biotinylated in the laboratory using 

Biotin-XX Microscale Protein Labeling Kit (Life Technologies).  Unreacted biotin was 

removed from the reaction and DLL4 concentration was determined by absorbance 

reading.  Reaction efficiency was fairly low, with yields ranging from 30 to 60%, 

largely due to loss while purification.  However, unreacted, free biotin could interfere 

with bDLL4 binding to streptavidin due to competitive binding, so purification step was 

performed despite low yield.  Since bioactive Notch ligands are known to inhibit 

differentiation of C2C12 myoblasts into myotubes, C2C12 myotube inhibition assay was 

performed to confirm bioactivity of reacted DLL4.  Figure 4.5 shows myotube 

formation in the absence of DLL4 (A), while no myotube formation is observed for plates 

coated with unreacted DLL4 and bDLL4 (B and C).  Bioactivity of bDLL4 to trigger 

Notch signaling was also confirmed in luciferase assay performed in Chapter 3 (Figure 

3.4).   
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Mouse bone marrow cells depleted of lineage positive cells were sorted for the 

population positive for both c-Kit and sca-1 markers.  These lin-c-Kit+sca-1+ cells, also 

known as LSK cells, have widely been used as starting hematopoietic progenitor cell 

population in the mouse system for T cell differentiation [13,48].  T lineage precursor 

frequency among these cells is also known to be very high [102].  These lin-c-Kit+sca-

1+ cells were stained with DLL1, DLL4, and Notch1 antibodies of two different clones to 

look for expression of Delta ligands and the Notch receptor (Figure 4.7).  The 

hematopoietic progenitor cells expressed some levels of DLL1, DLL4 indicating that 

background HPC-to-HPC Notch signaling may be present in addition to the Notch 

signaling provided from an outside source.   Notch1 expression levels were also 

detected, indicating that there were cells with Notch1 receptors that could receive 

signaling from an exogenous source of Delta ligands.  These results are in agreement 

with literature that reports that a more specific subset of the T lineage progenitor cells 

with high T lineage specification potential express high levels of Notch1 detected by 

staining with soluble Notch ligand DLL1 [106].   

Hes-1 mRNA expression levels in these cells seeded on uncoated and ligand-

coated plate and gel surfaces were quantified by quantitative RT-PCR and plotted in 

Figure 4.8.  All ligand-coated conditions for plate and 2D gel systems had significant 

levels of Hes-1 gene expression levels from cells seeded in uncoated plate condition 

except for the high density condition in 4% gels.  The 4% gel, on the other hand, 

showed activation of Hes-1 even in absence of ligand immobilization (Table 4.1).  This 

analysis was confirmed when the effect of ligand in each systems were analyzed—it 
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appeared that the presence of ligand had a significant effect on signaling in plate and 10% 

gel systems, but not in 4% gel (Table 4.2).  The variable of the system itself was 

analyzed in Table 4.3.  At the no ligand condition, differences existed between the plate 

and 4% gel condition.  At 2 µg/mL coating concentration, no differences existed 

between the different systems.  For the high density, 10 µg/mL coating concentration, 

the plate system had significantly higher level of Hes-1 gene expression than the two gel 

systems.  There was no detectable significant density dependency in the plate and 10% 

gels, but the stiffer plate had higher activation. 

4.3.4 Ligand-activated Notch signaling is able to drive differentiation of HPCs into 

early T cells in soft material systems 

As thymocytes develop in the thymus, they undergo stages of differentiation 

marked by cell surface markers indicating DN1 through DN4 stages, DP stage and SP 

stage [22].  Zúñiga-Pflücker’s group showed differentiation of mouse cells into 

CD4+CD8+ DP cells in OP9-DL1 coculture, while Bernstein’s group reported 

differentiation of mouse cells into Thy1.2+CD25+ cells on DLL1-coated plates in 

stroma-free culture [13,48,51,63].  The Habu group report Thy1.2+CD25+ cells at 

earlier timepoints and CD4+CD8+ DP cells at later timepoints of fetal liver-derived lin-c-

Kit+ progenitor cells cultured in presence of DLL-expressing stromal cells [19].  Taqvi 

et al. report the generation of Thy1.2+ early T cells from HPCs grown with DLL4-

immobilized microbeads in insert culture without direct contact with OP9 cells grown 

underneath [14].  We have observed that HPCs did not show any expansion or 

differentiation on bDLL4-coated plates or PA gels when grown in OP9 conditioned 
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media or in insert culture, receiving soluble factors from OP9 cells, with added SCF and 

IL-7 (data not shown).  Therefore, instead, we cultured HPCs in the defined cytokine 

cocktail as described by Varnum-Finney et al. that had shown ability to support 

expansion of HPCs as well as early T lineage commitment [63].  Cells were first 

analyzed for Thy1.2+ stain, as indicative of early T cell differentiation, as reported earlier 

by Taqvi, et al [14].  Distinct Thy1.2+ cells were observed in most conditions, more so 

in the 10% and 4% PA gels (Figure 4.9).  Surprisingly, level of Thy1.2+ cell generation 

for each systems did not differ much between no ligand and ligand-immobilized systems.  

Since Thy1.2 known to be expressed at low levels in some bone marrow hematopoietic 

progenitor cell populations, expression of Thy1.2 alone was not adequate to indicate T 

lineage commitment.  Cells were analyzed for Thy1.2+CD25+ population, which is 

indicative of the DN population in DN2 and DN3 stage that has gone past the Notch-

driven DN1 to DN2 advancement.  Varnum-Finney et al. have not shown further 

differentiation of these cells into CD4+CD8+ cells, indicating that some other soluble 

factors may be required in addition to the defined media to drive further differentiation.   

Day 9 differentiation data as plotted in Figure 4.10 show generation of a small 

population of Thy1.2+CD25+ in most conditions with immobilized bDLL4.  Although 

at a low percentage, a distinct population appears in the flow cytometry plot, indicating 

cell population with high, distinct expression of Thy1.2 and CD25.  A higher percentage 

of Thy1.2+CD25+ cells seem to have generated for higher ligand density conditions 

compared to lower density conditions. 
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4.4 DISCUSSION 

Chapter 4 reports the fabrication of 2D polyacrylamide hydrogels with 

comparable mechanical properties as the thymus (Figure 4.1) as a platform for studying 

the effect of mechanical stiffness of cell culture substrate on ligand-induced signaling and 

cell fate.  Elasticity of a material is its property to return to its original shape after 

deformation and is usually described by the elastic modulus, or Young’s modulus, that is 

the ratio between stress and strain and describes its “stiffness”.  Therefore, in the context 

of what cells “feel” in their microenvironment,  elasticity of the material composing the 

microenvironment is the resistance a cell “feels” when it applies a certain force to the 

material and deforms it [68].  Growing evidences show that mimicking elastic properties 

of tissue in vitro supports commitment of cells into lineage specific for that tissue 

[68,69,107].  Polyacrylamide hydrogels were chosen as the material for this study in the 

context of Notch signaling and T cell differentiation because of the ease of fabrication in 

various elasticity ranges by adjusting the concentration [108].  Modulus of elasticity of 

polyacrylamide hydrogels at different acrylamide-to-bis-acrylamide ratios have been 

characterized extensively by atomic force microscopy by Tse et al. [101].  The 

measured modulus of elasticity reported for 10%A0.1%B gels was 34.88 kPa, and for 

3%A0.03%B 0.20 kPa [101].  The modulus of elasticity for the other compositions of 

PA gels or for the thymus was not available through literature.   

The viscoelasticity of PA gels and mouse thymus made it difficult to measure 

elasticity by methods such as instron measurements.  Measurements on a rheometer 

allowed us to obtain data on elasticity and viscosity of material calculated as the storage 
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and loss modulus.  Observed storage modulus values reported in Figure 4.1 were in the 

range of storage modulus values reported in literature for polyacrylamide gels.  Yeung 

et al. reported storage modulus values of 2 to 50,000 Pa for PA gels with 3% up to 12% 

acrylamide with varying bis-acrylamide content [109].  These gels allowed us to mimic 

the thymic microenvironment in terms of matrix elasticity more closely than in 

polystyrene plates, whose elasticity is in the order of gigapascals (GPa), several orders of 

magnitude greater than that of natural thymus tissue [110].  Rheology measurements for 

the thymus were done on the bulk thymus lobe, assuming that the bulk rheological 

measurements would be close to what the thymocytes “feel” in the thymic epithelial cells.  

Studies comparing rheological measurements of bulk central nervous system (CNS) 

tissue with scanning electron microscope measurements of individual cells indicated that 

measured storage and loss modulus values were in good agreement with each other [111].  

We also report the surface modification of these hydrogels with streptavidin to 

allow presentation of biotinylated ligands to cells.  Streptavidin was chosen to the 

binding molecule that was immobilized onto the PA to provide binding of biotinylated 

ligands, since streptavidin-biotin is one of the highest affinity binding interaction between 

two molecules (Kd ~10-
14

 mol/L) [112].  Biotinylated ligands are also easily available 

or ligands can be easily biotinylated and use of a linker protein such as streptavidin may 

allow more uniformity in the orientation of ligand presentation.  The UV-based 

crosslinking step can also only be applied to streptavidin-SANPAH and not to actual 

ligands that may be easily denatured under UV light.  The ligand binding assays showed 

that ligand binding only occurs on the surface of hydrogel (Figure 4.2), and that the 
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density of presented ligands could be carefully controlled by changing the initial 

incubation concentrations of either streptavidin or biotinylated ligands (Figure 4.4).  It 

can also be inferred that the ability for one streptavidin molecule to three biotin 

molecules allows immobilization of biotinylated ligands at higher molar densities than 

the molar density of streptavidin.  The density of biotinylated ligands in 2D PA gels 

were observed to be similar to that in 2D plates, with slightly higher molar densities.  

2D PA gels incubated with the lower concentration of biotin-BSA, 2 µg/mL, yielded 

comparable ligand density (2.9 pmol/cm
2
) to wells of 48 well plate incubated with 10 

µg/mL (2.5 pmol/cm
2
).   

In this Chapter, we further report that activation of downstream Notch gene, Hes-

1, in bone marrow-derived hematopoietic progenitor population (lin-c-Kit+sca-1+) when 

seeded on these substrates, occurs to varying degrees depending on the ligand density and 

substrate stiffness.  Some levels of Notch1 receptors were detected in these cells 

(Figure 4.7), indicating that Notch signaling may occur, although higher expression of 

Notch1 may yield larger fold differences in Hes-1 gene expression, and a more sensitive 

assay.  However, when compared to other cells like C2C12 myoblasts or Notch1-

transfected cell lines, ligand-induced fold differences in Hes-1 gene expression in stem 

cells are observed in this study as well as reported in literature to be fairly low, in the 

range of 1-3 fold compared to controls [13].  Expression of other downstream Notch 

genes such as Hes-5 or Hey-1 usually appeared lower than Hes-1 in other cell lines, and 

not at a detectable level in these progenitor cell populations (data not shown).  High 

variability in expression especially in the gel-seeded samples were observed and not 
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easily reduced, probably due to the lower homogeneity of environment in gels compared 

to plates.  The limitation in the number of progenitor cells—only about 0.05% of total 

bone marrow—resulted in small quantity of RNA that the assay was performed with, 

which may contribute to the high variability in results.   

Despite limitations of the assay, fold changes in Hes-1 gene activation were 

observed in the plate and gel systems (Figure 4.8).  Ligand-induced activation was 

observed in plate and 10% gel condition, although differences in activation for different 

ligand densities were not significant (Table 4.2).   However, ligand-induced activation 

was not evident in the soft 4% gel (Table 4.2).  Instead, the 4% gel itself seemed to 

have higher basal level of Hes-1 gene expression than the uncoated plate (Table 4.1).  

This suggests that there may exist a mechanically-induced activation of Notch.  Such 

concept has yet been reported in the literature in the context of T lineage commitment.  

However, studies show modulation of Notch/CBF-1 signaling pathway by cyclic strain in 

endothelial cells and by cyclic stretch in vascular smooth muscle cells, suggesting that 

mechano-sensing mechanism in Notch activation may exist [113,114].   

In agreement with our observation that ligand-dependency of Notch activation 

was not observed in the soft gel, Engler et al. report that aortic smooth muscle cells 

remained insensitive to change in collagen density when seeded on soft substrates, when 

compared to the sensitivity to collagen density observed on stiffer substrates [15].  Such 

observation suggests that substrate elasticity and immobilized ligand density are variables 

that are somehow coupled together.  Immobilization of ligands onto a surface means 

that the surface exerts a force that holds the ligand in place, even during the ligand’s 
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interaction with its receptor.  Change in elasticity of that surface may mean difference in 

the force with which these ligands are held in place, or the resistance that the receptor 

“feels” when it binds to its ligand.  Hence, softer substrates may exert less of this force, 

or resistance, during receptor-ligand binding and induce differences in binding avidity or 

downstream signaling.  Closer observation of our data indicate that the harder 10% gel 

induced Hes-1 gene activation with ligand immobilization, but expression level at higher 

density in plate (~3 pmol/cm
2
) was higher than in the 10% gel, even though the actual 

ligand density was less than that on the 10% gel (~13 pmol/cm
2
) (Figure 4.8).  

Therefore, it can be concluded from our data that ligand-induced Notch signaling was 

negligible or less in softer substrates than in harder substrates.  The immobilization 

requirement of Delta ligands to activate Notch signaling also suggests that mechanical 

resistance or elasticity may play a role in activation.  Reports indicate that soluble Delta 

ligands do not activate Notch signaling but rather, inhibit signaling, indicating that 

ligands on substrates that are soft enough may exhibit behaviors closer to that of soluble 

ligands than immobilized ligands [62].  This mechanical resistance, or pulling on Notch 

receptor by Notch ligands, is also suggested by Mohtashami et al. as the mechanism by 

which DLL4 activates stronger levels of Notch signaling since DLL4 has higher avidity 

binding than DLL1 [36].  Rheological studies indicated that the 4% PA gel had similar 

elasticity to the thymus, yet 4% PA gels failed to yield ligand-induced Notch activation.  

Rheological studies somewhat reveal the elasticity of the surface of the gel and the 

thymus, but in ligand-receptor interactions on a surface, the bulk surface properties of the 

material may not be truly indicative of what the cell “sees” or what the receptor “sees”.  
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The actual avidity or strength of ligand-receptor interactions may be influenced by the 

bulk mechanical properties, but needs to be further studied.   

We report the generation of Thy1.2+ cells at higher percentages in both 10% and 

4% PA gels than in the plate, with or without DLL4 (Figure 4.9).  Thy1.2 is a pan-T 

cell marker, but is known to be also expressed in some hematopoietic stem/progenitor 

populations.  Therefore, we concluded that Thy1.2 stain alone may not be enough to 

indicate early T lineage commitment, but rather indicate generation and/or expansion of a 

progenitor cell population on soft substrates, in a similar manner with a report that 

indicated HSC expansion on elastic biomaterial [16].  Since the cell surface marker 

CD25 indicates a switch from DN1 to DN2 stage, triggered by Notch signaling, CD25 

expression in addition to Thy1.2 expression has been used to report early T lineage 

generation [13,19,63,64].  We report the generation of Thy1.2+CD25+ early T lineage 

cells on bDLL4-immobilzed hard plates and soft PA gels (Figure 4.10).  Day 9 staining 

data show the generation of a small but distinct population of Thy1.2+CD25+ cells, 

indicative of cell that have passed the DN1 to DN2 checkpoint, during which Notch 

activation is required.  This population is generated in the plate, 10% PA and 4% PA 

gels with high ligand density, and some in the lower densities as well.  This data 

indicates that activated Notch signaling in the gels were able to induce T lineage 

commitment of HPCs, in comparable levels to that in the plate system.  It is interesting 

to note that no detectable level of Notch signaling was detected by RT-PCR in the high 

bDLL4 density condition for the softer 4% gel, but generation of T lineage cells was 

observed.  This suggests that although Notch activation levels were below detection 
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levels, but still enough to induce some degree of T lineage commitment.  It is possible 

that the mechanical stiffness of the substrate may have some effect on T lineage 

commitment of HPCs independent of ligand-induced Notch activation, allowing T 

lineage commitment despite low levels of Notch activation.  High levels of Thy1.2+ 

single positive cells were detected in most conditions, more so in the PA gel conditions 

with and without DLL4, but most of these cells were CD44+CD25-, indicating that they 

have not proceeded to the DN2 stage.   

In this Chapter, we have fabricated 2D polyacrylamide gels that allowed studies 

of Notch signaling and T lineage commitment of HPCs in substrates of different stiffness.  

Our data suggest that Notch ligand-immobilized softer substrates may inhibit ligand-

induced Notch signaling but still support T lineage commitment.  Further studies in 

wider range of substrate stiffness and ligand density may result in more data that can 

provide an insight in the mechanobiology of Notch signaling and T cell commitment.    
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Figure 4.1 Rheology studies of polyacrylamide hydrogels and mouse thymus 

Measurements of storage modulus for polyacrylamide hydrogels and mouse thymus were 

made using a rheometer.  Frequency sweeps (A) and strain sweeps (B) were performed 

and storage modulus at frequency of 1 Hz and strain of 5% are reported in C.   
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Figure 4.2 2D polyacrylamide hydrogel confocal microscopy 

2D polyacrylamide hydrogels were fabricated with 10% acrylamide and 0.1% bis-

acrylamide in the presence of TEMED and ammonium persulfate on amino-silanated 

glass coverslips.  (A) Streptavidin-FITC or (B) streptavidin was modified with sulfo-

SANPAH.  Hydrogel surfaces were modified with the reacted streptavidin under UV 

light.  Hydrogels were visualized under confocal microscopy.  For figure (B), 

streptavidin-modified hydrogels were incubated with biotin-BSA-FITC and visualized.  

Figures show fluorescence on the plane of the surface of the hydrogel (left, large image), 

and cross-sections of hydrogels (top right, bottom left) that show surface modification. 
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Figure 4.3 Density of streptavidin and biotinylated ligand on tissue culture plates. 

Polystyrene 48 well plates were coated with (A) streptavidin at 1, 5, and 10 µg/mL 

streptavidin-FITC for 30 minutes at 37ºC.  Unbound streptavidin were collected and 

quantified using a fluorometer.  (B) To quantify the density of bound biotinylated 

ligands, polystyrene 48 well plates were first coated with non-labeled streptavidin at 10 

µg/mL using method described above, blocked and incubated with biotinylated BSA-

FITC at 2, 5, and 10 µg/mL for 2 hours at 37ºC.  Unbound biotin-BSA-FITC was 

collected in washes and quantified.  
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Figure 4.4 Density of streptavidin and biotinylated ligand on 2D polyacrylamide 

hydrogels 

2D polyacrylamide hydrogels were fabricated with acrylamide and bis-acrylamide in the 

presence of TEMED and ammonium persulfate on amino-silanated coverslips.  (A) 

Streptavidin-FITC or (B) streptavidin was modified with sulfo-SANPAH and 

immobilized onto the surface of the hydrogel under UV light.  (A) Unbound 

streptavidin-FITC was washed off the gels and quantified or (B) hydrogels were 

incubated with 2 µg/mL (light grey) or 10 µg/mL (dark grey) biotin-BSA-FITC overnight 

at 4ºC.  Unbound biotin-BSA-FITC was washed off and quantified and reported in (B). 
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Figure 4.5 C2C12 Myotube Assay for bDLL4 Bioactivity.  

Myotube formation is inhibited in the presence of biotinylated DLL4. 10x objective 

phase contrast images were taken on C2C12 cells incubated for 6 days on tissue culture 

plates coated with (a) 0 μg/mL DLL4, (b) 2.5 μg/mL DLL4, and (c) 2.5 μg/mL 

biotinylated DLL4. Arrows indicate myotube formation. 
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Figure 4.6 Bone marrow cell sorting 

Bone marrow cells were obtained from femur and tibia of 4-6 week old BALB/c mice.  

Lineage positive cells were depleted by magnetic bead separation and resulting lineage 

negative cells were stained with c-Kit APC and sca-1 PE antibodies and sorted with 

FACS Aria II.  Forward versus side scatter plots of these cells, and c-Kit-APC versus 

sca-1 PE plots are shown below.  Cells that were positive for both c-Kit and sca-1 were 

gated (red box) and sorted. 
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Figure 4.7 Bone Marrow c-Kit sca-1 Staining 

Mouse bone marrow lineage negative cells were stained with c-Kit, sca-1 and (A) DLL4, 

(B) DLL1, (C) Notch1 (clone: HMN1-12) and (D) Notch1 (clone 22E5).  Expression 

levels (blue) are shown population of cells that stained positive for c-Kit and sca-1.  

Gates were drawn based on background staining in appropriate isotype controls (red).   
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Figure 4.8 Hes-1 Gene Expression 

Hes-1 gene expression was measured by quantitative RT-PCR on mouse bone marrow 

lineage negative c-Kit+ sca-1+ cells 3 hours after seeded on uncoated and bDLL4-coated 

tissue culture plate (black), 10% acrylamide 0.1% bis-acrylamide (dark grey), and 4% 

acrylamide 0.1% bis-acrylamide (light grey) 2D polyacrylamide gels.  Systems were 

coated with bDLL4 at 2µg/mL and 10µg/mL concentrations, which resulted in indicated 

pmol per cm
2
 ligand density.  Hes-1 gene expression calculated using the 2

-ΔΔCt 
method 

was normalized against the first sample—cells seeded on plate with no ligand.  

Statistically analysis of the data for various variables is shown in Tables 4.1-4.3.  
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Table 4.1 Students’ t test of Hes-1 Gene Expression: Ligand-coated Plate and 2D Gel 

versus No Ligand Control. 

Student’s t test analysis of differences in 3 hour Hes-1 expression levels as indication of 

Notch activation in mouse bone marrow lineage negative c-Kit+ sca1+ cells: Statistical 

significance of differences compared to plate, no ligand control are reported as p values.  

P values less than 0.05 are highlighted. 

 

P
la

te
 No ligand - 

2 µg/mL p<0.05 

10 µg/mL p<0.05 
1
0
%

 No ligand p>0.05 

2 µg/mL p<0.05 

10 µg/mL p<0.05 

4
%

 No ligand p<0.05 

2 µg/mL p<0.05 

10 µg/mL p>0.05 
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Table 4.2 Students’ t test of Hes-1 Gene Expression: Effect of Ligand in Plate and 2D 

Gel Systems 

Student’s t test analysis of differences in 3 hour Hes-1 expression levels as indication of 

Notch activation in mouse bone marrow lineage negative c-Kit+ sca1+ cells: Statistical 

significance of differences of each plate, 10% PA gel, 4% PA gel system within 

themselves for different ligand densities—no ligand, 2 µg/mL, 10 µg/mL bDLL4 

incubation.  P values less than 0.05 are highlighted. 

 

P
la

te
  

Plate 

 
No Ligand 2 µg/mL 10 µg/mL 

No ligand - p<0.05 p<0.05 

2 µg/mL p<0.05 - p>0.05 

10 µg/mL p<0.05 p>0.05 - 

1
0
%

  
10% 

 
No Ligand 2 µg/mL 10 µg/mL 

No ligand - p<0.05 p<0.05 

2 µg/mL p<0.05 - p>0.05 

10 µg/mL p<0.05 p>0.05 - 

4
%

 

 
4% 

 
No Ligand 2 µg/mL 10 µg/mL 

No ligand - p>0.05 p>0.05 

2 µg/mL p>0.05 - p>0.05 

10 µg/mL p>0.05 p>0.05 - 
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Table 4.3 Students’ t test of Hes-1 Gene Expression: Effect of Plate and 2D Gel System 

at Various Ligand Densities. 

Student’s t test analysis of differences in 3 hour Hes-1 expression levels as indication of 

Notch activation in mouse bone marrow lineage negative c-Kit+ sca1+ cells: Statistical 

significance of differences of each plate, 10% PA gel, 4% PA gel system within 

themselves for different ligand densities—no ligand, 2 µg/mL, 10 µg/mL bDLL4 

incubation.  P values less than 0.05 are highlighted. 

 

N
o

 L
ig

a
n

d
 

  Plate 10% 4% 

Plate - p>0.05 p<0.05 

10% p>0.05 - p>0.05 

4% p<0.05 p>0.05 - 

2
 µ

g
/m

L
   Plate 10% 4% 

Plate - p>0.05 p>0.05 

10% p>0.05 - p>0.05 

4% p>0.05 p>0.05 - 

1
0
 µ

g
/m

L
   Plate 10% 4% 

Plate - p<0.05 p<0.05 

10% p<0.05 - p>0.05 

4% p<0.05 p>0.05 - 
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Figure 4.9 Day 9 Differentiation of Bone Marrow Lin-c-Kit+sca-1+ Cells—Thy1.2 Stain 

Mouse bone marrow lin-c-Kit+sca-1+ cells were seeded on streptavidin-modified 48 well 

plate, 10%, and 4% PA gels with no ligand, 2 µg/mL bDLL4, and 10 µg/mL bDLL4.  

Cells were cultured for in presence of 100 ng/mL hIL6, hFlt-3L, mSCF, hIL7 and 10 

ng/mL hIL11.  Plate cultures were passaged once at day 7 to prevent overconfluency.  

Cells were harvested at day 9 and stained with antibodies for cell surface markers.  

Thy1.2 cells are highlighted shown belowas indication of early T lineage cells.  Gating 

was performed compared to isotype controls. 

 

 
  



 122 

Figure 4.10 Day 9 Differentiation of Bone Marrow Lin-c-Kit+sca-1+ Cells—

Thy1.2+CD25+ Stain 

Mouse bone marrow lin-c-Kit+sca-1+ cells were seeded on streptavidin-modified 48 well 

plate, 10%, and 4% PA gels with no ligand, 2 µg/mL bDLL4, and 10 µg/mL bDLL4.  

Cells were cultured for in presence of 100 ng/mL hIL6, hFlt-3L, mSCF, hIL7 and 10 

ng/mL hIL11.  Plate cultures were passaged once at day 7 to prevent overconfluency.  

Cells were harvested at day 9 and stained with antibodies for cell surface markers.  

Thy1.2+CD25+ cells are shown in the upper right quadrant as indication of early T 

lineage cells. Gating was performed compared to isotype controls. 
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CHAPTER 5 

Notch Signaling and T Cell Differentiation in Notch Ligand-Presenting 

3D Inverse Opal Hydrogel Scaffolds  

5.1 INTRODUCTION 

Chapter 4 and Chapter 5 reported fabrication of Notch ligand-immobilized 

magnetic microbeads, liposomes, and 2D hydrogel surfaces and quantitative analysis of 

Notch signaling in these systems, as well as T cell differentiation in the 2D hydrogel 

system.  In this Chapter, we introduce another system—3D scaffold based system—for 

immobilization and presentation of ligands and report fabrication and study of Notch 

signaling in the system and aim to provide some insight into the 3D-based ligand 

presentation system.  

3D scaffold-based cultures promote cell-cell and cell-material interactions, 

maintenance of physiological cellular morphologies and provide mechanical support [72].  

In advancement from simple 2D systems that allow control over individual variables of 

the substrate, 3D scaffolds allow more biomimetic reconstruction of the natural tissue 

[66].  It is also suggested that key factors that influence differentiation of stem cells in 

2D substrates may not yield the same results when presented in 3D [18].  For instance, 

lower ligand densities in 3D may be enough to trigger similar level of Notch signaling as 

in 2D, since cells are exposed to a microenvironment that fully surrounds them, in 

contrast to 2D platforms, where cells are only exposed to a flat surface on one side [66].   

Recently, there have been reports of the use of 3D scaffolds for culture of 

hematopoietic stem and progenitor cells in vitro.  Leisten et al. report that 3D co-culture 
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of hematopoietic progenitor cells with mesenchymal stem cells in collagen scaffolds 

enabled expansion of undifferentiated stem cells and primitive lineage commitment in 

distinctly generated sites in the scaffold [74].  Furthermore, 3D scaffold cultures have 

been shown to support expansion of cord blood-derived hematopoietic progenitor cells in 

cytokine-free culture, with and without stromal cell support [73,75]. There is less 

emphasis on differentiation of hematopoietic stem and progenitor cells in 3D scaffold-

based cultures into more mature blood cell types like T cells.  

In this Chapter, we report the development of a porous inverse opal scaffold that 

not only provides a 3D mechanical support for stem cell differentiation, but also can 

provide specific ligands, e.g. Notch ligands or MHC molecules, to stem cells inn an 

artificial thymic niche that supports differentiation into mature, therapeutic T cells. 

Inverse opal structures 3D structures with an ordered, monodisperse arrangement of 

spherical pores that have been recently started being used for cell seeding purposes. 

Irvine and colleagues have successfully seeded immune cells within these inverse opal 

hydrogels to promote immune cell migration [76]. The inverse opal scaffold not only 

provides porosity for nutrient and waste transport, but also has uniformity in its pore sizes 

that has made it possible to quantitatively predict the diffusion characteristics and cell 

distribution profiles within these scaffolds [77,78]. The polymer architecture is also 

easily modifiable to incorporate factors that need to be immobilized or sequestered for 

cell signaling [76]. Efforts have been made to utilize these structures to support stem cell 

differentiation. Kotov and colleagues have generated B cells by culturing human HSCs in 

a porous polyacrylamide scaffold of a similar architecture [79], and have also shown 
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possibility of early, immature T cell differentiation from human HSCs on DLL1-coated 

inverse opal hydrogels [80].  However, studies on Notch signaling in 3D or efficiency of 

differentiation or generation of functional T cells have not yet been observed.   

In this Chapter, inverse opal (IO) hydrogel scaffolds were fabricated from 

poly(ethylene glycol).   Rheological studies were conducted on PEGDA used to 

fabricate IO scaffolds and compared to that of 2D PA gels fabricated in Chapter 4 and 

mouse thymus.  The IO scaffolds were modified with biotin or protein A to enable 

binding of streptavidin of IgG (Fc region).  Successful modification biotin and protein A 

to enable incorporation into scaffolds was confirmed by MALDI-TOF and HPLC.  

Binding of ligands to the scaffolds was visually confirmed by confocal microscopy.  

Density of ligands could be varied on the scaffolds by varying the concentration of 

binding ligand that scaffolds were incubated in.  Cells were successfully seeded into the 

pores of these scaffolds, as observed by phase contrast and scanning electron microscopy.  

By qRT-PCR quantification of the Hes-1 gene expression, we confirmed that scaffolds 

with different immobilized bDLL4 density were able to trigger Notch signaling at 

different magnitudes.  However, 3D IO scaffold culture was unable to support 

differentiation of mouse bone marrow lin-c-Kit+sca-1+ hematopoietic progenitor cells 

into T cells. 

These results indicate that 3D porous hydrogel scaffolds can be fabricated with 

binding moieties to provide immobilized signaling molecules to seeded cells, and activate 

Notch signaling even at lower ligand densities than in 2D structures.  However, the 

potential of this system to support T lineage specification has to be further studied.  The 
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results, however, provide a platform for studies of different signaling molecules on 

seeded cells and studies on ligand density and orientation in the 3D manner to cells.   

5.2 MATERIALS AND METHODS 

5.2.1 3D Inverse Opal Scaffold Fabrication 

Inverse opal (IO) hydrogel scaffolds were made from poly(ethylene glycol) 

following procedures described by Stachowiak, et al[76].  Briefly, an ordered spherical 

template was made in a PDMS mold adhered to a glass coverslip using monodisperse 

poly(methyl methacrylate) microspheres (Sigma Aldrich), with agitation on an orbital 

shaker.  40% (w/v) Poly(ethylene glycol) diacrylate (PEGDA MW 3400, Glycosan 

Biosystems), with 0.05 wt% Irgacure 2959 (Ciba) was added to the template in PBS and 

centrifuged to infuse between the microspheres.  Ligand immobilization was performed 

on the scaffolds using two methods, or two binding moieties—biotin and protein A, to 

allow binding of biotin via streptavidin linker and binding of IgG or Fc-tagged proteins, 

respectively.   These binding moieties were PEGylated and added to the prepolymer 

solution before UV polymerization. For biotinylated scaffolds, biotin-PEG-acrylate was 

added at a 1:500 molar ratio to PEGDA, and for protein A scaffolds, protein A-PEG-

acrylate was added at a 1:10,000 molar ratio, in addition to PEGDA and photoinitiator.  

Templates filled with prepolymer solution were polymerized for 10 min by ultraviolet 

light, using the Blak-Ray® UV Lamp (Ted Pella).  After polymerization, microspheres 

were dissolved by washing scaffolds in acetic acid, followed by washes in PBS.   
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Biotin-PEG-acrylate was made by conjugating biocytin (Thermo Scientific) to 

acrylate-PEG-succinimidyl valerate (acryl-PEG-SVA, Laysan Bio) at 1:1 molar ratio in 

sodium bicarbonate buffer, pH 8.5 for 2.5 hours.  The succinimidyl valerate group is an 

active ester that reacts with primary amines to form a stable amide bond.  Biocytin is 

biotin with an L-lysine, and has a primary amine group that can be used for chemical 

modification. Unreacted biotin was removed by dialysis and conjugation was confirmed 

by Applied Biosystems Voyager MALDI-TOF (Institute for Cellular and Molecular 

Biology Protein Core Facility, University of Austin). Samples were crystallized in 

sinapinic acid in a mixture of water and formic acid.   

Protein A-PEG-acrylate was made in a similar way in reaction with acrylate-PEG-

SVA at 10:1 PEG to protein A molar ratio in sodium bicarbonate buffer.  Unconjugated 

protein A was removed by centrifugal filtration and conjugation was confirmed by HPLC 

on Beckman System Gold HPLC (Institute for Cellular and Molecular Biology Protein 

Core Facility, University of Austin). Gradients were created with 0.1% TFA in water and 

0.1% TFA in acetonitrile as the two phases on a C18 column (0.8mm x 25cm, RP C18 

Jupiter 10u, 300 Angstrom) at a flow rate of 120 µL per minute.  Absorbance was 

observed at 214 nm.   

For ligand immobilization, biotinylated scaffolds were first incubated in 

streptavidin (Pierce) at 4ºC overnight, washed with PBS, and then incubated with 

biotinylated ligand at 4ºC overnight.  Protein A scaffolds were incubated with Fc, or 

IgG-tagged ligand at 4ºC overnight.   
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5.2.2 Confocal Microscopy 

  Staining with fluorescence probes followed by confocal microscopy was 

performed to confirm modification of scaffolds and the ability of the modified scaffolds 

to bind ligands of interest.  Biotinylated scaffolds, or scaffolds that had biotin-PEG-

acryl incorporated into the crosslinked network, were incubated with phycoerythrin (PE)-

conjugated streptavidin overnight at 4ºC.  Unbound streptavidin was washed off by PBS 

washes over 2 days and streptavidin-PE-stained biotin scaffolds were visualized under 

confocal microscope (Leica SP2 AOBS confocal microscope, University of Texas 

Institute for Cellular and Molecular Biology Core).  Non-modified scaffolds incubated 

with streptavidin-PE were also visualized as controls.  Biotinylated scaffolds were 

further stained to confirm that biotinylated ligands could bind onto the scaffold with a 

streptavidin linker. Biotinylated scaffolds were incubated with streptavidin, followed by 

PBS washes.  Then, scaffolds were incubated with bDLL4, washes, and stained with 

APC conjugated anti mouse DLL4 antibody (BioLegend).  Unbound antibody was 

washed off by PBS washes before scaffolds were visualized under confocal microscope.   

Protein A PEGDA IO scaffolds, or scaffolds that had protein A-PEG-acrylate into 

its crosslinked network, were incubated with FITC-labeled IgG (eBioscience).  

Unbound antibody was washed off by PBS washes before scaffolds were visualized 

under confocal microscope. 
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5.2.3 Ligand Density on 3D Inverse Opal Scaffold 

Biotinylated scaffolds were incubated in different initial concentrations of 

streptavidin-PE in 500 µL total volume in PBS overnight at 4ºC on a rotating shaker.  

Protein A scaffolds were incubated in different initial concentrations of IgG-FITC in 500 

µL total PBS under same conditions.  Unbound ligands were washed out in PBS for 4-5 

total washes separated by 12 hours incubation periods in fresh PBS.  Unbound ligands 

were quantified against a standard curve of known streptavidin or IgG concentrations on 

a fluorescence plate reader (Biotek). 

In order to convert the quantity of bound ligands to ligand density in terms of 

quantity per unit area, surface area of inverse opal scaffolds had to be calculated.  The 

ordered nature of the inverse opal scaffold allowed approximation of the surface area.  

Surface area of an inverse opal PEGDA scaffold was calculated by multiplying the 

number of PMMA microparticles used to create the template by the surface area of each 

pore.  Ligand density was calculated by converting the amount of ligand bound to 

scaffold to molar quantity of ligand bound per unit area. 

5.2.4 Rheology Studies 

The mechanical properties of hydrogels and tissues were determined using a 

rheometer (Anton Paar Physica MCR 101) utilizing a 7.974 mm diameter oscillatory 

measuring system. Frequency and strain sweep measurements were first performed.  

Then, measurements were taken at room temperature with a 1 Hz frequency and 5% 

strain, as these conditions were in the linear regions of representative frequency and 
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amplitude sweeps for all material types. Gap sizes were chosen to approximately equalize 

initial compression across all samples. Thymus samples were obtained from BALB/c 

mice and PEGDA samples were polymerized in bulk without PMMA microspheres in 

PDMS molds. The storage modulus was compared between materials and tissue samples 

to determine relative mechanical properties. 

5.2.5 Modification of 3D Inverse Opal Scaffold with DLL4 

Biotinylated PEGDA IO scaffolds were further modified by incubation in 

streptavidin (Promega) in PBS on a rotating shaker overnight at 4ºC.  Scaffolds were 

further washed in PBS every 12 hours for 3 washes total before being incubated with 

bDLL4 on a rotating shaker overnight at 4ºC.  Scaffolds were washed again before 

being used for other studies. 

Protein A PEGDA IO scaffolds were further modified by incubation in Fc-DLL4 

(Alexis Biochemicals) in PBS on a rotating shaker overnight at 4ºC.  Scaffolds were 

washed in PBS before being used for other studies. 

5.2.6 Cell Seeding 

C2C12 myoblast cells (ATCC) were seeded onto bDLL4-modified IO scaffolds 

for cell loaded scaffold images and Hes-1 gene expression studies.  C2C12 cells were 

maintained in DMEM (HyClone) with 2mM L-glutamine (HyClone), 10% characterized 

FBS (HyClone), and 1% penicillin-streptomycin (HyClone).  Mouse bone marrow-

derived lineage negative c-Kit+ cells were loaded onto bDLL4-modified IO scaffolds for 

Hes-1 gene expression studies.  Mouse bone marrow cells were isolated from the femur 
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and tibia of BALB/c mice, and depleted of lineage positive cells as described in section 

4.2.6.  Lineage negative cells were sorted for c-Kit+ cells by fluorescence activated cell 

sorting (FACS), similar to methods described in section 4.2.6.   

Once cells were ready for loading onto bDLL4-functionalized IO scaffolds, cells 

were counted and resuspended at a concentration of 10 million cells/mL media.  Using a 

sterile spatula, scaffolds were placed on 12 or 24 well plates with the flat side up.  15 µL 

of the cell suspension was pipetted onto the top of the scaffold, and the scaffolds were 

incubated at 37ºC for 3 minutes.  Then, the whole well plate holding the scaffolds was 

centrifuged at 800 rpm for 1 minute at 4ºC.  The scaffolds were then visualized under 

phase contrast microscope to confirm cell loading into the pores of the scaffolds.  

Usually, one side of the scaffold (the flatter side) allowed better loading than the opposite 

side.  Therefore, if not much cell loading could be confirmed by observation, loading 

was repeated on the opposite side of the scaffolds.  Cell loading was repeated for a total 

of 3 times, or 45 µL cell suspension volume. Once cell loading was complete, scaffolds 

were transferred to a fresh 24 well plate, and 1mL of growth media was added to the 

wells for culture.  Cross-sections of some C2C12-loaded scaffolds were cut using a 

razor for visual inspection of cell loading across the height of the scaffolds. 

5.2.7 RNA Isolation 

Notch activation via bDLL4 immobilized on IO scaffolds were quantified by Hes-

1 gene expression similarly as in the 2D system in Chapter 4.  After 3 hours of culture in 

bDLL4-functionalized IO scaffolds, C2C12 or bone marrow lin-c-Kit+ cells were lysed 
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using TRIzol® (Life Technologies).  Briefly, cell-loaded scaffolds were placed in 

microcentrifuge tubes and 500 µL of TRIzol® was added.  The hydrogel scaffolds were 

then homogenized using a glass homogenizer (Wheaton) and left to sit at room 

temperature for 5 minutes.  Then, the TRIzol® was transferred to a new microcentrifuge 

tube, leaving behind hydrogel fragments.  100 µL of chloroform was added to the 

TRIzol® lysate and shaken vigorously for 15 seconds.  Shaken samples were incubated 

at room temperature for 5 minutes then centrifuged at 12,000g for 15 minutes at 4ºC.  

The clear, aqueous upper phase containing the RNA was transferred to the genomic DNA 

eliminator columns of the RNeasy Plus Micro Kit (Qiagen).  The rest of the isolation 

steps were performed with the genomic DNA eliminator columns and the RNeasy 

MinElute columns according to the manufacturer’s protocol to yield purified RNA in 

water.  RNA yield was quantified using the Quanti-iT Ribogreen RNA Reagent and Kit 

(Life Technologies) using provided rRNA to form a standard curve. 

5.2.8 Quantitative RT-PCR 

cDNA synthesis and subsequent quantitative, real time PCR was performed in the 

same method as described in section 4.2.8 for the Hes-1 gene expression.  Data analysis 

was performed using β actin gene as the housekeeping control, and cells seeded on 

unmodified scaffolds as the experimental control based on which the fold changes of 

Hes-1 expression were calculated. 
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5.2.9 Differentiation 

Bone marrow lin-c-Kit+sca-1+ cells were isolated and sorted according to 

procedures described in section 4.2.9.  Biotinylated inverse opal scaffolds were 

fabricated and modified with streptavidin, followed by bDLL4.  Sorted lin-c-Kit+sca-1+ 

cells were seeded onto these scaffolds by cell seeding procedures described above in 

section 5.2.6.  Cells were cultured in IMDM (HyClone) with 20% FBS (Stem Cell 

Technologies) and cytokine cocktail known to support expansion and differentiation of 

mouse hematopoietic progenitor cells [63].  100 ng/mL of human IL-6, human IL-7, 

human Flt3-L, mouse SCF and 10 ng/mL of human IL-11 (Peprotech) were added to 

media.  Fresh cytokines were added to culture every 3 to 4 days.  Cells were obtained 

from scaffolds at Day 16 of culture.  Scaffolds were removed from media and cut into 

small pieces with a razor.  Scaffold fragments were placed in buffer and vigorously 

pipetted to remove cells from pores.  Remaining fragments were removed by passing 

cell suspension through a 33µm nylon mesh.  Cells were blocked for nonspecific 

binding of antibodies using anti-mouse CD16/CD32 Fc Block (BD Pharmingen) for 10 

min at 4°C.  Cells were stained with anti-CD25 Alexafluor 488, anti-Thy1.2 APC, anti-

CD44 PE, and 7-AAD (eBioscience) by incubating with the appropriate antibodies at 4ºC 

for 30 minutes in the dark.  Unbound antibodies were washed off by resuspending cells 

in buffer and centrifuging at 300g for 5 minutes at 4ºC.  Dead cells were excluded by 7-

AAD stain and isotype controls (eBioscience) were used as negative controls.  Flow 

cytometry was performed on BD Accuri (Beckton Dickinson) and data was analyzed 

using FlowJo software (Tree Star).   
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5.3 RESULTS 

5.3.1 Inverse opal scaffolds can be fabricated with functionalized surface to present 

ligands 

Inverse opal scaffolds were fabricated based on methods published by Stachowiak 

et al [76].  PMMA microspheres were made into ordered templates (Figure 5.2A) after 

evaporation of ethanol solvent under high speed orbital rotation overnight.  After 

polymerization, incubation of scaffolds in 100% acetic acid resulted in rapid dissolution 

of PMMA microparticles, leaving behind spherical pores (Figure 5.2B-D).  However, 

extensive washes with fresh acetic acid over several days were needed to remove 

remaining PMMA from the scaffold.  Insufficient washes resulted in remnants of 

PMMA that increased the opacity of the hydrogel and sometimes filled pores when 

scaffolds were removed from acetic acid and placed in PBS.   

Two methods of ligand presentation were studied by using either biotin-

streptavidin interactions or protein A-IgG interactions.  Biotin-PEG-acrylate was 

incorporated into the scaffolds in the first case and protein A-PEG acrylate for the latter.  

PEGylation or acrylation of biotin was confirmed by MALDI-TOF.  Figure 5.3 

indicates that reaction of biocytin of molecular weight 372.48 to PEG resulted in a shift 

in the molecular weight distribution of PEG (molecular weight 3400).  Similarly, 

PEGylation—or acrylation—of protein A was confirmed by HPLC analysis.  Figure 5.4 

shows that conjugation of protein A (molecular weight 45 kDa) to PEG (molecular 

weight 3400) resulted in delay of elution of conjugate compared to protein A alone.  

Protein A conjugated to PEG seemed to have a broader peak, indicating that PEG had 
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conjugated to protein A to varying degrees, since 10 times more molar quantity of PEG 

was added to the reaction.   

The modification of inverse opal scaffolds with these binding moieties was 

confirmed by confocal microscopy.  Figure 5.5A shows a biotinylated IO scaffold 

stained with streptavidin-PE, indicating that streptavidin was successfully immobilized 

onto the scaffold and that the biotin molecule on the scaffold remained functional even 

after the extensive acetic acid washes.  Same was true for protein A scaffolds in Figure 

5.5B that were stained with IgG-FITC.  It was also observed that incubation with ligand 

after polymerization resulted in modification of the surface of the pores, and not the 

interior of the gels.  Further stains were performed on biotinylated scaffolds modified 

with unlabeled streptavidin.  These scaffolds incubated with biotinylated DLL4 and 

subsequently with anti-DLL4 antibody were visualized in Figure 5.5C.  

Modification of IO scaffolds with ligands have been reported by Stachowiak et al. 

but variation in ligand density and its quantification have yet been reported [76].  Here, 

we report the quantification of immobilized ligand density on biotinylated and protein A-

modified IO scaffolds (Figure 5.6).  The amount of immobilized ligand could be varied 

by varying the initial concentration of incubated ligand.  Immobilized ligand quantity 

per scaffold was converted to ligand density per unit area by dividing with the surface 

area of the scaffold.  Surface area of the scaffold was approximated by multiplying the 

surface area of a single pore by the number of PMMA particles initially added per 

template of scaffold.  Radius of a pore in a swollen inverse opal hydrogel was measured 

by phase contrast microscopy to be approximately 90 µm.  Surface area of a single IO 
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scaffold was calculated to be 80 cm
2
.  Streptavidin was immobilized on biotinylated 

scaffolds at ligand densities of 10
-2

pmol/cm
2 

in magnitude and IgG on protein A scaffolds 

at ligand densities of 10
-2 

to 10
-1 

pmol/cm
2
.  These values were 1 to 2 magnitudes lower 

than values reported for 2D plates or 2D polyacrylamide gels in the previous chapter 

(Figures 4.3 and 4.4).   

Mechanical properties of IO scaffolds were measured by conducting rheology 

measurements of 40% (w/v) PEGDA hydrogels.  Frequency sweep and strain sweep 

data (Figure 5.7A-B) showed that the storage modulus of PEGDA displayed linear 

characteristics at 1 Hz and 5%, same as those values used for reporting modulus of 

thymus and PA gels in Chapter 4.  Storage modulus values of 7323.75 Pa was measured 

for 40% PEGDA, which was comparable to the storage modulus of 10% 2D PA gels 

(5000 Pa) and higher than that of 5%, 4%, 3% PA gels and mouse thymus (Figure 5.7 

C).   

5.3.2 Cells can be efficiently loaded into pores of the inverse opal scaffolds 

Several different cell types could be loaded into pores of IO scaffolds, including 

C2C12 myoblasts, R1 embryonic stem cells, and mouse bone marrow lin-cKit+ cells.  

In general, loading of cells in high concentrations and low volume of cell suspension 

allowed better, efficient loading.  Figure 5.8 shows phase contrast microscopy images 

of C2C12 cells loaded into pores of scaffolds confirmed in the transverse direction 

(Figure 5.8A) and the cross-sectional direction (Figure 5.8B).  The cross-sectional 

image over the entire height of the hydrogel shows that the cell loading is not just limited 
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to the surface of the hydrogel, and that the interconnectivity of pores allows cell loading 

to be evenly distributed throughout the height.  R1 mouse embryonic stem cell loading 

was visualized by scanning electron microscopy.  The images in Figure 5.9 show that 

cells were growing in the scaffold for 5 days and that the cells do interact with the surface 

of the pores of hydrogel.   

5.3.3 Ligand-functionalized inverse opal scaffolds can activate Notch signaling even 

at lower ligand densities than 2D systems 

Notch activation indicated by up-regulation of Hes-1 was studied first in C2C12 

cells loaded onto biotinylated scaffolds (Figure 5.10A) and protein A scaffolds (Figure 

5.10B) modified with delta ligands.  Fold changes in Hes-1 gene expression was 

calculated relative to cells seeded in unmodified scaffolds.  Significant level of ligand-

dependent Hes-1 gene activation was observed in the biotinylated scaffolds modified 

with bDLL4 (Figure 5.10A).  The level of signaling in ligand-modified protein A 

scaffolds were not statistically significant (Figure 5.10B). 

Further Notch activation studies were performed with mouse hematopoietic 

progenitor cells.  Mouse bone marrow cells depleted of lineage positive cells were 

sorted for the population positive for the c-Kit marker.  Lin-c-Kit+ cells were used 

instead of lin-c-Kit+sca-1+ cells because of the low yield of lin-c-Kit+sca-1+ cells 

limited the number of cells that could be loaded onto the scaffold.  In order to have 

enough cells for loading and RT-PCR, lin-c-Kit+ cells were used.  Hes-1 gene 

expression was lower in the cKit+ cells than in C2C12 cells, even at higher ligand 



 143 

density, but significantly higher than the control for both 2 µg/mL and 10 µg/mL initial 

bDLL4 incubation concentrations.   

5.3.4 Ligand-functionalized inverse opal scaffolds cannot support differentiation of 

HPCs into early T cells 

When cultured in the presence of a defined cocktail of cytokines and immobilized 

Delta ligand, mouse bone marrow-derived HPCs are known to differentiate into 

Thy1.2+CD25+ early T cells in the absence of stromal cell culture [13,63].  We have 

also confirmed this in our 2D plate and PA gel systems in the previous chapter.  

However, when HPCs seeded on bDLL4-modified inverse opal scaffolds were analyzed 

at day 16, no noticeable levels of Thy1.2+CD25+ population was detected by flow 

cytometry (Figure 5.10).  Slight shifts in the Thy1.2+ staining were observed, but none 

of these co-expressed CD25, indicating that Notch ligand-induced differentiation did not 

occur in the inverse opal scaffolds.   

5.4 DISCUSSION 

In this Chapter, we report the fabrication of inverse opal scaffolds with defined 

pores that allow presentation of ligands on the surface of its pores in a 3-dimensional 

manner to seeded cells.  Scaffolds were fabricated from 40% (w/v) PEGDA, which has 

higher storage modulus values (7323.75 Pa) than mouse thymus (110 Pa).  Stiffness of 

the PEGDA hydrogels could be reduced by decreasing the concentration of PEGDA, but 

it was observed that at lower concentrations of PEGDA thus lower stiffness, hydrogels 

were not intact enough to support the porous inverse opal structure and resulted in 
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collapsed pores.  By incorporating biotin or protein A into the polymer crosslinks, we 

developed a system that could be pre-fabricated for a variety of different ligands 

including any that are biotin or Fc-tagged.  We hypothesized that in contrast to an 

encapsulated hydrogel system, these porous structures would allow cells to move freely 

within the pores instead of being entrapped in a crosslinked network, resulting in 

enhanced interactions with ligands that are presented on the surface of the pores.  

Moreover, for the purpose of seeding non-adherent, hematopoietic cells, such porous 

hydrogel structures were adequate for capturing cells at the same time as encouraging 

interaction with the large surface area of the pores without adherence of cells.   

Our data indicate successful modification of IO scaffolds with ligands, as 

confirmed by confocal microscopy and ligand density experiments.  The ordered 

structure allowed approximation of its large surface area to be close to 80 cm
2
.  

Considering that these small scaffolds are cultured in a well of a 24 well plate, one can 

easily understand that the porous structure of the hydrogel allows presentation of ligands 

in the size of a T-75 culture flask if presented in a flat, 2D surface, in a small well of a 24 

well plate, 40 times smaller in culture area.  However, this means that in order to keep 

similar density of ligands, that much more ligands are needed.  Density of ligands in the 

scaffolds was calculated to be roughly on the order of 10
-2 

to 10
-1 

pmol/cm
2
, 1 to 2 orders 

of magnitude less than that in 2D systems described in Chapter 4 (Figure 5.6).  Higher 

initial concentrations of ligands can be explored, but limitations in resources especially 

with expensive proteins exist.  We decided to modify the scaffolds at these lower 

densities and see how these lower densities would affect cell signaling and cell fate.   
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Cell loading studies with C2C12 cells and R1 cells confirmed interconnectivity of 

the pores by showing that that cell loading was occurring uniformly throughout the pores.  

Also, some level of contact between seeded cells and the walls of pores was confirmed by 

scanning electron microscopy.  When quantitative level of Notch activation was studied 

by RT-PCR, C2C12s had significant upregulation of Hes-1 gene expression in 

biotinylated scaffolds with bDLL4 at 2.5 µg/mL incubation concentration, showing that 

even at low ligand density compared to a 2D system, ligand-induced Notch activation 

occurs in the 3D IO scaffold (Figure 5.10).  Even though protein A scaffolds had 

immobilized ligand at higher density than biotinylated scaffolds (Figure 5.6), ligand-

induced increase in Notch activation was not observed.  The undetectable level of 

signaling could be because DLL1 was used instead of DLL4, since DLL4 is known to 

induce stronger levels of signaling than DLL1 when presented at similar density [36].  

Further signaling assay was performed with biotinylated scaffolds with bDLL4 in mouse 

HPCs represented by the bone marrow lin-c-Kit+ population.  bDLL4 was immobilized 

at higher density than for C2C12 experiments and dose-dependency was observed even in 

the bone marrow cells that activate less levels of Hes-1 than in C2C12 cells, confirming 

the observation that dose-dependency of ligand-activated Notch signaling was happening 

in the 3D IO scaffolds of low ligand density.  Therefore, we conclude that when 

presented in 3D in a porous scaffold format, Notch ligands triggered Notch signaling in a 

dose-dependent manner in seeded cells, even at lower ligand density than in 2D systems.  

This shows a potential advantage of the 3-dimensional presentation of ligands even when 
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considering the conclusion presented in Chapter 4 that ligands immobilized on soft 

surfaces may induce less levels of Notch signaling. 

Despite promises in Notch activation in IO scaffolds, our differentiation data fails 

to show appearance of a T lineage committed cell population positive for the Thy1.2 and 

CD25 marker.  We speculate that despite Notch activation, levels of Notch activation 

may not be enough to support T lineage commitment.  Also, the 3D hydrogel structure 

may not allow sufficient transport of cytokines to seeded cells when compared to 2D 

plate or 2D gel culture, in which cytokines in media are easily accessible to cells by 

diffusion. 

In summary, the findings in this chapter show that 3-dimensional, porous 

hydrogel scaffolds can be modified to present immobilized ligands to seeded cells and 

trigger Notch signaling at lower ligand density than in 2D.  The advantage of this 

system can pave the way for more efficient, larger scale culture vessel that has the ability 

present cell signaling molecules, and provide more insight into the effects and 

mechanisms of 3-dimensional substrates on cell signaling and cell fate.   
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Figure 5.1 Schematic of Inverse Opal Scaffold Fabrication Technique 
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Figure 5.2 Inverse Opal Scaffold Fabrication Process 

PMMA microspheres were made into an ordered template in a PDMS mold by agitation 

on an orbital shaker (A).  After pre-polymer solution of PEGDA with or without biotin-

PEG-acryl or protein A-PEG-acryl was added to the template and polymerized under UV 

light, polymerized construct was placed in acetic acid.  PMMA microspheres dissolved 

in acetic acid, as shown by phase contrast microscopy at 1 hour (B), 5 hours (C), and 24 

hours(D) in acetic acid.   
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Figure 5.3 MALDI-TOF Spectrum of Biotin-PEG-Acrylate 

MALDI-TOF mass spectrometry plots of (A) SVA-PEG-Acrylate and (B) biotin-PEG-

acrylate conjugate.   
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Figure 5.4 Protein A-PEG-Acrylate HPLC 

HPLC chromatograph of protein A (pink) and protein A-PEG-Acrylate conjugate (black) 

detected by absorbance at 214nm. 

 

  



 151 

Figure 5.5 3D Inverse Opal PEGDA Scaffold Confocal Microscopy 

3D inverse opal PEGDA scaffolds were fabricated with biotin-PEG-acrylate (A,C) or 

with protein A-PEG-acrylate (B).  (A) was stained with streptavidin-PE, and (B) with 

IgG-FITC.  (C) was incubated with unlabeled streptavidin, followed by bDLL4 anti-

DLL4-APC. 
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Figure 5.6 3D Inverse Opal Scaffold Ligand Density 

Density of (A) immobilized streptavidin on biotinylated IO scaffolds at varying 

incubation concentrations of streptavidin and (B) immobilized IgG on protein A IO 

scaffolds at varying incubation concentrations of IgG.   
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Figure 5.7 Rheology Studies of PEGDA Hydrogel 

Measurements of storage modulus for PEGDA hydrogels and mouse thymus were made 

using a rheometer.  Frequency sweeps (A) and strain sweeps (B) were performed for 

PEGDA and storage modulus at frequency of 1 Hz and strain of 5% are reported in C 

compared to that of 2D PA gels and mouse thymus. 
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Figure 5.8 Scaffold Cell Loading 

C2C12 myoblasts were loaded onto PEGDA IO scaffolds by pipetting droplets of cell 

suspension onto the scaffolds, incubating at 37ºC for 3 minutes, followed by 

centrifugation at 800 rpm for 1 minute.  Cell-loaded scaffolds were visualized under 

phase contrast microscopy (A).  Cross-sections of scaffolds were also visualized for 

observation of cell seeding across the depth of the scaffolds (B).  Red arrows indicate 

some of the C2C12 cells seeded in the pores.    
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Figure 5.9 Scanning Electron Microscopy. 

SEM images of R1 mouse ES cells loaded and incubated in (a),(d) plain PEG, (b), (e) 

biotinylated DLL4-immobilized and (c), (f) FC-DLL4-immobilized inverse opal 

scaffolds.  Cells were cultured in OP9-conditioned media and were fixed and imaged on 

day 5.  Scale bars (a-c) 20 µm, (d-f) 10 µm. 
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Figure 5.10 Hes-1 Gene Expression of C2C12 Myoblasts in IO Scaffolds 

Hes-1 gene expression was measured as an indication of Notch activation in mouse 

C2C12 cells seeded in (A) streptavidin-bDLL4-immobilized, biotin functionalized and 

(B) Fc-DLL4-immobilized, protein A-functionalized 3D inverse opal PEGDA scaffolds 3 

hours after seeding by quantitative RT-PCR.  Fold changes are reported relative to cells 

seeded in the unmodified control scaffolds.  *: p<0.05 with Students’ t test.  
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Figure 5.11 Hes-1 Gene Expression of Mouse BM c-Kit+ Cells in IO Scaffolds 

Hes-1 gene expression was measured as an indication of Notch activation in bone 

marrow lineage negative c-Kit+ cells seeded in bDLL4-immobilized 3D inverse opal 

PEGDA scaffolds 3 hours after seeding by quantitative RT-PCR.  Fold changes are 

reported relative to cells seeded in the “No ligand” scaffolds.  Data was combined from 

two separate experiments. *: p<0.05 with Students’ t test.  
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Figure 5.12 Day 9 Differentiation of Bone Marrow Lin-c-Kit+sca-1+ Cells 

Mouse bone marrow lin-c-Kit+sca-1+ cells were seeded on biotinylated PEGDA inverse 

opal scaffolds modified with streptavidin followed by with no ligand, 2 µg/mL bDLL4, 

and 10 µg/mL bDLL4.  Cells were cultured for in presence of 100 ng/mL hIL6, hFlt-3L, 

mSCF, hIL7 and 10 ng/mL hIL11.  Cells were harvested at day 16 and stained with 

antibodies for cell surface markers.   
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CHAPTER 6 

Conclusions and Future Directions 

6.1 SUMMARY 

In vitro T cell differentiation from hematopoietic progenitor cells is a potential 

alternative source of T cells for adoptive therapy in treatment of cancers as well as T cell 

deficiencies.  Presentation of Notch ligands immobilized on a surface is necessary in 

designing a stroma-free in vitro T cell differentiation system.  This dissertation 

discusses the fabrication of various 2D and 3D systems for presentation of Notch ligands 

for development of an efficient culture system, at the same time offering insight into the 

science of cell signaling and cell-material interactions. 

6.2 CHAPTER 3 RESEARCH FINDINGS AND FUTURE DIRECTIONS 

Chapter 3 described the use of magnetic microbeads and liposomes as 3-

dimensional artificial stromal cell surfaces for Notch ligand presentation.  Ligands were 

immobilized onto these surfaces at varying densities and a luciferase-based activation 

assay in HEK cells was developed for quantitative study of Notch signaling.  It was 

reported that Notch activation increased with increased dose of presented ligands in form 

of higher ligand density or more microbead or liposome content.  Generally, Notch 

ligand DLL4 activated higher levels of signaling and differences in Notch activation 

between DLL1 and DLL4 was more pronounced at low and high ligand densities on 

liposomes than in magnetic microbeads.  Chapter 3 concludes that magnetic microbeads 

and liposomes can be a good platform for presentation of Notch ligands in its ability to 
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quantitatively control the level of Notch signaling by flexibility in dosage, and that 

magnetic microbeads were more effective at triggering higher levels of Notch signaling 

than in liposomes.  The data suggests that such artificial stromal-cell type ligand 

presentation can also be used to study the effects of hard vs soft surfaces for Notch 

signaling and eventually T cell differentiation. 

Potential future studies in this topic would include direct comparison of soft and 

hard microparticles of same material and same mode of ligand presentation quantitative 

characterization of the effect of mechanical properties on Notch signaling and T cell 

differentiation.  Characterization of the binding avidity of different Notch ligands on 

different material or mechanical surfaces may help reveal the mechanism of the trends 

observed in this study.  Culture of hematopoietic progenitor cells in the presence of 

DLL-immobilized microbeads and liposomes would be ideal for study of dosage, type of 

ligand, and type of particle not only on signaling but on ultimate cell fate in T cell 

differentiation.  Since particles and liposomes can also be fabricated in different sizes, 

the effect of size of microparticle, or curvature with which ligand are presented may also 

be studied.   

6.3 CHAPTER 4 RESEARCH FINDINGS AND FUTURE DIRECTIONS 

Chapter 4 reported the fabrication of 2-dimensional soft hydrogel surfaces as a 

simple system for study of the effect of substrate material stiffness on Notch signaling 

and T cell differentiation.  Hydrogel surfaces were mechanically characterized and 

chosen to closely mimic the elasticity of mouse thymus compared to the hard plastic 
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surface that has been used for ligand presentation.  Surface modification of hydrogels 

allowed immobilization of Notch ligands at varying concentrations.  It was observed 

that ligand-induced Notch activation was more evident in stiffer substrates than in soft 

substrates.  In the most soft gel, Notch activation was observed in the absence of Notch 

ligands, and the plate triggered higher levels of Notch signaling even at lower DLL4 

densities than the gel.  Conclusions from Chapter 4 suggested that there is interplay of 

the two variables—substrate stiffness and immobilized ligand density—in Notch 

signaling, but such observations were not evident in differentiation experiment, although 

systems of different stiffnesses all showed capabilities of supporting early T lineage 

commitment.   

Further work in this topic studying Notch activation quantitatively in broader 

range of substrate stiffness and ligand density would help clarify these findings and offer 

more insight into the mechanism of such phenomena.  In addition to the characterization 

of the bulk mechanical properties using a rheometer, direct measurements of the strength 

of ligand-receptor binding in the surfaces of different stiffness may help indicate the 

mechanical strengths involved in the molecular scale, more indicative of what the cell 

sees.  In addition to the current defined media for supporting T lineage commitment in 

stroma-free culture, studies into elucidating the right cocktail of soluble factors are 

needed to support further differentiation of T cells to more mature cell types.  

Ultimately, these substrates can be utilized to present antigen-loaded major 

histocompatibility complex molecules to T cells to allow commitment of T cells to 

antigen-specific helper or cytotoxic T cells.   
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6.4 CHAPTER 5 RESEARCH FINDINGS AND FUTURE DIRECTIONS 

Chapter 5 discussed the fabrication of a 3-dimensional porous hydrogel scaffold 

for presentation of ligands to seeded cells for studying the effect of 3-dimensionality of 

ligand presentation in soft material on Notch signaling and T cell differentiation.  

Hydrogel scaffolds with ordered porosity were fabricated and modified to present ligands 

on the surface of their pores at varying ligand densities.  These scaffolds allowed 

seeding of cells into the pores and allowed culture of cells with some contact with the 

hydrogel surface.  Ligands were immobilized at lower density than in 2D systems due to 

the large surface area, but ligand-induced Notch activation was reported in this 3D 

system.  However, signaling was insufficient or the 3D structure was not successful at 

supporting T cell lineage commitment of seeded hematopoietic progenitor cells.   

Additional studies with higher ligand density would elucidate if higher levels of 

ligand-induced Notch signaling would support T lineage commitment.  More direct 

comparisons with 2D culture systems would help elucidate the effect of 3D material in 

Notch signaling.  Variations in methods or materials to create 3D hydrogels of different 

stiffness would allow studies of the effect of varying stiffness in the 3D context.  

Incorporation of hydrogel scaffolds into bioreactor systems can demonstrate if improved 

nutrient transport to the interior of the hydrogel would allow better delivery of necessary 

cytokines to developing T cells.  The scaffolds can also be utilized to present other types 

of ligands that are normally present on cell membrane surfaces, making the scaffold an 

artificial niche that mimics the mechanical and biochemical aspects of tissue 
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microenvironment.  Ultimately, natural material such as ECM components can be 

incorporated into the system.   
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APPENDIX A 

List of Abbreviations 

APC Allophycocyanin 

bDLL4 Biotinylated Delta-like ligand 4 

BSA Bovine serum albumin 

DLL1 Delta-like-ligand 1 

DLL4 Delta-like-ligand 4 

DMEM Dulbecco’s Modified Eagle’s Medium 

EDTA Ethylenediaminetetraacetic acid 

EGFP Enhanced Green Fluorescent Protein 

FACS Fluorescence activated cell sorting (sorter) 

FACS Fluorescence activated cell sorting 

FBS Fetal bovine serum 

FITC Fluorescein isothiocynanate 

His Histidine 

HPC Hematopoietic Progenitor Cell 

HPLC High pressure liquid chromatography 

HSC Hematopoietic Stem Cell 

ICN Intracellular Notch 

IMDM Iscove’s Modified Dulbecco’s Medium 

IO Inverse opal 

MALDI-TOF Matrix assisted laser desorption/ionization – Time-of-flight 

MHC Major histocompatibility complex 

NICD Notch intracellular domain 

PA Poly(acrylamide) 

PDMS Polydimethylsiloxane 

PE Phycoerythrin 

PEGDA Poly(ethylene glycol) diacrylate 

PMMA Poly(methyl methacrylate) 

qRT-PCR Quantitative reverse transcriptase polymerase chain reaction 

SEM Scanning Electron Microscopy/Microscope 

Sulfo-SANPAH N-Sulfosuccinimidyl-6-(4'-azido-2'-nitrophenylamino) 

hexanoate 

SVA Succinimidyl valerate 

TCR T cell receptor 

TEMED n,n,n’,n’-tetramethylethylenediamine 
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