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Chapter 1 

Introduction 

 

1.1 Cell-Biomaterials Interactions 

The interaction between biological cells and artificial material surfaces is 

important in a broad range of scientific and technological contexts.1,2  Cells make contact 

with materials when they are cultured on supports,3 when they are embedded within 

three-dimensional hydrogel matrices,4 when they are affinity-isolated onto beads or 

fractionated onto columns,5 and when they adsorb onto implants or foreign particles in 

vivo.6  The latter example illustrates the importance of understanding cell-surface 

interactions because bacterial adhesion and proliferation on implant surfaces is known to 

be a vehicle for infection.7  The costs of bacterial infections associated with implants 

have soared to above $5 billion a year.8,9  If these complications are acquired during 

inpatient care, then the hospitals must pay for the resulting services.  The financial 

burden, increase in morbidity, and increase in patient mortality caused by implant 
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infections are a couple of many reasons why scientists have endeavored to understand 

cell-material interactions.10,11  

Initially, studies focused on cells interacting with native material surfaces—on the 

surfaces of metals, polymers, or other materials that might be used directly in 

biotechnology or therapeutics.12  These studies showed that the chemical composition, 

roughness, charge, and entropy of a surface play significant roles in how material 

surfaces interact with cells.  It is also now known that “bare” material surfaces often 

attract soluble proteins (such as albumin, fibrinogen and fibronectin in vivo) and as a 

consequence, the compositions of surfaces are changed by their environment well before 

cells make contact.13,14  These soluble proteins often referee subsequent cellular 

interactions and responses.  For instance, antibodies and other endogenous inflammatory 

proteins can bind to and cover an artificial, foreign surface.  This protein adsorption 

elicits an immune system response, which in turn causes cell influx and affects the 

performance and/or causes the rejection of the biomedical implant.15 

To address cell- and soluble protein-mediated issues such as bacterial adhesion 

and implant-associated inflammation, scientists have intentionally modified biomaterial 

surfaces with molecules to affect their biocompatibility and cell-biomaterial response.15,16  

Sometimes these modifications have been made to inhibit cellular adhesion or 

interactions.  This is commonly achieved by attaching polymers to entropically passivate 

the surface or by attaching proteins to mimic non-interacting biological surfaces.17-20  In 

other instances, surface modifications are made to engineer biomaterial surfaces into 
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“active” participants in hopes of sending explicit messages/cues to cells.  For example, 

many researchers have used specific proteins, peptides, and other biomolecules to 

controllably promote cellular events like migration and differentiation.21  Whether one is 

attempting to enhance specific binding or hinder non-specific binding, there are a variety 

of methods to attach macromolecules to biomaterials surfaces.22  Many of these methods 

were used in this thesis and will be discussed in the upcoming chapters.  In the remainder 

of this chapter, I will provide background biology on the model cell used in this thesis 

and briefly highlight the materials created during my work. 

 

1.2  T cell Biology 

This thesis is comprised of three main data chapters dealing with biomaterials that 

were designed to interact with a model cell, the thymus lymphocyte (T-Cell).  While each 

biomaterial is similar in their overall goal (interacting in a precise manner with T cells), 

there remains one clear distinguishing aspect—each material belongs to a different size 

regime, starting in the nanometer regime followed by the micrometer and ending in the 

millimeter regime.  Before describing the work performed with these biomaterials, it is 

first important to have a basic knowledge of T cell biology. 

The human immune system is immensely complicated with many different cell 

types performing a multitude of roles.  T cells, in particular, play an integral role in the 

body’s ability to fight off diseases, including those of bacterial, viral, or cancerous 

origins.  While the “T” stands for thymus, T cells actually originate from haematopoietic 
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stem cell progenitors in the bone marrow.  After a reaching a certain level of maturity, 

they migrate to the thymus and undergo a rigorous and complex selection process.23  

During this process, the body tests the T cells ability to communicate correctly with other 

self-cells within a controlled 3D context.24,25  This process ultimately leads to a large 

repertoire of T cells that can mount a response to almost any disease but not respond to 

the body’s own cells and tissues.   

When mature T cells emigrate from the thymus, they are considered naïve and 

circulate throughout the body via the lymphatic and circulatory systems.  At this point, 

each naïve T cell is, for the most part, specific for one type of disease. The ability to 

target a particular disease is conferred onto T cells by a special membrane-bound receptor 

known as the T cell receptor (TCR).26,27  TCRs are heterodimeric polypeptide chains 

connected via a disulfide bond (Figure 1-1).27  Each chain has a variable selective-

binding region and a constant region.  As they are circulating the body, T cells use their 

antigen-specific TCRs as recognition elements to scan peptides loaded into the cleft of 

another receptor known as the major histocompatibility complex (MHC, pMHC = 

peptide-loaded MHC).  pMHC molecules are expressed on virtually all somatic cells 

within the body.24There are two classes of MHCs, class I and II.  However, their overall 

structure is similar, consisting of two polypeptide chains noncovalently bound to form the 

cleft that presents peptide epitopes to T cells (Figure 1-1).28,29  The presented peptides can  
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originate from exogenous agents like bacterium and viruses or from endogenous 

proteins.30  When a T cell recognizes a pMHC as being foreign or antigenic-self, a long 

lasting interaction (hours to days) forms that has become known as the immunological 

synapse.  Formation of a mature synapse leads to T cell activation, proliferation, and 

differentiation into effector T cells.  It is important to note that full T cell activation 

typically requires interaction with a specific class of cells called antigen-specific cells 

(APCs).  APCs are particularly adept at engulfing proteins and then presenting them on 

Figure 1-1. Crystal structure of a class I pMHC binding to a TCR (PDB: 
1qsf).  A peptide (yellow) is being presented to the TCR where amino 
acid residues in the variable binding region are scanning the peptide for 
recognition. 
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their surface for T cells.  When the activation process if finished, there exists a large 

population of clonal T cells that are all specific for one type of antigen.  This population 

then circulates the body actively seeking out and clearing the infection. 

 

1.2.1  Studying T cell Immunity:  The OT-I Mouse 

In order to better understand T cell biology, immunologists have had to reduce the 

complexity of the immune system by creating genetically modified mice with well-

defined, simplistic immune systems.  The gold standard of genetically modified mice for 

studying the immune system is the OT-I mouse.24  OT-I mice are modified such that 

every T cell produced within the mouse is specific for a certain peptide-loaded MHC 

Class I molecule, OVA-pMHC.23  The OVA peptide originates from ovalbumin protein 

and is comprised of the following amino acid sequence: SINFEKL.  Because of this 

modification, T cell proliferation and differentiation can be monitored once the mouse 

has been dosed with the OVA peptide, essentially mimicking a disease state.  From a 

materials point of view, the reduction in complexity of the OT-I mice allows scientists to 

create and test products more easily.  

 

1.3  T cell Directed Materials 

Because of their disease specificity, T cells are chief targets for therapeutics and 

diagnostics.  For instance, antigen-specific T cells can provide valuable information 

about the state of the disease for which it is specific.  Because of this, diagnostic 
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materials have been developed to characterize and quantify antigen-specific T cells.31,32  

Despite improvements in T cell diagnostics, there remains a need for technological 

progress and a better understanding of the interaction between certain antigen-specific T 

cells and pMHC-modified surfaces.  To this end, chapter 1 is comprised of work that 

sought to engineer pMHC-modifed quantum dots and use them to study pMHC-TCR 

interactions. 

In the realm of therapeutics, researchers can manipulate specific T cell 

populations to affect changes in the body’s response to diseases.33-36  For example, 

therapeutic vaccines are being developed to target T cells and bolster the body’s immune 

system towards particular diseases.37-40  Although some instances of biomaterials-based 

therapies exist for T cells, the majority of therapeutics involve using purely biological 

systems such as viruses or cultured cells.33,41  Chapter 2 of this thesis details the design 

and fabrication of a biomaterial-based therapy directed at T cells.  This project uses a 

broad range of disciplines from electrical engineering and molecular biology to polymer 

chemistry.  The end product is a protein micropatterned colloidal object that is created to 

behave as an artificial APC and activate T cells. 

Chapter 3 is comprised of work performed on a novel hydrogel system that 

degrades when composed to a biocompatible, chemical trigger.  The other two chapters 

describe surfaces of materials that have been modified with polymers and proteins in an 

effort to interact with T cells in a specific manner.  For this hydrogel system, it is easy to 

envision how this technology would be useful in many biotechnological applications like 
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drug delivery and tissue engineering.  At this point in the project, no concrete application 

has been determined for the hydrogel concerning T cells.  However, because T cells do 

spend some of their most important life stages within 3D environments (the thymus and 

lymph nodes), this hydrogel could be used to study how T cells interact with their 3D 

environments with the option of recovering the T cells for future use.  Also, one can 

envision encapsulating T cells and other immune cells into a gel and using the gel as an 

artificial, temporary lymph node.  Whatever the specific application is, this chapter 

details the creation and initial characterization of the gel and the initial T cell viability 

work.  
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Chapter 2 

Multivalent-Antigen Presenting 

Nanoparticles 

 

2.1 Introduction 

As stated in the introduction of this thesis, the TCR-pMHC interaction plays an 

integral role in the fate and function of T cells from their development and selection in 

the thymus to when they become long-lasting memory cells. However, unlike other 

highly selective binding interactions such as an antibody for its cognate epitope, the 

TCR-pMHC interaction is weak (Kd ≈ 10-7 M), suggesting that multivalency is crucial for 

T cell function.1,2  Actions subsequent to successful TCR-pMHC interaction seem to be 

bare this idea out.  Upon binding, TCRs are actively rearranged into microclusters 

effectively increasing the valency of the interaction.3-5  Receptor clustering is not unique 
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to T cells, and the reason for clustering can usually be explained using binding 

thermodynamics. 

 

2.1.1  Multivalency in Biology. 

Valency describes the number of equivalent connections a particle can make with 

one or more other particles.6  Binding systems range from monovalent to multivalent, 

with the phenomenon of multivalency being utilized frequently in biology.7,8  For 

instance, influenza viruses display hemagglutinin receptors clustered into trimers that 

bind sialic acid residues on host cells.9  Without multivalency, this virus-to-cell adhesion 

would not occur because of the low binding affinity of a single hemagglutinin receptor 

for its ligand. 

Multivalency can be thought of as a form of cooperative binding, in which the 

binding of one receptor energetically helps or hinders the binding of the other receptors 

within the system.10  The degree of cooperativity, α, for a system is expressed as:    

mono

multi

GN
GN

∆
∆

=α
 

Eq. 2-1 

where N is the number of monomer units within the multimer system, and G is the Gibbs 

free energy of binding.  An α > 1 indicates positive cooperativity and increased binding 

affinity that can be explained by favorable entropy resulting from linking monomers 
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together, possibly in a pre-organized fashion.10  Negative cooperativity (α < 1) can occur 

when the linkage between monomers is too short to allow proper binding geometries.  

However, α is rarely used to describe multivalent systems, especially in biology, because 

most of these systems do not display positive cooperativity but still exhibit higher 

binding associations than the corresponding monovalent interaction.7  This superior 

binding is often expressed instead as the enhancement factor, β:  

mono
a

multi
a

K
K

=β   2-2          

The enhancement factor determines the relative binding strength by directly comparing 

the binding constant, Ka
multi, of the multivalent system to the binding constant of the 

monomer, Ka
mono.  Where as Ka

mono is often used to describe a single interaction’s affinity 

or single bond strength, Ka
multi is a reflection multivalent interaction’s avidity or strength 

of all the bonds combined.  The enhancement factor places the positive influence of 

binding for the multivalent system on the increased enthalpy of binding that it 

experiences.  The entropy hinders binding for the multivalent system because movement 

restrictions are then placed on the scaffold that connects the receptors.  Regardless of 

which expression is used, Ka
multi and ΔGmulti are both context-dependent because they 

depend on the localization and organization of receptors, making Ka
multi  and ΔGmulti 

difficult to quantify. 
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Based on energetics, it may seem clear why some low-affinity binding receptors 

cluster when engaged; however, the exact reasons and requirements for clustering TCR-

pMHC pairs are not clear.  For instance, studies revealed newly formed TCR 

microclusters as sites for initial and sustained signal transduction events but provide little 

evidence for the structural purpose of microclustering.5,11-14  It is possible that the 

increased valency resulting from TCR clustering improves selectivity for target peptides 

or that it is simply important for initial tight binding.13  Despite the lack of a clear 

structural purpose for TCR microclustering, the high avidity and specificity of the TCR-

pMHC interaction make this binding system a good candidate for directed delivery of 

materials for T cell imaging, diagnostics, and therapeutics. 

 

2.1.2  Multivalent Technologies Directed at T cells 

Because the TCR-pMHC has a low avidity and requires multivalency for tight 

binding, research into T cell directed therapeutics has focused on creating multivalent 

systems to target antigen-specific T cells.15  For instance, divalent pMHC protein 

complexes have been prepared by creating fusion proteins between pMHC and antibody 

heavy chains (Figure 2-1).16  The resulting protein complex inhibited the activity of 

alloreactive T cells in mice, showing promise for such therapies in the field of organ and 

tissue transplantation.  Furthermore, because self-reactive T cells have been implicated in 

autoimmune disorders, it might be beneficial to have technologies that can direct 
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payloads of drugs or other therapeutics to specific subsets of T cells.  Other small protein 

multimers have also been developed for therapetics17 but all of these methods suffer from 

the same limitation of being easily cleared from the body.18 

 

 

For imaging and diagnostics, protein complexes or polymer-protein hybrids have 

been developed that utilize pMHC multivalency.  In T cell diagnostics, fluorescence 

activated cell sorting (FACS) is the leading technology.19  In the FACS instrument, 

individual cells are passed through a series of laser-detector pairs and are subsequently 

sorted based on fluorescent tags present on or in the cells (Scheme 2-1).  These 

fluorescent tags are often fluorophore conjugates of antibodies or other selective binding 

proteins directed towards cellular molecules.  Due to the wide variety of fluorophores and 

advances in lasers and optics, the number of measured cellular parameters can reach  

Figure 2-1  A divalent pMHC I species made from an antibody fusion 
protein and a streptavidin based tetramer. 
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Scheme 2-1.  Explanation of fluorescence activated cell sorting (FACS).  A 
heterogeneous mixture of cells is stained with a cocktail of fluorophore-antibody 
conjugates.  The cells are pumped through the fluidics systems and out of a vibrating 
novel, which releases only one cell at a time.  Each individual cell gets interrogated 
by a laser-detector pair.  In the end, each cell is counted as an event and is staining 
intensity can be monitored.  Four distinct populations are present: 1 double negative, 
2 single positives, and 1 double positive. 
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almost 20.20  In the case of a pMHC-fluorophore conjugate, a single interaction is not 

strong enough to label antigen-specific T cells, but multivalent pMHC FACS reagents 

have been developed.15 

The most widely used reagent for staining antigen specific T cells in FACS is a 

class of multivalent species known as “tetramers”. Tetramers consist of four biotinylated 

pMHCs bound to a streptavidin-fluorophore conjugate (Figure 2-1).21,22   Tetramers are 

also used for immunohistochemical imaging of antigen specific T cells in various 

tissues.21  Demand for tetramers has grown so much that a government repository was 

established for biotinylated pMHCs, making it simple for researchers to find pMHC 

sources.23  However, in some cases, tetramers induce apoptosis or activate T cells, which 

are undesirable side-effects for analyzing T cells and/or sorting T cells for further use.24,25  

Evidence suggests that the distance and rigidity of the linkage between pMHCs plays a 

role in how tetramers affect T cells.17  Also, despite their name, tetramers are limited to 

presenting two and possibly three pMHC molecules for binding.  This limited number of 

pMHC molecules may not suffice for weaker TCR-pMHC systems.  The drawbacks with 

protein complexes revolve around their small size and suggest that a larger technology is 

needed that will allow for increased pMHC valency and control over pMHC surface 

density.  
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2.1.3  Quantum Dots 

The successes and failures of the aforementioned multivalent pMHC technologies 

illustrates the need for agents that are slightly larger than small protein complexes and 

protein-polymer hybrids.  Nanomaterials show promise in this field due to their potential 

for long circulation times and tailorable properties.18  Spherical quantum dots (QDs) have 

emerged as novel materials with numerous applications in the field of 

nanobiotechnology.26  QDs are fluorescent, semiconducting nanocrystals between 1 and 

10 nm in diameter with unique properties, such as narrow, tunable emission spectra, 

broad absorption spectra, and high photostability.27  These positive attributes set them 

apart from traditional organic dyes and fluorescent proteins.  However, the insolubility of 

QDs in water, lack of surface functionalization, and their chemical instability initially 

hampered their use in biological systems.  Consequently, most researchers choose to coat 

the surface of the quantum dots with materials that the enhance water solubility while 

leaving the overall size and optical properties relatively unperturbed.28-30   The potential 

impact of QDs has resulted in their commercial availability with multiple coatings for a 

diverse set of applications.  For example, QDs have been used for in vitro cell 

localization, in vitro visualization of individual intracellular mobile proteins31 and in vivo 

cancer imaging.30 
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2.1.4  Project Goals: 

2.1.4.1  Quantum Dots:  Improved FACS Stains 

Most QD research has exploited the QD’s unique spectral properties to 

qualitatively visualize or quantitatively evaluate biomolecules and cells.20,26  However, 

limited research has directly taken advantage of the size of QDs and used them to create 

multivalent scaffolds to study receptor systems.  One group used QDs coated with 

dihydrolipoic acid and functionalized with specially modified pMHC molecules to 

determine how cooperative binding with a coreceptor affected T cell recognition.32  They 

did not seek to create multivalent FACS stains to allow access to lower affinity pMHC-

TCR interactions, which was one goal of this project.  To accomplish this, we wanted to 

use a commercial source of QDs to create antigen-presenting nanoparticles (APNs) that 

consisted of biotinylated pMHCs bound to streptavidin functionalized QDs (QD-SA) 

(Figure 2-3).  It was our initial hope that these simple-to-use, easily accessible QD-SA 

conjugates would lead to better FACS stains for antigen-specific T cells.  The repository 

of biotinylated pMHCs provided an apt motive to develop a platform that still made use 

of biotinylated pMHC.  Furthermore, because of their increased usage, QD specific filter 

sets are readily available for FACS instruments. 
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2.1.4.2  Quantum Dots:  Generic Nanoscaffolds to Study Relationship 

Between Multivalency and Selectivity. 

The second goal of this project was to determine if there was relationship between 

pMHC multivalency and T cell selectivity.  For this goal, the QD center of the nano-

complex served only as an observable parameter where as the size and ability to present 

many copies of pMHC in a controlled fashion was the real point of interest.  As stated 

earlier, the pMHC-TCR interaction is interesting in that it is highly selective but 

Figure 2-2  An antigen-presenting nanoparticle (APN) consisting of biotinylated (B) 
pMHCs bound to a QD-streptavidin (SA) conjugate.  The QD has 
trioctylphosphoxide (TOPO) as a stabilizing surface ligand and is surface passivated 
with what is thought to be a randomized n-octylamine, polyethylene glycol modified 
polyacrylic acid polymer.  The diameter of the QD-streptavidin conjugate is between 
10-20 nm based on supplier information.   
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generally of low affinity.  Because nature seemingly compensated for low affinity by 

incorporating multivalency, one can then ask if multivalency is explicitly linked to 

selectivity.  It was the hope of this project to use our model TCR-pMHC system to study 

the relationship between multivalency and selectivity. 

As stated in the introduction of this thesis, our model pMHC-TCR system is 

centered on a genetically modified mouse, the OT-I mouse.  Every CD8+ T cell created 

within this mouse is specific for a MHC complex that has been loaded with the “OVA” 

peptide (amino-acid sequence: SIINFEKL).  Modified OVA peptides exist with amino 

acid deviations that result in even lower affinity pMHC ligands.  For instance, the G4 

peptide (SIIGFEKL) has a lower Kd than the OVA-pMHC.  To study selectivity, one can 

extract Kd for APNs fabricated with OVA and G4 pMHCs and express “Selectivity” as a 

ratio of the two Kd as shown in Eq. 2-3 and illustrated in Scheme 2-2: 

ty)(Selectivi multi
OVA

APN
d

G4
APN

d S
K
K

=        Eq. 2-3 

Eq. 3 resembles the expression describing β, the enhancement factor, except 

avidity dissociation constants are used here and the binding strengths of different 

multimers are being compared.  Increased selectivity for a single APN mutant/wild type 

pair would be expected.   Therefore, this experiment will be more important to gauge the 

selectivity of APNs as a function of valency and to determine how increased valency 
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affects their selectivity for T cells.  Next, Kd
tetramer

G4 and Kd
tetramer

OVA will also be 

determined via titration experiments similar to those depicted in Scheme 1.  Dividing  

 

 

 

SAPN of the APNs by the resulting Stetramer will allow us obtain a relative selectivity that 

compares the avidity of the APN to the avidity of the tetramer for T cell binding (Eq. 2-

4).  

electivityRelativetetramer

APN

S
S
S

=       Eq. 2-4 

Scheme 2-2.  Explanation of how two pMHC-APN complexes of different affinities 
can be used to probe the relationship between multivalency and selectivity 
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If the relative selectivity is greater than one by a significant and reproducible amount, 

than multivalency would indeed be linked to selectivity.  If relative selectivity is equal to 

one, than the multivalency would not be linked to selectivity and only be linked to 

increased avidity.  A relative selectivity of less than one would suggest increased non-

specific binding possibly caused by co-receptors that have affinities for portions of the 

pMHC complexes.  Each one of these findings would have implications for the design of 

multivalent pMHC scaffolds for any application.   

 

2.1.4.3   Significance 

 The quantification of antigen-specific T cells using FACS is of utmost importance 

in the field of immunology for studying disease states in vitro and in vivo.  However, 

current methods can lead to T cell modification prior to analysis.  For example, some 

studies indicate that exposure of CD8+ T cells to soluble tetramers induces cell death and 

that this death is dependent on the linker length between the pMHC and the streptavidin.  

In contrast, APNs with a variety of pMHC surface densities may allow us to create agents 

capable of binding T cells but not elicit an immune response.  In addition, APNs would 

offer increased valency that should lead to tighter binding and possibly better selectivity 

for targeted T cells, helping in cases where the avidity of tetramers is too low for 

adequate staining.33 
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Currently, many drugs and therapies, such as chemotherapy, lead to non-specific 

tissue and cell damage. Highly selective, tight binding nanomaterials could lead to the 

delivery of pharmaceutical agents to antigen specific T cells without significantly 

compromising bystander tissues or cells. Such a technology could be used in the 

treatment of autoimmune disorders, T cell derived cancers, and in organ and tissue 

transplantations.  Additionally, APNs can be designed that present a wide-range of 

pMHC surface densities that induce a variety of T cell responses.  For instance, one APN 

may cause initial and prolonged antigen specific T cell activation, which would be 

helpful for vaccine development, while another APN might lead to selective destruction 

or inhibition of subpopulations of autoreactive T cells.  These tests would not be done 

with QD-APNs, but the same principles should apply for all nanomaterials of the same 

general size and shape.  
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2.2 Experimental 

2.2.1 Materials: 

All buffer reagents, Rhodamine-6G (R6G), and 3,3’,5,5’-tetramethylbenzidine 

(TMB) substrate solution were purchased from Sigma-Aldrich (St. Louis, MO).   The 

following reagents were purchased from Molecular Probes (Invitrogen,  Carlsbad, CA):  

biotinylated antibodies, antibody-fluorophore conjugates, streptavidin-fluorophore 

conjugates, lyophilized streptavidin, 1 μM streptavidin conjugated Qdots (QD-SAs) of 

which there were six types classified by emission max; 525 nm, 565 nm, 585 nm, 605 nm, 

655 nm, and 705 nm.  Biotin-fluorescein conjugate was purchased from Pierce 

Biotechnologies (Rockford, IL).  Amicon Ultra-4 spin filters (100k MWCO) were 

purchased from Millipore (Billerica, MA).  Lyophilized biotin-horseradish peroxidase 

(HRP) was purchased from Rockland Immunochemistry (Gilbertsville, PA).  A 

Quantamaster Fluorimeter (PTI, London, Ontario) was used for routine emission scans 

and to obtain excitation scans of R6G and QDs.  An LSR-II FACS instrument (Becton 

Dickinson, Franklin Lakes, NJ) equipped with four lasers (355 nm, 405 nm, 488 nm and 

633 nm) was used to analyze the binding of APNs, and the data was manipulated using 

FlowJo FACS Software (Tree Star, Inc., Ashland, OR).  All FACS studies were carried 

out in the Immunology department under the supervision of Dr. Steve Jameson and Dr. 

Paul Champoux following established lab protocols.  An 8453 UV/Vis Spectrometer 
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(Hewlett-Packard, Palo Alto, CA) was used to measure the concentration of QDs and 

R6G as well as to monitor the HRP colorimetric assays. 

 

2.2.2  FACS Assessment of QD-SA Emission Profiles:   

B6 mice were sacrificed following lab protocols using CO2 inhalation.  Lymph 

nodes were then harvested and crushed over a steel mesh filter into a clean culture plate 

containing 5 mL of Hank’s Balanced Buffer Solution (HBBS).  The cell suspension was 

transferred to a 15 mL Falcon tube, and the wire mesh was further washed with two 5  

mL aliquots of HBBS making the total cell suspension 15 mL.  Next the cells were 

centrifuged for 1 minute at 1,100 rpm on a table top IEC Centra centrifuge to eliminate 

any tissue debris.  In order to count the cells, 10 μL of cell pool was added to 10 μL of 

AKT lysis buffer, which is used to lyse any red blood cells present.  Next, 10 μL of the 

resulting solution was diluted with 10 μL of 0.1% trypan blue in 1X PBS to image the 

live cells.  A 10 μL sample of this solution was transferred to a cytometer grid and 

counted using a microscope.  A typical harvest resulted in 30-60 million T cells.  The 

cells were then concentrated by centrifugation to 10 million cells/mL of solution.  It is 

important to note that the cells were kept on ice at all times except for when being 

handled.  

Next, 9 μL of 1 mg/mL biotinylated anti-CD4 antibody were added to 1.8  mL of 

the cell pool (1/200 dilution) and incubated for 1 h on ice.  The pool was then washed 
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twice with fresh FACS buffer (1X PBS, 1% fetal calf serum, and 3 mM azide) via 

centrifugation.  Three staining concentrations were attempted for each of the six types of 

QD-SAs (see materials list).  Six groups of samples were prepared on a 96 well plate with 

each group being made up of three wells containing 100 μL of cells stained with 10 nM, 

1 nM, or 0.1 nM of QD-SA.  After 1 h incubation on ice, the cells were centrifuged once 

in the 96 well plate, and the supernatant was discarded.  The cell pellet was dissolved in 

300 μL of fresh FACS buffer. 

An LSR-II FACS instrument was used to analyze the samples.  First, the T cells 

were selected for analysis using their known forward and side scattering characteristics 

based on previous experience in the Jameson Lab; low side scatter and moderate to high 

forward scatter.  Next, this population of cells was analyzed for CD4+ T cells by 

monitoring the fluorescence of the streptavidin functionalized QD.   

 

2.2.3  Quantum yield measurement of commercial QD-SA conjugates:   

To assess the quantum yield (QY) of the 605 nm QD-SA, a rhodamine-6G (R6G) 

standard method was used. The following formula was adapted from a previously 

published method and used to calculate the QY:34  

R6G
R6G

QD

QD

R6G
488 1

1 q
IntFl
IntFl

T
TQY nm 



















−
−

=        Eq. 2-5 
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In the above equation, T is the transmittance of the fluorophores, Fl Int is the 

fluorescence intensity at the emission max, and qR6G is the quantum yield of the R6G.  

The fluorescence emission scan was performed on a 0.91 nM QD solution and a 37 nM 

R6G solution.  Each sample was excited at 488 nm in a 1 mL quartz cuvette, with 

excitation and emission slits set to 1.25 mm with 5 nm band pass.  UV-Vis measurements 

of diluted stock solutions confirmed that the concentrations of the stocks were accurate.  

An excitation scan of a 0.9 nM solution of QD was taken as well, monitoring the 

fluorescence emission at 606 nm. 

 

2.2.4  Streptavidin Conjugation to Carboxy-terminated Qdots: 

Qdots functionalized with terminal carboxy groups were conjugated to 

Streptavidin using standard EDC chemistry.  The experimental that follows is an example 

of a conjugation that would theoretically result in a ratio of 40 streptavidin  to 1 Qdot.  

Streptavidin (480 μL of a 2 mg/mL stock, 16 nmol) was transferred to a 2 mL glass vial 

equipped with a small stir bar.  While stirring, 50 μL of a 8.1 μM Qdot solution (0.40 

nmol) was added to the glass vial.  As a final step, 60 µL of EDC stock (10 mg/mL, 2.0 

μmol) was added to the vial.  The conjugation solution was allowed to stir for 2 h.  For 

this particular experiment, unbound Streptavidin was washed from successful QD-SA 

conjugates using a centrifugal filtration method.  This method is detailed in its own 

section below.  In short, the conjugation solution was transferred to a 100 MWCO 
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Amicon Ultra-4 device and washed with fresh buffer a total of five times.  A small 

sample of the retentate was then used to determine the number of biotin-binding sites 

using the biotin-fluorescein assay described below. 

 

2.2.5  Streptavidin Conjugation to Amino-terminated Qdots: 

Qdots functionalized with terminal amino groups were conjugated to Streptavidin 

using two different NHS-incorporated linkers, bis(sulfosuccinimidyl)suberate (BS3) and 

EZ-Link NHS-PEG4-Biotin.  Initial attempts at conjugation involved using BS3
 and 

followed established protocols published by Evident Technologies.    In the first step, 

Qdots were exchanged from their storage buffer, 50 mM borate buffer pH 8.3, into 1X 

PBS using centrifugal filtration.  BS3 was then added to the Qdot solution to a final 

concentration ratio of 1 mM BS3 to 8 μM QD.  The resulting solution was then 

transferred to either a G25 microspin column or NAP-5 size-exclusion column to purify 

the conjugates from excess crosslinker.  Occasionally, a small amount of material with 

the same orange-red color of the Qdots precipitated out.  Qdot- BS3 conjugates were then 

treated further with varying amounts of Streptavidin.  Following QD-SA conjugate 

purification using centrifugal filtration, the biotin-binding sites were quantified. 

EZ-Link NHS-PEG4-Biotin was also used to conjugate Streptavidin to Qdots.  

The reaction conditions were similar to that of the BS3 method.  Qdots (465 pmol, 50 µL 

of a 9.3 µM Stock) were mixed in a conical vial equipped with a vane stir bar.  According 
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to the Qdot supplier, there were approximately 100 free amines per QD (46.5 nmol free 

amines for conjugation).  An approximate 10X excess of NHS-PEG4-Biotin (400 nmol, 

20 µL of 20 mM stock) was added to the solution while stirring.  The reaction was 

allowed to proceed for 5.5 h in the dark and stored at 4˚C until purification from unbound 

biotin.  The biotinylated Qdots were purified from free biotin using centrifugal filtration.  

Streptavidin (6.7 nmol, 35 µL of 190 µM stock) was added to a 35 µL aliquot of 3.8 µM 

biotinylated Qdots (0.13 nmol).  The reaction was allowed to proceed for 2 h at room 

temperature in the dark.  The biotin-binding sites were quantified following purification 

using an Econo 1.0 x 30 cm column that was hand packed with Sephacryl-100 resin.  See 

details below pertaining to this purification method. 

 

2.2.6  Efforts Towards Efficient Purification of QD-SA Conjugates: 

2.2.6.1  Centrifugation:  QD-SA solutions (1 mL at 4 nM) were centrifuged in 3 

mL Polyallomer Konical tubes at 33k rpm using a SW-55-Ti rotor.  After 60 min, the 

tubes were inspected and orange-red pellets were present.  The pellets were re-dispersed 

in fresh buffer, and the concentration was determined using UV-Vis.  The fluorescence of 

the supernatant and the pellet were also measured. 

2.2.6.2  Centrifugal Filtration:  An Amicon Ultra-4 centrifugal filtration devices 

was first loaded with neat Streptavidin.  While in the retentate chamber, the Streptavidin 

solution (50 pmol, 3.0 μL of 16.7 μM Stock) was diluted to 0.5 mL.  The tube was then 
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loaded into an IEC Centra CL2 centrifuge and spun at 3k rpm for 70 sec.  Examination of 

the retentate revealed about 350 μL of solution.  The retentate and the filtrate were 

assayed for Streptavidin using the biotin-binding site quantification procedure.  For QD-

SA conjugate purification, varying volumes of QD-SA solution (usually between 50 – 

100 μL) were diluted to 4 mL in the retentate chamber.  The solution was then 

concentrated to 200 μL and re-suspended in 4 mL of fresh buffer five times.  The QD 

concentration of the retentate was measured using UV-Vis, and the biotin-binding 

capacity was assessed using the biotin-fluorescein assay. 

 

2.2.6.3  Size-Exclusion Chromatography: 

A Biorad Econo 1.0 x 30 cm column was hand poured with Sephacryl-100 resin 

to a height of 25 cm.  The column was then equilibrated with 4 column volumes of 1X 

PBS.  Samples of QD-SA solution (~100 μL) were loaded onto the column and allowed 

to enter the column bed.  After chasing the sample with two sample volumes of fresh 

buffer, a solvent reservoir was attached, and the column was started.  The column 

progress was monitored using a hand held UV lamp, and once fluorescence started to 

elute, 100 μL fractions were collected.  These fractions were then characterized using 

typical SDS-PAGE conditions (10% Stack, 12% Resolving) and a Bio-Rad Mini Gel 

setup.  The gels were then stained with Coomassie blue and de-stained with standard 

solution. 
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2.2.7  Quantification of Biotin Binding Sites on QD-SA Conjugates   

This method was adapted from a previously published method.  Biotin-fluorescein 

conjugate, 0.8 mg, was dissolved in 1 mL of dimethylsulfoxide (DMSO) to obtain a 

concentration of 1.1 mM.  Stock solutions were stored at -70˚C.  Diluted solutions were 

prepared by adding 14.5 μL of the stock solution to 986 μL of 50 mM PBS with 1 mM 

EDTA to give a theoretical concentration of 16 μM and stored at -20˚C.  UV-Vis 

measurements gave an actual concentration of 18.3 μM.  A 1:100 dilution of this solution 

was made to be used for the proceeding titrations.  Next, a 1 mL sample of 4 nM QD-SA 

(4 pmol) was prepared by diluting 4 μL of 1 μM QD-SA with 996 μL of 1X PBS.  The 

initial fluorescence of this QD-SA solution was measured by exciting at 488 nm and 

monitoring at 520 nm with 1.23 mm slit width and 5 nm band pass.  The solution was 

then titrated with 1 μL aliquots of the 0.183 µM biotin-fluorescein solution (0.183 pmol), 

and the fluorescence was measured after mixing and incubating for 5 minutes.  The 

incubation time could take up to 30 minutes near the break point.  Two controls were run.  

In one control, the QD-SA was incubated with 100X excess free D-biotin prior to 

titration with the biotin-fluorescein.  In another control, neat streptavidin in 1X PBS was 

titrated.  The titration for both controls followed as explained above.  
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2.2.8  FACS Analysis: Antigen-Specific T cell Staining with APN   

APNs were fabricated by incubating OVA pMHC with 605 nm QD-SA in five 

ratios and placed on ice.  The ratios were 40:1, 20:1, 10:1, 5:1, and 2:1 pMHC:QD.  

Tetramers were also prepared by mixing equal volumes of 1 mg/mL streptavidin-

phycoerythrin (PE) with 1 mg/mL solution of OVA pMHC which gives a ratio of about 6 

pMHCs to 1 streptavidin-PE to ensure complete multimerization.  After multimerization 

was complete, aliquots of the APNs and an aliquot of the tetramer were transferred to a 

96 well plate such that the final staining concentration would be 3 nM for all the APNs 

and 18 nM for the tetramer.  Tenfold dilutions were carried out with the 40:1 APN 

solution and with the tetramer solution giving final staining concentrations as shown in 

Fig. 10 in the results and discussion section. 

Cells from a B6 mouse and cells from an OT-I TRC transgenic mouse with a 

Thy1.1 marker were harvested, counted, and washed as stated previously.  A mixture of 

the cells was then prepared such that the resulting make up was 90% B6 cells and 10% 

OT-I cells.  These cells were then concentrated via centrifugation to 10 million cells/mL.  

2.6 mL of these cells were transferred to a 15 mL Falcon tube, and 13 μL of 1 mg/mL 

APC conjugated anti-CD8 antibody and 13 μL of 1 mg/mL FITC conjugated anti-Thy1.1 

antibody were added to them.  This solution was incubated for 30 min before being 

centrifuged.  The resulting pellet was resuspended in 2.6 mL of FACS buffer.  Aliquots 

of 100 μL were added to all the wells containing the various APN and tetramer solutions 
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and allowed to incubate for 1 h on ice.  One-color compensation controls were also 

prepared for this experiment by adding the various stains to 100 μL of cells individually.  

The purpose of compensation controls is to digitally assign what is considered a positive 

signal for the various fluorophores and digitally subtract out any emission spill over.  

FACS analysis began by analyzing a clean sample of the cells and setting up the criteria 

for T cell recognition based again on known side and forward scatter characteristics. 

Finally, the samples were loaded and analyzed with respect to the aforementioned stains. 
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2.3  Results and Discussion  

2.3.1  Initial FACS Analysis: Profiling QD Emission. 

A vital step in this project was to determine the proper QD fluorescence emission 

for the APN.  Three criteria were established to help make this determination.  First, the 

QD emission had to fit an already existing Laser/Detector pair to facilitate the technology 

transition for immunologists.  Second, we wanted to choose the QD-SA that produced the 

least amount of spill-over into other fluorophores’ detection channels.  Three common 

fluorophores were identified for use in future staining procedures:  fluorescein (488 

nmλexc/520 nmλem), phycoerythryn (565 nmλexc /575 nmλem), and allophycocyan (650 

nmλexc / 660 nmλem).  Finally, we wanted to choose the QD-SA with the highest signal-to-

noise ratio and highest signal intensity.   

In order to assess these three criteria, I constructed and performed an antibody 

sandwich assay (Scheme 2-2).  Murine T cells were first stained with biotinylated anti-

CD4 antibody and then subsequently stained with QD-Streptavidin conjugates of varying 

emission wavelengths and concentrations.  After loading the samples into the FACS 

instrument, the QD fluorescence was monitored in its designated detection channel while 

concurrently monitoring the signal produced in other detection channels.  

The chief results of this experiment were that 605 nm QD-SAs had the least 

amount of spill-over into other detection channels and fit an established laser/detector  
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Scheme 2-3.  QD-SA/anti-CD4 antibody sandwhich assay to assess the detection 
channel spill over of the QD-SA. 
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air, making its use in FACS straightforward.  Furthermore, the 605 nm QD-SAs show 

significant separation between negative populations and positive populations compared to 

some commonly used fluorophores (Figure 2-3).  The higher intensity seen for the QD-

SA compared to pacific orange in Figure 2-3 most likely originates from the superior 

extinction coefficient of the QD. Titrating these QD-SAs demonstrated that 

concentrations as low as 0.1 nM could be used for effective staining.     

The remaining QD-SAs (525, 565, 585, 650, and 705 nm) suffered from poor 

signal-to-noise ratios or significant spill-over into other detection channels.  For instance, 

the 650 nm QD-SA showed high signal intensity and a high signal-to-noise ratio but 

produced spill-over into the APC channel.  Admittedly, many of these conjugates could 

have been eliminated based solely on knowledge on their emission wavelength, but it was 

important to get a sense of how well they all performed compared to other QD-SAs and 

organic fluorophores.   Based on these experiments, it was determined that QD-SAs, in 

general, could be incorporated easily into future FACS studies.  Moreover, for this study, 

the 605 nm QD-SAs were singled out as the most viable material for APN fabrication.  

This was based on their demonstrated high specificity, a high signal-to-noise ratio, high 

signal intensity, and compatibility with established fluorophores and instrument 

parameters.  
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2.3.2  Quantum Yield Characterization of Commercially Available 

Streptavidin conjugated QDs (QD-SAs) 

 In order to garner acceptance in the FACS community where typical fluorophores 

have high quantum yields (QY), it was important to confirm that the QD-SA had a QY 

near unity.  From the standpoint of instrument set-up, it was also essential to determine if 

the QY was wavelength dependent in order to ensure that the correct excitation laser was 

being used during FACS analysis.   

To measure the QY, fluorescence experiments were set-up in which the QD-SA 

was compared to a standard with a known QY.  The QY of the QD-SA was then derived 

Figure 2-3.  FACS data from antibody sandwich assay.  (Data also included in NIH 
Grant Proposal:  Principal Investigator, Dr. T. Andrew Taton). 
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using Equation 5.  R6G was used as the standard (QY = 0.90) at a concentration of 37 

nM and the QD-SA concentration was 0.91 nM.  At these concentrations, the inner-filter 

effect was negligible as well as both species had the same transmittance, canceling out 

the first term in Equation XX.  According to the fluorescence data, the QY of the QD-SA 

was 0.78 and consistent with the range specified by the vendor. The QY of 

phycoerythryn, which is commonly used to make Tetramers, is slightly higher at 0.84.  

However, because the brightness of the fluorophore is a product of the extinction 

coefficient (ε) as well as the QY, the QD-SA compensates with an ε that is two times 

greater than phycoerythryn ε (4.4 x 106 M-1cm-1 at 350 nm; phycoerythryn— approx 1.6 

x 106 M-1cm-1 at 488 nm). 

In order to check whether or not the QY was wavelength dependent, an 

absorbance spectrum was taken of a 40 nM QD solution and compared to the 

fluorescence excitation spectrum of a 0.91 nM solution of QD-SA (Figure 2-4). 

Congruency between absorption and excitation spectra for a species means that the QY is 

wavelength independent.  Normalizing the intensity of the two spectra to their values at 

375 nm showed that indeed their shapes were very similar, indicating that the 355 nm UV 

laser was a choice laser to yield maximally fluorescent samples.  
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2.3.3  Initial FACS Analysis of Antgen-Specific T cells: APN and Tetramer   

The purpose of the previous FACS experiments was to determine the best QD-SA 

based on fluorescence emission and get a general idea of staining concentrations.  While  

 

the experiment also suggested that QD-SAs could stain specific types of cells, the system 

was based on antibody recognition and not the pMHC-TCR interaction.  In order to test 

this interaction, APNs were constructed from 605 nm QD-SA and biotinylated OVA 

pMHC molecules and used to stain antigen-specific T cells.  Experiments were 

performed in which a small population of OT-I mouse lymphocytes (which include T 

cells) were spiked into a solution of lymphocytes from a wild type B6 mouse.  All OT-I 

Figure 2-4.  Absorbance spectrum (black) and excitation spectrum of 605 nm QD-SA 
used to assess if the quantum yield was wavelength dependence.  Normalized at 375 
nm. 
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CD8+ T cells are specific for OVA-pMHC and have a congenic marker, Thy1.1.  This 

marker helps to indicate whether our APNs are selectively staining the OT-I CD8+ T or 

incorrectly staining the B6 mouse T Cells, which are Thy1.2+. 

After incubating the APNs with the lymphocytes, FACS was used to select live 

cells based on side and forward scatter characteristics known from experience in the 

Jameson Lab (Black Population – Top Graph, Figure 2-5). Analysis of these cells with 

respect to CD8 and Thy1.1 resulted in three distinct populations; a double negative group 

(CD8-Thy1.1-, none T cells, green), a single positive group (CD8+, B6 T cells, red), and a 

double positive group (CD8+Thy1.1+, CD8+ T cells from OT-I, blue).  Further analysis of 

the double-positive group, OVA-specific CD8+ T cells originating from the OT-I mice, 

revealed that it was positively stained by APN (Third Graph).  The none-T cell 

population showed no APN binding, and the T cells originating from normal B6 mice 

showed very little staining with the APN.  This small amount of APN fluorescence could 

be caused by the weak affinity that the CD8 receptor on T cells has for MHCs or poor 

compensation controls.  Regardless of the reason, the same effect was seen in the 

tetramer control.  This experiment therefore suggested that the APN selectively stained 

antigen-specific T cells even in the presence of other cell types.  This result has since 

been corroborated by research done in other groups.   
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In the next FACS experiment, APN and tetramer concentrations were titrated in 

Figure 2-5.  FACS data obtained from antigen specific T cell staining experiment.  
This data illustrates the pathway of analysis.  First, a population was selected based 
on light scattering properties (Top).  This population was then analyzed for the 
presence of Thy1.1 and CD8 (Bottom Left).  All populations resulting were analyzed 
further for binding to APN (Bottom Right) to assess the binding specificity of the 
APN. 
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order to semi-quantitatively compare their Kd values.  This experiment was also designed 

to provide the minimum concentration of APN required to observe positive binding.  The 

data suggested that the “higher” valent APN did not stain significantly better than the 

tetramer (Figure 6).  FACS analysis showed that 3 nM APN stained only as well as 6 nM 

tetramer.  
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Figure 2-6.  Binding analysis of different concentrations of APN and tetramer to 
antigen-specific T cells using FACS. 
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This data produced a Kd of 0.2 nM for the APN and 1 nM for the tetramer.  While this is 

an increase in avidity, it is not the amount of increase expected.  Furthermore, the lower 

limit of detection, 0.1 nM, is about the same for the APN and the tetramer.  One positive 

aspect of this data, which is attributed to the large Stokes shift of the QDs, is the clean 

and narrow emission for the APN even at low concentrations.  Compared to the APN, the 

Tetramer produces very broad populations of positive cells. 

These experiments left us somewhat concerned because the increase in APN 

avidity was not even a full order of magnitude more than the Tetramer.  The tetramer Kd 

obtained in our study, 1 nM, is almost three orders of magnitude greater than a single 

OVA-pMHC molecule.  Because the Tetramer can only present at most three pMHCs to 

a T cell, then each additional pMHC molecule accounts for an increase of one order of 

magnitude.  With an increase of only an order of magnitude for the APN Kd, two possible 

explanations were entertained.  First, it could have been that our hypothesis was 

incorrect, and increasing the pMHC valency of an antigen-specific stain could not 

improve above a trivalent system like the Tetramer.  The second explanation was that the 

pMHC valency of the APN was not much larger than the Tetramer.  The answer to both 

of these questions really hinged on being able to establish a protocol for determining the 

number of pMHCs available on the surface of the APN.  The efforts and progress made 

toward this goal will be discussed next. 
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2.3.4  APN-pMHC Valency Determination: FACS Analysis. 

In order to measure the pMHC valency of the APN, a FACS experiment was 

performed in which the ratio of pMHC to QD-SA was modulated.  The purpose of this 

experiment was to reach the point at which increasing the amount of pMHC stopped 

improving the staining intensity.  It was thought that this point of saturation would give a 

rough indication of how many pMHC were attached to the APN.  Looking at Figure 7, a 

saturation point occurred between the ratios of 2 and 5 pMHC molecules per QD-SA 

(Figure 2-7).  Streptavidin is a tetramer that contains four biotin-binding sites with D2 

symmetry, and its conjugation to the surface of a nanoparticle should only lead to 2-3 

accessible biotin-binding sites.  Therefore, this data suggests that there are at most two 

streptavidin proteins per QD, making commercial QD-SA insufficient for studying 

pMHC valency.   

 

Figure 2-7.  FACS analysis 
of APN binding to OVA-
specific T cells (CD8+ 

Thy1.1+ T cells) as a 
function of APN pMHC 
valency. 
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2.3.5  APN-pMHC Valency Determination: Biotin-Fluorescein Assay.   

Following the FACS experiments, which suggested that there was between 2 and 

5 pMHCs per APN, another set of experiments performed to quantify the number of 

biotin-binding sites per APN.  Initial attempts included an enzyme based assay that used 

biotinylated horseradish peroxidase (HRP).  When in solution with commercially 

available TMB substrate solution, HRP activity creates a blue produce.  Quenching this 

process with sulfuric acid causes the product to turn a yellow color that can be measured 

at 450 nm and quantified using UV/Vis.  This assay was beneficial for two reasons.  First, 

the enzyme was around the same size (approximately 42 kDa) as the pMHC 

(approximately 53 kDa) and should have represented well how many pMHC would bind 

to the QD-SA.  Second, this assay achieves signal amplification, making only small 

amounts of sample necessary.  An issue with the procedure was quickly detected when 

attempts at making reproducible standard curves proved to be difficult.  In short, 

observations insinuated that the HRP was unstable after dilution and subsequent 

conjugation to the QD-SA because its activity changed significantly within short periods 

of time.  Because of this issue and the success of another method, the HRP assay method 

was halted. 
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Another method of biotin-binding site quantification proved to be much more 

robust.  This method was based on the phenomenon of biotin-fluorescein quenching 

markedly when bound to Streptavidin.  Titrating biotin-fluorescein into solutions of 

Streptavidin produces an initial curved line followed by a sharp linear increase in 

fluorescence caused by the presence of excess biotin-fluorescein (Scheme 2-4).  The 

point of increased fluorescence can be used to calculate how many biotin-binding sites 

and theoretical molecules of Streptavdin are present. 

 
Scheme 2-4.  The fluorescence quenching assay used to measure the biotin-binding 
capacity of QD-SA conjugates. 
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Figure 2-8 shows the biotin-fluorescein titration data for the commercially 

available 605 nm QD-SA conjugate that was used in the initial FACS experiments.  

There is a clear portion of the curve that is non-linear followed by a distinct break point 

where the data increases linearly rapidly.  This break point occurs at approximately 16 

pmol biotin-fluorescein which translates to only 4 biotin-binding sites per QD-SA.  This 

result reinforces the pMHC-APN FACS experiment and suggests that there was only one 

functional Streptavidin molecules per QD.   

Control experiments were performed on QD-SAs that were incubated with excess 

free d-biotin and then titrated with biotin-fluorescein.  The result was not a completely 

linear line, but the R2 value was high suggesting that the experiment worked well.  The 

small amount of non-linearity in the control could be the result of non-specific binding of 

the biotin-fluorescein conjugate with the QD-SA and subsequent fluorescence quenching 

via fluorescence energy transfer (FRET).  The extinction coefficient of the QD at 519 nm, 

which is the emission max of the biotin-fluorescein conjugate, is not large.  Because good 

spectral overlap between the emission of the donor fluorophore and absorption of the 

acceptor is an important requisite for FRET, quenching by the QD was not likely.  

Controls were performed with unconjugated, polymer coated QDs and biotin-fluorescein 

but these experiments resulted in linear plots.  Finally, titrations performed with only pre-

saturated Streptavidin showed non-linearity as well.  The issue of non-linearity was at 
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this point dropped because the origin could not be determined and because it did not 

affect the overall conclusion of the experiment; another QD-SA source had to be 

established.    

 

 

 

2.3.6  Streptavidin Conjugation to Quantum Dots and Purification. 

To gain access to QD-SA conjugates with increased biotin-binding sites, attempts 

were made to conjugate Streptavidin to commercially available polymer-coated QDs in-

house.  Earlier experience in our group with polymer coated QDs suggested that Qdots, 

available from Invitrogen, were the most stable commercially available QDs.  Other 

Figure 2-8.  The results of the biotin-binding assay for QD-SA conjugates 
fabricated in lab and QD-SA conjugates purchased commercially. 
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commercial sources were identified and tested, but all showed stability issues in buffer 

conditions and during conjugation procedures.  Qdots also came in a variety of surface 

functionalities, allowing us to endeavor different conjugation chemistries.  Carboxy-

terminated and amine-terminated Qdots were utilized in the subsequent conjugation 

reactions.   

A direct covalent method was used to attach Streptavidin to the Carboxy-

terminated Qdots employing EDC facilitated amide bond formation with free amines on 

Streptavidin.  The resulting conjugates, however, demonstrated stability issues that 

resulted in particle aggregation.  For the amine functionalized Qdots, two different 

mechanisms were employed to attach Streptavidin to the Qdot surface.  First, a direct 

attachment was used whereby the amines on the Qdot were converted to an amine 

reactive NHS-ester using a homobifunctional NHS-ester crosslinker, BS3.  This NHS-

modified Qdot was then treated with Streptavidin.  The second technique was an indirect 

method which consisted of first biotinylating the Qdots followed by treatment NHS-

biotin.  The resulting biotinylated-Qdots were then treated with varying amounts of 

Streptavidin.  The source of the difference in stability between the carboxy- and amine-

Qdots was not immediately apparent.  However, the vendor provided that there was a 

slight but important difference in the polymer coatings between the two Qdots.  While the 

overall structure of the polymer was not revealed, the vendor did specify that the amine-

Qdots were also functionalized with polyethylene glycol (PEG/PEO) chains.  PEO chains 

are known to add stability to colloidal suspensions.  
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The QD-SA conjugates resulting from amine-Qdots were subjected to purification 

and biotin-binding capacity measurements.  Two methods of purification were performed 

and compared to each other.  Both methods of purification, microfiltration and size-

exclusion chromatography, produced QD-SA conjugates with the same biotin-binding 

capacity. The first method, microfiltration, used 100 MWCO membranes that allowed 

unbound Streptavidin to flow through while the QD-SA were retained.  Size-exclusion 

column chromatography was also performed using a column hand packed with 400HR 

Sephacryl resin.  The principle behind this method was that the size of the QD-SA 

conjugates was not within the dynamic range of the resin.  Therefore, QD-SA traveled 

with the void volume and eluted before any unbound Streptavidin.  Purification was 

achieved using this method as demonstrated using SDS-PAGE gels to determine which 

fractions contained unbound Streptavidin and a UV lamp to determine which fractions 

contained QDs.   

These experiments showed that a maximum of 12 biotin-binding sites per Qdot 

was reached at an initial conjugation ratio of 40 Streptavidin molecules to each Qdot 

(Figure 2-9).  This saturation point was also reached at 20 Streptavidins per QDot.  These 

findings suggested that these QD-SAs also may not suitable for valency studies.  Based 

on these findings and the fact that funding for this project had stopped, the project was 

placed on hold until another conjugation procedure was worked out. 
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Figure 2-9.  Biotin-binding capacity of QD-SA conjugates that we fabricated with 
different ratios of SA to QD. 
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2.4  Concluding Remarks 

The data produced in the project suggested that commercially available QD-SAs 

are promising for their use in FACS analysis.  The benefits of their narrow emission were 

apparent from the earliest FACS experiments in which very narrow populations of CD4 T 

cells were stained compared to the Tetramer (Figure 3).  FACS studies also showed that 

these QD-SAs can be used to construct APNs in order to stain antigen specific T cells 

even while in a solution with other T cells and cell types (Figure 5).  However, 

commercially available QD-SAs proved to be unfit for the purpose of studying 

multivalency.  This is evident from the titration and pMHC valency tuning FACS data 

(Figures 6 and 7) and the biotin-binding site quantification data (8 and 9).  Progress was 

made to produce QD-SA conjugates in-house using commercially available QDs.  We 

identified the amine-terminated Qdots from Invitrogen as a viable source for these QD-

SA conjugates and showed that the biotin-binding capacity could be increased to 12 sites, 

up from the commercially available 4.  However, despite the improvement, we felt this 

increase was not sufficient to study the affects of pMHC valency on the selectivity of 

binding to T cells, and the project was halted. 

 

 

 

 



Chapter 3:  Micropatterned, Antigen-Preseting Cell Mimics 

53 
 

 

Chapter 3 

Micropatterned, Antigen-Presenting Cell 

Mimics 

 

3.1 Introduction 

 In the previous chapter, T cell function was described exclusively in terms of the 

peptide-loaded MHC-TCR interactions and the multivalency required for that pair of 

receptors.  These pairs form at the cell-cell interface between T cells and antigen-

presenting cells (APC) and serve not only as a means of recognition but also to trigger 

signaling cascades within the T cell.  These signaling events culminate in a massive 

reorganization of various proteins into well-defined regions (patterns) at the cellular 

interface.1,2  Much like multivalency is utilized by many different cells for binding, 
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emerging evidence is also demonstrating that micron-sized patterns of proteins at cellular 

interfaces is also important to multiple cell types.3,4  

 

3.1.1  Protein Patterning at Cellular Interfaces  

 Communication between adjacent cells that is dictated by temporal binding of 

surface bound receptors is an extremely well studied phenomenon.5  However, recent 

research has exposed some receptor binding systems as being much more complicated 

than just temporal recognition.6,7  For certain cells, the micronscale organization of 

receptors and ligands has been shown to be important for cellular function.8  Sometimes 

the spatial orientation consists of a simple pattern characterized by the distance between a 

single type of receptor or group of receptors.  For other cell types, more complex spatial 

orientations, like well-formed patterns of multiple different receptors, seem to be 

important.9  

Many different cells and cellular processes demonstrate sensitivity to patterns of 

single types of receptors and ligands.  For instance, Whitesides et al showed that patterns 

of fibronectin, a ligand of various integrins, could be used to dictate whether human 

capillary endothelial cells survived or underwent apoptosis.10  Other groups have shown 

that the spatial orientation of ligands can control events such as differentiation and 

migration.3,4    McBeath et al demonstrated that exposing human mesenchymal stem cells 

to various patterns of fibronectin controlled whether the stem cells committed to 
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becoming an adipocyte or osteocyte.  In both these cases, the pattern of fibronectin and 

the spacing between clusters of fibronectin was correlated to changes in cell shape, which 

is thought to be the best indicator of the fate of these particular cells.   

Studies on cells and patterned interactions provide insight into how the body may 

use patterns to control cellular processes.4,11  Likewise, they provide motivation and clues 

for researchers that may help to create biomaterials with more precisely-targeted 

applications.12,13  However, the studies discussed above only dealt with single receptor 

patterns and not with more complicated patterns involving multiple kinds of receptors, 

which appear to be vital for the function of some classes of cells. One type of cell for 

which complex protein patterning is thought to be important is T cells.  The interaction 

between T cells and APCs is the model system for this project. 

 

3.1.2  The “Immunological Synapse” – T cell Function and Fate 

As I mentioned in Chapter 1, T cells must be activated against their pathogen 

through a TCR-pMHC interaction before they can fully perform their functions.1,14  After 

a threshold of recognition events has been breached, a longer lasting interaction forms 

termed the “Immunological Synapse.”15  The formation of the immunological synapse is 

immensely complex with many receptors and co-receptors playing roles (Figure 3-

1A).16,17  Most of the receptors help with adhesion or co-signaling where as TCR-pMHC 

pairs are important antigen recognition. 
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Figure 3-1.  A) The immunological synapse is a complicated interaction 
featuring many different receptors.  B)  T Cells can actively rearrange 
artificial APC surfaces into “Bull’s eye” patters as observed using 
fluorescence microscopy. 
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The complexity of the immunological synapse results from more than just the 

large number of different proteins; all of these proteins are also constantly reorganizing 

on different size scales.18  For example, on the nanometer scale, TCRs start to form 

clusters, as described in Chapter 1, for reasons that are not yet fully clear.19,20  On the 

micron scale, whole regions of the interface start to enrich for certain clusters of 

proteins.21  The classic immunological synapse is fully matured after about 30 minutes of 

interaction and contains two distinct protein enriched regions.  The center area is 

comprised of pMHC-TCR interactions while the peripheral area contains important 

adhesion molecules like ICAM-1/LFA-1. (Figure 3-1).22  This “bull’s eye” pattern has 

been imaged and characterized using in vitro T cell-APC interactions and interactions 

between T cells and phospholipid surfaces meant to act as artificial APCs (Figure 3-

1B).21,23  These studies showed that the system remains dynamic even after a mature 

synapse has formed with new TCR-pMHC clusters being formed on the periphery and 

shuttled to the center.22  The end result of synapse formation is T cell activation followed 

by differentiation and proliferation to form a population of effector T cells.  However, the 

role of the immunological synapse in differentiation and proliferation is not entirely clear.  

The immunological synapse is not always observed in T cell activation, and so it is not 

known whether it is required.24  In addition, it has been argued that organization in the 

synapse is a simple consequence of the dimensions of protein pairs rather than a 

functional driver of T cell behavior.25,26 
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3.1.3  T cells and Patterned, Artificial Substrates 

Following the initial evidence that T cells can form patterned receptor interactions 

with APCs,21 researchers endeavored to understand the phenomenon using patterned 

artificial APC surfaces.27  An in-depth understanding into why and how T cells form 

immunological synapses could have major benefits for T cell directed therapies.  A few 

of methods for patterning important APC proteins were developed.  Two illustrative 

examples will be discussed here-in and will be termed “Dynamic” presentation and 

“Static” presentation.  Each method has its own set of positive attributes and allowed 

researchers to study various aspects of the immunological synapse.27,28 

 

3.1.3.1  Dynamic Presentation 

The “Dynamic” method involves sequestering APC receptors to a phospholipid 

bilayer that is supported on a glass slide (Figure 2A).  This method is very similar to the 

initial studies of T cells on planar APC-like bilayers.  The important difference involves 

the inclusion of chromium lines that were patterned on the SiO2 substrate using e-beam 

lithography.  E-beam lithography is a technique that allows one to pattern materials with 

feature sizes as small as 50 nm.27  These lines acted as “corrals” that allowed the T cell to 

probe the surface and make TCR-pMHC connections but only allowed the T cell to 

maneuver the TCR-pMHC a defined distance.  Because of these corrals, the T cells could 

not form the classic immunological synapse.  Furthermore, individual groups of proteins  
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Figure 3-2.  A) The Groves group presents partially mobile APC proteins 
to T cells using phospholipid bilayers with corralled proteins.  B)  The 
Irvine group presents static patterns of APC proteins and probes how 
different patterns affect T cell activation. 
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could be monitored using fluorescence microscopy to observe any correlation between 

location and signaling events.29   

Using this technique, Groves et al showed that TCR-pMHC pairs trapped in the 

periphery of the interaction sustained signaling where as receptor pairs in the middle of 

the interaction lost their ability to signal.29  Using this same technique, the Groves group 

was able to discover more information concerning dynamic events at the synapse.30,31  

For instance, a study was performed wherein a maze of chromium lines were patterned 

on a substrate.  The maze allowed T cells to make TCR-pMHC contacts, but then forced 

the T cell to navigate through the maze to reach the center of the synapse.  Using this 

technique, the Groves group gained valuable mechanical information about how the actin 

cytoskeleton is involved in TCR-pMHC translocation.  This type of information could 

not have been obtained using a system where APC proteins were rigidly immobilized on 

a substrate. 

 

3.1.3.2  Static Presentaion 

For the “static” presentation method, patterns of proteins are arrayed on a 

substrate using photolithography.  Photolithography is a mature technique that 

experienced rapid growth because of its use in creating integrated circuits with micron-

sized features.32  Conventional photolithography uses light to selectively remove or cure 

photorest materials deposited on a substrate.  Positive photoresists are materials that 
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become soluble in developing solutions once exposed to light where as negative 

photoresists are cured when exposed to light.33  Patterns of resists are projected onto 

substrates using photomasks. Combined with further deposition, developing, and 

exposures steps, many different materials with a variety of chemical properties can be 

patterned onto a substrate.32 

In order to study the immunological synapse, Irvine et al used photolithography to 

pattern an activating anti-TCR antibody and I-CAM-1 onto a substrate (Figure 3-2B).34  

Much like the Groves group, they determined that sequestering the TCR to the periphery 

of the immunological synapse led to prolonged signaling.  In another study, they used 

photolithography to pattern three different proteins: anti-TCR, anti-CD28, and I-CAM-

1.35  They determined that the location of CD28 clusters played a large role in cytokine 

production during T cell activation.  The ability to pattern three different proteins is 

unique to photolithographic studies and has not yet been achieved with phospholipid 

bilayer studies. 

 Both “Static” and “Dynamic” presentation methods have provided important 

information about the immunological synapse.  They showed that T cells can be forced to 

recognize patterns and that some patterns prolong T cell activation.  However, they share 

the same shortcoming; the use of large monolithic surfaces for binding substrates.  Large 

surfaces have superior qualities in many respects.  For instance, many techniques have 

been established to characterize chemistries that occur on large surfaces.  Also, large 
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surfaces allow for easier characterization of the immunological synapse as it forms and 

undergoes dynamic rearrangements.  Nevertheless, while large surfaces may be easy to 

characterize and be appropriate for certain types of adherent cells, they might not be 

appropriate for highly mobile cells such as T cells.  Furthermore, any important 

information obtained using large surfaces would be difficult to translate into in vivo 

therapeutics.  To target T cells, which are not naturally adherent cells, for in vivo 

therapeutics, a dispersible format such as a colloid would be beneficial.  In order to be 

effective, these colloids would need to present patterns of proteins to cell on a 

micronscale. 

 

3.1.4  Dispersible, Patterned Colloids 

Asymmetric particles with different surfaces and functionalities have existed as 

far back as the mid 1980s.36  The term “Janus” particles was created to describe these 

objects by Pierre-Gilles de Gennes as part of his Nobel acceptance speech in 1991.  The 

term “Janus” originates from the name for the Roman god of doorways who also 

represents dichotomy.  Originally, a Janus particle was a particle with hemispherical 

regions of two different materials.  However, “Janus” has since been used to describe 

asymmetric particles made with many different structures (Figure 3-3).  Also, a variety of 

materials such as polymers,37,38 inorganic materials,39,40 and liquid-crystalline compounds 

have been used to create Janus particles.41  Despite their long standing existence, Janus  
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Figure 3-3.  A variety of Janus particles can be fabricated from simple 
hemispheres to more complicated barcoded particles.  



Chapter 3:  Micropatterned, Antigen-Preseting Cell Mimics 

64 
 

particles have just recently started to move from academic studies to application driven 

research.41,42 

Currently, Janus particles have enjoyed intense interest in the field of diagnostics 

because of the ease with which they can create simple biphasic particles.  For instance, 

the Doyle group has developed a continuous flow lithography technique to create flat, 

biphasic rectangular-like particles (Figure 3-3).43  The red region of the particle is the 

probe region where molecules that bind to a specific analyte are sequestered.  The other 

region (blue) acts as the barcode and identifies that specific Janus particle and therefore 

whatever analyte is present.  In their initial attempts, they demonstrated the ability to 

identify specific DNA strands in mixtures of strands.  Since then, the Doyle group has 

created more complex particles44,45 and perfected the analysis set-up.  The set-up consists 

of a fluidics system and CCD camera that allows the particles to enter a viewing area, 

stop for imaging, and then eject.46,47  Most of these Janus particles are polymer based and 

form because of entropy driven self-assembly of two distinct materials.  While this 

method excels at creating simple biphasic colloids, it has not yet been used to fabricate 

particles with complex patterns of materials with physiologically relevant feature sizes.48 

One way to create particles with controlled, complex surface patterns would be to 

use conventional photolithography and somehow release these patterns from the substrate 

and into solution.  This method has in fact been used to create particles with different 

patterned surfaces, albeit for electrical engineering applications.  For instance, Stauth et 
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al used photolithography to fabricate microcomponents with well-defined areas of Au 

and SiN on a silicon wafer and then released the components using HF to etch a 

sacrificial underlayer.49 Research performed by another group produced particles with 

patterns of Au and SiO2 using similar release methodologies and functionalized the 

surfaces with DNA strands to induce self-assembly.50  These examples provide literature 

precedence for creating dispersed particles with the ability to present complex patterns of 

materials.  However, no research has been performed to create such particles to target T 

cells, which was a major goal of this work. 

 

3.1.5  Protein Patterning: Surface Chemistry and Bioconjugation Methods 

In this project, we chose to use colloids with Au and Oxide as functionalizable 

surfaces because they demonstrate very different surface reactivity with various 

polymers.  This allowed us to create patterns of proteins by conjugating proteins to the 

already patterned polymers.  Surface chemistries of different materials and 

bioconjugation techniques are described next.  

 

3.1.5.1  Thiol Self-Assembled Monolayers on Au Surfaces. 

Creating self-assembled monolayers (SAMs) of thiolated molecules on Au 

surfaces has been the subject of a great amount of research.51-53  The majority of research 
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on thiol SAMs has dealt with alkanethiols.  Research into the nature of the S-Au bond 

suggests that the active binding group is a thiolate (-RS-).  Binding energies for 

alkanethiol molecules depends greatly on the overall structure of the molecule, but the 

homolytic bond strength of the S-Au bond has been estimated to be as strong as 160 

kJ/mol.54  The formation of alkanethiol SAMs is thought to take place via a step-wise 

process.  The first step is fast and consists of 80% of the SAM being formed in less than 

one minute, depending on various parameters.  During this step, the alkanethiol displays 

many orientations relative to the Au surface, ranging from laying directly flat on the 

surface to projecting perpendicular from the surface.  In the last step, the remaining 

portion of the SAM is formed on the scale of many hours.  In the end, with the exception 

of defects, the SAM is comprised of a crystalline-like network of alkanethiols that are 

projected at a 30˚ angle off the perpendicular.51,53,54  Many parameters affect SAM 

formation and quality like Au surface defects, solvent conditions, alkyl length, and head-

groups, to name a few.50,55 

Because of their ease of formation and tailorable properties, thiol SAMs have 

been used to create surfaces for many biological applications.56  In order to stop non-

specific binding of proteins and cells to surfaces, researchers have incorporated ethylene 

oxide (EG) groups as well as other chemical groups at the terminal end of the 

alkanethiol.56,57  One important parameter for creating an anti-fouling surface is that the 

terminal group be hydrophilic and that water can be trapped within the monolayer.57  The 

terminal group can also be modified with chemical handles that allow specific 
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biomolecules to be tethered to the Au surface.  For instance, Huang et al used a mixed 

SAM to functionalize a standard Au chip for a Biacore surface plasmon resonance (SPR) 

instrument with an antibody directed at prostate specific-antigen (PSA).58  They 

demonstrated clinically relevant detection limits using this simple technique.  Many other 

examples of attaching biomolecules to Au surfaces exist as a demonstration of their 

utility in biological applications.59,60 

While alkanethiols SAMs have many positive characteristics,61 they also suffer 

from many drawbacks, such as oxidation of the sulfur group to sulfonates, thermal 

desorption, and ligand exchange with other thiol molecules.53,62-64  Because of the 

presence of adventitious thiols in biological media, ligand exchange during biological 

applications can be a major problem.  Researchers have attempted various routes to 

combat this issue that depart from the typical alkanethiol SAMs.  One popular approach 

has been to create multivalent thiol molecules for Au surface attachment.60,63,65  For 

example, Volkmer et al synthesized a tripodal thiol molecule that increased the stability 

of Au nanoparticles in the presence of thiolated molecules.  Other groups have 

demonstrated similar approaches for AuNPs66 and large planar Au surfaces with 

success.67  The concept of creating multivalent thiol molecules that are stable with respect 

to ligand exchange is particularly important for this project because murine T cell media 

has an uncommonly high concentration of thiol molecules, > 50 mM. 
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3.1.5.2 Techniques for Polymer Passivation of Oxide Surfaces. 

 Two main methods to create non-fouling oxide surfaces for biomolecule 

functionalization will be discussed.  Poly(L-lysine) graft copolymers were used 

exclusively in this project, but a short discussion of organosilane monolayers will be 

included as well.   

 

3.1.5.2.1  Organosilane Monolayers on Oxide Surfaces 

The first method involves creating self-assembled monolayers with organolsilanes 

that form covalent bonds with oxide surfaces.68  For instance, researchers have used 

alkytrichlorosiloxane molecules that form Si-O bonds with SiO2 surfaces.68  These groups 

cite the ease with which monolayers are formed as being a positive attribute to this 

system.   Other groups have slightly modified this technique by using 

dimethylchlorosiloxanes.69  The resulting monolayers appeared to be more stable with 

respect to hydrolysis than those formed with trichlorosilanes.  Organosilane monolayers 

have been modified, much like alkanethiols monolayers, to create non-fouling surfaces 

by including terminal ethylene glycol groups.68,69  Methods have also been established to 

functionalize organosilane monolayers with biomolecules.70  Despite their positive 

qualities, organosilane monolayers are still susceptible to hydrolysis, are not strictly 

specific to oxide surfaces when other surfaces are present, and require somewhat harsh 

treatment conditions like heating or acidic environments.69,71 
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3.1.5.2.2  Poly(L-lysine) Graft Copolymers on Oxide Surfaces. 

The second method of passivating oxide surfaces involves using Poly(L-lysine)-g-

Poly(ethylene glycol) (PLL-g-PEG) copolymers.  PLL-g-PEG copolymers contain 

unreacted primary amines that are positively charged at physiologically relevant pH’s.  

These positively charged lysine residues mediate the attachment of the copolymer to 

negatively charged oxide layers via electrostatic interactions.72  This method of 

attachment has been used to modify the surface of many different oxides like TiO2, SiO2, 

Nb2O5, and Ta2O5.72,73  PLL-g-PEG copolymers have demonstrated the ability to create 

very stable anti-fouling surfaces with respect to protein adsorption and cell binding.74-76  

The capacity to prevent non-specific protein and cell binding is intimately linked to PEG 

length and grafting density.  For instance, research by the Textor group has indicated that 

PEG chains should be between 1-10 kDa, and the ideal grafting density is about 0.3.74 

Grafting density is defined here as the ratio of modified lysine residues to total lysine 

residues.  This specific grafting density and range of PEG molecular weight provides the 

perfect balance of copolymer adherence to the oxide surface while also providing a steric 

barrier to protein adsorption.  PLL-g-PEG copolymers have also been used to selectively 

conjugate proteins to oxide surfaces by including ω–modified PEG groups instead of 

methoxy-terminated PEG (mPEG) molecules.77,78   Because of their stability, anti-fouling 
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characteristics, and bioconjugation capabilities, PLL-g-PEG copolymers were chosen for 

this project. 

 

3.1.5.3  Protein Bioconjugation Strategies 

A primary goal of this project was to create patterned colloids that would present 

different proteins, or different sets of proteins, at different locations.  This required us to 

attach proteins selectively to different polymer-modified surfaces using orthogonal 

bioconjugation techniques.  The conjugation of proteins to surfaces is a diverse field with 

many well established methods.  This diversity makes a complete review of all 

techniques difficult.  In order to give a concise introduction into techniques of protein 

immobilization, methods are discussed below as they fit into three classifications:  

physical adsorption, covalent attachment, and affinity-based attachment. 

 

 3.1.5.3.1  Physical Adsorption 

 The most straightforward method of immobilizing proteins on surfaces is through 

physical adsorption.  Attractive forces such as electrostatics, Van Der Waals, and 

hydrogen bonding between surfaces and the amino acid residues on proteins assist in 

immobilization.  There is also an added entropic benefit because the protein displaces 

water molecules adsorbed to the surface and adopts a more random structure.79,80  The 
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obvious positive feature of this method is its simplicity; no modification is required of the 

surface or the protein.  However, there exist many disadvantages that may preclude the 

use of this method.  For instance, as a protein approaches a surface, it does so in a 

random orientation, and there is no control of how the protein will adsorb.  If a protein 

has an active site such as a catalytic site or binding site, the accessibility of that site could 

be very low, hindering the protein’s functionality.80  Also, nonspecifically bound proteins 

may be weakly bound, allowing them to be desorbed and replaced by other proteins from 

the solution.  Because of these shortcomings, physical adsorption is often neglected for 

more complex applications. 

 

 3.1.5.3.2  Covalent Attachment 

 Covalent bonds are often used to attach proteins to surfaces.  In this method, the 

surface is modified with reactive species prior to protein immobilization.  Covalent 

attachment strategies can be described as random or site-specific.  Random strategies are 

often more simple, but site-specific strategies offer much more control.  Both are 

discussed briefly.   

3.1.5.3.2.1   Random Covalent Attachment 

Random attachments utilize the reactivity between various amino acid side chains 

and small molecules attached to the surface.  Amino acid residues containing amine, 
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carboxylic acid, and thiol functional groups are targeted most often.81  For example, 

surfaces that have been modified with an N-hydroxysuccinimidyl (NHS) ester will react 

quickly with the primary amine of lysine residues to form stable amide bonds.  Similarly, 

carboxylic acid residues on proteins can be activated with N-hydroxysuccinimide to form 

an amide bond with amine functionalized surfaces.82  Cysteine containing proteins can be 

conjugated to surfaces functionalized with maleimides, haloacetimides, or disulfides.83 

Random covalent attachment methods suffer from some of the same disadvantages as 

physical adsorption, namely uncontrollable protein orientation.  A surface that is 

modified with an NHS ester will react with any primary amine within the protein.  If 

there are multiple lysine residues within the protein, assuming they are accessible, anyone 

of them will react. 

  

 3.1.5.3.2.2   Site-Specific Covalent Attachment 

For applications where particular protein orientations are desired, many site-

specific covalent methods have been developed.  Site-directed mutagenesis is often 

sufficient to introduce reactive lysine and cysteine residues into the protein.  NHS or 

maleimide chemistry can be used in much the same way as in random covalent 

attachment.  Another very popular technique for covalently attaching proteins to surfaces 

is to use Cu catalyzed Huisgen 1,3-dipolar cycloaddition.83,84  This method, which is 

often referred to as Cu catalyzed “click” chemistry, results in the formation of a 1,2,3-

triazole linkage from an azide and an alkyne (Figure XX).85  It is referred to as “click” 



Chapter 3:  Micropatterned, Antigen-Preseting Cell Mimics 

73 
 

chemistry because it is fast, produces little by-products, and is accomplished under mild 

conditions.  It is also bioorthogonal and highly specific.  One important requisite is that 

the protein must be either expressed with a non-natural amino acid 86 or the protein must 

be post-translationally modified to contain an azide or alkyne group.87,88  Both methods 

of incorporation have been achieved, but the post-translational modification route will be 

used for this project.   

In the post-translation modification strategy, a CVIA amino acid sequence is 

genetically modified into the C-terminus of the target protein.  This small amino acid tag 

allows the protein to be functionalized specifically with an azide-modified isoprenoid 

diphosphate by an enzyme called protein farnesyltransferase (PFTase).  The resulting 

azide-modified protein can then be attached to the alkyne modified surface.87,88  

Collaborative work between the Taton group and the Distefano group at the University of 

Minnesota has shown that the isoprenoid group can be used to purify the protein using an 

cyclodextrin-modified affinity column.89 The Cu click reaction is only one of many 

covalent site-specific attachment strategies.81  Other strategies that are being intensely 

researched are strain-promoted click chemistry,90,91 the Staudinger ligation,92,93 and 

native/expressed protein ligation.94-96  Each one of these techniques suffers from their 

own disadvantages.  For instance, Cu catalyzed click chemistry, strain-promoted click 

chemistry, and the Staudinger ligation all offer modest reaction rates, 6.0 x 10-3 M-1s-1,97 

7.7 x 10-3 M-1s-1,98 and 2.3 M-1s-1, respectively.99  To put this in perspective, the site-

specific conjugation rate of the enzyme-based HaloTag system is 2.7 x 106 M-1s-1.100  
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Solubility can also be an issue with these conjugation methods.  Regardless of some 

small disadvantages, these site-specific covalent attachment methods are used extensively 

because of their specificity. 

 

3.1.5.3.3  Affinity Attachment 

 Another very powerful method to conjugate proteins to surfaces is to use affinity 

attachment, which is not based on covalent bonds.  The most well-known example of 

affinity binding is the biotin-streptavidin linkage.  Streptavidin is a homotetrimeric 

protein complex that contains four biotin binding sites.  This interaction is the strongest 

known noncovalent bond with a Kd of 4.0 x 10-14 M.101  Furthermore, its binding rate is 

8.5 x 108 M-1s-1, making it extremely fast.100,102  Attaching a protein to a surface with this 

method requires that both the protein and the surface must be modified with biotin 

molecules; the streptavidin then acts as a bridge between the two.  The protein of interest 

can be modified in one of two ways: random covalent attachment or site-specific covalent 

attachment.  A number of biotinylation reagents exist to modify proteins in a random 

fashion.  Alternatively, protens may be modified site-specifically  by genetically 

modifying a protein to contain a specific 14 amino acid sequence.103  This sequence is 

then selectively biotinylated the E. coli biotin ligase, and is thus known as the BirA tag.  

Proteins immobilized using this method are, for the most part, irreversibly bound to the 

streptavidin by virtue of the high affinity of streptavidin for biotin.  The biotin-
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streptavidin bond can be broken using harsh conditions like high temperatures,104 but 

these conditions also are likely to denature the protein of interest. 

 Another very popular affinity method is the nitrilotriacetic (NTA)-histidine tag 

system.  In the presence of nickel ions (Ni2+), NTA molecules aquire an affinity for a 

sequence of six histidines, which must be genetically modified into the protein.  The Kd 

for this interaction is approximately 1.0 x 10-5 M, and the association rate (ka) is 

approximately 1 s-1.105  While this binding constant may be prohibitively low for some 

applications, it works well for systems where reversible binding is needed, like in affinity 

chromatography.  To increase the range of applications for NTA-His tag system, 

researchers have successfully created a modified NTA-His tag system with higher 

affinity using an NTA-trimer, tris-NTA.105-107  Using this technique, researchers were 

able to achieve a subnanomolar Kd and a ka of approximately 5 x 105 s-1.105  Despite these 

energetic modifications, protein complexes held together by tris-NTA-His tag dissociated 

under mild millimolar conditions of imadazole, showing promise for technologies 

requiring reversible binding. 

 The biotin-streptavidin and His-tag systems both have some of the same 

shortcomings; in order to control protein orientation, genetic engineering is needed.  

Other methods exist that do not require genetic modification of the protein of interest.  

However, these systems often require genetic engineering of the system, like raising 

monoclonal antibodies108,109 or performing phage display.110  In the end, affinity-based 
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protein immobilization is utilized so often because of its incredible specificity and fast 

binding kinetics. 

 

3.1.6  Significance  

 T cell-directed therapeutics is a growing in importance due to the immunologic 

significance of T cells and the ease with which antigen-specific populations can be 

targeted via their TCR.111,112  One major area of research is centered around creating T 

cell directed vaccines towards either a cancer or a virus.  For instance, while cancerous 

tissue and cells are endogenous, proteins are often changed to such a degree that T cells 

could recognize a peptide of cancerous origin loaded into a MHC molecule.  Therefore, 

the immune system does have the ability to fight various forms of cancer.111  However, 

cancer can evade the immune system via a number of different routes such as down 

regulation of antigen loaded pMHC molecules or suppressive cytokine production.113  T 

cells are then unable to activate because there is not a sufficient dose of antigen.  If T 

cells could somehow artificially be activated, the body may recover the ability to find and 

destroy cancerous tissues.114  Many researchers have endeavored to help the body fight 

cancer by controllably inducing T cell activation. Most therapies involve harvesting T 

cells from a donor (possibly the patient), activating the T cells in vitro, and then 

transfering the T cells into a patient.111,112  This procedure is hindered in a clinical setting 

because of the time and special skills involved with harvesting T cells, culturing T cells 
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in activating conditions with APCs, and identifying tissue matches.  One way to solve 

this issue would be to create injectable, artificial APCs with the ability to present patterns 

of synapse proteins to T cells.115,116  This solution has been attempted using spherical 

polystyrene beads coated with cancerous proteins. 

  

3.1.7  Project Goal and Research Strategies 

The goal of this project was to create dispersible, micropatterned antigen-

presenting cell mimics and test how they affect or induce the activation of T cells.  Any 

patterns that were shown to increase or prolong T cell signaling were then to be studied 

further for in vivo T cell directed vaccines.  The fabrication of these protein patterned 

colloids can be summed up as a three step process that utilized photolithography, 

orthogonal surface chemistries, and orthogonal bioconjugation chemistries (Figure 3-4).  

The first step involves the fabrication of disk-like particles with patterns of Au resting on 

an oxide underlayer using conventional photolithography (Figure 3-5).  Then, the 

orthogonal surface properties of the Au and oxide layers can be exploited in order to 

selectively attach thiolated and poly(L-lysine) graft copolymers, respectively.  These 

polymers can be synthesized with orthogonal bioconjugate handles for selective protein 

conjugation.  The third and final step of fabrication consists of selectively conjugating 

proteins to the desired polymer/surface affording a protein patterned surface.  Various 

forms of microscopy, including light and fluorescence microscopy, were used to  
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Figure 3-4.  Strategy for fabricating micropatterned, artificial antigen-
presenting cells.  
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characterize the fabrication steps.  Binding studies with mouse T cells will be used to 

determine binding efficiency and selectivity.      

  



Chapter 3:  Micropatterned, Antigen-Preseting Cell Mimics 

80 
 

3.2  Experimental Methods 

3.2.1  Materials 

The methoxy(polyethylene glycol)-N-hydroxysuccinimide (mPEG-NHS, MW 

2kDa) and biotin(polyethylene glycol)-N-hydroxysuccinimide (Biotin-PEG-NHS, MW 

3.4kDa) derivatives used in this study were purchased from Laysan Bio, Inc (Arab, 

Alabama).  Three derivatives of N-hydroxy succinimide were used and will be designated 

as follows:  N-hydroxysuccinimidyl carboxymethyl (mPEG-SCM or Biotin-PEG-SCM), 

N-hydroxysuccinimidyl valerate (mPEG-SVA or Biotin-PEG-SVA) and 

methoxypoly(ethylene glycol) succinimidyl glutarate (mPEG-SG).   Poly(L-lysine) 

trifluoroacetate (PLL-TFA, MW approx. 24,000 g/mol, Degree of Polymerization 90-

100) was purchased from Alamanda Polymers (Madison, Alabama).  Streptavidin-

TexasRed conjugate, Rabbit anti-Goat IgG-Alexa 488 conjugate, and 5,6-

carboxyfluorescein succinimidyl ester (FAM-NHS) were purchased from Invitrogen 

(Carslbad, CA).  Biotinylated-anti-thy1.2 antibody and anti-CD4/CD8-Alexa 647 

antibody conjugates were purchased from eBiosciences (San Diego, CA).  C57BL/6-

Tg(UBC-GFP) mice and B6 mice were purchased from The Jackson Laboratory (Bar 

Harbor, Maine).  Ultrapure water was generated from a Milli-Q water purification system 

(Millipore Inc., Billerica, MA, R > 10 MΩ⋅cm-1).  NMR analysis was performed on a 

Varian INOVA 500 (at 500 MHz).  All other chemicals were purchased from Sigma-

Aldrich (St. Louis, MO).     

http://jaxmice.jax.org/strain/004353.html
http://jaxmice.jax.org/strain/004353.html
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3.2.2  PLL-g-PEG copolymer Synthesis and Characterization 

PLL-g-PEG copolymers were made using a variety of PEG-NHS derivatives.  

What follows is an example reaction using mPEG-NHS (2 kg/mol).  To a 1.5 mL 

Eppendorf Tube, 500 μL of stock Poly(L-lysine) trifluoroacetae (PLL-TFA, DP 100, 40 

mg/mL, 82 μmol lysine monomer, in DMSO) was added and vortexed for 30 minutes at 

room temperature.  Then, 30 μL of DIPEA was added and vortexed for an additional 5 

minutes.  The PEG-NHS derivative of choice was subsequently added in stochiometric 

amounts to give the desired grafting ratio, g, of mPEG.  The grafting ratio, g, is here 

defined as the ratio of grafted PEG molecules to total lysine monomers.  For example, 41 

mg of mPEG-SCM (20.5 μmol – 25% of lysine residues) was added to the PLL-TFA 

solution to obtain a grafting ratio of 0.25.  The solution was then vortexed vigorously for 

12 hrs.  The resulting solution was loaded into dialysis tubing (SpectraPor 6, 25k 

MWCO) and dialyzed against 1 L of 1X phosphate buffered saline pH 7.4 (1X PBS, 10 

mM phosphate, 137 mM NaCl, 2.7 mM KCl) for over 12 h.  Then the samples were 

dialyzed against Milli-Q H2O twice for at least 8 h with one period being at least 12 h.  

Finally, the samples were lyophilized for 48 h prior to further characterization using 

NMR, SEC, and IEC.   

1H NMR was used to determine g for the graft copolymer using the following 

formula:   
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 (𝑔) =  𝑎′
𝑎+𝑎′

 Eq. 3-1 

where (a) is the integration of the 1H protons alpha to the unmodified amine in the 

lysine residue and (a’) is the integration of the 1H protons alpha to the modified amine 

peaks.  In the case of mixed copolymer, in which multiple types of PEG units are used, 

the graftin ratio of the second PEG moiety is obtained from a simple expansion of 

Equation 1 by adding an additional (a”) variable. 

Figure 3-8 shows how this formula is used.  After finding the g, the American 

Chemical Society notation is used to name the graft copolymers.  For example, PLL-

g(0.25)-mPEG signifies that methoxy poly(ethylene glycol) is grafted to the PLL backbone 

such that 25% of the lysine residues have been modified with mPEG groups.  PLL-g(0.25)-

[PEG-Biotin(0.125):mPEG(0.125)] signifies that both Biotin-PEG and mPEG moieties have 

been grafted to the PLL backbone with an individual g = 0.125 and an overall g = 0.25.  

1H NMR spectra were taken in D2O: Example assignments for PLL-g(0.25)-mPEG(SCM):  

1.10-1.90 ppm (br, -CH2- β-δ of the lysine side chains), 2.98 ppm (t, -CH2CH2CH2-NH3
+, 

ungrafted lysine side chain), 3.22 ppm (br, -CH2CH2CH2NHCOCH2O-, grafted lysine 

side chain), 3.45 ppm (s, -OCH3, mPEG), 3.5-3.8 ppm (br, -(CH2CH2)n-, ethylene 

glycol), 4.05 ppm (s, -NHCOCH2OCH2- grafted PEG), 4.28 ppm (br, -NHCOCαH-, PLL 

backbone). 



Chapter 3:  Micropatterned, Antigen-Preseting Cell Mimics 

83 
 

Size-exclusion (SEC) and ion-exchange chromatography (IEC) were performed 

using a Superdex 200 10/300GL column and a 1 mL Hitrap CM FF column, respectively, 

on an Äkta 100 FPLC Purifier (GE Healthcare, Piscataway, NJ).   

 

3.2.3  Biotin-PEG-Lipoic Acid Synthesis: 

To a 1.5 mL Eppendorf tube, 100 mg (29 umol) of Biotin-PEG-Amine (3.4k MW) 

was added to 1 mL of DMSO.  Next, 60 mg of lipoic acid (290 umol) and 37 mg NHS 

(319 umol) were both added to the DMSO solution.  Finally, the EDC (61 mg, 319 umol) 

was added while stirring the solution vigorously.  The reaction was allowed to proceed 

overnight at room temperature.  The next day the reaction solution was loaded into 

dialysis tubing and dialyzed against 1 L of 1X PBS for 12 h.  The buffer was then 

exchanged for fresh MilliQ water for 8 h and 12 h, sequentially.  After lyophylization for 

48, the sample was characterized using 1H NMR in D2O. 

 

3.2.4Biotin-PEG-SH Synthesis: 

To a 1.5 mL Eppendorf tube, 100 mg (29 umol) of Biotin-PEG-Succinimydyl 

Valerate 3.4k (Biotin-PEG-SVA) was added to 1 mL of DMSO.  Next, 60 mg of 

cysteamine (290 umol) and 37 mg NHS (319 umol) were both added to the DMSO 

solution.  Finally, the EDC (61 mg, 319 umol) was added while stirring the solution 
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vigorously.  The reaction was allowed to proceed overnight at room temperature.  The 

next day the reaction solution was loaded into dialysis tubing and dialyzed against 1 L of 

1X PBS for 12 h.  The buffer was then exchanged for fresh MilliQ water for 8 h and 12 h, 

sequentially.  After lyophylization for 48, the sample was characterized using 1H NMR in 

D2O. 

 

3.2.5  PLL-g-[PEG:PSH] Copolymer Synthesis: 

To a 1.5 mL Eppendorf Tube, 500 μL of stock Poly(L-lysine) trifluoroacetae 

(PLL-TFA, DP 10, 40 mg/mL, 82 μmol lysine monomer, in DMSO) was added and 

vortexed for 30 minutes at room temperature.  Then, 30 μL of DIPEA was added and 

vortexed for an additional 15 minutes.  The PEG-NHS derivative of choice was added in 

stochiometric amounts to give the desired g of PEG.  After 2 h of vigorous mixing, 

excess N -Succinimidyl 3-(2-pyridyldithio)-propionate (SPDP) was added and the 

reaction was allowed to proceed at room temperature overnight.  The sample was then 

evaporated using a Labconco SpeedVac.  After the sample was a concentrated oil, 1 mL 

of 1X PBS and 30 mg of TCEP were added to the solution and vortexed for 1 hr.  

Purification from excess SPDP and cleaved pyridine-2-thione was performed by loading 

small aliquots of the sample onto a Nap10 desalting column.  The pure PLL-g-

[PEG:PSH] solution was then evaporated in 1.5 mL Eppendorf tubes using a SpeedVac.  
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The white solid obtained was characterized using 1H NMR and stored as a powder at 

-20°C until use. 

 

3.2.6  Dispersible, Micropatterned TiO2/SiN Disk Fabrication: 

Dispersed, micropatterned Au/TiO2/SiN particles were fabricated using 

conventional photolithographic techniques performed by Min-Woo Jang in Professor 

Stephen Campbell’s Group (Electrical Engineering, University of Minnesota).  First, a 

multilayered substrate supported on a silicon wafer was prepared. On a 4-inch diameter 

silicon wafer, 650 nm of n+-doped-polycrystaline Si (poly-Si) and 110 nm of strain-free 

silicon nitride (SiN) were deposited by low-pressure chemical vapor deposition 

(LPCVD), and then 100 nm of TiO2 was deposited by sputtering, followed by rapid 

thermal annealing at 800 oC for 10 min under O2.   

The Au layer was patterned in one photolithographic step. First, positive 

photoresist (PR) was spin-coated onto the substrate and then exposed under a dark field 

mask.  After developing the PR to give a patterned substrate, 20 nm of chromium and 80 

nm of Au were consecutively deposited by physical vapor deposition (PVD) through 

electron-beam vaporization. Unwanted Au was lifted off by sonicating the wafer in an 

acetone bath for 5 min.  The UV-exposed PR regions were washed off by sonicating the 

wafer in acetone. Then, the final micropatterns of TiO2/SiN were produced by reactive 
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ion etching (RIE). This generated arrayed individual multilayered disks still connected to 

the wafer. 

In order to detach the disks from the wafer, the sacrificial poly-Si layer was 

etched away by KOH wet etching. For the KOH etching process, 15 mL of 30% (w/w) 

KOH solution was prepared, and the wafer was immersed in the solution for 15 min at 60 

oC. The etching process can be visualized by the disappearance of the Au layer on the 

wafer and subsequent solution color change.  The suspended microparticles were 

sequentially washed with 10 mM HEPES at pH 7.4 by removing 90% of the top 

supernatant every 3 h (3 × 50 mL).  Disks were then stored in buffer at room temperature 

until use. 

 

3.2.7 Selective Attachment of Fluorescent PLL-g-PEG and Thiol-PEG 

copolymers to Dispersed Disks and Wafers:   

Into 100 µL of the colloidal Au/TiO2/SiN microparticles or 5 x 5 mm wafer 

pieces in 10 mM HEPES buffer at pH 7.4, all polymers were added to a final 

concentration of 1 mg/mL.  When studying disks still attached to the silicon substrate, 

pieces of the wafer were cleaned in 30% KOH (aq) at 60°C and then washed and stored 

in buffer.  The wafer pieces were then placed in 100 µL of polymer solution.  In order to 

examine how the order of addition affected binding, experiments were performed 

wherein PLL and thiol polymers were added sequentially or at the same time.  Incubation 
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times were also varied.  After incubation, the microparticles or wafers were washed with 

10 mM HEPES buffer at pH 7.4 (3 × 1.5 mL). During the washing step, unbound PLL-g-

PEG copolymer and other chemicals were removed by pipetting out 90% of the top 

supernatant every 3 h as the disks settled in the Eppendorf tubes. Fluorescence images 

were obtained with either an Olympus BX60 Inverted Microscope equipped with 

Fluoresce isothiocyonate and Texas Red filter cubes or an Olympus Fluoview 1000 BX2 

Upright confocal microscope.  ImageJ analysis software was used for any quantitative or 

semi-quantitative measurements.  In the case of any image manipulations, the same 

global changes were made to any control samples taken on the same day.  

 

3.2.8  Disk Preparation for Cell Binding Studies   

To 1.0 mL of concentrated disks in an Eppendorf tube, PLL-g-PEG-Biotin was 

added to a final concentration of 1 mg/mL.  After mixing and sitting at room temperature 

for 2 hrs, the solution was washed with 10 mM HEPES buffer at pH 7.4 (5 x 1.5 mL) and 

brought back to a final volume of 1 mL.  Then, streptavidin-TXRED was added to a final 

concentration of 0.1 mg/mL.  The solution was then inverted for 30 min and washed with 

HEPES buffer (4 x 1.5 mL).  At this point, half the sample was taken and left for future 

negative controls.  To the 500 μL of remaining solution, biotinylated anti-Thy1.2 

antibody (eBioscience, San Diego, CA) was then added to a final concentration of 0.05 
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mg/ml.  After washing with HEPES buffer (4 x 1.5 mL), the solution was stored at 4oC 

until further use. 

Verification of the presence of biotinylated-anti-thy1.2 Aby was done using a 

fluorescent antibody specific for goat IgG.  In short, 1 μL of Rabbit anti-goat IgG-Alexa 

647 conjugate was added to 100 μL of Aby conjugated disks in HEPES buffer containing 

0.5 % BSA and 0.02% NaN3 and incubated at RT for 30 min.  Then the samples were 

washed with HEPES buffer containing 0.5% BSA and 0.2% NaN3 (2 x 1.5 mL).  The 

negative control consisted of streptavidin-modified disks treated with the fluorescent 

antibody.  The disks were then imaged using laser confocal microscopy as mentioned 

above. 

 

3.2.9 Cell Preparation and Binding Studies   

Lymph nodes were harvested from either a B6 mouse or a UBC-GFP transgenic 

mouse.  After harvesting, the cells were crushed through a steel mesh into media 

(Dulbecco's Modified Eagle Medium-DMEM).  After washing the mesh two times, the cells 

were brought to a final volume of approximately 15 mL and counted using 0.1% Trypan 

Blue solution and a hemacytometer.  The solution was then concentrated to 1 x 107
 lymph 

node cells/mL in media via centrifugation at 150 rcf for 5 min.  A portion of cells were 

then stained for 30 min on ice with anti-CD8/CD4 antibody-Alexa 647 conjugates using a 
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1:200 dilution.  These cells were then washed twice more using centrifugation and stored 

on ice until subsequent disk binding experiments. 

Lymph node cells were mixed with disks at a ratio of 40:1, cells to disks.  A 

typical experiment involved mixing 1 x 105 disks (approx. 200 μL) with 4 x 106 cells 

(400 μL).  The solution was then inverted for 1.5 h at 4 oC.  The solution was then 

imaged using laser confocal microscopy.  Both oil and water objectives were used for 

imaging.  For oil objectives, cover slips were applied and treated with oil, and for water 

objectives, solution was dispensed onto a slid without cover slip or into a petri dish. All 

slides were rastered in a grid format in order to find positive binding events.  Successful 

single binding events were defined as one disk being bound to one or more cells.  Larger 

aggregations of disks and cells were not counted but were noted.  The Texas-Red 

detection channel was used to verify the presence of the Streptavidin.  The FITC channel 

was used to image GFP cells bound to disks and the Alexa-647 channel was used to 

image CD4+ and CD8+ cells. 
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3.3 Results and Discussion 

 3.3.1  Disk Fabrication 

Many photolithographic methods were attempted to create dispersible, patterned 

Au/Oxide/SiN particles.  The most robust method is illustrated in a simplified form in 

Figure 3-5 and discussed in detail in the experimental.  The main points of interest are the 

patterning steps and subsequent release of the particles from the wafer.  In order to 

pattern the Au layer and provide an overall shape for the particles, two consecutive 

photoresist patterning steps were carried out.  The first photoresist step controlled the 

pattern of the gold that was deposited onto the oxide layer.  What is not depicted in the 

figure, but was integral to the success of this method, is a 50 nm layer of chromium that 

served as an adhesion layer between the oxide and Au layers.  At this point, the wafer 

consists of regular patterns of Au on an oxide background.  Halting the process at this 

point provides a good substrate for doing surface functionality testing.  This is relevant as 

some data shown in later experiments will be shown with wafers instead of dispersed 

disks.   

The second photoresist patterning step controlled the overall shape of the particle 

by protecting the under-layers during the final reactive-ion etch step.  In order to 

successfully orient the Au shapes correctly with respect to the desired edges, it was 

important to use a vacuum contact method to hold the photomask during fabrication.   



Chapter 3:  Micropatterned, Antigen-Preseting Cell Mimics 

91 
 

 

  

Figure 3-5.  The fabrication process of dispersible disks used for aAPCs.  
Photolithography was carried out by Min-Woo Jang in Professor Stephan 
Campbell’s group, Electrical Engineering Department, University of 
Minnesota. 
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Without the vacuum contact method, the Au shapes were incorrectly located near 

the edges of the disk.  In an attempt to bypass the need for vacuum contact, experiments 

were also performed where the Au layer was used as a hard mask for the reactive-ion etch 

step (Figure 6F).  Both methods provided correctly oriented the Au patterns on the oxide 

under-layer. 

The last step of the disk fabrication was the KOH wet etch, which selectively 

etched away the poly-Si sacrificial layer that was holding the disks to the wafer.  The 

resulting dispersed disks maintained the same shape and overall form they possessed 

while secured to the substrate (Figure 3-6).  One important parameter for particle release 

seemed to be the length of time exposed to 60˚C 30% KOH(aq).  As etch times exceeded 

30 minutes, significant delamination occurred, resulting in the Au layer lifting off the 

oxide layer.  Because of the sensitivity to etch time, particle recovery varied greatly from 

wafer-to-wafer.  This variation is thought to originate from differences in the crystallinity 

of the poly-Si sacrificial layer.  The KOH wet etch is an anisotropic etch and is therefore 

sensitive to which crystalline faces are presented.  For instance, KOH etches the <100> 

face of the Si lattice 400 times faster than the <111> face.  Other attempts were made at 

producing dispersible particles such as HF vapor etching.  This method, however, 

produced large islands of particles instead of singly, dispersed particles.  Also, HF is very 

corrosive, dangerous to use, and required special handling.  In the end, the KOH wet etch 

was used because it was cost-effective, easy to perform, “safer,” and produced single 

disks. 
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Figure 3-6.  A, C, and E)  Light microscopy images of disks after being etched 
from the wafer.  B and D)  Reflective micrscopy images of disks while still 
attached to the wafer.  F) Depiction of a disk where the Au layer was used as 
the hard mask during reactive ion etching.   
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Post-etch, the particles had to immediately undergo a diluent exchange to mitigate 

exposure time to the KOH solution.  Simple neutralization of the solution with HCl(aq) 

resulted in salt formation from which the disks could not be recovered.  Eventually, the 

diluent exchange was achieved by allowing the disks to settle, decanting 90% of the 

KOH solution, and re-dispersing the disks in fresh buffered solution.  This process had to 

be repeated four to five times to reach a neutral pH.  Centrifugation was investigated to 

speed up the exchange process, but this sometimes led to lower particle recovery due to 

particle aggregation and adhesion to the walls of the centrifuge tube. 

For this thesis, all dispersed disks presented use the methods described above and 

use TiO2 as the oxide layer.  In general, the process worked quite well.  Other disks like 

Au/SiN dispersed disks could also be made.  However, we were unsuccessful at creating 

dispersed particles with SiO2 as the oxide layer.  The working theory is that the REI etch 

permitted the  KOH to start etching away at the newly exposed edges of the SiO2.  This 

explanation is supported by the presence of freely floating Au shapes (without oxide 

layer) as seen via transmission microscopy and the presence of SiO2 shapes still present 

on the wafer as verified by SEM.    The effort to use SiO2 was made because it simplified 

and lowered the cost of fabrication.  SiO2 surfaces were also sought because fabrication 

with TiO2 sometimes led to surfaces that did not bind to PLL-graft-copolymers for 

reasons yet unknown. 
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Photolithography is a very mature technique with many advantages such as 

manufacturing scalability.  One other advantage that worked quite well for this project 

was the ease with which many patterns could be manufactured.  As Figure 3-7 shows, we 

had the ability to make a multitude of patterns of Au and shapes of particles; the smallest 

feature size attained was approximately 1 µm.  The physiologically relevant disks are the 

circular disks with varying patterns and amounts of Au present.  It was these disks that 

we hoped would allow us to modulate the amounts of pMHC and adhesion molecules to 

be presented to T cells.  The other shapes present in the figure are present mostly as 

proof-of-concept that other complex patterns could be made.  The rectangular disks will 

be used throughout this thesis only because they were much easier to handle. 

 

3.3.2  Polymer Synthesis. 

3.3.2.1  PLL-g-mPEG 

Because the oxide surfaces used in the project had negative surface charge at 

physiological pH, we focused on synthesizing and characterizing PLL-graft-copolymers 

as a means of creating biofunctional, non-fouling oxide surfaces (Figure 3-8).  Initial 

attempts at creating PLL-graft-copolymers followed literature sources from the Textor 

and Hubbell group.  While these methods provided copolymers, the grafting ratio could 

not be controlled from synthesis-to-synthesis.  Furthermore, using the literature methods, 

we could not synthesize polymers with grafting ratios above 0.20.  These methods  
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  Figure 3-7.  Menu of different shapes and patterns that were available through 
use of the photolithographic fabrication process.   
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involved using PLL as a HBr salt in high pH buffered solutions.  Our experiments 

showed that under these conditions, the NHS ester on the PEG molecules hydrolyzed too 

fast to form high grafting ratio polymers.  Instead of using aqueous solutions, our 

protocol called for dimethylsulfoxide (DMSO) as the solvent.  At first glance, using 

DMSO seemed like it may hamper efforts to purify the copolymer, which normally 

consisted of dialysis.  However, after experimenting with various types of dialysis tubing, 

materials were found that resisted degradation to the DMSO and allowed this protocol to 

mirror the aqueous procedures exactly.  Using this protocol, we were able to reproducibly 

synthesize PLL-graft-copolymers of differing grafting ratios (Figure 3-8).  Smaller 

molecular weight copolymers were accessible but the grafting efficiencies did decrease 

slightly for the higher molecular weight polymers.  For example, PLL-g0.25-mPEG was 

synthesized successfully where as PLL-g0.75-mPEG could not be synthesized.  Instead, 

we obtained PLL-g0.61-mPEG.   

The PLL-g-mPEG copolymers were also characterized using size exclusion 

chromatography (SEC).  All attempts at using organic phases including DMF and 0.1 M 

LiBr/DMF were unsuccessful despite literature sources that cited the use of these solvent 

systems for poly-amine polymers.  The system that provided the most consistent results 

was an Akta Purifier FPLC equipped with a Superdex 200 10/300GL.  PLL-g-mPEG 

copolymers were functionalized with carboxyfluorescein molecules for visualization and 

showed titratable differences in size using SEC (Figure 3-9).  Neither PLL-g-mPEG 

standards nor any graft copolymer standards of any type could be found to create a  
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Figure 3-8.  1H NMR analysis of PLL-g-PEG copolymers of different grafting 
ratios.   
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Figure 3-9.  SEC analysis of PLL-g-PEG copolymers of different grafting 
ratios.   
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correct standard curve to measure molecular weight.  However, there was a strong linear 

correlation between the ln(MW), as determined from NMR analysis, and the elution 

volume of the polymer. 

 

3.3.2.2  PLL-g-[Biotin-PEG], PLL-g-[Biotin-PEG:mPEG], and  PLL-g-

[Alkyne-PEG] Copolymers 

To take advantage of the well-studied biotin-streptavidin linkage as a means of 

conjugating proteins to oxide surfaces, I synthesized and characterized PLL-g-[Biotin-

PEG] and mixed PLL-g-[Biotin-PEG:mPEG].  Couplings were performed between PLL 

and the α-biotin-ω-succinimidyl ester poly(ethylene) glycol of valeric acid.  The reason 

for using this particular bifunctional PEG was two-fold.  First, experiments with Biotin-

PEG-Succinimidyl carboxymethyl ester showed that NHS hydrolysis was significant.  

However, grafting ratios of approximately 0.10, 0.25, and 0.50 were efficiently obtained 

using the biotin-PEG-Succinimidyl valerate ester.  Second, using the biotin-PEG-

succinimidyl valerate ester allowed me to more accurately measure relative grafting 

ratios of the mixed copolymers discussed below (Figure 3-10). 

Research has shown that PLL-g-copolymers synthesized with both biotin-PEG 

and mPEG showed the best ability to bind Streptavidin and create a non-fouling surface.  

To generate mixed graft-copolymers, mPEG-succinimidyl carboxymethyl ester and 

biotin-PEG-succinimidyl valerate ester were used together (Figure 10).  Due to the small 
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Figure 3-10.  1H NMR analysis of PLL-g-[mPEG:Biotin-PEG] copolymers of 
different grafting ratios.   
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differences in the carboxymethyl group and the valerate group, relative grafting 

ratios were obtainable using NMR.  While grafting ratios for the PLL-g-[Biotin-PEG] 

copolymers proved easy to control, the relative ratios of mPEG to biotin-PEG were not so 

straight forward.  The gtotal was always close to the desired number of 0.25, but the gmpeg 

was consistently lower than desired and the gbiotin always higher than desired.  

Regardless, these polymers were all within the correct grafting ratio range based on 

literature and so further efforts were not made to control the relative grafting ratios. 

Research in the Taton group has focused on synthesizing PLL-g-[Alkyne-PEG] 

copolymers to perform click chemistry with azide modified proteins.  Andrew (Jin-Hwa) 

Chung in the Taton Group originally utilized an α-vinylsulfone-ω-N-

hydroxysuccinimidyl ester poly(ethylene glycol) of propionic acid to synthesize PLL-g-

[Alkyne-PEG] copolymers.  The synthesis and characterization of this polymer is detailed 

in his Master’s thesis.  “Click” chemistry using this polymer is detailed later in this 

thesis.  However, following the successful synthesis of PLL-g-[Alkyne-PEG], the PEG 

molecule became unavailable commercially.  To ensure access to PLL-g-[Alkyne-PEG] 

copolymers for future work, I endeavored to synthesize PLL-g-[Alkyne-PEG] using 

different materials.  In short, a more simple amino-PEG-carboxylic acid was purchased 

and treated with an alkyne-NHS compound synthesized in-house.  The resulting alkyne-

PEG-carboxylic acid was then coupled to PLL using standard EDC/NHS chemistry.  The 

utility of this reaction lies in its simplicity; it’s essentially a two-step amide coupling 
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reaction achieved with a much cheaper PEG molecule.  The success of the reaction was 

confirmed using 1H NMR. 

 

3.3.2.3  Thiol Polymers 

To attach proteins to Au surfaces, many different thiol containing polymers were 

tested and are depicted in Figure 3-11.  The shorter Biotin-EG9-SH was purchased 

commercially and tested, but all other polymers were synthesized internally from 

commercial precursors.  The motive for testing so many different thiolated polymers will 

be discussed in the surface functionality testing portion of this chapter.  The synthesis of 

the monothiol polymer involved an EDC/NHS coupling reaction between cysteamine and 

Biotin-PEG-Succinimidyl valerate ester.  The dithiol synthesis also utilized EDC/NHS 

coupling but used lipoic acid and Biotin-PEG-Amine.  Both polymers were successfully 

synthesized based on 1H NMR characterization. 

A series of polythiolated polymers (PLL-g-[Biotin-PEG:PSH]) with biotin-PEG 

side chains was synthesized in an attempt to correlate the number of thiol groups with 

increased stability in biological conditions.  These polythiol polymers were based on a 

PLL backbone and Biotin-PEG-Succinimidyl Valerate ester but with two important 

differences from PLL-g-[Biotin-PEG:mPEG].  The first difference involves a grafting 

step in which N-Succinimidyl-3-(2-pyridyldithio)-propionate (SPDP) is added to the 

reaction after the addition of the Biotin-PEG.  The disulfide group in SPDP is then  
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Figure 3-11.  Structures of the biotinylated thiol polymers that were tested for 
binding to the Au layer of the disks.   
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reduced with TCEP affording free thiols attached to a common backbone.  Reduction 

with TCEP was a required for 1H NMR characterization.  Without reduction, the 

copolymer was not soluble in D2O.  The second important point is that shorter PLL 

polymers with an N = 11 were used instead of the larger PLL polymers (N = 100) used 

for oxide surface modification.  We reasoned that decreasing the length of the MW 

backbone would decrease disulfide bond formation resulting from intramolecular thiol 

recombination.   

Similar to the PLL-g-[Biotin-PEG:mPEG], the PLL-g-[Biotin-PEG:PSH] 

copolymers were characterized by 1H NMR and relative grafting ratios were obtained.  

The important peaks of interest are depicted in Figure 3-12.  PSH grafting ratios were 

determined from integrating the -CH2- (c) of the thiol side-chain.  Using this amount and 

the known N of 11, the grafting ratios of the Biotin-PEG groups were determined from 

the integration of the –CH2-NH- (a’ and a”) of the modified lysine groups.  Relative 

grafting ratios were difficult to control.  Copolymers with high Biotin-PEG and low PSH 

grafting ratios were easier to synthesize and had higher yields.  Increasing the PSH 

grafting ratio often led to polymers that were not soluble even after reduction with TCEP.  

Therefore, the copolymers characterized and used for future functional testing were the 

polymers that could be purified and recovered but not necessarily a good representative 

of all the polymers synthesized in a given reaction. 
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Figure 3-12.  1H NMR analysis of PLL-g-[Biotin-PEG:PSH] copolymers of 
different grafting ratios.   



Chapter 3:  Micropatterned, Antigen-Preseting Cell Mimics 

107 
 

3.3.3  Orthogonal Surface Attachment to Oxide and Au Surfaces 

What follows is a chronological description of efforts to create dispersed, 

patterned disks that have been modified with proteins for cell binding.  First, I will 

discuss the initial progress at monitoring polymer attachment and cell binding to 

dispersed Au/TiO2/SiN disks using fluorescence and standard transmission microscopy.  

Then, I will describe various efforts to characterize new thiol polymers for enhanced 

attachment of proteins to Au surfaces.  I will finish with a discussion of the issues and 

solutions for creating polymer-coated oxide surfaces in a dispersible format. 

 

3.3.3.1  Selective Surface Modification with Fluorescent Polymers 

In terms of characterization, the dispersible disks proved to be an interesting 

system of study.  For monolithic surfaces, researchers have developed many techniques 

to characterize the composition and quality of polymer coatings and layers.  However, 

most of these techniques are incredibly difficult for low concentrations of dispersible 

objects in the tens of microns size regime.  For this project, we focused on using 

fluorescence microscopy to qualitatively determine the location of fluorescently labeled 

polymers and proteins.  Quantitative measurements using this method were impossible 

for reasons discussed below.  It was our hope that binding tests with cells would provide 

some evidence of the stability and quality of the polymer layers. 
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Our first goal for the Au/TiO2/SiN disks was to determine if we could attach 

fluorescently labeled thiol and PLL polymers selectively to the Au and TiO2 surfaces, 

respectively (Figure 3-13A).  Using epifluorescence microscopy, we were able to monitor 

the selective attachment of carboxyfluorescein-labeled PLL-g-[mPEG] copolymers to the 

oxide layers (Green Channel, Figure 3-13A).  A TexasRed-EG3-SH polymer was utilized 

as a model mono-thiol for attachment to Au surfaces (Red Channel, Figure 3-13A).  

Overall, the TiO2 surface showed reproducible, strong fluorescence intensity where as the 

Au surfaces suffered from low fluorescence intensity.  In the green channel, the lack of 

fluorescence emitting from the Au surface was encouraging.  However, the possibility 

still existed that PLL-g-[mPEG:FAM] was attached to the Au in appreciable amounts but 

quenched by the Au.  This possible issue was addressed in later experiments. 

For the most part, the TexasRed-EG-SH treated Au surfaces were slightly more 

intense than untreated control Au surfaces.  The low intensity could be explained by Au’s 

ability to quench fluorophores within a 10 nm proximity.  As can be seen in Figure 3-

13A, diffraction-like patterns also sometimes appeared on the Au surfaces for unknown 

reasons.  The size of the diffraction pattern does not correspond to the size of an Airy 

disk produced by this optical set-up.  On occasion, Au surfaces that were meant to be 

control surfaces fluoresced with the same intensity as experimental samples.  This 

phenomenon happened with seemingly low occurrence, but it could not be sufficiently 

explained.  Reflectance could have been the reason, but the excitation filter should have 

filtered out most of the longer wavelength light that might have caused a signal.  
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Figure 3-13.  Fluorescence microscopy images of disks.  A)  A disk that was treated 
with TxRed-EG9-SH and PLL-g-[mPEG:FAM].  B) A disk that was treated with PLL-
g-[Alkyn-PEG] and then subjected to Cu catalyzed click chemistry conditions in the 
presence of Azide-FAM.  C)  A disk that was treated with GFP-N3 under Cu catalyzed 
click chemistry conditions and subsequently treated with Biotin-EG9-SH and then 
streptavidin-TxRed.  60X objective. 
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Furthermore, the emission filter should have filtered out any lower wavelength incident 

light that was reflected from the surface.  Regardless of these issues, the project 

continued to the next stage of orthogonal bioconjugation schemes for selectively 

attaching proteins to either the PLL or thiol polymers. 

 

3.3.3.2  Orthogonal Bioconjugation on Polymer-Modified Au Disks 

Copper catalyzed “click” chemistry and the biotin-Streptavidin linkage were the 

targeted bioconjugation techniques for this project.  PLL-g-[Alkyne-PEG] copolymers 

were utilized to attach azide modified proteins to the TiO2 layer.  While we used the 

alkyne modified PLL copolylmers for this project, we could have also synthesized the 

azide derivative.  Andrew Chung, in the Taton Group, performed initial “click” chemistry 

experiments using FAM-N3 instead of a protein to ensure that the reaction was 

proceeding  (Figure 3-13B).  He showed that “click” chemistry was a viable method for 

attaching molecules to oxide surfaces that were functionalized with PLL-g-[Alkyne-

PEG]. 

Next, we used GFP that was genetically modified with an azide moiety as a model 

protein for attachment to the oxide layer (Figure 3-13C).  The procedure was an 

adaptation of one used by the Distefano Group at the University of Minnesota.  In short, 

tris(2-carboxyethyl)phosphine (TCEP) was used to generate Cu(I) from CuSO4(aq) in the 

presence of PLL-g-[alkyne-PEG] modified disks and GFP-N3.  A stabilizing ligand, 
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TBTA, was also used to protect the GFP from reductive damage caused from the Cu(I) in 

solution.  We showed successful selective attachment GFP to the oxide layer as is 

evidenced by the fluorescence data (Figure 13C).  Bovine serum albumin (BSA) was 

needed to prevent non-specific binding of the GFP-N3 to the Au layer.  BSA was also 

needed to ensure that GFP did not stick non-specifically to the oxide layer in negative 

controls.  The negative controls consisted of disks incubated with GFP-N3 with either 

CuSO4 or TCEP in buffered solution. 

Biotin-EG-SH was used to attach a Streptavidin-TexasRed conjugate to the Au 

layer as a model protein for bioconjugation.  Fluorescence imaging of these disks resulted 

in many of the same issues as the TexasRed-EG-SH molecule.  For instance, signal 

intensity was low requiring high gain and acquisition times.  This often led to images 

with grainy, inconsistent fluorescence emission from the Au surfaces (Red Channel, 

Figure 13C).  Again, this issue of low intensity is not surprising given the fluorescence 

quenching ability of Au. 

In order to perform orthogonal bioconjugation on the same sample, disks were 

first subjected to click conditions overnight and followed by treatment with Biotin-EG-

SH and Streptavidin-TexasRed the next day.  Results were promising with disks emitting 

green fluorescence from the TiO2 layer and red fluorescence being localized to the Au 

layer (Merged Channel, Figure 13C).  Some disks, however, emitted green and red light 

from the Au layer suggesting that sometimes non-specific binding of GFP-N3 to the Au 
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layer is unavoidable.  This is somewhat puzzling, but there could have been some aspect 

of the disk fabrication process that only affected some of the disks.  This issue was never 

fully resolved. However, overall the data was encouraging and suggested that selective 

attachment of polymers to surfaces followed by orthogonal bioconjugation was possible.    

 

3.3.4  Cell Binding Studies with Au/TiO2/SiN Disks Antibody Functionalized 

TiO2 

 Many unknown variables were present at the beginning of cell binding 

experiments.  To simplify the initial experiments, immunological synapse proteins were 

not used to bind disks to cells.  Instead, the oxide surface of the disks was modified with 

PLL-g-[Biotin-PEG], Streptavidin, and biotinylated anti-thy1.2 antibody, which is 

specific for T cells.  After confirming the presence of the anti-thy1.2 antibody using 

fluorescence microscopy, the remaining disks were incubated with lymphocytes from a 

GFP mouse at a ratio of 1 disk for every 40 cells.  The GFP mouse was genetically 

modified such that GFP production was controlled by the ubiquitin promoter, and 

therefore every tissue and cell from this mouse was fluorescent. 

 After incubating the cells and disks together for 2 h, imaging was performed using 

a confocal fluorescent microscope (Figure 3-14).  Scanning the sample and counting 

single disks and disk-cell conjugates resulted in about 40% of the disks being bound to 

cells.  The negative control, which consisted of disks functionalized with all the same  
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Figure 3-14.  Fluorescence microscopy images of a representative disk-cell binding 
event.  The disk has been functionalized with PLL-g-[Biotin-PEG], streptavidin-
TxRed, and biotinylated anti-thy1.2 antibody.  The cells are from the lymph nodes of a 
B6-GFP transgenic mouse.  60X objective. 
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materials except the antibody, only showed about 4% of the disks being bound to cells.  

This experiment was performed two more times with similar results (Figure 14E).  All 

three of these cell binding experiments were performed using disks from the same 

fabrication lot.  This is an important point because further experimentation with TiO2 

surface from subsequent disk lots showed no difference between experimental and 

negative samples.  This was the first indication of variability in the TiO2.  As will be 

discussed later, this led us to search for other options for the oxide layer. 

 

 3.3.4.1  Antibody Functionalized Au Layer 

 Binding cells to disks via antibody functionalized Au surfaces never resulted in 

increased binding for the experimental samples versus the negative controls.  The first 

hypothesis was that the Biotin-PEG-SH was undergoing thiol exchange with β-2-

mercaptoethanol present in the media.  The result would be a Au surface with little to no 

antibody attached to it.  To test this hypothesis, media was prepared without β-2-

mercaptoethanol, and the binding tests were repeated.  However, despite the absence of 

the adventitious thiol, cells did not bind to the antibody-disks more than the negative 

control.  Two plausible explanations were identified.  The first explanation was that free 

proteins in the media, such as albumin which contains many cysteine groups, were 

replacing the mono-thiol ligands.  The second explanation was that cell binding caused 

the polymer layer to tear off the Au surface.  Both of these possibilities would be 
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remedied by a more stable thiol ligand, and thus, we endeavored to create more stable 

thiol ligands by increasing the number of thiols per ligand.  

  

3.3.5  More In-Depth Surface Functional Testing with Wafers 

 Au patterns were deposited on oxide wafers in order to troubleshoot issues with 

ligand and cell binding to Au surfaces and issues with TiO2 variability.  These wafers 

were manufactured by halting the disk fabrication immediately following Au deposition.  

Performing tests with wafers provided a faster, cheaper means of doing surface functional 

testing for many reasons.  For instance, wafers saved costs by cutting out the last 

photopattern step and reactive-ion etch step.  Costs were also cut because fluorescence 

tests were no longer dependant on the sometimes problematic disk recovery, allowing 

less material to be used.  Also, polymer/protein treatments and subsequent washes were 

simplified to rinse steps instead of waiting for disks to settle.  Finally, large wafers at 

least gave us the choice of using other surface characterization techniques like atomic 

force microscopy and x-ray photon scattering.  Following new, more rigorous testing for 

polymer, protein, and cell binding on wafers, we hoped to apply the lessons we learned to 

dispersible disks. 

 

3.3.5.1  Oxide Surface Testing on Wafers 
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In order to compare different oxide surfaces, three wafers with Au patterns were 

fabricated with either TiO2, SiO2, and SiN underlayers.  Each wafer was cleaned first in 

60˚C 30% KOH(aq) for at least 10 minutes.  After incubating the wafers in PLL-g-

[mPEG:FAM], they were rinsed in fresh buffer three times and imaged using laser 

confocal fluorescence microscopy (Figure 3-15).  Using fluorescence intensity as a proxy 

for PLL copolymer binding, the SiO2 wafer far out-performed the SiN and TiO2 wafers.  

As can be seen from the example intensity profile plots, the SiO2 surface was 

approximately eight times more intense than the other oxide layers.  This was interesting 

because past TiO2 wafers and disks exhibited high fluorescence intensity under similar 

optical and digital settings.  In this experiment, however, the TiO2 and SiN surfaces had 

similar intensities.  Past experience with these two surfaces by Andrew Chung in the 

Taton Group showed that TiO2 surfaces displayed higher fluorescence intensity than SiN 

surfaces when treated with fluorescent PLL copolymers.  One clue to the cause of the 

TiO2 variability might have come from Min-Woo Jang, the graduate student who 

fabricated these wafers.  During one of our many discussions, he mentioned that there 

were occasional problems with the TiO2 sputtering step particularly around the time that 

the problematic wafers were fabricated.  We concluded that SiO2 was perhaps more ideal 

for our studies because of the variability in the TiO2 performance and because depositing 

SiO2 cost less and required much less time.  However, as was discussed in the disk 

fabrication section, initial attempts creating disperisible Au/SiO2/SiN disks failed. 
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3.3.5.2  Investigating Thiol Ligands on Au/SiO2 Wafers 

 Because we were unable to attach cells to disks via Au directed ligands and 

proteins, efforts were shifted to synthesizing and testing different thiol ligands for Au 

passivation.  Mono, di, and various polythiol copolymers were synthesized and tested for 

binding to Au using laser confocal fluorescence microscopy.  All the thiol polymers 

contained large PEG chains (N = 69) to increase the distance of fluorophores from the Au 

and to impart hydrophilicity and hinder non-specific binding.  Back-to-back comparisons 

of the monothiol, the dithiol, and PLL-g-[Biotin-PEG0.75:PSH0.25] showed increased 

fluorescence for the PLL copolymer, approrimately seven times brighter (Figure 3-16).  

Two possible conclusions could be drawn from this result.  It could be that increased 

fluorescence means that more PLL copolymer was attached to the Au surface.  It could 

also be that the monothiol and dithiol polymers formed monolayers with inefficient 

packing that might result in the fluorophores being located closer to the Au.   

Self-assembled monolayers of short alkanethiols undergo a stepwise formation 

wherein the first alkanthiols quickly form an amorphous, loosely packed layer.  During 

this first quick step, many of the alkanethiol head groups are located closer to the Au 

surface.  The formation of a more crystalline layer takes much longer, depending on 

solvent conditions, but results in the head groups being located further from the Au.  If 

our mono- and dithiol with much longer PEG were unable to form well-packed 

monolayers, the head groups could be trapped closer to the Au surface causing the  
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fluorescence to be quenched.  Upon binding to a Au surface, polythiols like the 

one used for this experiment would likely contain Biotin-PEG chains that were forced 

into a more rigid, linear orientation because of steric hindrance caused by neighboring 

Biotin-PEG chains.  Such a phenomenon would result in the protein fluorophores being 

located further from the Au and subject to less quenching. 

 PLL-g-[Biotin-PEG:PSH] copolymers with differing relative grafting ratios were 

also compared back-to-back using fluorescence microscopy (Figure 3-17).  All the 

samples contained many bright artifacts that could be the result of surface imperfections 

and debri.  These bright spots were not included in any measurements.  No clear pattern 

was identifiable between relative grafting ratios of the PLL-g-[Biotin-PEG:PSH] 

copolymers and fluorescence intensity from the Au layer.  Likewise, no pattern was 

identifiable between relative grafting ratios and fluorescence coming from the SiO2 layer 

of the wafer.  The intensity profile plots displayed in Figure 3-17 are unintentionally 

misleading.  Careful measurement of multiple fields of view resulted in similar intensity 

measurements for samples A, B, and C with D being over 20% more intense.  Because 

sample D has the highest Biotin-PEG:PSH ratio, this could suggest that there is some 

threshold that must be met to show increased binding.  More copolymers would have to 

be made and tested to draw any hard conclusions. 
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Figure 3-17.  Comparison of PLL-g-[Biotin-PEG:PSH] polymers of varying grafiting 
ratios using streptavidin-TxRed and confocal fluorescence microscopy.  60X 
objective. 
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3.3.5.3  Dual Fluorescence Imaging on Oxide and Au Surfaces 

 Fluorescence microscopy studies were completed to test if we could orthogonally 

attach PLL-g-[mPEG:FAM] to oxide surfaces while also attaching PLL-g-[Biotin-

PEG:PSH] to the Au surface (Figure 3-18).  Results showed that we were able to achieve 

this for both Au/SiO2 and Au/TiO2 wafers (SiO2 data not show).  In some cases, 

including PLL-g-[mPEG] was essential to stop binding of the polythiol to the oxide layer.  

Without PLL-g-[mPEG] or PLL-g-[mPEG:FAM] polymers, the fluorescence intensity 

from the PLL-g-[Biotin-PEG:PSH] was sometimes higher on the oxide surface that the 

Au surface.  In these cases, the difference between the fluorescence intensity on the oxide 

layer and the Au layer may give some indication of how much quenching is occurring.   

 

3.3.5.4  Cell Studies using Wafers and PLL-g-[Biotin-PEG:PSH] 

 Cell binding studies were performed using PLL-g-[Biotin-PEG0.75:PSH0.25] and 

Au/TiO2 wafers.  These experiments were similar to cell binding studies done with 

dispersible disks.  The goal was still to attach lymph node cells from a B6 mouse to the 

Au surface via an antibody.  However, instead of using biotinylated anti-thy1.2 antibody, 

anti-H2kb antibody was used.  This antibody is specific for all somatic cells from B6 mice 

and should have provided a good binding platform for all the lymph node cells, not just T 

cells.  Prior to starting cell studies, stability studies in media and antibody verification 

studies were performed.  As measured by fluorescence intensity, the PLL-g-[Biotin- 
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Figure 3-18.  Confocal fluorescence microscopy images from a wafer treated with 
PLL-g-[mPEG:FAM] and PLL-g-[Biotin-PEG:PSH], and streptavidin-TxRed.  A)  
Reflective image. B) Overlay of red and green channels.  C) Red channel – 
streptavidin TxRed. D) Green channel – PLL-g-[mPEG:FAM]. 60X objective. 
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PEG:PSH] layer conjugated to a Streptavidin-fluorophore was stably attached to the Au 

layer in media for up to one week.  Deviations in intensity were less then 10% from day-

to-day.  Fluorescence experiments with a fluorophore-antibody conjugate directed at the 

surface bound anti-Thy1.2 antibody suggested that the anti-Thy1.2 antibody was present 

(Figure 3-19). 

 Cells were allowed to settle onto the wafer in media for two hours.  This provided 

sufficient time for the cells to create a “lawn” on the surface of the wafer.  Washing steps 

were performed with fresh media on both the experimental sample and negative control.  

The samples were scanned while counting total cells in the field of view and total cells 

that were suspended over a Au layer.  An example field of view of the experimental 

sample is located in Figure 3-20.  The experimental sample and negative control showed 

a binding rate of 33 and 32%, respectively, suggesting that no specific binding was 

occurring in the antibody treated sample.   
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Figure 3-19.  Confocal fluorescence microscopy images demonstrating the 
successful attachment of anti-thy1.2 antibody to the Au surface using an antibody 
sandwhich assay.  A)  Reflective image. B) Green channel – anti-Goat IgG-Alexa488 
conjugate.  C) Red channel – streptavidin TxRed. 60X objective. 
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Figure 3-20.  Confocal fluorescence microscopy images of cell binding experiment.  
The Au layer is functionalized with anti-thy1.2 antibody.  A)  Red and green channel 
overlay. B) Red channel – streptavidin TxRed.  C) Green channel – B6-GFP 
transgenic mice lymphocytes. 20X objective. 
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3.4  Concluding Remarks 

 During this project, we demonstrated the successful fabrication of patterned, 

dispersible Au/SiN and Au/TiO2/SiN disks.  Using fluorescence microscopy, we 

characterized the orthogonal attachment of fluorescent monothiolated molecules to the 

Au layer and PLL-g-PEG copolymers to the TiO2 layer.  Orthogonal protein conjugation 

was then performed to selectively attach GFP to the TiO2 surface and Streptavidin to the 

Au layer.  The specific conjugation method employed on the TiO2 surface was Cu 

catalyzed click chemistry while a biotin-Streptavidin linkage was used on the Au layer.  

We then attempted to show successful cell binding to both the Au and TiO2 surfaces 

using a biotinylated antibody directed at T cells.  In the TiO2 studies, we found 44% of 

disks had cells bound to the TiO2 surface compared to 4% for the negative control.  

However, binding studies with new lots of TiO2 showed negative binding, suggesting 

variability from build-to-build.  Also, we were never able to demonstrate selective cell 

binding to the Au layer despite multiple attempts.   

In order to troubleshoot problems with the TiO2 and Au surfaces, studies were 

performed on wafers with Au patterned on different oxide backgrounds.  During this 

time, we found that SiO2 surfaces gave consistently higher fluorescence intensity using 

fluorescent PLL-g-PEG copolymer.  Attempts at creating dispersible SiO2 particles 

failed, but further tests are warranted.  Studies on the Au surface resulted in the synthesis 

of a novel polythiol polymer.  This polythiol, PLL-g-[Biotin-PEG:PSH], demonstrated 
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increased fluorescence intensity compared to mono- and dithiol polymers.  This increased 

fluorescence was not correlated to increased stability, and cell binding studies on wafers 

resulted in negative results.  However, results thus far demonstrate the feasibility of using 

orthogonal surface chemistries in combination with bioconjugation to create objects that 

can mimic cells.  The next issue to be investigated is how to get T cells to bind Au and 

TiO2 that are dispersed in solution. 
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Chapter 4 

 

Chemically-Degradable Hydrogels as 
Transient T cell Scaffolds 

 

4.1   Introduction 
While Chapter 1 describes T cells as being highly mobile, it also indicates that 

they are encapsulated within 3D matrices during some of their most important life stages.  

T cells are housed within the thymus during their rigorous “education” process and 

within the 3D environment of the lymph nodes during activation.1  Throughout these time 

periods, T cells are continuously making contacts with multiple substrates such as 

different cells and extracellular matrix components.  This suggests that it would be 

beneficial to study T cell development and activation within a 3D matrix to better mimic 

their natural microenvironment.2-4  In order to perform these studies, a technology would 

need to be developed with the capacity to mimic important aspects like mechanical and 
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chemical properties of lymphoid tissue.  In addition, this technology should be 

degradable and able to release the cells without the use of harsh mechanical 

manipulations like crushing through a steel screen.  This chapter describes a hydrogel 

technology that fulfills these requirements and degrades readily when exposed to a 

biocompatible reagent.  While the utility of this hydrogel system is explained mostly in 

terms of studying T cells, the underlying chemistry that renders the hydrogel degradable 

is amenable to many other hydrogel systems and biotechnological applications.   

This chapter begins with a short overview of the general concepts concerning the 

composition and physical parameters of hydrogels.  Then, hydrogels will be discussed 

within the context of cell encapsulation technologies and how degradable hydrogels are 

often preferred.  Finally, this chapter will finish with a discussion of the fabrication and 

characterization of the degradable hydrogel system created during this project and the 

initial proof-of-concept work regarding the encapsulation of T cells. 

   

4.1.1 Hydrogels  

Hydrogels are networks of hydrophilic polymer chains that are rendered insoluble 

due to crosslinks.5  While there is no strict water content requirement for a material to be 

classified as a hydrogel, typical systems are greater than 90% water by weight.6  Their 

high water content is one major reason for their biocompatibility.5 When hydrogels are 
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swollen with water, they exhibit rubber-like properties such as high extensibility under 

low mechanical stress and complete recovery after an applied stress.7  Because of their 

hydrophilicity, biocompatibility, and tailorable mechanical properties, hydrogels are 

being studied for use in various biomedical applications.  These applications include 

materials for soft lens contacts, matrices for drug delivery, in vitro cell culturing, and in 

vivo tissue regeneration, to name a few.5,8-10  There are numerous concepts and 

parameters important for hydrogels; many of which can be tailored to a specific 

application.  Below is a short discussion on concepts and parameters that are often 

considered when designing hydrogels.  

 

4.1.1.1 Hydrogel Composition 

Hydrogels are created from a wide breadth of different materials and as such are 

extremely tailorable.  For clarity, hydrogels will be discussed below as they fit into 

systems generated from natural components, synthetic components, or a hybrid of both 

components.11-14   

 

4.1.1.1.1  Hydrogels Made from Natural Components 

Hydrogels can be prepared from naturally occurring fibrous extracellular (ECM) 

proteins like fibrin15 and collagen16 as well as polysaccharides like alignate17 and 
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hyaluronic acid.18  These hydrogels are formed via self-assembly, which is dictated by 

electrostatic interactions as well as hydrogen bonding and Van der Waals forces.  

Hydrogels made from natural components are often considered more biocompatible than 

purely synthetic systems because they better mimic natural extracellular matrix.19  To 

expound further, natural hydrogels can be bioactive and bind to cell receptors via binding 

motifs like the Arginine-Glycine-Aspartic acid (RGD)  peptide sequence.20  Binding to 

these RGD peptides can deceive the cell into thinking it is contained within its natural 

environment.  However, natural hydrogels do have many drawbacks.  For example, they 

are susceptible to uncontrollable degradation via enzymatic cleavage.21  In order to stop 

or control fibrin gel degradation, researchers must include enzymatic inhibitors as a 

design component.22,23   Furthermore, some researchers have also found it difficult to 

produce natural hydrogels with tunable, reproducible mechanical properties.24  Because 

of these drawbacks, some researchers do not rely solely on natural components when 

creating hydrogels. 

 

4.1.1.1.2  Hydrogels from Synthetic Components 

 To avoid issues with natural hydrogels, many researchers use hydrophilic 

synthetic materials for biomedical applications.  Poly(ethylene glycol) (PEG)-based 

hydrogels are among the most extensively used gels.  PEG hydrogels are hydrophilic, 
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biocompatible, and can originate from commercially available, easily modified 

precursors.25,26   Another hydrophilic material that is used extensively for synthetic 

hydrogels is 2-hydroxyethyl methacrylate (HEMA), which when polymerized is called 

polyHEMA (pHEMA).  pHEMA gels have a long history in biomaterials applications 

dating back to the initial contact lens from the 1950-60s and are now used for drug 

delivery and in vivo implants.5,27  The main strength of synthetic hydrogels is the ability 

to tailor important properties of gels via controlled chemical modifications.  Such 

modifications include utilizing monomers that are charged or simply increasing 

molecular weights of monomers or macromers.26  Changing these parameters are but a 

few of many of methods used to tailor the gel’s mechanical properties.5,28,29  For example, 

incorporating a negatively charged monomer into a gel can perturb the swelling 

equilibrium and cause increased swelling.  The method of crosslinking synthetic 

hydrogels is also tailorable and includes crosslinking via covalent bonds and 

intermolecular forces like electrostatic interactions.   

One major drawback for synthetic hydrogels is often the method used to initiate 

polymerization.30,31  Many synthetic hydrogels are created using radical polymerization 

to form bonds between methacrylate or acrylate end groups.  Initiators of radical 

polymerization are sometimes harmful to biological systems.30   However, progress has 

been made in this area through the incorporation of more biocompatible initiators.32  
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Other methods of polymerization, such as step growth polymerizations using Michael-

type addition reactions, have proven to be very biocompatible.6,14 

 

4.1.1.1.3 Hybrid Hydrogels 

Researchers have endeavored to meld synthetic materials with biological 

materials to form hybrid hydrogels.33,34  In creating hybrid hydrogels, the inherent 

bioactivity and biocompatibility of biological materials can be coupled with the 

tailorability of the synthetic components.  The ratio of biological to synthetic materials 

differs from application-to-application, but one common formulation is the inclusion of 

small binding peptides into the backbone of the gel.33,35-37  For instance, many hydrogels 

include synthetic materials modified with sequences of the RGD peptide.13,36,38,39  The 

Anseth group demonstrated that human mesenchymal cells survived for longer periods of 

time when cultured in synthetic hydrogels modified with the RGD peptide versus 

unmodified gels.  Because of the synthetic nature of the hydrogels, they were able to 

control the mechanical properties, while the RGD peptides allowed the gels to appear 

more like a natural substrate.36 
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4.1.2 Hydrogel Swelling 

Composition is an important property of hydrogels but often only as far as it 

affects hydrogel swelling.  The degree of swelling of a hydrogel is probably the most 

important property to consider when designing gels because it influences many other gel 

properties.  For instance, solute diffusion, optical properties, and mechanical properties 

are all affected by the degree of swelling.40  For degradable hydrogels, the change in 

swelling over the timescale of degradation is important.41  The degree of swelling is 

controlled by the physical structure of the gel, which is best described using parameters 

related to gel crosslinking.  While it is true that crosslink nature, meaning chemical or 

physical interactions, is significant, the most important parameters do not strictly involve 

chemical make-up.  The three parameters most commonly used to quantitatively describe 

hydrogel structure are:  ν2,s, the polymer volume fraction in the swollen state; 𝑀�c, the 

average molecular weight between crosslinks; and ξ, the measured of distance between 

crosslinks, also called the mesh size.42  These parameters are interconnected and can be 

found experimentally for certain types of hydrogels using Flory-Huggins(or Rehner) 

theory.  To be clear, the equations and theories below were established for monomers that 

were polymerized in the presence of crosslinkers.  This discussion is meant to show the 

intimate relationship between swelling and various structural and mechanical properties. 
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4.1.2.1  Basic Principles of Swelling  

Crosslinks hold the hydrogel’s 3D network together by providing a retractive 

force that counter-balances any favorable mixing between the macromers and the 

solvent.43,44 This relationship is described below in terms of the free energy of swelling: 

∆𝐺𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 = ∆𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐 +  ∆𝐺𝑚𝑖𝑥 Eq. 4-1 

It is important to note that this equation is specific for neutral hydrogels and must be 

modified for ionic gels.  Differentiating Equation 1 with respect to the moles of water 

produces Equation 2, which is in terms of chemical potentials: 

𝜇1 − 𝜇1,0 = ∆𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐 + ∆𝜇𝑚𝑖𝑥 Eq. 4-2 

 The chemical potentials of water inside the gel and pure water are represented by µ1 and 

µ1,0, respectively.  At swelling equilibrium, the chemical potential of mixing (Δµmix) is 

equal to the chemical potential of elasticity (Δµelastic).  The Δµmix is described using the 

Flory-Huggins theory of mixing, which will be discussed next.  The elastic chemical 

potential is usually described using the theory of rubber elasticity, which will be 

discussed later in this section.40 

 

 4.1.2.2  Flory-Huggins Theory  

Flory-Huggins theory can be used to express the chemical potential of mixing as: 
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∆𝜇𝑚𝑖𝑥 = 𝑅𝑇�ln�1 − 2𝑣2,𝑠� + 𝑣2,𝑠 + 𝜒1𝑣2,𝑠
2 � Eq. 4-3 

Here, χ1 is the polymer-solvent parameter, and ν2,s is the polymer volume fraction in the 

swollen state, which is found experimentally using Equation 4: 

𝑣2,𝑠 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃𝑜𝑙𝑦𝑚𝑒𝑟,𝐷𝑟𝑖𝑒𝑑 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑙
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑆𝑤𝑜𝑙𝑙𝑒𝑛 𝐺𝑒𝑙

= 𝑉𝑝
𝑉𝑔𝑒𝑙

= 1/𝑄 Eq. 4-4 

The variable Q is known as the volume swelling ratio.  After finding ν2,s, the average 

molecular weight between crosslinks (𝑀�c) can be calculated.  Below, Equation 5 

represents a hydrogel system polymerized and crosslinked in the presence of solvent as 

opposed to crosslinking in a dry state.45,46 
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 Eq. 4-5 

Here, �̅� is the specific volume of the bulk polymer in the amorphous state, and 𝑣2,𝑟 is the 

polymer volume fraction in the “relaxed” or un-swollen state.  𝑉1 is the volume of water, 

and 𝑀�𝑁 is the average molecular weight of the homopolymer before crosslinking.  As it is 

defined here, 𝑀�𝑁 becomes particularly important later during the discussion.   

Once 𝑀�𝐶 is known, then the mesh size (ξ) can be calculated using Equation 6: 
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𝜉 = 𝑣2,𝑠
−1/3 �2𝐶𝑁𝑀

�𝐶
𝑀𝑟

�
1/2

𝑙 Eq. 4-6  

where 𝑙 is equal to the bond length of the polymer backbone, approximately 1.54 Å.  𝐶𝑁 

is the ratio of the square of the unperturbed distance to the square of the random flight 

end-to-end distance.  𝑀𝑟 is the molecular weight of the polymer repeat units.  The mesh 

size is particularly important for biomedical applications because it affects solute 

diffusion and cell migration.19  An important implication of Eq. 6 is that the molecular 

weight between crosslinks is directly proportional to the mesh size. 

 One last parameter that can be used to describe crosslinking is the crosslink 

density (ρx) and is defined by: 

𝜌𝑥 = 1
𝑣�𝑀�𝐶

 Eq. 4-7  

Therefore, as 𝑀�𝐶 increases, the density of crosslinks decreases. 

 

4.1.2.3  Theory of Rubber Elasticity 

As stated before, hydrogels behave elastically to offset the force from favorable 

mixing between polymers and solvent.  Hydrogels also behave elastically in response to 

external forces like shear and compressional stress.  Using the theory of rubber elasticity, 
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the same parameters as discussed above can be determined by applying a force (stress) or 

deformation (strain) and measuring the gel’s response.  For example, below is an 

equation that relates shear stress (𝜏𝑠) to various important gel parameters using a defined 

deformation:7,41 

𝜏𝑠 = 𝜌𝑅𝑇
𝑀�𝑐

�𝑣2,𝑠�
1/3 �𝑟0

2

𝑟𝑓
2� �1 − 2𝑀�𝐶

𝑀�𝑁
� �𝜆𝑆 −

1
𝜆𝑆
2� Eq. 4-8       

In this equation, 𝜌 is the density of the dry polymer; R is the gas constant; T is the 

temperature in Kelvin; 𝑟0
2

𝑟𝑓
2 is the front factor and is typically approximated to 1; 𝑀�𝑁 is the 

number average weight of the linear polymer chains before crosslinking.  𝜆𝑆 is the 

extension ratio used for the deformation. 

In the theory of rubber elasticity, there are some commonly used quantities to 

describe a material’s stiffness.  For example, a material’s shear modulus is used to 

describe its stiffness with respect to a transverse displacement.  The shear modulus (𝐺) is 

often measured by placing a material between two platens of a parallel-plate rheometer 

and applying a sinusoidal oscillating stress or strain.  The rheometer then measures the 

material’s response as a sinusoidal wave that is slightly out-of-phase with the initial 

wave.  It then uses this phase difference to calculate the shear modulus.  Equation 4-8 can 

be rewritten in terms of the shear modulus to relate the stiffness of a gel to various gel 

parameters:7 
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𝐺 = 𝜌𝑅𝑇
𝑀�𝑐

�𝑣2,𝑠�
1/3 �𝑟0

2

𝑟𝑓
2� �1 − 2𝑀�𝐶

𝑀�𝑁
� Eq. 4-9  

 Another quantity used to describe a gel’s stiffness is the compression modulus, 

which describes the gel’s resistance to an unaxial compression.  The shear modulus (𝐺) is 

related to the compressional modulus (K) via Poisson’s ratio (𝑣): 

𝐺 = 𝐾 3(1−2𝑣)
2(1+𝑣)

 Eq. 4-10  

Substituting Equation 4-10 into Equation 4-9 demonstrates the relationship 

between compression modulus and other important gel parameters. 

𝐾 = 𝜌𝑅𝑇
𝑀�𝑐

�𝑣2,𝑠�
1/3 �𝑟0

2

𝑟𝑓
2� �1 − 2𝑀�𝐶

𝑀�𝑁
� � 2(1+𝑣)

3(1−2𝑣)� Eq. 11  

The preceding information illustrates well the complexity involved in 

characterizing swollen gel networks.  The main concepts that will be used from these 

equations are related to the fact that gel swelling is an important physical parameter.  

After measuring the degree of swelling, the crosslink density and gel modulus, which are 

related, may be calculated.  Furthermore, the theory of elasticity can be used to calculate 

the compression and shear modulus, which are related as well.  As will be described 

below, the gel modulus is important when designing hydrogels for particular applications. 
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4.1.3  Hydrogels for Cell Encapsulation 

While hydrogels are being used for many different biomedical applications, this 

project is concerned with cell encapsulation for applications in in vitro culture and in vivo 

tissue regeneration.  As will be discussed next, hydrogels provide a 3D framework that 

can mimic the various chemical and mechanical properties of natural cellular 

microenvironments.  In addition, degradable hydrogels are often required for cell 

encapsulation technologies to allow for cell recovery and limit biocompatibility issues. 

 

4.1.3.1  Basics of Cellular Microenvironments 

Cells are constantly receiving signals not only from nearby cells but also from 

other components of their microenvironment like the extracellular matrix (ECM).  The 

ECM is a hydrophilic network comprised of proteins, sugars, and proteoglycans.47  The 

exact make-up of the ECM changes from tissue-to-tissue in order to create a tailored 

mechanochemical environment.  The communication between cells and ECM often 

occurs via ECM proteins like fibrin,48 collagens,49 and laminins50 and cellular proteins 

like integrin and cadherin receptors.  Through these interactions, transmembrane 

signaling events are initiated that affect cellular events like migration, differentiation, and 

apoptosis.51-53   
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These signaling events are referred to as mechanotransducing, suggesting that 

there is interplay between mechanical forces and chemical processes.54,55  To explain 

further, once cells chemically recognize ECM components in a 3D context, they use their 

cytoskeleton to mechanically manipulate their surroundings.  This creates a tension 

within the cell because of resistance from the ECM, which is related to the ECM’s 

stiffness (modulus).  Traction between the receptors and the ECM as well as between 

cellular microtubules offsets the cellular tension to create a state of prestress, which 

dictates cell shape.54,56  Many studies have demonstrated that cell shape is an important 

parameter for determining cell function.52,57,58  The intimate relationship between 

chemical recognition, mechanical forces, and cellular fate demonstrates nicely the 

importance of 3D cellular microenvironments.  As such, many researchers have tried to 

translate this information into creating superior biomaterials.37,59   

 

4.1.3.2  2-Dimensional Culturing vs 3-Dimensional Culturing 

The ability to culture specific cells and whole tissues has immediate value in the 

study of basic cellular development and in biomedical applications such as tissue 

engineering and regenerative medicine.42,60  Adherent cells are typically cultured using 

two-dimensional (2D) culture techniques.61  These methods usually involve plating 

monolayers of cells on flat substrates, such as gels or polystyrene plates, in biologic 
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media.62   2D methods have performed an integral role in dissecting the importance of 

ECM-cellular interactions.52,58  However, they have many negative attributes, which are 

related to how they differ from physiologic conditions.24  For instance, in 2D culturing, 

cells encounter ECM components on only one side.  This creates an unnatural 

polarization of cellular proteins in that direction, leading to unnatural gene expression.55  

The opposite side of the cell is exposed to various nutrients whose availability is 

controlled by diffusion through solution rather than diffusion through a network.63  

Finally, culturing on a 2D surface results in changes to cellular morphology.64  For many 

cell types, 2D culturing environments are worse than natural three-dimensional (3D) 

environments.   

Perhaps the best example of how 2D methods can negatively affect cell function 

and phenotype involves the work performed by Bissell et al in 1992.  In their studies, 

they showed that human breast tissue cells adopted a cancerous phenotype once cultured 

on 2D surfaces.65  They then demonstrated that the normal phenotype could be rescued 

after culturing in Matrigel 3D matrix.  Matrigel is a solution of ECM proteins that forms 

a hydrogel when heated to 37˚C.66,67  This was one of the very first instances where 

hydrogel-based 3D culturing was used and showed to be more beneficial than 2D 

culturing.  Since then, many different cell types have demonstrated a proclivity for 3D 

culturing using hydrogels.  For instance, research has shown that osteoblasts, which form 

bone, prefer the native-like conditions that a 3D scaffold with tunable mechanical and 
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chemical properties affords.25  Also, chondrocytes, the cells in cartilage, have 

demonstrated incredible viability in 3D environments.68  Other cells that have responded 

well to 3D culturing methods include epithelial cells involved in vasculature construction 

and muscle fibers cells.61,69,70  For several cell encapsulation technologies, degradable 

hydrogels may be preferred instead of permanent scaffolds.  To achieve matrix 

degradation, many mechanisms have been employed and are reviewd below. 

 

4.1.4  Mechanisms of Hydrogel Degradation 

Having the ability to degrade hydrogels for cell encapsulation technologies is 

important for a variety of reasons.19,42  The reason for degradability in in vitro cell 

culturing is as simple as recovering cells for future study or uses.  For in vivo 

applications, the transfer of the physical and chemical burden from an artificial, 

degradable matrix to a newly formed natural microenvironment satisfies two main 

objectives.  First, the newly formed tissue is more likely to behave and react to stimuli in 

a natural way.  Secondly, a scaffold that is present for only a short time decreases the 

chance of a host immune response to the foreign material.42  Different mechanisms have 

been developed to degrade hydrogels, and four main methods will be discussed herein:  

hydrolytic, enzymatic, photolytic, and chemical induced degradation (Figure 4-1).  Each  
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  Figure 4-1.  Polymers used in degradable hydrogels.  A)  Polycaprolactone is 
susceptible to hydrolytic degradation.  B)  Poly(ethylene glycol) polymers can be 
modified with enzymatically cleavable peptide sequences to render them degradable.  
C)  Photocleavable polymers offer great temporal and spatial control.  D)  
Crosslinkers that render hydrogels cleavable once exposed to chemical reagents are 
typically based on disulfide bond cleavage.   
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mechanism allows for its own level of degradation control, which is of importance 

considering the sensitivity of cells to the mechanical properties of their surroundings. 

  

4.1.4.1  Hydrolytic Degradation 

One common method of creating degradable hydrogels is to incorporate 

functional groups like esters that are susceptible to hydrolysis.  Poly(lactic acid) (PLA) 

and polycaprolactone (PCL) are two examples of polymers that are frequently used in 

degradable hydrogels.41,71,72 PLA alone forms fairly hydrophobic materials but has still 

enjoyed use in biomedical applications like bioresorbable sutures and staples.41  PCL is 

also hydrophobic but has been used to form tissue scaffolds.73  In order to create more 

hydrophilic networks for cell scaffolds, many researchers copolymerize PLA and PCL 

with hydrophilic polymers like PEG and pHEMA.41,71,72,74  The accessibility of the 

polymer to solvent (water) affects the rate of degradation, and so the rate of degradation 

can be controlled to a certain extent by varying the ratio of degradable (hydrophobic) 

groups to non-degradable (hydrophilic) groups.  Hydrolytically degradable gels are 

considered programmable in that their degradation rate is programmed into the gel before 

formation and is not controlled afterwards. 
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4.1.4.2 Enzymatic Degradation 

Another method used to create degradable hydrogels is to use enzymatically 

cleavable groups in either the gel backbone or crosslinker.  Gels made from PCL are 

classified in this group as well because they can be degraded by lipases.75  Some 

researchers incorporate amino acid sequences within the hydrogel that are recognized and 

then specifically cleaved by enzymes.76  Garcia et al incorporated an amino acid 

sequence into their hydrogel that was specific to metalloproteinases.  They then used this 

gel to template vasculature growth in an injured rat leg.70  However, metalloproteinases 

are actively secreted by epithelial cells, and therefore, the cells ultimately control the 

degradation.  This method of degradation works well if the cells “know” the proper rate 

to remodel their surroundings.  Some groups use exogenous enzyme treatments to 

degrade hydrogels,75 but the cells around the hydrogels can still negatively affect the 

control of gel degradation. 

 

4.1.4.3  Photodegration 

Perhaps one of the most successful methods for creating hydrogels that can be 

controllably degraded is to use photo-induced degradation.77-80  The Anseth group has 

fabricated hydrogels using PEG monoacrylate (PEGA) monomer and a degradable 

crosslinker (Figure 4-1).  The crosslinker contained PEG and nitrobenzyl-ether end 

groups, which degraded readily when exposed to 365 nm light.  They showed that 
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hydrogels could be formed from 13.5% PEGA  and 1.5% crosslinker and used to 

encapsulate human mesenchymal stem cells80 and fibrosarcoma cells.77  Using lasers, 

they manipulated the cellular microenvironment to facilitate changes to cell morphology.  

Internal 3D structures such as empty channels were also made that allowed cell 

migration.  In terms of temporal and spatial control, photodegradation may be unmatched 

for some in vitro applications.  Disadvantages for this method include possible cell 

damage from irradiation30 as well as a complete lack of use in applications where the 

sample is not optically transparent or is implanted in vivo.  

 

4.1.4.4  Chemical Degradation 

In order to create hydrogels that degrade in a controllable fashion, one could 

design a system that degrades when exposed to a small chemical reagent.  The reagent 

could then be used to induce the hydrogel degradation and cell release.  Also, if this 

reagent was biocompatible, then it could be used to induce the degradation of in vivo 

implants.  To date, hydrogel systems that degrade upon exposure to an applied chemical 

reagent have not been studied extensively.  The few gels that have been developed 

involve using cross-linkers with built-in disulfide bonds (Figure 4-1).81,82  For example, 

Mattiasson et al. prepared macroporous hydrogels using pHEMA and a water-soluble, 

disulfide containing cross-linker, N,N-bis(methacryloyl)-L-cystine.81  These gels were 
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then degraded in the presence of thiol reducing agents.  However, in this approach, the 

ability to control degradation can be complicated by naturally occurring thiols, such as 

glutathione.  These thiols can initiate thiol exchange reactions, thereby prematurely 

degrading the gel structure.  What remains to be created is a stable hydrogel that can be 

used for in vivo or in vitro applications and degrade when exposed to an external, 

biocompatible chemical trigger. 

 

4.1.5  The α-Azido Ether Functional Group 

One functional group that shows tremendous promise in the field of chemically 

cleavable hydrogels is the α-azido ether group, which lies at the center of this project.  

Once exposed to non-naturally occurring or low occurring reducing agents such as 

phosphines and dithiols, α-azido ethers degrade spontaneously (Figure 4-2).83  The exact 

mechanism depends on the reductant used, which will be discussed later.  Synthesizing α-

azido ether groups into a hydrogel would be a novel means of engineering a chemically-

induced degradation mechanism.  Thus far, the α-azido ether functional group has only 

been utilized as a degradable linker for applications involving DNA.83,84  For example, 

the Kool group incorporated the α -azido ether group into a fluorescent DNA probe and 

used this probe in conjunction with a phosphine labeled DNA probe to monitor 

intracellular template DNA levels.  The α-azido ether group has also been used for DNA  
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synthesis when a cleavable moiety was needed that was orthogonal to multiple protecting 

groups.84   

While the literature pertaining to α-azido ethers is limited, existing studies show 

their remarkable stability under various conditions, including cell culture conditions 

where monothiol reducing agents are commonly used.83  Other molecules containing 

azides have been used extensively in biologic applications, demonstrating their general 

biocompatibility and bioorthogonality.85-90  Compared to disulfide crosslinked hydrogels, 

a hydrogel created using α-azido ether crosslinkers should offer more stability with 

respect to adventitious monothiols.   This is because the reduction of an azide, which 

would result in gel degradation, via a monothiol is much slower (approximately 7.0 x 10-6 

M-1s-1)91 than thiol exchange between a monothiol and a disulfide (approximately 2.0 x 

105 M-1s-1).92  Reagents such as dithiols or phosphines that are used to reduce azides to 

amines either exist at extremely low concentrations or not at all in physiologic 

conditions,83 creating a niche for stable α-azido ether hydrogels with inducible 

degradation.  To this end, I demonstrated the synthesis of a hydrogel system prepared 

with a novel poly(ethylene glycol) dimethacrylate (PEGDMA) cross-linker containing α-

azido ether groups (Schem 4-2).  After characterizing gel degradation, I showed that this 

system could be used to encapsulate T cells and then degraded to facilitate T cell 

recovery.  Below is a short discussion of the biocompatibility of the chemical triggers 

used and a discussion behind the motivation for using T cells as a test system. 
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Scheme 4-2.  Proposed crosslinker-based hydrogel containing cleavable α-azido 
ether groups.  The α-azido ether groups were degraded in this project using DHLA 
and TCEP 
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4.1.6 Chemical Triggers of α-Azido Ether Degradation 

The specific reagents used in this project to induce hydrogel degradation were 

tris(2-carboxyethyl)phosphine (TCEP) and dihydro-α-lipoic acid (DHLA) (Scheme 4-2). 

TCEP is a commonly used reducing agent for in vitro biochemical protocols because of 

its stability in physiologic conditions and commercial availability.93-95  Little data exists 

about the biocompatibility of TCEP, but some therapeutic uses have been studied,96 and 

its LD50 is listed as 3500 mg/kg.97  To put this into perspective, the LD50 of caffeine and 

asprin (Acetylsalicylic acid) is 192 mg/kg98 and 200 mg/kg,99 respectively.  These LD50s 

are from oral administration to rats.  As for natural occurrence of phosphines like TCEP, 

no occurrence is known.83   

The degradation mechanism of an α-azido ether using a phosphine may involve 

the initial reduction of the azide to an amine, which proceeds via an iminophosphorane 

intermediate.  This mechanism of reduction is known as the Staudinger reduction 

(Scheme 4-3).  Bertozzi et al. have studied the mechanism and kinetics of the Staudinger 

reduction and found that the rate-determining step in the process was formation of the 

initial phosphazide.100  In the case of Staudinger reduction of an α-azido ether, the 

resulting amine is part of a hydrolytically unstable hemiaminal ether and spontaneously 

cleaves (Scheme 4-2).  The resulting amine then would spontaneously form a 

hydrolytically unstable hemiaminal ether and subsequently cleave.  Here, the  
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formation of the phosphazide would most likely be the rate-limiting step because of its 

similarity to the Staudinger reduction.  Research is on-going in the Taton group to 

elucidate the mechanism of α-azido reduction and cleavage by TCEP.  Exact reaction 

kinetics are not available for the reduction of azides with TCEP, but research has shown 

that TCEP does reduce azides rapidly, clean, and efficiently.93  The Bertozzi group has 

demonstrated a second order rate constant of 3.6 x 10-3 M-1s-1 for the reduction of 

benzyl azide using triphenylphosphine in acetonitrile with 10% water.100  While the 

Bertozzi work was performed under different conditions, it at least gives us some sort of 

reference point.  

  DHLA is the reduced form of lipoic acid (LA), and both are naturally occurring 

in vivo and play an integral role in certian biochemical pathways.101  The extracellular 

and serum levels of DHLA and LA are both extremely low,102 much lower than 

monothiols, suggesting that background, nonspecific in vivo hydrogel degradation may be 

slow.  Furthermore, neither of these compounds are used for in vitro cell culturing.  As 

for biocompatibility, many researchers are actively studying DHLA and LA for 

therapeutic benefits, suggesting that these molecules are indeed biocompatible.101,103,104  

LA has a reported LD50  of > 2000 mg/kg in rats, and has been given intravenously to 

humans in doses of 600 mg/day for three weeks with no negative side effects.105  

The mechanism of azide reduction using a dithiol is thought to occur via Scheme 

4-4.106  Concerning reaction rates, research has been performed to assess the stability of  
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3’-azidothymidine (AZT) in the presence of different thiols.  The data showed that 

dithiothreitol (DTT) reduced the azide group of AZT to an amine with a second order rate  

constant of 2.77 x 10-3 M-1s-1.91  Again, this gives us some idea of the reaction kinetics of 

the degradation  of the α-azido group.  The monothiols tested in the study, glutathione 

and β-mercaptoethanol, had second order rate constants of 6.55 x 10-5 and 6.35 x 10-6 

M-1s-1.  The increased reactivity of the azide group with the dithiol is thought to originate 

from a higher effective thiol concentration because of the closely tethered free thiol in 

DTT.  Whatever the reason is, the increased stability of azide groups in the presence of 

monothiols further suggests that unwanted hydrogel degradation because of monothiols 

should be low. 

 

4.1.7  Significance 

Currently, hydrogels are poised to become increasingly imported in biomedical 

applications.  Many of these applications, such as drug delivery and cell encapsulation 

technologies, would benefit from a hydrogel system that can degrade controllably.  

Amidst the various existing degradation mechanisms, there remains a niche to be filled 

by a material that can be degraded upon exposure to a biocompatible chemical reagent.  It 

is our hope that hydrogels based on α-azido ether containing materials can fill this niche 

and be used in various in vitro and in vivo applications.  In a much broader context, the 
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α-azido ether group could be applied in many other technologies where inducible 

cleavage is desired such as adhesives for dental devices. 

For the purpose of this thesis, T cells were identified as a model cell for 

encapsulation using our hydrogel system.  As discussed in Chapters 2 and 3, much 

research has been performed where T cells interact with 2D surfaces.  Many details vital 

to T cell development, such as activation and migration, were studied and elucidated.107-

116  However, little research has been published on T cells encapsulated within an 

artificial 3D matrix,2-4 warranting more research.  Because the standard means of 

characterizing T cells is solution based (fluorescently activated cell sorting (FACS)), any 

studies involving encapsulated T cells should be done with a degradable system.  Our 

system is particularly well suited for T cell encapsulation and release because media used 

for murine T cells contains extremely high amounts of monothiols, 50 mM of β-2-

mercaptoethanol.  These high concentrations of thiols preclude the use of existing 

disulfide-based hydrogels.  A basic study of T cells in artificial 3D environments may 

lead to additional information important for T cell development.  Furthermore, if T cells 

fair well when encapsulated, then new methods of culturing T cells could be developed 

that could replace current suspension-based cultures.107,117-119   
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4.2 Experimental Methods 

4.2.1  Materials.   

Poly(ethylene) glycol reagents were purchased from LaysanBio, Inc (Arab, AL) 

unless otherwise noted.    Water was purified with a Milli-Q water system (18 

MΩ, Βillerica, MA).  Dialysis tubing was purchased from Spectrum Labs (Rancho 

Dominguez, CA).  Circular silicone isolators (Item: 664301, 2.5 mm thick x 9 mm 

diameter circles) were used as the molds for gel formation and were purchased from 

Grace BioLabs (Bend, OR).  All other materials were purchased from Sigma-Aldrich and 

used as received unless otherwise stated (St. Louis, MO).  

 

 

4.2.2  Characterization.   

UV-Vis spectra were obtained on an Agilent 8453 UV-Vis spectrophotometer (Santa 

Clara, CA). Parallel-plate dynamic mechanical analysis was performed on a TA 

Instruments AR-G2 Rheometer (New Castle, Delaware) using 25 mm samples.  High 

resolution-mass spectrometry was performed on a Bruker ESI-BioTof (Madison, WI).  

Time-lapse photography was performed using a D200 Nikon (Nikon, Melville, NY).  



Chapter 4:   Chemically-Degradable Hydrogels as Transient T cell Scaffolds 
 

160 
 

Small molecule syntheses (Steps 2-5) were monitored using Baker-flex TLC sheets (IB-

F, 200 μm analytical layer) using 254 nm UV illumination. Column purification was 

performed on SF65-600 g SuperFlash Columns using a bottomless solvent reservoir 

(BSR) pump (Varian, Palo Alto, CA).  Chemical shifts (δ) are given in ppm relative to 

reference peaks (1H, D2O, DSS, δ 0.0; 1H, CHCl3, δ 7.26; 13C, CDCl3, δ 77.16); coupling 

constants (J) are reported in Hz. NMR spectra were obtained on a Varian INOVA 500 

MHz solution-state spectrometer, and the resulting spectra were analyzed using 

MestReNova NMR Software (MestRelabs, Santiago de Compostela, Spain).  

Compression tests were performed using a table top In-Spec 2200 equipped with a Sony 

Clie PDA (Instron, Norwood, MA).   

 

 

4.2.3  Cross-linker Synthesis   

 

4.2.3.1  Synthesis of 2-((1,3-dioxolan-2-yl)methoxy)ethanol (1).120   

HHOO
OOHHOO

OOHH
KKOOHH,, 111155ooCC 11

OO

OOCCll OO

OO

 

Potassium hydroxide (114 g, 2.04 mol) was added to 258 g of ethylene glycol (4.16 

mol) at room temperature in a one L round-bottom flask while stirring.  The suspension 
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was then heated to 115˚C until the potassium hydroxide dissolved.  Next, 2-

chloromethyl-1,3-dioxolane (100 g, 0.82 mol) was added drop-wise to the solution while 

stirring.  After stirring for 72 hours at 115˚C, 500 mL of water was added to the round-

bottom flask and stirred until the salts were dissolved.  The aqueous solution was then 

extracted three times with 500 mL of dichloromethane.  The organics were dried with 

sodium sulfate, filtered, and evaporated under reduced pressure to yield 70 g of dark 

yellow oil.  Further purification via vacuum distillation yielded 60 g (50% yield) of 1 as a 

clear oil.  

1H NMR (500 MHz, CDCl3) δ 5.06 (t, 1H), 3.95 (dtd, J = 8.7, 7.2, 5.2 Hz, 4H), 3.77 – 

3.71 (m, 2H), 3.66 (dd, J = 5.3, 3.7 Hz, 2H), 3.60 (d, J = 3.9 Hz, 2H), 2.35 (t, 1H). 

 

 

 

4.2.3.2  Synthesis of 2-((1,3-dioxolane-2-yl)methoxy)ethyl benzoate (2).121 

HO O

1

O
O O O

O
O

O

dry DCM
0oC to RT

2

Cl

O

N

 

  To 500 mL of dichloromethane, 50 g of 1 (0.338 mol) was added while stirring.  

Pyridine (41.0 mL, 0.507 mol) was then added, and the flask was placed under dynamic 
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nitrogen.  Next, the flask was placed in a 0˚C water bath, and benzoyl chloride (59.0 mL, 

0.507 mol) was added drop-wise via addition funnel.  After stirring for 15 min, a nitrogen 

balloon was applied, and the reaction was warmed to room temperature and stirred 

overnight.  After 12 h, the solution became a cloudy white suspension.  Ethyl acetate (750 

mL) was added to the solution, and the organics were washed three times with 500 mL of 

brine.  The organics were then dried with sodium sulfate, filtered, and evaporated under 

reduced pressure. The result was 95 g of clear oil, which was further purified using a 600 

g SuperFlash Column (2 : 1 hexanes/ethyl acetate, Rf = 0.24) to yield 2 (70 g, 82%) as a 

clear oil. 

1H NMR (500 MHz, CDCl3) δ 8.06 (dt, J = 8.5, 1.5 Hz, 2H), 7.61 – 7.50 (m, 1H), 

7.48 – 7.37 (m, 2H), 5.07 (t, J = 3.9 Hz, 1H), 4.52 – 4.43 (m, 2H), 4.07 – 3.83 (m, 6H), 

3.64 (d, J = 3.9 Hz, 2H). 

13C NMR (126 MHz, CDCl3) δ 166.58 (s, 1C), 133.02 (s, 2C), 130.06 (s, 1C), 129.71 

(s, 2C), 128.35 (s, 2C), 102.62 (s, 1C), 72.03 (s, 1C), 69.85 (s, 1C), 65.16 (s, 1C), 64.16 

(s, 1C). 

HRMS—ESI (m/z): [M + Na]+ calcd for C13H16O5, 275.0895; observed, 275.0905. 

 

4.2.3.3 Synthesis of 2-(2-azido-2-(hydroxyethoxy)ethoxy)ethyl benzoate (3).   
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O O
O

O
O

2

O O
O

O OH
N3

3

N3 Si

ZnCl2
 

Compound 2 (21.9 g, 0.087 mol) was added to a 100 mL round-bottom flask, and 

azidotrimethyl silane (23.0 mL, 0.174 mol) was syringed into the stirring solution.  Next, 

2.34 g of ZnCl2 (0.174 mol) was added into the round-bottom flask.  The reaction was 

monitored using TLC (1 : 1  hexane/ethyl acetate), and the starting material was typically 

consumed within 2 h.  TLC analysis showed two spots; one with Rf = 0.52 and one with 

Rf = 0.1.  The product with Rf=0.52 was thought to be the silylated product, and  

purfication on a silica column using 1 : 1 Hexane/Ethyl Acetae with 1% Triethylamine 

supported this hypothesis.  The spot at Rf = 0.1 corresponded to the primary alcohol 

product (3).   The following work up yielded pure compound 3 without the use of a 

column.  Saturated aqueous sodium bicarbonate (250 mL) was added to the reaction 

round-bottom flask and stirred for 30 min.  The aqueous solution was the extracted with 

dichloromethane (3x 250 mL).  The organics were pooled and washed two times with 

250 mL of sat. sodium bicarbonate.  The organics were then dried with sodium sulfate, 

filtered, and evaporated under reduced pressure to yield 25.7 g of clear oil (100 %).  The 

product was then submitted to characterization. 
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1H NMR (500 MHz, CDCl3) δ 8.32 – 7.90 (m, 1H), 7.69 – 7.50 (m, 1H), 7.45 (dd, J = 

10.9, 4.5 Hz, 1H), 4.68 (t, J = 5.2 Hz, 1H), 4.57 – 4.41 (m, 1H), 3.95 (ddd, J = 10.4, 5.1, 

3.0 Hz, 1H), 3.89 (dd, J = 5.7, 3.8 Hz, 1H), 3.82 – 3.62 (m, 3H). 

13C NMR (126 MHz, CDCl3) δ 166.57 (s, 1C), 133.15 (s, 1C), 129.89 (s, 1C), 129.71 

(s, 2C), 128.42 (s, 2C), 90.49 (s, 1C), 72.33 (s, 1C), 71.46 (s, 1C), 69.83 (s, 1C), 63.83 (s, 

1C), 61.75 (s, 1C). 

HRMS—ESI (m/z): [M + Na]+ calcd for C13H17N3O5, 318.1066; observed, 318.1096. 

 

4.2.3.4  2-(1-azido-2-(2-(benzoyloxy)ethoxy)ethoxy)acetic acid (4).122   

O O
O

O OH
N3

3

O O
O

O OH
N3

O
4

NH
Cr O Cr

O

O

O

O

O

O

HN

DMF  

The alcohol in Compound 3 was transformed to a carboxylic acid using a one step 

Corey-Schmidt Oxidation.  Pyridinium dichromate (76.7 g, 0.204 mol) was dissolved in 

250 mL of N,N-dimethylformamide (DMF, 0.8 M)  and added to a stirring solution of 

Compound 3 (15.0 g, 0.0509 mol, 0.2 M in DMF).  The resulting dark purple solution 

was stirred at room temperature under nitrogen for three days prior to purification via a 

series of extraction/washes.  First, saturated ammonium chloride (1 L) was added to the 

DMF solution and allowed to stir for 15 min.  In order to ensure that compound 4 was 

protonated, three mL of conc. HCl were added.  Next, the aqueous DMF solution was 
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extracted three times with 1 L of ethyl ether.  Ethyl ether was used to minimize DMF and 

chromium contamination.  The organic layer was then evaporated under reduced 

pressure, and the product was dissolved in 200 mL of saturated sodium bicarbonate and 

washed three times with 200 mL of dichloromethane.  The aqueous layer was then 

carefully acidified with concentrated HCl and extracted three times with 200 mL of 

dichloromethane.  The dichloromethane was then evaporated under reduced pressure, and 

the oil product was re-dissolved with 100 mL of ether and washed three times with 100 

mL of 5% LiCl solution to purify the compound from remaining DMF.  The ether layer 

was finally dried with sodium sulfate, filtered, and evaporated resulting in 4 g of clear oil 

(44 % yield).  The product was analyzed via 1H and 13C NMR and HR-ESI-MS. 

1H NMR (500 MHz, CDCl3) δ 8.06 (dd, J = 8.4, 1.3 Hz, 1H), 7.59 – 7.51 (m, 1H), 

7.45 (t, J = 7.8 Hz, 1H), 4.68 (t, J = 5.2 Hz, 1H), 4.51 (ddd, J = 6.0, 3.8, 1.2 Hz, 1H), 4.36 

(dd, J = 42.8, 17.1 Hz, 1H), 3.98 – 3.88 (m, 1H), 3.80 (ddd, J = 15.2, 10.5, 5.2 Hz, 1H). 

13C NMR (126 MHz, CDCl3) δ 173.47 (s, 1C), 166.68 (s, 1C), 133.19 (s, 2C), 129.82 

(s, 1C), 129.72 (s, 2C), 128.43 (s, 2C), 89.74 (s, 1C), 71.93 (s, 1C), 69.92 (s, 1C), 65.33 

(s, 1C), 63.87 (s, 1C). 

HRMS—ESI (m/z): [M - H]- calcd for C13H15N3O6, 308.0883; observed, 308.1329. 
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4.2.3.5  Di-Benzoyl-di-α-Azidoether Poly(ethylene) Glycol (5).   

O O
O

O OH
N3

O
O O

O

O
H
N

N3

O

PEG
2

3.4k

4 5

H2N
O

NH2

77

N

O

O
HO

N C N N
H   

Compound 4 (2.37 g, 0.0074 mol) was dissolved in 14 mL of DMSO.  Next, 2.61 g of 

di-amine poly(ethylene) glycol (3.4k MW, 7.4 x 10-4 mol) and 0.886 g of N-

Hydroxysuccinimide (0.0074 mol) were added to the solution while stirring.  All the 

contents were completely dissolved before 1.47 g of EDC (0.0074 mol) was added.  The 

reaction was stirred at rt overnight.  First, 100 mL of saturated sodium bicarbonate was 

added to the DMSO solution and extracted three times with DCM.  The organic layer was 

dried, filtered, and evaporated under reduced pressure.  The sample was then dialyzed 

against 1X PBS for over 12 h and then two times against MilliQ water for 8 h and over 

12 h before being extracted with DCM (3X 250 mL).  The DCM was then collected, 

dried, and evaporated under reduced pressure.  The resulting light yellow solid was then 

characterized via 1H NMR. 

1H NMR (500 MHz, CDCl3) δ 8.04 (d, J = 7.2 Hz, 4H), 7.61 – 7.51 (m, 2H), 7.44 (t, J 

= 7.7 Hz, 4H), 4.63 (t, J = 5.7, 4.9 Hz, 2H), 4.55 – 4.45 (m, 4H), 4.18 (dd, J = 78.5, 15.3 

Hz, 2H), 3.93 – 3.84 (m, 4H), 3.62 (m, 328H). 
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4.2.3.6  Di-Methacrylate-di-α-azidoether Poly(ethylene) glycol (6).  

O O
O

O
H
N

N3

O

PEG
1) 5% NaOH/MeOH

2) Methacryloyl Chloride, 
Triethylamine, DCM

O O O
H
N

N3

O

PEG
O

2 23.4k 3.4k

5 6   

First, compound 5 (1.6 g, 0.94 µmol) was saponified in 5% NaOH/MeOH for 45 min 

while stirring.  A small amount of sodium bicarbonate was added to the solution to buffer 

the neutralization process.  Next, conc. HCl was added until the pH was approx. 7-8, and 

the solvent was evaporated under reduced pressure.  A 100 mL portion of 5% 

NaOH(aq)/Brine solution was added to the oil product.  The aqueous solution was 

extracted six times with 100 mL of dichloromethane.  The organic layers were pooled, 

dried with sodium sulfate, evaporated under reduced pressure, and analyzed via 1H NMR 

to verify that the benzoate protecting groups were removed.  The resulting solid (1.45 g) 

was dissolved in 50 mL of dry DCM in a 100 mL round-bottom flask and placed under 

nitrogen.  Triethylamine (0.363 µL, 0.00260 mol) was then syringed into the round-

bottom flask, and the reaction was placed in a 0˚C bath.  Methacryloyl Chloride (0.500 

µL, 5.12 µmol) was added drop-wise via syringe and the reaction was stirred in the dark 

overnight.  After 12 h, the solvent was evaporated under reduced pressure, and the 

resulting solid was dissolved in 100 mL of saturated ammonium chloride.  The organics 

were washed out of the aqueous layer with ethyl ether (3 X 100 mL).  The PEG product 

was then extracted out of the aqueous layer with DCM (3 X 100 mL).  Inhibitor, 4-

methoxyhydroquinone (MEHQ), was added to a final concentration of 100 ppm.  The 
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DCM was then roto-evaporated resulting in a yellow-white solid.  The solid was 

dissolved in 1X PBS to a concentration of 50 mg/mL and loaded into SpectraPor 7 

dialysis tubing MWCO 1000 dalton.  The sample was then subjected to dialysis against 1 

L of 1X PBS for 8 h and then against 1 L of Milli Q water for 12+ h.  The sample was 

recovered from the tubes and brined.  The aqueous solution was extracted with DCM (3 

X 200 mL), 4-MEHQ was added to a final concentration of 100 ppm, and the DCM was 

removed using roto-evaporation.  The white solid was then dissolved in MilliQ water, 

aliquoted into 50 mg samples, and freeze dried.  The product (0.8 g, 50% yield) was 

characterized using 1H NMR. 

1H NMR (500 MHz, CDCl3) δ 7.07 (s, 2H), 6.13 (s, 2H), 5.59 (s, 2H), 4.61 (dd, J = 

5.8, 4.8 Hz, 2H), 4.33 (dd, J = 5.3, 4.1 Hz, 4H), 4.27 (d, J = 15.3 Hz, 2H), 4.11 (d, J = 

15.3 Hz, 2H), 3.63 (d, J = 9.4 Hz, 510H) 1.95 (s, 6H). 

 

 

4.2.3.7  α-Azido Ether Diol (7) 

O O
O

O OH
N3 1) 5% NaOH/MeOH

2) 5% NaOH/MeOH
HO O O OH

N3

3 7  

    Compound 3 was first converted into a diol (compound 7) by saponification in 5% 

NaOH/MeOH (10 mL solution for every 100 mg of compound 3) for 5 min followed by 

another 5 min of stirring in an equal amount of 5% NaOH(aq).  Compound 7 was then 



Chapter 4:   Chemically-Degradable Hydrogels as Transient T cell Scaffolds 
 

169 
 

extracted out of the aqueous phase six times using an equivalent amount of DCM.  The 

DCM was pooled, dried with sodium sulfate, filtered, and roto-evaporated to yield a light 

yellow oil. The oil was characterized by 1H NMR and HRMS-ESI.  Further purification 

via silica column did not produce any improvements in the NMR.  

 

Compound 7: 1H NMR (500 MHz, CDCl3) δ 4.69 (t, J = 5.2 Hz, 1H), 4.04 – 3.94 (m, 

1H), 3.69 (s, 11H), 2.56 (bs, 1H), 2.35 (bs, 1H). 

HRMS—ESI (m/z): [M + Na]+ calcd for C6H13N3O4, 214.0804; observed, 214.0900. 

 

4.2.3.8  Dihydrolipoic Acid (8) 

OH
S S

O NaBH4

0.25 M NaHCO3

OH
SH SH

O

8  

Into a 1 L round bottom flask, 400 mL of 0.25 M NaHCO3 was added with a stir bar.  

Lipoic acid (10g, 0.049 mol) was added to the aqueous solution while stirring in an ice 

bath.  The resulting solution was light yellow and clear.  Next, 5% NaOH(aq) was added to 

the round bottom until the solution turned clear.  After 2 h of stirring at 0˚C, the solution 

was acidified with 5% HCl(aq).  The aqueous solution was then extracted three times with 

400 mL of diethyl ether.  The organic phase was dried with Na2SO4, filtered, and 

evaporated under vacuum.  A clear oil was the result.  This oil was redissolved in 

dichloromethane and place at -20˚C overnight.  A white precipitate formed and was 



Chapter 4:   Chemically-Degradable Hydrogels as Transient T cell Scaffolds 
 

170 
 

filtered off.  The filtrate was rotoevaporated to give 7.1 g of clear oil to give a yield of 

69%.  The oil was then characterized using H NMR and stored for future use at -20˚C 

under N2(g). 

 

4.2.4 Kinetics and Stability Studies 

Because Compound 3 was not water soluble, Compound 7 was synthesized and used 

for stability and kinetics studies.  Stability studies were performed under various reducing 

conditions in buffered 1X PBS pH 7.4 for UV-Vis experiments and 100 mM phosphate 

buffered D2O pH 7.4 for NMR experiments. The quantity of buffer salts used in the D2O 

experiments was calculated using the Henderson-Hasselbach equation.  Note that any pH 

referenced henceforth for buffered D2O solutions are calculated pH’s and not measured.  

UV-Vis experiments were done under second order conditions with compound 7 and 

either dithiothreitol (DTT) or β-2-mercaptoethanol (β2M) at 25 mM.  Monitoring the 

absorbance at 270 and 300 nm showed an immediate increase in both experiments (Data 

not shown).  To test if this increase in absorbance was due to a reaction between 

compound 7 and the reductant, 1H NMR experiments were performed under the same 

second order conditions and monitored for the time period in question from the UV-Vis 

data.  DSS was included as an internal standard at approximately 5mM.  Between 

acquisitions, the sample was placed in the dark.  The integration of the multiplet at 3.99 

ppm from compound 7 was compared to the DSS peak at 0.00 ppm in order to quantify 

degradation. 
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4.2.4.1  TCEP pH Profile.   
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TCEP is a polyprotic compound and is sold as an HCl salt to improve handling and 

solubility.  In order to simplify kinetics experiments in buffered D2O, 1H NMR 

experiments were performed with 5 mM TCEP in 100 mM phosphate buffer solution of 

various pH’s to determine when TCEP is fully deprotonated.  Because studies have 

shown that fully deprotonated TCEP reduces substrates faster, this experiment also 

allowed us to find an upper bound to the rate of reduction.  A titration curve was built 

that correlated TCEP proton chemical shift (methylene protons alpha to the phosphorus) 

and thus the protonation state of the TCEP to the calculated pH of the solution.  The 

curve was fit to Equation 4-17, which can be derived by first establishing a relationship 

between chemical shift and [phosphorus] by 

𝛿 = 𝑎 [𝑃𝐻+]
[𝑃]+ [𝑃𝐻+]

+  𝐶 Eq. 4-12 

where δ is the chemical shift of the TCEP protons being monitored, a is difference in 

ppm between the chemical shifts of fully protonated and fully deprotonated TCEP, and C 
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is the chemical shift for protons of fully deprotonated TCEP. This equation can be re-

written as 

1
𝛿−𝐶

= [𝑃]
𝑎[𝑃𝐻+]

+  1
𝑎

 Eq. 4-13 

Rewriting the acid equilibrium constant equation of TCEP (Eq 14) results in Eq 15. 

𝐾𝑎 =  [𝑃][𝐻+]
[𝑃𝐻+]

 Eq. 4-14 

𝐾𝑎
[𝐻+]

=  [𝑃]
[𝑃𝐻+]

 Eq. 4-15 

which allows for a substitution into Eq. 13 and gives 

1
𝛿−𝐶

= 𝐾𝑎+[𝐻+]
𝑎[𝐻+]

 Eq. 4-16 

Further simplification establishes a relationship between the chemical shifts in question 

and the pH and pKa by 

𝛿 =  𝑎10−𝑝𝐻

10−𝑝𝐾𝑎+10−𝑝𝐻
+  𝐶 Eq. 4-17 

 

 

4.2.4.2  Pseudo-First Order Degradation Kinetics Using TCEP 

Compound 7 was used in excess for pseudo-first order kinetics while changes to 

TCEP was monitored via 1H NMR using the same protons as used previously for the pH 

profile.  TCEP was dissolved in buffered D2O pH 7.8 at a concentration of 5 mM with 

DSS as an internal standard (5 mM).  Initial time points were measured, and once 7 was 
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added, spectra were collected using one transient. Concentrations of 37.5, 50, 75, and 100 

mM compound 7 were used.  Time points were collected until the TCEP peak shifted 

completely from 2.53 ppm to 2.40 ppm.  Data was graphed as [Reacted Phosphine] vs 

Time (s) and fit using the following equation: 

 

[ReactedPhosph] = [Diol]0(1 − e−𝑘obs𝑡) Eq. 4-18 

 

Because TCEP is thought to be unstable in phosphate buffers, a control experiment was 

performed with TCEP and DSS at 5 mM in buffered D2O pH 7.8 without compound 7.  

This experiment was monitored for 40 min, which is longer than any of the kinetics 

experiments.  The main caveat to this experiment was that change in TCEP proton shifts 

were monitored and used as a proxy for cleavage.  Current research in the Taton group is 

testing the validity of this assumption. 

 

4.2.5 Gel Preparation and Characterization 

 

4.2.5.1  Gel Formation   

Gels were prepared using chemical initiation with ammonium persulfate (APS, 0.01% 

by weight) and Tetramethylethylenediamine (TEMED, 0.01% by weight).  Molds were 

made from circular silicone isolators clamped between glass microscope slides.  First, 

compound 6 was dissolved in solvent, either 1X PBS or pure water, at a feed of 10% by 
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weight. In the case of CongoRed dyed gels, the solvent was 0.5 mg/mL dye.  The solution 

was vortexed briefly, and the APS was added and vortexed.  TEMED was then added and 

the solution was again vortexed briefly before being loaded into the molds.  

Approximately 140 µL of solution were needed to fill the molds. After a one hour cure 

time, the gels were taken from the molds and allowed to equilibrate in their respective 

solvent overnight before any further studies were performed unless otherwise noted. 

 

4.2.5.2  Swelling Studies 

Newly formed gels were taken out of their molds and the water whisked away using a 

Kimwipe.  Then the gels were quickly placed on the balance, and the mass was recorded 

once it stabilized.  The gels were then placed back in their solvents until the next time 

point.  This process was repeated until a steady mass was reached, approximately 3 h. 

 

4.2.5.3  Gel Point Analysis   

Dynamic mechanical analysis was performed using an AR-G2 equipped with 25 mm 

parallel geometries.  Crosslinker (10% solution, 500 µL) was mixed with TEMED and 

APS and immediately transferred to the bottom plate of the rheometer.  The top plate was 

then lowered until the solution edge reached the edges of the top platen.  Recording was 

initiated with a frequency of 1 rad/s and a deformation of 0.1.  Data was recorded and 

saved as the log of storage modulus (G’) and loss modulus (G”) versus time. 
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4.2.6 Gel Stability and Degradation 

4.2.6.1  Compression Testing   

Compression tests were performed on an In Spec 2200 equipped with a aluminum 

cup (turned from one piece of Al) and an aluminum platen.  The cup was filled with fresh 

buffer, approximately 20 mL, immediately prior to experiment.  Care was taken that gels 

were chosen with no visible defects.  The gel was then placed in the center of the cup and 

the platen was brought down to a position 1.0 mm above the gel.  To measure the load 

response of the gel, the platen was lowered 1.5 mm at a rate of 0.017 mm/s to achieve a 

compression strain of 0.1.  Load (N) vs extension (mm) plots were recorded on the Sony 

Clie PDA and converted to Compression Stress vs Compression Strain curves on a PC 

using an average gel cross-sectional area of 46.6 x 10-5 m2 and gel height of 2.4 mm.    

 

4.2.6.2 Swelling Studies   

Gels were immersed in either 10mM or 50mM TCEP in 1X PBS pH 7.4 in a small 

weighing cup. Initial masses were measured, and then the samples were placed on a room 

temperature shaker at 60 rpm. At 30 minute intervals, the TCEP solution was removed 

with a pipette, and excess liquid was whisked away using a kimwipe. The gel masses 

were recorded, and the TCEP solution was replaced after each measurement.  This 

process was repeated until the gel was completely degraded or until any visible piece of 

the gel was aspirated into the pipette. 
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4.2.6.3  Time-Lapse Photography 

Gels formed in the presence of 0.5 mg/ml of CongoRed were allowed to equilibrate in 

their buffers of study overnight.  Qualitative soaking studies showed that the gels retained 

the dye during the time scale of all experiments.  Gels were placed in a pyrex petri dish (4 

cm diameter) alongside control gels made of 10% by weight poly(ethylene glycol) 

dimethacrylate of similar molecular weight.  The solution in the petri dish contained 

buffer (10 mM HEPES or 1X PBS) and 10 mM TCEP unless otherwise noted.  The petri 

dish was placed on a light box and stirred using a magnetic stir bar.  A Nikon D300 was 

mounted above the dish and set up for time lapse photography using CameraPro2 

Software (Nikon).  Because the petri dish top was left off for enhanced imaging, a 

syringe pump was used to replenish any evaporated water. 

 

4.2.7 T Cell Encapsulation and Release 

Cells were harvested from the spleen of Black 6 (B6) mice following laboratory 

protocols discussed in the previous chapters.  To test the viability of the T cells in the 

presence of TCEP and DHLA, two million splenocytes were incubated at 37˚C in 10 mM 

TCEP or 10 mM DLHA treated media for different periods of time.  The experiment was 

done in triplicate, and a control was performed that consisted of splenocytes incubated in 

untreated media.  At predetermined time points, the cells were centrifuged down and 

resuspended in fresh untreated media.  These cells were then subjected to four-color 
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FACS analysis to classify and determine the viability of T cells and B cells.  The 

parameters measured were CD4 and CD8 to identify T cells and CD19 to identify B cells.  

To measure viability, 4',6-diamidino-2-phenylindole (DAPI) stain was used.   

For encapsulation studies, solid crosslinker was dissolved at RPMI 10 media 

supplemented with 10 % fetal calf serum and 50 mM β-mercaptoethanol.   Splenocytes 

were then redispersed in the crosslinker solution and polymerization was initiated using 

0.1 % APS and TEMED.  Silicon molds were used to form gels in disk-like shape of 

approximately 7 mm in diamter and 2.3 mm deep.  After allowing the gels to swell for 

one hour, the gels were submersed in 5 mL of 10 mM TCEP/Media until degraded.  The 

released cells were then centrifuged and resuspended in fresh media.  Finally, the cells 

were subjected to the same FACS analysis discussed above.  Data was then analyzed 

using FloJo software. 
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4.3 Results and Discussion 

4.3.1  Crosslinker Synthesis 

The degradable crosslinker was synthesized via a seven step procedure (Scheme 

4-5).  The first step involved mixing 1,3-chlorodioxolane with excess ethylene glycol in 

the presence of KOH and heat.  The yields were consistently around 45% with respect to 

the dioxolane.  The reaction was amenable to scale-up to at least 100 g, affording a 

generous amount of compound 1 for future work.  Synthesizing compound 2 was 

accomplished via a high yielding acylation reaction with benzoyl chloride.  A particular 

point of interest for this step is that it is the only step where column chromatography was 

used.  Compound 3 was synthesized using a modification to a previous protocol,123 which 

used SnCl4.  In my studies, using SnCl2 as the catalyst for ring opening led to 

unidentifiable by-products and low yields.  Chandrasekhar Ramasubramanian, in the 

Taton Group, developed the new method of α-azido ether formation, which used ZnCl2 as 

a catalyst and led to extremely high yields with limited need for purification.  Compound 

4 was synthesized using a Corey-Schmidt Oxidation.122  Swern oxidation and oxidation 

using pydinium dichromate in DCM were also attempted in order to form the aldehyde 

derivative.  We felt that the formation of the acid via the aldehyde intermediate would be 

milder and would afford higher yields.  However, all attempts to do so failed.  The 
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overall yield of the first four steps, which includes the small molecule synthesis, was 

17%.  The last three steps dealt  
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Scheme 4-5.  Synthetic scheme for α-azido ether crosslinker. 
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with macromer synthesis and for the most part were completed with high yields of pure 

products. 

 

4.3.2  Small Molecule Degradation Kinetics 

Once I successfully synthesized compound 4, I endeavored to study the 

degradation kinetics of the α-azido ether group.  However, compound 4 was not soluble 

in water or buffered solutions so compound 7 was synthesized via saponification.  This 

compound was soluble in buffered solutions up to the 150 mM range.  Psuedo-1st order 

kinetic studies were attempted using 1H NMR with compound 7 in excess (Figure 4-2).  It 

was necessary to use compound 7 in excess because high concentrations of TCEP and 

DHLA increased the ionic strength to such a degree that it caused acquisition issues with 

the NMR.  The studies using TCEP were performed at a pH of 7.8.  It was experimentally 

determined that TCEP was deprotonated at this pH using 1H NMR.  It was important for 

TCEP to be deprotonated because we wanted an upper bound to the kinetics of 

degradation.  This method produced a kobs of 0.946 M-1s-1, which is almost three orders of 

magnitude than what the Bertozzi group found for the Staudinger Reduction.  This does 

not argue against the validity of the Bertozzi group’s findings because our system is 

substantially different.  It therefore remains possible that our system degrades via a 

completely different mechanism than the Staudinger Reduction.  Pseudo-1st order kinetic 
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studies with DHLA were not successful.  A similar procedure was performed as was done 

with TCEP.  However, DHLA suffered from autooxidation which complicated NMR 

measurements.  Qualitatively, the reaction between DHLA and the α-azido ether was 

about an order of magnitude slower than with TCEP. 

 

4.3.3  Gel Formation and Characterization 

To prepare the α-azido ether (α-N3) hydrogels, the cross-linker was dissolved in 

aqueous solutions (10% by weight).  Gels were made using only cross-linker to simplify 

these initial studies.  Polymerization was induced via redox-initiated radical chain 

polymerization with ammonium persulfate (APS) and tetramethylethylenediamine 

(TEMED) as well as via photo-initiation using Irgacure 2959.  However, only gels 

prepared using chemical initiation will be discussed here.  Gels were formed between 

glass microscope slides using silicon molds.  Formation was visually reproducible from 

preparation-to-preparation although the physical size and mass varied slightly.  Gelation 

points were studied using parallel-plate rheology.  A gel point was measured at 

approximately 150 s, and a final shear modulus of approximately 5 kPa was measured for 

the α-N3 gels (Figure 4-3).  Compression tests were also performed to evaluate the 

compression modulus (Figure 4-4).  A typical compression modulus was approximately  
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Figure 4-2  Pseudo-first order data acquired via 1H NMR experiments in buffered 
D2O.  TCEP was used in excess and the diol, compound 7, was kept at a constant 
concentration. 
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Figure 4-3.  Parallel-plate analysis of representative hydrogel samples as they 
polymerized (Blue and Red).  In the beginning, the hydrogel is so fluid that the 
transducers are not sensitive enough to read a modulus.  The black line is an example 
of a of hydrogel made from a crosslinker that was not completely transformed to 
methacrylate end groups (80% conversion). 
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Figure 4-4.  Compression experiment of a a-azido ether gel pre-formed in a mold.  
Three distinct regions occur in the complete curve.  Region 1 consists of background 
signal as the platen approaches the sample.  Region 2 is the point where the platen 
meets the sample.  Region 3 is the area of the graph where the platen is in contact 
with the sample and compressing the gel. 
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30 kPa, which is normal for PEG hydrogels.  Interestingly, the compression and shear 

modulus do not follow the relationship established using Possion’s ratio.  It was noted 

many times that thin gels did not form robust gels.  Because of materials shortage, only 

very thin gels could be used for the shear modulus analysis.  This could account for the 

lower than expected shear modulus compared to the compression modulus.  Compression  

modulus was also used to assess long-term hydrogel stability at 4˚C in 1X PBS pH 7.4.  

Over a period of one month, the compression modulus for three gels did not change, 

suggesting that storage and stability would not be an issue (Figure 4-5).  

4.3.4  Gel Erosion and Degradation 

Gel erosion was monitored using time-lapse photography in 1X PBS pH 7.4 

containing different concentrations of TCEP or DHLA.  TCEP has been known to auto-

oxidize at increased rates in phosphate bufferes.  However, comparison studies using 

non-phosphate buffer suggested that erosion was not hindered.  In order to better 

visualize erosion, gels were formed in the presence of CongoRed.   A representative 

example is shown in Figure 4-6A where an α-N3 gel is degraded in the presence of 10 

mM TCEP.  The bottom gel is a of a control gel made from PEGDMA.  Initially, there is 

lag-time during which the α-N3 gel slightly increases in size (≈ 2% by area) but the 

control gel remains unchanged.  At approximately 10 h, the α-N3 gel abruptly starts to 

shrink and is completely dissolved by 14 h.  Gels degraded faster in the presence of 50 

mM TCEP demonstrating a dose response.  Degradation in DHLA solutions also showed  
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Figure 4-5.  Gel stability as measured by compression modulus over an extended 
period of time in 1X PBS.  
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Figure 4-6.  Time-lapse photography of gels degrading in 10 mM TCEP (A) and 10 
mM DHLA (B).  Gels were stained with CongoRed.  The control gel is slightly out 
of the viewing area of the last picture in B, but it is intact.   
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a dose-response but the phenotype of the erosion was different (Figure 4-6B).  Compared 

to TCEP erosion, DHLA caused swelling with little to no measurable shrinkage followed 

by complete dissolution.  This could be indicative of more bulk erosion in DHLA 

samples.   The PEGDMA control gels in TCEP and DHLA solutions and α-N3 gels kept 

in 1X PBS alone did not visually change during the time scale of the experiment. 

The erosion profiles seen in the time-lapse photography matched well with the 

swelling studies.  Swelling studies were done by monitoring the mass of the gels as a 

function of time exposed to TCEP and DHLA solutions (Figure 4-7).  For both the time-

lapse photography and the swelling studies showed an initial increase in size and mass 

followed by a rapid dissolution.  From the profiles of the curves, bulk-erosion seems to 

play at least some role when using TCEP and DHLA.  However, the DHLA samples 

swelled more, suggesting that bulk-erosion played a greater role in DHLA induced 

degradation than in TCEP. Because TCEP is a much stronger reductant, it is possible that 

the reaction is competing with diffusion.  Initial studies with soaking gels in dye for 

different periods of time suggested that diffusion could be an issue.  Importantly, gels that 

were exposed to 50 mM β-2-mercaptoethanol degraded on the order of weeks.  This 

concentration is 10X higher than any physiologic thiol and bodes well for stability. 

Degradation studies were also performed using compression tests with gels 

exposed to either 10 mM TCEP or 50 mM DHLA in 1X PBS pH 7.4.  Initial compression 

studies showed that a strain of 0.1 and 0.2 allowed for recoverable moduli.   Figure 4-8A  
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Figure 4-7.  Swelling studies of α-azido ether hydrogels in different concentrations 
of DHLA and TCEP.  The control sample was an α-azido ether gel in 1X PBS.   
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  Figure 4-8.  A)  Compression experiments of hydrogels treated for varying amounts 
of time with 10 mM TCEP.  B)  Compiled data of moduli data for gels that were 
treated with 10 mM TCEP and 50 mM DHLA.  Each point is done in triplicate.   
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shows example data from three different gels treated with 10 mM TCEP for three 

different time periods.  Even though immediate changes were not seen photography 

studies, the gel modulus showed a marked decreased after only 1 h and continued to 

decrease linearly with time (Figure 4-8B).  The same trend was seen for gels treated with 

50 mM DHLA.  The linear decrease in the moduli was unexpected.  Other research 

groups have found an exponential degradation, which would be expected with pseudo-1st 

order degradation conditions.  The reason for the linearity in our degradation data is 

unknown but could arise from a situation where diffusion is limited. 

Concerning other physical parameters such as the molecular weight between 

crosslinks (𝑀�𝐶) and mesh size (𝜉), these properties where not directly measured yet using 

Flory-Huggins or the theory of rubber elasticity.  These theories allow access to these 

parameters based on the assumption that the molecular weight of the backbone without 

crosslinks (𝑀�𝑁) is known.6  In other words, the molecular weight of the monomer chains 

must be known.  The gels used in the study were made solely of macromers so 𝑀�𝑁 is 

unkown unless measured separately.  Furthermore, these macromer-based hydrogels are 

by nature prone to crosslinks that are not point junctions, which significantly influences 

the 𝑀�𝐶.6  Time and material constraints disallowed further experiments to determine 

these parameters.  However, other groups have done detailed work with similar 

crosslinkers and found the mesh size to be 2.2 nm and the 𝑀�𝐶 to be 320 g/mol.26   
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4.3.5  T cell Encapsulation 

Because the mesh size our gel system was expected to be small, issues with 

nutrient diffusion was likely to hinder long-term T cell survival.  However, we had 

confidence that mesh size could be tailored in the future to allow for better diffusion.  For 

the purpose of getting initial information, experiments were carried out to test the 

viability of splenocytes in general, T cells included, with respect to TCEP and 

encapsulation/release. 

 Whether or not splenocytes would survive exposure to 10 mM TCEP in media 

was first assessed.  Splenocytes were incubated in 10 mM TCEP/media for a period of 

four hours.  Each hour cells were analyzed using FACS (Gating Scheme - Figure 4-9).  

The control consisted of cells incubated in normal media for four hours.  Analyzing the 

samples with respect to total cell viability (Percentage DAPI negative), no difference was 

noticed between the control (cells alone) and treated samples (Figure 4-10).  This 

suggests that the splenocytes survive to a large extent.  The percentages of T cells and B 

cells were also the same for the TCEP treated samples and the control (data not shown). 

 Next, encapsulation studies were performed with the splenocytes and gels 

consisting of 10% crosslinker.  Gels were formed with 250,000 to 10,000,000 cells per 

gel without issue.  The only noticeable difference was that it seemed to take longer for 

the more concentrated gels to form.  Figure 4-11 shows a sample gel containing 

5,000,000 cells that were labeled with a fluorescein antibody.    The morphology of the  
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  Figure 4-9.  FACS  data for a sample of splenocytes that were treated with 10 mM 
TCEP for 4 hours.  A)  Cells from the “live gate” (single cells of appropriate size) 
analyzed for DAPI staining.  Negative staining indicates cells are alive.  B)  DAPI 
negative cells analyzed with respect to CD4 and CD8 expression (T cells).  C)  DAPI 
negative cells analyzed with respect to CD19 expression (B Cells).  Represented by 
percentage of total event or cells per graph. 
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  Figure 4-10.  FACS data depicting percentage of DAPI negative cells (alive) in 
samples that were incubated for four hours in 10 mM TCEP and 10 mM DHLA.  The 
control sample was comprised of cells that were incubated for four hours at 37°C 
with no TCEP and DHLA. 

 

Control 
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  Figure 4-11.  Microscopy images of a gel used to encapsulate 5 x 106 splenocytes.  
A)  Bright-field picture of the complete gel using a stereo-dissection microscope.  B 
and C)  Bright-field and fluorescence confocal microscopy images of a single cell 
that has been stained with anti-H-2KB antibody-FITC conjugate prior to 
encapsulation.  D)  Stacked confocal image depicting fluorescent cells suspended 
within the 3D matrix. 
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cells seemed to remain spherical as has been seen in other gel systems.61  The 

fluorescence confocal image shows that the cells are suspended and that much more room 

is available for occupation.  Future studies should include creating more concentrated 

gels. 

 Gels with 10 x 106 splenocytes were also placed in 10 mM TCEP/media at 37˚C 

until they were completely degraded.  After washing the cells into fresh buffer, the 

samples were subjected to FACS analysis (Figure 4-12).  Two controls were performed: 

one with cells suspended in media and another with cells suspended in 10 mM 

TCEP/media.  The untreated media remained about the same as the previous four hour 

experiment with respect to viability (DAPI negative) and percentages of CD 4 and CD8 T 

cells.  The TCEP/media control showed a decrease in viable cells (less cells stained 

negative with DAPI).  This is not surprising given the extended period exposed to TCEP, 

which is a strong reducing agent.   

The cell-gel samples (same sample performed in triplicate) showed a marked 

decrease in viable cells.  The cause of this decrease could be any number of issues that 

were not controlled for because of lack of cells.  For example, the initiators or the process 

of radical polymerization could have caused damage to the cells.  If the initiators were to 

blame, then more biocompatible initiators could be found and tested.  If radical 

polymerization is the problem, then the hydrogel system could be redesigned to utilize a 

step-growth mechanism of polymerization.  This would most likely require larger  
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Figure 4-12.  FACS data from splenocytes encapsulated within gels and released 
using 10 mM TCEP.  The top two sets of data are controls of only cells in media and 
TCEP treated media.  The bottom sample is data depicting one sample of 
spleenocytes after being released from the hydrogel.  Experiment was 8 h in 
duration. 
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amounts of α-azido ether to be formed, which is now possible.  Furthermore, it is possible 

that the act of encapsulating T cells caused them to die, but I consider this to be the least 

likely possibility.  One very interesting result was that CD4 T cells seemed to be 

particularly susceptible to the conditions of gel encapsulation and release where as CD8 

percentages remained the same.  This could indicate that CD8 T cells would be a feasible 

target cell for encapsulation. 
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4.4  Concluding Remarks 

We successfully designed a degradable hydrogel system utilizing an α-azido ether 

containing crosslinker.  This system demonstrated the ability to degrade when exposed to 

two different biocompatible reductants.  The time scale of degradation as measured by 

small molecules kinetics seems reasonable and may help determine other applications of 

this system.  We showed that this system could be used to encapsulate T cells and release 

these T cells.  While the viability of T cells suffers during the process, the results are still 

promising because T cells and primary cultured cells in general are very sensitive to 

environmental changes.  It is our hope that even if this hydrogel serves as a model and 

suggests that the α-azido ether functional group is a cleavable group worthy of more 

research
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