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ABSTRACT 

 

    According to the American Cancer Society, every year over one million Americans are 

diagnosed with one of the recognized forms of cancer. Cancer metastasis is associated 

with poor patient prognosis. In order to better understand how cancer grows and 

metastasizes, researchers are interested in the development of platforms that could model 

the environment of tumor tissue and enable the study of the effect of cancer cell-secreted 

molecules on cell replication, extracellular matrix remodeling, and cell migration leading 

to metastasis. Due to their tissue-like properties, hydrogels have the ability to serve as 

such model systems by providing a three-dimensional scaffold in which cancerous cells 

could be cultured and studied. Hydrogels are formed from physically or chemically cross-

linked hydrophilic polymers that form insoluble networks. Due to their high water 

content, hydrogels have mechanical properties that are similar to those of tissue; 

therefore, hydrogels could become ideal platforms for the study of cell growth and 

migration.  

    The long-term goal of this work is to develop a hydrogel system that is molecularly 

responsive and can be synthesized at physiological conditions that could be used as a 

model the study of cancer cell growth. In order to achieve this goal, in this work we 

focused on: (1) the development of an aptamer complex to be used as crosslinker within 

the hydrogel network that is responsive towards the cancer cell-secreted protein vascular 

endothelium growth factor (VEGF), (2) the development of methods for the synthesis of 
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hydrogels under mild conditions via copper-free click chemistry, and (3) the integration 

of cell adhesive properties to the hydrogels through a cyclo-Arginine-Glycine-Aspartic 

Acid (cRGD) peptide that mimics fibrin and collagen, some of the most abundant protein 

components of the extracellular matrix. The aptamer complex was designed to be able to 

hybridize at physiological conditions but denature in the presence of the molecular target 

VEGF, yielding a system that is responsive and degradable. Through the use of copper-

free click chemistry, the hydrogels could be synthesized in the absence of toxins like free 

radicals, metals, and ultraviolet light that are typically used in polymerization reactions 

but that have deleterious effects on cells. The bioorthogonal reaction between azide and 

dibenzylcyclooctyne utilized in the copper-free click chemistry reaction is able to rapidly 

link polymeric precursors, thus providing a method for immediate the encapsulation of 

cancer cells within the hydrogel scaffold. The encapsulated cells are then able to interact 

with the mimicry peptide cRGD and signal the cells to begin growing and proliferating. 

In doing so, a hydrogel that is molecular responsive, nontoxic, and capable of 

encapsulating cells is fashioned in order to serve as three-dimensional platform for their 

study.  

    Chapter 1 provides a background on the various concepts on which the proposed 

biomaterial design is based. Chapter 2 discusses the design and in vitro evaluation of 

VEGF-responsive aptamer complexes to be used in later work as crosslinkers of 

molecularly controlled biodegradable hydrogels. Chapter 3 describes the work that was 

performed for the development of synthetic protocols to be used for the preparation of the 
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hydrogels using click chemistry. Chapter 4 describes the methods used for solid-phase 

synthesis of the mimicry peptice cRGD. Finally, Chapter 5 summarizes the work and 

provides concluding remarks.  
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1. INTRODUCTION AND BACKGROUND 

1.1.  SIGNIFICANCE AND APPROACH 

     The human body is a complex system that has the ability to heal and regenerate itself; 

however, after a traumatic injury or disease our bodies lose the ability to carry out 

regeneration and healing [6-8]. Learning how cells are able to regenerate or heal 

themselves, and how tissues undergo changes under pathological conditions are topics 

that have been of interest to researchers. Methods using hydrogels as platforms to 

facilitate the growth and regeneration have been developed to study these processes both 

in vivo and in vitro [9-14]. The ability to isolate a particular cell type and create a 

microenvironment that mimics the tissue in which it naturally inhabits is of particular 

interest to researchers.  

     Much work has gone into creating polymeric scaffolds that are able to closely mimic 

these physiological environments [15, 16]. Similarly, scaffolds have been created to study 

how cancerous cells grow, proliferate, and metastasize [17]. These scaffolds or matrices 

have been of interest because they are able to provide environments that closely match 

tissues, which the cancer occupies, while also providing sufficient environmental control 

for the study of relevant pathological processes such as growth factor secretion, cell 

replication, and cell migration. This has led to the development of platforms that are used 

to test cellular response to drug delivery systems, evaluate drug toxicity, as well as study 

how cancer metastasizes in vitro and in vivo [18-20]. Although, two-dimensional and 

three-dimensional polymeric scaffolds have been developed and implemented in studying 

cancer cell behavior and growth, we believe that there is room for improvement in the 
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design of current systems in use. Three-dimensional scaffolds have the advantage over 

two-dimensional scaffolds of better mimicking the environment that cells occupy in the 

body and have been become the “gold standard” and therefore provide the best platform 

for our intended use [8, 16, 17]. Our approach is to create a biodegradable hydrogel from 

synthetic polymers to act as a scaffold for the study of cancer cells in culture. This 

scaffold will not only provide the initial support system in which cells can grow and 

proliferate, but will also be able to degrade in response to molecular cues from the 

cancerous cells. This will allow the degradation of the scaffold to match growth and 

proliferation of the cells, and will provide a means for the study of the role of cell-

secreted molecules on cell replication, migration, and extracellular matrix remodeling.  

The long-term objective of the work commenced here is to develop a hydrogel-

based biomaterial that can specifically interact with molecular targets and provide a 

response (disintegration) as a consequence of this interaction. This new type of 

biomaterial, if prepared and utilized under biologically relevant conditions, could be used 

as a scaffold for the study of cancer cell growth. The work presented in this thesis focuses 

on: (1) development and evaluation of DNA-based aptamer complexes as molecularly 

responsive crosslinkers of hydrogel networks (Chapter 2), (2) the development of 

synthetic methods for the preparation of the hydrogels via copper-free click chemistry 

(Chapter 3), and the preparation of peptide mimics of the extracellular matrix for 

incorporation into the hydrogel to encourage cell attachment and growth (Chapter 4). The 

aptamer complex is the key feature that can provide the hydrogel molecular 

responsiveness. As will be discussed later, it is designed so that it is stable in the 

hybridized form at physiological conditions but can be induced to dehybridize upon 



 3 

interaction with the molecular target, thus effectively providing a means for molecularly 

controlled crosslinker dissociation. In addition to the work herein presented, efforts are 

focusing on the integration of cell adhesive peptides based on cyclo-Arginine-Glycine-

Aspartic Acid (cRGD) that mimic fibrin and collagen, some of the most abundant 

proteinic components of the extracellular matrix to provide more biocompatibility to the 

biomaterial.   

Figure 1 depicts the design and envisioned function of the proposed molecularly 

responsive hydrogel scaffolds, and three major steps required to prepare them. Starting 

with Figure 1A, a four-arm 20,000 Da molecular weight (MW) poly(ethylene glycol) 

(PEG) is end functionalized with dibenzylcyclooctyne (DBCO). Following the 

functionalization of the PEG, the synthesis of the hydrogel can be carried out as shown in 

Figure 1B. This step involves incorporating the functionalized four-arm PEG, cRGD that 

has been conjugated to a 5,000 Da MW PEG that is azide functionalized, cancer cells 

(here represented by human SKOV-3 ovarian cancer cells), and the aptamer complex that 

has been azide functionalized. As shown in the figure, the azide groups (represented by 

triangles on Figure 1A) and the DBCO end groups on PEG react to form a covalently 

linked network. This critical step will form the aptamer crosslinked hydrogel with cells 

encapsulated within (Figure 1C). The use of copper-free click chemistry ensures that the 

reaction can be conducted at 37 oC (physiological temperature) without the use of catalyst 

or free radicals that are detrimental to cells. 
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FIGURE 1. Hydrogel synthesis schematic A) Hydrogel synthesis starting with 4-arm 
PEG being end functionalized with DBCO. B) One-pot synthesis of hydrogels 
incorporating SKOV-3 cancer cells, cRGD, aptamer complex, and four-arm PEG-
DBCO. C) Inset showing hydrogel with adhered cells that are secreting VEGF 
protein and the design of the aptamer complex. This complex consists of three 
oligonucleotide strands (here presented in green, blue, and black/red), one of 
which contains the VEGF-specific aptamer (red). As the VEGF protein makes 
contact with the aptamer in the aptamer complex, it competitively displaces one of 
the complementary strands (blue), thus disrupting the hydrogel crosslinks and 
enabling degradation of the hydrogel. Figure 1 continued 
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Figure 1 continued.	
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Figure 1C shows how the cells will randomly distribute within the matrix and adhere 

to the cRGD molecular anchors via integrins, which are cell surface receptors that 

typically participate on cell-cell and cell-extra cellular matrix adhesion. As the cells begin 

to grow and proliferate within the hydrogel, the area around them will become hypoxic 

and trigger the cells to begin secreting the vascular endothelial growth factor (VEGF) 

protein [18, 19]. The secreted protein will interact with the aptamer on the crosslinker 

complex. The interaction between the VEGF protein and the aptamer is based on the 

large number of protein molecules secreted into the interstitial fluid and the aptamers’ 

affinity for the VEGF protein. When this binding occurs, the protein causes a change in 

the aptamers’ three-dimensional structure. The change in conformation allows the 

aptamer to bind to the VEGF protein with higher affinity than to the partially 

complementary strand, thus allowing the complex to completely dissociate (blue strand 

displacement in Figure 3C). Through the dissociation of the complementary strands that 

make up the aptamer complex crosslinker, we are able integrate degradability and 

molecular responsiveness into the hydrogel.  

1.2.  HYDROGEL 

   Hydrogels were first described by Wichterle and Lim in 1954 [4]. The hydrogels 

first described and characterized by Lim were of interest to researchers because they were 

able to create an amorphous polymer network that was insoluble and unable to form 

crystalline states. The networks described were able to encapsulate copious amounts of 

water with low polymer weight to volume (w/v) percent. These networks with low 

mechanical properties and tissue-like characteristics paved the way for their incorporation 

in the next 60 years to numerous medical applications. Since then, hydrogels have been 
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used in biomedical/bioengineering for functions that range from drug delivery systems 

[19, 21-24], contact lenses [25-27], and tissue engineering [6, 28-32]. Today the 

definition of a hydrogel has been largely broadened to hydrophilic polymers that are 

either chemically or physically crosslinked. The formation of the hydrogel is not 

necessarily dependent on covalent bonds between polymers or through the use of 

chemical crosslinker molecules used to anneal the chains together. Hydrogel synthesis 

has expanded to include networks that are held together by non-covalent interactions such 

as those that incorporate crystalline regions, or are held together by ionic interaction or 

hydrogen bonds. One conserved characteristic from the hydrogels first described by Lim 

and Wichterle that has remained true through out these 60 years is the ability of the 

hydrophilic polymers to encapsulate large volumes of water resulting in network 

swelling.  

The broadening of the hydrogel definition can be attributed to expanding the 

hydrophilic polymers and crosslinker used in hydrogel synthesis today. Primarily the 

quantity and quality of hydrophilic polymers has expanded from methacrylates used by 

Lim to include newer synthetic polymers and biomolecules. The formulation of hydrogel 

now includes natural polymers derived from amino acids [33-35], carbohydrates [36-39], 

and nucleic acids [40, 41] that are able to interact favorably with other biomolecules. The 

amounts of synthetic polymers have also grown as newer and more suitable polymers are 

developed to interface with biological systems [42-47]. Although diminished toxicity is a 

purpose in mind when designing synthetic polymers, in the last twenty years polymers 

have been developed that allow responsiveness to pH [48-54], temperature [55-59], and 

degradation due to hydrolysis [60-64]. Similarly, crosslinkers, molecules that anneal 
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polymer strands chemically or physically together, can be made from either synthetic or 

natural polymers [65, 66]. 

By combining two or more of the polymers and forming a copolymer, as shown in 

Figure 2, copolymers with varying functionalities can be synthesized. The ratio in which 

the monomers or polymers are used to synthesize the resulting copolymer will have 

significant impact in how the polymer behaves. For example if the goal is to create a 

degradable hydrogel, incorporation of larger ratios of degradable polymer compared to 

nondegradable one when forming a copolymer will cause the copolymer to degrade faster 

than if they were in even proportions. Being that the main aim of this project entails the 

formation of a “smart” hydrogel that is degradable and responsive to molecular cues, the 

polymer that was used in this work consist of a block copolymer formed from PEG and 

DNA. Specifically, and compared to previously reported biodegradable hydrogels [67-

75], the hydrogel that is being synthesized incorporates a responsive crosslinker complex 

made from DNA that will dissociate in order to provide molecularly controlled 

degradability to the network The inclusion of natural polymers has been mainly 

investigated in order to achieve effective matrix-cellular interactions that are crucial in 

the formation of tissue culture microenvironments [15, 76-79]. Most recently 

biopolymers have been designed to respond similarly to environmental stimuli including 

temperature [80-83], salt concentrations [84-87], and pH [84, 87-89]. 	
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1.3.   POLY(ETHYLENE GLYCOL) 

Poly(ethylene glycol) (PEG) is the synthetic polymer of choice in biomaterials and 

hydrogels due to its hydrophilic nature, coupled with its nontoxic properties and 

biological compatibility [90, 91]. PEG is synthesized from ethylene oxide and catalyzed 

in acidic or basic conditions [92, 93]. In Figure 3A, the acid-catalyzed reaction is shown 

to ring open the epoxide with the help of an anion to yield an ethylene glycol precursor. 

In the base-catalyzed reaction, the ring-opening step is carried out without the help of an 

anion or radical, yielding precursors of ethylene glycol. The ethylene glycol produced 

through the first step can then covalently bond to another ethylene glycol through 

condensation, eventually yielding a polymer (Figure 3B). The simplicity of the synthesis 

coupled with the growing role of PEG in biomaterials has led to an increase in the range 

of molecular weights of PEG that are being manufactured. Likewise the efficiency of 

synthesis has also given rise to branched, star, and dendrimer PEGs that can be used to 

covalently attach to biomaterials. Figure 4 shows a sample of the structures in which PEG 

can be synthesized and used.  

 

FIGURE 2. Copolymer formulation. Monomer arrangement to give various types of 
copolymers.   
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The process of attaching PEG to materials is known as PEGylation and it is used to 

apply the properties that make PEG biocompatible to materials. Through PEGylation, the 

biomaterial increases its hydrophilicity and biocompatibility, while decreasing its toxicity 

and limiting its immunogenicity [94-96]. PEGylation also has the added benefit of 

preventing the removal of small molecular weight material through the kidneys and 

increasing the circulation time of drugs and particles in the blood stream by increasing 

their overall size [94-99]. As illustrated by Figure 5, PEG can be attached to 

nanoparticles, hydrophobic polymers, carbohydrates and peptides. In the work herein 

described, four-arm polyethylene glycol will be used as a building block in the formation 

of the hydrogel, as shown in Figure 1.   

 

FIGURE 3. Poly(ethelyne glycol) synthesis. A) Ethylene glycol is synthesized by 
opening of ethylene oxide in either acidic or basic co nditions. B) Ethylene glycol is 
then polymerized into poly(ethylene glycol) via a condensation reaction. 
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FIGURE 4. Polymer configurations. Forms in which PEG and other polymers can be 
synthesized and used. A) 1A) Linear Polymer, 2A) Branched Polymer, 3A) Network. 
B) Star polymer. C) Dendrimer Polymer. 

FIGURE 5. PEGylation of various macromolecules. Various macromolecules that are 
typically PEGylated for biomedical applications as a means of increasing their 
biocompatibility and stability. 
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1.4. APTAMERS  

     First developed by Andrew Ellington, aptamers are high affinity ligands that are 

formed from nucleic acids [100]. The first aptamers developed utilized double stranded 

and single stranded RNA (ssRNA) strands, although soon after ssDNA aptamers were 

described to bind with the same affinity as their RNA counterparts [101-105]. DNA 

aptamers were specifically sought after because of their added stability both in vivo and 

in vitro which provided flexibility of molecular targets. The first single-stranded DNA 

(ssDNA) aptamer described was a fifteen base oligomer that was specific for the protein 

thrombin [106]. Interestingly, it was determined that the aptamer formed a specific 

tertiary structure. This particular aptamer formed a structure that looks like a chair in 

order to bind efficiently to the thrombin protein [106]. As more and more aptamers were 

developed, it was shown that indeed most aptamers formed specific tertiary structures 

and that their binding depended on achieving the tertiary structure [107-109]. Aptamers 

were determined to depend on physiological conditions to stabilize hydrogen bonding 

that stabilizes the structure [110-112]. The three-dimensional structure was found to be a 

result of repulsion forces between the negatively charged backbone and the polymer 

strand trying to adopt the lowest energy conformation possible [110, 113-115].  

     Although responsiveness in our hydrogel could be achieved using one of the 

aforementioned monomers, polymers, or crosslinkers, the aim of this work was to 

develop a hydrogel that was responsive to a specific molecular stimulus. In order to 

achieve this level specificity, a DNA aptamer, which has a high affinity for the VEGF 

protein was chosen. Utilizing a DNA-based aptamer complex avoids nonspecific 

degradation by hydrolysis of polyester-based biomaterials, or that is caused by proteases 
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secreted naturally by the cells. Deoxyribonucleases, enzymes that are able to cleave DNA 

along the phosphate backbone, are not normally secreted into the interstitial fluid by 

cells. This ensures that nucleases will minimally interact with our matrix and the 

degradation of the hydrogel is solely caused by the selective interaction of the aptamer 

and VEGF.  

The VEGF aptamer that will be used to form the hydrogel will be part of a three-

strand aptamer complex that will act as a crosslinker, as seen in Figure 6. The aptamer 

complex is used to hold the aptamer (red) and its extension (black) in place via 

hybridization with complementary strands Q (blue) and F (green), as seen in Figure 6A. 

The Q and F strands that will be covalently attached to the four-arm PEG at their free 

ends (3’ of left-side strand and 5’ end of right-side strand). Degradation will occur in the 

presence of the molecular target VEGF (represented by stars) as seen in Figure 6B. The 

cancer cells (here represented by SKOV-3 ovarian cancer cells) entrapped in the hydrogel 

network will begin secreting the VEGF protein, which the aptamer complex will 

recognize and bind. Dehybridization of the complementary strands will occur as the 

aptamer switches its conformation, causing the degradation of the matrix.  

     The biomolecule target that was chosen in creating the biodegradable scaffold for cell 

culture is vascular endothelium growth factor (VEGF). VEGF is primarily responsible for 

promoting angiogenesis as cancer cells grow and proliferate [2, 3, 116-119]. Ovarian 

cancer cells (SKOV-3) were selected to test the hydrogel as a cell culture platform. This 

cell line is known to secrete VEGF in large quantities in order to promote vascularization 

[120]. For this reason this protein makes an important molecular target in the construction 

of a platform that is intended to be molecularly responsive. In order to target this protein, 
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an aptamer was chosen that is specific for VEGF. This particular aptamer is composed of 

25 DNA bases that has been shown be highly specific and sensitive towards VEGF [2]. 

Similar to the thrombin aptamer, the VEGF aptamer has been proposed to acquire a 

structure shown in Figure 7. The aptamer also relies on hydrogen bonding between its 

bases in order to yield the specific three-dimensional conformation.  

  

 

FIGURE 6. Aptamer complex variations and degradation. A) Aptamer complex variations 
studied shown in A. System 1 and 2 are composed of three DNA strands. The aptamer 
strand consists of the published aptamer sequence (red) extended with a specifically 
designed oligonucleotide extension (black).  In system 1, the 3’ end of the aptamer is 
free, while in system 2 it is the 5’ end that is free to interact with the target. B) 
Function of aptamer complex as a molecularly responsive crosslinker that can be 
disrupted upon interaction with the cell-secreted molecule VEGF (represented by 
stars).  
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1.5. SYSTEMATIC EVOLUTION OF LIGANDS BY EXPONENTIAL 

ENRICHMENT 

     Even though most aptamers range from 17-25 nucleotides, they are able to bind both 

large and small molecules including, for example, VEGF or cocaine [2, 121-124]. No 

matter the size of the target, the main objective of the aptamers is to bind with high 

specificity and efficiency in the presence of the large amount of proteins and 

biomolecules that are found in and around the cell’s environment [125-127]. For this 

reason, a well-understood method of selecting the ligands with the highest selectivity and 

affinity has been developed and described [128, 129]. This method is known as 

 

FIGURE 7. VEGF aptamer tertiary structure and VEGF interaction Proposed VEGF 
aptamer tertiary structure and VEGF interaction [2] 
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systematic evolution of ligands by exponential enrichment (SELEX) [128, 129]. It 

involves six primary steps that utilize a large random library of ssDNA or RNA strands 

introduced to a selected molecular target, as shown in Figure 8. After allowing the 

oligonucleotides to bind to the target, the remaining strands, which were not specific or 

are weakly bound to the molecule are then washed off. The oligonucleotide-bound target 

molecule is then subjected to a detergent or change in pH to denature and separate the 

oligonucleotides from the target. These oligonucleotide strands are then amplified many 

 

FIGURE 8. Schematic of SELEX process [1].  
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times and reintroduced to the target molecule once more. The strands with the highest 

affinity will displace the lower affinity ligands, which are then washed off once more. 

Again, the bound strands are denatured and removed from the molecule and then 

amplified. Several cycles (6-20) are conducted until only a few strands remain that can 

then be characterized by sequencing and their affinity quantified via binding studies. 

What is produced after these cycles is a highly selective aptamer that can be used in 

various formats from biosensors and drug delivery systems, to crosslinkers as in this 

work [130]. Figure 8 illustrates the process starting from a large library of 

oligonucleotides to quantifying the binding affinity of aptamer.  

   

1.6. VASCULAR ENDOTHELIAL GROWTH FACTOR 

In mature organisms endothelial cells secrete vascular endothelium growth factor 

protein to signal that there is a need for oxygen and nutrients to a particular region. As 

cancer cells begin to grow and proliferate, the area around them becomes hypoxic due to 

a large number of cells occupying and vying for limited amounts of oxygen and nutrients. 

The VEGF protein is then secreted in large quantities to initiate angiogenesis and 

vascularization [3, 116-119].      

VEGF is a homodimer protein that consists of two 19k Da domains covalently linked 

via disulfide bonds to yield a 38k Da biologically active protein (Figure 9). However, 

before being secreted from cells, the protein undergoes glycosylation in the golgi 

apparatus to yield a protein with a molecular weight that ranges from 45-50k Da [131, 

132]. The primary form of VEGF has been labeled VEGF165 in order to distinguish it 

from the family of VEGF’s that have been identified in humans and other animals [116, 
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119]. When cells become cancerous and proliferate uncontrollably, they secrete large 

quantities of VEGF in order to stimulate angiogenesis in the tumor site. This has led to 

VEGF being established as the primary molecule that induces angiogenesis and has been 

widely studied and characterized in cancer research. The fact that VEGF is so well 

understood makes VEGF an ideal molecular target to provide the degradability in our 

scaffold. 

 
 

1.7. COPPER-FREE CLICK CHEMISTRY 

     Initially, click chemistry encompassed the reaction between an alkyne and azide. 

Under this umbrella, two different reaction methods have been developed which are 

known as copper-catalyzed or copper-free click chemistry. Although the reactions yield 

the same (3+2) cycloaddition, the method in which they do so differs considerably. The 

 

FIGURE 9. VEGF protein. A) Structure of one of the proteins that makes up the 
homodimer. B) VEGF protein were the homodimer is linked by disulfide bonds [3]. 
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concept of the azide-alkyne reaction was first described in 1963 by the German chemist 

Huisgen at the University of Munich [133]. The reaction described by Huisgen involved 

12-18 hours of reaction time with temperatures of 500 K that produced isomers that were 

difficult to separate. Due to these limitations, the click chemistry reaction was almost 

entirely forgotten.  

     It was not until 2001 when Karl Sharpless described the copper-catalyzed reaction that 

the world took note of click chemistry once again [134]. Copper-catalyzed click 

chemistry revolutionized the way in which biomolecules were functionalized and 

manipulated by providing a sensitive reaction method that covalently “clicked” a primary 

alkyne with an azide. [133, 135, 136]. What really stood out about the reaction described 

by Sharpless is that the reaction could be conducted through a wide pH and temperature

 

 

FIGURE 10. Schematic of copper-catalyzed click chemistry reaction. Copper-catalyzed 
click chemistry reaction. Copper (I) coordinates electron exchange between azide and 
terminal alkyne [4].  
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 range. The active Cu(I) is able to coordinate the electron exchange between the alkyne 

and the azide effectively as seen in Figure 10, thus yielding a cycloaddition in minimal  

time compared to the uncatalyzed reaction with high yield and rates. Researchers favored 

the reaction because it allowed effective modification of biomolecules with limited 

interaction between the azide and alkyne groups with biological processes. However, 

carrying out this reaction in biological systems proved toxic due to the use of the copper 

catalyst that negatively affects cells and interferes with biological processes [137-139].       

     Carolyn Bertozzi first described copper-free click chemistry in 2007 as a means to 

expand the role of click chemistry reactions into living organisms [140]. Through the use 

of highly strained cyclooctyne it was found that the click reaction occured in the absence 

of the copper catalyst. It was also shown that the highly strained cyclooctyne allowed the 

reaction to occur faster and with higher yields compared to the Copper (Cu)-catalyzed 

reaction. It is postulated that upon contact between the azide and alkyne group, the 

transfer of electrons occurs rapidly, as shown in Figure 11. The reaction not only 

performed better than the Cu-catalyzed reaction but was also was deemed 100% 

bioorthogonal. Due to its biocompatibility with organisms, Cu-free click chemistry has 

 

FIGURE 11. Schematic of copper-free click chemistry reaction. (3 + 2) addition of azide to 
cyclooctyne. 
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been used to modify biomolecules as well as to carry out conjugation reactions in vitro 

and in vivo. The hydrogel that is being synthesized in this work will utilize copper-free 

click chemistry to anneal the DBCO functionalized 4-arm poly(ethylene glycol) polymer 

to the azide-functionalized aptamer complex, as shown in Figure 1. By utilizing Cu-free 

click chemistry, the synthesis of the matrix could be carried out at biological temperature 

in a one-pot synthesis in order to enable the encapsulation of cancer cells within the 

matrix.  
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2. DESIGN AND EVALUATION OF APTAMER COMPLEX 

 

As mentioned in Chapter 1, the overall objective of this work is to develop 

hydrogels that can respond to molecular stimuli and that could be prepared under mild 

conditions to enable the incorporation of live cells within them. To do this, we sought to 

incorporate aptamer complexes as crosslinkers of four-arm polymer strands. The three-

part aptamer complex shown in Figures 1 and 6 was designed to enable the mostly free 

aptamer to interact with a target and, in the process, change its conformation and 

competitively displace a partially complementary strand, thus disrupting the hydrogel 

crosslink.  

In order to properly design the aptamer complex, it was important to account for and 

properly utilize the ability of deoxyribonucleic acids to form complementary base pairs 

(guanine to cytosine, and adenine to thymine) with each other via hydrogen bonding 

[141, 142]. Although the hydrogen bond is considered a weak bond (7-10 kJ), the 

cumulative strength of the number of hydrogen bonds in a DNA polymer complex has the 

ability to anneal the strands strongly together [143-146]. However, being that a single 

hydrogen bond is easily broken in DNA, at any given time there are hydrogen bonds 

being broken and formed. In order to quantify the cumulative strength that the hydrogen 

bonds have over the length of DNA strand a method to determine the melting temperature 

(Tm) of the hybridized oligonucleotide complex has been developed [147]. The melting 

temperature measures the strength of the oligonucleotide hybridization and specifies a 

temperature at which the oligonucleotide strands will have 50% of the nucleotides paired 

with their complementary base and 50% dissociated. However, the length of the 
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oligonucleotide is not the only determining factor when calculating Tm. A major source 

that contributes to the overall Tm is the presence of monovalent (Na+ and K+) and divalent 

salts (Mg2+ or Ca2+) that help to stabilize the DNA-to-DNA interactions [148, 149].  

Scientists at Integrated DNA Technologies (IDT) have developed models for the 

prediction of DNA hybridization under a range of biochemical conditions. The free 

software OligoAnalyzer 3.1 developed from these models can be used to estimate the Tm 

of an oligonucleotide [150-153]. The algorithm is able to account for both monovalent 

and divalent salt concentrations as well as DNA concentration to predict the Tm. 

Equations 1 and 2 describe the functions developed by IDT to provide corrections for salt 

dependency of the Tm [150-155].  

Equation 1: Sodium dependent equation. 

1
𝑇! 𝑁𝑎! =

1
𝑇! 1  𝑀  𝑁𝑎! + 4.29𝑓!" − 3.95   𝑙𝑛 𝑁𝑎! + 0.940   𝑙𝑛 𝑁𝑎! !  

Equation 2: Magnesium dependent equation. 

1
T! Mg!! =

1
𝑇! 1𝑀  𝑁𝑎! + 𝑎 + 𝑏  𝑙𝑛 𝑀𝑔!! + 𝑓!"   ×   c+ d  ln M𝑔!!

+   
1

2 𝑁!" − 1
×   𝑒 + 𝑓  𝑙𝑛 𝑀𝑔!! +   𝑔   ln 𝑀𝑔!! !  

were: 

Tm(Na+)  =  Tm at a given Na+ molarity 

Tm(Ca2+)  =  Tm at a given Ca2+ molarity 

Tm(1 M Na+)  =  Tm at a 1 M Na+  

fGC   = Fraction of G and C nucleotides in sequence 

[Na+]  = Na+ molarity 

[Ca2+] = = Ca2+ molarity 
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The parameters “a” through “g” of equation 2 are as given in Table 1.  

 

The OligoAnalyzer program was used to design the aptamer complex that was used to 

crosslink the molecularly responsive hydrogels. Key parameters that needed to be 

considered in the design of the aptamer crosslinks included the restricted nucleotide 

sequence of the aptamer itself, the need for the three-part aptamer complex to be stable at 

room and physiological temperature (37 °C), and the need for the aptamer to be able to 

interact with the target and, in the process, dehybridize from at least one of the partially 

complementary strands. 

 

2.1. MELTING TEMPERATURE SIMULATION FOR DNA COMPLEX 

     Simulations of the proposed aptamer complex were conducted to determine the proper 

oligonucleotide sequences that would provide optimum melting temperatures for the 

aptamer complexes. Two conformations of the aptamer complex were proposed, as 

shown in Figure 6. Three aims needed to be met by the proposed aptamer complex in 

order for it to be considered as a viable option for acting as a crosslinker. Aim one is that 

TABLE 1. Fit parameters for equation 2 
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the design of the aptamer complex must not include palindromes or sequences that would 

cause the aptamer complex strands to anneal to themselves or in a fashion that was 

unwanted. The aptamer strands F and Q must preferentially hybridize with the extended 

aptamer strand at the designated location (Figure 12). They should not compete with one 

another for a binding region or themselves interact with other molecules secreted by the 

cell. Aim two is that the proposed conformations would allow the complementary strands 

(F and Q) to anneal to the elongated aptamer strand (L) with enough affinity and fidelity 

to form a strong crosslink and, in the process, quench the fluorescence molecule F with 

the quencher Q to enable monitoring of the complexation status. Aim three is that the 

complementary strands would anneal at varying affinities and strength. The role of the 

varying affinities would be used to cause the dissociation of the complementary strand 

nearest to the aptamer (strand Q in System 1 and strand F in System 2) as the aptamer 

binds to the molecular target, thus providing a molecularly controlled degradable 

crosslinker for the hydrogel. 

 

 

	
  

FIGURE 12. Design of aptamer complex. Two variations of the aptamer complex were 
developed using three complementary DNA strands (System 1 and System 2). Strand 
L contains the aptamer (red strand) and extension (black strand). Strand F is the green-
labeled DNA strand and contains 6-carboxyfluorescein (F). Strand Q is the blue-
labeled strand and contains proprietary Black Hole Quencher 1 (Q).  



 26 

     The hybridization affinity of strand F and Q to strand L and stability of the complex 

were indirectly assessed through the determination of melting temperature of the 

complexes. The use of Tm allowed us to confirm that the complex would remain 

hybridized at 37 oC but dissociate easily above this temperature. The ideal temperature 

for the strand that is meant to dissociate (the strand that is hybridized to the aptamer, i.e. 

the Q strand in System 1 and the F strand in System 2), was postulated to be 45 oC (high 

enough above physiological temperature to remain complexed in this state but low 

enough to enable dehybridization upon interaction of the aptamer with the target). Since 

the remaining strand (that one which is hybridized to the black aptamer extension, i.e. the 

F strand in system A and the Q strand in system B) is meant to remain hybridized, a Tm 

of approximately 60 oC was targeted for this strand. 

 

2.1.1.  MATERIALS AND METHODS 

     IDT OligoAnalyzer 3.1 was used to determine Tm of hybridization between strand F 

and Q of System 1 and 2 and their respective complementary strands. The binding 

affinity was determined by varying monovalent and divalent salt concentrations in order 

to simulate physiological conditions. Table 2 list the variables used to determine Tm.     
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2.1.2. RESULTS AND DISCUSSIONS 

The aptamer complex was designed taking into account the specific nucleotide 

sequence of the aptamer, which could not be modified. The sequence of the aptamer 

extension and the two complementary strands F and Q had to be selected and adjusted 

(by increasing or decreasing the overall number of nucleotides, G/C content, of number 

of base pairs hybridized with the L strand) in order to obtain the desired complex 

properties. This selection and adjustment process was aided by the OligoAnalyzer 

software, which provides an indication of the melting temperature and binding affinity of 

oligonucleotides. Results are shown here for the two final systems that were selected and 

further used in experimental protocols.  

The oligomer strands Q (5-GCGGAGCGTGGCAGG-3) and strand F (5-

AAGACGGTATACTATT-3) from System 1 were entered into the IDT OligoAnalyzer 

TABLE 2. Monovalent and divalent concentrations used to determine Tm  

                                 
The ECM salt concentration in mammalian cells is 150 mM NaCl and 0.8 mM Mg2+ [5]. 
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program at the salt concentrations listed in Table 2. The resulting melting temperatures 

were plotted in a three dimensional graph in order to compare both mono and divalent 

salts to the melting temperature. Figure 13 represents the results of the calculated melting 

temperature for both strand Q (Figure 13.A) and strand F (Figure 13.B).  

The aim of strand F in System 1 is to anneal to the black extension of the L strand 

(5’-CCTGCCACGCTCCGCATCTAGTACACCGTCTTCCAGACAAGAGTGCAGGG-

3’) strongly enough that it would remain hybridized after the aptamer interacts with the 

target molecule. For this reason, a Tm in the range of 60-70 oC was desired. To satisfy the 

need for the strong binding interaction with the least amount of nucleotides, an oligomer 

with high G and C content was developed. Figure 13A indicates that the melting 

temperature of strand F with its complement at physiological conditions (150 mM NaCl 

and 0.8 MgCl2) will be 64 oC.  

Furthermore the hybridization of strand Q to the L strand was shown to be strong 

enough (stable at physiological temperature) at the lower end of the salt concentration, 

resulting in a Tm 58 oC at 5 mM NaCl and 0.4. mM MgCl2. At the highest salt 

concentration tested, 250 mM NaCl and 2.0 MgCl2, the hybridization Tm plateaus at 66 

oC.  
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FIGURE 13. Melting temperature of (A) strand Q and (B) F of System 1 (S1).    
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Strand F of System 1 is meant to dissociate as the aptamer interacts with the target 

molecule. The aim is to create an oligomer with a Tm range of 40-50 oC. The selected 

sequence consists of a sixteen-nucleotide oligomer that is estimated to hybridize with a 

Tm of 44 oC at physiological salt concentrations (Figure 13B). The oligomer was 

estimated to have a Tm of 40 oC at 5 mM NaCl and 0.4 mM MgCl2 and at Tm of 47 oC at 

250 mM NaCl and 2 mM MgCl2 (Figure 13B).  The results indicate that the complex will 

remain hybridized at physiological temperature (37 oC) but bind weakly enough to allow 

the strand to dissociate from its hybrid (aptamer and part of the extension) upon aptamer 

interaction with the VEGF target. 

System 2 is based of the same concept as System 1 were strand F (5-CTG 

CACTCTTGT-3) and Q (5-GGACGGTGCGAGGCC-3) have varying binging affinities 

to their specific binding regions of the linker (L) strand. The difference between the 

complex is the inversion of the aptamer on the linker strand (5-

CCGTCTTCCAGACAAGAGTGCAGGGCCTCGCACCGTCC-3). In System 1 the 

aptamer is found on the 3’ end of the linker (L) strand; however, on System 2 the aptamer 

is located on the 5’ end, as shown in Figure 12. The selected strands F and Q of System 2 

were tested on the IDT OligoAnalyzer 3.1 program to determine the hypothetical melting 

temperature.  

Strand Q of System 2, which is meant to remain hybridized to the linker strand, was 

designed as a 15-nucleotide oligomer with high G and C ratio. The strand was estimated 

to have a melting temperature of 66 oC at physiological conditions, as shown in Figure 

14A. The Tm range of hybridization for strand Q ranged from 60.5 oC at 5 mM NaCl/0.4 

mM MgCl2 to 68.4 oC at 250 mM NaCl/ 2.0 MgCl2. Based on the Tm range, it is 



 31 

hypothesized that Strand Q has a high enough binding affinity to remain annealed to the 

linker strand even after the aptamer interacts with the molecular target.  

     Strand F of System 2, which binds to the aptamer, was designed to be the weaker 

binding of the two. It comprises a twelve-nucleotide oligomer with an estimated Tm of 44 

oC at physiological salt conditions. The Tm of strand F to its complement was shown to 

range from 40 oC at 5 mM NaCl/0.4 mM MgCl2 48 oC at 250 mM NaCl/2.0 mM MgCl2, 

as shown in Figure 14B. Based on the Tm range of strand F, it is hypothesized that this 

strand will be able to remain hybridized at 37 oC but dissociate from the linker strand as 

the aptamer interacts with the target molecule. 

     The IDT OligoAnalyzer program is meant to provide a reference of the theoretical 

melting temperature for an oligomer based on the parameters of Equation 1. As can be 

seen from the graphs produced both on Figures 13 and 14, the contour maps do not 

represent a true linear relationship but, instead, deviate to produce dips and valleys 

suggesting that the equation is unable to account accurately for all the variables. 

Noticeably the program is also unable to account for salt concentrations beyond 250 mM 

NaCl and 2.0 mM MgCl2. At concentrations higher than these, the graph plateaus and 

produces no change in melting temperature. This could be attributed to either the 

negatively charged phosphate backbone being completely saturated with positive 

monovalent or divalent ions produced from the solvation of the NaCl and MgCl2. At this 

point, additional cation content becomes negligible in the DNA hybridization. However, 

the use of the program allows us to utilize the overall trend as a reference to determine a 

preliminary starting point. Through the use of the program, the two aptamer systems 

utilized were developed with a Tm that would allow dissociation.  
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FIGURE 14. Melting temperature of (A) strand Q and (B) F of System 2 (S2). 
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2.2. MONITORING OF SYSTEM 1 AND SYSTEM 2 COMPLEX FORMATION 

VIA FLUORESCENCE  

  F strands on both systems were covalently labeled with 6-fluorescein amidite (6-

FAM) which is a common fluorescent dye used in labeling DNA due to its water 

solubility properties and absorbance (492 to 517 nm) outside the range in which DNA 

absorbs (260 nm), as shown in Figure 12 A and B. Strands Q of each system were 

functionalized with IDT’s proprietary black hole quencher 1 (BHQ1). This particular 

quencher is able to absorb light in the 400-650 nm range with no native emission. 

Together the fluorophore and quencher will be used for Förster resonance energy transfer 

(FRET) to signal that the complex has formed as hypothesized. Since both molecules will 

be located adjacent to one another when the complex is formed, the energy released by 

the fluorophore will be completely absorbed by the quencher [156-158]. As long as the 

molecules remain within 1-10 nm, as expected when the complex has hybridized, there 

will be quenching observed. On the other hand, when the aptamer complex is disrupted 

either by interaction with the target or temperature-induced melting, fluorescence will be 

observed. In order to verify the binding affinity of the proposed complex, FRET was used 

to monitor complex formation and disruption. 

 

2.2.1. MATERIALS AND METHODS  

     The following DNA strands that make up the complexes of System 1 and 2 were 

purchased from Integrated DNA Technologies (Coralville, IA) with the indicated 

modifications: 
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System 1 

Linker:  5’-CCTGCCACGCTCCGCATCTAGTACACCGTCTTCCAGA 

CAAGA GTGCAGGG-3’ (VEGF aptamer is underlined) 

F Strand:  5’-TAGATCATGTGGCAGAA-6-FAM-3’ 

Q Strand:  5’-BHQ1-GGACGGTGCGAGGCG-3’ 

System 2 

Linker:  5’-CCGTCTTCCAGACAAGAGTGCAGGGCCTCGCACCGTCC-3’ 

(aptamer is underlined) 

Q Strand: 5’-CCGGAGCGTGGCAGG-BHQ-1-3’ 

F Strand: 5’-6FAM-TGTTCTC ACGTC -3’ 

 

The DNA strands of System 1 and 2 (L, Q, and F) were each placed in a buffer 

containing 10 mM of Tris(hydroxymethyl)aminomethane (TRIS) (Thermoscientific) at a 

concentration of 100 µM at pH 7.4. Concentrations were calculated using optical density 

(OD) at a wavelength of 260 nm using a microplate reader (Biotek Synergy H4 Multi-

Mode Plate Reader). DNA strands were combined at a 1:1:1.5 molar ratio of F:Q:L. The 

strands were combined at ten times the desired final concentration and combined by 

placing 11 µL of each strand into an 1.5 mL microcentrifuge tube. The DNA was then 

diluted by adding 77 µL of buffer to a final volume of 110 µL. The buffers were used to 

dilute such that the final salt concentrations were as shown in Table 3. The DNA was 

then heated and shaken to 95 oC in a thermomixer (Eppendorf 5425 microcentrifuge). 

The temperature was maintained for 5 min and then allowed to cool to 25 oC. The DNA 

was then centrifuged (Eppendorf) at 1250 x g for 2 min to collect the condensed volume 
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and allowed to rest for 3-4 hours. Controls containing strand F and Q strands only at 

concentration 1:1 of F:Q were prepared by adding 11 µL of each strand at 10x 

concentration and diluting with buffer to 110 µL. A second control containing only strand 

F was placed at 10-fold the desired concentration by adding 11 µL and diluting to 110 

µL. The controls were then subjected to heating, centrifugation, and resting time exactly 

as for the three-strand complexes above. Aptamer complexes and controls were added to 

5 wells each of a 384 well plate at a volume of 20 µL per well. Complex formation was 

monitored via fluorescence using the Biotek plate reader. Readings were taken every 5 

minutes for 45 minutes.    

 

 

2.2.2. RESULTS AND DISCUSSIONS  

     The resulting data for the quenching study from trials 1-3 (System 1) was plotted on 

Figure 15 and that of trial 4 (System 2) was plotted on Figure 16. The first three trials 

utilized System 1 to determine the optimal divalent and monovalent salt concentration 

that would enable proper formation of the complex, as confirmed by fluorescence 

TABLE 3. Buffer concentrations used in quenching study for Systems 1 and 2 
 

          System 1              System 2 

 Note: buffers included 10 mM Tris at pH 7.4. NaCl (BDH) and MgCl2 (Sigma 
Aldrich). 
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quenching. The fluorescence data was corrected by subtracting the fluorescence given by 

a buffer control, and then normalized by dividing the corrected fluorescence of each 

strand by the fluorescence of the control containing strand F alone. This method ensures 

that strand F is the maximum fluorescence that could be produced.  

     Trial 1 utilized no divalent ions in the buffer. The resulting data was plotted on Figure 

15A. Results showed that the complex formed with zero Na+ ions quenched the most, 

with 0.41 normalized fluorescence (NF). At concentrations of 25 mM and 50 mM NaCl, 

the NF measured 0.50. Results of trial 2 in which complex formation occurred in a 

solution containing 1 mM of CaCl2, are plotted on Figure 15B. The complex formed in 0 

mM NaCl produced 0.44 NF, while that in 25 mM and 50 mM NaCl showed 0.48 and 

0.50 NF, respectively. Finally, trial 3 utilized 1 mM of Mg2+ divalent ions. The resulting 

graph, Figure 15C, shows that the complex formed in 0 mM NaCl produced a NF of 0.41, 

while in 25 mM NaCl it produced a NF of 0.48, and in 50 mM NaCl a NF of 0.50.  

     The aptamer complex used for trial 1-3 (System 1) showed relatively poor quenching, 

having suppressed the fluorescence of Strand F alone by only approximate 2.5-fold. 

Standard deviations suggest that there is a statistically significant difference in the extent 

of quenching of the complexes formed at 0 mM NaCl from those the other two NaCl 

concentrations in all three trials. 

     Interestingly, the control, which contained only the strand F and Q had a higher NF 

than Strand F by itself. This could be caused by possible intermolecular interactions and 

quenching between F strands on the F-only sample, in comparison to more extensive 

repulsion forces between the F and Q DNA strands in the second control were the overall 

DNA strand concentration is higher. At these low monovalent and divalent ion 
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concentrations it is possible that the repulsive forces are stronger than the hydrogen 

bonds that could be formed between strand Q and F. Separate studies at higher (above 

physiological) NaCl concentration showed that at this higher Na+ concentration the NF of 

the control containing both F and Q strands was lower than that of the control containing 

only the F strand (data not shown). This suggests that at the higher salt concentrations, 

repulsions are minimized due to cation-induced stabilization of the oligonucleotides. 

Further studies will need to investigate this hypothesis.  

 

	
  

FIGURE 15. Quenching of System 1 (S1) at various NaCl concentration. A) Trial 
1 used zero divalent ions. B) Trial 2 Utilized 1 mM of CaCl2. C) Trial 3 utilized 1 
mM of MgCl2. Each data point is an average of 5 readings. Error bars indicate the 
standard deviation.  
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FIGURE 15. Continued.	
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     System 2 was tested under the conditions of Trial 4 listed on Table 3. The aptamer 

complex was hybridized at the same concentration and in the same fashion as System 1. 

The data was represented in the same format as above. As can be seen by Figure 16, 

System 2 was able to hybridize much more efficiently, showing 10-fold quenching 

(approximately 0.09 NF) at all salt concentrations after accounting for standard deviation. 

The control containing Strand F and Q also fluoresced at higher NF than the F strand 

alone. 

 

FIGURE 15. Continued.	
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     As System 2 was observed to be able to hybridize at higher percentage than System 1, 

it was chosen to be further tested in order to fulfill the aims set in Section 2.1.  

 

2.3. TEMPERATURE DEPENDENCE OF SYSTEM 1 AND SYSTEM 2 

     In order to determine if System 2 could form and remain stable at physiological 

temperatures, the thermal stability of the complex was studied by heating it beyond 37 oC 

and determining the experimental melting temperature.  The results of these studies 

ensured that our aptamer system would dissociate as projected. 

 

 

 

FIGURE 16. Quenching of System 2. System 2 at various NaCl concentrations at 1 
mM of MgCl2 and 10 mM Tris. Each data point is an average of 5 readings. Error bars 
indicate the standard deviation between readings. 
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2.3.1. MATERIALS AND METHODS  

     The aptamer complex was annealed together in the same fashion as in Section 2.2.1 in 

a buffer with 1 mM MgCl2 and 10 mM Tris at pH 7.4 at 0 or 50 mM NaCl concentrations. 

Controls were prepared as previously mentioned. DNA was heated in microplate reader 

to 37, 45, 50, 55, and 60 oC and was allowed to equilibrate for 30 minutes at each 

temperature before fluorescence readings were taken.  

 

2.3.2. RESULTS AND DISCUSSIONS 

     As can be seen from Figure 17, System 2 was able to quench to the same extent as 

reported above at 25 oC. Although there is minimal increase in NF at 37 oC, the 

quenching is still in the magnitude of 10-fold compared to the sample containing Strand F 

alone. At 45 oC we detect a small increase in NF from the starting value at 25 oC. As the 

temperature approaches 50 o C we see a large NF increase. The NF at this temperature 

jumps to approximately 50 % NF reported for strand F. For this reason we could assume 

that the experimental Tm for this complex is near 50 oC at both 0 nM and 50 nM NaCl 

concentrations. Beyond 60 oC, NF is detected similar to the control containing both 

strands F and Q. 

     Based on the experimental results, System 2 fulfills the specific aims that were set in 

section 2.1: 

1. The aptamer complex must not include palindromes or sequences that would 

cause the aptamer complex strands to anneal to themselves or in a fashion that 

was unwanted.  
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2. Aim two is that the proposed conformations would allow the complementary 

strands (F and Q) to anneal to the elongated aptamer strand (L) with enough 

affinity and fidelity to form a strong crosslink and, in the process, quench the 

fluorescence molecule to enable monitoring of the complexation status.  

3. Aim three is that the complementary strands would anneal at varying affinities 

and strength.  

Since system two proved to meet these criteria, System 1 complex was then tested for 

response to VEGF protein.  

 
 
 
 

 

Figure 17. Temperature response of system 2. Each data point is an average of 5 
readings. Error bars indicate the standard deviation. 
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2.4. SYSTEM 2 RESPONSE TO VEGF 
 
    The previous sections dealt with the selection of aptamer extension and 

complementary strand sequences to enable the formation of a complex that could be used 

as a molecularly responsive crosslinker, and with the evaluation of the ability of these 

sequences to form the expected hybridized complex. The final step in the characterization 

of this complex was to study its ability to respond to (i.e. be disrupted by) the target 

molecule VEGF.  

 

2.4.1. MATERIALS AND METHODS 

      The aptamer complex was prepared, annealed, and plated on 7 rows of a 384 plate 

with 5 repetitions per condition. Quenching was determined in the same fashion as above. 

VEGF was purchased (Biolegend, San Diego, CA) and was placed in a buffer containing 

10 mM tris and 1 mM MgCl2 at a concentration of 500 nM and stored at -25 0C. The 

aptamer complexes were monitored for 30 min before adding 20 µL of increasing VEGF 

concentrations of 0 nM, 1 nM, 10 nM, 25 nM, 50 nM, 75 nM, and 100 nM to each well. 

A control with strand F only was also prepared as stated in Section 2.1. This control was 

subjected to 25 nM of VEGF. The fluorescence was taken every 5 minutes for 45 

minutes.  

 

2.4.2. RESULTS AND DISCUSSIONS  

     The resulting data is graphed in Figure 18. The aptamer complex successfully 

responded to the VEGF protein and dehybridized at all VEGF concentrations. The 

response of the aptamer towards the VEGF was immediate, as seen in Figure 18. The 
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aptamer complex that received no VEGF did increase NF, but was still below what was 

observed when VEGF was added. Of note is that when higher concentrations of VEGF 

were used it was observed that the NF was lower than when lower concentrations of 

VEGF were used. This is counterintuitive since more VEGF should produce a higher 

extent of complex disruption and, therefore, higher NF from the disruption of the 

quenching process. However, the formulation of the VEGF, as purchased, includes high 

concentrations of monovalent and divalent ions that likely stabilize the aptamer complex. 

As the concentration of cations increase, it is possible that the aptamer complex becomes 

more stable. In addition, previous reports state that the dissociation constant (KD) of the 

VEGF protein to the aptamer increases from 1 nM at 0 mM NaCl to 1000 nM at 250 mM 

NaCl [122]. Thus, increasing salt concentrations coming from the VEGF solution would 

have led to a lower affinity of the aptamer to the VEGF protein.   
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FIGURE 18. Aptamer complex response to VEGF. Each data point is an average of 5 
readings. Error bars indicate the standard deviation. 
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3. HYDROGEL SYNTHESIS USING PEG CROSSLINKER 

  

 As previously mentioned, the overall goal of this project is to prepare molecularly 

responsive hydrogels that can be prepared in the presence of live cells and that 

incorporate aptamer complexes to provide molecularly controlled biodegradability. In 

order to achieve this, Chapter 2 described the considerations taken into the design and 

testing of an aptamer complex. Chapter 3 focuses on the development of copper-free 

click chemistry for the preparation of the hydrogels under mild conditions, but with the 

use of a bifunctional PEG-azide as a substitute crosslinker in lieu of the much more 

expensive aptamer complex. This work enabled the determination of proper synthetic 

protocols that could later be used for preparation of the molecularly responsive hydrogels 

in future work.  

 

3.1. DBCO SYNTHESIS 

3.1.1. MATERIALS AND METHODS  

    Dibenzylcyclooctyne (DBCO) synthesis was conducted in collaboration with Dr. Shiva 

Rastogi and Dr. William Brittain. The synthesis was carried out through five major steps 

[159]. Step 1 initiated the reaction by adding 2.22 mL of liquid phenylacetaldehyde 

(Sigma Aldrich) equaling 20 mmole to a three-neck round-bottom flask. A volume of 10 

mL of anhydrous chloroform was added to the round bottom flask. The solution was 

chilled to 0 oC for 30 min. A volume of 313 µL of iodotrimethylsilane (Me3SiI) was 

added to the solution, followed by the addition of 40 mL of anhydrous chloroform. The 

mixture and allowed to react at 4 oC for seven days. After the reaction, the solution was 
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washed using 0.1 M HCl followed by washes with water and brine to remove byproducts. 

The remaining organic solution was dried using anhydrous MgSO4 and the solution was 

concentrated through the use of a rotary evaporator. The product of Step 1 was dissolved 

in enough CH2Cl2 and purified via chromatography in a silica gel column using a 2 % 

ethyl acetate/hexane mobile phase. The reaction was evaluated by thin layer 

chromatography using 5% ethyl acetate/hexane mobile phase.  

 

 Step 2, as illustrated by Figure 20, was conducted by dissolving the concentrated 

sample in 5 mL of dry THF in a 50 mL round bottom flask. A total of 2.5 mole of n-

Butyllithium was used per mole of product from Step 1. The reaction was allowed to 

occur for four hours. After the four hours the products were washed using H2O and brine. 

The organic solution was separated and anhydrous MgSO4 was used to remove remaining 

water. The organic layer was concentrated and purified by gravity chromatography using 

a silica gel with a 2.5% ethyl acetate/hexane mobile phase. The desired product was 

detected by thin layer chromatography using a 5% ethyl acetate/hexane mobile phase. 

The product was then concentrated once more. 

                    

FIGURE 19. Step one of DBCO synthesis.  
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     The concentrated sample was dissolved in 20 mL of CHCl3 in a 100 mL round bottom 

flask. In Step 3, a 1:1 molar ratio of product to Br2 was added drop wise under nitrogen 

gas to the round bottom flask and allowed to react for one hour (Figure 21). As before, 

the product was washed, separated by gravity chromatography (2.5% ethyl 

acetate/hexane), and detected by thin layer chromatography (10% ethyl acetate/hexane). 

The product was concentrated once more.   

                      

     Finally, for Step 4, lithium diisopropylamide (LDA) was prepared in situ by 

combination of 3 mL of diisopropylamine and 15 mL of n-butyllithium in a round bottom 

flask. As shown in Figure 22, the product of step three was dissolved in 20 mL of THF. 

To this solution, 15 mL of LDA was added and the mixture was allowed to react for 1 hr 

at 0 oC. The reaction was allowed to proceed for additional 2 hours. The product was then 

washed, isolated, and detected as in step 2.  

 

FIGURE 21. Step three of DBCO synthesis. Cyclooctene ring is brominated. 

                             	
    

FIGURE 20. Step two of DBCO synthesis. A hydroxyl group is produced in order to 
provide a means for modification. 
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     In Step 5 the DBCO was functionalized with 4-nitrophenyl carbonochloridate (in 

DCM) by dissolving the product from Step 4 in dry DCM and adding Pyridine, as seen in 

Figure 23. The resulting product was then characterized via UV-vis absorbance 

spectroscopy using a Biotek plate reader and through nuclear magnetic resonance (NMR) 

(Varian 400 MHz FT NMR). 

3.1.2. RESULTS AND DISCUSSIONS 

     Resulting data from UV-Vis absorption spectroscopy is plotted in Figure 24. The 

graph clearly shows the two-indicative peaks attributed to DBCO near 290 and 305 nm  

Range. The two absorption peaks are attributed to the benzul ring and octyne group. 

Carbon-13 NMR was used to confirm the structure of DBCO The experimental spectra 

(Figure 25 A) show that the compound was indeed formed.  

                             

FIGURE 22. Step four of DBCO synthesis.  Bromine is removed in order to yield a 
cyclooctyne ring. 

              	
    

FIGURE 23. Step five of DBCO synthesis. Preparation of nitrophenyl ester of DBCO. 
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3.2. PEG-DBCO CONJUGATION 

Hydrogels were synthesized through the use of copper-free click chemistry. 

Specifically, as shown in Figure 1, hydrogel synthesis was carried out by the reaction of 

at least two building blocks: DBCO-functionalized four-arm poly(ethylene glycol) (PEG) 

and a bifunctional crosslinker that would eventually be an aptamer complex, but, in this 

chapter, was substituted with a bifunctional PEG azide. In addition to these two building 

blocks, a future goal was to also incorporate cell-adhesion peptides based on the RGD 

amino acid sequence. However, this will be explored in future work.  

     The reaction between the two building blocks involved the (3 + 2) cycloaddition 

between an azide and DBCO to crosslink the hydrogel together.  

 

                

FIGURE 24. DBCO UV-vis absorption.  
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3.2.1. MATERIALS AND METHODS 

     The nitrophenyl-functionalized DBCO was used to end-functionalize a 20 kDa MW 

four-arm PEG-amine (Laysan Bio, Inc., Arab, AL). The reaction results in the formation 

of a physiologically stable amide bond between each end of the four-arm PEG and 

DBCO. After dissolving the DBCO and PEG separately in DCM, DBCO was added to 

the PEG solution at a 1:1.2 mole equivalency in the presence of triethylamine. The 

mixture was allowed to react for 24 hours, after which it was washed with water and 

brine and dried over anhydrous sodium sulfate. The resulting green oil was purified by 

      

FIGURE 25. Carbon-13 NMR of DBCO molecule. a) region belonging to aromatic 
region of DBCO b) is region belonging to alkyne group c) is the peak belonging to the 
carbon bonded to the OH group. 
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gel chromatography using a 2.5% ethyl acetate/hexane solvent system as mobile phase. 

The polymer further purified by precipitating it using cold diethylether (Fisher Scientific) 

and centrifuged (Beckman Coulter Avanti J26-XP) at 12,500 x g. Cycles of pellet 

dissolution in chloroform, precipitation, and pellet collection were repeated three times to 

remove excess unbound DBCO. NMR spectroscopy and UV-Vis were conducted to 

characterize the functionalized polymer.  

 

 

 

 

 

 

 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  

FIGURE 26. DBCO addition to PEG-NH2. 
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3.2.2.  RESULTS AND DISCUSSIONS 

     Absorption spectra were obtained for the PEG-DBCO samples as shown in Figure 26. 

The presence of peaks at 290 and 305 nm confirmed the attachment of DBCO to the 4-

arm PEG.  

 

Figure 28 shows the carbon NMR spectra for the DBCO-functionalized PEG. The 

proton atoms of PEG show a peak at 3.6 ppm. This was confirmed in separate NMR 

studies with the 4-arm PEG reagent used in the synthesis. The NMR spectra confirmed 

that the PEG had been functionalized.  

 

FIGURE 27. Absorption spectra of PEG-DBCO.  
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3.3. HYDROGEL SYNTHESIS 

     In order to determine whether the four-arm PEG-NH2 had been functionalized with 

enough DBCO to enable the preparation of an insoluble hydrogel network, a substitute 

bifunctional azide-functionalized PEG (azide-PEG-azide) was used to prepare a hydrogel.  

3.3.1. MATERIALS AND METHODS 

     Four-arm PEG-DBCO was dissolved to 10% in dimethyl sulfoxide (VWR) by heating 

the polymer to 45 oC and using sonication (Fisher Scientific Model 500 Sonicator). The 

crosslinker substitute, azide-PEG-Azide (5,000 Da, Sigma Aldrich) was dissolved in 

deionized water (Millipore Direct-Q3 UV Water Purification System). The polymers 

were mixed (1:4 molar ratio of 4-arm PEG DBCO to azide-PEG-azide) into a 7 mL vial 

and the volume was adjusted to 8-10 % weight of polymer to volume. This dilution 

resulted in a total DMSO content of 41.5% v/v with respect to water. The polymers were 

FIGURE 28. Experimentally derived Proton NMR spectra of PEG-DBCO. 
Point a and b are the indicative peaks of DBCO. Peak c is indicative of PEG. 
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allowed to react overnight at 37 oC in a cell culture incubator. It should be noted that live, 

cultured human cancer cells are routinely exposed to 5% DMSO aqueous solutions as a 

cryopreservative. However, higher DMSO concentrations will not be suitable for 

incorporation of live cells within the hydrogel matrix. Unfortunately, the solubility of the 

DBCO-functionalized PEG in water was not sufficient to enable the use of a lower 

volume of DMSO. Future studies will look at methods for increasing the solubility of this 

building bock and testing the encapsulation of cells.   

3.3.2. RESULTS AND DISCUSSIONS 

     The functionalized PEG-DBCO was able to successfully click with the substitute 

crosslinker. The hydrogel was formed using 15 mg of PEG-DBCO and 13.9 mg of PEG-

azide.  The resulting hydrogel was then washed with water and freeze dried. The dried 

matrix weighed 19.7 mg. As can be seen in Figure 29A, the hydrogel has a small 

percentage of loosely bound polymers that weren’t able to crosslink as desired. Upon 

rehydration in excess water, the freeze-dried matrix was able to regain its mechanical 

properties thus confirming that the material was in fact an insoluble hydrogel and not 

simply a mixture of polymers. The hydrogel reabsorbed large amounts of water, making 

it translucent as shown in Figure 29C. Although the molar ratio of polymer to DBCO 

needs to be optimized to yield maximum crosslinking, the functionalized PEG-DBCO 

proved to be functionalized to a high to degree in order to create a matrix.   
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FIGURE 29. Hydrogel synthesis using PEG-azide substitute crosslinker. A) Freeze 
dried sample. B) Image of hydrogel 5 min after adding it to 10 mL of D.H2O. C) 
Image of hydrogel 1 h after submerging it in water. D) Excess water was removed 4 
hours later, demonstrating the presence of an insoluble hydrogel network.  
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4. CELL ADHESIVE PEPTIDE 
 

4.1. CYCLO ARGININE GLYCINE ASPARTIC ACID SYNTHESIS  
 
     A mimicry peptide was synthesized in order to allow the anchoring of the cells to the 

hydrogel. The mimicry peptide consists of a ten amino acids with the sequence Lysine-

Lysine-Serine-Serine-Serine-Phenylalanine-GlutamicAcid-AsparticAcid-Glycine-

Arginine (L-L-S-S-S-F-E-D-G-R). The cyclization occurs between the Arginine and 

Glutamic Acid with the remaining amino acids serving as an extension (S-S-S) and sites 

for further chemistry (L-L) [160].   

 

 

 

 

 

FIGURE 30. Structure of cRGD peptide. Linker is made from L-L amino acids. 
Spacer is made from S-S-S amino acids. The cyclization is formed using EFDGR 
amino acids.  
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4.1.1. MATERIALS AND METHODS.  

The amino acids (L, S, E, F, D, G, R) were protected at the carboxylic acid position 

with protective group Fluorenylmethyloxycarbonyl chloride (Fmoc) (AnaSpec). O-tert-

butyl (tBu) was used as protective groups for residue groups of Aspartic Acid and Serine 

amino acids (AnaSpec). Glutamic acid residue was protected with allyl group. Arginine 

(AnaSpec) was protected with 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Pbf). 

O-tert-butoxycarbonyl was used to protect lysine amino acid residues. The synthesis of 

the mimicry peptide was carried out through solid face synthesis using Fmoc-

aminomethyl-3,5-dimethoxyphenoxy-valerie acid (Pal) resin (AnaSpec) (loaded at 0.6 

mmol/g). Addition of the amino acids was carried out through the use of O-(benzotriazol-

1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU) (Sigma-Aldrich), and 

1-hydroxybenzotrilazole (HOBt) (Sigma-Aldrich) and N,N-diisopropylethylamine 

(DIPEA) (Sigma-Aldrich). Addition of the amino acids was carried out by first soaking 

the resin in 2 mL of DMF for four hours under N2. Following the soaking and before the 

addition of the first amino acid the Pal resin was deprotected by the following steps: 

addition of 1 mL of piperidine/DMF solution (1:4 respectively) for three minutes, then 

washing with 1 mL of DMF two times, treating with 1 mL of piperidine/DMF solution 

for three minutes, and then washing with DMF and DCM (these steps were used to 

remove Fmoc and tBu groups). Coupling of the amino acids occurred by adding 0.5mmol 

HOBt, 0.49 mmol HBTU, 1 mmol DIPEA for every 0.5 mmol of the amino acid added. 

The reaction was allowed to proceed for 4 hours under N2.  

Following the peptide synthesis, the Fmoc group on the N-terminus of the arginine 
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amino acid was removed addition of 20% (v/v) piperidine in DMF for 10 minutes. This 

was followed by the removal of the allyl group on the glutamic acid through the use of 

three mole equivalent of tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4 (Sigma 

Aldrich) (in respect to loading number) and 20% (v/v) piperidine in DMF for 10 min. 

Cyclization was carried out by addition of 1-Hydroxy-1-azabenzotriazole uronium 

(HATU) (VWR) in N2 and allowing to react overnight.  

The peptide was then cleaved by the following steps: 1) washing four times with 1 

mL of H2O, methanol, acetone and DCM; 2) draining the resin and adding 1.5 mL of 

TFA/H2O solution (95/5) and allowing to react for 3 hours under N2; 3) draining the resin 

and washing with TFA/H2O solution and allowing the peptide to drain into a vial; 4) 

precipitation of the peptide with ice cold diethyl ether; 5) centrifugation and 

lyophilization of the precipitate. The resulting product was analyzed using MALDI-TOF 

with the peptide matrix 2,5-dihydroxybenzoic acid utilizing the sandwich method. The 

matrix consisted of a saturated solution of 2,5-dihydrobenzoic acid in 50/50 

water/acetonitrile solution, while the peptide was dissolved at 10 pM in this same solvent 

system.  

 

4.1.2. RESULTS AND DISCUSSIONS  

     The theoretical MW of the peptide was calculated to be 1,139 Da. MALDI-TOF 

spectrum shows the major product obtained to be at a MW of 1135 Da. Based on the 

spectrum we could conclude that the product was successfully synthesized. HLPC needs 

to be carried out in order to remove impurities. 
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FIGURE 31. MALDI-TOF spectrum of cRGD peptide. The major product 
corresponding to the peptide sequence is labeled at 1135.75 Da. 
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5. SUMMARY AND CONCLUSIONS 
 
 

The overall goal of the project was to create a molecularly responsive hydrogel 

through the use of copper-free click chemistry for cell culture. In this work, three 

fundamental aims were accomplished in support of the overall project: the formation of a 

hydrogel through the use of copper-free click chemistry, the development of the aptamer 

complex, and the synthesis of the peptide for cell adhesion to the hydrogel. 

     The design of the aptamer complex was aided through in silico testing using IDT 

OligoAnalyzer 3.1 in order to estimate the Tm for each oligonucleotide and thereby induce 

the expected stability of the hybrid. In vitro studies were used to determine the aptamers 

binding affinity at varying salt concentrations, experimental determination of melting 

temperature, and response to VEGF protein. The aptamer complex was shown to 

effectively function and achieve the aims set in 2.1. However, further studies need to be 

carried out to determine the cause for higher observed normalized fluorescence of strand 

Q and F compared to that of control strand F. The aptamer complex should also be tested 

for response towards VEGF at higher salt and VEGF concentrations.  

    Within the aim of the hydrogel formation there were three specific tasks that needed to 

be accomplished: 

1. The synthesis, functionalization, and characterization of DBCO molecule.  

2. The conjugation, purification, and characterization of DBCO-functionalized 4-

arm PEG to form PEG-DBCO.  

3. Crosslinking the PEG-DBCO with an azide functionalized linear PEG.  
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The role of the PEG-azide is to be a substitute for aptamer complex. Through the use of 

the substitute crosslinker we verified that the PEG has been efficiently functionalized. 

The work presented here shows that the DBCO molecule and that PEG-DBCO were 

efficiently formed and characterized. Further studies should focus on decreasing the 

volume of DMSO used to dissolve the PEG-DBCO from 40.5% to less than 5%. 

     As part of the project a cRGD was synthesized using solid phase synthesis in order to 

serve as a molecular anchor, annealing the cells to the matrix. The peptide was 

characterized using MALDI-TOF and showed to have cyclized. Future studies should 

focus on conjugating the peptide to a COOH-PEG-azide in order to click the peptide onto 

the matrix. In addition, an oligonucleotide was end functionalized with azides at 5’ and 3’ 

prime positions in order to serve as a crosslinker for hydrogel synthesis. Future studies 

will focus on hydrogel formation using this oligomer. Characterization of the hydrogel 

should follow characterization by scanning electron microscopy, atomic force 

microscopy, and confocal microscopy. Incorporation of the aptamer complex should 

follow along with similar characterization. Finally inclusion of mammalian cells will be 

utilized to prove the efficacy of the matrix as a cell-culture model.  
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