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Abstract 

Age-related macular degeneration (AMD) is the leading cause of vision loss in developed 

countries in those 50 years of age and older. Increased expression of the protein vascular 

endothelial growth factor (VEGF) plays a large role in the onset and progression of the advanced, 

wet form of AMD. To deliver drugs to the posterior chamber of the eye to treat diseases such as 

AMD, intravitreal injections are performed. Due to the side effects associated with intravitreal 

injections, such as retinal detachment and hemorrhage, it is advantageous to reduce the frequency 

of injections required for treatment. This thesis investigates sustaining the release of drug through 

encapsulation in polymer microspheres coated with polyelectrolyte layers of poly-L-lysine (PLL) 

and hyaluronic acid (HA) with the potential for protein-triggered release using aptamers. 

 In this research, the feasibility of crosslinking HA with aptamer-containing DNA 

oligomers for protein-triggered release (for example, in response to VEGF in AMD) was evaluated 

and the crosslinking of HA layers by methods of click chemistry and through a carbodiimide 

reaction were compared. The lysozyme aptamer (used for proof-of-concept) in the DNA 

crosslinker retained its affinity for lysozyme, although lower binding occurred when incubated in 

phosphate buffered saline (PBS). The lysozyme aptamer showed moderate specificity when 

incubated with bovine serum albumin (BSA) or a-chymotrypsin as the aptamer did not bind BSA, 

however there was slight binding when incubated with a-chymotrypsin. 

 The properties of the PLL/HA layers on calcium alginate microspheres affected the in vitro 

release of encapsulated model drug FITC-dextran (MW 10 kDa) into PBS. Coating microspheres 

with 3 polyelectrolyte layers consisting of PLL, HA crosslinked with poly(ethylene glycol) 

diamine at a 1:5 molar ratio of amine groups to HA carboxyl groups, and a final layer of PLL did 

not change the release profile of FITC-dextran in comparison to release from microspheres coated 
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with un-crosslinked layers. Increasing the number of layers on the microspheres from 3 to 5 layers 

significantly decreased the amount of encapsulated FITC-dextran released. However, increasing 

the number of layers to 7 layers did not further sustain the release of FITC-dextran.  
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Chapter 1 

Introduction 

 Age-related macular degeneration (AMD) is a disease of the posterior chamber of the eye 

that can result in sudden, severe central vision loss due to degeneration of the macula, the central, 

posterior area of the retina,1 whose location is illustrated in Figure 1.1. AMD is the leading cause 

of vision loss in developed countries in those 50 years of age and older, and the prevalence of 

AMD is projected to increase rapidly as the population ages.1–3 There are two forms of AMD, dry 

(non-neovascular) AMD and wet (neovascular) AMD. Although wet AMD only affects 

approximately 10-15% of patients with AMD, it accounts for 80% of the cases of legal blindness.4   

	
Figure 1.1: Anatomical structures of the eye. Reprinted from Journal of Controlled Release, 219, 
Delplace et al., Delivery strategies for treatment of age-related ocular diseases: From a biological 
understanding to biomaterial solutions, 652-668, Copyright (2015), with permission from 
Elsevier.5	
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 Wet AMD is characterized by choroidal neovascularization, the growth of abnormal blood 

vessels in the choroid, the vascular layer in the posterior segment of the eye between the sclera 

and the retina. During wet AMD, the vessels have an increased vascular permeability which leads 

to issues such as sub-retinal hemorrhage and fluid leakage (Figure 1.2), ultimately causing damage 

to the photoreceptors of the retina and resulting in serious loss of vision.2,6,7  

 
 

Figure 1.2: A) Normal eye, black circle indicates macula. B) Eye with wet AMD, arrow indicates 
leakage from choroidal neovascularization. Reproduced with permission from Jager et al. (2008), 
Copyright Massachusetts Medical Society.7  
 

During wet AMD there are increased levels of the protein vascular endothelial growth 

factor (VEGF), specifically VEGF165, an isoform of VEGF-A, which plays a large role in this 

neovascularization and vascular permeability.8,9 Due to its role in the onset and progression of 

AMD, effective drugs that are currently on the market involve binding and inhibiting VEGF from 

interacting with its receptors.10,11  

 Treatment of diseases of the posterior chamber of the eye such as AMD is challenging due 

to the efficacy of delivering drugs to the back of the eye at therapeutically relevant concentrations. 

Drug delivery to the posterior chamber of the eye is not efficient through systemic routes of 
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administration (i.e. conventional oral delivery) due to the protective properties of the blood-retinal 

barrier, as well as the potential for harmful side effects with systemic administration. Drug delivery 

to the back of the eye is also not efficient through topical routes of administration (i.e. eye drops) 

due to rapid clearance of the drug from the ocular surface.12 Therefore, diseases of the posterior 

chamber of the eye are typically treated by the intravitreal injection of drugs.7,12,13 Although 

effective at delivering therapeutic agents to the desired site, intravitreal injections are expensive, 

can be accompanied by issues with patient compliance, and carry the risk of serious side effects 

such as retinal detachment, hemorrhage, and increased intraocular pressure.7,13,14  

 To reduce the frequency of intravitreal injections necessary for effective treatment of AMD 

and other diseases at the back of the eye, sustaining the release of drug is required to maintain 

therapeutically relevant concentrations for a longer timeframe. Encapsulating the drug in 

polymeric microspheres is a strategy that can be used to control and sustain drug release while still 

enabling administration by intravitreal injection. Furthermore, if release was triggered by local 

proteins, such as VEGF, this could result in drug delivery on a more regulated, as-needed basis, 

sustaining drug release and decreasing the frequency of intravitreal injections necessary for 

treatment. 

 This thesis explores the parameters to design an injectable microsphere drug delivery 

system for the delivery of drugs to the back of the eye with the potential to trigger increased drug 

release in response to proteins present in disease (such as VEGF in wet AMD). The properties of 

polymer microspheres are altered to optimize the release profiles of encapsulated drug and aptamer 

affinity and specificity are evaluated to investigate the feasibility of a protein-triggered release 

system using aptamers. 
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Chapter 2 

Literature Review 

2.1 Controlled drug release using polymers 

 The delivery of drugs at therapeutically effective concentrations to the desired site is crucial 

in the prevention and treatment of numerous diseases. Traditional oral administration of drugs does 

not typically result in a controlled release rate nor does it target specific areas or tissues for 

release.15 Therefore, multiple oral administrations can be required for the drug concentration to 

remain in the therapeutic window, i.e. above the minimum effective concentration (MEC) but 

below the minimum toxic concentration (MTC), shown in Figure 2.1. Drug therapy can be 

challenging with conventional systems due to the possibility of drug concentration fluctuations 

above and below the therapeutic window and because delivery is systemic, drug is distributed to 

non-target tissue, potentially causing adverse reactions.16,17 

Controlled release systems improve upon the limitations of conventional drug delivery 

systems by delivering therapeutic agents at specific rates to targeted locations, thus reducing the 

systemic exposure of the drug while increasing the drug’s time in the therapeutic window.18,19 The 

drug concentration patterns within conventional administration and controlled release systems can 

be seen in Figure 2.1.   
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Figure 2.1: The potential fluctuation in plasma drug concentration after multiple conventional 
systemic administrations and from controlled release systems. 
 

Drugs can be encapsulated within polymer matrices, and the diffusion of drugs through the 

polymer matrix can sustain the release of the encapsulated drugs. In addition, the polymer matrix 

can protect encapsulated drugs from harsh physiological microenvironments where they may 

otherwise be damaged on the way to their target site.16,20 

Drug release from polymer matrices can occur through degradation of the polymer matrix 

as well as through diffusion of drug through the polymer matrix. Diffusion involves the movement 

of particles down a concentration gradient from an area of high concentration to an area of low 

concentration.21 Diffusion of drug particles from a polymer matrix occurs through the pores 
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present in the matrix, and thus polymer characteristics that alter the mesh size formed by polymer 

chains in hydrogel matrices determine the release rate of encapsulated drug.22,23 Increasing the 

polymer crosslinking density, and thus decreasing the equilibrium swelling as well as the average 

mesh size, results in a decrease in the diffusion of drug through the polymer matrix.22,24 In addition, 

the mesh size decreases with increasing polymer molecular weight due to polymer chain 

entanglement, thus resulting in lower diffusion through the polymer matrix.23,25 Furthermore, the 

diffusivity of drug through the polymer matrix can be hindered by the interaction between the 

polymer and drug. The size of the drug particles also affects diffusion rates; high molecular weight 

drugs typically lead to lower diffusion rates through the polymer matrix. 

Polymer degradation typically occurs by one of two mechanisms – bulk-erosion of the 

polymer matrix, or surface-erosion of the polymer matrix.26 In bulk-erosion of the polymer matrix, 

which occurs with hydrophilic polymers such as hyaluronic acid (HA) and alginate, water 

penetrates the polymer resulting in degradation throughout the polymer matrix. Hydrolysis of 

alginate and HA (or enzymatic degradation of HA by hyaluronidase) will cleave the polymers into 

smaller chains and eventually reduce the overall crosslinking density, leading to release of the 

encapsulated drug. Drug release from bulk-eroding polymers tends to occur in an initial burst 

release phase from drug at the polymer surface followed by a slow controlled release phase from 

diffusion of encapsulated drug through the matrix.26 In surface-erosion of the polymer matrix, with 

hydrophobic polymers such as polyanhydrides and polyorthoesters, water is not readily able to 

penetrate the polymer bulk matrix and thus drug is released from the surface of the polymer as it 

undergoes hydrolytic degradation.27,28 In this thesis, natural hydrophilic polymers will be used in 

the development of microspheres for sustained release of encapsulated therapeutics. 
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2.2 Natural polymers for controlled drug release 

Natural polymers such as alginate and HA have been used in drug delivery applications 

due to intrinsic advantages such as good cytocompatibility. Alginate is a naturally occurring 

polysaccharide that is extracted from brown algae, and is anionic and hydrophilic in nature. It is a 

linear, unbranched copolymer consisting of blocks of (1,4)-linked b-D-mannuronate (M blocks) 

and a-L-guluronate (G blocks) (Figure 2.2).29–31  

 

Figure 2.2: Chemical structure of sodium alginate. Reprinted from Progress in Polymer Science, 
32, Lee et al., Polymeric protein delivery systems, 669-697, Copyright (2007), with permission 
from Elsevier.32 
 

Alginate is commonly investigated for the encapsulation and release of drugs because it 

can be covalently crosslinked or ionically crosslinked under mild conditions to form a gel and 

encapsulate biological agents.33 Alginate hydrogels can be formed from aqueous sodium alginate 

through ionic crosslinking by divalent cations, such as Ca2+. The Na+ ions from the G blocks are 

exchanged with the Ca2+ ions, causing binding and stacking of the G blocks of adjacent polymer 

chains, resulting in the formation of the “egg-box” structure (Figure 2.3).29,31,34–36 Similar to the 

mechanism of ionically crosslinked alginate hydrogel formation, degradation of ionically 

crosslinked alginate occurs through ion exchange. Ca2+ ions are released from ionically crosslinked 
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calcium alginate in solution containing sodium chloride (NaCl), and the amount of Ca2+ ions 

released increases with increasing NaCl concentrations in the surrounding medium.37  

 

 

Figure 2.3: The “egg-box” structure formed by ionic crosslinking of alginate chains by Ca2+ ions 
in the preparation of alginate hydrogels. Reprinted from Progress in Polymer Science, 32, Lee et 
al., Polymeric protein delivery systems, 669-697, Copyright (2007), with permission from 
Elsevier.32  
 

Hyaluronic acid (HA) is another natural polymer that has been used in formulation of 

controlled release systems. HA is a linear polysaccharide of repeating units of D-glucuronic acid 

and N-acetyl glucosamine linked by b(1,4) and b(1,3) glycosidic bonds (Figure 2.4).38 HA is 

hydrophilic and negatively charged,39 and is abundant throughout the human body. HA can be 

found in connective tissue, synovial fluid, as well as in the vitreous of the eye. HA is one of two 

main components of the vitreous humour, alongside collagen.40 HA has a wide range of molecular 

weights, from 1,000 to 10,000,000 Da, depending on the location in the body,41 and has 

biodegradable properties as it is broken down in vivo by hyaluronidase.38 Furthermore, HA can be 

covalently crosslinked and has successfully been used in encapsulation and release of biological 

agents, and has resulted in improving the efficacy of drug delivery to the posterior chamber of the 

eye to treat diseases such as AMD.41–44 The presence of HA in the eye suggests that it will be well 

tolerated in the eye and is not likely to induce an inflammatory response.44 
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Figure 2.4: Chemical structure of hyaluronic acid. 

2.3 Microsphere drug delivery  

Polymer microspheres are spherical polymer particles ranging in size from 1 µm to 1000 

µm that can encapsulate a variety of therapeutic agents such as small molecules and proteins by 

entrapment of the therapeutic agents in the polymer matrix either during or after microsphere 

synthesis.35,45 Microsphere drug delivery systems are easy to administer by injection to facilitate 

localized delivery to the target site and can result in long periods of sustained, tailored release 

while minimizing side effects associated with systemic drug circulation.15,26,27,46  

Various properties impact the rate of drug release from microspheres such as molecular 

weight and concentration of the polymer, as well as the molecular weight and properties of the 

encapsulated drug.26,45,47 As previously mentioned in Section 2.1, these factors affect the diffusion 

rate of the encapsulated material through the polymer matrix. In addition, microsphere size is 

important as a decrease in size results in a shorter distance for the drug to diffuse through from 

inside the microsphere. Therefore, for the same mass of microspheres, smaller diameter 

microspheres increase the surface area-to-volume ratio, which leads to an increase in the release 

rate of the encapsulated drug.48 This multitude of factors influencing the rate of drug release allows 

for opportunity to tailor and optimize the release profile for specific applications.  
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2.3.1 Alginate microspheres 

Alginate microspheres have been investigated for encapsulating and releasing molecules 

such as proteins for use in applications in the food production and supplement industry,36 as well 

as in the release and encapsulation of therapeutic agents for drug delivery. The encapsulation and 

release of proteins such as lysozyme and chymotrypsin from alginate microspheres has resulted in 

sustained release profiles of the encapsulated materials.49 To form ionically crosslinked alginate 

microspheres, the guluronic acid groups in alginate can be crosslinked by calcium under mild 

conditions without additional crosslinking agents, which is beneficial for therapeutic agents such 

as proteins and peptides that can be susceptible to damage in harsh environments of high 

temperatures, solvents, or extreme pH.45,50,51 The Ca2+ ions in calcium chloride solution diffuse 

into the alginate droplets and, as explained previously in Section 2.2, interact and exchange ions 

forming calcium alginate microspheres.36,52  

2.3.2 Microsphere preparation by electrospraying 

Microspheres can be prepared through several methods such as emulsion solvent-

evaporation,53–56 phase separation/precipitation,57,58 spray drying,59–62 and electrospraying.63–67 

Microsphere preparation by electrospraying has been shown to produce microspheres that have a 

small size distribution with high reproducibility between trials.63,65 Electrospraying is a one-step 

process that involves dispensing a polymer solution through a needle at a constant rate into an 

applied electric field. The presence of the electric field forces the droplet from the end of the needle 

tip by inducing a charge on the droplet that exceeds its surface tension. This results in the 

production of smaller polymers droplets than those that would be produced without the applied 

electric field.66 The formed droplets are dispensed into a crosslinking solution, such as dispensing 

alginate into calcium chloride, to form polymer microspheres.  
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Multiple factors in the electrospraying setup affect the size and reproducibility of 

microspheres produced. Key parameters include the flow rate and concentration of the polymer 

solution, the magnitude of the applied electric field, and the distance from the tip of the needle to 

the collector.68 Larger microspheres are produced by increasing the polymer extrusion flow rate,66 

while a more narrow size distribution can be obtained by decreasing the polymer flow rate.65,68 

Furthermore, smaller microspheres are produced by increasing the applied electric field while 

increasing the initial polymer solution concentration, and thus the viscosity of the solution, has 

resulted in a higher average diameter of microspheres produced.65,66,69 

2.4 Microsphere Layer-by-Layer (LbL) coatings 

Layer-by-Layer (LbL) coating is the addition of ultrathin films onto solid surfaces through 

the layering of oppositely charged polyelectrolytes.70 The driving force for this sequential layer 

deposition on the surface of microspheres is the electrostatic interaction between the charged 

spheres and the polyelectrolyte layers.71 Polyelectrolyte layers on drug-loaded polymer 

microspheres can minimize the amount of drug released from the surface of the sphere thereby 

reducing the initial burst release, as well as act as a barrier to slow the diffusion of drug particles 

from the polymer matrix by reducing the pore size of the microspheres through which drugs can 

diffuse.47,70–72 Although coating microspheres with the LbL technique involves sequential 

oppositely charged coating steps, studies have shown that the layers may form a meshwork of 

interconnected layers rather than separate layers on top of one another.70  

Release of encapsulated drugs and proteins from polyelectrolyte layered microspheres is 

altered by the properties of the layers. The rate of drug release from polymer microspheres can be 

tailored based on the properties of the polyelectrolyte layers, such as the number of layers applied 

to the microspheres and the thickness of the layers. It has been shown that polyelectrolyte layered 
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microspheres release drug in a more sustained manner when compared to bare microspheres, and 

an increase in the layer thickness is proportional to a reduction in the release rate.73,74 The number 

of layers applied to the surface of microspheres has also been shown to have an effect on drug 

release rate, where an increase in the number of layers results in a decrease in release rate.70 

Furthermore, crosslinking layers has further decreased the release rate of encapsulated drug.75 

2.4.1 LbL coating to control release from alginate microspheres  

LbL coatings on negatively charged alginate microspheres have been investigated to 

control release.47,71–73,75 Polyelectrolytes used for LbL coating on microspheres are typically 

relatively dilute polymer solutions. Polyelectrolytes that have been used in the coating of alginate 

microspheres include poly(vinyl amine) (PVA), poly-L-lysine (PLL), poly(styrene sulfonate) 

(PSS), poly(allylamine hydrochloride) (PAH), poly(acrylic acid) (PAA), and 

poly(diallyldimethylammonium chloride) (PDDA).45,71  

PLL has previously been studied for use as a polyelectrolyte coating on anionic polymer 

microspheres which has resulted in sustaining the release of encapsulated drug.45,76 Furthermore, 

the application of PLL coatings on drug-loaded calcium alginate microspheres has resulted in a 

decrease in initial burst release of drug as well as more sustained release profiles overall. Increasing 

the concentration of PLL coatings has also resulted in a further decrease in burst release and a 

more sustained drug release profile overall.45 One challenge with PLL, and polycations in general, 

is that they can be cytotoxic as they can interact with negatively charged cell membranes.77 

Interestingly, previous studies on microcapsules with crosslinked PLL/HA polyelectrolyte layers 

have shown low cytotoxicity with cell viability of ~90%, measured by counting the number of 

viable cells using the CCK-8 cell viability assay kit, when 1 mg/mL of microcapsule suspension 

was incubated for 3 days with NIH3T3 fibroblast cells and C2C12 myoblast cells.78 This is in 
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agreeance with the amount of viable cells (~85%) measured using Trypan blue from a study that 

cultured NIH3T3 cells on crosslinked PLL/HA multilayer films for 4 days.79 

PLL/HA polyelectrolyte layer interaction, as well as their interaction with calcium alginate, 

has been documented in literature. The mechanism of PLL/HA polyelectrolyte layer growth has 

been characterized through depositing PLL/HA layers onto solid surfaces such as borosilicate 

glass.80–82 As layers of PLL and HA are coated sequentially onto surfaces, the growth of the 

PLL/HA layer has been characterized by the diffusion of PLL chains “in” and “out” of the 

deposited multilayer during growth, thus when in the presence of polyanion HA the PLL diffused 

out of the layer will interact with the HA causing growth of the multilayer. This is known to result 

in an exponential growth regime after approximately 16 alternating PLL/HA layers.80,81 It has also 

been reported that using PLL of molecular weights lower than 14,400 Da resulted in little 

interaction between the HA and PLL, but at higher molecular weights there was interaction and 

thus polyelectrolyte films could be built up.82 Furthermore, PLL/HA polyelectrolyte layers have 

been successfully applied in the formation of hollow PLL/HA multilayer microcapsules by 

depositing alternating layers of PLL/HA on either HA or calcium carbonate cores for the 

encapsulation and release of drugs.78,83 In addition, the LbL coating technique with PLL/HA 

polyelectrolyte layers has been used to encapsulate mesenchymal stem cells while successfully 

retaining the cell morphology and viability.84  

The interaction between calcium alginate and PLL/HA polyelectrolyte layers has also been 

explored in literature. The deposition of PLL/HA layers on calcium alginate gel layers has been 

used in the development of 3D scaffolds for cell culture85 as PLL/HA polyelectrolyte layers carry 

the potential for incorporation of bioactive molecules without affecting their functional integrity.84 

Depositing PLL/HA layers on calcium alginate microspheres to control the release of encapsulated 
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biomolecules has shown potential, however only preliminary research has been conducted. 

Chaudhary et al. (2010) conducted a study on encapsulating a modified glucose oxidase complex 

in calcium alginate microspheres and coated the spheres with 4 layers of alternating PLL/HA. They 

reported that 9% of the encapsulated glucose oxidase was released over the first 30-40 hours 

indicating that this system had potential as an approach to encapsulate and sustain delivery of 

drugs.86  

2.5 Stimuli-responsive drug delivery 

Polymers can be modified to introduce responsive properties that enable them to respond 

to stimuli in their microenvironment. These stimuli can promote changes in the polymer or 

polymer functional groups, resulting in changes in the polymer such as crosslinking or 

decrosslinking, dissolution or precipitation, swelling or triggering drug release. These external 

stimuli can be physical stimuli, such as temperature, pH, and light, or biological stimuli such as 

the presence of enzymes or proteins in the polymer microenvironment.87  

Polymers that change in response to local biologics, such as proteins or metabolites, could 

improve upon the efficacy and ease of treatment of diseases by tailoring drug release in response 

to the presence of a specific biologic (protein, cell, etc.). For example, glucose-responsive 

polymers have been designed to release insulin in response to high glucose concentrations in their 

environment in the attempt to lessen the burden of treatment on patients with diabetes.88–90 The 

design of enzyme-degradable polymers and polymers modified with enzyme-cleavable peptides 

has also been explored in drug delivery systems that can be tailored to the location within the body 

and enzyme concentrations at that site.91,92 For example, the modification of polymers with matrix 

metalloproteinase (MMP)-cleavable peptides can be used for targeted treatment of tumours as 

there is an increased expression of MMP-2 and MMP-9 in tumour environments. Therefore this 
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can result in selective delivery at the tumour site due to the presence of MMP-2 and MMP-9 that 

can cleave the peptides resulting in polymer degradation and release of encapsulated drug.91 

Furthermore, nucleic acid-based molecules called aptamers have been used to introduce response 

properties into polymeric delivery systems.  

2.5.1 Aptamer properties and selection 

Aptamers are single-stranded RNA or DNA sequences that bind to target molecules, which 

range from small organic molecules to larger molecules such as proteins, whole cells and viruses, 

with high specificity and affinity.93 Aptamers are selected for through an in vitro process called 

SELEX (systematic evolution of ligands by exponential enrichment). There are four main steps 

involved in the SELEX process, starting with the incubation of a single-stranded DNA library with 

the target molecule, followed by separation of the bound nucleic acids, which are then eluted and 

successively amplified.94 Through SELEX, oligonucleotides that bind with high affinity can be 

isolated and amplified.   

Synthetic aptamers possess many advantages over natural antibodies. The binding affinity 

between an aptamer and its target molecule or an antibody and antigen can be evaluated by 

determining the value of the dissociation constant (Kd). The Kd value of an aptamer-target complex 

is defined by the ratio of the complex’s rate of dissociation to its rate of formation, as outlined in 

Equation 2.1 and Equation 2.2.95 Therefore, a low dissociation constant indicates high affinity 

binding. Aptamer Kd values are typically in the nanomolar range while antibody Kd values are in 

the micromolar to millimolar range.96 In addition, aptamers are very stable and are relatively easy 

to synthesize and modify.97 The modification of polymers with aptamers can be used in the design 

of materials that are responsive to the presence of biological stimuli in their environment.  
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𝐴𝑝𝑡𝑎𝑚𝑒𝑟 + 𝑇	 ↔ 	𝐴𝑝𝑡𝑎𝑚𝑒𝑟 ∙ 𝑇 

Equation 2.1 

where: 
Aptamer = DNA aptamer sequence 
T = target molecule; 
 
let: 
kon = the rate constant of complex Aptamer • T formation 
koff = the rate constant of complex Aptamer • T dissociation;  
 
Therefore,  

𝐾. =
𝑘122
𝑘13

 

Equation 2.2 

2.5.2 Polymer-aptamer systems in drug delivery 

 Polymer drug delivery systems can be designed so that the polymers undergo a change 

triggered by aptamer recognition of a specific biological molecule in their environment. Polymers 

modified with aptamers that are reversibly bound to their complementary DNA/RNA strands can 

be used to induce a change in polymer properties in response to the aptamer’s target molecule, and 

therefore have the potential to trigger drug release at specific, desired locations. Upon recognition 

of its target molecule, an aptamer can dissociate from its complementary strand; this strategy has 

been used in designing target responsive delivery systems. This has been studied through 

polymerizing acrylamide with DNA strands followed by crosslinking the polyacrylamide through 

the addition of the complementary DNA strand, containing the aptamer sequence specific to 

adenosine, to form a hydrogel. A change in crosslinking density and thus dissolution of the 

hydrogel occurred in the presence of adenosine due to the binding of adenosine by its aptamer 

sequence. This resulted in release of the encapsulated gold nanoparticles from the hydrogel.98 This 

study showed the feasibility of bioresponsive aptamer-crosslinked hydrogels for tailored release, 
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although improvements need to be made for potential use in biomedical applications, such as using 

a polymer that is not cytotoxic and would be well-tolerated in vivo. 

Another method in which polymers have been modified to induce bioresponsive properties 

using aptamers is by immobilizing microparticle drugs by complementary DNA strands 

functionalized with aptamers onto a polymer. This has been done by immobilizing gold 

nanoparticles (AuNPs) on a polyacrylamide hydrogel through interaction of complementary DNA 

strands (containing the aptamer sequence for adenosine).  In the presence of adenosine, the AuNPs 

were released from the hydrogel (Figure 2.5).99 Similar to the aptamer crosslinked hydrogels 

described previously in this section, this study demonstrates the potential for the use of aptamers 

in hydrogels to trigger delivery of therapeutic agents in response to stimuli in the 

microenvironment, although further research is required to evaluate the system’s potential with the 

use of reagents more relevant for biomedical applications. 
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Figure 2.5: A) Delivery system of AuNPs by their covalent attachment to a hydrogel surface 
through interaction of complementary DNA strands (containing the adenosine aptamer sequence). 
In the presence of adenosine, the AuNPs are released from the hydrogel surface. B) DNA 
sequences used in this system.99 Reproduced from El-Hamed et al. (2011), doi:10.1088/0957-
4484/22/49/494011 © IOP Publishing. Reproduced with permission. All rights reserved. 
 

2.5.3 Aptamer sequences specific to lysozyme and VEGF 

The protein-triggered delivery system proposed in this thesis aims to exploit the presence 

of VEGF in the pathology of AMD. In the development of this delivery system, lysozyme and its 

aptamer sequence (Figure 2.6) will be used as the protein for proof-of-concept, although moving 

forward with the design of this system VEGF165 and its aptamer sequence (Figure 2.7) would be 

used.  
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5’-ATCAGGGCTAAAGAGTGCAGAGTTACTTAG-3’ 

Figure 2.6: Aptamer sequence specific to lysozyme.100 

 

5’-CCGTCTTCCAGACAAGAGTGCAGGG-3’ 

Figure 2.7: Aptamer sequence specific to VEGF165.101 

2.6 Outline of thesis and research objectives 

The overarching goal of this research is to control drug release from calcium alginate 

microspheres coated with polyelectrolyte layers of PLL and aptamer-containing DNA oligomer 

crosslinked HA to decrease drug release from the microspheres as a result of the deposited layers 

and potentially trigger an increase in the release in response to specific proteins. The rationale for 

this project relies upon two hypotheses. First, we hypothesize that the properties of the 

polyelectrolyte layers on the microspheres will affect the release of encapsulated model drug 

FITC-dextran. Second, we hypothesize that the lysozyme aptamer will retain its affinity for its 

target molecule after its incorporation into the DNA oligomer crosslinker, and that binding of the 

aptamer to its target molecule will cause decrosslinking of the HA layer and release of the 

encapsulated FITC-dextran. This thesis will focus on testing the feasibility of using HA in the 

DNA-crosslinked polyelectrolyte layers, as previous work has only been conducted using alginate 

for this purpose, while evaluating drug release profiles from calcium alginate microspheres for use 

in controlled release systems. In addition, the aptamer’s binding properties will be investigated 

under different conditions.  

Objective 1. Compare two methods for crosslinking HA polyelectrolyte layers: The modification 

of HA with maleimide groups is investigated to evaluate the potential of crosslinking HA 
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polyelectrolyte layers with thiol-terminated DNA oligomers by click chemistry. HA will also be 

crosslinked with amine-terminated poly(ethylene glycol) or DNA oligomers using a carbodiimide 

reaction.  

Objective 2. Evaluate the binding properties of the DNA crosslinker containing the aptamer 

sequence under different conditions: The lysozyme aptamer’s affinity will be evaluated after the 

addition of nucleotides and terminal amine reactive groups, and after binding to its complementary 

DNA strand. The affinity for lysozyme will be assessed under physiologically-relevant conditions 

and the aptamer’s affinity for non-target proteins will also be investigated.   

Objective 3. Evaluate properties of polyelectrolyte-coated calcium alginate microspheres for use 

in controlled release systems: The in vitro release of FITC-dextran from calcium alginate 

microspheres will be investigated with different compositions of polyelectrolyte layers, including 

crosslinking layers and depositing different numbers of layers onto the microspheres, in the 

development of injectable microspheres for use in controlled release systems. 
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Chapter 3 

Research Methodology 

3.1 Materials and reagents 

Sodium hyaluronate (MW 100-150 kDa) was purchased from Lifecore Biomedical 

(Chaska, MN, USA) and sodium alginate (from brown algae, low viscosity, 61% mannuronic acid 

and 39% guluronic acid, MW ~240 kDa), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC), N-hydroxysuccinimide (NHS), N-(2-aminoethyl)maleimide trifluoroacetate 

salt (AEM), Dulbecco’s Phosphate Buffered Saline (PBS), Fluorescein isothiocyanate–dextran 

(FITC-dextran) (MW 10 kDa), poly(ethylene glycol) diamine (PEG diamine) (MW 2000 Da), 

poly(ethylene glycol) dithiol (PEG dithiol) (MW 1500 Da), human lysozyme, lysozyme from 

chicken egg white,  poly-L-lysine solution (PLL) (0.1% (w/v) in H2O, MW 150,000-300,000 Da), 

bovine serum albumin (BSA) and a-chymotrypsin from bovine pancreas were purchased from 

Sigma Aldrich (Oakville, ON, CA). Deoxyribonucleic acid (DNA) oligomers were purchased from 

Alpha DNA (Montreal, QC, CA). N-hydroxysulfosuccinimide (sulfo-NHS), nuclease free water, 

SYBRä Safe DNA Gel Stain and Ultra Low Range DNA Ladder were purchased from 

ThermoFisher Scientific (Fremont, CA, USA). 2-(N-morpholino)ethanesulfonic acid (MES), 

calcium chloride (CaCl2) and dialysis tubing (cellulose, MWCO 12,000-14,000 Da) were 

purchased from Fisher Scientific (Nepean, ON, CA). Mini-PROTEAN Tetra cell apparatus, 30% 

acrylamide/bis solution (29:1; 3.3% crosslinker), 10x Tris/Boric Acid/EDTA (TBE) nucleic acid 

electrophoresis buffer, ammonium persulfate, tetramethylethylenediamine (TEMED), and nucleic 

acid sample loading buffer were purchased from Bio-Rad Laboratories (Mississauga, ON, CA). 

All water was filtered using a Millipore system (Millipore (Canada) Ltd., Etobicoke, ON, CA).  
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3.2 Crosslinking hyaluronic acid 

3.2.1 Hyaluronic acid-maleimide modification 

The carboxyl groups on hyaluronic acid (HA) were functionalized with maleimide groups 

using a carbodiimide reaction by reacting 0.1% (w/v) sodium hyaluronate (MW 136 kDa) with N-

(2-aminoethyl)maleimide trifluoroacetate salt (AEM), as shown in Figure 3.1. The reaction was 

carried out in 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer containing 0.5 M sodium 

chloride (NaCl) at a pH ranging from 4.5-6, depending on the desired reaction conditions. To do 

this, 0.02 g of sodium hyaluronate was dissolved in a beaker containing 20 mL of MES buffer 

followed by the addition of 0.023 g N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC), 0.017 g N-hydroxysuccinimide (NHS) or 0.032 g N-

hydroxysulfosuccinimide (sulfo-NHS), resulting in a 3:3:1 molar ratio of EDC to NHS/sulfo-NHS 

to the carboxyl groups on HA, and 0.013 g AEM for a molar ratio of 1:1 of AEM primary amine 

groups to the carboxyl groups on HA. The reaction was also conducted at molar ratios of 2:1 and 

4:1 with the addition of 0.025 g AEM and 0.05 g AEM, respectively. The reaction solution was 

covered and left to react under stirring at 250 rpm for 16 hours. The HA-maleimide solution was 

then dialyzed in excess Millipore water (MWCO 12,000-14,000 Da) for 24 hours under gentle 

stirring to remove any unreacted components or impurities, replacing the Millipore water every 

hour for the first 4 hours and again after 16 hours. After dialysis, the purified HA-maleimide 

solution was lyophilized and stored under nitrogen at 4 °C. 
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Figure 3.1: Reaction mechanism for the modification of HA with maleimide groups using a 
carbodiimide reaction.  
 

Proton nuclear magnetic resonance (1H NMR) spectroscopy was used to assess the 

molecular structure of the resulting polymer after modification to determine the degree of 

modification of HA carboxyl groups with maleimide groups. Samples were prepared by dissolving 

20 mg of the lyophilized maleimide-modified HA in 1 mL of deuterium oxide (D2O). 1H NMR 

data was collected using a Bruker AVANCE-300 MHz spectrometer at room temperature. Spectra 

were analyzed using MestReNova software and are reported using parts per million (ppm). The 

degree of modification of HA with maleimide groups was determined by calculating the ratio of 

the integration values of peaks present at d 2.0 for the protons associated with HA acetylamine 
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methyl protons and at d 6.80 for the vinyl protons of the maleimide while comparing to the D2O 

peak present at d 4.79.  

3.2.1.1 HA-maleimide reaction with poly(ethylene glycol) dithiol 

HA was crosslinked with poly(ethylene glycol) (PEG) dithiol by a Michael addition click 

chemistry reaction with the HA maleimide groups and PEG thiol groups. 3% (w/v) HA-maleimide 

was prepared by dissolving 0.02 g of the lyophilized maleimide-modified HA in 500 µL Millipore 

water. 112 µL of this HA-maleimide solution was then added to 38 µL of 0.015 M PEG dithiol 

solution (prepared by dissolving 0.0225 g PEG dithiol in 1 mL Millipore water) resulting in 

crosslinking at a 1:10 molar ratio of PEG thiol groups to HA carboxyl groups. The solution was 

mixed briefly via pipette and deposited between 2 glass microscope slides separated by an 

additional two microscope slides (thickness = 1 mm) to crosslink overnight at 4 °C. The resulting 

3% (w/v) HA gel was punched into disks using a biopsy punch (diameter = 5 mm). Swelling 

studies on the resulting disks were conducted by drying at room temperature for 24 hours followed 

by swelling in Millipore water for 24 hours. The water content of the disks was calculated by using 

Equation 3.1, with the knowledge that the ambient air moisture levels may cause slight variability 

in the measurement.102,103   

 

𝑤𝑎𝑡𝑒𝑟	𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 	
𝑚𝑎𝑠𝑠	𝑜𝑓	𝑠𝑤𝑜𝑙𝑙𝑒𝑛	𝑔𝑒𝑙 − 𝑚𝑎𝑠𝑠	𝑜𝑓	𝑑𝑟𝑖𝑒𝑑	𝑔𝑒𝑙

𝑚𝑎𝑠𝑠	𝑜𝑓	𝑠𝑤𝑜𝑙𝑙𝑒𝑛	𝑔𝑒𝑙
	×	100% 

Equation 3.1 
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3.2.2 HA reaction with amine-terminated crosslinkers 

HA was crosslinked with either PEG diamine or annealed amine-terminated DNA 

oligomers containing the lysozyme aptamer sequence. This was done using a carbodiimide 

reaction to form an amide bond between the carboxyl groups on HA and the primary amine groups 

of either PEG or the DNA oligomers.   

3.2.2.1 HA reaction with poly(ethylene glycol) diamine 

3% (w/v) HA was prepared by dissolving 0.05 g sodium hyaluronate in 1.667 mL of 0.1 

M MES buffer, pH 6. HA was reacted with EDC and NHS at a molar ratio of 1:2:1 of HA carboxyl 

groups to EDC to NHS by adding 0.0479 g of EDC and 0.0144 g of NHS to the HA solution and 

mixing via syringe for 5 minutes. To crosslink HA at a 1:5 molar ratio of PEG amine groups to 

HA carboxyl groups, 0.025 g PEG diamine was added to the reaction solution, mixed briefly via 

syringe, and deposited between glass plates separated by two microscope slides (thickness = 1 

mm) to crosslink overnight at 4 °C. The resulting 3% (w/v) HA gel was punched into disks using 

a biopsy punch (diameter = 5 mm). Swelling studies on the resulting disks were conducted by 

drying at room temperature for 24 hours, followed by swelling in Millipore water for 24 hours.  

The water content of the disks was calculated using Equation 3.1.  

3.2.2.2 HA reaction with amine-terminated DNA oligomers 

To anneal the complementary DNA oligomers, 7.2 µL of 100 mM DNA complementary 

strand 1 was added to a vial containing 11 µL of 65 mM DNA complementary strand 2 

(approximately a 1:1 molar ratio of complementary strands). This DNA solution was placed into 

a block heater at 80 °C for 15 minutes, and then let cool to room temperature.  Meanwhile, 0.017 

g of sodium hyaluronate was dissolved in 460 µL of nuclease free water. Once dissolved, 0.0166 
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g EDC and 0.0094 g of sulfo-NHS (a 1:2:1 molar ratio of HA carboxyl groups to EDC to sulfo-

NHS) were added to the reaction solution and mixed via syringe for 5 minutes. To crosslink the 

HA with amine-terminated DNA oligomers at a 1:5 molar ratio of DNA oligomer amine groups to 

HA carboxyl groups, 78 µL of this HA solution was then briefly mixed via pipette with the 18 µL 

solution of annealed amine-terminated DNA oligomers, resulting in 3% (w/v) HA solution. The 

solution was then deposited between glass plates separated with two microscope slides (thickness 

= 1 mm) and was left to crosslink overnight at 4 °C. 

3.3 Electrophoretic mobility shift assays  

The oligonucleotide sequence and the structure of aptamers are directly related to their 

binding properties and thus crucial to their function. Folded aptamer structures generally involve 

stem and loop structures which are main factors in recognition of the target molecule.104 The DNA 

crosslinkers in this work were designed through the addition of nucleotides to the 5’ end of the 

lysozyme aptamer sequence, binding to a complementary DNA strand, as well as the addition of 

terminal reactive amine groups to the 5’ ends (Figure 3.2). Output from Mfold, a software that can 

predict the secondary structure of single stranded nucleic acids,105 showed that there was no 

difference between the stem and loop structures of the lysozyme aptamer and the DNA strand in 

the DNA crosslinker containing the aptamer sequence (Figure 3.3), indicating that the aptamer is 

likely to still bind its target with the addition of these nucleotides. Therefore, electrophoretic 

mobility shift assays (EMSAs) were conducted to further assess the binding properties of the 

aptamer sequence in the DNA crosslinker. 
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5’ NH2(CH2)6-ACTGTTAATCAGGGCTAAAGAGTGCAGAGTTACTTAG-3’ 
                          3’-TGACAATTAGTCCCGAG-(CH2)6NH2 5’ 
 
Figure 3.2: Amine-terminated DNA oligomer crosslinker containing the lysozyme aptamer 
sequence (in red).  
 

 

 

Figure 3.3: Mfold output showing the secondary structure of (A) the lysozyme aptamer sequence 
and (B) the DNA crosslinker strand containing the lysozyme aptamer sequence. 
 

An EMSA is a gel shift assay used to determine protein-DNA binding interactions. EMSAs 

were conducted to assess the binding properties of the DNA oligomers after incubation with human 

and chicken lysozyme under various conditions as well as after incubation with proteins other than 

lysozyme. Human lysozyme, and therefore the lysozyme aptamer, was chosen as the protein for 
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proof-of-concept in this work as the aptamer has been characterized and successfully used in 

literature.100,106–111  

DNA is negatively charged and will migrate through a non-denaturing polyacrylamide gel 

towards the anode during electrophoresis. The extent of migration within the gel depends on the 

size of the DNA and results in the formation of distinct bands of DNA, separated based on size.112 

However, DNA-protein interactions that result in binding of DNA to a protein effectively increases 

the size of the resulting molecular complex and hinders the mobility of the DNA through the gel 

(relative to the free DNA molecule). Therefore, the absence of bands in a gel loaded with DNA-

protein solution is indicative of DNA-protein binding interactions.  

3.3.1 10% polyacrylamide gel preparation 

For the EMSA experiments, 10% polyacrylamide gels were prepared using the Bio-Rad 

Mini-PROTEAN Tetra Cell apparatus. Glass plates were carefully arranged into the Mini-

PROTEAN casting stand and tested with Millipore water to ensure liquid was not able to leak from 

the bottom of the plates. To prepare the polyacrylamide gels (volumes provided are for 2 gels), 5.9 

mL of Millipore water, 5 mL of 30% acrylamide/bis solution and 3.8 mL of 10x Tris/Boric 

Acid/EDTA (TBE) nucleic acid electrophoresis buffer were added to a beaker and gently swirled 

to mix. 0.15 mL of 10% ammonium persulfate solution and 6 µL of tetramethylethylenediamine 

(TEMED) were then added to the beaker and the solution was dispensed between the glass plates 

and the 10-well comb was inserted into the gel, ensuring no air bubbles were trapped around the 

teeth of the comb. Once the gel had solidified (~45 minutes) it was stored at 4 °C in the glass plates 

wrapped in Millipore water-soaked paper towel and aluminum foil. Polyacrylamide gels were used 

within a week of preparation.  
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3.3.2 DNA-protein sample preparation and electrophoresis 

To prepare the DNA-protein electrophoresis samples, 2.5 µM oligomer stock solutions of 

each complementary strand were prepared by dissolving the oligomers received from Alpha DNA 

in nuclease free water. 50 µL of each oligomer strand solution were combined in a vial and put 

into a block heater at 80 °C for 15 minutes and left to cool to room temperature to allow for 

annealing of the complementary strands. Meanwhile, 1 mL of 1000 µM protein stock solution was 

prepared by dissolving the appropriate amount of the protein in nuclease free water (or PBS 

depending on the binding conditions), the different proteins used and their corresponding mass 

used in these stock solutions is outlined in Table 3.1. Dilutions were performed to obtain a range 

of protein solution concentrations ranging from 1 µM – 1000 µM, as outlined in Table 3.2. The 

DNA-protein electrophoresis samples for wells 2-10 were prepared in separate vials according to 

the compositions listed in Table 3.3. Before addition of the nucleic acid sample buffer the samples 

for wells 2-10 were incubated at 37 °C for 16 hours to allow the DNA and protein to bind.  

Table 3.1: Proteins of interest for EMSA experiments with their respective masses dissolved in 1 
mL of nuclease free water or PBS for the preparation of 1000 µM stock solutions.  

 

Protein Mass (g) 

Human lysozyme 0.0143 

Chicken lysozyme 0.0143 

Bovine serum albumin (BSA) 0.0665 

a-Chymotrypsin 0.025 
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Table 3.2: Dilutions performed by adding previously prepared protein solution to nuclease free 
water or PBS to obtain protein solution concentrations of 1 µM – 500 µM.  
 

Original Protein 
Solution 

Concentration (µM) 

Volume of Protein 
Solution Used (µL) 

Volume of Nuclease 
Free Water or PBS 

Added (µL) 

Final Protein Solution 
Concentration (µM) 

1000 50 50 500 

500 50 50 250 

250 20 80 50 

50 50 50 25 

25 20 80 5 

5 20 80 1 

 

After incubation, 5x nucleic acid sample loading buffer was added to the vials, used to 

improve sample loading and tracking, and 1x TBE buffer was added in between the two gels in 

the Mini-PROTEAN apparatus until it reached the top. The DNA ladder solution was prepared as 

per the supplier’s protocol by combining 2 µL of the ladder solution, 2 µL of the 6x TrackIt 

Loading Buffer, and 8 µL of nuclease free water. The samples were then carefully added into the 

wells and the Mini-PROTEAN Tetra Cell chamber was filled with 1x TBE buffer to the “2 gel” 

line. The chamber was hooked up to the PowerPacä power supply and run at 120 V until the 

marker dye reached the bottom of the gel (approximately 40-60 minutes). This protocol was 

followed for all EMSA experiments conducted including electrophoresis runs with human 

lysozyme, chicken lysozyme, BSA and a-chymotrypsin. 
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Table 3.3: EMSA DNA-protein sample compositions.     

Well No. Sample composition 

1 10 µL DNA ladder solution prepared as per supplier protocol 

2 10 µL of 2.5 µM annealed DNA oligomer solution, 2 µL nucleic acid 

sample buffer 

3 10 µL of 1000 µM protein solution, 2 µL nucleic acid sample buffer 

4 10 µL of 1000 µM protein solution, 10 µL of 2.5 µM annealed DNA 

oligomer solution, 2 µL nucleic acid sample buffer 

5 10 µL of 500 µM protein solution, 10 µL of 2.5 µM annealed DNA 

oligomer solution, 2 µL nucleic acid sample buffer 

6 10 µL of 250 µM protein solution, 10 µL of 2.5 µM annealed DNA 

oligomer solution, 2 µL nucleic acid sample buffer 

7 10 µL of 50 µM protein solution, 10 µL of 2.5 µM annealed DNA 

oligomer solution, 2 µL nucleic acid sample buffer 

8 10 µL of 25 µM protein solution, 10 µL of 2.5 µM annealed DNA 

oligomer solution, 2 µL nucleic acid sample buffer 

9 10 µL of 5 µM protein solution, 10 µL of 2.5 µM annealed DNA 

oligomer solution, 2 µL nucleic acid sample buffer 

10 10 µL of 1 µM protein solution, 10 µL of 2.5 µM annealed DNA 

oligomer solution, 2 µL nucleic acid sample buffer 

 

3.3.3 Staining with SYBRä Safe DNA Gel Stain and gel imaging 

After running the polyacrylamide gels, the gels were disassembled from the glass plates 

and stained with SYBRä Safe DNA Gel Stain, a fluorescent nucleic acid stain with a sensitivity 

of ~500 pg/band. The staining solution was prepared as per the supplier’s protocol in which the 

10,000x SYBRä Stain concentrate was diluted with 1x TBE buffer at a ratio of 1:10,000, therefore 

5 µL of SYBRä Safe concentrate was added to 50 mL of 1x TBE buffer. The gel was placed into 
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a plastic container and the staining solution was poured over the gel (50 mL of staining solution 

was used per gel) ensuring that the gel was completely submerged in solution. The container was 

covered with aluminum foil to protect the staining solution from light and incubated for 30 minutes 

at room temperature while under continuous agitation on an orbital shaker at 50 rpm. After 

incubation was complete the gel was imaged immediately by UV transilluminator using the Gel 

Doc XR+ System (Bio-Rad Laboratories, Mississauga, ON, CA) and the images were analyzed 

using Bio-Rad’s Image Labä software.  

3.3.4 Dissociation constant determination 

The dissociation constants, Kd, were determined from the EMSA gels using a protocol 

outlined by Heffler et al. (2012).113 ImageJ software was used to quantify the fluorescence of the 

bands in each lane. This was then used to determine the amount of unbound DNA that was able to 

migrate through the gel by comparing this value to the fluorescence of the band present in lane 2 

from 100% unbound DNA. The fraction of the DNA bound to the protein in each lane was then 

determined using Equation 3.2.  

𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑜𝑓	𝐷𝑁𝐴	𝑏𝑜𝑢𝑛𝑑	𝑡𝑜	𝑝𝑟𝑜𝑡𝑒𝑖𝑛 = 	
𝐷𝑁𝐴	𝑏𝑜𝑢𝑛𝑑

𝐷𝑁𝐴	𝑏𝑜𝑢𝑛𝑑 + 𝐷𝑁𝐴	𝑢𝑛𝑏𝑜𝑢𝑛𝑑 

Equation 3.2 

 

where: 
 DNA bound = the difference in fluorescence between the unbound DNA band in the lane of 
interest and the unbound DNA band in lane 2 (assuming 100% of the DNA had migrated in lane 
2)  
DNA unbound = the fluorescence of the unbound DNA band in the lane of interest  
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The fraction of DNA bound in each lane was then plotted against the concentration of the protein 

and fit to Equation 3.3 using the Excel Solver add-in to perform a non-linear regression to 

determine the values of Kd and Bmax.  

 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑏𝑜𝑢𝑛𝑑 = 𝐵IJK
[𝑝𝑟𝑜𝑡𝑒𝑖𝑛]

𝐾. + [𝑝𝑟𝑜𝑡𝑒𝑖𝑛]
 

 

Equation 3.3 

 

where: 
fraction bound = fraction of DNA bound to protein 
Bmax = the fraction of DNA bound where the data plateaus 
[protein] = concentration of protein 
Kd = dissociation constant 
 

3.4 Calcium alginate microsphere in vitro release studies 

Calcium alginate microspheres were prepared by electrospraying sodium alginate solution 

containing FITC-dextran into calcium chloride solution. FITC-dextran is easily quantified by 

fluorescence and was chosen as a model drug in this work due to its similarity in hydrodynamic 

radius when compared to wet AMD drugs currently on the market, despite the differences in 

molecular weight, outlined in Table 3.4. FITC-dextran with a molecular weight of 10 kDa was 

chosen as it has coil-like properties; above 10 kDa it behaves as a highly-branched molecule.114 

After the microspheres were prepared and coated with alternating polyelectrolyte layers of PLL 

and HA in vitro release studies were conducted. Glassware and pipette tips used in these studies 

were milk blocked to minimize FITC-dextran adsorption to their surfaces by incubation in 5% 

skim milk powder solution (in Millipore water) for 10 minutes followed by rinsing 3 times with 

Millipore water. 
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Table 3.4: Properties of drugs used in the treatment of wet AMD and their comparison to FITC-
dextran.115,116  

Drug Molecular Weight 
(kDa) 

Hydrodynamic 
Radius (nm) 

Ranibizumab 
(Lucentis) 

48 2.75 

Aflibercept  
(Eylea) 

115 3.70 

Bevacizumab 
(Avastin) 

149 4.58 

FITC-dextran 10 2.3 

 

3.4.1 Electrospraying calcium alginate microspheres 

 In preparation for electrospraying, sodium alginate solution was prepared by dissolving 

0.24 g sodium alginate in 8 mL of Millipore water overnight at 4 °C. Once the alginate had 

dissolved, 0.012 g of FITC-dextran was dissolved in 4 mL of Millipore water and subsequently 

added to the dissolved alginate, resulting in 12 mL of 2% (w/v) sodium alginate solution containing 

1 mg/mL FITC-dextran. This protocol was repeated to prepare sodium alginate solution containing 

0.5 mg/mL FITC-dextran. 

The electrospraying apparatus to prepare calcium alginate microspheres consisted of a 

syringe pump (KD Scientific) to extrude alginate through 1/16” plastic tubing which connected 

the syringe outlet to a blunt needle tip; a high voltage power source (Gamma High Voltage 

Research) created an electric field to produce alginate droplets that were dispensed into a beaker 

containing 30 mg/mL calcium chloride (CaCl2) solution. 5 mL of the previously prepared 2% (w/v) 

sodium alginate solution containing FITC-dextran was drawn up into a 5 mL BD Luer-Lokä 

plastic syringe. The syringe was secured horizontally in the syringe pump and the syringe outlet 
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was connected to the plastic tubing with a 24G blunt needle on the other end of the tubing.  A 

retort stand was used to secure the plastic tubing with the needle downwards towards the stir plate 

with a 50 mL collection beaker containing the 30 mg/mL CaCl2 solution dissolved in Millipore 

water. A 1 inch stir bar was used and stirring was set to 100 rpm for the duration of the 

electrospraying. The cathode was attached to the metal needle tip and the anode was connected to 

a piece of aluminum below the 50 mL beaker, with a 10 cm distance between the needle tip and 

the ground electrode.  The 2% (w/v) alginate solution containing FITC-dextran was then dispensed 

through the 24G blunt needle at a flow rate of 0.12 mL/min under an applied voltage of 12 kV.  

3.4.2 Microsphere size characterization 

The CaCl2 solution was removed from the electrosprayed microspheres and the 

microspheres were rinsed with 10 mL of Millipore water and sieved through a 500 µm mesh sieve 

to remove any large or clumped spheres. Microspheres were then imaged using an EVOS light 

microscope at 10x magnification and the images were analyzed using ImageJ software to 

determine the diameter of the spheres. This was done by normalizing the 400 µm scale bar on the 

image with the corresponding distance in pixels. The diameter of the microspheres was then 

determined using this ratio between µm and pixels. The average diameter of microspheres was 

calculated in triplicate from different electrosprayed batches with approximately 400 microspheres 

measured per batch, and the standard error across the batches was calculated. 

3.4.3 Layer-by-Layer (LbL) polyelectrolyte coating of calcium alginate microspheres 

Calcium alginate microspheres were coated with polyelectrolyte coatings of poly-L-lysine 

(PLL) and hyaluronic acid (HA) with the outer layer being PLL in order to make a relevant 

comparison to the previous work conducted with alginate polyelectrolyte layers.117 The coating 
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procedure for 3 polyelectrolyte layers (PLL, HA, PLL) was started by transferring the rinsed and 

imaged spheres into 1.5 mL microcentrifuge tubes, transferring 0.1 g of spheres into each tube. In 

the experiments using PLL coating solution in 0.1 M CaCl2, the PLL coating solution was prepared 

by dissolving 0.199 g CaCl2 into 18 mL of 1 mg/mL PLL solution, otherwise 1 mg/mL PLL 

solution in water was used. The microspheres were first coated with PLL by incubating each set 

of spheres in 1 mL of 1 mg/mL PLL coating solution for 20 minutes. The coating solution was 

carefully removed using a pipette, ensuring not to take up any microspheres, and the microspheres 

were rinsed with 1 mL of Millipore water. The Millipore water was removed and the microspheres 

were then incubated in 0.25 mL of 0.25% HA coating solution (per tube); the 0.25% HA coating 

solution was prepared by dissolving 0.02 g of HA in 8 mL of Millipore water. After 20 minutes of 

incubation in the HA coating solution it was carefully removed using a pipette and the spheres 

were rinsed with 1 mL of Millipore water. The Millipore water was removed and a final layer of 

PLL was coated onto the surface of the microspheres by incubating the microspheres in 1 mL of 1 

mg/mL PLL for 20 minutes. The PLL solution was then removed using a pipette and the 

microspheres were rinsed with 1 mL of Millipore water. Microspheres were imaged post-coating 

with an EVOS microscope at 10x magnification. 

For the microspheres coated with crosslinked polyelectrolyte layers, crosslinking was 

introduced into the coating solutions by reacting the 0.25% HA solution (prepared by dissolving 

0.02 g of HA in 8 mL of Millipore water) with 0.0191 g EDC, 0.0108 g sulfo-NHS and 0.0099 g 

PEG diamine (resulting in a 1:5 molar ratio of amine groups on PEG to carboxyl groups on HA) 

immediately prior to microsphere incubation. This was repeated for a total of 3 (PLL, HA, PLL), 

5 (PLL, HA, PLL, HA, PLL) or 7 (PLL, HA, PLL, HA, PLL, HA, PLL) polyelectrolyte layers 

depending on the desired number of layers. All coating solutions, as well as the calcium chloride 
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solution the microspheres were electrosprayed into, were kept for analysis of FITC-dextran 

content. The layering schematic when coating with 3 polyelectrolyte layers of PLL and HA can be 

seen in Figure 3.4.  

 

 

Figure 3.4: Schematic of calcium alginate microspheres coated with alternating polyelectrolyte 
layers of PLL and HA.  
 

3.4.4 In vitro release studies 

To evaluate the in vitro release of FITC-dextran from 2% calcium alginate microspheres, 

immediately after coating the microspheres with polyelectrolyte layers each microcentrifuge tube 

of microspheres was suspended in 600 µL of PBS. The vials were placed in an incubating orbital 

shaker at 90 rpm and 37 °C. At specified time points 600 µL of release solution was carefully 

removed from the spheres and replenished with fresh release solution of either PBS or PBS 

containing 3 µM human lysozyme (introduced at 24 hr in some studies) to maintain sink 

conditions. Representative samples of microspheres were imaged after 7 days of release.  
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FITC-dextran is a fluorophore with an excitation wavelength of 490 nm and an emission 

wavelength of 520 nm. To quantify the FITC-dextran content released from the microspheres, 

three 200 µL release solution samples from each vial were pipetted into a black 96-well plate along 

with blanks of PBS and PBS containing 3 µM human lysozyme. The 96-well plate was incubated 

at 37 °C for 20 minutes to ensure that the temperature was consistent throughout the samples, and 

then the 96-well plate was top-read with a fluorescence microplate reader (SpectraMax M2, 

Molecular Devices) at an excitation wavelength of 490 nm and emission wavelength of 520 nm. 

The amount of FITC-dextran released was related to the fluorescence output from the microplate 

reader using a standard curve constructed from FITC-dextran dissolved in PBS ranging from 0.25 

ng/mL – 10 ng/mL, an example curve is shown in Figure 3.5. If values were higher than 10 ng/mL, 

the standard curve with an additional data point at 50 ng/mL was used. Adding 3 µM human 

lysozyme did not change the readings. Due to the release profiles observed, the release rate of 

FITC-dextran during the zero order release phase after the initial burst release was calculated by 

linear regression. 
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Figure 3.5: Standard curve relating of FITC-dextran in PBS to the output reading after excitation 
and emission at l=490 nm and l=520 nm, respectively, used to calculate the FITC-dextran 
concentration in release samples. Error bars represent standard deviation (n=3).  
  

3.5 Statistics 

Data sets that were completed with three experiments with replicate samples were reported 

with standard error while the data sets from individual experiments were reported with standard 

deviation. Two-tailed t-tests were used to determine significant differences between experiments 

using a 95% confidence interval and assuming a normal distribution and unequal variance.  
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Chapter 4 

Results 

Properties of polyelectrolyte-coated calcium alginate microspheres with layers of poly-L-

lysine (PLL) and hyaluronic acid (HA) crosslinked with DNA oligomers containing the lysozyme 

aptamer sequence were evaluated for use in controlled release systems. First, the crosslinking 

chemistry of HA for use in the HA layers was investigated, followed by evaluating the binding 

properties of the DNA oligomers containing the lysozyme aptamer sequence. Lastly, the release 

of FITC-dextran from calcium alginate microspheres was analyzed to evaluate the design of layer-

by-layer (LbL)-coated calcium alginate microspheres for use in controlled release systems.  

4.1 Crosslinking hyaluronic acid 

HA was modified and crosslinked using two methods. In the first method, the carboxyl 

groups on HA were functionalized with maleimide groups and then crosslinked with thiol-

terminated crosslinkers by click chemistry. Secondly, HA was crosslinked by reacting the carboxyl 

groups with amine-terminated crosslinkers using a carbodiimide reaction.   

4.1.1 Hyaluronic acid crosslinked with poly(ethylene glycol) dithiol 
 

To enable crosslinking of HA with thiol-terminated poly(ethylene glycol) (PEG) or DNA, 

HA was functionalized with maleimide groups using a carbodiimide reaction to form an amide 

bond between the primary amine of N-(2-aminoethyl)maleimide trifluoroacetate salt (AEM) and 

the HA carboxyl group. The reaction was done at varying conditions and evaluated by 1H NMR, 

representative trials are shown in Table 4.1 and a complete set in Appendix A. The percent of 

maleimide groups reacted onto the backbone of HA was measured by 1H NMR spectroscopy by 
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calculating the ratio of integrated peaks present at d 2.0 for the protons associated with HA 

acetylamine methyl protons and at d 6.80 for the vinyl protons of the maleimide. Representative 

1H NMR spectra of unmodified HA and HA modified with AEM are shown in Figure 4.1. The 

presence of the peak at d 2.70 could be indicative of NHS-activated esters118 or other impurities. 

The highest modification achieved was 19% of HA carboxyl groups modified with maleimide 

groups when reacted with AEM at pH 6 using a molar ratio of 3:3:1 of EDC:NHS:COOH and a 

molar ratio of 2:1 of maleimide primary amine groups to HA carboxyl groups.  

Table 4.1: Experimental trials conducted to modify HA with maleimide using carbodiimide 
chemistry at a molar ratio of 3:3:1 of EDC:NHS or sulfo-NHS:COOH groups under varying 
reaction conditions.  

Polymer Solution 
Concentration 

(w/v) 

Molar Ratio of 
Maleimide:HA 

NHS or 
sulfo-NHS 

Reaction 
pH 

Modification 
Results 

0.1% 1:1 NHS 6 7% 

0.1% 2:1 NHS 6 19% 

0.1% 2:1 NHS 5.5 2% 

0.1% 1:1 sulfo-NHS 6 1.5% 

0.1% 2:1 sulfo-NHS 6 6% 

0.25% 2:1 sulfo-NHS 6 8% 
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Figure 4.1: 1H NMR spectra for 20 mg of dissolved unmodified HA (blue) and HA modified with 
AEM (green) in deuterium oxide (D2O, d = 4.79). 
 

From Table 4.1, HA modified with maleimide at pH 6 and at a ratio of 2:1 of maleimide 

amine groups to HA carboxyl groups resulted in 6-19% modification. Therefore, a 3% (w/v) 

solution of HA functionalized under these conditions was then reacted with PEG dithiol at a molar 

ratio of 1:10 of thiol groups on PEG dithiol to maleimide groups on HA. After crosslinking, the 

resulting maleimide-modified HA was punched into disks and dried. When swollen, the water 

content of the resulting hydrogel was 96% ± 1%.  
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4.1.2 Hyaluronic acid reacted with amine-terminated crosslinkers 

HA was crosslinked with PEG diamine or annealed amine-terminated DNA oligomers 

containing the aptamer sequence specific to lysozyme (Figure 2.6). This was done using a 

carbodiimide reaction to form an amide bond between the PEG diamine or amine-terminated DNA 

oligomer primary amine groups and the HA carboxyl groups at a molar crosslinking ratio of 1:5 

of amine groups on the crosslinkers to the carboxyl groups on HA. Reacting 3% (w/v) HA with 

PEG diamine formed hydrogels that were punched into disks, dried, and swelled to a water content 

of 58% ± 11%. Reacting 3% (w/v) HA with the annealed amine-terminated DNA oligomers 

resulted in a very loose gel that was unable to be punched into disks and therefore further studies 

were not able to be performed. 

4.2 Electrophoretic mobility shift assays  

Electrophoretic mobility shift assays (EMSAs) evaluated the lysozyme aptamer’s binding 

with human and chicken lysozyme after the addition of nucleotides and terminal amine reactive 

groups, and after binding to its complementary DNA strand. Additional EMSA studies 

investigated the specificity of the lysozyme aptamer by analyzing its affinity for proteins other 

than lysozyme. The proteins that were chosen for this evaluation were bovine serum albumin 

(BSA) and a-chymotrypsin from bovine pancreas.   

4.2.1 Evaluation of the lysozyme aptamer’s affinity  

To determine the lysozyme aptamer’s affinity for human lysozyme, 2.5 µM annealed DNA 

oligomers (one containing the lysozyme aptamer sequence) were incubated with human lysozyme 

at concentrations between 1 µM and 1000 µM in nuclease free water, and subsequently in more 

physiologically-representative phosphate buffered saline (PBS). As shown in Figure 4.2, the 



 

44 

 

aptamer in the oligomer sequence retained its affinity for human lysozyme, as shown by the 

absence of bands in lanes 4-10. The absence of bands indicates that the human lysozyme was 

bound to the aptamer as the DNA oligomers were not able to migrate through the gel. 

 

Figure 4.2: EMSA on annealed oligomers containing the aptamer sequence for lysozyme 
incubated with human lysozyme in water at 37 °C for 16 hours. Bands indicate the presence of 
double stranded DNA (SYBRä Safe DNA stain).  
 

When the annealed oligomers were incubated with human lysozyme in PBS, a decrease in 

binding was seen, as noted by the bands in lanes 7-10 in Figure 4.3. In PBS, the aptamer sequence 

in the annealed oligomers did not bind to human lysozyme concentrations ranging from 1 µM to 

50 µM.   
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Figure 4.3: EMSA on annealed oligomers containing the aptamer sequence for lysozyme 
incubated with human lysozyme in PBS at 37 °C for 16 hours. Bands indicate the presence of 
double stranded DNA (SYBRä Safe DNA stain). 
 

The affinity of the lysozyme aptamer for chicken lysozyme in water was also investigated. 

When 2.5 µM annealed DNA oligomers (one containing the lysozyme aptamer sequence) were 

incubated with chicken lysozyme at concentrations between 1 µM and 1000 µM the aptamer bound 

at most concentrations of chicken lysozyme, as seen by the absence of bands in lanes 4-8 in Figure 

4.4. A faint band can be seen in lane 9, and a distinct band is present in lane 10, showing a decrease 

in binding at the lower concentrations of 5 µM and 1 µM of chicken lysozyme. 
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Figure 4.4: EMSA on annealed oligomers containing the aptamer sequence for lysozyme 
incubated with chicken lysozyme in water at 37 °C for 16 hours. Bands indicate the presence of 
double stranded DNA (SYBRä Safe DNA stain). 
 

4.2.2 Dissociation constants  

The dissociation constant, Kd, for the lysozyme aptamer and human lysozyme in nuclease 

free water could not be calculated because of the concentration range that was evaluated in the 

EMSA, as concentrations in which the protein and aptamer do not bind need to be determined. 

However, the Kd value for the lysozyme aptamer and human lysozyme in PBS was calculated from 

the output of the EMSA and was determined to be 1.08 ́  104 nM, and the Kd value for the lysozyme 
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aptamer and chicken lysozyme in nuclease free water was determined to be 947 nM. More detail 

on the Kd results can be found in Appendix B. 

4.2.3 Evaluation of the lysozyme aptamer’s binding to other proteins 
 

 When evaluating the binding between BSA and the lysozyme aptamer, the EMSA run on 

the annealed oligomers incubated with BSA showed that the aptamer did not bind the BSA as the 

DNA oligomers were able to migrate through the gel at all concentrations tested, as seen by the 

presence of bands in lanes 4-6 and 8-10 in Figure 4.5. 
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Figure 4.5: EMSA on annealed oligomers containing the aptamer sequence for lysozyme 
incubated with BSA in water at 37 °C for 16 hours. Bands indicate the presence of double stranded 
DNA (SYBRä Safe DNA stain). 
 

The binding properties of the lysozyme aptamer with a-chymotrypsin were also 

investigated. The presence of faint bands in lanes 5-10 of Figure 4.6, when compared to the 

intensity of the band in lane 2, shows that there was slight binding occurring between the aptamer 

and a-chymotrypsin as not all the DNA oligomers were able to migrate through the gel when 

incubated with a-chymotrypsin at concentrations of 1 µM – 500 µM. In addition, when incubated 
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with 1000 µM of a-chymotrypsin (lane 3 in Figure 4.6), there was binding between the protein 

and the aptamer as the DNA oligomers in this lane were not able to migrate through the gel. 

 

Figure 4.6: EMSA on annealed oligomers containing the aptamer sequence for lysozyme 
incubated with a-chymotrypsin in water at 37 °C for 16 hours. Bands indicate the presence of 
double stranded DNA (SYBRä Safe DNA stain). 
 

4.3 FITC-dextran release from polyelectrolyte coated calcium alginate microspheres  

Calcium alginate microspheres were prepared by electrospraying 2% (w/v) alginate 

solution containing the desired FITC-dextran concentration through a blunt 24G needle at a flow 

rate of 0.12 mL/min into 30 mg/mL calcium chloride solution. The resulting microspheres were 
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sized and subsequently coated with polyelectrolyte layers of PLL and HA for release studies. 

Figure 4.7 shows a representative histogram of the resulting microsphere size distribution, and 

histograms from other batches prepared can be found in Appendix C. Multiple batches of 

microspheres resulted in an average diameter of 247 µm ± 13 µm. Although microsphere batches 

were prepared on different days, the amount of FITC-dextran lost from the microspheres during 

the electrospraying and coating procedures was consistent between batches at 4.7% ± 1.3%.  

 

  

Figure 4.7: Representative histogram showing size distribution of calcium alginate microspheres 
produced by electrospraying 2% alginate solution containing FITC-dextran through a 24G blunt 
needle at 0.12 mL/min into 30 mg/mL calcium chloride solution. Data shown from sample of 410 
microspheres.  

4.3.1 Effect of microsphere preparation parameters on release  
 

 Solutions of PLL in either water or CaCl2 were used during the incubations to coat the 

alginate microspheres. Calcium alginate microspheres with 0.5 mg/mL FITC-dextran were coated 

with 3 polyelectrolyte layers by incubations in 1 mg/mL PLL in water or CaCl2, 0.25% unreacted 

HA in water, and a final layer of 1 mg/mL PLL in water or 0.1 M CaCl2.  There was no significant 
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difference in the cumulative release of FITC-dextran (into PBS at 37 °C) although release from 

microspheres that were coated in solutions of PLL in 0.1 M CaCl2 resulted in less variable release 

profiles in comparison to those coated in solutions of PLL in water, as shown in Figure 4.8. The 

release rate after the burst release phase was 0.0003 ± 0.0002 ng/mg spheres/hr for the 

microspheres coated with PLL in water while it was 0.0002 ± 2.1 × 10-5 ng/mg spheres/hr for the 

microspheres coated with PLL in 0.1 M CaCl2, outlined in Table 4.2. 

 

Figure 4.8: Cumulative release of FITC-dextran from 2% calcium alginate microspheres with 0.5 
mg/mL FITC-dextran and coated with 3 polyelectrolyte layers with PLL in either water or 0.1 M 
CaCl2. Release is into PBS at 37 °C. Error bars represent standard deviation (n=3).  

 

Two different concentrations of FITC-dextran, 0.5 mg/mL and 1 mg/mL, were added into 

2% calcium alginate microspheres during the microsphere preparation. These microspheres were 

then coated with 3 equivalent polyelectrolyte layers consisting of 1 mg/mL PLL in 0.1 M CaCl2, 

unreacted 0.25% HA in water, and a final layer of 1 mg/mL PLL in 0.1 M CaCl2. Increasing the 

FITC-dextran concentration from 0.5 mg/mL to 1 mg/mL resulted in a significant increase in the 
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amount of FITC-dextran released during the burst release (at 24 hours) from 0.09 ± 0.01 ng/mg 

spheres to 0.32 ± 0.01 ng/mg spheres (p = 0.01), and a significant increase in the cumulative release 

after 168 hours from 0.12 ± 0.02 ng/mg spheres to 0.48 ± 0.06 ng/mg spheres (p = 7.2 × 10-6), 

shown in Figure 4.9. There was also a trend with the higher FITC-dextran loading resulting in a 

higher release rate (after the burst release phase) of 0.0009 ± 0.0004 ng/mg spheres/hr with 1 

mg/mL FITC-dextran in comparison to 0.0002 ± 5.8 × 10-5 ng/mg spheres/hr with 0.5 mg/mL 

FITC-dextran, as outlined in Table 4.2, however the difference is not statistically significant (p = 

0.07).  

 
Figure 4.9: Cumulative release of FITC-dextran from 2% calcium alginate microspheres with 
either 0.5 mg/mL or 1 mg/mL FITC-dextran and coated with 3 polyelectrolyte layers. Release is 
into PBS at 37 °C. Error bars represent standard deviation (n=3).  

 

Because the studies are a baseline for developing DNA-crosslinked HA layers for drug 

release, lysozyme was added into the PBS at 24 hours to observe any changes in the release of 

FITC-dextran. Figure 4.10 shows release from microspheres coated with 3 polyelectrolyte layers 

consisting of one layer of 1 mg/mL PLL, one layer of unreacted 0.25% HA, and a final layer of 1 

mg/mL PLL. There was no significant difference in the cumulative release or in the release rate of 
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encapsulated FITC-dextran after the burst release phase when human lysozyme was introduced 

into the system at 24 hours compared to those released into PBS (from the same dataset used in 

Figure 4.8). 

 

Figure 4.10: Cumulative release of FITC-dextran from 2% calcium alginate microspheres with 
0.5 mg/mL FITC-dextran and coated with 3 polyelectrolyte layers released into solutions of PBS 
and PBS containing 3 µM human lysozyme introduced at 24 hr. Release is at 37 °C. Error bars 
represent standard deviation (n=3).  
 

4.3.2 Crosslinking layers on microspheres coated with 3 polyelectrolyte layers  
 

The effect of crosslinking the polyelectrolyte layers on the release of encapsulated FITC-

dextran was investigated with microspheres coated with 3 polyelectrolyte layers. Two sets of 

microspheres were coated with one layer of 1 mg/mL PLL in 0.1 M CaCl2, one set was then coated 

with a layer of 0.25% unreacted HA while the other set was coated with a layer of 0.25% HA 
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crosslinked with PEG diamine (at a molar ratio of 1:5 amine groups to HA carboxyl groups), 

followed by a final layer of 1 mg/mL PLL in 0.1 M CaCl2 on both sets of microspheres.  

As shown in Figure 4.11, there was no significant difference in the cumulative release or 

in the release rate of FITC-dextran after the burst release phase from the spheres with the unreacted 

HA layer when compared to the spheres with the HA layer crosslinked with a 1:5 molar ratio of 

PEG diamine.  

 

Figure 4.11: Cumulative release of FITC-dextran from 2% calcium alginate microspheres with 1 
mg/mL FITC-dextran and coated with 3 polyelectrolyte layers with HA either unreacted or 
crosslinked with PEG diamine at a 1:5 molar ratio. Release is into PBS at 37 °C. Error bars 
represent standard deviation (n=3).  

4.3.3 Multiple polyelectrolyte layers 
 

To determine the effect of the number of polyelectrolyte layers on FITC-dextran release, 

calcium alginate microspheres were coated with either 3 layers (PLL, HA, PLL), 5 layers (PLL, 

HA, PLL, HA, PLL), or 7 layers (PLL, HA, PLL, HA, PLL, HA, PLL) of polyelectrolytes. The 

outer layer of HA was crosslinked with PEG diamine at a 1:5 molar ratio of amine groups to HA 
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carboxyl groups and all PLL layers were in 0.1 M CaCl2. Release was conducted at 37 °C, pH 7.4 

and under constant agitation at 90 rpm. 

Increasing the number of polyelectrolyte layers deposited onto the microspheres from 3 to 

5 layers resulted in a significant decrease in the amount of FITC-dextran released during the burst 

release (at 24 hours) from 0.48 ± 0.09 ng/mg spheres to 0.06 ± 0.02 ng/mg spheres (p = 0.02), and 

a significant decrease in the cumulative release of FITC-dextran after 192 hours from 0.64 ± 0.07 

ng/mg spheres to 0.16 ± 0.07 ng/mg spheres (p = 0.001), shown in Figure 4.12. There was also a 

trend with the higher number of polyelectrolyte layers resulting in a lower release rate (after the 

burst release phase) of 0.0006 ± 0.0003 ng/mg spheres/hr with 5 layers in comparison to 0.0009 ± 

0.0002 ng/mg spheres/hr with 3 layers, as outlined in Table 4.2, however the difference is not 

statistically significant (p = 0.17). Interestingly, release from calcium alginate microspheres coated 

with 7 layers did not result in a further decrease in release as per 5 layers as the 7 layer spheres 

released 0.33 ± 0.14 ng/mg spheres of FITC-dextran during the burst release (at 24 hours) and 0.47 

± 0.30 ng/mg spheres of FITC-dextran after 192 hours of release, and had a release rate of 0.0007 

± 0.0002 ng/mg spheres/hr. 

Light microscope images of the different microspheres before and after release for 7 days 

also reflect the trends observed in the release rates (Figure 4.13). For example, after 7 days of 

release, the microspheres with 5 layers appear to be more intact than those with 3 layers. 

Furthermore, before release, the microspheres with 7 layers appeared to lose their spherical shape 

and slightly aggregate after coating, and then re-swelled after 7 days of release in PBS, which 

could result in altered release kinetics and larger variability in release.  
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Figure 4.12: Cumulative release of FITC-dextran from 2% calcium alginate microspheres with 1 
mg/mL FITC-dextran and coated with 3, 5, or 7 polyelectrolyte layers. Release is into PBS at 37 
°C. Error bars represent standard deviation (n=3). 
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Figure 4.13: Representative images of 2% calcium alginate microspheres loaded with 1 mg/mL 
FITC-dextran before and after coating with either 3, 5 or 7 layers of alternating 1 mg/mL PLL in 
0.1 M CaCl2 and 0.25% HA crosslinked with a 1:5 molar ratio of PEG diamine, and after 7 days 
of release into PBS at 37 °C. 10x magnification, scale bar represents 400 µm.  
 

Because the studies are a baseline for developing DNA-crosslinked HA layers for drug 

release and due to the sustained release properties from the 5 polyelectrolyte layered spheres, 

lysozyme was added into the PBS at 24 hours to observe any changes in the release of FITC-

dextran. Figure 4.14 shows release from microspheres coated with 5 polyelectrolyte layers of 

alternating 1 mg/mL PLL in 0.1 M CaCl2 and 0.25% HA crosslinked with PEG diamine at a molar 

ratio of 1:5 amine groups to HA carboxyl groups. Unlike the previous release studies with 

lysozyme (Figure 4.10), there is a slight increase in the release rate of FITC-dextran from the 
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microspheres released into PBS (from the same dataset used in Figure 4.12) compared those 

released into the lysozyme solution, although it is not statistically significant (p = 0.29). The 

release rate in PBS is 0.0006 ± 0.0003 ng/mg spheres/hr whereas the release rate in the lysozyme 

release solution is 0.0009 ± 0.0003 ng/mg spheres/hr, outlined in Table 4.2, however there was 

significant variability in the release as can be seen by the large overlap in error bars. This slight 

change in release properties can also be seen by minor differences in the morphology and integrity 

of the microspheres after 7 days of release into PBS and PBS containing 3 µM human lysozyme, 

shown in Figure 4.15. The microspheres after release into PBS appear to have more structural 

integrity than those released into PBS containing 3 µM human lysozyme.  

 

 

Figure 4.14: Cumulative release of FITC-dextran from 2% calcium alginate microspheres with 1 
mg/mL FITC-dextran and coated with 5 polyelectrolyte layers released into solutions of PBS and 
PBS containing 3 µM human lysozyme introduced at 24 hr. Release is at 37 °C. Error bars 
represent standard deviation (n=3). 
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Figure 4.15: 2% calcium alginate microsphere images of (A) spheres after 5 layers of alternating 
1 mg/mL PLL in 0.1 M CaCl2 and 0.25% HA crosslinked with a 1:5 molar ratio of PEG diamine. 
The microspheres were then imaged after 7 days of release (B) in PBS and (C) in PBS containing 
3 µM human lysozyme at 37 °C. 10x magnification, scale bar represents 400 µm. 
 

4.3.4 Release study comparison  

A summary of the release studies conducted and their corresponding experimental 

parameters and results are outlined in Table 4.2. The initial burst release, presented in units of ng 

of FITC-dextran released per mg of microspheres, was calculated after 24 hours of release. The 

release rates of encapsulated FITC-dextran from the microspheres, calculated in units of ng of 

FITC-dextran released per mg of microspheres per hour, were determined during the zero order 

release phase after the initial burst release phase.  
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Table 4.2: Summary of microsphere release studies conducted with experimental parameters and 
corresponding release results.  

PLL coating 
solution 

FITC-
dextran 
conc. 

(mg/mL) 

Number 
of layers 

Cross-
linked 

Initial burst 
(24 hr) 
(ng/mg 
spheres) 

Release 
rate (ng/mg 
spheres/hr) 

R2 
value 

Water 0.5 3 No 0.24 ± 0.08 0.0003 ± 
0.0002 

0.9846 

0.1 M CaCl2
* 0.5 3 No 0.09 ± 0.01 0.0002 ± 

2.1 × 10-5 
0.9719 

0.1 M CaCl2
* 0.5 3 No 0.09 ± 0.01 0.0002 ± 

2.1 × 10-5 
0.9719 

0.1 M CaCl2
** 1 3 No 0.32 ± 0.01 0.0009 ± 

0.0004 
0.9690 

0.1 M CaCl2
** 1 3 No 0.32 ± 0.01 0.0009 ± 

0.0004 
0.9690 

0.1 M CaCl2
*** 1 3 Yes 0.48 ± 0.09 0.0009 ± 

0.0002 
0.9908 

0.1 M CaCl2
*** 1 3 Yes 0.48 ± 0.09 0.0009 ± 

0.0002 
0.9908 

0.1 M CaCl2
 1 5 Yes 0.06 ± 0.02 0.0006 ± 

0.0003 
0.9949 

0.1 M CaCl2 1 7 Yes 0.33 ± 0.14 0.0007 ± 
0.0002 

0.9943 

*From same dataset 
**From same dataset 
***From same dataset 
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Chapter 5 

Discussion 

Protein-triggered drug delivery is an innovative strategy for optimizing the delivery of 

therapeutic agents to the posterior chamber of the eye to treat diseases like wet age-related macular 

degeneration (AMD). Previous research in the Wells lab studied the release of encapsulated FITC-

dextran from alginate gels and calcium alginate microspheres coated with polyelectrolyte coatings 

of poly-L-lysine (PLL) and alginate crosslinked with annealed DNA oligomers containing the 

lysozyme aptamer sequence. There was an increase in FITC-dextran release in the presence of 

human lysozyme, indicating that aptamer protein-triggered release is feasible. The alginate G 

blocks are known to ionically bind and interact with divalent cations and other macromolecules 

(such as proteins), motivating the switch from crosslinked alginate coatings to crosslinked 

hyaluronic acid (HA) coatings on microspheres. Furthermore, due to fewer ionizable groups on 

HA’s backbone, as well as its native properties in the vitreous humour of the eye, it is believed to 

be advantageous for use in this application. This thesis evaluated the potential to use HA in DNA-

crosslinked systems for sustained release by comparing different chemistries to modify HA with 

DNA oligomers, evaluating the affinity and specificity of the aptamer under different physiological 

conditions, and by using crosslinked HA in layer-by-layer assembled microspheres for the 

sustained release of dextran.   
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5.1 HA was crosslinked by click chemistry and by a carbodiimide reaction 

5.1.1 HA-maleimide functionalization was limited to 19%  

The modification of HA with maleimide groups was investigated as a means of 

crosslinking HA with thiol-terminated DNA oligomers through a click chemistry reaction. The 

HA-maleimide modification was performed according to the method outlined by Jin et al. 

(2010),119 and subsequent research by Uthaman et al. (2016) achieved a 20% modification of HA 

carboxyl groups to maleimide groups using this method.120 In this current work, the upper limit of 

functionalization with maleimide was 19% of HA’s carboxyl groups, albeit with a low 

repeatability between trials. The pH of the reactions ranged from 4.5-6 as water soluble EDC in 

aqueous solutions is stable over this range with a half-life of in MES buffer of approximately 20 

hours at pH 6 and 3.9 hours at pH 5.121,122 Furthermore, the optimal pH for this modification 

reaction was a pH of 6 (Table A.1), which agrees with the findings of Nie et al. (2007) on the 

modification of high molecular weight heparin with maleimide groups through a carbodiimide 

reaction.118  

Crosslinking the HA-maleimide with thiol-terminated poly(ethylene) glycol (PEG) 

resulted in hydrogels with high swelling properties and the maleimide reaction was quite variable. 

Therefore, hydrogels were then made by crosslinking HA by amide bond formation between the 

HA carboxyl groups and the primary amine groups of either PEG diamine of amine-terminated 

DNA oligomers by a carbodiimide reaction.  
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5.1.2 HA reacted with amine-terminated DNA oligomers had lower crosslinking efficiency in 
comparison to alginate 
 

Crosslinking 3% (w/v) HA with PEG diamine by a carbodiimide reaction at a 1:5 molar 

ratio of amine groups on PEG diamine to carboxyl groups on HA resulted in hydrogels that had a 

water content of 58% ± 11%. However, 3% (w/v) HA reacted with amine-terminated DNA 

oligomers by a carbodiimide reaction at a 1:5 molar ratio of amine groups on the DNA oligomers 

to carboxyl groups on HA resulted in a very loose gel that was not sufficiently crosslinked. This 

suggests that the crosslinking of HA with amine-terminated DNA oligomers was not as efficient 

as the crosslinking with PEG diamine. Previous research investigated the swelling properties of 

crosslinked alginate hydrogels in PBS, and after drying and re-swelling, alginate hydrogels that 

were crosslinked with amine-terminated DNA oligomers swelled to 67% ± 5% while alginate 

hydrogels crosslinked with PEG diamine swelled to 88% ± 0.1%. The alginate hydrogels 

crosslinked with DNA did not fully re-swell, indicating that there could be interactions occurring 

between the negatively charged alginate and DNA oligomers resulting in a tighter gel. Because 

crosslinking HA with the DNA oligomers resulted in loose gels and previous studies using alginate 

hydrogels showed large burst release profiles,117 we pursued the development of HA-coated 

microspheres.   

5.2 The lysozyme aptamer retained its affinity towards human lysozyme with moderate 
specificity  
 

The binding properties of the aptamer for its target protein under physiologically-relevant 

conditions are important when designing a protein-triggered delivery system based on aptamer-

protein interaction. The aptamer sequence used in this research was originally selected for against 

lysozyme purified from hen egg white and had a reported dissociation constant (Kd) of 31 nM.100 
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Since then, studies have used lysozyme aptamers in the detection of hen and chicken egg white 

lysozyme106–109 as well as human lysozyme.108,110,111  

This research investigated the binding of the lysozyme aptamer with both human lysozyme 

and chicken egg white lysozyme. Additional nucleotides were added to the aptamer sequence for 

annealing to a complementary DNA strand, and both strands were modified with 5’ reactive amine 

groups to enable the oligomers reaction with HA. When the annealed DNA (containing the aptamer 

sequence) was incubated with 1 µM – 1000 µM human lysozyme, complete binding was observed 

with no bands in lanes 4-10 in Figure 4.2. This indicates that there was strong binding between the 

protein-aptamer complexes since no unbound DNA was available to migrate through the gel, thus 

confirming that the aptamer retained its ability to bind lysozyme after the addition of nucleotides 

and terminal amine reactive groups. When the annealed DNA (containing the aptamer sequence) 

was incubated with chicken lysozyme at the same concentrations (1 µM – 1000 µM), complete 

binding did not occur at concentrations of 1 µM or 5 µM chicken lysozyme as seen by bands 

present in lanes 9 and 10 in Figure 4.4. The Kd value for chicken lysozyme did decrease in the 

DNA crosslinker with a value of 947 nM when compared to its original value of 31 nM, indicating 

that the aptamer did not fully retain its affinity for chicken lysozyme. Giuffrida et al. (2018) also 

reported stronger binding of human lysozyme to gold nanoparticles conjugated with the lysozyme 

aptamer when compared to the binding properties of chicken lysozyme to the same 

nanoparticles.108 Human lysozyme exhibits a three-fold increase in antibacterial activity as well as 

greater thermal stability than chicken lysozyme, which could be why this difference in binding is 

occurring.123 

When annealed in nuclease free water, the oligomers bound to human lysozyme at low 

concentrations of 1 – 50 µM, but when annealed in PBS they did not bind, as seen by bands present 
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in lanes 7-10 in Figure 4.3. The Kd value for human lysozyme in PBS was calculated to be 1.08 ´ 

104 nM. Although the Kd value for human lysozyme in nuclease free water was not calculated, 

since the binding was stronger than chicken lysozyme in this system (Kd = 947 nM) it can be 

assumed that the presence of PBS significantly decreased the binding affinity when compared to 

human lysozyme in nuclease free water. This decrease in binding in PBS is likely due to shielding 

of the negative charge on the aptamer binding sites by the Na+ ions present in PBS, or potentially 

due to a change in the conformation of the aptamer’s binding site when in solution with Na+ ions.124 

Increasing buffer sodium chloride (NaCl) concentration, and thus increasing the ionic strength of 

the solution, has been reported to decrease the binding of lysozyme and thrombin to their respective 

aptamers.124,125 This is an important consideration for future design of protein-triggered drug 

delivery systems based on aptamer-protein interaction as this indicates that physiological 

conditions may decrease the binding properties of aptamers.    

The specificity of the aptamer for its target is another important factor in the design of a 

protein-triggered drug delivery system based on aptamer-protein interaction; the aptamer 

specificity is important in order to avoid premature or unwanted release triggered by non-specific 

binding of other proteins present in the microenvironment. The specificity of the lysozyme aptamer 

was studied by investigating its binding properties with bovine serum albumin (BSA) and a-

chymotrypsin from bovine pancreas. The molecular weights of lysozyme, a-chymotrypsin and 

BSA are 14.3 kDa, 25 kDa and 66.5 kDa, and the isoelectric points are 11.35, 8.75 and 4.7, 

respectively, and therefore lysozyme and a-chymotrypsin are positively charged at physiological 

pH while BSA is negatively charged at physiological pH. Although the lysozyme aptamer did not 

bind the BSA, there was binding at a concentration of 1000 µM of a-chymotrypsin and a notable 

change in the intensity of the bands in lanes 5-10 when compared to the band in lane 2 in Figure 
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4.6, indicating that slight binding is also occurring at these concentrations. This binding that 

occurred between the lysozyme aptamer and the a-chymotrypsin could be due to similarities in 

the charge and the size of lysozyme and a-chymotrypsin.  

5.3 Microsphere preparation parameters affected the release of encapsulated FITC-dextran 
 

Microsphere size is an important factor in drug release kinetics; as microsphere size 

decreases the surface area-to-volume ratio increases, resulting in greater delivery rates of 

encapsulated drug.26,48 The average diameter of calcium alginate microspheres produced in this 

work was 247 µm ± 13 µm. A microsphere size of ~250 µm is feasible for delivery using 25 or 26 

gauge needles (inner diameters = 260 µm) or a 24 gauge needle (inner diameter = 311 µm), which 

fall within the range of needle sizes that have been used in successful microsphere injections to 

the posterior chamber of the eye.53,126–128 In the treatment of AMD with intravitreal injections, 

depending on the drug chosen ~100 µL is administered per intravitreal injection resulting in the 

delivery of 0.5-4 mg of drug.129 In our current system, with ~100-200 mg microspheres per 100 

µL, based on the in vitro release profiles delivery would be limited to ~5 x 10-5 mg over the first 

week of release. This system could be improved by increasing the drug loading to increase the 

release rate of encapsulated drugs to therapeutically relevant concentrations. Decreasing the size 

of microspheres produced would also result in a higher release rate, and may be easier to administer 

by injection. 

The properties of the polyelectrolyte layers on calcium alginate microspheres coated with 

layers of PLL and HA were investigated to study their effect on the calcium alginate core of the 

microsphere and thus the release of encapsulated FITC-dextran in PBS. The disintegration of 2% 

calcium alginate beads (MW 100 kDa) loaded with molecular weights of FITC-dextran ranging 
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from 9,400-145,000 Da in PBS has previously been studied and it was observed that 100% of the 

alginate gel had disintegrated in approximately 2.5 hours.130 This suggests that ion exchange 

occurred between the Na+ ions in PBS and the Ca2+ ions of the calcium alginate, resulting in the 

dissolution of calcium alginate as the Ca2+ ions diffused out of the matrix.130 This research 

compares the release of FITC-dextran from calcium alginate microspheres coated with PLL 

dissolved in water and PLL dissolved in 0.1 M CaCl2. A decrease in the release rate of encapsulated 

FITC-dextran was observed with 0.1 M CaCl2. The presence of CaCl2 during coating likely 

stabilized and maintained the crosslinking of the core of the microspheres resulting in lower 

dissolution of the core and retaining the encapsulated FITC-dextran. Furthermore, coating in CaCl2 

may have also reduced the variability across the 3 different release trials (reduction in the size of 

the error bars in Figure 4.8), providing a more uniform release in comparison to release from 

microspheres coated with PLL dissolved in water.  

Increasing the FITC-dextran concentration in the calcium alginate microspheres coated with 

polyelectrolytes PLL and HA from 0.5 mg/mL to 1 mg/mL significantly increased the initial burst 

release of FITC-dextran after 24 hours of release, and there was also a significant increase in the 

cumulative release of FITC-dextran after 168 hours of release. In addition, the release rate after 

the burst release phase from microspheres loaded with 0.5 mg/mL FITC-dextran was 0.0002 ± 2.1 

× 10-5 ng/mg spheres/hr compared to 0.0009 ± 0.0004 ng/mg spheres/hr from those loaded with 1 

mg/mL FITC-dextran. This increase in release observed could be attributed to a greater diffusion 

driving force due to a higher concentration gradient between the encapsulated drug and the release 

medium.  

 

 



 

68 

 

5.4 Crosslinking 3 layers of polyelectrolytes at a 1:5 ratio did not change the release of 
encapsulated FITC-dextran  
 

To study the effects of crosslinking polyelectrolyte layers on calcium alginate microspheres 

coated with 3 layers (PLL, HA, PLL), HA was crosslinked at a 1:5 molar ratio of amine groups on 

PEG diamine to carboxyl groups on HA. Previous research has shown that crosslinking 

polyelectrolyte layers on microspheres reduces the diffusion of encapsulated biologics. For 

example, Srivastava et al. (2005) reported a decrease in the release of encapsulated glucose oxidase 

into PBS from alginate microspheres coated with alternating layers of diazoresin and poly(styrene 

sulfonate) after ultraviolet (UV) crosslinking the diazoresin.75 Previous studies have also 

crosslinked PLL/HA films by reacting the PLL amine groups with the HA carboxyl groups using 

EDC and sulfo-NHS, resulting in an increase in the rigidity and density of the films.131 Although 

this suggests that crosslinking PLL/HA polyelectrolyte layers on microspheres would reduce the 

permeability of biologics diffusing through the microspheres,  Figure 4.11 shows that crosslinking 

with PEG at a 1:5 molar ratio did not change the release kinetics of encapsulated FITC-dextran 

from microspheres coated with 3 polyelectrolyte layers. Since the FITC-dextran was of a low 

molecular weight (10 kDa), it is likely that the HA was not crosslinked to a sufficient degree to 

result in changes of its release. Future studies should investigate the release of a higher molecular 

weight drug from these microspheres. 

Furthermore, this crosslinking reaction was done in solution with suspended microspheres 

and therefore the alginate core of the microspheres was also likely crosslinked with PEG. This 

would lead to the stabilization of the alginate core and prevent its dissolution during incubation in 

PBS. In addition, PLL has amine groups available to crosslink with the carboxyl groups on HA 

resulting in reaction between the PLL and HA in this system.132 Since there was no change in 
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release this suggests that the cores of the calcium alginate microspheres were not significantly 

crosslinked by the PEG and likely dissolved, releasing encapsulated FITC-dextran, or possibly that 

the FITC-dextran is too small to see changes in its release with these crosslinking properties. 

Moving forward additional crosslinked layers were deposited onto the microspheres. 

5.5 Increasing the number of PLL/HA layers decreased the release of encapsulated FITC-
dextran 
 

Polyelectrolyte layers on microspheres act as a semi-permeable barrier to slow the 

diffusion of encapsulated drugs. Increasing the number of polyelectrolyte layers increases the 

overall thickness of the layer deposited onto the microsphere, resulting in a decrease in the release 

of encapsulated material. There was a significant increase in the amount of FITC-dextran released 

during the burst release phase over the first 24 hours and after 192 hours of release from 

microspheres coated with 3 layers of alternating PLL/HA when compared to microspheres coated 

with 5 layers of alternating PLL/HA.  In addition, the release rate of FITC-dextran after the burst 

release phase from the 3 layer spheres was 0.0009 ± 0.0002 ng/mg spheres/hr and it was 0.0006 ± 

0.0003 ng/mg spheres/hr from the 5 layer spheres. This suggests that the core of the alginate 

microsphere may be crosslinked by PEG in the spheres coated with 5 layers. The crosslinking of 

the alginate core in these spheres is also likely confirmed by the release studies into PBS containing 

lysozyme. When lysozyme was introduced into the release solution a change in the release rate of 

FITC-dextran occurred likely due to interaction between lysozyme and the alginate core. This 

change in release rate with lysozyme was not seen with spheres coated with 3 layers, likely due to 

dissolution of the alginate core; the lysozyme release studies contained a lot of variability and 

therefore further studies would need to be conducted to confirm its interaction with alginate. 
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Research on controlled release from polyelectrolyte coated microspheres has shown mixed 

results from additional coatings. For example, Srivastava et al. (2005) coated alginate 

microspheres with alternating layers of polyelectrolytes diazoresin and poly(styrene sulfonate) 

(PSS), and although they saw a dramatic decrease in release of encapsulated glucose oxidase after 

the first 2 layers compared to bare microspheres, they did not see a significant decrease when the 

spheres were coated with 4 or 6 layers.75 Furthermore, increasing the number of polyelectrolyte 

layers deposited during the formation of hollow shell microcapsules has been shown to decrease 

the permeability of the microcapsule shell.133,134 More specifically, Antipov et al. (2000) coated 

fluorescein particles with polyelectrolytes PSS and poly(allylamine) (PAH) and observed that 

during the dissolution of the fluorescein core, increasing the number of polyelectrolyte layers from 

8 to 18 decreased the permeability of the shell from 7´10-9 to 2´10-9 m/s.133  

In this thesis, additional layers were added to observe if they would further sustain the 

release of encapsulated FITC-dextran. The release of FITC-dextran from alginate microspheres 

with 7 layers of alternating PLL/HA had a release rate of 0.0007 ± 0.0002 ng/mg spheres and the 

release of FITC-dextran was not further sustained due to the additional layers when compared to 

the 5 layer spheres. The variability seen in the release profiles from the 7 layer spheres could be 

because microspheres coated with 7 layers appeared to be less spherical and collapsed after 

coating. The collapsing of the microspheres after coating and their re-swelling after 7 days of 

release in PBS, shown in Figure 4.13, could cause variability in drug release. Furthermore, the 

increased burst release may be due to an increase in the mesh size during re-swelling, although the 

drug at the core of the microspheres may diffuse at a slower rate due to the increased diffusion 

distance after re-swelling.135,136 
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A similar observation with collapsing was seen in the preparation of microcapsules with 9 

alternating PLL/HA polyelectrolyte layers, and this collapsing is thought to be due to PLL/HA 

complexation; this study also reported that crosslinking the 9 PLL/HA layers with EDC resulted 

in less collapsing.83 Since no collapsing was observed in these studies with microspheres coated 

with 3 or 5 layers, this suggests that a higher crosslinking density may be necessary to avoid this 

collapsing when coating microspheres with more than 5 layers of alternating PLL/HA. 

Furthermore, sustained release was observed from microspheres coated with 5 layers, showing that 

5 layers of alternating PLL/HA on calcium alginate microspheres was optimal in maintaining 

microsphere morphology and integrity post-coating while sustaining the release of encapsulated 

FITC-dextran.  
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Chapter 6 

Conclusions and Future Work 

6.1 Properties of PLL/HA polyelectrolyte layers on calcium alginate microspheres affect 
the release of encapsulated FITC-dextran 
 

Previous work has shown that coating calcium alginate microspheres with polyelectrolyte 

layers of aptamer-containing DNA oligomer crosslinked alginate and poly-L-lysine (PLL) resulted 

in an increase in the release of encapsulated FITC-dextran in response to lysozyme. This thesis 

explored the potential to improve upon the system previously developed by investigating the use 

of hyaluronic acid (HA) in DNA crosslinked polyelectrolyte layers. HA was functionalized with 

maleimide groups to enable crosslinking with thiol-terminated DNA oligomers by a click 

chemistry reaction. The modification of HA with maleimide groups was limited to 19% of the HA 

carboxyl groups functionalized with maleimide, and therefore moving forward HA was 

crosslinked with amine-terminated poly(ethylene glycol) (PEG) or DNA oligomers using a 

carbodiimide reaction.  

Calcium alginate microspheres were coated with 3 polyelectrolyte layers consisting of 

alternating PLL, HA, and a final layer of PLL. Crosslinking the HA layer with PEG diamine at a 

1:5 molar ratio of amine groups to HA carboxyl groups did not change the release profile of 

encapsulated FITC-dextran (MW 10 kDa) into phosphate buffered saline (PBS) when compared 

to release from microspheres with uncrosslinked layers. Furthermore, increasing the number of 

polyelectrolyte layers on microspheres from 3 layers (PLL, HA, PLL) to 5 layers (PLL, HA, PLL, 

HA, PLL), both with the outer layer of HA crosslinked with PEG diamine at a 1:5 molar ratio, 

significantly decreased the amount of FITC-dextran released both during the burst release phase 
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(at 24 hours) and after 192 hours of release. Interestingly, increasing the number of polyelectrolyte 

layers to 7 layers (PLL, HA, PLL, HA, PLL, HA, PLL) did not further decrease the release of 

encapsulated FITC-dextran, indicating that 5 layers was optimal in this system to sustain the 

release of encapsulated FITC-dextran.  

6.2 The lysozyme aptamer in the DNA crosslinker retained its affinity for lysozyme but 
decreased binding was observed in PBS 
 

Because this thesis investigated the feasibility of crosslinking polyelectrolyte layers of HA 

with DNA oligomer crosslinkers containing the aptamer sequence specific to lysozyme, the 

lysozyme aptamer’s binding properties with human and chicken lysozyme were investigated. The 

aptamer sequence in the DNA crosslinker retained its affinity for human lysozyme when incubated 

with human lysozyme concentrations of 1 µM – 1000 µM. However, lower binding was observed 

with chicken lysozyme when incubated with chicken lysozyme concentrations below 5 µM. 

Furthermore, in comparison to its binding properties in water, the aptamer’s affinity for human 

lysozyme decreased when bound in more physiologically-representative PBS. The lysozyme 

aptamer sequence in the DNA oligomer showed moderate specificity when incubated with bovine 

serum albumin (BSA) and a-chymotrypsin from bovine pancreas. Although the lysozyme aptamer 

did not bind the BSA, there was slight binding occurring between the aptamer sequence and a-

chymotrypsin.  

6.3 Future work 

 

Further investigation into calcium alginate microspheres coated with 5 layers of alternating 

PLL/HA should be done. Additional studies are required to assess the feasibility of using the 5 

layer system for crosslinking with aptamer-containing DNA oligomers for use in a protein-
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triggered release system. In addition, since the HA-maleimide modification was not adequate for 

crosslinking, another modification should be considered. Modifying HA with norbornene could be 

investigated to enable crosslinking by click chemistry with thiol-terminated DNA oligomers.  

Increasing the concentrations of the polyelectrolyte solutions to increase the thickness of 

the layers deposited onto the microsphere surface should also be explored for further optimization 

of the sustained release of encapsulated drugs. Future studies should determine the encapsulation 

efficiency of the drug during microsphere preparation to gain a better understanding of the release 

profiles from in vitro release studies. Using a model drug that has a higher molecular weight would 

also allow for a more effective comparison to drugs currently used to treat wet age-related macular 

degeneration (AMD) while further sustaining the release of the drug. 

Furthermore, the overarching goal of this research is to design a protein-triggered drug 

delivery system for the treatment of AMD. Therefore, investigating the release profiles in vitro 

with more relevant conditions to the application in vivo is necessary. This should be done by using 

VEGF165 as a target protein and its aptamer sequence for crosslinking polyelectrolyte layers on 

microspheres, as well as using a polycation that is less cytotoxic than PLL, such as natural 

polysaccharide chitosan that has similar physiological characteristics to the vitreous humour and 

has been reported to be a promising material for application in the vitreous.137 Furthermore, the 

cytotoxicity of the microspheres when the polyanion (i.e. HA) is the outer layer should be 

investigated. Another crucial consideration in future studies will be the effect of PBS, and 

ultimately conditions in vivo, on aptamer binding properties as this current work showed a decrease 

in the lysozyme aptamer’s affinity for its target protein when incubated in PBS.  

  



 

75 

 

Bibliography 

1. Nazari, H. et al. Progress in Retinal and Eye Research Stem cell based therapies for age-

related macular degeneration : The promises and the challenges. Prog. Retin. Eye Res. 48, 

1–39 (2015). 

2. Vinores, S. A. Pegaptanib in the treatment of wet, age-related macular degeneration. Int. J. 

Nanomedicine 1, 263–268 (2006). 

3. Heier, J. S. et al. Intravitreal Aflibercept (VEGF Trap-Eye) in Wet Age-related Macular 

Degeneration. Ophthalmology 119, 2537–2548 (2012). 

4. Yasin, M. N., Svirskis, D., Seyfoddin, A. & Rupenthal, I. D. Implants for drug delivery to 

the posterior segment of the eye : A focus on stimuli-responsive and tunable release 

systems. J. Control. Release 196, 208–221 (2014). 

5. Delplace, V., Payne, S. & Shoichet, M. Delivery strategies for treatment of age-related 

ocular diseases: From a biological understanding to biomaterial solutions. J. Control. 

Release 219, 652–668 (2015). 

6. Cheung, L. K. & Eaton, A. Age-Related Macular Degeneration. Pharmacother. J. Hum. 

Pharmacol. Drug Ther. 33, 838–855 (2013). 

7. Jager, R. D., Mieler, W. F. & Miller, J. W. Age-Related Macular Degeneration. N. Engl. J. 

Med. 358, 2606–2617 (2008). 

8. Witmer, A. N., Vrensen, G. F., Van Noorden, C. J. & Schlingemann, R. O. Vascular 

endothelial growth factors and angiogenesis in eye disease. Prog.Retin.Eye Res. 22, 1–29 

(2003). 

9. van Lookeren Campagne, M., LeCouter, J., Yaspan, B. L. & Ye, W. Mechanisms of age-

related macular degeneration and therapeutic opportunities. J. Pathol. 232, 151–64 (2014). 



 

76 

 

10. Pozarowska, D. & Pozarowski, P. The era of anti-vascular endothelial growth factor 

(VEGF) drugs in ophthalmology, VEGF and anti-VEGF therapy. Cent. Eur. J. Immunol. 

41, 311–316 (2016). 

11. Mandal, A. et al. Ocular delivery of proteins and peptides: Challenges and novel 

formulation approaches. Adv. Drug Deliv. Rev. 126, 67–95 (2018). 

12. Urtti, A. Challenges and obstacles of ocular pharmacokinetics and drug delivery. Adv. 

Drug Deliv. Rev. 58, 1131–1135 (2006). 

13. Geroski, D. H. & Edelhauser, H. F. Drug Delivery for Posterior Segment Eye Disease. 

39–42 (2015). 

14. Sampat, K. M. & Garg, S. J. Complications of intravitreal injections. Curr. Opin. 

Ophthalmol. 21, 178–183 (2010). 

15. Freiberg, S. & Zhu, X. X. Polymer microspheres for controlled drug release. Int. J. 

Pharm. 282, 1–18 (2004). 

16. Uhrich, K. E., Cannizzaro, S. M., Langer, R. S. & Shakesheff, K. M. Polymeric Systems 

for Controlled Drug Release. Chem. Rev. 99, 3181–3198 (1999). 

17. Urtti, Arto, Salminen, L. Minimizing Systemic Absorption of Topically Administered 

Ophthalmic Drugs. Surv. Ophthamology 37, 435–456 (1993). 

18. Schweizer, D., Serno, T. & Goepferich, A. Controlled release of therapeutic antibody 

formats. Eur. J. Pharm. Biopharm. 88, 291–309 (2014). 

19. Kumar, M. N. V. R. Nano and Microparticles as Controlled Drug Delivery Devices. J. 

Pharm. Pharm. Sci. 3, 234–258 (2000). 

20. Liechty, W. B., Kryscio, D. R., Slaughter, B. V. & Peppas, N. a. Polymers for Drug 

Delivery Systems. Annu. Rev. Chem. Biomol. Eng. 1, 149–173 (2010). 



 

77 

 

21. Wijmans, J. G. & Baker, R. W. The solution-diffusion model: a review. J. Memb. Sci. 107, 

1–21 (1995). 

22. Korsmeyer, R. W. & Peppas, N. A. Effect of the morphology of hydrophilic polymeric 

matrices on the diffusion and release of water soluble drugs. J. Memb. Sci. 9, 211–227 

(1981). 

23. Langer, R. & Peppas, N. Chemical and Physical Structure of Polymers as Carriers for 

Controlled Release of Bioactive Agents: A Review. J. Macromol. Sci. Part C 23, 61–126 

(1983). 

24. Yasuda, H. & Lamaze, C. E. Permselectivity of Solutes in Homogeneous Water-Swollen 

Polymer Membranes. J. Macromol. Sci. Part B 5, 111–134 (1971). 

25. Matsumoto, T., Nakamae, K., Ochiumi, T. & Horie, S. Effect of molecular weight of 

ethylene-vinyl alcohol copolymer on membrane properties. J. Memb. Sci. 9, 109–119 

(1981). 

26. Kim, K. K. & Pack, D. W. in BioMEMS and Biomedical Nanotechnology 19–50 (Springer 

US, 2006). doi:10.1007/978-0-387-25842-3_2 

27. Varde, N. K. & Pack, D. W. Microspheres for controlled release drug delivery. Expert 

Opin. Biol. Ther. 4, 35–51 (2004). 

28. Burkersroda, F. von, Schedl, L. & Göpferich, A. Why degradable polymers undergo 

surface erosion or bulk erosion. Biomaterials 23, 4221–4231 (2002). 

29. Lee, K. Y. & Mooney, D. J. Alginate: Properties and biomedical applications. Prog. 

Polym. Sci. 37, 106–126 (2012). 

30. Augst, A. D., Kong, H. J. & Mooney, D. J. Alginate hydrogels as biomaterials. Macromol. 

Biosci. 6, 623–633 (2006). 



 

78 

 

31. Rowley, J. A., Madlambayan, G. & Mooney, D. J. Alginate hydrogels as synthetic 

extracellular matrix materials. Biomaterials 20, 45–53 (1999). 

32. Lee, K. Y. & Yuk, S. H. Polymeric protein delivery systems. Prog. Polym. Sci. 32, 669–

697 (2007). 

33. Chitkara, D., Shikanov, A., Kumar, N. & Domb, A. J. Biodegradable injectable in situ 

depot-forming drug delivery systems. Macromol. Biosci. 6, 977–990 (2006). 

34. Sun, J. & Tan, H. Alginate-based biomaterials for regenerative medicine applications. 

Materials (Basel). 6, 1285–1309 (2013). 

35. Gombotz, W. R. & Wee, S. F. Protein release from alginate matrices. Adv. Drug Deliv. 

Rev. 31, 267–285 (1998). 

36. Zhang, Z., Zhang, R., Zou, L. & McClements, D. J. Protein encapsulation in alginate 

hydrogel beads: Effect of pH on microgel stability, protein retention and protein release. 

Food Hydrocoll. 58, 308–315 (2016). 

37. Bajpai, S. K. & Sharma, S. Investigation of swelling/degradation behaviour of alginate 

beads crosslinked with Ca2+ and Ba2+ ions. React. Funct. Polym. 59, 129–140 (2004). 

38. Cyphert, J. M., Trempus, C. S. & Garantziotis, S. Size Matters: Molecular Weight 

Specificity of Hyaluronan Effects in Cell Biology. Int. J. Cell Biol. 2015, (2015). 

39. Fraser, J. R., Laurent, T. C. & Laurent, U. B. Hyaluronan: its nature, distribution, 

functions and turnover. J. Intern. Med. 242, 27–33 (1997). 

40. Schanté, C. E., Zuber, G., Herlin, C. & Vandamme, T. F. Chemical modifications of 

hyaluronic acid for the synthesis of derivatives for a broad range of biomedical 

applications. Carbohydr. Polym. 85, 469–489 (2011). 

41. Oh, E. J., Choi, J. S., Kim, H., Joo, C. K. & Hahn, S. K. Anti-Flt1 peptide - Hyaluronate 



 

79 

 

conjugate for the treatment of retinal neovascularization and diabetic retinopathy. 

Biomaterials 32, 3115–3123 (2011). 

42. Borke, T. et al. Hyaluronic Acid Graft Copolymers with Cleavable Arms as Potential 

Intravitreal Drug Delivery Vehicles. Macromol. Biosci. 18, 1–13 (2018). 

43. Avitabile, T. et al. Biocompatibility and biodegradation of intravitreal hyaluronan 

implants in rabbits. Biomaterials 22, 195–200 (2001). 

44. Galvin, O. et al. A sustained release formulation of novel quininib-hyaluronan 

microneedles inhibits angiogenesis and retinal vascular permeability in vivo. J. Control. 

Release 233, 198–207 (2016). 

45. Wheatley, M. A., Chang, M., Park, E. & Langer, R. Coated alginate microspheres: Factors 

influencing the controlled delivery of macromolecules. J. Appl. Polym. Sci. 43, 2123–

2135 (1991). 

46. Felt, O., Buri, P. & Gurny, R. Chitosan: A unique polysaccharide for drug delivery. Drug 

Dev. Ind. Pharm. 24, 979–993 (1998). 

47. Srivastava, R. & McShane, M. J. Application of self-assembled ultra-thin film coatings to 

stabilize macromolecule encapsulation in alginate microspheres. J. Microencapsul. 22, 

397–411 (2005). 

48. Herrero-Vanrell, R. Biodegradable PLGA Microspheres Loaded with Ganciclovir for 

Intraocular Administration. Encapsulation Technique, in Vitro Release Profiles, and 

Sterilization Process. Pharm. Res. 17, 1323–1328 (2000). 

49. Wells, L. A. & Sheardown, H. Extended release of high pI proteins from alginate 

microspheres via a novel encapsulation technique. Eur. J. Pharm. Biopharm. 65, 329–335 

(2007). 



 

80 

 

50. Drury, J. L. & Mooney, D. J. Hydrogels for tissue engineering: scaffold design variables 

and applications. Biomaterials 24, 4337–4351 (2003). 

51. Zhu, H., Srivastava, R. & McShane, M. J. Spontaneous loading of positively charged 

macromolecules into alginate-templated polyelectrolyte multilayer microcapsules. 

Biomacromolecules 6, 2221–2228 (2005). 

52. Gu, F., Amsden, B. & Neufeld, R. Sustained delivery of vascular endothelial growth 

factor with alginate beads. J. Control. Release 96, 463–472 (2004). 

53. Moritera, T. et al. Microspheres of biodegradable polymers as a drug-delivery system in 

the vitreous. Investig. Ophthalmol. Vis. Sci. 32, 1785–1790 (1991). 

54. Wada, R. et al. Lactic Acid Oligomer Microspheres Containing an Anticancer Agent for 

Selective Lymphatic Delivery: I. In Vitro Studies. J. Bioact. Compat. Polym. 3, 126–136 

(1988). 

55. O’Donnell, P. B. & McGinity, J. W. Preparation of microspheres by the solvent 

evaporation technique. Adv. Drug Deliv. Rev. 28, 25–42 (1997). 

56. Li, C. et al. Fabrication of porous polymer microspheres by tuning amphiphilicity of the 

polymer and emulsion-solvent evaporation processing. Eur. Polym. J. 68, 409–418 (2015). 

57. Bai, F., Yang, X., Li, R., Huang, B. & Huang, W. Monodisperse hydrophilic polymer 

microspheres having carboxylic acid groups prepared by distillation precipitation 

polymerization. Polymer (Guildf). 47, 5775–5784 (2006). 

58. Wang, J., Cormack, P. A. G., Sherrington, D. C. & Khoshdel, E. Monodisperse, 

Molecularly Imprinted Polymer Microspheres Prepared by Precipitation Polymerization 

for Affinity Separation Applications. Angew. Chemie - Int. Ed. 42, 5336–5338 (2003). 

59. He, P., Davis, S. S. & Illum, L. Chitosan microspheres prepared by spray drying. Int. J. 



 

81 

 

Pharm. 187, 53–65 (1999). 

60. Mu, L. & Feng, S. S. Fabrication, characterization and in vitro release of paclitaxel 

(Taxol®) loaded poly (lactic-co-glycolic acid) microspheres prepared by spray drying 

technique with lipid/cholesterol emulsifiers. J. Control. Release 76, 239–254 (2001). 

61. Bittner, B., Mäder, K., Kroll, C., Borchert, H. H. & Kissel, T. Tetracycline-HCl-loaded 

poly(DL-lactide-co-glycolide) microspheres prepared by a spray drying technique: 

Influence of γ-irradiation on radical formation and polymer degradation. J. Control. 

Release 59, 23–32 (1999). 

62. Blanco, M. D., Sastre, R. L., Teijón, C., Olmo, R. & Teijón, J. M. Degradation behaviour 

of microspheres prepared by spray-drying poly(d,l-lactide) and poly(d,l-lactide-co-

glycolide) polymers. Int. J. Pharm. 326, 139–147 (2006). 

63. Xu, Y. & Hanna, M. A. Electrospray encapsulation of water-soluble protein with 

polylactide. Effects of formulations on morphology, encapsulation efficiency and release 

profile of particles. Int. J. Pharm. 320, 30–36 (2006). 

64. Loscertales, I. G. et al. Micro/nano encapsulation via electrified coaxial liquid jets. 

Science 295, 1695–8 (2002). 

65. Kuo, S. M., Niu, G. C.-C., Chang, S. J., Kuo, C. H. & Bair, M. S. A one-step method for 

fabricating chitosan microspheres. J. Appl. Polym. Sci. 94, 2150–2157 (2004). 

66. Amsden, B. G. & Goosen, M. F. A. An examination of factors affecting the size, 

distribution and release characteristics of polymer microbeads made using electrostatics. J. 

Control. Release 43, 183–196 (1997). 

67. Fantini, D., Zanetti, M. & Costa, L. Polystyrene microspheres and nanospheres produced 

by electrospray. Macromol. Rapid Commun. 27, 2038–2042 (2006). 



 

82 

 

68. Bock, N., Woodruff, M. A., Hutmacher, D. W. & Dargaville, T. R. Electrospraying, a 

reproducible method for production of polymeric microspheres for biomedical 

applications. Polymers (Basel). 3, 131–149 (2011). 

69. Lee, S. S., Hughes, P., Ross, A. D. & Robinson, M. R. Biodegradable implants for 

sustained drug release in the eye. Pharm. Res. 27, 2043–2053 (2010). 

70. Sakr, O. S., Jordan, O. & Borchard, G. Sustained protein release from hydrogel 

microparticles using layer-by-layer (LbL) technology. Drug Deliv. 23, 2747–2755 (2016). 

71. Jayant, R. D., McShane, M. J. & Srivastava, R. Polyelectrolyte-coated alginate 

microspheres as drug delivery carriers for dexamethasone release. Drug Deliv. 16, 331–

340 (2009). 

72. Liu, J. et al. Magnetically sensitive alginate-templated polyelectrolyte multilayer 

microcapsules for controlled release of doxorubicin. J. Phys. Chem. C 114, 7673–7679 

(2010). 

73. Ribeiro, A. J., Neufeld, R. J., Arnaud, P. & Chaumeil, J. C. Microencapsulation of 

lipophilic drugs in chitosan-coated alginate microspheres. Int. J. Pharm. 187, 115–123 

(1999). 

74. Sato, K., Seno, M. & Anzai, J. I. Release of insulin from calcium carbonate microspheres 

with: And without layer-by-layer thin coatings. Polymers (Basel). 6, 2157–2165 (2014). 

75. Srivastava, R., Brown, J. Q., Zhu, H. & McShane, M. J. Stabilization of glucose oxidase 

in alginate microspheres with photoreactive diazoresin nanofilm coatings. Biotechnol. 

Bioeng. 91, 124–131 (2005). 

76. Na, K. et al. Heparin/poly(l-lysine) nanoparticle-coated polymeric microspheres for stem-

cell therapy. J. Am. Chem. Soc. 129, 5788–5789 (2007). 



 

83 

 

77. Moreau, E., Domurado, M., Chapon, P., Vert, M. & Domurado, D. Biocompatibility of 

Polycations: In Vitro Agglutination and Lysis of Red Blood Cells And In Vivo Toxicity. 

J. Drug Target. 10, 161–173 (2002). 

78. Lee, H., Jeong, Y. & Park, T. G. Shell Cross-Linked Hyaluronic Acid/Polylysine Layer-

by-Layer Polyelectrolyte Microcapsules Prepared by Removal of Reducible Hyaluronic 

Acid Microgel Cores. Biomacromolecules 8, 3705–3711 (2007). 

79. Schneider, A. et al. Layer-by-layer films from hyaluronan and amine-modified 

hyaluronan. Langmuir 23, 2655–2662 (2007). 

80. Picart, C. et al. Molecular basis for the explanation of the exponential growth of 

polyelectrolyte multilayers. Proc. Natl. Acad. Sci. 99, 12531–12535 (2002). 

81. Picart, C. et al. Buildup mechanism for poly(L-lysine)/hyaluronic acid films onto a solid 

surface. Langmuir 17, 7414–7424 (2001). 

82. Kwang Hahn, S. & Hoffman, A. S. Preparation and characterization of biocompatible 

polyelectrolyte complex multilayer of hyaluronic acid and poly-L-lysine. Int. J. Biol. 

Macromol. 37, 227–231 (2005). 

83. Szarpak, A. et al. Designing hyaluronic acid-based layer-by-layer capsules as a carrier for 

intracellular drug delivery. Biomacromolecules 11, 713–720 (2010). 

84. Veerabadran, N. G., Goli, P. L., Stewart-Clark, S. S., Lvov, Y. M. & Mills, D. K. 

Nanoencapsulation of stem cells within polyelectrolyte multilayer shells. Macromol. 

Biosci. 7, 877–882 (2007). 

85. Mjahed, H. et al. Micro-stratified architectures based on successive stacking of alginate 

gel layers and poly (L-lysine )– hyaluronic acid multilayer films aimed at tissue 

engineering. Soft Matter 1422–1429 (2008). doi:10.1039/b801428k 



 

84 

 

86. Chaudhary, A., McShane, M. J. & Srivastava, R. Glucose response of dissolved-core 

alginate microspheres: Towards a continuous glucose biosensor. Analyst 135, 2620–2628 

(2010). 

87. Baldwin, E. T. & Wells, L. A. in Functional Biopolymers (eds. Jafar Mazumder, M. A., 

Sheardown, H. & Al-Ahmed, A.) 1–24 (Springer International Publishing, 2018). 

doi:10.1007/978-3-319-92066-5_7-1 

88. Yin, R. et al. Design of genipin-crosslinked microgels from concanavalin A and 

glucosyloxyethyl acrylated chitosan for glucose-responsive insulin delivery. Carbohydr. 

Polym. 103, 369–376 (2014). 

89. Kataoka, K., Miyazaki, H., Bunya, M., Okano, T. & Sakurai, Y. Totally synthetic polymer 

gels responding to external glucose concentration: Their preparation and application to on-

off regulation of insulin release. J. Am. Chem. Soc. 120, 12694–12695 (1998). 

90. Obaidat, A. A. & Park, K. Characterization of protein release through glucose-sensitive 

hydrogel membranes. Biomaterials 18, 801–806 (1997). 

91. Bacinello, D., Garanger, E., Taton, D., Tam, K. C. & Lecommandoux, S. Enzyme-

degradable self-assembled nanostructures from polymer-peptide hybrids. 

Biomacromolecules 15, 1882–1888 (2014). 

92. Chu, D. S. H., Johnson, R. N. & Pun, S. H. Cathepsin B-sensitive polymers for 

compartment-specific degradation and nucleic acid release. J. Control. Release 157, 445–

454 (2012). 

93. Hamaguchi, N., Ellington, A. & Stanton, M. Aptamer Beacons for the Direct Detection of 

Proteins. Anal. Biochem. 294, 126–131 (2001). 

94. Mayer, G. et al. Fluorescence-activated cell sorting for aptamer SELEX with cell 



 

85 

 

mixtures. Nat. Protoc. 5, 1993–2004 (2010). 

95. Berezovski, M. et al. Nonequilibrium Capillary Electrophoresis of Equilibrium Mixtures: 

A Universal Tool for Development of Aptamers. J. Am. Chem. Soc. 127, 3165–3171 

(2005). 

96. Tan, W. et al. Molecular aptamers for drug delivery. Trends Biotechnol. 29, 634–640 

(2011). 

97. Mastronardi, E., Foster, A., Zhang, X. & DeRosa, M. C. Smart materials based on DNA 

aptamers: taking aptasensing to the next level. Sensors (Basel). 14, 3156–3171 (2014). 

98. Yang, H., Liu, H., Kang, H. & Tan, W. Engineering target-responsive hydrogels based on 

aptamer-target interactions. J. Am. Chem. Soc. 130, 6320–6321 (2008). 

99. El-Hamed, F., Dave, N. & Liu, J. Stimuli-responsive releasing of gold nanoparticles and 

liposomes from aptamer-functionalized hydrogels. Nanotechnology 22, (2011). 

100. Cox, J. C. & Ellington, A. D. Automated selection of anti-protein aptamers. Bioorganic 

Med. Chem. 9, 2525–2531 (2001). 

101. Potty, A. S. R. et al. Biophysical characterization of DNA aptamer interactions with 

vascular endothelial growth factor. Biopolymers 91, 145–156 (2009). 

102. Kost, J., Horbett, T. A., Ratner, B. D. & Singh, M. Glucose-sensitive membranes 

containing glucose oxidase: Activity, swelling, and permeability studies. J. Biomed. 

Mater. Res. 19, 1117–1133 (1985). 

103. Kim, S. & Healy, K. E. Synthesis and characterization of injectable poly(N-

isopropylacrylamide-co-acrylic acid) hydrogels with proteolytically degradable cross-

links. Biomacromolecules 4, 1214–1223 (2003). 

104. Hasegawa, H., Savory, N., Abe, K. & Ikebukuro, K. Methods for Improving Aptamer 



 

86 

 

Binding Affinity. Molecules 21, 421 (2016). 

105. Zuker, M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic 

Acids Res. 31, 3406–3415 (2003). 

106. Cheng, A. K. H., Ge, B. & Yu, H. Aptamer-Based Biosensors for Label-Free 

Voltammetric Detection of Lysozyme. 79, 5158–5164 (2007). 

107. Li, L. D., Chen, Z. B., Zhao, H. T., Guo, L. & Mu, X. An aptamer-based biosensor for the 

detection of lysozyme with gold nanoparticles amplification. Sensors Actuators, B Chem. 

149, 110–115 (2010). 

108. Giuffrida, M. C., Cigliana, G. & Spoto, G. Ultrasensitive detection of lysozyme in droplet-

based microfluidic devices. Biosens. Bioelectron. 104, 8–14 (2018). 

109. Peng, Y. et al. Label-free and sensitive faradic impedance aptasensor for the 

determination of lysozyme based on target-induced aptamer displacement. Biosens. 

Bioelectron. 25, 94–99 (2009). 

110. Wang, L. et al. Simultaneously fluorescence detecting thrombin and lysozyme based on 

magnetic nanoparticle condensation. Talanta 79, 557–561 (2009). 

111. Li, C. M., Zhan, L., Zheng, L. L., Li, Y. F. & Huang, C. Z. A magnetic nanoparticle-based 

aptasensor for selective and sensitive determination of lysozyme with strongly scattering 

silver nanoparticles. Analyst 141, 3020–3026 (2016). 

112. Fillebeen, C., Wilkinson, N. & Pantopoulos, K. Electrophoretic Mobility Shift Assay 

(EMSA) for the Study of RNA-Protein Interactions: The IRE/IRP Example. J. Vis. Exp. 

1–9 (2014). doi:10.3791/52230 

113. Heffler, M. A., Walters, R. D. & Kugel, J. F. Using electrophoretic mobility shift assays to 

measure equilibrium dissociation constants: GAL4-p53 binding DNA as a model system. 



 

87 

 

Biochem. Mol. Biol. Educ. 40, 383–387 (2012). 

114. Granath, K. A. Solution properties of branched dextrans. J. Colloid Sci. 13, 308–328 

(1958). 

115. Hirvonen, L. M. et al. Hydrodynamic Radii of Ranibizumab, Aflibercept and 

Bevacizumab Measured by Time-Resolved Phosphorescence Anisotropy. Pharm. Res. 33, 

2025–2032 (2016). 

116. Sigma Aldrich. Fluorescein Isothiocyanate-Dextran Product Information Sheet. 9–11 

(1997). 

117. Turner, D. A. T. Protein-triggered sustained drug release controlled by aptamers bound to 

oligomer-crosslinked alginate. (Queen’s University, 2016). 

118. Nie, T., Baldwin, A., Yamaguchi, N. & Kiick, K. L. Production of heparin-functionalized 

hydrogels for the development of responsive and controlled growth factor delivery 

systems. J. Control. Release 122, 287–296 (2007). 

119. Jin, R., Dijkstra, P. J. & Feijen, J. Rapid gelation of injectable hydrogels based on 

hyaluronic acid and poly(ethylene glycol) via Michael-type addition. J. Control. Release 

148, e41-3 (2010). 

120. Uthaman, S. et al. Preparation of Engineered Salmonella Typhimurium-Driven 

Hyaluronic-Acid-Based Microbeads with Both Chemotactic and Biological Targeting 

Towards Breast Cancer Cells for Enhanced Anticancer Therapy. Adv. Healthc. Mater. 5, 

288–295 (2016). 

121. Gilles, M. A., Hudson, A. Q. & Borders, C. L. Stability of water-soluble carbodiimides in 

aqueous solution. Anal. Biochem. 184, 244–248 (1990). 

122. Nakajima, N. & Ikada, Y. Mechanism of Amide Formation by Carbodiimide for 



 

88 

 

Bioconjugation in Aqueous Media. Bioconjug. Chem. 6, 123–130 (1995). 

123. Wu, H. et al. Purification and characterization of recombinant human lysozyme from eggs 

of transgenic chickens. PLoS One 10, 1–17 (2015). 

124. Girardot, M., Gareil, P. & Varenne, A. Interaction study of a lysozyme-binding aptamer 

with mono- and divalent cations by ACE. Electrophoresis 31, 546–555 (2010). 

125. Hianik, T., Ostatná, V., Sonlajtnerova, M. & Grman, I. Influence of ionic strength , pH 

and aptamer configuration for binding affinity to thrombin Influence of ionic strength , pH 

and aptamer configuration for binding affinity to thrombin. (2007). 

doi:10.1016/j.bioelechem.2006.03.012 

126. Moritera, T. et al. Biodegradable microspheres containing adriamycin in the treatment of 

proliferative vitreoretinopathy. Investig. Ophthalmol. Vis. Sci. 33, 3125–3130 (1992). 

127. Algvere, P. & Bill, A. Drainage of Microspheres and RBCs From the Vitreous of Aphakic 

and Phakic Eyes. Arch. Ophthalmol. 97, 1333–1336 (1979). 

128. Herrero-Vanrell, R. & Refojo, M. F. Biodegradable microspheres for vitreoretinal drug 

delivery. Adv. Drug Deliv. Rev. 52, 5–16 (2001). 

129. Bakri, S. J. et al. Immediate intraocular pressure changes following intravitreal injections 

of triamcinolone, pegaptanib, and bevacizumab. Eye 23, 181–185 (2009). 

130. Kikuchi, A., Kawabuchi, M., Watanabe, A. & Sugihara, M. Effect of Ca2+-alginate gel 

dissolution on release of dextran with different molecular weights. J. Control. Release 58, 

21–28 (1999). 

131. Richert, L. et al. Improvement of Stability and Cell Adhesion Properties of Polyelectrolyte 

Multilayer Films by Chemical Cross-Linking. Biomacromolecules 5, 284–294 (2004). 

132. Lavalle, P. et al. Free standing membranes made of biocompatible polyelectrolytes using 



 

89 

 

the layer by layer method. J. Memb. Sci. 253, 49–56 (2005). 

133. Antipov, A. A., Sukhorukov, G. B., Donath, E. & Möhwald, H. Sustained Release 

Properties of Polyelectrolyte Multilayer Capsules. J. Phys. Chem. B 105, 2281–2284 

(2001). 

134. Ye, S. et al. New loading process and release properties of insulin from polysaccharide 

microcapsules fabricated through layer-by-layer assembly. J. Control. Release 112, 79–87 

(2006). 

135. Samanta, H. S. & Ray, S. K. Synthesis, characterization, swelling and drug release 

behavior of semi-interpenetrating network hydrogels of sodium alginate and 

polyacrylamide. Carbohydr. Polym. 99, 666–678 (2014). 

136. Liew, C. V., Chan, L. W., Ching, A. L., Wan, P. & Heng, S. Evaluation of sodium 

alginate as drug release modifier in matrix tablets. 309, 25–37 (2006). 

137. Yang, H., Wang, R. & Gu, Q. Feasibility study of chitosan as intravitreous tamponade 

material. Graefe’s Arch. Clin. Exp. Ophthalmol. 246, 1097–1105 (2008). 

 

 

 



 

90 

 

Appendix A 

Modification of hyaluronic acid with maleimide groups 

Hyaluronic acid (HA) was modified with maleimide groups to enable crosslinking with 

thiol-terminated poly(ethylene glycol) (PEG) or DNA. HA was functionalized with maleimide 

groups using a carbodiimide reaction to form an amide bond between the primary amine of AEM 

and the HA carboxyl group. The complete set of experiments conducted is outlined in Table A.1. 

Table A.1: Complete set of experimental trials conducted to modify HA with maleimide using 
carbodiimide chemistry at a molar ratio of 3:3:1 of EDC:NHS or sulfo-NHS:COOH groups under 
varying reaction conditions. 
 

Polymer 
Solution 

Concentration 
(w/v) 

Ratio of 
Maleimide:HA 

NHS 
vs. 

sulfo-
NHS 

Reaction 
pH 

Modification 
Results 

0.1% 1:1 NHS 6 7% 

0.1% 2:1 NHS 6 19% 

0.1% 2:1 NHS 6 0%* 

0.1% 2:1 NHS 5.5 2% 

0.1% 4:1 NHS 4.5 0% 

0.1% 1:1 sulfo-
NHS 6 1.5% 

0.1% 2:1 sulfo-
NHS 6 6% 

0.25% 2:1 sulfo-
NHS 6 8% 

0.1% 2:1 sulfo-
NHS 5.5 1.5% 

0.1% 2:1 sulfo-
NHS 4.5 0% 

* Reacted for 4 hr instead of ~16 hr  
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Appendix B 

EMSA dissociation constant determination 

 Kd values were calculated from quantifying the intensity of each DNA band to determine 

the fraction of DNA bound to the protein compared to the unbound DNA that was able to move 

freely through the gel as outlined in Section 3.3.4. The fraction of the DNA bound to human 

lysozyme as a function of the human lysozyme concentration when incubated in PBS can be seen 

in Figure B.1. 

The fraction of DNA bound to chicken lysozyme as a function of the chicken lysozyme 

concentration when incubated in water can be seen in Figure B.2. The Kd values for the lysozyme 

aptamer incubated with BSA and a-chymotrypsin were not able to be calculated as the intensity 

of the bands was fairly consistent regardless of the concentration of the protein, and therefore the 

data could not accurately be fit to Equation 3.3. 

 

 

Figure B.1: The fraction of the DNA bound to human lysozyme as measured by the intensity of 
the bands after running an EMSA with 1 – 1000 µM human lysozyme bound in PBS. The data was 
fit to Equation 3.3 through nonlinear regression. 
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Figure B.2: The fraction of the DNA bound to chicken lysozyme as measured by the intensity of 
the bands after running an EMSA with 1 – 1000 µM chicken lysozyme bound in water. The data 
was fit to Equation 3.3 through nonlinear regression. 
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Appendix C 

Microsphere size distribution 

Calcium alginate microspheres were sized before using ImageJ before coating with 

polyelectrolyte layers. Additional histograms of the resulting microsphere size distributions can 

be seen in Figure C.1 and Figure C.2.  

 

Figure C.1: Histogram showing size distribution of calcium alginate microspheres produced by 
electrospraying 2% alginate solution containing FITC-dextran through a 24G blunt needle at 0.12 
mL/min into 30 mg/mL calcium chloride solution. Data shown from sample of 467 microspheres.   

 

Figure C.2: Histogram showing size distribution of calcium alginate microspheres produced by 
electrospraying 2% alginate solution containing FITC-dextran through a 24G blunt needle at 0.12 
mL/min into 30 mg/mL calcium chloride solution. Data shown from sample of 280 microspheres.   
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