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Abstract 

 Sustained drug release systems provide many advantages over traditional delivery 

methods such as extending the time in which the drug is found to be within an effective 

concentration within the therapeutic window, which decreases the frequency of administration of 

the drug, and increases patient compliance. Research using polyacrylamide crosslinked by 

oligomers containing an aptamer sequence, has demonstrated a pulsatile release over 50 minutes 

triggered by a 2 mM target adenosine concentration.1 This thesis aims to build off this concept by 

designing a system that delivers in a sustained manner when triggered by micromolar target 

concentrations reflective of disease in vivo, using macromolecular targets.  For example, the 

disease wet age related macular degeneration (wet AMD) is associated with increased 

concentrations of the protein vascular endothelial growth factor (VEGF-A) – a macromolecule. 

Patients with wet AMD would benefit from the implantation of devices or microspheres that 

release drugs in a sustained manner in response to local VEGF concentrations. 

  

 In this thesis, we hypothesize that the protein lysozyme, used to demonstrate proof-of-

concept, could trigger the increased release of drugs from oligomer-crosslinked alginate. The 

objectives are to (i) demonstrate sustained release from alginate, (ii) design oligomer crosslinked 

alginate that degrades in response to lysozyme, and then (iii) use these systems to control the 

release of FITC-dextran with and without lysozyme.  

  

 A series of control experiments and analyses were used to optimize the crosslinking of 

alginate by annealed oligomers. The cumulative release of FITC-dextran (MW 20,000) from 
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oligomer crosslinked alginate increased by 3.4 μg when lysozyme (3 μM) was introduced at 48 

hours, as opposed to controls which released only 0.2 μg. FITC-loaded alginate microspheres 

coated by oligomer-crosslinked alginate released 15% more FITC-dextran over 120 hours when 

placed into 3 μM of lysozyme than without lysozyme. Controls of alginate crosslinked with PEG 

or control oligomers (without a lysozyme aptamer sequence) had no changes in release with 

lysozyme.   

  

 The incorporation of a lysozyme aptamer onto oligomers used to crosslink alginate disks 

or alginate coatings on microspheres resulted in different diffusion and release of FITC-dextran 

into PBS with or without lysozyme.  This approach could be adapted for the delivery of drugs to 

diseases with specific protein profiles such as wet AMD.   
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Chapter 1 

Introduction and literature review 

1.1 Introduction 

 

Advances in ocular therapeutics have made it possible to treat complex diseases using 

growth factors, monoclonal antibodies, siRNA, and aptamers.2–4 Although ocular 

therapeutics have progressed, one of the major challenges in ophthalmology is the 

effective delivery of therapeutic drugs to posterior regions of the eye, such as the retina 

and macula (Figure 1-1).5 Barriers protecting the eye, such as the layers of the cornea, 

sclera, and retina (including the blood-retinal barrier) impede the movement of drugs 

from the blood stream into the layers of the eye, making the delivery ineffective and 

leaving the individual more susceptible to eye disease.4,6 

 

Figure 1-1. The cross-section of the eye showing the posterior segment in relation to 
the macula and the retina.  
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One disease that affects the posterior region of the eye is age related macular 

degeneration (AMD). AMD is one of the leading causes of blindness in North America. 

The disease affects over 2.1 million Canadians, and each year, 78,000 people are 

diagnosed with AMD.7 AMD occurs in two forms: dry (atrophic) and wet (neovascular).  

Dry AMD is the less severe of the two, progresses at a slower rate, and results in less 

severe vision loss. Conversely, wet AMD affects less than 20% of patients with AMD, 

but accounts for over 90% of patients with vision loss.7 During wet AMD the protein 

vascular endothelial growth factor (VEGF) is released, which stimulates the proliferation 

of blood vessels that damage the eye.8 Current therapeutics used to treat wet AMD drugs 

include Bevacizumab, Ranibizumab, Aflibercept and Pegaptanib.9–11 

 

There are three main methods of administering drugs to the posterior segment of the 

eye: topical, systemic, and intravitreal injections.6 The first option – topical delivery – is 

administered in the form of eye drops. This method is ineffective: only 5% of the drug 

penetrates the anterior region, and less than 1% of the drug reaches the posterior 

segment.12 The second option – systemic delivery – is administered intravenously or 

orally. This is not a suitable means of posterior segment delivery because of reduced 

diffusion of drugs across the retinal-blood barrier of the eye.6 Furthermore, systemic 

delivery often targets all organs, which can lead to toxic side effects for the patient. The 

third option is intravitreal injection. This is the most common and most effective drug 

administration method when targeting posterior regions of the eye.13,14 With this method, 
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a needle is inserted into the side of the eye, and the drug is administered into the vitreal 

cavity. Not only does this place the drug locally where it is required, but it also protects 

the drug from environmental factors such as enzymatic degradation (common in systemic 

delivery). Additionally, the drug can reach its effective concentration, unlike that of 

topical delivery, since the barriers protecting the eye help keep the drug within the vitreal 

cavity. Although this procedure is the most effective, it requires frequent weekly or 

monthly injections to the eye.9 Since frequent injections are associated with patient 

discomfort and pain, a decrease in patient compliance is possible.15 The requirement that 

recurrent injections be administered by a professional also creates a burdensome financial 

cost for both the patient and the healthcare system.16,17 Anatomical complications such as 

cataract formation, retinal detachment, vitreous haemorrhage and infection 

(endophthalmitis) are also of concern.18 Because of these problems, there is an 

opportunity to improve upon current delivery methods for the treatment of diseases 

affecting the posterior regions of the eye.  

 

1.2 Vascular endothelial growth factor and wet AMD drugs 

 

VEGF is a signaling protein that can cause the new growth of blood vessels 

(angiogenesis). VEGF can sometimes cause unwanted angiogenesis which can result in 

neovascular disorders (such as wet AMD).19,22 There are multiple types of VEGF which 

include: A, B, C, D, and placenta growth factor (PlGF).21,22 The functions of each type of 
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VEGF can be found in Table 1-1.23 The major signal pathway stimulating 

neovascularization and thus wet AMD is through VEGF-A and its receptors VEGF-R1 

and VEGF-R2.22 Furthermore, VEGF-A has 9 isoforms as a result of alternative splicing 

when the protein’s gene is expressed. These include: VEGF121, VEGF145, VEGF148, 

VEGF162, VEGF165, VEGF165b, VEGF183, VEGF189 and VEGF206.8 The two 

VEGF-A isoforms found in the retina include VEGF165 and VEGF121.24 Both 

VEGF165 and VEGF121 promote angiogenesis by binding to VEGF-R2. However, 

VEGF165 stimulates the growth of new blood vessels that advance this disease and 

because it contains a neuropilin-binding domain, this isoform has the ability to cause 

neovascularization by binding to the receptor neuropilin-1.25 Since these receptor 

pathways are essential in promoting angiogenesis and neovascularization that cause this 

disease, the strategy behind wet AMD drugs is to block the VEGF isoforms of VEGF-

A.26  

Table 1-1. The five types of VEGF signal proteins and their functions. 

VEGF 

Type 

Function 

A Stimulates endothelial cells (EC) to increase angiogenesis, vasculogenesis, 
endothelial cell growth, and cell migration27–29. 

B Encourages embryonic development of the heart, brown fat, muscle and 
the spinal chord30–32. 

C Stimulates angiogenesis in adult tissues primarily in the lymphatic 
system33,34. 

D Highly expressed in adult and fetal lungs; helps develop lymphatic 
vasculature surrounding bronchioles35,36 

PlGF Expressed in placental tissue and desired for angiogenesis during ischemia 
and inflammation37–39 
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Four drugs currently used to treat wet AMD include: Bevacizumab, Ranibizumab, 

Aflibercept, and Pegaptanib (Table 1-2).  Bevacizumab, Ranibizumab, and Aflibercept 

bind to VEGF-A (all isoforms) and inhibit its ability to interact with its receptors 

sterically.40,41 Aflibercept is a soluble receptor made of an immunoglobin G backbone 

fused with VEGF-R1 and VEGF-R2 receptors.42 Pegaptanib is the only drug that does not 

inhibit all isoforms of VEGF-A and only binds to VEGF165.24 The binding of these 4 

drugs to VEGF-A or its isoform VEGF-A165 has been demonstrated as an effective 

treatment for wet AMD, however all drug treatments require frequent intravitreal 

administration.11,43 

 

1.3 Controlled drug delivery 

 

Administration of wet AMD medication includes injecting 1-2 mg of the drug into the 

eye.44 Frequency of injections varies from case to case; however, severe cases could 

require injections every two weeks, and less severe cases every two months.45 When wet 

AMD drugs are delivered into the eye through intravitreal injection, the drug 

concentration spikes initially, then decreases as the drug is used or cleared from the 

eye.46,47 Drugs are effective when they are within a therapeutic range in concentration, 

where the drug is high enough to be functional, but low enough to not be toxic. Since the 

drug concentration fluctuates dramatically, repeat doses are required to keep the drug 

within the therapeutic range for a longer period of time.48 However, frequent doses 
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increase the odds of complications from intravitreal injection, and decreases patient 

compliance.17 Figure 1-2 illustrates a drug delivery profile with repeat doses. Each time 

the drug is administered, the concentration initially rises, possibly increasing above the 

maximum safe concentration (a risk), shortly falls within the therapeutic range as the 

drug is removed from the eye or binds to its target (such as VEGF), and finally, declines 

below the range of effective concentration. These fluctuations remain outside the 

therapeutic range when patients do not comply with the doctor’s recommendations.  

 

 

Figure 1-2. Frequent administration of drugs results in fluctuations of drug concentration 
with possible peaks above the maximum safe concentration and minimums below the 
effective concentration.   
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Sustained release systems deliver drugs within the therapeutic range over an extended 

period of time. These systems have been developed in the form of pills, injectable drug 

carriers, and devices.48 Although there are many forms of sustained release systems, 

injectable carriers would best match the criteria to treat wet AMD. By encapsulating 

drugs into injectable carriers, and injecting the carriers into posterior regions of the eye, it 

could be possible to release drugs in the therapeutic range over an extended period of 

time (from one injection). This would diminish the need for frequent administration of 

wet AMD drugs, increase patient compliance, and potentially reduce the financial burden 

associated with repeat injections.17 Figure 1-3 demonstrates the release profile from 

sustained release systems. Here, the drug is within the therapeutic concentration range for 

an extended period of time.  

 

 
Figure 1-3. The controlled release of drugs results in a release within the therapeutic 
range over a sustained period of time.  
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1.4 Drug delivery using hydrogels 

 

Hydrogels are three dimensional networks of crosslinked hydrophilic polymers that 

absorb large amounts of water or physiological fluids.49 Since their water content is high 

like that of tissues, hydrogels are commonly used in tissue engineering and for sustained 

drug delivery applications in vivo.50,51 High water content is advantageous for posterior 

ocular drug delivery because the gels can closely mimic characteristics of the vitreous 

humour, which is a high-water content gel (98% water) that fills the posterior segment of 

the eye.52,53  

 

Drug delivery from hydrogels can be influenced by multiple factors. Since hydrogels 

are a network of crosslinked polymers, the space between crosslinks – known as the mesh 

size – influences the diffusion of drugs from/through hydrogels. The mesh size is the 

space between crosslinks of a hydrogel, in which the drug diffuses through. It is inversely 

proportional to the crosslinking density. As the crosslinking density increases, the 

crosslinks are closer together, decreasing the mesh size that ultimately results in slower 

diffusion.54  

 

The chemical properties of the polymer backbone can also be used to customize a 

release.55 For example, when the therapeutic has a charge that is opposite the polymer it is 

encapsulated within (ex. negatively charged polymer and positively charged therapeutic) 
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an electrostatic attraction occurs. This attraction results in a decreased rate of diffusion of 

the drug out of the hydrogel. The same theory can be applied to drugs and polymers of 

the same charge where the release would be quicker due to electrostatic repulsion. 

 

1.5 Alginate 

 

Alginate is a natural polymer (polysaccharide) that is non-toxic, highly hydrophilic 

and composed of a combination of the linear co-polymer β-D-mannuronic acid (M) and 

the C-5 epimer α-L-guluronic acid (G).51,56 The combinations of these two acids form 1-4 

glycosidic linked blocks of M-G, MM, GG (Figure 1-4). Alginate also has many 

advantages as a biomaterial: the capacity to retain water, the ability to attract cations, and 

the ease of chemical modification due to numerous carboxyl groups.57,58  

 

 

Figure 1-4. The block co-polymer alginate. M= β-D-mannuronic acid, G= α-L-guluronic 
acid. 
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Divalent cations are commonly used to crosslink alginate through ionic interactions, 

where the divalent cations crosslinks G blocks together.56,59 Figure 1-5 shows the 

interaction between divalent calcium and alginate, known as the “egg-box” formation.60 

When alginate gels crosslinked by divalent cations are used for in vivo drug delivery, 

salts from the body compete with the cations resulting in decrosslinking and a rapid 

uncontrolled drug release.  

 

Figure 1-5. The egg box model demonstrating the ionic crosslinking of alginate with the 
divalent calcium ions. 

 

On the contrary, covalently crosslinked alginate will not degrade in this manner 

because the crosslinks are held together by covalent bonds instead of ionic attractions. 

These covalent bonds can help sustain drug release in vivo since they aren’t readily 

broken and can be used to encapsulate the drug within alginate.48,61,62 Covalently 

crosslinked alginate is easily synthesized through a carbodiimide reaction. In this reaction 

carboxyl groups, found on alginate, are reacted to form an amide bond with crosslinkers 

terminated with primary amines.  
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In addition to covalent crosslinks sustaining the release, release is further sustained 

when using positively charged therapeutics such as wet AMD drugs. When positively 

charged molecules are encapsulated within alginate, they are attracted to it, and held into 

the gel for longer periods of time resulting in a decrease of diffusion out of the system. 

Accordingly, alginate is commonly used for the therapeutic delivery of positively charged 

molecules. Research using alginate microspheres (composed of 39% guluronic acid and 

61% mannuronic acid) has demonstrated a sustained release for up to 8 months of 

lysozyme.63 

 

1.6 Alginate microspheres 

 

Alginate microspheres are promising for ocular drug delivery because they can be 

injected into the target area. Their diameter may vary from 1 μm to 1000 μm in size and 

can be used to encapsulate and deliver drugs. Drug are typically homogeneously 

dispersed through the alginate matrix and are released through diffusion and polymer 

decrosslinking.64 Additionally, drug release and degradation characteristics can be fine-

tuned for a specific application by manipulating the polymer composition or the effective 

crosslinking density via different sized or number of covalent crosslinks.65 
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Prior work has also shown that microspheres can be injected directly into the 

vitreous humour of the eye.66 However, this option increases the risk of visual 

obscuration, especially with larger microspheres.67  

 

Alginate microspheres are commonly formed by electrospraying or internal emulsion 

techniques.68,69 In the internal emulsion technique, alginate is placed into an organic phase 

(usually an oil) and mixed rapidly. The hydrophilic alginate forms microspheres because 

of its attraction to itself and its dislike for the hydrophobic oil. Spheres are left mixing 

with carbodiimide reaction reagents (EDC/NHS) until crosslinking is concluded. Prior 

work with alginate using this technique produced spheres that ranged in size from 21 to 

287 μm.70 Surfactants have also been used to minimize microsphere size. A surfactant is a 

macromolecule that helps to reduce surface tension between two solutions when 

dissolved in a liquid (the oil). This decrease in surface tension makes it possible to 

synthesize smaller microspheres.  

 

Alginate microspheres are prepared from electrospraying droplets of alginate by 

syringe into a calcium chloride bath. Electrospraying occurs by applying an electrostatic 

force to draw the alginate solution through an emitter, where a voltage is applied (in most 

cases a needle) towards a grounded collector. The alginate solution is then introduced to 

an electric field that is greater than its surface tension, which results in the polymer 

solution breaking apart into small particles.71,72,73 Electrospraying is used to create 
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alginate microspheres because it is possible to change the radius (r) of the spheres by 

altering the voltage (V), density of the polymer (𝜌), or diameter of the needle (𝑟!) 

(Equation 1-1). Applied research has demonstrated that it is possible to synthesize 

microspheres from 2-200 μm using this technique.74 

 

 

𝑟 = 3/2𝜌𝑔[𝑟!𝛾 − 2𝜀!
𝑉!

ln 4𝐻
𝑟!

]
!

 

(1-1) 74 

 

Where: 
𝜌= The density of the polymer 
𝑔= Gravity 
𝜀! = The permittivity of air 
𝑉 = Voltage 
𝐻= The distance between the tip of the needle and the collecting solution 
𝛾= The surface tension  
𝑟!= The radius of the needle 

 

1.7 Controlled release mechanism 

 

In the human body there are no known alginate-degrading enzymes.75 Alginate 

enzymes have been isolated from marine algae, and research has demonstrated that the 

algae degrades alginate through β-elimination mechanism.60,76 In β-elimination the 
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glyosidic 1-4 O-linkage between monomers is cleaved.76 Since enzymatic hydrolysis of 

alginate does not occur in vivo, alginate microspheres degrade equally throughout the 

entire microsphere – known as bulk erosion. In microspheres, the drug delivery is 

influenced by the diffusion of drugs out of the alginate matrix and alginate’s 

decrosslinking. By breaking apart alginate’s crosslinks or manipulating its mesh size 

(using different crosslinkers), one can control the release of drugs out of the 

microspheres. 

Alginate crosslinked with divalent cations will be rapidly decrosslinked by 

monovalent salts found in buffers and blood, with the monovalent salts (such as sodium) 

replacing divalent ions in a 2:1 ratio, breaking apart the “egg-box” structure.   This results 

in the decrosslinking of the spheres, the decrease in the mechanical strength of the 

material, and the increase in the mesh size between crosslinks. This decrosslinking causes 

an increased release of drugs out of the material. The mechanism in which ionically 

crosslinked alginate microspheres degrade is illustrated in Figure 1-6. Covalently 

crosslinked alginate degrades in a similar mechanism to alginate crosslinked by divalent 

cations, however crosslinks break apart less readily (or not at all) which further increases 

the sustained release of the drug.  
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Figure 1-6. Illustration of the uniform degradation of alginate microspheres in vivo. 
Swelling occurs as the crosslinking decreases. 
 

In crosslinked alginate, as the crosslinkers break apart, the alginate degrades into free 

polymers (not crosslinked). If in the posterior segment, these alginate polymers would be 

free to float around in the vitreous humour of the eye until they are eventually cleared 

from the eye. In vivo research has demonstrated that the degradation of alginate 

microspheres and the ocular clearance of its polymers can take over a year.77 This 

clearance is dependent on the time it takes for alginate to decrosslink. Previous in vivo 

studies have also shown that alginate microspheres can remain within the vitreous 

humour of the eye with no adverse side effects for over four weeks.77 

The vitreous humour contains many deposits of various shapes and sizes, called 

floaters, made of proteins and natural polymers.78 Microspheres injected into the posterior 

segment and their degradation products could behave similarly to floaters.  However, 

most individuals with vitreous floaters do not receive treatment because of risks of 

surgery (complications over 16%) and because the brain is designed to ignore visual 

anomalies.79,80,81 An additional concern with alginate delivery to the posterior segment 

would be the potential increase in intraocular pressure (IOP). However, in vivo results 



 

 

 

16 

demonstrate that hydrogel microspheres can help reduce the risk of increased IOP in 

comparison to multiple injections.82  

 

1.8 Ionic coatings on alginate microspheres 

 

At physiological pH of 7.4, alginate’s carboxylic acid groups are dissociated, 

resulting in a negatively charged alginate (polyanion). The pKa values of mannuronic and 

guluronic acid monomers are 3.38 and 3.65, respectively.83 Since alginate’s charge is 

dependent on environmental pH, molecules found within that environment can influence 

alginate’s crosslinking and drug release.  

 

Due to the negative charge found on alginate, it is possible to create layers of 

positively charged polyelectrolytes on alginate microspheres. Microspheres with poly-L-

lysine (PLL) and alginate coatings have commonly been used for drug delivery (Figure 1-

7).84,85 The positively charged PLL ionically bonds to the surface of crosslinked alginate, 

creating a polyanion-polycation complex. These complexes also decrease the diffusivity 

of the drug from the microsphere, resulting in a sustained release.86,87 Although PLL is a 

prime polycation candidate to use for alginate microspheres, there are concerns with its 

cytotoxicity. PLL has been shown to rupture cell membranes and stimulate macrophages 

to produce inflammatory cytokines.88,89 However, work with PLL coated microspheres 

has demonstrated that the effects of PLL can be minimized by applying an additional 
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alginate layer on the surface of microspheres and by using a low concentration of PLL.90 

Chaikof et al, has also demonstrated the ability to decrease cytotoxic effects of PLL by 

covalently binding it to poly(ethylene glycol) – a polymer known to not be harmful to 

living tissues.91 

 

 
Figure 1-7. Illustration of polycationic and alginate layers that coat alginate 
microspheres. 
 

1.9 Bio-responsive drug delivery  

 

Responsive drug delivery research has focused on designing systems that have 

changes in delivery in response to physiological fluctuations such as pH, temperature, 

and UV light.92–94 However, these systems do not respond to the biological cues found in 

many chronic diseases such as diabetes and wet AMD.95 Therefore, bio-responsive 
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delivery systems create an exciting approach to conventional drug delivery. Current bio-

responsive work has focused on systems that change drug release based on biologic 

targets such as adenosine triphosphate, proteins, and monosaccharaides.96,97,98 These 

systems could be used as a more suitable treatment for chronic diseases, where biological 

cues influence the development of the disease, by customizing the release based on the 

biological target concentration. 

 

1.10 Aptamers 

 

Aptamers are single strands of oligonucleotides made of DNA or RNA that bind to a 

target with high specificity and affinity.99 Targets can range from small compounds such 

as molecular markers, to large macromolecules like proteins.100 Aptamers are similar to 

antibodies – they bind to a target. However aptamers bind with a higher specificity and 

affinity than antibodies, can be chemically modified, are significantly less expensive and 

exhibit good thermostability.99,101 These characteristics make aptamers a superior option 

than antibodies for designing responsive drug delivery materials. 

 

Aptamers are synthesized through the systematic evolution of ligands by exponential 

enrichment (SELEX). The SELEX procedure is a combinatorial chemistry technique that 

produces single stranded DNA or RNA using a target ligand.102 DNA and RNA aptamers 

are structurally similar in that they are composed of the nucleic acids based adenine, 
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guanine, cytosine. However, DNA contains thymine and RNA contains uracil. 

Additionally, RNA aptamers are more prone to degradation and require reverse 

transcripts, making them more expensive than DNA aptamers.  

 

The SELEX procedure starts with a large random oligonucleotide library, which is 

then exposed to the target ligand (a protein or small organic compound). The 

oligonucleotides that bind to the ligand are removed from the library by a column, eluted 

off, and then amplified using a polymerase chain reaction to produce a new library. Many 

rounds of this technique are completed until the population of oligomers with a high 

affinity towards the target overtakes the population. Typical aptamer sequences are 

between 15-60 nucleotide bases in length.103 However, some have been synthesized with 

over 200 bases.  

 

The pairing found within nucleic acid bases creates secondary structures. These 

secondary structures are typically in the form of short helical arms and single stranded 

loops. The combination of multiple secondary structures produces tertiary structures. The 

shapes of tertiary structures allow aptamers to bind to their targets. This binding occurs 

via Van der Waals forces, hydrogen bonding, and electrostatic interactions. When the 

aptamer comes in contact with its target, the entire aptamer folds into a stable complex 

with its ligand.104,105,106 This conformational change gives aptamers high specificity and 

affinity for their target. For example, research using L and D arginine demonstrated that 
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aptamers designed to bind to L-arginine exhibit a 12,000-fold discrimination towards 

their target.107 This shows that aptamers have the ability to be highly selective to 

molecules with closely related structures.  

 

The conformational changes that occur when aptamers bind to their target is the 

reason why aptamers have been used for bio-sensing applications.108,109 It also makes it 

possible to create bio-responsive delivery systems. This is accomplished by designing 

oligomer crosslinkers containing the aptamer strand, which decrosslink following binding 

to their biological target.1,110 In the design, one of the single stranded aptamer sequence is 

bound (annealed) to a complementary small double stranded oligomer.1,110,111 As 

illustrated in Figure 1-8, when the aptamer comes into contact with its target, it changes 

shape as it binds to its target with a higher affinity (than its complementary strand), which 

results in the double stranded portion breaking apart into two single strands. By 

functionalizing alginate with oligomers designed to break apart in the presence of their 

target, a novel bio-responsive delivery system could be developed. Crosslinking would 

occur due to the annealing of the complementary DNA strands and decrosslinking due to 

their dissociation in the presence of the aptamer target. For the treatment of wet AMD, 

where pathologic VEGF stimulates the development of the disease, a VEGF responsive 

delivery system could potentially be designed to deliver drugs during disease progression 

(when VEGF is released). 
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Figure 1-8. Oligomer crosslinker binding to VEGF. As VEGF binds to the aptamer 
sequence, seen in blue, a conformational change occurs. This change causes the doubled 
stranded oligomers to break apart and when used to crosslink alginate will result in its 
decrosslinking.  
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1.10.1 VEGF aptamer 

 

In order to synthesize a VEGF responsive system, a VEGF isoform target must be 

chosen. The aptamer seen in Figure 1-9 binds to the isoform VEGF165, which is released 

during wet AMD (VEGF165). For the remainder of this thesis when VEGF is stated it is 

in reference to VEGF-A and its isoforms.  

 

 

 

Figure 1-9. The VEGF165 aptamer base sequence.112 

 

1.10.2 Lysozyme aptamer  

 

Ultimately, the goal of this work was to develop a protein responsive delivery 

system. The protein – human lysozyme – was used as the target protein for proof of 

concept, as it is economical and the lysozyme aptamer sequence has been used previously 

in research and is well documented.113,114  

 

 

 

Figure 1-10. The human lysozyme aptamer base sequence.114  

 

 

5’-ATGAGGGCTAAAGAGTGCAGAGTTACTTAG-3’ 

5’-CCGTCTTCCAGACAAGAGTGCAGGG-3’ 
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1.10.3 Controlled/triggered release from aptamer-based polymers  

  

 There are several oligomer-polymer systems (containing an aptamer) that have 

demonstrated the ability to respond to targets. Although the demonstrated response is 

beneficial to prove that the concept works, there are limitations with current research. 

These include inadequate sustained release capabilities, the use of target concentrations 

that do not represent in vivo concentration, and the requirement of an external target 

(which would need to be injected if implemented in vivo). 

 

 One study illustrated the ability to produce a target responsive system to release 

VEGF and platelet derived growth factor (PDGF) from oligomer functionalized 

polystyrene nanoparticles.115 In this study, the aptamers had an affinity for the VEGF and 

PDGF, and when the nanoparticles were placed into solutions containing VEGF and/or 

PDGF, the proteins bound to the aptamer sequence. A complementary DNA sequence 

was used as the target, which had a higher affinity for the aptamer than that of the 

protein. When the complementary sequence was externally introduced to the system, it 

bound to the aptamer, which caused the dissociation of the protein from the aptamer and 

thus the nanoparticle surface. This dissociation resulted in the sustained release of the 

protein for 240 hours. Although this work demonstrates that oligomer-functionalized 

polymers can respond to a target, the target is not found in vivo, as opposed to proteins 

like VEGF or lysozyme. Additionally, polystyrene is not suitable for in vivo drug 
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delivery because its hydrophobicity results in higher amounts of protein adsorption when 

placed in vivo, which could influence the diffusivity of the drug out of the system.116 

 

 An additional study demonstrated the ability for oligomer crosslinked acrylamide 

gels loaded with gold nanoparticles to release when the target adenosine was present. 

This system responded to adenosine by a short pulsatile release over 50 minutes.  Here 

the adenosine (target) concentration used was 2mM – a concentration significantly 

greater than proteins found in vivo.1 In this study, the system requires adenosine to be 

introduced externally in order for the triggered response to occur. The research in this 

thesis focuses on using a target found at in vivo concentrations that is biologically 

relevant, and would not have to be externally introduced.    

 

1.11 Model Drugs 

 

To test new responsive drug delivery systems, model macromolecules with similar 

properties to wet AMD drugs will be investigated.  Four drugs are currently administered 

for the treatment of wet AMD: Bevacizumab, Ranibizumab, Aflibercept, and Pegaptanib. 

All of these drugs but Pegaptanib have a pI greater than 8 and hydrodynamic radiuses 

between 2.7-4.6 nm (Table 1-2). Therefore, a model drug should have similar 

characteristics. The protein – chicken lysozyme – not only completes this requirement 

with a pI of 11.3 and a hydrodynamic radius of 2.31, but it is also an economic choice as 
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the protein is inexpensive and is thus a suitable alternative to wet AMD drugs.117,118 To 

ease the process of analysis from oligomer crosslinked alginate, FITC-dextran was used 

as the model drug. FITC-dextran was chosen because it is similar in hydrodynamic radius 

as wet AMD drugs (Table 1-3) and its release can easily be quantified through 

florescence (λ=520 nm). 

 

Table 1-2. Current FDA approved anti-VEGF drugs available for wet AMD. 
Drug Name Size 

(kDa) 
10 

Constituents Isoelectric 
Point119 

Hydrodynamic 
Radius (nm) 119 

Company 

Bevacizumab 

(Avastin) 

148 Humanized 

monoclonal 

antibody 7,120 

8.3 119 4.58 119 Genentech 

Ranibizumab 

(Lucentis) 

48 Monoclonal 

antibody 

fragment 121 

8.8 2.76 Genentech 

Aflibercept 

(Eylea) 

115 Soluble receptor 
122 

8.2 3.70 Regeneron 

Pegaptanib 40 123 Aptamer N/A N/A Eyetech/ 

Pfizer 

 

Table 1-3. Comparison to FITC-dextran to chicken lysozyme 
Model Drug Molecular Weight Detection Method Hydrodynamic 

Radius (nm) 
FITC-dextran 20,000 Da Florescence at 

520nm 
5.2 

Chicken lysozyme 
(pI 11.3) 

14,307 Da MicroBCA Assay 2 
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1.12 Scope of thesis 

  

 The focus of this thesis is to develop a biologically responsive delivery system 

that releases macromolecules in a sustained manner. Sustained release helps maintain 

drugs at an effective concentration within the therapeutic window, which can increase the 

efficiency of the drug, and minimize frequent doses. Additionally, during the 

development of many chronic diseases, proteins are released (such as VEGF) that could 

be used as triggers. 

 

 Wet AMD is one of the leading causes of vision loss in Canada, and is 

characterized by the pathologic growth of blood vessels stimulated by the protein VEGF.7 

Treatment for wet AMD requires frequent intravitreal injections, which can result in 

fluctuating drug concentrations, decreased patient compliance, and increased risk of 

anatomical complications. By loading drugs into alginate hydrogels, it could be possible 

to sustain the release of drugs for an extended period of time, minimizing the frequency 

of intravitreal injections and maximizing the time in which the drug is found to be within 

an efficient concentration. Furthermore, by crosslinking alginate with doubled stranded 

oligomers, designed to bind and then break apart when in the presence of their specific 

proteins, it could be possible to create a system that changes its release based on protein 

concentration. This would personalize the delivery of therapeutics to patients based on 

the progression of their disease.  
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 In this thesis, we hypothesize that the protein lysozyme (proof-of-concept) could 

be used to trigger the increased release of drugs from oligomer-crosslinked alginate. The 

objectives of this work are to (i) demonstrate sustained release from alginate, (ii) design 

oligomer crosslinked alginate that degrades in response to lysozyme, and then (iii) use 

these systems to control the release of FITC-dextran with and without lysozyme.  
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Chapter 2 

Materials and Methods 

2.1 Materials and Equipment 

 

 Alginic acid sodium salt (from brown algae; viscosity ≈250 cP; guluronic to 

mannuronic percent of approximately 39% to 61%, MW 50,000-150,000kDa), 1-ethyl-3-

(3-dimethylaminopropyl)carbodiimide) (EDC), nitro-hydroxysuccinimide (NHS), sulfo- 

hydroxysuccinimide, poly(ethylene glycol) diamine (PEG diamine) (MW 2000), poly-L-

lysine (PLL) (MW 70,000 – 150,000), chicken lysozyme, ninhydrin reagent, phosphate 

buffer saline solution (PBS) and span 85 were purchased from Sigma-Aldrich (Oakville, 

Ontario). 4-armed-PEG (MW 10,000) was purchased from Polymer Source (Dorval, 

Quebec). Deoxyribonucleic acid (DNA) oligomers were ordered from AlphaDNA 

(Montreal, Quebec). Calcium chloride (CaCl2), 3μm pore cell culture inserts, and a 

micro-BCA kit were obtained from Fisher Scientific (Nepean, Ontario). Acrylamide/bis 

solution, 10X TBE buffer, ammonium persulfate, tetramethylethylenediamine, 10 well 

combs, a 4-gel mini PROTEAN tetra cell, 5X nucleic acid loading buffer, mini-

PROTEAN casting stand & clamps, and Silver Stain kit  were all purchased from BioRad 

Laboratories (Mississauga, ON, CAN). The compositions of buffers and silver stain kit 

components are found in Appendix 1.   
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2.2 PEG-crosslinked hydrogel disks 

2.2.1 4-armed PEG and alginate disks crosslinked by PEG 

 

Carboxyl-terminated 4-armed PEG or alginate was reacted with crosslinkers 

terminated with primary amines to form covalently crosslinked hydrogels. The reagents 

EDC and NHS are used to enhance reaction coupling by stabilizing the reaction 

intermediate, and to react carboxylates with primary amines. This reaction is most 

efficient at a solution pH between 5-7, and therefore is commonly completed in an MES 

buffer used to maintain pH around 6. 

 

MES buffer contained 0.1 M MES and 0.5 M NaCl dissolved in deionized water. 

Aqueous solutions of 3% (w/v) sodium alginate or 10% (w/v) 4-armed PEG were 

prepared by dissolving the polymer into MES buffer. Dissolution took 4 hours for 

alginate, but was almost immediate for 4-armed PEG. The resulting polymer solutions 

were then mixed for five minutes with EDC and NHS at a 1:2:1 molar ratio of 

COOHalginate to EDC and NHS respectively. After mixing for 5 minutes, PEG-diamine 

was introduced into the solution at a 1:1 molar ratio of COOHalginate to NH2PEG. The moles 

of each polymer or chemical used for the productions of these hydrogels are found in 

Table 2-1. The final solutions were then placed between two glass microscope slides, 

separated with two microscope slides (“spacers”, thickness of 1mm), and allowed to 

cross-link at 4°C overnight (approximately 16 hours). The hydrogels were then punched 
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into disks using a biopsy pen with a diameter of 5 mm.  The disks were left at room 

temperature for 1 day to dry, and then stored at 4°C. 

 

Table 2-1. The amounts of reagents for the crosslinking of alginate (3% w/v) or 4-
armed PEG (10% w/v) with PEG-diamine (crosslinker).   
Polymer Moles of 

PEG-
diamine 
(μmol) 

Mass of 
EDC 
(μmol) 

Mass of 
NHS 
(μmol) 

Volume of 
water 

4-armed 
PEG 

3.5 7 3.5 2mL 

Alginate 0.03 0.06 0.03 2mL 
 

2.2.2 Quantification of unreacted amines 

 

 The ninhydrin assay was used to determine the efficiency of the reaction by 

determining how many primary amines (found on the crosslinkers) reacted to alginate or 

4-armed PEG. Ninhydrin causes the oxidative decarboxylation of primary amines to form 

a reduced intermediate (hydrindantin). This intermediate then reacts with free ammonia 

to form Ruhemann’s Purple that is measured by absorbance at 570 nm. The ninhydrin 

working reagent (Sigma-Aldrich, product number N7285) is composed of ninhydrin and 

hydrindantin dissolved in lithium acetate buffer and dimethyl sulfoxide (DMSO) at a pH 

of 5.2.  

 

Hydrogel disks made of PEG-crosslinked alginate or 4-armed PEG were placed into 1 

mL of PBS and swelled for 24 hours at 37°C to allow unreacted amines to diffuse out and 
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for partially reacted PEG-diamine to be detected within the hydrogels. Next, 0.5 mL of 

ninhydrin working reagent was added to the PBS (with the hydrogel) and was heated to 

100°C for 10 minutes in an oil bath. The solutions were then cooled and diluted with 2.5 

mL of 95% ethanol and then transferred to a 96 wells plate (0.3 mL per well, n=3). 

 

Samples were read by a plate reader at an absorbance of 570 nm using PBS as a blank 

and analyzed using a standard glycine curve between 1 μM and 85 μM (Figure 2-1). 

Because alginate slightly reacts with the reagent, control alginate disks (of the same 

diameter and thickness) – crosslinked by calcium chloride – were measured and 

subtracted from disk readings to account for the alginate difference.  The reaction 

efficiency was calculated by dividing the moles of reacted PEG-diamine (moles added to 

the reaction subtracted by moles detected by ninhydrin) by the moles of PEG-diamine 

originally added to the reaction.  
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Figure 2-1. A representative standard curve of glycine in ninhydrin reagent (λ=570 nm, 
glycine found in the range of 1-85 μM) demonstrates the linear relationship between 
absorbance and amine concentration. Error bars represent standard deviation. 
 

2.2.3 Lysozyme release studies from PEG crosslinked disks 

 

To load 4-armed PEG and alginate hydrogels with lysozyme, dried disks were 

swollen in 1mL of 10 mg/mL lysozyme in PBS for 24 hours at 37°C. Loaded disks were 

washed twice with deionized water to remove excess protein before being placed into 

release solutions. 

 

Loaded PEG-crosslinked disks were placed into 1mL of PBS under shaking and 

physiological conditions (37°C and pH 7.4). Next, 0.9 mL samples were taken and 
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replaced with fresh PBS every 30 minutes for the first 3 hours, every hour until hour 8, 

and then every 24 hours until 7 days. Thereafter samples were taken every week. 

Glassware, vials, and pipette tips were blocked with milk protein and rinsed to minimize 

protein adsorption so that low levels of lysozyme release could be measured. 

 

The protein content of the releasate was measured using the microBCA assay as per 

the manufacturers directions. In a 96 well plate, 0.3 mL of releasate with microBCA 

reagents (n=3) was placed into each well and analyzed using an absorbance plate reader 

at 562 nm. Additionally, in every plate, 3 wells were loaded with only PBS as a blank to 

confirm when the disks had stopped releasing. Concentrations were calculated using a 

standard bovine serum albumin curve between 1-200 μg/mL (Figure 2-2). The release 

rates were calculated using the release data plotted into a linear regression after the burst 

effect. 
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Figure 2-2. A representative standard curve of bovine serum albumin (BSA) using the 
microBSA (λ=562 nm, BSA concentration range from 1-200 μg/ml) demonstrates the 
linear relationship between absorbance and protein concentration. (n=3).  
 

2.3 Oligomer crosslinked alginate 

2.3.1 Oligomer design 

 

Alginate was functionalized with a double stranded oligomer to synthesize a 

crosslinked hydrogel that should break apart (“decrosslink” the hydrogel) in the presence 

of human lysozyme.  The two oligomer strands, shown in Figure 2-3, anneal to crosslink 

the alginate.  The longest oligomer strand contains the aptamer sequence, shown in blue, 

which should bind to the target protein (human lysozyme) and promote the separation of 

the oligomers (causing decrosslinking). The lysozyme aptamer was adapted from 
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previous work,114 and the oligomer crosslinker design was rationalized by referring to 

work completed with adenosine and thrombin aptamers.1,110 Aptamers were synthesize by 

Alpha DNA and purified by high-performance liquid chromatography.  

 

A= Adenosine 
T= Thymine 
G= Guanine 
C= Cytosine 
 
Figure 2-3. The oligomer base sequences used to crosslink alginate. As the aptamer 
sequence (shown in blue) binds to lysozyme, it goes through a conformational change, 
and the top strand (blue and red) separates from the bottom strand (black).  

 

2.3.2 Affinity of aptamers for human lysozyme 

 

The ability for the oligomer crosslinker strands to dissociate in the presence of the 

aptamer’s target – human lysozyme – was measured by an electrophoretic mobility shift 

assay (EMSA) using gel electrophoresis and the silver stain. EMSA is a band shift assay 

used to detect protein–DNA interactions. EMSA was run on a range of human lysozyme 

concentrations with the oligomer crosslinker (containing the aptamer sequence) as 

described below in Section 2.3.4.  

Within the electrophoresis gel, the oligomer is negatively charged and can thus 

migrate through the gel towards the positively charged anode resulting in band formation. 
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The lysozyme protein, however, has a positive charge and therefore will not run through 

the gel and will remain at the top. When the protein is found in a high enough 

concentration, the aptamer sequence should bind to the protein, resulting in the oligomer 

also remaining at the top of the gel with the protein. As the protein concentration 

decreases, the oligomer bands should re-appear demonstrating the affinity of the aptamer 

for the target protein. EMSA was also used to test if chemicals from the carbodiimide 

reaction (EDC, NHS, and MES buffer) affected the affinity of the aptamer for human 

lysozyme.  Prior electrophoresis work demonstrated that single stranded oligomers could 

not be detected using this procedure.  Therefore, it can be assumed that while in the 

presence of the target protein, if no band forms that either the annealed strands associated 

with the proteins or that annealed strands broke apart, and that the strands containing the 

aptamer sequence remains bound to the protein at the top of the acrylamide gel.   

 

2.3.3 Casting 10 (w/v)% TBE acrylamide gels 

  

Acrylamide gels were synthesized by mixing 3.3 mL of acrylamide/bis solution, 

with 5.7 mL of deionized water, and 1.0 mL of 10X TBE buffer for 2 minutes on a stir 

plate. While the gel solution mixed, glass cassettes were assembled by placing a short 

plate and spacer plate together and holding them in place with the mini-PROTEAN 

casting stand and clamp. Immediately prior to pouring the gel solution between the two 

glass plates, 50μl of 10% (w/v) ammonium persulfate and 5 μL of 
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tetramethylethylenediamine (TEMED) were added to the acrylamide gel solution. This 

solution was then pipetted between the glass plates and a 10 well comb was placed at the 

top of the plates. The acrylamide gel was allowed to crosslink for two hours at room 

temperature and then stored in a refrigerator at 4°C for no more than one month. 

 

2.3.4 Preparing protein-oligomer samples for electrophoresis  

 

Samples of 0-1000 μM of human lysozyme and/or 1 μM of oligomer crosslinker 

with a total volume of 25 μL were loaded into acrylamide gels. The specifics of different 

affinity tests (run on 3 gels) with the concentrations and volumes of solutions are found 

in Tables 2-2 through 2-4. Prior to combining the protein oligomer solutions together, the 

oligomer strands were annealed by heating to 80°C for 10 minutes and then cooling to 

room temperature. All electrophoresis solutions contained 5 μL of nucleic acid loading 

buffer (NAB) used for visual tracking of DNA migration.  
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Table 2-2. Electrophoresis run #1: Sample solutions for experiment testing the affinity of 
the oligomer for its target protein human lysozyme. 

Sample Number Contents 

1 DNA ladder 

2 5 μL of NAB, 10 μL of 1 μM oligomer solution, 10 μL of deionized water. 

3 5μL of NAB, 10 μL of 1000 μM lysozyme solution, 10 μL of deionized water. 

4 5 μL of NAB, 10 μL of 1 μM oligomer solution, 10 μL of 1000 μM lysozyme 
solution. 

5 5 μL of NAB, 10 μL of 1 μM oligomer solution, 10 μL of 500 μM lysozyme 
solution. 

6 5 μL of NAB, 10 μL of 1 μM oligomer solution, 10 μL of 250 μM lysozyme 
solution. 

7 5 μL of NAB, 10 μL of 1 μM oligomer solution, 10 μL of 50 μM lysozyme solution. 

8 5 μL of NAB, 10 μL of 1 μM oligomer solution, 10 μL of 25 μM lysozyme solution. 

9 5 μL of NAB, 10 μL of 1 μM oligomer solution, 10 μL of 5 μM lysozyme solution. 

10 5 μL of NAB, 10 μL of 1 μM oligomer solution, 10 μL of 1 μM lysozyme solution. 

 
 

 
Table 2-3. Electrophoresis run #2: Sample solutions for experiment testing the effects of 
MES buffer on the affinity of the oligomer for human lysozyme.  

Sample Number Contents 

1 DNA ladder 

2 5 μL of NAB, 10 μL of 1 μM oligomer solution, 10 μL of deionized water. 

3 5 μL of NAB, 10 μL of 500 μM lysozyme solution, 10 μL of deionized water. 

4 5 μL of NAB, 10 μL of 1 μM oligomer solution, 5 μL of 500 μM lysozyme solution, 
5 μL of 1 μM EDC/NHS solution in MES buffer. 

5 5 μL of NAB, 10 μL of 1 μM oligomer solution, 5 μL of 5 μM lysozyme solution, 5 
μL of 1 μM EDC/NHS solution in MES buffer. 

6 5 μL of NAB, 10 μL of 1 μM oligomer solution, 5 μL of 500 μM lysozyme solution, 
5 μL of 1 μM EDC/NHS solution in PBS. 
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Table 2-4. Electrophoresis run #3: Sample solutions for experiment testing the effects of 
carbodiimide reaction solutions on the affinity of the oligomer for human lysozyme.  

Sample Number Contents 

1 DNA ladder 

2 5μL of NAB, 10μL of 1μM oligomer solution, 10μL of deionized water. 

3 5μL of NAB, 10μL of 500μM lysozyme solution, 10μL of deionized water. 

4 5μL of NAB, 10μL of 1μM oligomer solution, 10μL of 500μM lysozyme solution. 

5 5μL of NAB, 10μL of 1μM oligomer solution, 5μL of 500μM lysozyme solution, 
5μL of 1μM EDC/NHS solution in MES buffer. 

6 5μL of NAB, 10μL of 1μM oligomer solution, 5μL of 250μM lysozyme solution, 
5μL of 1μM EDC/NHS solution in MES buffer. 

7 5μL of NAB, 10μL of 1μM oligomer solution, 5μL of 125μM lysozyme solution, 
5μL of 1μM EDC/NHS solution in MES buffer. 

8 5μL of NAB, 10μL of 1μM oligomer solution, 5μL of 50μM lysozyme solution, 5μL 
of 1μM EDC/NHS solution in MES buffer. 

9 5μL of NAB, 10μL of 1μM oligomer solution, 5μL of 5μM lysozyme solution, 5μL 
of 1μM EDC/NHS solution in MES buffer. 

10 5μL of NAB, 10μL of 1μM oligomer solution, 5μL of 1μM lysozyme solution, 5μL 
of 1μM EDC/NHS solution in MES buffer. 

 

2.3.5 Electrophoresis and the Silver Stain 

 

The 10% (w/v) TBE acrylamide gels were placed into the mini-PROTEAN tetra 

cell, and the tetra cell was then filled with a 1X TBE buffer (9 parts of deionized water 

with 1 part of the 10X TBE buffer).  Next the well comb was carefully removed, and 

each well was rinsed with a 1X TBE buffer. 25 μl protein-oligomer samples were 

pipetted into designated wells, making sure not to puncture the surrounding gel. 
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Electrophoresis was then run at 100 V from the cathode to anode until the dye front 

(bromophenol blue and xylene cyanole) reached the bottom of the acrylamide gel. Lastly, 

the gel was removed carefully by pulling the two glass plates apart.  

 

After electrophoresis was completed, gels were fixed by being placed in a 

solution containing 100 mL of methanol, 40 mL of acetic acid, 40 mL of fixative 

enhancer concentrate and 120 mL of deionized water. Gels were soaked in the fixative 

solution for twenty minutes and then rinsed for an additional twenty minutes in deionized 

water. Gels were then stained in a solution containing 35 mL of deionized water with 2.5 

mL of silver complex solution, 2.5 mL of reduction moderator solution, and 5.0 mL of 

image development reagent. Gels were left in the staining solution for approximately 20 

minutes, and then placed into a stop solution containing 5% (v/v) acetic acid in deionized 

water for fifteen minutes to halt the reaction. Gels were then viewed using a Gel Doc XR 

system (BioRad, Mississauga, ON). 

 

2.3.6 Oligomer crosslinked alginate disks  

 

Alginate was crosslinked by oligomers using carbodiimide chemistry without MES 

buffer because results showed that MES interfered with the aptamer’s affinity to human 

lysozyme (Section 3.2.1). Instead, the pH of reagent solutions was monitored and 

adjusted using 1 mM sodium hydroxide and 1mM HCl solutions. Three stock solutions 
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were used when producing oligomer crosslinked disks: (i) Alginate stock containing 

4.5% (w/v) alginate, (ii) EDC/NHS stock containing 1.12 M and 0.56 M of EDC and 

NHS respectively, and (iii) oligomer stock containing 0.56 M of oligomer crosslinker. To 

produce 3% w/v alginate disks, 0.2 mL of the alginate stock was mixed with 0.05 mL of 

EDC/NHS solution for five minutes by syringe (1:2:1 molar ratio of COOHalginate to EDC 

and NHS respectively). After mixing for 5 minutes, 0.05 mL of oligomer crosslinker 

solution was introduced by syringe (1:1 molar ratio of COOHalginate to NH2PEG). Specific 

components of the solutions can be found in Table 2-5. These solutions were placed 

between two glass microscope slides, separated with two additional slides (thickness of 

1mm), and allowed to crosslink at 4°C overnight. The resulting hydrogel was then 

punched into disks using a biopsy punch with a diameter of 5 mm. Crosslinked disks 

were then swollen in deionized water overnight (to remove reaction by products and 

unreacted crosslinkers), dried for 24 hours and stored at 4°C.  

 

Table 2-5. The contents of 0.3mL crosslinked alginate solutions (3% w/v) 
Crosslinker Moles of crosslinker 

(mmol) 

Moles of 

EDC 
(mmol) 

Moles of 

NHS 
(mmol) 

Volume of 

water (mL) 

Oligomer 0.17 0.34 0.17 0.3 

PEG-diamine 0.17 0.34 0.17 0.3 
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2.3.7 Degradation studies on oligomer crosslinked alginate 

 

 Oligomer crosslinked alginate (3% w/v) was gelled into tubes and incubated in 

PBS with or without human lysozyme to observe if covalently crosslinked hydrogels 

degrade in the presence of the aptamer’s target human lysozyme. In this study, 0.1 mL of 

oligomer-crosslinked alginate was placed into a vial of PBS with or without 3 μM of 

lysozyme. Control PEG crosslinked alginate hydrogels were also tested with or without 

lysozyme (3 μM). The specific components for these hydrogels are found in Table 2-5. 

Crosslinked hydrogels were left in solutions under physiological conditions (pH 7.4, 

37°C) for 60 days.  

  

 Single stranded oligomer functionalized alginate was also synthesized to observe 

if the solution would crosslink in the presence of only one strand of DNA (amine 

terminated only at the 5’ end). 

 

2.3.8 Swelling 

 

Swelling studies were conducted on oligomer crosslinked disks with or without 

human lysozyme solutions. This was done to check if human lysozyme affected the 

swelling of oligomer-crosslinked alginate disks. Dried disks were placed into 1 of 3 

solutions, which included: 
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1. PBS with lysozyme (3 μM) 

2. only PBS, or 

3. a step-wise solution where disks were placed into only PBS for first 48 hours 

and then introduced to the lysozyme (3 μM) at 48 hours. 

Swelling studies were conducted under shaking and physiological conditions (37°C and 

pH 7.4). The disks were weighed and the swelling ratios were calculated using Equation 

2-1. Swelling ratios were analyzed for significant differences with lysozyme at 0 and 48 

hours, and without lysozyme using a two-tailed t-test. 

 

Swelling  Ratio =
Mass  of  Swollen  Hydrogel
Mass  of  Dry  Hydrogel  

(Equation 2-1) 

 

2.3.9 FITC-dextran loading and release from oligomer crosslinked disks   

 

FITC-dextran was used as the model drug for protein-triggered release, as 

opposed to lysozyme, because the additional human lysozyme would be detected by the 

micro BCA assay, confounding the measurement of released protein. Fortunately, FITC-

dextran is detected by fluorescence and not influenced by human lysozyme.    

 

Dried disks were loaded by swelling in 1 mL of 100 μg/mL FITC-dextran solution in 

PBS for 24 hours at 37°C. Before placing disks into release solutions, disks were washed 
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with deionized water twice (at room temperature) to remove excess FITC-dextran. 

Loaded oligomer-crosslinked alginate disks were placed into PBS (1 mL, pH 7.4) with 

lysozyme starting at 0 hours, lysozyme starting at 48 hours, or no lysozyme, under 

shaking and physiological conditions (37°C). The solutions with lysozyme contained 3 

μM of the protein. The lysozyme concentration was chosen based on EMSA results 

demonstrating the affinity of the oligomer for lysozyme between 1-5 μM. Releasate 

samples of 0.9 mL were taken and replaced with fresh medium (PBS with or without 

lysozyme) every hour for the first 5 hours, and then every 24 hours until hour 120. 

Placing disks into PBS for the first 48 hours and then into lysozyme solution, 

accomplished a “step-wise” release. Releasate samples were then analyzed by 

fluorescence at 490 nm and the concentrations of dextran calculated using a FITC-

dextran standard curve between 6 and 6250 ng/mL (Figure 2-4). Two tailed t-tests were 

used to access significant differences between releases with and without lysozyme.  
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Figure 2-4. A representative standard curve of FITC-dextran using absorbance (λ=490 
nm) demonstrates the linear relationship between absorbance and dextran concentration. 
Error bars represent standard deviation.  
 

2.3.10 Scanning electron microscopy of oligomer crosslinked alginate disks 

 

Scanning electron microscopy (SEM) was used to view the surface characteristics 

of oligomer crosslinked alginate disks when placed into PBS with and without lysozyme 

(3 μM) for 48 hours and then air-dried for 24 hours. Disks were adhered onto glass 

sample slides using double sided tape and then sputter-coated with gold to a thickness of 

approximately 500×10−8 cm using a Hitachi coating unit IB-2 coater under a high 
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vacuum, 0.1 Torr, high voltage, 1.2 kV and 50 mA. Coated samples were examined using 

Hitachi S-2300 scanning electron microscope (Hitachi, Mississauga, ON.). 

 

2.4 Preparation of microspheres 

 

Alginate microspheres were prepared using two different methods: emulsification 

or electrospray. Alginate microspheres from the electrospraying technique were then 

electrostatically coated with layers of poly-L-lysine (PLL) and crosslinked alginate.  

 

2.4.1 Emulsified microsphere preparation 

 

To prepare alginate microspheres crosslinked by PEG-diamine, a 2 mL solution of 

3.75% (w/v) of sodium alginate in MES buffer was prepared and loaded into a syringe. 

Next, 0.25 mL of EDC and NHS solution (1.12 M and 0.56 M respectively) was mixed 

into alginate at a 1:2:1 molar ratio of COOHalginate to EDC and NHS respectively (Figure 

2-5). After mixing for 5 minutes, 0.25 mL of PEG-diamine solution (0.56 M) was mixed 

in by syringe and the final alginate percent weight was 3% (w/v). The gel was then 

injected through a 25-gauge needle into a canola oil bath with 2% (v/v) Span85® and 

shaken vigorously by hand for 1 minute. The emulsion was mixed on a stir plate between 

600-1200 rpm for 24 hours. Microspheres were isolated by centrifuging at 200 RCF for 1 
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minute, rinsed with deionized water, and then sized by molecular sieve. This procedure is 

illustrated in Figure 2-5 and 2-6. 

 

 

 

Figure 2-5. Illustration of the syringe mixing procedure used to synthesize emulsified 
microspheres. 
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Figure 2-6. Production of 3% (w/v) PEG crosslinked alginate microspheres through 
emulsification  
 
 

2.4.2 Electrosprayed microsphere preparation 

 

A range of 1-3 (w/v)% alginate was made by dissolving alginate in deionized water 

and allowing it to dissolve for 4 hours. A 5 mL syringe was filled with 2 mL of the 

alginate solution and placed into the electrospraying apparatus. Tubing with a luer lock at 

its end was attached to the syringe, and a 30-gauge needle was placed onto the luer. Next 

the needle was positioned vertically above a 40 mL solution of 30 mg/mL CaCl2 in 

deionized water using a retort stand. The cathode was attached to the metal needle and a 
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stir plate was used to mix the CaCl2 solution at 100 rpm. A metal electrode connected to 

the anode was placed below the beaker. Electrospraying was conducted using 2 ml of 3% 

(w/v) alginate extruded out of a blunt 24-gauge needle at 0.13 mL/min, set with end-to-

end distance (distance from the needle tip to the bottom of the CaCl2 solution) of 

approximately 10 cm, using a 0.5 inch stir bar in the CaCl2 solution, and run at a voltage 

of 6 kV. These parameters were adjusted until microspheres under 250 μm were 

produced. 

 

2.4.3 Coating microspheres with oligomer crosslinked alginate through electrostatic 

interactions using polyelectrolytes  

 

Electrosprayed alginate microspheres were further used because of their small 

diameters (less than 250 μm). First, 2mL of 1% (w/v) physically cross-linked alginate 

microspheres, synthesized using the electrospray procedure found above, were separated 

from the CaCl2 solution using a 50 μm sieve and rinsed three times with 500 mL of 

deionized water. Microspheres were then placed into 200 mL of 0.5 mg/mL PLL in 

deionized water solution, left under stirring for 10 minutes (using a 0.5 inch stir bar), and 

then rinsed 3 times with 500 mL of deionized water using a sieve (25 μm pore size). 

Once PLL coated spheres were rinsed, they were coated with either (1) oligomer-

crosslinked alginate (annealed) (2) PEG-crosslinked alginate, or (3) control oligomer-
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crosslinked alginate (annealed).  Spheres were then layered with a final PLL coating (0.5 

mg/mL).  

Oligomer and PEG crosslinked alginate was prepared as per Section 2.3.6, but 

with the composition outlined in Table 2-6.  Control oligomer-modified alginate (without 

the aptamer) was prepared as per oligomer-modified alginate (with the aptamer) but using 

the control nucleic acid sequence found in Figure 2-7 and its complementary oligomer. 

After crosslinking, these solutions were heated to 80°C for 20 minutes, and spheres were 

then added. This heating process causes the 2-stranded oligomer crosslinker to 

decrosslink, which allows for the functionalized alginate to be coated onto the spheres. 

When the solution cools, oligomer strands anneal back together forming a crosslinked 

hydrogel. Control PEG crosslinked alginate coatings were also synthesized; however the 

heating step was skipped and the reaction was done in solution with the microspheres. 

After coating, the spheres were sieved and rinsed in order to remove excess alginate. 

Specific components of these 3 coating solutions can be found in Table 2-6. Figure 2-8 

illustrates PLL-alginate coatings applied onto alginate microspheres. 

 

Table 2-6. The contents of 2mL crosslinked alginate (0.25% w/v) coating solutions 
Crosslinker Moles of 

crosslinker 
(μmol) 

Moles of EDC 
(μmol) 

Moles of NHS 
(μmol) 

Water volume 
(mL) 

Oligomer 14.2 28.4 14.2 2 

PEG-diamine 14.2 28.4 14.2 2 

Control 
oligomer 

14.2 28.4 14.2 2 
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Figure 2-7. The control oligomer crosslinker nucleic acid sequence 

 

Figure 2-8. The layers found on coated alginate microsphere.  

 
 
 
 
 
 
 
 

5’ ACTGTTAATCAGGGCTAAAGAGTGCAGAGTTACTTAG ‘3 
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2.4.4 Microsphere size analysis 

 

Microsphere size was analyzed using a Mastersizer 2000 (Malvern, Montreal, 

QC) and viewed under an Evos Microscope (Fisher Scientific, Nepean, ON). The 

Mastersizer 2000 uses laser diffraction to analyze particle sizes for both wet and dry 

dispersions. The mastersizer was set to view particles between 0.2-2000 μm, used red and 

blue light sources, a refractive index of 1.5, at a 90 degree scattering angle, at 25°C. 124 

The Evos microscope is an inverted digital microscope and was used to view the size and 

surface of microspheres with and without coatings. 

 

2.4.5 Release of FITC-dextran from microspheres with oligomer crosslinked 

alginate coatings 

 

FITC-dextran was loaded into the electrosprayed microspheres by adding FITC-

dextran to a concentration of 100 μg/mL into the 3% (w/v) alginate solution prior to 

electrospraying.  To measure release out of the spheres, 0.2 g of spheres with coatings 

were weighed using a scale, and placed into a cell culture insert with a 3 μm pore size. 

Inserts loaded with spheres were then positioned into a 24 well plate. 6 inserts were 

loaded with each type of sphere: PEG, control oligomer, or oligomer crosslinked alginate 

coatings. Spheres were placed into release solutions containing PBS with or without 
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lysozyme (Table 2-7). 

 

Release samples were taken by lifting the cell inserts with tweezers, pipetting out 

0.9 mL of the 1 mL releasate solution and replacing it with 0.9 mL of fresh PBS (with or 

without 3 μM of lysozyme). Samples were taken every hour for the first 5 hours, every 24 

hours after, and then daily for a week. After the first week, samples were taken three 

times a week. In a 96 well plate, 0.9 mL of each sample were divided into 3 wells (0.3 

mL per well) and analyzed using a florescence plate reader at 520 nm. Samples were 

analyzed using a FITC-dextran curve (Figure 2-4). Additionally in every plate, samples 

were spaced and 3 wells were always loaded with PBS as a blank to confirm that the 

florescence from the microspheres was not affecting the readings from nearby wells. The 

release rates were calculated using the release data plotted into a linear regression after 

the burst effect. 
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Table 2-7. Description of the alginate coatings and the release solutions used for the 
release of FITC-dextran from resulting microspheres (37°C, pH of 7.4). 
Coating type (n=3 each) Release solution 

Alginate crosslinked with PEG  Only PBS 

Alginate crosslinked with PEG  PBS containing 3 μM human lysozyme 

Alginate crosslinked with control 
oligomer  

Only PBS 

Alginate crosslinked with control 
oligomer  

PBS containing 3 μM human lysozyme 

Alginate crosslinked with oligomer  Only PBS 

 Alginate crosslinked with oligomer  PBS containing 3 μM human lysozyme 
 

2.5 Statistical Analysis  

  

 A two-tailed t-test was used to analyze cumulative releases, release rates, and 

swelling ratios in order to determine if the results were statistically different. A 

significance level of 5% (α=0.05) was used.  
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Chapter 3 

Results 

3.1 PEG crosslinked hydrogel disks 

3.1.1 Crosslinking of 4-armed PEG and alginate 

 

In order to synthesize a protein-responsive drug delivery system that increases release 

in the presence of target proteins, alginate was functionalized covalently with two 

complementary oligomers (one with an aptamer sequence). Initially, two polymers were 

considered for this project: carboxyl-terminated 4-armed PEG and alginate. In order to 

establish the functionalization procedure and to create control materials, polymers were 

crosslinked with PEG diamine to form hydrogel disks (5 mm diameter, 1 mm thickness). 

An image of an alginate disk can be seen in Figure 3-1. 

 

The efficiency of the carbodiimide reaction used to synthesize PEG-crosslinked 

hydrogels was determined using the ninhydrin assay.   The ninhydrin assay chemically 

quantified the reaction, although one could tangibly see that the solutions had 

crosslinked. The ninhydrin assay determined that when a 1:1 molar ratio of amine groups 

to carboxyl groups was used, 77% ± 0.6% of PEG-diamine reacted with 4-armed-PEG, 

and 39% ± 1.9% with alginate. It should be noted that the ninhydrin assay could not be 

used to confirm the reaction affinity of oligomer-crosslinked alginate hydrogels because 
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oligomer are made of DNA. Since some of the nucleic acid bases that make up DNA 

contain primary amines, the ninhydrin results would be influenced and invalid.   

 
 

 

Figure 3-1. Image of PEG crosslinked alginate disk.  

 

3.1.2 Release of lysozyme from PEG crosslinked disks 

 

 Release studies were conducted on 3% (w/v) alginate or 10% (w/v) 4-armed PEG 

disks crosslinked by PEG-diamine. Disks were loaded with chicken lysozyme and 

released into PBS under physiological conditions of 37°C and pH of 7.4. Figure 3-2 

demonstrates the release of lysozyme from covalently crosslinked alginate and 4-armed 

PEG disks over (a) 48 hours and (b) 3600 hours. Figure 3-2 (a) shows that during the 

release from 4-armed PEG hydrogels, a visible burst release of 2.43 mg occurred 

followed by a short sustained release of 2.5 μg/hour between 12 and 24 hours. At 24 

hours the 4-armed PEG gels degraded within solution. This suggests that 4-armed PEG 

gels may not have crosslinked as expected, as the amide bonds holding the gel together 

should not degrade in PBS. Alginate gels also showed a burst release of 2.25 mg, 
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followed by a sustained release rate of 0.36 ± 0.28 μg/hour from 24 to 360 hours, and 

0.035 ± 0.025 from 360 to 3600 hours. In Figure 3-2 (b), the sustained release of 

lysozyme from covalently crosslinked alginate disks continues for 3,600 hours, after 

which no protein readings were detected in the releasate. Since alginate gels had a 

lengthier sustained release in comparison to 4-armed PEG hydrogels, alginate was used 

to synthesize oligomer-crosslinked hydrogels and layered microspheres. 
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A) 

 

B) 

 
Figure 3-2: The cumulative release of lysozyme from (a) 10% (w/v) 4-armed PEG and 
3% (w/v) alginate hydrogels over 48 hours and (b) 3% (w/v) alginate hydrogels 
continued to release from 48-3600 hours into PBS (37°C, pH 7.4).  (n=3, error bars show 
standard deviation).  
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3.2 Oligomer-crosslinked alginate 

3.2.1 Affinity of aptamers for human lysozyme 

 

An electrophoretic mobility shift assay (EMSA) was used to demonstrate the affinity 

of the aptamer – found on the longest oligomer strand – for its target human lysozyme. In 

this study, 1 μM of oligomer-crosslinker (consisting of annealed oligomers shown in 

Figure 2-3) was added to each electrophoresis well with a range of human lysozyme 

concentration from 1 μM to 1000 μM (specific solution concentrations can be found in 

Table 2-2). Results indicate that the oligomer-crosslinker (1 μM) fully binds to its target, 

when the target protein concentration is greater than 5 μM (Figure 3-3). The first and 

second lanes confirmed that the oligomer was being detected. Lane 1 displayed a 10 base 

pair nucleic acid ladder. Since the oligomer-crosslinker contained 17 base pairs, it fell 

between the 10 and 20 base pair band on the ladder (lane 2). This confirmed that the 

oligomer was detected with no contamination. Lane 3 contained human lysozyme at a 

1000 μM concentration. Since the aptamer is negatively charged, it migrates towards the 

anode (positively charged) at the bottom of the acrylamide gel. Protein, however, will not 

migrate through the gel as it is positively charged and will remain at the top of the gel. 

Consequently, if the aptamer has an affinity for human lysozyme (as designed) and an 

adequate amount of protein is present, the oligomer should stay bound to the protein, and 

not migrate through the gel, resulting in no band. No bands were found at high lysozyme 
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concentrations indicating that the oligomers were bound to the protein.  As the human 

lysozyme concentration was lowered from 1000 to 1 μM, the annealed oligomer band 

reappeared at 5 μM. The appearance of the band shows that annealed oligomers are 

present at this concentration. Therefore protein concentrations at 5 μM or below were too 

low to bind all of the oligomer (some may have bound), resulting in a band within the 

gel. These studies confirmed that the aptamer sequence, found within the annealed 

oligomer-crosslinker, had an affinity for its target human lysozyme.  

 

Figure 3-3. Gel electrophoresis on oligomer-lysozyme complexes using the silver stain 
demonstrating the oligomer’s affinity for its target lysozyme.  
 
 
 Once the oligomer’s affinity for its target was confirmed, electrophoresis was 

used to evaluate if the chemicals from the carbodiimide reaction (EDC, NHS, and MES 

buffer) would influence the binding of the oligomers to the human lysozyme. Figure 3-3 



 

 

 

61 

showed that when the protein concentration was greater than 5 μM, no band was present 

because the oligomer was fully bound to the protein. By placing the oligomer into a 

solution containing the reaction chemicals with 500 μM of protein, we can see which 

chemicals influence the oligomer’s affinity for its target based on band formation. This 

band detection method is outlined in Table 3-1. 

 
 
Table 3-1. The process of determining if a chemical influences the aptamer’s affinity 
(found on the oligomer) for its target. 

Concentration of human 
lysozyme with 1μM of 
oligomer-crosslinker 

Result demonstrated 
through EMSA 

Result if a chemical 
influences the aptamer’s 

affinity 

500 μM No band Band 

5 μM Band Band 
 

 

Figure 3-4 and 3-5 show that MES buffer negatively affects the affinity of the 

oligomer for human lysozyme.  In Figure 3-5 bands appear in wells 2, 4, and 5, indicating 

low or no binding of the oligomer and protein. Lane 4 and 5 contain 500 μM and 5 μM of 

protein respectively, and both contain bands. Lane 4 and 6 are identical in protein 

concentration (500 μM), however lane 4 contains MES buffer and lane 6 does not. In 

Figure 3-5, bands were present in lanes 2 and 5 through 10. Lanes 5 through 10 all 

contained MES buffer.  In Figure 3-4 it also appears that EDC and NHS had little affect 

on the aptamer-lysozyme interaction based on the results in lane 6.  
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1. DNA ladder 
2. 1 μM targeted oligomer 
3. 500 μM human lysozyme 
4. 1 μM targeted oligomer: 500 μM human lysozyme + EDC/NHS in MES buffer 
5. 1 μM targeted oligomer: 5 μM human lysozyme + EDC/NHS in MES buffer 
6. 1 μM targeted oligomer: 500 μM human lysozyme +EDC/NHS 
 
Figure 3-4. Gel electrophoresis on oligomer-lysozyme complexes in MES + EDC/NHS 
using the silver stain demonstrating that MES buffer influences the affinity of the 
oligomer for lysozyme. 
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1. DNA ladder 
2. 1 μM targeted oligomer 
3. 500 μM human lysozyme 
4. 1 μM targeted oligomer: 500 μM human lysozyme in PBS 
5. 1 μM targeted oligomer: 500 μM human lysozyme in MES buffer 
6. 1 μM targeted oligomer: 250 μM human lysozyme in MES buffer 
7. 1 μM targeted oligomer: 125 μM human lysozyme in MES buffer 
8. 1 μM targeted oligomer: 50 μM human lysozyme in MES buffer 
9. 1 μM targeted oligomer: 5 μM human lysozyme in MES buffer 
10. 1 μM targeted oligomer: 1 μM human lysozyme in MES buffer 
 
Figure 3-5. Gel electrophoresis on aptamer-lysozyme complexes in MES buffer using the 
silver stain confirming that MES negatively influences the binding of the oligomer to its 
target lysozyme.  
 
 
3.2.2 Degradation studies on oligomer-crosslinked alginate  

 

In order to assess if the oligomer-crosslinked gels decrosslink in the presence of the 

target protein, they were incubated in human lysozyme solutions in PBS and compared to 

oligomer-crosslinked alginate in PBS and PEG-crosslinked alginate in lysozyme solution 

and PBS.  The gels and solutions were placed in vials and placed under shaking at 37°C 

for 60 days.  

1 2 3 4 5 6 7 8 9 10 
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As shown in Figure 3-6, oligomer-crosslinked alginate decrosslinked and dissolved 

when incubated with human lysozyme but stayed crosslinked when incubated in PBS. 

Furthermore, controls of PEG-crosslinked alginate (Figure 3-7) did not de-crosslink in 

the presence of human lysozyme (or PBS). Therefore, the only gels that broke apart and 

decrosslinked throughout this study were those crosslinked by oligomers that were placed 

into the human lysozyme solution.  

 

As a control, alginate was also covalently modified with one single stranded 

oligomer. These remained liquid and did not form three-dimensional hydrogels, as 

expected (Figure 3-8). 
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Figure 3-6. Oligomer-functionalized alginate (a) immediately after lysozyme solution 
was introduced, (b) 60 days after lysozyme solution was introduced, (c) immediately after 
PBS solution was introduced, and (d) 60 days after PBS solution was introduced. 
Oligomer crosslinked alginate gels degraded in lysozyme solution (3 μM) but did not 
when placed into only PBS. 
 

 

Figure 3-7. PEG-functionalized alginate (a) immediately after lysozyme solution was 
introduced, (b) 60 days after lysozyme solution was introduced, (c) immediately after 
PBS solution was introduced, and (d) 60 days after PBS solution was introduced. PEG 
crosslinked alginate gels did not degrade regardless of the presence of lysozyme (3 μM). 

(a) (b) (c) (d) 

(a) (b) (c) (d) 
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Figure 3-8. Alginate covalently bonded to a single stranded oligomer remained liquid 
after the carbodiimide reaction. A minor amount of liquid alginate remains in the top of 
the image. 
 
 
3.2.3 Swelling studies 
 

 

Swelling studies were conducted using oligomer-crosslinked and PEG-crosslinked 

alginate disks. Swelling ratios were calculated using Equation 2-1. The swelling ratio was 

7.25 ± 0.79 for PEG crosslinked alginate and 3.29 ± 0.33 for oligomer-crosslinked 

alginate. Additional studies conducted on oligomer-crosslinked disks that were incubated 

with lysozyme at 0 hours, at 48 hours, or without lysozyme (Figure 3-9) demonstrated no 

significant difference in swelling with and without lysozyme when equilibrium was 

reached at 96 hours (p=0.549 when comparing disks with lysozyme vs. without, and 

p=0.1233 when comparing disks introduced to lysozyme at 0 hours vs. at 48 hours). 
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Figure 3-9. The swelling ratio of oligomer-crosslinked alginate disks in PBS changes 
minimally with or without lysozyme (37°C, pH 7.4) (n=3, error bars show standard 
deviation). 
 
 
 
3.2.4 Scanning electron microscopy 

 

Scanning electron microscopy (SEM) was used to view the surface characteristics of 

oligomer-crosslinked disks placed into PBS with or without human lysozyme for 48 

hours. Disks were viewed at a magnification of 8000X. Figure 3-11 illustrates that the 

surface of oligomer-crosslinked disks placed into only PBS for 48 hours are smooth in 

structure and have no cracks throughout the material. However, SEM images of the same 
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disks but placed into PBS that contained human lysozyme (3μM), showed surface 

characteristics that contained small features and a rough uneven surface.  

 

 

Figure 3-10. Scanning electron microscopy of the surface of oligomer crosslinked disks 
after being placed into (a) PBS solution, and (b) human lysozyme slution (3μM) for 48 
hours. Scale bar is 5 μm in size.  

 

3.2.5 FITC-dextran release from oligomer-crosslinked disks 
 

 FITC-dextran was loaded into dried disks composed of oligomer-crosslinked 

alginate and then released into PBS with or without human lysozyme. A “step-wise” 

release was also conducted, where FITC-dextran-loaded disks were placed into PBS for 

the first 48 hours and then introduced to lysozyme for the remainder of the study. 

 The release of FITC-dextran from oligomer-crosslinked alginate disks into PBS 

with or without lysozyme (3 μM) is shown in 3-12 and 3-13. In Figure 3-12, disks placed 

(a) (b) 
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into lysozyme had a burst release of 11.5 μg of FITC-dextran within the first 24 hours, in 

comparison to 8.4 μg for disks in only PBS. In the step-wise release, when disks were 

introduced to lysozyme at 48 hour, their cumulative release increased from 8.9 μg to 12.3 

μg over 24 hours. Whereas disks that remained in the same solution of PBS with or 

without lysozyme, had an increased cumulative release of only 8.6 μg to 8.8 μg and 12.5 

μg to 12.7 μg respectively. Therefore between 48 and 72 hours, disks placed into 

lysozyme solution (the step-wise release) released on average 1700% more drug than 

those placed into only PBS.  

 

 By the end of the study, at 120 hours, disks placed into lysozyme solution from 

hour 0 had released 12.9 μg of FITC-dextran, and disks placed into lysozyme at 48 hours 

(and onwards) had released 13.0 μg, but disks placed into only PBS for the entire study 

had released 9.1 μg. These results show that oligomer crosslinked alginate disks release 

more FITC-dextran in response to lysozyme than those without. Disks in Figure 3-12 

were air-dried and then stored at 4°C for approximately a month prior to use, whereas 

disks in Figure 3-13 were dried and then used immediately resulting in an increase in the 

release of FITC-dextran. A two-tailed t-test determined that there was significant 

difference in the cumulative release of disks placed with or without lysozyme in Figure 3-

12 at 120 hours (p<0.0001 for lysozyme vs. no lysozyme at 120 hours).  
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Figure 3-11. The cumulative release of FITC-dextran from 3% (w/v) alginate disks 
crosslinked by oligomers that were stored prior to use. (n=3, error bars indicate standard 
deviation, p<0.0001 for lysozyme vs. no lysozyme at 120 hours). 
 

 
Figure 3-12. The cumulative release of FITC-dextran from 3% (w/v) alginate disks 
crosslinked by oligomers that were used immediately. (n=3, error bars indicate standard 
deviation p<0.0001 for lysozyme vs. no lysozyme at 120 hours). 
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3.3 Alginate microspheres 

3.3.1 Microspheres by emulsification 

 

PEG-crosslinked alginate microspheres were produced using emulsification by 8 

different trials to obtain microspheres under 200 μm in size. The oil to gel ratios, weight 

percentages of alginate, mixing methods, rotation speeds, separation methods, and the 

needle sizes used were varied as described in Table 3-2.  In trial 1, 2ml of PEG-

functionalized alginate was added to oil, and stirred at 600 rpm. Spheres produced were 

exceptionally large, and difficult to separate using filter paper. In trial 2, a 22-gauge 

needle was used that resulted in smaller spheres between 200-1000 μm in size. The 

sphere size was analyzed using a mastersizer and can be seen in Figures 3-14 and 3-15. 

When no surfactant was used (Trials 1-5), spheres appeared to be larger and were 

inconsistent in size.  Adding 2% (v/v) surfactant into the canola oil resulted in decreased 

microsphere size. When the alginate percentage was lowered from 3% to 2% for trials 3 

and 4, the sphere’s diameter also decreased by approximately 250 μm. Trials 6 through 8 

used a hand-shaking technique, where alginate was shaken in canola oil for 1 minute. 

This decreased the average microsphere diameter from 300 μm to 125 μm. Although 

small injectable microspheres were prepared through this method, it was extremely 

difficult to remove the surfactant and oil from the spheres. Since the surfactant would 

create problems when attempting to coat microspheres, an electrospraying technique was 

investigated.    
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Table 3-2. Trials and results from the production of emulsified alginate microsphere (3% 
(w/v)) crosslinked by PEG-diamine.  

Trial (w/v)% 
Alginate 

Gel:Oil 
Volume 

Ratio 

Mixing 
Method 

Rotati
on 

Speed 
(rpm) 

Separation 
Method 

Needle 
gauge 

Sphere 
diameter 

(μm) 

Surfacta
nt Used 

1 3 1:25 Mixed in a 

beaker 
600 Filter paper - - No 

2 3 1:25 Injected into a 

beaker of oil 

and stirred 

600 Centrifugation 

and filter 

paper 

22 200-

1000 

No 

3 2 1:50 Injected into a 

beaker of oil 

and stirred 

800 Centrifugation 22 550 No 

4 2 1:50 Injected into a 

beaker of oil 

and stirred 

800 Centrifugation 25 300 No 

5 3 1:50 Injected into a 

beaker of oil 

and stirred 

1000 Centrifugation 

and sieving 

25 None 

below 

125 

No 

6 3 1:50 Injected into a 

beaker of oil 

and shook 

1200 Centrifugation 25 Under 

125 

Yes 

7 3 1:50 Injected into a 

beaker of oil 

and shook 

1200 Centrifugation 

and sieving 

25 Under 

125 

Yes 

8 3 1:50 Injected into a 

beaker of oil 

and shook 

1200 Centrifugation 

and sieving 

25 Under 

125 

Yes 



 

 

 

73 

 

Figure 3-13: Trial 2 volume percent size distribution of microspheres made by emulsion 
using 3% (w/v) alginate, a 22-gauge needle, and a rotation speed of 600 rpm. 10% were 
below 159 μm, 50% below 385 μm, and were 90% below 708 μm with a peak at 550 μm.  
 

 

Figure 3-14: Trial 4 volume percent size distribution of microspheres made by emulsion 
using 2% (w/v) alginate, a 25-gauge needle, and a rotation speed of 800 rpm. 10% were 
below 0.605 μm, 50% below 23.8 μm, and 90% were below 367 μm. 
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3.3.2 Electrosprayed microsphere production 

 

To synthesize microspheres without using oil or surfactant, calcium-alginate 

microspheres were produced using an electrospraying technique. Ten electrospraying 

trials were conducted in order to optimize the production of alginate microspheres (seen 

in Table 3-3). The variables that were adjusted in order to optimize the size and shape of 

spheres included the voltage, weight percentage of alginate, needle size, and the flow 

rate. Table 3-3 illustrates the effects of changing the (w/v) percentage of alginate. 

Spheres that were 1.5% (w/v) were more spherical with a small range of size, where as 

spheres synthesized from 0.5% (w/v) alginate ranged dramatically in size and were less 

spherical. As shown in Figure 3-18, the smallest spherical microspheres were synthesized 

with 1.5% (w/v) alginate, with a flow rate of 0.13 mL/min, using a 30-gauge needle, at a 

voltage of 8.5 kV. These spheres were used for alginate coating experiments. Under these 

parameters, 60% of synthesized microspheres were below 250 μm in size (Figure 3-17). 
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Table 3-3. Electrospraying trials to synthesize calcium alginate microspheres. The 
voltage, flow rate, needle size, and alginate weight percentage were varied until 
microspheres of 250μm diameter or less were synthesized  (*microspheres used for 
coated release studies).  
Trial Alginate 

(w/v)% 

Voltage 

(kV) 

Needle 

Size 
(gauge) 

Flow 

Rate 
(ml/min) 

Microsphere Observations  

1 3 

1.5 

6 

6 

24 

24 

0.13 

0.13 

Strings formed 

Large spheres (> 1 mm) 

2 3 

3 

3 

3 

3 

6 

7 

8 

9 

10 

24 

24 

24 

24 

24 

0.13 

0.13 

0.13 

0.13 

0.13 

Large spheres (> 1 mm)  

Large spheres (> 1 mm)  

Small (< 0.5 mm) and spherical 

String-like 

String-like 

3 1.5 

1.5 

0.5 

0.5 

6 

9 

9 

9 

24 

24 

24 

24 

0.13 

0.2 

0.2 

0.13 

Large spheres (> 1 mm)  

String-like 

Tadpole in shape 

Small but large range of size  

(0.25 mm – 1mm) 

4 1.5 

1.5 

1.5 

11 

8 

5 

24 

24 

24 

0.05 

0.05 

0.05 

Large spheres (> 1 mm)  

Small (< 0.5 mm) but not spherical 

Tadpole in shape 

5 1.5 

1.5 

9 

10 

24 

24 

0.13 

0.13 

Small but not spherical 

Small but not all spherical 

6 1.5 

1.5 

1.5 

4 

7 

8.5 

24 

24 

24 

0.13 

0.13 

0.13 

Large spheres (> 1 mm)  

Small but not spherical (< 0.5 mm) 

Small and spherical (< 0.5 mm) 

7 1.5 

1.5 

1.5* 

4 

7 

8.5* 

30 

30 

30* 

0.13 

0.13 

0.13* 

Large spheres (> 1 mm) and spherical 

Small (< 0.5 mm) but not spherical 

Very small (< 0.25 mm) and spherical 

8 1.5 

1.5 

1.5 

1.5 

8.5 

8.5 

10 

10 

30 

30 

30 

30 

0.24 

0.36 

0.36 

0.48 

All runs in this trial produced noticeable 

smaller spheres (< 0.25 mm) but were not 

spherical. 
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Figure 3-15. Electrosprayed microsphere size distribution using 1.5% (w/v) alginate, 
with a flow rate of 0.13 ml/min, a 30-gauge needle, and a voltage of 8.5 kV. 60% of 
spheres were below 250 μm. 

 

 

Figure 3-16. (a) Electrosprayed 0.5% (w/v) alginate microspheres from Trial 4 run at 9 
kV with a 24-gauge needle at a flow rate of 0.13 ml/min. (b) Electrosprayed 1.5% (w/v) 
alginate microspheres from Trial 7 run at 8.5 kV with a 30-gauge needle at a flow rate of 
0.13 ml/min. Scale bar is equal to 400 μm. 
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Spheres were also produced using alginate that contained chicken lysozyme or FITC-

dextran in order to confirm that these model drugs did not affect the shape and size of 

microspheres. It appeared that the size of spheres loaded with lysozyme appeared to be 

smaller (Figure 3-19). All further studies involving microspheres used electrosprayed 

microspheres loaded with FITC-dextran.  

 

 

Figure 3-17 Electrosprayed 1.5% w/v alginate microspheres run at 8.5 kV with a 30-
gauge needle at a flow rate of 0.13 ml/min loaded with model drugs (a) FITC-dextran and 
(b) human lysozyme. Scale bar is equal to 400 μm. 
 

3.3.3 Crosslinked alginate coatings on electrosprayed microspheres 

 

Once electrospraying was completed and injectable spheres were produced using 

1.5% (w/v) alginate, spheres were layered with poly-L-lysine (PLL), coated with 

crosslinked alginate, and then coated with another layer of PLL. Coatings were layered 

onto microspheres by placing freshly synthesized calcium alginate microspheres into a 

(a) (b) 
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2% (v/v) solution of PLL, then into 0.25% (w/v) oligomer crosslinked alginate, and 

concluded by a final PLL layer using 2% (v/v) PLL followed by rinsing. Oligomer 

crosslinked alginate was coated onto spheres by heating up the oligomer crosslinked 

alginate to 80°C (to break apart the oligomer crosslinker) and then by cooling to room 

temperature. Control coatings of PEG and control oligomer crosslinked alginate were 

also used. Figure 3-20 shows the shape and surface characteristics of coated 

microspheres. The surface characteristics of microspheres change when comparing 

alginate microspheres without oligomer crosslinked alginate coatings (Figure 3-16) and 

with coatings (Figure 3-18). Prior to coating, the alginate microspheres were spherical 

with a rough surface, whereas coated spheres were slightly larger in size, still spherical 

and had a smoother surface.  

 

 
Figure 3-18. Electrosprayed 1.5% alginate microspheres loaded with FITC-dextran and 
coated with PLL and (a) PEG crosslinked alginate or (b) oligomer crosslinked alginate.  
 

(b) (a) 
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3.3.4 FITC-dextran release from alginate microspheres coated with PLL and 

crosslinked alginate 

 

The model drug FITC-dextran was loaded into electrosprayed alginate microspheres 

that were then coated with PLL and alginate crosslinked by PEG, control oligomer (no 

aptamer) or oligomer (with aptamer).   

 

The release of FITC-dextran from functionalized microspheres coated with oligomer 

crosslinked alginate (Figure 3-21) had a significantly greater burst release when 

lysozyme (3 μM) was present than without (p value < 0.0001 with α = 0.005). Sphere 

placed into lysozyme solutions exhibited a burst release of 660 ng, where as those placed 

into only PBS released 521 ng, on average. Furthermore, the release rates following the 

burst effect were not statistically significant (p value = 0.94 with α=0.05). Microspheres 

placed into lysozyme released on average 0.64 ± 0.17 ng/hour from 120 to 840 hours, 

where as spheres placed into only PBS released 0.66 ± 0.49 ng/hour on average. All 

release rates in this study were calculated using the release data plotted into a linear 

regression after the burst effect. 

 

The release rates of FITC-dextran from the microspheres coated with control 

oligomer crosslinked alginate (Figure 3-22) between 120 hours and 840 hours showed no 

significant difference with or without lysozyme (p = 0.99 with α = 0.05). Within the first 
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24 hours the burst releases were 494 ng and 487 ng with and without lysozyme 

respectively. During the first week, control oligomer crosslinked alginate coated spheres 

in lysozyme released 0.2% more FITC-dextran, than those in PBS. From hours 120 to 

840 the disks releases at an average rate of 0.49 ± 0.10 ng/hour and 0.49 ± 0.12 ng/hour 

with and without lysozyme respectively.  

 

The release rate of FITC-dextran from microspheres coated with PEG crosslinked 

alginate (Figure 3-23) were not significant different with or without lysozyme (p = 0.58 

with α=0.05). The initial burst release over 24 hours was also not significantly different 

with a release of 448 ng and 447 ng respectively (p = 0.92 with α=0.05). The average 

release rate of FITC-dextran from spheres between 120 and 840 hours was 0.57 ± 0.10 

ng/hour and 0.52 ± 0.14 ng/hour with and without lysozyme respectively. By the end of 

the study PEG crosslinked alginate coated spheres in lysozyme released 2.8% more 

FITC-dextran, than those in PBS.  

 

When comparing spheres with the same coatings, with or without lysozyme at 840 

hours: 

• spheres coated with oligomer crosslinked alginate release 15% more drug; 

• spheres coated with control oligomer crosslinked alginate release 0.2% more; and 

• spheres coated with PEG crosslinked alginate release 2.8% more FITC-dextran.  
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Figure 3-19. The release of FITC-dextran from alginate microspheres coated with 
oligomer crosslinked alginate and PLL (n=3) into PBS (37°C, pH 7.4) increased in the 
presence of lysozyme (3μM). Error bars show standard deviation. 
 
 

 
Figure 3-20. The release of FITC-dextran from alginate microspheres coated with control 
oligomer crosslinked alginate and PLL (n=3) into PBS (37°C, pH 7.4) did not change 
significantly in the presence of lysozyme (3μM). Error bars show standard deviation.  
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Figure 3-23. The release of FITC-dextran from alginate microspheres coated with PEG 
crosslinked alginate and PLL (n=3) into PBS (37°C, pH 7.4) did not change significantly 
in the presence of lysozyme (3μM). Error bars show standard deviation.  
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Chapter 4 

Discussion 

4.1 PEG-crosslinked alginate sustained the release of lysozyme 

 

 Two polymers that are simple to crosslink into hydrogels were compared: 4-

armed PEG and alginate.  4-armed PEG is advantageous because it is a highly 

hydrophilic, it is easily capped with different chemical groups (for functionalization), and 

has well-established use in vivo, whereas alginate is advantageous because of its negative 

charge (can sustain the release of positively charged molecules), its ease of chemical 

modification, and its inexpensive cost.125 These polymers were crosslinked by a linear 

PEG-diamine chain through a carbodiimide reaction with efficiencies of 39% for 

alginate, and 77% for 4-armed PEG. This difference in efficiency could be because of the 

difference in available carboxyl groups with 4-armed PEG having more available groups 

than linear alginate.  

 

Disks of PEG-diamine crosslinked alginate and 4-armed PEG were analyzed to 

determine which polymer was more suitable for the sustained delivery of positively 

charged therapeutics. The release of lysozyme from 4-armed PEG disks (Figure 3-2) did 

not show the sustained release properties that were anticipated, and after 48 hours, the 

disks had completely de-crosslinked and dissolved in the solution. This decrosslinking 



 

 

 

84 

could have occurred because of inefficient crosslinking. Since the polymer 4-armed PEG 

contains 4-arms, it is possible that the arms could have been crosslinking with one 

another as opposed to the arms of other 4-armed PEG polymers. Xuan Zhao et al (1998) 

showed similar release results with 4-armed PEG disks, where a burst effect occurred, 

which was followed by a small sustained delivery for less than 24 hours.126 

 

The release from PEG-crosslinked alginate disks differed from that of the 4-armed 

PEG with the release of lysozyme for up to 150 days (3600 hours) (Figure 3-2). Although 

alginate and PEG are similar in hydrophilicity, they are vastly different in their ionic 

characteristics. Alginate has a low isoelectric point of 5.4, and when in a physiological 

environment (pH of 7.4), is negatively charged.127,128  This charge attracts positively 

charged molecules, such as lysozyme, to the negatively charged alginate, and results in a 

decrease in the diffusivity of the molecule out of the polymer system when it is 

crosslinked into a hydrogel.120,129  

 

Lysozyme release from PEG-crosslinked alginate disks resulted in a burst effect over 

the first 24 hours. This “burst” is common in monolithic drug delivery systems, such as 

alginate and 4-armed PEG, and occurs because of an initial release of drug encapsulated 

within the surface of the gel. As time increases, the release rate decreases as drugs (in this 

case FITC-dextran) found deeper within the hydrogel have farther to travel in order to 

diffuse out of the gel.130 This burst effect could be viewed as a negative outcome for some 
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applications where a constant release is required during the entire length of the 

therapeutic administration.131,132 Yet, for the treatment of wet age related macular 

degeneration (wet AMD) (where the drug is required to be at an effective concentration 

within the vitreous humour), a burst effect could be beneficial to achieve an effective 

concentration within the vitreous humour, at the beginning of release. Current wet AMD 

treatment involves the injection of 2 mg of drug into the eye to reach the therapeutic 

dosage.133 The burst from alginate disks over the first 24 hours released 2.2 mg of protein. 

This is comparable to the mass of drug administered through injection for wet AMD.  

 

After the burst was a sustained release of lysozyme of approximately 0.36 μg/hour for 

the first 360 hours and then 0.035 μg/hour for the remainder of the study. In vivo studies 

on rabbits showed that when 1.25 mg of bevacizumab are administered into the eye by 

intravitreal injection the vitreal drug concentration peaks at 1000 μg/mL. 134 Vitreal 

bevacizumab clearance was then established to occur in two phases: fast (0-48 hours) and 

slow (1-30 days). Over the first 2 days, the vitreal drug concentration dropped from 1000 

μg/mL to 120 μg/mL and then decreased to 19 μg/mL by day 30. Between day 2 and 30, 

on average, bevacizumab was cleared from the eye of rabbits at a rate of 0.14 μg/hour, 

corresponding to a half-life of 7 days. In this work, the release rate of lysozyme from 

PEG-crosslinked alginate disks was 0.36 μg/hour.  This could theoretically result in a 

minor concentration of model drug remaining within the vitreous humour if applied in 
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vivo. Additionally, the release rate of lysozyme from alginate could be adjusted by 

altering the drug-polymer ratio or by changing the disk’s crosslinking density.135,136  

 

 The in vitro setting used in this work is similar to the in vivo environment found 

within the eye in that it is a closed system (like the eye with the blood-retinal barrier), and 

found at physiological conditions (37°C and pH of 7.4) under shaking. The release results 

are promising that this system could be used to reach the therapeutic dosage 

concentration for wet AMD, followed by a sustained release. Similar releases have been 

demonstrated with the protein VEGF where the release was sustained for 10 days from 

ionically crosslinked alginate hydrogels into PBS.137 

 

The model drug – chicken lysozyme – was used to study the release of positively 

charged macromolecules from covalently crosslinked alginate because of its similarities 

to wet AMD drugs (MW, hydrodynamic radius, and pI, see Section 1.11). However, the 

release of this drug from oligomer crosslinked alginate cannot be analyzed using the 

microBCATM (ThermoFisher) because the trigger (aptamer target), human lysozyme, will 

react with the microBCA assay to influence the results by being detected in the releasate 

through absorbance. Therefore, release studies from oligomer crosslinked alginate used 

FITC-dextran as the model drug. Since FITC-dextran is not a positively charged 

molecule, the release of dextran was not be sustained like that of the positively charged 

chicken lysozyme. 
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4.2 Oligomer-functionalized alginate crosslinks to form hydrogels that change in 

response to lysozyme 

 

The ability for the designed oligomers to anneal and then dissociate in the presence of 

human lysozyme under physiological and reaction conditions was first investigated using 

electrophoresis. Next, alginate hydrogels were synthesized with annealed oligomers, 

tested for their ability to crosslinked and decrosslink, and then used for the controlled 

release of FITC-dextran with and without lysozyme (the target protein).   

 

4.2.1 Affinity of aptamers for human lysozyme 

 

An electrophoretic mobility shift assay (EMSA) was used and the results visualized 

with a Silver Stain to confirm that oligomer crosslinkers anneal and bind with the target 

protein human lysozyme. Heating and cooling two single stranded oligomers together 

accomplished annealing. The silver stain detects DNA and proteins on a nanogram level, 

and for this reason was used to stain electrophoresis gels.138 Figure 3-3 illustrates that 

when 1 μM of the oligomer is in solution with more than 5 μM of target protein, the 

oligomer develops an affinity for the protein and attaches to it.  

 

In addition to demonstrating the affinity and detection limit of the oligomer, EMSA 

can help indicate which reaction conditions will maintain the affinity of the oligomer to 
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its target. MES buffer influences the affinity of the aptamer, found on the oligomer, for 

its protein target. In Figure 3-5, one can observe (regardless of the protein concentration) 

that if the MES buffer is in the solution with the oligomer, a band is always present. This 

implies that the oligomer would not bind to the protein in the presence of MES buffer.  

 

Literature suggests that high Na+ ions in solution can result in a “shielding effect” on 

the oligomer. This shielding effect negatively influences the affinity of the aptamer 

sequence (found on the oligomer) for its target.139,140 Since MES buffer contains a high 

concentration of sodium chloride that dissociate into Na+ ions, it is likely that the MES 

buffer is influencing the aptamer’s affinity for its target. When comparing MES buffer to 

PBS, and vitreal fluid, MES buffer contains 375% more sodium than PBS, and 351% 

more than vitreal fluid.141 The buffer’s function is to minimize pH fluctuations and keep 

the pH at 6 since the carbodiimide reaction is pH sensitive. By testing the pH and altering 

the reagent solutions to a pH of 6.0 prior to mixing, it was possible to crosslink alginate 

without the use of the MES buffer. In addition to the shielding effect, the pH of the buffer 

could have also influenced the aptamer-protein interactions. The aptamers and proteins 

are generally found in vivo at a pH of 7.4 – the same pH as PBS. At this pH the aptamer’s 

shape and its interactions to its target would be optimized. Therefore a solution at a pH of 

6.0 (like that of the MES buffer) could negatively influence the aptamer-protein 

interaction. Although the reaction took place at a pH of 6, electrophoresis results were 
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run at a pH of 7.4 except when using MES buffer (Figure 3-4 and 3-5), since this is the 

pH the aptamer will be placed into after the reaction. 

 

4.2.2 The dissociation of oligomers within crosslinked gels  

 

Alginate is a negatively charged polymer and, therefore, should not be crosslinked 

electrostatically by DNA oligomers, which also have a negative charge. Since alginate 

forms stable three-dimensional gels when reacted with annealed oligomers, it can be 

assumed that crosslinking is accomplished by covalently binding oligomers to alginate. 

This was confirmed when single stranded oligomers (without the complementary strand) 

functionalized to alginate (through the carbodiimide reaction) resulted in no hydrogel 

formation (Figure 3-8).  

 

Annealed oligomers were reacted with alginate to form hydrogels (n=3). When placed 

into solutions of 3 μM lysozyme (as determined by ESMA), the oligomer-crosslinked 

hydrogels degraded over 60 days, however hydrogels placed into only PBS did not 

degrade. Furthermore, control PEG crosslinked alginate hydrogels did not degrade with 

lysozyme.  EMSA demonstrated that lysozyme binds to the aptamer sequence found 

within the oligomer crosslinker. The degradation of the gels suggest that this binding 

triggers the aptamer to go through a conformational change, resulting in the 

decrosslinking of the two-oligomer strands holding the alginate together. Furthermore, 
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the PBS and lysozyme (and all consumables) were free of DNAase that could potentially 

degrade the oligomer crosslinks. Therefore, the mechanism for hydrogel dissolution in 

the presence of lysozyme is most likely decrosslinking.63  

 

4.2.3 Lysozyme interactions with alginate 

 

Swelling ratio studies with oligomer crosslinked alginate disks incubated with and 

without lysozyme (the trigger target) indicated that the swelling ratio, an indicator of 

crosslinking density, does not significantly change in the presence of lysozyme over 96 

hours. If the polymer decrosslinks in the presence of lysozyme, one would assume that 

the swelling ratio should increase as lysozyme is introduced. However this may not be 

the case when introducing lysozyme to alginate because of lysozyme’s attraction for 

alginate. Lysozyme, a positively charged protein, can associate/bind to the negatively 

charged alginate. Lysozyme-alginate interactions have been recorded in research 

demonstrating that formerly crosslinked alginate has the capacity to bind to the lysozyme 

protein.142 This interaction between lysozyme and alginate could be why the swelling 

ratio does not change significantly in the presence of lysozyme (96 hours) (Figure 3-9). 

The ionic attraction would also slow the diffusion of the lysozyme into the hydrogel and 

towards the aptamers contained within its crosslinks.  One could hypothesize that at 

longer time-points the swelling ratios may increase, as is suggested by the degradation of 

oligomer-crosslinked alginate at 60 days (Figure 3-6).  The interactions between 
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lysozyme and the oligomer-crosslinked alginate gels were further illustrated by scanning 

electron microscopy where the surfaces of oligomer crosslinked alginate disks placed into 

PBS with lysozyme for 24 hours had deformations on their surfaces.  These deformations 

observed on SEM suggest interactions are occurring between lysozyme and alginate, 

other studies also support this observation.143 

 

4.2.4 FITC-dextran release from oligomer-crosslinked disks increased in the 

presence of lysozyme 

 

The release of FITC-dextran from oligomer-crosslinked alginate disks shows that 

lysozyme triggered the increased release of FITC-dextran (Figure 3-11). In this study, 

disks are placed into lysozyme, PBS, or lysozyme at 48 hours (“step-wise” release). The 

“step-wise” release (lysozyme at 48 hours) demonstrates that the disks respond to the 

lysozyme at later time-points by releasing more FITC-dextran (Figure 3-12). For 

example, when the disks are placed in lysozyme solution at 48 hours, they release on 

average 1700% more FITC-dextran over 24 hours than disks place into only PBS. 

Additionally, the overall cumulative drug release was 60.4% greater for disks placed into 

lysozyme than disks placed into PBS, and 11.9% greater than those placed into lysozyme 

at 48 hours. Since the release increases in response to human lysozyme, it can be 

assumed that the aptamer, found on the largest strand of the oligomer crosslinker, binds 

to the protein. The mechanism of decrosslinking that causes the increased release is the 
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conformational change of the aptamer when bound to the protein. As the aptamer binds to 

the protein, it changes from a secondary structure to tertiary. This confirmation change 

causes the two oligomer strands to break apart resulting in the decrosslinking of the 

alginate.  

 

The disks used for release in Figure 3-11 were dried and stored at 4°C of no longer 

than a month; whereas disks used for release in Figure 3-12 were also dried, but were 

loaded immediately after drying. At 120 hours, disks from Figure 3-13 released 32 μg of 

FITC-dextran total when placed into lysozyme solution, whereas disks in Figure 3-12 

released 14μg total.  The release profiles between the two figures are similar, except for 

the amount of FITC-dextran released, suggesting that the amounts of FITC-dextran 

loaded into the disks were different (lower for those stored at 4°C). This difference could 

have been due to the batch-to-batch variation.  

 

The overall mass of FITC-dextran released from disks was also significantly less than 

disks loaded with chicken lysozyme. This is due to differences in the concentration of the 

loading solutions since dry disks are swollen into PBS with the drug. Loading solutions 

contained 10 mg/mL and 0.1 mg/mL of lysozyme and FITC-dextran respectively, 

resulting in lower amounts of dextran being loaded and released.  FITC-dextran loading 

solution concentration was chosen based on the range of detection using a florescent plate 

reader.  
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This study demonstrated that oligomer crosslinked alginate disks placed into 

lysozyme solution released significantly more FITC-dextran than disks not in lysozyme. 

However, these disks did not fully decrosslink. Findings from the degradation experiment 

showed that it took 60 days for the oligomer crosslinked alginate to degrade in the 

presence of human lysozyme solution. Since these releases were conducted for only 6 

days, the results may depict the decrosslinking of only a portion of the oligomer 

crosslinks. Literature suggests that the time of decrosslinking could be decreased by 

increasing the target concentration.1 This has been shown in studies using adenosine as 

the aptamer target, for the release of gold nanoparticles from oligomer crosslinked 

polyacrylamide hydrogels.1 In this study, when adenosine was introduced at a 

concentration of 2 mM it took approximately 15 minutes for decrosslinking to occur. 

Although increasing the target concentration may decrease the decrosslinking time, 2mM 

target concentration is high for protein-triggered release systems that use pathologic 

proteins as triggers.  For example, with wet AMD, VEGF is a protein that could be used 

as a target and is found in blood samples of wet AMD patients between 2.4 μM and 9.5 

μM.20,43 Therefore, the 3 μM target concentration used in this work was suitable for the 

design of protein-triggered release of drugs for the treatment of wet AMD. Furthermore, 

for the work with adenosine, the quick response time could also be attributed the small 

size of adenosine. Adenosine (MWAdenosine = 267) is significantly smaller than that of 

lysozyme (MWLysozyme = 14,300) and would diffuse into the polymer more quickly 
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resulting in faster binding to the aptamers and the faster decrosslinking of the 

polymacrylamide.144  

  

4.3 Quantifying the reaction of alginate and oligomer 

 

A challenge that was encountered when developing oligomer crosslinked alginate 

was confirming the binding of the oligomers to alginate. Since the building blocks of 

DNA are nucleotide bases, with some bases containing amine groups, it was not possible 

to use the ninhydrin assay. 1H-NMR was attempted to analyze the reaction; however, 

when the alginate weight percentage was decreased so that the solution was less viscous 

and could be read, the amount of oligomer required was so small (in comparison to 

alginate) that it could not be detected. Although difficulties arose when quantifying 

oligomer functionalization, the other results suggest that alginate was successfully 

crosslinked by the oligomers. These include:  

• the ninhydrin results which established conditions to crosslink alginate with 

amine-terminated groups (PEG-diamine);  

• the reaction with annealed oligomers that resulted in hydrogels, but did not with a 

single stranded oligomers;  

• the incubation of  oligomer-crosslinked alginate in lysozyme solution which 

resulted in its dissolution at 60 days; and 

• the increased release of FITC-dextran in response to lysozyme.  
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4.4 Oligomer-crosslinked alginate shells allow for increased release of FITC-dextran 

with lysozyme 

4.4.1 Emulsified microsphere production 

 

PEG-diamine crosslinked alginate microspheres were synthesized by emulsification. 

In this procedure, the reactive solution (alginate, crosslinker and reagents) was injected 

into oil, and allowed to react to form covalently crosslinked alginate spheres. Although 

the diameter of the spheres was below the goal of 200 microns, after 5 rinses, traces of oil 

and surfactant were still visible by light microscopy.  If oil is present, the anionic 

properties of alginate could be influenced, which would result in problems when 

attempting to coat microspheres.51 Additionally, research has shown that the surfactant, 

Span85®, can cause problems in vivo such as cellular membrane permeability and cell 

lysis.145,146 Due to these deficiencies, electrospraying was used to produce alginate 

microspheres in the absence of oil and surfactant. 

 

4.4.2 Electrosprayed microspheres 

 

Calcium alginate microspheres were successfully produced through an 

electrospraying technique. In this procedure, 60% of spheres produced were less than 250 

μm in size. The electrosprayed microspheres had a rough texture, although after coating 

with PLL and alginate the microspheres texture appeared smooth.  
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4.4.3 FITC-dextran release from alginate microspheres coated with crosslinked 

alginate 

 

Microspheres coated with oligomer crosslinked alginate incubated in 3 μM of human 

lysozyme exhibited an increased release of FITC-dextran in comparison to those 

incubated without lysozyme (PBS). Spheres with oligomer crosslinked alginate coatings 

in lysozyme exhibited a greater burst effect which resulted in a release of 15% more 

FITC-dextran than those without lysozyme.   

 

Two control microspheres were used as a comparison with coatings of either PEG or 

control oligomer (without the aptamer sequence) crosslinked alginate. Control oligomer 

was designed to not bind to the human lysozyme, unlike that of the oligomer crosslinker. 

The purpose behind this control was to check if the changes in the release from oligomer-

crosslinked alginate incubated with lysozyme were due to the lysozyme binding to the 

aptamers and not because of the DNA crosslinker or other contaminants associated with 

the lysozyme. Release of FITC-dextran from microspheres coated with PEG or control 

oligomer crosslinked alginate showed no change in the presence or absence of lysozyme.  
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Chapter 5: Conclusions 

5.1 Protein triggered sustained release 

 

In this thesis, annealed oligomers were successfully bound onto alginate resulting 

in a crosslinked hydrogel. One of the oligomers on the crosslinker contained a human 

lysozyme aptamer sequence. It was shown that when the oligomer crosslinked alginate 

was placed into lysozyme solution, the gel degraded over 60 days. Release studies 

demonstrated the ability of oligomer-crosslinked alginate hydrogels to increase the 

release of FITC-dextran in response to the target (human lysozyme). Alginate 

microspheres coated with PLL, then oligomer crosslinked alginate, and a final PLL layer 

had a greater burst effect in response to human lysozyme resulting in 15% more FITC-

dextran released than when lysozyme was not present. Furthermore, PEG-diamine 

crosslinked alginate sustained the release of positively charged molecules for up to 3,600 

hours.  

 

The results of this work indicate that it is possible to create a hydrogel that both 

delivers therapeutics in a sustained manner and can also increase its release in response to 

target proteins. By incorporating different aptamers that target disease-specific markers, 

this novel delivery system may be further developed for the treatment of wetADM and 

other diseases. 
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5.2 Future work 

 

 When developing a new material to use in vivo, there are factors to take into 

consideration. Although this work has shown that protein triggered delivery systems can 

be synthesized using oligomer crosslinked alginate, there are still many areas to 

investigate. One area is how covalently crosslinked coatings can minimize the negative 

effects of PLL. PLL can cause cytotoxic and inflammatory effects in vivo. However, 

studies have shown that ionic alginate coatings can minimize the effects of PLL.90 If 

covalently crosslinked alginate coatings sustain the release greater than ionic coatings, 

there could be a possibility that covalently crosslinked alginate coatings could minimize 

the effects of PLL more than ionic coatings.  The electrolyte PLL could also be 

substituted for a less cytotoxic polycation such as chitosan.    

 

 Another future area to investigate is low molecular weight (MW) alginate. High 

MW alginate can be broke down into low MW (below 20 kDa) alginate by enzymatic or 

chemical degradation.147,148 Research has shown that polymers below 20 kDa have the 

ability to be cleared from the eye through the blood-retinal barrier.149,150 Therefore, 

synthesizing microspheres out of low MW alginate could be beneficial. An alginate 

alternative could also be looked into for future work. Future work should also measure 

the initial amount of drug loaded into alginate disks and microspheres. 
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 Lastly, the aptamer found on the oligomer crosslinker would need to be changed 

to target VEGF. The form of VEGF that leads to wet AMD is VEGF-A, which has 9 

isoforms. The most influential drugs (Bevacizumab, Ranibizumab, and Aflibercept) for 

wet AMD, targets all forms of VEGF-A. In comparison, the least effective (Pegaptanib) 

that targets only the isoform VEGF165. Since aptamer crosslinkers are designed to bind 

to specific targets, it could be possible to synthesize microspheres with different aptamer 

sequences that bind to the most prevalent isoforms of VEGF-A that stimulate the 

development of wet AMD. Therefore, future work could include finding aptamer 

sequences for different isoforms of VEGF-A, and creating spheres with different isoform 

aptamer coatings.  
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Appendix 1: Solution Components 

Solution Components 
PBS The formulation of PBS for 1 liter is 8g sodium chloride, 0.2 g 

potassium phosphate, monobasic, 1.15 g sodium phosphate, 
dibasic, and 0.2 g potassium chloride. 

TBE buffer 10X TBE buffer in 500mL contains 54g of tris base, 27.5g of boric 
acid, and 20mL of 0.5M ethylenediaminetetraacetic acid.  

Nucleic acid 
loading buffer 

50mM Tris-Hcl (pH 8.0), 25% glycerol, 5mM EDTA, 0.2% 
bromophenol blue, and 0.2% eylene cyanole FF. 

Fixative enhancer 50% water and 50% glycerol 
Silver complex 
solution 

2.5% v/v silver nitrate and 2.5% v/v ammonium nitrate in water 

Reduction 
moderator solution 

10% v/v Tungstosilicic acid hydrate in water 
 

Image development 
reagent 

5% w/w formaldehyde in water 

 

 


