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Abstract 

Biodegradable microspheres have been extensively studied for controlled and minimally invasive 

in situ protein delivery. Their small size and thus ready injectability makes this device extremely 

popular for localized administration, which is particularly advantageous for protein delivery 

applications. In this study, amphiphilic low melting biodegradable tri-block copolymers of PEG, ε-

caprolactone and glycolide monomers were synthesized using bulk ring-opening polymerization 

(ROP). The design and characterization of this biodegradable copolymer was focused on the 

formation of microspheres for localized, controlled delivery of the therapeutic chemokine protein 

SDF-1α. Molecular weight and compositional changes were used to tailor the thermal properties 

of the copolymers so that the produced materials were solid at room temperature but had 

minimum crystallinity after hydration at 37 oC. A complete degradation was achieved for the 

copolymers studied within eight weeks with minor acidic degradation effect on the external and 

internal microenvironment pH of the microspheres. The copolymers exhibited great ability for 

microsphere formation with high protein encapsulation efficiency (≥75%) using an 

electrospraying technique. Prolonged release of SDF-1α was observed with its bioactivity well 

retained after encapsulation and release, as analysed using cell-based assays.  
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Chapter 1. Introduction 

1. 1  Background 

Therapeutic protein drugs have been receiving increasing attention by the pharmaceutical industry. 

Therapeutic protein drugs have shown great bioactivity and potential to replace conventional small 

molecule drugs in the treatment of several chronic diseases.1 Due to their low oral bioavailability and 

short half-lives after administration, advanced and more sophisticated delivery approaches are 

needed to utilize their full potential.2   

Topical injections or infusions are currently the most popular administration route for protein 

therapeutics.3 However, under frequent injection regimes and high local protein drug concentrations, 

tissue reaction and hypersensitivity often occur.3,4 An injectable controlled delivery system has been 

hypothesized to improve the efficacy of this delivery method and utilize the full protein bioactivity 

potential.  

Biodegradable microspheres formulations have been extensively explored for applications of 

localized drug delivery and can provide effective drug protection during storage and release. Their 

small size and thus ready injectability as well as the tunable polymer properties that can influence 

the degradation and release kinetics make this device particularly advantageous for protein delivery.5 

Currently, the most commonly used biodegradable polymer for microspheres formation is 

poly(lactide-co-glycolide) (PLGA). PLGA has a glass transition temperature that is greater than body 

temperature and thus is mechanically irritating to the tissue.6  In an effort to reduce tissue irritation, 

low melting point di-block copolymers of trimethylene carbonate and ε-caprolactone initiated with 

poly(ethylene glycol) (PEG) have previously been prepared and shown to provide effective long term 

and highly bioactive growth factor delivery.7 However, the degradation rate of these polymers was 

too long to be clinically useful. 

This current study aimed to accelerate the degradation rate by synthesizing a low melting 

amphiphilic tri-block copolymer with limited crystallinity at body temperature and enhanced 
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hydrolytic lability. Copolymerized, ε-caprolactone (CL) and glycolide (G) monomers with PEG diol 

were prepared using bulk ring-opening polymerization (ROP). The introduction of glycolide monomer 

had significant contribution to the reduction of the copolymer’s crystallinity and degradation rate 

due to its greater hydrolytic lability compared to ε-caprolactone.8 PEG was introduced in effort to 

enhance the hydrophilicity of the copolymer, which could further enhance the degradation kinetics 

and improve its biocompatibility.9  

Microsphere formulation was focused on creating a non-invasive local administration of the 

therapeutic chemokine protein stromal derived factor-1-alpha (SDF-1α). SDF-1α is of interest 

because it has been found to facilitate stem cell recruitment and engraftment in ischemic sites.10,11 

Exogenous administration of SDF-1α could benefit various clinical conditions and its susceptible 

nature and fragile structure makes it an excellent protein molecule to demonstrate the feasibility of 

the designed device.  

 

1. 2  Scope 

The main aim of this study was to synthesize a copolymer that will have such thermal and 

physicochemical properties that could be utilized for the formation of injectable microspheres for 

localized protein drug delivery. Considering the characteristics required for a successful injectable 

system, low crystallinity and complete degradation were two of the main objectives of this 

research.12 A random copolymer structure was particularly important for these two primary 

objectives to be addressed. A ring opening polymerization reaction was optimized in order to obtain 

random structures and high yields of P(CL-G)-PEG-P(CL-G) triblock copolymers, and copolymer 

composition variables were adjusted to achieve optimal copolymer thermal properties. The 

copolymers with the most suitable properties were evaluated for their ability to form shape stable 

microspheres at room temperature with soft and no tissue-irritating texture at body temperature. 

Degradation rate and pH of the internal and external environment of the microspheres was used to 
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further assess the suitability of the copolymers for protein encapsulation purposes. Protein 

encapsulation ability and ability of the microsphere matrix to control protein release rate was 

evaluated using a suitable model protein. A final SDF-1α encapsulation and release experiment was 

performed based on the results from the release experiment using model protein. Lastly, the 

bioactivity of the released SDF-1α protein was assessed using appropriate cell-based assays and was 

compared to the bioactivity of the SDF-1α protein before encapsulation and release.  

 

  



4 
 

Chapter 2.  Literature review  

2. 1  Therapeutic protein delivery  

Protein therapeutics show extremely specific and potent action against numerous diverse clinical 

conditions such as autoimmune diseases, tissue degeneration, ischemia, mental disorders, 

cardiovascular conditions, cancer and others.1 Their type and action can vary from antibodies, 

enzymes, hormones and growth factors. Their  numerous functions involve regulation of body 

biochemistry and control of chemical transport within the body.13 They are highly specific in their 

actions in vivo, minimizing the side effects typically seen with small molecular weight drugs. For this 

reason, they are usually well tolerated and exhibit minimal immunogenicity when exogenously 

administered.14 

 

2. 1. 1  Protein structure-activity 

The specific function of proteins is mainly governed by their unique three-dimensional shape. 

Proteins are built of a long linear chain of amino acids sequences connected by peptide bonds. A 

combination of a set of 20 amino acids make up all existing protein molecules.15  The specific 

sequence of amino acids, the length, and the intermolecular forces between amino acids along the 

polymer chain provide proteins with their unique shape and function.16 Disulfide covalent bonds, 

hydrogen bonds, hydrophobic, electrostatic or van der Waals interactions within the same protein 

molecule contribute to the specific three-dimensional shape and folding patterns of proteins. 16  

Most of these forces are relatively weak and can be easily disrupted by pH, ionic, or temperature 

strain causing changes in the protein molecule shape.16,17  Their complex three-dimensional 

architecture is extremely critical for their highly specific and potent biochemical activity. 1,18 Any loss 

of those fundamental characteristics can make the protein inactive and possibly immunogenic in 

vivo.14 This fragile nature significantly limits their application, and although therapeutic proteins 
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possess many significant advantages over conventional drugs, their full potential has still to be 

realized.  

 

2. 1. 2  Issues in protein delivery 

The significance and contribution of protein therapeutics in the treatment of many clinical conditions 

has been validated by analyzing their mode of secretion and action when naturally produced in 

vivo.13 A variety of protein factors are known to participate in various functions with respect to cell 

activity in the near proximity of the site from which they are secreted.19 Specific stimuli, such as 

hypoxic shock, inflammation or injury, trigger the local expression of those proteins in very low 

concentrations that has shown to regulate specific interactions.20 Although short term exposure in 

very limited concentrations to the therapeutic protein can be adequate to provide complete 

therapeutic ability in many acute conditions, localized activity and long-term exposure is necessary to 

provide an effective therapeutic level in many chronic conditions.21–24 The main limitation of long-

term exposure is that most of these proteins have very short half-lives in body fluids after 

secretion.25  Therefore, it is very difficult to retain an effective concentration for prolonged time 

periods, as most of the potent therapeutic proteins stay bioactive for a few minutes to hours after 

production or administration.1,26,27 Thus, exogenous administration regimens, which typically consist 

of multiple injections and very high concentrations of the bioactive molecules, have been 

investigated for long-term protein exposure. However, this administration strategy poses problems 

with patient compliance and possible complications due to non-clinical setting of administration.  

Although this administration approach may cause immediate and local increase of protein 

concentration, a large portion of the protein’s bioactivity may be eliminated before it can be utilized 

due to protein degradation.2 There are some inherent protein properties, such as their large 

molecular size and susceptibility to undergo denaturation in vivo that set limitations to their 

administration through other conventional routes.18,28 The most common administration routes, such 
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as nasal, oral, rectal, pulmonary and transdermal have shown poor bioactivity due to transport 

barriers limiting protein movement into the tissue or blood stream as well as enzymatic degradation 

in the tissues covering those organs.18,29,30 

Oral administration possesses distinct advantages that make this route the most convenient and easy 

for patients to comply with their administration regimen.31 The popularity of this method also has to 

do with the variety of oral formulations available and the ease to produce them with minimal cost. 

The limitations that make this method unsuitable for protein delivery is the enzymatic activity in the 

gastrointestinal tract that leads to proteolytic degradation of the administered protein drug.32  Poor 

absorption and depleted bioactivity levels as low as 1% have been noted using the oral 

administration of proteins.31 Nasal and rectal routes exhibit similar limitations due to enzymatic 

activity while respiratory membranes exhibit limited permeability to large molecules such as 

proteins.33 

The parenteral (i.e. intravenous, subcutaneous or intramuscular injection) route has been the 

predominant method of choice for protein delivery due to the ease of administration, and the poor 

bioavailability of other routes.34 Intravenous injections often lack targetability and show poor 

localization to the site of interest. Due to susceptibility to enzymatic degradation and short half-lives 

shortly after introduction in vivo, limited accumulation of the protein to the site of action is usually 

noted. Since most clinical conditions require long-term protein exposure to achieve a therapeutic 

level, frequent doses are necessary to maintain the minimum therapeutic concentration.28,35,36 Such 

an administration scheme involves painful procedures over extended periods of time ranging from 

several days to months while constant medical supervision is required. This process incurs a high cost 

of treatment and a difficulty of the patients in complying with this frequent injections regimen. It has 

been recognized that great benefit would be provided by a controlled release system that could 

reduce the number of injections needed, protect protein molecules during release and improve the 

current protein delivery approach.  
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2. 2  Protein controlled release 

Considering conventional administration methods, drug concentration profiles follow a pattern that 

has peaks and valleys within the therapeutic window between the minimum effective and minimum 

toxic concentration (MEC and MTC respectively) (Figure 2. 1).37  

 

 

Figure 2. 1 Illustration of the drug concentration curve after dosage and therapeutic window margins (MTC: minimum toxic 
concentration; MEC: minimum effective concentration). 

 

To achieve a controlled concentration within this range using conventional drug administration 

systems, frequent doses with precise intervals must be provided for several days or weeks. 

Controlled release systems, on the other hand, can maintain the drug concentration within the 

therapeutic window minimizing the doses required. This way, possible side effects caused by high 

drug concentrations are eliminated, and maximum drug efficiency can be achieved.2 A similar release 

approach would significantly benefit protein delivery by addressing issues such as the need for the 

release of bioactive molecules for prolonged periods with highly controlled concentrations.38 

Enhanced efficacy of localized administration could also be achieved using controlled release 

systems. Protein encapsulation into polymer matrices can provide a protective barrier between the 
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sensitive protein molecules and hostile external environments.39 This way the bioavailability and 

stability of the protein is better retained until its release. .12,40,41 

 

2. 2. 1  Protein encapsulation 

Protein encapsulation into polymer matrices has been developed to provide control over protein 

release as well as improve protein stability prior to being released. The encapsulation practice is 

capable of enhancing protein stability by minimizing its molecular mobility.22,42 Constrained protein 

chain mobility minimizes the occurrence of chemical degradation due to deamidation, isomerization, 

oxidation, cleavage of disulfide bridges and β-elimination.43 Protein chain mobility and flexibility are 

also highly influenced by water content, which has been well documented for its critical role in the 

degradation of biopharmaceuticals.44  

Despite the potential advantages, protein encapsulation has always been extremely complex and 

challenging. The sensitivity of proteins towards chemical and physical stresses makes the formulation 

of consistent systems with stable dosage delivery and proven clinical safety extremely challenging. 

Unlike most conventional drugs that have relatively stable structures, proteins need more careful 

handling and sophisticated encapsulation methods to achieve similar structural integrity.13  

Thus, protein controlled release studies mainly regard the development of effective encapsulation 

methods that involve minimum stresses against protein molecules that will retain most of its 

stability.   The encapsulation practices, the forms and individual polymer and protein properties are 

parameters that need to be considered before designing a protein controlled delivery system. For 

example, the high temperatures applied in spray-drying are sufficient to hydrolyze peptide bonds, 

which can occur at temperatures as low as 80 to 100 oC.45  Additionally, long-term exposure to 

aqueous environments, moisture, or aqueous-organic interfaces can also irreversibly affect protein 
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integrity.46  Encapsulation into suitable and compatible polymer systems using mild encapsulation 

practices may be capable of protecting the protein drug against such physicochemical forces.14,39  

 

2. 2. 2  Biodegradable polymers in protein delivery 

The necessity of local delivery for prolonged times may be addressed by using suitable injectable 

polymer depots that will continuously release the loaded protein drug after injection.41 The release 

rate and mechanism are mainly governed by the specific properties of the polymers used, the 

properties of the loaded protein, as well as the biology of the site of injection.47  All these parameters 

should be considered when designing a controlled delivery system.  

The physical properties of the polymer system used as the protein delivery vehicle can be finely 

adjusted to provide comfortable and benign in vivo behavior after injection. It is considered 

necessary for the injectable systems to be able to provide a soft  response to the natural activity of 

the host tissue. Rigid and brittle textures combined with shear stresses at the injection site can cause 

severe mechanical tissue irritation that could induce inflammation and a foreign body response.48  

Aiming at eliminating the need for redundant surgical operations and other invasive treatment 

methods, biodegradable and biocompatible polymers with tunable properties and forms have 

emerged in the protein delivery area. Compared to non-biodegradable polymers, these materials 

prevail in injectable and implantable systems as there is no need for additional invasive procedure 

for the removal of the device after drug release. After the therapeutic purpose is complete, 

hydrolytic or enzymatic degradation mechanisms break the polymer down into products that can be 

excreted in the urine or feces, or that can be further broken down via metabolic biochemical 

pathways.49 Biodegradable polymers have found application in the delivery of small low molecular 

weight drugs as well as large molecules such as proteins, hormones or other biotherapeutics.50,51  
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Several forms of biodegradable synthetic or natural polymers have been studied. The compatibility of 

the encapsulated protein within the polymer matrix is a major consideration when designing the 

delivery device. It is essential for the polymers to be able to retain the pharmacological properties of 

the loaded protein during encapsulation, storage and release and not to produce any substances that 

could be harmful or toxic to the surrounding tissues or which denature the loaded protein.52  Some 

of the classes of biopolymers that have been investigated for protein delivery are natural collagen, 

alginate, hyaluronic acid and gelatin and synthetic poly(esters), poly(anhydrides), poly(saccharides) 

and poly(anhydrides) with the aliphatic polyesters holding a large portion of the popularity and 

applications (Table 2. 1).53  

 

Table 2. 1 Common polymers in controlled protein delivery, general structures, and some proteins 
explored.17,42,51,54 

Class Type General 
Structure Examples Proteins released 

Synthetic Poly(anhydrides)  Insulin55,56 
myoglobin57,58, 
lysozyme59, albumin60-
immunoglobulin61 

 Poly(ortho esters) 

 

 LHRH analogue62,  
Lysozyme 63 
Albumin63 
VEGF63 

 Poly(esters) 

 

Poly(lactic acid) (PLA) HSA64, insulin65, LHRH66, 
albumin67, BMP 68 

   Poly(lactic-co-glycolic 
acid) (PLGA) 

IL-269 ,insulin70–72, 
BSA73,74, myoglobin75, 
BPM-276  VEGF77 

   Poly(caprolactone) 
(PCL) 

BSA78 

 Poly(phosphazenes) 

 

 79, Insulin135 

Natural Proteins  Albumin  Insulin, IIF-2  
   gelatin IFNα80, albumin81, IFN-

γ82, FGF 83 
   collagen TGF-β1

84, NGF85, 
insulin86,87 

 Poly(saccharides)  Starch 
cellulose  
chitosan  
dextran  
alginic acid 

IFNα, albumin, 
Lysozyme, 
Immunoglobulin 88 
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2. 2. 3  Microsphere delivery systems 

Biodegradable polymers are predominantly applied in systems that need to be implanted or injected 

as they do not require invasive procedures and revisions after implantation.89 Various types of 

biodegradable microparticles have been explored as injectable depots for protein delivery. The type, 

chemistry and form of the polymers used can vary to fulfill the needs of each particular protein and 

release rate required. 

 

2. 2. 3. 1  Microparticles 

Microparticles or microcapsules have been one of the most successful candidates for protein drugs.  

Microparticles offer prolonged and adjustable release profiles. Special attention has been paid to this 

type of delivery device as it can be formed using a variety of fabrication methods and a variety of 

natural and synthetic polymers.41,90,91 Their small size and injectability in combination with the ability 

to effectively control drug release rates, by adjusting the size, surface, porosity or chemical 

composition, have made this formulation extremely popular for localized drug delivery to a variety of 

body sites.92 93,94  

The number of fabrication methods allows for a proper encapsulation of sensitive molecules with 

minimum structural and bioactivity changes. Spray drying,95 double emulsion96,97, electrospraying,94 

and solvent extraction/evaporation 98,99  techniques are some of the methods that have been utilized 

to prepare protein-loaded microspheres. The method used must retain the biological and structural 

stability of the protein drug while having a good encapsulation efficiency (E ≥ 80%) and high yield of 

microparticles to be practically applicable for larger laboratory or industrial production. Most of 

these techniques result in solid particles with solid dispersion of protein particles evenly distributed 

in the polymer matrices of the microspheres.100 The ability of the encapsulation of protein molecules 

in their solid state has been shown to provide great stability and protection over protein 
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denaturation during storage and delivery. Enhanced bioactivity has been observed in solid 

encapsulated proteins compared to solution administration forms.101,102 Polymer matrix 

encapsulation also provides an effective barrier from external conditions that might affect protein 

stability such as moisture and ionic activity.  

Poly(lactic-co-glycolic acid) (PLGA), poly(glycolic acid) (PGA) and poly(lactic acid) (PLA) are the most 

commonly studied synthetic polymers used for microspheres. PLGA has been the gold standard for 

injectable microspheres formulations, probably because many implantable devices containing 

polymers made using lactic and glycolic acid have been approved by the FDA, and thus a significant 

number of toxicological, histological, chemical and biodegradation data are available for these 

materials.103  

Although PLGA has already found commercial application as a drug and peptide carrier, protein 

delivery is still a challenge.41 The release of the encapsulated drugs is mainly governed by hydrolytic 

degradation of the PLGA polymer. The hydrolytic degradation mechanism produces glycolic and lactic 

acid monomers and oligomers.103 These acidic degradation products may need a long time to diffuse 

out of the device. As a result, the pH of the microclimate inside the polymer bulk as well as the 

external environment of the matrix is lowered, and microclimate pH’s of from 1.5 to 4.8 have been 

reported.104 These conditions can accelerate the degradation process and affect the integrity of the 

loaded drug causing its denaturation. Such low pH values can also trigger inflammation of the 

surrounding tissue and cause significant losses in the mechanical strength of the device.14,1057  

Moreover, the crystalline and brittle texture of PLGA often causes irritation in the local injection site.7   

Approaches such as copolymerization with hydrophilic copolymers have been explored in order to 

limit the acidic degradation effects while exploiting all the beneficial characteristics of the 

homopolymers.49,106,107  
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2. 2. 3. 2  Protein release mechanisms 

For drugs encapsulated in polymer vehicles, the physicochemical properties of the polymer matrix 

and the compatibility with the properties of the drug influence the release mechanism.108 Diffusion, 

swelling and osmotic pressure forces, drug/polymer and drug/water miscibility and thermodynamics 

of the drug/polymer system are some of the factors that must be considered when designing a drug 

delivery system. Degradation of the biodegradable vehicle can also significantly influence the release 

rate from the vehicle.51   

Hydrophilic drug release from delivery systems made from hydrolytically degradable polymers such 

as PLGA, usually follow a triphasic release scheme (Figure 2.2).109,110 The initial burst phase, which can 

last a few hours, one day or even several days, is attributed to the drug that is exposed at the surface 

of the device. After the initial burst phase, a lag phase follows where a slower drug release is 

observed, which is due to the diffusion of the water into the bulk of the polymer device. Slow 

polymer erosion might also take place in this phase. The third and last phase exhibits a quick release 

due to polymer erosion and both polymer and drug are continuously released.41,47  Although this 

profile is very common, there are formulations with less distinct triphasic release profile and instead 

only one or two of these phases might be noted during release.111  
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Figure 2. 2 Representative triphasic release profile from PLGA microspheres. Phase I shows high burst release, phase II 
shows the diffusion-controlled release and phase III shows the fast release rate due to the polymer matrix erosion.47 
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2. 3  Effect of copolymerization on polymer properties 

Ring-opening polymerization (ROP) is a very versatile synthetic route for copolymers of cyclic esters 

and lactones that has sensitive reaction equilibrium, depending on the thermodynamics and 

reactivities of the individual monomers involved.112,113 Bulk ROP reactions are particularly affected by 

temperature and reaction time and such factors are often modified appropriately to optimize the 

polymerization product.114  

Copolymerization of monomers with different properties and reactivities requires optimization in 

order to achieve effective polymerization degrees with suitable composition and molecular weight 

control.113 It is also essential that the chemical and thermal stability of the monomers and the 

obtained copolymers are taken into consideration and appropriate measures taken while optimizing 

the conditions of a polymerization reaction.  

In the copolymerization of ε-caprolactone (CL) and glycolide (cG) two transesterification modes of 

glycolide in the copolymer take place.115 The first mode involves bond cleavage between glycolidyl 

units (G) originating from different diglycolyl molecules, which results in the formation of CL-G 

sequences with an even number of glycolyl units (G’). In contrast, during second mode 

transesterification (Scheme 2. 1) cleavage of glycolidyl units (G) originating from the same diglycolyl 

molecule occurs which leads to the formation of CL-G sequences with an odd number of glycolyl 

units (G’) as well as CL-G’-CL chain sequences. This effect is reflected in the 1H NMR spectra of the 

copolymers and can be utilized to determine the microstructure of the copolymer chain as well as 

the degree of randomness.115–117 
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Scheme 2. 1 Ring-opening and acyl-oxygen cleavage of glycolide ring (cG). 

Analysis of the proton NMR of the copolymerized ε-caprolactone and glycolide indicated that their 

characteristic proton peaks differed significantly from those in their homopolymers. The resonance 

of the methylene protons adjacent to the carbonyl group is sensitive to microstructural changes in 

the copolymer chain.117 

Kasperczyk et al. have extensively studied the microstructures of lactone copolymers and have also 

analyzed the microstructures obtained from bulk polymerization of glycolide with ε-caprolactone. 

They were able to perform a detailed microstructural analysis and determine the degree of 

randomness from both proton and carbon NMR spectroscopy.115,116,118  

The same analytical procedure has also been established by Dobrzynski et al., in a comparative study 

of the monomer reactivities.115,116  13C and 1H NMR spectroscopy were used to study the 

microstructural changes and the sequences of the monomer units. These studies were used for the 

assignment of the monomer unit sequences to the individual peaks observed in each 1Η NMR 

spectrum obtained.  

The secondary transesterification can be particularly beneficial for copolymers of glycolide. Glycolide 

oligomers and homopolymers as well as their poly(glycolyl) blocks in copolymerized formulations 

have very poor solubility in all organic solvents and exhibit high crystallinity with a melting point at 

220 oC.117,119 High concentrations of alternating monomer units and random sequences in the 

copolymer can result in more amorphous structures and eliminate the crystallinity of PG segments 
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completely. Random structures are also beneficial to the crystallization efficiency of the other 

components in the copolymer as glycolyl units hinder the ability of the polymer chain to form perfect 

crystals.116,118  

In terms of degradation ability, glycolide homopolymers exhibit much faster degradation rates than 

do ε-caprolactone homopolymers.115,119 Therefore, an even distribution of glycolide monomer units 

within the copolymer blocks will increase the degradation rate of the copolymer. This faster 

degradation results from a higher hydrolytic susceptibility of the glyolidyl units and from the 

reduction in the crystallinity of those segments.49  

The exact monomer sequence in the copolymer formed is sensitive to the monomer ratios and their 

individual reactivities.113 Furthermore, the reactivity of ring monomers highly depends on their 

thermodynamic equilibrium between their closed ring monomer state and the open polymerization 

state.113 Thermodynamic studies have shown that a higher number of acyl units in a ring monomer 

pushes the equilibrium towards the cyclic monomer state as it is characterized by low strain. In 

copolymerizations, even small difference in reactivities can propagate during polymerization and 

form more blocky structures. This can be controlled by changing the conditions of polymerization 

that affect the thermodynamic equilibrium of the individual monomers.113,114  

However, thermodynamic polymerizability does not absolutely correlate with the monomer’s 

reactivity. In order to evaluate polymerizability both polymerization and back depropagation 

reactions should be considered, with the latter being more dependent on the ring monomer strain 

than its thermodynamic properties.114 
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2. 4  SDF-1α protein 

Stromal cell-derived factor-1α (SDF-1α) was selected to demonstrate the feasibility of this delivery 

strategy. SDF-1α is a small (molecular weight = 10.6 kDa, isoelectric point = 9.9) chemokine protein 

that is locally and constitutively secreted to regulate numerous physiological processes in vivo. SDF-

1α can be found in several organs but undergoes rapid proteolytic degradations and therefore has a 

very short half-life in vivo that has been estimated at 25.8 ± 4.6 min by Misra et al. 120–122 

The upregulation of SDF-1α has been recently correlated with the occurrence of ischemic injury. It 

has been shown to be an important pro-angiogenic and anti-apoptotic chemokine that plays a 

significant role in cell survival and recruitment after ischemic injuries.123 Increased expression in 

ischemic brain, kidney, heart and skeletal muscle of ischemic limb indicates the molecular 

mechanism that induces its expression. It has been determined that hypoxia inducible factor-1 (HIF-

α) acts as the signaling protein for the secretion of chemokine SDF-1α and its receptor CXCR4.11,124  

The amount of SDF-1α produced is proportional to the amplitude of hypoxic factors expressed and 

rapidly increases immediately after the loss of blood supply.11   

The most important role of this pro-angiogenic chemokine is to act as a chemoattractant for cell 

migration, homing and engraftment.125 It has also been shown to regulate cell proliferation, anti-

apoptotic activity and contribute to the stabilization of new vessels during neovascularization by 

recruiting bone marrow-derived stem cells. 123,126  Epithelial progenitor cells (EPCs), known for their 

ability to repair damaged tissue, have been found to be recruited to ischemic sites driven by SDF-

1α/CXCR4 signaling. However, the success of this mechanism relies on the retention of both signaling 

and progenitor cells at the site of injury.123  

SDF-1α is naturally produced by cells in local ischemic sites after their occurrence of injury and  

remains upregulated for up to a week.127 The maximum concentration of SDF-1α has been mainly 

reported at 24 hours post-injury with a decreasing tendency thereafter.10,127,128 Some studies have 
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reported secretion of this chemokine for up to 4 weeks, but in the majority of studies the 

concentration after seven days is significantly limited so as to be undetectable.129–131 The bioactivity 

levels of SDF-1α has been extensively studied in vitro, using cell migration assays on mesenchymal 

stem cells (MSCs).132–134 In the majority of the studies, the concentrations that exhibited highest 

bioactivity were determined to be between 10 to 200 ng/mL, with 100 ng/mL providing the 

maximum efficacy.128,135–138 It is proposed that prolonged delivery within this therapeutic window for 

a target period of 2 to 3 weeks could promote significant angiogenic function and tissue 

regeneration. 

The administration of SDF-1α protein as a potential therapy to enhance angiogenesis has been 

proposed for the treatment of a number of diseases, including ischemia and severe inflammation. 

Co-delivery with progenitor cells has also been also proposed in order to enhance the efficacy of this 

approach. However its potential, it exhibits a limited half-life in plasma, undergoing significant 

enzymatic degradation, which prohibits an efficacious accumulation and therapeutic activity.120 

Concerns regarding its short half-life due to proteolytic degradation in vivo are addressed by 

exploring advanced delivery vehicles that could sustainably release and protect SDF-1α after delivery. 

Furthermore, encapsulation can provide protection against ischemic environments that can become 

particularly hostile for such proteins as they exhibit higher enzymatic activity due to inflammation 

and pH that are often slightly acidic (pH~6).139  Controlled and sustained release of SDF-1α has been 

suggested and explored in the present study in order to protect SDF-1α from external forces and 

retain its bioactivity. Localized delivery with an injectable microsphere system may further enhance 

the efficacy of this approach.  
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Chapter 3.  Proposed approach 

Protein delivery via injectable polymer systems has already been the subject of several studies. 

However, most of the polymers examined had only partially successful, if not insufficient, results. The 

prevalent systems have been PLGA microsphere based, having been studied for delivery of growth 

factors and other proteins.69,75,103  However, because of the limitations of using PLGA another 

promising material that has been studied for the formulation of appropriate microspheres has been a 

triblock copolymer composed of poly(trimethylene carbonate-co--caprolactone)-block-

poly(ethylene glycol)-block-poly(trimethylene carbonate-co--caprolactone), which exhibited no 

alteration of pH during its degradation. Unfortunately, the hydrolytic degradation rate of this 

copolymer was very slow, being greater than one year.7  

A possible solution to current microsphere material limitations was explored in this research 

endeavor. The limitations were addressed by the design of a polymer matrix with suitable properties 

and compatibility with the physicochemical properties of the protein, which would ensure retention 

of the protein’s bioactivity. Such a synthetic drug delivery vehicle should have similar mechanical 

behavior with the native surrounding tissue to avoid irritation. Simultaneously, it must possess 

sufficient structural stability to protect the delivered cells during storage, injection, and sustained 

release at the targeted tissues.140–142 The need for such a new composition of materials was 

addressed by using two monomers used to prepare polymers with extensive clinical histories, 

glycolide and ε-caprolactone, along with poly(ethylene glycol).49,143,144  

An assortment of low molecular weight (6.5-25 kDa) copolymers was prepared from PEG, glycolide 

(G) and ε-caprolactone (CL). Each of the three homopolymer structures used in this study individually 

contributed to the final formulation requirements. Thus, polymer architectures were achieved with a 

suitable degradation rate for the application, a melting point close to body temperature, a low 

crystallinity percentage allowing for appropriate release rates, and the ability to form stable 

microspheres transferable by injection through a carrier gel into any site of the patient’s body. Major 
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issues and limitations of current microspheres materials addressed in this study were (i) acidic 

degradation products, (ii) slow degradation, (iii) brittle texture at body temperature, and (iv) slow or 

incomplete protein release.  

PEG is highly hydrophilic and has excellent biocompatibility with limited in vivo response.145,146 Due to 

its hydrophilic nature it tends to become oriented at the surface of microspheres when immersed in 

a polar solvent such as water. This configuration holds several advantages for in vivo applications and 

most importantly it has been found to reduce the likelihood of immune responses after 

inplantation.147  The incorporation of PEG in drug delivery systems has been applied either by 

copolymer formulations or as a coating agent. Coating has been shown to inhibit opsonization but 

also enhances water solubility of the materials.148 It is well established that polymer mixtures with 

PEG show reduced protein adsorption and limited non-specific interactions in vivo that could induce 

an immune response.149 In this current study, PEG plays also an important role in the handling ability 

of the materials as it provides additional crystallinity and stability at room temperatures yet due to 

its hydrophilic nature it forms soft materials with low melting temperature and crystallinity after 

injection at 37 oC.  This room temperature crystallinity also accommodates an easy formulation and 

good stability of the microspheres while increasing water penetration within the hydrophobic P(CL-

G) regions. Enhanced hydrophilicity could improve the degradation rate and, subsequently, the rate 

of protein release. Furthermore, PEG minimizes ionic interactions by steric stabilization that limits 

protein aggregation within the particles.150 Two different molecular weights of PEG were explored in 

this study: 4000 and 1500 Da. Both PEG grades were solid at room temperature but softened upon 

implantation, providing handling ability at room temperature but a soft and non-irritating texture at 

physiologic temperature in water. 

Poly(ε-caprolactone) (PCL) is a high crystalline polymer that also allows for easy handling at room 

temperature. It is highly biocompatible and exhibits good biodegradability, although at a relatively 

slow rate that for microsphere formulations can range from several months to a year depending on 
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the size of the microspheres and the molecular weight of the polymer.151,152 The low melting point 

(60 oC) and the low glass transition temperature (-60 oC) make it a superb microsphere material 

candidate.153,154 The slow degradation of PCL can be significantly increased by copolymerizing 

caprolactone with glycolide. Poly(glycolide) (PGA) is characterized by much faster degradation 

rates.113  When copolymerized with caprolactone, glycolide would also interfere PCL block 

interactions, hindering their crystallization ability. This effect reduces the melting point and the 

degree of crystallinity while enhancing the water permeability of the copolymer.155,156  All these 

factors will shorten degradation times via hydrolysis. Slow diffusion and accumulation of glycolic acid 

during hydrolytic degradation could potentially create an acidic microclimate environment inside the 

microspheres. However, the efficient wettability of the copolymer due to the presence of PEG may 

provide a potential diffusion-based control of the copolymer’s degradation products. The amphiphilic 

nature of the copolymer was proposed to provide effective dispersion of the microparticles in 

aqueous medium. Moreover, the hydrophilic PEG blocks would improve the water solubility of the 

degradation products providing for their effective clearance from the degrading microparticle. 

A previously employed electrospraying technique was used to fabricate the microparticles.7 

Electrospraying gives the ability to generate high yields of polymer microparticles with narrow and 

well controlled size distribution.157 The principle of this formulation technique is based on the ability 

of an electric field to change the interfacial area at a droplet formation process.158 During the droplet 

formation of a dense polymer solution flowing out of a nozzle tip, an applied charge at the end of the 

nozzle can electrostatically force the meniscus to form a jet of droplets.159 The voltage intensity can 

influence the size of the droplets produced.157  The resulted droplets are collected in a cold collector 

solution grounded with an aluminum plaque immersed in the solution and connected to the 

grounding electrode (Figure 3. 1). Specific parameters including the polymer solution concentration, 

the intensity of the voltage applied, the distance of the tip of nozzle from the collector solution and 

the flow rate of the solution can be modified to control the size of the microparticles produced.160 

For protein and drug encapsulation, solid particles of the active substance can be dispersed in the 
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polymer solution prior to electrospraying. Very high encapsulation efficiencies with values varying 

from 65 to 90 % have been reported in the majority of the studies using electrospraying as 

encapsulation method.157,158,161  

 

Figure 3. 1 Electrospraying apparatus for fabrication of microspheres. 

 

Among the advantages of this fabrication method, the most important are the lack of aqueous-

organic interfaces and physicochemical stress (temperature, pressure, pH, etc.) that could 

compromise the stability of the protein.   In addition, a small amount of organic solvents is needed 

during the formulation process and the solid-state protein particles encapsulation has shown 

improved protein stability during storage and release.162  
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Chapter 4.  Objectives 

The main objective of this study was to prepare polymer microspheres for SDF-1α encapsulation and 

delivery by injection. The polymers to be used require important features to allow for effective 

release of the bioactive therapeutic protein as well as physical properties that would facilitate their 

biodegradability with minimum adverse effects. A previously established electrospraying technique 

was used to prepare protein loaded microspheres possessing an average microsphere diameter small 

enough to be injectable yet sufficiently large to provide control over protein release. 

Thus, the specific objectives were as follows: 

1. To synthesize PEG-P(CL-G)2 amphiphilic copolymers exhibiting low crystallinity above 37 oC, that 

are soft at body temperature yet possess good handling ability at room temperature. 

2. To use these polymers to prepare microspheres using an electrospraying technique. 

3. To achieve a microsphere degradation time of from 6 to 8 weeks, with minimum acidic 

degradation product accumulation within the microspheres. 

4. To study the in vitro release of lysozyme model protein and assess the effect of varying 

parameters (loading rate, additives and so on) on the kinetics of release. 

5. To assess the feasibility of this delivery strategy using a therapeutically relevant protein SDF-1α. 
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Chapter 5.  Tri-block copolymer synthesis 

5. 1  Introduction 

The aim was to synthesize copolymers that would be suitable for the fabrication of injectable 

microspheres. A successful candidate for this application would have a melting close to body 

temperature and minimum crystallinity above 37 oC. To impede the crystallization of the copolymers 

a random monomer distribution was necessary. This random distribution would also facilitate the 

degradation of the copolymers.  

ABA tri-block copolymers were prepared using the one step ring opening polymerization (ROP) of ε-

caprolactone (CL) and glycolide (G) monomers with either PEG 4000 or PEG 1500 diols as initiators 

and  tin(II)-2-ethylhexanoate (Sn(Oct)2) as the catalyst (Scheme 5. 1). The CL-G blocks were targeted 

to be identical in length with CL:G molar ratios varying from 1:1 to 12:1. The total target molecular 

weights ranged between 6.5 and 25 kDa while the molar ratio of the total monomers to PEG (M:PEG) 

for both PEG4000 and PEG1500 initiated copolymers was around 52.4:1. 

 

Scheme 5. 1 Ring opening polymerization reaction of ε-caprolactone, glycolide and PEG diol using tin(II)-2-ethylexanoate 
[Sn(Oct)2] as catalyst. 



26 
 

5. 2  Materials 

Poly(ethylene glycol) diol (Mn  4000 Da) (PEG4000) and poly(ethylene glycol) diol (Mn  1500 Da) 

(M.W.1500Da) (PEG1500), ε-caprolactone (CL), 1,8-diazabicyclo[5.4.0]undec-7-en (DBU) catalyst 

(98%) and anhydrous toluene were purchased from Acros Organics, USA. Unless otherwise 

described, poly(ethylene glycol) diols were used after drying at 40 oC under vacuum for 12 h.  

Hydrochloric acid, acetic acid, dichloromethane (DCM), methanol and diethyl ether were from Fisher 

Scientific, Canada. Tin(II)-2-ethylhexanoate [Sn(Oct)2], 96% was purchased from Alfa Aesar, USA and 

glycolide was purchased from Altasorb, USA. The chloroform-d, 99.8%, was from Sigma-Aldrich, 

Canada.  

 

5. 3  Methods 

5. 3. 1  Bulk ring-opening polymerization 

Polymerization was carried out in oven-dried glass ampoules with appropriate amounts of monomers 

and PEG weighed directly into the ampoule. The empty ampoules were filled with argon gas prior to 

weighing. After addition of the monomers and PEG, the ampoules were capped with aluminum foil 

and placed in an oven at 110 oC until all components were melted. At that point, the ampoule was 

taken out of the 110 oC oven and an appropriate volume of the catalyst solution was added directly 

to the melted mixture of PEG and monomers. A concentration of 1 mmol of catalyst for each mol of 

monomer was used in the polymerizations. To facilitate catalyst addition, a tin(II)-2-ethylhexanoate 

catalyst solution (dilution factor = 1:3.5) in dry toluene was prepared.  Argon gas was immediately 

gently blown into the ampoule. A polymer vacuum tube was then attached on top of the ampoule 

and a vacuum of approximately 4 kPa applied. The contents were mixed on a vortex mixer under 

vacuum, which also allowed the toluene introduced with the catalyst solution to evaporate. The 

ampoule was then flame sealed, and placed at 150 oC in an oven for 2.5 h. Vortex mixing was applied 

every 20 min to ensure an even monomer distribution during the polymerization reaction. Vortex 

time was kept very short (5 s) to prevent significant temperature drop while the ampoule was out of 
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the oven. After polymerization, the glass ampoule was snapped open and the polymerization 

reaction was stopped by dissolving all contents in cold DCM.  

 

5. 3. 2  Copolymer composition variables 

The molar ratio of the two monomers used greatly influenced the physicochemical properties of the 

polymer. In order to find an optimum composition with the required thermal properties, different 

monomer molar ratios of CL and G were evaluated. The feed monomer ratios were expressed as 

molar CL:G ratios. Although CL was the dominant monomer in most of the copolymers produced, 

ratios studied ranged from 1:1 to 12:1 for CL:G, respectively for PEG4000 initiated polymers with 

total MW of 10 kDa. 

The total molecular weight can be used to control the amphiphilicity and thermal properties of the 

copolymers. For the purpose of this study the molecular weight of the hydrophilic part (PEG) and the 

CL:G ratio of the hydrophobic part were kept constant at 4000 Da and 3:1, respectively, and only the 

total molecular weight of the copolymers was varied in order to adjust the copolymer’s 

hydrophilicity. Four different total molecular weights were produced: 6.5, 10, 15, 20 and 25 kDa.  

Another parameter varied was the molecular weight of the PEG initiator. Two different number 

average molecular weights were used: 4000 and 1500 kDa. Three different CL:G ratios were studied 

in these series, specifically 1:1, 3:1 and 6:1. The reaction time was appropriately adjusted in order to 

obtain hydrophobic CL-G blocks at each side of the PEG diols with a molecular weight of 3 kDa. Thus, 

only the molecular weight of the hydrophilic PEG and the CL:G ratio was varied.  

Additional experiments were carried out with the use of PEG 1500 as initiator to synthesize 

copolymers with higher molecular weights to analyze the effect of total molecular weight. CL-G 

blocks with molecular weights of 5 and 10 kDa sides were produced.  
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The compositions of the copolymers produced are summarized in Table 5. 1. All samples were 

analyzed via proton nuclear magnetic resonance spectroscopy (1H NMR). The effects of composition 

on thermal properties and percentage crystallinity of the prepared copolymers were evaluated using 

a differential scanning calorimeter (DSC). 

 Table 5. 1 Summary of copolymers synthesized. 

No MW of PEG 
(Da) 

CL:G Mn target 
(kDa) 

Polymerization conditions 

C1 4000 1:1 10.0 150 oC, 2.5 h 
C2 4000 2:1 10.0 150 oC, 2.5 h 
C3 4000 3:1 10.0 150 oC, 2.5 h 
C4 4000 4:1 10.0 150 oC, 2.5 h 
C5 4000 5:1 10.0 150 oC, 2.5 h 
C6 4000 6:1 10.0 150 oC, 2.5 h 
C7 4000 8:1 10.0 150 oC, 2.5 h 
C8 4000 10:1 10.0 150 oC, 2.5 h 
C9 4000 12:1 10.0 150 oC, 2.5 h 

     
C10 4000 3:1 6.5 150 oC, 2.5 h 
C11 4000 3:1 15.0 150 oC, 2.5 h 
C12 4000 3:1 20.0 150 oC, 2.5 h 
C13 4000 3:1 25.0 150 oC, 2.5 h 

     
C14 1500 1:1 7.5 150 oC, 2.5 h 
C15 1500 3:1 7.5 150 oC, 2.5 h 
C16 1500 6:1 7.5 150 oC, 2.5 h 

     
C17 4000 1:1 10.0 110 oC, 24 h 
C18 4000 2:1 10.0 110 oC, 24 h 
C19 4000 3:1 10.0 110 oC, 24 h 

     
C20 4000 1:1 10.0 130 oC, 6 h 
C21 4000 2:1 10.0 130 oC, 6 h 
C22 4000 3:1 10.0 130 oC, 6 h 

     
C23 1500 3:1 11.5 150 oC, 2.5 h 
C24 1500 3:1 21.5 150 oC, 2.5 h 

     
C25 4000 3:1 10.0 Solution, 25 oC, HCl/Et2O 
C26 4000 1:1 10.0 Solution, 25 oC, DBU 
C27 4000 3:1 10.0 Solution, 25 oC, DBU 

 

5. 3. 3  Purification 

To purify the prepared copolymers from unreacted monomers and the tin catalyst, the polymer in 

DCM solution was poured into – 20 oC methanol to precipitate the polymer. The mixture was kept at 
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-20 oC overnight and was then centrifuged at 3200 rpm for 5 minutes.1 The supernatant was 

decanted and the process was repeated once more. The obtained purified polymer was dried at 50 

oC under vacuum overnight and then air dried at ambient temperature for two more days.  

 

5. 3. 4  Molecular weight fractionation 

Readily water soluble oligomers were removed by mixing the dry copolymer with distilled water at 

room temperature at a concentration of 25% w/v. The two phases were gently mixed using a spatula 

to form a wet paste. The aqueous phase was decanted and the process was repeated. The remaining 

polymer was then lyophilized and used for subsequent analysis. 

 

5. 3. 5  Optimization of bulk polymerization 

The polymerization was conducted at three different temperatures, 110, 130 and 150 oC, to study the 

effect of temperature on the monomer and polymer stability, the resulting copolymer distribution, 

and the control on molecular weight and composition. The duration of the polymerization reaction 

varied accordingly to ensure complete monomer conversion and high yield.  

 

5. 3. 6  Other polymerization methods explored 

5. 3. 6. 1  Polymerization in solution using DBU organic catalyst 

Synthesis of selected polymer compositions produced above was also performed using an organic 

catalyst. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) organic catalyst was used at concentrations of 0.5 

and 1% of total monomer moles. Monomer feed ratios of 3:1 and 1:1, a final total molecular weight 

of 10 kDa, and PEG 4000 as initiator, were used to evaluate the efficiency of DBU as a polymerization 

catalyst at ambient temperature.  
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The reaction took place in 20 mL flame-dried screw-capped glass vials containing magnetic stirrers, 

and stirred on a stirring plate at 300 rpm. Both of the monomers and the initiator were dissolved in 

DCM at a concentration of 25% w/v under an argon atmosphere prior to the incorporation of the 

catalyst and stirred constantly. Typically, 1% w/w DBU catalyst per monomer is required for the ring 

opening polymerization of lactones and cyclic esters.163,164 A dilute DBU solution (5% v/v) in DCM was 

used to transfer the catalyst drop-wise into the monomer/PEG solution under stirring. After 

incorporation of the catalyst, argon gas was gently blown into the vial and the vial screw capped. 

Argon gas was constantly blown into the vial while the vial was open.  Samples from the 

polymerization mixture were taken at 2, 4, 6, 8, and 24 h. The samples were subjected to 1H NMR 

analysis for composition assessment and analyzed via DSC for determination of thermal properties. 

 

5. 3. 6. 2  Polymerization in solution using HCl-Et2O system as catalyst 

Polymerization in solution with HCl as a catalyst was also used in an effort to avoid the use of the 

organometallic catalyst. Furthermore, because HCl catalyzed ring opening polymerization can be 

carried out at reduced reaction temperatures, an attempt was made to obtain the same copolymer 

compositions at room temperature as with the organometallic catalyst at elevated temperatures. For 

these reactions, the PEG (Mn = 4000 g/mol) initiator needed to be completely dry as water can act as 

a competing initiator and the monomers are more susceptible to hydrolysis in the presence of HCl.  

PEG diol was dissolved in 50 mL toluene within a 100 mL flat bottom round reaction flask. The 

solution was azeotropically distilled under atmospheric pressure to remove water from the PEG. The 

toluene was then also removed by distillation. The CL and G were introduced into the flask and dry 

DCM was added. The reaction was initiated by the addition of 1.0 M HCl in diethyl ether (5 mL, 5 

mmol) and stirring was applied at 200 rpm at room temperature overnight. After 24 h, the reaction 

mixture was poured into hexane to precipitate the polymer. After separation, the polymer was 

dissolved in DCM and precipitated in cold methanol (-18 oC). The precipitated mixture was 
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centrifuged at 3000 rpm for 5 min  and the supernatant was decanted to isolate the polymer, which 

was then analyzed via 1H NMR. 

 

5. 3. 7  Polymer characterization 

5. 3. 7. 1  1H Nuclear magnetic resonance spectroscopy (1H NMR) 

The composition and molecular weight of the copolymers were determined from 1H NMR spectra 

obtained on a Bruker Avance-400, operating at 400 MHz. The polymers were dissolved in deuterated 

chloroform at a concentration of 10 mg/mL, and tetramethylsilane (TMS) peak was used as internal 

reference. The solution was placed in NMR tubes and analyzed at room temperature. The spectral 

data were analyzed using ACD lab software.  

The total molecular weight of the copolymer (MWtotal) was determined using the 1H NMR spectra 

integrations of PEG methoxy protons (IPEG) compared to the integrations of the methylene protons of  

G (IG) and CL (ICL) monomer units that are adjacent to the carbonyl group. The values IPEG, IG and ICL 

correspond to 4 H, 4 H and 2 H per monomer unit, respectively, and the calculations were carried out 

as follows. The number (푛) of ethylene glycol (EG), G and CL units were determined using the 

equations, 

풏푬푮 = 푴푾푷푬푮
푴푾푬푮

                                                                                Eq. 5. 1 

                                                                    풏푮 = 풏푷푬푮∙푰푮
푰푷푬푮

                                                                                 Eq. 5. 2 

 and,                                                                       풏푪푳 = 풏푷푬푮∙ퟐ푰푪푳
푰푷푬푮

                                                                              Eq. 5. 3 

in which, MWPEG and MWEG are the molecular weights of PEG and ethylene glycol unit, respectively. 

Using the 푛 values obtained above and the MW of the monomers, the segmental molecular weights 

MWG,s, MWCL,s were calculated for G and CL, respectively using Equations 5. 4 and 5. 5. 
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푴푾푮,풔 = 풏푮 ∙ 푴푾푮                                                                     Eq. 5. 4 

and                                                                    푴푾푪푳,풔 = 풏푪푳 ∙ 푴푾푪푳                                                                 Eq. 5. 5 

where, MWG=116.07 g/mol and MWCL=114.14 g/mol. 

Finally, the total molecular weight of the copolymer was obtained from the equation: 

푴푾풕풐풕풂풍 = 푴푾푮,풔 + 푴푾푪푳,풔 + 푴푾푷푬푮                                             Eq. 5. 6 

The integrations of the alkyl methylene and methoxy protons of CL were used as confirmation for the 

ICL methylene integrations. 

 

5. 3. 7. 2  Degree of randomness 

The monomer distribution of the copolymer blocks was analyzed by 1H NMR spectroscopy. The 

average length of the caproyl and glycolyl sequences and the degree of randomness (R) were 

calculated as reported by Dobrzynski et al.116 Briefly, the experimental lengths of the two sequences 

were calculated from Equations 5. 7 and 5. 8: 

푳푪 = ([푪풄] + [푪품])/[푪품]                                                                  Eq. 5. 7 

푳푮 = 푳푪
풌

                                                                                      Eq. 5. 8 

where LC and LG is the experimental average lengths of caproyl (-OCH2CH2CH2CH2CH2CO-) and glycolyl 

(-OCH2CO-) sequences, respectively. [Cc] is the integration of Cc peak and [Cg] represents the 

integration of the Cg peak, shown in Figure 5. 1.  k is the molar ratio of caproyl to glycolyl unit 

(Equation 5. 9). 
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풌 = [푪]/[푮]                                                                             Eq. 5. 9 

The lengths of the caproyl and glycolyl units in randomly structured copolymers were calculated from 

Equations 5. 10 and 5. 11: 

푳푮
푹 = 풌 ퟏ

풌
                                                                               Eq. 5. 10 

    푳푪
푹 = 풌 + ퟏ                                                                           Eq. 5. 11 

And finally, the degree of randomness was then obtained from Equation 5. 12: 

푹 = 푳푮
푹

푳푮
= 푳푪

푹

푳푪
                                                                            Eq. 5. 12 

The degree of randomness for completely random chains is 1 and is 0 for diblock copolymers. A high 

concentration of alternating monomer sequences is implied when R is greater than 1.  

 

Figure 5. 1 Representative 1H NMR spectra and microstructure analysis of copolymer C15 (3:1 - PEG1500 - 7.5 kDa). 

 



34 
 

5. 3. 7. 3  Differential scanning calorimetry 

The thermal properties of the copolymers were measured using a Mettler Toledo DSC 1 differential 

scanning calorimeter. 10 mg of the sample were measured into aluminum pans. A 

heating/cooling/heating sequence from -80 oC to 260 oC at a 10 oC/min rate for both cooling and 

heating cycles was used. Melting (Tm) and glass transition (Tg) temperatures were determined from 

the second heating cycle of the sequence.  The enthalpy of fusion (ΔHm) was calculated from the area 

of the endothermic melting peak integrated using the instrument’s software and the value was used 

to calculate the percentage crystallinity of the copolymers.  

The percentage crystallinity (% X) at 37 oC was calculated as the enthalpy of melting of the sample 

divided by the enthalpy of melting of pure 100% crystalline poly(ε-caprolactone) (ΔHm,PCL = 139.6 J/g) 

(Eq. 5. 13).7 For crystallinity that was assigned to poly(glycolidyl) blocks (PG) (~220 oC), the heat of 

melting of pure 100% crystalline PG homopolymer (ΔHm,PG = 206.6 J/g) 165:    

%푿 = ퟏퟎퟎ × 휟푯풎
휟푯풎,풐

                                                                      Eq. 5. 13 

where ΔΗm,o is the enthalpy of melting of the pure crystalline homopolymer. 

To subtract the crystallinity corresponding to the PEG segment, which will disappear after hydration 

of the polymer in use, thermographs of hydrated samples were also obtained. The hydration of the 

samples was performed using approximately 50 mg of dry copolymer immersed in 0.5 mL distilled 

water for 24 h. The water was removed and the samples blotted dry before weighing the samples. 

 

5. 3. 7. 4  Gel permeation chromatography 

For the determination of the number average molecular weight (Mn) and the dispersity Đ, of the 

polymers, gel permeation chromatography (GPC) was performed. The GPC instrument consisted of a 

Waters 2690 separation module equipped with four Waters Styragel HR columns connected in series. 
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Refraction index and multi-angle light scattering detectors were used. The light scattering detector 

was a Wyatt Technology DAWN EOS. HPLC grade tetrahydrofuran (THF) was used as the mobile 

phase with the flow rate set at 1 mL/min. Samples consisted of 5 mg/mL polymer solution in THF. 

The increment of refractive index (dn/dc) value used for analyzing the light scattering detector data 

was determined using the Wyatt Optilab rEX differential refractive index (dRI) instrument. The same 

HPLC grade THF was used as the solvent for the preparation of five polymer solutions at 

concentrations ranging from 0.2 to 10 mg/mL. The dRI detector wavelength was set at 690 nm, as in 

the GPC instrument. Five different concentrations of each copolymer were used to determine the dRI 

increments with concentration, from which was determined the slope that represents the dn/dc 

value. 

 

5. 3. 7. 5  Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) 

Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) was used as a 

solvent-free structural analysis for insoluble fractions of the copolymers synthesized. To study the 

structural differences between soluble and insoluble fractions, the two phases were separated and 

analyzed using a Nicolet 6700 ATR-FTIR spectrometer (Thermo Fisher Scientific, Canada). A small 

amount of the copolymers was placed in 10 mL vials with 5 mL DCM. The copolymers remained in 

the DCM at room temperature for 24 h until all the soluble portions had dissolved. The poorly soluble 

fraction of the copolymer formed a separate phase at the bottom of the vial. The two phases were 

separated and transferred to two clean vials, in which they were thoroughly dried prior to ATR-FTIR 

analysis. The spectra over the range of 4000 to 400 cm-1 were collected at room temperature. 
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5. 4  Results and discussion 

5. 4. 1  Polymer characterization 

5. 4. 1. 1  Composition analysis 

The efficiency of all the polymerization reactions was evaluated using 1H NMR spectroscopy. From 

the spectra, the molecular weight and composition of the copolymers were calculated and the chain 

monomer distribution analyzed to obtain the degree of randomness within the CL-G regions.  

The final caproyl:glycolidyl ratio (CL:G) in the copolymers was obtained from the integrations of the 

peaks assigned to the methylene groups of glycolidyl (-OCH2COOCH2CO-) and caproyl units (-

OCH2CH2CH2CH2CH2CO-). In the majority of the copolymers produced, the molecular weight and the 

final molar ratio obtained from their NMR spectra were in agreement with the feed ratios (Table 5. 2) 

The number average molecular weights of the CL:G blocks were determined as described above. The 

integration IPEG of the PEG methoxy protons peak at δ 3.65 ppm was compared to the integrations ICL 

and IG of the methylene groups of CL and G’ appearing at δ 4.00-4.30 ppm and δ 4.55-4.85 ppm, 

respectively (Figure 5. 2).   

 
Figure 5. 2  1H NMR peak assignments on a spectrum obtained from copolymer C15 (3:1- PEG1500-7.5 kDa). 
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The multiple peaks at 1.2 - 2.5 ppm were assigned to the methylene and methoxy protons of ε-

caprolactone, as shown in Figure 5. 2.116,118 The protons of the two equivalent methylene groups of 

the caproyl unit (d) appeared as multiple peaks at 1.5-1.7 ppm  while methylene e appeared at 1.25-

1.45 ppm and methoxy protons f at 2.20-2.45 ppm. The integrations of the peaks at 3.5-4.5 ppm 

were used for all the calculations performed.  

For composition analysis the ratios of the caproyl (CL) to glycolidyl (G) monomer units was measured 

and reported as CL:G ratios. The degree of randomness was calculated as described in paragraph 

5.3.7.2.  All results are summarized in Table 5. 2. 

Table 5. 2 Summarized results obtained from 1H NMR and GPC analysis. 

No Mn PEG 
(Da) 

Polymerization 
conditions 

CL:G Mn 
target 
(kDa) 

CL:G Mn 
NMR 
(kDa) 

Mn 
GPC 
(kDa) 

Đ 
R 

C1 4000 150 oC, 2.5 h 1:1 10 1.2:1 10.9 8.7 1.01 0.89 
C2 4000 150 oC, 2.5 h 2:1 10 2.0:1 9.3 8.8 1.07 0.88 
C3 4000 150 oC, 2.5 h 3:1 10 2.9:1 12.3 11.6 1.12 1.30 
C4 4000 150 oC, 2.5 h 4:1 10 4.1:1 10.4 12.7 1.10 1.27 
C5 4000 150 oC, 2.5 h 5:1 10 5.0:1 10.4 13.2 1.09 1.28 
C6 4000 150 oC, 2.5 h 6:1 10 5.9:1 9.6 12.5 1.11 1.54 
C7 4000 150 oC, 2.5 h 8:1 10 6.9:1 11.0 12.1 1.06 1.40 
C8 4000 150 oC, 2.5 h 10:1 10 9.1:1 13.0 12.7 1.15 0.97 
C9 4000 150 oC, 2.5 h 12:1 10 10.7:1 14.2 13.5 1.02 1.00 

          
C10 4000 150 oC, 2.5 h 3:1 6.5 3.0:1 6.1 6.3 1.21 1.10 
C11 4000 150 oC, 2.5 h 3:1 15 2.8:1 18.2 17.3 1.14 1.36 
C12 4000 150 oC, 2.5 h 3:1 20 2.5:1 26.0 22.2 1.19 1.28 
C13 4000 150 oC, 2.5 h 3:1 25 2.6:1 27.6 26.3 1.24 1.17 

          
C14 1500 150 oC, 2.5 h 1:1 7.5 1.1:1 8.7 8.9 1.13 1.00 
C15 1500 150 oC, 2.5 h 3:1 7.5 3.0:1 7.6 8.0 1.11 1.32 
C16 1500 150 oC, 2.5 h 6:1 7.5 6.0:1 8.2 8.1 1.11 1.22 

          
C17 4000 110 oC, 24 h 1:1 10 1.0:1 9.8 6.3 1.01 0.78 
C18 4000 110 oC, 24 h 2:1 10 2.3:1 10.3 6.7 1.11 0.86 
C19 4000 110 oC, 24 h 3:1 10 3.2:1 9.9 6.4 1.13 1.13 

          
C20 4000 130 oC, 6 h 1:1 10 0.9:1 10.7 8.5 1.11 0.68 
C21 4000 130 oC, 6 h 2:1 10 2.1:1 12.0 10.0 1.12 0.94 
C22 4000 130 oC, 6 h 3:1 10 2.9:1 11.2 10.3 1.15 1.15 

          
C23 1500 150 oC, 2.5 h 3:1 11.5 2.9:1 12.1 12.0 1.02 1.24 
C24 1500 150 oC, 2.5 h 3:1 21.5 2.7:1 24.2 20.2 1.14 1.68 

          
C25 4000 HCl/Et2O 3:1 10 - - - - - 
C26 4000 DBU 1:1 10 - - - - - 
C27 4000 DBU 3:1 10 - - - - - 
* Đ = Mw/Mn 
**R→0: block, R→1:random, R→2:alternate 
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5. 4. 1. 2  Molecular weight and dispersity 

The refractive index increment determined was 0.064(±0.04) for PEG 4000 initiated copolymers and 

0.042(±0.04) for PEG1500 initiated copolymers. Using these values, the molecular weight and 

molecular weight distribution of the polymers as measured via GPC. All polymers produced with the 

bulk ROP reaction resulted in narrow molecular weight distributions. The dispersities (Đ) were close 

to 1 and the obtained number average and weight average molecular weights (Mn and Mw, 

respectively) were close to the feed values and those calculated from the 1H NMR analysis (Table 5. 

2).  

The copolymers that possessed longer PG blocks according to NMR and FTIR analysis exhibited 

limited solubility in the GPC solvent. The solubility was further reduced with further extension of the 

PG blocks. A variety of GPC solvents were used to achieve sufficient solubility of those samples but 

poor solubility of the PG blocks in all solvents resulted in incomplete solubility and formation of 

cloudy solutions. Filtration of the samples prior to GPC measurement resulted in decreased GPC 

signals and lower Mn and Mw values than expected based on the molecular weight calculated from 

the NMR analysis and monomer consumption. 

 

5. 4. 2  Effect of temperature on ring opening polymerization 

In bulk ROP polymerization, temperature and time of reaction are very important factors in 

controlling the molecular weight and the microstructure of the obtained copolymers. Cyclic esters 

and their oligomers are unstable in processes that involve high temperatures in the presence of 

oxygen and water.112 In order to obtain a high yield and minimum monomer or product degradation 

the reaction temperature for the ROP needs to be optimized. For complete monomer conversion 24, 

6 and 2.5 h at 110, 130 and 150 oC, respectively, were required. All three polymerization 

temperatures led to copolymers with good control over molecular weight and CL:G ratio in 
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agreement with the feed values, while dispersity values measured by GPC were close to 1 (Table 5. 

2). 

Different monomer reactivities resulted in different copolymer microstructures. Monomer reactivity 

shifts caused by changing the reaction temperature further exacerbated the microstructural 

variations. The higher polymerization kinetics of glycolide compared to ε-caprolactone,113 resulted in 

faster monomer conversions creating longer PG blocks while ε-CL required a longer time to reach 

maximum conversion at the same temperature. When the reaction temperature increased to 130 oC, 

the conversion rates were better balanced for both monomers while solubility issues and blocky 

structures still remained at high glycolide ratios due to the formation of the aforementioned PG 

blocks. The best balance between monomer reactivities was reached at 150 oC, where random 

microstructures and good molecular weight control was achieved within 2.5 h reaction time.  

The secondary cleavage of G is accelerated at higher polymerization temperatures, which can be 

inferred by the decrease of long glycolidyl sequences (Gg) and the increase in the number of 

alternate sequences (Gc) as seen in the 1H NMR spectra obtained from the copolymers produced at 

150 oC (Figure 5. 3). Although increasing the temperature was effective in providing enhanced 

random structures for most copolymers, nonetheless, similar monomer feed rates (1:1 and 2:1) still 

formed longer PG blocks regardless of the polymerization temperature used. The formation of long 

PG blocks was also confirmed by DSC and FTIR-ATR analysis.   
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Figure 5. 3 Section of 1H NMR spectra of PEG 4000 initiated copolymers with 3:1 CL:G molar ratio and total molecular 
weight 10 kDa (3:1 - PEG4000 – 10 kDa) , produced at different temperatures, 150 oC (C3) and 110 oC (C19). Glycolide peaks 
can be seen at 4.8-4.5 ppm. 

 

5. 4. 3  Structural analysis using ATR-FTIR 

Polymers that contained longer glycolide blocks within the copolymer sequence also had poor 

solubility in most organic solvents and hence their analysis was challenging. When mixed with 

organic solvents they formed cloudy solutions that soon separated into two distinct phases. Using a 

solvent-free analytical method like FTIR-ATR spectroscopy, information was obtained that helped to 

explain the solubility differences through structural analysis.   

In all spectra of both soluble and insoluble fractions of the copolymers, strong absorption bands 

were noted in the regions between 1760 and 1740 cm-1, due to the carbonyl groups present in both 

glycolide and ε-caprolactone monomers (Figure 5. 4). Asymmetric and symmetric stretching of -C-O- 

ester bonds exhibit strong bands at 1300-1100 cm-1.166 These regions of the spectrum are very useful 

for the characterization of the backbone structure and randomness in polyesters. Multiple small 

intensity peaks present between 4000-3500 cm-1 were assigned to -OH groups due to moisture in the 

copolymer.167 Any residual -OH from unreacted PEG would exhibit a broader and more distinct peak 

in this region. In the spectra of the insoluble polymer fractions, characteristic peaks of the PG 
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homopolymer at 1500-500 cm-1 appeared amplified, which suggested an elevated concentration of G 

units in the copolymer fraction (Figure 5. 4).  

 

Figure 5. 4 FTIR-ATR spectra of two polymer fractions:  insoluble (red) and soluble (black) recorded using 1:1 PEG 4000 
polymer polymerized at 110 oC (sample C17, Table 5. 2). The characteristic peaks of PG homopolymer (dotted spectrum) 
that are enhanced in the insoluble fraction are indicated with arrows. 

 

5. 4. 4  Thermal analysis 

Thermal analysis revealed a low glass transition temperature (Tg) of -50 ± 10 oC for all the copolymers 

(Table 5. 3). A small effect was noted for the change of monomer molar feed ratios. Starting with a Tg 

lower than -55 oC for the 12:1 CL:G copolymer, an increment of 2-4 degrees was noted for each mol 

decrease in the ε-caprolactone content. Most of the materials tested exhibited all their melting 

events between 30-45 oC. Those copolymers that had more blocky structures exhibited an extra 

characteristic melting peak around 200 oC that was assigned to PG segments in the copolymer (Figure 

5. 5). This melting peak of PG was exhibited only at the first heating cycle of the thermogram, for 

most of the samples that this event was observed, as PG blocks did not effectively undergo 

crystallization under the brief cooling cycle of the thermal analysis (-80 to 260 oC, 10 oC/min). 
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Table 5. 3 Thermal properties of all PEG4000 initiated copolymers produced with bulk ROP at 150 oC. 

No CL:G Mn 
(kDa) 

Tg 
(oC) 

Tm 
(oC) 

ΔΗm 
(J/g) 

%Χ** 
(>37 oC) 

Tg 
(oC) 

Tm 
(oC) 

ΔΗm 
(J/g) 

%Χ** 
(>37 oC) 

   DRY HYDRATED 
   C1* 1:1 10 -34 34-44 33.4 24.4 -35 34-43 10.6 9.5 
   C2* 2:1 10 -40 35-43 36.8 26.0 -45 36-43 14.8 12.6 

C3 3:1 10 -45 36-43 33.1 23.7 -38 36-43 16.3 13.7 
C4 4:1 10 -49 38-42 30.2 21.7 -50 38-42 8.9 6.3 
C5 5:1 10 -50 39-44 35.5 25.4 -52 39-43 9.5 6.8 
C6 6:1 10 -54 39-44 40.8 29.2 -55 40-45 9.8 7.0 
C7 8:1 10 -55 37-44 30.6 21.9 -57 38-45 25.1 8.7 
C8 10:1 10 -56 39-45 30.9 22.1 -59 40-46 24.8 6.6 
C9 12:1 10 -57 38-46 44.7 32.0 -59 37-45 25.2 10.0 

C10 3:1 6.5 -43 32-40 28.1 20.1 -45 32-40 8.4 6.0 
C11 3:1 15 -47 33-41 34 24.3 -50 37-43 14.0 10.0 

  C12* 3:1 20 -43 35-42 22 24.0 -44 31-41 12.1 14.3 
  C13* 3:1 25 -46 35-41 17.8 20.7 -47 31-40 8.0 11.2 

*Exhibited additional melting peak at Tm,PG = ~195-210oC 
**Total crystallinity %X= %XPCL + %XPG, observed at T > 37 oC. Calculated using the ΔHm of 100% crystalline PCL  (ΔΗm,o=139.6 J/g) and PG 
(ΔΗm,o=206.6 J/g). 7,119 
 
 

 

Figure 5. 5 DSC thermogram (1st heating cycle) of dry sample C1 (Table 5. 3). Tm,PG at 198 oC was attributed to the melting 
of PG blocks formed at high G content copolymers. 

 

Although most of the materials exhibited a single melting temperature with onset close to 37 oC, 

some of the compositions exhibited double endothermic peaks at the same temperature range that 

in some cases overlapped. The double peak or peak shoulder phenomenon could be easily explained 

by assignment of the peaks to the individual melting temperatures of PEG and PCL segments (Table 

5. 4). However, such an assignment could not be confirmed as either the phenomenon or the ratio of 

the peaks was not consistent with the compositional changes. Since both endothermic peaks were 
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equally affected by compositional changes, secondary crystallization of PCL probably took place,168 

which would explain the secondary endothermic peak.  

Table 5. 4 Thermal properties of homopolymers obtained via DSC analysis. 

Pure homopolymer Tg (
oC) Tm (oC) 

PEG 4000 -22 59-64 
PEG 1500 -55 48-52 

PCL -60 56-60 
PG 35-40 220-225 

 

The melting onset was affected by the CL:G ratio as well as the molecular weight of the initiator used. 

The onset temperature gradually increased with increasing CL ratio, ranging from 34 oC up to 38 oC 

for the C1 (1:1) and C9 (12:1) in dry copolymers, respectively. An individual melting peak for the PEG 

segments was expected around 53 - 56 oC for PEG 4000 and 43 - 45 oC for PEG 1500, but due to 

proximity of the melting temperatures and the fact that copolymerization hinders the complete 

crystallization of the individual blocks, the melting peaks of the homopolymerized segments were 

depressed and often overlapped forming a single melting event for PEG and PCL. To support this 

explanation, polymers were tested both in their dry and hydrated states. The hydration reduced or 

eliminated the crystallinity of hydrophilic PEG blocks while the hydrophobic blocks retained most of 

their crystallinity and thermal properties. The overall crystallinity was significantly reduced after 

hydration. Moreover, an increase in crystallinity was noted when the PEG ratio in the copolymer was 

increased. All these findings indicated that most of the crystalline segments of the copolymer were 

from the crystallization of the PEG segments.  

Polymers with similar amounts of ε-caprolactone and glycolide exhibited a second melting point 

around 200 oC, which was attributed to the melting temperature of PG blocks formed. In an equal 

monomer feed ratio a more random structure would be expected, but due to faster polymerization 

kinetics of glycolide compared to ε-caprolactone, blocks of PG are formed before CL incorporation 

and interchange.114 These copolymers also exhibited low solubility in all the organic solvents 
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examined, which further supported the presence of insoluble PG blocks that inhibited the overall 

solubility of the polymer.119 Increased overall crystallinity was also observed for these samples above 

40 oC. 

An exothermic crystallization peak was noted at 10 ± 5 oC for most copolymers. In addition, cold 

crystallization (Tcc) was noted during the heating cycle in some of the copolymers (Figure 5. 6). Cold 

crystallization is very common in copolymers with random structures or homopolymers and 

copolymers with bulky side groups.169 The random structures can act as effective barriers to prevent 

the completion of the crystallization process during cooling under specific cooling rates. This leads to 

the appearance of a second crystallization peak when temperatures reach values higher than the 

polymer’s Tg and the polymer chains regain enough mobility during a subsequent heating cycle.  

 

Figure 5. 6 DSC thermogram (2nd heating cycle) of sample C5 (Table 5. 3) exhibiting a cold crystallization (Tcc) at -38 oC. 

 

5. 4. 5  Polymer composition parameters 

5. 4. 5. 1  Effect of monomer ratio 

Monomer ratio was used to finely tune the thermal properties of the copolymers produced. 

Copolymers were prepared starting from an equimolar CL:G feed  and reaching up to a ratio of 12:1.  

The copolymers were characterized using 1H NMR, DSC and GPC analysis. The polymerization 

conditions were kept at 150 oC for 2.5 h for all copolymers in this series.  
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Due to the lower polymerization activity and ring strain of ε-caprolactone compared to glycolide,113 

higher CL feed molar ratios could not be completely converted into polymer and incorporated in the 

copolymer within the polymerization reaction time used. Thus, the resulting copolymers with CL feed 

ratios larger that 6:1, samples C7, C8 and C9, exhibited incomplete conversion and a final 

composition ratio of one or two ratio units less than the feed (Table 5. 2) 

The thermal properties of the copolymers gradually changed with the variation in the monomer 

ratio. Only two compositions (1:1 and 2:1) at 10 kDa total molecular weight exhibited a melting peak 

attributed to PG blocks, confirming the 1H NMR results showing that random microstructures were 

mainly produced at 150 oC. All copolymers exhibited melting temperatures lower than 50 oC with 

most compositions ranging between 35 to 45 oC (Table 5. 3) In hydrated samples, the heat of melting 

calculated from the melting peak at 35-45 oC was reduced by 50 to 70% for all copolymers compared 

to the corresponding dry samples. This drop of crystallinity was attributed to the elimination of 

crystal regions of the most hydrophilic components of the copolymer, PEG segments. 

 

5. 4. 5. 2  Effect of initiator 

Substitution of the PEG 4000 initiator with PEG 1500 eliminated the crystallinity of the copolymers 

attributed to CL and PEG regions (Table 5. 5). Glass transition temperatures were close to -47 oC and 

no other peaks for both 3:1 and 1:1 copolymers were observed.  At 6:1 CL:G ratio a melting peak 

appeared between 25-31 oC and the Tg dropped to values close to -55 oC. Increasing the molecular 

weight of the CL-G segments minimally affected the polymerization reaction and similar 

compositional and overall molecular weight results were obtained. Thermal properties were 

significantly altered by increasing the total molecular weight. A distinct endothermic peak was noted 

in the DSC thermographs at 200 ± 2 oC while Tg was close to -35 oC. The exotherm peak at such high 

temperatures was from the crystallinity of PG blocks present within the copolymer backbone. 

Although the crystallinity observed was low, the PG segments gave the copolymers a much more 
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rigid and stiff texture with crystallinity that would not be easily eliminated in vivo and could 

potentially irritate the surrounding tissue. 

Table 5. 5 Thermal properties of all copolymers produced using PEG1500 as initiator. 

No PEG CL:G Mn target Tg 
(oC) 

Tm 
(oC) 

ΔHm 
(J/g) 

%X Tg 
(oC) 

Tm 
(oC) 

ΔHm 
(J/g) 

%X 

    DRY HYDRATED 
C14 1500 1:1 7500 -35 - - - - - - - 
C15 1500 3:1 7500 -47 - - - - - - - 
C16 1500 6:1 7500 -55 24-29 31.4 22.5 -55 25-31 8.4 6.1 
C23 1500 3:1 11500 -31 194-211 6.4 3.1 -33 197-211 0.5 <1% 
C24 1500 3:1 21500 -37 205-215 9.4 1.0 -43 190-210 1.0 <1% 

 

 

5. 4. 5. 3  Effect of total molecular weight 

A decrease in the yield of the polymerization reaction was observed with increasing target total 

molecular weight. As CL has reduced reaction activity than G, the time required for total monomer 

conversion increased. Therefore, for higher molecular weights under the same polymerization 

conditions, less polymer was produced and in terms of composition analysis CL did not reach full 

conversion after 2.5 h. Increasing the total molecular weight of the copolymer by lengthening the 

molecular weight of the CL-G segments did not affect the degree of randomness as the peaks of 

block to alternating G-C remained practically unaltered. On the other hand, thermal properties 

measured with DSC showed that increasing the molecular weight of the CL-G segments resulted in 

increasing concentrations of PG in the copolymer. This was made clear by the exothermic melting 

peak at 200 oC that was observed in the thermographs of copolymers with total molecular weight 

higher than 15 kDa shown in Figure 5. 7. The crystallinity close to body temperature that was 

assigned to PCL and PEG segments seemed to gradually decrease as the total molecular weight 

increased. This was explained by the fact that the majority of the crystallinity observed at this region 

was due to crystals from the PEG segment and its ratio was reduced at higher molecular weights. 



47 
 

This explanation was further supported by the thermal analysis of the hydrated samples for which 

80% of the exothermic peak’s heat of melting at 30-40 oC was eliminated after hydration for 24 h.    

 

Figure 5. 7 DSC thermograms (1st heating cycle) of PEG4000 initiated copolymers with 3:1 CL:G molar ratio in various Mn 
from 10 to 25 kDa. [C3: 10 kDa, C11: 15 kDa, C12: 20 kDa and C13:25 kDa at Table 5. 2]. 

 

5. 4. 6  Other polymerizations explored 

Polymers produced in solution using either DBU or HCl-Et2O catalysts showed relatively fast G and 

very slow CL conversion. Poor solubility due to the formation of PG blocks resulted in weak signals 

obtained in 1H NMR analysis. To assess the formation of PG, DSC analysis was used. A melting 

endotherm was observed at 220 oC (Tm of PG homopolymer) as shown in Figure 5. 8. A second 

melting peak was observed at 58 oC, which was attributed to the crystalline PEG 4000 used.  
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Figure 5. 8 DSC thermograms (1st heating cycle) of C27 copolymer (3:1 - 10 kDa - PEG4000) synthesized using DBU catalyst. 
The characteristic endothermic attributed to the PG blocks melting can be seen at 220 oC. 

 

The high activity of DBU catalyst makes it a very effective catalyzing agent for the synthesis of block 

copolymers with well-controlled size distribution and molecular weight.163 However, it is very difficult 

to obtain random structures in copolymerization reactions due to the large difference in reactivity of 

the monomers used.114 In this case, glycolide was found to be readily polymerized while ε-CL needed 

more time for full conversion.  

Overall, alternative methods of catalyzing the polymerization reaction at room temperature proved 

ineffective at producing random structures of copolymerized ε-caprolactone and glycolide and, thus, 

cannot be considered as a polymerization method for the specific compositions required in this 

study. Hence, we confirmed that, of the catalysts examined, only Sn(Oct)2 was successful at 

producing random copolymer blocks using the one-step polymerization reaction. A sequential 

polymerization reaction with gradual interchanging monomer addition could potentially prove 

effective in the synthesis of P(CL-G) random blocks using DBU. 
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5. 5  Conclusion 

Tri-block copolymers were successfully synthesized with random microstructures obtained for those 

having higher ε-caprolactone ratios compared to glycolide. The ROP reaction was appropriately 

optimized in order to consistently obtain random copolymers with good molecular weight control. 

This was achieved by performing the reaction at the highest temperature studied (150 oC). Because 

of the need to have a random copolymer, materials prepared at this temperature were used for all 

subsequent studies. The thermal properties of the copolymers prepared allowed for easy handling at 

room temperature, but also provided for soft particles with minimum crystallinity (< 8%) upon 

hydration at 37 oC. The percentage crystallinity above 37 oC and the handling properties of the 

materials were used to evaluate their applicability for microsphere formation for protein delivery. 

Thermal properties and hydrophilicity can also highly affect degradation and release rates and were 

effectively tuned by altering the molar ratio of the hydrophilic PEG block and the hydrophobic CL-G 

blocks in the copolymer.  The materials with the most promising characteristics for this particular 

application were selected to be formulated into microspheres and were subjected to degradation 

analysis. 
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Chapter 6.  Microspheres: Preparation and degradation 

6. 1  Introduction 

As discussed earlier, specific thermal and handling properties are required for the materials to be 

successfully formulated into injectable microspheres for the release of SDF-1α protein. A polymer 

composition with minimal crystallinity at body temperature and low molecular weight could be 

readily degraded in vivo and would be less likely to induce tissue irritation due to crystallinity.8 A 

sustained yet complete protein delivery must be achieved during the degradation period with 

minimal loss in protein stability. 

Based on the handling properties of the dry copolymers at room temperature and the thermal 

properties of the hydrated copolymers above 37 oC, materials that exhibited high crystallinity above 

37 oC were excluded from consideration. From the remaining materials those with a total molecular 

weight of 10 kDa were selected so that complete degradation would be achieved within the desired 

period of time. Consequently, four of the copolymers C4 (4:1-PEG4000-10 kDa), C5 (5:1-PEG4000-10 

kDa), C6 (6:1-PEG4000-10 kDa), and C16 (6:1-PEG1500-7.5 kDa) were chosen to be studied for their 

ability to form stable microspheres and evaluated for their hydrolytic degradation properties. 

 

6. 2  Materials 

Dichloromethane (DCM), ethanol, NaOH 1N solution, phosphate buffered saline (PBS) powder 

concentrate were purchased from Fisher Scientific, Canada. Lysosensor yellow/blue and SNARF-1 

dextrans 10,000 MW, pH sensitive fluorescent dyes were obtained from Thermo Fisher Scientific, 

Canada.   The chloroform-d used in 1H NMR analyses was from Sigma-Aldrich, Canada.  
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6. 3  Methods 

6. 3. 1  Electrospraying of microspheres 

The electrospraying apparatus used for the preparation of the polymer microspheres consisted of a 

syringe pump, a high voltage generator, a stirring plate and a cold ethanol bath that served as the 

collector of the microspheres as described earlier in paragraph 3 (Figure 3. 1). The positive electrode 

of the high voltage generator was attached to the syringe needle containing the polymer solution 

while the ethanol bath was grounded using a piece of aluminum plaque connected to the second 

electrode of the circuit. The piece of the aluminum plaque was immersed into the ethanol and fixed 

close to the walls of the beaker to keep mixing undisturbed. 

The tip of a 20 gauge needle was cut and filed to create a round flat end for more uniform round 

particles and better control of the flow.  A concentrated polymer solution (0.7 g/mL) in DCM was 

injected through the flat tip needle syringe using a syringe pump set at 0.5 mL/min. The 

microspheres formed were collected in a 250 mL beaker filled with cold ethanol (collector bath). The 

collector bath was immersed in dry ice to keep the temperature close to -70 oC, well below the Tg of 

the copolymers (-50 ± 5 oC). This allowed for quick solidification of the droplets into stabilized glassy 

amorphous polymer particles upon contact with the cold ethanol. The bath was constantly stirred at 

400 rpm and small dry ice pieces added several times to the ethanol bath throughout the process to 

maintain the temperature. The flow of the polymer solution was paused every 200 μL to allow for 

the formed particles to harden and settle to the bottom of the beaker. This way, microsphere 

aggregation was less likely to occur. The voltage applied was 7 kV and the current was set at 0.1 mA. 

The distance from the tip of the needle to the surface of the collector solution and the ground 

electrode was 7 cm. 

The microspheres were kept in the ethanol bath at -80 oC in a freezer for 48 h to extract the DCM 

from the microspheres into the ethanol. The suspended microspheres were then transferred to a -20 

oC freezer, above the polymer’s glass transition temperature, to allow for polymer crystallization. The 
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suspension remained at this temperature for a minimum of 24 h to ensure that crystallization was 

complete before proceeding to size separation. 

 

6. 3. 2  Microspheres size separation 

For size separation and isolation of the microspheres from the ethanol, the suspended microspheres 

were sieved through appropriate pore sized sieves to obtain a size distribution between 45 and 100 

μm. Sieving and further handling were carried out in a cold room to prevent softening of the 

microspheres during processing that could lower the final yield. All sieves and equipment were 

cooled to -80 oC for an hour before use. The microspheres were retrieved from the sieves using cold 

ethanol and remained for several days in a ventilated fridge (4 oC) to dry completely. The suspension 

of microspheres was briefly sonicated using a Fisher Scientific 100 probe sonicator to break any 

aggregates formed during the preparation and solvent extraction periods. Samples were kept in a dry 

ice bath before and during sonication to prevent warming. 1H NMR analysis was used to determine 

whether the microspheres were free from solvents. 

 

6. 3. 3  Mean microsphere diameter determination 

The average diameter of the microspheres was determined from Scanning Electron Microscopy 

(SEM) images using Adobe Photoshop CS6 image software. The scale on the SEM images was used to 

calibrate the integrated scale of the software to the corresponding number of pixels. Using the 

pixels-to-length calibrated scale we were able to determine the diameter of the particles in the 

pictures. An average was calculated in triplicate for a total number of 100 microspheres from images 

taken with the same magnification factor (x100).  
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6. 3. 4  Water uptake 

To measure the ability of the copolymers to absorb water, polymers were heat molded into 1.5 cm 

square thin films (3 mm), immersed in an aqueous environment at 37 oC, and their weight variation 

with time monitored. To create the films, 100 mg (mdry) of the copolymer was placed in a square 

mold and into a 100 oC oven for 10 min to melt flat at the bottom of the mold. The molds were 

quickly transferred to a desiccator and remained there to cool at room temperature and crystallize 

before being removed from the mold. The weight of the dry film was recorded at room temperature 

and then placed dry in a 37 oC incubator for 2 h.  

Phosphate-buffered saline pH 7.4 at 37 oC was added to the film and the samples were incubated for 

6 h. After 6 h, the buffer was removed and the excess moisture was blotted off the surface of the 

film. The weight was recorded again at room temperature (mwet) and the samples were dried 

overnight in an oven at 110 oC. After drying, the films were transferred to a desiccator to cool to 

room temperature and the weight of the dry film was recorded. The water uptake (WU) was 

calculated as, 

푊푈 = × 100%                                                    Eq. 6. 1 

 

6. 3. 5  Hydrolytic degradation of microspheres 

For the hydrolytic degradation study, approximately 20 mg of dry microspheres were placed in 40 

pre-weighed 1 mL glass vials (n = 4 for each time point). 1 mL of distilled water was then added to the 

vials. The added water had a pH of 7.4 which was adjusted with a 0.01N NaOH solution.  The vials 

were then placed in a 37 oC incubator and mixed gently on a rocking platform mixer. The incubation 

medium was refreshed daily and analyzed for pH change using an Accumet AR15 Fischer Scientific pH 

meter. At predetermined time points, four vials of each sample were centrifuged at 1500 rpm for 5 
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min. The incubation medium was removed and the vials were lyophilized to obtain the remaining dry 

mass weight. Pure PCL and PCL-PEG-PCL microspheres of similar molecular weights and size 

distribution were tested as negative controls. The dried material was then subjected to 1H NMR and 

GPC analysis for composition and molecular weight changes, respectively. Selected samples were 

analyzed via Differential Scanning Calorimetry (DSC) for changes in their thermal properties during 

degradation. 

 

6. 3. 6  Microenvironmental pH of degrading microspheres 

Lysosensor yellow/blue and SNARF-1 pH sensitive fluorescent dyes with dual emission and dual 

excitation properties, were used for the ratiometric determination of the microclimate pH 

distribution inside degrading microspheres of C5 and C6 copolymers. Both of the fluorescent dyes 

used for this study were conjugated on 10,000 Da solid dextran obtained from Fisher Scientific, 

Canada.  

Two different batches of microspheres were fabricated for each dye under the same encapsulation 

method. Each dye was co-lyophilized with a small amount of PBS buffer solution at pH 7.4 (10% w/v). 

The lyophilized powder was dispersed in DCM at a concentration of 4% w/v, vortexed for 2 min and 

gently pulse sonicated using Fischer Scientific 100 probe sonicator for 1 min while kept in an ice bath 

to get small uniform sized particles.  Appropriate amounts of polymer and DCM were added. The 

final polymer concentration was 0.7 g/mL in DCM. The concentration of the dyes in the dry polymer 

mass was 4 mg/g. The solution was subsequently electrosprayed as described in paragraph 6. 3. 1, 

into a cold ethanol bath to form microspheres. The microspheres were subjected to size separation 

(45-100 μm sieves) and air dried at 4 oC. 

20 mg of microspheres with one fluorescence dye encapsulated were incubated in 1 mL PBS buffer 

solutions (pH7.4) under mild agitation on a rocking platform mixer (60 cycles/minute) (n = 3 per 
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sample). At predetermined time intervals the incubation medium was removed and replaced with 

fresh buffer while at the same time a small amount of microspheres was removed for analysis. The 

pH of the removed incubation medium was measured each time. The analysis of the microspheres 

was performed with an Olympus FV1000 confocal microscope using an Ar/He laser at 488 nm and 

405 nm for the excitation of SNARF-1 and Lysosensor, respectively. The intensity of the laser was set 

at 40 %. While focusing at the center of the microspheres, images were taken at two emission 

wavelengths for each dye using narrow band emission wavelength filters set at ± 20 nm from the 

wavelength of interest. The emission images of Lysosensor dye were taken at 450 and 520 nm and 

for SNARF-1 the images were taken at 580 nm and 640 nm. All microspheres selected for analysis had 

a diameter close to the average diameter calculated in 6. 4. 2 (63 ± 5 μm) (Table 6. 1). 

The analysis provided a quantitive ratiometric method and the values obtained were concentration 

independent ratios.104 The calibration was performed using pH-adjusted PBS buffer solutions ranging 

from 2.8 to 5.8 for Lysosensor and 5.5 to 8 for SNARF-1. The pH of the solutions was adjusted using 

0.1M acetic acid and 0.1 NaOH solutions. Lysosensor and SNARF-1 dextrans were dissolved in the 

buffer solutions at concentrations of 1 and 0.2 mg/mL, respectively. The standard curve for each dye 

was obtained by plotting the fluorescent intensity ratios under two emission wavelengths, Ι450/Ι520 for 

Lysosensor and Ι640/Ι580 for SNARF-1, versus the pH value of the solution. The excitation wavelengths 

were again 405 nm and 488 nm for Lysosensor and SNARF-1, respectively. 

 

6. 4  Results and discussion 

6. 4. 1  Microspheres preparation 

The electrospraying technique was optimized in order to achieve specific characteristics that will 

facilitate an effective microsphere distribution within the water-based injectable carrier. Spherical 

particles with smooth surface have been shown to exhibit better dispersion and limited aggregation 
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compared to irregularly shaped particles.34  Injectability was also ensured by adjusting the 

microsphere size distribution to a range that could be easily administered using a conventional 

syringe needle size.  The aim was to obtain a high yield of narrow size distribution spherical 

microparticles at an injectable size range of between 45-100 μm. A variety of needle sizes, polymer 

solution concentrations, voltage, and flow rate values were examined in order to optimize the 

microsphere preparation protocol described above in section 6. 3. 1, where maximum yield and 

suitable size distribution was achieved. Microspheres were particularly susceptible to softening and 

aggregation when suspended in ethanol solution, and therefore a very low temperature of less than -

10 oC was required until all DCM had been extracted. The temperature should also be retained lower 

than 10 oC until complete solvent evaporation.  

A complete solvent extraction and evaporation was testified using 1H NMR spectroscopy. The 

obtained 1H NMR spectra were also used to investigate any compositional changes that may had 

occurred during electrospraying. The spectra of the dry initial and after microformulation polymers 

showed no solvent peaks or change in composition (Figure 6. 1A). Also, the Tm and Tg of the 

copolymers after formulation were in agreement with the initial thermographs obtained from the 

pure copolymers (Figure 6. 1B).   

 

Figure 6. 1 1H NMR spectra (A) and DSC thermograms (1st heating cycle) (B) of dry polymer sample C4 before 
electrospraying (a) and after microsphere formation (b). 
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6. 4. 2  Microsphere average diameter and morphology 

The electrospraying technique and size separation produced uniform spherical particles with smooth 

surfaces and minimum aggregations. Images obtained by scanning electron microscopy (SEM) (Figure 

6. 2) were used to calculate the average microspheres size for each of the copolymers used (Table 6. 

1).  

 
Figure 6. 2 Scanning electron microscope (SEM) image obtained from 6:1 PEG4000 (C6) copolymer. 

Table 6. 1 Average diameter of the microspheres produced, determined through SEM imaging analysis. 

 

 

 

6. 4. 3  Water uptake 

The equilibrium water uptake was measured for the copolymers that were selected for their 

hydrolytic degradation and protein release rates. The ability of the polymer to absorb water is a 

determinant of the rate of hydrolytic degradation as well as the protein release kinetics. The polymer 

disks absorbed between 21 to 25 % w/w of water. The water uptake was higher in copolymers with 

lower ε-caprolactone ratios, although the difference was not significant (F=0, one-way ANOVA) 

(Table 6. 2).  

Copolymer Average diameter 
(μm ± SD) 

C4 68.9 ± 4.8 

C5 65.4 ± 2.9 

C6 60.2 ± 8.4 

C16 56.4 ± 3.1 
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Table 6. 2 Water uptake of the copolymers tested for degradation kinetics. 

Polymer Water uptake (% w/w ± SD) 

C4 25.1 ± 0.9 

C5 22.3 ± 1.2 

C6 21.1 ± 0.7 

 

6. 4. 4  Hydrolytic degradation rate 

A complete mass loss was observed within 8 weeks for all copolymers tested (Figure 6. 3). The PEG 

1500 initiated copolymer showed rapid mass loss within 20 days of incubation. This rapid 

degradation was attributed to the lower molecular weight and the completely amorphous state 

(Tm~25 oC) of the samples at the incubation temperature (Table 5. 5) that helped water penetration 

and fast hydrolysis of the polymer.  

 
Figure 6. 3 Cumulative mass loss obtained from in vitro hydrolytic degradation kinetics analysis on copolymer microspheres 
in distilled water with pH adjusted to pH 7.4. Samples C6 (6:1 – PEG4000 - 10 kDa), C5 (5:1 – PEG4000 - 10 kDa), C4 (4:1 – 
PEG4000 - 10 kDa), and C16 (6:1 – PEG1500 – 7.5 kDa) compared to copolymerized PEG4000 with pure PCL blocks to total 
10 kDa molecular weight. n = 4 per time point. Straight lines connecting the data points of each sample were used to guide 
the eye.  
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C4, C5 and C6 PEG 4000 initiated copolymers had very similar degradation rates that were affected 

by the CL:G ratio especially during the last weeks of the study. The rate of mass loss accelerated as 

the degradation progressed after week 3 with the most significant increase observed for the C4 

copolymer. This increase was attributed to hydrolytic autocatalysis caused by acidic degradation 

products (e.g. glycolic acid). The higher glycolide content in the C4 copolymer may also have caused 

the burst in mass loss at the latter stage of its degradation due to the accumulation of glycolic acid in 

the bulk of the copolymer.    

 

Although bulk erosion of polymers is usually characterized by continuous Mn loss but small mass loss 

at the initial stages of degradation, low molecular weight amphiphilic polymers can exhibit quite fast 

and direct mass loss from the earliest stages.8 The molecular weight threshold below which polymer 

chains become soluble in the hydrolysis medium can be easily reached with minimum chain scissions 

by polymers of already low molecular weight. Consequently, simultaneous molecular weight and 

mass loss is usually observed in such samples, as in the samples studied herein (Figure 6. 4). 

 
Figure 6. 4 Cumulative Mn loss obtained from in vitro hydrolytic degradation kinetics analysis on copolymer microspheres 
in distilled water with pH adjusted to pH 7.4. Samples C6 (6:1 – PEG4000 - 10 kDa), C5 (5:1 – PEG4000 - 10 kDa), C4 (4:1 – 
PEG4000 - 10 kDa) were analyzed. n = 4 per time point. Straight lines connecting the data points of each sample were used 
to guide the eye.  
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The composition analysis of degrading microspheres was studied with respect to the integration of 

glycolide methylene peaks (Table 6. 3). As expected, the glycolyl units showed faster degradation 

rates than PCL segments while PEG segments concentrations were also quickly reduced. PCL 

degrades very slowly and this was confirmed by the much longer retention of the PCL blocks in the 

copolymers. Pure PCL microspheres (control) showed only 0.25% mass loss in first weeks of 

incubation and did not reveal any further reduction in the timeframe of the analysis. 

Table 6. 3 Molar ratios of CL and PEG in respect to G determined via 1H NMR composition analysis of 
samples from in vitro degradation analysis in distilled water with pH adjusted to pH 7.4. 

week 
6:1 5:1 4:1 

CL/G PEG/G CL/G PEG/G CL/G PEG/G 
0 5.92 12.71 5.11 10.30 4.13 8.43 
1 5.98 10.72 5.36 9.32 4.13 7.32 
2 6.05 8.89 5.40 9.05 4.22 7.17 
3 5.96 8.15 5.24 8.53 4.34 7.07 
6 5.98 8.10 5.98 9.71 4.51 6.60 
7 6.03 9.08 6.01 9.50 - - 

 

The hydrolytic degradation study was carried out in distilled water with an adjusted pH of 7.4 to 

enable assessment of the acidic by-products formed during degradation. The incubation medium was 

replaced daily and its pH measured (Figure 6. 5). A rapid drop of the external pH was noted during 

the first days of incubation, which reached values as low as pH 4.7 at days 20 to 30 for the copolymer 

that was higher in G content (C4). 
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Figure 6. 5 pH values of the external incubation medium during degradation of microspheres prepared with copolymers C6 
(6:1-PEG4000-10 kDa), C5 (5:1-PEG4000-10 kDa) and C4 (4:1-PEG4000-10 kDa). The degradation took place in water with 
pH adjusted at pH7.4. The incubation medium (water, pH7.4) was refreshed daily. n=4 per time point. 

 

Thermal analysis of the degrading microspheres revealed that the crystallinity of the hydrated 

samples decreased after one week of degradation and continued to decrease gradually as 

degradation progressed. The glass transition and melting temperature were retained in similar onset 

and endset values and only the integration of the endothermic melting peaks showed a decrease 

(Figure 6. 6).   

 

 

Figure 6. 6 DSC thermographs (1st heating cycle) of copolymer C5 (5:1- PEG 4000-10 kDa) during hydrolytic degradation in 
water at pH 7.4. Graphs obtained from dry samples at day 0, 14 and 21 of the study. 
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6. 4. 5  Microenvironmental and external pH of microspheres degrading in PBS pH 7.4 

The microenvironmental pH study was critical to ensure the stability of the protein after 

encapsulation and during the polymer’s degradation. The copolymers C5 and C6 that exhibited more 

controlled mass loss and higher pH values during degradation were selected for this study. C5 and C6 

polymer microspheres with encapsulated pH-sensitive fluorescence dextrans were incubated in PBS 

(pH 7.4) buffer solution and studied for their microenvironmental and external pH variations with 

time. Two dual emission and dual excitation fluorescent dyes, Lysosensor yellow/blue and SNARF 1, 

were encapsulated into the microspheres to study the change of the pH in the core of the 

microspheres using confocal microscopy. The Lysosensor dye was used to visualize pH variation 

within the range 2.8 - 5.8, while SNARF-1 was sensitive to pH values between 5.8 - 8.  Samples of the 

hydrated microspheres were collected at specific time intervals during degradation and analyzed 

using confocal microscopy. The intensity of the fluorescence at the center of the microspheres 

(Figure 6. 7) was measured at both emission wavelengths as instructed by the manufacturer for each 

fluorescent dye.  

 

Figure 6. 7 Fluorescence images collected at 450nm from lysosensor dextran encapsulated into 6:1-PEG4000-10 kDa (C6) 
microspheres at pH ~5.4, day 3 (A) and pH ~5.8, day 2 (B). 

 

Standard curves correlating fluorescence intensity ratios and pH values were established for both of 

the dyes used. The ratios were concentration independent and fitted by a third order polynomial 

function as shown in Figure 6. 8. The concentration independence ensures the integrity of the 
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standard curve even after degradation or decrease of dye concentration due to release during 

incubation.  

 

 
Figure 6. 8 Standard curve of fluorescence ratio versus pH using Lysosensor (A) and SNARF-1 (B) dextrans in pH-adjusted 
PBS buffer. The excitation of lysosensor was performed at 405nm and the emission was recorded at 450 and 520 nm, while 
for SNARF-1 dextran the excitation was at 488 nm and emission was recorded at 580 and 640 nm.  

 

 

The fluorescence values could be obtained for up to two weeks incubation. After that point the 

encapsulated dextran reached concentrations below the detection limit. Within this incubation 

period most of the values were within the SNARF-1 detectable range and right at the upper limit of 

the Lysosensor dextran range. This result suggests that the degrading microspheres did not develop 

significant acidity that would require detection by the Lysosensor dye. The two polymer 

compositions exhibited very similar micro-environmental pH values, which were higher than 5.5 

throughout the time of the study. The micro-environmental pH was affected by a higher glycolide 

content, which resulted in higher acidic during the degradation process (Figure 6. 9).  
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Figure 6. 9 Microclimate pH change of degrading microspheres into PBS buffer solution (pH 7.4).  Mn 10 kDa, 5:1-PEG400 
(C5) and 6:1-PEG4000 (C6) polymer microspheres with encapsulated fluorescence dextrans Lysosensor and SNARF-1 were 
analyzed using confocal microscope.  

 

The pH of the incubation medium was also monitored using an Accumet AR15 Fischer Scientific pH 

meter. A rapid pH decrease was observed during the first hours of incubation; however this acidity 

was eliminated gradually until day 7 (Figure 6. 10). This initial pH drop could be explained by the 

presence of acidic impurities or oligomers in the polymer that diffused out from the polymer 

microspheres giving rise to the external pH increase.  However, the pH value of the incubation 

medium never dropped below 6.7 for both of the copolymers tested, with the lowest values 

measured with the C5 copolymer.    
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Figure 6. 10 pH change of the incubation medium (PBS pH 7.4) during degradation of microspheres prepared using C5 (5:1 – 
PEG4000 – 10kDa) and C6 (6:1 – PEG4000 – 10kDa) copolymers.  

 

6. 5  Conclusion 

The copolymers tested were capable of producing uniformly sized microspheres with smooth 

surfaces that retained the thermal properties and chemical structure of the copolymers after the 

formulation process. Microspheres were soft at 37 oC and preserved their shape and size after 

incubation. Hydrolytic degradation analysis showed constant mass loss up until 8 weeks of incubation 

whereas complete mass loss for all the copolymers tested was observed. Higher glycolide contents 

enhanced degradation rates due to the higher hydrolytic susceptibility of glycolide and, 

subsequently, more pronounced autocatalysis at latter stages. Microenvironmental and incubation 

medium pH measurements revealed that there was no significant accumulation of acidic degradation 

by-products in the microspheres. Diffusion of acidic degradation products out of the microspheres 

proceeded without trouble and the microenvironmental pH remained at not significantly acidic 

values. 

  

3h 8h 1 2 3 4 5 6 7 8 9 10 11 12 13 14
6.0

6.2

6.4

6.6

6.8

7.0

7.2

7.4

7.6

7.8

8.0

 

 

 C6
 C5

pH

Time (days)



66 
 

Chapter 7.  Protein release and bioactivity 

7. 1  Introduction 

The objective of this chapter was to assess whether the copolymer microspheres produced in this 

study could be used as an effective controlled protein release vehicle. To explore this potential, C5 

and C6 copolymers were selected to study the encapsulation efficiency and release kinetics using 

lysozyme as a model therapeutic protein, as they exhibited the best degradation kinetics, external 

and microenvironment pH. After optimizing all parameters to achieve a sustained lysozyme release 

the release rate and stability of encapsulated SDF-1α was investigated. As described later in this 

chapter, the molecular weight (MW) and isoelectric point (pI) of lysozyme (MW= 14.3 kDa, pI 11.35) 

were similar to those of SDF-1α (MW= 10.6 kDa, pI 9.92) and thus it was a suitable model protein for 

this study. Bioactivity analysis was carried out to determine the extent to which SDF-1α maintained 

structural stability during encapsulation and release.  

 

7. 2  Materials 

The NCI-H69 male human small cell lung carcinoma cell (SCLC) line was purchased from ATCC® (USA). 

RPMI-1640 (ATCC modified) cell culture medium and Pierce® BCA protein assay kit were obtained 

from Fisher Scientific Canada. HyClone penicillin-streptomycin solution and phosphate buffered 

saline 10X concentrate solution was purchased from Fisher Scientific Canada and fetal bovine serum, 

bovine serum albumin, and lysozyme from egg white (98%) was from Sigma-Aldrich Canada. 

Recombinant human SDF-1α (CXCL12) and a human SDF-1α ELISA kit were both purchased from 

PeproTech Inc., USA. For cell proliferation evaluation, MTT assay reagent was used from Invitrogen®, 

Fisher Scientific, Canada. For measuring DNA content in cell culture a QuantiFluor® dsDNA kit was 

purchased from Promega.  
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7. 3  Methods 

7. 3. 1  Protein particles preparation and size reduction 

The average diameter of the microspheres obtained after size separation process was 45-100 μm, 

which is in the injectable size range while sufficiently large to control the release of the loaded 

proteins. Since microspheres are relatively small, the encapsulated particles should be reduced in 

size to allow for uniform distribution within the polymer matrix. In addition, small sized particles 

would create smaller pores upon release that will help sustain water diffusion and protein release.  A 

target of 2 μm as an average particle size was sought for this purpose.  

One of the main challenges in processing proteins is avoiding dehydration stress, which can be 

particularly harmful to protein stability. Various excipients and additives such as maltose, sucrose 

and trehalose have been used to enhance protein stability under lyophilization and spray drying 

processing.92  Hydrogen bonding with these excipients upon drying has been found to prevent 

protein denaturation.170  In this study, trehalose was used as a bulking and stabilizing agent in the 

preparation of protein particles. Different trehalose concentrations were evaluated for their ability to 

form small particles in the size range of 2 μm required.  

The size reduction protocol was optimized using lysozyme as a model protein. Three different 

compositions, 10%, 40% and 60% of trehalose in lysozyme, were co-dissolved using PBS pH 7.4 buffer 

solution at a concentration of 5 % w/v. The solution was frozen in liquid nitrogen and lyophilized. The 

lyophilized particles were ground in a small agate mortar and pestle and sieved through Fisherbrand 

U.S Standard a No.325 (45 μm) sieve and then a No.500 (25 μm) sieve. The sieved particles were 

transferred into a clean centrifuge tube and dispersed in DCM at a concentration of 4 % w/v. Vortex 

was then applied to the suspension for 2 min at maximum speed. The tube was placed in an ice bath 

for 5 min to cool. The protein suspension was then sonicated using a probe sonicator Fischer 

Scientific 100 sonic dismembrator at intensity 2 (9 Watts) in 1:2 pulses (1 sec pulse:2 sec pause) for 1 

min while the protein tube was kept in the ice bath to prevent heating induced by sonication. A Zeis 
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Axio M1 microscope was used to measure the size of the protein particles and SEM images were also 

obtained. The final protein suspension in DCM was subsequently used for the encapsulation of the 

protein into the polymer matrix. 

 

7. 3. 2  Protein encapsulation in polymer microspheres 

The encapsulation of the protein in the polymer matrix was carried out using the microsphere 

electrospraying procedure described in paragraph 6. 3. 1. The protein particles obtained after the 

size reduction described in section 7. 3. 1 were mixed with appropriate amounts of C5 and C6 

copolymers in DCM to obtain a final polymer concentration of 0.7 g/mL (protocol described in 

paragraph 6. 3. 1). The amount of polymer added to the suspension was adjusted accordingly for 

microspheres with varying protein particles loading. A brief sonication for 10 seconds in pulses was 

applied to effectively disperse the protein particles in the polymer solution. The solution was 

transferred into a 1 mL syringe and electrosprayed into cold ethanol. The voltage was set at 7 kV and 

the current at 0.1 mA. The flow rate of the solution was adjusted at 0.5 mL/min. The microspheres 

obtained were subjected to size separation (as described in section 6. 3. 2) and the 45-100 μm size 

fraction was used to study lysozyme release.  

 

7. 3. 3  Protein encapsulation efficiency 

The amount of the encapsulated protein was measured by dissolving 10 mg of protein-loaded 

microspheres in 1 mL DCM. The solution was vortexed for 2 min at maximum speed and centrifuged 

at 500,000 rpm for 5 min. The supernatant was removed and the precipitated protein particles were 

air-dried. The dry particles were dissolved in a PBS pH 7.4 buffer solution and the protein content 

was measured using Pierce® BCA assay at 562 nm with an EnSpire 2300 microplate reader (Perkin 

Elmer). The analysis was carried out in triplicate. A seven-point calibration curve was established to 
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calculate the protein content (m) and the encapsulation efficiency was calculated in respect to the 

feed protein weight (mo) during encapsulation. The encapsulation efficiency (E) was calculated from 

equation 7. 1: 

푬 = 풎
풎풐

× ퟏퟎퟎ%                                                            Eq. 7. 1 

 

7. 3. 4  Lysozyme release 

Lysozyme was used as the model protein and the protein release mechanism was studied from the 

microspheres produced. Protein particles loadings of 1.5 and 3 % in dry polymer mass and trehalose 

content (10, 40 and 60 %) were evaluated for their effect on protein release rate. Copolymers with 

5:1 and 6:1 CL:G monomer ratios were also tested to see the effect of the polymer composition and 

crystallinity on protein release.  

The experimental scheme followed is illustrated in Table 7. 1. Briefly, two different protein particle 

loadings (1.5 and 3 % w/w) were studied using the C5 copolymer (Tm,hydrated = 39 oC, Xhydrated = 6.8%). 

Particles with 40 and 10% w/w trehalose in lysozyme were evaluated using both loading rates while 

particles with 60% trehalose were tested only at 3% particle loading. To assess the effect of different 

polymer compositions, the release from C6 polymer (Tm,hydrated = 40 oC, Xhydrated = 7.0%) microspheres 

was studied using 1.5 % loading extent with particles containing 10% trehalose in lysozyme. The 

experiment was performed in triplicate for all conditions tested (i.e. polymer composition, trehalose 

content and protein particle loading). 

Table 7. 1 Experimental outline of release rate study using lysozyme as model protein with three trehalose concentrations 
(10, 40 and 60%) and two different particle loading rates (1.5 and 3%) using copolymers C5 (5:1-10 kDa-PEG 4000) (solid 
circle)  and C6 (6:1-10 kDa-PEG 4000) (open circle). n = 3 per formulation. 

 

 

 60% trehalose 40% trehalose 10% trehalose 
Loading 1.5%  ● ●○ 
Loading 3% ● ● ● 
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Triplicates of 25 mg and 50 mg of dry microspheres of 3 % and 1.5 % particle loadings, respectively, 

were incubated in 1 mL PBS pH 7.4 at 37 oC under mild agitation on a rocking platform at a mixing 

frequency of 60 cycles/min. The release medium was removed for lysozyme content analysis at each 

sampling time and replaced with fresh PBS. The protein content of the release medium was 

quantified using a Pierce® BCA assay kit. The absorbance was measured at 562 nm in an EnSpire 

microplate spectrometer (Perkin Elmer). A calibration curve was generated using seven lysozyme 

concentrations.  

 

7. 3. 5  SDF-1α protein particles preparation 

SDF-1α was aliquoted into 4 μg aliquots and stored in distilled water with 0.1 % BSA at -80 oC 

according to the storage protocol provided by the company. A 2 μg aliquot was directly used for 

bioactivity assay described below in paragraph 7. 3. 8. 

The solid SDF-1α particles were prepared using BSA as carrier protein and trehalose as stabilizing 

agent. The three components, i.e. SDF-1α, BSA, and trehalose, were all mixed in a 5 mL tube at a 

weight ratio of 0.1:94.9:5, respectively. The solid mixture was dissolved in a PBS pH 7.4 buffer 

solution at a concentration of 5 % w/v, frozen in liquid nitrogen, and lyophilized. After lyophilization, 

DCM was added so that concentration of the mixture was 4 % w/v and vortex was applied for 2 min. 

The tube was placed in an ice bath and 10 x 1 s sonication was applied using probe sonicator Fisher 

Scientific 100 sonic dismembrator at intensity 2 (9 Watts) . The average particle size of the protein 

mixture was evaluated using a M1 Zeiss Axio Imager and AxioVision Rel. 4.7 software. The bioactivity 

of the SDF-1α after the size reduction process was validated using a cell-based assay as described 

below in section 7. 3. 8.  
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7. 3. 6  SDF-1α encapsulation 

Based on the results obtained from the preliminary release experiments using lysozyme protein, 

polymer C6 and protein particle loading 1.5% w/w showed the most controlled protein release. This 

formulation was therefore used for the SDF-1α release study. The SDF-1α particles were prepared as 

described in paragraph 7. 3. 5. The final protein suspension in DCM was mixed with the appropriate 

amount of polymer until the protein particles to polymer ratio was 1.5% w/w. The mixture was 

diluted with the addition of DCM until the polymer concentration was 0.7 g/mL. Subsequently, the 

solution was electrosprayed as described in section 6. 3. 1. The microspheres obtained were 

subjected to size separation as described in section 6. 3. 2 and the 45-100 μm size fraction was used 

to study the release of SDF-1α. 

 

7. 3. 7  SDF-1α release 

The release experiment was performed (n = 3) as outlined in paragraph 7. 3. 4 for lysozyme release. 

The protein particle loading was 1.5% wt. per dry polymer and 5% wt. trehalose was added in protein 

particles as stabilizing agent.  The amount of SDF-1α released was quantified in the release PBS 

medium using an SDF-1α ELISA kit according to the instructions provided by the company. The color 

development was measured at 405 nm using the EnSpire 2300 microplate reader (Perkin Elmer). An 

identical release experiment was carried out in RPMI-1640 cell culture medium (n = 3) supplemented 

with 2% penicillin-streptomycin antibiotics (P/S) mixture and 1% fetal bovine serum (FBS). The 

release medium from eight time points (day 1, 2, 3, 4, 7, 12, 15, and 26) of this experiment were used 

to study the SDF-1α bioactivity as described next. 
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7. 3. 8  SDF-1α bioactivity 

The bioactivity of the SDF-1α was assessed upon receipt, after 2 weeks of storage, after size 

reduction, and after release, using a cell-based assay. Small cell lung cancer cells (SCLC) NCI-H69 were 

used for this study as it has been previously reported that SDF-1α shows to significantly enhance 

their proliferation ability.171  This proliferation ability was utilized to quantify the stability of the 

protein through processing steps, encapsulation and release. An MTT assay was used to measure the 

change in the metabolic activity of the cells, which can be correlated to the number of viable cells in 

the sample via a calibration curve. A QuantiFluor dsDNA assay was performed to determine the total 

number of cells present regardless of their viability.  

Cell proliferation was measured after 1 and 2 days of culture in SDF-1α supplemented medium using 

either the MTT or DNA assay (section 7. 3. 11). Triplicates of 25,000 cells/well were placed in the 

wells of a 96 well plate with 100 μL low FBS medium (98% RPMI-1640, 1% FBS, 1%, P/S) and 

supplemented with SDF-1α in concentrations varying from 0 to 200 ng/mL. Three wells served as 

controls with no SDF-1α added. An 8-point cell number standard curve was generated for each time 

point with cell densities varying from 0 to 200,000 cells/well.  

For the bioactivity of the released SDF-1α, the release experiment was performed in RPMI-1640 cell 

culture medium as described in paragraph 7. 3. 7. Release samples from nine time points of the 

release experiment were diluted to a final concentration of 10 ng/mL using fresh RPMI-1640 medium 

supplemented with 1 % P/S and 1 % FBS. The solution was filtered through sterile filters and the cells 

were then thoroughly suspended at a cell density of 25,000 cells/100 μL in the diluted release 

medium. Triplicates of 100 μL of cell suspension were placed in a 96-well plate (25,000 cells/well) 

and incubated at 37 oC. An MTT metabolic activity assay was performed at day 2 of incubation. 
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7. 3. 9  Cell expansion 

The small cell lung carcinoma cells (SCLCs, NCI-H69) were purchased from ATCC®, USA and were 

expanded according to the protocol provided. Briefly, cells were thawed at 37 oC and removed from 

the cryopreservation medium. The cells were cultured in a T-150 cell culture flask with RPMI-1640 

medium supplemented with 10% FBS and 1% penicillin-streptomycin (P/S) antibiotics mixture 

(complete medium). The flask was horizontally incubated at 37 oC and a small amount of fresh 

medium was added every 2 days. Subculture was performed every 7 days in 1:2 subcultivation ratio. 

SCLCs grow in suspended loosely packed aggregates and no trypsinization was required for cell 

passaging. Any cells attached at the bottom of the flask were easily detached by gentle shaking of the 

flask in a horizontal position. 

 

7. 3. 10  Cell counting 

SCLC counting can easily lack accuracy due to the aggregates formed during expansion. Breaking cell 

aggregates should be avoided to exclude any potential negative implication on their viability, 

although this was absolutely necessary for most of the assays used in this study to ensure accurate 

and reproducible results. The cells formed loosely packed clusters and passage through a large gauge 

syringe needle was sufficient to effectively break most aggregates without affecting viability. Two 

passages through 18 gauge needles were able to give good countable cell suspension and high 

viability and the same protocol was followed throughout all proliferation assays.  

 

7. 3. 11  Cell viability assays 

An MTT colorimetric assay was used to measure the metabolic activity of the cells after incubation in 

SDF-1α protein. The MTT assay is based on measuring metabolic activity via the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent conversion to formazan dye. 



74 
 

The amount of formazan dye formed can be assigned to the number of metabolically active cells in 

the culture.  

In order to confirm the correlation between metabolic activity and cell population, a second 

quantification method was used. The QuantiFluor dsDNA assay is a fluorescence double standard 

DNA binding dye that allows for very low DNA content quantifications. The assay was performed 

according to the protocol provided by the company. Briefly, tris-EDTA TE buffer in nuclease free 

water was used as diluent for the fluorescent dye, samples and standard solutions. A seven-point 

standard curve was generated by serial dilutions of the standard DNA vial provided. All unknown 

samples were diluted at 1:100 dilution factor to a total volume 100 μL in TE buffer and placed in a 96-

well plate. A 100 μL dye working solution was then added and the plates were incubated for 5 min 

while protected from light. The fluorescence was measured in an EnSpire 2300 Perkin Elmer 

microplate reader at 504 nm and 531 nm excitation and emission wavelengths, respectively. 

 

7. 4  Results and discussion 

7. 4. 1  Protein particles 

Particle reduction of the lysozyme protein required more extensive processing procedures as it 

proved to be quite resilient to break up. Nonetheless, reduced sized particles containing 60 % 

trehalose were achieved with an average diameter of 2.4 ± 1.6 μm content (Figure 7. 1). A change in 

trehalose content minimally affected the size reduction ability, which was only influenced by the 

processing time using vortex or sonication mixing. BSA containing SDF-1α (0.1 %) was more 

susceptible to size reduction and therefore processing was abbreviated to eliminate losses during 

processing. The average BSA/SDF-1α size obtained was 1.2 ± 0.5 μm. 
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Figure 7. 1 Lysozyme protein particles with 40% trehalose. Image taken using scanning electron microscopy (SEM) 

 

7. 4. 2  Encapsulation efficiency 

Encapsulation efficiency of the lysozyme protein within the C5 and C6 copolymers was calculated and 

greater than 75 % of the protein was consistently retained during the solvent extraction and drying 

processes (Table 7. 2). 

Table 7. 2 Encapsulation efficiency yield for all protein encapsulated in polymer microspheres in C5 and C6 
copolymers. 

Polymer aTrehalose 
(%) 

bLoading 
(%) 

Encapsulation efficiency (%) 

C5/Lysozyme 10 3 87.2 ± 4.6 
 40 3 74.5 ± 3.1 
 60 3 86.5 ± 0.9 
 60 1.5 76.2 ± 2.8 

C6/Lysozyme 10 1.5 84.5 ± 5.8 
C6/BSA 5 1.5 80.3 ± 2.1 

C6/SDF-1α 5 1.5 87.3 ± 4.1 
a % wt. of protein particles mixture 
b % wt. of polymer 
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7. 4. 3  Lysozyme release 

The aim of this experiment was to understand the effect of parameters such as trehalose content 

(10%, 40% and 60% w/w), CL:G ratio (5:1 and 6:1, or C5 and C6, respectively) and protein particle 

loading extent (1.5 % and 3 % w/w) on protein release kinetics using lysozyme as a model protein.  

An initial burst release of 20-30 % of the lysozyme during the first hours of incubation was observed 

for all formulations with a small decrease noted when the particle loading was 1.5 %. Polymer 

composition and loading rate affected the release kinetics while different trehalose ratios had 

minimal impact on the release rate (Figure 7. 2). Trehalose content has been shown to greatly 

influence protein osmotic driven release from polymer microspheres.94,108,170,172 This mechanism was 

assumed to have a contribution in this delivery approach and hence, different trehalose 

concentrations were studied. The influence of trehalose on the release rate would allow for better 

understanding the release mechanism and the influence of osmotic forces developed. As illustrated 

in Figure 7. 2, different trehalose contents had no significant impact on protein release profiles.  This 

result suggests that osmotic forces were possibly limited or were not further enhanced from 

trehalose content and this variable did not significantly affect the release kinetics.  The amount of 

PBS salts (11% wt. of the protein particles) present could effectively contribute to the osmotic driven 

release. This factor was consistent in all formulations studied and therefore an effect could not be 

noted. 
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Figure 7. 2 Release profiles of lysozyme from C5 (5:1-PEG4000-10 kDa) polymer microspheres prepared with the same 
protein particle loading rates (3%) as a function of trehalose content of 10 and 60%. Curve fitting of a theoretical model of 
diffusion controlled release was applied on each data set and is illustrated with dotted lines. Curve fit data, C5, 60% 
trehalose: R2=0.91, D = 1.81(± 0.26)∙10-12 cm2/sec – C5, 10% trehalose: R2=0.91, D = 1.82(± 0.26)∙10-12 cm2/sec. 

 

As analyzed earlier in paragraph 6. 4. 3, the materials showed a high affinity for water uptake, which 

suggested that the release of rather hydrophilic proteins could be highly controlled by a diffusion 

mechanism. To explore this hypothesis, appropriate mathematical models for diffusion controlled 

release were tested. Considering that microparticles were spherical with solid protein particles 

uniformly dispersed throughout the polymer matrix, and degradation rate of the material was 

completed beyond the extent of the release, the potential of diffusion controlled release rate can be 

analyzed using the following solution for release from a spherical geometry under non-steady state 

conditions:173,174 

= 1 − ∑ 푒푥푝 −                                           Eq. 7. 2 

where Mt and M0 are the cumulative amount of solute released at time t and the total amount of 

drug sorbed, respectively, while D denotes the diffusion coefficient of the drug and indicates the 
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drug diffusion ability through the polymer matrix and r�represents the radius of the spherical device. 

The new average radius of the hydrated microspheres was calculated using the average dry 

microsphere diameter calculated in paragraph 6. 4. 2 for each copolymer and the volume change 

after water uptake (determined in paragraph 6. 4. 3). Equation 7. 3, that represents the volume of 

spherical particle, was used to calculate the new average radius after hydration:   

푉 = 휋푟                                                                       Eq. 7. 3 

The equation was applied for dry microsphere volume (Vdry) and the volume after hydration (Vhydr), 

where Vhydr was calculated from the water uptake determined in paragraph 6. 4. 3 with the density of 

the copolymer considered as 1.13 g/mL (average density value of PCL and PEG homopolymers). 9,49 

The new values obtained were 35.5 μm for C5 and 32.7 μm for C6 copolymer microspheres, 

respectively. The new average radius was used in diffusion coefficient calculations explained below.  

Two simplified forms of this model (Eq. 7. 2) can apply. For early time approximation, which holds 

over the initial portion of the curve where Mt/M0 < 0.4, the equation can be approximated by 

equations 7. 4 and 7. 5 below173,174: 

= 6 − 3                                                             Eq. 7. 4 

and for later times the following approximation can be used, 

= 1 − 푒푥푝                                                       Eq. 7. 5 

which is valid for Mt/M0 > 0.6.  

Equations 7. 4 and 7. 5 exhibited a rather close fit to the experimental data, regardless of the 

trehalose content and particle loading ratio used. An average R-square of 0.90 ± 0.01 was exhibited 
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for samples with 1.5% particle loading and 0.95 ± 0.02 for the 3% protein particle loaded 

microspheres. The diffusion coefficient was determined to be of an average D = 1.9(± 0.2)∙10-12 

cm2/sec for the 1.5% loaded microspheres and  D = 1.8(± 0.2)∙10-12 cm2/sec  for the 3% loaded 

samples tested.  

Although diffusion influenced protein release rate, other parameters may contribute to a 

combination of release forces and should be explored for their effect on the lysozyme release profile. 

In terms of protein particle loading, it was observed that an increase in loading rate provided a rather 

small effect on the rate of release. A smaller more delayed initial burst release which was noted at 

lower protein particle loading was attributed to a reduction in the surface-resident particles that are 

readily dissolved upon hydration. Additionally, more controlled and slower release were noted with 

the 1.5% loaded microspheres compared to the 3% loaded microspheres after the initial burst 

release (Figure 7. 3). This result could be due to the enhanced concentration of highly hydrophilic 

components (e.g. trehalose, PBS salts) that provide better water penetration compared to the more 

hydrophobic and slowly hydrated regions of the polymer.  

 
Figure 7. 3 Release profiles of lysozyme from C5 (5:1 - PEG4000 - 10 kDa) copolymer microspheres as a function of loading 
rate 1.5 and 3%. Trehalose content in the protein particles was 10% for both of the samples. Curve fitting of a theoretical 
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model of diffusion controlled release was applied on each data set and is illustrated with dotted lines. Curve fit data, C5, 
1.5% loading: R2=0.87, D = 1.98(± 0.23)∙10-12 cm2/sec – C5, 3% loading: R2=0.91, D = 1.82(± 0.26)∙10-12 cm2/sec. 

 

Since diffusion shows to have some control on the release mechanism the extent of polymer 

hydration would highly affect protein release profiles. As discussed above in section 6. 4. 3 in regards 

to water uptake of the polymers, water absorption is highly influenced by polymer crystallinity and 

chemical hydrophilicity. Hence, a lower initial burst release was observed for the polymer C6, which 

had a higher CL content, shown to increase both crystallinity and hydrophobicity of the materials 

(Figure 7. 4) and exhibiting a more limited and slower hydration.     

 
Figure 7. 4 Release profiles of lysozyme from C5 (5:1-PEG4000-10 kDa) and C6 (5:1-PEG4000-10 kDa) microspheres 
prepared with the same loading rate (1.5%) and same trehalose content (10%) as a function of polymer composition and 
crystallinity. Curve fitting of a theoretical model of diffusion controlled release was applied on each data set and is 
illustrated with dotted lines. Curve fit data, C5: R2=0.87, D = 1.98(± 0.23)∙10-12 cm2/sec – C6: R2=0.90, D = 1.89(± 0.20)∙10-12 

cm2/sec. 

 

Based on the results obtained from the preliminary release study of lysozyme, the following release 

mechanism is proposed. Following immersion of the microspheres into an aqueous environment, the 

surface-resident protein particles are dissolved and released into the incubation medium.108 At the 

same time, water penetrates the polymer microspheres and gradually reduces the crystalline regions 
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within the polymer network. Encapsulated protein particles undergo dissolution upon contact with 

the water penetrating the amorphous regions of the microspheres and osmotic pressure is likely 

developed contributing to the release of the protein.172 The elimination of crystallinity combined 

with high water uptake eventually creates soft hydrated gel-like viscous microparticles that act as 

permeable matrices controlling protein drug diffusion out of the microparticles. The initial 

accelerated phase of the protein release (1 – 6 days) is followed by a slower lag phase (7 – 20 days) 

where the copolymers have probably reached a significant level of degradation (~20-30% mass loss, 

Fig. 6. 3) that can affect the degree of water diffusion within the microspheres and protein release 

control. Higher protein particle loading (3%) may also have significantly enhanced the hydrolytic 

degradation rate due to higher concentration of hygroscopic factors (i.e. trehalose, PBS salts) into the 

polymer matrix.  

The proposed release mechanism highly depends on the dimensions of the device. In microsphere 

formulations size and porosity of the particles can increase free surface available for interactions as 

well as water absorption rates.96,175 Polymer degradation as well as protein-polymer and protein-

protein interactions could also contribute to the release profiles, but any specific effect of these 

parameters was not observable in the release profiles.  

 

7. 4. 4  SDF-1α release 

Utilizing the data obtained from the preliminary lysozyme release experiments it was concluded that 

the 6:1 copolymer (C6) with 1.5% loading showed the lowest initial burst release and almost 90% of 

the loaded lysozyme was effectively released within three weeks (Figure 7. 2). For the SDF-1α protein 

encapsulation, the C6 (6:1) copolymer was therefore used and the amount of trehalose was 

decreased to 5% w/w. Trehalose has been shown to effectively protect the protein’s structure and 

stability during lyophilization and spray drying processes at concentrations as low as 2%.92 The final 

composition of the protein particles was 0.1% SDF: 84% BSA: 5% trehalose: 11% PBS buffer salts. 
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Both SDF-1α and BSA were quantified in the release medium. Both proteins followed a similar 

release profile featuring an initial burst release and a more sustained release phase after one week of 

incubation (Figure 7. 5). The release profiles were significantly similar to the profiles obtained from 

lysozyme studies regardless the molecular weight of the individual proteins (Table 7. 3) encapsulated 

(SDF-1α and BSA). Mathematical models of diffusion release were also applied and R-square values 

from the curve fits were 0.91 and 0.94 for SDF-1α and BSA, respectively (Figure 7. 5). The diffusion 

coefficients were D = 1.5(±0.1)∙10-12  m2/sec for SDF-1α and  D = 1.4(±0.1)∙10-12 cm2/sec for BSA which 

could indicate an overall slower release rate compared to lysozyme (D = 1.9(± 0.2)∙10-12 cm2/sec), if 

the release would be controlled exclusively by diffusion. However, as other factors, such as osmotic 

activity, degradation of the copolymers and polymer-protein interactions may take place along with 

diffusion the diffusion coefficient values represent only a theoretical consideration of the release 

rate. 

 
Figure 7. 5 Release profiles of SDF-1α and BSA (carrier protein) encapsulated in C6 polymer microspheres using 1.5% 
protein particles loading with 5% trehalose content. Curve fitting of a theoretical model of diffusion controlled release (Eq. 
7. 4 and 7. 5) was applied on each protein data set and is illustrated with dotted lines. Curve fit data, SDF-1α: R2=0.9, D = 
1.5(± 0.1)∙10-12 cm2/sec – BSA: R2=0.94, D = 1.4(± 0.1)∙10-12 cm2/sec. 
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Due to the differences in the molecular size (Table 7. 3) of the two proteins, a slow release of the 

large BSA molecule compared to the small protein SDF-1α  was expected.175,176 High molecular weight 

protein molecules have a larger radius and thus should diffuse more slowly.162 However, despite this 

difference, the rate of release was minimally affected by the size of the encapsulated proteins. As 

release is controlled by both diffusion and osmotic pressure the release rate could be influenced by 

several factors related to concentrations of factor affecting osmotic activity, polymer-drug 

interactions,177 interactions between drug molecules,178,179 and heterogeneous degradation that 

alters water absorption or drug diffusion.6,180–182 PBS salts and trehalose contents were sufficient to 

develop osmotic pressure through highly hydrated regions of the microspheres to the external 

medium that led to protein release profiles minimally influenced by the size of the protein.108,172,183  

Considering the isoelectric points of the proteins used, it is also proposed that the two proteins will 

be differently charged and different polymer-protein electrostatic interactions will apply that may 

contribute to the release profiles obtained. As indicated in the degradation study of C6 (paragraph 6. 

4. 4), hydrolytic degradation begun immediately at a steady after first week of incubation and 

accelerated after three weeks. The hydrolytic degradation mechanism of -hydroxy poly(esters) 

produces short polymer chain fractions with carboxylic end groups.49,179 Dissociation of acidic groups 

as in the case of carboxylic groups to carboxylate anions (-COO-) creates negatively charged moieties 

that can attract or repulsee encapsulated charged molecules.177,179  Considering the average 

microenvironmental pH determined in paragraph 6. 4. 5 and the pI values of the proteins (Table 7. 3) 

we can conclude that BSA and SDF-1α will be charged differently during release. BSA will be 

predominantly negatively charged (pH > pI) while SDF-1α will be mostly positively charged (pH < pI).16 

This suggests possible attracting forces between the polymer and SDF-1α protein that slows down 

the release of the protein from the polymer matrix while repulsive forces between the polymer and 

the BSA protein may enhance its release rate.  
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Table 7. 3 Molecular weight (Mn) and Isoelectric point (pI) of the protein used184 

Protein Μn 
(kDa) 

pI aWater solubility 
(mg/mL) 

Lysozyme 14.3 11.35 10 
BSA 66.5 4.9 40 
SDF-1α 10.6 9.92 12b 
avalues provided in the product data sheet (Sigma Aldrich, CA) 
bhighest concentration in aqueous solution found in literature185 

 

The effect of microclimate electrostatic forces within polymer microspheres has been extensively 

studied using PLGA-based materials.186 PLGA microspheres with encapsulated cationic peptides has 

been studied for the effect of ionic strength on sustained release mechanism. Studies showed that 

cationic molecules can be adsorbed to the surface of anionic low molecular weight polymers and 

their release can be controlled by the rate of desorption.179,186–189 A reverse system with a cationic 

polymer system of polyethyleneimine (PEI) and encapsulated anionic molecules has also been 

extensively studied for gene delivery through electrostatic forces. 190,191 

The dissolution rate of the proteins is also an important factor affecting the rate of protein diffusion 

out of the microspheres.192 BSA is known to have very high water solubility while lysozyme and SDF-

1α exhibit significantly lower solubility compared to BSA (Table 7. 3). This difference in solubility also 

probably contributed to the enhanced BSA release rate observed which was comparable to the rates 

of the smaller protein molecules, i.e. lysozyme and SDF-1α. 

 

7. 4. 5  SDF-1α bioactivity 

The stability of the released protein is a crucial factor in assessing the effectiveness of this delivery 

approach. The bioactivity of the SDF-1α released from C6 microspheres was analyzed using a cell-

based assay. The ability of this cytokine to enhance the viability and proliferation of NCI-H69 small 

cell lung cancer cells was measured and compared to the bioactivity of the as-received and after-

storage SDF-1α.  SDF-1α bioactivity level has been reported at concentrations 20-100 ng/mL.193  
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However, we observed linear concentration dependence from the lowest concentration tested (10 

ng/mL) up to 40 ng/mL for day 2 of incubation (Figure 7. 6). A further increase in SDF-1α 

concentration did not enhance cell proliferation while at very high protein concentrations the 

proliferation of the cells decreased compared to concentrations below 100 ng/mL. This can be 

explained by desensitization of the cell protein receptors. Prolonged exposure to solutions with high 

ligand concentration can cause the down-regulation of the protein-specific receptors due to 

endocytosis or loss in sensitivity.194 For bioactivity measured at day 1 of incubation, no concentration 

dependence could be defined.  

 
Figure 7. 6 Cell metabolic activity at day 1 and day 2 after incubation in SDF-1α supplemented cell culture medium, using 
“as received” SDF-1α protein at concentrations varying from 0 - 200 ng/mL, using MTT metabolic activity assay. Values 
reported as % increase in metabolic activity from the values obtained from the initial cell population, without the effect of 
SDF-1α.  

 

Similar results were obtained from the evaluation of bioactivity after two weeks of storage (Figure 7. 

7) at -80oC according to the manufacturer’s storage protocol. The bioactivity of the protein after 

storage was also confirmed using a DNA assay to assess the number of cells present regardless of 

their metabolic activity (Figure 7. 8). The results showed linearity at concentrations 10-40 ng/mL, 

which did not increase further with an increase in SDF-1α concentration.  
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Figure 7. 7 Compared cell metabolic activity (Day 2) between ‘as received’ and ‘after storage’ SDF-1α protein measured 
using MTT metabolic activity assay at concentrations varying from 0 to 140 ng/mL. The values are reported as % increase in 
metabolic activity from the values obtained from the initial cell population, without the effect of SDF-1α.  
 

 
Figure 7. 8 Cell number assay at day 2 of incubation in SDF-1α supplemented cell culture medium using ‘after storage’ SDF-
1α, measured with QuantiFluor dsDNA assay. The values are reported as % increase of the number of cells compared to the 
initial cell population used.  

 

The results obtained from the MTT assay of the released SDF-1α were normalized to the ‘after 

storage’ metabolic activity at the same SDF-1α concentration (10 ng/mL). The comparison showed 
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that the average bioactivity of the protein remained high during encapsulation and release, while cell 

proliferation was enhanced compared to the control group (0 ng/mL SDF-1α) (Figure 7. 9).  

 
Figure 7. 9 Bioactivity of SDF-1α after release from microspheres prepared using C6 (6:1 – PEG4000 – 10kDa) copolymer. 
The released SDF-1α was diluted to a concentration 10 ng/mL and the bioactivity obtained was compared to the bioactivity 
obtained from ‘after storage’ SDF-1α at the same concentration (10 ng/mL).  

 

7. 5  Conclusion 

Tri-block copolymers initiated with PEG 4000 exhibited a prolonged protein delivery that was driven 

by a combination of forces including osmotic pressure and diffusion while degradation of the 

copolymer further affected protein release at the second release lag phase observed. The polymers 

tested had good water permeability that facilitated protein release in high yield. The release profiles 

were controlled by adjusting the polymer composition, which in turn affected overall water content 

of the polymer matrix. Protein particle loading also provided better control over release profiles, 

which was attributed to more effective distribution of the protein particles in the polymer matrix. 

The bioactivity study of SDF-1α revealed a concentration dependence at concentrations between 10-

40 ng/mL which was retained after encapsulation and release from the microspheres. Promisingly, 
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the formulations investigated provided sustained release profiles with excellent encapsulation 

efficiencies while the bioactivity of the loaded SDF-1α protein was preserved at high levels.     
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Chapter 8.  Summary and Conclusion 

Random structured triblock copolymers P(CL-G)2-PEG were successfully synthesized and 

characterized. A variety of compositions was produced which had melting temperatures close to 37 

oC and sufficient crystallinity at room temperature to provide good handling properties. Varying the 

CL:G ratio it was possible to control the melting onset of PEG 4000 initiated polymers while PEG 1500 

initiation polymers resulted in amorphous copolymers. Copolymers with total molecular weight 

higher than 15 kDa exhibited enhanced crystallinity due to the formation of long crystalline PG blocks 

that could potentially induce tissue irritation upon injection in vivo.   

A linear mass loss with time and complete degradation within 8 weeks was noted for polymers with 

Mn < 10 kDa, which was influenced by monomer ratio and the initiator used. The release of 

encapsulated proteins was influenced by diffusion and osmotic activity through highly hydrated 

polymer microspheres and the rate was controlled by the water content and degradation of the 

matrix. An effective and prolonged release of 3 weeks was exhibited for all proteins studied while the 

bioactivity of the released SDF-1α was retained fully, as determined using cell-based assays.  

Overall, this protein delivery vehicle was capable of effectively delivering highly bioactive SDF-1α. 

The small size and injectability make this formulation an attractive approach for localized protein 

delivery. The encouraging results demonstrated in this study warrant the investigation of the in vivo 

applicability and efficacy of the formulations. 

Future work recommendations: 

1. A transition to higher molecular weights of the tri-block copolymers could allow for better 

control over release kinetics and further prolong release while further enhancing handling 

properties. 
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2. In vivo or in vitro degradation where enzymatic activity will participate in the degradation of 

the polymer microspheres could also provide interesting insight on the rate of biodegradation. 

3. The in vivo efficacy of this delivery approach for protein delivery application needs to be 

demonstrated. 
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