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Chapter 1 

1 Introduction  

1.1 Biodegradable polymers 

The process of biodegradation can be defined as the change in chemical 

composition, mechanical, and structural properties with the formation of metabolic 

products through processes associated with living organisms.1 This process 

occurs in two steps: i) the polymer is broken down and fragmented into lower 

molecular weight species; ii) subsequent degradation by the microorganism using 

extracellular enzymes and abiotic agents via processes such as oxidation, 

photodegradation, hydrolysis to depolymerize long polymer chains to oligomers.1 

Through a biomineralization process, oligomers are bio assimilated by micro-

organisms and mineralized. In the final stage of biodegradation, aerobic or 

anaerobic degradation can occur. The presence of oxygen promotes aerobic 

degradation, generating CO2 and H2O. In the absence of oxygen, anaerobic 

degradation occurs followed by the generation of products such as methane, 

water, and carbon dioxide (Figure 1.1).1 

 

Figure 1.1. General overview of the degradative processes of biopolymers. 
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Natural biodegradable polymers are a class of macromolecules that are found in 

nature and contain biodegradable functional groups.2 Commonly known natural 

biodegradable polymers include polysaccharides and polypeptides.3-5 

Biodegradable polymers have been demonstrated to have meaningful industrial 

applications within agricultural and biomedical fields.6 

Synthetic biodegradable polymers are defined as a class of artificially 

manufactured macromolecules consisting of biodegradable groups.1 However, like 

their natural counterparts, they are susceptible to degradation through the 

breakdown by living organisms. Some common classes of synthetic biodegradable 

polymers comprise of polyesters, polycarbonates, and polyurethanes.7 These 

classes of polymers yield modifiable properties making them excellent candidates 

for several biomedical applications. Synthetic biodegradable polymers have been 

employed in drug delivery, tissue engineering, and other biomedical devices.8 

Various factors such as the morphology, structure, molecular weight, and chemical 

treatment can affect the rate of a polymer’s biodegradation.1 For example, 

biodegradable polymers contain hydrolysable linkages that can be degraded by 

the microorganisms and hydrolytic enzymes.1 Polymers containing a combination 

of hydrophobic and hydrophilic groups are more susceptible to degradation.1 In 

terms of polymer morphology, amorphous regions of the polymer are easily 

accessible to be attacked by enzymes compared to the crystalline regions due to 

larger distances between chains in the amorphous region.1 Enzymatic degradation 

of the polymer can be affected by the melting temperature (Tm) of the polymer. In 

general, vulnerability to biodegradation is inversely proportional to the melting point 

for polymers.1 Biodegradation capability can also be altered with treatments such 

as ultraviolet (UV) light, that generate radical ions, leading to backbone cleavage. 

Oxidation may also occur affecting the polymer’s ability to biodegrade.1 

Furthermore, biodegradability of a polymer may be hampered as the molecular 

weight of the polymer increases. 
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1.2 Biodegradable polyesters 

1.2.1 Introduction to biodegradable polyesters 

Biodegradable polyesters are a class of polymers that contain ester linkages in 

their backbone.1, 8 There are several attractive qualities of polyesters and these 

include controlled biodegradability, excellent biocompatibility and convenient 

synthesis.8, 9 Furthermore, polyesters have tunable physical and mechanical 

properties extending their range of applications within the biomedical field.8, 10 

Specifically, biodegradable polyesters are employed in drug delivery, tissue 

engineering, and medical devices.8 Naturally, polyesters degrade through the 

mechanism of hydrolysis and this process can be catalyzed in the presence of 

base, acid, or enzymes.8 When degradation is complete, the products are 

designed to be processed in the natural environment or in some cases resorbed 

by the body through a metabolic pathway.7, 11 In the environment, the degraded 

polyester is consumed by the micro-organisms such as fungi and bacteria, and 

converted to water, carbon dioxide, and methane. Biodegradable polyesters can 

be broadly categorized into two major groups: aliphatic polyesters, or aromatic co-

polyesters.12 Examples of aliphatic polyesters include poly(lactic acid) (PLA), 

poly(caprolactone) (PCL), and poly(glycolic acid) (PGA) (Figure 1.2).12, 13 While 

aliphatic polyesters are easily hydrolysable, aromatic polyesters are insensitive to 

most biodegradable processes by hydrolysis, enzymatic, or microbial attack.2 

Generally, aromatic polyesters are co-polymerized with an aliphatic monomer to 

improve their biodegradation capabilities.2 For example, a random co-polymer 

such as poly(butylene adipate-co-terephthalate) (PBAT), involves the 

polycondensation between 1,4-butanediol and mixture of adipic acid and 

terephthalic acid (Figure 1.3).2 When PBAT is co-polymerized with an aliphatic 

poly(ester), it was found to have excellent mechanical and thermal properties with 

concentrations of terephthalic acid at 35 mol%.2 However, biodegradability can be 

diminished as the concentration of terephthalic acid is increased to 55 mol%.2 



4 

 

 

Figure 1.2. Common biodegradable synthetic polyesters. 

 

Figure 1.3. Biodegradable aromatic random co-polyester PBAT. 

 

1.2.2 Aliphatic polyesters 

 

Aliphatic polyesters are often sensitive to hydrolysis and typically have excellent 

mechanical, biocompatibility, and biodegradability within a physiological 

environment.14-16 The mechanism of hydrolysis may either involve a bulk erosion 

or surface erosion process and the extent of degradation depends on the 

hydrophilicity and crystallinity of the polyester.14, 15 

Straight chain polyesters offer the advantage of controlled and tunable degradation 

rates.14 Due to the capability to modify the degradation behaviour of aliphatic 

polyesters, they are of growing interest as biomaterials for applications within living 

organisms.14, 17 However, many polyesters are naturally hydrophobic and lack 

reactive side groups which affects the polymer’s functionality within the body.14 

Therefore, it is important to investigate alternatives to improve a polyester’s 

hydrophilicity whether it be through chemical or physical modifications.14 
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Aliphatic polyesters can be synthesized through three major routes: i) poly-

condensation; ii) ring opening polymerization; iii) enzymatic polymerization.18, 19 20 

Polycondensation typically involves a diol and diacid, but a major drawback of this 

reaction is low degrees of polymerization leading to low molecular weight 

polymers.15 Ring opening polymerizations can occur through either an anionic, 

cationic, or enzymatic process.19 They involve the use of cyclic diesters such as a 

lactide and glycolide and result in high molecular weight polymer chains. There are 

usually minimal side reactions involved in these reaction such as racemization.15 

Finally, enzymatic polymerization is a technique carried out in mild conditions and 

aims to avoid the use of toxic reagents while recycling the catalyst.15 Enzymes 

provide a direct polymerization such that no protected monomers are needed and 

they also afford regioselectivity and stereoselectivity.15 

1.2.3. Applications of biodegradable polyesters 

 

Degradable aliphatic polyesters such as PCL, PLA, PGA, and poly(lactic-co- 

glycolic acid) (PLGA) are commonly employed in several bioengineering 

applications.15 For example, PGA has been used as resorbable sutures. These 

were first developed in 1962 by American Cyanamid Co. and became 

commercially available under the name if DexonⓇ. PLGA emerged 5 years later to 

form new resorbable sutures with the name Vircyl™.21 However, these polyesters 

are known to be very hydrophobic which affects their cell adhesion and this factor 

plays a significant role in polymeric scaffolds.15 Furthermore, these polyesters are 

known to undergo slow hydrolysis.21 Aliphatic polyesters have also been 

investigated for drug delivery. For example, systems based on poly(lactic acid) 

were utilized for long-term delivery of anti-malarial drugs, contraceptives, and 

ocular therapies.21 Overall, biodegradable polyesters are a promising class of 

polymers with a wide scope of applications and offer excellent tunability. 
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1.3 Stimuli-responsive polymers 

Stimuli-responsive polymers refer to a class of macromolecules that change their 

chemical or physical properties in response to stimuli (e.g., pH, temperature, 

mechanical force, chemical, and electric or magnetic fields).22-24 Furthermore, it is 

possible to synthesize a multi-responsive polymer through the incorporation of 

certain stimuli-responsive functional groups into the polymer.22 For example, a 

backbone could be composed of a photo-responsive monomer such as 

azobenzene that exhibits temperature and light sensitivity. 22 Due to their ability to 

manifest as imitations of naturally occurring materials, these biomaterials are often 

selected to be exploited in sensors, biosensors, controlled drug delivery, and other 

applications.22  

1.3.1 pH sensitive polymers 

pH responsive polymers undergo changes in properties or degrade in response to 

a change in the pH of the environment.25 They can contain degradable linkages 

such as acetals or ionizable functional groups that depending on the protonation 

state exhibit different conformations or solubilities.25  

For example, pH responsive polymers are used in the synthesis of insulin delivery 

systems to manage glucose levels.25 Anderson and co-workers in 2013 developed 

an injectable nano-network composed of alginate (ALG) or chitosan (CS) charged 

dextran nanoparticles that could encapsulate insulin (Figure 1.4a). They reported 

dextran nanoparticles  containing insulin and other enzymes such as glucose 

oxidase (GOx) and catalase (CAT) coated with either chitosan or alginate (Figure 

1.4b).26 These nanoparticles carried either negative or positive charges on the 

surface of the coating and through charged interactions, the coated polymers 

formed a nanoscale network (Figure 1.4c). GOx catalyzes the conversion of 

glucose to gluconic acid which triggers the release of insulin into the surrounding 

area as a response to the change in pH. Mouse studies showed that hyperglycemic 

mice could maintain a normal blood sugar level (i.e., normoglycemia) after 
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subcutaneous injection of the nanoparticles. This work demonstrated a promising 

method for the controlled insulin release within mice and provides a new potential 

strategy for the treatment of diabetic patients. 

 

 

Figure 1.4. a) Polymer m-dextran b) m-dextran coated with chitosan and alginate 

layer and encapsulating insulin and other enzymes GOx and CAT c) nanoparticle 

network held together by opposite charges with triggered release during the 

generation of gluconic acid, as reported by Anderson and coworkers.26 

Reproduced with permission from reference 19. Copyright 2013, American 

Chemical Society. 

 

1.3.2 Photo-sensitive polymers 

Photo-sensitive polymers refer to macromolecules that undergo physiochemical 

changes in response to electromagnetic radiation from light sources such as UV, 

visible, and near infra-red (IR).27, 28 These polymers can be triggered to undergo a 

reversible or irreversible degradation on demand, making them suitable 
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candidates for drug delivery and other applications such as biomimetic sensors 

and actuators.28 

Recently, Orozco and co-workers developed a photosensitive nanocarrier built 

from N-succinyl chitosan that contained the ability to photo-isomerize to the trans 

configuration in the presence of UV irradiation and reversed to the cis configuration 

when exposed to visible light (Figure 1.5).29 The cis to trans isomerization or vice 

versa, induced pore size changes in response to a change in polarity. The trans 

configuration resulted in a hydrophobic polymer while the cis configuration yielded 

a hydrophilic polymer.29 These changes in configuration ruptures or destabilized 

the micellar structure allowing the cargo to be released.29 Dofetilide was utilized 

as a cargo model and encapsulated within this polymeric framework. When the 

micellar structure was irradiated with UV light, rapid and controlled release of the 

drug cargo was observed.29 This was the first nanocarrier reported to be 

functionalized with a cardiac targeting peptide with photo-triggerable anti-rhythmic 

drug delivery into cardiomytocytes with minimal cell cytotoxicity.  

 

 

Figure 1.5. N-succinyl chitosan(PNSC) functionalized with photolabile 4-

phenylazophenol (PAP) molecules that undergo photo-isomerization when 

irradiated with UV light as reported by Orozco and coworkers29. Reproduced with 

permission from reference 22. Copyright 2020, Wiley-VCH GmbH. 
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1.3.3 Self-immolative spacers 

The first reported self-immolative spacers is often referenced to Katzellenbogen 

and coworkers in 1981.30 Systems employing self-immolative spacers typically 

consist of: i) protecting group (trigger group), ii) self-immolative spacer, and iii) 

target compound (Figure 1.6).31 When the system is subjected to a stimulus (e.g. 

light, change in pH or redox potential) the system initiates the “self-immolation” 

process. 31 This self-immolation refers to a cascade of processes such as 1,4- , 

1,6-, or , 1,8- eliminations, often with subsequent decarboxylation reactions.32 33 In 

other scenarios, self-immolation can occur through an intramolecular cyclization 

process.31 This mechanism involves the release of the target compound which 

begins with the removal of the protecting group through an external stimuli and 

liberation of the nucleophilic group, followed by cyclization to cleave the chemical 

linkages and release the target compound.34-36 In general, these processes are 

driven by an increase in entropy and/or irreversible formation of thermodynamically 

more stable compounds.35 

 

Figure 1.6. General design of a self-immolative spacer system consisting of PG = 

protecting group, spacer = moiety that undergoes chemical cleavage event, target 

= desired compound to be release. a) Self-immolative spacer system pre-cleavage 

event b) introduction of stimuli and subsequent cleavage of protecting group c) 

release of the target compound. 
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1.3.4. Cyclization spacers 

Self-immolative spacers that degrade through cyclization commonly form 5- or 6-

membered rings.31 When the protecting group (PG) moiety is activated through the 

introduction of a specified stimulus, a nucleophilic group such as a hydroxyl, thiol, 

or amino group attacks a nearby carbonyl group, resulting in the formation of a 5- 

or 6-membered ring and the loss of the leaving group (LG) (Figure 1.7).37, 38 

Previously, the Gillies group has reported a poly(ester amide) (PEA) containing 

protected 2,4-diaminobutyric acid or homocysteine (HCY) units (Figure 1.8).39 

Upon cleavage of the pendent protecting groups, the amines or thiols respectively 

cyclized through reaction with the backbone esters, resulting in backbone scission. 

However, these PEA were not water-soluble, and their degradation was quite slow. 

 

Figure 1.7. General scheme for an intramolecular cyclization degradation. 



11 

 

 

Figure 1.8. Self-immolative PEA through a cyclization mechanism reported by 

Gillies and coworkers (2013). a) PEA incorporated with trigger moieties b) 

cleavage of the trigger group and cyclization c) degradation products post 

cyclization. 

Recently, Gennari and co-workers worked on cyclization spacers based on proline-

derived compounds that could rapidly cyclize.40 This degradation model leverages 

the cleavage of carbamate bonds where the nucleophilic amine attacks the 

adjacent carbamate, resulting in the formation of cyclic urea and a liberated 

hydroxyl compound (Figure 1.9). The author sought to improve upon slow 

cyclization spacers that are capable of on demand drug release, but suffer from 

low drug release rates, limiting their therapeutic efficacy.40 Using this proline 

derived self-immolative spacer resulted in enhanced release of drugs such as 

camptothecin (CTX) and paclitaxel (PTX) having hydroxyl groups and 

consequently enhanced anti-cancer activity in vitro studies against IGROV-1 

cancer cells.40  

 

Figure 1.9. Proline derived cyclization spacer undergoing an intramolecular 

cyclization to release the drug loaded payload bearing a hydroxyl group. 
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Reproduced with permission from reference 29. Copyright 2019, Wiley-VCH 

Verlag GmbH & Co. KGaA, Weinheim. 

 

1.4 Introduction to hydrogels 

1.4.1 Background 

Hydrogels were first described by Wichterle and Lim in 1984.41 They were 

described as hydrophilic three-dimensional cross-linked polymeric networks 

derived from either a natural polymer (e.g. collagen, gelatine, and polysaccharides) 

or synthetic polymer (e.g. poly(acrylic acid), poly(acrylamide), and poly(2-

hydroxyethyl methacrylate) (Figure 1.10).42-44 Their structures enable them to 

swell through the process of absorbing water while remaining insoluble.42, 45 Their 

water absorption capacity depends on the polymer properties and density of the 

network’s cross-linked structure.42 When the gel achieves a swollen state, the 

mass fraction of water is higher than the mass fraction of polymer and in most 

biomedical applications, the mass of water typically constitutes more than 50% of 

the gel.42, 46  More importantly, researchers are recognizing that hydrogels can be 

synthesized to mimic the properties of natural tissues and can serve as a model to 

be tailored to several biomedical applications.42 

 

Figure 1.10. General schematic depicting a cross-linked polymer network 

hydrogel swollen in water. 
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1.4.2 Hydrogel cross-linking 

Hydrogels can be developed based on several cross-linking protocols that 

accomplish a desired network and will dictate the gel’s overall stability and 

resistance against disintegration.43 In general, these cross-linking junctions can be 

a result of chemical bonds, physical bonds, or a combination of these.42 Chemically 

cross-linked junctions involve the formation of irreversible covalent bonds while 

physically cross-linked junctions involves interactions that are transient in nature.42, 

47 Examples of chemical cross-linking reactions include radical reactions, addition 

reactions, click reactions, or enzymatic cross-linking.48, 49 Examples of physical 

cross-links include hydrogen bonds, hydrophobic interactions, and ionic bonds. 

Radical polymerization occurs through the production of a chemical initiator in 

response to irradiation with light or heating. The initiator reacts with a monomer or 

an appropriate cross-linker to facilitate the cross-linking process (Figure 1.11).50, 

51  Photoinitation may occur either through a type I reaction, which involves 

homolytic photodissociation of the photoinitiator molecule (Figure 1.12) or a type 

II reaction, where the excited initiator reacts with a co-initiator such as an electron 

donor or acceptor or hydrogen donor to produce radicals.52 Type II initiation 

reactions are typically slower and less efficient than type I. Type II photoinitatiors 

often suffer from competitive processes that can occur during excitation of the 

photoinitiator such as reaction with the monomer, co-initiator or atmospheric 

oxygen.52 The most widely used photoinitiator for hydrogel preparation is the type 

I water soluble photoinitator Irgacure 2959 (Figure 1.13). When the type I initiator 

is irradiated, it is cleaved into two radicals, benzoyl and alkyl group, and both 

initiate a radical polymerization of the hydrogel components.52 The second method 

of radical polymerization involves the use of water soluble radical thermal redox 

initiators ammonium persulfate (APS) in the presence of the catalyst N,N,N,N – 

tetramethyldiamine (TEMED) (Figure 1.14). Typically for this method, the 

APS/TEMED and hydrogel components are heated to 37 °C to initiate the cross-

linking process.53 
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Figure A11. 13C NMR spectrum of OPF (CDCl3, 400 MHz). 

 

Figure A12. FT-IR spectrum of OPF. 
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Figure A13. 1H NMR spectrum of OPF-NB-50 (CDCl3, 400 MHz). 
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Figure A14. 13C NMR spectrum of OPF-NB-50 (CDCl3, 101 MHz) ( * corresponds 

to  MeCN peaks). 

               



82 

 

 

Figure A15. FT-IR spectrum of OPF-NB-50.

 

Figure A16. 1H NMR spectrum of OPF-NB-100 (CDCl3, 400 MHz). 
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Figure A17. 13C NMR spectrum of OPF-NB-100 (CDCl3, 400 MHz). 

 

Figure A18. FT-IR spectrum of OPF-NB-100. 
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Figure A23. Permission to use copyrighted material. 

  


