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Abstract 

Self-immolative polymers (SIPs) are degradable polymers that undergo end-to-end 

depolymerization upon triggering. They have potential for the development of degradable 

surfactants addressing human and environmental toxicity concerns associated with non-

degradable surfactants, but they have not yet been investigated as surfactants. Herein, 

polyglyoxylamide SIPs with different pendent groups and end-caps were synthesized, 

envisioning they could serve as depolymerizable analogues of poly(vinyl alcohol) and its 

derivatives. Polyglyoxylamides with pendent hydroxyls stabilized both PEA and PLA 

particle suspensions. They showed the potential to undergo triggered degradation, resulting 

in destabilization of the suspensions. However, untriggered suspensions exhibited poor 

long-term stability, so further structural tuning will be needed to optimize their properties 

for applications. Additionally, poly(ethylene glycol)-poly(ethyl glyoxylate) block 

copolymers were synthesized as potential emulsifiers of oil-in-water emulsions. Triggering 

depolymerization of the SIPs led to loss of emulsion stability, showing the promise of SIP 

block copolymers as a degradable and triggerable class of surfactants. 
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Summary for Lay Audience 

Self-immolative polymers (SIPs) are a relatively recent class of degradable polymers that 

convert back to small molecules when exposed to stimuli such as heat, light, or reducing 

and oxidizing agents. They are of interest for a variety of applications. 

Surfactants are molecules containing water-liking and oil-liking groups. They may 

solubilize a water-liking molecule in an organic (oil-liking) solvent or solubilize an oil-

liking molecule in an aqueous (water-liking) solution. Surfactants have been widely used 

in a variety of areas such as agricultural, pharmaceutical, cosmetics, and food-processing 

industries. 

It was envisioned that SIPs could serve as degradable versions of conventional non-

degradable surfactants. This work investigates the properties of different SIPs as 

surfactants. The first class of synthesized SIP had a water-soluble group in its structure. 

Four different SIPs were investigated in this section, each with a specific speed of 

breakdown. The second class of synthesized SIP was attached to a water-soluble polymer, 

to make a polymer containing two different parts, a water-soluble and a water-insoluble 

parts. The synthesized SIPs were then used to prepare stable emulsions. Afterwards, they 

were exposed to the appropriate stimuli to investigate the effects of polymer breakdown on 

the stability of the emulsions. The breakdown of the SIPs led to changes in the stabilities 

of these systems. 
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Chapter 1  

1 Introduction 

1.1 Introduction to Polymers 

Polymers are macromolecules composed of large numbers of repeating units and prepared 

through the process of polymerization. Historically, the term polymer comes from the 

Greek words ‘poly’ meaning several and ‘meros’ meaning parts.1 Polymers have been used 

for more than a thousand years and Ancient Mesoamerican peoples were processing rubber 

3500 years ago.2 They can be categorized into two groups: natural polymers and synthetic 

polymers. Natural polymers are found in nature. Cellulose, proteins, and carbohydrates are 

among natural polymers.3 In 1962, Watson, Crick, and Wilkins were awarded the Nobel 

Prize in Medicine for their discoveries of the structure of deoxyribonucleic acid (DNA), a 

remarkable natural polymer which contains the instructions needed for an organism to 

develop, survive, and reproduce.4 On the other hand, synthetic polymers are synthesized 

by scientists using various types of polymerization reactions. Both natural and synthetic 

polymers are widely used. They are employed in many areas such as medicine, 

communication, clothing, nutrition, and transportation.5 Polystyrene, polyethylene, and 

Teflon are examples of widely used synthetic polymers with various applications in 

everyday life.6-8 Plastics or “pliable and easily shaped” polymers are a group of common 

synthetic polymers. They have been used in various aspects of life which makes it 

unimaginable to live a life without them.9 The rapid market growth of plastics increased 

solid waste plastics from less than 1% by mass in 1960 to more than 10% by 2005 in 

developed countries.10 Plastics and other synthetic polymers are being extensively 

produced and used all over the world (Figure 1.1).9 An increase in plastic usage in the 

future has also been predicted by scientists, and the accumulation of plastic waste in the 

environment has turned into a significant global concern.11 
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Figure 1.1 Global plastic consumption, from 1950 through 2015, measured in metric 

tonnes per year, showing the increase in plastic usage during the past few decades.9 

1.1.1 Polymerization Mechanisms 

Polymerization reactions can be classified into two groups: step-growth or condensation 

polymerization, and chain-growth or addition polymerization. The main difference 

between the two polymerization approaches is the reaction between the repeating units that 

produce the polymer. In chain-growth polymerization, an initiator, usually a free radical or 

an ion, initiates the polymerization reaction by reacting with a repeating unit and turning it 

into an initiating species (Figure 1.2a). The active species later reacts with another 

repeating unit, and this process continues rapidly until the polymerization is terminated. In 

step-growth polymerization, the reaction proceeds by individual reactions of the functional 

groups between the monomers. During the reaction, dimers, trimers, tetramers and so on 

will be produced. This process continues until polymers with long chains are produced 

(Figure 1.2b).12  
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Figure 1.2 Representation of (a) chain-growth and (b) step-growth polymerization.  

1.1.2 Copolymers 

Polymers may also be classified based on the number and the arrangement of different 

monomers in their structures. A copolymer is defined as a polymer that incorporates two 

or more types of monomers into the polymer chain through a process called 

copolymerization.13 Its homopolymer counterpart is made up of one type of monomer. The 

properties of a copolymer rely on the nature of the monomers and their positioning in the 

polymer chain, allowing for multiple polymerization pathways.14 The monomers can 

polymerize randomly, alternate, give blocks or one polymer may be grafted onto another 

one (Figure 1.3). By introducing another suitably chosen repeating unit, or by combining 

two or more desired types of monomers, a copolymer with desirable properties in a single 

structure may be formed. The copolymerization process offers the ability to produce an 

appropriate structure for an intended application.15 
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Figure 1.3 Representation of a (a) homopolymer, (b) random copolymer, (c) alternating 

copolymer, (d) block copolymer, and (e) graft copolymer. X and Y represent the repeating 

units. 

1.1.3 Physical Properties of Polymers 

There are considerable differences between the physical properties of polymers and those 

of small molecules. Polymers generally have higher viscosities and may show enhanced 

mechanical properties over small molecules.16  

Degree of polymerization (DPn) is defined as the number of repeating units in the polymer 

chain. Thus, the molecular weight of a polymer depends on both DPn and the molecular 

weight of the repeating units. The molar mass of a polymer plays a significant role in 

determining the physical properties of the polymer. There are different ways to represent 

the molar mass of a polymer. Number-average molar mass is given by: 

𝑀𝑛 =  
Σ𝑁𝑖𝑀𝑖

Σ𝑁𝑖
 

 

Equation 1-1 

Where Ni is the number of polymers having the molecular weight of Mi. The weight-

average molar mass is described as: 

𝑀𝑤 =  
Σ𝑁𝑖𝑀𝑖

2

Σ𝑁𝑖𝑀𝑖
 Equation 1-2 
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The ratio of the weight-average molar mass to the number-average molar mass is called 

dispersity (Ð) which is an indication of the variation within a polymer sample in terms of 

molecular weights. The value of Ð is equal to or greater than 1, and as the value becomes 

closer to 1, the polymer chains approach the same length.   

Ð =  
𝑀𝑤

𝑀𝑛
 Equation 1-3 

 

1.1.4 Non-degradable Polymers 

There is not an exact definition for non-degradable polymers as all polymers will be 

degraded eventually with the passage of time. However, non-degradable polymers may be 

generally defined as polymers that will not entirely breakdown long after the time they are 

meant to be used. For instance, poly(vinyl chloride) (PVC) is a polymer that has been 

considered as non-degradable and has been used in many areas such as construction.17 PVC 

does not entirely degrade for decades. Polyethylene (PE), polypropylene (PP), and 

polystyrene (PS) are other examples of non-degradable polymers that are widely used. 

Non-degradable polymers mostly have carbon-carbon bonds along their backbones, which 

resist many severe conditions.  

Aside from disadvantages and environmental issues associated with non-degradable 

polymers, they could be of interest in areas that require the polymer to be stable to carry 

out its role during a long period of time. In one study, a non-degradable methacrylate-based 

polymer was used in dental resins.18  

1.2 Degradable Polymers 

Unlike non-degradable polymers, degradable polymers exhibit instability which can also 

be of interest in many areas. The degradation can be achieved by physical, chemical, 

mechanical or biological agents.19 Their degradation manner relies on their structure and 

the presence of functional groups along their backbones or end-caps. During the 

degradation process, the polymer breaks down, which results in the production of the 

starting monomers or other small molecules (Figure 1.4).  
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Figure 1.4 Degradation of a polymer produces its starting monomer or other small 

molecules. 

Recently, there has been increasing interest in degradable polymers. Degradable polymers 

are of substantial interest for many biological applications such as drug delivery20-22, 

sensors23-24, and tissue engineering.25 Furthermore, degradable polymers provide more 

environmentally-friendly alternatives than non-degradable polymers.26-28 Regardless of 

being a synthetic or natural, all degradable polymers possess functional groups such as 

esters or amides that can be cleaved during the degradation process. However, synthetic 

degradable polymers can in some cases be advantageous compared to natural degradable 

polymers as their structures and properties can be readily tuned. Ideally, a degradable 

polymer would stay stable during application and soon after its intended purpose would 

degrade.  

1.2.1 Natural Degradable Polymers 

A portion of natural polymers undergo gradual degradation. In most cases, these polymers 

produce natural byproducts such as water and carbon dioxide upon degradation. 

Polysaccharides are among the useful natural polymers for applications such as drug 

delivery.29 They are polymers formed from monosaccharide repeating units covalently 

bound together by glycosidic linkages.30 They are considered as vital polymers for living 

organisms. In one study, natural polysaccharides were used as drug carriers to deliver 5-

amino salicylic acid for localized treatment of inflammatory bowel disease. The 

polysaccharides remained intact in the stomach, however, they degraded in the 

environment of the colon. Therefore, the drug was released when the polysaccharides 

entered the colon.31 Additionally, polysaccharides have inherently low immunogenicity 

which ranks them among the most appropriate degradable polymers for biological 

applications.29 Some examples of common polysaccharides are cellulose, starch, alginic 

acid, chitosan, hyaluronic acid, and chondroitin sulphate.32 
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1.2.2 Synthetic Degradable Polymers 

Synthetic degradable polymers allow for human intervention to fit specific applications. 

For example, the degradation rate and triggering can be manipulated. Synthetic degradable 

polymers have extensively been used in various fields such as drug delivery,33 tissue 

engineering,34 and gene delivery.35 Poly(lactic acid) (PLA) and polycaprolactone (PCL) 

are among the widely used conventional degradable polymers. PLA is a biodegradable 

polymer and is mostly used as packaging material and disposable tableware.36 PCL is a 

biodegradable polyester exhibiting chemical and solvent resistance features with potential 

biomedical applications37 and is also widely used in the food industry.38 

1.2.3 Stimuli-responsive Degradable Polymers 

As the usage and applications of degradable polymers progressively increase, interest in 

controlling polymer degradation increases. Stimuli-responsive polymers are a class of 

polymers that are able to react, sense, and respond to an external environment with changes 

in their properties. They are called stimuli-sensitive and smart or intelligent polymers.39-41 

Stimuli-responsive polymers can be sensitive to several factors and their degradation can 

be triggered by changes in physical or chemical conditions.42 There are various types of 

stimuli that can trigger the degradation of stimuli-responsive polymers (Figure 1.5).43 

 

 

Figure 1.5 Various types of stimuli that can trigger the degradation of stimuli-responsive 

polymers. 

pH-responsive polymers are able to change their structure or cleave off their pH-sensitive 

bonds or groups as a result of changes in pH. These changes can be useful in drug delivery 

systems wherein the changes in the structure of the polymer can result in the release of 

loaded drugs for example. Based on the pH of the targeted organ, a suitable pH-responsive 
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polymer can be designed to release the drug at its intended target pathological conditions.44-

45 For instance, the pH of tumor extracellular sites and inflammatory tissues is slightly 

acidic as opposed to the slightly basic pH in blood circulation and normal tissues.46 Two 

examples of common pH-responsive polymers are poly(glutamic acid) (Figure 1.6a) 

which has pendent carboxylic acid groups, and poly(histidine) (Figure 1.6b) which has 

imidazole pendent groups.47 The acidic and basic groups in poly(glutamic acid) and 

poly(histidine) are prone to deprotonation and protonation upon exposure to basic or acidic 

conditions. Each of these two polymers has shown promising results for pH-triggered drug 

release.48-49 

 

Figure 1.6 Chemical structures of pH-responsive polymers (a) poly(glutamic acid) and (b) 

poly(histidine).47 

Stimuli-responsive polymers undergo degradation upon exposure to specific external 

stimuli. The major drawback is that they require many stimuli-mediated cleavage events to 

achieve full degradation. This requirement is not cost-effective and most importantly, may 

not be feasible in natural or in vivo environments.     

1.3 Self-immolative Polymers (SIPs) 

Self-immolative polymers (SIPs) are a relatively recent class of stimuli-responsive 

polymers that undergo controlled end-to-end depolymerization upon exposure to a stimulus 

that cleaves the end-cap from the polymer (Figure 1.7).24, 50-52 SIPs combine the 

characteristics of both stimuli-responsive and degradable polymers. Different end-caps that 

are sensitive to heat,53 light,20 and reducing or oxidizing agents54-55 have been explored and 

incorporated onto SIPs to enable depolymerization in response to different stimuli. 

Furthermore, their unique degradation mechanism allows scientists to select the desired 

stimulus easily by changing the end-cap.  
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Figure 1.7 Depolymerization of SIPs. (a) The end-cap can be cleaved off of the polymer 

in the presence of a stimulus. (b) Removal of the end-cap results in end-to-end 

depolymerization. (c) The degradation products include the end-cap and small molecules. 

SIPs have the capability to undergo a complete end-to-end depolymerization as a 

consequence of a single bond cleavage by a stimulus (Figure 1.7). Since the introduction 

of SIPs, various backbones have been investigated. The most widely used backbones are 

polycarbamates,56-57 polyethers,58 polyphthalaldehydes,59-60 polycarbonates,61 and 

polyglyoxylates.62-63 Generally, depolymerizable SIP backbones can be classified as 

reversible or irreversible backbones. After the depolymerization of reversible SIPs, the 

starting monomers are produced which makes the repolymerization reaction possible, at 

least theoretically (Figure 1.8a). On the contrary, the depolymerization of the irreversible 

SIPs produces products that differ from the starting monomers which prevents potential 

repolymerization (Figure 1.8b).64  
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Figure 1.8 (a) A reversible SIP depolymerizes to its starting monomers. (b) The 

depolymerization of the irreversible SIP results in products that differ from the starting 

monomers. 

1.3.1 Reversible SIPs 

Reversible SIPs are a class of SIPs with low ceiling temperatures (Tc), Tc is the temperature 

at which the rates of depolymerization and polymerization are equal. Above the ceiling 

temperature, the depolymerization reaction is thermodynamically favourable and polymers 

of high molar mass are not produced.65  At the ceiling temperature, the free energy change 

(ΔG) = 0 for the polymerization reaction, and Tc = ΔH/ΔS, where H is enthalpy and S is 

entropy. To prevent the depolymerization at temperatures above the Tc, polymers that are 

synthesized below the Tc need to be capped. This feature enables reversible SIPs to be 

recyclable as depolymerization can occur by cleavage of the end-cap. The most widely 

used classes of reversible SIPs are poly(benzyl ether)s,58, 66 polyglyoxylates,62,63 

polyphthalaldehydes,59,60, 67 and polyglyoxylamides.68  

1.3.2 Polyglyoxylates (PGs) 

PGs are a potentially versatile group of polyaldehydes with low Tc. To access and benefit 

from PGs with different properties, various types of glyoxylate monomers such as methyl 

glyoxylate, ethyl glyoxylate, n-butyl glyoxylate, and benzyl glyoxylate can be used during 

the polymerization process.63 Ethyl glyoxylate is commercially available as a solution in 

toluene and other glyoxylate monomers can be synthesized.63, 69 

In 2014, by introducing stimuli-responsive end-caps to PGs, their controlled end-to-end 

depolymerization was achieved by the Gillies group.63 It was shown that the molar masses 
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of PGs is highly dependent on the purity of the monomer as the polymerization could be 

initiated by ethyl glyoxylate hydrate. A new purification process was developed by the 

Gillies group to prepare highly pure ethyl glyoxylate to control the DPn of the synthesized 

poly(ethyl glyoxylate)s (PEtGs).70 In this method, glyoxylate monomers were purified by 

thermal distillation over P2O5. With the optimized purification process, higher DPns of PGs 

are achievable. PGs degrade gradually, ultimately resulting in corresponding alcohols and 

glyoxylic acid hydrate (Scheme 1.1).71 They are of interest for applications such as 

agriculture,72 drug delivery,69, 73-74 and smart coatings.62, 75 PEtGs are of particular interest 

as their degradation produces glyoxylic acid hydrate and ethanol.71, 76 These degradation 

products can be metabolized in the environment and were confirmed nontoxic in a 

Caenorhabditis elegans model.77 

 

 

Scheme 1.1 Depolymerization of PGs upon cleavage of the end-cap. 

1.3.3 Polyglyoxylamides (PGAms) 

Due to the presence of ester groups at each of the repeating units of PGs, which increases 

the hydrophobicity of the polymer, all of the synthesized PGs have been insoluble in 

water.63, 69, 78 This lack of water-solubility can limit the applications of PGs where water-

soluble polymers are required. By replacing the ester pendent groups of PGs with more 

hydrophilic groups, such as amides, a water-soluble SIP can be formed. In comparison to 

the starting PGs, PGAms should also exhibit decreased rates of side chain hydrolysis and 

therefore be more stable in the absence of the degradation stimulus. PGAms also differ 

from the original PGs in physical and thermal properties, such as glass transition 

temperature (Tg).63, 68 Therefore, PGAms can be classified as a new class of reversible SIPs 

that are synthesized via postpolymerization modification of PGs (Scheme 1.2). However, 

the synthesis is limited to PGs with end-caps that are stable to the amidation reaction. 
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Scheme 1.2 Postpolymerization modification of PGs to synthesize PGAms. 

1.4 Surfactants 

SURFace ACTive AgeNTs (SURFACTANTs) are amphipathic molecules containing both 

hydrophilic and hydrophobic moieties with the ability to stabilize interfaces.79 For instance, 

regular soaps have carboxylate groups as their hydrophilic component with affinity for 

water and hydrocarbon chains as their hydrophobic part that have an affinity for lipophilic 

molecules. Surfactants can serve as effective emulsifiers, dispersing, and foaming agents.80 

They lower the surface tension between two immiscible liquids or a liquid and a gas. They 

may solubilize a polar molecule in an organic (non-polar) solvent or solubilize a non-polar 

molecule in an aqueous (polar) solution. Surfactants have been widely used in a variety of 

areas such as agricultural,81 cosmetics,82 pharmaceutical,83-84 and food-processing 

industries.85-86 The efficiency of a surfactant can be determined by its ability to lower 

surface tension and stabilize emulsions.79  

In an emulsion, surfactants are at a higher concentration at the surface than in the bulk of 

a liquid. This characteristic of surfactants is known as adsorption.87 Critical micelle 

concentration (CMC) is the concentration of a surfactant above which micelles form as a 

result of the aggregation of surfactant molecules. At the CMC, monolayer adsorption is 

complete and surface-active properties are at optimum.88-89 Under the CMC, modifications 

in concentration of the surfactant greatly change the surface tension while at concentrations 

above the CMC, such changes are not significant.  

1.4.1 Classification and Applications of Surfactants 

Surfactants can be classified in various ways. They can be categorized into natural and 

synthetic surfactants which is a classification based on their origin. Natural surfactants are 

obtained directly from natural sources. The very first time that natural surfactants were 
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used by humanity can be dated back to Egyptian times, when vegetable and animal oil were 

combined with alkaline salts producing a soap that was used for cleaning and treating skin 

diseases.90 Mostly, natural surfactants are biological compounds obtained from different 

animal and vegetable sources. Sugars and amino acids are common examples of surfactant 

hydrophilic moieties of natural origin.91 In contrast, synthetic molecules such as sodium 

laurel sulfate, alcohol ether sulphates, and poly(vinyl alcohol) are of synthetic origin.79 

Synthetic surfactants are advantageous compared to natural surfactants as they allow for 

human design and manipulation. 

Generally, the hydrophobic parts of surfactants consist of long chain of hydrocarbons while 

hydrophilic parts consist of ionic or non-ionic polar groups. Based on the presence or 

absence of charges in surfactants, they can be categorized into non-ionic and ionic 

surfactants. Non-ionic surfactants do not dissociate into ions upon dissolution in organic 

or aqueous solutions. Triton X-100, Cocodiethanolamide, and Tween 80 are among the 

widely used non-ionic surfactants (Figure 1.9).92-94  

The sizes of surfactant micelles mostly depend on the structure and concentration of the 

surfactant, as well as the temperature of the solution. Additionally, non-ionic surfactants 

usually have lower CMC values compared to ionic surfactants due to the strong 

electrostatic repulsion of the hydrophilic groups in ionic surfactants which makes the 

micellization process more difficult.92 

https://www.sciencedirect.com/topics/chemistry/nonionic-surfactant
https://www.sciencedirect.com/topics/chemistry/nonionic-surfactant
https://www.sciencedirect.com/topics/chemistry/nonionic-surfactant
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Figure 1.9 Chemical structures of non-ionic surfactants (a) Triton X-100 (n= 9-10) (b) 

Cocodiethanolamide and (c) Tween 80 (w+x+y+z= 20). 

Ionic surfactants have negatively or positively charged hydrophilic groups and can be 

further classified into cationic and anionic surfactants. Cationic surfactants have positively 

charged hydrophilic groups such as quaternary ammonium ion (–R4N
+) and other 

ammonium ions. Hydroxyethyl laurdimonium chloride and benzalkonium chloride 

(Figure 1.10a and b) are examples of widely used cationic surfactants.95 Anionic 

surfactants have negatively charged hydrophilic groups such as carboxylate (–COO−), 

sulfonate (SO3
−), sulfate (–OSO3

−), and phosphate (–OPO3
2−). Ammonium lauryl sulfate 

solution and sodium lauryl sulfate (Figure 1.10c and d) are examples of widely used 

anionic surfactants.  Ionic surfactants are quite popular for their applications in detergents, 

personal care products, and soaps.96 

https://www.sciencedirect.com/topics/chemistry/ammonium
https://www.sciencedirect.com/topics/chemistry/sulfate
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Figure 1.10 Chemical structures of widely used cationic surfactants (a) hydroxyethyl 

laurdimonium chloride and (b) benzalkonium chloride, and anionic surfactants (c) 

ammonium lauryl sulfate solution and (d) sodium lauryl sulfate. 

Gemini surfactants are another group of surfactants that emerged in the late 1980s. Most 

conventional surfactants have a single hydrophilic head and a single hydrophobic tail while 

Gemini surfactants have at least two hydrophilic groups and two hydrophobic tails that are 

linked by a spacer group (Figure 1.11). Characteristics and features of Gemini surfactants 

depend on not only the hydrophilic and hydrophobic parts but also on the spacer linker. 

These linker structures allow for the synthesis of different surfactants, each with particular 

features, while hydrophobic and hydrophilic groups remain the same.97 Gemini surfactants 

have a number of advantages over conventional surfactants, namely low CMC values and 

increased surface activity.  

 

 

Figure 1.11 Schematic representation of a Gemini surfactant. 

In the food industry, natural surfactants such as lecithin are used to prepare a large number 

of food products such as mayonnaise and salad creams.98 Additionally, synthetic 

surfactants such as sorbitan esters, their ethoxylates, and sucrose esters are extensively used 

in many food products such as butter, margarine, mayonnaise, coffee creamers, cream 

liqueurs, some juices, and in whippable toppings.99-101  
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Emulsions consist of two phases, wherein the dispersed phase exists as droplets dispersed 

within the continuous phase. The diameters of droplets usually vary from 10 nm to 100 

μm. There are two main classes of emulsions, oil-in-water (O/W) and water-in-oil (W/O) 

emulsions. In oil-in-water emulsions, oil droplets are emulsified and suspended in the 

aqueous phase. Mayonnaise, cream liqueur, whippable toppings, and ice creams are 

examples of oil-in-water emulsions. The second type is water-in-oil emulsions in which oil 

and water reverse roles with water taking on the dispersive phase. Butter, margarine, and 

fat-based products are examples of water-in-oil emulsions in the food industry.102-103  

In cosmetics, surfactants are used for cleansing, foaming, thickening, emulsifying, 

solubilizing, penetration enhancement, and antimicrobial effects. Sophorolipids, 

rhamnolipids, and mannosylerythritol lipids are among the widely used glycolipid 

surfactants in cosmetics.104-105 

Over the past several decades, surfactants have also been of interest to the pharmaceutical 

industry. They have been used mostly as drug carriers and targeting systems. In the 

application of surfactants as drug carriers, they have no role in the biodistribution of the 

drug itself, but are used primarily for drug solubilization. For instance, many non-ionic and 

ionic surfactants have been examined for preparing stable suspensions of insoluble or 

poorly water-soluble drugs for oral or intravenous administration.83, 106 On the other hand, 

surfactants as targeting systems can transport the drug to its intended site either by natural 

biodistribution of the carrier or by incorporating specific ligands onto the carrier to deliver 

the drug to its target.107-109 Targeted drug delivery has the advantage of reducing the side 

effects of the drug while delivering the drug at the target site.  

1.4.2 Hydrophilic-lipophilic Balance (HLB) 

HLB is a dimensionless scale representing the ratio of weight percent of the hydrophilic 

moiety to the hydrophobic moiety.110 HLB values typically range from 0 to 20 for non-

ionic surfactants on an increasing scale from least hydrophilic (0) to most hydrophilic (20). 

Surfactants with low values of HLB (<9), lipophilic surfactants, are suitable for the 

formation of water-in-oil emulsions while those with high values (>11), hydrophilic 

surfactants, are suitable for oil-in-water emulsions.111 Ionic surfactants usually have HLB 
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values higher than 20. If the HLB value for a surfactant is unknown, it could be measured 

experimentally using other surfactants with known HLB values.112 Nevertheless, these 

methods are time consuming and require a large quantity of the surfactant.113 It is also 

possible to theoretically calculate the HLB value through the Griffin method giving an 

approximate number for HLB. MH and MT correspond to the molar mass of hydrophilic 

part and the molar mass of the whole molecule, respectively.110, 114 However, the HLB 

values of ionic surfactants or surfactants with complicated structures cannot be determined 

using the Griffin method, which limits the applicability of this equation.    

 

HLBGriffin =  
𝑀𝐻

𝑀𝑇
∗ 20 Equation 1-4 

 

Davies and coworkers also introduced an equation that takes into consideration the effect 

of commonly used chemical functional groups. Hh,i  and Hl,i correspond to the hydrophilic 

and lipophilic parts respectively. The values of common chemical functional groups in the 

equation 1-5 are reported in Shinoda and Friberg reports.115  

HLBDavies = 7 +  ∑ 𝐻ℎ,𝑖 −  ∑ 𝐻𝑙,𝑖 

          

Equation 1-5 

 

The HLB value indicates the emulsifying characteristics of the surfactant and not 

necessarily its effectiveness. This means that there could be a difference in the efficiency 

of different emulsifiers with the same HLB value for any given system. The HLB values 

also alter with temperature as the solubility of the surfactant changes with temperature. The 

phase inversion temperature (PIT) is defined as the temperature at which surfactant 

changes from stabilizing oil-in-water to water-in-oil and vice versa.116 

1.4.3 Polymeric Surfactants 

Polymeric surfactants provide more complex structures in comparison to the low molecular 

weight surfactants and offer a wider range of functionalities. They can possess a number 



18 

 

 

of different hydrophilic and hydrophobic moieties along their backbones or pendent groups 

at the same time.117 Polymeric surfactants can be classified into homopolymers and 

copolymers. Generally, homopolymers are the simplest group of polymeric surfactants as 

they are composed of the same repeating units along the chain. Hydrophilic-hydrophobic 

diblock and multi-block copolymers are a major group of polymeric surfactants in which 

both hydrophilic and hydrophobic blocks can be tuned.118-119 Many groups have reported 

the synthesis and use of polymeric surfactants. In one study, the synthesis of copolymers 

having octadecyl side chains and carboxylic acid groups along the backbone were reported 

as latex stabilizers.120  

Poly(ethylene oxide) (PEO), poly(acrylic acid) (PAA), poly(styrene sulfonate) (PSS), and 

poly(dimethyl acrylamide) (PDMAAm) are among the typical hydrophilic blocks used for 

designing polymeric surfactants, and poly(lactic acid) (PLA), poly(isobutylene) (PIB), 

poly(propylene oxide) (PPO), and poly(butadiene) (PB) are among common hydrophobic 

blocks used in polymeric surfactants.121  Polystyrene-b-poly(acrylic acid) (PS-b-PAA) 

(Figure 1.12a), poly(caprolactone)-b-poly(acrylic acid) (PCL-b-PAA) (Figure 1.12b), and 

poly(ethylene oxide)-b-poly(ethyl acrylate) (PEO-b-PEtA) (Figure 1.12c) are examples of 

amphiphilic diblock copolymers that were used in preparation of polymer micelles, and 

their self-assembling properties were studied.117, 122-123   

 

Figure 1.12 Chemical structures of common amphiphilic diblock copolymers (a) PS-b-

PAA (b) PCL-b-PAA and (c) PEO-b-PEtA. 

Polymeric surfactants have applications in areas such as coatings, biotechnology, 

pharmaceuticals, cosmetics, water purification, and oil recovery.124-128  Their applications 

are quite widespread, and they have also been extensively employed as emulsion stabilizers 

for preparation of oil-in-water and water-in-oil emulsions where the hydrophobic groups 

of the surfactant interacts with the oil phase while the hydrophilic portion interacts with 
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water molecules.117, 129 In one study, oil-in-water emulsion were stabilized by inulins, a 

group of polysaccharides.130 

Poly(vinyl alcohol) (PVA) is a synthetic polymer with various applications and also has 

been used as a polymeric surfactant.131-133 Studies by the Gillies group showed its 

promising properties as a polymeric surfactant for drug delivery systems to prepare stable 

particle emulsions as the drug carrier to deliver celecoxib and GSK 3787.134-135 In another 

study, PVA was combined with tocopheryl polyethylene glycol 1000 succinate (TPGS) as 

a drug carrier to increase the encapsulation efficiency and sustained release of the drug.136 

Stabilized emulsions are used in cosmetics and pharmaceutical industries as carriers for 

ingredients. PVA has also been used as an emulsifier for oil-in-water systems.137 PVA used 

as a surfactant typically has 5 – 15% of its pendent alcohol groups acetylated (Figure 1.13). 

It is synthesized by partial hydrolysis of poly(vinyl acetate) (PVAc), leaving a portion of 

acetate groups unhydrolyzed.138 The acetate and alcohol groups along the PVA chain are 

considered as the hydrophobic and hydrophilic moieties of PVA as a polymeric surfactant.  

 

Figure 1.13 Chemical structure of PVA containing both acetate and alcohol groups. 

After the usage of surfactants in many applications, they are mainly released into the 

environment by wastewater pathways, hence many environments are directly or indirectly 

affected by surfactants. Despite the fact that most surfactants are eventually biodegradable, 

their toxicities are critical to consider, based on their degradation times. For instance, it 

may take decades for a polymeric surfactant to be fully degraded.139-140 Since surfactants 

are soluble in a wide range of polar and non-polar solvents, their separation after usage can 

be quite costly and difficult.  
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To overcome the problem of surfactant accumulation in the environment, degradable 

polymers with desired degradation behaviours, such as stimuli-responsive polymers, can 

potentially be used as surfactants instead of their non-degradable counterparts. For 

example, an amphiphilic SIP-based block copolymer was synthesized by reacting PEtG 

with PEG to produce PEG-PEtG-PEG triblock copolymers, which were then self-

assembled to create micellar nanoparticles with SIP cores. The application of specific 

stimuli led to the disintegration of particles as a result of the degradation of the polymer. 

Doxorubicin, a chemotherapy medication used in cancer treatment, and curcumin, a 

medicine with anti-inflammatory properties, were encapsulated into the particles and then 

the release of the loaded drugs was induced in a selective manner by the application of 

specific stimuli.156 

Despite all the research that has been carried out in surfactant chemistry, there is still room 

for the development of degradable polymeric surfactants. In particular, the use of 

degradable surfactants outside of the drug delivery area is quite rare. There has been 

increasing interest in degradable surfactants as they could address human and 

environmental toxicity concerns associated with non-degradable surfactants and provide 

more environmentally-friendly alternatives than their non-degradable counterparts in 

numerous potential applications. 

1.5 Thesis Scope and Objectives 

SIPs are a recently-developed class of stimuli-responsive polymers that undergo a 

controlled end-to-end depolymerization when a specific stimulus removes their end-caps 

and triggers the depolymerization. To the best of our knowledge, aside from their use to 

form the cores of degradable nanoparticle cores for drug delivery, the properties and 

applications of SIPs as potential degradable surfactants have not yet been investigated. 

Therefore, evaluating their potential for stabilizing particle suspensions and emulsions was 

the focus of this thesis. They offer the potential to serve as surfactants that can be degraded 

on demand under specific conditions after their use, thereby avoiding environmental 

contamination, and potentially reducing the toxicity of surfactants in biomedical 

applications. The goal of this thesis was therefore to investigate the properties of SIPs as 

potential degradable surfactants. Specifically, it was hypothesized that PGAms with 
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pendent hydroxyls and acylated hydroxyls could serve as depolymerizable analogues of 

PVA, and that PEtG-based block copolymers could serve as depolymerizable analogues of 

surfactants such as PEO-b-PEA (Figure 1.14). 

 

Figure 1.14 Chemical structures of (a) synthesized PGAms as depolymerizable analogues 

of PVA and (b) synthesized PEtG-based block copolymers as depolymerizable analogues 

of surfactants such as PEO-b-PEA. 

This thesis describes the synthesis of different hydroxyl-functionalized PGAm derivatives 

and their exploration as emulsifying agents to stabilize suspensions of PEA and PLA 

particles. The synthesis of PGAms with different end-caps and side chains is described, 

followed by their use in emulsion preparations. The effects of stimuli on the 

depolymerization of PGAms and its consequent effects on the stabilities of the particle 

suspensions are explored. Afterwards, the synthesis and characterization of a PEG-PEtG 

block copolymers and their potential for stabilizing oil-in-water and water-in-oil emulsions 

are described.   
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Chapter 2  

2 Investigation of Polyglyoxylamides (PGAms) and PEtG-
based Block Copolymers as Degradable Surfactants 

2.1 Experimental 

2.1.1 General Materials and Procedures 

PEG-azide63, 141 and alkyne-methoxy-trityl end-cap62 were synthesized as previously 

reported. Phosphorus pentoxide, 1,4-dioxane, ethanolamine, acetyl chloride, butyryl 

chloride, hexanoyl chloride, lauroyl chloride, stearoyl chloride, n-butyl lithium solution 

(2.5 M in hexanes), benzyl chloromethyl ether (technical, ~60%), CaH2, benzyl 

chloroformate, (+)-sodium L-ascorbate, Nile red, deuterated methanol, deuterated 

acetonitrile, deuterium oxide, and lithium bis(trimethylsilyl)amide [(TMS)2NLi] were 

purchased from Sigma Aldrich and used as received. Mineral oil was purchased from 

Fisher Scientific and used as received. 2-Nitrobenzyl alcohol was purchased from AK 

Scientific and used as received. Copper(II) sulfate, ethyl glyoxylate (EtG) solution (ca. 

50% in toluene), and silver trifluoromethanesulfonate (AgOTf) were purchased from Alfa 

Aesar. Poly(methyl methacrylate) (PMMA) standards purchased from Viscotek. 

Chromatography-grade tetrahydrofuran (THF), acetone, deuterated chloroform, 

magnesium sulfate, and hydrochloric acid were purchased from Caledon Laboratories. 

Toluene was obtained from Caledon Laboratories and distilled over sodium and 

benzophenone under nitrogen at atmospheric pressure to remove water before use. NEt3, 

CH2Cl2, and pyridine were distilled over CaH2 under nitrogen at atmospheric pressure to 

remove water before use. Anhydrous N,N-dimethyl formamide (DMF) was obtained from 

a PureSolv MD 5 solvent purification system equipped with aluminum oxide columns. All 

other chemicals were of reagent grade and were used without further purification unless 

otherwise stated. Dialysis was performed using Spectra/Por regenerated cellulose 

membrane tubing with 6-8, 10, 25, and 50 kg/mol molecular weight cut-offs (MWCOs). 

For UV irradiation, a mercury light source (450 W bulb, 2.8 mW/cm2 of UVA radiation) 

was used. For sonication, a Branson Digital Sonifier 450D with a standard 13mm tapped 

horn was used, and the sonication amplitude was set to 10% intensity. 
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2.1.2 General Methods 

1H NMR spectra were obtained on a Bruker AvIII HD spectrometer at 400 MHz, a Varian 

INOVA spectrometer at 400 MHz, or a Varian INOVA spectrometer at 600 MHz. 13C 

NMR spectra were obtained on a Varian INOVA spectrometer at 150 MHz or a Bruker 

AvIII HD Spectrometer at 100 MHz. Chemical shifts (δ) are in parts per million (ppm) and 

were calibrated against the residual solvent signals of CHCl3 (δ 7.27 ppm [1H], 77.16 ppm 

[13C]), HOD (δ 4.79 ppm [1H]), or CHD2OD (δ 3.31 ppm [1H]) in the spectra. Fourier-

transform infrared (FT-IR) spectroscopy was conducted using a PerkinElmer Spectrum two 

FT-IR Spectrometer using the attenuated total reflectance (ATR) sampling. Fluorescence 

spectra were obtained using a QM-4 SE spectrofluorometer equipped with both excitation 

and emission monochromators from Photon Technology International. An excitation 

wavelength of 552 nm was used for Nile red and the emission spectra were recorded from 

570 to 700 nm. Size exclusion chromatography (SEC) experiments were conducted using 

THF or aqueous chromatography systems. The THF system was equipped with a Viscotek 

GPCmax VE 2001 SEC instrument, an Agilent PolyPore guard column (PL1113-1500) 

and two sequential Agilent PolyPore SEC columns packed with porous poly(styrene-co-

divinylbenzene) particles (molar mass range 200−2,000,000 g/mol; PL1113-6500) 

regulated at a temperature of 30 °C. Signal responses were measured using a Viscotek VE 

3580 RI detector, and molar masses were determined by calibrations using poly(methyl 

methacrylate) (PMMA) standards. The aqueous system was equipped with a Waters 

Separations Module 2695, a refractive index detector (Waters 2414) and two PLaquagel-

OH Mixed-M 8 µm (300 × 7.5mm) columns (Polymer Laboratories) connected in series 

with a PLaquagel-OH 8 µm guard column. The mobile phase was composed of a pH 7.0 

buffer solution containing 0.2 M NaNO3 and 10 mM NaH2PO4, which was eluted at 1 

mL/min at room temperature for 40 min/run. Molar masses were determined by 

calibrations using poly(ethylene glycol) (PEG) standards. SEC samples were prepared at a 

concentration of ~5 mg/mL. Syntheses of PEtGs were performed under a nitrogen 

atmosphere using Schlenk techniques.  
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2.1.3 Synthetic Procedures 

Synthesis of PEtGUV 

EtG monomer was purified as previously reported.70 2-Nitrobenzyl alcohol (150 mg, 1.0 

mmol, 1.0 equiv.) and (TMS)2NLi (170 mg, 1.0 mmol, 1.0 equiv.) were dissolved in dry 

toluene (100 mL) and stirred for 1 h. Afterwards, freshly distilled EtG (24 mL, 200 mmol, 

200 equiv.) was rapidly added to the solution followed by cooling the flask to −20 °C. After 

20 min of stirring, NEt3 (2.0 mL, 16 mmol, 16 equiv.) was added and the solution was 

stirred for another 30 min prior to the rapid addition of benzyl chloromethyl ether (5.0 mL, 

20 mmol, 20 equiv.). The resulting solution was stirred for 2 h at −20 °C before the flask 

was sealed under N2 gas and transferred into a −20 °C freezer where it was kept for 1 day. 

The mixture was then precipitated into a mixture of 400 mL of methanol and 40 mL of 

water. The solvent was then decanted and the resulting residue was dried under vacuum. 

Yield = 13 g, 65%. 1H NMR (400 MHz, CDCl3, δ): 5.80−5.48 (m, 1H), 4.31−4.10 (s, 2H), 

1.37−1.19 (s, 3H). 13C{1H} NMR (CDCl3, 100 MHz): δ 167.0–168.5, 92.2–95.3, 62.8, 

14.1.  FT-IR: 2990, 1750 cm-1. SEC: Mn = 12.1 kg/mol, Mw = 17.6 kg/mol, Đ = 1.4.  

Synthesis of PEtGcontrol 

Dry toluene (40 mL) and n-BuLi solution (160 μL, 0.40 mmol, 1.0 equiv.) were combined 

in a Schlenk flask, and the solution was stirred for 10 min at 20 °C prior to the rapid addition 

of freshly distilled EtG (10 mL, 100 mmol, 250 equiv.) The solution was then stirred for 

10 min before it was cooled to −20 °C and stirred for 30 min. NEt3 (2.2 mL, 16 mmol, 40 

equiv.) was then added to the solution and it was stirred for another 30 min at −20 °C. 

Benzyl chloromethyl ether (1.9 mL, 8.1 mmol, 20 equiv.) was instantly added to the 

solution and the solution was stirred for 2 h at −20 °C before it was transferred into a −20 

°C freezer where it was kept for 3 days. Afterwards, toluene was removed under vacuum 

and the resulting mixture was dissolved in a mixture of 10 mL of methanol and 10 mL of 

CH2Cl2 before being precipitated into −20 °C methanol (390 mL) followed by the addition 

of water (40 mL). The resulting mixture was kept in a −20 °C freezer for 20 h, then the 

solvent was decanted and the resulting residue was dried under vacuum. Yield = 8.5 g, 

85%. 1H NMR (400 MHz, CDCl3, δ): 5.75−5.48 (m, 1H), 4.27−4.03 (s, 2H), 1.32−1.28 (s, 
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3H). 13C{1H} NMR (CDCl3, 100 MHz): δ 165.7–166.8, 91.6–94.7, 62.3, 14.0. FT-IR: 

2990, 1750 cm-1. SEC: Mn = 18.1 kg/mol, Mw = 26.9 kg/mol, Đ = 1.5. 

Synthesis of PEtGT 

Dry toluene (40 mL) and n-BuLi solution (200 μL, 0.50 mmol, 1.0 equiv.) were combined 

in a Schlenk flask, and the solution was stirred for 10 min at 20 °C prior to the rapid addition 

of freshly distilled EtG (10 mL, 100 mmol, 200 equiv.). The solution was then stirred for 

15 min before it was cooled to −20 °C and stirred for 30 min. Dry NEt3 (2.7 mL, 20 mmol, 

40 equiv.) was then added to the solution and it was stirred for another 30 min at −20 °C. 

In another Schlenk flask, AgNO3 (5.5 g, 32 mmol, 130 equiv.) and trityl chloride (5.0 g, 

20 mmol, 80 equiv.) were dissolved in dry toluene (10 mL). The mixture was then heated 

at 70 °C for 90 min before it was cooled to -20 °C for 30 min before being added to the 

first Schlenk flask. The reaction flask was stirred at -20 °C for 1 h and then allowed to 

gradually warm up to room temperature over 15 h. The solvent was then removed under 

vacuum, the crude product was dissolved in 30 mL of CH2Cl2, and precipitated into a 

mixture of 800 mL of methanol and 100 mL of H2O. The resulting mixture was kept in a 

−20 °C freezer for 20 h, the liquid was decanted, and the resulting residue was dried under 

vacuum. Yield = 7.0 g, 68%. 1H NMR (CDCl3, 400 MHz): 5.47–5.72 (m, 1H), 4.20 (s, 

2H), 1.28 (s, 3H). 13C{1H} NMR (CDCl3, 100 MHz): δ 165.5–167.1, 92.5–94.9, 62.7, 14.2. 

FT-IR: 2990, 1750 cm-1. SEC: Mn = 10.1 kg/mol, Mw = 14.3 kg/mol, Đ =1.4. 

Synthesis of PEtGMMT 

Dry toluene (40 mL) and n-BuLi solution (200 μL, 0.50 mmol, 1.0 equiv.) were combined 

in a Schlenk flask, and the solution was stirred for 10 min at 20 °C prior to the rapid addition 

of freshly distilled EtG (10 mL, 100 mmol, 200 equiv.). The solution was then allowed to 

mix for 15 min before it was cooled to −20 °C and stirred for 30 min. Dry NEt3 (2.5 mL, 

18 mmol, 36 equiv.) was then added to the polymerization flask and it was stirred for 

another 30 min at −20 °C. In another Schlenk flask, AgNO3 (0.85 g, 5.0 mmol, 10 equiv.) 

and 4-monomethoxytrityl chloride (1.5 g, 4.8 mmol, 9.7 equiv.) were dissolved in dry 

toluene (5 mL). The mixture was then heated at 50 °C for 40 min before it was cooled to -

20 °C for 30 min, and then added to the first Schlenk flask. The reaction was stirred at -20 
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°C for 1 h and then allowed to gradually warm up to room temperature over 16 h. The 

solvent was then removed under vacuum, the crude product was dissolved in 600 mL of 

CH2Cl2, mixed with activated charcoal, and filtered. The filtrate was then washed with 

brine (2 × 200 mL) and water (100 mL). Afterwards, it was dried over MgSO4, filtered, 

and concentrated under vacuum. The resulting residue was precipitated into 700 mL of 

methanol. The liquid was then decanted, and the resulting residue was dried under vacuum. 

Yield = 5.5 g, 54%. 1H NMR (CDCl3, 400 MHz): δ 5.48–5.75 (m, 1H), 4.23 (s, 2H), 1.30 

(s, 3H). 13C{1H} NMR (CDCl3, 100 MHz): δ 165.1–165.9, 90.7–94.2, 61.9, 14.0. FT-IR: 

2990, 1750 cm-1. SEC: Mn = 13.5 kg/mol, Mw = 19.2 kg/mol, Đ = 1.4.  

Synthesis of PEtGAMT 

Dry toluene (120 mL) and EtG (20 mL, 200 mmol, 200 equiv.) were combined in a 250 

mL Schlenk flask, and the solution was stirred for 10 min at 20 °C prior to the rapid addition 

of n-BuLi solution (400 μL, 1.0 mmol, 1.0 equiv.). The solution was then stirred for 10 

min before it was cooled to −20 °C and stirred for 30 min. NEt3 (1.5 mL, 12 mmol, 12 

equiv.) was then added to the solution and the solution was stirred for another 30 min at 

−20 °C. In another Schlenk flask, alkyne-methoxy-trityl end-cap62 (1.5 g, 4.1 mmol, 4.1 

equiv.) was combined with NEt3 (2.0 mL, 15 mmol, 15 equiv.) in 14 mL of dry CH2Cl2. 

The mixture was then added to the first Schlenk flask. The resulted solution was stirred for 

2 h at −20 °C before it was allowed to gradually warm up to room temperature over 16 h. 

The mixture was then concentrated under vacuum and precipitated into 750 mL of 

methanol. The liquid was then decanted, and the resulting residue was dried under vacuum. 

Yield = 13.5 g, 41%. 1H NMR (CDCl3, 400 MHz): δ 5.42–5.76 (m, 1H), 4.21 (s, 2H), 1.27 

(s, 3H). 13C{1H} NMR (CDCl3, 100 MHz): δ 165.4–166.4, 90.8–94.7, 62.3, 14.1. FT-IR: 

2990, 1750 cm-1. FT-IR: 2990, 1750 cm-1. SEC: Mn = 10.4 kg/mol, Mw = 14.1 kg/mol, Đ 

= 1.4. 

Synthesis of PGAmUV 

PEtGUV (2.0 g, 19 mmol of ethyl ester units, 1.0 equiv.) was dissolved in dry 1,4-dioxane 

(20 mL) followed by the addition of ethanolamine (4.1 g, 68 mmol, 3.6 equiv. per ester) to 

the reaction flask. The reaction mixture was then stirred for 24 h at room temperature. 
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Afterwards, the solvent was decanted and the resulting residue was subsequently purified 

by dissolution in methanol (10 mL) and precipitation into CH2Cl2 (120 mL). After 

decanting the solvent, the precipitate was dried under vacuum to afford an off-white 

powder. Yield = 1.6 g, 68%. 1H NMR (400 MHz, D2O): δ 5.47–5.79 (m, 1H), 3.71 (s, 2H), 

3.42 (s, 2H). 13C {1H} NMR (150 MHz, D2O): δ 167.4, 91.1–93.8, 62.4, 14.1. FT-IR 

(ATR): 3290, 2950, 2890, 1660, 1540 cm-1. SEC: Mn = 9.7 kg/mol, Mw = 14.7 kg/mol, Đ 

=1.5. 

Synthesis of PGAmcontrol 

PGAmcontrol was synthesized by the same procedure as for PGAmUV except that PEtG-

control (2.0 g, 20 mmol of ethyl ester units, 1.0 equiv.) was used as the starting material. 

Yield = 1.4 g, 59%. 1H NMR (400 MHz, D2O): δ 5.48–5.81 (m, 1H), 3.73 (s, 2H), 3.46 (s, 

2H). 13C{1H} NMR (150 MHz, D2O): δ 169.1, 91.7–95.1, 63.8, 14.5. FT-IR (ATR): 3300, 

2950, 2880, 1650, 1550 cm-1. SEC: Mn = 11.8 kg/mol, Mw = 17.5 kg/mol, Đ = 1.5. 

Synthesis of PGAmMMT 

PGAmMMT was synthesized by the same procedure as for PGAmUV except that PEtGMMT 

(2.9 g, 29 mmol of ethyl ester units, 1.0 equiv.) was used as the starting material. Yield = 

1.8 g, 54%. 1H NMR (400 MHz, D2O): δ 5.30–5.75 (m, 1H), 3.45 (s, 2H), 3.20 (s, 2H). 

13C{1H} NMR (150 MHz, D2O): δ 168.2, 91.2–94.4, 63.3, 14.0. FT-IR (ATR): 3290, 2940, 

2890, 1660, 1540, cm-1. SEC: Mn = 7.4 kg/mol, Mw = 10.4 kg/mol, Đ = 1.4. 

Synthesis of PGAmT 

PGAmT was synthesized by the same procedure as for PGAmUV except that PEtGT (2.3 

g, 23 mmol of ethyl ester units, 1.0 equiv.) was used as the starting material. Yield = 1.7 g, 

61%. 1H NMR (400 MHz, D2O): δ 5.50–5.75 (m, 1H), 3.70 (s, 2H), 3.40 (s, 2H). 13C{1H} 

NMR (150 MHz, D2O): δ 170.1, 91.9–95.5, 64.2, 14.7. FT-IR (ATR): 3280, 2940, 2880, 

1650, 1530 cm-1. SEC: Mn = 8.4 kg/mol, Mw = 12.1 kg/mol, Đ = 1.4. 

Synthesis of PGAmac-100 
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PGAmUV (0.20 g, 1.3 mmol of hydroxyl, 1.0 equiv.) was placed into a flask and it was 

evacuated and charged with nitrogen at atmospheric pressure several times followed by the 

addition of dry pyridine (5 mL) to the reaction flask. Subsequently, acetyl chloride (0.20 

mL, 2.2 mmol, 1.7 equiv. per pendent hydroxyl) was added to the reaction flask and it was 

stirred for 24 hours. The resulting mixture was dialyzed (6-8 kg/mol MWCO) against 

acetone for 24 h and against methanol for the next 24 h. The resulting residue was then 

dried under vacuum to afford 80 mg of a powder. Yield = 53%. 1H NMR (400 MHz, D2O): 

δ 5.50–5.85 (m, 1H), 4.30 (s, 2H), 3.45 (s, 2H), 2.00 (s, 3H). 

Synthesis of PGAmbuty-100 

The same procedure as described above for the synthesis of PGAmac-100 was used except 

that butyryl chloride (0.30 mL, 2.6 mmol, 1.9 equiv. per pendent hydroxyl) was used 

instead of acetyl chloride to afford 120 mg of a powder. Yield = 42%. 1H NMR (400 MHz, 

CDCl3): δ 5.55–5.80 (m, 1H), 4.20 (s, 2H), 3.50 (d, 2H), 2.28 (s, 2H), 1.65 (s, 2H), 0.85 (t, 

J = 6.8 Hz, 4H). 

Synthesis of PGAmhex-100 

The same procedure as described above for the synthesis of PGAmac-100 was used except 

that hexanoyl chloride (0.40 mL, 2.8 mmol, 1.9 equiv. per pendent hydroxyl) was used 

instead of acetyl chloride to afford 160 mg of a powder. Yield = 55%. 1H NMR (400 MHz, 

CDCl3): δ 5.60–5.81 (m, 1H), 4.20 (s, 1H), 3.50 (s, 1H), 2.31 (s, 2H), 1.61 (s, 2H), 1.30 (s, 

7H), 0.81 (t, J = 7.8 Hz, 5H). 

Synthesis of PGAmlau-100 

The same procedure as described above for the synthesis of PGAmac-100 was used except 

that lauroyl chloride (0.80 mL, 3.7 mmol, 2.0 equiv. per pendent hydroxyl) was used 

instead of acetyl chloride to afford 210 mg of a powder. Yield = 39%. 1H NMR (400 MHz, 

CDCl3): δ 5.57–5.80 (m, 1H), 4.19 (s, 2H), 3.51 (s, 2H), 2.30 (s, 2H), 1.61 (s, 4H), 1.25 (s, 

36H), 0.81 (t, J = 9.4 Hz, 7H). 

Synthesis of PGAmste-100 
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The same procedure as described above for the synthesis of PGAmac-100 was used except 

that stearoyl chloride (1.6 mL, 6.0 mmol, 2.5 equiv. per pendent hydroxyl) was used instead 

of acetyl chloride to afford 350 mg of a powder. Yield = 40%. 1H NMR (400 MHz, CDCl3): 

δ 5.55–5.89 (m, 1H), 4.15 (s, 1H), 3.50 (s, 3H), 2.30 (s, 2H), 1.61 (s, 3H), 1.29 (s, 28H), 

0.89 (t, J = 8.5 Hz. 3H). 

Synthesis of PGAmac-5 

The same procedure as described above for the synthesis of PGAmac-100 was used except 

that PGAmUV (0.60 g, 5.5 mmol of hydroxyl, 1.0 equiv.) and acetyl chloride (20 μL, 0.30 

mmol, 0.050 equiv. per pendent hydroxyl) were used to afford 480 mg of a powder. Yield 

= 68%. 1H NMR (400 MHz, D2O): δ 5.50–5.85 (m, 1H), 3.79 (s, 2H), 3.42 (s, 2H), 2.21 (s, 

0.1). 

Synthesis of PGAmac-10 

The same procedure as described above for the synthesis of PGAmac-100 was used except 

that PGAmUV (0.70 g, 5.5 mmol of hydroxyl, 1.0 equiv.) and acetyl chloride (40 μL, 0.55 

mmol, 0.10 equiv. per pendent hydroxyl) were used to afford 400 mg of a powder. Yield = 

57%. 1H NMR (400 MHz, D2O): δ 5.50–5.85 (m, 1H), 3.79 (s, 2H), 3.42 (s, 2H), 2.21 (s, 

0.3). 

Synthesis of PGAmhex-5 

The same procedure as described above for the synthesis of PGAmac-100 was used except 

that PGAmUV (0.20 g, 1.8 mmol of hydroxyl, 1.0 equiv.) and hexanoyl chloride (12 μL, 

0.10 mmol, 0.050 equiv. per pendent hydroxyl) were used to afford 130 mg of a powder. 

Yield = 54%. 1H NMR (400 MHz, D2O): δ 5.45–5.75 (m, 1H), 3.67 (s, 2H), 3.29 (s, 2H), 

2.26 (s, 0.1), 1.50 (s, 0.1), 1.22 (s, 0.2), 0.76 (s, 0.1). 

Synthesis of PGAmhex-10 

The same procedure as described above for the synthesis of PGAmac-100 was used except 

that PGAmUV (0.20 g, 1.8 mmol of hydroxyl, 1.0 equiv.) and hexanoyl chloride (25 μL, 

0.20 mmol, 0.10 equiv. per pendent hydroxyl) were used to afford 130 mg of a powder. 
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Yield = 51%.1H NMR (400 MHz, D2O): δ 5.45–5.80 (m, 1H), 3.71 (s, 2H), 3.43 (s, 2H), 

2.29 (s, 0.1), 1.57 (s, 0.2), 1.26 (s, 0.3), 0.85 (s, 0.2). 

Synthesis of PGAmlau-5 

The same procedure as described above for the synthesis of PGAmac-100 was used except 

that PGAmUV (0.30 g, 2.2 mmol of hydroxyl, 1.0 equiv.) and lauroyl chloride (30 μL, 0.10 

mmol, 0.060 equiv. per pendent hydroxyl) were used to afford 150 mg of a powder. Yield 

= 57%. 1H NMR (400 MHz, D2O): δ 5.50–5.80 (m, 1H), 3.73 (s, 2H), 3.43 (s, 2H), 2.29 (s, 

0.1), 1.61 (s, 0.1), 1.27 (s, 0.2), 0.90 (s, 0.1). 

Synthesis of PGAmlau-10 

The same procedure as described above for the synthesis of PGAmac-100 was used except 

that PGAmUV (0.30 g, 2.2 mmol of hydroxyl, 1.0 equiv.) and lauroyl chloride (75 μL, 0.30 

mmol, 0.15 equiv. per pendent hydroxyl) were used to afford 160 mg of a powder. Yield = 

52%. 1H NMR (400 MHz, D2O): δ 5.50–5.80 (m, 1H), 3.74 (s, 2H), 3.41 (s, 2H), 2.30 (s, 

0.1), 1.58 (s, 0.1), 1.26 (s, 0.3), 0.81 (s, 0.1). 

Synthesis of PEG-PEtG block copolymers 

PEG5k-azide63, 141 (1.4 g, 0.28 mmol, 2.8 equiv.), PEtGAMT (1.3 g, 0.10 mmol, 1.0 equiv.), 

copper(II) sulfate (0.019 g, 0.10 mmol, 1.0 equiv.), and sodium L-ascorbate (0.025 g, 0.10 

mmol, 1.0 equiv.) were placed in a Schlenk flask, which was subsequently evacuated and 

purged with N2. Afterwards, anhydrous DMF (5 mL) was added to the mixture and it was 

stirred for 1 h while being purged with N2. The reaction mixture was then heated at 40 °C 

and stirred for 20 h before being dialyzed (6–8 kg/mol MWCO) against water for 1 day. 

The resulting product was dispersed in water (10 mL) and then centrifuged (6000 rpm, 5 

min) followed by decanting the solvent. The previous dispersion procedure was repeated 

and then the resulting residue was lyophilized to afford 800 mg of product. Yield = 45%. 

1H NMR (400 MHz, CDCl3): δ 7.22–6.75 (m, 14H), 5.80−5.48 (m, 140H), 4.27−4.03 (m, 

290H), 3.74–3.38 (s, 3H), 4.99 (s, 2H), 4.20−4.13 (m, 458H), 1.37−1.19 (m, 460H). SEC: 

Mn = 14.5 kg/mol, Mw = 18.1 kg/mol, Đ = 1.2. 
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2.1.4 Degradation Studies of PGAms 

All samples were prepared at ~ 20 mg/mL concentration, transferred to NMR tubes, and 

promptly sealed. They were then kept at room temperature, and investigated via 1H NMR 

spectroscopy over time. 

Degradation studies of PGAmUV 

Two NMR samples were prepared by dissolving PGAmUV in D2O. The first sample was 

irradiated with UV light (450 W bulb, 2.8 mW/cm2 of UVA radiation) for 10, 20, 30, 45, 

and 60 minutes and was checked by 1H NMR at each time point. The second sample was 

kept in dark and was monitored as a control sample to measure the background polymer 

degradation.  

Degradation studies of PGAmcontrol 

Four different NMR samples of PGAmcontrol were prepared. The first sample was prepared 

by dissolving PGAmcontrol in D2O. The second sample was prepared by dissolving PGAm-

control in a 0.1 M deuterated citrate buffer which was prepared by dissolving 95 mg of citric 

acid in 5 mL of D2O and adjusting the pH to 3.0 using NaOH. The third NMR sample was 

prepared by dissolving PGAmcontrol in D2O followed by adjusting the pH to 3.0 using a 0.5 

M acetic acid solution. The fourth NMR sample was prepared in the same manner as the 

first sample but was irradiated with UV light (450 W bulb, 2.8 mW/cm2 of UVA radiation) 

for 45 minutes. 

Degradation studies of PGAmT and PGAmMMT 

NMR samples of PGAmT and PGAmMMT were prepared by dissolving the polymer in 

D2O or in 0.1 M deuterated citrate buffer at pH 3.0. 
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2.1.5 Particle Suspension Preparation and Triggered Destabilization 
of the Suspensions  

Particle preparation 

Particle suspensions were prepared using an emulsification-evaporation technique. The 

dispersed phase of the emulsion was prepared by dissolving 10 mg of the hydrophobic 

polymer, PEA or PLA, in 1 mL of CH2Cl2. For particles with Nile red, the hydrophobic 

polymer was dissolved in 1 mL CH2Cl2 containing 0.01 mg/mL Nile red. The aqueous 

phase was prepared by dissolving 20 mg of emulsifying agent in 3 mL of deionized water. 

The ratios of water:organic solvent and mass of emulsifying agent were varied according 

to Tables 2.3 to 2.7. The organic phase was then added to the aqueous phase. The resulting 

solution was stirred for 10 minutes, and then subjected to sonication while stirring at 250-

300 rpm for three 30 s intervals with 10 s breaks in between. The resulting emulsion was 

stirred for 4 hours to evaporate the organic solvent.   

Triggered destabilization of the PGAm-stabilized particle suspensions 

To trigger the degradation of PGAms coating the PGAmUV-stabilized particle suspensions, 

they were irradiated with UV light (450 W bulb, 2.8 mW/cm2 of UVA radiation) for 90 

minutes while stirring (150 rpm). For PGAmT-stabilized and PGAmMMT-stabilized 

particle suspensions, the pH of particle suspensions was adjusted to 3.0 using 0.5 M acetic 

acid or addition of 0.75 mL of 0.1 M citrate buffer, which was prepared by dissolving 380 

mg of citric acid in 20 mL of deionized water and adjusting the pH to 3.0 using NaOH. To 

adjust the pH of particle suspensions to 7 using buffer, 0.75 mL of 0.1 M phosphate buffer 

was added to the particle suspensions, which was prepared by dissolving 420 mg KH2PO4 

and 340 mg K2HPO4 into 50 mL deionized water. 

Dynamic light scattering (DLS) 

Particle diameters and count rates were determined by DLS using a Zetasizer Nano ZS 

instrument from Malvern Instruments. Analyses were conducted at 25 °C in 1.5 mL 

disposable plastic cuvettes that were purchased from Fisherbrand. To study the triggered 

particle suspensions over time, the stimuli were applied as described above (Triggered 
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destabilization of the PGAm-stabilized particle suspensions), then the suspensions were 

incubated at ambient temperature. DLS measurements of the diameter and count rate were 

obtained over time, while fixing the attenuator and position of the beam. 

Fluorescence spectroscopy of triggered of PGAm-stabilized particle suspensions 

Fluorescence intensities were obtained using a QM-4 SE spectrofluorometer equipped with 

both excitation and emission monochromators from Photon Technology International. 

Analyses were conducted at 25 °C in a 3.0 mL 101-QS quartz cuvette that was purchased 

from Hellma Analytics. To study the triggered particles over time, the stimuli were applied 

as described above (Triggered destabilization of the PGAm-stabilized particle 

suspensions), then the suspensions were incubated at ambient temperature. Fluorescence 

measurements were obtained over time while the slit width was set to 2 nm. An excitation 

wavelength of 552 nm was used for Nile red and the emission spectra were recorded from 

570 to 700 nm.  

2.1.6 Oil-in-water and Water-in-oil Preparation and Triggered 
Destabilization of the Suspensions  

Oil-in-water and water-in-oil preparation 

For oil-in-water and water-in-oil emulsions, the emulsifier was dissolved in deionized 

water and added to the oil. The resulting mixture was subjected to sonication while stirring 

at 250-300 rpm for three 30 s intervals with 10 s breaks in between. The solvent ratios and 

concentrations of emulsifiers were varied according to tables Tables 2.8, 2.9, 2.11, and 

2.12. 

Triggered destabilization of the stabilized water-in-toluene emulsions 

To trigger the degradation of the emulsifier, PEG-PEtG block copolymers, in water-in-

toluene emulsions, 18 µL of glacial acetic acid was added to the samples. 
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2.2 Results and Discussion 

2.2.1 Syntheses and Characterization of Poly(ethyl glyoxylate)s 
(PEtGs) 

Syntheses of PEtGs were performed using modified versions of the previously reported 

anionic polymerization method.70 In this method, the purity of EtG monomer was highly 

improved which allowed for controlling the DPn of the synthesized polymer using 

alkyllithium reagents as initiators at optimized polymerization conditions. Due to the low 

ceiling temperature (Tc) of PEtGs,142 the polymerizations were conducted at −20 °C as this 

has been determined to be the optimal temperature for EtG polymerization.70  

Four different PEtGs with different end-caps were synthesized (Scheme 2.1). PEtGcontrol 

was synthesized using benzyl chloromethyl ether as the end-cap, as this end-cap is stable 

and its cleavage is not triggered by the conditions used for triggering the other end-caps. 

To synthesize PEtGUV, lithium bis(trimethylsilyl)amide [(TMS)2NLi], which is a strong 

non-nucleophilic base, was reacted with 2-nitrobenzyl alcohol. The resulting alkoxide was 

then used as an initiator for the polymerization of EtG, and benzyl chloromethyl ether was 

used to end-cap the other terminus of the polymer. The 2-nitrobenzyl end-cap can be 

cleaved by irradiation with UV light,64, 143 so PEtGUV was expected to be UV-responsive. 

Even though UV-responsive polymers may not be suitable for biological applications, it 

was chosen as a model system and also could be applicable to non-biological applications. 

Syntheses of PEtGMMT and PEtGT were initiated by n-BuLi and employed trityl chloride 

and 4-monomethoxytrityl chloride as their end-caps, respectively. The two aforementioned 

trityl-based end-caps are cleavable in water. Their depolymerization proceeds faster in 

acidic conditions, and additionally PEtGMMT more rapidly compared to PEtGT.144 As they 

undergo depolymerization in aqueous solution, they are of interest for biological 

applications. Based on the SEC results of the four synthesized PEtGs, all four polymers 

had similar molar masses and relatively low dispersities (Table 2.1).  

To characterize the synthesized PEtGs, 1H NMR of the resulting polymers confirmed the 

formation of the polymers as gave rise to broad peaks located at ca. 5.6, 4.2, and 1.3 ppm 

associated with CH in the backbone, CH2, and CH3 in the pendent group, respectively 
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(Figures 2.1a, A1, A2, and A4). Further evidence of characterization of polymers can also 

be found by FT-IR spectrum of PEtG. The strong C=O stretch peak around 1750 cm-1 is 

characteristic of esters and is present in the PEtG spectrum (Figure 2.2).  

 

Scheme 2.1 Synthetic approaches for obtaining (a) PEtGcontrol (b) PEtGUV (c) PEtGT and 

(d) PEtGMMT. 

Table 2.1 SEC results of the synthesized PEtGs representing all four PEtGs had similar 

molar masses and relatively low dispersities. 

Polymer name Mn (kg/mol) Mw (kg/mol) Đ 

PEtGcontrol 18.1 26.9 1.5 

PEtGUV 12.1 17.6 1.4 

PEtGT 10.1 14.3 1.4 

PEtGMMT 13.5 19.2 1.4 
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Figure 2.1 Comparison of the 1H NMR spectra of (a) PEtGUV and (b) PGAmUV (400 

MHz, CDCl3 and D2O). 

 

Figure 2.2 Overlay of the FT-IR spectra of PEtGUV and PGAmUV. The peak around 1750 

cm-1 in PEtGUV spectrum disappears in the corresponding PGAmUV spectrum, and is 

instead replaced by the peaks around 1650 cm-1 and 3300 cm-1. 
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2.2.2 Syntheses and Characterization of Polyglyoxylamides (PGAms) 

To first synthesize water-soluble PGAms via post-polymerization modification (Scheme 

2.2), the PEtGs were reacted with excess ethanolamine in 1,4-dioxane for 24 hours to reach 

full conversion and install hydroxyl groups on every repeating unit of the polymers. 

PGAms with four different end-caps were synthesized using the four PEtG precursors 

(Scheme 2.1).  

 

Scheme 2.2 Synthetic approaches for obtaining PGAms via post-polymerization 

modifications of PEtGs. 

1H NMR spectroscopy of the PGAms confirmed that full conversion was achieved (Figure 

2.1b, A5, A6, and A8). Specifically, the two peaks located at 1.4 and 4.3 ppm in the PEtG 

spectra that correspond to the pendent ethyl groups disappeared in the PGAm spectra, and 

instead were replaced by two peaks located at 3.4 and 3.7 ppm which were assigned to two 

methylene groups in the pendent group of the PGAm. Further evidence of the conversion 

from ester to amide pendent groups can also be found by comparing the FT-IR spectra of 

the PEtG precursors to that of the PGAms (Figure 2.2). The strong C=O stretch peak 

around 1750 cm-1 is characteristic of esters and is present in PEtG spectrum while it 

disappears in the corresponding PGAm spectrum, and is instead replaced by a strong C=O 
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stretch peak around 1650 cm-1, which is characteristic of an amide. There is also a broad 

peak in the spectrum of PGAm around 3300 cm-1 which represents the N-H stretch of the 

pendent amides. 

2.2.3 Reaction of PGAmUV with Acid Chlorides 

While the introduction of the ethanolamine moieties made the polymers water-soluble, the 

next step was to mimic the amphiphilic properties of polyvinyl alcohol (PVA) by acylating 

a portion of the pendent hydroxyl groups to introduce hydrophilicity. PVA used as a 

surfactant typically has 5 – 15% of its pendent alcohol groups acetylated. Thus, the 

reactivity of PGAms with different acid chlorides was investigated to subsequently 

synthesize polymers with different hydrophilic-lipophilic balances (HLBs). PGAmUV is 

stable and does not undergo degradation as long as it is kept in the dark and hence, it was 

chosen for this purpose. First, PGAmUV was reacted with an excess amount of different 

acid chlorides to fully convert the hydroxyl pendent groups into ester groups (Scheme 2.3). 

Various acid chlorides were used (acetyl chloride, butyryl chloride, hexanoyl chloride, 

lauroyl chloride, and stearoyl chloride) to synthesize PGAms with different HLB values. 

Based on 1H NMR spectroscopy results showing the appearance of peaks corresponding to 

the pendent groups, the reactions occurred successfully, regardless of the acid chloride used 

(Figures A9 to A13). The resulting polymers were not purified thoroughly as the aim of 

these experiments was to determine whether PGAms reacted effectively with acid 

chlorides. As expected, none of the synthesized polymers were soluble in water, indicating 

that lower conversions with more hydrophilicity were required to have a water-soluble 

emulsifying agent.  

 

 

Scheme 2.3 Acylation of PGAmUV with different acid chlorides. 
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2.2.4 Partially Acylated PGAms 

With the aim of obtaining water-soluble amphiphilic acylated PGAms as potential 

emulsifiers, PGAmUV was reacted with 5 or 10 mol% of acid chlorides (Scheme 2.4). 

Three acid chlorides – acetyl chloride, hexanoyl chloride, and lauroyl chloride – with 

different alkyl chain lengths were used to partially acylate PGAmUV.  

 

Scheme 2.4 Syntheses of partially acylated PGAms with different alkyl chain lengths. 

The actual conversions of synthesized polymers were determined via 1H NMR 

spectroscopy (Table 2.2). The conversions of PGAmac-5 and PGAmac-10 were calculated 

based on integration of the methyl hydrogens located at 2.1 ppm (Figure 2.3). The 

conversions of PGAmhex-5 and PGAmhex-10 were calculated based on integration of peaks 

located at 0.7, 1.3, 1.6, and 2.4 ppm that are assigned to the hydrogens in the pendent 

groups (Figures A14 and A15). Likewise, the conversions of PGAmlau-5 and PGAmlau-10 

were calculated based on integration of peaks located at 0.8, 1.3, and 2.4 ppm (Figures 

A16 and A17).   
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Table 2.2 Targeted and actual conversions of partially acylated PGAms. 

Polymer 

name 

Targeted 

conversion 

(%) 

Actual 

conversion 

(%) 

Polymer 

name 

Targeted 

conversion 

(%) 

Actual 

conversion 

(%) 

PGAmac-5 5 4 PGAmac-10 10 9 

PGAmhex-5 5 4 PGAmhex-10 10 7 

PGAmlau-5 5 3 PGAmlau-10 10 7 

 

 

Figure 2.3 1H NMR spectra (400 MHz, D2O) of (a) PGAmac-5 and (b) PGAmac-10.The 

conversions were calculated based on the peaks located at 2.1 ppm corresponding to the 

methyl protons on the acetyl group. 

2.2.5 Degradation Studies of PGAms 

As discussed earlier, SIPs are a class of stimuli-responsive polymers that undergo an end-

to-end depolymerization when a stimulus triggers their depolymerization by removing their 
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end-caps. To determine whether the synthesized PGAms retained the depolymerization 

properties of SIPs, degradation experiments were performed, and their degradation was 

studied by 1H NMR spectroscopy. The percent degradation was calculated based on the 

relative integrations of the peaks at ∼5.6−5.7 ppm corresponding to the polymer backbone 

methine protons and the peaks at ∼5.2−5.4 ppm corresponding to the methine proton of 

the degradation products (Scheme 2.5). As the degradation proceeded, the hydrogen peak 

of the polymer’s backbone started to disappear followed by the appearance of the same 

hydrogen of the degradation products (Figure 2.4).  

 

Scheme 2.5 General degradation scheme for PGAms in D2O. The methine protons that 

were used to calculate the percent degradation by 1H NMR spectroscopy are shown in blue. 

 

Figure 2.4 An NMR spectral overlay (400 MHz, D2O) of the degradation of PGAmT at 

pH 7 as a representative sample of how degradation was monitored by 1H NMR 

spectroscopy. 
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To study the degradation of PGAmUV, two NMR samples were prepared. The first sample 

was irradiated with UV light while the second NMR sample was kept in the dark to ensure 

the depolymerization of PGAmUV is due to the cleavage of the end-cap upon exposure to 

the UV light. The first sample was irradiated with UV light for 10, 20, 30, 45, and 60 

minutes and was checked by NMR at each time point to probe the sufficient irradiation 

time for maximum degradation. Twenty minutes of UV irradiation was sufficient to obtain 

the maximum degradation of PGAmUV, however, it was only degraded to 60% at most 

(Figure 2.5a). Furthermore, no degradation was observed for the PGAmUV sample that 

was kept in the dark. Degradation of PGAmcontrol was monitored under different conditions 

to ensure that this polymer was stable and that its cleavage was not triggered by the 

conditions used for triggering the other PGAms. Its degradation at pH 7, pH 3 (citrate 

buffer), pH 3 (adjusted using acetic acid), and after 45 minutes of UV irradiation was 

monitored (Figure 2.5b). PGAmcontrol did now show degradation under any of the 

investigated conditions, as expected. Degradation of PGAmT and PGAmMMT were 

determined at pH 7 and 3, using citrate buffer to adjust the pH to 3 (Figure 2.5c and Figure 

2.5d). PGAmT and PGAmMMT both degraded faster at pH 3. PGAmMMT degraded within 

hours while it took weeks for PGAmT to be fully degraded. 
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Figure 2.5 Degradation over time for (a) PGAmUV after 10, 20, 30, 45, and 60 minutes of 

irradiation with UV light (b) PGAmcontrol at pH 7, pH 3 (citrate buffer), pH 3 (adjusted 

using acetic acid), and after 45 minutes of irradiation with UV light (c) PGAmT at pH 3 

(citrate buffer) and 7 and (d) PGAmMMT at pH 3 (citrate buffer) and 7. 

2.2.6 PGAms as Emulsifiers 

The abilities of the PGAms to stabilize emulsions of hydrophobic polymer particles were 

investigated. The goal was to use PGAms as emulsifying agents instead of conventional 

non-degradable emulsifiers such as PVA. 

Preparation of poly(ester amide) (PEA) particle suspensions 

PVA has been previously used by the Gillies group as a surfactant for preparation of PEA 

(Figure 2.6) particle suspensions.135 PEA was synthesized as previously reported.3 To 

study the properties of PGAms as emulsifiers, they were used as emulsifying agents for 

preparation of PEA particle suspensions. The particle suspensions were prepared by an 

emulsification-evaporation method (Figure 2.7) in which PGAms were dissolved in water 

followed by the addition of CH2Cl2 containing PEA to the water. The resulting solution 

was stirred for 10 minutes, and then subjected to sonication while stirring (250-300 rpm) 

for 90 seconds. The resulting solution was stirred for 4 hours to evaporate off the organic 
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solvent. After the evaporation of CH2Cl2, the particle suspensions were ready for further 

experiments. CH2Cl2 was chosen as the organic phase as it is a water immiscible solvent 

and PEA is soluble in it. 

 

 

Figure 2.6 Structure of PEA that was used as the hydrophobic core for the preparation of 

particle suspensions. 

 

 

Figure 2.7 Preparing PEA particle suspensions by the emulsification-evaporation 

method. (a) PGAm dissolved in water (b) organic phase containing PEA added to the first 

solution (c) solution subjected to sonication and then stirred for 4 hours to evaporate off 

CH2Cl2 and (d) prepared particle suspensions by the emulsification-evaporation method. 

Preparation of PEA particle suspensions using partially acylated PGAms as 

emulsifying agents 

PVA used as an emulsifier typically has 5 – 15% of its pendent alcohol groups acetylated. 

To mimic the amphiphilic properties of PVA, the synthesized partially acylated PGAms 

(Scheme 2.4) were used as emulsifying agents for preparation of PEA particle suspensions. 

First, PGAmac-5 and PGAmac-10 were used for preparation of particle suspensions. PEA 
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particle suspensions were prepared at different concentrations of emulsifying agents and 

solvent ratios (Table 2.3 and 2.4) and monitored by DLS after preparation. The 

concentration of emulsifying agents and solvent ratios were selected based on the previous 

studies by the Gillies group on PEA particle suspension preparation.135, 145 For all 

experiments, the resulting particle suspensions were assessed both quantitatively and 

qualitatively. For the qualitative assessment, photos of the resulting suspensions were 

taken. As the particles were formed and remained stable, the solution became opaque and 

milky while unstable particles resulted in aggregation and eventually, sedimentation of 

PEAs which was observable with naked eyes (Figure 2.8).  

Table 2.3 DLS results for PEA particle suspensions prepared using PGAmac-5 and PGAm-

ac-10 as the emulsifying agents. Ratio of water:CH2Cl2 was 3:1 (% V/V). The mass of PEA 

was fixed at 10 mg. 

Emulsifying 

agent 

Mass of 

emulsifying 

agent (mg) 

Volume of 

water 

(mL) 

Volume of 

CH2Cl2 

(mL) 

Z-average 

diameter 

(nm) 

Polydispersity 

index (PDI) 

PGAmac-5 10 3.0 1.0 300 ± 30 0.40 ± 0.10 

PGAmac-5 20 3.0 1.0 
3000 ± 

1000 
0.80 ± 0.25 

PGAmac-10 10 3.0 1.0 300 ± 200 0.30 ± 0.10 

PGAmac-10 20 3.0 1.0 10 ± 10 0.30 ± 0.10 
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Table 2.4 DLS results for PEA particles prepared using PGAmac-5 and PGAmac-10 as the 

emulsifying agents. Ratio of water:CH2Cl2 was 2:1 (% V/V). The mass of PEA was fixed 

at 10 mg. 

Emulsifying 

agent 

Mass of 

emulsifying 

agent (mg) 

Volume of 

water 

(mL) 

Volume of 

CH2Cl2 

(mL) 

Z-average 

diameter 

(nm) 

Polydispersity 

index (PDI) 

PGAmac-5 10 2.0 1.0 100 0.30 

PGAmac-5 20 2.0 1.0 10 0.30 

PGAmac-10 10 2.0 1.0 20 0.10 

PGAmac-10 20 2.0 1.0 1 × 105 0.90 

 

Figure 2.8 Representative samples of how PEA particle suspensions were monitored 

qualitatively (a) unstable PEA particle suspensions (b) stable PEA particle suspensions. 

Stable particle suspensions were opaque and milky while unstable particles resulted in 

aggregation and eventually, sedimentation of PEAs. 

Even though a small degree of hydrophobicity was imparted by installing 5% or 10% acetyl 

groups on the pendent hydroxyls, the final solutions were all transparent with large PEA 

aggregates observed, rather than milky and opaque, indicating that particles did not form 

or were destabilized during the preparation process.  
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The failure of PGAmac-5 and PGAmac-10 to stabilize PEA particles might be due to their 

poor solubility in water. PGAmac-5 and PGAmac-10 are more hydrophilic compared to 

PGAmhex-5, PGAmhex-10, PGAmlau-5, and PGAmlau-10. Hence, it was predictable that the 

remaining of partially acylated PGAms would also not likely be suitable to prepare and 

stabilize PEA particle suspensions. To further confirm the ineffectiveness of these more 

hydrophobic derivatives, they were investigated in PEA particle preparation, but no stable 

particle suspensions were obtained.  

As partially acylated PGAms were not effective as emulsifying agents for PEA particle 

preparation, the focus was then placed on the non-acylated PGAms, which are more 

hydrophilic, yet could still exhibit amphiphilic properties due to their hydrophobic 

backbones and hydrophilic pendent groups. 

Preparation of PEA particle suspensions using PGAmUV  

The initial ethanolamine functionalized PGAmUV with no ester groups was then 

investigated as the emulsifying agent to prepare PEA particle suspensions. PGAmUV was 

chosen for the initial work, as it is stable and does not undergo degradation as long as it is 

kept in the dark while PGAmT and PGAmMMT undergo degradation in water. In 

preliminary experiments, compared to acylated PGAms, PGAmUV was more effective in 

emulsifying PEA particles, as shown by quantitative and qualitative assessments (Figure 

2.9). Therefore, the effect of parameters such as concentration of emulsifying agent and 

solvent ratio were investigated. 
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Figure 2.9 Preliminary results of PEA particle suspensions using PGAmUV as the 

emulsifying agent. (a) DLS results and (b) the photo of the resulting suspension indicating 

the formation of PEA particles. 

First, the ratio of water:CH2Cl2 was studied at two different emulsifying agent:PEA ratios. 

The amount of PEA was fixed at 10 mg, which was dissolved in 1 mL of CH2Cl2 and added 

to 6 different samples of water containing PGAmUV. The prepared particle suspensions 

were evaluated by DLS (Table 2.5). From an environmental or biological application 

perspective, using lower fractions of organic solvent is preferable. However, the PDIs of 

the particles in experiments 1 and 2 were higher than those in experiments 3 and 4. With 

regards to the water:CH2Cl2 ratios of 3:1 and 2:1, both ratios resulted in particles with 

similar sizes and low PDIs. Therefore, a ratio of 3:1 was selected for the solvent ratio as it 

uses a lower percentage of the organic solvent. 
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Table 2.5 DLS results for PEA particle suspensions prepared at various ratios of 

water:CH2Cl2. The mass of PEA was fixed at 10 mg. 

Experiment 

number 

Mass of 

PGAmUV 

(mg) 

Volume of 

water (mL) 

Volume of 

CH2Cl2 

(mL) 

Z-average 

diameter 

(nm) 

Polydispersity 

index (PDI) 

1 10 5.0 1.0 2200 ± 800 0.70 ± 0.18 

2 20 5.0 1.0 150 ± 50 0.20 ± 0.09 

3 10 3.0 1.0 180 ± 40 0.10 ± 0.02 

4 20 3.0 1.0 140 ± 30 0.10 ± 0.04 

5 10 2.0 1.0 180 ± 40 0.30 ± 0.04 

6 20 2.0 1.0 150 ± 30 0.30 ± 0.05 

 

Next, the ratio of PGAmUV:PEA was varied (Table 2.6). PEA was dissolved in 1 mL of 

CH2Cl2 and added to 3 mL of water containing the PGAmUV. Ideally, a low ratio of 

PGAmUV:PEA would be used to minimize any toxicity arising from the surfactant. 

Although particles were detected by DLS (Table 2.6), qualitative evaluations showed 

clearly that it was not possible to effectively emulsify the PEA into particles using the 1:1 

ratio (Figure 2.10a). However, the 2:1 ratio was more effective and no further benefits in 

terms of particle diameter or reproducibility were obtained using the 3:1 or 4:1 ratio so the 

2:1 ratio was selected for further work. TEM image of the particle suspension prepared at 

the 2:1 ratio of PGAmUV:PEA, confirmed the formation of spherical PEA particles (Figure 

2.11a). In addition to the TEM image, photo (Figure 2.11b) and DLS result (Figure 2.11c) 

of the particle suspension confirmed the formation of PEA particles as further qualitative 

and quantitative assessments.  
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Table 2.6 DLS results for PEA particles prepared at two different ratios of emulsifying 

agent to PEA. 

Experiment 

number 

Mass of 

PGAmUV (mg) 

Mass of PEA 

(mg) 

Z-average 

diameter (nm) 

Polydispersity 

index (PDI) 

1 10 10 200 ± 20 0.10 ± 0.08 

2 20 10 160 ± 30 0.20 ± 0.03 

3 30 10 190 ± 50 0.10 ± 0.06 

4 40 10 150 ± 40 0.20 ± 0.05 

 

 

Figure 2.10 Representative samples of PEA particle suspensions from (a) experiment 1 (b) 

experiment 2 (c) experiment 3 and (d) experiment 4 in Table 2.6, showing that emulsions 

were effectively obtained for the 2:1,3:1, and 4:1 ratios but not for the 1:1 ratio. 
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Figure 2.11 (a) TEM image, (b) photo, and (c) DLS result of the PEA particle suspension 

that was prepared at the optimized conditions confirming the formation of PEA particles. 

Preparation of PEA particles using PGAmT and PGAmMMT   

In spite of the fact that PGAmUV serves as an ideal model system,63 it may not be suitable 

for potential biological applications as it only undergoes degradation upon exposure to UV 

light. Therefore, PGAmT and PGAmMMT were also investigated as emulsifying agents in 

this regard. In addition, PEA particle suspensions were also prepared using the synthesized 

non-responsive PGAmcontrol as a control for further experiments. PGAmT and PGAmMMT 

possesses trityl and 4-monomethoxytrityl end-caps, respectively, which are acid sensitive. 

PEA particle suspensions were prepared using PGAmcontrol, PGAmT, and PGAmMMT as 

their emulsifying agents at two different concentrations of emulsifying agent and 

monitored by DLS after the preparation (Table 2.7). The ratio of 2:1 for PGAm:PEA, 

which was also successful for PGAmUV, resulted in particles with lower PDIs compared 

to the particles prepared at the ratio of 1:1. Therefore, the ratio of 2:1 was selected for 

further experiments. Based on the degradation studies, more than 70% of PGAmMMT 

(Figure 2.5d) degrades within two hours upon dissolution in water. However, PGAmMMT 

used in PEA particle preparation was present in the emulsion for 4 hours before being 

monitored by DLS. We hypothesize that PGAmMMT degraded more slowly in the 

suspension as it is surrounded not only by water but also by PEA particles and CH2Cl2 

during this time. 
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Table 2.7 DLS results for the particle suspensions prepared using PGAmT, PGAmMMT, 

and PGAmcontrol as emulsifying agents. 

Polymers used 

as the 

emulsifying 

agent 

Mass of 

emulsifying 

agent (mg) 

Mass of PEA 

(mg) 

Z-average 

diameter (nm) 

Polydispersity 

index (PDI) 

PGAmT 10 10 260 ± 20 0.30 ± 0.06 

PGAmT 20 10 280 ± 10 0.20 ± 0.06 

PGAmMMT 10 10 230 ± 100 0.30 ± 0.05 

PGAmMMT 20 10 250 ± 60 0.20 ± 0.03 

PGAmcontrol 10 10 250 ± 20 0.30 ± 0.05 

PGAmcontrol 20 10 240 ± 10 0.20 ± 0.04 

 

Triggered degradation of PGAm-stabilized PEA particle suspensions 

The main advantage of PGAms over conventional emulsifying agents is their self-

immolative characteristic, which allows them to be degraded in a triggered manner. Hence, 

their degradation was investigated. PEA particle suspensions were prepared using the 

conditions selected as described above, and the particle suspensions were monitored 

qualitatively and quantitatively after exposure to the appropriate stimulus.  

First, PEA particle suspensions having PGAmUV as emulsifying agent were investigated. 

Samples were prepared using PGAmUV and PGAmcontrol, as the control experiment. Based 

on the degradation studies (Figure 2.5a), 20 minutes of UV exposure is sufficient to reach 

the highest possible degradation for PGAmUV sample in NMR tube. However, particles 

were irradiated with UV light for 90 minutes to ensure the highest possible degradation 
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was achieved. Four sets of samples were prepared. First, particles were prepared using 

PGAmUV and irradiated with the UV light (PGAmUV-irrad). A second set of samples were 

prepared using the same polymer but without the UV irradiation and were kept in dark 

throughout the experiment (PGAmUV-non-irrad). A third set of samples were prepared using 

PGAmcontrol as their emulsifying agent which were irradiated with UV light for 90 minutes 

(PGAmcontrol-irrad). Last, a set of samples were prepared using PGAmcontrol and were kept 

in dark throughout the experiment (PGAmcontrol-non-irrad). The samples were then monitored 

by DLS over time. 

It was expected that we would observe selectively a change in diameter of the PGAmUV-

irrad (Figure 2.12a) particles by DLS. As UV light triggered the depolymerization of 

emulsifying agent, the PEA particles were expected to aggregate, leading to an increase in 

diameter. However, no substantial changes in diameter were observed for any of the 

different particle samples. This result may be due to the fact that the ratio of PGAmUV:PEA 

was 2:1 while PGAmUV only degrades up to 60%, leaving sufficient polymer to coat the 

particles. Another possibility is that size measurement by DLS is not an effective method 

to assess changes as it may not represent the entire system. For instance, a portion of 

particles might aggregate and sediment, while the remaining suspended particles have the 

same diameter.  

Therefore, the count rate was also measured for the different particle samples over time. 

Count rate in DLS represents the number photons detected and is reported as kilo counts 

per second (kCPS). Count rate is mainly dependent on mass and concentration of 

particles.146. For instance, an increase or decrease in count rate would be a sign of 

aggregation or sedimentation of particles, respectively.147 For these measurements, 

instrument parameters such as the attenuator were fixed, to allow comparisons between 

different count rate measurements over time. If the particles aggregated and then 

sedimented, we expected to observe first an increase, then a decrease in the count rate. 

However, increases in count rates were observed for all four sets of samples (Figure 

2.12b), indicating that they were all likely aggregating to a certain extent, suggesting a lack 

of stability of the particle suspensions.   
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Figure 2.12 (a) size and (b) count rate results. DLS was conducted after particle 

preparation, 90 minutes of irradiation with UV light, and later on after 2.5 and 7 hours of 

the UV irradiation. No noticeable changes in the diameters were observed while increases 

in count rates were observed for all samples indicating that they were all likely aggregating.   

Next, PEA particle suspensions having PGAmT and PGAmMMT as their emulsifying 

agents were investigated. PGAmT and PGAmMMT are acid-sensitive and undergo 

degradation under acidic conditions. Citric acid/sodium hydroxide buffer (0.1 M) and 

phosphoric acid/potassium hydroxide buffer (0.1 M) with pH 3 and 7, respectively, were 

prepared and added to the particles after their preparation to adjust the pH values of the 

suspensions. However, the particle suspensions were immediately destabilized after the 

addition of both buffers with pH 3 and 7 (Figure 2.13). We believe that increasing the ionic 

strength of the solutions due to the addition of salt may destabilize the particle 

suspensions.148 
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Figure 2.13 Photos of PEA particle suspensions prepared using PGAmT as the emulsifying 

agent (a) after preparation (b) after the addition of buffer with pH 7 and (c) after the 

addition of buffer with pH 3. PEA particle suspensions prepared using PGAmMMT as the 

emulsifying agent (d) after preparation (e) after the addition of buffer with pH 7 and (f) 

after the addition of buffer with pH 3. Both sets of particles aggregated upon the addition 

of buffer. 

Instead, acetic acid (0.1 M) was added to adjust the pH values to 3 for samples of PEA 

particle suspensions prepared using PGAmT, PGAmMMT, and PGAmcontrol as emulsifying 

agents. Additionally, samples of the same sets of particles without the addition of acetic 

acid were studied to monitor the effect of acetic acid on the PEA particle suspensions. 

However, as for PGAmUV after irradiation, no significant trends were observed for the 

diameter or count rate for PGAmcontrol and PGAmT (Figure 2.14). However, the diameter 

of particles prepared using PGAmMMT at pH 3 showed the expected size increase as a 

result of aggregation followed by a decrease in diameter resulting from sedimentation of 

aggregated PEA particles (Figure 2.14c). Overall, the DLS results were not completely in 

agreement with our initial assumption regarding the behaviour of particle suspensions upon 

the application of stimulus. This discrepancy could be either due to the ineffectiveness of 

DLS as a method to assess changes in the system or instability of the proposed system. 
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Figure 2.14 DLS results for PEA particle suspensions prepared using PGAmcontrol, 

PGAmT, and PGAmMMT as emulsifying agents. (a) Diameter and (b) count rate at pH 7; 

(c) diameter and (d) count rate at pH 3. Acetic acid (0.1 M) was added to adjust the pH 

values to 3. The PGAmMMT sample at pH 3 seemed to show the expected size increase 

followed by a decrease. 

2.2.7 Nile Red as a Probe for PEA Particle Aggregation 

Nile red was used as an additional probe to study the behaviour of the particle suspensions 

in response to stimuli. Nile red is a hydrophobic dye which is highly fluorescent in 

hydrophobic environments but undergoes aggregation and fluorescence quenching in 

water. It has been widely used as a stain for imaging and in biological applications.149-151 

In this work, Nile red was dissolved in CH2Cl2 during the particle preparation process. As 

it is not soluble in water, it remained inside the hydrophobic particles rather than in the 

aqueous phase. As long as it remained inside the particles (which was expected, as they 

should not degrade over the time scale of the experiment), and the particles remain fully 

suspended in the solution, its fluorescence was expected to remain constant. On the other 

hand, it was expected that a decrease in fluorescence intensity would be observed after the 



57 

 

 

application of the stimulus as degradation of emulsifying agent should lead to the 

destabilization of the particle suspension, followed by aggregation and sedimentation. 

First, Nile red was used to study PGAmcontrol, PGAmT, and PGAmMMT coated PEA 

particles. After their preparation, the particle suspensions were adjusted to pH 3 or 7. The 

resulting particle suspensions were monitored qualitatively (Figure 2.15) and 

quantitatively (Figures 2.16 and 2.17). Particle suspensions prepared using PGAmMMT at 

pH 3 (Figure 2.15i) showed the most destabilization, as expected, with the observation of 

large aggregates on the side of the vial. However, PGAmcontrol particle suspension at pH 3 

(Figure 2.15c) were also partly destabilized, which could be due to the disruption of the 

system caused by the addition of acetic acid. The addition of acetic acid also induced the 

instability of particles prepared by trityl-based end-caps (Figures 2.15f) that are acid-

sensitive, but given the similar instability of the control, we cannot confirm that the 

aggregation arose from depolymerization of PGAmT. Changes in the fluorescence 

intensities over time for the particle suspensions were in agreement with the qualitative 

observations. In particular, PGAmMMT coated particle suspensions at pH 3 (Figures 2.15i 

and 2.16b) exhibited an 80% drop in fluorescence over the first 3 hours, while less than a 

50% drop in fluorescence was observed for all of the other systems over 50 hours. This 

drop in fluorescence confirms the gradual destabilization of the PGAm-coated PEA 

particles over time, which is also in agreement with the qualitative observations of the Nile 

red-loaded particles and the non-loaded particles that were measured by DLS. 
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Figure 2.15 Photos of PGAm-coated PEA particle suspensions using PGAmcontrol, PGAm-

T, and PGAmMMT as their emulsifying agents. (a) PGAmcontrol after preparation, (b) 

PGAmcontrol after 2 days at pH 7, (c) PGAmcontrol after 2 days at pH 3, (d) PGAmT after 

preparation, (e) PGAmT after 2 days at pH 7, (f) PGAmT after 2 days at pH 3, (g) 

PGAmMMT after preparation, (h) PGAmMMT after 2 days at pH 7, (i) PGAmMMT after 2 

days at pH 3. Showing the destabilization of PGAmMMT coated PEA particle suspensions 

as a result of the degradation of PGAmMMT. 
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Figure 2.16 Fluorescence intensity versus time for PGAm-coated PEA particles over time 

at (a) pH 7 and (b) pH 3 suggesting rapid destabilization and aggregation of the PGAm-

MMT-coated particle suspensions at pH 3. 

DLS was also used to probe the behaviour of the Nile red-loaded particles (Figure 2.17). 

The results were very similar to those for the particles without Nile red (Figures 2.14 and 

2.12) in that it was not possible to capture the obvious sedimentation observed for the 

PGAmMMT system at pH 3 by DLS, perhaps because the fraction remaining suspended and 

thus detected in the DLS measurement was not representative of the whole sample.    

 

Figure 2.17 DLS results for PEA particles after their preparation and over time. (a) 

Diameters of the particles at pH 7 (b) diameter of the particles at pH 3 (c) count rates of 

the particle suspensions at pH 7 and (d) count rates of the particle suspensions at pH 3. 
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Nile red was also used in preparing PEA particles using PGAmcontrol and PGAmUV as their 

emulsifying agents. First, the particle suspensions were prepared using PGAmUV and 

irradiated with the UV light (PGAmUV-irrad). A second set of samples was prepared using 

the same polymer without the irradiation of the UV light, and was kept in dark throughout 

the experiment (PGAmUV-non-irrad). A third set of samples was prepared using PGAmcontrol 

as their emulsifying agent and irradiated with the UV light for 90 minutes (PGAmcontrol-

irrad). Finally, a set of samples was prepared using PGAmcontrol and kept in dark throughout 

the experiment (PGAmcontrol-non-irrad). The resulting particle suspensions were monitored 

qualitatively (Figure 2.18) and quantitatively (Figures 2.19 and 2.20). There was a 

decrease in fluorescence intensity (Figure 2.19) of both PGAmcontrol-irrad and PGAmUV-

irrad which might be due to the photobleaching of Nile red during the 90 min of UV 

irradiation.152 The fluorescence results (Figure 2.19) were compatible with the qualitative 

observations, as the colours of particle suspensions were dark pink to purple after 

preparation and faded to pale pink (Figures 2.18f and 2.18h) after the application of the 

UV light.  

 

Figure 2.18 Photos of PGAm-coated PEA particle suspensions (a) PGAmcontrol-non-irrad 

after preparation, (b) PGAmcontrol-non-irrad after 2 days, (c) PGAmUV-non-irrad after 

preparation, (d) PGAmUV-non-irrad after 2 days, (e) PGAmcontrol-irrad after preparation, (f) 

PGAmcontrol-irrad after 2 days, (g) PGAmUV-irrad after preparation, (h) PGAmUV-irrad after 

2 days. No noticeable changes were observed except changes in the colours of particle 

suspensions after UV irradiation which was due to the photobleaching of Nile red during 

UV irradiation. 
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Figure 2.19 Fluorescence intensity versus time for PGAm-coated PEA particle 

suspensions. (a) Samples were kept in the dark and (b) samples irradiated with UV light 

for 90 minutes after their preparation, suggesting the photobleaching of Nile red during the 

90 min of UV irradiation. 

There were decreases in count rates of all the prepared particles which we attribute to the 

general destabilization and sedimentation of a portion of particles over time (Figure 2.20). 

Unfortunately, as noted above, it was not possible to induce detectable selective 

aggregation of the particles prepared by PGAmUV by the application of UV light, likely 

because PGAmUV can only degrade to 60% at most (Figure 2.5a), leaving a substantial 

percentage of the polymer remaining on the particles. In addition, the solutions are turbid, 

which may make it difficult for the UV light to reach all of the UV-responsive end-caps.  
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Figure 2.20 DLS results for PGAm-coated PEA particle suspensions after their preparation 

and over 48 hours. (a) Diameter and (c) count rates for PGAmcontrol-non-irrad and PGAmUV-

non-irrad; (b) Diameter and (d) count rates for PGAmcontrol-irrad and PGAmUV-irrad. Decreases 

in count rates were attribute to the general destabilization and sedimentation of the PEA 

particle suspensions. 

Overall, for the PGAm coated PEA particles, it was apparent that the addition of acid to 

the PGAmMMT coated particles led to their aggregation and sedimentation more rapidly 

than for PGAmT or PGAmcontrol coated particles. On the other hand, UV light was not 

effective as a stimulus for triggering the aggregation and sedimentation of the PGAmUV 

coated PEA particle suspensions compared to controls. In addition, all of the suspensions 

were unstable over time, making it difficult to demonstrate their stimuli-responsive 

properties quantitatively. Lack of long-term stability of the suspensions would also be 

problematic in applications.  

PGAm-coated poly(lactic acid) (PLA) particle suspensions 

While PEA particles have been investigated in the Gillies lab,135 the limited stability of the 

PGAm-coated PEA particle suspensions motivated us to examine other polymer particles. 

Poly-L-lactide (PLLA) has been commonly used for the preparation of micro- and nano-

sized particles for drug delivery applications.153  
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Therefore, we examined the use of PLA in the particle preparation instead of the PEA 

following the same procedure used for PEA particle preparation, with encapsulated Nile 

red. First, PLA was used to prepare particle suspensions using PGAmcontrol, PGAmT, and 

PGAmMMT as the emulsifying agents. The resulting particle suspensions were then 

adjusted to pH 3 or 7, and were monitored qualitatively (Figure 2.21) and quantitatively 

(Figures 2.22 and 2.23). Particle suspensions prepared using PGAmMMT at pH 3 (Figure 

2.21i) showed the most destabilization, as expected. However, particles prepared by 

PGAmcontrol at pH 3 (Figure 2.21c) were also partly destabilized, which as for the PEAs 

could be due to the disruption of the system caused by the addition of acetic acid or the 

instability of the control system. The addition of acetic acid to the PGAmT-coated particles 

also led to aggregation (Figure 2.21f), but as for the analogous PEA particles, we cannot 

confirm that this destabilization arose from the pH-sensitivity of PGAmT. 

 

Figure 2.21 Photos of PGAm-coated PLA particles: (a) PGAmcontrol after preparation (b) 

PGAmcontrol after 2 days at pH 7 (c) PGAmcontrol after 2 days at pH 3 (d) PGAmT after 

preparation (e) PGAmT after 2 days at pH 7 (f) PGAmT after 2 days at pH 3 (g) PGAmMMT 

after preparation (h) PGAmMMT after 5 days at pH 7 (i) PGAmMMT after 2 days at pH 3. 

PGAmMMT-coated PLA particle suspensions showed the most destabilization at pH 3 as a 

result of the degradation of PGAmMMT. 
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The fluorescence results were in agreement with the qualitative observations, as the PLA 

particles prepared using PGAmMMT and incubated at pH 3 underwent more than an 80% 

decrease in fluorescence over the first 3 hours, with negligible fluorescence observed after 

24 h (Figure 2.22b). In contrast, all of the other systems underwent a much slower decrease 

in fluorescence. 

 

Figure 2.22 Fluorescence intensities of suspensions of Nile red-loaded PLA particles 

coated with PGAms at (a) pH 7 and (b) pH 3 over 48 hours. Particle suspensions prepared 

using PGAmMMT at pH 3 underwent the most rapid decrease in fluorescence.   

DLS was also used to assess the PGAmcontrol, PGAmT, and PGAmMMT-coated PLA 

particle suspensions. All of the samples at pH 7 showed similar trends in their particle 

diameters and count rates (Figure 2.23). The large increase in count rate observed for all 

systems at pH 7 over 48 h (Figure 2.23c) can likely be attributed to the gradual 

destabilization of the particles, which is in agreement with the gradual decrease in Nile red 

fluorescence that was observed. This count rate increase was also observed for PGAmcontrol 

and PGAmT at pH 3 (Figure 2.23d). However, particles prepared using PGAmMMT at pH 

3 underwent a rapid increase in particle diameter and a decrease in count rate as the 

particles aggregated and sedimented, likely due to the rapid acid-triggered 

depolymerization of PGAmMMT.  
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Figure 2.23 DLS results for suspensions of Nile red-loaded PLA particles coated with 

PGAms over 48 hours. (a) Diameters and (c) count rates at pH 7, and (b) diameters and (d) 

count rates at pH 3. The large increase in count rates can likely be attributed to the gradual 

destabilization of the particles. PGAmMMT-coated particle suspensions at pH 3 underwent 

a rapid increase in particle diameter and a decrease in count rate due to the rapid 

degradation of PGAmMMT at pH 3. 

Finally, Nile red was used in preparation of PGAm-coated PLA particle suspensions using 

PGAmcontrol and PGAmUV as the emulsifying agents. First, particles were prepared using 

PGAmUV and irradiated with the UV light (PGAmUV-irrad). A second set of samples was 

prepared using the same polymer without the irradiation of the UV light, and were kept in 

dark throughout the experiment (PGAmUV-non-irrad). A third set of samples was prepared 

using PGAmcontrol as the emulsifying agent and irradiated with the UV light for 90 minutes 

(PGAmcontrol-irrad). A last set of samples was prepared using PGAmcontrol and kept in dark 

throughout the experiment (PGAmcontrol-non-irrad). The resulting particle suspensions were 

monitored qualitatively (Figure 2.24) and quantitatively (Figures 2.25 and 2.26). There 

was a decrease in fluorescence intensity (Figure 2.25) of both PGAmcontrol-irrad and 

PGAmUV-irrad which as for the PEA particle suspensions can likely be attributed to Nile 

red photobleaching. The fluorescence results (Figure 2.25) were in agreement with the 

qualitative assessments as the colours of the particle suspensions were dark pink to purple 
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after preparation and faded to pale pink faded (Figures 2.24f and 2.24h) after the 

application of the UV light.  

 

 

Figure 2.24 Photos of PGAm-coated PLA particle suspensions: (a) PGAmcontrol-non-irrad 

after preparation (b) PGAmcontrol-non-irrad after 2 days (c) PGAmUV-non-irrad after preparation 

(d) PGAmUV-non-irrad after 2 days (e) PGAmcontrol-irrad after preparation (f) PGAmcontrol-

irrad after 2 days (g) PGAmUV-irrad after preparation (h) PGAmUV-irrad after 2 days. No 

noticeable changes were observed except changes in the colours of particle suspensions 

after UV irradiation which was due to the photobleaching of Nile red during UV irradiation. 

 

Figure 2.25 Fluorescence intensity versus time for PGAm-coated PLA particle 

suspensions. (a) Samples were kept in the dark and (b) samples irradiated with UV light 

for 90 minutes after their preparation, suggesting the photobleaching of Nile red during the 

90 min of UV irradiation. 
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DLS was also used to assess the prepared particle suspensions. There was an increase 

followed by a decrease in count rates of both irradiated and non-irradiated which we 

hypothesize are as a result of the aggregation followed by the sedimentation of a portion 

of particles. However, the diameters of the particles did not change substantially over time 

(Figure 2.26). These results can be explained in the same manner as for the PEA particle 

suspensions, and also considering that DLS may not represent the entire changes occurring 

in the system. As for the PEA particle suspensions, it was not possible to achieve full 

destabilization of particles due to incomplete depolymerization of PGAmUV and possibly 

the high turbidity of the suspensions. 

 

Figure 2.26 DLS results for suspensions of Nile red-loaded PLA particles coated with 

PGAms over 48 hours. (a) Diameter and (c) count rates for PGAmcontrol-non-irrad and 

PGAmUV-non-irrad, and (b) diameter and (d) count rates for PGAmcontrol-irrad and PGAmUV-

irrad. Increases in count rates were attribute to the general destabilization and sedimentation 

of the particle suspensions. 

Overall, for the results for the PGAm coated PLA particles were similar to those for the 

PEA particles. The addition of acid to the PGAmMMT coated particles led to their 

aggregation and sedimentation more rapidly than for PGAmT or PGAmcontrol coated 
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particles and UV light was not effective as a stimulus for triggering the aggregation and 

sedimentation of the PGAmUV coated PLA particle suspensions compared to controls. All 

of the suspensions were relatively unstable over time, making it difficult to demonstrate 

their stimuli-responsive properties. In can be concluded based on the evaluated particle 

systems that PGAms may be effective short-term stabilizers for emulsions and that they 

can exhibit pH-responsive properties, but they are not highly effective in stabilizing 

emulsions over the long term.   

2.2.8 Oil-in-water and Water-in-oil Emulsions 

To further evaluate the properties of SIPs as emulsifiers, they were investigated as potential 

emulsifying agents for the preparation of oil-in-water and water-in-oil emulsions. First, 

PGAmUV was used as the emulsifier since it is stable and does not undergo degradation as 

long as it is kept in the dark. Mineral oil was used as the initial oil phase since it is widely 

used in various industries such as cosmetics.154 PGAmUV at varying concentrations (Table 

2.8) was dissolved in 3.0 mL of deionized water followed by the addition of oil and then 

mixtures were stirred (10 minutes) before being subjected to sonication for three 30 s 

intervals with 10 s breaks in between. The process was also performed without using an 

emulsifier (Table 2.8 experiment 7) as a control sample. Based on qualitative evaluations 

15 hours after their preparation (Figure 2.27), the resulting emulsions, except experiment 

number 5 that had the highest oil:emulsifier ratio, showed stability as the samples were 

turbid. In addition, experiment number 7 (Table 2.8) used as the control showed the least 

turbidity and stability as expected. Even though the emulsions showed stability after 15 

hours, further experiments on triggering the degradation of emulsifiers were not carried out 

since the emulsions started to show destabilization after 1 day (Figure 2.27.o to u). The 

polymers were not effective in stabilizing mineral oil-in-water emulsions as all the 

emulsions started to show destabilization after 1 day. 
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Table 2.8 Preparation of oil-in-water emulsions at different concentrations of oil and 

PGAmUV. The volume of water was held constant at 3.0 mL.        

Experiment number Mass of PGAmUV (mg) Mass of mineral oil (mg) 

1 15 30 

2 30 30 

3 15 70 

4 30 70 

5 15 150 

6 20 150 

7 0 70 

 

 

Figure 2.27 Photos of emulsions described in Table 2.8 experiment (a) 1 (b) 2 (c) 3 (d) 4 

(e) 5 (f) 6 and (g) 7 after preparation, experiment (h) 1 (i) 2 (j) 3 (k) 4 (l) 5 (m) 6 and (n) 7 

after 15 hours, and experiment (o) 1 (p) 2 (q) 3 (r) 4 (s) 5 (t) 6 and (u) 7 after 2 days. All 

the emulsions started to show destabilization after 1 day. 
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Additionaly, all of the partially acylated PGAms (Scheme 2.4) were also explored as 

emulsifiers for water-in-oil and oil-in-water emulsions. However, stable emulsions were 

not formed, likely due to the poor solubility of partially acylated polymers in water and oil. 

To further evaluate the properties of PGAms as emulsifiers, toluene-in-water emulsions 

were prepared using PGAmcontrol, PGAmUV, PGAmT, and PGAmMMT (Table 2.9) as the 

emulsifiers. Toluene was selected as it is a water-immiscible solvent with a relative high 

boiling point, which prevents the solvent from rapid evaporation during the experiment. 

Photos of the emulsions were taken immediately after their preparation and after 6 hours 

(Figure 2.28). As expected, the sample without an emulsifier showed the most phase 

separation after 6 hours (Figure 2.28e and j). The sample using PGAmMMT as an 

emulsifier showed the second most destabilization and phase separation. This is mainly 

due to the rapid degradation of PGAmMMT in water. The PGAms employed exhibited 

capability as emulsifiers to a certain extent, with PGAmMMT showing the least 

effectiveness due to its rapid deplymerization in aqueous solutions. However, no further 

experiment on triggering the degradation of the emulsifiers in the emulsions were carried 

out since the emulsions were destabilized and phase separated after 5-10 hours indicating 

the ineffectiveness of the polymers for stabilizing toluene-in-water emulsions.  

Table 2.9 Preparation of toluene-in-water emulsions using different PGAms. 

Experiment 

number 
Emulsifier 

Mass of 

emulsifier (mg) 
Water (mL) Toluene (µL) 

1 PGAmcontrol 25 2.0 200 

2 PGAmUV 25 2.0 200 

3 PGAmT 25 2.0 200 

4 PGAmMMT 25 2.0 200 

5 – – 2.0 200 
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Figure 2.28 Photos of toluene-in-water emulsions after preparation using (a) PGAmcontrol 

(b) PGAmUV (c) PGAmT (d) PGAmMMT (e) without an emulsifier, and after 6 hours (f) 

PGAmcontrol (g) PGAmUV (h) PGAmT (i) PGAmMMT (j) without an emulsifier. All the 

emulsions started to show destabilization after 5-10 hours. The sample without emulsifier 

and sample using PGAmMMT showed the first and second destabilization rate as expected.  

Thus far, homopolymers have been explored as emulsifiers for oil-in-water and water-in-

oil emulsions. The next section was designed to investigate the properties of SIP-based 

block copolymers as emulsifiers.   

2.2.9 Synthesis and Characterization of a Poly(ethylene glycol)- 
poly(ethyl glyoxylate) (PEG-PEtG) Block Copolymer 

Amphiphilic properties can also be imparted to self-immolative polyglyoxylates through 

the preparation of amphiphilic block copolymers, which could also serve as potential 

degradable surfactants. PEG was selected as the hydrophilic block as it is a highly water-

soluble and non-toxic polymer. PEtGAMT was selected as the hydrophobic block as it has 

an alkyne group on its end-cap which is suitable for click reaction with the azide group on 

PEGazide. PEtGAMT was synthesized using n-BuLi as the initiator and alkyne-methoxy-

trityl as the end-cap (Scheme 2.6a). Its trityl-based end-cap is cleavable in water and its 

depolymerization proceeds faster in acidic conditions. Both PEtGAMT (10 kg/mol) and 

PEGazide (5 kg/mol) were synthesized as previously reported.62-63, 141 To synthesize the 
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PEG-PEtG block copolymer, PEtGAMT was reacted with excess PEGazide in DMF for 24 

hours in the presence of CuSO4 and sodium ascorbate (Scheme 2.6b). 1H NMR 

spectroscopy of the reaction product confirmed the synthesis of the PEG-PEtG block 

copolymer (Figure 2.29). The peaks located at 1.3 and 4.2 ppm correspond to the pendent 

ethyl groups. The peaks at 5.6 and 3.6 ppm correspond to the hydrogens on the PEtGAMT 

backbone and on the PEGazide block respectively. Further evidence of the formation of 

PEG-PEtG was provided by SEC (Table 2.10). SEC analyses also confirmed the synthesis 

of PEG-PEtG as its molar mass was approximately the sum of the molar masses of PEG-

azide and PEtGAMT. 

 

Scheme 2.6 Synthetic approaches for obtaining (a) PEtGAMT and (b) PEG-PEtG. 
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Figure 2.29 1H NMR spectrum of PEG-PEtG (400 MHz, CDCl3) confirming the synthesis 

of PEG-PEtG.  

Table 2.10 SEC results of PEGazide, PEtGAMT, and PEG-PEtG. The molar mass of PEG-

PEtG is approximately the sum of the molar masses of PEtGAMT and PEGazide confirming 

the synthesis of PEG-PEtG. 

Polymer name Mn (kg/mol) Mw (kg/mol) Đ 

PEtGAMT 10.4 14.1 1.4 

PEGazide 5.7 6.7 1.2 

PEG-PEtG 14.5 18.1 1.2 

To evaluate the properties of the synthesized block copolymers as emulsifiers, PEG-PEtG 

was first used as an emulsifying agent to prepare stable particle emulsions of PEA and 

PLA. However, PEG-PEtG was poorly soluble in water, which made it impossible to 

emulsify PLA and PEA particles.  
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The ability of a surfactant to stabilize water-in-oil versus oil-in-water emulsions can be 

predicted based on its HLB value. While the structure of the PGAm emulsifiers would have 

made the prediction of their HLB values very difficult, the block copolymer structure of 

PEG-PEtG makes this analysis much simpler. Based on the Griffin method (equation 1-

4), the HLB value of synthesized PEG-PEtG is approximately 8 which is not in the range 

of HLB values regarding hydrophilic surfactants.111 For instance, PVA which was used as 

a hydrophilic surfactant previously, has an HLB value of 18.155 Based on the analysis of 

the HLB values, we focused our studies on water-in-oil emulsions. Toluene was selected 

as the oil phase as the polymer was soluble in toluene whereas it was not soluble in mineral 

oil or similar oils. In preliminary experiments, PEG-PEtG was dissolved in 1.0 mL of 

toluene at varying concentrations, followed by the addition of 50 µL of water (Table 2.11). 

The resulting mixtures were stirred for 10 minutes and then subjected to sonication for 

three 30 s intervals with 10 s breaks in between. The sample prepared without emulsifier 

(experiment 4, Table 2.11) was immediately destabilized (Figure 2.30h and l), while the 

other samples with different concentrations of the block copolymer stayed milky and turbid 

for 5 days. The least phase separation and thus, most stable emulsion was observed for the 

sample prepared at the highest concentration of the block copolymer (Figure 2.30c, g, and 

k), as expected. Qualitative assessment (Figure 2.30) indicated the stability of prepared 

emulsions after days and showing the potential of PEG-PEtG as an emulsifier for such 

systems. 

Table 2.11 Preparation of water-in-toluene emulsions using PEG-PEtG as the emulsifier. 

Experiment 

number 

Mass of emulsifier 

(mg) 
Water (µL) Toluene (mL) 

1 5.0 50 1.0 

2 15 50 1.0 

3 25 50 1.0 

4 0 50 1.0 



75 

 

 

 

 

Figure 2.30 Photos of water-in-toluene emulsions. Experiment 1 after (a) preparation (e) 

3 days and (i) 5 days. Experiment 2 after (b) preparation (f) 3 days and (j) 5 days. 

Experiment 3 after (c) preparation (g) 3 days and (k) 5 days. Experiment 4 after (d) 

preparation (h) 6 hours and (l) 1 day, indicating the stability of prepared emulsions after 

days and showing the promise of PEG-PEtG as an emulsifier for such systems. 

Triggered degradation of PEG-PEtG-stabilized water-in-toluene emulsions 

After exploring the promising feature of PEG-PEtG to emulsify water-in-toluene 

emulsions, the behaviour of the stabilized emulsions in response to stimuli was 

investigated. Eight samples of water-in-toluene emulsions were prepared (Table 2.12). 

Emulsions were prepared as discussed in the previous section. After the preparation, glacial 

acetic acid was added to the samples to trigger the depolymerization of PEG-PEtG. 

Glacial acetic acid was used as it is soluble in both water and toluene. 18 µL of glacial 

acetic acid was added to the samples 2, 4, 6, and 8 (Table 2.12) to adjust their pH to 3. 

Based on qualitative assessment (Figure 2.31), the addition of glacial acetic acid resulted 

in the destabilization of the emulsions as a result of the depolymerization of the emulsifiers, 
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PEG-PEtG. In contrast, the emulsions without glacial acetic acid remained stable and 

turbid after two days as the degradation of PEG-PEtG was not triggered. 

Table 2.12 Preparation of water-in-toluene emulsions using PEG-PEtG as the emulsifier. 

Experiment 

number 

Mass of emulsifier 

(mg) 
Water (µL) Toluene (mL) 

1 25 50 1.0 

2 25 50 1.0 

3 25 100 1.0 

4 25 100 1.0 

5 25 200 1.0 

6 25 200 1.0 

7 0 100 1.0 

8 0 100 1.0 
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Figure 2.31 Photos of water-in-toluene emulsions. (a) After preparation (b) after 14 hours 

and (c) after 2 days. In photos, samples are arranged from experiment 1 to 8 (Table 2.12) 

from left to right. The emulsions were destabilized upon the addition of glacial acetic acid, 

which triggered the depolymerization of the emulsifier, PEG-PEtG, while emulsions 

without glacial acetic acid remained stable and turbid over time.  

While the homopolymer PGAms were not highly effective surfactants for stabilizing either 

particle suspensions or emulsions, these initial results with the block copolymers show the 

potential of PEG-PEtG to serve as emulsifiers for water-in-oil systems. In addition, 

qualitative observations suggest that these emulsions can be destabilized on demand upon 

the application of stimuli. In the future it will be important to follow up these studies with 

my quantitative assessments of emulsion stability. 
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Chapter 3  

3 Conclusions and Future Work 

Surfactants could be categorized among the most important ingredients in cosmetic 

industry. They play a significant role in cleaning, dispersing, foaming, emulsifying, 

solubilizing, enhancing penetration, killing microbes and in many other useful 

applications. Surfactants are also of interest for pharmaceutical applications. They can 

increase the stability or solubility of a specific drug in its preparation process which can 

result in enhancing the final dosage of the drug. As excipients, surfactants can boost the 

chemical and physical properties of the active pharmaceutical ingredients to improve the 

effectiveness of the final product. 

This thesis described the development of SIPs as depolymerizable analogues of widely 

used surfactants. Aside from studies of block copolymer micelles containing SIP blocks,156 

to the best of our knowledge, the properties and applications of SIPs as potential degradable 

surfactants have not yet been investigated. They offer the potential to serve as surfactants 

that can be degraded on demand under specific conditions after their use. They could serve 

as emulsifiers with potential applications for drug delivery systems or to stabilize 

hydrophobic ingredients in cosmetic products. Therefore, evaluating their potential for 

stabilizing particle suspensions and emulsions was the focus of this thesis.  

Firstly, to mimic the properties of PVA and obtain a water-soluble surfactant, PGAms with 

different end-caps were synthesized via postpolymerization modification from PEtGs. 

PGAms were then partially acylated using different acid chlorides to impart amphiphilicity 

along the polymer backbone. The resulting PGAms were explored as emulsifying agents 

to stabilize suspensions of PEA particles. However, partially acylated PGAms failed to 

emulsify PEA into stable particles. The main focus was then placed on the non-acylated 

version of PGAms, which are more hydrophilic, yet could still exhibit amphiphilic 

properties due to their hydrophobic backbones and hydrophilic pendent groups. PGAms 

were used to emulsify PEA and PLA solutions to form particle suspensions. PGAm-coated 

particles were exposed to stimuli to trigger the depolymerization of the emulsifier and study 

the behaviour of particle suspensions after the depolymerization of PGAms. Nile red was 
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used as an additional probe to study the behaviour of the particles over time. PGAms 

showed acceptable results for preparation of PEA and PLA particle suspensions with short-

term stability. PGAmMMT showed the potential to depolymerize upon application of an 

acid stimulus, resulting in rapid destabilization of the particle suspension. However, 

PGAmUV-coated PEA and PLA did not show any detectable changes after the application 

of UV light, the stimulus. This result likely arose because PGAmUV can only degrade to 

60% at most, leaving a substantial percentage of the polymer remaining on the particles. 

Overall, another problem encountered was the poor long-term stability of the PGAm-

stabilized particle suspensions. This problem made it difficult to study the triggered 

destabilization of the suspensions and may also be problematic for applications. The same 

PGAms were also investigated as stabilizers of oil-in-water emulsions, but they did not 

serve as effective surfactants for this application. 

To address the limitation of the current work, future work should focus on the preparation 

of PGAms with different pendent groups. By introducing different pendent groups, it 

should be possible to achieve PGAms with different amphiphilic properties, that may serve 

as more effective emulsifiers for stabilizing particle suspensions or emulsions.  

Next, a PEG-PEtG block copolymer containing both hydrophilic and hydrophobic blocks 

was synthesized to mimic the structure of diblock copolymeric surfactants. The synthesized 

block copolymer and PGAms were then investigated as emulsifiers for stabilizing oil-in-

water and water-in-oil emulsions. The PEG-PEtG block copolymer showed promising 

results in stabilizing water-in-toluene emulsions. Its depolymerization was triggered by the 

addition of acid which cleaved off its trityl-based end-cap and resulted in the destabilization 

of the emulsions. These results showed the promising feature of the PEG-PEtG block 

copolymer as a degradable emulsifier that not only stabilizes the emulsions but also 

destabilizes the emulsion upon the application of stimuli.   

There are a number of aspects that may be addressed in future work. The PEG-PEtG was 

the only block copolymer that was explored, and it showed acceptable results in this regard. 

Block copolymers of PEG and PEtG with different hydrophobic and hydrophilic chain 

lengths can be synthesized to explore the effect of hydrophobic and hydrophilic chain 
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lengths on such systems. Also, a click reaction between hydrophilic SIPs such as PGAms 

and hydrophobic blocks can be performed to synthesize other types of SIP-based block 

copolymers. Thus far, only diblock copolymers containing one SIP-based block were 

discussed. Block copolymers containing more than one SIP-based block such as a triblock 

in which two end blocks are SIPs can also be investigated.  
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Appendices 

 

Figure A1. 1H NMR spectrum of PEtGcontrol (400 MHz, CDCl3). 

 

Figure A2. 1H NMR spectrum of PEtGMMT (400 MHz, CDCl3). 
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Figure A3. 1H NMR spectrum of PEtGUV (400 MHz, CDCl3). 

 

Figure A4. 1H NMR spectrum of PEtGT (400 MHz, CDCl3). 
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Figure A5. 1H NMR spectrum of PGAmcontrol (400 MHz, D2O). 

 

Figure A6. 1H NMR spectrum of PGAmMMT (400 MHz, DMSO). 
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Figure A7. 1H NMR spectrum of PGAmUV (400 MHz, D2O). 

 

Figure A8. 1H NMR spectrum of PGAmT (400 MHz, D2O). Extra peaks at 3.3, 2.7, and 

3.6 ppm denote residual methanol and ethanolamine signals. 



98 

 

 

 

Figure A9. 1H NMR spectrum of PGAmac-100 (400 MHz, D2O). Extra peak at 3.3 ppm 

denotes residual methanol signal.  

 

Figure A10. 1H NMR spectrum of PGAmbuty-100 (400 MHz, D2O). Extra peak at 2.2 ppm 

denotes residual acetone signal. 
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Figure A11. 1H NMR spectrum of PGAmhex-100 (400 MHz, D2O). 

 

Figure A12. 1H NMR spectrum of PGAmlau-100 (400 MHz, D2O). Extra peak at 2.2 ppm 

denotes residual acetone signal. 
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Figure A13. 1H NMR spectrum of PGAmste-100 (400 MHz, D2O). 

 

Figure A14. 1H NMR spectrum of PGAmhex-5 (400 MHz, D2O). Extra peaks at 2.2 and 3.3 

ppm denote residual acetone and methanol signals. 
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Figure A15. 1H NMR spectrum of PGAmhex-10 (400 MHz, D2O). Extra peak at 3.3 ppm 

denotes residual methanol signal. 

 

Figure A16. 1H NMR spectrum of PGAmlau-5 (400 MHz, D2O). Extra peak at 3.3 ppm 

denotes residual methanol signal. 
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Figure A17. 1H NMR spectrum of PGAmlau-10 (400 MHz, D2O).  

 

Figure A18. 1H NMR spectrum of PEtGAMT (400 MHz, CDCl3). Extra peaks at 3.5 and 

5.3 ppm denote residual methanol and dichloromethane signals. 
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