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Abstract 

Development of Dual Stimuli-responsive Degradable Polylactide-based Multifunctional 

Materials for Drug Delivery 

Kamaljeet Kaur Bawa, Ph.D. Chemistry 

Concordia University, 2021 

 

Progress in the synthesis of amphiphilic block copolymers has contributed to promising 

advances in the construction of smart nanocarriers for anticancer drug delivery systems. Their 

excellent features such as biodegradability through enzymatic hydrolysis and biocompatibility 

have led to tremendous applications in the biomedical field. Polylactide (PLA) is a biocompatible 

and FDA-approved polymer which has been used as hydrophobic core-forming block in drug 

delivery vehicles. However, hydrophobicity and slow degradation are the two main drawbacks that 

limits its usage in drug delivery systems. An introduction of stimuli-responsive degradable (SRD) 

platform into the design of PLA-based polymeric drug delivery systems can overcome these 

challenges as they can precisely tune drug release kinetics to fit the therapeutic window of the 

encapsulated drug. However, most of the smart PLA-based block copolymers are designed to 

respond to a single stimulus and therefore, multi-stimuli responsive degradable systems in which 

the location, number and type of degradable linkages can be varied needs to be developed.   

My PhD research was focused on the studies of dual stimuli-responsive degradation (DSRD) 

platform to synthesize advanced PLA-based nanomaterials. They were featured with different 

types and location of labile linkages, that cleaved in response to biological stimuli found in cancer 

cells and tumor tissues. In this thesis, I had developed robust strategies that allowed for the 

synthesis of three novel PLA-based SRD copolymers designed with a) reduction-responsive 

disulfide linkage and b) an acid-labile linkage. These synthetic strategies utilized a combination of 

ring opening polymerization (ROP), atom transfer radical polymerization (ATRP) and facile 

coupling reactions. The results demonstrated the feasibility to design and synthesize smart DSRD-

based block copolymers which self-assemble to form colloidally-stable micellar aggregates and 

encapsulate hydrophobic dyes or drugs in the hydrophobic cores. Furthermore, the SRD-driven 

enhanced/controlled release of loaded cargoes suggested that DSRD strategy can offer the 

versatility and hold great potential in the development of intracellular drug delivery nanocarriers. 
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Chapter 1 

Introduction and Statement 

 

1.1. Emergence of drug delivery systems  

During the past several decades, the drug delivery field has been revolutionized by the 

emergence of nanotechnology where nanomedicines have been explored extensively in cancer 

diagnosis and treatment. Commonly used small anticancer drugs such as doxorubicin (DOX) and 

paclitaxel (PTX) are associated with various pitfalls such as low solubility, rapid renal clearance, 

no specific targeting and systemic toxicity.1, 2 Thus to circumvent these challenges, drug delivery 

systems (DDS) primarily comprising of nanometer-sized particles (NPs) came into picture, 

enhancing the solubility and bioavailability of poorly water-soluble drugs.3 Furthermore, these 

NPs enable passive targeting to the tumors by the Enhanced Permeability and Retention (EPR) 

effect, resulting in a higher drug concentration targeted at the tumor site.4 Different nanostructures 

such as nanocapsules, nanodendrimers, quantum dots, gold NPs, liposomes and polymeric 

structures have been developed for the encapsulation and delivery of drugs (Figure 1.1).  

 

Figure 1.1. Types of nanocarriers for drug delivery systems.5 
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These drug molecules can be physically encapsulated inside NPs or covalently conjugated to 

NPs, leading to improved pharmacokinetic and pharmacodynamic properties, prolonged 

circulation times and sustained drug release kinetics.6 Among various approaches, polymeric NPs 

(PNPs) have emerged as effective DDS with the underlying potential.7  

 

1.2. Polymeric NPs as effective drug delivery nanocarriers 

Polymeric nanomaterials have gained significant attention in the field of drug delivery due to 

large solubilization power, increased loading capacity and higher stability in the blood stream. 

Polymeric micelles can be built by self-assembly of amphiphilic block copolymers (ABPs) with a 

hydrophilic outer shell and a hydrophobic core, thus enabling the transport of water insoluble drugs 

to their specific target. The hydrophilic shell of the micelles provides colloidal stability and stealth 

and avoids its uptake by reticuloendothelial system (RES), resulting in prolonged circulation in 

the blood.8 The hydrophobic cores are able to encapsulate hydrophobic drugs and offer increased 

drug loading capacity.9 Mostly used polymers for the hydrophobic core formation include 

polyesters, polyethers and poly(amino acids). The most frequently used core forming molecules 

are poly(D,L-lactide) (PLA), poly(ɛ-caprolactone) (PCL) and poloxamers. 

Conventional ABP-based micelles rely on diffusion gradient to release payload via diffusion 

outside the micelles.10, 11 Despite their preferential accumulation in tumors due to passive targeting, 

they are still associated with adverse effects attributed to the nonspecific biodistribution and 

uncontrolled drug release. To overcome these barriers, stimuli-responsive degradable (SRD) 

polymers have been developed which are equipped with environment-sensitive modalities within 

their structures.12, 13 In general, these stimuli can be divided into two categories: internal stimuli 

such as pH, temperature, redox potential and enzymes; and external stimuli which are triggered 

externally such as electromagnetism, light, radiation and ultrasound.14 The underlying principle in 

the development of such polymers lies in the chemical structure of the polymers. These so-called 

smart polymers undergo rapid changes in their shape, solubility, surface characteristics and 

dissociation triggered by changes in their environment. The benefits of internal stimuli-responsive 

nanoformulations are more pronounced as the stimuli exist specifically in inherent physiological 

sites.3 Such specificity enables the nanoformulations to release encapsulated drugs precisely at 
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target sites in a tailored manner with reduced adverse effects. This ultimately helps in achieving 

controlled drug release pattern.  

 

1.3. PLA as promising material 

Amongst other polymerizations, ring opening polymerization (ROP) is the most widely used 

polymerization techniques for the synthesis of industrially important polymers such as 

polynorbornene, poly(ethylene oxide), polyphosphazene and polysiloxane. The driving force for 

most ROPs is the release of ring strain and steric hinderance. PLA is a commonly used term for 

polylactide and poly(lactic acid), however, both are produced using different methods. Poly(lactic 

acid) is synthesized via polycondensation of lactic acid which is a chiral molecule and exists in the 

form of two enantiomers: L-(+)-lactic acid or (S)-lactic acid and D-(-)-lactic acid or (R)-lactic 

acid.15  

PLA is a biodegradable polyester derived from renewable resources such as potato cassava, 

corn and beet sugar.15 It is vastly preferred over conventional or non-biodegradable polymers for 

drug delivery because it decomposes into naturally occurring metabolites by hydrolysis or 

enzymatic processes. It has been extensively studied for wide variety of applications such as 

orthopedics, food packaging, drug delivery, bioresorbable devices and scaffolds.16 The most 

efficient method to synthesize aliphatic polyesters is the ROP of cyclic esters in the presence of 

catalysts. Certain drawbacks of PLA include hydrophobicity, poor elasticity and slow 

degradation.17, 18 These can be addressed by copolymerization with hydrophilic monomers19, 20 and 

introduction of stimuli-responsive cleavable linkages.21, 22 

To synthesize high molecular weight PLA, ROP of a cyclic monomer called lactide (LA) is 

performed, which gives better control over the chemistry and thus properties of the resulting 

polymers. LA, a cyclic dimer is synthesized from thermal cracking of low molecular weight PLA 

oligomer at high temperature and low pressure in the presence of catalysts. There are three 

stereoisomeric forms: D-LA, L-LA and D,L-LA. ROP of LA can be classified into three different 

reaction mechanisms: anionic,23, 24 cationic25 and coordination-insertion26 mechanisms. The most 

widely studied method for synthesis of high molecular weight PLA is coordination -insertion 

mechanism, with the use of metal oxide-based catalysts. As illustrated in Figure 1.2, in the first 

step of this mechanism, the exocyclic oxygens of the LA temporarily coordinates with the metal 
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atom of the initiator. The coordination enhances the nucleophilicity of the alkoxide part of the 

initiator as well as the electrophilicity of the LA carbonyl group. In the second step, the acyl-

oxygen bond (between the carbonyl group and the endocyclic oxygen) of LA is broken and the LA 

chain produced is inserted into the metal–oxygen bond of the initiator.  

 

 

Figure 1.2. Coordination-insertion mechanism of ROP of lactide,15 where m and n are degree of 

polymerizations of lactide, R stands for alkyl groups.  

 

Different catalysts have been studied for ROP of LA which includes metal powders, Lewis 

acids, Lewis bases, organometallic compounds and different metal salts. Most commonly used 

catalysts includes iron27, tin-2-ethylhexanoate (Sn(EH)2), SnCl4, Sn(C6H6)4
28, Zinc lactate [(n-

C4H9O2)AlO]2Zn29, 30, oxyethyl methacrylate aluminium trialkoxides, cyclic tin alkoxide31, butyl 

lithium and butylmagnesium32, complexes of Cu, Zn, Co  and Ni schiff base33, yttrium, and yttrium 

(III) complexes34. Among these catalysts, Sn(EH)2 is the standard catalyst used for the synthesis 

of high molecular weight polylactides.35 It is approved by FDA to synthesize polymers for food 

packaging and biomedical applications.36 The acceptable content of tin (II) residue ranges between 

20-50 ppm and hence adequate purification methods are required for its removal.37 Of a number 

of different procedures reported for the purification of Sn(EH)2 containing materials38, 39, the most 

efficient procedure is the extraction with an aqueous solution of an acid.37 It was reported that after 
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treatment of PLLA organic solution with HCl gas, the residual amount of tin was significantly 

reduced from 500 to 20 ppm.  

Properties and applications of PLA. Properties of PLA depends on the presence of a pendant 

methyl group on the alpha carbon atom, which is responsible for the chirality at alpha carbon of 

lactic acid and thus different isomers can be obtained. Homochiral PLA (PLLA or PDLA) is 

isotactic, stereoregular and semicrystalline polymer with the melting point (Tm) of 170-183 ºC and 

a glass transition temperature (Tg) of 55-65 ºC.40 Similarly, the polymerization of racemic mixture 

of L- and D- lactides leads to the synthesis of atactic poly-DL-lactide, which is amorphous in 

nature with a Tg of 59 ºC.41  Polylactide with defined chirality can be obtained using optically 

active catalysts or mixtures of D,D-lactide and L,L-lactide with defined stoichiometry. Due to the 

non-toxic degradation products, PLA and its copolymers are used typically in the field of drug 

delivery,42 protein encapsulation and delivery43, development of microspheres and hydrogels44 and 

tissue engineering45 etc. The main focus of this thesis work is the use of PLA for drug delivery 

applications.  

 

1.4. Objectives 

The overall objectives of my doctoral research aim to explore new strategies that allows for 

the synthesis of novel PLA-based block copolymers containing acid-labile acetal and reduction-

responsive disulfide linkages as potential candidates for drug delivery. As illustrated in Figure 1.3, 

my particular interest lies in developing a method to integrate those linkages in well-controlled 

block copolymers in terms of their numbers and locations of self-assembled micelles. It is very 

well established that glutathione (GSH, 0.1-10 mM) is found at a higher concentration in cytosol 

than in the extracellular fluids (<10 μM). Such a large concentration gradient between the 

intracellular and extracellular environment and its elevated concentration in cancer cells offers 

new opportunities for the development of polymers that selectively degrade after their uptake by 

the cell.46, 47 Similarly, compared to the constant extracellular and intracellular pH values of blood 

and healthy tissues (pH 7.4 and 7.2, respectively), the extracellular pH of tumor tissues range from 

6.0 to 7.2. Furthermore, after endocytosis of extracellular material by host tumor cells, the 

intracellular pH of the endosomal compartments can drop substantially, to as low as 6.5 in early 

endosomes, 5.0-6.0 in late endosomes and 4.0-5.0 in lysosomes.48, 49 Thus, incorporating both 
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these endogenous stimuli triggers in one system could potentially lead to synergistic release of 

encapsulated payload.  

 

Figure 1.3. Overall objectives of doctoral thesis. X and Y refers to the linkages responsive to 

different types of stimuli.   

 

Well-established synthetic methods including ROP of LA, controlled radical polymerization 

of vinyl monomers, and facile organic coupling reactions have been employed to synthesize block 

copolymers exhibiting both acid and reduction-degradable responses. In addition, the proposed 

PLA-based nanoassemblies were evaluated for their drug release and cytotoxicity using biological 

assays.  

This thesis consists of six chapters, namely the preface, review literature encapsulating the 

recent development of novel PLA-based ABPs, three research projects, conclusion and future 

works.  

Chapter 2 entails the literature overview of SRD-based PLA block copolymer nanoassemblies 

for controlled drug delivery. This review highlights the recent development in the area of novel 

PLA-based ABPs and their self-assembled nanostructures for SRD-induced enhanced drug 

release. This chapter begins with an introduction to the concept of conventional PLA-based ABP 

assemblies and then focuses on various strategies used to design such systems.   

Chapter 3 describes the synthetic design and evaluation of novel PLA-based triblock 

copolymer labelled with acidic pH-responsive ketal linkages in the core and reduction-responsive 

disulfide linkages at the junction of hydrophobic and hydrophilic interfaces. This triblock 
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copolymer was then evaluated for the micellization studies and dye loading and release studies to 

explore the qualitative and quantitative degradation kinetics.  

Chapter 4 describes the initially adopted synthetic route using an initiator labelled with both 

disulfide and acetal linkages for the PLA-based diblock copolymer, which led to the degradation 

of acetal linkages. Furthermore, it discusses an alternative route which was adopted to synthesize 

the diblock copolymer followed by its characterization as self-assembled nanoassemblies.  

Chapter 5 describes the development of reduction-responsive disulfide labelled polyethylene 

glycol-polylactide (PEG-SS-PLA) based block copolymers as potential candidates for PTX 

delivery. This block copolymer was synthesized using a PEG based OH-terminated macroinitiator 

consisting of reduction-responsive disulfide linkages (PEG-SS-OH). Furthermore, this diblock 

copolymer was explored for the micellization, PTX-loading and release studies.   

Chapter 6 describes the summary and conclusion of the research conducted during the 

program and proposed future works for each research project.    
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Chapter 2 

Stimuli-responsive degradable PLA-based block copolymer 

nanoassemblies for controlled/enhanced drug delivery 

 

2.1. Introduction  

Polymer-based DDS have been extensively explored as a promising platform in 

pharmaceutical science and medicine for the transportation of therapeutics to targeted diseased 

sites. Anticancer therapeutics as small drugs or macromolecules (therapeutic proteins and nucleic 

acids such as DNA and RNA) are either covalently conjugated to polymeric chains or physically 

encapsulated inside DDS. This feature can improve the biodistribution of encapsulated 

therapeutics, thus enhancing therapeutic efficacy while minimizing undesired side effects common 

to small drugs.50-55 Among numerous examples of typical polymer-based DDS, self-assembled 

micellar aggregates have gained significant attention as promising candidates for effective 

polymer-based DDS.56-59 The micelles are generally formed by aqueous micellization through self-

assembly of ABPs in aqueous solution. They consist of a hydrophobic core, capable of 

encapsulating a variety of bioactive molecules including anticancer drugs, surrounded with 

hydrophilic coronas, ensuring colloidal stability and biocompatibility.60-62 Upon intravenous 

injection into blood stream, drug-loaded micellar nanoassemblies (or nanocarriers) circulate in the 

blood to target  tumor tissues.60, 63-66 Through the process known to be EPR effect, they are 

extravasated into tumor tissues from prolonged blood circulation.67-69 Once the nanocarriers are 

internalized into cancer cells through endocytosis, the encapsulated drugs can be released from the 

nanocarriers.70 A number of ABP-based self-assembled nanocarriers have been developed and 

effective systems rely on the choice of building blocks, particularly hydrophobic blocks, to 

synthesize novel ABPs. 

PLA is a class of hydroxyalkanoic acid-based hydrophobic aliphatic polyesters, along with 

PCL and polyglycolide (PGA). PLA and its copolymers are biocompatible and FDA-approved for 

clinical use. They are slowly degraded by hydrolysis or enzymatic reaction in physiological 

conditions to the corresponding water-soluble oligomers and lactic acids. In mammalian 

physiology, lactic acid is naturally produced as a by-product of anaerobic respiration (a form of 
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respiration using electron acceptors other than oxygen). It is then metabolized into carbon dioxide 

and water. These unique features have made PLA-based materials valuable for extensive 

applications in biomedical fields, including sutures, bone fixation implants, and stents as well as 

tissue scaffolds and drug delivery carriers.71-74 Toward the successful biomedical applications of 

conventionally-designed PLA and PLA-based nanomaterials, a critical challenge to be addressed 

is associated with the slow biodegradation of PLA and thus slow and uncontrolled release of 

encapsulated drugs. Such slow release is attributed to delayed diffusion through the hydrophobic 

PLA core due to both hydrophobic interactions as well as the slow hydrolysis of the ester linkages 

of the PLA backbones. An introduction of stimuli-responsive degradation (SRD) into the design 

of novel PLA-based ABPs has been explored as a promising platform enabling the 

controlled/enhanced release of encapsulated therapeutics for cancer therapy. 

This review summarizes the recent development of novel PLA-based ABPs and their self-

assembled nanostructures for SRD-induced enhanced drug release, with a focus on their design, 

synthesis, and evaluation as intracellular drug delivery nanocarriers. Further, conventional PLA 

and PLA-based ABP assemblies as well as general concept and typical strategies of SRD are 

described in this review. 

 

2.2. Conventional PLA and PLA-based ABP assemblies 

2.2.1. Synthesis and properties of PLA 

Well-controlled PLA with narrow molecular weight distribution is generally synthesized by 

ROP of LA in the presence of hydroxyl (OH) or amine (NH2)-bearing initiators at elevated 

temperatures75, 76 (Figure 2.1a). The fundamentals and kinetics of ROP of cyclic monomers 

including LA are described in literature.73, 77-80 Furthermore, recent reports describe elegant 

strategies that allow for the synthesis of a variety of functional PLAs. Interesting strategies utilize 

functional LA monomers bearing vinyl/then azide group81 as well as functional initiators bearing 

disulfide,82 pyridiyl disulfide,83 and a peptide linkage with a sequence of Pro-Leu-Gly-Leu-Ala-

Gly.84, 85  

Given stereospecific characteristics as illustrated in Figure 2.1b, PDLA from D-LA and PLLA 

from L-LA are semi-crystalline with a melting transition (>150 C), while PDLLA from DL-LA 
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is amorphous with a glass transition at 45 C. Hereinafter, note that “PLA” presents amorphous 

PDLLA. Both PDLA and PLLA have great mechanical properties due to the presence of crystalline 

domains. Furthermore, PDLA and PLLA form physically crosslinked networks through 

stereocomplexation. Such feature has been explored for supramolecular micellization for drug 

delivery.86, 87  

 

 

Figure 2.1. ROP of LA to synthesize PLA (a) and stereochemistry (tacticity) of PDLA, PLLA, 

and PDLLA (b). 

 

2.2.2. General strategies to PLA-based ABPs and their assemblies  

One of the challenges for clinical uses of PLA involves its hydrophobicity that causes short 

residence time in blood by undesired elimination through opsonization. The hydrophobicity of 

PLA also presents its incompatibility with biological systems, leading to decreased therapeutic 

efficacy. Significant efforts have been made over the past years to address the challenge of 

hydrophobicity of PLA. A promising solution is to introduce water-soluble or hydrophilic blocks 

into the design of PLA-containing ABPs. Typically explored hydrophilic blocks include PEG, 

PAAs, polysaccharides, and polymethacrylates. The resultant ABPs tend to self-assemble toward 

micellar aggregation in aqueous solution, consisting of hydrophobic PLA block residing in core 

and hydrophilic block forming outstretched coronas (Figure 2.2). The development of PLA-based 

ABPs and their self-assembled structures is summarized in a review article.20 This section 

describes recent strategies to synthesize PLA-based ABPs, particularly with PEG and polypeptide, 

since 2010. 
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PEG is FDA-approved and has been extensively used as a hydrophilic polymer in biomedical 

field. A general approach to synthesize PLA-based PEG block copolymers involves the direct ROP 

of LA in the presence of PEG as an initiator. Various PEG initiators have been examined to 

synthesize novel copolymers. They include a monofunctional methoxy PEG having a terminal OH 

group (mPEG-OH) for the synthesis of mPEG-b-PLA diblock copolymer, a difunctional PEG 

having both terminal OH groups (HO-PEG-OH) for PLA-PEG-PLA triblock copolymer, and 

multifunctional PEGs for highly-branched copolymers.88-92  

Synthetic polypeptide based on amino acid or poly(amino acid) is biocompatible and 

biodegradable.93 Most diblock copolymers consisting of PLA and poly(amino acid) blocks have 

been synthesized by ROP of an -amino acid N-carboxyanhydride from NH2-terminated polymer, 

followed by the hydrolysis for deprotection of groups  to the corresponding amino acids. A diblock 

copolymer of PLA-b-poly(L-lysine) was synthesized by ROP of N-carbonylbenzoxy-L-lysine in 

the presence of NH2-PLA initiator.94 The synthesis of a triblock copolymer of PEG-b-poly(L-

serine) grafted with PLA has been reported. The approach involves the ROP of o-(t-butyl)-L-serine 

in the presence of PEG-NH2, followed by the hydrolytic cleavage of pendant t-butoxy groups to 

the corresponding OH groups. The resultant PEG-b-P(L-serine) was used as a macroinitiator for 

the ROP of LA, yielding the designed product.95  

 

 

Figure 2.2. Schematic illustration of conventionally-designed PLA-based ABPs with hydrophilic 

blocks such as PEG, poly(amino acid), polysaccharide, and polymethacrylate (a) and their self-

assembly to form micellar aggregates with PLA cores surrounded with hydrophilic coronas (b). 
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2.3. SRD for enhanced release 

2.3.1. General concept of SRD 

Stimuli-responsive (or smart) (co)polymers undergo a chemical or physical transition in 

response to external stimuli (or triggers).96-99 Most of these transitions, particularly utilized in 

biological and biomedical applications, result in a change in hydrophobic/hydrophilic balance of 

the smart polymers. Physical transition causes a volume change through either a coil-globular or 

conformational transition when physical stimuli are applied. Of physical stimuli including pH, 

magnetic, and electric fields, a typical example is temperature change. PNIPAM is a typical 

thermoresponsive polymer. It undergoes coil-globular transition at LCST.100-103 At below LCST, 

PNIPAM is hydrophilic and becomes soluble in water; however, it turns to be hydrophobic, 

forming aggregates, at above LCST. Due to such temperature-responsive transition, PNIPAM-

based block copolymer nanoassemblies have been extensively utilized for drug delivery exhibiting 

a size-controlled drug release. 

In contrast, chemical transition involves the degradation (or disintegration) through the 

cleavage of degradable (or labile) covalent bonds in the presence of chemical or biological stimuli 

such as glutathione, acidic pH, light, or enzyme.104-108 Such chemical transition is known to be 

“stimuli-responsive degradation (SRD)”, which involves the introduction of cleavable linkages 

(covalent bonds) into the design of nanomaterials, particularly self-assembled ABP-based micellar 

nanoaggregates. Later, these labile linkages are cleaved in the presence of chemical and biological 

stimuli when needed. Consequently, the SRD property allows for controlled/enhanced release of 

encapsulated drugs from drug-loaded nanocarriers. It is ideal that when degradable linkages are 

cleaved in response to biological components of targeted cells or tissues. As summarized in Figure 

2.3, the promising degradable linkages include reduction-responsive disulfides;109-112 acid-labile 

linkages such as acetals, ketals, orthoesters, hydrazones, and imines;113, 114 and enzyme-responsive 

linkages such as specific peptide linkages, ester, and amide bonds;115-117  as well as photo-cleavable 

linkages such as coumarin dimers, pyrenylmethyl and o-nitrobenzyl group.118-120 Disulfide 

linkages are cleaved to the corresponding thiols in reducing environments. In biological systems, 

GSH (a tripeptide containing cysteine) is found at a higher concentration in intracellular 

environments (10 mM) than extracellular environments (10 M), and even at elevated levels in 
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cancer cells.121, 122 Covalent ester linkages in the presence of esterase enzymes and specific peptide 

linkages are cleaved by enzymatic reactions. Similarly, acid-labile linkages are cleaved in response 

to acidic conditions. In biological systems, acidic pH is present in tumor tissue (pH = 6.5-6.9) as 

well as in endosomes and lysosomes (pH = 5.0-6.5). Photo-labile linkages are cleaved on demand 

upon irradiation with light in targeted sites.  

It is imperative that drug-loaded nanocarriers are able to release encapsulated anticancer drugs 

in a rapid and controlled fashion after being taken up by cancer cells after extravastion into tumor 

tissues from blood circulation. Self-assembled nanocarriers designed with cleavable linkages are 

stable under physiological conditions; however, they can be dissociated in a controlled fashion 

upon appropriate stimuli in tumor tissues/cancer cells. Consequently, SRD has been extensively 

explored as a promising platform in the design and development of a variety of SRD-exhibiting 

block copolymers and their self-assembled nanostructures for tumor-targeting drug delivery 

applications.123-126  

 

 

Figure 2.3. Degradable linkages including reduction, enzyme, and acidic pH-responsive cleavable 

as well as photo-labile linkages, P refers to the different polymeric chains.  
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2.3.2. General approaches to SRD-exhibiting ABPs and their assemblies 

Figure 2.4 summarizes the general approaches that allow for the synthesis of SRD-exhibiting 

block copolymers and their self-assembled nanostructures, which are based on the number, 

position, and location of single or multiple (or dual) cleavable linkages.127, 128 Figure 2.4a 

illustrates “single location SRD approach (SL-SRD)”. Four distinct strategies can be categorized 

with the number and position of the cleavable linkages in single locations, as in micellar cores or 

at core/corona interfaces of self-assembled micelles. They respond to either single stimulus or 

multiple stimuli. Pendant multi-cleavable ABPs are designed with multiple linkages positioned in 

the pendent chains of hydrophobic blocks (strategy A). Backbone multi-cleavable ABPs have 

multiple cleavable linkages positioned on the main chains of hydrophobic blocks (strategy B). 

Typical examples of backbone multi-cleavable blocks include step-growth polymers, typically 

polyesters labeled with disulfides129, 130 as well as polyurethanes with o-nitrobenzyl131 and SeSe 

linkages.132 Mono-cleavable ABPs involve single cleavage linkages in the middle of single triblock 

copolymers (strategy C). The strategies A, B, and C feature the position of cleavable linkages in 

hydrophobic cores of self-assembled micelles. In response to external stimuli, the pendant multi-

cleavable micelles (strategy A) are disintegrated (or destabilized) by a change of 

hydrophobic/hydrophilic balance upon the cleavage of pendant cleavable linkages. Other micelles 

(strategy B and C) are dissociated by main chain degradation upon the cleavage of cleavable 

linkages positioned on backbones. Strategy D involves the synthesis of ABPs with cleavable 

linkages at the junction of hydrophilic and hydrophobic blocks. These Strategy D ABPs self-

assemble to form micelles with cleavable linkages positioned at the interfaces of hydrophobic 

cores and hydrophilic coronas. In the presence of triggers, hydrophilic coronas are shed from the 

micellar cores upon cleavable linkages at the interfaces (thus, called sheddable micelles).  

For the preparation of reduction-responsive disulfide-containing ABPs, typical examples of 

pendant multi-cleavable hydrophobic blocks include polymethacrylates having pendant alkyl 

disulfide133, 134 or pyridiyl disulfide groups.135-137 The design of these ABPs presents an additional 

benefit that allows for the synthesis of disulfide-induced core crosslinked micelles (CCMs). The 

pendant disulfides are further involved in insitu disulfide-thiol exchange crosslinking reactions in 

micellar cores when being treated with a residual reducing agent. The resulting disulfide-CCMs 

exhibit enhanced colloidal stability during blood circulation as well as reduction-responsive 

enhanced release of encapsulated drugs.138-140  
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Dual location SRD (DL-SRD) approach centers on the synthesis of new intracellular 

nanocarriers having disulfide linkages in dual locations (Figure 2.4b). The locations of the 

disulfides can be in the micellar core, in the interlayered corona, or at the core/corona interface. 

The placement of reduction-responsive linkages in dual locations provides desirable synergistic 

release kinetics and therapeutic effects. Recent examples include novel ABP nanoassemblies 

having disulfides at core/interface and core/interlayered corona.141, 142   

As illustrated in Figure 2.4c, multiple location multiple SRD (ML-MSRD) approach has been 

exploited to develop new intracellular nanocarriers possessing multiple stimuli-responsive 

cleavable linkages at multiple or dual locations. This new route offers considerable versatility in 

respect that responses to each stimulus can independently and precisely regulate drug release at 

several locations. A few reports describe dual systems such as reduction (interface)/pH (core)143, 

144 and pH (interface)/reduction (core),145 and reduction (interface)/light (core).146  

 

 

Figure 2.4.  General approaches to synthesize SRD-exhibiting block copolymers and their self-

assembled nanostructures as single location (a), dual location SRD (b), and multiple location 

multiple SRD (c) approaches. 
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2.4. Strategies to reduction-responsive PLA-based ABP systems  

2.4.1. Direct polymerization strategy 

This direct polymerization strategy begins with the design and synthesis of multifunctional 

initiators bearing three distinct functional groups: one for ROP of LA, one for controlled/living 

radical polymerization, and a disulfide linkage for reduction-responsive degradation. In the 

presence of the initiators, the sequential polymerizations allowed for the formation of PLA-based 

ABP functionalized with disulfide linkages. As a consequence, this strategy enables one to 

overcome the complexity caused by the covalent coupling strategy (described in the next section) 

that requires extra separation steps of excess homopolymers from targeted PLA-based ABPs for 

purification. 

One elegant approach involves the synthesis of sheddable ABPs and their nanoassemblies. As 

summarized in Figure 2.5, this approach centers on the synthesis of a double-head initiator of HO-

SS-Br by a facile coupling reaction of 2-hydroxyethyl disulfide with -bromoisobutyryl bromide. 

The initiator was used to initiate the ROP of LA catalyzed with Sn(EH)2 in toluene at 120 C, 

yielding well-defined PLA-SS-Br homopolymers with narrow molecular weight distribution as 

Mw/Mn < 1.0. The detailed studies indicate that initial mole ratio of [Sn(EH)2]0/[HO-SS-Br]0 and 

polymerization time are important parameters that significantly influence low and high molecular 

weight PLA-SS-Br synthesis.147, 148 Next, atom transfer radical polymerization (ATRP) was 

employed for various hydrophilic methacrylate monomers in the presence of the PLA-SS-Br 

macroinitiator to synthesize a variety of novel PLA-SS-based ABPs bearing a disulfide linkage at 

the block junction between PLA and polymethacrylate. These ABPs formed sheddable micelles 

having disulfides at PLA core/corona interfaces.  
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Figure 2.5. Synthetic route to a double-head initiator of OH-SS-Br for both ROP of LA and ATRP 

of methacrylates, well-controlled PLA-SS-Br by ROP of LA, and PLA-SS-based ABPs by ATRP 

in the presence of PLA-SS-Br macroinitiator. 

 

A report describes the synthesis of PLA-SS-based poly(quarternized N,N-dimethylaminoethyl 

methacrylate (PcDMA). The resultant PLA-SS-PcDMA self-assembled to form PLA cores, 

encapsulating anticancer drugs, surrounded with PcDMA cationic coronas, enabling the formation 

of complementary complexes with nucleic acids. Such sheddable-type micelloplexes exhibit 

enhanced release of both anticancer drugs and nucleic acids upon reductive response, suggesting 

great potential for dual chemotherapy and gene therapy.149 Other reports also describe the synthesis 

of PLA-SS-based poly(oligo(ethylene oxide) monomethyl ether methacrylate)150 and 

poly(aminoethyl methacrylate)/2,3-dimethylmaleic anhydride151 for drug delivery.  

Further, the DL-SRD approach was explored to synthesize a new PLA-SS-based triblock 

copolymer possessing disulfide linkages at dual locations, thus PLA-SS-PHMssEt-b-POEOMA. 

As illustrated in Figure 2.6, the self-assembly of the triblock copolymer allowed for the formation 

of micellar aggregates having multiple pendant disulfide linkages in a hydrophobic interlayer as 

well as single disulfides at interfaces of the interlayer and PLA core, surrounded with hydrophilic 

coronas. Through thiol-responsive cleavage of these dually located disulfide linkages, novel 
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interlayer-crosslinked micelles with a crosslinkable and sheddable extended corona were formed, 

thus combining enhanced colloidal stability, along with controlled release of encapsulated 

anticancer drugs to promote the inhibition of cell proliferation after internalization into cancer 

cells.21 

 

Figure 2.6. Schematic illustration of synthesis of PLA-SS-based interlayered crosslinked micelles 

for enhanced colloidal stability and shedding extended coronas for rapid release of encapsulated 

anticancer drugs, based on PLA-SS-PHMssEt-b-POEOMA triblock copolymers having multiple 

pendant disulfides in the interlayer and single disulfides at junctions of PHMssEt and POEOMA 

blocks in aqueous solution.21 Copyright 2013 Royal Society of Chemistry. 

 

Another approach involves the synthesis of PLA-based mono-cleavable and dual location 

SRD-exhibiting ABPs and their nanoassemblies. As illustrated in Figure 2.7, this approach began 

with the synthesis of functional PLA having a disulfide in the center (OH-PLA-SS-PLA-OH, i.e., 

SS(PLA-OH)2) by ROP of LA in the presence of 2-hydroxyethyl disulfide. For the synthesis of 

mono-cleavable SS(PLA-b-POEOMA)2 triblock copolymer, ATRP of OEOMA was followed by 

the esterification of the resultant SS(PLA-OH)2 to SS(PLA-Br)3. At concentrations above the CMC 

(5 g/mL), this mono-cleavable ABP formed self-assembled micellar aggregates with disulfide-

containing PLA cores. Thiol-triggered degradation exhibit enhanced release of encapsulated 

anticancer drug; however, thiol-responsive drug release kinetics was slower, compared to multi-

cleavable ABP systems. Such slow release from mono-cleavable micelle systems is presumably 
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attributed to the amphiphilicity of the degraded products (HS-PLA-b-POEOMA and HS-PLA-b-

PEG) with a half of molecular weight of their original ABPs (i.e., SS(PLA-b-POEOMA)2 and 

SS(PLA-SS-PEG)2). These degraded products appeared to form smaller-sized aggregates which 

can also encapsulate drugs released from original mono-cleavable micelles.152 In addition to the 

combination of ROP and ATRP, the combined ROP and esterification has been also explored to 

synthesize a triblock copolymer containing PLA and PEG, thus SS(PLA-b-PEG)3.
153, 154 

To explore a DL-SRD, a novel triblock copolymer having triple disulfide linkages in the center 

and at the junction of PLA and POEOMA blocks (SS(PLA-SS-POEOM)2) was synthesized by a 

combination of facile coupling reactions and ATRP from SS(PLA-OH)3. As illustrated in Figure 

2.8, the ABP enabled the formation of micelles with disulfides positioned both in the hydrophobic 

PLA core and at the core/corona interface. The reductive response to glutathione as a cellular 

trigger resulted in the cleavage of the disulfide linkages both at the interface shedding hydrophilic 

coronas as well as in the PLA core causing disintegration of PLA cores. Such dual disulfide 

degradation process led to a synergistically enhanced release of encapsulated anticancer drugs in 

cellular environments.155  
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Figure 2.7. Synthetic routes to novel PLA-based mono-cleavable and dual location SRD-

exhibiting ABPs functionalized with disulfide linkages. 

 

  

Figure 2.8. For SS(PLA-SS-POEOMA) triblock copolymer, reduction-responsive cleavage of 

disulfides in the presence of DL-dithiothreitol (a), dynamic light scattering diagrams and 

transmission electron microscopy images of the micelles before and after treatment with 10 mM 

GSH at 1.2 mg/mL (b), and enhanced release of DOX from DOX-loaded micelles in the absence 

(control) and presence of 10 mM GSH (c).155 Copyright 2014 American Chemical Society. 
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2.4.2. Covalent coupling strategy 

This strategy utilizes facile coupling reactions of functional PLA and hydrophilic polymer, 

either of which contains disulfide groups, thus yielding reduction-responsive PLA-based ABPs. 

One of the drawbacks of this strategy involves the extra separation steps to remove excess 

homopolymers from targeted ABPs because it requires the use of excess of either PLA or 

hydrophilic polymer. A report describes the reaction of poly(2-ethoxy-2-oxo-1,3,2-

dioxaphospholane) (PEP) synthesized by ROP of EP with 3,3’-dithiodipropionic acid. The formed 

PEP-SS-COOH was then coupled with a hyperbranched Bolton H40-PLA-OH to yield H40-star-

PLA-SS-PEP.156 Other reports describe the synthesis of D-α-tocopherol (TPGS)-conjugated PEG-

SS-PLA157 and folate-conjugated PEG-PLA-SS-polyethyleneimine (PEI).158 The formed PLA-

based ABPs having disulfide linkages at the block junctions allowed for the formation of sheddable 

micelles having disulfide linkages located at hydrophobic PLA cores/coronas (SL-SRD).  

Another approach shown in Figure 2.9 involves the synthesis of a folic acid-conjugated 

triblock copolymer comprising of PEG and PLA with multiple disulfide linkages (PEG-SS-PLA-

SS-PLA-SS-PEG-folate) by multiple steps of coupling reactions (DL-SRD). Through 

nanoprecipitation method of the copolymer, redox-responsive folic acid and trastuzumab 

functionalized polymersomes with diameter = 150 nm were formed, with disulfides in the PLA 

cores and at core/corona interfaces. The presence of multiple redox responsive disulfide linkages 

led to complete disintegration of polymersomes in redox rich environment of cancer cells resulting 

in enhanced doxorubicin release. Folic acid and trastuzumab mediated active targeting resulted in 

improved cellular uptake and enhanced apoptosis in invitro studies. Further, in vivo studies in 

Ehrlich ascites tumor bearing Swiss albino mice exhibit enhanced antitumor efficacy and minimal 

cardiotoxicity of polymersomes.159 

 



22 

 

 

Figure 2.9. Schematic illustration of redox-responsive biodegradable polymersomes comprising 

of PEG-SS-PLA-SS-PLA-SS-PEG-folate triblock copolymer with multiple disulfide linkages as 

intracellular drug delivery nanocarriers in breast cancer.159 Copyright 2015 American Chemical 

Society. 

 

Shen and coworkers have reported an interesting approach that involves reversible and 

unsymmetrical disulfide bond formation directed by hydrogen bonding association. Consequently, 

this strategy requires the synthesis of functional homopolymers with oligoamide strands having 

complementary H-bonding sequences (i.e., arrays of H-bond acceptor and donor). As illustrated 

in Figure 2.10, PEG and PLA chains were end-modified with amide units A and B which are 

hydrogen bonding donor and acceptor. Further, they were functionalized with S-trityl groups 

capable for the formation of a double disulfide linkage by oxidation. The resultant PEG-A and 

PLA-B treated with iodine resulted in connection of PEG and PLA blocks, yielding PEG-SS-PLA 

diblock copolymer, while minimizing self-coupling. The resulting diblock copolymer self-

assembled to form sheddable micelles having unsymmetrical disulfide linkages at PLA core/PEG 

corona interfaces. When the self-assembled micelles were treated with DTT, they were dissociated 

to PLA and PEG chains in aqueous solution.160 Further, this disulfide and supramolecular H-

bonding strategy has been explored to synthesize novel block copolymers and their 

nanoassemblies. They include PEG-SS-PLA-SS-PEI triblock copolymer for gene delivery161 as 

well as PEG-grafted chitosan oligosaccharide,162 PLA-SS-PEG-SS-PLA triblock,163 and (PLA-

SS-PEG) multi-block copolymer164 for drug delivery. 
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Figure 2.10. Schematic illustration of the strategy to synthesis, micellization, and redox 

responsiveness of a PEG-PLA diblock copolymer (a) and coupling of PEG-A and PLA-B based 

on unsymmetrical, reversible disulfide-bond formation instructed by H-bonding (b).160 Copyright 

2014 American Chemical Society. 

 

2.4.3. Drug-polymer conjugation strategy 

This strategy (called polymer prodrug strategy) involves the conjugation of anticancer drug 

molecules to PEG-b-PLA block copolymer through disulfide linkages through multiple steps of 

organic coupling reactions. The drug molecules were conjugated to PLA blocks of the copolymers, 

thus yielding reduction-responsive PEG-b-PLA-drug conjugates (i.e., prodrugs). Due to the 

amphiphilicity, these prodrugs self-assemble to form drug-conjugated nanoassemblies. After 

extravasation into tumor tissues and further internalization into cancer cells, anticancer drugs can 

be released from these prodrugs upon the cleavage of disulfide linkages in a reducing environment. 

Reports describe the synthesis and reduction-responsive drug release of curcumin-conjugated 

PLA-b-PEG prodrug (Cur-SS-PLA-b-PEG)165 and docetaxel-conjugated poly(lactide-co-

glycolide)-b-PEG (DTX-SS-PLGA-b-PEG)166 and its self-assembled micellar aggregates.  

 

a)

b)
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2.5. Strategies to acidic pH-responsive PLA-based ABP systems 

Inherently, PLA slowly degrades to the corresponding oligomers or LA species through the 

cleavage of backbone ester groups in a physiological condition. This hydrolysis process can be 

promoted in acidic conditions. Such process called acidic hydrolysis can facilitate the degradation 

process of PLA-based nanoparticles, inducing the enhanced release of encapsulated drugs. Further 

to enhance the degradation kinetics, several approaches have been proposed to synthesize acidic 

pH-responsive PLA-based nanoassemblies.  

 

2.5.1. Sheddable and prodrug strategies 

For the strategy to develop PLA-based sheddable systems, acidic pH-cleavable covalent 

tetrahydropyran (THP) chemistry was explored for the synthesis of PEO-THP-PLA block 

copolymer.167 The copolymer self-assembled to form micellar aggregates having THP linkages at 

the interfaces of PLA cores and PEG coronas. In acidic pH, THP linkages were cleaved at the 

interfaces. The process enabled shedding PEG coronas from PLA cores, leading to enhanced 

release of encapsulated Dox. In addition, the preparation of pH-responsive nanoparticles having 

covalent phenylboronic-catechol ester linkages at the interfaces of PLA cores with 

poly(ethyleneimine) coronas was reported.168 More interestingly, supramolecular host-guest 

chemistry was employed for the design of sheddable PLA systems. As illustrated in Figure 2.11, 

terminal benzimidazole-functionalized PEG (PEG-BM) and terminal -cyclodextrin-

functionalized PLLA (PLA-CD) were synthesized. Supramolecular self-assembly of these 

polymers enabled the formation of colloidally-stable aggregates having supramolecular CD-BM 

linkages at the interfaces of PLA cores and PEG coronas. TEM analysis indicates the diameter = 

274 nm for the aggregates prepared at pH = 7.4. As pH decreased to 5.5, the diameter by TEM 

increased to 590 nm, due to pH-responsive dissociation of supramolecular CD-BM linkages. Such 

acidic pH response allows for enhanced release of encapsulated Dox, confirmed by in vitro and in 

vivo studies.169  
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Figure 2.11. Synthesis (a) and intracellular delivery (b) of Dox-loaded PEG-BM/CD-PLLA 

supramolecular aggregates exhibiting triggered release of encapsulated Dox in response to 

intracellular microenvironment.169 Copyright 2015 American Chemical Society. 

 

For the strategy to develop acidic pH-responsive prodrugs, various anticancer drugs have been 

conjugated covalently through acidic pH-cleavable linkages with PLA-based ABPs as multiple 

steps of organic coupling reactions have been employed. Due to amphiphilic nature, the resultant 

ABP-drug conjugates self-assembled to form nanoassemblies containing drugs covalently 

conjugated to hydrophobic cores. Upon the cleavage of pH-responsive linkages, anticancer drugs 

were released from nanoassemblies.  

Reports describe the synthesis of “linear” PLA-drug conjugates by simple conjugation of 

drugs with terminal PLA blocks of PLA-b-PEG, typically Dox conjugated with acetal linkage170 

and docetaxel conjugated with hydrazone linkage.171 Other reports also describe the synthesis of 

“grafted” PLA-drug conjugates (PLA-graft-drug conjugates) by conjugation of drugs such as 

particularly Dox with pendant functional groups on PLA backbones through acid pH-cleavable 

linkages such as hydrazones. Yu and coworkers have reported the synthesis of amphiphilic PLAs 

grafted with Dox and PEG pendants (PLA-graft-Dox-PEG).172 As illustrated in Figure 2.12, the 

synthetic route involves 1) ring opening polymerization to synthesize PLA functionalized with 

alkyne pendants (PLA-alkyne), 2) alkyne-azide cycloaddition to conjugate PEG-N3 and 6-

azidohxyl-4-formylbenzoate, and 3) coupling reaction of Dox with the aldehyde groups through 

hydrazone linkage formation. Similarly, Ganivada et al have synthesized PEG-based 

a) b)
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PLA/polycarbonate copolymer that has biotin conjugated to PEG and pendant Dox grafted to 

polycarbonate through hydrazone linkages.173 Initially, biotin-labeled PEG (biotin-PEG) and a 

cyclo-carbonate monomer functionalized with di-alkynes were synthesized by coupling reactions. 

Then, a ROP of LA and the monomer in the presence of biotin-PEG allowed for the synthesis of 

biotin-labeled PEG-b-(PLA-co-polycarbonate) with pendant alkynes. Their alkyne-azido 

cycloaddition with azido-functionalized Dox was followed.  

  

 

Figure 2.12. Synthesis of PLA-graft-Dox-PEG.172 Copyright 2015 Royal Society of Chemistry. 

 

2.5.2. Strategy to acidic pH-responsive volume change 

This strategy involves the introduction of acidic pH-responsive groups such as -amino ester 

(AE), oxazoline, and histidine into the design of PLA-based ABPs.174-178 Upon change to acidic 

environments, these groups induce the assemblies undergoing changes in their polarities and 

eventually their volumes or dimensions, leading to enhanced release of encapsulated drugs.  

Zhang et al has reported the synthesis and acidic pH-responsive drug release of poly(-amino 

ester) (PAE)-based ABP, thus (PEO-b-P(PLA-co-PAE), by copolymerization of 4,4’-trimethylene 

(TDP) with vinyl-functionalized PLA and PEO through a Michael-addition reaction of diamines 

to vinyl groups.174 PAE is soluble at pH <6.5, but insoluble at pH >6.5 because of its tertiary amine 

with pKb = 6.5. At a physiological pH, the ABP assembled to form Dox-loaded nanoassemblies 
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consisting of (PLA-co-PAE) cores surrounded with PEO coronas. At mild acidic pH (5.0-6.5), the 

polarity of hydrophobic PLA cores could be changed to be relatively hydrophilic due to 

protonation of PAE groups. This process caused the loss of integrity of the formed nanoaggregates, 

exhibiting sustainable release of encapsulated Dox. Qiao and coworkers have reported the 

synthesis of a triblock copolymer consisting of PEG, PLA, and poly(L-histidine) blocks, thus PEG-

b-PLA-b-PHis, with different degrees of polymerization of PLA and Phis blocks.175 At pH = 8.5, 

the ABP formed micellar aggregates consisting of (PLA-b-PHis) cores surrounded with PEG 

coronas. Upon a change of pH to 4.5, PHis blocks were protonated, which resulted in reassembly 

of the micellar aggregates into micelles of PLA cores and PEG and protonated Phis coronas. Such 

pH-induced reassembly triggered enhanced release of encapsulated Dox, confirmed by 

cytotoxicity and CLSM results. In addition, reports describe the preparation of acidic pH-

responsive nanoassemblies through co-micellization of acidic pH-responsive ABP with peptide-

conjugated PEG-b-PLA for drug delivery with active targeting to specific tumors.177, 178 

 

2.6. Intracellular tumor-targeting drug delivery 

Most PLA-based ABP micelles having SRD elements, particularly disulfides and acidic pH-

labile groups, have been designed with hydrophilic coronas, typically PEG or POEOMA. They are 

nontoxic to mammalian cells, and thus biocompatible. Anticancer drugs such as Dox and PTX 

were encapsulated physically in hydrophobic PLA cores. The resultant drug-loaded SRD-

exhibiting micelles were degraded or disintegrated upon the cleavage of the cleavable linkages in 

response to glutathione or acidic pH (5-6.5). Such SRD enabled the enhanced release of 

encapsulated drugs.  

Drug-loaded PLA-based micelles exhibiting SRD-induced enhanced drug release were further 

evaluated as effective intracellular drug delivery nanocarriers for cancer therapy. In vitro 

intracellular trafficking of drugs from the micelles were studied using flow cytometry and confocal 

laser scanning microscopy (CLSM). As an example, Dox-loaded micelles from POEOMA-SS-

PLA-SS-PLA-SS-POEOMA triblock copolymer were incubated with HeLa cancer cells.155 As 

illustrated in Figure 2.13, compared with HeLa cells, the flow cytometric histogram of HeLa cells 

incubated with Dox-loaded micelles presented a noticeable shift in the direction of high 

fluorescence intensity. CLSM images also show that HeLa cells incubated with Dox-loaded 
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micelles display strong Dox fluorescence in their nuclei. These results confirm that Dox-loaded 

micelles enable the delivery and release of Dox into nuclei of cancer cells.  

 

 

Figure 2.13. Flow cytometric histograms (a) and CLSM images (b) of HeLa cells only (A) and 

incubated with DOX-loaded micelles of POEOMA-SS-PLA-SS-PLA-SS-POEOMA triblock 

copolymer (B), and free DOX (C) for 16 hrs. Scale bar = 20 μm.155 Copyright 2014 American 

Chemical Society. 

 

Further to in vitro studies, reductive PLA-based micelles were evaluated in vivo (animal 

models).157, 159, 161, 179 Typically, a report describes the synthesis of hyaluronic acid-cystamine-

PLGA block copolymer (HA-SS-PLGA) and self-assembly to construct sheddable micelles 

encapsulated with both Dox) and cyclopamine (CYC, a primary inhibitor of the hedgehog 

signaling pathway of cancer stem cells).180 Dual drug-loaded particles potently diminished the 

number and size of tumorspheres and HA showed a targeting effect towards breast CSCs. As 

illustrated in Figure 2.14, in vivo combination therapy further demonstrated a remarkable 

synergistic anti-tumor effect and prolonged survival compared to mono-therapy using the 

orthotopic mammary fat pad tumor growth model. The co-delivery of drug and the CSC specific 
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inhibitor towards targeted cancer chemotherapeutics provides an insight into anticancer strategy 

with facile control and high efficacy. 

 

Figure 2.14. For Dox-loaded micelles self-assembled from hyaluronic acid-cystamine-PLGA 

block copolymer (HA-SS-PLGA), in vivo combination therapy using orthotopic mammary fat pad 

tumor growth model; tumor volumes (A, B, D), life survival of tumor-bearing mice (C), photos of 

excised tumors at the end of the treatment at day 40 (E), and day 75 (F).180 Copyright 2015 Royal 

Society of Chemistry. 

 

An interesting study has been reported for different intracellular drug delivery routes of self-

assembled and disulfide bonded micelles using physically loading hydrophobic FRET probes 

(Figure 2.15). The former was made of mPEG-b-PLA (no disulfide), while the latter was made of 

mPEG-(Cys)4-PLA block copolymer synthesized by coupling reaction of oligocysteine (Cy4) with 

PEG and PLA blocks. The self-assembled micelles were structurally dissociated by micelle–

membrane interactions, and the hydrophobic probes were distributed on the plasma membrane. 

However, intact disulfide bonded micelles carrying hydrophobic probes were internalized into 

cancer cells via multiple endocytic pathways. Following internalization, disulfide bonded micelles 

were decomposed in early endosomes by glutathione-mediated disulfide bond reduction, exposing 

the probes to intracellular organelles.181 Further, disulfide bonded micelles stably retained 

doxorubicin in the bloodstream and efficiently delivered the drug to a tumor, with a 7-fold increase 

of the drug in the tumor and 1.9-fold decrease in the heart, as compared with non-crosslinked self-
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assembled micelles. With a Dox dose as low as 2 mg/kg, disulfide bonded micelles almost 

completely suppressed tumor growth in mice.182  

 

 

Figure 2.15. Schematic diagram of cellular entry routes and intracellular fates of self-assembled 

mPEG-b-PDLLA micelles and disulfide bonded mPEG-(Cys)4-PLA micelles. 

 

2.7. Summary and outlook 

The recent advances in the development of PLA-based ABPs and their self-assembled 

nanostructures exhibiting SRD-induced enhanced drug release is summarized, with an emphasis 

on their design, synthesis, and evaluation as intracellular drug delivery nanocarriers for cancer 

therapy. A number of novel strategies have been reported to synthesize various self-assembled 

stimuli-responsive degradable PLA-based micellar aggregates having the different numbers, 

positions, and locations of single or multiple (or dual) cleavable linkages, particularly disulfide 

and acid-labile linkages. Covalent coupling, direct polymerization, and drug-polymer conjugation 

strategies to synthesize reduction-responsive PLA-based nanoassemblies as well as sheddable and 

prodrug stategies to acidic pH-responsive PLA-based nanoassemblies have explored. Most of 

these PLA-ABPs were designed with dsulfide and acid-liable linkages positioned in the juctions 
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of PLA and hydrophilic blocks or PLA and drug, in the center of triblock copolymers, or in the 

dual locations. Further to SRD-induced enhanced/controlled release profiles of encapsulatd drugs 

to kill cancer cells, in vitro (cells) and in vivo studies suggest that the development of novel SRD-

exhibiting PLA-based nanoassemblies is the promising platfrom for tumor-targeting drug delivery. 

Current and future design and development of more effective SRD PLA-based nanoassemblies 

require a high degree of control to their degradation kinetics for precise release of encapsulated 

anticancer drugs. Further to the design and development of new nanoassemblies, more efforts 

should be made for in vivo and clinical studies.  

 

2.8 Recent literature update 

In addition to the sections discussed above, following reports regarding PLA-based SRD 

systems for drug delivery applications, were published after 2017.   

 

2.8.1. Reduction-responsive PLA-based systems 

Du et al. designed a redox-responsive mixed micelle system, by combining reduction-

sensitive hyaluronic acid-poly(lactide) (HA-ss-PLA) conjugates and D-α-tocopheryl polyethylene 

glycol 1000 succinate (TPGS, a PEGylated-vitamin E, well-known as a P-gp efflux inhibitor, 

capable of reversing multidrug resistance (MDR) in tumor cells.183 As illustrated in Figure 2.16a, 

PLA was first synthesized using ROP and was then subject to end chain acid-amine coupling 

reactions with hyaluronic acid (HA), yielding HA-ss-PLA.  
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Figure 2.16. Synthetic route of raft copolymer HA-ss-PLA and HA-PLA a), schematic 

representation of self-assembled process of mixed micelles b).183 

 

 

This copolymer, therefore, falls under the coupling strategy to synthesize PLA-based 

ABPs. The blank and PTX loaded mixed micelles with HA-ss-PLA ad TPGS were prepared using 

a film dispersion-ultrasonic method, which possessed particle diameter of 124 nm and showed an 

entrapment efficiency of 87.9 % (Figure 2.16b). The micelles showed reduction-responsive release 

of PTX in intracellular reductive environment. In addition, they demonstrated an enhanced drug 

accumulation to the tumor site via reversal of MDR and inhibited growth of tumor cells, thus being 

a potential candidate in treating MDR tumors in the future. In another report, Gaspar et al. designed 

redox-responsive triblock copolymer micelles based on poly(2-ethyl-2-oxazoline)-poly(L-lactide) 

grafted with bioreducible polyethylenimine (PEOz–PLA-g–PEI-SS).184 This synthesis was 

performed by modifying the PEI with CBA first to synthesize PEI-CBA. In a separate reaction, 

PEOz-PLA was synthesized by cationic ROP, whose terminal hydroxyl groups were activated 

using carbonyldiimidazole and further conjugated to PEI-CBA to yield PEOz-PLA-g-PEI-SS. This 

triblock copolymer comprised of non-fouling oxazolines, hydrophobic PLA block for drug 

encapsulation and PEI-SS for minicircle DNA (mcDNA) complexation and triggered release. 

These micelleplexes not only showed higher cellular uptake but also demonstrated enhanced gene 

expression in comparison to non-bioreducible control nanocarriers.  

a) b)



33 

 

2.8.2. Strategy to synthesize photo-responsive PLA-based ABP systems 

Photo-responsive polymeric systems typically consist of moieties that undergo 

photocleavage with subsequent disruption of the nanocarrier and payload release.185 Photo-

responsive systems have gained significant attention as the high spatial and temporal resolution of 

light enables precise control over the degradation kinetics and hence drug delivery. In a novel 

approach, flower like micelles were fabricated using triblock copolymers composed of polylactide-

block-o-nitrobenzyl-poly (ethylene glycol)-o-nitrobenzyl-block-polylactide (PLA-NB-PEG-NB-

PLA).186 Under UV irradiation at 365 nm, the NB groups in backbone of the polymer cleaved 

leading to the hydrophobic aggregates (Figure 2.17). 

 

 

Figure 2.17. Synthetic scheme for photo-responsive PLA-NB-PEG-NB-PLA a), schematic 

illustration of dox-loaded micelles and photo-controlled release at 365 nm irradiation b).186 

 

Different chain lengths of PEG and PLA were tested to understand the effect on photolysis 

rate and loading efficiency of Dox, with shorter lengths leading to higher photolysis rates and 

increased loading efficiencies.  

  

a)

b)
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2.8.3. Triple-stimuli responsive PLA-based ABP systems 

Sadr et al. prepared novel Fe3O4 conjugated PLA grafted-poly(2- hydroxyethyl methacrylate 

(HEMA)-co-(N-isopropylacrylamide)(NIPAAm)-co-methacrylic acid (MAA)-co-3-

(trimethoxysilyl) [Fe3O4@PLA-g-P(NIPAAm-co-HEMA-co-MAA-co-TMSPMA)] polymer by 

ROP and free radical polymerization method.187 These nanoparticles (nps) were designed for 

combination cancer therapy by synthesizing paramagnetic, thermoresponsive and pH-responsive 

grafted copolymers. Cationic Dox and anionic methotrexate (MTX) anticancer drugs were loaded 

simultaneously with higher encapsulation efficiencies of 95.04 % and 97.29 % respectively. 

Different assays such as MTT assay, DAPI staining, cell cycle and real time PCR analysis 

demonstrated higher antitumor activity of DOX/MTX loaded nanocomposite in comparison to free 

drugs, thus proving its potential for targeted drug delivery for in vivo uses. 

 

2.8.4. Reactive oxygen species (ROS)-responsive PLA-based ABP systems 

To address the challenges of PEG dilemma, an innovative molecule, amphiphilic mPEG 

bridged to the photosensitizer Ce6 via a thioketal bond (mPEG-TK-Ce6), was synthesized and 

used to achieve the PEGylation of PLA-based nanoparticles to encapsulate the prodrug Pt(IV).188 

Upon subject to 660 nm radiation, Ce6 generated ROS which led to the degradation of TK bonds 

and dePEGylation, thus enhancing tumor cell internalization and subsequent anticancer effect. In 

another report, PLA coated mesoporous silica nanoparticles (MSNPs), conjugated with a ligand 

peptide of low-density lipoprotein receptor (LDLR) which is known to increase the transcytosis of 

MSNPs and enable blood-brain barrier (BBB) crossing were developed.189 These MSNPs were 

designed to encapsulate antioxidant resveratrol (RSV) for delivery to central nervous system to 

target oxidative stress. It was shown that ROS can potentially accelerate the degradation of PLA 

hence releasing RSV, with PLA acting as a gatekeeper. 
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2.8.5. Dual pH/reduction-responsive PLA-based polyplexes for siRNA delivery 

Zhu et al. designed a dual pH/redox-responsive system comprising of methoxy-poly(ethylene 

glycol)-polylactide-polyhistidine-ss-polyethylenimine (PEG-b-PLA-PHis-ssPEI1.8 k) which 

consisted of pH-responsive histidine segment linked to branched PEI through a redox-responsive 

disulfide bond.190 This copolymer demonstrated excellent siRNA complexation and protection. 

FRET test was used to investigate the disassembly extent of siRNA from the copolymer and 

accelerated release of siRNA was observed until the N/P ratio was increased above 10.  

 

2.8.6. SRD-based self-immolative nps for controlled drug release   

In this study, hybrid nps composed of self-immolative poly(ethylglyoxylate) (PEtG) and 

slowly degrading PLA were synthesized with an aim of observing a rapid release of drug from 

PEtG domains and a slower release from PLA domains.191 6-Nitroveratryl carbonate capped PEtG 

and disulfide-capped PEtG were selected for UV light-responsive and thiol-responsive systems 

and their degradation was studied by dynamic light scattering (DLS) and release of NR as a probe. 

Upon appropriate stimuli, the PEtG blocks degraded faster as anticipated, with dependence on 

PEtG:PLA ratio used. 
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Chapter 3 

PLA-based triblock copolymer micelles exhibiting dual acidic pH/reduction 

responses at dual core and core/corona interface locations 

 

3.1. Introduction 

PLA, along with PCL and PGA, belongs to a class of hydrophobic aliphatic polyesters of 

hydroxyalkanoic acids, and is known to be biocompatible, biodegradable, and FDA-approved for 

clinical use.71, 73, 77 Due to these features, PLA and its copolymers have been extensively used as a 

promising choice of hydrophobic blocks to synthesize amphiphilic block copolymers (ABPs).20 

Designed with hydrophilic blocks such as PEG,192 well-controlled PLA-based ABPs self-assemble 

in aqueous solution to form aqueous micellar aggregates (or nanoassemblies). The hydrophobic 

PLA cores surrounded with PEG coronas are capable of the encapsulation of small molecule 

hydrophobic anticancer drugs. Upon intravenous injection into the blood, the drug-loaded micelles 

could be extravasated into tumor tissues through the EPR effect.67-69 Inside targeted tissues and 

cells, it is anticipated that drugs can be released in a controlled fashion. However, a drawback 

associated with conventionally designed PLA-based micellar nanocarriers is the slow-release rate 

of encapsulated drugs, which could be mainly due to the slow degradation of PLA backbones in 

physiological or slightly acidic pH environments.  

To improve the drug release kinetics, SRD has been explored as a promising platform in the 

development of smart ABP-based nanoassemblies. SRD involves the incorporation of labile 

linkages into the design of ABPs and their nanoassemblies. Later, the linkages can be cleaved in 

response to external stimuli.105, 111, 193 The stimuli-responsive cleavage causes the destabilization 

or disintegration of micelles, thus leading to enhanced/controlled release of encapsulated drugs.128 

Of external stimuli, the reductive reaction is promising because disulfide bonds can be cleaved to 

the corresponding thiols in a reducing environment (in the presence of reducing agents). In 

biological systems, intracellular level of GSH (which acts as a reducing agent) is known to be 100–

1000 fold higher than extracellular level. Further, the concentration of GSH is 4-5 times greater in 

cancer cells, compared with normal cells.109-112, 194  
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Given the promising disulfide chemistry, early efforts have been made to synthesize 

reduction-responsively degradable PLA-based ABPs with disulfide linkages positioned either at 

the junction of PLA/hydrophilic blocks or in the center of triblock copolymer. Consequently, the 

self-assembled micelles from these PLA-ABPs have disulfides positioned at single location, as at 

core/corona interfaces (sheddable micelles)149-151, 161, 162 or in PLA cores (monocleavable 

micelles).152-154 Further efforts  led to the synthesis of advanced reduction-responsive PLA-based 

micelles with disulfides positioned at dual locations, as interface/core or interface/interlayered 

core.21, 155, 159, 163 These dual location reduction-responsive micelles appeared to be more effective 

as disulfide linkages degraded in dual locations, leading to the accelerated release of encapsulated 

drugs.195 In addition to GSH-driven reduction, acidic pH is another promising endogenous trigger 

found in biological systems because of the presence of slightly acidic pH = 6.5-6.9 in tumor tissues 

and further pH = 4.5-5.5 in endosomes and lysosomes.113, 196 Acetal and  hydrazone groups have 

been incorporated into the synthesis of acidic pH-responsive PLA-based micelles.170, 171, 197 

Despite these advances, most of the smart PLA-based micelles have been designed to respond to 

single stimulus (reduction or acidic pH). Developing smart PLA-based micelles exhibiting dual 

stimuli-responses at dual locations (core, interlayer, and core/corona interface) is highly beneficial. 

These micelles designed with DL-DSRD could offer the versatility in that dual-stimuli responses 

to each stimulus can independently regulate the release of encapsulated molecules and can 

facilitate synergistic/accelerated release at dual locations.146, 198  

This chapter describes our initial effort to develop a novel strategy that allows for the synthesis 

of an ABA-type PLA-based triblock copolymer consisting of a hydrophilic polymethacrylate (A) 

and PLA (B) blocks (P4). The P4 copolymer contains two reduction-responsive disulfide (ss) 

linkages positioned to link A and PLA blocks and acidic pH-responsive ketal linkage in the center 

of PLA block, thus A-ss-PLA-ketal-PLA-ss-A. The strategy utilizes a combination of two 

polymerization techniques, esterification, and coupling reaction. As illustrated in Figure 3.1, the 

P4 self-assembled to nanoassemblies with ketal in PLA cores and disulfide at the PLA core/corona 

interfaces, thus retaining DL-DSRD. The cleavage of interfacial disulfide in the presence of GSH 

(a cellular reducing agent) resulted in shedding coronas from micelles, while the cleavage of core 

ketal linkages in acidic pH resulted in the disruption of the micelle cores. Compared with those 

single responses, dual responses in the presence of GSH at acidic pH at dual locations (both cores 



38 

 

and interfaces) resulted in synergistic regulation of micelle destabilization, thus leading to 

accelerated release.   

 

Figure 3.1. Illustration of aqueous micellization and dual acidic pH/reduction-responsive 

degradation of a PLA-based triblock copolymer (P4) consisting of a hydrophilic polymethacrylate 

and PLA blocks with an acidic pH-responsive ketal linkage in the center of PLA block and 

reduction-responsive disulfides at polymethacrylate/PLA block junctions, thus exhibiting dual 

responses at dual locations.  

 

3.2. Instrumentation 

3.2.1. Experimental 

1H-NMR spectra were recorded using a 500 MHz Varian spectrometer. The CDCl3 singlet at 

7.26 ppm was selected as the reference standard. Molecular weight and molecular weight 

distribution were determined by gel permeation chromatography (GPC). An Agilent GPC was 

equipped with a 1260 Infinity Isocratic Pump and a RI detector. Two Agilent PLgel mixed-C and 

mixed-D columns were used with DMF containing 0.1 mol % LiBr at 50 °C at a flow rate of 1.0 

mL/min. Linear poly(methyl methacrylate) standards from Fluka were used for calibration. 

Aliquots of the polymer samples were dissolved in DMF/LiBr. The clear solutions were filtered 

using a 0.45 μm PTFE filter to remove any solvent-insoluble species. A drop of anisole was added 
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as a flow rate marker. Monomer conversion was determined using 1H NMR spectroscopy. The 

size of micellar aggregates in hydrodynamic diameter was measured by dynamic light scattering 

(DLS) at a fixed scattering angle of 175° at 25 °C with a Malvern Instruments Nano S ZEN1600 

equipped with a 633 nm He-Ne gas laser. Fluorescence spectra on a Varian Cary Eclipse 

Fluorescence spectrometer and UV/Vis spectra on an Agilent Cary 60 UV/Vis spectrometer were 

recorded using a 1 cm wide quartz cuvette.  

Transmission Electron Microscopy (TEM) images were obtained using a Philips Tecnai 12 

TEM, operated at 120 kV and equipped with a thermionic LaB6 filament. An AMT V601 DVC 

camera with point-to-point resolution and line resolution of 0.34 nm and 0.20 nm respectively was 

used to capture images in 2048 by 2048 pixels. To prepare specimens, the micellar dispersions 

were dropped onto copper TEM grids (400 mesh, carbon coated), blotted and then allowed to air 

dry at room temperature. 

 

3.2.2. Materials 

Triethylamine (Et3N, ≥99.5%), succinic anhydride (SA, 99%), 4-(N,N-dimethylamino) 

pyridine (DMAP, ≥ 99%), 3,6-dimethyl-1,4-dioxane-2,5-dione (DL-lactide, LA, 99%), copper (I) 

bromide (CuBr, >99.99%), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA, >98%), 

tin(II) 2-ethylhexanoate (Sn(EH)2, 95%), Nile Red (NR), and glutathione (GSH, a reduced form) 

from Aldrich, 1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide-HCl salt (EDC) from Matrix 

Innovation and DL-dithiothreitol (DTT, 99%) from Acros Organics were purchased and used as 

received. Oligo(ethylene glycol) monomethyl ether methacrylate (OEOMA) with MW = 300 

g/mol and EO units = 5 purchased from Aldrich, was purified by passing through a column filled 

with basic alumina to remove the inhibitors. A double-head initiator (HO-ss-Br) and a ketal-

labeled diamine (A1) were synthesized as described in our publications. 

 

3.2.3. Synthesis of (co)polymers    

P1 by ROP. HO-ss-Br (45.9 mg, 0.3 mmol), LA (5 g, 34 mmol), Sn(EH)2 (10.0 mg, 24 µmol), 

and toluene (3 mL) were placed in a 10 mL Schlenk flask. The resulting mixture was deoxygenated 

by four freeze-pump-thaw cycles. The reaction flask was filled with nitrogen, thawed, and then 

immersed in an oil-bath preheated at 120 ºC to start the polymerization. After 3 hrs, the 
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polymerization was stopped and cooled to room temperature. The resulting PLA was precipitated 

from cold MeOH, and then dried in vacuum oven overnight.  

P2 by ATRP. The purified P1 (4.0 g, 0.40 mmol), OEOMA (3.62 g, 12.0 mmol), PMDETA 

(35 µL, 0.16 mmol), and THF (3 mL) were mixed in a 10 mL Schlenk flask. The resulting mixture 

was deoxygenated by four freeze-pump-thaw cycles. The reaction flask was filled with nitrogen 

and CuBr (23.1 mg, 0.16 mmol) was then added to the frozen solution. The flask was sealed, 

purged with vacuum, and backfilled with nitrogen once. The mixture was thawed, and the flask 

was then immersed in an oil-bath preheated to 50 °C to start the polymerization. The 

polymerization was stopped after 1.5 hrs by exposing the reaction mixture to air. 

For purification, as-synthesized polymer solutions were added dropwise into hexane (800 mL) 

under magnetic stirring. The resulting precipitates were dissolved in THF and passed through a 

column filled with basic aluminum oxide to remove copper species two times. After the solvent 

was removed by rotary evaporation, the formed polymers were dried in a vacuum oven at room 

temperature overnight.   

P3 by esterification. The purified, dried P2 (1.4 g, 47 µmol), SA (0.11 g, 1.19 mmol), and 

DMAP (2.8 mg, 23 µmol) were dissolved in THF (10 mL). The resulting solution was kept at room 

temperature for 12 hrs and then was dialyzed against PBS solution (pH 7.4) to remove excess SA 

and DMAP for 12 hrs. Then, the resulting P3 was collected by lyophilization.  

P4 by EDC mediated coupling reactions. A solution of A1 (2.2 mg, 14 µmol) dissolved in 

chloroform (10 mL) was added dropwise to a solution consisting of P3 (0.6 g, 27 µmol), EDC 

(0.05 g, 0.27 mmol), and DMAP (3.3 mg, 27 µmol) in chloroform (10 mL) under stirring at room 

temperature for 24 hrs. The resulting mixture was then dialyzed over PBS solution (pH = 7.4) to 

remove excess EDC and DMAP for 12 hrs. The mixture was lyophilized to collect the purified, 

dried P4 polymer. 

 

3.2.4. Aqueous micellization    

Determination of CMC using a NR probe. A stock solution of NR in THF at 1 mg/mL and 

a stock solution of P4 in THF at 1 mg/mL were prepared.  PBS solution at pH 7.4 (10 mL) was 

then added dropwise into different vials containing the same amount of NR (0.5 mL, 0.5 mg NR) 
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and varying amounts of P4. The resulting mixtures were stirred for 12 hrs to remove THF and 

were then subjected to filtration using 0.45μm PES filters to remove excess NR. A series of NR-

loaded micelles at various concentrations of P4 ranging from 10-6 to 0.1 mg/mL were formed. 

Their fluorescence spectra were recorded at ex = 480 nm. 

Preparation of aqueous micelles. PBS at pH = 7.4 (10 mL) was added dropwise into a 

solution of P4 (10 mg) dissolved in THF (10 mL). The resulting mixture was stirred for 24 hrs to 

remove THF, yielding aqueous micellar dispersions at 1 mg/mL. 

 

3.2.5 Studies of dual acidic pH/reduction-responsive degradation   

P4 in DMF. A solution of P4 (20 mg, 1.3 µmol) dissolved in DMF (4 mL) was mixed with a stock 

solution of DTT in DMF (3 mg/mL, 1.6 mL, 13.2 µmol) for reductive response under magnetic 

stirring at room temperature. The equivalent solution of P4 was mixed with HCl (5 µL) for acidic 

pH response. Aliquots were taken periodically for GPC analysis.  

P4 micelles in water. Aliquots of aqueous empty micellar dispersion were mixed with PBS (pH = 

7.4) with and without 10 mM GSH as well as aqueous acetate buffer at pH = 5.4 with and without 

10 mM GSH under stirring.  

 

3.2.6. Dual stimuli-responsive release of NR from NR-loaded micelles  

For preparation of NR-loaded micelles, a stock solution of NR in THF (5 mg/mL, 0.5 mL) 

was mixed with a solution of P4 (10 mg) dissolved in THF (2.0 mL). After a PBS solution at pH 

= 7.4 (10 mL) was added, the resulting mixture was stirred stirring for 24 hrs to remove THF. Free 

(not encapsulated) NR was removed by filtration using a 0.45 μm PES filter to form aqueous NR-

loaded micellar dispersion at 0.8 mg/mL.  

For release experiments, the formed dispersions were divided into equivalent aliquots (0.5 mL 

each) in 20 mL vials. They were mixed with 10 mM GSH in PBS (pH = 7.4), acetate buffer at pH 

= 5.4, 10 mM GSH in acetate buffer at pH 5.4 and PBS with pH 7.4 as control. Their fluorescence 

spectra were recorded at given times to follow the fluorescence intensity at maximum wavelength.  
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3.2.7. Cytotoxicity of P4 micelles using MTT assay  

HeLa cells were cultured in DMEM supplemented with 10% FBS and 1% antibiotic 

(penicillin and streptomycin) solution. Then, cells were incubated at 37 C, 95% relative humidity, 

and 5% CO2 till they reached more than 80% confluency. The cells were then harvested with 

0.25% trypsin-EDTA solution and seeded in each well of a 96-well plate at a density of 6000 cells 

in DMEM (100 µL). After 24 hrs of incubation at 37 C, media was replaced with fresh media 

(100 µL) containing various concentrations of empty micelles. For negative and positive controls, 

the media was replaced with fresh media (100 µL) with and without 1% sodium dodecyl sulfate. 

After 48 hrs, the media was replaced with fresh media (100 µL) containing 10% MTT dye. After 

4 hrs, the media was discarded, and the formazan crystals were dissolved in DMSO (200 µL). 

Absorbance was recorded at 570 nm using a plate reader (Tecan Infinite 200 Pro). Each 

concentration was replicated 3 times. Cell viability was calculated as the percent ratio of 

absorbance of mixtures with nanoparticles to control (cells only without micelles). 

 

3.3. Results and Discussion 

Figure 3.2 illustrates our approach with multiple steps to synthesize a novel, dual acidic 

pH/reduction-responsive degradable PLA-based triblock copolymer (P4). The first step is the 

synthesis of PLA-ss-Br homopolymer (P1). ROP of LA was initiated by a double-head initiator 

(HO-ss-Br) in toluene at 120 °C, with the initial mole ratio of [LA]o/[OH-ss-Br]o = 70 as the degree 

of polymerization of PLA. The detailed procedure for ROP of LA is described in our previous 

publication.147 After precipitation from MeOH, the product was analyzed for the structure using 

1H-NMR spectroscopy and molecular weight by GPC. 1H-NMR spectrum in Figure 3.S1 shows 

the peak at 5.2 ppm corresponding to methine protons of LA units and the peak at 1.9 ppm 

corresponding to two methyl protons of the initiator (HO-ss-Br). From their integral ratio, the 

degree of polymerization (DP) of LA was calculated to be 65. GPC analysis indicates the molecular 

weight as a number average molecular weight (Mn) = 11 kg/mol with Mw/Mn = 1.25 (Figure 3.3). 
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Figure 3.2. Illustration of our strategy to synthesize a dual acidic pH/reduction-responsive 

degradable PLA-based P4 triblock copolymer at dual locations, utilizing ROP, ATRP, 

esterification, and coupling reaction. Sn(EH)2: tin(II) 2-ethylhexanoate, SA: succinic anhydride, 

PMDETA: N,N,N′,N′′,N′′-pentamethyldiethylenetriamine, Et3N: triethylamine, DMAP: N,N-

dimethylaminopyridine, EDC: 1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide-HCl salt, and 

DCM: dichloromethane. 

 

The second step is the chain extension of P1 with hydrophilic block POEOMA to synthesize 

well-defined diblock copolymer having a disulfide linkage at the block junction, thus PLA-ss-

POEOMA-Br (P2). ATRP199 of OEOMA was examined in the presence of P1 macroinitiator in 

tetrahydrofuran (THF) at 50 °C. Conditions include the initial mole ratio of 

[OEOMA]o/[P1]o/[CuBr]o/[PMDETA]o = 30/1/0.4/0.42. When monomer conversion reached 

64 %, the polymerization was stopped and purified by precipitation from hexane. 1H-NMR 

spectrum of the purified product in Figure 3.S2 shows the presence of EO moieties at 3.4-3.6 ppm 

and LA units at 5.2 ppm. Using the integral ratio of these peaks, the DP of POEOMA block was 

calculated to be 24. Its GPC diagram was clearly shifted to high molecular weight region with an 
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increase in Mn = 20 kg/mol from 11 kg/mol and with Mw/Mn = 1.30 (Figure 3.3). These results 

suggest the successful synthesis of P2 diblock polymer with a disulfide linkage at block junction.  

 

Figure 3.3. GPC diagrams of P4, compared with its precursors of P1, P2 and P3. 

 

The third step is the esterification of the resultant P2 to the corresponding carboxylated P3. A 

terminal hydroxyl group of P2 reacts with excess of succinic anhydride under basic conditions. 

The resulting P3 was purified by dialysis against distilled water. The esterification was followed 

by 1H-NMR showing the appearance of the new peak at 2.7 ppm corresponding to two methylene 

groups in succinic acid moieties as well as the disappearance of the peak at 4.4 ppm corresponding 

to a terminal methine proton in PLA blocks (Figure 3.4). Interestingly, the resultant P3 had the Mn 

= 15 kg/mol, which is smaller than its precursor P2 (Figure 3.3). The plausible reason is the 

presence of a terminal carboxylic acid groups of P3 block copolymers, which could be interacting 

with the stationary phase of the GPC column.  
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Figure 3.4. 1H-NMR spectra of P3 (a) and P4 (b) in CDCl3. 

 

The last step is the facile carbodiimide-mediated coupling reaction of the P3 with a ketal-

labeled diamine (A1) in the presence of 1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide-HCl 

salt (EDC), with the initial mole ratio of [P3]o/[A1]o/[EDC]o = 2/1/20. The resulting product was 

purified by dialysis over PBS at pH = 7.4 to remove excess EDC and residual A1, followed by 

lyophilization. 1H-NMR spectrum of the purified product in Figure 3.4 shows the appearance of 

the new peak at 1.35 ppm corresponding to two methyl groups in the ketal moieties. Its GPC 

diagram shows the bimodal distribution with Mn = 26 kg/mol, which is larger than its P2 and P3 

precursors (Figure 3.3). These results suggest the formation of the P4 through the EDC-coupling 

reaction of P3 and A1. To get insight into the nature of the product, the bimodal GPC diagram was 

further analyzed using deconvolution method (Figure 3.S3). Of two peaks, one peak in high 

molecular weight region is estimated to be 60% by the peak analysis, suggesting the formation of 

60% of P4 triblock copolymer. Given the other peak in the low molecular weight region overlapped 

with the GPC diagrams of P2+P3 precursors, the product could contain ca. 40% of P2+P3 

precursors. 

The resulting P4 is an ABA-type triblock copolymer consisting of hydrophilic POEOMA 

blocks and a central hydrophobic PLA block labeled with an acidic pH-labile ketal linkage in the 

center of PLA block and two disulfide linkages at POEOMA/PLA junctions, thus POEOMA-ss-
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PLA-ketal-PLA-ss-POEOMA. The P4 copolymer is amphiphilic; thus its CMC was determined 

using fluorescence spectroscopy with a Nile Red (NR) probe. This method utilizes the low 

fluorescence intensity of NR in aqueous environment because of its low solubility in water. 

However, the NR fluorescence intensity increases when NR stays in hydrophobic environment, 

such as hydrophobic cores of micellar aggregates. Here, a series of mixtures consisting of a given 

amount of NR with an increasing amount of P4 were prepared in THF. After the removal of THF 

by evaporation and excess NR by filtration (0.45 m PES filter), their fluorescence spectra were 

recorded (Figure 3.5a). As seen in Figure 3.5b, the fluorescence intensity of NR remained low and 

unchanged at lower concentrations of P4 whereas it gradually increased upon the increase in the 

amount of P4. Note that the maximum fluorescence emission was shifted to lower wavelength, 

suggesting the entrapment of NR in hydrophobic PLA micellar cores. From the linear regressions 

of fluorescence intensity at maximum em (582-587 nm), the CMC of P4 was determined to be 50 

μg/mL, which is somewhat larger,152, 179, 200 but in the typical range for ABPs.164, 201, 202  

At concentrations above the CMC, P4 formed self-assembled micellar aggregates consisting 

of hydrophobic PLA cores surrounded with hydrophilic POEOMA coronas. As an example, with 

a micellar dispersion at 1 mg/mL, the average diameter was determined to be 29 nm for micelles 

in aqueous dispersion by DLS technique (Figure 3.5c), while 35 ± 6 nm for dehydrated micelles 

by transmission electron microscopy (TEM) analysis (Figure 3.5d-2e). Interestingly, the diameter 

by DLS is somewhat smaller than that by TEM.  
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Figure 3.5. Overlaid fluorescence spectra (a) and maximum fluorescence intensity (b) of NR in 

aqueous mixtures containing various amounts of P4 to determine CMC as well as DLS diagram 

(c), TEM images at high (d) and low (e) magnifications of aqueous micelles of P4 at 1 mg/mL. 

 

Next, P4 micelles were characterized for dual acidic pH/reduction-responsive degradation and 

drug release. First, dual responses were investigated with P4 fully dissolved in DMF at molecular 

level. Figure 3.6a shows the schematic illustration of single response and dual responses of P4 to 

acidic pH/reduction stimuli. A ketal linkage in the center of PLA block and two disulfides at 

POEOMA/PLA junctions could be cleaved in response to acidic pH and in the presence of a 

reducing agent. GPC was used to follow the degradation (Figure 3.S4). In the presence of DTT as 

a typical reducing agent (5 equivalents to the disulfide linkages of P4), the possible degraded 

products upon the cleavage of disulfide linkages at POEOMA/PLA block junctions could include 

POEOMA-SH and HS-PLA-ketal-PLA-SH. This reductive cleavage process led to the reduction 

of molecular weight. As seen in Figure 3.S4a, the Mn of the degraded products decreased from 26 

to 13 kg/mol with the shift of their GPC trace in between P4 and P1 (PLA homopolymer). At pH 

= 5.4 (mimic to the pH in endo/lysosomes in intracellular compartments), the cleavage of the ketal 
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linkage led to the formation of degraded products of POEOMA-ss-PLA-OH and acetone. This 

process resulted in the disappearance of high molecular weight species (i.e. triblock copolymer) 

and decrease in molecular weight (Figure 3.S4b). In the combination of acidic pH/reduction, shift 

of GPC trace is observed with the decrease in molecular weight and disappearance of high 

molecular weight species (Figure 3.S4c).  

With our investigation with P4 in homogeneous organic solution, dual acidic pH/reduction-

responsive degradation then was examined with aqueous micelles. Empty micelles were incubated 

under various conditions: pH = 7.4 and acidic pH = 5.3, with and without 10 mM GSH, denoting 

as acidic pH, GSH, a combination, and a control (pH = 7.4 with no GSH). DLS was used to follow 

changes in the size distribution of micelles (Figure 3.S5). As seen in Figure 3.6b showing the 

evolution of z-average diameter over the incubation time, the size distribution remained unchanged 

for control, which is attributed to colloidal stability of micelles at pH = 7.4. However, the size 

distribution became bimodal with the occurrence of aggregation in the presence of single and 

combined stimuli.  
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Figure 3.6. Schematic illustration of dual acidic pH/reduction-responsive degradation of P4 (a) as 

well as evolution of z-average diameter of empty micelles by DLS (b) and maximum fluorescence 

intensity of NR-loaded micelles by fluorescence spectroscopy (c), after incubation with and 

without 10 mM GSH at pH = 7.4 and 5.4.  

 

Given our comprehensive analysis to dual responses, we then investigated the release of 

encapsulated drugs with a hydrophobic model drug in response to dual stimuli. Solvent 

evaporation method was used to prepare NR-loaded micellar dispersions. The formed NR-loaded 

micelles had the diameter of 32 nm by DLS (Figure 3.S6), which is similar to that of empty 

micelles. Aliquots of the dispersion (3 mL) were incubated with and without 10 mM GSH at pH = 

5.4 and 7.4. Their fluorescence spectra were recorded over the incubation time (Figure 3.S7) to 

follow their maximum intensities. As summarized in Figure 3.6c, the normalized fluorescence 

intensity for control remained unchanged, suggesting no important degradation of micelles and 

thus no NR release. Interestingly, no significant change in fluorescence intensity was observed in 

response to single stimulus: acidic pH or 10 mM GSH. The response to GSH results in the cleavage 
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of disulfides at the PLA cores/POEOMA coronas of micelles; as a consequence, POEOMA 

coronas will shed from the cores, and the resultant cores will be destabilized. The response to 

acidic pH results in the cleavage of ketal linkages in micellar cores. However, due to the presence 

of only one linkage in each P4 chain, the cleavage would not be significant to drug release. Similar 

observation is reported for monocleavable micelles of a PLA-triblock copolymer with one 

disulfide linkage in the center of triblock copolymer.152 Promisingly, dual and combined responses 

in the presence of 10 mM GSH at pH = 5.4 exhibit rapid and synergistic degradation and NR 

release. Therefore, micelle dispersion became turbid. Furthermore, significant amount of 

precipitates were detected when it was subjected to centrifugation under mild condition, while 

none was observed for the control (no GSH and pH = 7.4). 

With the promising enhanced degradation and release to dual acidic pH/reduction-responsive 

degradation, the empty P4 micelles were evaluated for in vitro cytotoxicity with HeLa cancer cell 

line using MTT assay. HeLa cells were incubated without (control) and with P4 micelles at 

different concentrations for 48 hrs. To verify our results, cells were incubated with negative and 

positive controls under similar conditions. Figure 3.7 suggests >80% viability of HeLa cells in the 

presence of P4 micelles up to 100 g/mL. 

 

Figure 3.7. Cell viability of HeLa cells incubated with empty P4 micelles for 48 hrs determined 

using MTT assay. 
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3.4. Conclusion 

A new strategy utilizing a combination of ROP, ATRP, esterification, and facile coupling 

reaction was investigated to synthesize a novel ABA-type PLA-based triblock copolymer (P4) 

consisting of POEOMA and PLA blocks. Both disulfide linkages between POEOMA and PLA 

blocks and a ketal linkage in the center of PLA block were successfully labeled to form POEOMA-

ss-PLA-ketal-PLA-ss-POEOMA. Its amphiphilic nature resulted in the fabrication of 

nanoassemblies with ketal linkages located in hydrophobic PLA cores and disulfides at PLA 

core/POEOMA corona interfaces, thus retaining DL-DSRD. Given the cleavage of these labile 

linkages in response to each stimulus or to dual stimuli, confirmed by GPC analysis, the cleavage 

of interfacial disulfides and ketal linkages in response to dual glutathione/acidic pH resulted in 

shedding POEOMA coronas and caused destabilization of micelles. Such dual acidic pH/reduction 

responses led to the synergistic and accelerated release of encapsulated model drugs from 

nanoassemblies, compared with the corresponding single stimulus. Promisingly, the P4 micelles 

were not cytotoxic, confirmed by cell viability measurements.  
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3.5. Supporting figures 

 

Figure 3.S1. 1H-NMR spectrum of P1 in CDCl3. X denotes residual THF. 

 

 

Figure 3.S2. 1H-NMR spectrum of P2 in CDCl3. 
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Figure 3.S3. Deconvolution GPC trace of P4. 

 

 

Figure 3.S4. GPC diagrams of the degraded products formed after incubation with 10 mM GSH 

(pH = 7.4) (a), pH = 5.3 (b), and their combination (c). 
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Figure 3.S5. Evolution of DLS diagrams of aqueous micelles in the presence of various stimuli. 

 

 

Figure 3.S6. DLS diagram and digital image of aqueous NR-loaded micelles. 
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Figure 3.S7. Overlaid fluorescence spectra of NR-loaded micelles incubated with various stimuli.  
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Chapter 4 

Synthesis of degradable PLA-based diblock copolymers with dual 

acid/reduction-cleavable junction 

4.1. Introduction  

Well-defined block copolymers, particularly amphiphilic block copolymers consisting of both 

hydrophobic and hydrophilic blocks, have been considered as effective building blocks in 

constructing self-assembled micellar nanoaggregates for various applications in pharmaceutical 

and materials science.56-58, 61, 62, 203 In particular, PLA is a promising class of hydrophobic aliphatic 

polyesters of hydroxyalkanoic acids; PLA is FDA-approved and biocompatible as well as exhibits 

low immunogenicity.71, 73 Due to these features, PLA and its copolymers have been widely used 

as a core-forming hydrophobic block, along with a hydrophilic poly(ethylene glycol) (PEG) or its 

analog, poly(oligo(ethylene oxide) monomethyl ether methacrylate) (POEOMA) block, in the 

design of amphiphilic block copolymers.20 Various di- and tri-block copolymers consisting of PLA 

and PEG (alternatively POEOMA) blocks have been synthesized for sustainable drug delivery.88-

92 However, their nanoassemblies have often shown the slow release profile of encapsulated 

molecules. This is mainly attributed to their slow degradation that poses a serious challenge to the 

design of highly efficient PLA-based delivery nanocarriers.  

To address this issue, stimuli-responsive degradation (SRD) through chemical transition 

involving the cleavage of labile linkages in response to external stimuli has been explored as a 

promising platform for the enhanced/controlled release of encapsulated drugs.104-108, 128, 193, 204 In 

particular, SRD that responds to endogenous stimuli such as GSH 194, 205, 206 and acidic pH196 found 

in targeted cells (cancer cells and tumor tissues) are highly desired to attain biodegradation. 

Reports describe several approaches that allow for the synthesis of smart PLA-based 

nanoassemblies to be destabilized in the presence of GSH (reductive degradation) or at acidic pH 

(acid-responsive degradation).21, 152, 153, 168, 171-173, 180, 195, 207 Among the various approaches reported 

to date, we147-150, 155 and others151, 159, 162-164 have investigated the incorporation of a reduction-

cleavable disulfide linkage at the junction of PLA and hydrophilic blocks. This design can be 

achieved by utilizing ring opening polymerization (ROP) of lactide (LA) as a robust means for the 

synthesis of well-defined PLA.76, 77 The resulting PLA-based block copolymers self-assemble to 
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form shell-sheddable nanoassemblies labeled with disulfides at the core/corona interfaces. Upon 

the reductive cleavage of the disulfide linkage in response to GSH, hydrophilic coronas are shed 

from PLA cores. The detachment of coronas generates hydrophilic SH groups at PLA chain ends, 

resulting in partial swelling of precipitated PLA cores, causing the destabilization of 

nanoassemblies. The destabilization can promote the enhanced release of encapsulated 

therapeutics. Recently, the versatility of reductive shell-sheddable nanoassemblies toward tumor-

targeting intracellular drug delivery has been evaluated in vivo (mouse model).208 Similarly, the 

design of block copolymers through the incorporation of acid-labile linkages into the block 

junction yields acid-cleavable shell-sheddable nanoassemblies.209, 210 Compared with these shell-

sheddable nanoassemblies labeled with only one labile linkage, the advanced systems labeled with 

both disulfide and acid-labile linkages at core/corona interfaces can be beneficial to attain both 

reductive degradation in GSH-rich cytosols and acid-responsive degradation in 

endosomes/lysosomes (pH = 4.5−5.5). To our best knowledge, no PLA-based shell-sheddable 

systems exploring dual acid/reduction responses at block junctions and core/corona interfaces have 

been reported. 

In this work, we have explored the synthesis of a new diblock copolymer having a PLA block 

connected with a POEOMA block through dual reduction-cleavable disulfide and acid-labile acetal 

linkages, thus PLA-SS-AC-POEOMA or POEOMA-AC-SS-PLA (SS denoted as disulfide and AC 

as a methylacetal linkage). As illustrated in Figure 4.1, the targeted copolymer self-assembles to 

form micellar aggregates with disulfide and acetal linkages at the interfaces of PLA cores and 

POEOMA coronas. In the presence of GSH and acidic pH, the nanoassemblies are destabilized in 

consequence of the cleavage of those linkages. Our exploration is centered on the use of a double-

head initiator functionalized with both acetal and disulfide linkages as well as both OH and 

bromine terminal groups (OH-AC-SS-Br) for ROP and atom transfer radical polymerization 

(ATRP) combined with facile coupling reactions. We have further investigated the unexpected 

instability of the acetal linkage under ROP condition with a tin catalyst at an elevated temperature. 
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Figure 4.1. Schematic illustration of a novel diblock copolymer consisting of a PLA block linked 

with a POEOMA block through disulfide and acetal linkages and its aqueous micellization as well 

as dual acid/reduction-responsive degradation. 

 

4.2. Experimental 

4.2.1. Instrumentation. 1H-NMR spectra were recorded using a 500 MHz Varian spectrometer 

with CDCl3 a singlet at 7.26 ppm and toluene-d8 a singlet at 2.08 selected as the reference standard. 

Monomer conversion was determined using 1H-NMR technique. Molecular weight and molecular 

weight distribution were determined by gel permeation chromatography (GPC). An Agilent GPC 

was equipped with a 1260 Infinity Isocratic Pump and a RI detector. Two Agilent PL gel mixed-

C and mixed-D columns were used with DMF containing 0.1 mol% LiBr at 50 °C at a flow rate 

of 1.0 mL/min. Linear polystyrene (PSt) standards from Fluka were used for column calibration. 

Aliquots of the polymer samples were dissolved in DMF/LiBr. The clear solutions were filtered 

using a 0.45 µm PTFE filter to remove any DMF-insoluble species. A drop of anisole was added 

as a flow rate marker. Size and morphology analysis of self-assembled nanoaggregates were 

conducted with dynamic light scattering (DLS). DLS diagrams were obtained at a fixed scattering 

angle of 175° at 25 °C with a Malvern Instruments Nano S ZEN1600 equipped with a 633 nm He-

Ne gas laser.  
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4.2.2. Materials 

2-Hydroxy ethyl disulfide (99.5%), copper(I) bromide (CuBr, >99.99%), N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMDETA, >98%), tin(II) 2-ethylhexanoate (Sn(EH)2, 95%), 

toluene-d8, 1-pyrenemethanol (Py-OH, 98%), Nile red (NR), triethylamine (Et3N, ≥99.5 %), 4-

(dimethylamino)pyridine (DMAP, ≥99%) and glutathione (GSH, a reduced form) from Sigma 

Aldrich; DL-dithiothreitol (DTT, 99%) and succinic anhydride (SA, 99%) from Acros Organics; 

and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide-HCl salt (EDC) from Matrix Innovation 

were purchased and used as received. 3,6-Dimethyl-1,4-dioxane-2,5-dione (DL-lactide, LA, 99%) 

purchased from sigma Aldrich was purified by recrystallization from toluene prior to use. 

Oligo(ethylene glycol) monomethyl ether methacrylate (OEOMA) with MW= 300 g/mol (#EO = 

5, OEOMA-MW300) and MW =475 g/mol (#EO = 7, OEOMA-MW475) were  purchased from 

Sigma-Aldrich Canada and purified by passing through a column filled with basic aluminum oxide 

to remove inhibitor.  

 

4.2.3. General procedure for ATRP 

Initiator, OEOMA, PMDETA, and anisole were added to a 25 mL Schlenk flask. The resulting 

mixture was deoxygenated by three freeze-pump-thaw cycles. The reaction flask was filled with 

nitrogen, and then CuBr was added to the frozen mixture. The flask was sealed, purged with 

vacuum, and backfilled with nitrogen once. The mixture was then thawed and immersed in an oil-

bath preheated at 50 °C to start the polymerization. The polymerization was stopped by exposing 

the reaction mixture to air. For purification, the as-synthesized polymer solution was added 

dropwise into hexane under magnetic stirring. The precipitate was dissolved in THF and passed 

through a column filled with basic aluminum oxide to remove the copper species. After the solvent 

was removed by rotary evaporation, the formed polymer was dried in a vacuum oven at room 

temperature overnight.   

Synthesis: Br-AC-SS-OH (125.0 mg, 0.31 mmol), OEOMA-MW300 (2.9 g, 9.5 mmol), 

PMDETA (23.0 mg, 0.13 mmol), CuBr (18.3 mg, 0.13 mmol), and anisole (14 mL) for P1; P5 

(250.0 mg, 0.25 mmol), OEOMA-MW475 (520 mg, 1.0 mmol), PMDETA (1.6 mg, 0.13 mmol), 

CuBr (1.3 mg, 8.7 µmol) and anisole (14 mL) for P6. 
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4.2.4. General procedure for a tin-catalyzed ROP of LA 

Initiator, LA, Sn(EH)2 and anhydrous toluene were added to a 10 mL schlenk flask. Three 

freeze-pump-thaw cycles were performed, then the flask was purged with nitrogen at last and 

immersed in an oil bath preheated at 120 °C to start the polymerization. The polymerization was 

stopped after 3 hrs and cooled to room temperature. For purification, the as-synthesized polymer 

solution was precipitated from cold methanol and dried in vacuum oven for 12 hrs at room 

temperature.  

Synthesis: P1 (POEOMA-AC-SS-OH) (0.6 g, 88 µmol), LA (0.7 g, 4.8 mmol), Sn(EH)2 (1.7 

mg, 4 µmol), and toluene (0.4 mL) were used in an attempt to synthesize P2 and small molecule 

initiators (Py-OH, Br-SS-OH, and Br-AC-SS-OH, 0.5 mmol), LA (34 mmol), Sn(EH)2 (24 µmol) 

and anhydrous toluene (3 mL) for P3, P4 and P5. 

 

4.2.5. Synthesis of P6 by reaction of P5 with SA 

An organic solution of P5 (0.5 g, 51 µmol) dissolved in anhydrous THF (10 mL) was mixed 

with an organic solution containing SA (25 mg, 0.25 mmol) and DMAP (3.1 mg, 25 µmol) 

dissolved in anhydrous THF (10 mL). After an addition of Et3N (36 µL, 0.25 mmol) using a syringe 

under nitrogen flow, the resulting mixture was allowed to stir for 48 hrs. THF was evaporated 

using rotary evaporation. The product was precipitated from aqueous HCl solution to remove 

excess (unreacted) SA and the precipitate was dissolved in chloroform. The procedure was 

repeated three times and then the product was dried over sodium sulfate. Chloroform was removed 

by rotary evaporation, the product was dried in a vacuum oven set at room temperature for 12 hrs; 

Yield = 0.41 g (83 %).  

 

4.2.6. Synthesis of P7 by reaction of P6 with Br-AC-SS-OH 

An organic solution containing P6 (0.61 g, 55 µmol), EDC (31 mg, 0.16 mmol), and DMAP 

(40 mg, 0.33 mmol) dissolved in anhydrous dichloromethane (10 mL) was mixed with Br-AC-SS-

OH (25 mg, 66 µmol) under stirring at room temperature for 24 hrs. The product was washed with 

an aqueous sodium bicarbonate solution and water twice. After the removal of dichloromethane, 

the product was precipitated from cold methanol and then dried in vacuum oven at room 

temperature for 12 hrs; Yield = 0.36 g (58 %). 
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4.2.7. Determination of critical micellar concentration (CMC) 

A stock solution of NR in THF at 1 mg/mL and two stock solutions of the purified dried 

copolymer in THF at 1 mg/mL and 10 µg/mL were prepared. A series of organic solutions were 

prepared by mixing the different amounts of the copolymer solutions with the same amount of the 

NR stock solution (0.5 mL, 0.5 mg NR). The resulting mixtures were mixed with water (10 mL) 

under stirring for 12 hrs to remove THF. They were then subjected to filtration using 0.45 μm PES 

filters to remove excess NR to prepare a series of NR-loaded micelles at various concentrations of 

copolymer ranging from 10-6 to 0.1 mg/mL. Their fluorescence spectra were recorded at ex = 

480 nm. 

 

4.2.8. Aqueous micellization 

Aliquots of the purified, dried copolymers (10 mg) dissolved in THF (2 mL) were mixed with 

PBS solution (10 mL, pH = 7.4). The resulting dispersion was then stirred at room temperature 

overnight to evaporate THF, yielding nanoassemblies at 1 mg/mL.  

 

4.2.9. Investigation of acidic pH/reduction-responsive degradation 

For copolymers dissolved in DMF (homogeneous solution), aliquots of the copolymers (10 

mg) dissolved in DMF (2 mL) were mixed with HCl (20 µL) for acidic degradation and DTT (2.3 

mg, 15 mmol) for reductive degradation under stirring at room temperature. After 48 hrs of 

incubation time, the resulting mixtures were analyzed for molecular weights and their distribution 

by GPC.  

For nanoassemblies, aliquot of aqueous nanoaggregate solution (1 mL, 1 mg/mL) was mixed 

with 3 mL of PBS buffer with GSH (10 mM) at pH 5.4, under stirring at room temperature.  

 

4.3. Results and discussion   

4.3.1. An initial unsuccessful approach involving a tin-catalyzed ROP initiated with an acetal 

initiator. Figure 4.2a depicts our initial approach in an attempt to synthesize PLA-SS-AC-

POEOMA P2 diblock copolymer labeled with both acetal and disulfide linkages at the block 

junction. The approach utilizes combined ATRP and tin-catalyzed ROP techniques with a double-
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head dual function initiator (Br-AC-SS-OH) labelled with both disulfide and acetal linkages as 

well as dual terminal Br (for ATRP) and OH (for ROP) initiating sites. The synthesis and 

characterization of Br-AC-SS-OH are described in our previous publication211 and further in 

supporting information (Figure 4.S2 for 1H-NMR analysis).     

 

Figure 4.2. Schematic illustration of an initial unsuccessful approach utilizing combined ATRP 

and tin-catalyzed ROP techniques in the presence of a double-head initiator (Br-AC-SS-OH) in an 

attempt to synthesize POEOMA-AC-SS-PLA P2 diblock copolymer (a); possible cleavage of 

acetal linkages of P1 precursor during ROP of LA with Sn(EH)2 at 120 C resulting in the 

formation of P2-ATRP/ROP product composed of D1P and D2P (b) and its possible reductive 

degradation with DTT (c). 

 

The first step of the approach is the ATRP of OEOMA initiated with Br-AC-SS-OH initiator 

to synthesize well-controlled POEOMA-AC-SS-OH homopolymer (P1). Active 

Cu(I)Br/PMDETA complex was used in anisole at 50 C, with the initial mole ratio of 

[OEOMA]o/[Br-AC-SS-OH]o = 30/1 as the target degree of polymerization (DP) = 30 at complete 

monomer conversion. At 63% OEOMA conversion, the resultant product after purification was 

characterized for structural analysis by 1H-NMR (Figure 4.S3a) and molecular weight by GPC 

(Figure 4.S4). These results, along with 1H-NMR analysis confirming the presence of acetal and 
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disulfide linkages, suggest a success in the synthesis of well-controlled POEOMA-AC-SS-OH 

(P1) homopolymer with the number average molecular weight Mn = 8.9 kg/mol and Mw/Mn =1.18. 

Given the success in ATRP as the first step, the second step of the approach involves the use 

of the formed P1 as a macroinitiator for tin-catalyzed ROP of LA in toluene at 120 °C. Sn(EH)2 is 

a common catalyst used for most ROP of LA due to its low sensitivity to air, high conversion yield, 

and low catalytic loadings. With the [LA]o/[POEOMA-AC-SS-OH]o = 70/1, the amount of tin 

catalyst was set as [POEOMA-AC-SS-OH]o/[Sn(EH)2]o = 1/0.05 (standard) to an attempt to the 

synthesis of P2. After 3 hrs, the polymerization mixture was purified by precipitation from cold 

methanol to remove unreacted LA and residual tin catalysts. The formed product (termed P2-

ATRP/ROP product) had the Mn = 9.2 kg/mol, which is somewhat larger by 3 kg/mol, compared 

with its precursor P1 (Figure 4.S4). 1H-NMR spectrum in Figure 4.S3b shows the distinct peaks at 

1.6 and 5.2 ppm that confirm the formation of PLA block. Using the integrals of the peaks with 

the DP = 21 for POEOMA block, the DP of PLA block was calculated to be 63. However, the peak 

at 4.8 ppm corresponding to methine proton in acetal moieties did not appear, suggesting the 

possible loss of the acetal linkage during the tin-catalyzed ROP step. The formed P2-ATRP/ROP 

product was further characterized for aqueous micellization. As seen in Figure 4.S5, fluorescence 

spectroscopy analysis with a NR probe confirms that the product had its CMC to be 15.6 µg/mL 

in aqueous solution, suggesting that the formed product retains amphiphilicity.  

The P2-ATRP/ROP product was subsequently investigated for its acid and reduction-

responsive degradation. The expected P2 copolymer contains both acetal and disulfide linkages at 

the block junctions. As illustrated in Figure 4.1, P2 should degrade to the corresponding POEOMA 

and PLA homopolymer species upon the cleavage of acetal and disulfide linkages at the block 

junctions in acidic pH or in the presence of DTT (a reducing agent). Such an acid- or reduction-

responsive degradation should result in a significant decrease in molecular weight of the degraded 

product, which could be monitored by GPC. As seen in Figure 4.3, the GPC diagrams of the 

degraded products after treatment with acid or reductive reaction were quite different from our 

anticipation for the degradation of P2 copolymer. After the incubation of an aliquot of the 

ATRP/ROP product with HCl (20 µL, equivalent to [H+] = 190 mM and thus pH = 3.7) in DMF, 

its molecular weight distribution of the remained unchanged up to 72 hrs (Figure 4.3a). This result 

suggests the absence of junction acetal linkages in the P2-ATRP/ROP product. Further, upon the 
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incubation with excess DTT (15 equivalents to disulfides), its molecular weight did not 

significantly decrease. Interestingly, a new small peak appeared in low molecular weight region 

with Mn  2.5 kg/mol, which could be attributed to the degraded PLA species (Figure 4.3b). In 

another set, similar results were obtained with a less amount of tin catalyst as [LA]o/[POEOMA-

AC-SS-OH]o/[Sn(EH)2]o = 70/1/0.03. 

 

 

Figure 4.3. GPC diagrams of P2-ATRP/ROP product, synthesized by a combination of ATRP of 

OEOMA with ROP of LA in the presence of Br-AC-SS-OH, before and after being incubated with 

acid (a) and DTT (b). 

  

The combined results from structural analysis, aqueous micellization, and acid/reduction-

responsive degradation suggest the possibility to the cleavage of junction acetal linkage under the 

ROP conditions with tin catalyst at 120 C. As illustrated in Figure 4.2b, the unexpected cleavage 

of acetal linkage can generate D1 (POEOMA-OH) and D2 (HO-ss-OH). These species can initiate 

the ROP of LA to yield D1P (POEOMA-b-PLA with no acetal and disulfide linkages at the block 

junction) and D2P (PLA-ss-PLA with only disulfide linkage) as P2-ATRP/ROP product. D1P is 

an amphiphilic diblock copolymer which self-assembles to form micellar aggregates. Further, D1P 

is inert to both acid and reduction-responsive degradation and thus exhibit no change in molecular 

weight distribution in response to acid or reductive reaction. D2P is a PLA homopolymer labeled 

with a single disulfide linkage. Its reductive degradation can generate PLA-SH, which corresponds 

to the new peak appeared in lower molecular weight region as seen in Figure 4.2c.  
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To further investigate the possibility of the cleavage of the junction acetal linkage under tin-

catalyzed ROP condition, small molecule Br-AC-SS-OH with an acetal linkage was examined for 

ROP of LA under similar condition, along with other OH-bearing initiators with no acetal linkages: 

Py-OH and Br-SS-OH (Figure 4.4). The synthesis of Br-SS-OH is reported elsewhere.150 After 

purification, the formed PLA homopolymers were characterized by 1H-NMR (Figure 4.S6 and 

4.S7) and GPC (Figure 4.5a).  

 

Figure 4.4. Small molecule OH-bearing initiators labeled without an acetal linkage examined 

under a tin-catalyzed ROP condition. 

  

Table 4.1. Characteristics and properties of functional PLA homopolymers synthesized by ROP 

of LA with small molecule OH-bearing initiators with no acetal linkage.a) 

PLA-OH Initiator DP b) Mn (kg/mol) c) Mw/Mn
 c) Distribution c) 

P3 Py-OH 63 18 1.1 Monomodal 

P4 Br-SS-OH 65 13 1.2 Monomodal 

P5 Br-SS-AC-OH - 6 1.6 Bimodal 

a) Conditions for ROP of LA: [LA]o/[initiator]o/[Sn(EH)2]o = 70/1/0.05 in toluene at 120 °C; 

LA/toluene = 1.4/1 wt/wt; b) by NMR; and c) by GPC with PSt standards 

 

 

As summarized in Table 4.1, the formed P3 (from Py-OH) and P4 (Br-SS-OH) homopolymers 

had the Mn = 13 -18 kg/mol with monomodal and narrow molecular weight distribution (Mw/Mn 

= 1.1-1.2), which is typical results for ROP of LA initiated with a tin catalyst in toluene at 120 

C.21, 147-150, 155, 207 However, P5 synthesized with Br-AC-SS-OH bearing the acetal linkage had a 

smaller Mn = 6.0 kg/mol. Its molecular weight distribution was relatively broader with Mw/Mn = 

1.6 and multimodal, suggesting that the formed product had more than two species. When the 

product was subjected to reductive degradation for 24 hrs, its GPC diagram was not only shifted 

to lower molecular weight region with a decreasing Mn = 2.3 kg/mol, but also became monomodal 

and narrow (Mw/Mn = 1.2) (Figure 4.5b). The plausible reason is illustrated in Figure 4.6. Similar 

to the ROP of LA with P1 precursor, the acetal linkage in Br-AC-SS-OH can be cleaved under tin-

catalyzed ROP condition. Such a cleavage generates D3 (Br-OH) and D4 (HO-ss-OH) as degraded 

Br-SS-OH Py-OH 
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products. These OH-bearing species can initiate the ROP of LA to yield P5-ROP product 

composed of D3P (Br-PLA) and D4P (PLA-ss-PLA), thus causing multimodal molecular weight 

distribution. While Br-PLA is inert to reductive cleavage, PLA-SS-PLA degrades to the 

corresponding PLA-SH upon the cleavage of the disulfide linkage. Again, these results suggest 

the possible cleavage of the acetal linkage under tin-catalyzed ROP conditions. 

 

Figure 4.5. GPC diagrams of PLA homopolymers (a) and P5-ROP product synthesized by ROP 

of LA with Br-AC-SS-OH before and after being incubated with DTT in DMF (b). 

 

 

Figure 4.6. Schematic illustration of ROP of LA with Br-AC-SS-OH initiator (a) and possible 

cleavage of acetal linkages on the course of tin-catalyzed ROP of LA, yielding undesired P5-ROP 

product composed of D3P and D4P (b), and their possible reductive degradation in the presence 

of DTT (c). 
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In another set, we have conducted a control experiment using 1H-NMR technique to 

investigate the stability of the acetal linkage under tin-catalyzed ROP condition. An aliquot of Br-

AC-SS-OH and Sn(EH)2 was dissolved in toluene-d8 and heated at 100 °C (slightly lower than 120 

C) for 4 h. To mimic the ROP condition for LA, the same amounts of Br-AC-SS-OH, Sn(EH)2, 

and toluene as well as time were used. Figure 4.S8 compares 1H-NMR spectrum of Br-AC-SS-

OH/Sn(EH)2 mixture with those of individual Sn(EH)2 and Br-AC-SS-OH. The peak at 1.9 ppm 

(e) corresponds to two methyl groups in the bromine initiating moiety and the peak at 4.8 ppm (d) 

corresponds to methine group in the acetal moiety. The integral ratio of the two peaks decreased 

by 25%, which is attributed to the cleavage of the acetal linkage under the ROP condition.  

4.3.2. Alternative approach to synthesis of well-controlled PLA-SS-AC-POEOMA block 

copolymer. Given the possible cleavage of the acetal linkage during tin-catalyzed ROP of LA 

initiated with an acetal-bearing initiator at an elevated temperature, we have developed an 

alternative new approach that avoids the tin-catalyzed ROP condition in the presence of acetal-

bearing initiating species. Figure 4.7 depicts this approach that leads to the success in the synthesis 

of the PLA-SS-AC-POEOMA diblock copolymer. 

 

Figure 4.7. Schematic illustration of an alternative approach designed with the conjugation of Br-

AC-SS-OH with a COOH-terminated PLA and subsequent ATRP to synthesize PLA-SS-AC-

POEOMA diblock copolymer. 
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The approach began with the tin-catalyzed ROP of LA in the presence of small molecule OH-

bearing initiators. Here, Py-OH was selected as a typical ROP initiator because the fluorescence 

of pyrene groups at the end of the resultant block copolymer can be used for cellular imaging to 

study endocytosis as well as excimer formation/dissociation. The ROP of LA with the [LA]o/[Py-

OH]o = 70/1 yielded well-controlled Py-PLA-OH (P3). The P3 was characterized with DP = 64 by 

1H-NMR (Figure 4.S6) and Mn = 18 kg/mol with Mw/Mn = 1.12 by GPC (Table 4.1). The second 

step involves the conjugation of P3 with SA in the presence of a base. 1H-NMR spectrum in Figure 

4.8 shows the peak at 2.5 ppm corresponding to two methylene protons in SA moieties, confirming 

the synthesis of PLA terminated with carboxylic acid (COOH) (Py-PLA-COOH, P6). In the 

following step, the formed P6 reacted with Br-AC-SS-OH through an EDC-medicated coupling 

reaction, yielding Py-PLA-SS-AC-Br (P7), as confirmed by 1H-NMR analysis.  

The last step is the chain extension of P7 with POEOMA by ATRP of OEOMA in the presence 

of the formed P7 macroinitiator. With the initial mole ratio of [OEOMA]o/[P5]o = 50/1, ATRP was 

conducted under the conditions of [PLA-SS-AC-Br]o/[Cu(I)Br]o/[PMDETA]o = 1/0.4/0.42 in 

anisole as OEOMA/anisole = 1.4/1 wt/wt at 50 °C. The polymerization was stopped at 72 % 

conversion; the product was purified by precipitation from hexane to remove residual OEOMA 

and treatment with basic aluminum oxide to remove copper species. 1H-NMR spectrum shows the 

presence of POEOMA and PLA blocks. From their integral ratio, the DP of POEOMA block was 

determined to be 40. GPC diagram of the product shows the clear shift of molecular weight 

distribution to the high molecular weight region with Mn = 33 kg/mol and Mw/Mn = 1.27 (Figure 

4.9a). Meanwhile, a low-molecular-weight shoulder peak, which has similar molecular weight as 

P3, is noticed. It should correspond to the polymer chains that did not undergo successful chain 

extension from P3 or experienced chain breaking reaction during the 1st ROP step.  
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Figure 4.8. 1H-NMR spectra of Py-PLA-COOH (P6), Py-PLA-SS-AC-Br (P7), and POEOMA-

AC-SS-PLA (P8) in CDCl3. Conditions: [OEOMA]o/[P7]o/[CuBr]o/[PMDETA]o = 50/1/0.4/0.42 

with OEOMA/anisole = 1.4/1 wt/wt at 50 °C for ATRP.  

 

Following the structural analysis by 1H-NMR technique, we then tested the acid- and 

reduction-responsive cleavage of the P8 copolymer in DMF. GPC technique was used to follow 

the change in molecular weight distribution. As seen in Figure 4.9a, the molecular weight 

distribution of P8 after incubation with acid (HCl) was shifted to lower molecular weight region 

with Mn = 23 kg/mol and Mw/Mn = 1.24. Importantly, a shoulder in low molecular weight 

overlapped with that of P3 Py-PLA-OH precursor. Similar results are observed when the P8 was 

incubated with DTT (to evaluate reduction-responsiveness). As illustrated in Figure 5.9b, these 

results are attributed to the cleavage of the acetal and disulfide linkages at the block junction, 

resulting in the generation of degraded products: Py-PLA-SS-OH and HO-POEOMA for acid 

degradation and Py-PLA-SH and HS-AC-POEOMA for reductive degradation. These results, 

9 8 7 6 5 4 3 2 1

Chemical shift (ppm)

a

b

a

b

a

b

c

c

c

d

d

d e

x

x

x

f gh

i

j

c

b

a
d f

g h

c

b

ad j

i

c

b

a
d

e

e



70 

 

combined with those from structural analysis, confirm the presence of acetal and disulfide linkages 

at the junction, thus the formation of well-controlled POEOMA-AC-SS-PLA P8 diblock 

copolymer. 

 

 

Figure 4.9. GPC diagrams of P8 before and after treatment with HCl and DTT, compared with P3 

(Py-PLA-OH) precursor (a) and schematic illustration of degraded products of P8 upon the 

cleavage of the junction acetal and disulfide linkages in response to acid and reduction (b). 

 

4.3.3. Investigation of aqueous micellization and acid/reduction-responsive degradation. The 

formed P8 diblock copolymer is amphiphilic with hydrophilic POEOMA block and hydrophobic 

PLA block with acetal and disulfide linkages. The solvent evaporation method using THF was 

examined for micellization through self-assembly in aqueous solution to form nanoassemblies with 

both acetal and disulfide linkages located at interfaces of PLA core and POEOMA coronas in 

aqueous solution. DLS analysis shows the z-average diameter of 187 nm for the formed 

nanoassemblies with monomodal distribution (Figure 4.10a). Their TEM images show that most 
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of the nanoassemblies are spherical but some of them are irregularly-shaped. Their average 

diameter was estimated to be 335  92 nm, suggesting a broader size distribution (Figure 4.10b).  

To preliminarily investigate the acid-/reduction-responsive degradation, the nanoassemblies 

were incubated with 10 mM GSH and at pH = 5.4. As seen in Figure 4.10c, the volume distribution 

by DLS was shifted to larger size range with an increasing z-average diameter to 283 nm by DLS. 

TEM analysis also confirms an increase in average diameter to 359  31 nm along with the 

observation of some residues with degraded nanoaggregates, which evidences the degradation of 

the nanoassemblies in response to both stimuli (Figure 4.10d-f). Besides, the presence of large 

aggregates in forms of solid precipitates is visibly observed in vials. Such results can be attributed, 

as illustrated in Figure 4.1, to the cleavage of interfacial acetal and disulfide linkages in response 

to acidic pH and GSH, causing the detachment of POEOMA coronas at core/corona interfaces. It 

can be anticipated that such shell-shedding can promote the enhanced release of encapsulated 

biomolecules, particularly hydrophobic anticancer drugs such as doxorubicin, paclitaxel, etc. from 

the hydrophobic PLA cores of P8-based nanoaggregates. 

 

Figure 4.10. For P8-based nanoaggregates, DLS intensity distributions (a, c) and TEM images (b, 

d, scale bar = 1 µm and e-f, scale bar = 200 nm) before (a-b) and after (c-f) treatment with pH = 

5.4 and 10 mM GSH in aqueous solution.  
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4.4. Conclusion   

An initial approach utilizing a double-head dual function initiator (Br-AC-SS-OH) for 

combined ATRP and ROP was unsuccessful in the synthesis of a POEOMA-AC-SS-PLA diblock 

copolymer. Although ATRP initiated with Br-AC-SS-OH enables to synthesize well-controlled 

POEOMA-AC-SS-OH with acetal and disulfide linkages (P1), a tin-catalyzed ROP in the presence 

of the formed P1 as well as Br-AC-SS-OH at elevated temperature did not render the targeted 

PLA-based products. The plausible reason is the unexpected instability of acetal linkages under 

ROP condition based on our systematic investigations with structural analysis, dual acid-

/reduction-responsive degradation, and control experiments. Promisingly, the alternative approach 

designed without tin-catalyzed ROP of LA in the presence of Br-AC-SS-OH enables the synthesis 

of well-controlled PLA-SS-AC-POEMA diblock copolymer bearing both acetal and disulfide 

linkages at the block junction. The synthesized copolymer is amphiphilic and thus self-assembles 

in aqueous solutions. The formed aqueous nanoaggregates degrade in acidic solutions or in the 

presence of GSH, thus exhibiting acid-/reduction-responses at PLA core/POEOMA corona 

interfaces.  

 

4.5. Supplementary Information 

I) Synthesis of Br-AC-SS-OH  

A1 (4.6 g, 29.8 mmol) was added dropwise to a clear solution containing 2-hydroxyethyl 

disulfide (7.1 g, 29.8 mmol), PPTS (0.74 g, 2.98 mmol), and anhydrous dichloromethane (100 mL) 

in an ice bath for 20 min. The reaction mixture was stirred vigorously overnight at room 

temperature, and then quenched by the addition of trimethylamine (1 mL). After being washed 

with PBS (pH 7.4, 100 mL) three times, the product was purified by silica gel column 

chromatography using hexane/ethyl acetate (6/4 v/v). The product, yellow oil, was collected as the 

second of the total two bands off a silica gel column, yielding 6.4 g (55%); Rf = 0.33 on silica (6/4 

v/v hexane/ethyl acetate). 

 

Figure 4.S1. Reaction scheme to synthesize A2. 
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Figure 4.S2. 1H-NMR spectrum of Br-AC-SS-OH in CDCl3. 

 

 

Figure 4.S3. 1H-NMR spectra of POEOMA-AC-SS-OH (P1) precursor (a) and P2-ATRP/ROP 

product (b) in CDCl3. 

Conditions: [OEOMA]o/[Br-AC-SS-OH]o/[Cu(I)Br]o/[PMDETA]o = 30/1/0.4/0.42 with 

OEOMA-MW300/anisole = 1.4/1 wt/wt at 50 °C for ATRP and [LA]o/[P1]o/[Sn(EH)2]o = 

70/1/0.05 with LA/toluene = 1.9/1 wt/wt at 120 °C for ROP. 
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The peaks at 0.8-1.1 ppm, 3.3 ppm, and 3.5-3.8 ppm correspond to POEOMA. Using the integral 

ratio of the peaks (b and c), the DP of POEOMA was determined to be 21, which is somewhat 

larger than the calculated DP = 18 based on monomer conversion. The peak at 4.7 ppm 

corresponds to a methine proton in acetal moiety and the peak at 2.9 ppm is equivalent to 

methylene protons adjacent to disulfide linkage. 

 

 

Figure 4.S4. GPC traces of POEOMA-AC-SS-OH precursor (P1) and P2-ATRP/ROP product (b).  
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Figure 4.S5. Maximum fluorescence intensity of NR over concentration of the formed P2-

ATRP/ROP product to determine CMC with a NR probe. 

 

 

 

Figure 4.S6. 1H-NMR spectrum in CDCl3 of P3 synthesized by ROP of LA with Py-OH. 
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Figure 4.S7. 1H-NMR spectrum in CDCl3 of P4 synthesized by ROP of LA with Br-SS-OH. 

 

 

 

Figure 4.S8. 1H-NMR spectrum of Br-AC-SS-OH incubated with Sn(EH)2 for 4 hrs at 100 C, 

compared with those of Sn(EH)2 and Br-AC-SS-OH in toluene-d8.  
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Chapter 5 

Synthetic method and drug release evaluation of GSH-degradable PEG-SS-

PLA block copolymer nanoassemblies 

5.1. Introduction 

Amphiphilic block copolymer-based nanoassemblies have gained significant attention as 

effective drug delivery nanocarriers, due to their unique properties such as nanoscaled size, high 

surface-to-volume ratio, and favorable physico-chemical characteristics.212-214 Particularly, PEG-

based PLA block copolymers (named PEG-b-PLA) have been extensively explored as tumor 

targeting intracellular drug delivery nanocarriers.215-217 PEG is a hydrophilic or water-soluble 

polymer which offers various features such as non-immunogenicity, low polydispersity and non-

protein adsorption.218, 219 PLA is a hydrophobic biodegradable and biocompatible polyester that is 

approved by FDA for clinical use. Due to these features, PEG-b-PLA nanoassemblies loaded with 

PTX have been approved in South Korea under the name of Genexol®-PM for the treatment of 

breast, lung and ovarian cancers.220, 221 However, this formulation uses diffusion-controlled 

mechanism to release encapsulated PTX in tumor sites222, which is not specific to tumor tissues 

and hence can ultimately result in poor therapeutic efficacy.  

Numerous reports describe that SRD-based nanoassemblies exhibit controlled/enhanced 

release of encapsulated drug upon the cleavage of labile linkages in response to biological stimuli. 

Particularly, GSH-responsive degradable nanoassemblies are promising as disulfide can be 

cleaved to thiols in reducing environment. In biological systems, GSH is a cellular reducing agent, 

found at increased concentration in intracellular compartments and further at elevated levels in 

tumor tissues in comparison to healthy cells.223 Given these features, we have investigated novel 

strategies that allow for the synthesis of PEG-PLA block copolymers labelled with disulfide 

linkages at PEG and PLA block junction (PEG-SS-PLA). Two approaches to synthesize 

macroinitiator for ROP of LA were proposed: a) click type azido-alkyne cycloaddition reaction 

and, b) protection/deprotection with acid-labile ketal chemistry. An interesting trend was observed 

correlating the amount of LA monomer and the DP of PLA during ROP. The formed PEG-SS-

PLA block copolymer was evaluated for aqueous micellization as well as GSH-responsive PTX 

release in vitro.  
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5.2. Experimental 

5.2.1. Materials. 2-Hydroxy ethyl disulfide (ssDOH, 99.5%), chloroacetic acid (≥99%), 4-(N,N-

dimethylamino)pyridine (DMAP, ≥99%), sodium azide (NaN3, ≥99.5%), propiolic acid (95%), 

N,N′-dicyclohexylcarbodiimide (DCC, 99 %), anhydrous diethyl ether, N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMDETA, >98%), copper (I) bromide (CuBr, >99.99%), 2-

methoxypropene (97%), triethylamine (Et3N, 99.5%), pyridinium p-toluenesulfonate (PPTS, 

98%), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), hydrochloric acid (HCl, 37%), 3,6-dimethyl-

1,4-dioxane-2,5-dione (DL-lactide, LA, 99%), tin(II) 2-ethylhexanoate (Sn(EH)2, 95%), 

doxorubicin (Dox, –NH3+Cl− forms, >98%), nile red (NR), 1,4-dithiothreitol (DTT), 1,1′-

carbonyldiimidazole solution (CDI), and glutathione (GSH, a reduced form) from Sigma Aldrich 

Canada and ethyl-3-(3-dimethylaminopropyl)carbodiimide-HCl salt (EDC) from Matrix 

Innovation were purchased and used as received. Methoxy poly(ethylene glycol) with MW = 5000 

g/mol (PEG-OH) was donated by Advanced Polymer Materials (APM) Inc. located in Dorval, 

Quebec Province, Canada. Dichloromethane (DCM), dimethylformamide (DMF), tetrahydrofuran 

(THF), and toluene were distilled to be anhydrous. LA was recrystallized to remove residual 

moisture from toluene and stored under vacuum until use. 

 

5.2.2. Synthesis of PEG-Cl (A1). A solution of EDC (0.32 g, 0.12 mmol) in DCM (DCM, 10 mL) 

was added dropwise to a solution containing PEG-OH (2 g, 0.4 mmol), chloroacetic acid (0.18 g, 

1.6 mmol) and DMAP (14.6 mg, 0.12 mmol) dissolved in DCM (50 mL) in an ice bath under 

stirring. The mixture was stirred at room temperature for 13 hrs, washed with brine solution twice, 

and precipitated from cold diethyl ether. The precipitate was isolated by vacuum filtration and 

dried in a vacuum oven at room temperature 12 hrs. Yield = 1.3 g (60%). 

 

5.2.3. Synthesis of PEG-N3 (A2). The purified, dried A1 (0.5 g, 0.1 mmol) was dissolved in DMF 

(10 mL) and mixed with NaN3 (0.16 g, 2.5 mmol) under stirring at 60 °C for 12 hrs. After the 

removal of solvents, the residue was dissolved in DCM (50 mL). The mixture was washed with 

brine solution twice, dried over sodium sulfate, and then precipitated from cold diethyl ether. The 

precipitate was isolated by vacuum filtration and dried in vacuum oven at room temperature for 

12 hrs. Yield = 0.5 g (80%). 
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5.2.4. Synthesis of A3. A solution of propiolic acid (2.3 g, 33.3 mmol) dissolved in THF (THF, 

10 mL) was added dropwise to an organic solution consisting of ssDOH (6.2 g, 40 mmol), DCC 

(14.6 mg, 0.12 mmol) and DMAP (0.2 g, 1.67 mmol) in THF (80 mL) in an ice bath under stirring. 

After the mixture was stirred at room temperature for 12 hrs, the solvent was evaporated by rotary 

evaporation. The product was purified by silica gel column chromatography with ethyl 

acetate/hexane (1/4 v/v). The product as a pink oil was collected as the second band of total four 

bands. Yield= 1.3 g (15%); Rf on silica = 0.6 (ethyl acetate/hexane 1/4 v/v). 

 

5.2.5. Synthesis of PEG-SS-OH/I. The mixture containing A2 (6.2 g, 40 mmol), Alkyne-SS-OH 

(14.6 mg, 0.12 mmol) and PMEDTA (0.2 g, 1.6 mmol) and THF (6 mL) in a 15 mL Schlenk flask 

was purged with nitrogen for 30 min. CuBr (0.9 mg) was added to initiate reaction and the resulting 

mixture was stirred at room temperature for 12 hrs. After exposed to air to stop the reaction, the 

mixture was precipitated from cold diethyl ether. The precipitate was isolated by vacuum filtration 

and dried in vacuum oven at room temperature for 12hrs, yielding white solids.  

 

5.2.6. Synthesis of monoprotected 2-hydroxyldisulfide (OH-SS-Ketal, B1). 2-Methoxypropene  

(1.7 g, 23.8 mmol) was added dropwise to a mixture containing ssDOH (3.3 g, 21.7 mmol), PPTS 

(0.32 g, 1.3 mmol) and molecular sieves (35 g) in THF (50 mL) in an ice-bath. The resulting 

mixture was stirred in an ice-bath for 20 mins and then in room temperature for 2 hrs before it was 

quenched by the addition of Et3N. After the removal of molecular sieves by a vacuum filtration 

and THF by rotary evaporation, DCM (200 mL) was added. The mixture was washed with aqueous 

PBS solution (pH = 7.4) twice, and then dried over sodium sulfate. After evaporation of DCM, the 

product was purified by silica gel column chromatography using hexane/ethyl acetate (3/2 v/v). 

The product as colorless oil was collected as the second of the total two bands off a silica gel 

column. Yield = 1.5 g (31%); Rf = 0.28 on silica (hexane/ethyl acetate = 3/2 v/v). 

 

5.2.7. Synthesis of PEG-SS-OH/II. PEG-CDI (2.6 g, 0.52 mmol) was added dropwise to a clear 

solution containing OH-SS-Ketal (0.70 g, 3.1 mmol), DBU (63.1 mg, 0.41 mmol), and anhydrous 
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DCM (30 mL) in an ice-bath for 20 min. The reaction mixture was stirred vigorously overnight at 

room temperature, and then precipitated from cold diethyl ether. The product was collected by 

filtration and dried in vacuum oven at room temperature for 12 hrs to form PEG-SS-Ketal (B2). In 

the next step, the formed A2 was dissolved in DCM (30 mL) and mixed with HCl (40 µL). The 

reaction mixture was stirred for 1 hr and then washed with aqueous PBS solution (pH = 7.4) twice. 

After having passed through sodium sulphate, the product, the mixture precipitated from diethyl 

ether. The product as white solids were collected by vacuum filtration and dried in vacuum oven 

at room temperature for 12 hrs: Yield = 2.2 g (83.0 %). 

 

5.2.8. General procedure for ring opening polymerization (ROP) of LA. LA, initiator and 

Sn(EH)2 mixed with toluene in a Schlenk flask were subject to three freeze-pump-thaw cycles and 

filled with N2 at the last cycle. The resulting mixture placed in an oil-bath pre-set at 120 ºC to start 

polymerization. After 20 hrs, the solution was precipitated from cold diethyl ether. The precipitate 

was dried under vacuum for 12 hrs. 

Synthesis of P1. LA (1.4 g, 9.7 mmol), PEG-SS-OH/II (0.7 g, 0.14 mmol), Sn(EH)2 (4.4 mg, 

11 μmol) and anhydrous toluene (3 mL) for PEG-SS-PLA (P1);  

Synthesis of P1C.  LA (3 g, 20 mmol), PEG-OH (1.48 g, 0.30 mmol), Sn(EH)2 (9.6 mg, 23 

μmol) and anhydrous toluene (7 mL) for PEG-PLA (P1C). 

Synthesis of P2. LA (2 g, 14 mmol), PEG-OH (1 g, 0.19 mmol), Sn(EH)2 (6.4 mg, 15 μmol) 

and anhydrous toluene (4.5 mL) for PEG-PLA (P2). 

 

5.2.9. Investigation of reduction-responsive degradation. For copolymer, P2 (3 mg) was 

dissolved in DMF/LiBr solution (3 mL), to which, DTT (5 µg, 10 equivalents to disulfide bonds) 

was added. The reaction mixture was stirred at room temperature. Aliquots were periodically 

withdrawn and analyzed immediately by GPC to determine the extent of cleavage of disulfide 

bond in the polymer. The control block copolymer PEG-PLA was also analyzed for degradation. 
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5.2.10. Determination of CMC using NR probe method. A stock solution of Nile Red (NR) in 

THF at 1 mg/mL and a stock solution of PEG-SS-PLA in THF at 1 mg/mL were prepared. Water 

(10 mL) was added dropwise into a series of mixtures consisting of the same amount of the stock 

solution of NR (0.5 mL, 0.5 mg NR) and various amounts of the stock solution in 20 mL vials. 

The resulting dispersions were stirred for 24 hrs to evaporate THF. The dispersions were then 

filtered using 0.45 μm PES filters to remove excess NR. A series of NR-loaded micelles at various 

concentrations of PEG-SS-PLA ranging from 5 × 10-6 to 0.4 mg/mL were formed. Their 

fluorescence spectra were recorded at λex = 480 nm. CMC for the control block copolymer PEG-

PLA was determined using similar procedure. 

 

5.2.11. Aqueous micellization. P1 (10 mg) was first dissolved in DMF (2 mL) followed by the 

addition of 10 mL of PBS buffer dropwise using a syringe pump. This solution was then transferred 

to the dialysis bag with MWCO =3.5 kDa to remove the DMF and dialyzed against PBS buffer 

which was changed twice. After 24 hrs, dialysis was stopped, and the micellar dispersion was 

analyzed for the hydrodynamic diameter using DLS.  

 

5.2.12. Preparation of PTX-loaded micelles. The PTX-loaded micelles were prepared using the 

dialysis method as reported above. Briefly, 10 mg of the polymer and paclitaxel (3 mg) were 

dissolved in DMF (5 mL) and allowed to stir for 30 mins. After that, polymer solution was added 

to the dialysis bag with MWCO = 3.5 kDa and dialyzed against PBS (pH 7.4) and outer media was 

exchanged twice. After 24 hrs, dialysis was stopped, and the resultant solution was centrifuged 

and passed through PES filter. PTX-loaded micellar solution was evaluated for the size and 

polydispersity using DLS. 

 

5.2.13. Determination of loading of PTX in PTX-loaded micelles. The drug loading efficiency 

was determined using HPLC. The mobile phase consisted of acetonitrile/water (40:60 v/v). The 

reverse phase column was ACE 5 C18 (150 x 4.6 mm). The column temperature was maintained 

at 30 ºC. The flow rate was set at 1.0 mL/min and the detection wavelength was 227 nm. Sample 

solution was injected at a volume of 5 µL. The HPLC was calibrated with standard solutions of 5 
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to 100 µg/mL of PTX dissolved in acetonitrile. Nanoparticles were dissolved in acetonitrile and 

vigorously vortexed to get a clear solution. The encapsulation efficiency was defined by the ratio 

of measured and initial amount of PTX encapsulated in nanoparticles. 

Drug loading content (%) = 
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑃𝑇𝑋 𝑖𝑛 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑃𝑇𝑋 𝑖𝑛 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠+𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑐𝑜𝑝𝑜𝑦𝑚𝑒𝑟
 x100 

Encapsulation efficiency (%) =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑃𝑇𝑋 𝑖𝑛 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑃𝑇𝑋
  x100 

 

5.2.14. In vitro PTX release. The drug release was examined using dialysis method. In brief, 2 

mL of nps were suspended into the dialysis tube (MWCO = 3.5 kDa) which was immersed in 40 

mL of release medium PBS (pH 7.4) without and with 10 mM GSH. Quantitative samples were 

taken at various intervals for analysis and replaced with fresh medium. The collected samples were 

dissolved in acetonitrile for analysis by HPLC using above method. The accumulated release of 

drugs from PTX-loaded nps was plotted against time. 

 

5.3. Results and discussion 

5.3.1. Synthesis of PEG-SS-OH. Two strategies as routes I and II were explored to synthesize 

PEG-SS-OH. Route I was designed and synthesized by Xiaolei Hu (M.Sc. student in Dr. Oh’s lab). 

It used a click type azido-alkyne cycloaddition reaction, as depicted in Figure 5.1. The route began 

with an EDC coupling reaction of PEG-OH with an excess chloroacetic acid (4 equiv) to synthesize 

a chlorine-capped PEG (PEG-Cl) at 60 % yield. The synthesis is followed by the appearance of 

the characteristic peak (c) at 4.2 ppm corresponding to methylene protons adjacent to Cl atom in 

its 1H-NMR spectrum (Figure 5.2a). The formed PEG-Cl reacts with excess NaN3(4 equiv) to yield 

an azido-terminated PEG (PEG-N3), which was confirmed by shift of the peak to 3.9 ppm in 1H-

NMR spectrum (Figure 5.2b). Alkyne-SS-OH was synthesized by a DCC coupling reaction of 

ssDOH with propiolic acid at 70 % yield. Its chemical structure was confirmed by 1H-NMR (Figure 

5.2c). Given the successful synthesis of PEG-N3 and Alkyne-SS-OH, the azido-alkyne 

cycloaddition reaction was conducted in the presence of Cu(I) catalyst to synthesize PEG-SS-

OH/I. 1H-NMR in Figure 5.2d showing the triazole peak (d) at 8.4 ppm confirms the synthesis. 
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Figure 5.1. Route I exploring azido-alkyne cycloaddition reaction to synthesize PEG-SS-OH/I. 
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Figure 5.2. Overlaid 1H-NMR spectra of PEG-Cl a), PEG-N3 b), Alkyne-SS-OH, and PEG-SS-

OH/I in CDCl3. 

 

Route II was designed and carried out by Arman Moini Jazani (PhD student in Dr. John Oh’s 

lab). Route II utilizes the protection/deprotection with acid-labile ketal chemistry as illustrated in 

Figure 5.3. Route II began with the reaction of ssDOH with 2-methoxypropene to synthesize B1 

bearing a ketal group at one end at 31% yield after being purified by column chromatography. The 

presence of the peak at 1.3 ppm corresponding to dimethyl group in ketal moiety and the peak at 

3.2 ppm for methylene groups adjacent to disulfide group in 1H-NMR (Figure 5.4a) confirms the 

synthesis of B1. In the next step, the purified B1 was used for the coupling reaction with PEG-CI 

to yield B2. The reaction was performed in presence of DBU as a catalyst and excess of B1 (6 

mole equivalent) to ensure their complete coupling. 1H-NMR shows the disappearance of aromatic 

imidazole peaks, confirming quantitative conjugation. With no requirement of purification, the 
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formed B2 was subjected to acid-catalyzed hydrolysis for deprotection of the ketal group, forming 

PEG-SS-OH/II at 83% yield with PEG5000-OH. The reaction was followed by 1H-NMR showing 

no peaks at 3.22 ppm for ketal groups and appearance of the peak at 3.8 ppm equivalent to 

methylene protons adjacent to the terminal hydroxyl group. 

 

Figure 5.3. Route II utilizing the protection-deprotection chemistry with acid-labile ketal group to 

synthesize PEG-SS-OH/II. 

 

 

Figure 5.4. Overlaid 1H-NMR spectra of B1, B2 and PEG-SS-OH/II in CDCl3. EA refers to traces 

of ethyl acetate.  
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For comparison, ROP of LA with PEG-OH (no SS) was carried out under similar condition 

as P1 synthesis. Similarly, their chemical structures and molecular weights were characterized 

(Figure 5.S1 for 1H NMR and GPC). Note that P2 was synthesized with smaller batch size (LA 

amount).  

 

5.3.2. Synthesis of PEG-SS-PLA. Figure 5.5a illustrates our approach to synthesize well-defined 

PEG-SS-PLA with narrow molecular weight distributions by the ROP of LA under tin-catalyzed 

condition at 120 ºC in toluene. With a choice of PEG5000-SS-OH/II synthesized through Route 

II, ROP was conducted under conditions of [LA]o/[PEG-SS-OH]o/[Sn(EH)2]o = 70/1/0.08 with 

LA/toluene = 0.43/1 wt/wt. The amount of LA monomer as batch size were varied at 1.4 g for P1 

and 2 g for P2. After being purified by precipitation from cold diethyl ether to remove unreacted 

LA and residual tin catalyst, the formed copolymers were characterized for chemical structure by 

1H NMR and molecular weight by GPC. As an example, with P1, 1H NMR spectrum in Figure 

5.5b shows the presence of PLA at 5.1 (g) and 1.6 ppm (f) and PEG at 3.62-3.69 ppm (EO protons). 

The integrals were used to determine the DP which was 61 for PLA block. GPC analysis shows 

that molecular weight distribution of P1 was shifted to high molecular weight region with Mn = 21 

kg/mol and Ð = 1.26 (Figure 5.5c). Similarly, P2 was characterized with DP = 27 and Mn = 15 

kg/mol and Ð = 1.08.  
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Figure 5.5. Synthetic scheme (a), 1H-NMR spectrum in CDCl3 (b) of PEG-SS-PLA (P1) by ROP 

of LA in the presence of PEG-SS-OH/II. Conditions: [LA]o/[I]o/[Sn(EH)2]o = 70/1/0.08; 

LA/toluene = 0.43/1 and GPC diagram of P1, compared with PEG-SS-OH, its macroinitiator c).  

 

 

In a separate experiment, we investigated the amount of LA as batch size on chemical structure 

as DP of PLA block. With PEG-OH (MW =5000 g/mol and MW =2000 g/mol) macroinitiators, a 

series of PEG-b-PLA block copolymers were prepared under the similar condition as described 

above, thus [LA]0/[PEG-OH]0/[Sn(EH)2]0 = 70/1/0.08 with LA/toluene = 0.43/1 w/w. Table 5.S1 

summarizes the DP of PLA and molecular weight data of PEG-b-PLA copolymers. P1C and P2 

polymers represent the PEG-b-PLA copolymers synthesized with PEG5000-OH and PEG2000-

OH macroinitiators, respectively. The DP of PLA block over the amount of LA used (as batch 

size) for P1C and P2C (inset) block copolymers is plotted in Figure 5.S2. The DP sharply increased 

with the amount of LA up to around 3 g; upon further increase in LA, it gradually increased. This 

result suggests the importance to consider manufacturing parameters for the synthesis of 

copolymers. 

 

5.3.3. Reduction-responsive degradation. As illustrated in Figure 5.6a, PEG-SS-PLA could be 

disassembled to the corresponding PEG-SH and PLA-SH upon the cleavage of disulfide linkage 
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at the block junction. With an example of P2, the aliquots were mixed with the excess DTT (10 

mol equivalent to disulfide) in DMF. GPC was used to follow the reduction-responsive 

degradation in DMF and after 24 hrs of incubation. The molecular weight of P2 (Mn) decreased 

from 15 kg/mol to 4.5 kg/mol, which can be attributed to the degradation of disulfide linkage 

(Figure 5.6b). 

 

Figure 5.6.  Schematic illustration of reduction-responsive degradation a) and GPC traces of P2 

before and after incubation with DTT b). 

 

5.3.4. Aqueous micellization. Self-assembly in water was investigated with a choice of P1. Its 

CMC was determined using fluorescence spectroscopy method with a NR probe. Figure 5.S3 

shows the evolution of the intensity of NR fluorescence over the concentration of P1. Using two 

linear regressions, CMC was determined to be 8.9 µg/mL, which falls well within the range of 

polymeric micelles. Due to the amphiphilic nature, PEG-SS-PLA block copolymer self-assembles 

into micelles through aqueous micellization. Dialysis method was employed to fabricate aqueous 

nanoassemblies with average hydrodynamic diameter of 69 nm (Figure 5.7). Similar procedure 

was used, but with PTX to fabricate PTX-loaded nanoassemblies. DLS analysis confirms the 

diameter to be 62 nm, which is smaller than that of empty micelles.  
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Figure 5.7.  DLS diagram of empty a) and PTX-loaded P1 micelles b). 

 

5.3.5. GSH-responsive release of PTX using HPLC technique. HPLC was used to 

determine loading efficiency and encapsulation efficiency of PTX in micellar cores. A standard 

curve of PTX was built in acetonitrile for quantitative analysis (Figure 5.S4). The loading content 

and encapsulation efficiency were determined to be 1.1 % and 3.5 % respectively. Based on our 

polymer design which incorporated reduction-responsive disulfide linkages at the junction of 

hydrophobic and hydrophilic blocks, we hypothesized that the release of PTX would be 

accelerated in the presence of GSH. The PTX release profiles from the aqueous solutions of the 

PEG-SS-PLA (P1) contained within dialysis tubing were studied by analyzing the increase in PTX 

concentration in the release medium over a period of 8 hrs of dialysis against PBS buffer with and 

without the addition of 10 mM GSH. After every 2 hrs, aliquots of 2 mL of release media were 

taken out for HPLC analysis and replaced with fresh media. Those aliquots were first evaporated 

to remove aqueous solution using rotary evaporator and then dissolved in acetonitrile for HPLC 

analyses. An accelerated drug release profile ca. 70 % PTX release in the presence of GSH 

compared to no release in normal media was observed (Figure 5.8). 
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Figure 5.8. In vitro release profiles of PTX from PTX-loaded micelles incubated with and without 

10 mM GSH in PBS solution.  

 

5.4. Conclusion 

GSH-responsive PEG-SS-PLA block copolymers were synthesized by ROP of LA with PEG-

SS-OH macroinitiator with varying chain lengths successfully. Their low CMC value suggest that 

they could be colloidally stable upon dilution and during blood circulation. Moreover, their GSH-

responsive disassembly and enhanced PTX release demonstrate their potential as promising 

vehicles for effective intracellular delivery of hydrophobic PTX drugs.  
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5.5. Supporting Figures and Table 

 

Figure 5.S1. 1H-NMR of P1C in CDCl3 a), GPC diagram of P1C, compared with PEG-OH, its 

macroinitiator b).  

 

Table 5.S1.2Characterization data for all control block copolymers synthesized. (P1C and P2C 

refers to block copolymers synthesized using PEG5000-OH and PEG2000-OH macroinitiators 

respectively). 
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Batch Initiator LA (g) DP/PLA Mn (g/mol) Ð 

P1C-0.2 PEG5000-OH 0.2 11 12,380 1.0 

P1C-0.5 PEG5000-OH 0.5 40 12,000 1.2 

P1C-3 PEG5000-OH 3 52 16,500 1.2 

P1C-5 PEG5000-OH 5 61 20,800 1.2 

P1C-6 PEG5000-OH 6 58 19,800 1.3 

P1C-10 PEG5000-OH 10 63 20,800 1.2 

P2C-0.2 PEG2000-OH 0.2 34 6,000 1.3 

P2C-0.8 PEG2000-OH 0.8 51 9,000 1.2 

P2C-0.4 PEG2000-OH 3.5 68 17,400 1.3 

P2C-0.5 PEG2000-OH 10 63 15,400 1.4 
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Figure 5.S2. DP of PLA block over the amount of LA as batch size for the synthesis of P1C block 

copolymers [Inset; P2C block copolymers]. 

 

 

Figure 5.S3. Maximum fluorescence intensity of NR over concentration of P1 to determine CMC 

with a NR probe. 
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Figure 5.S4. Calibration curve for PTX generated using different concentrations of PTX using 

HPLC.  
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Chapter 6 

Summary and recommendations for future work 

 

6.1. Summary of thesis 

Tremendous efforts to develop robust ABPs with various architectures and 

multifunctionalities have advanced our abilities to design, synthesize and characterize 

nanomaterials. Furthermore, they have fostered effective collaborations in interdisciplinary fields 

of chemistry, physics, material sciences, and medical sciences. Particularly, SRD-based polymeric 

nanoassemblies are one of the most promising nanocarriers that delivers various cargoes, not only 

conventional chemotherapeutic drugs but also biological macromolecules.  

The focus of my PhD research was to understand, explore and evaluate PLA-based block 

copolymers and their nanoassemblies designed with reduction and acidic pH-cleavable linkages 

for the applications in intracellular drug delivery. The robust synthetic approaches including ROP, 

ATRP and facile coupling chemistries enabled the preparation of well-defined PLA-containing 

block copolymers.  

Chapter 3 of this thesis describes the research project focused on the synthesis of DSRD-

exhibiting PLA-based triblock copolymer nanoassemblies with the acidic pH-responsive ketal 

linkages embedded in the hydrophobic block (PLA) and reduction-responsive disulfide linkages 

positioned between the hydrophilic block POEOMA and hydrophobic PLA block. This triblock 

copolymer was then characterized for degradation in organic solvent (DMF) using GPC. 

Furthermore, this triblock copolymer self-assembled to form spherical micelles in aqueous 

solution with average hydrodynamic diameter of 29 nm at the concentration of 1 mg/mL. These 

blank micelles showed little cytotoxicity against HeLa cells. Moreover, to evaluate their 

degradation profile quantitatively, NR was encapsulated, and its release was monitored using 

fluorescence spectroscopy. A synergistic release was observed under dual acidic pH/redox stimuli 

conditions in comparison to single stimulus, thereby providing a strong evidence for the feasibility 

of the system.  

Chapter 4 of this thesis describes the proposed two-step synthetic route for PLA-based diblock 

copolymer labelled with both reduction-responsive disulfide and acidic pH-responsive acetal 
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linkages positioned at the junction of hydrophilic and hydrophobic blocks. This two-step synthetic 

route, however led to the investigation of the stability of acetal linkages under traditional ROP 

conditions, which was confirmed by control ROPs with initiators without acetal linkages. 

Therefore, alternative route was then adopted for the synthesis of diblock copolymer, which was 

characterized using NMR and GPC analyses. In addition, this diblock copolymer was evaluated 

for the self-assembly properties under the aqueous conditions.  

Chapter 5 describes the synthesis and evaluation of PEG-SS-PLA diblock copolymer as a 

potential candidate for PTX delivery. This diblock copolymer was synthesized using a PEG-based 

macroinitiator bearing a terminal -OH group, which allowed for the ROP of LA. Diblock 

copolymers with varying chain lengths of PLA were synthesized and characterized. Preliminary 

studies for PTX-loading and its release were also carried out, which showed a burst release within 

6 hrs under the reducing (10 mM GSH) conditions in comparison to the control (PBS pH 7.4). 

Therefore, micelles prepared from the PEG-SS-PLA diblock copolymers hold great potential for 

PTX loading and delivery.  

 

6.2. Future works 

SRD-exhibiting nanoassemblies have been designed meticulously in nanometer range for 

encapsulation and on-demand release of hydrophobic anticancer drugs in response to biological 

stimuli. Through my research projects, I was able to demonstrate the feasibility of synthesis and 

characterization of well-defined SRD-based block copolymers. However, there are additional 

experiments that are required to examine unmet questions and some outstanding challenges to be 

resolved.  

In Chapter 3, the triblock copolymer contains undesired diblock copolymer (POEOMA-SS-

PLA, 40 % by weight). An alternative synthetic route could be used to synthesize pure triblock 

copolymer which can allow for further studies on encapsulation and release of anticancer drugs 

such as DOX and PTX. Furthermore, in vitro cellular uptake can be studied using CLSM with 2D 

and 3D-spheroid tumor models.  

In Chapter 4, the diblock copolymer synthesized by an alternative approach will be used for 

comparative studies with control diblock copolymer labelled with either disulfide or acetal linkage. 



96 

 

In addition, pyrene moieties at the terminal end of hydrophobic PLA block can be explored for 

fluorescence imaging which can impart the properties of theranostic agents to this diblock 

copolymer.  

In Chapter 5, PEG-SS-PLA diblock copolymer will be required for further works including 

comparative studies where PTX encapsulation and its release will be studied with PEG-SS-PLA 

block copolymers with varying PLA chain lengths to study the relationship between PTX loading 

and PLA chain length. In addition, biological studies will be performed including cellular viability, 

cellular uptake to study in vitro cytotoxicity and internalization of PTX-loaded micelles. 

Depending upon the in vitro results, samples will be evaluated for in vivo animal models for 

pharmacokinetics and biodistribution studies.  
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