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ABSTRACT 
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Polymers are promising macromolecules that have been extensively used in a range of applications 

such as biomedical, optoelectronic, and catalysts. These polymer materials can be designed with a 

wide range of architecture and functionalities. The functionalization of the polymer backbone 

offers new properties to improve the existing polymer material. This study focuses on the synthesis 

of functionalized polycaprolactone and pyrimidine polymers and improvement in properties to 

apply in drug delivery and opto-electronic applications. 

Chapter 1 discusses the recent advances in biodegradable polyesters for drug delivery systems. 

Polyesters are an attractive material which has been extensively used in biomedical application. 

There has been a significant amount of attention on modification of polyesters and its application 

in drug delivery systems. This chapter discusses the synthesis and design of aliphatic polyester 

materials and its various applications. 

Chapter 2 describes the synthesis of thermo-responsive linear and star-like block copolymers from 

functionalized polycaprolactones, a class of biodegradable polyesters. The functionalized 

polycaprolactone was used to develop polymer micellar carrier to encapsulate anti-cancer drug, 



 

viii 

Doxorubicin. The effect of polymer functionalization and architecture in polymer property and 

drug loading are discussed. 

Chapter 3 discusses co-delivery of Doxorubicin and Resveratrol in linear and star-like polymer 

micellar drug carriers. The favorable interaction between drugs and functional groups of the 

polymer backbone significantly enhances the drug loading. The simultaneous delivery of DOX 

and Resveratrol is a promising approach for improving drug loading and antitumor activity.  

Chapter 4 discusses the synthesis and characterization of a series of pyrimidine-containing donor 

acceptor conjugated polymers. The pyrimidine polymer was functionalized with electron-

withdrawing and -donating pendent groups. The electron-withdrawing strength of the pendent 

groups was systematically varied to study its effect on opto-electronic properties of the conjugated 

polymer. 
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1.1 Abstract 

     The interest in the synthesis and tuning the properties of aliphatic polyesters has been growing 

in recent years, because of their unique properties and promising applications in drug delivery 

systems. Polyester based drug delivery systems have received considerable attention, because of 

their biocompatibility and biodegradability. Many polyesters have been synthesized by 

homopolymerization of substituted and/or unsubstituted monomers or co-polymerization with 

other monomers, mostly via ring-opening polymerization (ROP) of cyclic esters. The 

functionalization of aliphatic polyesters is a widely used strategy to tune the polymer properties 

such as hydrophilicity, hydrophobicity and degradation rate, making the materials suitable for drug 

delivery application. Here, we discuss the recent trends in the synthesis of these aliphatic 

polyesters and their potential application for drug delivery. 

1.2 Introduction 

     Innovations in polymer technology have had a significant impact on the advancement of novel 

drug delivery systems. Most polymer-based drug delivery systems are designed to deliver a large 

dose of a therapeutic agent at a targeted site in a controlled manner, to reduce dosage frequency. 

However, the accumulation of polymer-based drug carriers in the body can pose a significant 

health risk and represents a major disadvantage of many polymer-based drug delivery systems. 

For example, the poor biodegradability of polystyrene (PS), poly(methyl methacrylate) (PMMA), 

and poly(N-isopropylacrylamide) (PNIPAM) have limited their potential applicability in drug 

delivery applications.1 
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     In contrast, aliphatic polyesters have received significant traction as drug delivery systems due 

to their biodegradability and biocompatibility. The degradation of the polyester backbone in vivo 

avoids accumulation of the drug carrier products and its degraded products inside  the body, which 

decreasing the long-term toxicity.2 Common polyesters used in drug delivery applications include 

poly(lactide)s (PLA), poly(caprolactone)s (PCL), poly(glycolide)s (PGA), poly(dioxanone)s 

(PDO), poly(butyrolactone)s (PBL), poly(valerolactone)s (PVL), and poly(lactide-co-glycolide) 

(PLGA) (Figure 1.1).3 

 

Figure 1.1. Polyesters commonly used in drug delivery applications. 

 

     A significant focus of current cancer therapy research is the delivery of anti-cancer drugs to 

tumor sites in a targeted manner, combined with activated release of the therapeutic payload. 

Stimuli-responsive polymeric drug carriers typically utilize nanocarriers (e.g., micellar systems, 

nanoparticles, polymersomes, or dendrimers) to release the drug at the tumor site by taking 

advantage of differences in the physiological environment between cancerous and healthy tissue. 

To further enhance the site-specificity of drug carriers, they can be conjugated with targeting 

moieties to allow for delivery at a specific tumor site. This article focuses on recent advances in 
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the development of aliphatic polyesters for cancer therapy, specifically polyester synthesis, 

stimuli-responsive drug carriers and active targeting.  

1.3 Polyester Synthesis 

     There are several strategies for the synthesis of aliphatic polyesters, including the 

polycondensation of diacids and diols as well as the ring-opening polymerization (ROP) of cyclic 

esters. Disadvantages of polycondensation include the requirement of accurate stoichiometry 

between reactants, continuous removal of by-products (e.g., water), high temperatures, long 

reaction times, and difficulty obtaining high molecular weight polymers.4 In contrast, ring-opening 

polymerization typically results in high molecular weight polyesters and features limited side 

reactions. Based on its ease of use and the wide variety of initiators and catalysts available, ROP 

is widely used to polymerize cyclic ester monomers. The three most common mechanisms used in 

cyclic ester ring-opening polymerization are coordination-insertion, enzymatic, and anionic.4 

     Coordination-insertion ROP is initiated by an alcohol or amine and catalyzed by metal 

complexes based on Lewis acidic metals such as tin, aluminum, and zinc.1 While this method 

yields high molecular weight polymers, residual traces of the metal catalyst in the final polymer 

have been considered a major drawback limiting biological applications. For example, tin(II) 

bis(2-ethylhexanoate) (Aldrich Prod. No S3252), is an FDA-approved food additive commonly 

used for polyester synthesis, but due to the toxicity of tin, the residual concentration must remain 

below a certain threshold for use in food or biomedical applications.4 

     Enzymatic ROP commonly uses lipases as the catalyst in mild conditions, avoiding the use of 

toxic metals. While this method allows for the production of polyesters with stereo-, chemo- and 

regio-selectivity,5 the resulting polyesters are commonly produced in relatively low yield with high 
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polydispersity.3 Anionic ROP yields high molecular weight polyesters but these reactions 

frequently undergo side reactions due to backbiting.4 

1.4 Polyester Drug Carriers and Drug Release 

     Choosing an appropriate polymer vehicle and aptly tuning its properties ensures increased drug 

loading efficiency, reduction of drug dose and dosing frequency, alleviation of side effects, 

improvement of patient compliance, and short in vivo half-lives for drug delivery. Micelles, 

nanoparticles, and polymersomes are the most commonly explored drug carriers from synthetic 

polymers, formed by the self-assembly of amphiphilic block copolymers. Nanoparticle formation 

can be controlled kinetically through the variation of temperature, pH, electrolytes, and solvents 

and typically range in size from 10 to 1000 nm.3,7 Micelle formation is thermodynamically 

controlled,6 proceeding only when unimers aggregate above the critical micelle concentration 

(CMC), to form particles with sizes ranging from 5 to 100 nm.3,7 Upon interaction with 

hydrophobic segments, a hydrophobic drug will migrate into the core of the micelle to form a core-

shell matrix. In contrast, polymersomes are composed of a core filled with aqueous solution 

surrounded by a bilayer membrane composed of hydrophilic coronas located both on the inside 

and outside of the sphere. This unique structure enables polymersomes to encapsulate both 

hydrophobic and hydrophilic drugs. 

     Polymeric drug carriers facilitate the delivery of high drug payload to the site of action and 

allow controlled and sustained drug release under physiological conditions through erosion or 

stimuli-triggered release.2,3,8 Upon water permeation, polyesters can undergo degradation via 

hydrolysis resulting in loss of polymer mass. Depending on the identity of the polymer backbone, 

erosion can either occur at the bulk or the surface of the nanocarrier (Figure 1.2). Surface erosion 
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occurs when the rate of degradation is faster than the rate of water permeation into the bulk 

polymer. In contrast, bulk erosion occurs when water penetrates the bulk of the polymer at a faster 

rate than the erosion rate. The majority of biodegradable polyesters degrade via bulk erosion due 

to the increased ratio of aliphatic content. Recently, polymeric drug carriers with enhanced surface 

area have been utilized to control drug release, taking advantage of both surface and bulk erosion 

mechanisms.2,5,8 

 

Figure 1.2. Degradation mechanisms of biodegradable polymeric drug carriers: A) bulk erosion, 

B) surface erosion. 

 

     Some carriers are designed to release the loaded drug only when exposed to external stimuli 

such as pH, temperature, reduction, enzymes, and light, preventing premature release of the 

encapsulated drug (Figure 1.3).3 This results in an increased therapeutic efficacy of the drug and 

a decrease of potential toxicity to healthy cells.9 
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Figure 1.3. Schematic representation of stimuli-responsive drug release. 

 

1.5 Stimuli-Responsive Polyester Drug Carriers 

     Polymeric drug carriers are able to enter tumor sites through passive targeting via the enhanced 

permeability and retention (EPR) effect. As a result of this phenomena, nanoparticles in the size 

range of 10 to 100 nm accumulate in tumor sites due to the presence of leaky vasculature.3 In 

addition to utilizing this effect, polymeric drug carriers can be designed to respond either to a 

single or multiple stimuli by taking advantage of the difference in physiological environment 

between normal and tumor tissue. The difference in acidity between healthy and cancerous tissue 

allows for the development of pH-dependent release mechanisms. 

     For example, the pH of healthy tissue is 7.4 whereas the extracellular environment of the tumor 

tissue is 6.8 and intracellular endo/lysosomal pH is in the range of 4.0–6.5.10 In the presence of 

acid-labile functional groups, drug carriers are cleaved in an acidic environment, releasing a drug 
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at the tumor site. Synthesis of a pH-responsive (mPEG-PLA)-curcumin prodrug and further self-

assembly into a micellar system was investigated by Zhao and coworkers.11 The drug, which was 

conjugated to the polymer via a pH-responsive acetal linkage, showed more than 45% release at 

pH 5 after 48 hours while less than 20% of curcumin was released from the micellar system at pH 

7.4.11 

     The difference in concentration of glutathione (GSH) between healthy cells and cancer cells 

can also be used as stimuli. Tumor cells have an intracellular GSH concentration of ~2–10 mM; 

several times higher than the concentration in healthy cells.10 The increased GSH concentration 

can cleave reduction-responsive disulfide bonds, allowing the release of the loaded cargo into the 

tumor site.12 A reduction-responsive micellar drug delivery system based on disulfide bond-

containing PEG-PLA amphiphilic block copolymers was developed by Shen and coworkers. In a 

reductive environment, the breaking of disulfide bonds caused the rapid release of doxorubicin 

(DOX). Up to 64% of DOX was released from PEG2000-PLA5000 micelles after 14 hours in the 

presence of the reducing agent dithiothreitol (DTT). In the absence of DTT, only 40% of DOX 

was released after 14 hours.12 

     Thermally responsive drug delivery systems typically consist of polymers featuring a lower 

critical solution temperature (LCST) and upper critical solution temperature (UCST). Above their 

LCST, the polymers undergo a phase transition, becoming insoluble in water.13 Polymers with an 

LCST above normal physiological temperature (37 °C) are typically used in thermally responsive 

systems. These polymers are able to preserve their cargo in the body and undergo phase transition 

with the application of heat, leading to a burst release of drug in tumor tissue. A thermo-responsive 

monomer, γ-2-[2-(2-methoxyethoxy)ethoxy]ethoxy-ε-caprolactone (MEEECL), was introduced 
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by Stefan et al. and combined with octyloxy-ε-caprolactone (OCTCL) to create an amphiphilic 

block copolymer with a LCST of 38 °C.14 The LCST could be adjusted in the range of 31–43 °C 

by replacing OCTCL with γ-(2-methoxyethoxy)-ε-caprolactone (MECL). The size of the resulting 

micelles increased from approximately 150 nm to 400 nm when the temperature exceeded the 

LCST of copolymer.13 Moreover, they demonstrated (experimentally and computationally) the 

effect of varying the substituent in the γ-position of caprolactone monomers in the thermo-

responsive behavior of a series of self-assembled micellar systems utilizing MEEECL as the 

hydrophilic block (Figure 1.4). The resulting amphiphillic diblock copolymers were found to have 

an LCST in the range of 36–39 °C.15 

     While polymer delivery systems that respond to a single stimulus have had a significant impact 

on the development of drug delivery technology, recent efforts have focused on systems that can 

respond to more than one stimulus. A dual pH- and redox-responsive system was reported by Ge 

and coworkers16 in which copolymer prodrugs were encapsulated into PEG-b-PCL micelles. The 

copolymer prodrugs were prepared by the polymerization of pH-responsive 2-(piperidin-1-yl)ethyl 

methacrylate (PEMA) and reduction-responsive camptothecin (CPT, Sigma Prod. No C9911). Due 

to the protonation of PPEMA in acidic pH, the zeta potential of the micelles increased from -2 mV 

to +12 mV, resulting in an increase of the size of the micelles from 32.7 to 48.6 nm. 80% of CPT 

was released by the cleavage of the disulfide bonds in response to increased GSH concentration. 
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Figure 1.4. Single stimulus-responsive polyesters for drug delivery applications with responsive 

units highlighted (pH = red, temperature = green, and reduction = blue). 

 

      Thermo- and pH-responsive micelles designed by Chen and coworkers consist of a 

hydrophobic PCL segment and a thermo-responsive poly(N-isopropylacrylamide) (PNIPAAm) 

hydrophilic segment, which was copolymerized with a pH-sensitive β-alanine-functionalized 

monomer (βA).17 The micelles were co-loaded with DOX and a photosensitizer, meso-

tetraphenylchlorin. The LCST of this polymer decreased from 37 °C at pH 7.4 to 25.8 °C at pH 

6.0, resulting in the release of the encapsulated drug in acidic conditions. Consequently, 70% and 

40% of DOX was released in acidic and neutral environments, respectively. 
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Figure 1.5. Multi-stimuli responsive polyesters for drug delivery applications with responsive 

units highlighted (pH = red, temperature = green, and reduction = blue). 

 

     Zhao and coworkers designed a multi-responsive, comb-like copolymer by grafting a 

copolymer of PEG, PCL, and a reduction responsive disulfide bond to a thermo-responsive 

PNIPAAm backbone via a pH-responsive acetal linkage (Figure 1.5).10 This dual-cleavable, multi-

responsive, graft copolymer aggregate demonstrated high DOX release after stimuli application. 

Cumulative DOX release was studied in different conditions, including neutral and acidic pH, 

elevated temperature, and in the presence or absence of DTT. A maximum release of 77.1 % was 

observed at 37 °C, pH 5.3, and in the presence of DTT, in contrast to only 36.1 % at 25 °C, pH 

7.4, and without DTT. Although stimuli-responsive carriers increase the chance of accumulation 

in the targeted site, active targeting can be used to direct the drug delivery system to specific sites 

in the body. 
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1.6 Active Targeted Polyester Drug Carriers 

     Compared to passive targeting, targeted drug delivery allows for the delivery of encapsulated 

drugs to the targeted site, reducing the risk of toxicity to normal cells and allowing for the 

accumulation of drug in sufficient concentrations to eliminate tumor cells. A comparison of 

passive and active targeting is shown in Figure 1.6.  

 

Figure 1.6. Graphical representation of passive versus active targeting. 

 

     Targeting moieties are typically attached to the polymer through end-group variation or 

conjugation along the polymer backbone. A wide spectrum of targeting moieties can be used, 

including antibodies, proteins, peptides, carbohydrates, vitamins, and nucleic acids.3 

     A biodegradable polymeric matrix with disulfide linkages (PEG-SS-PCL) from Zhong et al., 

was functionalized with cyclic arginine-glycine-aspartic acid (cRGD) peptide to form a 

cRGD/PEG-SS-PCL nanomicelle, which exhibited high affinity for αvß3 integrins. αvß3 integrins 
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are important biomarkers overexpressed on angiogenic tumor endothelial cells and malignant 

tumor cells, such as U87MG glioblastoma cells and B16 melanoma cells. These DOX-loaded, 

functionalized-nanomicelles showed a half-maximal inhibitory concentration (IC50) of 6.36 

µg/mL, 2.9-fold lower than that of the non-functionalized micelle (IC50= 18.35 µg/mL). In vivo 

biodistribution was performed using U87MG tumor-bearing nude mice. Four hours post injection 

ex vivo DOX fluorescence imaging revealed that DOX delivered via cRGD/PEG-SS-PCL 

exhibited higher accumulation in the tumor (4.38% ID/g) in comparison to liver, heart, spleen, 

lung, and kidney tissue. In addition, this was also 2.2-fold higher than that of DOX delivered via 

PEG-SS-PCL (1.99% ID/g).18 

     Zhou and coworkers reported a dual-responsive polymer micelle generated from the self-

assembly of a redox-responsive prodrug, a mPEG-SS-CPT and phenylboronic acid (PBA) 

functionalized enzyme-responsive copolymer, and PBA-PEG-4,4’-(diazene-1,2-diyl)benzoyl-

PCL (PBA-PEG-Azo-PCL). PBA interacts with sialic acid, which is overexpressed in hepatoma 

carcinoma cells, enhancing in-vitro cellular uptake in HepG2 cells with the PBA-functionalized 

carrier. Moreover, strong fluorescence remained at the tumor site six hours post-injection in nude 

mice bearing H22 tumors; 1.84-fold higher than with the non-targeted micelle.19 

     Poly(poly(ethylene glycol)methacrylate)−poly(caprolactone)−poly(poly(ethylene glycol) 

methacrylate) (pPEGMA−PCL− pPEGMA) triblock copolymer was conjugated with DOX 

through an acid-labile hydrazone bond. This pH responsive system was then functionalized with 

folic acid and/or AS1411 aptamer, which specifically bind to folate and nucleolin receptors, 

respectively, that are overexpressed in cancer cells. Using fluorescence-activated cell sorting, the 

cellular uptake of this dual-targeted system in MCF-7 and PANC-1 cells was found to be 10- and 
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100-fold higher compared to single and non-targeted nanoparticles, respectively. Moreover, L929, 

a noncancerous cell line showed no DOX adverse effects.20 

1.7 Conclusion 

     Due to their versatility, biodegradable aliphatic polyesters have been shown to be excellent 

candidates in a wide range of anti-cancer drug delivery applications. Stimuli-responsiveness and 

targeted release of anti-cancer drugs with polyester drug carriers has improved the therapeutic 

efficacy while reducing adverse side effects to healthy cells. The structural and functional diversity 

of aliphatic polyesters provides new opportunities for creating novel materials with enhanced 

performance with dramatic impact on the development of next generation drug delivery systems. 

Progress in the development of aliphatic polyesters for anticancer drug delivery applications will 

continue to advance from the laboratory to clinical trials, improving both treatment options and 

patient outcomes in cancer therapy. 
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CHAPTER 2 

ENHANCED DOX LOADING IN BENZYL FUNCTIONALIZED- 

POLYCAPROLACTONE MICELLES BASED ON STAR-POLYMER ARCHITECTURE 

2.1 Abstract 

     The micellar self-assembly of functionalized polycaprolactone-based copolymer is widely 

explored in carrier-mediated doxorubicin delivery for effective cancer treatment. In this report, 

functionalized polycaprolactone-based block copolymers with controlled branching architecture 

are investigated.  Star-like copolymers, namely 4-arm and 6-arm poly(γ-benzyloxy-ε-

caprolactone)-b-poly{γ-2-[2-(2-methoxyethoxy) ethoxy]ethoxy-ε-caprolactone} (PBCL-b-

PMEEECL), were synthesized by living ring-opening polymerization (ROP) of [γ-(2-benzyloxy)-

ε-caprolactone with {γ-2-[2-(2-methoxyethoxy)ethoxy]ethoxy-ε-caprolactone} using 

multifunctional initiatiors. A systematic investigation of the effect of some branching points on 

polymer properties and on micellar carrier properties was carried out. The star-like PBCL-b-

PMEEECL micelles displayed a better thermodynamic stability, reduction in size and enhanced 

doxorubicin encapsulation as compared to the linear PBCL-b-PMEEECL. Furthermore, the π–π 

stacking effect between the benzyl group of the hydrophobic PBCL core and the doxorubicin, the 

anti-cancer drug, also increased the stability and loading capacity of the micelles. The polymers 

displayed a tunable thermo-responsiveness in the range of 40-42 °C. When the DOX-loaded 

micelles are internalized by tumor cells, the shell of the polymeric micelles dehydrates upon 

heating (at temperature above its LCST), causing disassembling of the micelles and releasing of 

DOX into the nuclei of the tumor cells. Compared with DOX-loaded linear and 4-arm micelles, 

DOX-loaded 6-arm micelles exhibited higher anti-tumor activity in-vitro. Thus, the 6-arm benzyl 
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substituted polycaprolactone-based micellar systems are promising candidates for drug delivery 

applications. 

2.2 Introduction 

     Aliphatic polyester materials, an important class of biocompatible and biodegradable polymers, 

are widely used in biomedical research for a broad array of demanding applications. Especially, it 

has been used in smart carrier development due to its remarkable biodegradability.1–8 Aliphatic 

polyesters including poly(lactide)s (PLA), poly(caprolactone)s (PCL), poly(glycolide)s (PGA), 

poly(dioxanone)s (PDO), poly(butyrolactone)s (PBL), and poly(valerolactone)s (PVL) and their 

copolymers have been successfully employed in drug delivery applications. Owe to good 

mechanical properties and slow degradation rate, polycaprolactone-based drug delivery systems 

have been widely used compared to other polyesters.     

     Functional groups have been incorporated to tune the properties of PCLs to expand their 

application for drug delivery systems.9–15 Pendent functional groups have been introduced along 

the PCL backbone by ring opening polymerization of functionalized -caprolactone monomer and 

/or post polymerization modification.16 Polymerization of functional caprolactone(CL) substituted 

at α‐ or γ‐position with  functionality like halogen, hydroxy, carboxylic, acyloxy, allyl and amine 

have been reported to tune the PCL properties.16–19  

     Stefan et al has employed functional groups such as alkoxy-, benzyloxy-, and methoxyethoxy 

to improve the micellar properties including drug loading capacity, thermodynamic stability and 

kinetic stability.12,20,21 Furthermore, PCLs can be chemically modified by coupling drugs, 

bioactive moieties and stimuli-responsive moieties. As such, functional groups, such as 
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doxorubicin (DOX), HDAC inhibitor and, paclitaxel have been incorporated in PCLs backbone to 

improve the drug loading and cellular accumulation.15,22–24 Xiong et al. reported doxorubicin 

conjugated RGD-PEG-b-PCCL, (PEG-b-poly(α-carboxyl-ε-caprolactone)) and RGD4C-PEG-b- 

PCCL to selective delivery of DOX to tumor cells.25,26 They showed that RGD-PEG-b-PCCL 

improves the degradation rate and cellular accumulation of dox in metastatic cancer cells.25 

Further, they reported that RGD4C-PEG-b-PCCL significantly enhances the cellular accumulation 

of DOX in DOX-resistance cancer cells.26  

     Stefan et al have reported, thermo-responsive functional moiety conjugated CL monomer, γ-2-

[2-(2-methoxyethoxy)ethoxy] ethoxy--caprolactone (ME3CL).27–29 Furthermore, a few 

amphiphilic block copolymers from (ME3CL) as thermo-responsive hydrophilic block and various 

functional group conjugated PCL as hydrophobic block to improve the micellar properties.12,30,31 

The thermo-responsibility of the block copolymers was tuned by varying the composition of 

hydrophilic/hydrophobic units and pendent groups of the hydrophobic PCL unit. The lower critical 

solution temperature (LCST) of PME3CL-b-PME1CL (PME3CL-b-γ-2-[2-(2-methoxyethoxy)--

caprolactone (ME1CL)) could be tuned in range of 31–43 °C, by varying the ratios of PME3CL 

and PME1CL.28  

     Cisplatin grafted PEG-b-P[carboxylic acid caprolactone]s have been reported using post-

polymerization chemical modification of PCL.32,33 The self-assembly of these block copolymers 

achieved a cisplatin loading > 12 mol%.32,33 He at el, synthesized a dual-responsive amphiphilic 

graft copolymer P(OPD-co-CL)-g-PNIPAM, poly(2-oxepane-1,5-dione-co-ɛ-caprolactone)-g-

poly(N-isopropylacrylamide)) through post-polymerization of PCL and investigated its pH and 



 

19 

thermoresponsivity of this core–shell micelle assembly.34 The acid cleavable hydrazone bond and 

the PNIPAM unit offer the pH-responsivity and the thermo-responsivity, respectively. 

     Stimuli-responsive polyesters offer great promise in the development of smart drug carriers by 

releasing their cargo in response to specific stimuli. The stimulus can be either endogenous and/or 

exogenous.18,19 The endogenous stimuli, which is an inherent property of pathological or 

physiological site, include variation in pH, enzyme concentration, hormone level or redox 

gradients.  Meanwhile, endogenous stimuli, which is applied externally, includes changes in 

temperature, magnetic field or light. Responding to the desired stimulus the smart polymers go 

through a specific protonation, a molecular conformational alternation or a hydrolytic cleavage. 

18,19  

     Polymeric micelles offer great promise in drug delivery application and have been extensively 

studied for delivering poor water-soluble drugs, such as doxorubicin, to the pathological cells. 

Also, these polymeric micelles help to protect the healthy cells against toxic side effects of drugs 

by encapsulating the drugs inside the hydrophobic core.  However, the low drug loading remains 

an obstacle for the effective use of polymer micellar drug carriers in cancer treatment.  

     Herein, we developed a series of stimuli-responsive micellar drug carriers based on linear and 

star-like benzyl functionalized polycaprolactone, where poly(γ-benzyloxy-ε-caprolactone) 

(PBCL) was used as a hydrophobic block and poly{γ-2-[2-(2-methoxyethoxy)ethoxy]ethoxy-ε-

caprolactone} (PMEECL) as a hydrophilic block. It was hypothesized that the star polymer could 

enhance the polymer properties and DOX loading capacity and efficiency, due to the higher density 

of the functional groups in the core forming segment allowing increased hydrophobic interactions. 

The effect of branching architecture on polymer properties was investigated by comparing their 
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CMCs, micelle sizes, thermodynamic stabilities, drug loading capacities, and thermo-induced drug 

release of DOX. The benzyl substituted polycaprolactone (PBCL), the hydrophobic unit, was used 

to develop the micellar core to encapsulate doxorubicin, a hydrophobic anti-cancer drug.  

Additionally, the incorporation of a benzyl functionalities along the backbone of the hydrophobic 

polycaprolactone block might support in enhancing the DOX loading, due to its ability of forming 

π- stacking interaction with encapsulated doxorubicin.20 The oligo (ethylene glycol) substituted 

polycaprolactone (PMEEECL) offers not only the hydrophilicity but also thermo-responsibility to 

the micelles. Thermo-responsive polymeric micelles release its encapsulated drug to the 

pathological cells in a controlled way upon temperature variation.   

2.3 Experimental 

2.3.1 Materials 

     All commercially available chemicals and solvents were purchased from Sigma Aldrich or 

Fisher Scientific and were used without further purification unless otherwise noted. Benzyl alcohol 

and Sn(Oct)2 were purified through vacuum distillation prior to use and stored in glove box. 

Toluene was dried over sodium/benzophenone ketyl and freshly distilled prior to use. All 

polymerization reactions were conducted under purified nitrogen. The polymerization glassware 

and syringes were dried at 120 °C for at least 24 hours before use and cooled in a desiccator prior 

to use. 
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2.3.2 Analysis 

     1H NMR spectra of the synthesized polymers were recorded on a 500 MHz Bruker AVANCE 

IIITM spectrometer at 25 °C using deuterated chloroform as the solvent. Number average 

molecular weights and polydispersity indices of the synthesized polymers were determined by size 

exclusion chromatography (SEC) using a Viscotec VE 3580 system equipped with Viscotek 

columns (T6000M), connected to the refractive index (RI), low angle light scattering (LALS), 

right angle light scattering (RALS), and viscosity detectors. HPLC grade THF was used as the 

eluent (1 mL min-1) at 30 °C with GPC max as the sample module and triple point calibration was 

based on polystyrene standards. Dynamic light scattering (DLS) measurement was performed 

using a Malvern Zetasizer instrument using a 4 mW He–Ne laser (633 nm) and an avalanche 

photodiode (APD) detector.  The scattered light was detected at an angle of 173° at 25 °C. The 

absorbance spectra were recorded using an Agilent 8453 UV-vis spectrometer. Transmittance 

measurements were performed using a temperature controlled Cary5000 UV-vis spectrometer 

equipped with temperature controlled multi-cell holders.  Cytotoxicity and cellular uptake 

measurements were performed with a BioTek Cytation 3 cell imaging multi-mode reader. TEM 

images were performed on a Tecnai G2 Spirit Biotwin microscope operated at 120 keV and images 

were analyzed using Gatan Digital Micrograph software. Copper mesh grids were treated with 1 

mg mL-1 polymer micelle solution for 2 minutes and staining with 2% phosphotungstic acid for 30 

seconds. 
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2.3.3 Synthetic Procedure 

Monomer Synthesis 

     The substituted caprolactone monomers, γ-2-[2-(2-methoxyethoxy)ethoxy] ethoxy-3-

caprolactone (MEEECL) and γ-benzyl-ε-caprolactone (BCL), were prepared according to a 

previously reported method, as shown in Scheme 2.1.12 

 

Scheme 2.1. Synthesis of Functionalized -caprolactone monomers, γ-benzyloxy--caprolactone 

(M1/BCL) and γ-2-[2-(2-methoxyethoxy)ethoxy]ethoxy--caprolactone(M2/ MEEECL). 

 

Polymer Synthesis 

Synthesis of Linear poly(γ-benzyloxy-ε-caprolactone)-b-poly{γ-2-[2-(2-methoxy-

ethoxy)ethoxy]ethoxy--caprolactone} (Linear PBCL-b-PMEEECL, Linear) 

     Inside a nitrogen-filled glove box, dried BCL (244 mg, 1.11×10-3 mol), benzyl alcohol (2.50 

mg, 1.39×10-5 mol) and Sn(Oct)2 (5.98 mg, 1.39×10-5 mol) in 0.4 mL dry toluene were added to 

an oven-dried 10 mL Schlenk flask and sealed. The reaction flask was heated in a thermostat-

controlled oil bath at 110 °C. The monomer consumption was monitored using GC/MS and 1H 

NMR. After BCL was consumed, dried MEEECL (303 mg, 1.11 × 10-3 mol) in 0.2 mL of toluene 

was added to the reaction flask under nitrogen and the reaction was left for 12 hours. After the 

MEEECL was consumed, the reaction was precipitated in cold hexane. The polymer was filtered 
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and dried under vacuum to yield a clear gel-like polymer (0.45g, 75.4%).  1H NMR (500 MHz, 

CDCl3): δH 1.82 (m,8H), 2.34 (m,4H), 3.37 (s,3H),3.45-3.64 (b,14H),4.15(b, 4H), 4.45 (m,2H), 

7.29(b,5H). 1H-NMR spectrum of the polymer is given in Figure 2.1 

     Similar molar composition (BCL/MEEECL at 50:50) was targeted  and similar polymerization 

procedure was used to synthesize 4-arm poly(γ-benzyloxy-ε-caprolactone)-b-poly{γ-2-[2-(2-

methoxy-ethoxy)ethoxy]ethoxy--caprolactone} (4-arm, yield-62.1%, 19800 g mol-1, PDI-1.32)  

and 6-arm poly(γ-benzyloxy-ε-caprolactone)-b-poly{γ-2-[2-(2-methoxy-ethoxy)ethoxy]ethoxy--

caprolactone} (6-arm, yield-69.7%, 23700 g mol-1, PDI-1.66) using pentaerythritol and myo-

inositol, respectively.  

     Molar ratios of 1:4.50:50 and 1:6.50:50 of initiator, Sn(Oct)2, BCL and MEEECL were used to 

synthesize 4- and 6-arm polymer, respectively. 1H-NMR spectra of the polymers are given in 

Figure 2.2 and 2.3.  

2.3.4 Preparation of Empty Polymeric Micelles 

     Empty polymeric micelles were prepared according to the previously reported method.30 

Solvent evaporation method was used to prepare empty polymeric micelles. Briefly, the 2 mL of 

polymer in 2 mL of THF and added dropwise to deionized water (4 mL) with rapid stirring.  The 

polymer was stirred vigorously in a 20 mL vial opened to the atmosphere over 3 hours. The 

resulting suspension was filtered using a nylon syringe filter (0.22 μm) to obtain an empty polymer 

micellar solution (1 mg mL−1), N=6.   
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2.3.5 Preparation of DOX- Loaded Polymeric micelles 

     DOX-loaded polymeric micelles were prepared according to the previously reported method.30 

DOX· HCl was mixed with THF and neutralized with 3 equivalents of triethylamine. Polymer (4 

mg) in THF (2 mL) and mixed with the neutralized DOX solution at a weight ratio of 5:1. The 

solution of polymer/DOX in THF was added dropwise to deionized water (4 mL) with rapid 

stirring, and THF was evaporated. The DOX-loaded micelle suspension was filtered with a nylon 

syringe filter (0.22 μm) to remove the non-encapsulated drug. The final concentration of the DOX-

loaded micelles was 1 mg mL-1, N=6. 

2.3.6 Determination of Drug-Loading Capacity and Drug-Loading Efficiency 

     Spectrometric technique was used to determine the drug-loading capacity (wt% DLC) and drug-

loading efficiency (wt% DLE). 1 mL of DOX-Loaded polymeric micelle solution was mixed with 

DMSO in a 1:1 volume ratio and the DOX concentration was determined by measuring absorbance 

at 485 nm. The weight of the drug entrapped in the micelles was determined by a calibration curve 

of DOX in DMSO/DI H2O at 485 nm.  

The DLC and DLE of dox-loaded micelles were calculated using following equations: 
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2.3.7 Determination of LCST  

     3 mg of polymer was dissolved in 10 mL of deionized water to prepare a 0.3 wt% polymer 

suspension. At 600 nm, the %transmittance was measured using a UV-vis spectrophotometer 

equipped with temperature controlled multi-cell holders by gradually heating the polymer 

suspension. The point of 50% drop in transmittance was taken as LCST of the polymer solution. 

2.3.8 Critical Micelle Concentration (CMC) Measurements 

     CMC of the polymer was determined by fluorescence technique using pyrene as the 

fluorescence probe. 29,30 Briefly, a series of polymer samples with various concentrations were 

prepared and mixed with 6.0×10−5 M pyrene in THF. Each polymer/pyrene solutions were added 

dropwise into deionized water (10 mL) to obtain a final polymer concentration of 1×10−5 to 1 gL−1. 

The resulting solutions were stirred for 4 hours to evaporate THF.  At 25 °C, the fluorescence 

spectra of each samples were recorded on a fluorescence spectrometer using the emission 

wavelength of 390 nm. The first inflection point on a plot of the intensity ratio of the pyrene 

excitation peaks at 337.5 and 334.5 nm against the logarithm of the copolymer concentration (C) 

of the samples was taken to be the CMC. 

2.3.9 Hydrodynamic Diameter and Size Distribution 

     Hydrodynamic diameters (Dh) and size distribution of the empty and the DOX-loaded micelles 

were determined by dynamic light scattering (DLS). Solutions of empty and DOX-loaded micelles 

(1 mg mL−1) were prepared as mentioned above and the measurements were recorded at 25 °C, 

N=3. 
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2.3.10 In Vitro DOX Release 

     DOX-loaded polymer micellar solutions (1 mg mL-1) were prepared as mentioned above. 

Polymer micellar solution (4 mL) was added to Snakeskin dialysis bag (3500 Da molecular weight 

cutoff) and immersed in 10 mL of PBS (pH 7.4). 2 mL of aliquots were withdrawn at 0, 4, 8, 12, 

24 and 48 hours and were replaced with the equal volume of PBS (pH 7.4). The aliquots withdrawn 

were mixed with DMSO in a volume ratio of 1:1 and the UV-Vis spectra were measured.  The 

amount of DOX release was calculated using a calibration plot of free DOX in DMSO/DI mixture 

(volume ratio of 1:1). (N=3). 

2.3.11 Biological Studies 

     HeLa cells were grown on RPMI-1640 medium with L-glutamine and sodium bicarbonate 

supplemented with 10% FBS and 1% penicillin-Streptomycin. The cells were grown at 37 °C in a 

humidified atmosphere with the addition of 5% CO2.  

2.3.12 Cytotoxicity Studies 

     Cytotoxicity studies were performed according to the previously reported method.30 Cell 

viability was assessed in HeLa cell line.  HeLa cells were seeded (5000 cells/well) in 96-well plates 

with 100 μL of growth medium. The HeLa cells were incubated at 37 °C in a humidified 

atmosphere with 5% CO2 for 24 hours for attachment. After the cells were adhered, the medium 

was removed, washed 100 μL of PBS, and replaced with 100 μL of fresh growth medium. Post 

attachment cells were treated with 100 μL of pH 7.4 phosphate buffer (control); Solutions of empty 

micelles, DOX-loaded micelles and free DOX were prepared in PBS at a series of concentrations 
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and added to the cells and incubated at 37 °C for another 24 hours. After 24 hours, cytotoxicity 

evaluation was done using CellTiter Blue assay. 

2.3.13 Cellular Uptake Studies 

     Cellular uptake studies were performed according to the previously reported method.30 HeLa 

cells were grown in a 35 mm glass bottom imaging dishes (250 000 cells/ dish) with 2 mL of 

growth media and incubated in a humidified atmosphere with 5% CO2 for 24 hours at 37 °C. After 

24 hours, the cell culture medium was removed, the cells were washed with 2 mL of PBS, replaced 

with 2 mL of growth medium and 1 mL of the DOX-loaded micelles (0.25 mg mL−1) prepared in 

PBS and incubated for 4 hours at 37 °C in a humidified atmosphere with 5% CO2. After 4 hours 

of incubation, the cells were washed with fresh PBS (3×2 mL, pH 7.4). The cells were fixed with 

4% paraformaldehyde, washed with PBS (3×2 mL), and the nuclei were counterstained with DAPI. 

Images were recorded using a BioTek Cytation3 Cell Imaging Multi-Mode Reader.  

2.3.14 IC50 determination: 

      The IC50, the drug concentration at 50% growth inhibition, was determined by dose-response 

curve. Mean % cell viability (N=12) over a concentration range was plotted using the Software 

GraphPad PRISM and the IC50 value was assessed using regression analysis of the PRISM 

program. 

2.3.15 Statistical Analysis 

     The mean and standard deviation (SD) were determined for all in-vitro data and expressed as 

the mean ± standard deviation (meanSD). One-way analysis of variance (one-way ANOVA) was 
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performed using Microsoft Office to evaluate the differences between experimental groups. 

Statistical significance was assumed at P<0.01. Multi-factor analysis of variance (Multi-factor 

ANOVA) was performed using Minitab 2018. 

2.4 Results and Discussion 

2.4.1 Block copolymer synthesis 

     In a previous study from our group, a series of linear substituted polycaprolactone-based 

amphiphilic diblock copolymers were reported and their micellar properties such as size, 

thermodynamic stability, thermo responsivity and drug loading capacity were investigated.12    

Further studies have been continued to improve the drug loading capacity and stability, focusing 

on star-like substituted and unsubstituted polycaprolactone-based block copolymers. Micelles 

obtained from 4-arm PEEECL-b- PCL and 4- and 6-arm PEEECL-b-PECL diblock copolymers 

showed drug loading capacities of 1.14 wt% 2.06 wt% and 2.63 wt%, respectively.21,22   The DOX 

loading content of the star-like copolymers was shown to be higher than their corresponding linear 

polymer, PEEECL-b-PCL (0.77 wt%) and PEEECL-b-PECL (2.05 wt %). 21,22 

     In this report, the synthesis of linear and star-like poly(γ-benzyloxy-ε-caprolactone)-b-poly{γ-

2-[2-(2-methoxyethoxy)ethoxy]ethoxy-ε-caprolactone} (PBCL-b-PMEEECL) were reported. To 

understand the effects of polymer architecture on drug loading capacity, stability and size of the 

polymeric micelles, two star-like block copolymers were used that are 4-arm and 6-arm PBCL-b-

PMEEECL. To synthesize linear and star-like PBCL-b-PMEEECL polymers, tin-catalyzed ring 

opening polymerization was carried out using the benzyl alcohol and multifunctional alcohols as 

initiators, respectively. Briefly, coordination-insertion ring opening polymerization of BCL were 
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carried out at 110 °C to generate the hydrophobic segment. Upon complete consumption of BCL, 

the second monomer, MEEECL, was added to generate the hydrophilic block.  According to the 

previously reported literature, linear PBCL-b-PMEEECL was synthesized using benzyl alcohol as 

initiator, while 4-armed pentaerythritol and 6-armed myo-inositol, multifunctional initiators, were 

used to synthesize 4- and 6- arm PBCL-b-PMEEECL, respectively. The synthesis of the polymers 

is presented in Scheme 2.2 and 1H NMR spectra are given in Figure 2.1, 2.2 and 2.3.  

 

Scheme 2.2. Synthesis of linear, 4- arm and 6-arm PBCL-b-PMEEECL amphiphilic block 

copolymers. 
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Figure 2.1. 1H NMR spectrum of linear poly(γ-benzyloxy-ε-caprolactone)-b-poly{γ-2-[2-(2- 

methoxyethoxy)ethoxy]ethoxy-ε-caprolactone} (Linear PBCL-b-PMEEECL). 

 

     Similar molar composition (BCL/MEEECL at 50:50) was targeted  and similar polymerization 

procedure was used to synthesize 4-arm poly(γ-benzyloxy-ε-caprolactone)-b-poly{γ-2-[2-(2-

methoxy-ethoxy)ethoxy]ethoxy-ε-caprolactone} (4-arm)  and 6-arm poly(γ-benzyloxy-ε-

caprolactone)-b-poly{γ-2-[2-(2-methoxy-ethoxy)ethoxy]ethoxy- ε -caprolactone} (6-arm) using 

pentaerythritol and myo-inositol, respectively. Molar ratios of 1:4.50:50 and 1:6.50:50 of initiator, 

Sn(Oct)2, BCL and MEEECL were used to synthesize 4- and 6-arm polymer, respectively.  
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Figure 2.2. 1H NMR spectrum of 4-arm poly(γ-benzyloxy-ε-caprolactone)-b-poly{γ-2-[2-(2- 

methoxyethoxy)ethoxy]ethoxy-ε-caprolactone} (4-arm PBCL-b-PMEEECL). 

 

 
Figure 2.3. 1H NMR spectrum of 6-arm poly(γ-benzyloxy-ε-caprolactone)-b-poly{γ-2-[2-(2- 

methoxyethoxy)ethoxy]ethoxy-ε-caprolactone} (6-arm PBCL-b-PMEEECL). 
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     Block copolymers with 50 mol % PMEEECL and 50 mol% PBCL units were targeted to 

achieve a comparable molecular weight in all three amphiphilic block copolymers. The molecular 

weight and molar compositions of all three polymers are shown in Table 2.1.  The results confirm 

that the synthesized polymers have comparable molar compositions.  

Table 2.1. Summary of block copolymer compositions and molecular weight 

 

a Calculated from size exclusion chromatography. b Calculated from by 1H NMR spectroscopy. 

 

     The Size Exclusion Chromatography (SEC) traces obtained for all three polymers exhibit 

monomodal distributions, demonstrating the development of block copolymers with the addition 

of the second caprolactone monomer, MEEECL (Figure 2.4).  

 
Figure 2.4. SEC trace of Linear, 4-arm and 6-arm PBCL-b-PMEEECL. 

 

 Mn
a (g mol-1) PDI Mol % BCLb Mol % MEEECLb 

Linear 26300 1.27 49.0 51.0 

4-arm 19800 1.32 47.9 52.1 

6-arm 23700 1.66 49.2 50.8 
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2.4.2 Self-assembly and Thermo-responsibility of Block copolymers 

     The amphiphilic diblock copolymers self-assembled into micelles in aqueous media above the 

critical micellar concentration (CMC). The solvent-polarity dependent fluorescent of the pyrene 

probe is used to study the CMC values of the amphiphilic block copolymers.23,24 The pyrene 

excitation spectrum displays a peak shift (from 334.5 nm to 337.5 nm), when the environmental 

polarity changes, from hydrophilic to hydrophobic.12,23 The ratio of intensities of the peaks 

(I337.5/I334.5) were obtained to determine the CMC values. The CMC value of the linear polymeric 

micelles, 1.23×10−3 gL−1, was comparable with previously reported values.12 The 4- and 6- arm 

polymeric micelles reach CMC values of 2.70×10-4 gL-1 and 9.19 ×10-5 gL-1, respectively.  

     The CMC value is a key factor to determine the thermodynamic stability of micelles, the lower 

the CMC value, the better the thermodynamic stability. In comparison with the linear polymer, 

significantly lower CMC values were obtained for 4- and 6-arm amphiphilic block copolymers 

indicating that the star-like polymeric micelles have improved thermodynamic stability. Higher 

density of benzyl functionality in the hydrophobic core enhances the intermolecular and 

intramolecular hydrophobic−hydrophobic interaction.  The resultant interaction increases the 

thermodynamic stability of the micelles. 

     A thermo-responsiveness was expected for PBCL-b-PMEEECL copolymers due to the 

presence of PMEEECL block, which was reported as a thermo-responsive unit.12 At room 

temperature, thermoresponsive polymer is soluble in water, which forms a clear solution. 

However, a phase transition happens upon heating the polymer solution, which forms a cloudy 

solution the dehydration and precipitation of the polymer.  Thermosensitive copolymer, PBCL-b-

PMEEECL, undergo reversible phase transitions in response to temperature variation.  
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Figure 2.5. Determination of LCST and CMC of block copolymers; Linear (A, B), 4-arm (C, D) 

and 6-arm (E, F) polymers, respectively. 

 

     The temperature-dependent transmittance of the thermoresponsive polymer was used to 

determine the lower critical solution temperature (LCST). When the polymer solution was heated 

above its LCST, a drop-in transmittance was observed. The LCST was taken at the point at which 
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50% drop in transmittance (the midpoint between the maximum %T and minimum %T) was 

observed (Figure 2.5). A sharp transition in transmittance was observed in all three polymers. 

Theses polymers displayed a comparable LCST due the incorporation of comparable mol% of 

PMEEECL unit in the block copolymer. The polymers displayed LCSTs in the range of 40-42 °C 

(Table 2.2) and are in the useful range for in vivo drug delivery applications. At physiological 

temperature (37 °C), drug-loaded polymeric micelles circulate in the bloodstream in a highly stable 

form. The drug release, however, can occur is expected by applying an external temperature above 

its LCST value. 

2.4.3 Size and morphology of micelles 

     Dynamic light scattering (DLS) was employed to evaluate the hydrodynamic diameter (Dh) 

and polydispersity of the self-assembled polymeric micelles. The hydrodynamic diameter of empty 

micelles prepared from linear, 4-arm and 6-arm were about 144 nm, 85 nm, and 52 nm 

respectively, with micelle dispersity indices of 0.095, 0.101, 0.114 (Figure 2.6, Table 2.2). The 

results showed that the size of the micelles obtained from star-like polymers were much smaller 

as compared to those formed from linear polymeric micelles. TEM analysis was performed to 

study the morphology of the polymer micelles.  The TEM images confirms that the polymers self-

assemble into spherical micelles in aqueous medium and the sizes of the micelles estimated from 

TEM analysis were comparable to the micelle sizes determined by DLS.  
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Figure 2.6. Size distribution (Dh) and TEM images obtained for empty polymer micelles; Linear 

(A, D), 4-arm (B, E), and 6-arm (C, F), respectively. 

 

Table 2.2. Summary of DOX-loaded polymer micelle properties 

 

a Determined with UV-vis spectroscopy at 485 nm. b Hydrodynamic diameter and d size dispersity of DOX- loaded 

polymer micelles determined from DLS, at 25 °C. 
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2.4.4 Doxorubicin encapsulation 

     Previously reported linear PMEEECL-b-PBCL copolymer achieved 2.35 wt% doxorubicin 

(DOX) loading, where polymer: DOX feed weight ratio of 10:1 was used.25 To further enhance 

the drug loading capacity, polymer: DOX feed weight ratio of 5:1 was targeted. As can be seen 

from Table 2.3 and Figure 2.7, the drug loading capacities (DLC) and encapsulation efficiencies 

(EE) were significantly higher in 4- and 6-arm star-like polymers than linear polymer micelles. 

This considerable improvement was attributed to the higher density of benzyl substituent in the 

core-forming segment of the star polymers. Also, the incorporation of the aromatic ring substituent 

increases drug loading compared to that of nonaromatic substituent, due to the π-π stacking formed 

between the aromatic groups of the encapsulated drug molecules and the core unit.  

 
 Figure 2.7. Absorbance spectra of DOX-loaded polymer micelles. 

 

     The micelle sizes were determined after dox loading and are summarized in Figure 2.8 and 

Table 2.3. the DOX-micelles exhibited narrow poly dispersity, indicating the formation of uniform 

micelles. The DOX-loaded micelles showed hydrodynamic diameters larger than the size the 

empty micelles, due to the encapsulation of DOX. The dox micelles still retained its size within 
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the range appropriate for passive targeting using the EPR effect. Polymeric micelle drug carriers 

with size range from 10 to 200 nm prevents elimination in kidneys and allows for accumulation in 

cancer cells via enhanced permeation and retention (EPR) effect. 26–28 

 
 

 
Figure 2.8. Size distribution (Dh) and TEM images (scale bar=200 nm) obtained for DOX-loaded 

polymer micelles; Linear (A, D), 4-arm (B, E), and 6-arm (C, F), respectively. 

 

Table 2.3. Summary of DOX-loaded polymer micelle properties 

 

 

 

 

 
 
 

a Determined with UV-vis spectroscopy at 485 nm. b Hydrodynamic diameter and d size dispersity of DOX- loaded 

polymer micelles determined from DLS, at 25 °C. 
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2.4.5 In-vitro DOX Release 

     Cumulative DOX release studies were performed using DOX-loaded linear, 4-arm and 6-arm 

polymer micelles in PBS (pH 7.4). The samples were incubated at physiological temperature (37 

°C) and temperature above LCST (42 °C), separately. As shown in Figure 2.9, all three polymer 

micelles showed significantly higher DOX release at 42 °C compared to that of release at 37 °C. 

This confirms that at temperature above LCST, the micellar shell is deformed and faster DOX 

release is achieved. DOX release of ∼56% for linear polymer micelles was obtained at 42 °C, 

which is shown to be higher than 4-arm (47%) and 6-arm polymer micelles (44 %) at 42 °C. The 

higher density of the benzyl groups in the star-like polymer micellar core resulted in enhanced -

 interaction between the benzyl groups of the polymer backbone and the aromatic group of the 

DOX.  The enhanced interaction diminishes the DOX release from the star-like polymer micelles 

compared to linear polymer micelles. 

 
Figure 2.9. In-vitro DOX release for the DOX-loaded linear, 4-arm and 6-arm polymer micelles 

at 37 °C and 42 °C in PBS. 
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2.4.6 In-vitro Cytotoxicity and Cellular Uptake of DOX Loaded micelles 

     The cytotoxicity effect of DOX-loaded polymeric micelles compared to that of free DOX and 

empty polymeric micelles was determined using HeLa cell lines as model tumor cells (Figure 

2.10). To test the cytotoxic effect of polymer alone, the HeLa cells were treated with the empty 

polymeric micelles (the micelles without DOX encapsulation) and incubated for 24 hours. It was 

observed no obvious cytotoxicity against HeLa cells and confirms that the polymer alone was 

ineffective in killing cancer cells in-vitro at all tested concentrations.  

 
Figure 2.10. Effect of empty micelles, free DOX and DOX-loaded micelles on viability of HeLa 

cells.  
Data is expressed as mean ± SE and three independent experiments made in twelve replicates. +p < 0.01, significant 

differences of empty micelles, free DOX, DOX-loaded micelles (37 °C) and DOX-loaded micelles (42 °C)  vs control 

(Cells only); ★p < 0.01, significant differences of free DOX, DOX-loaded micelles (37 °C) and  DOX-loaded micelles 

(42 °C) vs empty micelles; •p < 0.01, significant differences of DOX-loaded micelles (37 °C) and  DOX-loaded 

micelles (42 °C) vs free DOX; #p < 0.01 
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         The cytotoxicity of DOX-loaded polymeric micelles were tested in HeLa cells at various 

concentrations.  The results showed that the DOX-loaded 6-arm micelles were highly toxic to 

tumor cells compared to other two DOX-loaded polymer micelles, due to the higher DOX loading 

capacity obtained for the 6-arm polymeric micelles. The effect of temperature-dependent release 

of DOX on HeLa cells was studied at both at physiological temperature (37 °C) and at a 

temperature above the LCST of the polymer (42 °C). HeLa cells were treated with DOX-loaded 

polymeric micelles and incubated for 24 hours at 37 °C and 42 °C, separately. At all the tested 

concentrations, the incubation of DOX-loaded micelles with HeLa cells at 42 °C significantly 

increased the cytotoxicity of DOX-loaded micelles against HeLa cells compared to those incubated 

at physiological temperature (37 °C), as shown in Figure 2.10. This confirms the higher drug 

release at temperature above LCST of the polymers (42 °C).  

     IC50 values of DOX-loaded micelles against HeLa cells were determined at 37 °C and 42 °C 

and results were shown in Figure 2.11 and Table 2.4. IC50 values of the DOX- loaded linear, 4-

arm and 6-arm micelles from the dose−response curve were 20.18, 8.19, and 6.96 µg/mL, 

respectively at 37 °C. By contrast, the IC50 values were 18.98, 3.24, 0.39 µg/ml for DOX-loaded 

linear, 4-arm and 6-arm micelles, respectively, at 42 °C. According to the results, the IC50 values 

of DOX-loaded linear, 4-arm and 6-arm micelles against HeLa cells at 37 °C were approximately 

1.1-, 2.5- and 17.8-fold, respectively, higher than the IC50 value of the corresponding DOX-loaded 

polymers incubated at 42 °C. Moreover, the IC50 values of DOX-loaded linear, 4-arm and 6-arm 

micelles against HeLa cells at 37 °C were nearly 2.2-, 5.5- and 6.5-fold, respectively, lower than 

the IC50 value of the previously reported benzyl substituted PCL-b-PEG micelles (45.0 µg/mL). 24    



 

42 

 
Figure 2.11. Dose response curve for the DOX loaded polymeric micelles at A) 37 °C, and b) 42 

°C, respectively. 

 

Table 2.4. IC 50 values of DOX-loaded polymer micelles 

 

 

 

 

 

The IC50 values for DOX-loaded polymeric micelles were determined against HeLa cell line are means of twelve 

independent experiments, (n=12, mean ± SD).  

 

     The DOX-loaded micelles have higher cytotoxicity against HeLa cells when incubated at 

temperature above LCST, as evidenced by its low IC50. This improved antitumor activity was an 

outcome of the enhanced drug release at temperatures above LCST, as mentioned previously. At 

both temperatures, the IC50 values of DOX-loaded 6-arm polymeric micelles against HeLa cells 

were significantly lower than that for DOX-loaded linear and 4- arm polymeric micelles. This 

lower IC50 values is due to the increased cytotoxicity and enhanced cellular uptake by tumor cells. 

The DOX-loaded micelles have higher cytotoxicity against HeLa cells when incubated at 

temperature above LCST, as evidenced by its low IC50. This improved antitumor activity was an 

Polymer IC50 at 37 °C (µg/mL) IC50 at 42 °C (µg/mL) 

Linear 20.18 ± 0.04 18.98 ± 0.02 

4-arm 8.19 ± 0.07 3.24 ± 0.05 

6-arm 6.96 ± 0.05 0.39 ± 0.03 
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outcome of the enhanced drug release at temperatures above LCST, as mentioned previously in 

this chapter. 

     The in-vitro accumulation of DOX-Loaded micelles in HeLa cells were evaluated by taking 

benefit of the DOX fluorescence. After incubation of HeLa cells with DOX-Loaded micelles for 

4 hours, the cell nuclei were counterstained with DAPI and imaged. Figure 2.12 illustrates the 

results of DOX-loaded micelles utilizing DAPI stain with HeLa cells for visualization of cell 

nuclei.  The stronger red fluorescence in the nuclei was observed in the tumor cells that was co-

cultured with the DOX loaded polymeric micelles. This may be due to the delivery of the DOX 

loaded micelles into the cells due to the endocytosis. 

 
Figure 2.12. Cellular uptake of DOX-loaded polymeric micelles by HeLa cells, (scale bar= 100 

µm). 

 

2.4.7 Statistical Analysis 

     The ANOVA was setup with twelve repetitions per condition selected. Three polymer types at 

eight different concentration levels and two temperature levels were used in the analysis and 
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cytotoxicity was measured as the dependent variable. Experiment design is summarized in the 

Table 2.5. 

….. Collected data were analyzed using MiniTab 2018 with a confidence level of 95%. ANOVA 

results are shown in Table 2.5. The ANOVA model consisted of number of polymer arms, 

temperature and concentration as the independent variables. The p value for all three variables is 

less than 0.05. Therefore, it can be concluded that there is a significant difference in % cell viability 

due to number of polymer arms, temperature and concentration, independently. 

Table 2.5. Summary of ANOVA experiment setup and results 

 

Factor Information 

Factor Type Levels Values 

Polymer Arm Fixed 3 1, 4, 6 

Temperature Fixed 2 37, 42 

Concentration Fixed 8 0.2, 2.0, 10.0, 20.0, 25.0, 50.0, 100.0, 200.0 

 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

  Polymer Arm 2 67721 33860.3 524.29 0.000 

  Temperature 1 8773 8773.4 135.85 0.000 

  Concentration 7 431897 61699.6 955.35 0.000 

Error 565 36490 64.6       

  Lack-of-Fit 37 23959 647.5 27.29 0.000 

  Pure Error 528 12531 23.7       

Total 575 544881          

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

8.03639 93.30% 93.18% 93.04% 
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     Further, the model summary results (Table 2.5) shows that 93.04% of the effects can be 

modelled via the selected independent variables. Main Effect Plots from multi-factor ANOVA is 

shown in Figure 2.13(A) and interaction plots are shown in Figure 2.13 (B).   

 
Figure 2.13. A) Main effect plot and B) interaction plot for the polymer arm, temperature and dose 

concentration on the % cell viability of HeLa cells. 



 

46 

     Main effects plot clearly shows that all three independent variables are contributing towards 

the reduction in mean % Cell viability (i.e. higher concentration, higher number of polymer arms, 

higher temperature). Furthermore, the main effects plot show that the concentration has a greater 

effect on the mean of % cell viability followed by number of polymer arms. Temperature has less 

effect on mean % cell viability compared to the other two independent variables. The interaction 

plot shows that there is no noticeable interaction between the three variables. Further the 

interaction plot supports the conclusions made from the main effect plots. 

2.5 Conclusions 

     Considering the polymer architecture, the star-like polymer-based micelles showed significant 

improvement in size reduction, stability and drug loading due to the higher density of functionality 

in the core. Comparatively, the 6-arm copolymer structure enables the development of 

thermodynamically more stable and compact micelles with enhanced doxorubicin encapsulation. 

Remarkably, the DOX-loaded polymeric micelles exhibited superiority of cytotoxicity in HeLa 

cells against free DOX. This study suggests that compared to linear micellar drug carrier, the star-

like polymer micellar drug carrier with the enhanced doxorubicin encapsulation are promising 

drug carriers in effective cancer treatment. 
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CHAPTER 3 

STAR POLYMER MICELLAR SYSTEM FOR CO-DELIVERY OF DOXORUBICIN 

AND RESVERATROL 

3.1 Abstract 

     Active clinical application of doxorubicin (DOX) is limited by DOX-resistance in tumor cells 

and serious toxicity to normal tissues caused by off-target DOX delivery. The use of a polymeric 

micellar drug delivery system has shown potential for enhanced drug delivery at the tumor site.  

Additionally, the co-delivery of drugs with synergistic therapeutic effect has become the emerging 

strategy to treat drug resistant tumors. In this work we aimed at reporting; (1) preparation of DOX-

and resveratrol (RSV) co-encapsulated polymeric micelles formulated with linear and 6-arm star-

like copolymer poly(γ-benzyloxy-ε-caprolactone)-b-poly{γ-2-[2-(2-methoxy-

ethoxy)ethoxy]ethoxy-ε-caprolactone(PBCL-b-PMEEECL); (2) improvement in the DOX-

loading capacity and DOX-loading efficiency by the co-encapsulation, due to the interaction 

between DOX and RSV; (3) enhanced cytotoxic effect to tumor cells in-vitro due to the higher 

DOX encapsulation of co-encapsulated polymeric micelles. The co-delivery of DOX and RSV 

using polymeric micelles has resulted in increased drug-loading and enhanced cytotoxic effect. 

The developed multi-drug loaded micellar drug delivery system has potential benefits in cancer 

therapy by minimizing associated toxic side effects and expands the therapeutic window.  

3.2 Introduction 

     Doxorubicin (DOX), an anthracycline antibiotic, is a Food and Drug Administration (FDA)-

approved chemotherapeutic drug with a wide spectrum of antitumor activity.1 It has been 
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recognized as a potent anti-cancer drug and used to treat a wide range of tumor types including 

Hodgkin’s and non-Hodgkin’s lymphoma, lung, ovarian, breast, pediatric, gastric, thyroid, and 

sarcoma cancers. 2,3 However, the development of dose-limited toxicity and DOX- resistance result 

in treatment failure and limit the therapeutic efficacy.  Considering these major drawbacks, 

significant effort has been made on developing alternative approaches for efficient DOX delivery 

for successful cancer treatment. 

     The non-specific site delivery of DOX results in serious multidirectional cytotoxic effects to 

the normal tissues including kidney, liver and brain tissues; resulting in the major adverse effect 

of cardiomyopathy. 4,5,6 Many researches have been conducted to minimize the toxic side effects, 

focusing on delivery of doxorubicin using site-specific drug delivery systems such as 

macromolecular conjugation,7–9 liposomes,10-12 polymersomes,13–15 polymer micelles,16,17,26–29,18–

25 nanoparticles30-32 and hydrogels. 33–35 The emergence of these nano-carriers provides the 

potential to securely encapsulate and deliver doxorubicin specifically at the tumor sites through 

enhanced permeation and retention (EPR) effect or by active targeting that reduce the toxic side 

effects to the healthy cells.32   

     DOX-resistance exists in wide range of tumor types due to the over-expression of ATP-binding 

cassette (ABC), a protein super-family, on the tumor cell membrane.12,36,37 The main function of 

ABC transporters is active transport of a wide variety of compounds, including complex lipids, 

simple ions, and xenobiotics, across the cell membrane.38 P-glycoprotein (P-gp), multidrug 

resistance protein 1 (MRP-1) and breast cancer resistance protein (BCRP) are mainly associated 

with the drug resistance in tumor cells.36,39 In tumor cells, drug-resistant proteins recognize the 

rapid internalization of anti-cancer drugs and move them out of the cells.38  
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     In recent years, many strategies have been proposed to avoid DOX resistance and thereby 

enhance the therapeutic efficiency of DOX (Figure 3.1.). One of the methods includes co-

administration of DOX. The delivery of DOX with another chemotherapeutic drug which has 

different antitumor mechanism.40–43 One example of these drugs is Resveratrol (RSV), a plant-

derived polyphenol anti-cancer drug (Figure 3.1.).44 When co-administrated with DOX, RSV 

hinders P-gp activity and thereby enhances the intracellular accumulation of the DOX. 

Furthermore, recent studies show that RSV is associated with the reduction of doxorubicin induce 

cardiac toxicity and fibrosis.45,46 However, RSV has poor bioavailability and water solubility, rapid 

metabolism and short plasma half life time in human.47–49 Therefore, using free DOX along with 

free RSV cannot be considered as an effective method for cancer treatment. This challenge has 

been overcome by co-loading DOX and RSV in a nanocarrier, which enables simultaneous 

delivery of DOX and RSV into the same tumor cells.  

 

Doxorubicin Resveratrol 

Figure 3.1. Chemical structures of drugs used. 

 

 In the previous chapter, we reported the synthesis and characterization of thermoresponsive linear 

and star-like amphiphilic diblock copolymer using poly(γ-benzyloxy-ε-caprolactone)-b-poly{γ-2-

[2-(2-methoxy-ethoxy)ethoxy]ethoxy-ε-caprolactone(PBCL-b-PMEEECL). A significant 
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increase in DOX-loading capacity and cytotoxicity effect against HeLa cells was achieved using 

6-arm star-like (PBCL-b-PMEEECL).  In this study, DOX and RSV were co-encapsulated in linear 

and 6-arm star-like (PBCL-b-PMEEECL) polymeric micelles to further increase the drug loading 

capacity, due to interaction between DOX and RSV. The anti-tumor activity of DOX and RSV-

loaded polymer micelles on HeLa cells were investigated in-vitro. An increase in the concentration 

of DOX and RSV in tumor cells were expected, due to the higher drug loading capacity.  

3.3 Experimental 

3.3.1 Materials 

     Commercially available chemicals and solvents were purchased from Sigma Aldrich or Fisher 

Scientific and were used without further purification unless otherwise noted. Benzyl alcohol and 

Sn(Oct)2 were purified by high vacuum distillation before use and stored in glove box. Toluene 

were dried over sodium/benzophenone ketyl and freshly distilled prior to use. Polymerization 

reactions were performed under purified nitrogen. The polymerization glassware and syringes 

were dried at 120 °C for at least 24 hours and cooled in a desiccator before use. 

3.3.2 Analysis 

    1H NMR spectra of the polymers were recorded on a 500 MHz Bruker AVANCE IIITM 

spectrometer at 25 °C using deuterated chloroform as the solvent. Number average molecular 

weights and polydispersity indices of the synthesized polymers were determined by size exclusion 

chromatography (SEC) using a Viscotec VE 3580 system equipped with Viscotek columns 

(T6000M), connected to the refractive index (RI), low angle light scattering (LALS), right angle 
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light scattering (RALS), and viscosity detectors. HPLC grade THF was used as the eluent (1 mL 

min-1) at 30 °C with GPC max as the sample module and triple point calibration with polystyrene 

standards. Dynamic light scattering (DLS) measurement was performed using a Malvern Zetasizer 

instrument using a 4 mW He–Ne laser (633 nm) and an avalanche photodiode (APD) detector.  

The scattered light was detected at an angle of 173° at 25 °C. The absorbance spectra were recorded 

using an Agilent 8453 UV-vis spectrometer. Transmittance measurements were performed using 

a temperature controlled Cary5000 UV-vis spectrometer equipped with temperature controlled 

multi-cell holders.  Cytotoxicity and cellular uptake analysis were performed with a BioTek 

Cytation 3 cell imaging multi-mode reader. TEM images were performed on a Tecnai G2 Spirit 

Biotwin microscope operated at 120 keV.  The TEM images were examined using Gatan Digital 

Micrograph software. Copper mesh grids were treated with 1 mg mL-1 polymer micelle solution 

for 2 minutes and staining with 2% phosphotungstic acid for 30 seconds. 

3.3.3 Preparation of Empty Polymeric Micelles 

     Empty polymeric micelles were prepared according to the previously reported method.28 

Empty polymeric micelles were obtained using solvent evaporation technique. 6 mg of 

polymer was dissolved in THF (3 mL) to prepare a 2 mg mL-1 polymer solution and added 

dropwise to deionized water (6 mL) with rapid stirring. THF was evaporated by vigorous 

stirring for 3 hours.  After 3 hours, resulted suspension was filtered using a nylon syringe 

filter (0.22 μm) to get an empty polymer micelle solution. The concentration of the final 

empty polymer micelle solution was 1 mg mL−1.  
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3.3.4 Preparation of DOX- Loaded Polymeric micelles 

     DOX, RSV and combination of DOX and RSV-loaded polymeric micelles were prepared 

according to the previously reported method.28 Briefly, DOX . HCl was mixed with THF 

and neutralized with 3 equivalents of triethylamine to prepare a 1 mg mL-1 stock DOX 

solution. RSV was dissolved in THF to prepare a 1 mg mL-1 of RSV stock solution. 6 mL 

of polymer in THF (2 mg mL-1) was mixed with appropriate molar ratios of DOX and RSV 

stock solution. The polymer/drug solution was added drop wise to deionized water (6 mL) 

with rapid stirring, and THF was evaporated by vigorous stirring. The resulting solution 

was filtered using a nylon syringe filter (0.22 μm) to remove the non-encapsulated drug. 

The concentration of the final drug-loaded polymer micelle solution was 1 mg mL−1.  

3.3.5 Hydrodynamic Diameter and Size Distribution 

     Hydrodynamic diameters (Dh) and size distribution of the empty and the drug-loaded micelles 

were determined by dynamic light scattering (DLS). Solutions of empty and drug-loaded micelles 

(1 mg mL−1) were prepared as mentioned above and the measurements were recorded at 25 °C, 

N=3. 

3.3.6 In Vitro DOX Release 

     DOX-and RSV-loaded polymer micellar solutions (1 mg mL-1) were prepared as mentioned 

above. Drug-loaded polymer micellar solution (4 mL) was added to Snakeskin dialysis bag (3500 

Da molecular weight cutoff) and immersed in 10 mL of PBS (pH 7.4). An aliquot (2 mL) were 

withdrawn at 0, 4, 8, 12, 24 and 48 hours and were replaced with the equal volume of PBS (pH 

7.4). The aliquots withdrawn were mixed with DMSO in a volume ratio of 1:1 and the UV-Vis 
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spectra were obtained.  The amount of DOX release was analyzed by a calibration plot for free 

DOX and RSV in DMSO/DI mixture (volume ratio of 1:1). (N=3). 

3.3.7 Biological Studies 

     HeLa cells were grown in Dulbecco’s Modified Eagle’s medium (DMEM) containing 10% 

fetal bovine serum (FBS) and 1% penicillin-Streptomycin. The cells were incubated at 37 °C in a 

humidified atmosphere with the addition of 5% CO2. 

3.3.8 Cytotoxicity Studies for Empty polymeric micelles 

     Cytotoxicity assay was performed according to the previously reported method.28 A cell 

density of 5000 cells/well were grown onto 96-well plates with 100 µL of DMEM growth 

medium and incubated for 24 hours at 37 °C in an atmosphere that contained 5% CO2. After 

the cells were adhered in 24 hours, growth medium was removed from the cells and washed 

with 100 μL of fresh PBS. Empty micellar stock solution with a concentration of 1 mg mL-

1 was diluted with PBS to prepare a series of empty micelles with different concentration.  

100 μL of empty polymer micelle solutions and 100 μL of growth medium were added to 

each well and incubated for another 24 hours at 37 °C. After 24 hours of incubation, the 

cell viability assay was evaluated by the CellTiter-Blue assay according to the protocol 

recommended by manufacture (N = 12). 

3.3.9 Cytotoxicity Studies for Drug-loaded polymeric micelles 

     Cytotoxicity assay was performed according to the previously reported method.28 A cell 

density of 5000 cells/ well were grown onto 96-well plates with 100 mL of DMEM growth 
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medium and incubated for 24 hours at 37°C in an atmosphere that contained 5% CO2. After 

the cells were adhered in 24 hours, medium was removed from the wells and the cells were 

washed with 100 μL of PBS (pH 7.4). DOX-loaded micelle stock solution (1 mg mL-1) was 

diluted with PBS to prepare concentrations ranging from 0.02 to 0.2 mg mL−1.  100 μL of 

empty polymer micelle solutions added to each well along with 100 μL of growth medium 

and incubated for another 24 hours at 37 °C. After 24 hours of incubation, the cell viability 

assay was evaluated by the CellTiter-Blue assay according to the protocol recommended 

by manufacture (N = 12). 

The above procedure was repeated for RSV-loaded, combination of DOX and RSV-loaded 

micelles with a range of concentration.   

3.3.10 Cytotoxicity Studies for Free drugs 

     Cytotoxicity assay was performed according to the previously reported method.28 The 

amounts needed to prepare the stock solutions of free DOX, free RSV and combination free 

DOX and RSV were calculated according to the DLCs of DOX-, RSV- and combination 

of DOX and RSV- loaded of micelles, respectively. The sample dilution was done by 

diluting the stock solutions with PBS, matching the concentration of corresponding drug-

loaded polymeric micelles. Cytotoxicity assay of free drug was performed, according to the 

above described procedure. The cell viability assay was evaluated by the CellTiter-Blue 

assay according to the protocol recommended by manufacture (N = 12).  
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3.3.11 Cellular Uptake Studies 

     Cellular uptake study was performed according to the previously reported method.28 A 

cell density of 250 000 HeLa cells were seeded in 35 mm clear bottom imaging dishes along 

with 2 mL growth media and incubated for 24 hours at 37 °C in a humidified atmosphere 

with 5% CO2.  After cells were adhered in 24 hours, 1 mL of DOX and RSV-loaded 

micelles in PBS (0.25 mg mL-1) was added to each well along with fresh growth media (2 

mL) and incubated for 2 hours at 37 °C.  After 2 hours, the growth media was removed 

from the wells, cells were washed with PBS (3×2 mL, pH 7.4) and fixed with 4% freshly 

prepared paraformaldehyde (1 mL) and incubated for 10 min at room temperature. After 

incubation, the cells were washed with PBS (3×2 mL) and treated with 1 mL of Triton X-

100. The treated cells incubated at room temperature for 2 min. After 2 minutes, the cells 

were washed with PBS (4×2 mL), and the nucleus were counterstained with DAPI. Cell 

were imaged with a BioTek Cytation3 Cell Imaging Multi-Mode Reader. The fluorescence 

of DOX and RSV were imaged using 590 nm and 528 nm emission filters, respectively.  

3.3.12 IC50 determination 

     The IC50, the drug concentration at 50% growth inhibition, of combination of DOX and RSV- 

loaded polymer micelles was determined by dose-response curve. Mean %cell viability (N=12) 

over a concentration range (0.2, 2.0, 10.0, 20.0, 25.0, 50.0, 100.0, 200.0 µg/mL) was plotted using 

the Software GraphPad PRISM and the IC50 value was assessed using regression analysis of the 

PRISM program. 
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3.3.13 Statistical Analysis 

     The mean and standard deviation (SD) were determined for all in-vitro data and expressed as 

the mean ± standard deviation. One-way analysis of variance (one-way ANOVA) was performed 

using Microsoft Office to evaluate the differences between experimental groups and p Value of 

less than 0.01 was considered as statistically significant.  Multi-factor analysis of variance (Multi-

factor ANOVA) was performed using Minitab 2018. 

3.4 Results and Discussion 

3.4.1  Block copolymer synthesis 

     In our previous chapter, linear and star-like (4-arm and 6-arm) thermo-responsive benzyl 

substituted polycaprolactone-based amphiphilic diblock copolymers, PBCL-b-PMEEECL, were 

reported and their micellar properties such as size, thermodynamic stability, thermo responsivity, 

and drug loading capacity were investigated. In-vitro biological studies were done to investigate 

the DOX-loaded polymer micellar cytotoxicity against HeLa cells and micelle uptake by HeLa 

cells.  

     As the previous report in the chapter 2, micelles obtained from linear, 4-arm and 6-arm PBCL-

b-PMEEECL diblock copolymers showed drug loading capacities of 5.14 wt% 8.21 wt% and 

12.58 wt%, respectively.   The DOX loading content of the star-like copolymers was shown to be 

higher than their corresponding linear polymer, PBCL-b- PMEEECL.  

     In this report, further improvement in the drug loading has been expected in the linear and star-

like PBCL-b-PMEEECL using combination drug loading strategy. The synthesis of linear and star-

like poly(γ-benzyloxy-ε-caprolactone)-b-poly{γ-2-[2-(2-methoxyethoxy)ethoxy]ethoxy-ε-
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caprolactone} (PBCL-b-PMEEECL), polymer properties and micellar properties were reported in 

Chapter 2. The synthesis and properties of the polymers are presented in Scheme 3.1 and Table 

3.1. The drug loading capacities of linear and 6-arm PBCL-b-PMEEECL and micellar properties 

were compared.  

 
Scheme 3.1. Synthesis of linear and 6-arm PBCL-b-PMEEECL amphiphilic block copolymers. 

 

Table 3.1. Summary of block copolymer compositions and molecular weight 

 

 

 

 

a Calculated from size exclusion chromatography. b Calculated from by 1H NMR spectroscopy. 

 Mn
a (g mol-1) PDI Mol % BCLb Mol % MEEECLb 

Linear 26300 1.27 49.0 51.0 

6-arm 23700 1.66 46.1 53.9 
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3.4.2 Thermo-responsivity of the polymer 

     As discussed in chapter 2,  the linear and 6-arm PBCL-b-PMEEECL show 

thermoresponsivess, due to the incorporation of thermoresponsive PMEEECL block.17,19,23–

25,28,29   At room temperature, linear and 6-arm PBCL-b-PMEEECL dissolve in water to 

form a clear solution. Upon heating, PBCL-b-PMEEECL precipitates out from the solution 

to form a cloudy solution. Change in transmittance occurs with increasing temperature, due 

to the phase transition.  The change in % transmittance vs temperature was plotted. The 

temperature where 50% drop in transmittance was observed was used as the LCST point. 

The linear and 6-arm polymers showing LCST of 40.3 °C and 41.2 °C, respectively (Figure 

3.2). The mol% of PMEEECL incorporated in the linear and 6-arm polymers were 

comparable, therefore the LCSTs of polymers were comparable. The range of 40-42 °C is 

useful for in vivo drug delivery applications. At physiological temperature (37 °C) the 

encapsulated drugs are not released.  When an external temperature above its LCST value 

is applied, the encapsulated drugs are released. 

 
Figure 3.2. Determination of LCST; Linear (A), and 6-arm (B) polymers, respectively. 
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3.4.3  Size and Morphology of micelles 

     Dynamic light scattering (DLS) was used to determine the hydrodynamic diameter (Dh) 

and polydispersity of the linear and star polymeric micelles. The hydrodynamic diameter 

of empty and DOX and RSV-loaded micelles are given in Figure 3.3 and Table 3.2. The 

drug-loaded linear and 6-arm micelles exhibited sizes of 150.2 and 98.2 nm, respectively. 

The polymer micelles prepared from 6-arm polymer is smaller in size compared to the liner 

polymer micelles.  The results showed that the size of the DOX and RSV loaded polymer 

micelles were larger compared to the empty polymeric micelles. Increase in the micellar 

size confirms the encapsulation of drugs inside the polymer micelles.   

 

 

Figure 3.3. Size distribution (Dh) for empty and drug-loaded polymer micelles; A) Linear, and B) 

6-arm; TEM images obtained for drug-loaded polymer micelles; C) Linear, and D) 6-arm.   

200 nm 200 nm

C D
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Table 3.2. Summary of empty and drug-loaded polymer micelle properties 

Polymer Dh empty (nm) Size dispersity Dh Loaded (nm) Size dispersity 

Linear 108.21.6 0.1940.01 151.51.9 0.280.25 

6-arm 52.140.3 0.1140.02 94.322.2 0.230.02 

 

     Morphology of the polymer micelles was obtained using TEM analysis (Figure 3.3).  

The TEM images confirms that the linear and star polymers self-assemble into spherical 

micelles in aqueous medium. The size distribution of the micelles determined from TEM 

is comparable to the micelle sizes determined by DLS. 

3.4.4  Determination of Drug-Loading Capacity and Encapsulation Efficiency 

     Drug-loading capacity (wt% DLC) and encapsulation efficiency (wt% EE) were determined 

using UV-vis absorbance spectra by diluting the drug-loaded polymeric micelle solution with 

DMSO in a 1:1 volume ratio. The absorbance of the samples was measured at 485 nm for DOX 

and 320 nm for RSV and fitted to a standard calibration curve for DOX and RSV in DMSO/DI 

water.  

The DLC and EE of drug-loaded micelles were calculated using following equations: 
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     To compare the DOX loading with our previous work, the combination drug loading in linear 

and star polymer was performed using the same polymer ratio (polymer/DOX at 5:1).   

Furthermore, molar ratios of DOX and RSV was systematically changed to study the effect of feed 

molar ratios of DOX and RSV on DOX loading (Figure 3.4 and Table 3.3-3.6). First, feed ratios 

of DOX was varied while keeping the molar ratios of RSV and polymer constant. The feed molar 

ratio of DOX was varied in the following ratios, [polymer]: [DOX]: [RSV] at 5:1:1, 5:2:1, 5:3:1 

and 5:4:1. The results have shown that the DOX loading gradually increases in both polymer type, 

when the feed molar ratio of DOX was increased from 1 to 2 (Table 3.3 and 3.5). However, further 

increase in DOX feed ratio decreases the DLC and EE of the polymer. The lowest DLC and EE 

were observed at 5:4:1 feed ratio. At this feed ratio, DOX precipitates out of the solution and 

reduces the DLC and EE to 9.8% and 12.25 % in 6-arm star polymer and 4.37% and 5.46% in 

linear polymer. Overall, the star polymeric micelles showed a high encapsulation efficiency (> 

93%) at DOX and RSV feed molar ratios of 1:1.  

     In a previous study from our group, DOX and RSV-loaded micelles were prepared using 

linear substituted and unsubstituted polycaprolactone-based amphiphilic diblock 

copolymers to improve the drug loading capacity.21 Micelles obtained from PEG-b- PCL 

and PEG-b-PBCL diblock copolymers showed drug loading capacities of 4.74 wt% and  

8.77 wt%.21 The DOX loading content of the linear and star-like PMEEECL-b-PBCL 

copolymers were shown to be higher than PEG-b-PBCL and PEG-b- PCL.  
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Figure 3.4. Absorbance spectra of DOX and RSV-loaded polymer micelles varying feed ratios of 

DOX and RSV.  a) DOX and b) RSV variation in linear polymer, and c) DOX and d) RSV variation 

in 6-arm star polymer.  

 

     Finally, feed ratio of RSV was varied from [polymer]:[DOX]:[RSV] of 5:1:1 to 

[polymer]:[DOX]:[RSV] 5:1:4, while keeping the feed ratios of DOX and polymer constant (Table 

3.4 and 3.6). The highest RSV loading capacity and encapsulation efficiency was found at [6-arm 

polymer]: [DOX]: [RSV] ratio of 5:1:2, which showed DLC and EE of 9.12 % and 22.81%, 

respectively. Linear polymer has shown a highest DLC and EE of 8.00% and 20.00%, respectively, 

at [polymer]: [DOX]: [RSV] ratio of 5:1:2. Further increase in feed ratio of RSV decreases the 

DLC and EE, due to the precipitation of RSV. Considering the DOX content in the linear and star 

polymers, [polymer]: [DOX]: [RSV] ratio of 5:1:1 was used in the biological study.  
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Table 3.3. Drug loading in Linear PBCL-b-PMEEEL varying the DOX feed ratios  

Feed Ratio 

[Polymer]: [DOX]: [RSV] 

DLC RSV (%) EE RSV (%) DLC DOX (%) EE DOX (%) 

5:1:1 2.54 12.69 11.20 55.98 

5:2:1 2.25 11.23 21.61 54.02 

5:3:1 1.78 8.88 12.36 20.60 

5:4:1 0.72 3.58 4.37 5.46 

 

Table 3.4. Drug loading in Linear PBCL-b- PMEEEL varying the RSV feed ratios 

Feed Ratio 

[Polymer]: [DOX]: [RSV] 

DLC RSV (%) EE RSV (%) DLC DOX (%) EE DOX (%) 

5:1:1 2.54 

 

12.69 11.20 55.98 

5:1:2 8.00 20.00 9.86 49.29 

5:1:3 4.45 0.07 9.11 45.54 

5:1:4 0.77 0.96 9.31 46.57 

 

Table 3.5. Drug loading in 6-arm star PBCL-b- PMEEEL varying the DOX feed ratios 

Feed Ratio 

[Polymer]: [DOX]: [RSV] 

DLC RSV (%) EE RSV (%) DLC DOX (%) EE DOX (%) 

5:1:1 3.06 15.28 18.60 93.02 

5:2:1 2.21 11.07 29.94 74.85 

5:3:1 1.94 9.71 23.89 39.82 

5:4:1 0.76 3.78 9.80 12.25 

 

Table 3.6. Drug loading in 6-arm star PBCL-b- PMEEEL varying the RSV feed ratios 

Feed Ratio 

[Polymer]: [DOX]: [RSV] 

DLC RSV (%) EE RSV (%) DLC DOX (%) EE DOX (%) 

5:1:1 3.09 15.44 18.60 93.02 

5:1:2 9.12 22.81 10.48 52.39 

5:1:3 7.18 11.97 9.03 45.16 

5:1:4 0.75 0.94 9.51 47.55 
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     As reported in Chapter 2, DLC and EE of DOX were found to be 5.14% and 25.70% in linear 

polymer and 12.58% and 62.90% in 6-arm star polymer, when using feed ratio of polymer: DOX 

at 5:1. In this study, DLC and EE of DOX were found to be 11.20% and 55.98% in linear polymer 

and 18.60% and 93.02% in 6-arm star polymer, when using feed ratio of polymer :DOX: RSV at 

5:1:1. This results suggested that the RSV encapsulation  in multi-drug-loaded linear and star 

polymer micelles increases the drug loading capacity and encapsulation efficiency of DOX, 

compared to DOX-loaded linear and 6-arm star polymer, at the same feed ratio 

[polymer]:[DOX]=5:1. This increase could be attributed to the interaction between RSV and DOX, 

such as - stacking and hydrogen bonding. Additionally, - stacking between the aromatic 

groups of the drugs and benzyl groups of the polymer backbone supports in enhancing the DOX 

and RSV loading. The highest DOX and RSV loading were found in 6-arm star polymer, due to 

the higher density of benzyl functionality in the hydrophobic core.  

3.4.5 In vitro Drug Release  

     In Vitro DOX release studies were evaluated using DOX and RSV- loaded linear and 6-arm 

polymer micelles in PBS (pH 7.4) and presented in figure 3.5. The polymer micellar solutions 

were incubated at physiological temperature (37 °C) and temperature above LCST (42 °C), 

separately. At temperature above LCST (42 °C), DOX and RSV-loaded polymer micelles released 

higher amount of DOX compared to that of amount of DOX released at 37 °C. The temperature 

above LCST, the shell of the polymer micelles is deformed that resulted in faster DOX release.  At 

42 °C, ∼72% of DOX was released from the linear polymer micelles, which is higher than the 

DOX release from the 6-arm polymer micelles (60 %) incubated at 42 °C. The higher density of 
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the benzyl functional groups in the 6-arm polymer micellar core enhances the - interaction 

between the benzyl groups of the polymer backbone and the aromatic group of the DOX.  The 

enhanced - interaction weakens the DOX release from the 6-arm polymer micelles compared to 

linear polymer micelles. 

 

Figure 3.5. In-vitro DOX release for the DOX-and RSV-loaded linear and 6-arm polymer micelles 

at 37 °C and 42 °C in PBS. 

 

3.4.6  In vitro Cytotoxicity Studies  

     The cytotoxicity effect of empty, RSV, and combination drug (DOX and RSV)-loaded micelles 

were examined by CellTiter-blue assay in HeLa cells with cells only as a control (Figure 3.6). The 

cytotoxicity effect of RSV-loaded and combination drug-loaded micelles were compared with free 

RSV and combination of free RSV and DOX, respectively, at the same experimental condition.      
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The amount of free drugs used in the study was determined according to the drug-loading capacity 

of the drug- loaded polymer micelles.     

 
Figure 3.6. Cytotoxic effect of empty micelles, free drugs, and drug-loaded micelles. 

 
Data is expressed as mean ± SE and two independent experiments made in twelve replicates. +p < 0.01, Significant differences of 

empty micelles, free DOX and RSV, DOX and RSV-loaded micelles (37 °C) and  DOX and RSV-loaded micelles (42 °C)  vs 

control (Cells only); ★p < 0.01, Significant differences of free DOX and RSV, DOX and RSV-loaded micelles (37 °C) and  DOX 

and RSV-loaded micelles (42 °C)  vs empty micelles; •p < 0.01, Significant differences of DOX and RSV-loaded micelles (37 °C) 

and  DOX and RSV-loaded micelles (42 °C) vs free DOX and RSV; #p < 0.01, Significant differences of DOX and RSV-loaded 

micelles (37 °C) vs DOX and RSV-loaded micelles (42 °C). 
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     As shown in Figure 3.6, empty micelles have shown no cytotoxicity effect against HeLa cells, 

at all tested concentrations. Additionally, at both temperatures, RSV-loaded micelles and free 

RSV treated HeLa cells have shown less cytotoxic effect, at all tested concentrations.  

     The combination drug-loaded linear and 6-arm star polymer micelles exhibited higher 

cytotoxicity compared to the equivalent amount of free DOX and RSV mixture. Furthermore, 

DOX and RSV-loaded 6-arm polymer micelles were more active in inhibiting tumor cell 

proliferation than the DOX and RSV-loaded linear polymer micelles at both temperatures (37 °C 

and 42 °C) (Figure 3.4), due to the higher DOX content in the 6-arm polymer micelles.  When 

comparing our previous DOX-loading studies using linear and star-like PBCL-b-PMEEECL 

polymers, the DOX and RSV-loaded polymer micelles have the highest loading of DOX that result 

in enhanced cytotoxicity to the tumor cells.  

     Furthermore, higher cytotoxicity effect in HeLa cells were expected at 42 ° C due to higher 

drug release compared to at 37 °C. To test this hypothesis, HeLa cells were treated with DOX and 

RSV-loaded micelles and incubated at physiological temperature (37 °C) and a temperature above 

the lower critical solution temperature (42 °C). Significantly lower cell viability was observed 

from cells incubated at 42 °C as compared to cells incubated at 37 °C, supporting the concept that 

the higher release of DOX from polymer micelles incubated at temperature above the LCST.  

     Dose response curves and the IC50 (half maximal inhibitory concentration) values of 

combination drug-loaded linear and 6-arm star polymer micelles in HeLa cells were summarized 

in Figure 3.7 and Table 3.7. According to the data obtained, DOX and RSV-loaded 6-arm star 

polymer micelles showed IC50 values of 5.33 and 0.299 µg/mL, at 37 °C and 42 °C, respectively, 



 

71 

which was much lower than those of DOX and RSV-loaded linear polymer micelles. More DOX 

was released at temperature above the LCST, therefore cytotoxicity against HeLa cells were higher 

at 42 °C compared to the cells incubated at 37 °C. The temperature-dependent DOX release 

resulting in lower IC50 values at 42 °C. Moreover, these IC50 values are lower than the our 

previously report. DOX-loaded 6-arm star micelles (6.96 and 0.39 µg/mL, at 37 °C and 42 °C, 

respectively) and DOX-loaded linear micelles (20.18 and 18.98 µg/mL, at 37 °C and 42 °C, 

respectively). The enhanced cytotoxicity of combination-loaded star polymer is attributed to the 

improved drug-loading through interaction between DOX and RSV, and the synergistic 

therapeutic effect of DOX and RSV 

 
Figure 3.7. Dose response curve for the DOX and RSV-loaded polymeric micelles at a) 37 °C, 

and b) 42 °C, respectively.  

 

Table 3.7.  IC50 values of DOX and RSV-loaded polymer micelles 

Polymer IC50 at 37 °C (µg/mL) IC50 at 42 °C (µg/mL) 

Linear 12.520.09 5.33±0.02 

6-arm 6.0450.7 0.2990.07 
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3.4.7 Cellular Uptake Studies  

     As shown in Figure 3.8, when DOX and RSV- loaded linear and star polymer micelles   were 

cultured with HeLa cells, DOX red fluorescence and RSV green florescence were localized in the 

nucleus, which confirms that the DOX and RSV-loaded polymeric micelles were taken into the 

tumor cells via endocytosis process. A large amount of DOX red fluorescence accumulated in the 

cells, which were cultured with DOX and RSV-loaded star polymer micelles. This may due to the 

higher DOX content in the star polymer micelles and led to a higher cytotoxicity in HeLa cells.  

The amount of RES green florescence of linear and star polymers treated cells were comparable, 

due to the comparable RSV loading in polymers. 

 

Figure 3.8. Cellular uptake of DOX and RSV-loaded polymeric micelles by HeLa cells, (scale bar 

= 100 µm). 

 

3.4.8  Statistical Analysis 

     The following experiment was setup with 12 repetitions per condition selected. Two polymer 

types at eight different concentration levels and two temperature levels were used in the analysis. 
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Cytotoxicity was measured as the dependent variable. Experiment design is summarized in the 

table below in Table 3.8. 

Table 3.8. Factor Information of the Multi-Factor ANOVA 

Factor Type Levels Values 

Polymer arm Fixed 2 1, 6 

Temperature Fixed 2 37, 42 

Concentration Fixed 8 0.2, 2.0, 10.0, 20.0, 25.0, 50.0, 100.0, 200.0 
 

 

Summary of Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

  Polymer arm 1 3666 3666.3 58.85 0.000 

  Temperature 1 3614 3614.0 58.01 0.000 

  Concentration 7 135422 19346.1 310.53 0.000 

Error 182 11339 62.3       

  Lack-of-Fit 22 9348 424.9 34.15 0.000 

  Pure Error 160 1991 12.4       

Total 191 154041          
 

 

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

7.89307 92.64% 92.28% 91.81% 

 

     Collected data were analyzed using MiniTab 2018 with a confidence level of 95%. ANOVA 

results are shown below. The ANOVA model consisted of Number of Polymer arms, Temperature 

and Concentration as the independent variables. The p value for all three variables is less than 

0.05. Therefore, we can conclude that there is a significant difference in %cell viability due to 

number of polymer arms, temperature and concentration, independently. Further the model 
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summary results below show that 92.28% of the effects can be modelled via the selected 

independent variables. 

     The main effects and interaction plots from multifactor ANOVA are shown in Figure 3.9 and 

3.10.  The main effect plot illustrates that the all three variables are contributing towards the 

reduction mean % cell viability. The main effect plot shows that all three variables have a 

significant effect on cell viability. 

 
Figure 3.9. Main effect plot for the polymer arms, temperature and dose concentration. 

 



 

75 

 

Figure 3.10. Interaction plots for the polymer arms, temperature and dose concentration. 

 

3.5  Conclusion 

     In this study, multi-drug-loaded linear and star polymer polymeric micellar drug carriers were 

successfully developed by co-encapsulating Doxorubicin and Resveratrol drug pair in a single 

carrier for improving the chemotherapeutic effect for cancer therapy.  The combination drug 

loading strategy showed a significant improvement in DOX loading over the previously reported 

DOX loading in same polymer micelles.  The enhanced drug loading in the micelles is attributed 
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favorable to π-π stacking and hydrophobic interactions between the polymer and drug pair. The 

combined delivery of DOX and RSV exhibited a much lower IC50 value than that of the DOX 

only-loaded micelles, suggesting a desirable in-vitro anti-tumor effect. Furthermore, the 6-arm 

polymer micellar carrier shows a significant improvement in drug loading and cytotoxicity effect 

over liner polymer micellar carriers.  Overall, combined drug loaded polymeric micelles are a 

promising candidate for anti-cancer therapy. 
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4.1 Abstract 

     Side chain engineering has been used for tuning the opto-electronic properties of organic 

semiconductors. In this work, a series of novel pyrimidine-based donor-acceptor (D-A) conjugated 

polymers functionalized with electron-withdrawing or -donating side chains were synthesized. The 

opto-electronic properties of the pyrimidine D-A conjugated polymers were investigated focusing 

on the dependence on the electron withdrawing strength of the acceptor moiety, while maintaining 

the same donor moiety. Fine-tuning of the energy levels was achieved by introducing electron 

donating (alkoxy (-OR) and alkylthio (-SR)) or electron withdrawing (alkylsulfinyl (-SOR) and 

alkylsulfonyl (-SO2R)) side chains onto the acceptor moiety. The effects of side chain 

modification have been investigated through DFT calculations, UV−vis analysis and 

electrochemical measurements. 

4.2 Introduction 

     Organic semiconductors have attracted much attention in recent years as promising materials 

for flexible, low-cost, and light-weight electronic devices.  To date, various organic electronics 

applications, including organic photovoltaics (OPVs), field-effect transistors (FETs), light-

emitting diodes, and electrochromic devices have been developed.1–6 Organic field-effect 

transistors (OFETs) have promising applications in the field of flexible electronics with the 

discovery of the first OFET using polythiophene in the 1980’s.7 Research on p-type 

semiconducting polymers has shown tremendous improvement, with charge-carrier mobility 

values exceeding 10 cm2V−1s−1 in conjugated small molecules or polymer-based OFETs.8–13 

Single-crystal-based OFETs have been reported with electron mobility values over 10 cm2V−1s−1 
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using a solution processing technique.14,15 Meanwhile, a power  conversion efficiency >10% has 

been reported in conjugated polymer-based  solar cells in recent years.16 

     The incorporation of flexible side chains to the polymer backbone has a significant effect on 

the solubility of the donor-acceptor (D-A) conjugated polymers, which is crucial in the fabrication 

of solution-processed devices. A good solution-processability facilitate the fabrication of  

inexpensive, low temperature and large-area devices.17 Moreover, the side chain engineering of 

the D-A conjugated polymers has been widely investigated in order to tune the polymer molecular 

conformation, molecular packing, electron affinity and thin film morphology, thereby influencing 

the device performance.1 In recent years, more effort has been dedicated to incorporating numerous 

flexible side chain substituents on polymer backbone to improve device performance in an efficient 

way.  Based on the chemical composition, the flexible side chains are classified mainly as alkyl, 

hybrid, oligoether, fluoroalkyl and latently reactive side chains.18 Among these categories, our 

research mainly focuses on  hybrid side chain that is further sub grouped, namely as electron 

donating, electron withdrawing and conjugated groups, depending on the bridging position of the 

functionalized side chain on the conjugated polymer backbone.18 A variety of electron-donating 

and electron-withdrawing side chains are attached to conjugated polymers not only to improve the 

solution processability but also finely tune the optical and electronic properties of the conjugated 

polymer. Electron-donating side chains, such as alkoxy (-OR),19–22 alkylthio (-SR)19,22–24 and 

alkylamino (−NHR and −NRR′)25 have been widely investigated. Simultaneously, acetyl 

(−COR),26 esters (−COOR),21 amides (−CONHR),27 boron (−BR2),28 and sulfonyl (−SO3R)29 

groups have been explored as an electron-withdrawing substituent.  
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     Recently, D-A conjugated polymers made of combinations of electron rich donor (D) moieties, 

and electron deficient acceptor (A) moieties have been extensively reported. Incorporating 

electron-deficient heteroaryl moieties, such as aromatic diimides, halogenated aromatic diimides, 

and cyano and/or carbonyl aromatic ring, into the polymer backbone reduces the LUMO level and 

thus facilitates electron injection and transport.30–33 Among these moieties, polymer incorporating 

electron deficient pyrimidine and its derivatives as the electron-accepting unit possess high 

reactivity and potential for substituent modification. With evolving cross-coupling strategies and 

other polymerization techniques, many pyrimidine-based D−A conjugated polymers having good 

optical and electronic properties have been reported with potential applications in various 

fields.20,34,35 

 

Figure 4.1. The scheme of polymers:  poly[2-(decyloxy)-4-(2-(3,3'-dihexyl-5'-vinyl-2,2'-

bithiophen-5-yl)vinyl)-6- vinylpyrimidine] (P1), poly[2-(decylthio)-4,6-dimethylpyrimidine] 

(P2), poly[2-(decylsulfinyl)-4,6-dimethylpyrimidine] (P3) and poly[2-(decylsulfonyl)-4,6-

dimethylpyrimidine] (P4). 
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     Previously, our group reported a series of pyrimidine-based D-A conjugated polymers varying 

donor moiety, while maintaining the same acceptor moiety and studied their opto-electronic 

properties.20,35 As a continuation, we report here, the synthesis of another series of pyrimidine-

based D-A copolymers varying the acceptor moiety, while retaining the same donor moiety,  to 

investigate the optoelectronic properties of the polymers (Figure 4.1). The optoelectronic 

properties have been tuned by changing the electron withdrawing strength of the acceptor unit, 

which is strongly dependent on the electron -donating or -withdrawing the power of the side chain. 

4.3 Experimental  

4.3.1 Materials  

     2-Chloro-4,6-dimethylpyrimidine was purchased from AK Scientific, Inc. and all the other 

chemicals were purchased from Aldrich and Fisher chemicals and were used without further 

purification unless otherwise noted. Tetrahydrofuran (THF) and toluene were dried over 

sodium/benzophenone ketyl and freshly distilled prior to use. 

4.3.2 Methods 

     1H NMR spectra were recorded on a 500 MHz Bruker AVANCE IIITM spectrometer at 25 °C 

using deuterated chloroform as the solvent. Multiplicities were denoted as: s(singlet), d(doublet), 

t(triplet), q(quartet) and m(multiplet). Number average molecular weights of the polymers were 

determined by size exclusion chromatography (SEC) using a Viscotec VE 3580 system equipped 

with CLM3009 columns, refractive index detector and UV detectors (254 nm laser). HPLC grade 

THF was used as the eluent (1 mL min-1) at 30 °C with GPC max as the sample module and 
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calibration was based on polystyrene standards. The UV-Visible spectra of the polymer solution 

and thin film were recorded using an Agilent 8453 UV-vis spectrometer with 1 cm path length 

cuvettes. Thin films were obtained by drop casting the polymer solutions on glass microscope 

slides. Cyclic voltammograms were obtained with BAS CV-50W voltammetric analyzer with the 

platinum disk, platinum wire, and Ag/Ag+ as working, auxiliary and reference electrodes, 

respectively. Electrochemical grade tetrabutylammonium perchlorate (0.1 M) in acetonitrile was 

used as the electrolytic solution. All electrochemical shifts were standardized to the ferrocene 

redox couple at 0.474 V. GC-MS was obtained on an Agilent 6890-5973 apparatus equipped with 

Hewlett-Packard fused with silica capillary column cross-linked with 5% phenylmethylsiloxane. 

Helium was used as the carrier gas (1 mL min-1). High-resolution mass spectra (HRMS) was 

recorded with Shimadzu LCMS-IT-TOF Mass Spectrometer using a Shim-pack XR-ODS column.  

The sample was dissolved in CHCl3, and 15 µL sample was injected. The theoretical calculation 

was conducted at B3LYP/6-31G* level using Spartan06. The X-ray diffraction study was 

performed on a RIGAKU Ultima III diffractometer. The thin films of polymer were irradiated by 

Cu-Kα (λ = 1.54 A°) and scanned from 1° to 40° (2Θ) at 0.04° interval at a rate of 2°/min. Thin 

films were prepared by drop casting polymer in chloroform (5.0 mg mL−1) onto clean SiO2 

substrates.  Tapping mode atomic force microscopy (TMAFM) analysis of the thin film was carried 

out using a Nanoscope IV-Multimode Veeco equipped with an E-type vertical engage scanner. 

Thin films were prepared by drop-casting polymer solution in chlorobenzene (1 mg mL−1) on mica 

substrate and followed by slow evaporation in a saturated chlorobenzene chamber. The TMAFM 

images were acquired at room temperature in air using silicon cantilevers with a resonance 

frequency of 320 kHz and nominal spring constant of 42 Nm−1.  
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4.3.3 Synthesis of Monomers 

     The synthesis of 3,3′-dihexyl-2,2′-bithiophene-5,5′ dicarbaldehyde was performed according to 

previously reported procedures, and the details are given below.20 The detailed synthetic 

procedures of monomers and the NMR spectra are given below (Figure 4.2-4.12).  

 

Synthesis of 2-(decyloxy) -4,6-dimethylpyrimidine (M1). 

 

     A suspension of 95% sodium hydride (1.09 g, 0.043 mol) in a solvent mixture of toluene and 

DMF (1:1, 200 mL) was heated at 90 °C, and 1-decanol (8.0 mL, 0.042 mol) was added drop-wise. 

The resulting mixture was heated at 115 °C for two hours. After two hours, 2-chloro-4,6-

dimethylpyrimidine (4.00 g, 0.028 mol) in toluene (25 mL) was added slowly, and the reaction 

mixture was refluxed for 18 hours. The reaction mixture was cooled to room temperature and 

poured over ice. The product was extracted with diethyl ether (3×50 mL), washed with deionized 

water (3×50 mL), dried over anhydrous MgSO4 and concentrated to yield a deep brown oil. The 

crude product was purified by column chromatography on silica gel with hexane: ethyl acetate 

(3:1) as the eluent, followed by vacuum distillation to obtain a clear oil. (6.30 g, 85.1%). 1H NMR 

(500 MHz, CDCl3): δH 6.62 (s, 1H), 4.30 (t, 2H), 2.38 (s, 6H), 1.77 (m, 2H), 1.45 (m, 2H), 1.25 

(m, 12H), 0.86 (t, 3H); 13C NMR (500 MHz, CDCl3): δ 169.06, 165.21, 113.62, 67.29, 31.91, 

31.60, 29.59, 29.42, 29.33, 29.01, 26.04, 23.85, 22.69, 14.12; EIMS (M+) m/z calculated for 

C16H28N2O 264.41, found 264.30. 
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Figure 4.2. 1H NMR spectrum of 2-(decyloxy)-4,6-dimethylpyrimidine 

 

 

Figure 4.3. 13C NMR spectrum of 2-(decyloxy)-4,6-dimethylpyrimidine 
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Synthesis of 2-(decylthio)-4,6-dimethylpyrimidine (M2).  

 

     Decane-1-thiol (3.66 g, 0.021 mol) was added to a solution of potassium hydroxide pellets (1.29 

g, 0.023 mol) and 18-crown-6 (6.08 g, 0.023 mol) in a mixture of THF and water (3:1, 200 mL) 

and the reaction mixture was refluxed for 2 hours. After 2 hours, 2-chloro-4,6-dimethylpyrimidine 

(2.00 g, 0.014 mol) was added, and the reaction mixture was refluxed for 24 hours. The reaction 

mixture was cooled to room temperature, quenched in water (200 mL) and extracted with diethyl 

ether (4×50 mL). The organic layer was washed with deionized water (3×200 mL), dried over 

anhydrous MgSO4 and concentrated yield a clear oil. The product was purified by column 

chromatography on silica gel using hexane: ethyl acetate (9:1) as the eluent to obtain a clear oil 

(3.81 g, 97.0%). 1H NMR (500 MHz, CDCl3): δH 6.66 (s, 1H), 3.14 (t, 2H), 2.38 (s, 6H), 1.71 (m, 

2H), 1.43 (m, 2H), 1.26 (m, 12H), 0.86 (t, 3H); 13C NMR (CDCl3, 500 MHz) δ: 171.50, 166.82, 

115.38, 31.36, 30.73, 29.27, 28.55, 23.86, 22.53, 14.04;  EIMS (M+) m/z calculated for 

C16H28N2S 280.47, found 280.10. 

 



 

89 

 

Figure 4.4. 1H NMR spectrum of 2-(decylthio)-4,6-dimethylpyrimidine 

 

 

Figure 4.5. 13C NMR spectrum of 2-(decylthio)-4,6-dimethylpyrimidine 
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Synthesis of 2-(decylsulfinyl)-4,6-dimethylpyrimidine (M3). 

 

     77% m-Chloroperoxybenzoic acid (1.57 g, 7.00 mmol) was dissolved in dichloromethane (40 

mL) and added dropwise to a solution of 2-(decylthio)-4,6-dimethylpyrimidine (2.00 g, 7.14 

mmol) in dichloromethane (10 mL). After 45 minutes, the reaction mixture was warmed to room 

temperature and stirred for 24 hours. Saturated potassium bicarbonate (10 mL) was added to the 

reaction mixture and stirred for 3 hours. The product was extracted with dichloromethane (3×50 

mL), the organic phase was collected and washed with deionized water (3×50 mL). The organic 

layer was dried over anhydrous MgSO4 and concentrated to yield a yellow oil. Crude was purified 

by column chromatography on silica gel with hexane: ethyl acetate (3:2) as the eluent to yield a 

pale-yellow oil. (1.41 g, 68.1%). 1H NMR (500 MHz, CDCl3): δH 7.05 (s, 1H), 3.01 (m, 2H), 2.55 

(s, 6H), 1.90 (m, 1H), 1.64 (m, 1H), 1.42 (m, 2H), 1.21 (m,12H), 0.84 (t, 3H); 13C NMR (500 

MHz, CDCl3): δ 172.76, 168.96, 121.04, 54.200, 32.130, 29.740, 29.600, 29.530, 29.390, 28.910, 

24.240, 22.930, 22.550, 14.370; HRMS calculated for C16H28N2OS [(M+H)+]:296.47, found: 

297.20. 
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Figure 4.6. 1H NMR spectrum of 2-(decylsulfinyl)-4,6-dimethylpyrimidine 

 

 

Figure 4.7. 13C NMR spectrum of 2-(decylsulfonyl)-4,6-dimethylpyrimidine 
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Synthesis of 2-(decylsulfonyl)-4,6-dimethylpyrimidine (M4).  

 

     2-(Decylthio)-4,6- dimethylpyrimidine (2.01 g, 7.17 mmol) was diluted with dichloromethane 

(100 mL) and cooled over an ice bath. 77% m- Chloroperoxybenzoic acid (3.53 g, 15.8 mmol) was 

dissolved in dichloromethane (100 mL) and added dropwise while stirring over an ice bath. After 

45 minutes, the reaction mixture was removed from the ice bath and stirred for 14 hours at room 

temperature. Saturated potassium bicarbonate (20 mL) was added to the reaction mixture and 

stirred vigorously for 3 hours. The compound was extracted with dichloromethane (3×50 mL), the 

organic yield a colorless oil. Crude was purified by column chromatography on silica gel with 

hexane: ethyl acetate (3:2) as the eluent to yield a white solid (1.98 g, 88.6%).  1H NMR (500 

MHz, CDCl3): δH 7.20 (s, 1H), 3.46 (m, 2H), 2.57 (s, 6H), 1.81 (m, 2H), 1.41 (m, 2H), 1.21 (m, 

12H), 0.83 (t, 3H); 13C NMR (500 MHz, CDCl3): δ 169.44, 165.28, 123.08, 51.310, 32.070, 

29.660, 29.470, 29.440, 29.180, 28.640, 24.220, 22.870, 22.220, 14.320;  HRMS calculated for 

C16H28N2O2S [(M-H)+]: 312.47, found: 311.18. 
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Figure 4.8. 1H NMR spectrum of 2-(decylsulfonyl)-4,6-dimethylpyrimidine 

 

 

Figure 4.9. 13C NMR spectrum of 2-(decylsulfonyl)-4,6-dimethylpyrimidine 
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Synthesis of 3,3’-dihexyl-2,2’-bithiophene-5,5’-dicarbaldehyde 

 

Synthesis of 3-hexylthiophene 

     Hexylmagnesium bromide (84.50 mL, 0.169 mol) was added slowly to a mixture of 3-

bromothiophene (25.0 g, 0.153 mol), and Ni(dppp)Cl2 (0.150 g, 0.277 mmol) in anhydrous diethyl 

ether (50 mL) and refluxed overnight under nitrogen atmosphere. The reaction mixture was cooled 

to room temperature and quenched in DI water (100 mL).  The compound was extracted with 

diethyl ether (3×50 mL), the organic layers were combined, washed with DI water (3×50 mL), 

dried over anhydrous MgSO4, and concentrated to yield a yellow oil. The oil was purified by 

vacuum distillation to obtain a clear oil (23.9 g, 92.8%).  1H NMR (500 MHz, CDCl3): δH 7.57 (d, 

1H), 7.28 (s, 1H), 7.24 (d, 1H), 2.96 (t, 2H), 1.65 (m, 8H), 1.23 (t, 3H); EIMS (M+) m/z calculated 

for C10H16S 168.30, found 168.10 

 

Figure 4.10. 1H NMR spectrum of 3-hexylthiophene 



 

95 

Synthesis of 2-bromo-3-hexylthiophene    

     3-Hexylthiophene (5.20 g, 0.031 mol) was diluted with a mixture of chloroform and acetic acid 

(1:1, 100 mL), and N-bromosuccimide (5.23 g, 0.029 mol) was added slowly at room temperature. 

The compound was extracted with diethyl ether (3×50 mL), the combined organic layer was 

washed with DI water (3×100 mL), dried over anhydrous MgSO4 and concentrated to yield a 

yellow oil which was purified by column chromatography on silica gel using hexane as the eluent 

to obtain a clear oil (6.98 g, 97.4%). 1H NMR (500 MHz, CDCl3): δH 7.19 (d, 1H), 6.80 (d, 1H), 

2.56 (t, 2H), 1.58 (m, 2H), 1.35 (m, 6H), 0.89 (t, 3H); EIMS (M+) m/z calculated for C10H15BrS 

247.19, found 248.00. 

 

Figure 4.11. 1H NMR spectrum of 2-bromo-3-hexylthiophene 
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Synthesis of 3, 3’-dihexyl-2, 2’-bithiophene-5, 5’-dicarbaldehyde  

     3, 3’-dihexyl-2, 2’-bithiophene (1.81 g, 5.40 mmol) was diluted with dry THF (80 mL), and n-

BuLi (2.5 M in hexane) (4.8 mL, 12.0 mmol) was added dropwise under a nitrogen atmosphere, 

while stirring over an ice bath.  After 45 minutes, dry DMF (10 mL) was added and stirred for an 

additional 10 minutes at room temperature. The reaction mixture was quenched in cold 

hydrochloric acid (1M, 100 mL). The compound was extracted with diethyl ether (3×50 mL), 

washed with water (3 × 100 mL), the organic layer was dried over anhydrous MgSO4 and 

concentrated to yield a brown oil. The product was purified by column chromatography on silica 

gel using hexane: ethyl acetate (19:1) as the eluent to obtain a clear oil (2.00 g, 95.0 %). 1H NMR 

(500 MHz, CDCl3): δH 9.89 (s, 2H), 7.66 (s, 2H), 2.56 (t, 4H), 1.57 (m, 4H), 1.24 (m, 12H), 0.85 

(t, 6H); EIMS (M+) m/z calculated for C22H30O2S2 390.60, found 390.20 

 

Figure 4.12. 1H NMR spectrum of 3, 3’-dihexyl-2, 2’-bithiophene-5, 5’-dicarbaldehyde 
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4.3.4 Synthesis of Polymers 

     The D-A copolymers(P1-P4) were synthesized from 3,3′-dihexyl-2,2′-bithiophene-5,5′-

dicarbaldehyde, and the corresponding functionalized pyrimidine monomers (Scheme 4.1.). 

 

Scheme 4.1. The synthesis of pyrimidine-based donor-acceptor copolymers (P1-P4) 

 

Synthesis of poly[2-(decyloxy)-4-(2-(3,3'-dihexyl-5'-vinyl-2,2'-bithiophen-5-yl)vinyl)-

6vinylpyrimidine] (P1). 

     An oven dried 50 mL three neck round bottom flask was charged with 2-(decyloxy)-4,6- 

dimethylpyrimidine (0.249 g, 0.942 mmol) and degassed with nitrogen for 15 minutes. Potassium 

t-butoxide (0.212 g, 1.89 mmol) and 18-crown-6 (0.500 g, 1.89 mmol) were dissolved in dry THF 

(5 mL) under a nitrogen atmosphere, added to the round bottom along with dry toluene (10 mL) 

and heated at 85 °C for an hour. In a separate vial, 3,3’-dihexyl-2,2’-bithiophene-5,5’-

dicarbaldehyde (0.368 g, 0.942 mmol) was diluted with dry THF (5 mL) under nitrogen 

atmosphere and added to the flask. The reaction mixture was heated at 85 °C under a nitrogen 

atmosphere for 24 hours. The reaction mixture was cooled to room temperature, the polymer was 

extracted with chloroform (4×100 mL), and the organic layers were combined. The organic phase 

was washed with deionized water (4×100 mL), dried over anhydrous MgSO4 and concentrated in 
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vacuo. The polymer was precipitated in cold methanol, filtered and purified by Soxhlet extractions 

with methanol, hexane, and chloroform. The chloroform layer was evaporated in vacuo and 

precipitated in cold methanol. The polymer was filtered, vacuum dried to yield a red solid (0.285 

g, 45.1%, Mn = 8.2 kDa, PDI = 2.1) and stored in glove box. 1H NMR spectrum is shown in Figure 

4.13. The peak at ~ 3.66 ppm may be due to the presence of soluble oxidized product of the P1, 

which has not been clearly identified or reported. Similar procedure was followed to synthesize 2-

(decylthio)-4,6-dimethylpyrimidine (P2), 2-(decylsulfinyl)-4,6-dimethylpyrimidine (P3) and 2-

(decylsulfonyl)-4,6-dimethylpyrimidine (P4), separately. The 1H NMR spectra are shown in 

Figure 4.14., 4.15., and 4.16., respectively, and the SEC measurements are summarized in Table 

4.1. 

 

Figure 4.13. 1H NMR spectrum of poly[2-(decyloxy)-4-(2-(3,3'-dihexyl-5'-vinyl-2,2'-bithiophen-

5-yl)vinyl)-6- vinylpyrimidine] (P1) 
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Figure 4.14. 1H NMR spectrum of poly[2-(decylthio)-4-(2-(3,3'-dihexyl-5'-vinyl-2,2'-bithiophen-

5-yl)vinyl)-6-vinylpyrimidine] (P2) 

 

 

Figure 4.15. 1H NMR spectrum of poly[2-(decylsulfinyl)-4-(2-(3,3'-dihexyl-5'-vinyl-2,2'-

bithiophen-5-yl)vinyl)-6-vinylpyrimidine] (P3) 
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Figure 4.16. 1H NMR spectrum of poly[2-(decylsulfonyl)-4-(2-(3,3'-dihexyl-5'-vinyl-2,2'-

bithiophen-5-yl)vinyl)-6-vinylpyrimidine] (P4) 

 

Table 4.1. Characteristics of Polymer P1-P4 

Polymer Mn 

(kDa) 

PDIa HOMOb 

(eV) 

LUMOc 

(eV) 

Egd 

(eV) 

Ege(eV) λmax
f 

(nm) 

λmax
g 

(nm) 

P1 8.2 2.1 -5.28 -3.03 2.25 2.16 380 387 

P2 7.4 2.4 -5.37 -3.14 2.23 2.19 385 389 

P3 7.0 2.6 -5.45 -3.24 2.21 2.11 386 391 

P4 6.1 2.6 -5.52 -3.36 2.16 2.02 394 400 
a Measured by SEC using polystyrene standards with THF as eluent. b Estimated from the oxidation peak of the cyclic 

voltammograms. c Estimated from the reduction-oxidation peak of the cyclic voltammograms. d Calculated from LUMO c – HOMO 
b.  e Calculated from the onset of UV-vis absorption in a thin film. f UV-vis in chloroform solution. g UV-vis in a thin film 
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4.4 Results and Discussion 

4.4.1 Optical and electrochemical properties 

     The absorption spectra of the polymers in chloroform solution and solid state are shown in 

Figure 4.17. for all four polymers in solution and in thin film. The maximum of absorption 

indicates the transitions from π-π* states delocalized along the conjugated polymer backbone.20,36–

38 The much smaller bathochromic shift of the absorption band and the absence of the vibronic 

peak in the solid-state spectra indicate the poor intermolecular π-π stacking most likely due to the 

amorphous nature of polymer in the solid state.39,40 HOMO and LUMO energy levels of polymers, 

P1-P4, were estimated from the oxidation and reduction curves (Figure 4.18.)  measured by cyclic 

voltammetry using the equation: ELUMO = −(Ered + 4.8 − E1/2, Fc/Fc+) eV; EHOMO = −(Eox + 4.8 − 

E1/2, Fc/Fc+) eV. The calculated HOMO and LUMO energy levels are given in Table 4.1. The 

HOMO/LUMO energy level of P1 (-5.28/-3.03 eV) was higher than that of the HOMO/LUMO 

level of P2-P4, indicating the higher electron donating ability of decyloxy side chain attached to 

P1 as compared to the less donating decylthio side chain (P2). Oxidation of the thioalkyl 

substituent of electron withdrawing decylsulfinyl (P3) or decylsulfonyl (P4) side chains, further 

lowered both HOMO and LUMO levels of the resultant polymer.  Notably, the pyrimidine unit 

attached to the electron-withdrawing substituent lowered the HOMO/LUMO levels depending on 

the electron withdrawing strength.  
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Figure 4.17.  UV-Vis spectra of polymers, P1-P4, in chloroform solutions and thin films 

 

 

Figure 4.18. Cyclic voltammograms of polymers, P1-P4. 
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4.4.2 Structural Analysis 

     The estimation of the molecular geometry and electronic distribution of the frontier orbitals of 

the polymers was performed by density functional theory (DFT) calculations using Spartan 06 at 

the level of B3LYP/6- 31G*. The DFT calculations for dimers were performed, and all alkyl 

groups were replaced by methyl groups to simplify the calculation (Figure 4.19 and 4.20). The 

calculations demonstrated that the HOMOs were mostly concentrated on the donor moiety while 

the LUMO of the polymers were distributed over the entire conjugated backbone (Figure 2.20.). 

The calculated HOMO/LUMO energies of dimers of P1, P2, P3, and P4 were −5.23 eV/−2.33 eV, 

-5.30 eV/−2.41 eV, −5.52 eV/−2.73 eV, and −5.57 eV/−2.83 eV, respectively. This data is 

consistent with the results obtained from the CV analysis and UV-vis absorption spectra (Table 

4.1).  As displayed in Figure. 4.19, polymer backbones, P1, P2, P3, and P4 are not coplanar as the 

thiophene rings generated dihedral angles of 42.99°, 43.11°, 42.48°, and 40.05° with the adjacent 

thiophene rings, respectively. 

 

 
Figure 4.19.  (a) The top and (b) side views of molecular geometries of the respective two 

repeating units of polymers (P1- P4).  
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Figure 4.20. (a) Chemical structures, b) calculated LUMO, c) calculated HOMO of the respective 

two repeating units of polymers P1, P2, P3, and P4. 

 

 



 

105 

     In the theoretical studies, a simplification has been established by replacing the long alkyl 

chains with methyl group.  However, previously reported studies proved that the conjugated 

polymers with variable alkyl side chain length have a variable effect on the structural conformation 

and the electronic properties of the conjugated polymers.41,42 Moreover, this computer modelling 

approach shows the results obtained for oligomers (two repeating units) and do not consider the 

interaction between adjacent alkyl chains.41,43  Therefore, the results obtained from theoretical 

studies with simplifications would be sufficiently good approximation, but not precise. 

4.4.3 X-ray and Morphology analysis 

     The crystallinity of the polymer thin films was investigated by X-ray diffraction analysis. The 

less intense, halo-like broad diffraction peaks centered around 2θ ~ 20°, shown in Figure 4.19, 

were observed for all four polymers which indicated the amorphous nature of the polymers, P1-

P4.20,40,44 The film morphology of the polymers, (P1-P4), was investigated by TMAFM analysis. 

The polymer films displayed granular morphology (Figure 4.21, and 4.22) which resulted in a non-

uniform surface. The TMAFM analysis also supports the amorphous nature of the polymers that 

was also proved by X-ray diffraction analysis results. Effort to fabricate bottom-gate bottom 

contact, and top-gate bottom contacted OFETs with all the synthesized polymers showed field 

effect mobility values lower than 10-6 cm2/V-1s most likely due to the amorphous nature of the 

polymers. 
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Figure 4.21. Height and phase TMAFM images of thin film deposited on mica (2×2 µm); P1 (a, 

e), P2 (b, f), P3 (c, g), and P4 (d, h). 

 

 

Figure 4.22. 3-D Height TMAFM images of thin film deposited on mica (a) P1, (b)P2, (c) P3, 

and (d) P4. 
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4.5 Conclusion 

     In summary, a series of pyrimidine containing donor–acceptor alternating copolymers, poly[2-

(decyloxy)-4-(2-(3,3'-dihexyl-5'-vinyl-2,2'-bithiophen-5-yl)vinyl)-6-vinylpyrimidine] (P1), 

poly[2-(decylthio)-4-(2-(3,3'-dihexyl-5'-vinyl-2,2'-bithiophen-5-yl)vinyl)-6-vinylpyrimidine] 

(P2), poly[2-(decylsulfinyl)-4-(2-(3,3'-dihexyl-5'-vinyl-2,2'-bithiophen-5-yl)vinyl)-6-

vinylpyrimidine] (P3), and poly[2-(decylsulfonyl)-4-(2-(3,3'-dihexyl-5'-vinyl-2,2'-bithiophen-5-

yl)vinyl)-6-vinylpyrimidine] (P4) were synthesized. The ability to perform the nucleophilic 

aromatic substitution on the pyrimidine ring coupled with the ease of substitution modification by 

oxidizing the sulfur atom of the substituent allowed pyrimidine to be functionalized with highly 

solubilizing flexible side chains that improved the solution processability of the polymers. 

Furthermore, opto-electronic properties of the polymers can be tuned by varying the electron 

withdrawing strength of the acceptor moiety. The reported pyrimidine-based polymers show 

favorable HOMO and LUMO energy levels that indicate some potential for application in 

optoelectronic devices.  However, the structural disorder created an energy barrier to charge 

transport that adversely affected the charge carrier mobility by creating electronic traps.  

Improvement in the molecular weight with a good PDI value is currently under investigation which 

would be expected to give much a deeper lying LUMO energy levels that could yield to improved 

electron mobility and offer a path to develop novel, air-stable n-type semiconducting materials.   
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