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     Amphiphilic macromolecules (AMs), composed of a macromolecular hydrophobic 

segment and a hydrophilic poly(ethylene glycol) (PEG) are used as drug delivery systems 

and therapeutics. In this dissertation, AMs maintained physicochemical and biological 

properties after commercial sterilization treatment indicating AMs are suitable for 

commercialization. Furthermore, AMs are modified for anticancer drug and siRNA 

delivery.  

     In this dissertation, pH-sensitive AMs were successfully synthesized to solve the 

dilemma between stability during circulation and quick drug release at target site. Critical 
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micelle concentrations of the pH-sensitive AMs indicated stability against dilution which 

occurs during blood circulation. Doxorubicin (DOX) was chosen as the anticancer drug 

to investigate the pH-dependent drug release profile. Enhanced DOX release at pH 5 was 

compared to pH 7.4 due to the cleavage of hydrazone in the AM backbone. Further 

cytotoxicity studies showed that pH-senstive AMs decreased cell viability compared to 

free DOX and controll micelles. Therefore, the pH-sensitive AMs can achieve both 

stability in physiological condition and quick drug release at target site. 

     The delivery of short interfering ribonucleic acid (siRNA), a potent gene knock-down 

therapeutic, is a main issue in biomedical field. In this dissertation, novel cationic 

amphiphilic macromolecule (CAM)-lipid complexes were developed with comparable 

transfection efficiency to Lipofectamin, a gold standard siRNA delivery vehicle in vitro. 

Dynamic light scattering indicated that CAM-lipid complexes possess the pH-responsive 

features: stable at pH 7.4 (physiological pH) and instable at pH 5 (endosomal pH). 

Intracellular trafficking demonstrated the endosomal escape of siRNA possibly because 

of the pH-responsive feature. Furthermore, this dissertation is the first example of using 

isothermal titration calorimetry to study siRNA release from polymer-liposome systems. 

Overall, CAM-lipid complex was developed as an efficient siRNA carrier in vitro and 

mechanistic insights in delivery process provided.  
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1 Overview 

1.1 Overall introduction to drug delivery 

 

A drug is a medicinal substance administered to mammals to treat disease. Multiple kinds 

of drugs, including natural products, synthetic medicines, nucleic acids, proteins, and 

peptides, have been developed to combat various diseases [1, 2]. Administering drugs to 

the human body, however, is complicated due to the many barriers that impede drugs 

from reaching their desired target site in vivo, thus reducing drug efficacy [3-7]. As an 

example, anticancer drugs with high bioactivity in vitro often exhibit extremely low 

water-solubility which leads to overall poor absorption and reduced bioavailability [8]. 

As another example, macromolecule drugs such as nucleic acid are easily degraded by 

the mononuclear phagocyte systems (MPS), a group of organs responsible for clearing 

foreign macromolecules from the human body [9].  

To improve drug efficacy, drug delivery systems are developed to overcome 

physiological hurdles. Drug delivery systems can be designed to: enhance drug solubility, 

maintain drug stability while circulating in the body, minimize drug side effects, enhance 

drug availability in target tissues, and control drug release rate once in the pathological 

zone [6, 10, 11]. The aforementioned examples associated with poor drug water solubility 

and MPS-induced drug degradation, for instance, can be circumvented through the use of 

drug delivery systems.  Increased drug solubility can be achieved by developing reservoir 

to solubilize insoluble drugs within the carrier system. Using a protective outer-layer in 

this carrier system can also prevent premature drug degradation leading to prolonged 

circulation times.  However, even if the drug’s solubility and stability issues are solved, 
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safety of the drug is still a considerable issue. Drugs’ adverse effects are usually 

associated with off-site toxicity and can be minimized by encapsulating the drug within 

the carrier and ensuring that the drug will only accumulate within the pathological zone. 

In cancer treatment, this accumulation can be obtained through passive targeting 

pathways, often relying on the enhanced permeability and retention (EPR) effect, in 

which tumor tissues’ leaky vasculature and lack of effective lymphatic drainage enable 

carrier systems of certain sizes (typically 10 – 30 nm ) to preferentially accumulate in 

tumor tissue [12-17]. Another means to obtain enhanced drug accumulation in the 

pathological zone involves conjugating targeting ligands to the drug carrier, thus, guiding 

therapeutics to the disease site based on the specific interactions between targeting 

ligands and receptors on pathological cells. For example, folate is widely used to actively 

target various cancer cells with overexpressed folate receptors [18].  

While drug delivery systems can improve upon drug administration and enhance drug 

efficacy, current delivery systems face a dilemma between maintaining stability while 

circulating and then effectively releasing the drug once in the pathological zone. One 

strategy to solve this dilemma is using stimuli-responsive delivery systems [19, 20]. 

Numerous stimuli, including temperature [21-23], enzymes [24, 25], magnetic field [26, 

27], reductive environment [28, 29], and pH [30-34], have been investigated as triggers to 

promote targeted drug release.   pH is an especially important biological stimulus in the 

human body; as one example, tumor tissues exhibit acidic pH due to lactic acid 

production. As another example, intracellular compartments, such as endosomes and 

lysosomes, are generally acidic with pH varies ranging from 4 to 6. Through 



3 
 

 
 

incorporating pH-responsive features into drug delivery systems, the system can be 

triggered to achieve drug release in pH-specific conditions.  

1.2 Drug delivery systems 

1.2.1 Polymeric micelles for drug delivery 

Polymeric micelles are colloidal aggregates that are self-assembled from amphiphilic 

polymers in aqueous media. The amphiphilic polymers are typically composed of 

hydrophobic and hydrophilic polymers tethered together, and when their concentration 

reaches a critical micelle concentration (CMC), they will self-assemble into micelles 

having a hydrophobic core and hydrophilic shell or corona (Figure 1.1) [35]. The 

polymers’ self-assembly behavior is based on a hydrophobic effect in which the 

aggregation of hydrophobic segments will increase the system’s disorder by displacing 

water molecules that were previously organized about the hydrophobic domain. This 

water displacement results in an entropy increase and, thus, yields a thermodynamically 

favorable assembly [36]. A variety of micelle morphologies, including spherical micelles, 

cylindrical micelles, and vesicles with curved bilayers, can be obtained depending on the 

amphiphilic polymer’s molecular geometry and packaging behavior [36]. For medical 

applications, hydrophobic polymers, including poly(D,L-lactide-co-glycolide) (PLGA), 

poly(propylene oxide) (PPO), poly(L-lysine), poly(aspartic acid), and poly(caprolactone) 

(PCL), make up the hydrophobic component of the amphiphilic polymer [35]. For the 

hydrophilic portion, poly(ethylene glycol) (PEG) is often used as it is a common 

component in many FDA-pproved pharmaceutical formations [37]. Using PEG as the 

hydrophilic shell has many advantages including low cytotoxicity, low cost, extremely 

high water-solubility, and functionalization ease [37]. Furthermore, much research has 
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demonstrated that PEG can provide steric protection against MPS recognition, leading to 

enhanced micelle stability and prolonged blood circulation [38]. Aside from PEG, 

alternative hydrophilic polymers include poly(N-vinyl-2-pyrrolidone) (PVP), poly(vinyl 

alcohol) (PVA), and poly(vinyl alcohol-co-vinyloleate) [35].  

 

Figure 1.1 Polymeric micelle formation through self-assembly of amphiphilic polymers 
in aqueous media [35] 

A critical characteristic of many drug delivery systems is the ability to solubilize water-

insoluble drugs in an aqueous media such as the human body. Polymeric micelles possess 

this ability as they contain a hydrophobic core which can serve as the reservoir for 

hydrophobic drugs (Figure 1.2) [39]. Drug loading into polymeric micelles can be carried 

out by various methods such as oil-in-water emulsions, evaporation, and dialysis in water 

[40-42]. The amount of drug loaded in polymeric micelles is typically influenced by the 

size of the drug and the length of the hydrophobic and hydrophilic polymer blocks, both 

of which can be tuned to obtain optimal drug loading [43].  
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Figure 1.2 Formation and drug loading of polymeric micelles by self-assembly of 

amphiphilic polymers in aqueous solution [39] 

Another characteristic of polymeric micelles is their nanoscale size which allows for 

accumulation in tumor tissues. The nanoscale size not only contributes to this enhanced 

accumulation in tumor tissue but can also provide an optimal size range (10 – 200 nm) 

for intracellular uptake [44]. Micelles size less than 10 nm are rapidly cleared via kidney 

filtration [45-47], thus, by altering the length of the hydrophobic and hydrophilic blocks, 

micelle sizes can be tuned to obtain optimal sizes for drug delivery applications. 

Furthermore, through modifying the hydrophobic and hydrophilic blocks, CMCs can also 

be tuned. Research suggests that low CMCs (<10-8 M) can lead to higher micelle stability 

against dilution once administered in the human body [3, 6], thus amphiphilic polymers 

are often modified to achieve this stability. 

1.2.2 Liposomes for drug delivery 
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Similar to micelles, liposomes are comprise of hydrophobic and hydrophilic zones and 

are spherical. Unlike micelles, liposomes are organized into bilayers of layer structure. 

Typically, the amphiphilic moieties are lipids, which consist of hydrophobic alkyl chain 

and hydrophilic head group, and are biocompatible. Based on their structural properties, 

liposomes can be classified into different types, including multilamellar large vesicles 

(MLVs), small unilamellar vesicles (SUVs), and large unilamellar vesicles (LUVs). 

Using unilamellar vesicles as an example, the liposome has a continuous interior 

hydrophilic phase which can solubilize hydrophilic molecules and a hydrophobic bilayer 

which can solubilize hydrophobic drugs (Figure 1.3) [48]. Hydrophilic molecules 

encapsulated within liposomes typically include therapeutic and/or diagnostic agents that 

are not able to pass through the cell membrane [48]. Liposomes’ hydrophobic bilayer, 

similar to polymeric micelles core, can solubilize water-insoluble drugs to improve their 

absorption and bioavailability.  

 

Figure 1.3 Liposomes with hydrophilic drugs loaded in interior phase and hydrophobic 

drugs loaded in hydrophobic bilayer 

Hydrophilic Drug

Hydrophobic Drug
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Due to their lipophilic bilayer, liposomes have the unique ability of fusing with lipid cell 

membranes [49, 50]. This fusion can influence endocytosis via lipid rafts, which are 

microdomain-containing  glycosphingolipids and protein receptors on cell membrane, 

and lead to an enhanced intracellular uptake of liposomes [51-53]. Liposomes can also be 

obtained in the 100 – 200 nm size range via membrane extrusion, and are thus an optimal 

size for drug delivery applications. Similar to polymeric micelles, liposomes’ size allows 

them to carry chemotherapeutics to tumor tissue based on the EPR effect. Active 

targeting can also be achieved by surface-functionalizing liposomes with targeting 

ligands. One main drawback of liposomes, however, is their instability under 

physiological condition due to their aggregation and adsorption induced by serum 

proteins in the blood stream [54, 55]. To address the instability, various strategies have 

been introduced including formulating liposomes with PEGylated lipids and/or 

cholesterol. Given their ease of functionalization and formulation, liposomes with 

targeting groups on the surface, stabilizing reagents, stimuli-responsive features, 

diagnostic reagents, and therapeutics can be obtained to produce multifunctional drug 

carriers and tackle a variety of drug delivery issues [56-59].  

1.2.3 Amphiphilic macromolecules as drug delivery systems 

Amphiphilic macromolecules (AMs), composed of a macromolecular hydrophobic 

segment and hydrophilic tail, can self-assemble in aqueous media [60]. The polymeric 

micelles formed from AMs have nanoscale size (15-20 nm), low CMC value (10-7M), 

and cytocompatibility [61, 62].  

http://en.wikipedia.org/wiki/Glycosphingolipid
http://en.wikipedia.org/wiki/Receptor_(biochemistry)
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Stemming from previous work using AMs as anticancer drug delivery system [62, 63], 

pH-responsive AMs are synthesized. Physicochemical characterizations such as 1H NMR 

and DLS were used to elucidate the cleavage of acid-labile hydrazone in AMs. Drug 

release studies indicated that acidic pH conditions enhanced drug release rate compared 

to neutral pH. Furthermore, the pH-sensitive AMs are used to deliver doxorubicin, a 

model chemotherapeutic against cancer cell. The doxorubicin-loaded, pH-sensitive 

micelles show higher efficiencies than free doxorubicin and control micelles in killing 

cancer cells.  

Building upon previous work in developing cationic AMs as nucleic acid delivery 

vehicles, AM-lipid complexes are developed to serve as short interfering ribonucleic acid 

(siRNA) delivery systems. In the project, cationic AMs are incorporated within cationic 

liposomes. Thermodynamic measurements illustrated favorable complexation between 

cationic AMs and lipid. Physicochemical characterizations reveal that the AM-lipid 

complexes are suitable for siRNA delivery due to the cationic and lipid feature. In vitro 

assays demonstrated that certain complexes have comparable efficiencies to 

Lipofectamine, a gold standard for gene delivery. In-depth mechanistic studies exhibit the 

pH-responsive feature of same AM-lipid complexes lead to the endosomal escape, a 

critical step in siRNA delivery. This project demonstrates that AM-lipid complexes can 

be an efficient delivery vehicles for siRNA.  

1.3 Sterilization 
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Sterilization is the process to eliminate any microbial species such as fungi, bacteria, and 

viruses [64]. It is a mandatory step in drug or medical device commercialization [64].  

Typical sterilization methods include heat sterilization, chemical sterilization, radiation 

sterilization, and filtration sterilization [65-67]. As AMs are promising for biomedical 

applications, their ability to withstand sterilization process is evaluated in this dissertation. 

Electron-beam and gamma radiation methods are chosen as both of them do not involve 

heat or chemicals and are more convenient [68]. Physicochemical and biological 

properties of AMs are examined after sterilization and compared to untreated AMs.  
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2 pH-Responsive Amphiphilic Macromolecules for Anticancer Drug Delivery 

2.1 Introduction 

 

Cancer is one of the leading death causes in the world. Three main strategies to treat cancers are 

surgical resection, external radiotherapy, and chemotherapy. Although surgery is a curative 

treatment, many patients are not suitable for surgery because of the size and location of the 

tumor and/or it has metastasized [1]. External radiotherapy is an effective treatment, yet, it can 

cause a variety of side effects such as damage to other radiosensitive healthy organs, fatigue, 

skin irritation, fibrosis, epilation, and others [1]. Chemotherapy is a treatment strategy that can be 

applied alone or with surgery. Although numerous efforts have been spent to increase the 

specificity of chemotherapeutic drugs, the off-site toxicity is still a major side effect as many 

chemotherapeutics have low molecular weights that lead to rapid clearance by liver and/or 

kidneys [2]. Furthermore, effective chemotherapeutics are often extremely water-insoluble with 

logP values up to 7 [3].  

One example of a chemotherapeutic widely used in treatments is doxorubicin (DOX). DOX is an 

anticancer drug based on the natural product daunomycin [4, 5] and has been used to treat breast, 

ovary, lung, and other cancers [6-8]. It works by intercalating DNA in the nucleus, which could 

impose life-threatening effects due to heart damage. Thus, successful delivery of DOX without 

off-site toxicity is of extreme importance when using DOX as the cancer treatment. Furthermore, 

using polymeric carriers can enhance the endocytosis, initiate the endosomal escape, prevent the 

endosome and lysosome exocytosis, and release the drug into nucleus (Figure 2.1) [9].  
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Figure 2.1 Potential intracellular pathways of anticancer drugs [9] 

Among many polymer-based carriers, polymeric micelles are an important class of nanoscale 

carrier for cancer therapy [10]. Currently, five micellar formulations for cancer therapy are in 

clinical trials and one micellar formulation of paclitaxel (Genexol-PM) has been already FDA-

approved for breast cancer (Table 2.1) [11]. Pluoronic L61 and P127 is the trade name of 

poly(ethylene oxide)-b-poly(propylene oxide) (PEO-PPO).  
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Table 2.1 Polymeric micelles for cancer therapy in clinical trials [11] 

Trade 
Name 

Polymer Drug Micelle 
size (nm) 

Target organ Clinical 
stage 

NK012 PEG-PGlu(SN-38) SN-38 20 Breast cancer II 
NK105 PEG-P(aspartate) Paclitaxel 85 Advanced 

stomach cancer 
II 

SP1049C Pluronic L61 and F127 Doxorubicin 25 Adenocarinoma 
of oesophagus 

III 

NC-6004 PEG-PGlu(cisplatin) Cisplatin 30 Solid tumor I/II 
Genexol-
PM 

PEG-P(D,L-lactide) Paclitaxel 20-50 Breast cancer IV 

 

Amphiphilic macromolecules (AMs) are amphiphiles composed of a hydrophobic segment and a 

hydrophilic tail. Like traditional amphiphilic polymers, AMs can self-assemble into micelles in 

aqueous media. In contrast to linear polymers such as Pluronic, AMs are biodegradable; they 

have an alkylated sugar, branched backbone as the hydrophobic component (Figure 2.2) [12]. 

 

Figure 2.2 Chemical structure of AMs based upon alkylated mucic acid (MA) as hydrophobic 

segment and PEG as hydrophilic tail [12] 

The original series of AMs are referred to as MxPy, in which M denotes mucic acid, x denotes 

each alkyl chain’s total number of carbon atoms, P denotes PEG, and y refers to the PEG 

molecular weight in kilodaltons. Previous studies have shown that when keeping the PEG 

molecular weight constant, increasing the hydrophobic alkyl chain length decreases the CMC 
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value [13, 14]. Branching and length of the alkyl chains were demonstrated to be the key factors 

influencing AMs’ CMC values, with M12P5 showing the lowest CMC value (1.25 x 10-7 M) 

among the original AMs (Table 2.2) [12].  

Table 2.2 Molecular weights, melting temperatures, and CMCs of mucic acid-based AMs [12] 

Sample  Mw (Da)  Tm (oC)  CMC (M)  

M6P2  2400  45.5  4.45 x 10-5  

M8P2  2500  46.9  4.76 x 10-6  

M10P2  2600  45.2  2.60 x 10-6  

M12P2  2800  45.4  1.27 x 10-6  

M6P5  5300  59.3  8.64 x 10-5  

M8P5  5400  57.1  7.87 x 10-6  

M10P5  5500  57.8  1.20 x 10-6  

M12P5  5900  56.4  1.25 x 10-7  

 

To investigate their utilities as chemotherapeutic delivery systems, the cellular internalization of 

AM was investigated in human umbilical vein endothelial cells (HUVECs) using a fluorescently 

labeled AM, fluorescein isothiocyanate (FITC)-conjugated M12P5. The FITC-M12P5 micelles 

were observed to internalize within the cytoplasm, endosomes, lysosomes, and nucleus within 60 

mins [15]. Further studies using DOX and camptothecin (CPT) as anticancer drugs were carried 

out to evaluate the potential of using M12P5 as the nanocarrier. The weight loadings of CPT and 

DOX are 0.5% and 12%, respectively, which may be due to the different molecular sizes and 

hydrophobicities of the drugs. Although the CPT weight loading was rather low (0.5%), it was 

http://en.wikipedia.org/wiki/Fluorescein_isothiocyanate
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still comparable to commercially available polymers such as Pluronic P85 (0.7%) and 

Cremophor EL (0.6%). Sizes of the drug-loaded micelles, ranging from 16 to 25 nm, 

demonstrated that these systems remained an appropriate size for drug delivery applications [16]. 

Release studies demonstrated that drug release from M12P5 micelles was sustained for more 

than 2 days for both drugs. However, when evaluating the potency of the drug-loaded micelles 

against cancer cells, no improved efficiencies compared to free chemotherapeutics were 

observed [17]. As the solubilization of chemotherapeutic in AMs was based on the hydrophobic 

interaction between the drug and the hydrophobic core of the micelles, the release of drug is 

mainly caused by the drug diffusion out of the micellar core. However, due to the favorable 

interaction between the hydrophobic core and the drug, the release rate can be slowed and 

impeded the anticancer efficiency. Drug release can be enhanced by applying an external trigger 

to the micelles.  

Among the stimulus discussed in Chapter 1, pH is an important biological stimulus in the human 

body. For example, tumor tissue is acidic, caused by the accelerated rate of aerobic and 

anaerobic glycosis in cancer cells [18]. Due to the impaired vasculature and lymphatic drainage, 

the excretion and diffusion of lactate and other metabolic, acidic products are slowed, leading to 

acid accumulation within tumor tissue [19].   

By incorporating pH-responsive features into drug delivery systems, a transition can be triggered 

to achieve quick release of the payload once the delivery vehicles are at the acidic, target sites. 

One strategy to establish rapid drug release is by protonation of pH-responsive blocks that form 

the hydrophobic core of polymeric micelle. In this approach, micelles are destabilized via two 

pathways: i) micelle dissociation caused by repulsion between charged groups between unimers 

and ii) rapid dissolution of the hydrophobic core following protonation. For example, poly(L-
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histidine) is widely used as a pH-responsive polymer as it bears imidazole rings (pKa 6.5) and 

can be protonated in acidic media (pH <6.5) [20, 21]. Another strategy to obtain pH-triggered 

release is by incorporating acid labile bonds to dramatically change the polymer size in acidic 

media. A variety of acid labile bonds, including orthoester, hydrazone, acetal, vinyl ether, and 

cis-acotinyl bonds have been incorporated into the backbone or side chains of the polymers [22-

29]. Once the polymeric micelles bearing acid labile bonds enter the acidic environment, the self-

assembled micelles are disrupted following the cleavage of the acid labile bonds and the 

encapsulated drugs released.    

In this work, pH-responsive AMs were synthesized using hydrazone bonds to link the 

hydrophobic segment and hydrophilic tail. Under acidic conditions, AM micelles are disrupted 

and the drug released. Effectiveness against cancer cells using DOX-loaded micelles are  

examined the ability of AMs to deliver anticancer drugs. 

2.2 Results and discussion 

2.2.1 Synthesis and physicochemical characterization of pH-sensitive AMs 

The goal is to construct pH-sensitive AMs composed of an alkylated mucic acid backbone and a 

hydrophilic PEG tail with an acid-sensitive hydrazone linkage. The first step is to obtain the 

hydrophobic and hydrophilic segments with hydrazide and aldehyde groups, respectively, to 

yield the hydrazone linkage. Hydroxy-terminated PEG was subjected to Dess-Martin oxidation 

to give PEG-CHO (1, Figure 2.3). The oxidation was confirmed by appearance of aldehyde 

hydrogen in 1HNMR spectra (9.60 ppm). To obtain the hydrazide group on the hydrophobic core, 

2 (Figure 2.3) was activated with N-hydroxysuccinimide (NHS) via dicyclohexanecarbodiimide 

(DCC) coupling to prepare activated 3 (Figure 2.3). The hydrazide-functionalized precursor 4 
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(Figure 2.3) was prepared by subjecting 3 (Figure 2.3) to anhydrous hydrazine. 1H NMR and 

mass spectroscopies confirmed the chemical structure and molecular mass of hydrazide 

functionalized precursor (4, Figure 2.3). Using 0.1% trifluoroacetic acid (TFA) as a catalyst and 

activated molecular sieves as water adsorbents, compound 1 (Figure 2.3) was then conjugated to 

the precursor 4 (Figure 2.3) via the hydrazone linkage. By varying the stoichiometry, two pH-

sensitive AMs with PEG chains were obtained: AM-1 (5) has one PEG chain whereas AM-2 

(6)has two (Figure 2.3).  
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Figure 2.3 Synthetic scheme of pH-sensitive AMs  

1H NMR spectroscopies show the presence of the PEG methylene carbons (-OCH2CH2-, 3.60 

ppm) in the pH-sensitive AMs. To exclude the possibility of a physical mixture of 1 and 4, 
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MALDI-TOF spectroscopy was used to determine molecular weights. The molecular weights of 

AM-1 (5) and AM-2 (6) were found to be 6101 Da and 11,425 Da, respectively (Figure 2.4). 

Both of the MALDI-TOF and NMR results confirmed the successful coupling of PEG to the 

hydrophobic precursor.  

 

Figure 2.4 MALDI-TOF spectrum: (A) AM-1; (B) AM-2; (C) PEG-CHO 

To study the self-assembly behavior of the AMs in aqueous media, a fluorescent assay using 

pyrene was used to determine the CMC values and indirectly assess micelle stability upon 

dilution. By partitioning into the hydrophobic core of the micelle, pyrene undergoes a shift from 

332 nm to 334.5 nm in the excitation spectrum due to the polarity change of its 

microenvironment [12]. The fluorescent spectrum of pyrene was measured at a series of AM 
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concentrations (10-3 to 10-10 M). The fluorescent intensity ratios of 334.5 nm to 332 nm were 

calculated and plotted against the logarithm of AM concentrations (Figure 2.5). The CMC value 

was defined as the onset of micellization (Figure 2.5). The CMC values of AM-1 and AM-2 

were 8.9 x 10-8M and 4.4 x 10-6M, respectively. AM-2 likely had a higher CMC value than AM-

1 due its relatively higher hydrophilicity and lower solution stability. However, the CMCs of 

both AMs are extremely low compared to block copolymer micelles, which are typically in the 

range of 10-3M to 10-5M [10, 16]. These results indicate that these AMs could maintain micelle 

integrity upon dilution in physiological conditions, providing a stable carrier for hydrophobic 

drugs. 

 

Figure 2.5 CMC values of AMs determined by fluorescent intensity ratios of pyrene excitation 

bands (I334.4 nm/I332 nm) as a function of concentration: (A) AM-1 is 8.9 x 10-8M and (B) 

AM-2 is 4.4 x 10-6M 

 

2.2.2 Cleavage of hydrazone bond of AMs in acidic condition 

As the pH-sensitive AMs are designed for enhanced release in acidic conditions, stability of 

AMs at lower pH values was investigated. Given that intracellular and tumor pH values range 
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from 4 to 6 [30], we chose pH 5 as the representative acidic condition. NMR spectroscopy was 

used to monitor hydrazone cleavage and appearance of AM degradation products. In the 

following discussion, AM-2 will be chosen as an example. Before subjecting AM-2 to acidic 

condition, AM-2 was dissolved in CDCl3 and the 1H NMR spectra recorded (Figure 2.6A). 

Phosphate buffered saline at pH 5 was added to the AM-2 solution. After incubation in the acidic 

media for 48 hrs, 1H NMR spectra was recorded again (figure 2.6B). The distinctive aldehyde 

hydrogen peak appeared at 9.60 ppm while the methylene hydrogen of PEG appeared at 4.20 

ppm. Using diethyl ether to isolate 1, 1H NMR and MS indicated that the other chemical 

structure in the media was identical to compound 4 (Figure 2.6B). Literature precedence also 

shows that hydrazone degrades to aldehyde and hydrazide under acidic condition [31-35]. A 

detailed kinetic study of hydrazone hydrolysis is suggested by monitoring the media with 1H 

NMR at hourly time intervals.  
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Figure 2.6 1H NMR spectra of AM-2: A) Neutral pH conditions and B) after 48 hrs incubation in 

pH 5 media 

The hydrodynamic diameters of the AMs were also monitored using DLS at both pH values of 

7.4 and pH 5. At pH 7.4, the micelle sizes were maintained at approximately 150 nm over 24 hrs. 

At pH 5, however, the micelle sizes drastically increased to approximately 800 nm and 1000 nm 
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within 24 hrs for AM-1 and AM-2, respectively, with noticeable cloudiness in the solutions 

(Figure 2.7). It is hypothesized that pH-sensitive AMs degrades to compound 4 and PEG-CHO. 

Physical mixtures containing 4 and PEG-CHO at 1:1 and 1:2 molar ratios, end points of AM-1 

and AM-2 degradation, were found at 4510 and 4310 nm, respectively. The sizes of AM-1 and 

AM-2 at pH 5 within 24 hrs are smaller than the physical mixtures, indicating compound 4 did 

not completely precipitate and cleavage of hydrazone lead to larger aggregate formation. Overall 

these data suggest that the AMs can form stable micelles with a favorable size range (150 to 200 

nm) for cell uptake at physiological pH. However, the AMs rapidly degrade under acidic 

conditions, disrupting the micelles.  

 

Figure 2.7 Hydrodynamic sizes of AMs as function of pH: (A) AM-1 and (B) AM-2 Data 

represent mean ± standard error (n=3). 

2.2.3 DOX loading and pH-dependent release from AM micelles  

 

To evaluate the pH-sensitivity of AMs, DOX was introduced as an anticancer drug with logP 

value of 1.41 to ascertain the AMs’ potential in cancer therapy. The DOX weight loadings in 

AMs were AM-1, 15.1% and AM-2, 8.9% which are lower than DOX in other systems such as 

PLGA-PEG (17.8%) [36], PCL-PEG (20.3%) [37], Pluronic (16.9% - 25.1%) [38-40]. The 
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observed lower DOX loading in AMs is possibly due to limited hydrophobicities as other 

amphiphilic polymers possess larger hydrophobic polymer chain. Thus, AM-2 has lower DOX 

loading than AM-1 as the extra PEG chain decreased the relative hydrophobicity. Notably, the 

micelle size did not dramatically change after DOX encapsulation and maintained an appropriate 

size range (10 – 200 nm) for cellular uptake [41-44].  

Table 2.3 DOX-loaded micelle properties. Data represent mean ± standard error (n=3). 

AM Micelle 
size (nm) 

DOX weight 
loading% 

Encapsulation 
Efficiency% 

DOX loaded 
micelle size 
(nm) 

AM-1 75   ± 7.2 15.1 ± 1.1 24.3 ± 0.8 89   ± 6.1  
AM-2 165 ± 9.8 8.9   ± 0.7 15.8 ± 1.1 196 ± 15.8  

 

The in vitro release of DOX was carried out at both physiological pH (7.4) and acidic pH (5) 

conditions. Approximately 20% of DOX was released after 7 days at pH 7.4 for both AMs. 

However, at pH 5 the DOX release was accelerated, starting at 8 hr (30% for AM-1 and 20% 

AM-2) and nearly complete by 7 days (90% for AM-1 and 80% for AM-2) (Figure 2.8). The 

enhanced release of DOX at pH 5 is due to the cleavage of the acid-labile hydrazone bond, 

leading to micelle disruption. The pH-dependent release profile of DOX indicates that the AMs 

may maintain the DOX integrity in physiological pH, yet release the drug in acidic pH. This 

finding suggests that these pH-sensitive AMs have potential use for anticancer drug delivery 

tumor tissue express acidic environment. 
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Figure 2.8 DOX release from drug-loaded micelles at different pHs: physiological pH 7.4 and 

representative intracellular pH 5. Data represent mean ± standard error (n=3). 

2.2.4 In vitro cytotoxicity assay of DOX-loaded micelles (Performed by Leora Nusblat) 

 

MDA-MB-231 cell line is a breast cancer cell line that is readily targeted by DOX [45-47]. Thus 

cytotoxicity against MDA-MB-231 cells was conducted with DOX-loaded micelles (pH-

sensitive AMs and M12P5 as the non-responsive control) and free DOX. Over 48 hrs, AM-

1/DOX and AM-2/DOX decreased cell viability compared to the control, M12P5/DOX (Figure 

2.9). The lower efficiency of M12P5/DOX is likely due to the fact that M12P5 is not pH-

sensitive to lower pH values and does not release sufficient DOX. In contrast, AM-1 and AM-2 

can degrade at lower pH and release the DOX. The free DOX showed 70% cell viability due to 

the insufficient intracellular uptake, as suggested by literature precedence [48-50].  
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Figure 2.9 Cytotoxicity of DOX-loaded micelles against MDA-MB-231 breast cancer cell lines 

at 48 hrs using free DOX as the control. Asterisks indicate that both AM-1/DOX and AM-

2/DOX significantly decrease cell viability relative to free DOX (p < 0.05). Data represent mean 

± standard error (n=3). 

2.3 Conclusion 

 

Two pH-sensitive AMs were synthesized with a hydrazone linkage to adjoin the hydrophobic 

and hydrophilic segments. 1H NMR spectra and MALDI data were used to characterize the AMs’ 

chemical structures. Hydrodynamic diameters of the AMs are within an optimal range for 

cellular uptake (100 – 200 nm), and CMC values are 10-8-10-6M indicating that micelles should 

be stable upon dilution. The degradation products of the AMs after incubation in acidic 

conditions were identified using MS, 1H NMR and DLS methods. As an anticancer drug, DOX 

was encapsulated in AMs and a pH-dependent drug release profile observed. Cytotoxicity studies 

against MDA-MB-231 breast cancer cells showed that pH-sensitive AMs decreased cell viability 
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compared to the controll AM and free DOX. The in vitro data indicates that pH-sensitive AMs 

may be an effective anticancer drug carrier as it may resolve the dilemma between stability in 

physiological conditions and rapid drug release at tumor sites.  

2.4 Experimental procedures 

2.4.1 Materials 

Spectra/Por dialysis tubing (MWCO 3500 Da and MWCO 7000 Da) were purchased from Fisher 

Scientific (Atlanta, GA). Dialysis cassettes (MWCO 7000 Da) were purchased from Thermo 

Scientific (Rockford, IL). Syringes were purchased from Beckton Dickinson (Franklin Lakes, 

NJ). Compound 1 (Scheme 1) was synthesized via a previously reported method [51]. mPEG-

OH was purchased from Creative PEGworks (Winston-Salem, NC). Molecular sieves were 

activated by heating at 300 ºC for 4 hrs before use. All other reagents were purchased from 

Sigma-Aldrich (St. Louis, MO) and used without further purification. 

2.4.2 Methods 

2.4.2.1 Physicochemical characterization methods 

 

1H NMR spectra measurements were taken at 25 ºC on a Varian 400 MHz spectrometer using 

deuterated chloroform (CDCl3) as a solvent and tetramethylsilane as an internal standard. Mass 

spectra were obtained on a Finnigan LDQ-DUO equipped with an adjustable atmospheric 

pressure ionization-electrospray ionization (API-ESI) Ion source. FTIR spectra were recorded on 

a Thermo Nicolet/Avatar 360 spectrometer using sample discs compressed with potassium 

bromide (KBr). Molecular weights of the polymers were determined by MALDI mass 

spectrometry using an ABI-MDS SCIEX 4800 MALDI-TOF/TOF mass spectrometer. CMC 



30 
 

 
 

measurements were carried out on a Spex FluoroMax pectrofluorometer (Piscataway, NJ) at 

25oC using pyrene as the probe molecule. Hydrodynamic diameters of the micelle were 

measured by DLS with a Malvern Zetasizer Nano ZS90. DLS measurements were conducted in a 

1.0 mL quartz cuvette using a diode laser of 800 nm at 25 ºC and a scattering angle of 90º. Buffer 

solutions were prepared at pH 7.4 (phosphate buffered saline) and 5.0 (phosphate citrate buffer), 

and were filtered through 0.45 µm polytetrafluoroethylene filters. Centrifugation was carried out 

in EBA12 Zentrifugen (Hettich, Germany) centrifuge with 3000 rpm for 5 mins.  

2.4.2.2 Synthesis of mPEG-CHO (1, Figure 2.3) 

 

mPEG-OH (1.00 g, 0.200 mmol) and Dess-Martin Periodinane (DMP) (0.424 g, 1.00 mmol) 

were dissolved in anhydrous dichloromethane (DCM) (15 mL) and anhydrous 

dimethylformamide (DMF) (5.0 mL). The reaction mixture was allowed to stir for 72 hrs under 

argon at room temperature then filtered to remove precipitates using vacuum filtration. The 

filtrate was washed once with hydrochloric acid (HCl) (0.1 M, 100 mL) and twice with brine. 

Organic layer was dried over magnesium sulfate (MgSO4), filtered, and the filtrate was collected 

and dried to obtain crude product as viscous oil using rotary evaporation. The crude product was 

dissolved in ~3 mL DCM and transferred to a 50 mL centrifuge tube. The final product was 

precipitated by adding diethyl ether (~47 mL) to the centrifuge tube and collected by 

centrifugation at 3000 rpm for 5 min. The supernatant was decanted and the remaining white 

product washed twice with diethyl ether. The product was then dried under ambient conditions 

overnight, then overnight again under high vacuum. Yield% = 71.4% (white powder, 0.709 g). 

1H-NMR (400 MHz, CDCl3): (δ) 9.60 (t, 1H, CHO), 4.03 (d, 2H, CH2), 3.60 (m, ~500H, CH2), 



31 
 

 
 

3.23 (t, 3H, CH3). GPC: Mw = 5300, PDI = 1.09. Calculated Mw = 4998. IR (KBr, cm-1): 1725 

(vs C=O aldehyde). 

2.4.2.3 Synthesis of NHS-functionalized M12 (3, Figure 2.3) 

 

Precursor 2 (0.500 g, 0.532 mmol) and NHS (0.612 g, 5.32  mmol) were dissolved in DCM (20 

mL) and DMF (5 mL). The reaction mixture was stirred for 30 minutes to complete dissolution. 

DCC solution (1.50 mL, 1.50 mmol) was then added drop-wise to the reaction mixture. The 

resulting solution was allowed to stir for 24 hrs at room temperature under argon. The filtrate 

was washed once with hydrochloric acid (HCl) (0.1 M, 100 mL) and twice with brine. Organic 

layer was dried over magnesium sulfate (MgSO4), filtered, and the filtrate was collected and 

dried to obtain final product as white solid using rotary evaporation. The product 3 was then 

dried under ambient conditions for one night followed by another night under high vacuum. 

Yield% = 56.0% (white solid, 0.338 g). 1H-NMR (400 MHz, CDCl3): (δ) 5.67 (s, 2H, CH), 5.13 

(s, 2H, CH), 2.80 (t, 8H, CH2), 2.45 (t, 4H, CH2), 2.23 (t, 4H, CH2), 1.65 (m, 4H, CH2), 1.57 (m, 

4H, CH2), 1.31 (m, 64H, CH2), 0.91 (t, 12H, CH3). IR (KBr, cm-1): 1750 (vs C=O ester), 1730 

(vs C=O ester). ESI-MS: m/z  1128.4 (M+H). Calculated Mw = 978.34.  

2.4.2.4 Synthesis of hydrazide-functionalized precursor 4 (Figure 2.3) 

 

NHS-functionalized precursor 3 (0.200 g, 0.177 mmol) was dissolved in DCM (10 mL) and 

DMF (5 mL). Anhydrous hydrazine (0.0310 mL, 1.00 mmol) was then added to the reaction 

mixture. After 24 hrs, the reaction mixture was washed once with hydrochloric HCl (0.1 M, 50 

mL) and twice with brine (50 mL) for two times. The organic layer was dried over magnesium 

sulfate (MgSO4), filtered, and the filtrate was collected and dried to obtain the final product as 
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yellow solid using rotary evaporation. The product 4 was then dried under ambient conditions for 

one night followed by another night under high vacuum. Yield% = 61.4% (yellow solid, 0.117 g). 

1H-NMR (400 MHz, CDCl3): (δ) 5.80 (s, 2H, CH), 5.23 (s, 2H, CH), 2.45 (t, 4H, CH2), 2.23 (t, 

4H, CH2), 1.65 (m, 4H, CH2), 1.57 (m, 4H, CH2), 1.31 (m, 64H, CH2), 0.91 (t, 12H, CH3). IR 

(KBr, cm-1): 1750 (vs C=O ester), 1680 (vs C=O hydrazide). ESI-MS: m/z  967.8 (M+H). 

Calculated Mw: 966.8. 

2.4.2.5 Synthesis of pH-sensitive AM-1 (5, Figure 2.3) 

 

Hydrazide-functionalized precursor 4 (Figure 2.2) (0.080 g, 0.082 mmol) was dissolved in DCM 

(10 mL) and DMF (3 mL) with mPEG-CHO (138 mg, 0.0280 mmol). Activated molecular sieves 

and 0.1% TFA (6.3 µL, 0.082 µmol) were then added to the solution, and the reaction was stirred 

for 24 hrs at room temperature under argon. The molecular sieves were then removed via 

vacuum filtration and the filtrate was concentrated in vacuo. The resulting viscous oil was 

dissolved in ~3 mL DCM and transferred to a 50 mL centrifuge tube. Product 4 was precipitated 

by adding diethyl ether (~47 mL) to the centrifuge tube and collected by centrifugation at 3000 

rpm for 5 min. The supernatant was decanted and the remaining white product was washed twice 

with diethyl ether. AM-1 (5) was then dried under ambient conditions one night, then another 

night under high vacuum. Yield% = 65.0 % (white powder, 106 mg). 1H-NMR (400 MHz, 

CDCl3): (δ) 5.82 (s, 2H, CH), 5.26 (s, 2H, CH), 3.60 (m, ~500H, CH2), 2.43 (t, 4H, CH2), 2.24 (t, 

4H, CH2), 1.67 (m, 4H, CH2), 1.59 (m, 4H, CH2), 1.34 (m, 64H, CH2), 0.91 (t, 12H, CH3). IR 

(KBr, cm-1): 1610 (s C=N hydrazone).GPC: Mw = 6800, PDI = 1.11. Calculated Mw = 5904.32 

2.4.2.6 Synthesis of pH-sensitive AM-2 (6, Figure 2.3) 
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Hydrazide-functionalized precursosr 4 (Figure 2.2.1.1) (0.080 g, 0.082 mmol) was dissolved in 

DCM (10 mL) and DMF (3 mL) with mPEG aldehyde (0.820 g, 0.164 mmol). Activated 

molecular sieves and 0.1% TFA (12.6 µL, 0.164 µmol) were then added to reaction mixture, and 

stirred for 24 hrs at room temperature under argon. The molecular sieves were removed via 

vacuum filtration and the filtrate was concentrated in vacuo. The resulting viscous oil was 

dissolved in ~3 mL DMF and dialyzed (MWCO 7000) against deionized water for 48 hrs. The 

white product 6 was collected by lyophilization. Yield% = 56.2% (white powder, 0.504 g). 1H-

NMR (400 MHz, CDCl3): (δ) 5.80 (s, 2H, CH), 5.23 (s, 2H, CH), 3.63 (m, ~1100H, CH2), 2.45 

(t, 4H, CH2), 2.25 (t, 4H, CH2), 1.69 (m, 4H, CH2), 1.57 (m, 4H, CH2), 1.31 (m, 64H, CH2), 

0.91 (t, 12H, CH3). IR (KBr, cm-1): 1610 (s C=N hydrazone). GPC: Mw = 12300, PDI = 1.12. 

Calculated Mw = 11076.34 

2.4.3 CMC measurements 

 

A solution of pyrene, the fluorescence probe molecule, was made up to a concentration of 5 x 10-

6 M in acetone. Samples were prepared by adding 1 mL of pyrene solution to a series of vials and 

allowing the acetone to evaporate so that the final concentration of pyrene in all of the samples 

was 5 x 10-7 M. AMs were dissolved in HPLC grade water and diluted to a series of 

concentrations from 1 x 10-3 M to 1 x 10-10 M. AM-pyrene solutions (10 mL) were incubated 

overnight at 37 °C with agitation at 60 rpm using a controlled environment incubator shaker 

(New Brunswick Scientific Co., Edison, NJ) to allow partition of the pyrene into the micelles.  

Excitation was performed from 300 to 360 nm, with 390 nm as the emission wavelength. The 

maximum absorption of pyrene shifted from 332 to 334.5 nm on micelle formation. The 
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fluorescent intensity ratios of 334.5 nm to 332 nm were calculated and plotted against the 

logarithm of AM concentrations.  

2.4.4 AM degradation in acidic condition 

 

AM was dissolved with CDCl3 (0.75 mL) in the NMR tube, and 1H NMR was recorded. PBS 

buffer (0.5mL) with pH 5 was added to the AM/CDCl3 solution. The solution was allowed to 

incubate for 24 hrs at 37oC with agitation at 60 rpm using a controlled environment incubator 

shaker (New Brunswick Scientific Co. Edison, NJ). 1H NMR was recorded for the solution again.  

2.4.5 Micelle formulation and DOX encapsulation 

 

AM (10 mg) was first dissolved in DMF (10 mL), and deionized water (2 mL) was then added 

drop wise to the polymer solution with vigorous stirring. The resulting solution was dialyzed 

against deionized water for 48 hrs using cellulose dialysis membranes (MWCO 3500 Da). 

Deionized water was replaced every 2 hrs for the first 12 hrs and every 6 hrs thereafter. To 

prepare DOX-loaded micelles, polymer was co-dissolved with DOX (5 mg) in a similar fashion 

as with the blank micelles. The resulting solutions were dialyzed against deionized water for 48 

hrs using cellulose dialysis membranes (MWCO 3500 Da). To measure the weight loading of 

DOX, the lyophilized micelle samples were dissolved in THF/Methanol (1/1 V/V) and analyzed 

by high-performance liquid chromatography (HPLC). The mobile phase was comprised of 100% 

acetonitrile and run at 1 mL/min flow rate at 35 oC. Samples were filtered using 0.45 μm PTFE 

syringe filters and subsequently injected (20 µL) using an autosampler. DOX absorbed at 349 nm 

with a retention time of 3.8 min. No absorption of AMs or relevant degradation products was 
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observed.  DOX concentration was calculated from a calibration curve of known DOX standard 

solutions. The experiment was carried out in triplicate. 

2.4.6 DOX release from the micelles 

 

Dialysis cassettes (MWCO 7000) loaded with 2.5 mL of DOX-encapsulated micelles were 

placed in a sealed container with 60 mL of buffer (pH 7.4 or pH 5) and incubated at 37 ºC with 

agitation at 60 rpm using a controlled environment incubator-shaker (New Brunswick Scientific 

Co., Edison, NJ).  20 mL of release media was collected and replaced with 20 mL of fresh media 

at desired time intervals. The collected release media was lyophilized and dissolved in 1 mL 

THF/Methanol (1/1 V/V) for HPLC analysis. An XTerra® RP18 5 μm 4.6x150 mm column 

(Waters, Milford, MA) on a Waters 2695 Separations Module equipped with a Waters 2487 Dual 

λ Absorbance Detector was used to analyze and quantify vitamin E release.  The mobile phase 

was comprised of 100% acetonitrile and run at 1 mL/min flow rate at 25 oC. Samples were 

filtered using 0.45 μm PTFE syringe filters and subsequently injected (20 µL) using an 

autosampler. DOX absorbed at 348 nm with a retention time of 3.8 min. No absorption of AMs 

or relevant degradation products was observed.  DOX  release was calculated from a calibration 

curve of known DOX standard solutions. The release study was carried out in triplate. 

2.4.7 Cytotoxicity studies (Performed by Leora Nusblat) 

 

MDA-MB-231 cells were plated in 96-well plates at a density of 104 cells per well in Dulbecco 

modified eagle’s media (DMEM) + 10% fetal bovine serum (FBS) and incubated overnight in a 

37oC, 5% CO2 incubator.  AMs were prepared at a concentration of 2 mg/ml with 40 ug/ml DOX 
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loaded.  Cells were transfected with AMs at a concentration of 2 nM in PBS.  After 48 hrs, an 

MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium) assay was performed and the absorbance at 450 nm was measured by a DTX880 

Multimode Detector microplate reader (Beckman Coulter).  Cell viability was normalized to that 

of MDA-MB-231 cells with PBS treatment. The experiment was carried out in biological 

triplicate. 
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3 Cationic Amphiphilic Macromolecule - Lipid for siRNA Delivery 

3.1 Introduction 

3.1.1 siRNA therapy 

 

Short interfering ribonucleic acid (siRNA) was first discovered in 1998 [1] as an important 

molecule for suppression of protein expression in the RNA interference (RNAi) pathway [1-4]. 

The robustness of the siRNA approach has motivated a large amount of work in the development 

of different classes of therapeutic agents [5-8]. siRNA has two RNA strands, a sense strand and 

an anti-sense strand, each consisting of 21-23 base pairs [9-11] that bind to each other in a 

complementary fashion. siRNAs are derived from either long double-stranded RNA (dsRNA) or 

short hairpin RNA that have been introduced into the cell [12-15].  

In the first step of the RNAi pathway (Figure 3.1), a long dsRNA is cleaved into siRNA by the 

Dicer enzyme [1, 2, 9]. The siRNA is then incorporated into the nuclease to form the RNAi 

silencing complex (RISC).  RISC facilitates the unwinding of the siRNA duplex and helps 

deliver the anti-sense strand of the siRNA duplex to a complementary sequence found on 

messenger RNA (mRNA). This interaction causes mRNA to be cleaved by RISC, leading to the 

“silencing” of a specific gene [16-19]. Current research suggests that a significant benefit of 

siRNA is that it is more efficient at gene suppression and less toxic than other nucleotide 

therapeutics [20, 21]. 
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Figure 3.1 General mechanism for siRNA down-regulation via the RNAi pathway[22] 

3.1.2 siRNA delivery 

 

In siRNA delivery to the cytosol, there are two types of challenges. The first type is extracellular 

requirements, which include stable circulation in the blood stream, penetration into the blood 

vessel walls, and specific recognition by target cells [23]. The second type is intracellular 

barriers, which include endocytotic internalization, endosomal escape, and cytosol release [24-26] 

(Figure 3.2). Naked siRNA has a very short half life [27] in the blood stream due to the 

degradation by RNase and adsorption by serum protein [28]. With its high molecular weight 

(13100 – 14000 g/mol) and negative charge [5], siRNA has a low chance of crossing the cellular 

membrane [29]. Once the siRNA is internalized in cells, it can be trapped in endosomes and 

degraded by lysosomes [22].  Therefore, a method to deliver siRNA to the target cell is needed.  
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Figure 3.2 Intracellular barriers of intracellular trafficking: endocytosis, endosome escape, and 

lysosome degradation[22] 

3.1.3 Current siRNA delivery vehicles 

 

Both viral and non-viral vectors have been used as siRNA carriers. Many viral vectors have high 

gene-silencing efficacy, but often have high toxicity and can cause immunogenic responses [30]. 

In the past decade, the motivation of creating safe vectors has led to many developments in non-

viral vectors. Non-viral vectors are generally characterized as siRNA conjugated systems and 

siRNA non-conjugated systems. siRNA conjugated systems are prepared by coupling siRNA 

with selected molecules through cross-linking (Figure 3.3a). The molecules conjugated to siRNA 

can improve the stability of siRNA in blood stream, enhance the cellular uptake, and allow 



43 
 

 
 

siRNA to escape endosomes [31, 32].  Aptamer-siRNA conjugates can enhance the cell 

recognition and cellular uptake of the siRNA conjugates via interaction of aptamers with cells 

(Figure 3.3b) [33]. siRNA non-conjugated systems mainly consist of siRNA encapsulated 

nanoparticles. Typical nanoparticles for siRNA are constructed by cationic assemblies, such as 

micelles and liposomes. PEG is widely incorporated into such lipid assemblies to prevent non-

specific binding of proteins and increase circulation time; targeting groups can also be 

conjugated to the outer layer for an enhanced cellular uptake (Figure 3.3c) [34, 35]. Cationic 

dendrimers can also condense negatively charged siRNA and form a polyplex to protect siRNA 

from degradation and deliver the cargo to desired sites (Figure 3.3d) [36-38]. 

R

siRNA conjugation

R =
Cholesterol
Antibodies
Peptides
Lipids
Polymers

Aptamer-siRNA

Targeting Ligand

Nanoparticles siRNA carriers

PEG

siRNA

Dendrimer

a) b)

c) d)

 

Figure 3.3: Examples of siRNA delivery systems: A) siRNA conjugation with selected 

molecules; B) Aptamer-siRNA chimeras; C) Nanoparticles siRNA carriers with targeting ligand 

and PEG; D) Dendrimers with interior encapsulation of siRNA [31, 35] 

3.1.4 Cationic amphiphilic macromolecule – lipid complexes for siRNA delivery 
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As discussed in Chapter 2, polymeric micelles are a class of nanocarriers with long circulation in 

blood stream, enhanced uptake in tumor tissue, and controlled drug release at target sites [39]. 

Besides applications in cancer therapy, polymeric micelles are also investigated as non-viral 

vectors for siRNA delivery [40].  

In this chapter, we evaluate the properties of cationic delivery vehicles with amphiphilic 

macromolecules (AMs). AMs composed of alkylated sugar-based backbone and PEG tail have 

been studied to transport drugs into cancer cells [41-43]. By incorporating cationic oligoethylene 

imine units into the backbone of AM structures, cationic amphiphilic macromolecules (CAMs) 

were developed and demonstrated moderate siRNA transfection efficiencies with low 

cytotoxcities [44]. While CAMs show promise as a siRNA nanocarrier, the transfection 

efficiencies still require improvements.  

Cationic lipids have been broadly studied as siRNA delivery reagents, as their permanent 

cationic charges can complex anionic siRNA and their lipid fusion properties can enhance 

endosomal escape [45-47]. However, lipid-based systems usually have poor stability in blood 

stream and suffer relatively high cytotoxicity [26]. As discussed in Chapter 1, liposomes are 

nanoscale assemblies with a hydrophilic core and hydrophobic bilayer. As CAM delivery 

systems are stable in the physiological condition and demonstrated biocompatiblity, we 

hypothesized that complexes containing both CAMs and lipids will yield a more efficient siRNA 

delivery system.  Two species of CAMs, differing by the number of amine groups in their 

backbone (Figure 3.4, 7N and 9N), were chosen as they demonstrated relatively high transfection 

efficiencies compared to other CAMs with fewer amine groups [44]. The lipid system is 

composed of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP) (Figure 3.4) in a weight ratio of 1:1. Composite systems 
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containing CAM (7N or 9N) and lipid was first established by evaluating non-covalent 

interactions. Then, to evaluate the potential of the CAM-lipid complexes as siRNA carrier, a 

series of physicochemical and biological experiments were conducted.  
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Figure 3.4 Chemical structure of CAMs (7N and 9N) (top), DOPE (middle), and DOTAP 

(bottom) 

3.2 Results and discussions 

3.2.1 Isothermal compression (Performed by Evan Mintzer in Yeshiva University) 

 

The two CAMs (7N and 9N) were synthesized and characterized as described in a previously 

published paper [44]. In this work, the CAMs were formulated into CAM-lipid complexes by 

addition of lipids (DOPE and DOTAP in a 1:1 weight ratio). The interactions between CAM and 

lipid are dictated both by electrostatic repulsions and hydrophobic attractions. The electrostatic 

repulsion is caused by the positive amines of CAM and cationic DOTAP, whereas the 

hydrophobic attraction is due to the alkyl chains of the CAMs and lipids. Langmuir monolayers 

were created to study this net interaction, where there is a delicate balance between electrostatic 

repulsions and hydrophobic interactions between CAMs and lipids.  
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Compressing films of surface-active compounds at the air-aqueous (i.e., hydrophobic – 

hydrophilic) interface is a well-established method for examining mixing [48].  The 

condensation effect, in which the observed molecular area is decreased from that predicted 

molecular area (assuming ideality), is an indication of attractive interactions [48]. To evaluate 

miscibility, films of various CAM-lipid weight ratios were compressed and the resulting 

isotherms compared with each pure component (i.e., CAM alone and lipid alone).  High water-

solubility of both CAMs (7N, left panel and 9N, Figure 3.5 right panel) caused the films to 

collapse at ~10 mN/m (Figure 3.5A). Thus, molecular areas were compared with values at 5 

mN/m and compared to isotherms of 7N and 9N with increasing amounts of lipid (Figure 3.5B).  

The large condensation effect observed for all compositions indicates strong attractive 

interactions of similar magnitude (except at 90% CAM). This effect is noted by the large 

negative deviation from ideality (Figure 3.5B) and illustrates intimate CAM-lipid mixing.  The 

stabilizing effect of even small lipid amounts is demonstrated by the increase in collapse 

pressures (i.e. much lower molecular areas) when lipid is included in the films.  Taken together, 

these results show that the combination of the CAM species (7N and 9N) and lipids form stable 

mixtures. Though similar compression trends were observed within cationic lipids [49], this 

work is the first example showing the compression isotherms between cationic macromolecule 

and lipids. 
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Figure 3.5  (A) Compression isotherms of 7N-lipid (left panel) and 9N-lipid films (right panel) 

on pure water.  Compositions are expressed as mol % CAM (inset).  (B) Area-composition plots 

for 7N (black) and 9N (red).  Data were derived from compression isotherms at 5 mN/m.  

3.2.2 Isothermal titration calorimetry (ITC) (Performed by Evan Mintzer in Yeshiva 
University) 

 

To quantify the affinities of each CAM species to lipid, we followed the ITC protocol of 

Tsamaloukas et al. and titrate DOPE/DOTAP liposomes into CAMs [50].  The resulting heats of 

binding derived from titration of 7N or 9N, and the corresponding optimized global fits are 

shown (Figure 3.6).  The curve-fitting routine assumes CAM interactions with either the outer 

lipid-layer only or with both lipid and aqueous layer.  Using the former assumption (i.e., lipid 

only), slightly improved global fits were obtained.  The results show that 7N binds lipids with 

~7-fold higher affinity compared to 9N, based on partition coefficients (7.9 mM-1 for 7N and 1.2 

mM-1 for 9N). The binding is endothermic, indicating hydrophobic interaction, an entropy 

A B 
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increase originating from water displacement in hydrophobic region. CAMs dissociate from 

micelle and partition into liposomes during titration. Entropy is decreased during the CAM 

dissociation process, thus entropy is increased during CAM partitioning into liposomes to obtain 

the net entropy increase. This data suggests that the interactions involve membrane penetration 

of CAM into liposomes rather than association of CAM with the liposome surface. 

 

  

Figure 3.6 Results from ITC "uptake" experiments for 0.5 mM 7N (A) and 9N (B) dispersions 

titrated with 20 mM DOPE/DOTAP liposomes at 25 °C, pH 7. Top panels: Raw data.  Bottom 

panels: Integrated heats of binding (squares) and linear regression analysis of integrated heats 

(lines). 

3.2.3 Physicochemical characterization of CAM-lipid 
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After CAM-lipid complexes of various compositions were formulated [20], their sizes were 

characterized using DLS. CAM-lipid complexes for all compositions were between 130 to 160 

nm in diameter (Figure 3.7A), which is within the optimal range for both cellular uptake and 

systemic circulation [40, 51, 52].  Generally, DLS histograms show a single peak with narrow 

distribution indicating that a distinct mono-dispersed complex was formed (data not shown). No 

aggregation was observed with any composition of the CAM-lipid complexes, indicating that 

stable hybrid complexes were constructed. The stable formation of the complexes was also 

supported by Langmuir monolayer and ITC studies (Figure 3.5 and 3.6). CAM-lipid complex 

zeta potentials at pH 7.4 varied monotonically between that for CAM alone (~10 mV) and for 

lipid alone (~50 mV) (Figure 3.7B). The zeta potential difference between CAM and lipid is due 

to the nature of the cationic charges. CAM possesses primary (pKa 10.7) and secondary amines 

(pKa 9.7) such that protonation is not complete at pH 7.4 due to electrostatic repulsion, while 

DOTAP possesses the quaternary ammonium cation which is pH-independen and DOPE is 

neutral.  When forming the CAM-lipid complexes, the PEG tail of the CAM may shield the 

surface charge and lower the zeta potential as the CAM composition increases.  

 

Gel electrophoresis was then used to monitor siRNA complexation with the CAM-lipid 

complexes (Figure 3.7C). As for CAMs alone[44], an N/P ratio of 50 was necessary for efficient 

siRNA complexation with CAM-lipid mixtures. At an N/P ratio of 50, only a minor fraction of 

siRNA migrated on the gel, indicating complete complexation of siRNA to 9N-lipid for all 

compositions (Figure 3.7C). Similar results were observed when 7N-lipid was used (data not 

shown). A representative TEM images of 9N-lipid complex with weight ratio of 1:1 is shown 
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(Figure 3.7D). The size measured by TEM (120 nm) correlated with the DLS observations (150 

nm), the smaller particles observed in TEM may be lipid assemblies or CAM alone.  

 

Figure 3.7 (A) Hydrodynamic diameter of CAM-lipid complexes in HEPES (10 mM, pH 7.4) 

buffer with different weight ratios using DLS. (B) Zeta potentials of CAM-lipid complexes in 

HEPES (10 mM, pH 7.4) with different weight ratios. Lipofectamine was used as control, data 

represent mean ± standard deviation (n=3). (C) Electrophoresis gel, lanes 1-9 correspond to 9N-

lipid weight ratios of 1:0, 10:1, 5:1, 2:1, 1:1, 1:2, 1:5, 1:10, 0:1 at N/P ratio of 50, lane 10 is 

Lipofectamine, lane 11 is siRNA alone. (D) TEM image of CAM (9N)-lipid at 1:1 weight ratio. 

Data represent mean ± standard deviation (n=3) 
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The sizes of the CAM-lipid after siRNA complexation were also measured (Figure 3.8). These 

results indicate that the CAM-lipid/siRNA complex diameters remained at approximately 100-

200 nm, suggesting that the complex size is not significantly affected by siRNA complexation.  

 

Figure 3.8 Hydrodynamic sizes of CAM-lipid/siRNA complexes with N/P ratio of 50 in HEPES 

(10 mM, pH 7.4) buffer, measured by DLS. Lipofectamine was used as control. Data represent 

mean ± standard deviation (n=3) 

 

Zeta potentials of CAM-lipid structures after complexation with siRNA (Figure 3.9) decreased as 

compared to CAM-lipid complexes alone, this effect is due to the neutralization of cationic 

surface charge from anionic siRNA. Despite this decrease, all CAM-lipid/siRNA complexes 

maintained a net cationic charge, rendering a favorable intracellular uptake of the complexes.  
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Figure 3.9: Zeta potentials of CAM-lipid complexes in HEPES (10 mM, pH 7.4) with different 

weight ratios. Lipofectamine was used as control. Data represent mean ± standard deviation 

(n=3). 

 

The stability of the CAM-lipid/siRNA complexes under serum-containing condition was 

monitored by the complex size up to one week in the presence of 10% fetal bovine serum (FBS) 

(Figure 3.10). The complexes with higher CAM weight ratios maintained 100-200 nm size range; 

with decreasing CAM weight ratios, the complex sizes increased. For complexes without CAMs, 

immediate visual aggregation was observed. This data suggests that CAM-lipid complex can 

maintain the integrity of siRNA from degradation and aggregation under the serum-containing 

conditions.  
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Figure 3.10 Hydrodynamic diameters of 9N-lipid/siRNA complex in the presence of serum over 

one week. Data represent mean ± standard deviation (n=3) 

3.2.4 siRNA delivery using CAM-lipid (Performed by Leora Nusblat) 

 

To evaluate the gene silencing efficiency of CAM-lipid systems, the delivery of anti-luciferase 

siRNA to U87-Luc cells expressing luciferase was monitored. Nearly no silencing was observed 

with a scrambled siRNA control, indicating that gene knockdown was specifically induced by 

anti-luciferase siRNA alone. Similar transfection efficiencies were found both CAM alone and 

lipid alone (Figure 3.11). CAM-lipid complexes with weight ratios of 10:1, 5:1, and 2:1 showed 

decreased transfection efficiencies compared to the CAM or lipid alone. In contrast, the 

transfection efficiencies of CAM-lipid complexes with weight ratios of 1:1, 1:2, 1:5, and 1:10 

were improved and statistically comparable to Lipofectamine. Thus, increasing the CAM ratio in 
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the CAM-lipid complex decreases transfection efficiency. Based on literature precedence, we 

believe increasing CAM ratio leads to a higher PEG percentage in the CAM-lipid complex which 

may impede the cellular uptake of the complex [17]. However, CAM alone showed higher 

efficiencies than the CAM-lipid complexes with weight ratio of 5:1, 2:1, and 10:1. This data 

suggests that synergistic effects between the CAM and lipid play an important role in the process. 

To examine the synergistic effect between CAM and lipid, sequential studies were performed 

using 9N-lipid with weight ratio of 1:10, as the 9N-lipid at 1:10 ratio showed a higher 

transfection efficiency than other formulations. 

 

 

Figure 3.11 Luciferase reporter gene down-regulation assay over 48 hrs performed with U87 

luciferase cell line using complexes formulated from CAM-lipid complexes and anti-luciferase 

siRNA at N/P ratio of 50. Lipofectamine and scrambled siRNA were used as siRNA controls.  

No significant statistical difference was observed between CAM-lipid at weight ratio 1:1, 1:2, 

1:5, 1:10 and Lipofectamine. Data represent mean ± standard error (n=3). 
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3.2.5 siRNA binding to CAM-lipid (Performed by Leora Nusblat) 

 

ITC has been applied in drug discovery to understand affinity and thermodynamics of the 

binding between ligands and proteins. Yet, limited literature is available that utilize ITC to probe 

siRNA binding to delivery vehicles [53, 54]. As one example, Keller et al. used ITC to illustrate 

siRNA binding to chitosan [53]. To our knowledge, our work is the first that uses ITC to 

characterize siRNA binding to polymer-lipid complexes. Herein, ITC was used to monitor the 

thermodynamics of siRNA binding to 9N-lipid mixtures at both physiological and endosomal pH 

conditions (7.4 and 5, respectively).  The siRNA binding to the 9N-lipid system at pH 7.4 

resulted in a large endothermic heat signal (Figure 3.12A). However, siRNA titration to the same 

9N-lipid system at pH 5 yielded a significantly reduced heat signal, similar to that observed from 

siRNA titration into the buffer alone (Figure 3.12C). The reduced signal can originate from two 

situations: siRNA binds to 9N-lipid complexes with greater affinity at pH 7.4 than pH 5; siRNA 

is only diluted in solution due to precipitation of 9N-lipid complexes. Both situations may 

indicate that once the siRNA complex enters the more acidic intracellular environment, siRNA is 

released from the CAM-lipid system. Therefore, the complexation of siRNA to CAM-lipid is 

altered by pH changes, such that siRNA can be bound at neutral pH (e.g., in bloodstream) and 

then released under acidic conditions (i.e., within the cellular endosomes). Unfortunately, 

monitoring the siRNA binding under serum conditions is not feasible due to the large heat signal 

imposed by the serum protein. 
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Figure 3.12 Comparison of data from isothermal titration of 0.128 mM 9N-lipid complex (1/10) 

with 3.8 µM siRNA at pH 7.4 (A) and pH 5 (B).  Panel C is siRNA only as  a control.  Top 

panels: raw heat signals.  Lower panels: Integrated areas corresponding to each titration. 

3.2.6 pH-dependent characteristics of CAM-lipid 

 

To understand this difference in siRNA binding affinity at pH 7.4 and 5, zeta potentials of 9N-

lipid complexes were measured at both pH values. Zeta potentials of 9N-lipid with 1:10 weight 

ratio decreased drastically from 48 mV (pH 7.4) to 5 mV (pH 5) (Figure 3.13A). The descending 

trend of the zeta potential from pH 7.4 to pH 5 was also observed at 1:5, 1:2, and 1:1 weight 

ratios. The decreased binding affinity at pH 5 can be anticipated by the decreased zeta potential 

of 9N-lipid complexes. To further study the decrease in zeta potential of the complexes, the 

complex sizes were measured to probe the colloidal stabilities at pH 5. The 9N-lipid with 1:10 

weight ratio showed a steep size increase from 150 nm to 770 nm (Figure 3.13B). Turbidities of 

the complexes were measured to illustrate that 9N-lipid with 1:10 ratio has less than 20% 



57 
 

 
 

transmission (Figure 3.13C). Visual cloudiness in the dispersion (9N-lipid 1:1 weight ratio) 

suggested the formation of precipitates, which is likely due to the complex instability at pH 5 

(Figure 3.13D). It suggests that 9N-lipid with weight ratio of 1:10 were instable at pH 5. Notably, 

both the 9N and lipid alone were stable and maintain their sizes at pH 5. 9N displayed an 

increase zeta potential at pH 5 compared to pH 7.4; when mixed with cationic lipid at pH 5, the 

electrostatic repulsion appears to overcome the hydrophobic attraction, yielding an instable 

complex that crashes out of solution. Hence, the pH-responsive effect between 9N and lipid at 

weight ratio 1:10 and pH 5 was observed. Given that 9N-lipid at weight ratio 1:10 crashes out of 

solution at pH 5, the previously observed weak binding (Figure 3.12B) may be due to the 

minimal concentration of CAM and/or lipids are in solution.

 

Figure 3.13 Stability studies of 9N-lipid complexes: (A) Zeta potentials of 9N-lipid complexes at 

pH 7.4 and 5; (B) hydrodynamic volumes of 9N-lipid complexes at pH 7.4 and 5; (C) turbidities 

of 9N-lipid complexes at pH 5; and (D) visual appearances of 9N-lipid complexes at pH 5. Data 

represent mean ± standard deviation (n=3) 

3.2.7 Intracellular trafficking of siRNA complexes (Performed by Leora Nusblat) 
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The intracellular trafficking of 9N-lipid was examined using confocal microscopy. 9N-lipid/Cy5-

siRNA (9N-lipid at weight ratio 1:10) was evaluated with LysoTracker Red which accumulates 

in endosomes after 4 h of incubation (Figure 3.14). The data indicates that the complexes were 

internalized but not yet released from endosomes or early lysosomes by 4 h. After 24 h, only 

minimal co-localization of the complex in the endosomes was observed and more extensive 

siRNA distribution was observed in the cytoplasm (data not shown), suggesting that Cy5-siRNA 

had undergone endosomal/lysosomal escape. Based on the previous pH-dependent data, the 

endosomal escape is explained by the pH-responsive feature of the 9N-lipid at weight ratio of 

1:10. When the complexes are internalized in acidic endosomes, they collapse and cause the 

release of lipid, CAM, and siRNA. Then, the lipid serves as a destabilizing agent that disrupts the 

endosome membrane [55]. The CAM also introduces endosome disruption likely via the well-

studied proton sponge effect [56, 57]. The siRNA is released into the cytoplasm to trigger the 

RNAi process. The same trends were observed when using Lipofectamine as the carrier. For the 

less effective carrier (9N-lipid with weight ratio of 10:1), siRNA appeared to aggregate on the 

cell surface after 4 h.  After 24 h, some CAM-lipid complexes were internalized; however, 

significantly more CAM-lipid complex remained on the cell surface as compared to the 1:10 

formulation.  These results suggest that siRNA efficiency is impaired at 10:1 weight ratio due to 

insufficient cell uptake and decreased intracellular release of siRNA. Therefore, cytotoxicity 

studies were conducted to determine CAM-lipid complexes of optimized composition have 

potential non-viral carriers for siRNA delivery. 
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Figure 3.14 (A) Confocal microscope images of Cy5-siRNA (green) and endosomal (red) 

distribution in U87 cells when delivered by the 9N-lipid complexes at two formulations (1:10 

and 10:1), at 4 h (top panel) and 24 h (bottom panel) post-transfection. (B) Colocalization was 

quantified using ImageJ.  The percent colocalization of Lysotracker Red and Cy5-siRNA was 

calculated as mean gray value from colocalized points divided by mean gray value from sum of 

points using Image J.  Data represent mean ± standard error (n = 3). 

3.2.8 Cytotoxicity studies (Performed by Leora Nusblat) 

 

Given the previous observation that CAM/siRNA complexes displayed low cytotoxicity[17], we 

hypothesized that CAM-lipid/siRNA complexes would also be relatively nontoxic to cells. To 

determine the effect of the concentration of 9N-lipid with weight ratio of 1:10 on cytotoxicity, an 

MTS assay was performed in U87 cells.  No statistical significant difference in cytotoxicity was 

observed between 9N-lipid/siRNA and Lipofectamine/siRNA at CAM-lipid concentrations less 

than 1x10-5 M (Figure 3.15).  At 9N-lipid complex concentrations of 1x10-5  M and 1x10-4 M, the 

viability was improved compared to Lipofectamine, although in both cases, a significant 

decrease in viability was observed compared to lower complex concentrations.  As the 

concentration used for transfection was 2 x 10-5 M 9N-lipid, it can be inferred that the enhanced 
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endosomal escape and gene silencing ability of the 9N-lipid/siRNA (1:10 w/w) complexes 

compared to Lipofectamine is not due to cell toxicities. The CAM-lipid system presented in this 

study demonstrates a high transfection efficiency and low cytotoxicity which can solve the 

dilemma between efficiency and cytotoxicity [3-5] in non-viral delivery systems for in vivo 

applications.  

 

 

Figure 3.15 Cytotoxicity of 9N-lipid/siRNA (1:10 w/w) complexes as compared to 

Lipofectamine/siRNA in U87 glioma cells after 72 h of exposure.  Data represent 

mean ± standard error (n = 3). Asterisks represent concentrations at which CAM-lipid complexes 

elicited a statistically significant lower cytotoxicity than Lipofectamine (p < 0.05). 

3.3 Conclusions 

 

We developed a novel composite system that physically combines polymer and lipid. 

Compression isotherm and ITC were used to confirm the formation of stable CAM-lipid 

complexes and the interaction mechanism. Size and zeta potential measurements validate that 

CAM-lipid complexes are stable and suitable for in vivo delivery. In vitro siRNA delivery 
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experiments demonstrated that CAM-lipid complexes at specific CAM-lipid weight ratios have 

comparable gene silencing efficiencies compared to Lipofectamine. Intracellular trafficking and 

additional ITC studies revealed that siRNA can escape from endosomes and are released from 

CAM-lipid complexes to down-regulate genes. The differential binding affinities of siRNA to 

the complexes at pH 7.4 and 5 demonstrated the pH-responsive feature of the complexes (i.e., 

complexes are unstable under acidic condition). These studies strongly suggest that CAM-lipid 

complexes can serve as efficient siRNA delivery vehicles. Although not investigated in the study, 

the hydrophobic portion of the CAM-lipid complexes can allow encapsulation of hydrophobic 

drugs or diagnostic tags. Herein, it is conceivable that CAM-lipid can be utilized as a 

multifunctional delivery system to achieve more therapeutic and diagnostic effects.  

3.4 Experimental procedures 

3.4.1 Materials 

 

DOPE and DOTAP were purchased from Avanti Polar Lipid (Alabaster, AL). The anti-luciferase 

siRNA (sense sequence: 5′-CUUACGCUGAGUACUUCGAdTdT-3′; antisense sequence: 5′-

UCGAAGUACUCAGCGUAAGdTdT-3′) and Cy5 labeled negative control siRNA were 

purchased from Qiagen (Valencia, CA). All cell culture media and Lipofectamine were 

purchased from Invitrogen (Carlsbad, CA). The Luciferase assay kit and BCA protein assay kit 

were purchased from Promega (Madison, WI). U87-LUC, a human primary glioblastoma cell 

line with constitutive expression of firefly luciferase, was generously provided by Dr. Xu-Li 

Wang (Pharmaceutics and Pharmaceutical Chemistry, University of Utah). All other reagents 

were purchased from Sigma-Aldrich (St. Louis, MO) and used as received without further 

purification, except where noted. 
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3.4.2 Methods 

3.4.2.1 Isothermal compression (Performed by Evan Mintzer, Yeshiva University) 

 

Surface properties of CAM and mixed CAM-lipid monolayers were evaluated at the air-water 

interface using a Langmuir surface balance from KSV-Nima (Espoo, Finland) on a subphase of 

pure water (resistivity ≥ 18.2 MΩ · cm) at ambient temperature ( ~ 22 °C).  CAM and lipid were 

dissolved in HPLC-grade chloroform to concentrations of ~1 mg/mL and mixtures were 

prepared by adding appropriate volumes of each from stock solutions. Between each experiment, 

the Teflon trough (Biolin Scientific, MD) (total subphase volume = 109 mL) and barriers were 

cleaned with methanol and then rinsed repeatedly with ultra-pure water.  Contaminants were 

removed from the platinum Wilhelmy plate (Biolin Scientific, MD) with an open fire from a 

Bunsen burner. All glassware was thoroughly cleaned with chloroform and methanol. The 

subphase surface was cleaned by aspirating during repeated sweeps of the computer-controlled 

barriers while monitoring the surface pressure and continued until the change in pressure was 

negligible. CAM and CAM-lipid films were spread onto the subphase surface using a digital 

Hamilton syringe (Reno, NV). After a 10 min delay to allow for complete solvent evaporation, 

the films were compressed at a rate of 10 cm2/min. Data were collected by KSV-Nima’s LB 

Control software (v. 3.60) and analyzed using Origin (Northampton, MA).  

3.4.2.2 Isothermal calorimetry titration (Performed by Evan Mintzer, Yeshiva University) 

 

Mixing of the CAMs with the lipids were further examined with the “uptake” ITC protocol as 

described by Heerklotz et. al [50] using a VP-ITC from Microcal (GE Healthcare, Northampton, 
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MA). Briefly, CAM dispersions were titrated with lipid vesicle suspensions at 25 °C in 10 µL 

aliquots at 6 min intervals during stirring (280 rpm). The data were collected with Microcal’s 

dedicated Origin software program and the resulting heat signals were fitted using an Excel 

(Microsoft, CA) spreadsheet available for download. 

 

3.4.2.3 Preparation of CAM-lipid complexes 

 

Complexes of various CAM-lipid ratios were prepared by a co-evaporation technique previously 

described [58]. Briefly, the lipid component was comprised of a 1:1 (w/w) mixture of DOPE and 

DOTAP. CAM and lipid (DOPE/DOTAP) were co-dissolved in chloroform at various CAM to 

lipid weight ratios. The chloroform was removed by rotary evaporation. The resulting films were 

hydrated with 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer at pH 

7.4 overnight at room temperature. The complex suspensions were then extruded 21 times with 

the 100 nm pore size polycarbonate filter (Avanti Lipid, AL) through a mini-extruder (Avanti 

Lipid, AL) to give nanoscale CAM-lipid complexes. Formation of CAM-lipid-siRNA complexes 

was performed by mixing CAM-lipid formulations with siRNA for 60 min at room temperature. 

 

3.4.2.4 Size and zeta potential measurements of CAM-lipid complexes 

 

CAM-lipid complexes (1 mg/mL in HEPES) with or without siRNA were analyzed using a 

NanoZS90 instrument (Malvern Instruments, UK) at room temperature. Each sample was run 

three separate times with 20 measurements per run to obtain the size and zeta potential. 
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3.4.2.5 Electropherotic mobility assay 

 

CAM-lipid/siRNA complexes were prepared as previously described for CAM/siRNA 

complexes [44]. Dispersions were briefly vortexed and incubated for 60 min at room temperature 

to allow for complex formation.  Prior to electrophoresis, 2 μL of 10X BlueJuice gel loading 

buffer was added to each sample.  Gel electrophoresis was performed using 0.8 % agarose E-gels 

containing ethidium bromide for DNA visualization and a PowerBase electrophoretic chamber 

(Invitrogen, CA).  Gels were imaged using BioDoc-It Imaging System (UVP, CA). 

3.4.2.6 Transmission electronic microscopy 

 

A drop of CAM-lipid complex dispersion (0.05 mg/mL) with or without siRNA and a drop of 

uranyl acetate (0.5 mg/mL) were both placed on a carbon film-coated copper grid. Excess 

solution was removed by tapping the edge of grid with filter paper. The grid was then dried for 

30 min in a desiccator at room temperature. Images were taken on a TEM-Topcon 002B 

(TOPOCON, Japan). 

3.4.2.7 Cell culture (Performed by Leora Nusblat) 

 

U87 and U87-LUC cells were maintained in DMEM medium supplemented with 10% fetal 

bovine serum (FBS) and 1% penicillin/streptomycin.  Cells were incubated at 37 °C in a 5% CO2 

incubator (VWR, PA).  For the U87-LUC cell line, which stably expresses luciferase, expression 

was maintained under selective pressure by G418 (500 µg/mL).   
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3.4.2.8 siRNA delivery assay (Performed by Leora Nusblat) 

 

U87 cells were plated at a density of 5000 cells/well in 96-well plates approximately 20 h prior 

to transfection. Immediately prior to transfection, CAM-lipid/siRNA complexes were prepared in 

20 μL of HEPES (N/P 50). Lipofectamine was used as a positive control whereas scrambled 

siRNA was used as a negative control. A 100 nM siRNA solution was used, while CAM-lipid 

stock dispersions were prepared at 20 nM.  The CAM-lipid/siRNA complexes were brought to a 

total volume of 100 μL in OptiMEM medium. The serum-containing culture medium was 

aspirated from the cells and each well treated with 100 μL of CAM-lipid/siRNA complexes in 

OptiMEM medium. After a 4 h incubation period, cells were washed 3 times with HEPES and the 

transfection mixture replaced with a serum-containing growth medium and maintained under 

normal growth conditions. After 48 h, the cells were assayed for firefly luciferase expression 

using a luminometer (Turner Biosystems, WI), and the values were normalized to total protein 

expression using a BCA assay kit (Promega, WI). 

3.4.2.9 siRNA binding assay (Performed by Evan Mintzer, Yeshiva University) 

 

ITC was used to compare CAM-lipid complex binding to siRNA. For these experiments, 10 µL 

aliquots of 3.8 μM (0.05 mg/mL) siRNA were injected into the calorimetry cell containing 64 µM 

(0.05 mg/mL total concentration) CAM-lipid complex at 25 °C at 2 min intervals. The 

experiments were repeated with both CAM species (7N and 9N) at pH 7.4 and pH 5.5. Data 

analysis was performed using Microcal’s “one-binding site” model on Origin. Prior to analysis, 

heat of dilution, obtained from titrating siRNA into respective buffers, was subtracted from each 
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run, and the baselines manually adjusted to the average noise level between injections. Heat 

changes from titration of CAM-lipid complexes with buffer were confirmed to be insignificant 

prior to data collection.   

3.4.2.10 Intracellular trafficking (Performed by Leora Nusblat) 

 

U87 cells were seeded in 24-well plates at 70% confluency and allowed to adhere overnight.  

Uptake and release of a fluorescently labeled siRNA (Dharmacon, Lafayette, CO) sequence into 

U87 cells was evaluated using fluorescence microscopy.  After 4 h or 24 h of incubation with 

Cy5-scrambled-siRNA (Dharmacon, CO) and 1:10 CAM-lipids, 10:1 CAM-lipids, or 

Lipofectamine control, U87 cells were washed twice with HEPES and stained with LysoTracker 

Red (Molecular Probes, OR).  After fixation in 4 % paraformaldehyde for 15 min and 

counterstaining with 4',6-diamidino-2-phenylindole (DAPI), images were taken on an IX81 

motorized inverted confocal microscope (Olympus, PA) to view siRNA localization within the 

cells.  Colocalization was evaluated by merging images and quantifying their overlapping areas 

in ImageJ. 

3.4.2.11 Cytotoxicity studies (Performed by Leora Nusblat) 

 

The cytotoxicity of CAM-lipid/siRNA complexes with varying fractions of lipid and CAM was 

assessed with an MTS assay (Promega, WI) in U87 cells.  Cells were seeded in 96-well plates for 

24 h.  Following transfection with the various CAM-lipids for 4 h, cells were washed 3 times and 

cultured in serum-containing media.  After 48 h, an MTS assay was performed and the 

absorbance at 450 nm was measured by a DTX880 Multimode Detector microplate reader 
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(Beckman Coulter, NJ).  Cell viability was normalized to that of U87 cells with HEPES 

treatment. 

3.4.2.12   Statistical analysis 

 

Statistical analyses were carried out using a one-way ANOVA test with a Fisher's all-pairs post 

hoc comparison test. (Synergy Software, PA).  The significance criteria assumed a 95% 

confidence level (P < 0.05).  Standard error of the mean is reported in the form of error bars on 

the graphs of the final data. 
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4. Stability of Amphiphilic Macromolecules in Commercial Sterilization 

4.1 Introduction 

 

Amphiphilic macromolecules (AMs) can self-assemble into micelles in aqueous media due to 

their amphiphilicity. Given the micellization behavior of AMs, they are capable of encapsulating 

hydrophobic molecules in the micelle inner core and transporting the molecular cargo within the 

aqueous environment [1-7]. An amphiphilic macromolecule (AM) (Figure 4.1) previously 

developed by Uhrich et al. is composed of a hydrophobic, alkylated mucic acid backbone and 

hydrophilic poly(ethylene glycol) (PEG) coupled to the hydrophobic core via an ester bond [8].  
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Figure 4.1 Structure of AM [8] 

This AM has been demonstrated as a nano carrier for water-insoluble drugs and in vitro 

evaluation for systemic delivery was also performed [9-11]. The AM has also been incorporated 

into liposomes by electrostatic and hydrophobic interactions with lipids. The formulation of 

these AM-lipid complexes results in increased biocompatibility, ability to load and deliver anti-

cancer therapeutics, and allow for preferential uptake in cancer cells [12]. By chemically 

incorporating oligoethylenimines into the AM backbone, cationic AMs can be obtained with 

capabilities to complex with and deliver siRNA in vitro [13]. In addition to these drug delivery 
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applications, AMs have also demonstrated unique properties in managing atherosclerosis, a main 

trigger for cardiovascular disease [14]. The AM has been tested as a therapeutic agent to inhibit 

the atherosclerotic cascade by inhibiting the uptake of oxLDL in macrophages. To optimize the 

inhibition effectiveness, other AMs with modified structures have also been synthesized and 

tested [14-18]. Due to the broad biomedical applications of these AMs, they could potentially be 

developed into a medical device or drug and therefore, must be rendered sterile.  

 Common sterilization methods include heat sterilization [19-21], chemical sterilization [22, 23], 

sterile filtration [24-26], and ionizing sterilization[27-32]. Heat sterilization usually requires high 

temperatures (120oC) which could possibly lead to decomposition or degradation of AMs [19-

21]. Chemical sterilization requires high concentrations of reactive sterilants, such as hydrogen 

peroxide, or ozone, which could lead to potential oxidative reaction with the AM [22, 23]. Sterile 

filtration is a convenient and efficient way to sterilize samples; however, it requires a filtration 

membrane which will absorb highly viscous drug components or nanoparticles [24-26]. Ionizing 

sterilization includes electron beam (e-beam) and gamma radiation. Gamma radiation uses 

Cobalt-60 to continuously emit gamma rays with a high penetrating effect. Electron beam 

radiation is generated as electrons from a high-energy accelerator, and has a higher dose rate but 

less penetration than gamma radiation [27, 30]. As both e-beam and gamma sterilization methods 

use ionizing energy to irradiate samples without inducing high temperature or using chemical 

sterilants, these methods were chosen to test the stability of AMs to typical sterilizing conditions. 

Despite their positive attributes, both e-beam and gamma radiation exposure can cause slight 

degradation due to the high energy of the ionizing source [29-31, 33].  

In this work, both e-beam and gamma radiation are used to irradiate the AM in powder form 

to study the effect of both sterilization methods on the AM properties. The AM was exposed to 
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each irradiation process at target doses of 25 kGy and 50 kGy, as 25 kGy is a typical sterilization 

dose and 50 kGy is a typical maximum processing dose [32]. After the exposures, proton nuclear 

magnetic resonance (1H-NMR) spectroscopy was performed to determine the impact on 

chemical structure of the AM. Gel permeation chromatography (GPC) was used to investigate 

changes in molecular weight. Dynamic light scattering (DLS) was utilized to determine the 

impact on micelle behavior of AM. In vitro oxLDL uptake inhibition studies were then 

performed to determine the impact on the inhibiting activity of AMs in macrophages. 

4.2 Results and discussion 

4.2.1 Physicochemical characterization of AMs after sterilization 

 

The AM powder remained a white solid after both radiation processes. To determine the impact 

of the ionizing radiation (e-beam and gamma radiation) on the physicochemical properties and 

bioactivity of the AM, 1H NMR, GPC, and DLS were used to measure the changes in chemical 

structure, molecular weight and micelle behavior, respectively.  

Weight-average molecular weight (Mw) is a parameter to determine polymer degradation or 

intermolecular cross-linking after the radiation processes. The Mw of irradiated AMs showed no 

significant differences against the control, indicating no degradation or intermolecular cross-

linking caused by irradiation (Table 4.1).1H NMR spectroscopy was used to determine changes 

in the chemical structure. The main peaks of the mucic acid backbone, PEG, and alkyl chains 

appeared identical to controls after the radiation exposure. Based on the 1H NMR and Mw data 

the chemical structure and molecular weight of AM were not affected by radiation exposure. 

Micellar size is an important property when using AMs as therapeutic delivery vehicles. Micelles 

of non-treated AMs are about 11.5 nm in size, which is usually within the ideal range for drug 
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delivery [5, 34, 35]. No significant differences (p<0.05) were discovered between the irradiated 

samples and control, indicating that neither of the e-beam and gamma radiation methods had 

significant impact on the micellar size of the AM (Table 4.1). The zeta potential of the micellar 

AM correlates to the anionic nature of AM, which plays an important role when AM inhibits the 

oxLDL uptake in macrophages [15, 16]. Hence, zeta potential is a key parameter when 

predicting activity of AMs in treating atherosclerosis. Zeta potentials of irradiated AM samples 

display no significant differences compared to control (p<0.05) (Table 4.1). According to the 

DLS data of irradiated and non-treated AMs, neither e-beam nor gamma irradiation affect the 

micellar behavior of AM in aqueous media.  

Table 4.1 Molecular weight and micelle behavior of AM (mean ± standard deviation) 

 Control e-beam 
25kGy 

e-beam 
50kGy 

gamma 
25kGy 

gamma 
50kGy 

Mw (Da) 6300±200 
 

6200±120 
 

6100±110 
 

6000±150 
 

6400±190 
 

Sizes (nm) 11.5±0.92 12.2±2.2 10.9±1.6 11.6±1.2 12.0±1.2 

Zetapotential 
(mV) 

-19.8±3.1 -19.0±2.8 -18.5±2.0 -19.6±2.7 -20.2±3.4 

 

4.2.2 Bioactivity evaluation after sterilization (Performed by Kyle Zablocki) 

 

Besides the physicochemical properties of AMs, the ability of AMs to inhibit oxLDL uptake in 

macrophages were also studied. PBMC macrophages were co-incubated with oxLDL and AMs 

for 24 h. Basal condition (Figure 4.2) was performed as incubation without oxLDL or AMs, 

whereas the oxLDL condition (Figure 4.2) was performed as incubation with oxLDL only. Both 

of these conditions are shown as controls along with the untreated AMs. oxLDL uptake in 
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PBMC for radiated AMs was quantified and normalized to the cell counts of oxLDL conditions 

(Figure 4.2). Both untreated AMs and irradiated AMs inhibited around 70% oxLDL uptake in 

macrophages, showing no significant differences between untreated and irradiated AMs (Figure 

4.2). Hence, the abilities of all radiated AMs to inhibit oxLDL uptake in macrophages were not 

altered through the radiation exposure. This finding also demonstrates that the overall AM 

properties were not impacted by the exposure to both radiation processes. 

 

Figure 4.2 oxLDL uptake in PBMC macrophages after radiation exposure at 25 kGy and 50 kGy. 

No significant differences were observed against the non-irradiated controls (p < 0.05). 
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4.3 Conclusion 

 

The potential of developing AM into an implantable device dictates that AM should be 

compatible with a sterilization process such as ionizing radiation. In this study, the AM 

composition, molecular weight, micelle behavior, and biological activity are not substantially 

affected by exposure to e-beam and gamma radiation (25 and 50 kGy). Therefore, e-beam or 

gamma radiation with doses up to 50 kGy can be suitable for sterilizing AM.  

4.4 Experimental 

4.4.1 Materials  

 

All other chemicals and reagents were purchased from Sigma-Aldrich (Milwaukee, WI) and used 

as received.  

4.4.2 Sample preparation 

 

AM (Figure 4.1) was synthesized based on previously published method [8]. In short, mucic acid 

was acylated with lauroyl chloride followed by coupling with mono-hydroxy PEG. The AM 

powder (2.5g) was divided into five BD Falcon 5 mL polystyrene round-bottom tubes (12 × 75 

mm style; BD Bioscience Discovery Labware, Bedford, MA), one was for the untreated control 

and another four were for the radiation exposures. All the samples were stored at 4 oC for 24 h 

prior to being sent to Johnson & Johnson Sterile Process Technology (SPT) for radiation 

processing. After exposure, samples were stored at 4oCfor 24 h until physicochemical and 

biological characterization studies were performed in triplicate. 
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4.4.3 Radiation exposure (Performed by Sterile Process Technology of J & J) 

 

Gamma irradiation was conducted in a Cobalt 60 source MDS Nordion Gamma Cell 220 

Research irradiator at Sterile Process Technology of Johnson & Johnson. The temperature 

during exposure ranged from 30oC to 37oC with a dose rate of approximately 0.002kGy/s for a 

maximum of 9 h. Samples for e-beam irradiation were processed under ambient conditions in the 

Mevex 5 MeV, 2kW electron beam linear accelerator. Samples were placed upright in an 

Ethafoam® jig and presented single-sided to the beam. Doses for both of the radiation processes 

were 25 kGy and 50k Gy. The dose rate for e-beam was approximately 12.5 kGy/s. The 

temperature ranged from 38oC (25 kGy) to 55oC (50 kGy) during the e-beam exposures. Samples 

designated as controls were not exposed to ionizing radiation. 

4.4.4 Physicochemical characterization 

 

Proton nuclear magnetic resonance (1H NMR) spectra were obtained using a Varian 500 MHz 

spectrometer. AM samples (10-15 mg) were dissolved in deuterated chloroform. Each spectrum 

was an average of 16 scans. Molecular weights (Mw) were determined using gel permeation 

chromatography (GPC) with respect to PEG standards (Sigma-Aldrich) on a Waters Stryagel® 

HR 3 THF column (7.8 × 300 mm).  The Waters LC system (Milford, MA) was equipped with a 

2414 refractive index detector, a 1515 isocratic HPLC pump, and 717plus autosampler.  Samples 

(10 mg/mL) were prepared in THF and filtered using 0.23μm pore PTFE syringe filters (Fisher 

Scientific).Dynamic light scattering (DLS) analysis was carried out on a Zetasizer nanoseries 
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nano ZS90 (Malvern instruments). Samples (1-2 mg/mL) were prepared in HPLC water and 

filtered using 0.23μm pore size PTFE syringe filters (Fisher Scientific). 

4.4.5 Cell culture (Performed by Kyle Zablocki) 

 

Peripheral blood mononuclear cells (PBMC) were isolated from human buffy coats (Blood 

Center of New Jersey, East Orange, NJ) by density gradient centrifugation over Ficoll-Paque. 

Monocytes were selected by plastic adherence as follows. PBMCs suspended in Roswell Park 

Memorial Institute (RPMI) 1640 medium (ATCC) with 10% fetal bovine serum were incubated in 

96-well plates for 4 h. Non-adherent cells were removed by washing three times with phosphate 

buffer saline, and adherent cells were cultured for 7 days in RPMI supplemented with 10% fetal 

bovine serum, 1% penicillin/streptomycin and 50 ng/mL macrophage colony-stimulating factor 

(M-CSF) (PeproTech) for differentiation into macrophages. Media was changed every 2-3 days. 

4.4.6 oxLDL uptake by PBMC macrophages (Performed by Kyle Zablocki) 

 

PBMC macrophages were co-incubated with 10µg/mL of 3,3'-dioctadecyloxacarbocyanine (DiO) 

labeled oxLDL (Kalen Biomedical; Montgomery Village, MD) and AM(10-6M) for 24 h in RPMI 

1640. Cells were fixed with and counterstained with Hoechst 33342 prior to epifluorescent 

imaging on a Nikon Eclipse TE2000-S. oxLDL uptake was quantified using ImageJ and 

normalized to cell count. Results are the average of three experiments performed in biological 

triplicate. 
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4.4.7 Statistical analysis 

 

Statistical analysis was performed with Student t-tests using SigmaStata software. Differences 

were considered significant at p<0.05 by pairwise comparison with Dunnett’s post hoc test. 
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5 Summary and Future Direction 

5.1 Dissertation summary 

 

As many potent chemotherapeutics are water-insoluble, drug delivery vehicles are of most 

importance. Some AMs have been evaluated for anticancer drug delivery, however, the drug 

release is mediated by diffusion [1, 2] and not suitable for quick, triggered drug release. pH is a 

typical stimulus in cancer therapy owing to the acidic nature of tumor and intracellular 

environments [3]. In this dissertation, a pH-sensitive hydrazone bond was incorporated into the 

backbone of the parent AM. Two AMs bearing different numbers of PEG tails were successfully 

synthesized and their chemical structures characterized. With hydrazone bond cleavage 

occurring at acidic pH, AM micelles would undergo disruption. A typical anticancer drug, 

doxorubicin (DOX) was encapsulated; DOX release at acidic pH was also enhanced significantly 

compared to physiological pH. Cytotoxicity against cancer cells using DOX-loaded micelles was 

monitored against the parent AM (M12P5) and free DOX. DOX-loaded parent AMs showed less 

cytotoxicity against cancer cells, reducing cell viability to 90%. In contrast pH-sensitive AMs 

with either one or two PEG tails showed enhanced cytotoxicity, reducing cell viability to 40% 

which is higher than free DOX. As previously demonstrated in the pH-dependent release profile, 

hydrazone cleavage can accelerate drug release in intracellular conditions leading to enhanced 

cytotoxicity.  

siRNA is a very important drug candidate as it is effective at silencing target protein, however, 

safe and effective carriers for siRNA are needed. A pH-responsive AM-lipid complex describe 

based on previous work [4], that showed cationic AMs have moderate delivery efficiencies with 
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excellent biocompatibility compared to polyethylenimine (PEI). To develop more efficient 

siRNA carriers, composite systems containing cationic AM and lipids were formulated. 

Thermodynamic studies (isotherm compression and isothermal titration calorimetry) were 

conducted to probe the interactions between cationic AM and lipid. Attractive net interactions 

between the AM and lipid was observed, in the presence of both electrostatic repulsion and 

hydrophobic attraction. In vitro siRNA delivery experiments demonstrated that certain 

compositions had comparable efficiency to Lipofectamine, gold standard in siRNA transfection. 

To probe the synergistic effect between AM and lipids, a series of experiments were conducted 

with the most effective AM-lipid composite system. Isothermal titration calorimetry was again 

used to measure the siRNA binding affinity to the system at both physiological and intracellular 

pH. Favorable binding between siRNA and complexes was observed at physiological pH. 

Though lower pH values typically protonate amines and increase cationic charges, no binding 

was observed at acidic pH condition. Further measurements involving complex stability at lower 

pH values indicated that the most effective composite system showed no cationic charge and 

decreased stability. This pH-responsive feature of the composite formulation provides a 

protective environment for siRNA at physiological pH yet releases siRNA at acidic pH. 

Intracellular trafficking of siRNA showed endosomal escape after 24 hrs. The composite 

formulation can respond to environmental pH changes: they are stable at physiological pH and 

unstable at acidic pH. Mechanistic studies indicated that CAM-lipid complexes can be an 

efficient and practical solution to the current siRNA delivery obstacle.  

In summary, the dissertation describes AM-based drug delivery systems for anticancer drug and 

siRNA delivery. The common feature of the AM-based drug delivery systems is the pH-

responsive characteristic: AMs micelles described in Chapter 2 undergo disruption at pH 5 based 
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on the hydrazone bond cleavage and CAM-lipid complexes in Chapter 3 are unstable and release 

siRNA at pH 5. Initial in vitro studies in both systems showed promise for delivery due to the 

pH-responsive feature.   

5.2 Future directions 

 

Although the pH-sensitive AMs show promise as anticancer drug delivery vehicles in vitro, in 

vivo data is lacking. Specifically, An animal model with tumor cell injections that develop tumor 

tissues is recommended. The drug-loaded micelles can be administered in two ways: local and 

systemic. As local delivery to tumor site will render the micelles in acidic condition right after 

the administration, drug will be release immediately. However, systemic injection will require 

stability in the circulation and accumulation in tumor tissue. Through incorporating targeting 

ligand to the AMs, both accumulation in tumor tissue and stability in physiological circulation 

can be achieved.  

Instead of moving forward with the investigated systems, additional improvements are suggested. 

For example, the AMs described in Chapter 2 have relatively low weight loading (up to 15%) of 

doxorubicin compared to commercially available systems, such as Pluronic (up to 25%). AMs 

have a long PEG tail and a relatively small hydrophobic segment, yielding a small hydrophobic 

core. To improve the drug weight loading, methods to increase hydrophobicity can include 

increasing the alkyl chain length coupled to mucic acid and coupling another hydrophobic 

segment. 

Another approach to prepare degradable AMs is proposed (Figure 5.1). In the proposed structure 

(Figure 5.1), hydrazide-functionalized AMs are attached to a dendrimer core bearing aldehyde 
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groups via pH-sensitive hydrazone bonds. Due to the amphiphilic feature of AM, the unimer can 

be considered as a unimolecular micelle (Figure 5.1). Hydrophobic drug can be loaded into core 

of the unimer (Figure 5.1) or the unimer can further self-assemble into a larger aggregate and 

encapsulate hydrophobic drugs to improve drug loading. Once the unimolecular micelles are in 

acidic condition, the cleavage of hydrazone bond will lead to drug release. The unimolecular 

micelle may be more stable than individual unimer-assembled micelles which are in 

thermodynamic equilibrium with the unimers. Additionally, targeting ligands can be 

incorporated into the unimer through PEG functionalization (Figure 5.1). Clustered ligands in 

each unimer can increase the ligand density in self-assembled larger micelles, yielding an 

enhanced intracellular uptake. 

Hydrazone bond

AM

Dendrimer core

pH-sensitive unimer

Targeting ligand

 

Figure 5.1 Schematic illustration of pH-sensitive unimolecular micelle bearing AM as the arm 

via hydrazone bonds 

As described in Chapter 3, CAM-lipid complexes showed instability at lower pH. Performing 

isotherm compression at lower pH value will indentify the repulsive interaction between CAM 
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and lipid. CAM-lipid complexes show interesting differential binding affinities to siRNA at 

different pHs using ITC. Carrying out the binding studies in a more physiological-like condition, 

such as adding RNase and serum protein, would be insightful. Another future direction is to 

evaluate the transfection efficiencies using in vivo models. As the efficient CAM-lipid 

complexes show high transfection efficiency and low cytotoxicity, in vivo investigation of the 

aforementioned systems would better evaluate their potential in delivering siRNA. Based on the 

non-covalent interactions between CAM and lipid, stability in the actual physiological condition 

could be an issue leading to decreased in vivo transfection efficiency. However, the idea of 

triggering the endosomal escape and siRNA release based on pH change is still a viable approach. 

As such, a covalently adjoined pH-responsive and lipid features could lead to a more stable 

carrier while retaining the aforementioned endosomal escape and pH-triggered siRNA release 

(Figure 5.2). To achieve siRNA release in cytosol, the pH-cleavable linkages can be used to link 

the CAM cationic and lipid features, then cleaved to release siRNA. If necessary, a pH-cleavable 

linkage can also be added to remove the PEG tail and yield a higher siRNA release rate.  

pH-responsive cationic feature

lipid tail with hydrophobic chain

PEG

pH-cleavable linkage

 

 

Figure 5.2 Schematic illustration of novel AMs bearing pH-responsive cationic feature, pH-

cleavable linkage, lipid feature, and PEG for enhanced siRNA delivery 
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6 Appendix 1: Synthesis of AMs for Atherosclerosis Treatment 

6.1 Introduction 

 

Atherosclerosis has acquired much attention due to its role in triggering cardiovascular disease, a 

leading cause of death in society [1-5]. Escalated oxidized low density lipoprotein (oxLDL) 

uptake in macrophages in the artery wall converts the macrophages to foam cells of which 

uncontrolled accumulation leads to atherosclerotic plaque formation [6-9]. The treatment of 

atherosclerosis has largely been focused on inhibiting cholesterol synthesis in the blood; for 

example, statin families lower the cholesterol level [10-17]. Other therapeutic efforts have been 

focused on intervening in the atherosclerotic cascade such as monocyte recruitment inhibition 

[18, 19], deletion of macrophage receptors responsible for oxLDL binding and uptake [20], and 

macrophage differentiation suppression and foam cell reduction [21].  

In collaboration with Moghe’s Lab in the Biomedical Engineering department of Rutgers 

University, AMs have shown promise in preventing the atherosclerotic progression via inhibiting 

oxLDL uptake in macrophages [22-24]. Previous efforts have been focused in identifying 

specific architectural features that impact inhibition of oxLDL uptake. First, a series of AMs 

were synthesized to investigate the influence of PEG chain length, alkyl chain length attached to 

the mucic acid, carboxylic acid location, type and number of anionic charges, anionic group 

rotational motion, and PEG architecture on oxLDL inhibition [24, 25]. Overall, the parent AM 

(Figure 6.1) has demonstrated the highest efficiency in preventing oxLDL uptake in 

macrophages [24]. The importance of charge and the presence of a rigid hydrophobic carboxylic 

acid for oxLDL inhibitory ability was also elucidated [24]. Molecular modeling studies have 
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shown that the higher calculated binding affinity of the AMs for the receptor, the better the 

inhibitory ability they possess [26].   
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Parent AM: M12P5  

Figure 6.1 Chemical structure of parent AM: M12P5 where M represents mucic acid backbone, 

12 represents 12-carbon chain attached to the hydroxyl group of mucic acid, P represents PEG, 5 

represents 5 kDa molecular weight of PEG [27] 

Despite systematically altering the charge, alkyl chain length, and PEG length, the role of 

rigidity in AM activity has not been investigated. In this work, an aromatic ring-based AM was 

synthesized through alteration of the hydrophobic backbone. To optimize binding affinity to the 

scavenger receptor, we hypothesized that increasing the rigidity of the AM core can result in 

higher binding affinity to scavenger receptor and more efficient oxLDL inhibitory activity 

6.2 Results and discussion 

6.2.1 Synthesis and characterization of aromatic ring-based AM (Ar12P5, Figure 6.2) 

 

Aromatic compounds are structurally more rigid than aliphatic compounds and, as previously 

mentioned, studies show that increased carboxylic acid rigidity is desirable for enhanced 

inhibitory activity [24, 26]. In this work, 2,5-dihydroxy terephthalic acid was chosen as the 
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building block, as it contains both two carboxylate and two hydroxyl groups for functionalization. 

Similar to the synthesis of parent AM [27], the aromatic ring-based AM (Ar12P5, Figure 6.2) 

was synthesized in two steps (Figure 6.2). The 2,5-dihydroxy terephthalic acid was first modified 

with lauroyl chloride in the presence of zinc chloride to yield the hydrophobic core (Ar12, 

Figure 6.2). Final product Ar12P5 (Figure 6.2) was prepared by conjugating hydroxyl 

terminated-PEG (5 kDa) to the Ar12 (Figure 6.2) via DCC. The chemical structure and 

molecular weight of Ar12P5 were confirmed by 1H NMR spectroscope and GPC.  
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Figure 6.2 Synthetic scheme of aromatic ring-based AM: Ar12P5, Ar represents aromatic ring, 

12 represents 12 carbon chain attached to the hydroxyl group, P represents PEG, 5 represents 

5kDa molecular weight of PEG 

As the aromatic terephthalic acid may alter the conformation of the AMs’ core from a linear 

sugar backbone to a partially rigid aromatic backbone, micelles formed from Ar12P5 were twice 

the size (40 nm) of micelle formed by M12P5 (15 nm) [27].  This increase in size was 

anticipated, as terephthalic acid is more sterically bulky than an extended chain such as mucic 

acid. Furthermore, the CMC value of Ar12P5 is significantly higher than that of the extended 

chain AMs, 10-4 M as opposed to 10-6 M, respectively. The Tm value was not significantly 

affected, as both were in the range of 60 °C.  
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6.2.2 oxLDL uptake inhibition in macrophages (Performed by Nicole Plourde) 

 

The modified AMs were evaluated for their ability to inhibit oxLDL internalization through in 

vitro structure-activity relationship studies with human embryonic kidney – scavenger receptor 

(HEK-SRA) cells. Experiments were carried out via incubation of the HEK-SRA cells with 10-6 

M polymers and fluorescently labeled oxLDL for 24 hr at 37 °C. The 24-hr time point allows for 

saturation of the cells with oxLDL. As controls, the basal uptake of oxLDL when SRA-

expression was not induced and the basal uptake of oxLDL when no polymer was present were 

both evaluated. Incorporation of a rigid aromatic ring in the AM gave a similar oxLDL inhibition 

efficiency (~80%) to compared to previously determined, “gold standard” of M12P5 (Figure 6.3). 

This finding correlates with previous results that indicate constraining the motion of charge can 

enhance the oxLDL inhibition. The following modeling was carried out to illustrate the structural 

relation with binding to SRA receptors.  

 

 

Figure 6.3 oxLDL uptake inhibition efficiencies of HEK-SRA cells in the presence of AMs at 24 
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hr. Data represent mean ± standard error (n = 3). 

 

6.2.3 Binding affinity to SRA receptor (Performed by Nicole Plourde) 

 

For molecular modeling, the polymers were evaluated according to their chemical structures and 

scaled to contain only 20 ethylene glycol repeat units instead of 110.  We previously observed 

that the PEG chain has little interaction with the collagen-like domain [26], and scaling allows 

for optimization of computational time. The aliphatic arms were modeled at full alkyl chain 

length to fully assess the role of the hydrophobic domain. The modeled polymers were docked to 

an SR-A collagen-like domain homology model using GOLD v.3.2 [28] and ranked based on its 

GoldScore. The M12P5 possesses a favorable binding energy (-29 kcal/mol) as the four aliphatic 

arms remain in close contact with the SR-A model, indicating a significant amount of 

hydrophobic interactions. Incorporation of a rigid aromatic hydrophobic component (Ar12P5) 

resulted in binding comparable to M12P5. Although it has only half the number of aliphatic arms, 

Ar12P5 demonstrated comparable binding in both in vitro and molecular modeling experiments, 

inhibiting ~80% oxLDL uptake in HEK-SRA cells while showing a favorable binding energy (-

26 kcal/mol) in modeling studies. This data correlates with previous findings that suggest 

increased rigidity positively affects oxLDL inhibition [29].  

 

6.3 Conclusion 

 

An aryl-based AM was designed to investigate the influence of a rigid hydrophobic domain on 

aggregation and biological properties. While seemingly small with respect to the overall polymer 
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compositions, this slight alteration in backbone architecture resulted in significant differences in 

properties, particularly in micelle size and solution stability. In vitro and molecular modeling 

experiments also demonstrated that minute changes in the polymer structure significantly affect 

SR-A binding affinities and consequently modulate the competitive inhibition of oxLDL uptake. 

Incorporation of an aromatic backbone (Ar12P5) results in oxLDL inhibition comparable to that 

of the previously published “gold standard”, M12P5. These findings establish that the rigidity of 

the hydrophobic domain is a critical design factor influencing the biological and 

physicochemical properties of these polymers.  

6.4 Experimental 

6.4.1 Materials 

 

All reagents and solvents were purchased from Sigma-Aldrich as used as received.  

6.4.2 Characterization methods 

 

1H-NMR spectra were obtained using a Varian 400 MHz or 500 MHz spectrophotometer with 

TMS as internal reference. Samples were dissolved in CDCl3, or CDCl3 with a few drops of 

DMSO-d6 if necessary.  Molecular weights (Mw) were determined using gel permeation 

chromatography (GPC) with respect to PEG standards (Sigma-Aldrich) on a Waters Stryagel® 

HR 3 THF column (7.8 x 300 mm).  The Waters LC system (Milford, MA) was equipped with a 

2414 refractive index detector, a 1515 isocratic HPLC pump, and 717plus autosampler.  Samples 

(10 mg/mL) were dissolved in THF and filtered using 0.45 μm pore size nylon or PTFE syringe 

filters (Fisher Scientific). Dynamic light scattering (DLS) analysis was carried out on a Zetasizer 
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nanoseries nano ZS90 (Malvern instruments). CMC studies were carried out on a Spex 

fluoromax-3 spectrofluorometer (Jobin Yvon Horiba) at 25 ºC. Melting points were determined  

by DSC on a TA DSC Q2000. TA Universal Analysis 2000 software was used for data collection 

on a Dell Dimension 3000 computer. Samples (4-8 mg) were heated under dry nitrogen gas. Data 

were collected at heating and cooling rates of 10 °C min-1 with a two-cycle minimum. 

6.4.3 Synthesis of Ar12 

 

2,5-Dihydroxyteraphthalic acid (5.00 g, 25.0 mmol) and zinc chloride (0.81 g, 5.9 mmol)  were 

stirred with lauroyl chloride (87 ml, 380 mmol). The solution was heated to 95 °C in a 

temperature-controlled oil bath and stirred under argon overnight. Diethyl ether (100 ml) and DI 

water (30 ml) were added and the solution was allowed to stir for 45 minutes. The organic phase 

was washed with water (5 x 100 ml) and then concentrated via rotary evaporation. The 

concentrated solution was precipitated from hexanes (2.5 L) yielding Ar12 as a yellow solid. 

Yield% = 68% (10.1 g). 1H NMR (CDCl3): δ = 0.80-0.93 (t, 6H, CH3), 1.20-1.45 (m, 32H, CH2), 

1.70-1.81 (m, 4H, CH2), 2.51-2.65 (m, 4H, CH2), 7.70 (s, 2H, Ar-CH); 13C NMR (CDCl3): 14.32, 

22.87, 29.34, 29.53, 29.67, 29.80, 29.82, 32.10, 34.37, 127.37, 128.74, 147.84, 165.27, 172.42; 

IR (NaCl cm-1): 2847, 1768, 1690 (C=O), 1268, 1177, 935, 897; Tm = 71 °C 

 

6.4.4 Synthesis of Ar12P5 

 

Hydroxy-terminated PEG (2.7 g, 0.53 mmol) was azeotropically distilled with toluene. Ar12P5 

(1.5 g, 1.6 mmol) and DMAP (0.15 g 0.48 mmol) were dissolved in anhydrous DCM (15 ml). 
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PEG was cooled to room temperature under argon and the solution of Ar12P5 and DMAP was 

added. Once the PEG had dissolved, dicyclohexylcarbodiimide (DCC) (1.7 ml, 1.7 mmol) was 

added dropwise. The reaction mixture was stirred under argon for 48 hours, cooled and the 

resulting white solid precipitate (dicyclohexylurea) was removed by vacuum filtration. The 

filtrate was washed once with HCl (0.1N, 20 ml) and twice with brine (20 ml), dried over MgSO4 

and concentrated via rotary evaporation. The product was precipitated from DCM and diethyl 

ether yielding 2 as a white solid (2.6 g, 83%). 1H-NMR (CDCl3): d 0.85 (t, 6H, CH3), 1.30 (m, 

32H, CH2), 1.71 (m, 4H, CH2), 2.21 (m, 4H, CH2), 2.36 (m, 4H, CH2), 3.63 (m, 500H, CH2), 

7.65 (d, 1H, Ar-H), 8.10 (s, 1H, Ar-H); IR (NaCl cm-1): 3426, 2879, 1650 (C=O), 1108, 949, 842; 

Tm = 56oC; GPC : Mw = 6.3 kDa; PDI = 1.07 

6.4.5 CMC measurements 

 

A solution of pyrene, the fluorescence probe molecule, was made up to a concentration of 5 x 10-

6 M in acetone. Samples were prepared by adding 1 mL of pyrene solution to a series of vials and 

allowing the acetone to evaporate so that the final concentration of pyrene in all of the samples 

was 5 x 10-7 M. AMs were dissolved in HPLC grade water and diluted to a series of 

concentrations from 1 x 10-3 M to 1 x 10-10 M. AM-pyrene solutions (10 mL) were shaken 

overnight at 37 °C to allow partition of the pyrene into the micelles.  Emission was performed 

from 300 to 360 nm, with 390 nm as the excitation wavelength. The maximum absorption of 

pyrene shifted from 332 to 334.5 nm on micelle formation [30-32]. The ratio of absorption of 

encapsulated pyrene (334.5 nm) to pyrene in water (332 nm) was plotted as the logarithm of 

polymer concentrations. The inflection point of the curve was taken as the CMC value. 
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6.4.6 Cell culture (Performed by Nicole Plourde) 

 

Studies of polymer interactions were conducted using a tet-inducible cell line with controlled 

expression of scavenger receptor A (SRA), human embryonic kidney (HEK) cells stably 

transfected with human SRA (gift from Dr. Steven R. Post), which are referred to as HEK-SRA.  

Cells were propagated in high glucose Dulbecco’s Modified Eagle Medium (DMEM) 

(Invitrogen) supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, 15 

µg/mL Blasticidin and 100 µg/mL HygromycinB at 37 °C in 5% CO2.  SRA expression was 

induced with addition of 0.5 µg/ml tetracycline overnight and throughout the experiment. 

Transfection was ensured via antibody bingding assays.  

6.4.7 oxLDL uptake inhibition in HEK-SRA cells (Performed by Nicole Plourde) 

 

The internalization of oxLDL by HEK-SRA cells was assayed by incubating boron-

dipyrromethene (BODIPY)-labeled oxLDL (10 µg/ml) and 10-6 M polymers with cells for 24 hr 

at 37 °C and 5% CO2 in serum containing DMEM.  Conditions included a control of medium 

alone without polymer intervention, and non-induced cells.  Cells were washed once with PBS, 

fixed with 4% formaldehyde, and imaged on a Nikon Eclipse TE2000-S fluorescent microscope 

to determine fluorescently tagged oxLDL accumulation.  The images were analyzed with ImageJ 

1.42q (NIH) and fluorescence data was normalized to cell count.  The oxLDL uptake levels  were 

normalized to those obtained in the absence of polymers.    

6.4.8 AM and SR-A modeling (Performed by Nicole Plourde) 
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The AMs were modeled according to their chemical structures using the build module in 

molecular operating environment (MOE) (Chemical Computing Group, Inc., Montreal, Canada).  

The model polymer molecules were parameterized for Amber99 [33] force field and energy 

minimized until convergence (grad = 0.001) was attained.  The creation of the SR-A homology 

model was previously described.[29]  Briefly, the 3D homology model of the SR-A collagen-like 

domain was generated using the program MODELLER [34] with collagen type I chain A as 

template.  

 

6.4.9 Docking and scoring (Performed by Nicole Plourde) 

 

Selected polymer models were docked to the collagen-like domain of SR-A using GOLD v3.2 

[28]. The GOLD program employs a genetic algorithm for docking flexible ligands into partially 

flexible receptor sites.  The binding cavity was defined as residues Arg45 – Ser68 with an active 

site radius of 15 Å such that all major residues thought to be necessary for oxLDL binding were 

included.  Dockings were performed with standard default settings; population size of 100, 

selection pressure of 1.1, number of operations at 100,000, number of islands at 5, and a niche 

size of 2. Twenty independent docking runs were performed for each polymer, which optimized 

the computational time required to dock and score non-redundant conformations.  The docked 

pairs were ranked based on each GoldScore.  The best ranking conformation of the polymer 

illustrated the most preferred conformation to interact with scavenger receptor and the binding 

energy was computed for the refined complexes using the following equation  

                       PolymerASRcomplexbinding EEEE ∆−∆−∆=∆ −
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Where ∆Ecomplex is the energy of the polymers docked to collagen-like domain of SR-A, ∆ESR-A is 

the energy of the homology model of the scavenger receptor collagen-like domain, and ∆EPolymer 

is the energy of the polymer.  Each structure (polymer model, homology model of the SR-A 

collagen-like domain, and the docked conformation of the pair) was parameterized using 

Amber99 [33] force field and energy minimized until convergence (grad = 0.001) was attained.  

These minimized energies were used to estimate the binding energy.  

 

 

 

6.4.10 Statistical analysis 

 

Each in vitro experiment was performed at least twice and three replicate samples were 

investigated in each experiment. Five images per well were captured and analyzed.  The results 

were then evaluated using analysis of variance (ANOVA).  Significance criteria assumed a 95% 

confidence level (P<0.05).  Standard error of the mean is reported in the form of error bars on the 

graphs of the final data. 
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7 Appendix 2: Synthesis of polyAmfenac 

7.1 Introduction 

 

Uveitis is an ocular inflammatory disease that is the leading cause of blindness in the world [1-5]. 

Typical uveitis occurs in the anterior, intermediate, posterior, and/or throughout the whole eye. 

Amfenac is a non-steriod anti-inflammatory drug used to treat eye inflammation. Typical 

treatment for anterior uveitis is topical administration (eyedrop) of nepafenac, a prodrug form of 

amfenac. (Figure 7.1).  

O NH2
O

NH2

O NH2

COOH

Amfenac Nepafenac
Prodrug of Amfenac  

Figure 7.1 Structures of amfenac and nepafenac 

However, topical administration of amfenac is not sufficient to reach the posterior area of eye. 

Amfenac is effective and safe to treat anterior uveitis, and likely demonstrates effectiveness in 

treating posterior uveitis. Due to the poor penetration to the posterior area, frequent intraocular 

injection of amfenac into the eye is required to achieve therapeutic concentration in the posterior 

region. However, daily intraocular injection increases the burden of the patient and is not feasible 

for commercialization. Therefore, sustained release of amfenac in posterior area will be desirable 

to obtain long term therapeutic effectiveness in the eye.  
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Sustained release of amfenac can be achieved by incorporating amfenac into a degradable 

polymeric backbone. Using the drug molecule as repeat unit can result in the formation of 

polymer with high drug content. This idea has been investigated by the Uhrich group. One initial 

example developed is PolyAspirin in which salicylic acid, the metabolite of aspirin, is chemical 

incorporated into a poly(anhydride-ester) via a linker molecule (Figure 7.2).  Salicylic acid is 

then sustainably released upon hydrolytic degradation of the polymer anhydride and ester bonds 

(Figure 7.2) [6, 7]. Utilizing the idea of PolyAspirin, PolyAmfenac is synthesized with amfenac 

embedded in a hydrolytically degradable anhydride-imine backbone.  
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Figure 7.2 Chemical structure of PolyAspirin and its degradation pathway 

 

7.2 Results and discussion 

 

Prior to polymerization it is necessary to synthesize an amfenac-containing Schiff base 

intermediate (1, Figure 7.3) by reacting amfenac with 4-formylbenzoic acid in the presence of 

trifluoroacetic acid. The resulting product (1) was charcterized via 1H NMR and 13C NMR 

spectroscopes. The disappearance of aldehyde hydrogen (10.51 ppm) in 4-formylbenzoic acid 
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and appearance of imine hydrogen (7.96 ppm) indicate the formation of imine. Mass 

spectroscopy also confirmed the formation of 1 (Figure 7.3). The amfenac-containing schiff base 

intermediate (1, Figure 7.3) is then polymerized using solution polymerization to give 

PolyAmfenac (2, Figure 7.3). The polymer is characterized using gel permeation 

chromatography (GPC). The formation of polymer is confirmed by the Mw = 4400, indicating 

approximate 10 repeat units.  

O NH2

COOH

CHO

COOH

Methanol, 1% Trifluoric acetic acid
Reflux at 70oC, 48 hrs

O N

COOH

H

COOH

O

N

H
O

O

O

2.2 eq Triethylamine
1.1 eq Triphosgene

Dichloromethane, 0oC, 2 hrs

n

1 2  

Figure 7.3 Synthetic route of PolyAmfenac 

The proposed degradation pathway of PolyAmfenac is illustrated (Figure 7.4). PolyAmfenac will 

first be degraded into the amfenac-containing schiff base intermediate (Figure 7.4) through 

hydrolysis of anhydride bond in PolyAmfenac. Following the first degradation step, the amfenac-

containing schiff base intermediate (Figure 7.4) will then be hydrolyzed to amfenac and 4-

formylbenzoic acid via the cleavage of imine bond. In the presence of aldehyde dehydrogenase, 

4-formylbenzoic acid will be readily oxidized to terephthalic acid, which will be rapidly excreted 

either unchanged or as a glycine conjugate in vivo. However, the proposed mechanism still needs 

further studies to confirm the actual pathway. 
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Figure 7.4 Proposed degradation pathway of PolyAmfenac 

7.3 Experimental 

7.3.1 Materials 

 

All materials are received from Sigma Aldrich and used without further purification 

7.3.2 Characterization methods 

 

1H NMR spectra measurements were taken at 25 ºC on a Varian 400 MHz spectrometer using 

deuterated chloroform (CDCl3) as a solvent and tetramethylsilane as an internal standard. Mass 

spectra were obtained on a Finnigan LDQ-DUO equipped with an adjustable atmospheric 

pressure ionization-electrospray ionization (API-ESI) Ion source. FTIR spectra were recorded on 

a Thermo Nicolet/Avatar 360 spectrometer using sample discs compressed with potassium 

bromide (KBr). Molecular weights (Mw) were determined using gel permeation chromatography 

(GPC) with respect to polystyrene standards (Sigma-Aldrich) on a Waters Stryagel® HR 3 DMF 

column (7.8 x 300 mm).  The Waters LC system (Milford, MA) was equipped with a 2414 

refractive index detector, a 1515 isocratic HPLC pump, and 717plus autosampler.  Samples (10 
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mg/mL) were dissolved in DMF and filtered using 0.45 μm pore size nylon or PTFE syringe 

filters (Fisher Scientific). 

7.3.3 Synthesis of monomer (1, Figure 7.3)  

 

Sodium amfenac (0.500 g, 0.180 mmol) is dissolved in anhydrous methanol (10 mL). 

Trifluoroacetic acid (0.140 mL, 0.180 mmol) is added to the sodium amfenac solution and the 

mixture stirred for 30 mins to complete acidification. Trifluoroacetic acid (1.4 µL, 1.8 x 10-3 

mmol) and 4-formylbenzoic acid (0.027 g, 0.18 mmol) are then added to the acidified solution. 

The reaction mixture is allowed to reflux at 70oC for 24 hrs. After the reaction is complete, 

yellow precipitates are formed and filtered. Cold methanol (20 mL) is then used to wash to 

precipitates 3 times. The residue yellow solid is dried under high vacuum overnight. Yield% = 

67% (0.345 g). 1H-NMR (400 MHz, CDCl3): (δ) 13.15 (s, 1H, Ar-COOH), 10.60 (s, 1H, COOH), 

8.07 (d, 2H, Ar-H), 7.83 (d, 2H, Ar-H), 7.79 (s, 1H, N=C-H), 7.74 (d, 2H, Ar-H), 7.67 (d, 2H, 

Ar-H), 7.56 (t, 2H, Ar-H), 7.38(d, 2H, Ar-H), 6.98 (t, 1H, Ar-H), 3.31 (s, 2H, CH2). 13C-NMR 

(100 MHz, CDCl3): (δ) 195.1, 169.5, 167.3, 144.2, 139.7, 137.5, 136.8, 133.7, 132.5, 131.6, 

130.3, 129.5, 126.8, 122.9, 121.5, 120.3. IR (KBr, cm-1): 1720 (vs C=O carbonyl), 1700 (vs C=O 

COOH), 1650 (vs, C=N, imine) ESI-MS: m/z  387.2 (M+H). Calculated Mw = 386.2 

 

7.3.4 Synthesis of polyAmfenac (2, Figure 7.3) 

 

Monomer (1, Figure 7.3) (50 mg, 0.129 mmol) and triethylamine (40 µL, 0.28 mmol) are 

dissolved in anhydrous dichloromethane (10 mL). Triphosgene (42.1 mg, 0.142 mmol) is 
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dissolved in anhydrous dichloromethane (2 mL) and resulting solution is added to the 

monomer/triethylamine solution drop wise over 15 minutes. The reaction mixture is allowed to 

stir for 6 hrs until CO2 evolution ceased. After the reaction, the mixture is dried using rotary 

evaporation. Crude product was characterized by GPC: Mw = 4400, PDI = 1.26 
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