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DNA-based vaccines offer significant therapeutic potential but safe, efficacious delivery 

systems are still needed to enable clinical applications.  Well-defined nonviral vectors, including 

those produced via reversible addition-fragmentation chain transfer (RAFT) polymerization, 

represent one approach for overcoming barriers to DNA delivery.  Block copolymer micelles 

are an example of a complex architecture achievable by the RAFT process, adopting a core-

shell morphology under physiological conditions.  These polymeric nanoparticles consist of 

discrete segments capable of specific physicochemical and biological activities determined by 

their chemical composition.  This thesis describes synthetic approaches focused on 

engineering the intra- and extracellular activity of this class of nanomaterials, with the goal of 

developing an in vivo DNA delivery platform.  Chapter 1 focuses on how polymerization and 

carbohydrate chemistry techniques can be utilized to develop DNA-based cancer vaccines.  

Chapter 2 introduces a pH-responsive, diblock copolymer micelle platform with a tunable mode 

of endosomal disruption to facilitate intracellular delivery of DNA.  Chapter 3 describes the 

synthesis of glycopolymers with carbohydrate-specific lectin-binding activity in vivo and in vitro.  

Chapter 4 incorporates these glycopolymer segments into a micellar architecture and evaluates 

the bioactivity of these materials.  Chapter 5 describes analytical techniques that assess how 

the chemical composition of the micellar corona affects the stability and physicochemical 

properties of the resultant particles.  Chapter 6 integrates the findings of these previous 

chapters into the development of glycopolymer micelles and determines their efficacy for in 

vivo DNA delivery. 
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CHAPTER 1 – RATIONAL CARRIER DESIGN: FROM POLYMER TO 

DNA VACCINE 
 
1.1. INTRODUCTION 

Harnessing the body’s own immune response to combat cancer represents a significant 

clinical opportunity but requires the development of efficacious vaccination strategies.  

Advances in controlled polymerization techniques, carbohydrate chemistry, and cancer 

immunology have enabled researchers to take a rational approach to designing complex 

therapeutic vaccines.  The precise synthetic control afforded by these recent developments 

has led to the production of complex polymer architectures displaying carbohydrate-

functionalities that can be tailored to suit specific biological needs.  Here we describe how 

these inter-connected fields can be applied to the rational design of a polymer-based, 

glycotargeted DNA cancer vaccine.  

 

1.2. DNA DELIVERY 

Gene therapy is a powerful tool for the treatment of a variety of diseases but its clinical utility 

has been limited due to challenges in nucleic acid delivery [1], [2].  A commonly employed 

strategy involves introducing plasmid DNA (pDNA) into the nucleus of a target cell to 

facilitate endogenous expression of a therapeutically-relevant protein.  Numerous extra- and 

intracellular obstacles impede the efficacious delivery of a large, polyanionic 

biomacromolecule such as pDNA: extracellular nuclease degradation [3], [4], anionic cell-

surface proteoglycans impeding uptake [5], [6], lysosomal degradation upon cell 

internalization [7–9], and barriers to nuclear translocation [10], [11].  Due to the poor 

extracellular stability and bioavailability of pDNA, delivery systems have been required to 

facilitate efficacious DNA delivery.   

 

1.2.1. Synthetic polymers for DNA delivery 

The most effective delivery vectors have been viral-based; these systems exploit the pre-

existing machinery viruses have established to infect cells [12].  However, non viral-vectors, 

while typically exhibiting low transfection activities, offer substantial advantages over their 

viral counterparts, most notably: scalable production, improved safety, and low 

immunogenicity [13].  Within this class of non-viral vectors are synthetic cationic polymers 



www.manaraa.com

2 

 

which are capable of electrostatically condensing pDNA into particulate complexes, 

commonly referred to as polyplexes.  Significant research has been devoted to pDNA 

delivery mediated by three polycations: poly(dimethylaminoethyl methacrylate) 

(polyDMAEMA) [14–21], poly(ethylenimine) (PEI) [22–32], and poly(L-lysine) (PLL) [33–37].  

Carrier-specific delivery challenges become important to consider for polyplexes including 

extracellular DNA unpackaging mediated by serum proteins, soluble glycosaminoglycans, 

extracellular matrix proteins [38] as well as DNA decomplexation following intracellular 

delivery [39].  Due to the synthetic versatility of polymer-based delivery systems, design 

parameters can be rationally selected to address these obstacles. 

 

1.2.2. Overcoming intracellular barriers 

Difficulties in achieving high transfection activities for a pDNA delivery system can often be 

attributed to poor cytosolic delivery of the nucleic acid cargo [40].  Upon endocytosis, pDNA 

is confined to a vesicular compartment known as an endosome where it is either exocytosed 

back into the extracellular space or rapidly trafficked through a gradient of increasingly 

acidic vesicles culminating with the lysosome where degradation occurs.  Viruses have 

evolved mechanisms to subvert this process by displaying fusogenic proteins on their viral 

coat [41].  These proteins undergo a pH-induced conformational change, becoming 

hydrophobic in response to low pH environments thereby disrupting the endosomal 

membranes leading to cytosolic release.  Synthetic strategies have been employed to mimic 

this pH-responsive behavior, including the design of peptides [42] and polymers [43].   

 

Poly(propylacrylic acid) (PPAA) exhibits similar biophysical characteristics to the viral protein 

hemagglutinin [41]: at physiological pH (~7.4) the polymer is partially ionized and therefore 

hydrophilic due to the presence of carboxylate residues and at endosomal pH (<6.6) these 

residues become protonated resulting in a conformational shift to a hydrophobic, 

membrane-destabilizing morphology.  Due to these unique pH-responsive properties, this 

polymer has been used to facilitate the intracellular delivery of a number of biological 

therapeutics [44–46].  Cationic polymers also have been shown to promote cytosolic 

delivery albeit through a different mechanism: the “proton sponge effect”.  PEI, for example, 

exhibits the capacity to buffer endosomes: secondary and tertiary amines on the polymer 

become protonated during endocytotic trafficking resulting in an influx of counter ions into 
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the vesicle.  The charge gradient across the endosomal membrane induces osmotic 

swelling and ultimately, perturbation of the membrane facilitating cytosolic release [47].  

 

 

Figure 1.1. Polyplex-mediated DNA delivery by cationic micelles which become membrane-
interactive upon endosomal acidification [48].  This pH-responsive endosomolytic activity is 
due to the exposure of hydrophobic components on the polymer when the micelle 
destabilizes into an unimeric conformation.  
 

1.2.3. Reversible addition-fragmentation chain transfer (RAFT) polymerization 

Rational design of polymers capable of exhibiting specific biological activities requires 

precise synthetic control.  Traditional free radical polymerization is capable of utilizing 

numerous vinyl-containing monomers with unique chemical functionalities but is limited by 

the heterogeneity of the resultant polymers.  Controlled, or “living”, radical polymerization 

(CLRP) overcomes this issue by controlling the rate of polymer propagation.  One such 

technique, reversible addition-fragmentation chain transfer (RAFT) polymerization [49], is a 

powerful tool in the field of drug delivery due to its tolerance for a broad range of monomer 

species and the unique pendent and terminal functionalization it affords [50].  The primary 

difference between RAFT and traditional free radical polymerization is the use of a chain 

transfer agent (CTA), which typically contains a thiocarbonylthio group.  Briefly, the CTA 

facilitates uniform polymer chain growth by forming intermediate radicals with two 

propagating polymer chains.  This intermediate can fragment in either direction creating an 

equilibrium between dormant macroCTAs and polymeric radicals.  This process reduces the 

relative concentration of free radicals in solution, limiting termination and uncontrolled 
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polymer propagation.  Additionally, the macroCTA exhibits a “living” character and can be 

isolated for subsequent block polymerizations.  A wide range of chemistries can also be 

applied to the CTA resulting in terminal polymer functionalities [51].  Polymers prepared via 

RAFT can therefore exhibit complex architectures with precise molecular weights and 

narrow size distributions while also displaying numerous pendent and terminal chemical 

moieties. 

 

 

Figure 1.2. Illustration of multiblock polymers prepared via RAFT. Each block can contain 
monomers with unique functional groups. 
 

1.2.4. Block copolymers for DNA delivery 

Copolymers consisting of blocks with distinct functionalities have generated great interest in 

the DNA delivery community.  Initially, these materials were explored as a means to 

sterically stabilize polycation-based polyplexes [52].  Kataoka et al. first examined the effect 

of introducing a poly(ethylene glycol) (PEG) block onto PLL and found that the block 

copolymer assembled into polyion complex micelles in the presence of oligonucleotides [53].  

The resultant micelles displayed a PEG corona and were stable under physiological salt 

concentrations.  This approach of producing diblock copolymers with a neutral hydrophilic 

and polycation component to induce stable micelle formation have been thoroughly 

investigated for DNA delivery applications [54]. 

 

1.2.4.1. Amphiphilic block copolymers 

Amphiphilic block copolymers represent a unique polymer architecture in which one block is 

hydrophilic and the other is hydrophobic.  In an aqueous environment these materials have 
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been shown to self-assemble into a core-shell micelle structure due to entropically-driven 

sequestration of the hydrophobic components [55].  The resultant particles are stabilized by 

a corona of the hydrophilic block allowing the micelles to remain soluble.  Micelles prepared 

in this manner are considerably more stable as critical micelle concentrations (CMCs) can 

be as low as the µM-range; this structural property increases their clinical utility due to the 

inherent dilution the material would experience in a biological application [56].  Yokoyama et 

al. were first able to demonstrate the application of polymeric micelles for anti-cancer 

therapies by conjugating doxorubicin to a hydrophilic segment of a block copolymer, 

resulting in stable amphiphilic block copolymer micelles [57].   

 

1.2.4.2. Stimuli-responsive cationic micelles 

Cationic micelles prepared from amphiphilic block copolymers offer a means to preserve the 

DNA-condensing activity of the polycation while introducing a pH-sensitive functionality to 

overcome the endosomal/lysosomal intracellular barrier (Figure 1).  You et al. reports on 

diblock copolymers consisting of pDMAEMA and poly(N-isopropylacrylamide) (pNIPAM) 

prepared via RAFT that assembled into core-shell micelles with pDMAEMA acting as the 

stabilizing, hydrophilic component [58].  The authors demonstrated that changing the 

protonation state of pDMAEMA, by adjusting the pH, affected the ability of the block to 

stabilize the micelle as observed by a shift in the phase transition temperature of the 

copolymer.  A polymer similar to pDMAEMA, poly(diethylaminoethyl methacrylate) 

(pDEAEMA), has a predominately hydrophobic character at physiological pH while retaining 

a tertiary amine [59–61].  Tang et al. first demonstrated that pDEAEMA could be used to 

drive micelle formation of triblock copolymers in an aqueous environment and that 

destabilization of the particles occurred in a pH-dependent manner [62].  Research led by 

Irvine showed that segments of pDEAEMA in core-shell nanoparticles responded in the 

endosomal/lysosomal pH range by mediating cytosolic release of a membrane-impermeable 

dye [63].  Convertine et al. demonstrated that pDMAEMA blocked with a polyampholyte 

copolymer consisting of DMAEMA, PAA, and butyl methacrylate (BMA) formed stable 

micelles that became membrane-destabilizing at endosomal pH (<6.6) [64]; small interfering 

RNA (siRNA) was electrostatically adsorbed to the micelle corona and the resultant particles 

were shown to mediate potent knockdown of mRNA in vitro. 
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Figure 1.3. Mechanism of pH-responsive activity for an amphiphilic diblock copolymer [48].  
Reduction in solution pH from physiological conditions promotes protonation of DEAEMA 
residues within the micelle core which leads to destabilization of the particulate morphology 
to individual solvated unimeric chains at a critical transition pH.  The unimeric conformation 
exposes BMA residues that can interact with lipid membranes. 
 

1.2.5. Polymer-mediated in vivo DNA delivery 

Notable challenges exist in translating the high transfection efficiencies of synthetic DNA 

delivery systems in culture into a clinically relevant in vivo environment.  The commonly 

employed approach of packaging DNA with cationic components is advantageous in vitro as 

these materials can shield the labile nucleic acid from degradation, mediate uptake through 

adsorptive pincocytosis, and disrupt endosomal membranes via the “proton sponge” effect 

[1].  However, the presence of this cationic charge becomes a liability in complex biological 

media as anionic extracellular proteins can interact with the positively-charged complexes, 

leading to DNA unpackaging or aggregation.  van den Berg et al. highlighted this in vitro/in 

vivo discordance by demonstrating that a cationic polymer with high transfection activity in 

culture was only able to mediate DNA expression in vivo after PEGylation [65].  Palumbo et 

al. arrived at a similar finding by showing that PEGylated polyplexes can better disperse 

through dermal tissue and access APCs when compared to their cationic counterpart [66].  

Strategies to attenuate surface charge of polyplexes and to impart cell-specific targeting are 

being investigated to improve the clinical potential of DNA delivery carriers for vaccine 

applications [67–69]. 
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1.3. CARBOHYDRATES AS TARGETING LIGANDS 

The targeted delivery of biologics and small molecule drugs can dramatically improve 

therapeutic efficacy through enhancing uptake to the specific cell type where the drug will 

exert maximal effect [70].  Developing targeting moieties capable of selectively recognizing 

particular cell types while avoiding detection and uptake towards nonspecific tissue has 

remained a challenge.  Modification of carriers with carbohydrates offers a means to 

mediate drug uptake through cell-surface lectins while maintaining biocompatibility [71].  

Carbohydrates are known to play roles in the cell-cell interactions of immune cells as well as 

marking foreign pathogens for immune cell recognition.  The latter activity can be exploited 

to direct uptake of carriers into these immune cell populations by mimicking complex 

pathogenic carbohydrate structures [72]. 

 

1.3.1. Immune cell recognition by C-type lectins 

C-type lectins represent a class of carbohydrate-binding proteins which depend upon Ca2+ 

ions to maintain sugar engagement [73].  All these proteins contain at least one 

carbohydrate recognition domain (CRD) that exhibits optimal affinity towards specific 

carbohydrates.  Carbohydrates have a low affinity towards a single CRD, with dissociation 

constants in the low millimolar range [74].  Natural saccharides overcome these weak 

binding events by clustering multiple glycosides together, thereby allowing multivalent 

interactions to be made with lectins leading to a significant increase in overall affinity [75].  

Carbohydrate-based ligands capable of mediating high levels of binding towards C-type 

lectins must be capable of multivalent CRD-engagement [76].  Dendritic cells (DCs) and 

macrophages express a range of C-type lectins that are able to internalize bound material 

[77], two of which (macrophage mannose receptor (MMR) and langerin) will be discussed in 

greater detail. 

 

1.3.1.1. MMR 

MMR (alternatively known as CD206) is an endocytic C-type lectin containing 8 individual 

CRDs [78].  Ligands capable of mediating multivalent binding through simultaneous 

engagement of multiple CRDs on MMR have shown to be potent facilitators of macrophage-

specific uptake [79].  While mannose displays the highest affinity toward MMR CRDs, other 

sugars (e.g. fucose, N-acetylglucosamine (GlcNAc), and glucose) are additionally 

recognized by these lectin-like domains [80].  For oligosaccharides, the terminal sugar has 
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been shown to dictate the binding affinity [81].  The CRD of a related C-type lectin, the 

mannose binding protein (MBP), is known to exhibit the same broad carbohydrate-binding 

specificities due to the majority of the interaction’s binding affinity being attributed to two 

vicinal, equatorial hydroxyl groups that are shared between different sugars [82].  MMR is 

found on both macrophages and subsets of DCs [83]. 

 

1.3.1.2. Langerin 

Langerin (also known as CD207) is expressed predominantly on a subpopulation of skin 

DCs, referred to as Langerhans cells (LCs) [84].  The lectin displays high affinity for high 

mannose structures while also recognizing fucose and GlcNAc-containing carbohydrates 

[85], [86].  This receptor is primarily tasked with scavenging for foreign pathogens, e.g. 

viruses, which often display high mannose surface structures [87], [88].  The extracellular 

domain of langerin contains a single CRD while the remainder of the region mediates trimer 

formation [89].  Due to the low affinity of the CRD to a monosaccharide, langerin 

trimerization is important to generate an avidity effect by facilitating multivalent engagement 

of oligosaccharides [73].  Antigens internalized via langerin on LCs are capable of mediating 

potent CD4+ and CD8+ T cell responses [90], [91], an important consideration for vaccine 

design as will be discussed later on [92], [93].  

 

1.3.2 RAFT Glycopolymers 

Glycosylation of drug delivery systems is an attractive strategy to impart targeting specificity 

but can be synthetically challenging and may not facilitate multivalent lectin engagement.  

Synthetic glycopolymers provide a promising platform to antagonize lectin-like receptors 

through the presentation of multiple pendent carbohydrates (Figure 1.2) [71]. While such 

compounds have been previously synthesized to probe lectin-carbohydrate binding behavior 

[94], only recently have strategies to produce structurally well-defined, homogeneous 

glycopolymers capable of multivalent interactions been realized [95].  One technique 

involves the functionalization of an individual carbohydrate ring with a vinyl-containing 

compound resulting in a glycomonomer; subsequent free radical polymerization yields a 

glycopolymer with pendent carbohydrates.  By combining RAFT with glycomonomer 

synthetic chemistry, glycopolymers with complex architectures and narrow molecular weight 

distributions are achievable [96].  Alternatively, post-polymerization conjugations can be 
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performed on non-carbohydrate RAFT polymers to yield materials bearing telechelic or 

pendent glycomoieties [97]. 

 

Lowe et al. first demonstrated the successful RAFT polymerization of a glycopolymer by 

using glucose-functionalized methacrylate monomer in aqueous conditions; the resultant 

material exhibited a narrow polydispersity and displayed “living” properties characteristic of 

the RAFT technique [98].  Since then there have been numerous reports of RAFT 

glycopolymers in the literature [71].  Notable among others, Albertin et al. developed 

hydrophilic block copolymers using an enzymatically produced glycomonomer [99], and later 

extended this work to create block copolymers consisting of different pendent sugar 

moieties [100].  Complex architectures have been demonstrated by the RAFT process 

including glycopolymer micelles [101], glycopolymer stars [95], multi-functional 

glyconanoparticles [102], and “clickable” glycopolymers [103]. 

 

 

Figure 1.4.  Delivery of a polymer displaying pendent carbohydrates and a fluorescent label 
to a MMR-expressing cell [104].  The glycopolymer is capable of multivalent engagement of 
the MMR CRDs leading to receptor-mediated endocytosis upon lectin binding. 
 

1.3.3. Glycopolymer-mediated DNA delivery 

The synthetic toolbox developed for the creation of multivalent carbohydrate ligands has 

enabled the design of targeted DNA delivery systems.  While RAFT has not been 

extensively utilized to produce the carbohydrate modifications, alternatively prepared 

glycosylated polymeric materials still have exhibited great potential for their ability to 

enhance internalization into select cell populations [105].  Wu et al. first reported on the 
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ability to modify synthetic polymers with carbohydrate moieties by demonstrating cell-

specific receptor-mediated endocytosis of DNA by attaching a galactose-containing 

glycoprotein, asialoorosomucoid (ASOR), onto a polycation, PLL [106].  The resultant 

glycotargeted polyplexes exhibited preferential uptake into asialoglycoprotein receptor-

positive hepatic cells.  While there have been numerous successful glycosylated gene 

delivery systems developed to target hepatocytes [15], [107], [108], enhancing DNA uptake 

into immune cells is desired for vaccination strategies.  Ferkol et al. were the first to deliver 

DNA to murine macrophages by synthesizing a mannosylated PLL carrier [109]; similar 

carriers exhibited high transfection efficiency by human blood monocyte-derived 

macrophages [110].  Polyamidoamine-based dendrimers modified with mannose displayed 

high DNA transfection activity across multiple cell types [111], [112].  Hashimoto et al. was 

able to develop mannosylated chitosan carriers which were able to mediate high pDNA 

expression levels in murine peritoneal macrophages [113].  An important note from this work 

was the mitigation of nonspecific, polycation-mediated toxicity; this finding is often observed 

with reports of cationic materials that have been modified with carbohydrates [114–116].   

 

1.4. CANCER IMMUNOTHERAPY 

1.4.1. Cancer vaccine strategies 

Harnessing the body’s own immune system to combat cancer has been a promising strategy 

to address aggressive malignancies, garnering much interest in the medical community 

[117].  Vaccination is one route of immunotherapy that can be exploited to prime the 

immune system towards anti-cancer activity [118].  While tumor-associated antigens (TAAs) 

are continuously expressed within the tumor, the aforementioned immunosuppression 

prevents a viable adaptive immune response from evolving.  This immune response will 

arise when antigen presenting cells (APCs) process antigens, either endogenously or 

exogenously, into peptide fragments which associate with MHCs that are ultimately 

presented on the cell surface.  The class of the MHC determines which effector population 

can recognize the peptide-MHC ensemble: class I by CD8+ and class II by CD4+ T cells.  

Proper costimulation by the APCs will then activate the T cells towards the appropriate 

antigen-specific effector function.  The goal of cancer vaccination is to exploit this immune 

machinery to develop long-lasting TAA-specific immunity by first delivering tumor-specific 

antigenic material to APCs [119]. 
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While the generation of anti-tumor CD8+ cytotoxic T lymphocytes (CTLs) is ultimately 

desirable to treat cancer, the direct activation of these cells has proven not as effective as 

originally envisioned [117], [119].  Understanding the intricate cooperation between multiple 

lymphocytes of the adaptive and innate immune response has provided insight into cancer 

immunotherapy: specifically, the role Th1 cells play on immunomodulating the tumor 

microenvironment [120].  Activated Th1 cells specific to TAAs, will accumulate at the tumor 

site and secrete cytokines which upregulate endogenous antigen presentation [121] and 

recruit innate immune cells [122].  This activity can tilt the balance from anti- to pro-

inflammatory within the tumor, greatly improving the clinical outcome.  Th1 cells have 

additionally been shown to direct the proliferation of anti-tumor CTL populations [123], [124] 

and drive epitope spreading [125], a phenomena which expands the antigen base for 

effector cells to act upon.  Generating a significant TAA-specific Th1 response is therefore of 

great importance when developing cancer vaccination strategies. 

 

1.4.2. DNA vaccines 

Vaccines can supply antigenic material in the form of full proteins, peptides, or DNA.  The 

latter can be advantageous as DNA has the capacity to express TAAs in the form of the full 

antigen or as fragments of MHC-specific peptides or domains [126].  As producing 

recombinant proteins and synthesizing peptides can be costly and may present stability 

issues, DNA becomes particularly attractive for clinical applications due to its low cost of 

production and scalability [127].  Multiple peptide epitopes have been encoded into a single 

plasmid DNA (pDNA) construct; these polyepitope pDNA are capable of eliciting broad anti-

tumor specificity [128].  Once transfected into either an APC or off-target cell, DNA can 

provide a depot for in situ transient TAA expression with the antigen being processed 

endogenously by the host cell or secreted for exogenous presentation by a different cell 

[129].   

 

While antigens expressed endogenously by pDNA are classically understood to present 

predominantly on MHC class I, and therefore elicit a predominantly CD8+ T cell effector 

response, mechanisms of cross-presentation have been demonstrated which allow for MHC 

class II presentation (Figure 1.3) [130].  Therefore, not only can DNA vaccines promote a 

CD4+ T helper response, but they are known to bias activation towards a Th1 phenotype.  

Multiple independent studies investigating DNA vaccines administered in mice have found 
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expression of the Th1-like cytokines interleukin-2 (IL-2) and the type II interferon, interferon-

γ (IFN-γ) by CD4+ T cells while low levels of Th2-specific cytokine, interleukin-4 (IL-4) are 

observed [131–134].  These findings provide a rationale to utilize DNA vectors in cancer 

immunotherapy since, as described previously, eliciting potent Th1 responses can result in 

immunomodulation of the tumor microenvironment initiating an immunological cascade that 

can lead to tumor regression. 

 

 

Figure 1.5.  The robust immune response afforded by DNA vaccines [130].  APCs 
transfected with DNA vaccines can directly activate naïve CD8+ (CTL) and CD4+ (Th) T cells 
and indirectly activate B cells. 
 

1.4.2.1. DNA vaccine clinical trails 

While therapeutic DNA vaccines have been licensed for animal use, no such 

immunotherapy has yet advanced through human clinical trials [130].  The first DNA vaccine 

to enter phase I clinical trials encoded proteins from human immunodeficiency virus 1 (HIV-

1) which was promptly followed by multiple vaccines against various forms of cancer and 

infectious diseases [135], [136].  However, this initial wave of DNA-based therapeutics 

exhibited relatively low immunogenicity, prompting the development of new strategies to 

administer the nucleic acid.  These approaches have examined both the immunomodulatory 

aspects and the delivery challenges of DNA vaccines.  As an example of these recent 

technologies, a successful phase I trial evaluating a trivalent influenza vaccine utilized the 

PMED device [137], an instrument that bombards the skin with pDNA-linked gold particles 
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[138].  For HIV-1 vaccines, heterologous prime-boost regimens have been explored that 

incorporate recombinant protein vaccines with DNA and viral vectors.  A HIV-1-specific 

efficacy trial that showed improvement in viral acquisition protection involved priming the 

subject with a viral vector followed by a boost of recombinant gp120 [139].  Adjuvanting 

DNA-based vaccines with immunostimulatory agents has also been a promising approach to 

improve upon the limited immunogenicity of free DNA.  A phase I HIV-1 trial investigated 

electroporation-mediated delivery of a DNA vaccine expressing three viral envelope proteins 

co-administered with the cytokine, interleukin 12 (IL-12) [140].  As of 2011, there were 43 

ongoing clinical trials examining DNA vaccines with 33% of those investigating HIV and 29% 

targeting cancer (Table 1.1). 

 

Table 1.1. Current DNA vaccine clinical trials [136].    

Phase # Targets 

I 31 HIV, influenza, HPV, cancer (metastatic 
breast, B cell lymphoma, prostate, colorectal), 

hepatitis B, hepatitis C, malaria 
I/II 7 HIV, cancer (prostate, colorectal), hepatitis B, 

hepatitis C, HPV, malaria 
II 5 HIV, Cancer (prostate, melanomal), hepatitis B 
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CHAPTER 2 – PH-RESPONSIVE DIBLOCK COPOLYMER MICELLES 

FOR PLASMID DNA DELIVERY 
 

Matthew J. Manganiello, Connie Cheng, Anthony J. Convertine, James D. Bryers, Patrick S. 
Stayton 
 

ABSTRACT 

A series of diblock copolymers containing an endosomal-releasing segment composed of 

diethylaminoethyl methacrylate (DEAEMA) and butyl methacrylate (BMA) were synthesized 

via reversible addition-fragmentation chain transfer (RAFT) polymerization.  The materials 

were designed to condense plasmid DNA (pDNA) through electrostatic interactions with a 

cationic poly(N,N-dimethylaminoethyl methacrylate) (pDMAEMA) first block.   The 

pDMAEMA was employed as a macro chain transfer agent (macroCTA) for the synthesis of 

a series in which the relative feed ratios of DEAEMA and BMA were systematically varied 

from 20% to 70% BMA.  The resultant diblock copolymers exhibited low polydispersity (PDI 

≤ 1.06) with similar molecular weights (Mn = 19.3 – 23.1 kDa).  Dynamic light scattering 

(DLS) measurements in combination with 1H-NMR D2O studies demonstrated that the free 

copolymers assemble into core-shell micelles at physiological pH.  Reduction of the solution 

pH to values representative of endosomal/lysosomal compartments induced an increase in 

the net cationic charge of the core through protonation of the DEAEMA residues.  This 

protonation promotes micelle destabilization and exposure of the hydrophobic BMA residues 

that destabilize biological membranes.  The pH value at which this micelle-to-unimer 

transition occurred was dependent on the hydrophobic content of the copolymer, with higher 

BMA-containing copolymer compositions exhibiting pH-induced transitions to the 

membrane-destabilizing state at successively lower pH values. The ability of the diblock 

copolymers to deliver pDNA was subsequently investigated using a GFP expression vector 

in two monocyte cell lines.  High levels of DNA transfection were observed for the copolymer 

compositions exhibiting the sharpest pH transitions and membrane destabilizing activities, 

demonstrating the importance of tuning the endosomal-releasing segment composition.  

 

2.1. INTRODUCTION 

Gene therapy and DNA-based vaccines offer significant therapeutic potential but safe, 

efficacious delivery systems are still needed to enable clinical applications [1], [2].  Cationic 

lipids and polymers have been extensively investigated as non-viral carriers of plasmid DNA 
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(pDNA) due to potential advantages in scalability of production, improved safety profile, and 

low immunogenicity [3–5].  Cationic polymers include poly(dimethylaminoethyl methacrylate) 

(pDMAEMA) [6–14], poly(ethylenimine) (PEI) [15–28], and poly(L-lysine) (PLL) [29–35].  The 

barrier of endosomal escape has been a special challenge for nonviral delivery systems 

[36], and a variety of pH-responsive polymers [37–39] and lipids [40–42] have been 

developed that exploit the pH gradients formed in the intracellular vesicular trafficking 

pathways. 

 

Cationic micelles prepared from amphiphilic block copolymers offer a means to preserve the 

DNA-condensing activity of polycations while introducing pH-sensitive functionalities to 

overcome the endosomal/lysosomal intracellular barrier [43], [44].  Through the use of 

controlled radical polymerization (CRP) techniques, the synthesis of well-defined polymer 

architectures can be achieved.  Both reversible addition-fragmentation chain transfer (RAFT) 

polymerization [11], [45] and atom transfer radical polymerization (ATRP) [46] have been 

utilized to develop such multiblock micellar systems.  For example, You et al. have designed 

diblock copolymers consisting of pDMAEMA and poly(N-isopropylacrylamide) (pNIPAM) that 

assembled into core-shell micelles with pDMAEMA acting as the stabilizing, hydrophilic 

component [47].  The authors demonstrated that changes in the protonation state of 

pDMAEMA affected micelle stability as observed by a shift in the phase transition 

temperature.  pDMAEMA exhibits a relatively low charge density, as compared to other 

polycations, due to the presence of a tertiary amine that is approximately 50% protonated at 

physiological pH although toxicity issues remain [48–52].  A similar polymer, 

poly(diethylaminoethyl methacrylate) (pDEAEMA), has a predominately hydrophobic 

character at physiological pH while retaining a tertiary amine.  Tang et al. first demonstrated 

that pDEAEMA could be used to drive micelle formation of triblock copolymers in an 

aqueous environment and that destabilization of the particles occurred in a pH-dependent 

manner [46].   

 

Recently, we described the synthesis of a family of diblock copolymer small-interfering RNA 

(siRNA) carriers composed of a positively-charged block of pDMAEMA to mediate siRNA 

binding and a second pH-responsive endosomal releasing block composed of DMAEMA 

and propylacrylic acid (PAA) in roughly equimolar ratios, and butyl methacylate (BMA) [11], 

[53].  These materials self-assemble to form micelles at physiological pH values, but upon 
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exposure to the low pH environment of the endosome undergo a pH-induced conformational 

change rendering them highly membrane destabilizing.  Here, we detail the development of 

a class of copolymer micelles that are capable of mediating endosomal escape of plasmid 

DNA therapeutics.  These materials incorporate DEAEMA as a pH-sensitive switch that 

activates hydrophobic membrane-interactive BMA residues upon exposure to low pH 

environments.  

 

2.2. MATERIALS AND METHODS 

2.2.1. Materials 

Materials were supplied by Sigma-Aldrich (St Louis, MO) unless otherwise specified.  2,2′-

Azobis(4-methoxy-2.4-dimethyl valeronitrile) (V70) and 1,1'-Azobis(cyclohexane-1-

carbonitrile) (V40) were obtained from Wako Chemicals USA, Inc. (Richmond, VA).  pDNA 

gWiz-GFP was obtained from Aldevron LLC (Fargo, ND).  Lipofectamine 2000 (LF) was 

obtained from Invitrogen (Carlsbad, CA).  4-Cyano-4-(ethylsulfanylthiocarbonyl) 

sulfanylvpentanoic acid (ECT) was synthesized as described previously [54].  DMAEMA, 

DEAEMA, and BMA were distilled prior to use.  RAW 264.7 (murine leukaemic monocyte 

macrophage cell line) (ATCC) cells were maintained in Dulbecco's Modified Eagle Medium 

(DMEM) High Glucose containing L-glutamine (GIBCO) supplemented with 1% penicillin-

streptomycin (GIBCO) and 10% fetal bovine serum (FBS, Invitrogen), JAWSII (murine 

dendritic cell line) (ATCC) cells were maintained in Minimum Essential Medium α Medium 

(αMEM, GIBCO) supplemented with 4 mM L-glutamine (Lonza), 5 ng/ml recombinant mouse 

granulocyte macrophage-colony stimulating factor (Peprotech), 20% heat-inactivated FBS 

(GIBCO), and 1% penicillin-streptomycin, and passaged using 0.25% trypsin-EDTA 

(GIBCO).  All cells were cultured at 37 °C and 5% CO2. 

 

2.2.2. Synthesis of poly(dimethylaminoethyl methacrylate) macro chain transfer agent 

(pDMAEMA macroCTA) 

The RAFT polymerization of DMAEMA was conducted in dioxane at 30 °C under a nitrogen 

atmosphere for 18 h using ECT and V70 as the chain transfer agent (CTA) and radical 

initiator, respectively.  The initial CTA to monomer molar ratio ([CTA]0/[M]0) was designed so 

that the theoretical Mn at 100% conversion was approximately 10,000 g/mol (degree of 

polymerization (DP) of 65).  The initial CTA to initiator molar ratio ([CTA]0/[I]0) was 20 to 1.  

The resultant pDMAEMA macro chain transfer agent (macroCTA) was isolated by 
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precipitation into pentane.  The polymer was then redissolved in acetone and subsequently 

precipitated into pentane (×3) and dried overnight in vacuo.   

 

2.2.3. Block copolymerization of DEAEMA and BMA from a pDMAEMA macroCTA 

The desired stoichiometric quantities of DEAEMA and BMA were added to pDMAEMA 

macroCTA dissolved in dioxane (57 wt% monomer and macroCTA to solvent).  For all 

polymerizations [M]0/[CTA]0 and [CTA]0/[I]0 were 100:1 and 20:1, respectively.  Following the 

addition of V40 the solutions were purged with nitrogen for 30 min and allowed to react at 90 

°C for 6 h.  The resultant diblock copolymers were isolated by precipitation into cold 

hexanes.  The copolymers were further purified by dissolution into ethanol followed by 

addition into 1X DPBS (final ethanol concentration of 10 vol% and copolymer concentration 

of ~10 mg/mL).  The copolymers were isolated from this solution via chromatographic 

separation with a PD-10 desalting column (GE Healthcare, Piscataway, NJ), followed by 

lyophilization to obtain the final copolymer.  Aqueous stock solutions were prepared by 

dissolution of the dry copolymers in ethanol followed by dropwise addition into 10 mM, pH 

7.0 sodium phosphate buffer (with 100 mM NaCl) at 2 mg/mL and 5 wt% ethanol.  Both the 

pDMAEMA macroCTA and diblock copolymers were analyzed by 1H-NMR (CDCl3) 

spectroscopy (Bruker AV 500).   

 

2.2.4. Gel permeation chromatography 

Gel permeation chromatography (GPC) was used to determine molecular weights and 

polydispersities (Mw/Mn, PDI) of both the pDMAEMA macroCTA and diblock copolymer 

samples. SEC Tosoh TSK-GEL R-3000 and R-4000 columns (Tosoh Bioscience, 

Montgomeryville, PA) were connected in series to a Agilent 1200 series (Agilent 

Technologies, Santa Clara, CA), refractometer Optilab-rEX and triple-angle static light 

scattering detector miniDAWN TREOS (Wyatt Technology, Santa Barbara, CA).  HPLC-

grade DMF containing 0.1 wt% LiBr at 60 °C was used as the mobile phase at a flow rate of 

1 mL/min.  The molecular weights of each polymer were determined using a multi-detector 

calibration based on dn/dc values calculated separately for each homopolymer and 

copolymer composition. 
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2.2.5. Formation of copolymer/pDNA polyplexes and lipoplexes 

Copolymer/pDNA polyplexes were formed by combining equal volumes of pDNA (0.1 mg/ml 

in molecular biology grade water) and copolymer solutions (in Dulbecco’s phosphate-

buffered saline, pH 7.4 (PBS)) for 30 min at room temperature.  Lipoplexes were formed by 

combining pDNA with Lipofectamine 2000 at a 3:1 v/w LF:DNA ratio in serum-free media in 

accordance with the manufacturer’s protocol. 

 

2.2.6. Gel retardation assay 

The charge ratio (+/-) at which the diblock copolymers mediate complete pDNA 

condensation was determined via a gel retardation assay.  The charge ratio is the molar 

ratio between protonated DMAEMA tertiary amines (assuming 50% protonation at 

physiological pH) and phosphate groups along the pDNA backbone.  Copolymer/pDNA 

polyplexes were formulated with 0.5 µg pDNA for 30 min followed by 30 min incubation in 

the presence of FBS (final FBS concentration of 10%).  A 0.7% (w/v) agarose gel was 

loaded with each lane containing a separate treatment and subsequently run at 90V for one 

hour.  The gels were stained with SYBR Gold prior to fluorescence visualization. 

 
2.2.7. Dynamic light scattering (DLS) 

The sizes of free diblock copolymer micelles and copolymer/pDNA polyplexes were 

determined by DLS measurements using a Malvern Zetasizer (Worcestershire, UK).  Free 

copolymer measurements were performed at a polymer concentration of 100 µg/mL while 

polymer/pDNA particles were analyzed at a pDNA concentration of 5 µg/mL.  All 

measurements were performed in the presence of 150 mM NaCl at 37°C.  Mean diameters 

are reported as the number average. 

 
2.2.8. Hemolysis assay 

The potential for the free copolymer to disrupt endosomal membranes was assessed by a 

hemolysis assay.  The protocol followed here has been described previously [38].  Briefly, 

polymer was incubated for one hour in the presence of erythrocytes at 20 µg/mL in 100 mM 

sodium phosphate buffers (supplemented with 150 mM NaCl) of varying pH (7.4, 7.0, 6.6, 

6.2, and 5.8) intended to mimic the acidifying pH gradient to which endocytosed material is 

exposed.  The extent of cell lysis (i.e. hemolytic activity) was determined by detecting the 

amount of released hemoglobin via absorbance measurements at 492 nm. 

 



www.manaraa.com

27 

 

2.2.9. 1H-NMR D2O titration 

1H-NMR spectroscopy (Bruker AV 500, D2O) was used to probe solvation of the diblock 

copolymer segments as a function of pH, thereby discriminating micelle and unimer 

conformations.  Aqueous copolymer solutions were diluted into D2O from ethanol stocks and 

titrated separately to three pD values (7.4, 6.6, and 5.8) using sodium deuteroxide and 

deuterium chloride.  pD values were calculated using the following correlation: pD = pH  ∙ 

1.06831 [55].  

 

2.2.10. In vitro transfections 

RAW 264.7 or JAWSII cell lines were seeded in 24-well plates in 1 mL complete media (2 ∙ 

105 cells/well in DMEM/10% FBS/antibiotics or 1.5 ∙ 105 cells/well in αMEM/20% 

FBS/antibiotics, respectively) and cultured for 24 h to 70% confluency.  Polyplexes and 

lipoplexes were formulated as described above.  Cells were washed once with PBS and 

incubated with polyplexes/lipoplexes at 1 μg DNA/well in 200 μL antibiotic-free media for 4 h 

at 37 °C.  Cells were then washed and the media replaced with 500 μL complete media for 

an additional 44 h prior to analysis. 

 

2.2.11. Flow cytometry analysis of gene expression 

RAW 264.7 cells were incubated for 10 min at room temperature in PBS-based cell 

dissociation buffer (GIBCO) and collected by vigorous washing.  JAWSII cells were collected 

by trypsinization.  Cells were resuspended in PBS containing 2% FBS and 0.2 μg/ml 

propidium iodide (PI, Invitrogen).  GFP expression data was acquired on a BD FACscan flow 

cytometer (BD Biosciences).  10,000 events gated on viable PI-negative cells were collected 

per sample and analyzed in FlowJo (TreeStar). 

 

2.2.12. Lactate dehydrogenase cytotoxicity assay 

Cytotoxicity was evaluated by a lactate dehydrogenase (LDH) cytotoxicity detection kit 

(Roche).  Cells were seeded at 8 x 104 cells/well (RAW 264.7) or 6 x 104 cells/well (JAWSII) 

in 48-well plates in 400 μL complete media and cultured for 24 h.  Cells were then washed 

and polyplexes/lipoplexes at 0.4 μg DNA/well were added in 200 μL antibiotic-free media.  

Cells were incubated for 24 h, washed, then lysed in 400 μL of RIPA Lysis Buffer (Pierce) at 

4 °C for at least 1 h.  Lysates were diluted 2:3 in PBS in a 96-well plate (total volume 100 
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μL), combined with 100 μL of LDH substrate solution, incubated for 10-20 min at room 

temperature, and absorbance measurements recorded at 490 nm (reference 650 nm).  

 

2.2.13. Statistical Analysis 

ANOVA was used to test for treatment effects, and Tukey’s test was used for post hoc 

pairwise comparisons between individual treatment groups. 

 

2.3. RESULTS 

2.3.1. Diblock copolymer synthesis and characterization 

A series of diblock copolymers were synthesized according to Scheme 2.1 consisting of two 

blocks: a DMAEMA homopolymer and a statistical copolymer composed of BMA and 

DEAEMA at varying monomer feed ratios, from 20% to 70% BMA. The pDMAEMA 

homopolymer (7,400 g/mol; DP 47) was employed as a macroCTA in the subsequent 

copolymer synthesis (Table 2.1).  The diblock copolymer series exhibited low polydispersity 

(PDI ≤ 1.06) with similar molecular weights (Mn = 19.3 – 23.1 kDa) and compositions close to 

the monomer feed ratios.   

 

 

Scheme 2.1.  RAFT-mediated synthesis of a diblock copolymer consisting of a cationic 
poly(DMAEMA) block and an endosomolytic hydrophobic block incorporating DEAEMA and 
BMA at varying molar feed ratios. 
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Table 2.1. 
Molecular weights, polydispersities, and monomer compositions for polymer designs. 

Polymer 
Theoreticala % 
BMA 2nd block 

Experimentalb % 
BMA 2nd block 

2nd block 
Mn

c (g/mol) 
Total 

Mn
c (g/mol) 

PDIc 
(Mw/Mn) 

P1 20 20 12600 20000 1.06 

P2 30 27 15700 23100 1.04 

P3 40 39 13200 20600 1.06 

P4 50 48 14700 22100 1.03 

P5 60 57 13200 20600 1.03 

P6 70 70 11900 19300 1.04 
a Calculated molar feed ratio 
b As determined by 1H-NMR (CDCl3) spectroscopy (Bruker AV 500) 
c  As determined by GPC.   
 

2.3.2. pH-responsive transitions of diblock copolymers 

The diblock copolymers were designed to undergo a pH-triggered phase transition, shifting 

the equilibrium from a micelle to unimer conformation as pH decreased.  The tunability of the 

pH transition was controlled by varying the hydrophobic content of the second block.  

Particle size measurements were conducted for solutions of the diblock copolymers across a 

pH range of 7.4 to 5.8 (Figure 2.1).  These pH values were selected to mimic the 

physiological trafficking of the materials from the extracellular space to acidic 

endosomal/lysosomal compartments.  At physiological pH, each copolymer formed particles 

of approximately 20 nm in diameter.  As the copolymers were exposed to more acidic 

conditions they were found to sharply transition to unimers.  The pH at which this transition 

occurred was found to be strongly dependent on the relative amounts of BMA and DEAEMA 

present in the core.  Higher BMA content shifted the transition to lower pH values.  The 

copolymer that contained 20% BMA underwent a structural transition from micelles at pH 

values of 7.4 to unimers at pH 7.0 and below, while the 60% BMA copolymer transitioned at 

a pH values of 6.2.  The copolymer with 70% BMA content did not undergo a phase 

transition from micelles to unimers over the pH range investigated (i.e. pH 7.4 – 5.8).  The 

optimal pH-induced phase transition behavior was observed for the 40% BMA copolymer, 

where micelle-sized particles were observed at pH values near physiological conditions (i.e. 

pH 7.4 and 7.0) with a sharp transition to unimers at early (pH = 6.6) and late endosomal 

(pH 5.8) pH values.   

 

The hemolytic activity of the diblock copolymers as a function of pH was found to be highly 

correlated with the intrinsic structural transition properties (Figure 2.2).  In this assay, 
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human red blood cells were incubated with the copolymer in buffers over a pH range of 7.4 

– 5.8.  For all copolymers investigated, negligible hemolytic activity was observed at pH 7.4, 

which suggests that the micellar architecture does not display membrane-destabilizing 

segments in the necessary protonation state.  The pH at which high levels of membrane 

destabilization were observed correlated well with the phase transition pH values 

determined by DLS.  These studies taken together demonstrate that the highest levels of 

membrane destabilization occur at or below the transition pH from micelles to unimers 

where significant interaction of the copolymer core segment with the biological membrane is 

possible.  Consistent with DLS measurements, the 40% BMA copolymer showed optimal 

pH-dependent hemolysis with a remarkably sharp transition from non-hemolytic at pH values 

above 7.0 to strongly membrane disruptive at pH 6.6 and below.  A similar class of pH-

responsive materials, methacrylic acid copolymers, also exhibit improved membrane 

destabilizing activity upon the incorporation of hydrophobic units, e.g. ethyl acrylate, further 

illustrating the importance of polymer hydrophobicity on biological activity [56]. 

 

Copolymers containing low BMA content showed negligible hemolytic activity even at pH 

values where the copolymers were unimers.  Conversely, the copolymer with 70% BMA 

content does not undergo a phase transition from micelles to unimers and does not show 

significant hemolytic activity at any of the pH values examined.  These results are consistent 

with our previous micellar delivery systems where a minimum hydrophobic content is 

required to disrupt biological membranes [11].   
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Figure 2.1.  Particle size measurements of free copolymers as a function of pH via DLS.  All 
measurements were performed at a copolymer concentration of 1 mg/mL in 100 mM sodium 
phosphate buffer with 150 mM NaCl.  Diameter values were determined from the lognormal 
number average.  Error bars represent the standard deviation as calculated from the 
polydispersity index (PDI) of the particles.  
 

 

Figure 2.2.  Hemolytic activity of diblock copolymers at a concentration of 20 µg/mL.  
Hemolytic activity is normalized relative to a positive control, 1% v/v Triton X-100, and the 
data represent a single experiment conducted in triplicate ± standard deviation. 
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2.3.3. 1H-NMR D2O titration 

To further evalute the structure copolymers adopt in solution as a function of pH, 1H-NMR 

was performed on the 40% and 70% BMA copolymer compositions and pDMAEMA 

homopolymer in D2O at three pD values: 7.4, 6.6, and 5.8 (Figure 2.3).  The pDMAEMA 

homopolymer exhibits three distinctive resonances between 2.6-4.7 ppm at pD 7.4: δ 2.8-

2.9 methyl (CH3NHCH3), δ 3.4 methylene (CH2NH), and δ 4.3 methylene (OCH2).  Upon 

decreasing the solution pD to 6.6 and 5.8, the peaks at δ 2.8-2.9 and 3.4 shift downfield to δ 

3.0 and 3.6, respectively, as a result of less effective shielding of the hydrogen atoms from 

the electron pair of the protonated nitrogen atom [57].  At pD 7.4, the copolymer spectra 

resembles that of the DMAEMA homopolymer.  When the pD is decreased to 6.6, a peak 

attributed to DEAEMA methyl protons (δ 3.3, CH3NHCH3) evolves for the 40% BMA 

composition but is absent for the 70% BMA composition suggesting solvation of the 

copolymer core for the former composition.  At pD 5.8, this peak is present for both 

copolymers.  These results demonstrate that the copolymers adopt a core-shell micelle 

conformation in an aqueous environment which destabilize in a pH-responsive, composition-

dependent manner due to solvation of the core-forming segment. 
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Figure 2.3.  1H-NMR spectra of pDMAEMA hompolymer, 40%, and 70% BMA diblock 
copolymers in D2O from 4.7 to 2.6 ppm at three different pD values. 
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2.3.4. Copolymer/pDNA polyplex characterization 

The ability of the diblock copolymers to condense plasmid DNA into serum-stable 

nanoparticles as a function of charge ratio (+/-) was assessed by performing a gel 

retardation assay and by measuring particle size by dynamic light scattering (Figure 2.4).  

At all charge ratios investigated (+/- = 1 to 4), the copolymers were able to completely 

condense plasmid DNA.  At charge ratios of 4, the following diameters (nm) were reported 

for copolymer compositions from 20-70% BMA, respectively: 250 ± 60, 200 ± 50, 260 ± 80, 

180 ± 50, 250 ± 60, and 260 ± 80.  There appeared to be no significant influence of 

composition on the ability of the copolymers to condense pDNA.  This finding is likely a 

result of the common pDMAEMA condensing segment shared by the materials and provides 

strong evidence that the DEAEMA component does not electrostatically interact to a 

significant degree with the plasmid DNA at physiological pH values. 

 

Figure 2.4.  Particle size measurements of diblock copolymer/pDNA polyplexes as a 
function of charge ratio (+/-) by DLS.  Mean diameter was determined from the lognormal 
size distribution.  Data are compiled from one experiment with each sample run in triplicate.  
Error bars represent the standard deviation as calculated from the polydispersity index (PDI) 
of the particles.   
 

2.3.5. Evaluation of plasmid DNA transfection activity 

The transfection activities of the diblock copolymer carriers in antigen-presenting cells were 

evaluated in RAW 264.7 murine macrophages and JAWSII murine dendritic cells (Figure 

2.5).  Cells were treated with copolymer/DNA polyplexes formulated at theoretical charge 

ratios of 2 in the presence of serum (10% for RAW 264.7, 20% for JAWSII cells) and GFP 

expression was quantified 48 h post-transfection by flow cytometry. In RAW 264.7 cells, all 
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copolymers incorporating less than 60% BMA produced high transfection efficiencies 

comparable to or exceeding that of the commercial liposomal agent, Lipofectamine 2000.  

The highest efficiencies were obtained with the 30% and 40% BMA copolymers, which 

elicited more than double the transfection efficiency obtained using Lipofectamine (44% and 

48% vs. 17%).  Copolymers with 60% and 70% BMA produced very low levels of GFP 

expression.  Absolute transfection efficiencies were lower in the JAWSII cells, but all of the 

copolymer carriers outperformed Lipofectamine.  The 30% BMA polymer mediated the 

highest transfection activity with a 9-fold increase in efficiency relative to Lipofectamine.    

Overall, copolymers that underwent micelle to unimer transitions at endosomal pH values 

(20-50% BMA) were the most effective vehicles for intracellular pDNA delivery, while 

copolymers that remained micellar at these pH values (60-70% BMA) were deficient in 

mediating transfection.   

 

Figure 2.5.  In vitro transfection efficiencies in RAW 264.7 (A) and JAWSII (B) cells.  
Copolymer/pDNA polyplexes were formulated at theoretical charge ratios of 2.  LF 
corresponds to treatment with Lipofectamine/pDNA.  Data are from a single experiment run 
in triplicate with the error bars representing the standard deviation.  Statistical significance 
was evaluated at a level of p < 0.05 with the following symbols indicating significance as 
compared to LF, 20%, 30%, 40%, 50%, 60%, and 70% BMA copolymers, respectively: *, @, 
#, $, %, ^, &. 
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2.3.6. Copolymer/pDNA polyplex cytotoxicity   

Carrier cytotoxicity was evaluated by incubating the cells with polyplex solutions for 24 h, 

then quantifying cell viability by measuring the total LDH content relative to untreated cells 

(Figure 2.6).  All copolymer carriers displayed comparable or improved toxicity compared to 

Lipofectamine in both cell lines.   In RAW 264.7 cells, viability was high (≥ 70%) across the 

series of copolymer compositions while Lipofectamine exhibited 55% cell viability.  In 

JAWSII cells, high toxicity was observed in Lipofectamine-treated cells (<10% viability), 

while polyplexes were associated with moderate to low toxicity (54-85% viability).  Polyplex 

toxicity was generally found to increase with decreasing BMA content in both cell lines, a 

trend that inversely follows transfection activity.   

 

Figure 2.6.  Cytotoxicity of polyplexes in RAW 264.7 (A) and JAWSII (B) cells.  Polyplexes 
were prepared at theoretical charge ratios of 2.  Data are from a single experiment run in 
triplicate with the error bars representing the standard deviation.  Statistical significance was 
evaluated at a level of p < 0.05 with the following symbols indicating significance as 
compared to LF, 20%, 30%, 40%, 50%, 60%, and 70% BMA copolymers, respectively: *, @, 
#, $, %, ^, &. 
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2.4. DISCUSSION 

The diblock copolymer design investigated in these studies is comprised of two distinct 

polymeric segments with discrete functions (Scheme 2.1 and Table 2.1).  The first block is a 

homopolymer of DMAEMA, a monomer possessing a tertiary amine that is approximately 

50% protonated at physiological pH when it is within a polymeric backbone [49].  The 

cationic nature of this block allows for electrostatic interactions to be made with anionic 

phosphate groups of nucleic acids, an activity which has been demonstrated previously with 

DMAEMA polymers [6], [7], [9], [11].  The pDMAEMA segment also provides significant 

hydrophilic stabilization of the resultant polyplexes.  The second block is a statistical 

copolymer containing DEAEMA and BMA with pH-responsive endosomolytic activity.  This 

block is intended to possess a predominantly hydrophobic character due to the BMA 

component in addition to deprotonated DEAEMA residues. 

 

The inclusion of DEAEMA in the core-forming segment serves as a pH-sensitive trigger.  

Upon a decrease in pH, the tertiary amine on this residue protonates to increase the positive 

charge density within the micelle interior.  This leads to electrostatic repulsion between 

adjacent polymer chains, resulting in micelle destabilization once a sufficient charge density 

is reached.  Vamvakaki et al. demonstrated that hydrophilic block copolymers containing a 

pDEAEMA segment lost micellar structure upon increasing the degree of amine group 

ionization past 10% [57].  The relative proportion of hydrophobic components and 

protonatable amines within the core-forming segment of our copolymer design strongly 

tunes micelle stability as a function of pH.  As the hydrophobic content in the second block 

increased, greater acidic conditions were necessary to destabilize micellar particles (Figure 

2.1).  With the exception of the 70% BMA composition, all copolymers had lost particulate 

structure by pH 5.8.   

 

The hemolytic activity closely correlated with the copolymer structural transition as 

significant red blood cell lysis was only observed at pH values where micellar particles were 

not detected (Figure 2.2).  These findings are indicative of an enhanced exchange between 

a micelle and unimer conformation as the copolymers are exposed to acidifying conditions.  

At physiological pH, the copolymers were unable to mediate significant hemolysis but once 

exposed to pH environments supporting unimer evolution, significant lysis was observed.   
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The proposed core-shell micelle conformation of these copolymers was further validated by 

1H-NMR D2O titration studies (Figure 2.3).  At pD 7.4, the diblock copolymer spectra 

resemble that of the DMAEMA homopolymer suggesting that the pDMAEMA block forms a 

solvated corona while the second block is collapsed due to entropically-driven hydrophobic 

interactions.  At an intermediate pD value of 6.6, a peak attributed to DEAEMA residues 

within the core block emerges in the 40% BMA copolymer but is absent in the 70% BMA 

copolymer.  The previous DLS and hemolysis findings provide evidence that the former 

composition adopts a unimeric conformation in this environment while the latter retains 

micelle characteristics.  This result confirms that solvation of the core block is driving this 

pH-dependent micelle destabilization into unimers. 

 

Based on these initial findings, we anticipated that the activity of these copolymers could be 

exploited to facilitate intracellular delivery of pDNA by condensing the nucleic acid into 

serum-stable nanoparticles via electrostatic interactions with the DMAEMA homopolymer 

block.  DLS sizing data showed that at charge ratios of 2 and greater, approximately 200 nm 

particles were formed for each of the copolymer compositions (Figure 2.4).  We found that 

copolymer compositions that were not membrane-interactive at intermediate pH values (7.0 

to 6.2) were unable to mediate significant GFP expression.  Copolymers that destabilized 

into unimers at these pH values exhibited not only significant expression but were also more 

active than the commercial standard, Lipofectamine 2000.  The 30% and 40% BMA 

compositions were found to be effective at transfecting RAW 264.7 cells while the latter 

copolymer had the highest activity in JAWSII cells.  These findings suggest that optimizing 

the specific pH at which the copolymer carriers transition from inert to endosomolytic states 

is critical to attaining maximal transfection activity.  Furthermore, the copolymer design 

allows for the pH-responsive profile to be modulated by adjusting the relative monomer 

feeds in the second block polymerization.  This tunability could be advantageous in 

optimizing carriers for cell types that exhibit different endosomal/lysosomal pH evolution. 

 

2.5. CONCLUSIONS 

A series of diblock copolymers containing a pH-responsive endosomal-releasing segment 

composed of various ratios of diethylaminoethyl methacrylate (DEAEMA) and butyl 

methacrylate (BMA) were synthesized via reversible addition-fragmentation chain transfer 

(RAFT) polymerization.  These diblock copolymers self-assemble into micelles at 
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physiological pH but undergo a pH-induced phase transition at lower pH values.  The pH at 

which this phase transition occurs can be precisely tuned by modification of the BMA 

content.  Diblock copolymers with 30 – 40 % BMA content exhibited phase transitions at pH 

values that are similar to those encountered in the early and late endosomes.  These 

materials showed significant levels of red blood cell lysis at these pH values but negligible 

cell lysis under physiological conditions.  High levels of DNA transfection were observed for 

these materials highlighting their potential to exploit unique endolysosomal trafficking 

pathways specific to individual cell types, thereby providing a tunable gene delivery platform. 
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ABSTRACT 

Targeting cell populations via endogenous carbohydrate receptors is an appealing approach 

for drug delivery. PENDENTHowever, to be effective, this strategy requires the production of 

high affinity carbohydrate ligands capable of engaging with specific cell-surface lectins. To 

develop materials that exhibit high affinity towards these receptors, we synthesized 

glycopolymers displaying pendent carbohydrate moieties from carbohydrate-functionalized 

monomer precursors via reversible addition-fragmentation chain transfer (RAFT) 

polymerization. These glycopolymers were fluorescently labeled and used to determine 

macrophage-specific targeting both in vitro and in vivo. Mannose- and N-acetylglucosamine-

containing glycopolymers were shown to specifically target mouse bone marrow-derived 

macrophages (BMDMs) in vitro in a dose-dependent manner as compared to a galactose-

containing glycopolymer (30- and 19-fold higher uptake, respectively). In addition, upon 

macrophage differentiation, the mannose glycopolymer exhibited enhanced uptake in M2-

polarized macrophages, an anti-inflammatory macrophage phenotype prevalent in injured 

tissue. This carbohydrate-specific uptake was retained in vivo, as alveolar macrophages 

demonstrated 6-fold higher internalization of mannose glycopolymer, as compared to 

galactose, following intratracheal administration in mice. We have shown the successful 

synthesis of a class of functional RAFT glycopolymers capable of macrophage-type specific 

uptake both in vitro and in vivo, with significant implications for the design of future targeted 

drug delivery systems.  

 

3.1. INTRODUCTION 

The targeted delivery of small molecule drugs and biologics continues to be a major 

objective towards improving therapeutic efficiency through the mitigation of off-target effects 

and reduction in required dose [1].  However, few delivery carriers are capable of 

recognizing cell-specific ligands while avoiding nonspecific cellular uptake. To overcome this 
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limitation, carbohydrate-based materials have been investigated due to their 

biocompatibility, target specificity, and ability to facilitate receptor-mediated uptake through 

cell-surface lectins (carbohydrate-binding proteins) [2,3]. 

 

Macrophages are an attractive therapeutic target because they play an important role in the 

inflammatory response and wound healing [4]. A number of macrophage subsets have been 

described that are associated with distinct phenotypes. Classically activated macrophages 

(M1) are critical for host defense whereas alternatively activated macrophages (M2) are 

important in injury resolution and wound healing. In response to acute injury, the 

predominant macrophage phenotype is pro-inflammatory (M1). However, an overexuberant 

M1 macrophage response can result in collateral tissue damage and impaired wound 

healing.  Likewise, while M2 macrophages are important for appropriate wound healing, 

excess M2 response can result in tissue fibrosis. Indeed, dysregulated macrophage function 

is associated with a wide range of conditions including chronic ulcers, allergic asthma, 

atherosclerosis, autoimmune disorders, and fibrotic diseases [4]. Therefore, developing a 

drug delivery platform capable of directly targeting and modulating polarized macrophages 

has important therapeutic implications, for example, targeting of alveolar macrophage 

represents a promising strategy for addressing pulmonary inflammatory conditions [5,6]. 

 

Carbohydrates are known to play a significant role in the inflammatory response through 

mediating cell-cell recognition of immune cells, including macrophages [7]. Macrophages 

are a promising target for carbohydrate-based therapeutics as they express carbohydrate 

binding receptors which internalize bound material via receptor-mediated endocytosis [8]. 

One such carbohydrate binding receptor is the macrophage mannose receptor, an endocytic 

protein that is highly expressed on macrophages, including the alveolar macrophage [9]. 

The mannose receptor mediates the uptake and internalization of extracellular ligands 

including potentially harmful extracellular glycoproteins with terminal mannose, fucose, or N-

acetylglucosamine, and pathogens with high densities of mannose on their surface [10,11]. 

The murine mannose receptor, MRC-1 (CD206), contains eight extracellular C-type lectin-

like domains (CTLDs) [12].  Simple monosaccharides exhibit low affinities towards single 

MRC-1 CTLDs, with dissociation constants in the low millimolar range [13]. Many natural 

glycans enhance these weak binding events by clustering multiple glycosides together, 

thereby allowing multivalent interactions to be made with a multidomain lectin receptor (e.g. 
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the mannose receptor) leading to a significant increase in overall avidity [14]. Ligands 

capable of exhibiting this multivalent behavior through simultaneous engagement of multiple 

CTLDs on the mannose receptor are potent facilitators of macrophage-specific uptake [15]. 

While mannose displays the highest affinity toward mannose receptor CTLDs, other sugars 

(e.g. fucose, N-acetylglucosamine and glucose) are also recognized by these lectin-like 

domains [16].  

 

Through the presentation of multiple pendent carbohydrates, synthetic glycopolymers 

provide a promising platform to facilitate mannose receptor-mediated binding and 

subsequent endocytosis [2]. While such compounds have been previously synthesized to 

probe lectin-carbohydrate binding behavior [17], only recently have structurally well-defined, 

homogeneous glycopolymers capable of multivalent interactions been successfully prepared 

[18]. For example, multivalent glycopolymers can be synthesized via the functionalization of 

an individual monosaccharide with a vinyl-containing compound resulting in a 

glycomonomer [19]. These glycomonomers can be polymerized through free radical 

polymerization to yield a glycopolymer with pendent carbohydrates [20,21]. Use of reversible 

addition-fragmentation chain transfer (RAFT) polymerization for this glycopolymer synthesis 

offers precise control over the reaction, resulting in predictable molecular weights, narrow 

molecular weight distributions, and the ability to develop complex polymer architectures [22]. 

Lowe et al. first demonstrated the successful RAFT polymerization of a glycomonomer by 

using glucose-functionalized methacrylate monomer in aqueous conditions; the resultant 

material exhibited a low polydispersity and displayed “living” properties characteristic of the 

RAFT technique [19].  Additionally, through the modification of the chain transfer agent 

(CTA) and the incorporation of comonomers, facile telechelic and pendent polymer 

functionalization is achievable [23-25].  By combining the versatility of the RAFT process 

with carbohydrate synthetic techniques, structurally complex glycosylated materials capable 

of mimicking the multivalent binding activity of biological carbohydrate compounds can be 

realized., e.g. glycopolymer micelles [25,26], stars [18], nanoparticles [27,28], “clickable” 

constructs [23] [29-31], and glycosylated block copolymers [26] [32-34]. By displaying 

multiple functional carbohydrates, these materials can be used to target specific cell 

populations via carbohydrate-dependent uptake mechanisms, allowing for the design of 

diagnostic and therapeutic glycosylated constructs. 
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Glycosylation of drug delivery vehicles has been explored as a means to access alveolar 

macrophages in vivo, a cell implicated in the pathogenesis of pulmonary conditions [6]. 

Chono et al. demonstrated that mannosylating liposomes enhanced their uptake by rat 

alveolar macrophages in vivo following intratracheal administration, work which has been 

extended by Wijagkanalan et al. [35-37]. In light of this previous work, there has yet to be a 

study systemically evaluating the uptake of well-defined, multivalent carbohydrate materials 

by macrophages both in vitro and in pulmonary tissue. Herein, we describe the synthesis of 

glycomonomers and employed RAFT polymerization to develop a family of fluorescently-

labeled glycopolymers capable of macrophage-specific targeting.  

 

3.2. MATERIALS AND METHODS 

3.2.1. Materials   

Materials were purchased from Sigma-Aldrich unless otherwise specified. 4,4′-Azobis(4-

cyanovaleric acid) (V501) was obtained from Wako Chemicals USA, Inc.  4-Cyano-4-

(ethylsulfanylthiocarbonyl) sulfanylvpentanoic acid (ECT) and Pyridyl disulfide ethyl 

methacrylamide (PDSEMA) was synthesized as described previously  [38]. 

 

3.2.2. General synthesis of glycomonomers 

TMSOTf (cat.) was added to a mixture of trichloroacetimidate sugar donor [39] (1g, 2.0 

mmol) and 2-hydroxyethyl methacrylate (1.2 eq) in dichloromethane at room temperature. 

The reaction mixture was stirred at room temperature for 20 min and then quenched by the 

addition of triethylamine. The protected sugar-hydroxyethyl methacrylate was obtained after 

removal of solvent under reduced pressure, followed by purification via flash silica column 

chromatography (82-89% yield).  For deprotection, sugar-hydroxyethyl methacrylate was 

added to 1% sodium methoxide in methanol and the mixture was stirred at 25 oC for 15 min. 

The reaction mixture was neutralized with glacial acetic acid. The fully deprotected 

glycomonomer was obtained after evaporation of solvent under reduced pressure, followed 

by purification via flash silica column chromatography (70-82% yield).   

 

3.2.2. Synthesis of glycopolymers  

The RAFT polymerization of glycopolymers was conducted in a heterogeneous solvent 

system of dH2O/ethanol (3:1 vol:vol) at 70°C with 15 wt% monomer under a nitrogen 

atmosphere for 4h using ECT and V501 as the chain transfer agent (CTA) and radical 



www.manaraa.com

47 

 

initiator, respectively.  The initial CTA to monomer molar ratio ([CTA]0:[M]0) was 50:1, the 

initial CTA to initiator molar ratio ([CTA]0:[I]0) was 20:1, and the initial molar feed ratios of 

glycomonomer to PDSEMA was 9:1.  The resultant glycopolymer was isolated by dilution 

into dH2O followed by lyophilization. The glycopolymer was further purified by redissolution 

into dH2O, chromatographic separation with a PD-10 desalting column (GE Healthcare), and 

further lyophilization to obtain the final polymer.  

 

3.2.3. Glycopolymer characterization 

Monomer conversion and incorporation were determined by 1H-NMR (500 MHz, D2O).  

Conversion was determined to be greater than 99% due to the absence of resonances 

associated with vinyl protons on the glycomonomer (δ 6.07) and PDSEMA (δ 5.77) following 

polymerization.  Copolymer composition was calculated from an aromatic PDSEMA proton 

(δ 8.40) and a methylene proton vicinal to the ester group (δ 4.15 Man) or methine proton on 

the pyranose ring (δ 4.36 Gal and δ 4.51 GlcNAc).  Molecular weights (Mn) and 

polydispersity indices (PDI) were determined by gel permeation chromatography (GPC) 

using a Viscotek GPCmax VE2001 and refractometer VE3580 (Viscotek) with Tosoh TSK-

GEL α-3000 (2X) and α-4000 columns connected in series (Tosoh Bioscience). HPLC-grade 

N,N-dimethylacetamide (DMAc; 0.03% w/v LiBr; 0.05% w/v BHT) was used as the eluent at 

a flow rate of 0.85 mL/min while column temperature was maintained at 50°C. Absolute 

number average molecular weights were calculated from dn/dc values that were determined 

for each glycopolymer (pManEMA: 0.101, pGalEMA: 0.100, pGlcNAcEMA: 0.130). PDSEMA 

incorporation was further validated by reduction of the glycopolymers in the presence of 

Bond-Breaker TCEP solution (~150 molar excess per polymer at 50 mM; Thermo Scientific) 

followed by spectroscopic measurement of liberated pyridine-2-thione (ε343 = 8080 M cm-1).   

 

3.2.4. Fluorophore labeling of glycopolymers  

Glycopolymers (~10 mg mL-1, in 0.1 M sodium phosphate pH 7.4 with 0.15 M NaCl buffer) 

were incubated in immobilized TCEP disulfide reducing gel (~10 molar excess per polymer; 

Thermo Scientific) for 2h followed by elution with PBS.  Alexa Flour 488 (AF488) C5 

maleimide (10 mg mL-1 in DMSO) was added to the reduced polymer in solution resulting in 

an approximately equimolar amount of fluorophore to reduced PDS groups and an overall 

polymer concentration of ~2 mg mL-1.  The reaction proceeded overnight at room 

temperature followed by removal of excess fluorophore by a PD-10 desalting column and 
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lyophilization. Fluorophore labeling efficiency was determined by spectroscopic 

measurement of the trithiocarbonate species on the glycopolymer end group (ε310 = 20,000 

M cm-1) and the Alexa Fluor [48]8 (ε495 = 73,000 M cm-1). 

 

3.2.5. Lectin agglutination assay   

The ability of the glycopolymers to bind a mannose-specific lectin, Concanavalin A (ConA), 

was assessed by an agglutination assay. 1 µM ConA was mixed with 10 µM glycopolymer 

(based on number of carbohydrate repeats) and the solution turbidity was measured by UV-

Vis spectroscopy at 350 nm at one minute intervals for 30 minutes. 

 

3.2.6. In vitro glycopolymer uptake assay  

Animal protocol was approved by University of Washington Institutional Animal Care and 

Use Committee. Primary mouse lung fibroblasts (MLF) were isolated and cultured as 

previously described (Choi 2009). The murine lung epithelial cell line MLE12 was obtained 

from American Type Culture Collection (ATCC).  MLF and MLE12 uptake assays were 

performed in colorless DMEM supplemented with Glutamax (Life Technologies) and 

Nutridoma-SP (Roche).  Bone marrow derived macrophages (BMDM) were isolated from 

femurs and tibias of 8-12 week-old C57BL6 mice as previously described [40] and cultured 

in RPMI-1640 containing 10% Fetal Bovine Serum and 30% L929-conditioned medium for 

7-10 days. To obtain differentiated macrophages, BMDMs (M0) were treated with 50 ng mL-1 

E. coli 0111:B4 LPS (Sigma) for 24 hours (M1) or 20 ng mL-1 each of IL-4 and IL-13 (Life 

Technologies) for 48 hours (M2).  Cells were seeded in 12-well plates and allowed to adhere 

overnight.  Cells were rinsed with DPBS, and then incubated with indicated concentration of 

Alexa488-labeled glycopolymers in colorless RPMI supplemented with Glutamax and 

Nutridoma-SP. For competition experiments, unlabeled glycopolymer was added 15 min 

prior to addition of labeled glycopolymer.  At the end of incubation, the cells were washed 

and lifted with cold DPBS aided by cell scrapers. Internalized polymer was measured as 

fluorescence intensity of the cells using Guava EasyCyte Plus System (Millipore) and data 

analyzed using CellQuest 2.0 (BD Biosciences).  All experiments were performed in 

triplicate and repeated at least 3 times.  
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3.2.7. In vivo glycopolymer uptake assay  

8-12 week-old C57BL6 mice (Jackson Laboratories) underwent intratracheal instillation with 

10 µM Alexa-488 glycopolymers or control (unlabeled) polymer in 50 µL DPBS. After 15-30 

min, the lungs were lavaged with 1 mL of DPBS containing 0.6 mM EDTA. Bronchoalveolar 

lavage cells were centrifuged and rinsed to remove unincorporated polymers and 

resuspended in PBS for flow analysis by Guava as above [41]. In some cases, BAL cells 

were spun onto microslides, and nuclei were counterstained with DAPI.  Images were 

obtained using a Nikon Eclipse 80i microscope with a DS Camera Head DS-5M for 

fluorescent microscopy. 

 

3.2.8. Statistical analysis   

Means of more than two groups of data were compared using one-way analysis of variance 

(ANOVA) for analysis of one independent variable or two way ANOVA, for analysis of two 

independent variables, followed by Tukey's honestly significant difference (HSD) post hoc 

test. Student T-test was used for comparison of paired parametric data.  For non-parametric 

data, Mann-Whitney’s U test was performed. All tests were two-tailed and p values  0.05 

were considered significant. 

 

3.3. RESULTS AND DISCUSSION 

3.3.1. Glycopolymer synthesis and characterization 

Carbohydrates are attractive ligands for imparting biological targeting functionality to 

polymeric systems. Carbohydrate-ligands can be easily synthesized in large scale [42], are 

stable to indefinite storage at ambient temperatures [43], and can leverage low-affinity 

binding interactions through multivalency [44]. Well-defined glycopolymers were prepared 

via the RAFT polymerization of synthesized glycomonomers (Scheme 3.1). We selected 

mannose (Man) and N-acetylglucosamine (GlcNAc) because of their known mannose 

receptor binding and galactose (Gal) due to its lack of mannose receptor interactions 

[16,45]. Each monosaccharide was functionalized with ethyl methacrylate (EMA), yielding 

the glycomonomers: ManEMA, GlcNAcEMA, and GalEMA. These glycomonomers were 

polymerized via the RAFT technique. A pyridyl disulfide comonomer, pyridyl disulfide ethyl 

methacrylamide (PDSEMA), was incorporated into the polymerization (at a 10% molar feed 

ratio) to provide a conjugatable handle for a maleimide-containing fluorophore. 
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Glycopolymers (subsequently referred to as pManEMA, pGlcNAcEMA, and pGalEMA) were 

successfully synthesized under controlled conditions with consistent size and composition 

as determined by gel permeation chromatography (GPC) and 1H-NMR spectroscopy (Table 

3.1 and Figure 3.1). The glycopolymers exhibited narrow molecular weight distributions with 

polydispersity indices (PDI) of 1.2 and resultant block lengths of 11400 – 13400 g mol-1.  

The monomer incorporations of pyridyl disulfide groups per polymer were also similar 

between the glycopolymers (3.3 – 5.2). These findings demonstrate the first direct RAFT 

polymerization of the ManEMA and GlcNAcEMA glycomonomers used here while the 

GalEMA glycomonomer has been previously polymerized via this technique [28,46]. 

 

A maleimide-functionalized fluorophore (Alexa Fluor 488, AF488) was conjugated to the 

glycopolymers through the pyridyl disulfide (PDS) groups following reduction with tris(2-

carboxyethyl)phosphine (TCEP). Labeling efficiency was similar among the three 

glycopolymers as determined by UV-Vis spectroscopy: 0.93 – 1.2 fluorophores/polymer, and 

there was no measurable increase in solution turbidity suggestive of a lack of glycopolymer 

aggregation. Moreover, dynamic light scattering (DLS) measurements of the glycopolymers 

following labeling demonstrated there is no significant aggregation of the materials into 

larger, macromolecular assemblies as mean particle diameters of less than 8 nm were 

observed (approximately 4 – 7 nm; Supplementary Fig. S5). To initially determine lectin-

binding activity, each glycopolymer was incubated with Concanavalin A (ConA) [47], a 

mannose-specific-binding lectin known to bind mannose and glucose, but not galactose or 

N-aceltylglucosamine [48]. pManEMA was found to agglutinate ConA, as measured by an 

increase in solution turbidity, showing that the material is capable of multivalent CRD-

binding, a prerequisite for mannose receptor engagement (Figure 3.2).  pGlcNAcEMA and 

pGalEMA did not induce ConA agglutination, demonstrating that the glycopolymer binding 

activity is carbohydrate-specific. 
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Scheme 3.1.  RAFT-mediated glycopolymer synthesis and subsequent fluorophore 
conjugation and proposed mechanism of MRC-1-mediated macrophage uptake of the 
glycopolymers. 
 

Table 3.1.  
Molecular weights, compositions, conversions, and labeling efficiency of glycopolymers.  

Glycopolymer Mn
a (g/mol) PDIa %Conversionb PDS/ 

polymerc 
Alexa488/ 
polymerc 

pManEMA 11400 1.2 >99 5.2 0.93 

pGalEMA 12200 1.2 >99 4.5 0.95 

pGlcNAcEMA 13100 1.2 >99 3.3 1.2 
a Absolute number average molecular weights and polydispersity index (PDI) as determined 
by gel permeation chromatography (GPC).    
b Determined by 1H-NMR 
c Determined by UV-Vis spectroscopy; ratio represents number of pyridyl disulfide (PDS) 
groups per polymer chain  
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Figure 3.1. 1H NMR of mannose glycopolymer [poly(ManEMA-co-PDSMA)] at 500 MHz in 
D2O. 
 

 

 

Figure 3.2. Time-dependent agglutination of ConA mediated by glycopolymers.  ConA is at 
1 µM and glycopolymers are at 10 µM (based on number of carbohydrate repeats). 
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3.3.2. In vitro macrophage uptake of glycopolymers 

We first examined whether the glycopolymers were differentially internalized by murine bone 

marrow-derived macrophages (BMDMs), a cell type known to express the mouse mannose 

receptor, MRC-1. BMDMs were incubated with increasing doses of AF488-labeled 

glycopolymers for varying lengths of time and cell uptake was assessed by flow cytometry 

and fluorescent microscopy (Figure 3.3 and 3.4). We found that pManEMA and 

pGlcNAcEMA, but not pGalEMA, were internalized efficiently by BMDMs in a time 

dependent fashion. The uptake of pManEMA and pGlcNAcEMA were 30- and 19-fold higher 

than pGalEMA, respectively. Significant uptake occurred by 15 min and increased up to 6 

hours (Figure 3.4 and data not shown). Mannose-binding protein, a soluble multi-domain C-

type lectin in the same family as MRC-1, is known to exhibit carbohydrate-binding 

specificities defined by interactions with the vicinal, equatorial hydroxyl groups, C-3 and C-4, 

that are shared between several sugars [49].  Therefore, the ability of polymerized Man and 

GlcNAc to target macrophages is not surprising.  BMDMs demonstrated a cytoplasmic 

punctate distribution of internalized pManEMA and pGlcNAcEMA, consistent with 

localization in the endosome/lysosome vesicles. No cell fluorescence above background 

was observed with pGalEMA. We also observed a dose-dependent response on uptake for 

both pManEMA and pGlcNAcEMA with saturation of pManEMA uptake occurring at 0.5 µM 

(Figure 3.4); no significant dose-dependent effects were observed for pGalEMA uptake.   

 

The effect of glycopolymer competition on uptake was assessed by incubating BMDMs with 

labeled glycopolymer in the presence of excess unlabeled glycopolymer. Competition with 

unlabeled pManEMA was more efficient than pGlcNAcEMA at attenuating uptake of labeled 

pManEMA and pGlcNAcEMA, suggesting that the binding affinity of MRC-1 towards 

pManEMA is higher than pGlcNAcEMA (Figure 3.5).  This finding is consistent with the 

mannose receptor’s stronger affinity for Man residues over GlcNAc [8]. We presume the 

minimal uptake of pGalEMA by BMDMs was due to nonspecific macropinocytosis, 

supported by the lack of competition from any of the glycopolymers.    
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Figure 3.3.  In vitro BMDM glycopolymer uptake.  Representative histograms (left) and 
fluorescence microscopy images (right) of BMDMs incubated in vitro with indicated AF488-
glycopolymer (1.5 µM) for 4 hr.  Black line in histograms represents no polymer control.  
Inset shows a higher magnification image of the AF488-pManEMA treated cells. 
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Figure 3.4.  Dose dependent internalization.  BMDMs were incubated with AF488-
glycopolymers for 15 min at 37°C.  Data are reported as mean fluorescence intensity ± 
standard deviation from three independent experiments.   

 

Figure 3.5.  Competitive glycopolymer uptake.  BMDMs were preincubated with 15 µM 
unlabeled glycopolymer for 15 min followed by 1 µM AF488-glycopolymer for 30 min at 
37°C. NC represents no competition. Data are reported as mean fluorescence intensity ± 
standard deviation from three independent experiments.  
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3.3.3. In vitro glycopolymer uptake by polarized macrophages.  

We tested whether the polarization state of macrophages altered the uptake of pManEMA. 

Macrophages can be polarized into a classic “pro-inflammatory” (M1) or alternative “pro-

resolution” (M2) state, depending on the local environment of cytokines and other immune-

stimulating compounds. Macrophages can be differentiated in vitro by LPS to the M1, 

“classically” activated state which results in the secretion of pro-inflammatory cytokines.  

Incubation with IL-4 and IL-13 leads to differentiation into M2, or “alternatively” activated 

macrophages, which are considered a pro-resolution and anti-inflammatory phenotype [50]. 

M2 macrophages secrete pro-fibrotic cytokines, such as tumor growth factor β (TGFβ) and 

platelet-derived growth factor (PDGF), that act on nearby fibroblasts to promote a 

fibroproliferative response.  M2 macrophages also secrete matrix metalloproteases (MMPs) 

and tissue inhibitor of metalloproteinases (TIMPs) that regulate matrix remodeling. 

Additionally, they produce chemokines that attract other inflammatory cells (e.g. monocytes 

and dendritic cells) that subsequently clear apoptotic cells and debris, dampening the 

inflammatory response [51,52]. Due to the orthogonal roles played by the M1 and M2 

macrophage phenotype, differential targeting of activated macrophages is attractive for 

therapeutic drug delivery applications. Human alveolar macrophages adopting a M2 

polarization are believed to play an important role in the pathogenesis of pulmonary fibrosis, 

highlighting this phenotype as a potential clinical target [5].  

 

BMDMs were cultured in either LPS or IL-4/IL-13 to obtain either the M1 or M2 polarization, 

respectively. Macrophages activated by the alternative pathway (M2) showed increased 

internalization of pManEMA whereas classically activated macrophages (M1) had similar 

internalization of pManEMA as naïve macrophages (M0) (Figure 3.6). These differences 

were retained over a two-hour time course. At this later time point, M2 macrophages had 

internalized pManEMA at an approximately 3- and 5-fold higher level than M0 and M1 

macrophages, respectively. M2 macrophages have higher expression of mannose receptor 

[53], providing further support that this receptor is facilitating glycopolymer uptake.   
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Figure 3.6.  Time course of mannose uptake in stimulated macrophages.  AF488-pManEMA 
(1 µM) uptake by unstimulated (M0), LPS-stimulated (M1), or IL-4/IL-13 stimulated (M2) 
BMDM’s (n=3). 
 

3.3.4. In vitro cell-specific glycopolymer uptake  

To determine cell-type specificity, we compared uptake and internalization of labeled 

glycopolymers by BMDMs, primary mouse lung fibroblasts (MLF) and the murine lung 

epithelial cell line, MLE-12. The latter two cell-types were selected as they are 

representative of the cell phenotypes encountered in the lung, the target site of our in vivo 

study. Neither MLF nor MLE-12 had significant internalization of any of the glycopolymers at 

any timepoint examined (Figure 3.7), whereas BMDMs had significant uptake of pManEMA 

and pGlcNAcEMA.  These results are consistent with mannose receptor-mediated uptake of 

the glycopolymers by macrophages.  
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Figure 3.7.  Cell specificity of glycopolymer internalization.  Internalization of AF488-
glycopolymers (1.5 µM) by BMDMs, mouse lung epithelial cells (MLE-12), or primary mouse 
lung fibroblasts (MLF) after 2h (A) or 24h (B) incubation.   
 

3.3.5. In vivo macrophage uptake of glycopolymers  

To determine whether macrophage internalization of glycopolymers retained the same 

carbohydrate specificity in vivo, we administered Alexa 488-labeled glycopolymers 

intratracheally in normal mice and measured uptake by alveolar macrophages. 

Bronchoalveolar lavage (BAL) was performed at different timepoints following 

administration, and BAL cells were analyzed for uptake of the glycopolymers. We verified 

that greater than 90% of the BAL cells were alveolar macrophages by staining with a 

macrophage cell surface marker (F4/80, data not shown).  We found that alveolar 

macrophages had similar in vivo uptake of glycopolymers as BMDM uptake in vitro: 

pManEMA and pGlcNAcEMA were readily internalized by alveolar macrophages as early as 

30 minutes after instillation whereas pGalEMA had minimal internalization (Figure 3.8).  

Flow cytometric analysis showed that uptake of pManEMA was up to 6-folds higher than the 
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pGalEMA at 15 min (data not shown). Ex vivo examination of alveolar macrophage 

demonstrated a similar punctate distribution pattern as observed in BMDMs (Figure 3.8 

inset).  These findings are consistent with previous work examining the uptake of 

mannosylated liposomes by alveolar macrophages following intratracheal administration in 

rats. Chono et al. demonstrated that adding mannose to liposomes resulted in a 2.2 fold 

increase in uptake over a 24 hour period as compared to bare liposomes [35]. Wijagkanalan 

et al. supported these findings by showing a significant increase in the internalization of 

mannosylated liposomes versus unmodified liposomes after two hours  [36]. The results 

presented here demonstrate that these functional glycopolymers are active within the 

complex biological milieu found within the lung. Local delivery via intratracheal instillation 

also has the advantage of less systemic toxicity and off target effects, lower doses, and 

better drug stability. For example local delivery of therapeutics to the lung is a feasible 

option in intubated patients suffering from acute respiratory distress syndrome. 

 
Figure 3.8.  Internalization of glycopolymers by alveolar macrophages in vivo.  Mice were 
given 10 µM AF488-glycopolymers intratracheally.  Bronchoalveolar lavage (BAL) was 
performed after 30 min and BAL cells were analyzed by flow cytometry.  Data are reported 
as mean fluorescence intensity ± standard deviation from three independent experiments.  
*p<0.01 compared to no polymer. 
 

3.4. CONCLUSIONS 

Synthetic glycopolymers provide a promising platform to leverage mannose receptor-

mediated endocytosis for the intracellular delivery of therapeutic cargo into macrophage 

populations in the lung. In this study, structurally well-defined glycopolymers were 
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synthesized via RAFT polymerization and shown to specifically engage macrophages both 

in vitro and in vivo in a carbohydrate-dependent manner. We demonstrate for the first time 

that macrophages activated by the alternative pathway (M2) showed increased 

internalization of mannose glycopolymers and, to a lesser degree, N-acetylglucosamine 

glycopolymers, whereas classically activated macrophages (M1) exhibit similar 

internalization of glycopolymers as naïve macrophages (M0). Demonstration of specific 

uptake of pManEMA by alveolar macrophages in vivo is promising for future therapeutic 

applications. While not explored in this work, the pyridyl disulfide handle on these 

glycopolymers could be conjugated to other maleimide- or thiol-functionalized compounds, 

e.g. small molecule drugs and biological macromolecules. Coupled with the versatility of 

RAFT-based polymer synthesis, glycopolymers are a promising strategy for the design of 

targeted polymeric drug delivery systems. 
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CHAPTER 4 – BIOMOLECULAR RECOGNITION OF LECTINS BY 

GLYCOPOLYMER MICELLES 
 

Matthew J. Manganiello, Eun-Ho Song, Anthony J. Convertine, Daniel M. Ratner, Patrick S. 
Stayton 
 

ABSTRACT 

Reversible addition-fragmentation chain transfer (RAFT) polymerization was employed to 

generate a series of well-defined glycopolymers which differed in pendent carbohydrate 

(mannose vs. galactose) and morphology (unimer vs. micelle).  Acetylated mannose and 

galactose ethyl methylacrylate (AcManEMA and AcGalEMA) were homopolymerized and 

used as macro chain transfer agents (macroCTAs) for the copolymerization of 

diethylaminoethyl methacrylate (DEAEMA) and butyl methacrylate (BMA).  Protective acetyl 

groups were successfully removed from these materials by base-catalyzed hydrolysis to 

liberate the native carbohydrate conformation as validated by 1H-NMR.  Diblock 

glycopolymers were shown to assemble into micelles (13 ± 2 nm diameters) at physiological 

pH driven by the hydrophobic segment of DEAEMA and BMA.  This copolymer unit is also 

responsible for promoting micelle destabilization into unimers at pH values less than 6.6 

which was validated by dynamic light scattering (DLS) measurements and a hemolysis 

assay.  The glycopolymer micelles were found to be stable in buffer with low critical micelle 

concentrations (CMCs) of 10 and 13 µg/mL and aggregation numbers (Nagg) of 39 and 36 for 

mannose and galactose, respectively.  Next the ability of these materials to engage the C-

type lectin, Concanavalin A (ConA), was investigated by agglutination, precipitation, and 

surface plasmon resonance imaging (SPRi) assays.  In these experiments, the deprotected 

macroCTAs (unimers) were compared to the diblock glycopolymer micelles.  In all cases, 

the galactose analogs were unable to bind the lectin, demonstrating that this interaction is 

carbohydrate-specific.  The mannose unimer was found to more efficiently bind ConA than 

the micelle morphology by examining the initial clustering rate (kcluster = 0.17 ± 0.01 vs. 0.10 

± 0.03 AU/min) and the ConA/glycopolymer stoichiometry (1.9 ± 0.2 vs 1.4 ± 0.1).  These 

materials inhibited ConA binding to immobilized α-D-mannose at IC50 values of 0.34 µM 

and 1.07 µM for the unimer and micelle, respectively, as determined by SPRi. 
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4.1. INTRODUCTION 

Carbohydrates play an essential role in myriad biological functions including the 

maintenance of immunological activity through mediating cell-cell interactions as well as 

providing defined motifs for pathogenic detection and elimination [1].  By mimicking the 

glycosidic structures on pathogens, delivery platforms can be created which shuttle 

therapeutic cargo to specific immune cells [2].  This strategy can be employed to modulate 

inflammatory responses, promote wound healing, and develop infectious disease and 

cancer vaccines, among others [3], [4].  Recent advances in synthetic techniques have 

given researches the opportunity to both generate complex carbohydrate architectures that 

resemble those found in nature and to incorporate these structures into delivery systems, 

greatly expanding upon the clinical utility of carbohydrate-based therapeutics [5–7]. 

 

Immune cells identify glycosylated segments by displaying C-type lectins on their surface 

[8], [9].  These proteins consist of one or more carbohydrate recognition domains (CRDs) 

that bind specific saccharides.  The complex carbohydrate structures found on pathogens 

are often capable of engaging multiple CRDs simultaneously, thereby raising the overall 

binding affinity of the interaction.  This multivalent binding activity is essential to effectively 

target cell surface lectins as the interaction of a monosaccharide with a single CRD is 

typically weak, with mM Kd values [10].  A synthetic approach to overcome this low affinity 

involves polymerizing glyco-functionalized monomers to generate a polymer displaying 

multiple pendent carbohydrate residues along its backbone [11].  By utilizing controlled 

polymerization techniques, such as reversible addition-fragmentation chain transfer (RAFT) 

polymerization, well-defined polymeric structures can be generated and subsequently 

incorporated into architectures that allow for the delivery of small molecules and biological 

macromolecules [12].  RAFT-mediated glycopolymer designs have included glycopolymer 

micelles [13], glycopolymer stars [14], multi-functional glyconanoparticles [15], and 

“clickable” glycopolymers [16], demonstrating the versatility of this technique. 

 

While linear glycopolymer segments have been shown to mediate multivalent engagement 

of C-type lectins [17], there is evidence that displaying carbohydrate moieties on a 

particulate platform has several advantages [18].  Particles can provide for a higher density 

of carbohydrate residues, engage a larger number of CRDs, package therapeutics, and 

more closely resemble pathogenic organisms as nanoparticles can be made the size of 
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viruses.  To achieve a particulate morphology, glycopolymers can be incorporated into block 

copolymers in which the glycosylated segment stabilizes a hydrophobic unit which drives the 

spontaneous assembly of core-shell micelles in an aqueous environment [19–21].  Block 

copolymer micelles have been extensively investigated as drug delivery vehicles with a 

current emphasis on how researchers can control their interactions with cells, specifically 

through the use of targeting moieties [22–25].  Instilling the corona of block copolymer 

micelles with carbohydrate residues is a promising approach for extending these polymer 

designs into immunotherapeutic applications [5], [26].  There has been significant interest 

and success recently in the synthesis of glycopolymer micelles and demonstration of their 

ability to bind lectins and deliver therapeutic cargo [18].  For example, Suriano et al. 

synthesized amphiphilic glycopolymer micelles and validated galactose-mediated 

hepatocyte targeting in vitro while also delivering the chemotherapeutic, doxorubicin [27]. 

 

Here we describe the synthesis and characterization of glycopolymer micelles prepared via 

RAFT displaying either pendent mannose or galactose residues in the corona.  We studied 

the ability of these diblock glycopolymers to self-assemble into stable micelles and exhibit a 

mode of pH-responsive activity.  Additionally we evaluated how effectively they can bind a 

C-type lectin, Concanavalin A (ConA), in a carbohydrate-specific manner and compared the 

binding activity of the micelle to the unimeric, linear analog.  The ability of these materials to 

recognize lectins as a function of polymeric conformation was evaluated with respect to 

related glycopolymer [17], [28] and glycodendritic [26], [29] structures. 

 

4.2. MATERIALS AND METHODS 

4.2.1. Materials 

Chemicals and all materials were supplied by Sigma-Aldrich (St Louis, MO) unless 

otherwise specified.  2,2′-Azobis(4-methoxy-2.4-dimethyl valeronitrile) (V70) and 1,1'-

Azobis(cyclohexane-1-carbonitrile) (V40) were obtained from Wako Chemicals USA, Inc. 

(Richmond, VA).  Spectra/Por 7 standard regenerated cellulose dialysis tubing was obtained 

from Spectrum Labs (Rancho Dominguez, CA).  ECT was synthesized as previously 

described [30], [31].   Diethylaminoethyl methacrylate (DEAEMA) and butyl methacrylate 

(BMA) were distilled prior to use.  Acetylated mannose and galactose ethyl methylacrylate 

(AcManEMA and AcGalEMA) was synthesized according to previous methods (see Chapter 

3) [32], [33].  
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4.2.2. Synthesis of pAcManEMA and pAcGalEMA macro chain transfer agents 

The RAFT polymerizations of the AcManEMA and AcGalEMA were conducted in dioxane at 

30°C with 40 wt% monomer under a nitrogen atmosphere for 18h using ECT and V70 as the 

chain transfer agent (CTA) and radical initiator, respectively.  The initial monomer to CTA 

molar ratio ([M]0:[CTA]0) was 25:1 and the initial CTA to initiator molar ratio ([CTA]0:[I]0) was 

20:1.  The resultant polymers were isolated by precipitation into cold hexanes.  The 

polymers were then redissolved in acetone and subsequently precipitated into cold hexanes 

(×3) followed by drying overnight in vacuo.    

 

4.2.3. Diblock copolymerization of DEAEMA and BMA from pAcManEMA and 

pAcGalEMA macroCTAs 

DEAEMA and BMA were added to either pAcManEMA or pAcGalEMA macroCTA dissolved 

in dioxane at 40 wt%.  The initial molar feed ratio of DEAEMA:BMA was 3:2 (40 mol% BMA).  

[M]0/[CTA]0 and [CTA]0/[I]0 were 100:1 and 20:1, respectively.  Following the addition of V40 

the solutions were purged with nitrogen for 30 min and allowed to react at 90 °C for 6 h.  

The resultant diblock copolymers were isolated by precipitation into cold hexanes.  The 

precipitated polymers were then redissolved into acetone and precipitated into cold hexanes 

(x3) and dried overnight in vacuo.   

 

4.2.4. Gel permeation chromatography (GPC) 

GPC was used to determine molecular weights and polydispersities (Mw/Mn, PDI) of the 

macroCTA and diblock copolymers. SEC Tosoh TSK-GEL R-3000 and R-4000 columns 

(Tosoh Bioscience, Montgomeryville, PA) were connected in series to a Agilent 1200 series 

(Agilent Technologies, Santa Clara, CA), refractometer Optilab-rEX and triple-angle static 

light scattering detector miniDAWN TREOS (Wyatt Technology, Dernbach, Germany).  

HPLC-grade DMF containing 0.1 wt.% LiBr at 60 °C was used as the mobile phase at a flow 

rate of 1 ml/min.  The molecular weights of each polymer were determined using a multi-

detector calibration based on dn/dc values calculated separately for each homopolymer and 

copolymer composition assuming 100% mass recovery. 
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4.2.5. Saponification of glycopolymers 

To display native pendent glycomoieties on the homopolymers and diblock copolymers, 

protective acetyl groups were removed via base-catalyzed hydrolysis. The homopolymers 

(pAcManEMA and pAcGalEMA) were added to a solution of 1 wt% sodium methoxide in 

dimethylformamide at a concentration of 25 mg/mL while the diblock copolymers 

(p(AcManEMA-b-[DEAEMA-co-BMA]) and p(AcGalEMA-b-[DEAEMA-co-BMA])) were added 

to a solution of 1 wt% sodium methoxide in anhydrous methanol at a copolymer 

concentration of 50 mg/mL.  After 1 hour incubation at room temperature, the solutions were 

neutralized with acetic acid to a pH of ~7 and dialyzed against deionized water using 1000 

MWCO tubing.  The solutions were then lyophilized to obtain the final deprotected 

glycopolymers: pManEMA, pGalEMA, p(ManEMA-b-[DEAEMA-co-BMA]), and p(GalEMA-b-

[DEAEMA-co-BMA]). Aqueous stocks of the deprotected glycopolymers were formulated 

from the lyophilized material at 2 mg/mL in 1X DPBS, pH 7.4.  The diblock glycopolymers 

were pre-dissolved at 40 mg/mL in methanol prior to addition into buffer to promote micelle 

formation. 

 

4.2.6. Concanavalin A (ConA) agglutination assay  

A stock solution of ConA was initially prepared in HEPES buffered saline (supplemented 

with MgCl2 and CaCl2).  ConA was added to diluted glycopolymer solutions to obtain the 

following final concentrations: [ConA] = 1 µM and [polymer] = 2 µM.  At this point, the 

mixture was quickly vortexed and measured by UV/Vis spectroscopy at 350 nm and 0.1 Hz 

for 15 min.  To determine the initial rate of cluster formation, kcluster, a linear curve was fit to 

the data in the first 1 min.  This kinetic parameter was the average of triplicate samples. 

 

4.2.7. Dynamic light scattering (DLS) and static light scattering (SLS) measurements 

The diblock glycopolymer micelles were analyzed by DLS to determine particle mean 

diameter and by SLS to evaluate particle molecular weight using a Malvern Zetasizer Nano 

equipped with a 5 mW He-Ne laser operating at 633 nm (Worcestershire, UK) for both 

techniques. DLS measurements were performed in 1X DPBS at 200 µg/mL with mean 

diameters reported as the number average ± peak half-width.  Prior to SLS measurements, 

the micelle solutions were dialyzed against 1X DPBS using a Slide-A-Lyzer® MINI Dialysis 

Device with a 3.5K MWCO (Thermo Scientific, Rockford, IL) to remove methanol.  Serial 

dilutions of these solutions (0.5 – 0.1 mg/mL) were manually injected into a refractometer 
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(Wyatt Optilab-rEX, Dernbach, Germany) to determine a dn/dc value for each glycopolymer 

micelle.  Micelle molecular weight (Mw) and second virial coefficient (A2) were determined 

from a Debye plot generated by SLS measurements at a constant scattering angle of 173° 

using the Rayleigh equation: KC/Rθ = (1/Mw + 2A2C), in which C was varied from 1 – 0.125 

mg/mL, K is an optical constant, and Rθ is the Rayleigh ratio of the scattered to incident light 

intensity.  The parameter K can be represented by the following relationship: K = 

4π2n0
2(dn/dc)2/NAλ

4, in which n0 is the refractive index of the solvent, NA is Avogadro’s 

number, and λ is the wavelength of the light source.  From the Mw, an aggregation number 

(Nagg) was determined using the molecular weight of the unimeric species (Mw,unimer) 

measured by GPC: Nagg = Mw,micelle/Mw,unimer.  Each data point represents triplicate 

measurements. 

 

4.2.8. Hemolysis assay 

The potential for the diblock glycopolymers to disrupt endosomal membranes was assessed 

by a hemolysis assay.  The protocol followed here has been described previously [34].  

Briefly, polymer was incubated in the presence of erythrocytes at 20 µg/mL in 100 mM 

sodium phosphate buffers (supplemented with 150 mM NaCl) of varying pH (7.4, 7.0, 6.6, 

6.2, and 5.8) intended to mimic the acidifying pH gradient that endocytosed material is 

exposed to.  The extent of cell lysis (i.e. hemolytic activity) was determined by detecting the 

amount of released hemoglobin via absorbance measurements at 492 nm. 

 

4.2.9. Critical micelle concentration (CMC) determination via ANS fluorescence 

The CMC value for each diblock glycopolymer was determined using 1-anilino-8-

naphthalene sulfonate (ANS) as a hydrophobically-sensitive, fluorescence probe.  Serial 

dilutions of each micelle solution were prepared from 200 – 1 µg/mL and to these was 

added ANS from a methanol stock to obtain a final ANS concentration of 3 µM.  Following a 

1 hr incubation at room temperature in the dark, the fluorescence of each solution was 

measured at an excitation and emission wavelength of 390 and 550 nm, respectively.  The 

CMC value was assigned as the curve inflection point which was determined by the 

intercept between a linear regression at the lower concentrations and a logarithmic 

regression at the higher concentrations. 
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4.2.10. ConA precipitation assay 

The experimental procedure for this assay was adapted from similar protocols from 

Wolfenden et al. [29] and Kumar et al. [26].  Briefly, ConA was added to a series of 

glycopolymer solutions to achieve a final ConA concentration of 16.7 µM and glycopolymer 

concentrations of 100, 75, 50, and 25 µM per mannose residue, at a total volume of 1 mL.  

Each material was diluted into 0.1 M Tris-HCl, 0.15 M NaCl, 1 mM CaCl2, 1 mM MnCl2, pH 

7.2 buffer and the solutions were incubated for 20 h at 22 °C.  After this time, the solutions 

were centrifuged at 7000 rpm for 15 min and the residual buffer was aspirated.  The 

resultant pellet was washed three times with cold buffer (1 mL) with centrifugation steps 

between each wash.  The final pellet was resuspended in 500 µL of 0.1 M methyl-α-D-

mannopyranoside in Tris-HCl buffer with brief vortexing then diluted with an additional 500 

µL buffer.  Due to observed turbidity in a number of samples, additional 0.1 M methyl-α-D-

mannopyranoside was added to each sample and the solutions were incubated for 30 min at 

37 °C.  Final ConA concentration was determined by UV-Vis spectroscopy, using an 

extinction coefficient of 142,000 M-1cm-1 at 280 nm. 

 

4.2.11. Surface plasmon resonance (SPR) measurements 

Analysis of ConA binding to immobilized glycopolymers was performed on a Biacore T100 

(GE Healthcare Life Sciences, Piscataway, NJ) following a modified protocol from Cheng et 

al. [35].  Briefly, the SPR was operated at 25 °C using a syringe pump at 30 µL/min.  

Glycopolymers were immobilized to the chip surface by incubation at 50 µM in DPBS for 30 

min, exploiting the affinity of gold for the trithiocarbonate functionality of the glycopolymers.  

Following this functionalization, the surfaces were passivated with 0.1% BSA in PBS for 30 

min and equilibrated with HEPES buffered saline (HBS; 10 mM HEPES, 150 mM NaCl, 1 

mM Ca2+, 1 mM Mn2+, pH 7.4).  To investigate the ability of ConA to bind to each 

glycopolymer surface, ConA at 500 nM in HBS was pumped over each chip.  Data analysis 

was performed using Biacore evaluation software.  

 

4.2.12. Surface plasmon resonance imaging (SPRi)  

Determination of IC50 values for mannose glycopolymer binding to ConA was performed on 

a SPRimagerII (GWC Technologies, Madison, WI) with α-D-mannose-modified surfaces 

using a modified protocol from Cheng et al. [35].  The instrument was operated at room 

temperature using a standard flow cell and a peristaltic pump (EconoPump, Bio-Rad, 
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Hercules, CA) at 100 µL/min.  All surfaces were passivated with 0.1% BSA in PBS buffer for 

30 min and equilibrated in HBS prior to binding studies.  ConA concentration was fixed at 

500 nM in HBS while glycopolymer concentration was varied from 0.2 to 10 µM.  Data 

acquisition consisted of the averaging of 30 images over a short duration to create an 

average image.  The SPR signal given by the average image (in pixel intensity) was 

subsequently converted to normalized percentage change in reflectivity according to the 

GWC protocol.  For sensogram acquisition, a 500 µM x 500 µM of the image was selected 

as the region of interest (ROI).  For visual clarity, the contrast and brightness of SPR 

difference image was adjusted by ImageJ (U.S. National Institutes of Health, Bethesda, 

MD).  Two spots on two or more duplicate samples were analyzed.  Reported changes in 

SPR reflectivity (∆ %R) were averaged over multiple spots and background subtracted. 

 

4.3. RESULTS AND DISCUSSION 

4.3.1. Glycopolymer synthesis and characterization 

Homopolymers of AcManEMA and AcGalEMA were synthesized via RAFT and acted as 

macroCTAs for the copolymerization of a DEAEMA-co-BMA block (henceforth referred to as 

EB40 with 40 representing the molar feed ratio of BMA) (Scheme 4.1).  The resultant 

homopolymers and diblock copolymers exhibited low polydispersities (PDI ≤ 1.30) and 

consistent size and monomer compositions between the two glycomonomers investigated 

(Table 4.1 and Figure 4.1).  To liberate the native sugar conformation, each glycopolymer 

underwent base-catalyzed saponification.  Complete removal of pendent acetyl groups was 

validated by 1H-NMR (Figure 4.2 and 4.3). 
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Scheme 4.1.  RAFT-mediated synthesis of glycopolymer macroCTAs and subsequent 
DEAEMA-co-BMA (EB40) copolymerization. 
 
Table 4.1.  
Molecular weightsa, polydispersitiesa, and monomer compositionsb for polymer designs. 
Target DPs of 25 and 100 were chosen for the glycomonomer macroCTAs and EB40 
polymerizations, respectively. 

Polymer 
Mn Glyco Block 

(g/mol) 
Mn EB40 Block  

(g/mol) 
Mol% BMA in 

2
nd

 block 
Total 

Mn (g/mol) 
PDI 

(Mw/Mn) 

pAcManEMA
 

12000 --- --- 12000 1.28 

p(AcManEMA-b-EB40) 12000 13200 47 25200
c 

1.08 

pAcGalEMA 11900 --- --- 11900 1.30 

p(AcGalEMA-b-EB40) 11900 11300
 

45
 

23200
c 

1.07 
a  

As determined by GPC   
b
 As determined by 

1
H-NMR (CD3OD) spectroscopy (Bruker AV 500) 

c
 Following saponification, the glycopolymer macroCTA molecular weights were assumed to be 7600 for both 

ManEMA and GalEMA, respectively, and the diblock copolymer molecular weights were assumed be 20600 and 
18800 g/mol for ManEMA and GalEMA, respectively, due to removal of acetyl groups 

 

 
Figure 4.1. GPC traces of polymers in DMF. 
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Figure 4.2. 1H-NMR of acetylated (pAcManEMA and pAcGalEMA) and deacetylated 
(pManEMA and pGalEMA) glycopolymers in (CD3)2CO and D2O, respectively.  Resonances 
associated with the acetyl groups are in the range of δ = ~2.2-1.8. 
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Figure 4.3. 1H-NMR of diblock glycopolymers in CD3OD before and after saponification.  
Resonances associated with the acetyl groups are in the range of δ = ~2.2-1.8. 
 

4.3.2. pH-responsive activity of diblock glycopolymer micelles 

The pH-responsive behavior of the diblock glycopolymer micelles in aqueous solution was 

measured by dynamic light scattering (DLS) and a hemolytic assay.  While differing in the 

structure of pendent glycomoiety comprising the corona, each glycopolymer micelle contains 

the same hydrophobic segment which exhibits a phase transition upon a decrease in pH.  

Based upon similar studies (see Figure 2.1 and 2.2), the incorporation of 40% BMA within 
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this segment was anticipated to promote micellization of diblock copolymer architectures at 

pH 7.4 while mediating destabilization into an unimeric conformation at pH 6.6 and below.  

This structural transition is promoted by protonation of DEAEMA tertiary amines upon 

acidification which allows for solvation of this block once a sufficient charge density is 

reached.  At this transition point, entropically driven sequestration of this polymer segment is 

no longer energetically favorable.  DLS measurements of the glycopolymer micelles at pH 

7.4 yielded particle sizes of 13 ± 2 nm for both Man and Gal (Figure 4.4), similar to those 

values obtained for p(DMAEMA-b-EB40) micelles (18 ± 4 nm) (Figure 2.1).  For each 

glycopolymer micelle, an apparent drop in particle size was observed at pH 6.6 and below, 

confirming evolution of an unimer species in this pH regime.  This transition point was also 

observed in a hemolysis assay as hemolytic activity was only measured at these pH values.  

An important distinction is the lower hemolytic activity for the Gal micelle at pH 6.6 despite 

exhibiting the same DLS trends as Man and similar extents of hemolysis at pH 6.2 and 5.8.  

While this phenomena may be carbohydrate-based, this finding likely highlights the 

importance of fine-tuning the composition of BMA within the core-forming segment to ensure 

proper pH transition of the resultant material.   Small differences in BMA incorporation 

between the two micelles and slight differences in buffer pH between the two assays may 

account for the discrepancy in the data.  These two datasets demonstrate that changing the 

corona chemistry of the diblock copolymer design from a cationic to carbohydrate species 

does not significantly alter the micelle pH-responsive behavior and that this activity is not 

largely affected by the stereochemistry of pendent carbohydrates.  
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Figure 4.4. Particle size measurements of diblock glycopolymer micelles as a function of pH 
via DLS.  All measurements were performed at a copolymer concentration of 0.2 mg/mL in 
100 mM sodium phosphate buffer with 150 mM NaCl. Mean diameter was determined from 
the number particle size distribution while error bars represent the average peak half-width. 
 

 
Figure 4.5. Hemolytic activity of diblock glycopolymers at a concentration of 20 µg/mL. 
Hemolytic activity is normalized relative to a positive control, 1% v/v Triton X-100, and the 
data represent a single experiment conducted in triplicate ± standard deviation. 
 
4.3.3. Physicochemical properties of diblock glycopolymer micelles  

To understand the stability and assembly of these micelles in an aqueous environment, both 

the critical micelle concentration (CMC) and aggregation number (Nagg) were determined via 

two independent measurements.  The concentration at which the unimeric conformation of a 

polymeric species saturates both the bulk solvent and the solvent-air interface leading to the 

spontaneous assembly of micellar particles is known as the CMC [36].  This parameter is 
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important to understanding the stability of polymeric micelles towards dilution effects since 

below the CMC, micelles will dissemble into their constituent unimeric components.  

Surfactants exhibit relatively high CMCs with values often in the mM-range [37] while 

synthetic polymer-based micelles can achieve sub-µM CMCs allowing for retention of this 

particulate conformation following in vivo administration and subsequent dilution into 

biological fluids [24].  There exist a number of techniques to determine this parameter 

including the use of probes which exhibit polarity-sensitive, fluorescent properties, such as 

pyrene and 1-anilino-8-naphthalene sulfonate (ANS) [38].  Upon interaction with 

hydrophobic components, ANS experiences a significant blue shift in its emission maximum.  

This activity can be utilized to probe for the formation of hydrophobic domains within micellar 

structures as ANS will readily incorporate into these areas due to its poor aqueous solubility 

[39].   

 

Using ANS, the CMC was determined to be 10 and 13 µg/mL for the Man and Gal micelles, 

respectively (Figure 4.6 and Table 4.2).  These values are comparable to those reported for 

related polymer-based micelle systems.  For example, Convertine et al. reported on a pH-

responsive diblock copolymer micelle incorporating BMA into the core segment and 

obtained a CMC value of 2 µg/mL using pyrene as a probe [40].  Li et al. reported on diblock 

copolymer micelles with BMA homopolymer cores that had 0.5 – 6 µg/mL CMCs [41].  PEG-

stabilized BMA copolymer micelles were also shown to exhibit sub-10 µg/mL CMC values 

[42].  As a comparison, the thoroughly-studied Pluronic compositions (triblock copolymers 

composed of poly(ethylene oxide) coronas and poly(propylene oxide) cores) can provide 

CMC values from 1 – 50 µg/mL depending on the relative block sizes and method of 

analysis [43], [44].  While the CMCs determined for these glycopolymer micelles are slightly 

higher than some values reported for BMA-containing polymers, they are still low enough for 

these materials to be suitable for downstream biological studies.  For instance, Suriano et al. 

demonstrated cell-specific in vitro cytotoxicitiy for doxorubicin-loaded, glycopolymer micelles 

with CMC values of 5 – 7 µg/mL [27]. 
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Figure 4.6. Determination of critical micelle concentration (CMC) of diblock copolymer 
micelles in 1X DPBS using 8-anilino-1-napthalenesulfonic acid (ANS) as a hydrophobic-
sensitive fluorescent probe. CMC values were determined from the inflection point of each 
curve, as illustrated for Gal. 
 

Next, the aggregation numbers of the micelles were determined using static light scattering 

(SLS) (Figure 4.7).  This technique calculates the absolute molecular weight of a species by 

measuring the scattering intensity at a fixed angle as a function of the solute concentration.  

Factoring in the molecular weight of the unimeric diblock glycopolymer from GPC, the 

number of individual polymer chains which comprise a micellar particle (Nagg) could 

additionally be calculated (Table 4.2).  An important parameter to include in this analysis is 

the dn/dc value of the material which had to be determined separately using a refractometer.  

The Nagg for the two glycopolymer micelles were found to be similar (39 and 36 for Man and 

Gal, respectively) suggesting that there is minimal effect of the type of carbohydrate residue 

on the stabilization of the EB40 core segment.  These aggregation numbers are consistent 

with those reported for related copolymer micelle systems: 30-40 for poly[(N-

acryloylmorpholine)-b-BMA] [41] and 34 for poly[(dimethylaminoethyl methacrylate)-b-(butyl 

acrylate)] [45] as well as compared to Pluronic systems with Nagg values dependent upon 

relative and absolute block sizes, reaching values of low 30s for optimally stable 

formulations [43]. 

 

An additional parameter that can be extracted from the SLS measurements is the second 

virial coefficient, A2.  This variable is a measure of solution nonideality as it represents, in 

this case, micelle-micelle interactions [43], [46].  Micelles with high A2 values exhibit 
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substantial inter-aggregate attraction leading to particles with larger aggregation numbers 

[41].  Both glycopoplymer micelles gave similar A2 values (2.86 and 2.36 · 10-4 mL·mol/g2 for 

Man and Gal, respectively) demonstrating that each carbohydrate moiety has the same 

likelihood for self-interaction when incorporated onto a micellar platform.  These A2 values 

are comparable to polymeric systems with similar Nagg values.  Li et al. reported 1 – 3 · 10-4 

mL·mol/g2 A2 values for diblock copolymer micelles consisting of morpholine coronas and 

BMA cores [41] while Nolan et al. showed that Pluronic compositions exhibit smaller A2 

values of 2 – 5 · 10-5 mL·mol/g2  

 

 
Figure 4.7. Debye plot of diblock glycopolymer micelles in 1X DPBS. 
 

Table 4.2.  
Physical properties of diblock glycopolymer micelles in 1X DPBS as determined by dynamic 
light scatteringa, refractometryb, static light scatteringc, and ANS fluorescenced. 

Polymer 
Diameter

a
 

(nm)
 

dn/dc
b 

MW
c
 (kDa)

 
Aggregation 

number (Nagg)
c 

A2
c
 

(mL·mol/g
2
)/10

4 
CMC

d
 

(µg/mL)
 

Man
 

13 ± 2 0.123 800 ± 20 39 2.86 10 

Gal 14 ± 2 0.134 670 ± 20
 

36
 

2.36 13 

 
 
4.3.4. ConA recognition by glycopolymers using UV/Vis spectroscopy 

Concanavalin A (ConA) is a C-type lectin composed of four distinct subunits each 

possessing a carbohydrate recognition domain (CRD) [47].  This CRD has specificity for 

saccharides possessing vicinal, equatorial hydroxyl groups at the C-3 and C-4 positions, 

such as mannose and glucose [48].  Due to the tetrameric structure of this soluble protein, 
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CRD engagement with multivalent ligands can facilitate aggregation to occur, resulting in 

clustering of bound protein and ligand [17].  Spectroscopic assays can measure this activity 

as a function of solution turbidity, monitoring the formation of agglutinated complexes over 

time.  Such an assay was performed comparing the two polymeric conformations (micelle 

vs. unimer) for each of the carbohydrate compositions (Man vs. Gal) at fixed polymer (and 

carbohydrate) concentrations (Figure 4.8).  Unsurprisingly, only the polymers displaying 

pendent mannose moieties were able to engage ConA, as the CRD of this lectin is unable to 

recognize galactose due to the axial positioning of the saccharide’s C-4 hydroxyl group.   

 

 
Figure 4.8. Time-dependent agglutination of ConA mediated by glycopolymers.  ConA is at 
1 µM and glycopolymers are at 2 µM (52 µM per pendent glyco-residues).  The Man unimer 
and micelle solutions were run in triplicate with the curves displayed being representative.   
 

From these data, a kinetic parameter can be extracted which identifies the initial rate of 

ConA/glycopolymer cluster formation.  By applying a linear regression to the early time 

points, an initial clustering rate constant, kcluster, was determined: 0.17 ± 0.01 and 0.10 ± 0.03 

AU/min for the Man unimer and micelle, respectively.  These data suggest that the unimeric 

glycopolymer conformation is better able to display its carbohydrate groups for CRD 

recognition compared to the micellar structure, thereby promoting enhanced multivalent 

lectin engagement and therefore, lectin clustering.  It is possible that packing of 

glycopolymer segments within a micellar corona restricts chain mobility and sterically 

hinders interactions which could explain the decreased rate of agglutination at this 

carbohydrate concentration.  However, these results contradict those found for 

glycodendrimer structures.  These assemblies display branched, terminal monosaccharides 
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on a dendrimer platform.  The aforementioned steric hindrance issue is thought to mediate 

enhanced multivalent ligand engagement in these materials by displaying saccharides on 

the surface of a macromolecular structure as opposed to confining pendent saccharides to a 

polymer matrix in linear glycopolymers [49].  Kumar et al. demonstrated that a glucose-

functionalized glycodendrimer exhibits a higher initial ConA clustering rate when compared 

to a linear glycopolymer analog [26].  In a similar study, Hetzer et al. determined that 

promoting micellization of a temperature-responsive diblock glycopolymer resulted in 

enhanced ConA clustering over the unassembled, unimeric conformation [50].     

 

A precipitation assay was then employed to determine how efficient these materials are at 

binding ConA on a per mannose residue basis.  Each glycopolymer was incubated with an 

excess of lectin at different mannose residue concentrations leading to precipitation of 

ConA/glycopolymer complexes, with the amount of protein in these aggregates determined 

by UV/Vis spectroscopy (Figure 4.9).  For all concentrations investigated, the unimer bound 

more ConA than the micelle at the same mannose concentration.  The relative 

concentrations and trends from this dataset are similar to those generated by Kumar et al. 

for a glucose-dendrimer except those researchers observed an opposite effect when 

comparing a linear vs. particulate structure [51].  From these data, the stoichiometry of 

ConA/glycopolymer within the precipitate complexes was determined to be 1.9 ± 0.2 and 1.4 

± 0.1 for the Man unimer and micelle, respectively.  Wolfenden et al. calculated 

approximately 5 – 25 ConA tetramers bound per mannosylated/glucosylated dendrimer (with 

molecular weight values ~5-fold higher than the Man and Gal diblock copolymers), 

dependent on the relative carbohydrate composition of the material [29].  It is important to 

note the distinct structural differences between glycodendrimers and the polymeric micelles 

investigated in the presented studies.  Glycodendrimers present carbohydrates on their 

surface, creating a brush-like configuration which provides a crew-cut morphology, while 

these spherical micelles likely adapt a more star-like conformation which is speculated due 

to their relative block sizes and low CMCs and aggregation numbers [24], [41], [51], [52].  

For the polymer micelles described in this chapter, it is likely that incorporation of the 

glycopolymer segment into a macromolecular assembly is reducing accessibility of the 

mannose residue towards lectin engagement when compared to the linear conformation.     
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Figure 4.9. Concentration of bound ConA as a function of mannose residue concentration 
for both the Man unimer and micelle via a precipitation assay.  Each data point represents 
triplicate samples. 
 

The ConA binding stoichiometry can also be represented as the ratio of mannose residues 

per ConA: 14.0 ± 1.4 and 19.1 ± 1.8 for the Man unimer and micelle, respectively.  Cairo et 

al. found this ratio to be 9 for a fully mannosylated linear glycopolymer, suggesting that the 

Man unimer has comparable efficiency at binding ConA [17].  They also found that 

increasing the carbohydrate density on a scaffold enhances the rate of lectin engagement 

while also reducing inter-receptor distance.  One additional parameter that can be obtained 

from this data is the stoichiometry of ConA/micelle based upon the previously determined 

Man micelle aggregation number.  This ratio was determined to be 54 ± 5 which illustrates 

that a micellar platform provides the advantage of engaging a large number of lectins on a 

per particle basis, a characteristic which mimics pathogenic organisms and can be exploited 

for therapeutic applications [1].   

 

4.3.4. ConA recognition by glycopolymers using surface plasmon resonance (SPR) 

techniques 

Surface plasmon resonance (SPR) is a powerful analytical tool for probing biomolecular 

binding events at an interface [53].  Due to the high sensitivity of instrumentation which 

measures this phenomenon, quantitative parameters can be generated that describe both 

the equilibrium and kinetic aspects of a given interaction [54].  In the simplest sense, SPR 

works by measuring changes in the reflection of polarized incident light (either by intensity or 
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angle) upon a surface.  When mass is deposited onto a surface, e.g. due to ligand binding to 

an immobilized receptor, the frequency of oscillating free electrons (surface plasmons) 

within that surface changes and at a specific incident angle the electrons will resonate with 

the light leading to absorption.  This response can then be correlated to the quantity of 

adsorbed material, providing the basis for modeling biomolecular interactions at this 

interface.  Based upon these known concepts, SPR was employed to initially determine 

whether the technique could measure these ConA/glycopolymer interactions (Figure 4.10).  

Surfaces were separately functionalized with each glycopolymer by exploiting the affinity of 

gold for sulfur-containing compounds, namely the trithiocarbonate moiety at the 

glycopolymer ω end.  It is important to consider that particle morphology is lost in this 

approach as the ω end is typically sequestered in the micelle core and that this experiment 

is simply a screen to evaluate the SPR technique for the given application.  Much like the 

agglutination data, neither the Gal unimer or micelle were able to generate a significant 

response while the Man unimer and micelle both mediated rapid ConA deposition and 

saturation.  In this configuration, the mannose on both the unimer and micelle should be 

equally accessible to the lectin resulting in similar responses. 

 
Figure 4.10. SPR measurements of ConA (500 nM) binding to immobilized glycopolymers 
(50 µM). 
 

To make quantitative lectin binding affinity comparisons between the Man glycopolymer 

morphologies, a related technique known as SPR imaging (SPRi) was utilized.  This 

technique exploits the same general principles which govern SPR but allows for multiple 

experimental conditions, e.g. ligand concentration, to be monitored simultaneously.  SPRi 
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has been previously validated for studying protein-carbohydrate interactions [55], [56].  For 

the experiments presented in this section, an indirect measure of lectin binding affinity was 

determined.  Solutions of ConA at a fixed concentration were mixed with varying amounts of 

glycopolymer and added to mannoside-functionalized surfaces.  This competitive assay then 

measured the deposition of accessible ConA onto the surface.  The concentration of 

glycopolymer at which half the ConA was able to bind to the mannosylated surface, the half 

maximal inhibitory concentration (IC50), was determined and used as a measurement of 

lectin binding affinity (Figure 4.11).  IC50 values were found to be 0.34 µM and 1.07 µM for 

the Man unimer and micelle, respectively.  These findings demonstrate that the unimeric 

conformation is more efficient than the micelle at inhibiting α-D-mannose/ConA interactions.  

To give a reference for these concentrations, α-D-mannose inhibits ConA binding to dextran 

at an IC50 value of 2.0 mM using a classical precipitation assay [57] while via SPR this 

value was found to be 6.5 mM for the monosaccharide inhibiting ConA binding to a 

mannosylated surface [28], both of the values being over a 1000-fold higher than these 

glycopolymers.  The inhibitory effects of the described glycopolymers are similar to those 

presented by Ponader et al. who determined an IC50 of 1 µM for ConA inhibition by a 

glycopolymer segment [28].  Additional studies have demonstrated the inhibitory activity of 

ConA binding by mannosylated clusters (IC50 = 7 µM [58]) and polyvalent mannosides 

(IC50 = 17 µM [59]).  The ability of mannosylated dendritic polymers to inhibit lectin binding 

has also been studied, with Tabarani et al. determining an IC50 value in the µM-range for 

the inhibition of DC-SIGN binding to the HIV glycoprotein gp120 [60].      
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Figure 4.11. SPRi measurement for Man unimer (A) and diblock (B) inhibiting ConA binding 
to immobilized α-D-mannose.  Data were fit using a dose response curve in Origin software 
(OriginLab, Northampton, MA). 
 

4.4. CONCLUSIONS 

A family of multivalent glycopolymers was successfully prepared via RAFT which differed in 

carbohydrate (mannose vs. galactose) and conformation (micelle vs. unimer).  The micellar 

morphology was achieved by polymerizing a discrete, acetylated glycopolymer segment and 

blocking on a hydrophobic, endosomolytic copolymer.  Following saponification to remove 

protective acetyl groups, the resultant diblock glycopolymers were shown to assemble into 

micelles in a physiological environment while exhibiting a unique pH-responsive 

destabilization mode of activity as demonstrated by DLS measurements and a hemolysis 

assay.  The micelles were found to be stable in buffer with low CMC values and aggregation 

numbers with no significant differences between the mannose and galactose coronas.  Both 
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the mannose micelle and unimer were able to engage the C-type lectin, Concanavalin A 

(ConA), while the galactose analogs were unable to do so.  Compared to the mannose 

micelle, the mannose unimer was able to bind ConA at a faster rate (initial clustering rate = 

0.17 ± 0.01 vs. 0.10 ± 0.03 AU/min) and higher stoichiometry (ConA/glycopolymer = 1.9 ± 

0.2 vs 1.4 ± 0.1).  These data are contradictory to what other researchers have found when 

comparing particulate and linear morphologies for multivalent carbohydrates and suggests 

that incorporation of this glycopolymer segment into a micellar platform slightly inhibits lectin 

engagement on a per carbohydrate basis.  Additionally, IC50 values for ConA binding to 

immobilized α-D-mannose were determined via SPRi for the mannose unimer (0.34 µM) and 

micelle (1.07 µM) which are consistent with materials displaying a high density of pendent 

carbohydrates. 
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CHAPTER 5 – PHYSICOCHEMICAL PROPERTIES AND STABILITY OF 

DIBLOCK COPOLYMER MICELLES AS A FUNCTION OF CORONA 

COMPOSITION  
 

Matthew J. Manganiello, John P. Sumida, Eun-Ho Song, Carlos E. Catalano, Anthony J. 
Convertine, Daniel M. Ratner, Patrick S. Stayton 
 

ABSTRACT 

Polymeric micelles were prepared from diblock copolymers synthesized by reversible 

addition-fragmentation chain transfer (RAFT) polymerization. The micelles consisted of a 

core copolymer segment of diethylaminoethyl methacrylate (DEAEMA) and butyl 

methacrylate (BMA), and homopolymer coronas of fixed molecular weights but varying 

chemistries: dimethylaminoethyl methacrylate (DMAEMA), N,N-dimethylacrylamide (DMA), 

and mannose ethyl methacrylate (ManEMA).  These materials were designed to examine 

the influence of a cationic, neutral, and carbohydrate corona on micelle assembly and 

stability in buffer and serum.  Each diblock copolymer was shown to form particles of 

different sizes (21 ± 2, 32 ± 4, and 16 ± 2 nm mean diameters for DMA, DMAEMA, and 

ManEMA, respectively) as determined by dynamic light scattering (DLS).  Transmission 

electron microscopy (TEM) of the ManEMA diblock demonstrated that the material adopts a 

spherical morphology in buffer.  The pH-responsive activity of the copolymer core segment 

was found to be unaffected by the corona composition as shown by a hemolysis assay.  A 

polarity-sensitive probe was used to demonstrate that the critical micelle concentrations 

(CMCs) were consistent among the materials (13 – 14 ug/mL).  Static light scattering (SLS) 

measurements showed distinct differences in the aggregation number (Nagg) of each micelle: 

Nagg(DMA) = 40, Nagg(DMAEMA) = 70, and Nagg(ManEMA) = 21, a trend that correlates with 

particle mean diameter.  Analytical ultracentrifugation (AUC) was employed to study the 

stability of micelles in buffer, mouse serum, and recombinant human serum albumin (rHSA).  

Preliminary AUC analyses demonstrate trends in Nagg consistent with data from SLS and 

show that the ManEMA micelle does not significantly interact with either mouse serum or 

rHSA.   

 

5.1. INTRODUCTION 

Block copolymer micelles have garnered interest as nanoscale delivery vehicles for small 

molecule drugs and biological macromolecules [1].  These synthetic materials adopt a core-
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shell morphology at physiological conditions, with a hydrophobic segment that self-

associates to minimize solvent interactions stabilized by a hydrophilic block.  When 

designing these systems, proper selection of the hydrophilic component is essential to not 

only micelle stability but affects how the resultant micelle interacts with exogenous materials.  

For biological applications, the interaction of micelles with extracellular proteins and cellular 

membranes becomes an important design consideration [2].  Changes in the chemical 

composition of the micelle corona can affect the particle’s affinity towards a given soluble 

protein, membrane lipid, or cell-surface receptor, altering the in vivo behavior of the material 

[3].  Additionally, intra-particle repulsion of the soluble segments comprising the corona 

impacts micelle assembly [4].  Through better understanding on how to control these 

interactions, the clinical utility of this class of synthetic polymers can be greatly improved.  

 

In vivo administration of polymeric micelles can proceed through a variety of routes. 

Intravenous delivery is commonly employed as it allows for access to multiple organs and 

can exploit the enhanced permeability and retention (EPR) effect for tumor targeting [5].  

Proteins found in the blood present an obstacle to efficacious systemic delivery as they can 

act to destabilize micelles through nonspecific adsorption.  Serum proteins can also be 

found outside the bloodstream, e.g. residing in subcutaneous tissue fluid, highlighting the 

importance of elucidating polymer/protein interactions for multiple routes of delivery [6].  

Numerous methods exist for probing these binding events including Forster resonance 

energy transfer (FRET) [7], surface plasmon resonance (SPR) [8], dynamic light scattering 

(DLS) [9], static light scattering (SLS) [10], transmission electron microscopy (TEM) [11], 

and photon correlation spectroscopy [12].  While these techniques provide inherent 

advantages, difficulties still exist in isolating the behavior of individual species within a 

complex biological media.  Measuring the interactions of biological macromolecules in 

heterogeneous and non-ideal solutions has presented analytical challenges that are actively 

being addressed by new techniques and approaches [7], [9]. 

 

Analytical ultracentrifugation (AUC) has been extensively applied to study the hydrodynamic 

and thermodynamic properties of macromolecules in solution [13], [14].  AUC monitors the 

sedimentation of compounds in a centrifugal field by fluorescence, absorbance, or 

interference detection, relating sedimentation velocity or equilibrium data to physical 

properties of the studied material.  This technique generates a rich dataset with high 
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precision and sensitivity that can be analyzed to produce size distribution profiles of 

macromolecules.  Recent advances in the mathematical treatment of these data have 

allowed for the deconvolution of complex, non-ideal solutions thereby isolating individual 

species within a heterogeneous system [15].  Through application of these approaches, 

characterization of novel materials exhibiting unique physicochemical properties, e.g. 

polysaccharides and macromolecular assemblies, is achievable [16], [17]. 

 

Here we endeavor to apply both AUC and light scattering experiments to evaluate diblock 

copolymer micelle assembly and stability in both buffer and complex media.  The core 

composition of these micelles was fixed while the corona chemistry was varied through 

incorporation of one of three monomer units: dimethylaminoethyl methacrylate (DMAEMA), 

N,N-dimethylacrylamide (DMA), and mannose ethyl methacrylate (ManEMA).  Each of these 

compounds displays a unique pendent, hydrophilic functionality: cation (DMAEMA), neutral 

(DMA), and saccharide (ManEMA).  The effect of these corona chemistries on micelle 

assembly/stability in buffer and in the presence of serum proteins was investigated.  AUC 

was employed to both validate the technique for micelle characterization and to measure the 

interactions of these particles with serum components.  

 

5.2. MATERIALS AND METHODS 

5.2.1. Materials 

Chemicals and all materials were supplied by Sigma-Aldrich (St Louis, MO) unless 

otherwise specified.  2,2′-Azobis(4-methoxy-2.4-dimethyl valeronitrile) (V70), 1,1'-

Azobis(cyclohexane-1-carbonitrile) (V40), and 2-2’-Azobis(isobutyronitrile) (AIBN) were 

obtained from Wako Chemicals USA, Inc. (Richmond, VA).  Spectra/Por 7 standard 

regenerated cellulose dialysis tubing was obtained from Spectrum Labs (Rancho 

Dominguez, CA) and Slide-A-Lyzer® MINI Dialysis Device with a 3.5K MWCO were 

obtained from Thermo Scientific (Rockford, IL).  ECT was synthesized as previously 

described [18], [19].   Dimethylaminoethyl methacrylate (DMAEMA), diethylaminoethyl 

methacrylate (DEAEMA), butyl methacrylate (BMA), and N,N-dimethylacrylamide (DMA) 

were distilled prior to use.  Methacryloxyethyl thiocarbamoyl rhodamine B (RhodMA) was 

obtained from Polysciences, Inc. (Warrington, PA).  Acetylated mannose ethyl 

methylacrylate (AcManEMA) was synthesized according to previous methods (see Chapter 
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4) [20], [21].  Recombinant human serum albumin (rHSA) was obtained from Albumin 

Biosciences (Huntsville, AL).  

 

5.2.2. Synthesis of poly(DEAEMA-co-BMA-co-RhodMA) macro chain transfer agent 

(pEB40r macroCTA) 

The RAFT copolymerization of DEAEMA, BMA, and RhodMA was conducted in dioxane at 

90 °C with 50 wt% monomer under a nitrogen atmosphere for 6 h using ECT and V40 as the 

chain transfer agent (CTA) and radical initiator, respectively.  The initial monomer to CTA 

molar ratio ([M]0:[CTA]0) was 100:1, the initial CTA to initiator molar ratio ([CTA]0:[I]0) was 

20:1, and the initial molar feed ratios (%) of DEAEMA, BMA, and RhodMA was 60, 40, and 

0.04, respectively.  The resultant macroCTA was isolated by dialysis (6000 – 8000 MWCO) 

against methanol followed by rotary evaporation and drying in vacuo.   

 

5.2.3. Diblock polymerization of DMA, DMAEMA, and AcManEMA from pEB40r 

macroCTA 

Three separate diblock copolymers were polymerized from the same pEB40r macroCTA in 

dioxane.  The DMA copolymer (p(EB40r-b-DMA)) was polymerized at 60 °C for 6 h at 30 

wt% monomer with AIBN as the radical source, the initial monomer to CTA ratio 

([M]0:[CTA]0) at 150:1, and the initial CTA to initiator molar ratio ([CTA]0:[I]0) at 20:1.  The 

DMAEMA copolymer p(EB40r-b-DMAEMA) was polymerized at 30 °C for 18 h at 40 wt% 

monomer with V70 as the radical source, the initial monomer to CTA ratio ([M]0:[CTA]0) at 

100:1, and the initial CTA to initiator molar ratio ([CTA]0:[I]0) at 20:1.  The AcManEMA 

copolymer (p(EB40r-b-AcManEMA)) was polymerized at 30 °C for 18 h at 40 wt% monomer 

with V70 as the radical source, the initial monomer to CTA ratio ([M]0:[CTA]0) at 50:1, and 

the initial CTA to initiator molar ratio ([CTA]0:[I]0) at 20:1.  The resultant diblock copolymers 

were isolated by precipitation into cold petroleum ether.  The copolymers were then 

redissolved into acetone and further precipitated into cold petroleum ether (×4) followed by 

drying overnight in vacuo.  Aqueous solutions of the DMA and DMAEMA diblock copolymers 

were prepared by dissolving the materials at 200 mg/mL in methanol then immediately 

diluting into pH 7.4 1X DPBS at 20 mg/mL.  These solutions were then dialyzed against 

DPBS using 3.5K MWCO.   
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5.2.4. Saponification of p(EB40r-b-AcManEMA) 

To display native pendent glycomoieties on the AcManEMA diblock copolymer, protective 

acetyl groups were removed via base-catalyzed hydrolysis.  p(EB40r-b-AcManEMA) was 

added to a solution of 1 wt% sodium methoxide in anhydrous methanol at a copolymer 

concentration of 50 mg/mL.  After 1 hour incubation at room temperature, the solution was 

neutralized with acetic acid to a pH of ~7 and dialyzed against deionized water using 1000 

MWCO tubing.  The solution was then lyophilized to obtain the final deprotected 

glycopolymer: p(EB40r-b-ManEMA).  An aqueous solution of this diblock copolymer was 

then prepared in the same manner as described for the DMA and DMAEMA diblock 

copolymers (see above).   

 

5.2.5. Gel permeation chromatography (GPC) 

GPC was used to determine molecular weights and polydispersities (Mw/Mn, PDI) of the 

macroCTA and diblock copolymers. SEC Tosoh TSK-GEL R-3000 and R-4000 columns 

(Tosoh Bioscience, Montgomeryville, PA) were connected in series to a Agilent 1200 series 

(Agilent Technologies, Santa Clara, CA), refractometer Optilab-rEX and triple-angle static 

light scattering detector miniDAWN TREOS (Wyatt Technology, Dernbach, Germany).  

HPLC-grade DMF containing 0.1 wt.% LiBr at 60 °C was used as the mobile phase at a flow 

rate of 1 ml/min.  The molecular weights of each polymer were determined using a multi-

detector calibration based on dn/dc values calculated separately for each copolymer 

composition.   

 

5.2.6. Dynamic light scattering (DLS) and static light scattering (SLS) measurements 

The diblock glycopolymer micelles were analyzed by DLS to determine particle mean 

diameter and by SLS to evaluate particle molecular weight using a Malvern Zetasizer Nano 

equipped with a 5 mW He-Ne laser operating at 633 nm (Worcestershire, UK) for both 

techniques. DLS measurements were performed in 1X DPBS at 200 µg/mL with mean 

diameters reported as the number average ± peak half-width.  Prior to SLS measurements, 

the micelle solutions were dialyzed against 1X DPBS using a Slide-A-Lyzer® MINI Dialysis 

Device with a 3.5K MWCO (Thermo Scientific, Rockford, IL) to remove methanol.  Serial 

dilutions of these solutions (0.5 – 0.1 mg/mL) were manually injected into a refractometer 

(Wyatt Optilab-rEX, Dernbach, Germany) to determine a dn/dc value for each diblock 

copolymer micelle.  Micelle molecular weight (Mw) and second virial coefficient (A2) were 
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determined from a Debye plot generated by SLS measurements at a constant scattering 

angle of 173° using the Rayleigh equation: KC/Rθ = (1/Mw + 2A2C), in which C was varied 

from 1 – 0.125 mg/mL, K is an optical constant, and Rθ is the Rayleigh ratio of the scattered 

to incident light intensity.  The parameter K can be represented by the following relationship: 

K = 4π2n0
2(dn/dc)2/NAλ

4, in which n0 is the refractive index of the solvent, NA is Avogadro’s 

number, and λ is the wavelength of the light source.  From the Mw, an aggregation number 

(Nagg) was determined using the molecular weight of the unimeric species (Mw,unimer) 

measured by GPC: Nagg = Mw,micelle/Mw,unimer.  Each data point represents triplicate 

measurements. 

 

5.2.7. Hemolysis assay 

The potential for the diblock copolymers to disrupt endosomal membranes was assessed by 

a hemolysis assay.  The protocol followed here has been described previously [22].  Briefly, 

polymer was incubated in the presence of erythrocytes at 20 µg/mL in 100 mM sodium 

phosphate buffers (supplemented with 150 mM NaCl) of varying pH (7.4, 7.0, 6.6, 6.2, and 

5.8) intended to mimic the acidifying pH gradient that endocytosed material is exposed to.  

The extent of cell lysis (i.e. hemolytic activity) was determined by detecting the amount of 

released hemoglobin via absorbance measurements at 492 nm. 

 

5.2.8. Critical micelle concentration (CMC) determination via ANS fluorescence 

The CMC value for each diblock copolymer was determined using 1-Anilino-8-Naphthalene 

Sulfonate (ANS) as a hydrophobically-sensitive, fluorescence probe.  Serial dilutions of each 

micelle solution were prepared from 200 – 1 µg/mL and to these was added ANS from a 

methanol stock to obtain a final ANS concentration of 3 µM.  Following a 1 hr incubation at 

room temperature in the dark, the fluorescence of each solution was measured at an 

excitation and emission wavelength of 390 and 550 nm, respectively.  The CMC value was 

assigned as the curve inflection point which was determined by the intercept between a 

linear regression at the lower concentrations and a logarithmic regression at the higher 

concentrations. 

 

5.2.9. Transmission electron microscopy (TEM) 

The ManEMA diblock copolymer was applied to a carbon coated copper grid for 30 min from 

a 1X DPBS stock at 0.5 mg/mL.  The polymer-treated grid was fixed in Karnovsky’s solution 
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and washed in cacodylate buffer once and then water eight times.  The grid was then 

negatively stained for 15 min with a 6% uranyl acetate solution and then allowed to dry until 

analysis.  Imaging was performed on a JEOL 1230 microscope. 

 

5.2.10. Analytical ultracentrifugation (AUC) 

All experiments were performed on a Proteome XLI instrument equipped with fluorescence 

optics (Beckman Coulter, Palo Alto, CA).  Two sector charcoal Epon sedimentation velocity 

(SV) cells were loaded with 440 µL 1X DPBS spiked with diblock copolymer solutions.  No 

reference sector was required as fluorescence measurements were taken.  An 8-hole 

titanium rotor was loaded with 3 cells, a counterweight, a fluorescence calibration cell, and 

run at 30,000 rpm and 20 °C at 260 scans for each sector.  For all measurements, diblock 

copolymer concentrations ranged from 0.25 – 1.0 mg/mL.  For samples in serum, clarified 

mouse serum was spiked into the buffer samples.  For samples in rHSA, protein 

concentration was varied from 0 – 1.0 mg/mL.  Partial specific volume (v-bar) measurements 

were made for each diblock copolymer micelle using a DMA5000 densitometer/viscometer 

(Anton Paar, Ashland, VA).  Measurements in only buffer were analyzed using SEDFIT 

software [13] while all measurements were analyzed by globally fitting the data using 

SEDANAL software [15]. 

 

5.3. RESULTS AND DISCUSSION 

5.3.1. Diblock copolymer synthesis and characterization 

The purpose of these studies was to evaluate the effect of corona composition on the 

assembly and stability of core-shell micelles.  To this end, a series of diblock copolymers 

were synthesized via reversible addition-fragmentation chain transfer (RAFT) polymerization 

in which three different homopolymer segments (DMA, DMAEMA, and AcManEMA) were 

separately blocked onto an endosomolytic copolymer macroCTA (Scheme 5.1 and Table 

5.1).  The macroCTA (EB40r) is similar to the copolymer composition described in Chapter 

2 with a 40% BMA molar feed except an additional monomer, rhodamine B methacrylate 

(RhodMA), was incorporated into this synthesis.  This monomer resulted in relatively uniform 

fluorescent labeling of the resultant diblock materials (Table 5.2) which allowed for 

fluorescent detection by analytical ultracentrifugation (AUC).  Each monomer successfully 

blocked off the EB40r macroCTA producing diblock copolymers with low polydispersities 

(PDI ≤ 1.16) confirming that the polymerizations were controlled (Figure 5.1).  Target DP 
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values for each homopolymerization were selected to achieve similar block sizes which was 

validated by GPC.  To obtain a mannosylated micelle, protective acetyl groups had to first 

be removed from the p(EB40r-b-AcManEMA) diblock copolymer by saponification.  

Complete removal of these pendent groups was confirmed by 1H-NMR (Figure 5.2). 

 

 
 
Scheme 5.1. RAFT-mediated polymerization of three diblock copolymers from a shared 
macroCTA. The following are the abbreviated monomer names: diethylaminoethyl 
methacrylate (DEAEMA), butyl methacrylate (BMA), rhodamine B methacrylate (RhodMA), 
dimethyl acrylamide (DMA), dimethylaminoethyl methacrylate (DMAEMA), and acetylated 
mannose ethyl methacrylate (AcManEMA). 
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Table 5.1.  
Molecular weightsa, polydispersitiesa, and monomer compositionsb for copolymer designs.  

Polymer 
Mn EB40 

Block (g/mol) 
Mn 2

nd
 Block  

(g/mol) 
Experimental 
DP 2

nd
 block 

Total 
Mn (g/mol) 

PDI 
(Mw/Mn) 

p(EB40r) macroCTA
b 

14700 --- --- 14700 1.09 

p(EB40r-b-DMA) 14700 13200 133 27900 1.06 

p(EB40r-b-DMAEMA) 14700 15800 84 30500 1.05 

p(EB40r-b-AcManEMA) 14700 25200
 

55 39900
c 

1.16 
a  

As determined by GPC   
b
 39% BMA as determined by 

1
H-NMR (CD3OD) spectroscopy (Bruker AV 500); total DP of block is 

approximately 87 (32 BMA and 55 DEAEMA) 
c
 Following saponification, the diblock copolymer molecular weight was assumed to be 30700 g/mol due to 

removal of acetyl groups 

 

 
Figure 5.1. GPC traces of three diblock copolymers and macroCTA in DMF. 
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Figure 5.2. 1H-NMR of mannosylated diblock copolymer in CD3OD before and after 
saponification.  Resonances associated with the acetyl groups are in the range of δ = ~2.2-
1.8. 

 

5.3.2. Characterization of diblock copolymer micelles in buffer 

All diblock copolymers were shown to assemble into particles at physiological pH:  21 ± 2, 

32 ± 4, 16 ± 2 nm mean diameters for DMA, DMAEMA, ManEMA, respectively (Table 5.2).  

A transmission electron microscope (TEM) image was taken of the ManEMA micelle which 

confirmed a spherical morphology, consistent with the architecture expected for block 

copolymers with these block sizes (Figure 5.3) [23].  While each of the three micelles 

displays unique corona chemistries, the composition of the core was fixed.  To study if these 

different coronas affected the pH-responsive activity of the copolymer segment, a hemolysis 

assay was performed (Figure 5.4).  For each micelle, there was minimal hemolytic activity at 

pH values of 7.4 and 7.0 while significant red blood cell lysis was observed for values 6.6 

and below.  This critical transition point has been confirmed for copolymer compositions 

incorporating 40% BMA (see Chapter 2) and is related to micelle destabilization into 

membrane-interactive unimers at this pH value.  This study confirms that corona 

composition does not have a significant effect on the pH-responsive activity of the core 

segment.  
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Table 5.2.  
Physical properties of diblock copolymer micelles in 1X DPBS as determined by dynamic 
light scatteringa, refractometryb, static light scatteringc, ANS fluorescenced, and UV/Vis 
spectroscopye. 

 

 
 

Figure 5.3. Transmission electron microscopy (TEM) image of ManEMA diblock copolymer 
immobilized on a carbon coated copper grid.  Scale bar represents 100 nm. 
 

 
Figure 5.4. Hemolytic activity of diblock copolymers at a concentration of 20 µg/mL. 
Hemolytic activity is normalized relative to a positive control, 1% v/v Triton X-100, and the 
data represent a single experiment conducted in triplicate ± standard deviation.  
 

Polymer 
 

Diameter
a
 (nm)

 
dn/dc

b 
MW

c
 (kDa)

 
Aggregation 

number
c 

A2
c
 

(mL·mol/g
2
)/10

4 
CMC

d
 

(µg/mL)
 

Mol% 
Rhodamine

e 

DMA
 

21 ± 2 0.122 1120 ± 20 40 1.34 13 0.39 

DMAEMA 32 ± 4 0.157 2140 ± 30 70 2.20 14 0.38 

ManEMA 16 ± 2 0.169 660 ± 20
 

21
 

3.09 13 0.46 
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Next, micelle assembly and stability in buffer were assessed by determining the critical 

micelle concentration (CMC) and aggregation number (Nagg) for each of the three diblock 

copolymers via two independent measurements.  The concentration at which the unimeric 

conformation of a polymeric species saturates both the bulk solvent and the solvent-air 

interface leading to the spontaneous assembly of micellar particles is known as the CMC 

[24].  This parameter is important to understanding the stability of polymeric micelles 

towards dilution effects since below the CMC, micelles will dissemble into their constituent 

unimeric components.  The CMC was determined using a fluorescent polarity-sensitive 

probe, 1-anilino-8-naphthalene sulfonate (ANS), that exhibits a blue shift in its emission 

maximum upon incorporation into hydrophobic domains, e.g. micelle core [25], [26].  CMC 

values of 13, 14, and 13 µg/mL were determined for DMA, DMAEMA, and ManEMA 

micelles, respectively, confirming that corona composition does not affect micelle stability 

towards dilution (Figure 5.5 and Table 5.2).  These CMCs are slightly higher but 

comparable to related methacrylate-based block copolymer micelles.  Convertine et al. 

reported on a pH-responsive diblock copolymer micelle incorporating BMA into the core 

segment and obtained a CMC value of 2 µg/mL using pyrene as a probe [27].  Li et al. 

described diblock copolymer micelles with BMA homopolymer cores that had 0.5 – 6 µg/mL 

CMCs [28].  PEG-stabilized BMA copolymer micelles were also shown to exhibit sub-10 

µg/mL CMC values [29].  The presence of DEAEMA residues within the core of the micelles 

described in this chapter may account for the increased CMC when compared to BMA 

homopolymer-based micelles.       
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Figure 5.5. Determination of critical micelle concentration (CMC) of diblock copolymer 
micelles in 1X DPBS using 8-anilino-1-napthalenesulfonic acid (ANS) as a hydrophobic-
sensitive fluorescent probe. CMC values were determined from the inflection point of each 
curve, as illustrated for DMA. 
 

Micelle aggregation numbers (Nagg) were determined by measuring light scattering intensity 

across a range of copolymer concentrations via static light scattering (SLS) (Figure 5.6).  

Nagg values were calculated to be 40, 70, and 21 for the DMA, DMAEMA, and ManEMA 

micelles, respectively.  Researchers have demonstrated a strong dependence of Nagg on the 

length of hydrophilic corona segments for Pluronics, a thoroughly-studied triblock copolymer 

composed of a poly(ethylene oxide) (PEO) corona and poly(propylene oxide) (PPO) core 

[30], [31].  An increase in the PEO length has been shown to lead to a decrease in Nagg 

which is attributed to steric hindrance of the PEO head groups preventing dense chain 

packing in the corona.  The monomers investigated here vary in not only chemical 

functionality but also size (MWDMA = 99.1 g/mol, MWDMAEMA = 157.2 g/mol, MWManEMA = 292.1 

g/mol).  The bulky, pendent saccharide groups of the ManEMA micelle may limit corona 

chain packing due to steric hindrance, leading to a lower Nagg.  The values for Nagg also 

scale with mean diameter suggesting that particle size may dominate this trend.  The 

DMAEMA segment is expected to adopt an extended chain conformation in physiological 

conditions as a result of charge group repulsion, thereby creating a larger corona that 

increases particle size [32].  The Nagg values reported for these micelles are consistent with 

those found for related methacrylate-based block copolymers: 30-40 for poly[(N-

acryloylmorpholine)-b-BMA] [28] and 34 for poly[DMAEMA-b-(butyl acrylate)] [33].   
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The second virial coefficient, A2, was also determined from the SLS experiments and 

provides a measure of micelle-micelle interactions [34].  The ManEMA micelle was found to 

have the highest A2 value (3.09· 10-4 mL·mol/g2) compared to DMA (1.34 · 10-4) and 

DMAEMA (2.20 · 10-4).  A possible explanation for this finding is the hydroxyl groups of the 

pendent saccharides promote hydrogen bonding between adjacent chains [35], [36].  These 

A2 values are consistent with similar polymeric materials: 1 – 3 · 10-4 mL·mol/g2 for diblock 

copolymer micelles consisting of morpholine coronas and BMA cores [28] while Pluronic 

compositions exhibited slightly smaller A2 values of 2 – 5 · 10-5 mL·mol/g2 [31].   

 

 
Figure 5.6. Debye plot of diblock copolymers in 1X DPBS. 

 

5.3.3. Analytical ultracentrifugation (AUC) analysis of diblock copolymer micelles 

Each diblock copolymer micelle was studied in buffer and in the presence of mouse serum 

and recombinant human serum albumin (rHSA) by AUC sedimentation velocity experiments 

using fluorescence detection.  This approach monitors the sedimentation of species as a 

function of time and radial position within the instrument, allowing for the determination of 

absolute molecular weight by solving the Lamm and Svedberg equations [13].  Size 

distribution profiles for each micelle in buffer were determined using the program SEDFIT 

(NIH, Bethesda, MD) (Figure 5.7).  Only the DMA micelle behaved as a single, discrete 

component while both DMAEMA and ManEMA micelles exhibited peak asymmetry for the 

dominant species with larger, although less prevalent, species also present.  For all 
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materials, a low molecular weight fraction was found close to the meniscus that did not 

migrate throughout the duration of the experiment.  This finding may be attributed to 

unincorporated dye that was not removed during dialysis. 

 
Figure 5.7. c(S) distribution analysis of the boundary data performed by SEDFIT for the 
three diblock copolymer micelles in buffer at approximately 1 mg/mL. 
 
Using v-bar values calculated from a related polymer micelle, absolute molecular weights of 

the dominant species from the c(s) distributions were determined for each diblock copolymer 

(Table 5.3).  A similar trend in aggregation number is observed when compared to the SLS 

data: Nagg(DMAEMA) > Nagg(DMA) > Nagg(ManEMA).  Following this analysis, densitometry 

measurements were made to yield the following v-bar values: 0.986, 0.832, and 0.730 mL/g 

for the DMA, DMAEMA, and ManEMA micelles, respectively.  Discrepancies in the absolute 

molecular weight values between SLS and AUC may be less apparent when using the 

correct v-bar values during SEDFIT analysis; these experiments are currently ongoing. 

 
Table 5.3.  
Summary of the main components determined by c(s) distribution analysis using a v-bar 
value (mL/g) of 0.866 for all diblock copolymers. 

Polymer s20w MW (kDa) Nagg 

DMA 8.4 ± 0.2 790 ± 40 28 ± 2 

DMAEMA 18.2 ± 0.2 1950 ± 70 63 ± 3 

ManEMA* 11.4 ± 0.4 380 ± 10 12 ± 1 
*Secondary component exhibits a s20w of 18.0 ± 0.7, MW of 750 ± 30 kDa, and  
Nagg of 24 ± 1. 
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While SEDFIT is able to fit AUC data of the micelles in buffer and generate molecular weight 

distributions, the program cannot account for the non-ideality that exists for the 

sedimentation of complex media containing serum components.  These non-idealities affect 

determination of frictional ratios and diffusion constants which arise primarily due to charge 

effects in crowded media, a phenomenon known as the Johnston-Ogsten effect.  To account 

for this behavior, algorithms within the program SEDANAL [15] were employed to measure 

the sedimentation of micelles in buffer alone and buffer spiked with rHSA and mouse serum. 

 

SEDANAL analysis of ManEMA micelles in buffer yielded two components with similar 

aggregation numbers (Nagg of 13 and 14) (Figure 5.8).  Neither of these species exhibited a 

change in Nagg upon increasing concentrations of rHSA, suggesting that the polymer does 

not significantly interact with this protein.  Conversely, the Nagg of the DMA micelle increased 

from 18 in buffer only to 26 with 1 mg/mL rHSA present.  rHSA is an anionic protein at 

physiological pH (pI = 5.0 [37]) so it is capable of electrostatically interacting with cationic 

materials.  As the pendent moieties of DMA and ManEMA are both neutral they are unable 

to participate in this type of interaction.  However, tertiary amines from DEAEMA residues in 

the core may be able to bind electrostatically with anionic amino acid residues if they are not 

properly shielded by the corona.  These data suggest that ManEMA better stabilizes the 

micelle towards anionic protein interactions and that this activity may be due to enhanced 

protection of cationic components present in the core.  The DMAEMA micelle was not 

investigated in this study due to its predominantly cationic character at physiological pH (pKa 

of DMAEMA residues is approximately 7.4 [38]).  
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Figure 5.8. Aggregation number (Nagg) as a function of rHSA concentration for both DMA 
and ManEMA diblock copolymer micelles at a polymer concentration of 1 mg/mL.  Both the 
primary and secondary component from the ManEMA micelle sedimentation profile are 
reported. 
 

Next, the stability of these micelles in complete mouse serum was investigated.  In buffer 

alone, each diblock copolymer sedimented at a different rate (DMAEMA > ManEMA > DMA) 

with the DMAEMA micelles exhibiting the most complex sedimentation profile with multiple 

boundaries observed (Figure 5.9).  In the presence of mouse serum, both the DMA and 

DMAEMA micelles display non-ideal concentration fluctuations at the top of the boundary in 

the plateau region, suggesting that there is significant interaction of these materials with 

serum components.  However, perturbations in the plateau region are absent in the 

ManEMA micelle sedimentation profile, providing further evidence that the ManEMA corona 

is better able to stabilize these micelles towards non-specific protein binding.  Preliminary 

SEDANAL analysis was performed to generate absolute molecular weight values of the 

dominant species in these profiles (Table 5.4).  From these data, there are significant 

changes in aggregation number for the DMA and DMAEMA micelles between buffer and 

serum while these values remain relatively unchanged for the ManEMA micelle between 

these two media (6 ± 2 in buffer only and 6 ± 3 in serum).  For a more accurate 

determination of these values, SEDANAL analysis needs to be performed using the correct 

v-bar values for each diblock copolymer. 

 



www.manaraa.com

106 

 

 
Figure 5.9. Sedimentation profiles of DMA (A), DMAEMA (B), and ManEMA (C) diblock 
copolymer micelles in buffer or mouse serum at approximately 1 mg/mL polymer. 
 
Table 5.4.   
Summary of SEDANAL fitting results for the main components of the three diblock 
copolymers in buffer and serum. 

Polymer 
v-bar 

(mL/g) s20w MW (kDa) Nagg 

DMA (buffer) 0.986 7.9 ± 0.1 440 ± 20 16 ± 1 

DMA (serum) 0.986 3.7 310 11 

DMAEMA (buffer) 0.866* 16.4 ± 0.6 350 ± 40 11 ± 1 

DMAEMA (serum) 0.866* 4.1 ± 1.5 600 ± 390 20 ± 13 

ManEMA (buffer) 0.866* 14.3 ± 0.1 190 ± 60 6 ± 2 

ManEMA (serum) 0.866* 5.6 ± 2.2 170 ± 90 6 ± 3 

*v-bar value calculated previously for a related diblock copolymer material. 
 

5.4. CONCLUSIONS 

A series of diblock copolymers were successfully prepared via reversible addition-

fragmentation chain transfer (RAFT) polymerization and shown to assemble into micellar 

nanoparticles.  These materials consist of an endosomolytic copolymer core and 

homopolymer coronas with various pendent chemical functionalities: neutral (N,N-

dimethylacrylamide, DMA), cationic (dimethylaminoethyl methacrylate, DMAEMA), and 

saccharide (mannose ethyl methacrylate, ManEMA).  Dynamic light scattering (DLS) 

measurements of the micelles in buffer confirmed a trend in mean particle size (DMAEMA > 

DMA > ManEMA) which was consistent with the aggregation numbers determined by both 

static light scattering (SLS) and analytical ultracentrifugation (AUC) experiments.  AUC 

studies additionally demonstrated that the ManEMA micelles did not significantly interact 
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with either recombinant human serum albumin (rHSA) or mouse serum, suggesting that 

carbohydrate-based coronas may be optimal for systemically administered micelle-based 

therapeutics. 
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CHAPTER 6 – IN VIVO DNA DELIVERY MEDIATED BY 

GLYCOPOLYMER MICELLES 
 

Matthew J. Manganiello, Connie Cheng, Eun-Ho Song, John T. Wilson, Anthony J. 
Convertine, James D. Bryers, Daniel M. Ratner, Patrick S. Stayton 
 

ABSTRACT 

Polymeric micelles were prepared via reversible-addition fragmentation chain transfer 

(RAFT) polymerization consisting of two discrete copolymer segments with unique functions: 

an endosomolytic, core-forming block of diethylaminoethyl methacrylate (DEAEMA) and 

butyl methacrylate (BMA) and a hydrophilic, corona-forming block of dimethylaminoethyl 

methacrylate (DMAEMA) and mannose ethyl methacrylate (ManEMA) with varying molar 

feed ratios (0 to 100% ManEMA).  Using dynamic light scattering (DLS) and hemolysis 

assays, these materials were shown to adopt a membrane-inert, micellar morphology at 

physiological pH that destabilized into membrane-disruptive unimers at endosomal pH 

values (≤ 6.6).  Micelles incorporating ManEMA into their corona were able to engage the C-

type lectin, Concanavalin A, as demonstrated by an agglutination assay.  All micelles 

condensed plasmid DNA (pDNA) into 140 – 200 nm complexes with zeta potentials that 

decreased upon increasing mannosylation; the 100% ManEMA diblock copolymer yielded 

near-neutral polyplexes (-1 ± 0.5 mV).  The in vitro pDNA transfection activity of these 

complexes was highly dependent on ManEMA incorporation: greater than 25% ManEMA 

produced inactive polyplexes while the 0% ManEMA (100% DMAEMA) diblock copolymer 

performed better than the liposomal commercial reagent.  However, subcutaneous 

administration of luciferase-encoding pDNA polyplexes demonstrated that the 0% ManEMA 

polyplex was unable to mediate expression while the 100% ManEMA polyplex produced 

detectable luminescence at the site of injection.  In vivo monitoring of fluorescently-labeled 

pDNA showed that the pDNA from the 100% ManEMA polyplex distributes out of the 

subcutaneous tissue after 24 hours while the 0% ManEMA polyplex sequesters pDNA in a 

punctate depot for up to 72 hours.  Evaluation of fluorescently-labeled diblock copolymers 

further suggests depot formation for the 0% ManEMA polyplex.  Lymph node trafficking 

studies revealed that the 100% ManEMA polyplex significantly enhances pDNA uptake by 

CD11c+/MHCII+ dendritic cells (10.8 ± 4.1% cells positive for pDNA) when compared to free 

pDNA (2.5 ± 10%) while the 0% and 50% ManEMA polyplexes did not mediate uptake 

above background levels. 
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6.1. INTRODUCTION 

The safe, efficacious delivery of DNA requires the use of carriers to facilitate cellular entry 

and nuclear localization while protecting the nucleic acid from enzymatic degradation [1].  

While polycation-based delivery systems are capable of exhibiting high transfection activities 

in vitro, their primary mode of cellular internalization, nonspecific adsorptive pinocytosis, 

limits their utility as in vivo nucleic acid carriers [2].  Electrostatic interactions with 

extracellular matrix proteins can also lead to deleterious effects following intradermal or 

subcutaneous administration of polycations [3–5].  Imparting carbohydrate-mediated 

targeting, termed “glycotargeting”, to delivery systems can overcome these shortcomings 

[6].  Cell-surface lectins are capable of recognizing carbohydrates with high specificity and 

can internalize adsorbed material through receptor-mediated endocytosis following 

multivalent engagement of carbohydrate recognition domains (CRDs) [7].  By directly 

targeting these lectins through the glycosylation of nucleic acid carriers, the uptake of 

genetic cargo can be enhanced in specific cell populations while minimizing interaction with 

off-target cells and extracellular matrix components. 

 

Functionalizing polymeric gene delivery systems with mannose has generated much interest 

due to the ability of the carbohydrate to recognize a range of immunologically relevant C-

type lectins, notably the macrophage mannose receptor (MMR) found on the surfaces of 

macrophages and dendritic cell (DC) subsets [8], [9].  Mannosylation as a tool to enhance 

cell-specific uptake of synthetic polymers was first demonstrated by direct conjugation of 

mannose to poly(L-lysine) (PLL) with the resultant material exhibiting preferential uptake by 

alveolar macrophages [10].  This work was extended by Ferkol et al. who delivered DNA to 

murine macrophages using a mannosylated PLL carrier [11].  Polyamidoamine-based 

dendrimers modified with mannose also have been shown to display high DNA transfection 

activity across multiple cell types [12], [13].  Hashimoto et al. developed mannosylated 

chitosan carriers which were able to mediate high pDNA expression levels in murine 

peritoneal macrophages [14].  An important note from this work was the mitigation of 

nonspecific, polycation-mediated toxicity; this finding is often observed with reports of 

cationic materials that have been modified with carbohydrates [6], [15], [16].  Mannosylation 

has also been utilized to functionalize liposomal gene delivery systems which are capable of 

in vivo DC targeting upon carbohydrate modification [17], [18].   
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DCs are a promising target for gene therapy as they are pivotal mediators of adaptive 

immune responses, acting as antigen presentation cells (APCs) by priming T cells to elicit 

antigen-specific effector functions.  Delivering antigenic material to these APCs represents a 

promising strategy to initiate potent immune responses in a variety of vaccine applications 

[19].  To access these relevant immune cell populations, carriers must be able to overcome 

barriers in the extracellular space to avoid accumulation in off-target cells and potentially 

navigate through lymphatic vessels to encounter APCs within the draining lymph nodes [4], 

[20], [21]. 

 

Despite the reported successes of achieving DNA transfection in APCs in vitro with 

mannose-modified synthetic polymers, there has been limited progress in translating these 

systems in vivo.  One approach to overcome these obstacles is to develop materials that 

mimic the multivalent, carbohydrate-mediated binding capabilities of pathogenic organisms 

[22], [23].  Advances in the field of controlled radical polymerizations have allowed the 

synthesis of structurally well-defined glycopolymers to meet these ends, namely through the 

application of the reversible addition-fragmentation chain transfer (RAFT) process [24], [25].  

These constructs contain pendent carbohydrate functionalities and can be incorporated into 

a variety of complex polymer architectures, including block copolymers [26], glycopolymer 

micelles [27], glycopolymer stars [28], multi-functional glyconanoparticles [29], and 

“clickable” glycopolymers [30].  Herein we report the development of mannosylated diblock 

copolymer micelles prepared via RAFT.  This approach is based upon previous diblock 

copolymer designs which transition from micelles into membrane-interactive unimers at low 

pH, thereby facilitating release from endosomes following cellular internalization.  We 

examined the ability of these materials to deliver DNA in vivo as a function of mannose 

incorporation in the micelle corona. 

 

6.2. MATERIALS AND METHODS 

6.2.1. Materials 

Chemicals and all materials were supplied by Sigma-Aldrich (St Louis, MO) unless 

otherwise specified.  2,2′-Azobis(4-methoxy-2.4-dimethyl valeronitrile) (V70) and 1,1'-

Azobis(cyclohexane-1-carbonitrile) (V40) were obtained from Wako Chemicals USA, Inc. 

(Richmond, VA).  Spectra/Por 7 standard regenerated cellulose dialysis tubing was obtained 

from Spectrum Labs (Rancho Dominguez, CA) and Amicon Ultra centrifugal filters were 
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obtained from EMD Millipore (Billerica, MA).  ECT was synthesized as previously described 

[31], [32].   Dimethylaminoethyl methacrylate (DMAEMA), diethylaminoethyl methacrylate 

(DEAEMA), butyl methacrylate (BMA) were distilled prior to use.  Acetylated mannose ethyl 

methylacrylate (AcManEMA) was synthesized according to previous methods (see Chapter 

3) [33], [34].  gWiz-GFP pDNA was obtained from Aldevron LLC (Fargo, ND) and pCMV-Luc 

pDNA was obtained from Elim Biopharm (Hayward, CA).  Lipofectamine 2000 (LF) was 

obtained from Invitrogen (Carlsbad, CA).  Label IT® Tracker™ Intracellular Nucleic Acid 

Localization Kit, Cy™5 was obtained from Mirus Bio (Madison, WI) and NIR-664-

iodoacetamide was obtained from Santa Cruz Biotechnology (Santa Cruz, CA).  RAW 264.7 

(murine leukaemic monocyte macrophage cell line) (ATCC) cells were maintained in 

Dulbecco's Modified Eagle Medium (DMEM) High Glucose containing L-glutamine (GIBCO) 

supplemented with 1% penicillin-streptomycin (GIBCO) and 10% fetal bovine serum (FBS, 

Invitrogen) at 37 °C and 5% CO2. 

 

6.2.2. Synthesis of poly(DEAEMA-co-BMA) macro chain transfer agent (EB40 

macroCTA) 

The RAFT copolymerization of DEAEMA and BMA was conducted in dioxane (50 wt% 

monomer) at 90 °C under a nitrogen atmosphere for 6 h using ECT and V40 as the chain 

transfer agent (CTA) and radical initiator, respectively.  The initial monomer to CTA molar 

ratio ([M]0:[CTA]0) was 100:1, CTA to initiator molar ratio ([CTA]0:[I]0) was 20:1, and molar 

feed ratio of DEAEMA:BMA was 3:2 (40 mol% BMA).  The resultant EB40 macroCTA was 

isolated by dialysis against methanol with 1000 MWCO tubing followed by rotary 

evaporation and drying overnight in vacuo to remove residual solvent. 

 
6.2.3. Diblock copolymerization of DMAEMA and AcManEMA from EB40 macroCTA 

DMAEMA and AcManEMA were copolymerized from an EB40 macroCTA in which the initial 

molar feed of AcManEMA was either 0, 25, 50, 75, or 100%.  Each polymerization was 

conducted in dioxane at 40 wt% monomer for 18 h at 30 °C using V70 as the primary radical 

source.  The initial monomer to CTA molar ratio ([M]0:[CTA]0) was 65:1 and CTA to initiator 

molar ratio ([CTA]0:[I]0) was 20:1.  The resultant diblock copolymers were isolated by 

precipitation into cold hexanes.  The precipitated polymers were then redissolved into 

acetone and precipitated into cold hexanes (x3) and dried overnight in vacuo.    
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6.2.4. Gel permeation chromatography (GPC) 

GPC was used to determine molecular weights and polydispersities (Mw/Mn, PDI) of the 

macroCTA and diblock copolymers. SEC Tosoh TSK-GEL R-3000 and R-4000 columns 

(Tosoh Bioscience, Montgomeryville, PA) were connected in series to a Agilent 1200 series 

(Agilent Technologies, Santa Clara, CA), refractometer Optilab-rEX and triple-angle static 

light scattering detector miniDAWN TREOS (Wyatt Technology, Dernbach, Germany).  

HPLC-grade DMF containing 0.1 wt.% LiBr at 60 °C was used as the mobile phase at a flow 

rate of 1 ml/min.  The molecular weights of each polymer were determined using a multi-

detector calibration based on dn/dc values calculated separately for copolymer composition 

assuming 100% mass recovery. 

 

6.2.5 Saponification of diblock copolymers 

To display native pendent glycomoieties on the diblock copolymers, protective acetyl groups 

were removed via base-catalyzed hydrolysis.  The diblock copolymers (including the 0% 

AcManEMA composition) were separately added to a solution of 1 wt% sodium methoxide in 

anhydrous methanol at a copolymer concentration of 50 mg/mL.  After 1 hour incubation at 

room temperature, the solutions were neutralized with acetic acid to a pH of ~7 and dialyzed 

against deionized water using 1000 MWCO tubing.  The solutions were then lyophilized to 

obtain the final diblock copolymers.  Aqueous stocks of the deprotected diblock copolymers 

were formulated from the lyophilized material at 2 mg/mL in 1X DPBS, pH 7.4.  The 

copolymers were pre-dissolved at 40 mg/mL in methanol prior to addition into buffer to 

promote micelle formation.  For in vivo studies, copolymer stocks were buffer exchanged 

into HEPES buffered glucose (HBG; 20 mM HEPES, 5% (w/v) glucose, pH 7.4) via 

centrifugal filtration with a 3000 MWCO. 

 

6.2.6. Concanavalin A (ConA) agglutination assay  

A stock solution of ConA was initially prepared in HEPES buffered saline (supplemented 

with MgCl2 and CaCl2).  Diblock copolymers were added to diluted ConA to obtain the 

following final concentrations: [ConA] = 100 µg/mL and [polymer] = 50 µg/mL.  At this point, 

the mixture was quickly vortexed and measured by UV/Vis spectroscopy at 350 nm and 0.1 

Hz for 15 min.  To determine the initial rate of cluster formation, kcluster, a linear curve was fit 

to the data in the first 1 min.  This kinetic parameter was the average of triplicate samples. 
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6.2.7. Formation of diblock copolymer/pDNA polyplexes and lipoplexes 

Diblock copolymer/pDNA polyplexes were prepared by first diluting pDNA (at 1 mg/mL 

molecular biology grade water) into 1X pH 7.4 DPBS followed by addition of the diblock 

copolymers from a 2 mg/mL aqueous stock with a minimum incubation time of 30 min at 

room temperature.  The total formulation volume was 20 µL per 1 µg pDNA.  Polyplexes 

were formulated at fixed weight ratios of polymer/DNA (wpoly/wpDNA).  Lipoplexes were formed 

by combining pDNA with Lipofectamine 2000 at a 3:1 v/w L2K:DNA ratio in serum-free 

media in accordance with the manufacturer’s protocol. 

 

6.2.8. Dynamic light scattering (DLS) and zeta potential measurements 

The sizes of free diblock copolymer micelles and copolymer/pDNA polyplexes in 1X DPBS 

were determined by DLS measurements using a Malvern Zetasizer Nano ZS 

(Worcestershire, UK).  Free copolymer measurements were performed at a polymer 

concentration of 200 µg/mL while polymer/pDNA particles were analyzed at a pDNA 

concentration of 5 µg/mL.  Free copolymer mean diameters are reported as the number 

average ± peak half-width while polyplex mean diameters are reported as the Z-average ± 

standard deviation.  For zeta potential measurements, polyplexes were diluted into water to 

achieve a final pDNA concentration of 5 µg/mL  

 

6.2.9. Hemolysis assay 

The potential for the diblock copolymers to disrupt endosomal membranes was assessed by 

a hemolysis assay.  The protocol followed here has been described previously [35].  Briefly, 

polymer was incubated in the presence of erythrocytes at 20 µg/mL in 100 mM sodium 

phosphate buffers (supplemented with 150 mM NaCl) of varying pH (7.4, 7.0, 6.6, 6.2, and 

5.8) intended to mimic the acidifying pH gradient that endocytosed material is exposed to.  

The extent of cell lysis (i.e. hemolytic activity) was determined by detecting the amount of 

released hemoglobin via absorbance measurements at 492 nm. 

 

6.2.10. In vitro transfections 

RAW 264.7 were seeded in 24-well plates at 1 ∙ 105 cells/well in 0.5 mL DMEM/10% 

FBS/antibiotics and cultured for 18 h to approximately 50% confluency.  Polyplexes and 

lipoplexes were formulated as described above using GFP-encoding pDNA and added to 

the cells at 1 μg pDNA/well.  Cell media was added to each well to obtain a total volume 1 
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mL/well and the poly/lipoplexes were allowed to incubate for 24 h.  After this time, the cells 

were washed once with DPBS and then lysed with 300 µL RIPA lysis buffer (Pierce) for 1 h 

at 4 °C.  Lysates were transferred to a black 96-well plate (150 µL/well) and fluorescence 

intensity was measured at an excitation and emission wavelength of 470 and 510 nm, 

respectively. 

 

6.2.12. Fluorescent labeling of pDNA and diblock copolymers 

gWiz-GFP pDNA was fluorescently labeled using Label IT® kit by following the 

manufacturer’s protocol.  The resultant material is referred to as Cy5-pDNA.  Diblock 

copolymers were labeled by quaternizing tertiary amines with an iodoacetamide-

functionalized near-IR dye (NIR-664-iodoacetamide).  Briefly, diblock copolymer (50 mg/mL) 

and dye (70 – 170 µg/mL) were reacted for 18 h in methanol in the dark.  This reaction 

mixture was dialyzed against methanol using a 6000 – 8000 MWCO followed by dissolution 

into dH2O and lyophilization.  The reconstituted NIR-664-diblock copolymer was then 

characterized by measuring fluorescence intensity at an excitation and emission wavelength 

of 640 and 700 nm, respectively, and via UV-Vis spectroscopy using the copolymer and 

NIR-664 absorbance at 310 and 664 nm, respectively. 

 

6.2.13. In vitro pDNA uptake 

Bone barrow-derived dendritic cells (BMDCs) were isolated from 6-8 week BALB/c mice 

(Jackson Laboratories, Bar Harbor, MA) using standard procedures [36].  Briefly, bone 

marrow cells were collected from mouse femurs and tibias and treated with ACK lysis buffer 

to remove red blood cells.  These cells were washed and cultured at 2 ∙ 106 cells/mL in 3 mL 

of complete RPMI media (2% HEPES buffer, 0.1 mM 2-mercaptoethanol, 100 U/mL 

penicillin, 100 µg/mL streptomycin, 2 mM glutamine, 10% fetal calf serum) supplemented 

with 10 ng/mL granulocyte-colony-stimulating factor (GM-CSF) and interleukin-4 (IL-4) (BD 

Biosciences, San Jose, CA) in six-well plates.  At day 6 of this culture method, the cells were 

plated in 24-well non tissue culture-treated polystyrene plates at 7.5 ∙ 104 cells/well in 0.5 mL 

complete RPMI media.  After overnight incubation, diblock copolymer/Cy5-pDNA treatments 

were added at 0.5 µg pDNA/well.  After 15 min, media was removed and cells were washed 

with 1X DPBS.  Cells were then incubated for 10 min at room temperature in 100 µL/well 

PBS-based cell dissociation buffer (GIBCO) and collected by vigorous washing.  These 

solutions were then diluted 1:2 with 1X DPBS containing 2% FBS.  Fluorescence data was 
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acquired on a BD FACscan flow cytometer (BD Biosciences) with 10,000 events gated on 

forward/side scatter collected per sample and analyzed in FlowJo (TreeStar, Ashland, OR). 

 

6.2.14. In vivo transfections and polyplex tissue distribution 

6-8 week-old female BALB/c mice were administered treatments subcutaneously in the 

lower right abdominal quadrant using a 29.5-gauge needle.  Polyplexes were formulated in 

HBG with 5 µg pDNA at +/- 4 and diluted to a total volume of 200 µL prior to injection.  

pCMV-Luc pDNA was selected for transfection studies while tissue distribution  studies used 

either unlabeled diblock copolymer/Cy5-pDNA or NIR-664-diblock copolymer/gWiz-GFP 

pDNA polyplexes.  For transfection studies, 24 hours post-injection luciferin solutions were 

prepared at 15 mg/mL in DPBS, filter sterilized, and injected intraperitoneally in the lower 

right abdominal quadrant at 150 mg/kg luciferin.  Mice were subsequently anesthetized with 

isoflurane and imaged with the IVIS200 imaging system (Xenogen Corp., Alameda, CA) 

using the luminescence setting and a 3 min exposure time.  For the tissue distribution 

studies, mice were imaged at various time points post-injection (0, 4, 24, and 72 h) following 

the same protocol as described above except via fluorescent measurements at excitation 

and emission wavelengths of 640 and 700 nm, respectively, with exposure time determined 

automatically in Living Image analysis software (Caliper Life Sciences, Hopkinton, MA). 

 

6.2.15. Lymph node trafficking 

6-8 week-old female C57BL/6 mice (Jackson Laboratories, Bar Harbor, MA) were 

administered treatments subcutaneously in the lower right abdominal quadrant using a 29.5-

gauge needle.  Polyplexes were formulated in HBG with 5 µg Cy5-pDNA at +/- 4 and diluted 

to a total volume of 200 µL prior to injection.  24 hours post-injection, animals were 

euthanized and inguinal lymph nodes were isolated.  Lymph nodes were subsequently 

digested in 1mL of RPMI 1640 supplemented with 0.34 mg/mL Liberase TL and 2 mg/mL 

DNaseI (Roche, Indianapolis, IN) for 20 min at 37 °C and then ground through a 40 µm cell 

strainer with 1X DPBS and cell dissociation buffer (enzyme-free, PBS; Life Technologies, 

Carlsbad, CA) washes.  Following an additional incubation at 37 °C, the cell solutions were 

quenched with media (RPMI 1640 supplemented with 10% heat-inactivated FBS) and 

centrifuged for 5 min at 1500 rpm.  Cell pellets were aspirated then resuspended in 3 mL of 

red blood cell lysis buffer (eBioscience, San Diego, CA) for 5 min at room temperature, 

diluted with 10 mL 1X DPBS, centrifuged, aspirated, and resuspended in FACS buffer (1X 
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DPBS supplemented with 2% heat-inactivated FBS) to an approximate concentration of 1 - 

3 · 106 cells/mL.  These solutions were then incubated with 2 µL purified rat anti-mouse 

CD16/32 antibody (BD Biosciences, San Jose, CA) diluted 1:5 for 5 min at 4 °C.  Following 

this Fc receptor blocking step, cells were double stained with 2 µL APC anti-mouse CD11c 

(BioLegend, San Diego, CA) and PE anti-mouse I-Ab (BD Biosciences) diluted 1:5 and 1:10, 

respectively, for 30 min at 4 °C.  After staining, cells were washed twice with FACS buffer 

with centrifugation steps at 300 g for 5 min in between.  The final cell pellets were 

resuspended in FACS buffer and analyzed by flow cytometry using the FACSCantoII (BD 

Biosciences).    

 

6.2.16. Intracellular cytokine (ICC) staining and flow cytometry 

Splenocytes were isolated as described previously and characterized using the following 

modified protocol [37], [38].  Briefly, splenocytes were cultured on a 96-well plate and 

treated with and without antigenic stimulation from the peptide mixture (100 µg/mL) for six 

hours with 2 M monensin (GolgiStop; BD Biosciences, San Jose, CA) present.  The cells 

were washed and stained with either FITC-anti-CD4 or FITC-anti-CD8 monoclonal antibody 

(mAb).  Following an additional wash, the cells were fixed with paraformaldehyde in the 

presence of a permeabilization agent, saponin, and stained with PE-anti-IFN-γ mAb.  Cells 

were washed a final time and suspended in PBS supplemented with 2% FBS, counted using 

a FACSCanto (BD Biosciences), and analyzed in FlowJo (TreeStar). 

 

6.2.17. Statistical Analysis 

ANOVA was used to test for treatment effects, and Tukey’s test was used for post hoc 

pairwise comparisons between individual treatment groups. 

 
 

6.3. RESULTS AND DISCUSSION 

6.3.1. Diblock copolymer synthesis and characterization 

A series of diblock copolymers were synthesized according to Scheme 6.1 consisting of two 

discrete statistical copolymer segments: a hydrophobic, endosomolytic unit with monomer 

feed ratios of 60% DEAEMA and 40% BMA (EB40) and cationic/targeting unit of DMAEMA 

and AcManEMA at varying monomer feed ratios of AcManEMA (0, 25, 50, 75, and 100%).  

The isolated EB40 copolymer acted as a macroCTA for the subsequent copolymer 

synthesis (Table 6.1 and Figure 6.1 and 6.2).  The diblock copolymer series exhibited 
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unimodal size distributions with low polydispersities (1.09 ≤ PDI ≤ 1.27) with monomer 

incorporations close to the initial feed ratios.  Subsequent saponification yielded diblock 

copolymers lacking protective acetyl groups (δ = ~2.2-1.8), revealing the native mannose 

sugar conformation (representative demonstration of acetyl group removal in Figure 6.3).  

 

 

 
 
Scheme 6.1. RAFT-mediated synthesis of diblock copolymers consisting of an 
endosomolytic hydrophobic block (DEAEMA-co-BMA) which acted as a macroCTA for the 
copolymerization of DMAEMA and AcManEMA at varying molar feed ratios. 
 

Table 6.1. 
Molecular weights, polydispersities, and monomer compositions for polymer designs. 

Polymer 
Theoretical

a
 % 

Man 2
nd

 block 
Exp.

b 
% ManEMA 

2
nd

 block 
2

nd
 block 

Mn
c
 (g/mol) 

Total 
Mn

c
 (g/mol) 

Total 
Mn

d
 (g/mol) 

PDI
c
 

(Mw/Mn) 

EB40 mCTA
e 

--- --- --- 15600 15600 1.16 

0% Man 0 0 11700 27300 27300 1.09 

25% Man 25 29 13300 28900 26300 1.11 

50% Man 50 57 18100 33700 28400 1.19 

75% Man 75 79 27700 43300 34000 1.14 

100% Man 100 100 34700 50300 37600 1.27 
a
 Calculated molar feed ratio 

b
 As determined by 

1
H-NMR (CD3OD) spectroscopy (Bruker AV 500) 

c  
As determined by GPC   

d
 Molecular weight estimation following saponification based upon complete removal of acetyl groups  

e
 43% BMA as determined by 

1
H-NMR spectroscopy 
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Figure 6.1. GPC traces of diblock copolymer series and macroCTA in DMF. 

 

 
 
Figure 6.2. 1H-NMR of diblock copolymers in CD3OD. 
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Figure 6.3. 1H-NMR of acetylated and deacetylated 50% Man diblock copolymer in CD3OD. 

 

6.3.2. Aqueous properties of diblock copolymer micelles  

The diblock copolymers consist of two discrete segments intended to impart different 

structural and biological activity to the resultant materials when exposed to aqueous 

conditions.  The p(DEAEMA-co-BMA) unit is predominantly hydrophobic at physiological pH 

but becomes increasingly hydrophilic when the pH is decreased into the 

endosomal/lysosomal regime (pH 5.8 – 6.6) due to protonation of tertiary amines from 

pendent DEAEMA residues.  The p(DMAEMA-co-ManEMA) unit, independent of ManEMA 

incorporation, is hydrophilic at physiological pH.  When a diblock copolymer comprising 

these two segments is introduced into a physiological environment, it is expected to self-

assemble into micellar particles due to entropically-driven sequestration of the hydrophobic 

p(DEAEMA-co-BMA) block stabilized by the hydrophilic p(DMAEMA-co-ManEMA) block.  

This activity was validated by dynamic light scattering (DLS) as particle sizes of 

approximately 12 – 17 nm mean diameter were observed for the entire series of diblock 

copolymers (Table 6.2).  The pH-responsive activity was confirmed by a hemolysis assay in 

which each copolymer was able to disrupt red blood cell membranes upon a decrease of 

solution pH to 6.6 (Figure 6.4).  This activity is correlated to a structural transition from 

micelle-to-unimer due to solvation of the hydrophobic core block at a pH value specific to the 

copolymer composition (see Chapter 2; Figure 2.2).   
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Table 6.2. 
Dynamic light scattering measurements (DLS) of diblock copolymers and diblock 
copolymer/pDNA polyplexes.  Polyplexes were formulated at fixed weight ratios of 
polymer/pDNA (wpoly/wpDNA). 

  (wpoly/wpDNA) = 4.5 (wpoly/wpDNA) = 9 

Polymer 
(% Man) 

Polymer Mean 
Diameter (nm) 

Mean 
Diameter (nm) 

Zeta  
Potential (mV) 

Mean 
Diameter (nm) 

Zeta  
Potential (mV) 

0 17 ± 2 370 ± 40 18 ± 3 190 ± 5 28 ± 2 

25 12 ± 2 180 ± 10 14 ± 2 200 ± 20 22 ± 3 

50 13 ± 2 190 ± 10 6 ± 3 140 ± 10 16 ± 3 

75 13 ± 2 170 ± 10 7 ± 2 140 ± 10 10 ± 2 

100 15 ± 2 140 ± 10 -2 ± 3 140 ± 5 -1 ± 2 

 

 
Figure 6.4. Hemolytic activity of diblock copolymers at a concentration of 20 µg/mL. 
Hemolytic activity is normalized relative to a positive control, 1% v/v Triton X-100, and the 
data represent a single experiment conducted in triplicate ± standard deviation. 
 

To investigate the lectin-binding potential of the p(DMAEMA-co-ManEMA) block, an 

agglutination assay with Concanavalin A (ConA) was performed.  All diblock copolymers 

incorporating ManEMA, but not the composition lacking ManEMA, were able to bind ConA 

as measured by an increase in solution turbidity (Figure 6.5).  From these data, a kinetic 

parameter which identifies the initial rate of ConA/glycopolymer cluster formation (kcluster) can 

be determined by applying a linear regression to the early time points: 0.08 ± 0.01, 0.10 ± 

0.01, 0.07 ± 0.01, and 0.02 ± 0.01 AU/min for the 100%, 75%, 50%, and 25% Man diblock 

copolymers, respectively.  These findings demonstrate that glycopolymer micelles are 

functionally active in binding lectins (see Chapter 4) and that copolymer segments with as 
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little as 29 mol% mannose can recognize these proteins.  Additionally, there appears to be 

an optimal mannose incorporation for both inducing rapid lectin binding and achieving 

saturation of lectin binding sites. 

 

Figure 6.5. Time-dependent agglutination of ConA (100 µg/mL) mediated by diblock 
copolymers (50 µg/mL).  
 

6.3.3. Characterization and in vitro activity of diblock copolymer/pDNA polyplexes  

The diblock copolymers investigated in this study are based upon a previous design for 

pDNA delivery to immune cells (see Chapter 2).  Through copolymerization of ManEMA into 

the corona segment, the intent of this new synthetic strategy was to both impart lectin-

specific targeting functionality and dilute out the cationic charge which is attributed to 

deleterious effects in vivo [4].  To initially study the potential for this series of diblock 

copolymers to act as pDNA delivery vehicles, DLS measurements on diblock/pDNA 

polyplexes were performed (Table 6.2).  With the exception of polyplexes formed between 

the 0% Man copolymer and pDNA at a mass ratio of polymer to pDNA (wpoly/wpDNA) equal to 

4.5, all polyplex formulations exhibited mean diameters sub-200 nm (140 – 200 nm) 

suggestive of successful pDNA complexation.  These findings were further validated with a 

gel retardation assay (data not shown) which demonstrated complete association of 

copolymer and pDNA at the weight ratios investigated.  For diblock copolymer compositions 

incorporating DMAEMA, these data are unsurprising as the pendent tertiary amines on this 

monomer unit were previously implicated in electrostatic complexation with the anionic 

phosphate groups on the pDNA backbone, an activity which has been routinely exploited for 

polymer-based nucleic acid delivery [39].   
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An unexpected finding is that the diblock copolymer composition lacking DMAEMA, 100% 

Man, was not only able to form polyplexes, but produced the smallest particle sizes (mean 

diameter of 140 ± 5 nm).  This result suggests that these diblock copolymers do not retain 

their micelle morphology in the presence of pDNA and are likely exposing core DEAEMA 

residues to participate in pDNA complexation.  To investigate the role of ManEMA 

incorporation on the shielding of cationic charge, zeta potential measurements were 

performed for each polyplex formulation.  A general trend can be observed in which an 

increase in ManEMA content leads to a decrease in polyplex zeta potential, culminating in 

near-neutral particles for polyplexes formulated with the fully mannosylated diblock 

copolymer at wpoly/wpDNA = 9 (-1 ± 0.5 mV). 

 

Following polyplex characterization, the in vitro gene transfection activity of these materials 

was investigated using GFP-encoding pDNA in RAW264.7 (macrophage-like murine) cells 

(Figure 6.6).  The diblock copolymer composition lacking ManEMA, 0% Man, produced 

similar or better levels of GFP expression as compared to the commercial liposomal 

transfection reagent, Lipofectamine 2000, a finding supported by previous cell culture 

experiments (see Chapter 2).  The 25% Man diblock copolymer was able to mediate 

expression levels above background at the higher wpoly/wpDNA ratios (9 and 18) while all other 

compositions resulted in fluorescence values similar to baseline.  These findings 

demonstrate that dilution of the DMAEMA component in these diblock copolymer designs 

significantly attenuates in vitro pDNA transfection activity, confirming that DMAEMA plays a 

crucial role in facilitating pDNA delivery in culture.   
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Figure 6.6. In vitro transfection efficiencies in RAW 264.7 cells.  L2K corresponds to 
treatment with Lipofectamine/pDNA.  Data are from a single experiment run in triplicate with 
the error bars representing the standard deviation. 
 

While DMAEMA was found to not be essential in polyplex formation, the monomer likely 

promotes pDNA transfection in vitro through two possible mechanisms: the cationic charge 

mediates enhanced levels of nonspecific internalization and/or the tertiary amines 

participate in endosomal escape through the proton sponge effect [40–43].  While the latter 

possibility may be a factor, the sharp drop in transfection levels at compositions of 75% 

DMAEMA and below suggests this is not a dominant effect since every composition 

contains the same quantity of DEAEMA residues that should be able to participate in this 

activity.  However, a critical tertiary amine concentration in these polymer systems may be 

an important parameter in facilitating the proton sponge effect [44].  The effect of cell uptake 

attenuation due to dilution of DMAEMA has been investigated in bone marrow-derived 

dendritic cells (BMDCs) and initial studies have demonstrated that 0% Man polyplexes 

exhibit significantly higher levels of uptake as compared to 50% Man and 100% Man at 

short incubation times (Figure 6.7).  Based upon zeta potential measurements, the 

polyplexes with greater mannosylation exhibit lower surface charges (near neutral at 100% 

Man) so a decrease in charge-mediated modes of uptake would be anticipated.  Since these 



www.manaraa.com

126 

 

routes of nonspecific uptake often dominate in vitro, it is unsurprising that overall uptake 

would decrease upon charge neutralization of the polyplexes.   

 

 
 

Figure 6.7. In vitro uptake of Cy5-labeled pDNA in bone marrow-derived dendritic cells 
(BMDCs) after 15 min by flow cytometry.  Diblock copolymer/pDNA polyplexes were 
formulated at (WPOLY/WPDNA) = 9.  Data are from a single experiment run in triplicate with the 
error bars representing the standard deviation. 
 

The intended effect of introducing mannose residues into these polymer designs is to divert 

the primary mode of cell uptake from these nonspecific mechanisms towards C-type lectin-

mediated endocytosis.  This specific route of internalization has been demonstrated for our 

glycopolymers in the unimeric, linear conformation (see Chapter 3) but has not yet been 

confirmed in vitro for these glycopolymer micelles and polyplexes.  If these mannosylated 

systems are being internalized by cell surface receptors, their intracellular fate will be 

dependent upon the specific receptor and cell type.  For example, the mannose receptor on 

dendritic cells was found to traffic only to early endosomes following receptor engagement 

[45] while endocytosed compartments of DEC-205 can mature into late 

endosomes/lysosomes [46].  These findings allude to the possibility that selection of the 

right cell type may result in significant pDNA transfection for the 100% Man diblock 

copolymer in vitro. 
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6.3.4. In vivo pDNA expression  

Polyplexes formulated with luciferase-encoding pDNA were administered subcutaneously to 

visually observe expression at the site of injection after 24 hours.  Free pDNA administration 

resulted in the largest distribution of transfected cells as well as the highest luminescence 

levels (Figure 6.8).  These results are consistent with initial studies examining intradermal 

administration of free luciferase-encoding pDNA in which luminescent tissue was detected 

up to 14 days post-injection [47].  The polyplexes lacking mannose, 0% Man, did not 

produce significant luminescence.  Polyethylenimine (PEI) polyplexes were also investigated 

and did not produce detectable luminescence (data not shown).  The fully mannosylated 

polyplex, 100% Man, was able to facilitate pDNA transfection at the injection site, albeit at 

levels lower than the free pDNA (3.9 · 106 vs. 5.2 · 105 p/s).  It is important to note from 

these studies the high animal-to-animal variability, likely a result of slight differences in 

administration technique.  The stark contrast in expression levels between the 

mannosylated and non-mannosylated material highlight an important discordance often 

observed between in vitro and in vivo gene delivery studies. As an example, van den Berg 

et al. found that cationic lipoplexes dramatically outperformed free pDNA in vitro while this 

trend was reversed for intradermally administered material [4].  Additionally, these 

researchers found that in vivo and ex vivo activity of a cationic polymer was only observed 

following polymer PEGylation.  This latter finding demonstrates the detrimental effect of 

polycations in vivo despite the high transfection these materials promote in vitro.  This 

discordance is highlighted in this chapter’s findings as the near-neutral, mannosylated 

polyplexes were ineffective in vitro (as measured by transfection in RAW264.7 cells and 

uptake in BMDCs) yet were capable of mediating pDNA expression in subcutaneous tissue 

(dissections revealed that expression was localized to the skin, data not shown). 
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Figure 6.8. Representative in vivo visualization (A) and total flux (B) of luciferin 
bioluminescence due to luciferase-encoding pDNA expression.  The total flux of the free 
pDNA and 100% Man treatments is 3.9 · 106 and 5.2 · 105 p/s, respectively.  Polyplexes 
were formulated at WPOLY/WPDNA = 9.  
 

It is important to consider what cell types are internalizing and expressing the delivered 

pDNA.  Material administered via a subcutaneous route primarily accesses the hydodermis 

which consists of fibroblasts, adipocytes, and mononuclear cells.  These cells also comprise 
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the dermis which is targeted by intradermal injections.  Drabick et al. found that free pDNA 

administered intradermally via electroporation was expressed in fibroblasts, endothelial 

cells, adipocytes, and mononuclear cells which could include dermal dendritic cells [48].  

Another study which examined free pDNA uptake after intradermal administration (without 

electroporation) showed that the nucleic acid predominantly co-localized with dermal 

fibroblasts and not antigen presenting cells (APCs) [5].  This same study demonstrated that 

cationic polyplexes were unable to significantly transfect fibroblasts due to the formation of 

insoluble depots.  After 4 hours post-injection, dendritic cells were observed at the periphery 

of these depots internalizing pDNA.  Neutral polyplexes were shown to better infiltrate tissue 

around the injection site, allowing for delivery of DNA to both fibroblasts and dendritic cells.  

The data reported here are consistent with these previous findings as the neutral, 

mannosylated polyplex was able to produce detectable luminescence in the subcutaneous 

tissue while the cationic, mannosylated polyplex was not.  This finding is likely due to the 

neutral particles being able to access dermal fibroblasts while cationic particles are 

sequestered in depots, a supposition which will be investigated in the following sections. 

 

These materials were designed to directly transfect APCs, ultimately to prime the immune 

system to an antigen encoded in the pDNA.  An alternative pathway of antigen delivery to 

APCs involves transfecting fibroblasts and other off-target cells, or “bystander cells”, in the 

dermal/hypodermal tissue [49].  Through a combination of antigen expression and cell death 

by these bystander cells, dendritic cells are able to both mature and present antigen leading 

to robust T cell activation.  This phenomenon is one possible mechanism in which the 

polyplexes presented here could be capable of eliciting an antigen-specific immune 

response. 

 

6.3.5. In vivo polyplex tissue distribution 

To determine the tissue distribution of mannosylated (100% Man) and non-mannosylated 

(0% Man) polyplexes following subcutaneous administration, polyplexes incorporating both 

fluorescently-labeled pDNA (Figure 6.9) and diblock copolymer (Figure 6.10) were 

investigated.  Free pDNA was found to largely disperse away from the injection site by 24 

hours with very little persisting at 72 hours.  Treatment with the mannosylated polyplex 

produced a similar finding as free pDNA with complete clearance of the nucleic acid around 

24 – 72 hours.  The cationic, non-mannosylated polyplex was the only treatment which had 
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detectable pDNA fluorescence in all animals at 72 hours.  Additionally, the bulk of the 

fluorescent intensity was confined to a punctate region which differed from the distributed 

pattern of the free pDNA and mannosylated polyplex groups.  These findings for the non-

mannosylated polyplex are consistent with depot formation as discussed previously.   

 

 

Figure 6.9. In vivo visualization of tissue distribution (A) and average radiant efficiency (B) 
of diblock copolymer polyplexes (formulated at WPOLY/WPDNA = 9) with Cy5-labeled pDNA.  
Average radiant efficiency was determined using automatic detection of regions of interest 
with Living Image analysis software and error bars representing standard deviation (n = 3).  
There was a significant difference in the average radiant efficiency of DMAEMA polyplexes 
as compared to free pDNA and ManEMA polyplexes at 24 and 72 h (p < 0.05). 
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When examining polyplexes in which polymer was fluorescently labeled, both the 

mannosylated and non-mannosylated polymers were visually found to persist at the injection 

site after 72 hours.  However, when examining the average radiant efficiency of these 

regions, there is a sharp decline in fluorescence for the 100% Man polyplex between 0 and 

72 hours ([3.7 · 109 ± 6.7 · 108] vs. [4.7 · 108 ± 6.8 · 107]  (p/s/cm2/sr)/(µW/cm2)) with only 

13% remaining by this latter time point.  For the 0% Man polyplex, 57% of the initial 

fluorescence is detectable at 72 hours.   These results are unsurprising for the non-

mannosylated polyplex as pDNA was also found to be sequestered in a discrete region 

throughout the duration of the experiment, suggesting that polyplexes remain relatively 

intact (or at least the two components comprising these complexes co-localize) within a 

depot.  While the mannosylated polymer was present at later time points, fluorescence 

levels were substantially lower than those for the initial administered material, suggesting 

that the majority of polymer is able to traffic out of the injection site by 72 hours.  When 

formulating polyplexes, an excess of polymer is used and this residual, non-pDNA-

associated material may account for the signal measured at these latter time points. 
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Figure 6.10. In vivo visualization of tissue distribution (A) and average radiant efficiency (B) 
of diblock copolymer polyplexes (formulated at WPOLY/WPDNA = 9) with near-IR fluorophore 
(NIR-664)-labeled polymer.  Average radiant efficiency was determined using automatic 
detection of regions of interest with Living Image analysis software and error bars 
representing standard deviation (n = 3).  There was a significant difference in the average 
radiant efficiency of DMAEMA polyplexes as compared to ManEMA polyplexes at 24 but not 
72 h (p < 0.05). 
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6.3.5. Lymph node trafficking 

To obtain an efficacious cancer vaccine which is capable of generating a robust antigen-

specific T cell population, antigenic material must be delivered to the lymph nodes and 

presented by DCs.  This requisite activity can be achieved via two distinct pathways: passive 

transport through the lymphatics and subsequent uptake by lymph node-resident DCs or 

active transport by migratory DCs at the injection site.  For particles administered by either 

intradermal or subcutaneous routes, particle size has been found to be a key parameter 

determining which route of lymph node trafficking is preferred or even possible.  Manolova 

et al. found that following intradermal administration of polystyrene particles, those with 500 

– 2000 nm diameters were associated with injection site DCs while smaller 20 – 200 nm 

particles had been internalized by lymph node-resident macrophages and DCs [50].  When 

investigating the behavior of this latter group of nanoparticles, researchers demonstrated 

that smaller 25 nm particles readily transport through the lymphatics to draining lymph 

nodes via interstitial flow after intradermal injection [21].  Approximately 50% of lymph node-

resident DCs had internalized this material compared to 10% for nanoparticles with 100 nm 

diameters.  Migratory DCs can additionally hone to an injection site up to four days post-

administration and actively traffic material to the draining lymph node [5], [51]. 

 

To investigate the effect of carrier mannosylation on lymph node trafficking, 0%, 50%, and 

100% Man polyplexes incorporating labeled pDNA were administered subcutaneously and 

after 24 hours, DCs were analyzed from isolated inguinal lymph nodes (Figure 6.11).  24 

hours was selected as a time point as both free pDNA and pDNA associated with 

mannosylated polymer were found to distribute out of the injection site by this point.  

Additionally, Rush et al. demonstrated that free pDNA administered subcutaneously 

accumulated in draining lymph DCs by this time [52].  In our study, nominal pDNA uptake by 

CD11c+/MHCII+ DCs was observed for the free pDNA treatment (2.5 ± 1.0%) while 

significant uptake was found for the mannosylated polyplex (10.8 ± 4.1%).  These findings 

are consistent with DC uptake of 100 nm polystyrene particles administered intradermally, 

as discussed above [21].  0% (1.0 ± 0.4%) and 50% Man (1.0 ± 0.2%) polyplexes did not 

mediate uptake of pDNA by DCs above background levels (1.0 ± 0.1%). 
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Figure 6.11. Uptake of Cy5-labeled pDNA by CD11c+/MHCII+ dendritic cells in the inguinal 
lymph node 24-hr post-injection.  5 µg pDNA was administered subcutaneously in the lower 
right abdominal quadrant.  Polyplexes were formulated at WPOLY/WPDNA = 9.  Percent uptake of 
pDNA by DCs was found to be significantly different for the 100% Man polyplexes as 
compared to free pDNA, 0% Man polyplexes, and 50% Man polyplexes (p < 0.05). 
 

The results of this study highlight the therapeutic potential of this mannosylated material in 

priming the immune system to an antigen encoded in pDNA.  When compared to free 

pDNA, mannosylated polyplexes produce less expression at the injection site and appear to 

distribute pDNA through subcutaneous tissue in a similar spatiotemporal manner.  However, 

there is a distinct enhancement in the extent of DC pDNA uptake in the draining lymph 

nodes which could potentially lead to an increase in downstream T cell activation.  While 

these results are encouraging, it is important to highlight a recent report by Carstens et al. 

[53].  These researchers found that PEGylated liposomal DNA vaccines enhanced DC 

uptake of pDNA in the draining lymph nodes when compared to non-modified liposomes but 

the immune responses were dampened.  Nonetheless, these findings are highly 

encouraging as they are the first to demonstrate the substantial accumulation of pDNA in 

lymph node DCs by a synthetic polymer carrier.  Further studies need to be performed to 

assess the clinical utility of these mannosylated materials. 

 

6.4. CONCLUSIONS AND FUTURE DIRECTIONS 

A series of diblock copolymer micelles were synthesized in which the corona chemistry was 

varied to incorporate different ratios of pendent tertiary amine (DMAEMA) or mannose 

(ManEMA) functionalities.  Each composition consisted of the same hydrophobic, 
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endosomolytic core segment (DEAEMA-co-BMA) that led to similar pH-responsive behavior 

for each copolymer in the series, as determined by a hemolytic assay.  Diblock copolymers 

that contained ManEMA were found to agglutinate the C-type lectin, Concanavalin A, 

demonstrating that the mannose residues are capable of binding to carbohydrate 

recognition domains (CRDs).  Each copolymer was able to condense pDNA into polyplexes 

with diameters of 100 – 200 nm and surface charges that decreased as a function of 

ManEMA composition with the 100% ManEMA diblock copolymer producing near-neutral 

particles (-1 ± 0.5 mV).  In vitro gene transfection studies examining diblock/pDNA 

polyplexes demonstrated a negative trend of pDNA expression with increasing ManEMA 

incorporation; at 50% ManEMA and greater, no significant expression activity was observed. 

 

For in vivo studies, only the 100% ManEMA (fully mannosylated), 50% ManEMA, and 0% 

ManEMA (100% DMAEMA) polyplexes were investigated.  Free pDNA and the 100% 

ManEMA polyplex were capable of mediating pDNA expression in subcutaneous tissue, 

albeit the latter at lower levels, while the 0% and 50% ManEMA polyplex was unable to 

produce gene expression levels above background.  Tissue distribution experiments 

demonstrated that the majority of free pDNA and pDNA in mannosylated polyplexes 

disperses out of the injection site by 24 hours while non-mannosylated polyplexes sequester 

pDNA in a depot for up to 72 hours.  The majority of the non-mannoslyated polymer also 

persists at the injection site for this same period of time.   

 

To generate a robust antigen-specific immune response, these materials first need to deliver 

their genetic cargo to relevant APC populations.  When compared to free pDNA, 0%, and 

50% ManEMA polyplexes, the fully mannosylated polymer was found to significantly 

enhance pDNA uptake by DCs in draining lymph nodes.  Further studies would need to be 

performed to demonstrate whether a polymer component is associated with the pDNA that 

traffics through the lymphatics.  If this is not found to be case, an additionally possibility 

exists in which mannose is conferring an adjuvant effect leading to enhanced DC uptake 

[54].  To elucidate whether mitigation of cationic charge is leading to this improved trafficking 

behavior, non-glycosylated, neutral PEGylated polyplexes (i.e. p(PEGMA-b-[DEAEMA-co-

BMA])/pDNA complexes) were also studied.  Intermediate pDNA DC uptake was observed 

for these materials (6.7 ± 1.1%), significantly different than both 0% and 100% ManEMA 

polyplexes, demonstrating that charge neutralization does have a positive effect on this 
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activity.  Substitution of galactose ethyl methacrylate (GalEMA), or another glycomonomer 

that does not exhibit APC affinity, into the micelle corona could demonstrate if this enhanced 

trafficking is carbohydrate-specific.   

 

Ultimately, these materials would need to be evaluated in an in vivo vaccine model.  

Previously, we examined the immune response generated by a cationic, non-mannosylated 

polymer complexed to ovalbumin-encoding pDNA by subcutaneous administration following 

a prime/boost protocol over one month.  We found that free pDNA was able to elicit a 

significant antigen-specific CD8+ T cell population while the polyplex produced levels similar 

to background for both CD4+ and CD8+ T cells (Figure 6.12).  Based upon the poor 

performance of the cationic polyplex investigated in this chapter and the promising gene 

expression and lymph node trafficking results from the mannosylated polyplex, there is 

justified motivation to pursue vaccine studies with this new material.  Alternative modes of 

administration could also be explored to improve the therapeutic efficacy of these delivery 

vehicles, e.g. gene gun, DNA tattoo, and transcutaneous microneedles [55], [56].  The latter 

approach is particularly advantageous as it deposits material in epidermal tissue, accessing 

Langerhans cells which are potent mediators of CD4+ and CD8+ T cell responses [57], [58].  

 
Figure 6.12.  Intracellular cytokine staining for ovalbumin-specific T cells after one month 
prime/boost DNA vaccine study (prime at day 0, boost at day 14, and sacrifice at day 28).  
100 µg pDNA was administered by two 200 µL subcutaneous injections in the base of tail for 
each prime and boost.  DNA represents free pDNA treatment while PPX represents 
p(DMAEMA-b-[DEAEMA-co-BMA])/pDNA polyplexes at +/- 2.  Splenocytes were 
restimulated in vitro with ovalbumin epitope peptides for 1 h, then incubated with Brefeldin A 
for 8 h prior to staining and analysis.  Horizontal line represents group mean.  Note y-axis 
break. 
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6.5. MANNOSYLATED TRIBLOCK COPOLYMERS AS PDNA CARRIERS 

Prior to studying diblock copolymer micelles with mannose-containing coronas, 

mannosylated triblock copolymers were investigated.  The rationale behind these designs 

was to preserve the active diblock copolymer structure from Chapter 2 while incorporating a 

discrete glycopolymer targeting segment.  This work extends upon a series of triblock 

copolymers synthesized by Cheng et al. in which blocks of PEG were systematically 

introduced into an architecture containing poly(DMAEMA) and poly(DEAMEA-co-BMA) 

segments [59].  An optimal blocking order and relative block sizes were found to mediate the 

highest mRNA expression levels.  Triblock copolymers have also been investigated as 

nonviral DNA vectors [60–64].  Notable among these designs is the use of an ABC triblock 

copolymer consisting of targeting lactosylated poly(ethylene glycol), pH-responsive 

polyamine, and DNA-condensing polyamine segments developed by Oishi et al. [62].  These 

DNA carriers demonstrated specific cell uptake in hepatocytes via the asialoglycoprotein 

receptor and higher transfection efficiencies as compared to related diblock copolymers.   

 

With these studies in mind, a series of mannosylated triblock copolymers were synthesized 

and their general design (Table 6.3) and characterization data (Table 6.4) are presented 

below.  Only four of the seven triblocks (MT2,4,6,7) were able to mediate detectable levels 

of pDNA expression in vitro.  Preliminary in vivo transfections were performed by monitoring 

luminescence after separate subcutaneous administration of each of these four triblocks 

complexed to luciferase-encoding pDNA.  None of the triblock copolymers were able to elicit 

significant expression in the subcutaneous tissue.  The cause of the poor in vivo activity for 

these materials is unclear but likely stems from the presence of solvated DMAEMA residues 

leading to unfavorable depot formation, as observed for the cationic, non-mannosylated 

polyplex investigated above.  The PEGylated polyplexes studied by Cheng et al. still exhibit 

a significant surface charge and one would speculate these mannosylated triblock 

polyplexes do as well, which could be the cause of the low in vivo activity that is often 

observed for other cationic systems [4], [5].  
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Table 6.3.  
Summary of mannose triblock (MT) copolymers with target DP values for each block. 

 

For in vitro activity, “+” signifies activity significantly above background while “++” refers to 
activity comparable to non-mannosylated, diblock copolymers.  EB40 represents (DEAEMA-
co-BMA) copolymer segments with a molar feed ratio of 40% for BMA.  *MT4 was unable to 
agglutinate ConA by a UV/Vis turbidity assay but demonstrated ConA binding by SPR.    
 

Table 6.4.  
Molecular weightsa, polydispersitiesa, and monomer compositionsb of mannose triblock 
copolymers. 

MT 
Mn DMAEMA 
Block (g/mol) 

Mn EB40 
Block (g/mol) 

Mn AcManEMA 
Block (g/mol) 

Total Mn 
(g/mol) 

PDI 
(Mw/Mn) 

Mol% BMA in 
EB40 Block 

1 5100 14200 11000 30300 1.10 45 

2 5600 12400 11000 29000 1.08 45 

3 9200 14300 31400 54900 1.27 45 

4 9200 21900 10000 41100 1.08 45 

5 9200 21900 24100 55200 1.09 45 

6 9300 3300 36300 48900 1.09 49 

7 9300 12800 36300 58400 1.06 51 
a  As determined by GPC   
b As determined by 1H-NMR (CD3OD) spectroscopy (Bruker AV 500) 
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