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Cytotoxic chemotherapy is used for the frontline treatment of most types of cancer but is 

associated with significant toxicity due to the lack of cell specificity of these drugs. Newer 

treatment strategies, such as polymeric drug delivery vehicles that preferentially 

accumulate in tumors via the EPR effect and oncolytic adenoviruses that replicate 

conditionally in tumor cells, can reduce the adverse side effects associated with systemic 

anti-cancer treatments. However, there remain numerous barriers to the successful clinical 

translation of these therapeutics. Part I focuses on the diffusional barriers to drug delivery 

to solid tumors. In Chapter 1, we investigate tight junction-opening proteins as a means to 

enhance nanoparticle penetration into tumors. Part II describes the development of 

polymer nanostructures for anti-cancer drug delivery. Chapter 2 summarizes the major 

design parameters for drug delivery to tumors and introduces controlled living 

polymerization as a synthetic tool. Chapters 3 and 4 describe the synthesis of polymeric 

drug carriers with a novel sunflower-like architecture. Part III focuses on methods to 

improve the safety of adenoviruses for cancer gene therapy. Chapter 5 provides an overview 

of adenovirus pharmacology and current modification strategies, while Chapter 6 describes 

a new approach to developing materials that can shield adenoviruses against immune 

recognition. Finally, Chapter 7 summarizes the major findings of this work and concludes 

with recommendations for future directions. 
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Chapter 1.  

INVESTIGATING THE SIZE LIMITATIONS OF JO PROTEIN-

MEDIATED NANOPARTICLE DELIVERY 

Christine E. Wang, Roma Yumul, Jonathan Lin, André Lieber, and Suzie H. Pun 

 

Abstract 

JO is a recombinant protein that transiently opens intercellular junctions in epithelial 

tumors by cleaving the junction protein DSG2. Co-administration of JO has been shown to 

significantly increase the efficacy of various monoclonal antibodies and chemotherapy drugs 

in murine tumor models by allowing for increased intratumoral penetration of the drugs. To 

investigate the size-dependent effect of JO on nanocarriers, we used PEGylated gold 

nanoparticles (AuNPs) of two different sizes as model drugs and investigated their 

biodistribution following JO protein treatment. JO was found to significantly increase 

tumor accumulation of AuNPs in a manner dependent on particle size and tumor volume. 

Preliminary analysis of intratumoral nanoparticle distribution also indicates that AuNPs 

can be observed at increased distances from tumor blood vessels following JO treatment. 

 

1.1 Introduction 

Nanoparticle-based drug carriers are attractive because of their ability to exploit the 

enhanced permeability and retention (EPR) effect for selective accumulation in tumors.1 

However, the ability of these carriers to penetrate into solid tumors is another important 

consideration, especially because many small molecule anticancer drugs are diffusion-

limited, and the incomplete distribution of drugs in the tumor tissue can lead to 

chemotherapy resistance.2,3 In particular, epithelial tumors are characterized by the 

presence of intercellular junctions which restrict the penetration of molecules.4,5 One such 

epithelial junction protein is desmoglein-2 (DSG2), which has been found to be upregulated 

in a number of malignant cell types including gastric cancer,6 ovarian cancer,7 and breast 

cancer.8 
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Recently, DSG2 was identified as the receptor used by several human adenoviruses 

(Ad), including Ad serotype 3, for cellular infection.7 In subsequent studies, a recombinant 

protein derived from the Ad3 fiber knob was produced.9 This protein, named junction 

opener-1 (JO-1), was found to trigger the transient opening of intercellular junctions 

through binding and cleavage of the DSG2 dimers between epithelial cells.9,10 This effect 

was observed in mice with epithelial tumors within one hour of intravenous injection of JO-

1.10 Co-administration of JO-1 has been shown to facilitate intratumoral penetration and 

therapeutic efficacy of monoclonal antibodies (mAbs) such as the anti-Her2/neu mAb 

trastuzumab (Herceptin) and the EGFR inhibitor cetuximab (Erbitux).10 Furthermore, JO-1 

was tested in combination with several chemotherapeutic drugs including paclitaxel 

(Taxol), irinotecan (Camptosar), nanoparticle albumin-bound paclitaxel (Abraxane), and 

liposomal doxorubicin (Doxil). JO-1 co-therapy enhanced the efficacy of these drugs and 

overcame drug resistance in several models, while reducing the drug doses necessary for 

therapeutic effect.8 JO-1 and variants of this protein (such as the affinity-enhanced version, 

JO-411) are therefore interesting for clinical application. 

To develop a better understanding of the size limitations of JO protein-mediated 

disruption of tight junctions, we sought to investigate the effect of JO pre-treatment on the 

in vivo biodistribution of gold nanoparticles of different sizes. Gold nanoparticles were 

selected as a surrogate for nano-sized drug carriers (e.g., liposomes, micelles, polymer-drug 

conjugates, etc.) because they can be synthesized with defined sizes and over a wide size 

range, surface-modified through reactions with thiol groups, quantified by inductively 

coupled plasma mass spectrometry (ICP-MS) with excellent sensitivity, and visualized by 

light and electron microscopy. Herein, we synthesize polyethylene glycol (PEG)-modified 

gold nanoparticles and quantify their biodistribution in JO-treated and untreated mice by 

ICP-MS. We also demonstrate a technique to investigate the intratumoral distribution of 

nanoparticles using microscopy and quantitative image analysis. 

 

1.2 Materials and methods 

1.2.1 AuNP surface modification 

Gold nanoparticles (AuNPs) with diameters of 5 and 100 nm were purchased from Ted 

Pella (Redding, CA) and Nanopartz (Loveland, CO), respectively (actual diameters: 5.5 and 
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103 nm as determined by the manufacturers). AuNPs were surface-modified by reaction 

with PEG5000-thiol (Laysan Bio, Arab, AL); PEG-SH was added in excess (4 PEG molecules 

per nm2 gold surface area,12 assuming spherical particles) and allowed to react for 30 min at 

room temperature prior to characterization or use. 

 

1.2.2 Particle characterization 

The effective diameters of AuNPs were measured by dynamic light scattering (DLS) with a 

ZetaPlus analyzer (Brookhaven Instruments, Holtsville, NY) at a detection angle of 90°. 

Unmodified or PEGylated AuNPs with initial diameters of 5 or 100 nm were first measured 

in nanopure water. Particle size measurements were acquired for 6 independent samples, 

using 5 1-minute runs for each sample. 

To confirm particle stability in the presence of physiological salt concentrations, 

unmodified or PEGylated AuNPs were diluted with an equal volume of 2× PBS (or 

nanopure water as a negative control) immediately before sizing. Size was measured again 

after 2 h and 24 h; measurements were completed using 3 independent samples. Similarly, 

particle stability in serum was assessed by diluting AuNPs with an equal volume of 2× PBS 

containing 20% fetal bovine serum (FBS), for a final serum concentration of 10%. Serum 

stability was monitored by DLS or by measuring absorbance spectra for the samples from 

400-800 nm using a Tecan Safire2 plate reader (Ma ̈nnedorf, Switzerland). 

 

1.2.3 Animals 

Male Scid-beige (CB17) mice (8-10 weeks) were obtained from The Jackson Laboratory 

(strain name: NOD.CB17-Prkdcscid298/J). All experimental procedures were performed in 

accordance with protocols approved by the University of Washington Institutional Animal 

Care and Use Committee. 

 

1.2.4 Cell culture 

A549 cells (ATCC CCL-185) were maintained in F-12K medium (Corning cellgro) 

supplemented with 10% fetal bovine serum (FBS, HyClone) and 1% penicillin/streptomycin 
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(HyClone). Cells were cultured as a monolayer in a 37°C, 5% CO2 environment. Medium 

was replaced every 2-3 days. Cells were passaged at ~70-80% confluence by incubation with 

Trypsin-EDTA, followed by resuspension in complete growth medium. 

 

1.2.5 Biodistribution of AuNPs 

To develop xenograft tumors, mice were inoculated subcutaneously in the right flank with 

5×106 A549 cells in 100 µL of F-12K medium without serum. 

After tumor inoculation, mice were randomly distributed into groups of 5-6 mice each. 

Biodistribution studies were initiated when the tumors reached the specified volumes (200-

300 mm3 or 500-600 mm3). Mice receiving JO-4 pretreatment were first injected with 2 mg 

JO-4 protein/kg mouse in PBS via tail vein injection. One hour later, mice were injected 

with 35 or 120 nm PEGylated AuNPs in PBS at a dose of 100 µg gold/kg mouse via tail vein 

injection. After 6 hours, mice were anesthesized by intraperitoneal injection with 2.5% 

Avertin solution (300 µL/20 g mouse). Mice were then perfused with PBS, and tumors and 

organs were harvested. Gold content in the tumor and liver was analyzed for all mice. Gold 

content in the brain, colon, heart, intestine, kidney, lung, and spleen was analyzed for a 

subset of 3 mice per group, selecting for mice with tumor weights closest to the average 

overall tumor weight (~240 mg). 

Gold content in tissue samples was measured by ICP-MS at the Environmental Health 

Laboratory & Trace Organics Analysis Center at the University of Washington. The gold 

content of each sample was normalized to sample mass. Statistical significance was 

assessed using a Student’s two-tailed t-test. 

 

1.2.6 Light and fluorescence microscopy 

For imaging studies, JO-4 and AuNP injections were completed as described above, with 

the tumors harvested following perfusion. Tumors were embedded in optimal cutting 

temperature (OCT) compound (Tissue-Tek, Sakura Finetek USA, Torrance, CA) in 

cryomolds, flash frozen, and cryosectioned into 8 µm-thick sections. 

Tumor sections were post-fixed in 4% paraformaldehyde (PFA) in PBS for 15 min at 

room temperature and stained for blood vessels with rat anti-mouse CD31 antibody (clone 
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MEC 13.3, BD Pharmingen) and Alexa Fluor 488 donkey anti-rat IgG secondary antibody. 

After immunofluorescence staining, sections were stained for AuNPs by incubating with 

silver enhancement solution (Ted Pella) for 20 min at room temperature. Finally, sections 

were washed, coverslipped using Fluoromount-G (eBioscience), and imaged on a Nikon 

E800 upright microscope with a 60x objective. 

 

1.2.7 Image analysis 

A total of 9 image pairs (brightfield for AuNPs, fluorescence for CD31) were obtained of 

each tumor section. Images were thresholded using Fiji image processing software. 

MATLAB was then used to overlay the thresholded brightfield and fluorescence images, 

perform particle detection, and calculate the penetration distance for each AuNP, defined 

as the distance from the particle to the nearest CD31-stained pixel. Distance data were 

aggregated from all images of a tumor section and binned in MATLAB. Sample MATLAB 

code can be found in the Appendix of this dissertation. 

 

1.3 Results and discussion 

1.3.1 AuNP sizing and stability 

AuNPs were surface modified by reaction with PEG-thiol; PEGylation of nanoparticles is 

commonly employed to reduce aggregation and protein adsorption, thereby increasing 

circulation half-life in vivo. Particle sizing by DLS was performed for AuNPs of 2 different 

diameters before and after PEGylation (Figure 1.1). The diameters of the unmodified 

particles were generally consistent with those reported by the manufacturers 

(experimental: 10.8 and 103.9 nm; reported: 5.5 and 103 nm). The discrepancy in the 

smaller particles likely results from inaccuracies in DLS sizing given the relatively small 

size and low count rate of these particles (whereas the manufacturer’s specifications are 

determined using a combination of DLS, TEM, and UV-Vis spectroscopy). The final 

diameters of the PEGylated AuNPs were measured to be 33.2 ± 1.4 nm and 121.1 ± 1.2 nm, 

demonstrating a moderate size increase after PEG modification consistent with previous 

reports.13,14 These particle sizes were selected based on the sizes of other nanocarriers that 
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have been clinically approved or are in late-stage clinical trials, such as Genexol-PM (~24 

nm)15 and similar polymeric micelles (20-40 nm)16 at the lower size range and Doxil (80-100 

nm)17 and BIND-014 (~100 nm)18 at the higher range. 

 

Figure 1.1  Particle sizing of unmodified and PEGylated AuNPs as determined by 
DLS. Data are reported as the mean ± S.D., n = 6. 

 

Nanoparticles were then evaluated for stability in salt and serum. In the presence of 

physiological salt concentrations, unmodified AuNPs were shown to aggregate rapidly 

(Figure 1.2 and Figure 1.3a), whereas PEGylated AuNPs remained stable in PBS even after 

24 h. Serum stability was also assessed by suspending particles in PBS containing 10% 

FBS. The addition of serum conferred increased stability on unmodified AuNPs; particle 

sizing indicated that unmodified 100 nm AuNPs did not form large aggregates over 24 h, 

although the slight increase in effective diameter suggests that some aggregation behavior 
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Figure 1.2  Stability of unmodified and PEGylated 100 nm AuNPs incubated in PBS 
or PBS containing 10% serum as monitored by DLS. Data are reported as the mean ± 
S.D., n = 3. 

 

Due to the low count rate of the smaller AuNPs on DLS and the presence of protein 

aggregates in serum solutions, the serum stability of 5 nm AuNPs was confirmed by an 

alternative method. Because aggregation of AuNPs results in a red shift in their absorbance 

spectra, serum stability was assessed by monitoring absorbance over the range 400-800 

nm.12 Similar to the larger particle size, PEGylated 5 nm AuNPs in serum displayed stable 

absorbance spectra over 2 h (Figure 1.3b). Significant aggregation behavior was observed 

only for unmodified 5 nm AuNPs in PBS, as indicated by a noticeable shift in this spectrum 

toward longer wavelengths, corroborating the results obtained by DLS (Figure 1.3a). 

Overall, these results indicate that PEG coating yields AuNPs that are sterically stabilized 

in the presence of salt and serum. 
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Figure 1.3  Stability of unmodified and PEGylated 5 nm AuNPs incubated in PBS or 
PBS containing 10% serum as monitored by (a) DLS and (b) red shift in absorbance. 
Data are reported as the mean ± S.D., n = 3. 
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biodistribution was initially analyzed for the tumor and the liver (the primary site of 

nanoparticle clearance);19,20 studies were conducted in mice bearing two different sizes of 

tumors (tumor volumes of 200-300 mm3 or 500-600 mm3) to represent changes in 

extracellular matrix and tight junction development with tumor progression.21,22 
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Figure 1.4  Tumor and liver accumulation of two different sizes of AuNPs 6 h post-
NP injection in control or JO-4 pretreated mice bearing (a) 200-300 mm3 or (b) 500-
600 mm3 tumors. Data are reported as the mean ± S.D., n = 5 or 6. *p < 0.05, **p < 
0.01 
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the larger 500-600 mm3 tumors. This is in good agreement with recent work by Chan and 

coworkers demonstrating that AuNP accumulation increases with tumor volume due to the 

higher porosity and decreased rigidity of the extracellular matrix in larger tumors.22 

Meanwhile, JO-4 pretreatment did not significantly affect tumor accumulation of 120 nm 

AuNPs regardless of tumor size (Figure 1.4), suggesting that this particle size may be just 

above the threshold of junction opening for this particular tumor model. However, given the 

previous success of this strategy for the delivery of Doxil, differences in particle rigidity are 

also likely to influence JO-facilitated transport through epithelial junctions, as Doxil 

comprises a deformable lipid bilayer. 

Surprisingly, a significant increase in liver accumulation of 35 nm AuNPs was also 

observed for the JO-4 pretreated group with smaller tumors (Figure 1.4a), although DSG2 

is not broadly accessible in the liver (DSG2 is not found on hepatocytes but is detectable in 

the intrahepatic bile duct epithelium).23 This trend was not present in the mice bearing 

larger tumors, which demonstrate higher liver accumulation of 35 nm AuNPs even in the 

absence of JO-4 (Figure 1.4b). One possible explanation is that interstitial fluid pressure 

(IFP) increases with tumor growth24 and could transiently exceed the microvascular fluid 

pressure, leading to intravasation of nanoparticles back into the blood supply25 and 

ultimately clearance by the liver. 

To establish a complete picture of AuNP biodistribution, gold content in the colon, 

heart, intestine, kidney, lung, brain, and spleen was analyzed for a subset of mice bearing 

500-600 mm3 tumors. JO-4 pretreatment had no significant effect on AuNP accumulation in 

any of the organs examined (Figure 1.5), suggesting that the protein acts specifically on the 

DSG2-expressing tumor cells. Accumulation of 120 nm AuNPs was particularly high in the 

spleen, likely due to size-dependent uptake by splenic macrophages.26 
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Figure 1.5  Biodistribution of two different sizes of AuNPs 6 h post-NP injection in 
control or JO-4 pretreated mice bearing 500-600 mm3 tumors. Data are reported as 
the mean ± S.D., n = 3.  
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Figure 1.6  Representative images of a tumor section and image analysis strategy. 
(a) 35 nm AuNPs (black) were visualized by silver enhancement and brightfield 
microscopy. (b) Blood vessels were stained with anti-CD31 antibody (green) and 
imaged by fluorescence microscopy for the same field of view. Images are shown 
before (a,b) and after (c,d) thresholding. (e) Composite image showing relative 
locations of AuNPs (blue) and blood vessels (green) in a tumor section, with red lines 
indicating the shortest distance from each AuNP to a blood vessel. 
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1.3.3 Intratumoral penetration of AuNPs 

Because ICP-MS provides only a bulk measurement of gold content in tissue and not spatial 

information, we sought to develop an imaging technique to enable quantification of AuNP 

penetration into tumors. The tumors of mice injected with 35 nm AuNPs were subjected to 

this image analysis because they were significantly affected by JO-4 pretreatment. AuNPs 

and CD31 (a marker for blood vessels) were imaged by brightfield microscopy and 

fluorescence microscopy, respectively, and images were analyzed to determine the 

penetration distance for each AuNP, defined as the distance from the particle to the nearest 

CD31-stained pixel (Figure 1.6). This process was repeated for 9 different fields of view of a 

single tumor section per mouse, and penetration distances for thousands of individual 

AuNPs were aggregated into histograms. 

Interestingly, more than 3 times as many AuNPs were detected in the images of JO-4 

treated tumors compared to untreated tumors (Table 1.1), a greater difference than 

indicated by the ICP-MS data (Figure 1.4). In addition, a large fraction of AuNPs in all mice 

had penetration distances close to 0, indicating that these particles remained colocalized 

with the vasculature; however, these blood vessel-associated AuNPs accounted for a greater 

fraction of the total in the untreated mice (Table 1.1). Analysis of the subset of AuNPs 

penetrating farther than 5 µm from a blood vessel reveals that AuNPs were found at 

greater distances from the tumor vasculature in the JO-treated mice as compared to the 

untreated mice (Figure 1.7). Overall, the median penetration distance for these 

nanoparticles was increased from approximately 17 µm to over 20 µm with JO-4 

pretreatment (Table 1.1). Analysis of tumors from additional mice and of additional sections 

per tumor is ongoing. 

Table 1.1  Statistics for AuNP penetration analysis. 
 

Treatment Mouse 
ID 

Average # of 
AuNPs per 

image 

% of AuNPs 
≤5 µm from 
blood vessel 

% of AuNPs 
>5 µm from 
blood vessel 

Median 
penetration 

distance (µm) 

Untreated / 35 nm 
593 372 ± 94 31.5 68.5 17.3 

594 203 ± 125 33.0 67.0 17.4 

JO-4 / 35 nm 
583 1381 ± 660 27.6 72.4 22.4 

584 1630 ± 725 21.5 78.5 20.7 
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1.4 Conclusions and future work 

The limited penetration of small molecule drugs or nanoparticulate drug carriers into solid 

tumors poses a critical barrier for chemotherapy efficacy, as exposure to subtoxic drug 

concentrations can give rise to resistance in distal tumor cells. In this work, JO-4 was found 

to increase tumor delivery of 35 nm AuNPs, but not of 120 nm AuNPs, in two different sizes 

of tumors. Importantly, junction opening appeared to be specific to tumor tissue without off-

target effects in other organs. In addition, preliminary image analysis indicates that AuNPs 

penetrate to greater distances from the tumor vasculature in JO-treated mice. Additional 

work is underway to increase the sample size for this analysis. The methods described here 

can also be applied to study a variety of tumor and animal models or evaluate other 

strategies for altering drug penetration into solid tumors. Overall, a mechanistic 

understanding of the size limitations of junction opening in vivo could elucidate design 

criteria for novel drug carriers that can best exploit this delivery mechanism. 

 

Figure 1.7  Normalized histograms of AuNP penetration distances. Data were 
aggregated from 9 different fields of view of a single tumor section per mouse, n = 1. 
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Chapter 2.  

POLYMER NANOSTRUCTURES FOR TUMOR-TARGETED 

DRUG DELIVERY: DESIGN PARAMETERS AND SYNTHETIC 

APPROACHES† 

 

2.1 Introduction 

In recent years, polymeric nanoparticles have joined established liposome technology (e.g. 

Doxil) as clinically approved anticancer drug delivery vehicles. The first approved 

formulation, Genexol-PM, a polyethylene glycol-b-poly(D,L-lactide) (PEG-PDLLA) micelle 

encapsulating paclitaxel, is available in Korea and is undergoing Phase II clinical trials in 

the US.1 Several PEG-polypeptide micelle formulations are also in mid- to late-stage 

clinical trials for delivery of cisplatin, paclitaxel, and doxorubicin,1 and a targeted micelle 

formulation for docetaxel delivery (BIND-014) is currently in Phase II trials. These 

aforementioned micelles are self-assembled structures that mitigate the toxicity profiles 

and improve solubility of highly hydrophobic drugs. However, ongoing challenges with such 

systems include the need for a formulation step during manufacturing and incomplete 

control of drug release profiles. For example, studies with fluorescent dye-loaded PEG-

PDLLA micelles showed that the micelles were destabilized and their cargo rapidly 

released as early as 15 minutes post-injection due interactions with α- and β-globulins in 

the blood.2 Other polymeric formulations, including linear polymer-drug conjugates such as 

CRLX101 (a camptothecin-cyclodextrin polymer conjugate), are progressing in clinical 

trials.3-5 

 Advances in controlled polymerization techniques have led to the development of new 

polymers with well-defined and controllable nanoscale size, morphology, and composition. 

These materials, here referred to as “polymer nanostructures,” are well suited for drug 

delivery applications. Polymers with advanced architectures synthesized by controlled 

polymerization can approach the size of micellar systems without the need for self-

                                                
† Adapted from Wang, C. E., Stayton, P. S., Pun, S. H., and Convertine, A. J. Journal of Controlled 
Release (2015). doi:10.1016/j.jconrel.2015.08.054. 
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assembly. Drugs and targeting ligands can be readily conjugated to the polymers via both 

reversible and stable bonds, respectively. Here, we review design guidelines for nano-sized, 

tumor drug delivery systems that have been defined by experimental reports from the 

literature and discuss controlled polymerization techniques that are being applied to the 

synthesis of novel drug and gene delivery vehicles. 

 

2.2 Designing polymer carriers with desired pharmacokinetics and 

biodistribution for anticancer drug delivery 

 EPR and tumor penetration 2.2.1

The “enhanced permeability and retention” (EPR) effect, first reported by Maeda and 

colleagues in 1986, has been widely exploited for drug delivery to solid tumors.6 The EPR 

effect results from the unique pathophysiology of the tumor, particularly the tumor 

vasculature, and comprises several factors (Figure 2.1).7 First, tumor cells induce 

angiogenesis as a means of supplying oxygen and other nutrients to the growing tumor, 

leading to hypervascularization within tumors. However, this neovasculature is often 

abnormal in morphology or leaky, with large fenestrations in the endothelium that allow for 

increased permeation of macromolecules. In addition, solid tumors have impaired lymphatic 

drainage, leading to prolonged retention of macromolecules in the tumor tissue or tumor 

interstitium.8 

To use the EPR effect for preferential tumor delivery, the concentration of drug in 

plasma must remain high for >6 h.7,9 This can be achieved with anticancer drugs or drug 

carriers with sizes above the renal clearance threshold (>40 kDa, or diameter >5 nm).10 

Another factor in prolonged drug circulation is avoidance of the reticuloendothelial system 

(RES, also known as the mononuclear phagocyte system, or MPS) in the liver and spleen. 

Larger particle sizes as well as greater surface charges (either positive or negative) are 

subject to increased surface opsonization, complement activation, and ultimately 

scavenging by Kupffer and liver endothelial cells, along with other phagocytic cells of the 

RES. In addition, cell membranes and blood vessel lumens are highly anionic; cationic drug 

formulations that interact strongly with these surfaces are therefore expected to have poor 

stability and short plasma half-lives.9 A common strategy to reduce opsonization and 

increase circulation half-life is modification with poly(ethylene glycol) (PEG).10-12 PEGs with 
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molecular weights of 2,000 to 10,000 Da and at a high grafting density (such that the PEG 

chains adopt a “brush” conformation rather than a low density “mushroom” conformation) 

are typically used to prevent protein adsorption and prolong circulation.13 

The first step in cancer drug delivery is extravasation of the drug or drug carrier out of 

the vasculature and into the tumor. At the lower bound, drugs should be >2-6 nm in 

diameter to avoid extravasation into normal tissue14. As mentioned previously, the leaky 

vasculature of the tumor can allow for the extravasation of large macromolecules 

(diameters up to 400 nm15 or even >1 µm16 in some models), although it should also be 

noted that the extent of this effect has been found to be highly heterogeneous both within a 

 

Figure 2.1  Design parameters for drug delivery to solid tumors. Drug 
carriers in circulation (1) are passively targeted to the tumor site by the 
“enhanced permeability and retention” effect, which encompasses 
extravasation of the carrier into the tissue via leaky tumor vasculature (2) 
and prolonged residence due to defective lymphatic clearance. Diffusional 
barriers often prevent vehicles from penetrating into the tumor tissue (3). 
Carrier functionalization with “active” targeting ligands can facilitate uptake 
of drug carriers by cancer cells (4). Finally, release of drug cargo can occur 
intracellularly or in the extracellular space in response to stimuli such as pH 
or protease activity (5). 
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single tumor as well as between different tumor models and patients.17-19 In addition, 

tumors are often characterized by elevated interstitial fluid pressure, which reduces 

convective transport across the vessel wall, particularly for large particles.11  Therefore, the 

upper size limit must be balanced against the requirements for effective transvascular 

transport and drug penetration into the tumor tissue. 

After initial accumulation due to the leaky vasculature, large macromolecules can have 

prolonged residence time in tumor tissues. This results from the defective lymphatic 

drainage system within tumors and the difference in clearance rate between solid tumors 

and normal tissues.8 Gradual accumulation of drug at the tumor results in a form of passive 

localized drug delivery. However, a key limitation in nanoparticle-based drug delivery to 

solid tumors is poor penetration into the tumor due to limited diffusion past cell-cell 

junctions and the extracellular matrix. This is an important consideration because many 

small molecule anticancer drugs exhibit limited tissue penetration, and the resulting drug 

concentration gradient likely plays a role in drug resistance and tumor recurrence.20-22 

Tumor penetration has been shown to be highly dependent on vehicle size. Vehicles smaller 

than ~50 nm in diameter are generally most effective for tumor penetration, while larger 

vehicles may be restricted to the perivascular space.23-25 Vehicle charge is an additional 

consideration; neutral or slightly negatively charged particles may have improved 

penetration as compared to their slightly positive counterparts26, due to the negative charge 

of the extracellular matrix. 

 

 Active targeting 2.2.2

While the EPR effect forms the basis of "passive targeting" to tumors, "active targeting" 

using various targeting moieties has also been widely investigated. Targeting ligands can 

include small molecules, peptides, proteins, or aptamers that bind specifically to receptors 

expressed (or overexpressed) on the cells or tissues of interest. Ligands that have been 

commonly used for anticancer targeting include the small molecule folate27, the protein 

transferrin28, and antibodies to tumor markers such as HER229. 

Selection of an appropriate targeting ligand requires the consideration of several 

parameters: 
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a. Binding affinity. The binding affinity between targeting ligand and receptor should 

be high enough to permit ligand recognition at therapeutically-relevant doses and in 

the possible presence of natural ligands, while being reversible enough so that tumor 

penetration can occur.30 Studies with single-chain variable fragments (scFvs) of 

antibodies found that tumor retention required a minimum binding affinity (Kd) of 

~10-8 M but plateaued at affinities >10-9 M, and that scFv with ~10-11 M affinity was 

only able to penetrate 2-3 cell diameters into a solid tumor.31,32 One strategy to 

enhance targeting by low affinity ligands is by using multivalent display of targeting 

ligands to increase avidity. 

b. Size. The size of the targeting ligand impacts the final size of the targeted construct 

as well as the ligand density that can be achieved. For example, full antibodies are 

~10 nm, relatively large in the context of the requirements for tumor penetration 

(sub-50 nm). Antibody derivatives such as scFvs have reduced size while retaining 

antibody specificity. Small molecules and peptide ligands have minimal effect on 

overall vehicle size and can therefore be conjugated at greater densities. 

c. Ease of synthesis, modification, and conjugation. Small molecules can be chemically 

synthesized with varying functional groups and at relatively low cost. At the other 

extreme, proteins and antibodies require recombinant expression, which adds to 

cost, and have a limited range of site-specific conjugation chemistries and reaction 

conditions. Peptides and aptamers typically offer a compromise between small 

molecules and proteins in terms of manufacture cost, storage stability, and binding 

affinity. 

d. Receptor-mediated endocytosis. Targeting ligands can often mediate internalization 

of drug carriers into the target cells via receptor-mediated endocytosis. Effective 

internalization is dependent on nanoparticle size, shape, as well as the target 

receptor. 

 

2.3 Considerations in integrating drugs with polymeric carriers 

 Drug loading 2.3.1

The drug loading capacity and efficiency of potential carriers are important parameters in 

determining clinical relevance. Low drug loading necessarily increases the amount of 
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material required to achieve a therapeutic dose of drug. This problem is further 

exacerbated by the fact that delivery formulations are often less effective than free drug, 

due to incomplete drug release or inactivation of the drug. Methods for drug loading in 

polymer carriers vary based on the structure of the drug carrier and the physicochemical 

properties of the drug, such as size and solubility. The three most common methods rely on 

hydrophobic interactions, ionic attraction, and covalent conjugation. 

Micelles, formed from assemblies of amphiphilic block copolymers or other polymers 

with hydrophobic domains, can be particularly useful as carriers of poorly water-soluble 

drugs. Many anticancer agents, including camptothecin and paclitaxel, contain multiple 

aromatic rings and are hydrophobic, a property that intrinsically contributes to their 

efficacy by facilitating penetration across the cell membrane.33 Hydrophobic drugs can be 

physically entrapped within the micelle core; drug loading capacity and efficiency depends 

on the miscibility of polymer and drug, as well as the length of the hydrophobic block.34,35  

Polymer-drug conjugates based on hydrophilic polymers are another class of drug 

carriers. Drugs can be conjugated to the polymer termini (although loading is limited with 

this approach) or to pendant groups along the polymer backbone. Drug content is 

dependent on the molecular weight of the polymer itself and the number of functional 

groups incorporated for drug attachment. A high density of hydrophobic drugs can lead to 

polymer aggregation into micelles or other supramolecular assemblies36; this should be 

taken into account when designing polymer nanostructures, e.g. by shielding hydrophobic 

drugs within a polymeric brush. 

 

 Drug release 2.3.2

Ideally, a drug delivery vehicle should protect its payload during circulation and allow for 

drug release only upon reaching the target site. For delivery formulations such as polymeric 

micelles in which drug is physically but not covalently encapsulated, drug release can occur 

due either to premature vehicle disassembly or via passive diffusion, leading to drug 

leakage in circulation. The structural stability of micelles has been improved by introducing 

covalent crosslinks in the hydrophilic shell, hydrophobic core, or core-shell interface.37 

Stimuli-responsiveness must then be introduced to allow for particle destabilization in 

response to pH, temperature, or reducing conditions. For example, polymeric micelles have 
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been reported that destabilize under acidic pH (e.g. poly(L-histidine)-containing polymers) 

or increased temperature (e.g. poly(N-isopropylacrylamide) (pNIPAAm)-containing 

polymers).38,39 In addition, micelles that are based on disulfide-containing polymers or that 

contain reducible crosslinks can exploit the highly reducing environment of the cytosol for 

triggered intracellular degradation.40,41 

Covalent drug attachment can reduce drug leakage during circulation. However, drugs 

often have limited potency while attached to their polymeric carriers, so release of the 

active drug at the target site is necessary. Various conjugation chemistries have been 

employed for triggered drug release in tumor tissue or intracellularly. The pH-sensitive 

hydrazone linkage is often used because it hydrolyzes under acidic conditions.42,43 This 

allows for intracellular drug release primarily in the late endosomes and lysosomes (pH 

~5.5). Some extracellular release may also occur as the tumor microenvironment is known 

to be mildly acidic (pH ~6.8)44, although hydrolysis of the hydrazone bond is slower at this 

pH. Enzyme-cleavable linkages are also attractive because in vivo degradation occurs in 

very specific environments. Efficient intracellular drug release has been demonstrated 

using peptide-based linkers that are substrates for the lysosomal protease cathepsin B; 

these linkers are stable in circulation but are rapidly cleaved following endocytosis.45-47 As 

another example, matrix metalloproteinases (MMPs) are often overexpressed in tumors due 

to their role in extracellular remodeling and tumor progression48; consequently, MMP-

sensitive peptide linkers have also been used for triggered drug release within the tumor 

microenvironment.49 

 

2.4 Controlled polymerization techniques 

Natural polymers such as albumin, chitosan, and heparin have been used in FDA-approved 

drug delivery formulations. Despite this precedence, the heterogeneity, cost, and difficulty 

of working with biopolymers has generated interest in developing synthetic polymers with 

enhanced drug delivery potential.50 Historically, the preparation of monodisperse polymers 

with controlled, spatially-defined functional groups for drug delivery applications has been 

quite challenging. Conventional addition and chain growth polymerization techniques 

typically yield polymers with broad molecular weight distributions (Mw/Mn~2)51 and cannot 
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be used to prepare advanced polymer architectures such as block copolymers and polymeric 

stars. 

With the advent of controlled “living” polymerization methods such as atom transfer 

radical polymerization (ATRP), reversible addition-fragmentation chain-transfer (RAFT) 

polymerization, and ring opening metathesis polymerization (ROMP), the preparation of 

synthetic polymers for drug delivery applications has been greatly simplified.52,53 These 

methods are applicable to a wide range of functional monomers and can be conducted in 

most solvents, including water, using commercially available reagents. This unprecedented 

synthetic latitude is for the first time allowing for the preparation of water-soluble or 

amphiphilic architectures with precise dimensions and appropriate functionality for the 

attachment and targeted delivery of diagnostic and therapeutic agents. These techniques 

can be roughly divided into controlled radical polymerization (CRP, e.g. ATRP and RAFT) 

and metathesis polymerization (e.g. ROMP and REMP) (Figure 2.2). 

 

 

Figure 2.2  Schematic representation of controlled polymerization methods 
that have been widely employed to prepare sophisticated polymer 
architectures for drug delivery. 
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 Atom transfer radical polymerization (ATRP) 2.4.1

ATRP, first reported by Matyjaszewski and coworkers in 1995, is an extremely versatile 

technique for preparing sophisticated polymer nanostructures with dense multivalent 

polymer structures.54 In ATRP, the active-dormant equilibrium is established between non-

propagating alkyl halide initiators (R-X) and radicals that are produced by the homolytic 

cleavage of the R−X bond. This cleavage is accomplished with the use of a redox-active 

transition metal complex, which is raised to a higher oxidation state with the transfer of a 

coordinated (pseudo) halide ligand. The transition metal catalyst is generally copper but 

other metals have also been reported.55 The resultant radicals (Pn•) can then react with 

monomer (M) to produce polymeric radicals (Pn•) before undergoing deactivation with the 

higher oxidation state metal halide complex, regenerating the original catalyst and 

reversibly terminating the growing polymer chain. Because ATRP is a radical process, the 

activation-deactivation equilibrium must be shifted to yield predominately dormant chains 

in order to minimize radical termination events. This equilibrium is determined by a 

number of factors including the solvent polarity, ligand composition, temperature, solvent 

polarity, alkyl halide, and catalyst. Especially careful control is required when conducting 

ATRP in polar solvents such as water where excessive radical formation can lead to a loss of 

“livingness.” 

 

 Reversible addition-fragmentation chain-transfer (RAFT) polymerization 2.4.2

Another CRP technique that has been widely employed to prepare sophisticated polymer 

nanostructures for drug delivery applications is RAFT. This technique was first reported by 

Commonwealth Scientific and Industrial Research Organization (CSIRO) in 1998.56 Since 

that time RAFT has become one of the premier methods to prepare sophisticated polymers 

for biotechnology applications because of its broad chemical compatibility and ease of use. 

RAFT employs a thiocarbonyl thio compound as a degenerate chain transfer agent (CTA), 

which is most commonly a dithioester or trithiocarbonate.56 By simple manipulation of the 

initial monomer, CTA, and radical initiator stoichiometry, it is possible to prepare near 

monodisperse materials over a range of predefined molecular weights. These agents contain 

the general structure shown in Figure 2.2, where R is a radical initiating group and Z 

stabilizes the thiocarbonyl towards radical addition. Through a series of chain transfer 
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steps, polymerizations proceed in a controlled process with most polymer chains containing 

R and Z groups at their α and ω chain termini, respectively. Following polymerization of a 

given monomer or monomers, the resultant macroCTA can be isolated for use in subsequent 

block (co)polymerization steps. Because this methodology does not require the use of any 

metal catalysts, it is particularly well suited for use in biotechnology applications. RAFT 

polymerizations are also well-controlled in water, assuming appropriate pH conditions are 

maintained, making them ideal for many bioconjugation applications.57,58 

 

 Metathesis polymerization 2.4.3

Similar to ATRP and RAFT, ring-opening metathesis polymerization (ROMP) is a chain 

growth polymerization process that can be used to yield well-controlled polymers with 

narrow molecular weight distributions.59 In ROMP, cyclic olefins are converted to polymers 

via a metal-mediated double bond exchange process. Unlike radical initiated 

polymerizations, where the thermodynamic driving force for propagation is the conversion 

of double to single bonds, the driving force in ROMP is the relief of ring strain and 

associated steric considerations. Cyclic olefin monomers commonly employed in ROMP 

usually possess considerable ring strain and include cyclobutenes, cyclopentenes, cis-

cyclooctenes, and norbornenes. A variation of ROMP is ring expansion metathesis 

polymerization (REMP), which can be employed to prepare macrocyclic polymers. In REMP, 

the catalyst contains a short tether that forms a cyclic structure with the alkylidene. Ring 

opening reactions with the cyclic catalyst leads to the formation of larger macrocyclic 

structures. 

 

2.5 Polymer architectures for drug delivery 

Controlled polymerization can be used to synthesize sophisticated new polymeric materials 

that retain the desirable properties of traditional nanoparticle therapies (e.g improving 

drug solubility and increasing therapeutic indices) while substantially reducing or 

eliminating the need for complex formulations. This section summarizes the impact of 

controlled polymerization techniques on the synthesis of advanced polymeric architectures: 
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star polymers, polymer brushes, hyperbranched polymers, and macrocyclic polymers 

(Figure 2.3). 

 

Figure 2.3  Schematic representations of advanced macromolecular 
architectures being investigated for drug delivery. 

 

 Star polymers 2.5.1

Star polymers have been investigated for biomedical and pharmaceutical applications 

because of their well-defined globular structures, low solution viscosities, and core-shell 

architectures.60 Star polymers consist of at least three linear macromolecular segments 

radiating from a single central core. 
Star polymers are generally prepared using one of three synthetic strategies: the 

grafting-onto approach, the core-first approach, and the arm-first approach.61 In the core-

first approach, a multifunctional ATRP initiator or chain transfer agent is attached to a 

central scaffold from which polymerization of the arms proceed. Star polymers can also be 

synthesized using the arm-first crosslinking method; in this approach, linear copolymers 

with “living” chain ends are linked together by conducting a subsequent copolymerization in 

the presence of divinyl monomers to form a crosslinked core.62,63 

Star polymers are an attractive architecture because they can be prepared in a single 

step with good control over segment length and number. However, only a limited number of 
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arms are possible before star-star coupling becomes significant. Additionally, the small 

number of polymeric arms limits the overall molecular weights that can be achieved. 

 

 Polymer brushes 2.5.2

Cylindrical polymer brushes generally consist of a linear macromolecular scaffold from 

which polymeric segments radiate. Because of the large amount of steric repulsion between 

the polymeric arms, the scaffold adopts an elongated anisotropic confirmation.64 This 

unique conformation, which has a large directional persistence length similar to DNA, may 

provide substantially enhanced in vivo circulation times and cellular uptake.65 Polymer 

brushes can be synthesized with high number of arms and large molecular weights. 

Brush copolymers are prepared using some of the same general approaches as star 

polymers. However, the large number of arm segments can lead to high levels of brush-

brush coupling when using radical-based polymerization techniques. For this reason, low 

instantaneous radical concentrations in combination with limiting the overall monomer 

conversion are commonly employed to mitigate termination. ATRP is well-suited for 

preparing dense polymer brushes via the core-first approach because macromolecular 

scaffolds can be easily functionalized using commercially available α-haloesters or benzyl 

halides, and because the instantaneous radical concentration can be carefully controlled to 

minimize brush-brush coupling.66 ROMP has also been widely employed to prepare brush 

copolymers because of its ability to polymerize large macromonomers with controllable 

molecular weights and low molar mass dispersities.67,68 

 

 Hyperbranched polymers 2.5.3

Dendrimers and dendrimer-like polymers have attracted considerable interest as potential 

platforms for drug delivery. These materials have a high degree of branching and can 

incorporate a large number of functional groups at spatially-defined positions within the 

globular structure. Dendritic materials can also be designed to be hydrolytically or 

enzymatically degradable by incorporating degradable linkages at branch junctions. 

Traditionally, dendrimers have been prepared via stepwise synthesis from a central core to 

generate materials with a highly regular branching pattern, low molar mass dispersities, 
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and controllable functional group density.69. The high cost and limited selection of 

commercially available dendrimers has led to the development of hyperbranched polymers 

with many of the same properties as dendrimers but with simpler preparation methods.70  

Hyperbranched polymers can be conveniently prepared via the use of initiator-

monomers (inimers). Polymers synthesized via this method have larger molar mass 

dispersities; however, their constituent segments are still somewhat controlled.71 Inimers 

such as acrylic-substituted ATRP initiators and acrylic-substituted RAFT agents can be 

incorporated into CRPs where they serve as branch points along the growing polymer 

chains. The average degree of branching/crosslinking can then be controlled by simple 

manipulation of the inimer to monomer ratio and overall monomer conversion. For 

example, inimers have been employed to prepare architecturally distinct antigen carriers 

with pH-responsive endosomal-releasing segments.72 In these studies, dendritically 

branched copolymers were synthesized using a methacrylate-functionalized RAFT CTA. 

Antigen delivery with the hyperbranched and cross-linked polymer architecture enhanced 

in vitro MHC-I antigen presentation relative to free antigen, whereas the linear construct 

did not have a discernible effect. 

 

 Macrocyclic polymers 2.5.4

Macrocyclic polymers are an interesting polymer structure due to their lack of chain ends, 

smaller hydrodynamic diameters, and lower radii of gyration compared to their linear 

analogs. These polymers have been shown to have increased circulation time in vivo 

compared to their linear analogs, leading to higher tumor accumulation.73,74 The smaller 

hydrodynamic sizes of macrocyclic polymers may also be advantageous for improved tumor 

penetration. 

The synthesis of macrocyclic polymers can be achieved by the ring closure (RC) or ring 

expansion (RE) methods. In the RC method, linear polymers containing telechelic 

functional groups undergo intramolecular coupling to form the macrocyclic polymers.75 A 

major advantage of this strategy is that the backbone can be prepared by CRP, using a wide 

range of commercially available functional monomers and functional chain transfer agents 

(CTAs) or ATRP initiators. Following polymerization, the chain end is modified to introduce 

the appropriate complementary functional group at the ω chain terminus for end-to-end 
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cyclization. However, the RC method is limited by the need for dilute cyclization conditions 

and/or the need for preparative size exclusion chromatography to purify the final cyclic 

polymers. 

Ring-expansion metathesis polymerization (REMP), which was first reported by 

Grubbs and coworkers in 2002, provides an attractive alternative to ring closing methods 

for producing cyclic polymers.76 In this technique, initiation occurs via insertion of cyclic 

olefin monomers into a Ru-alkyl-indene bond, expanding the cyclic catalyst ring. REMP can 

be used to prepare large quantities of pure cyclic polymer with high molecular weights even 

at high polymer concentrations. However, this technique is applicable to a more limited 

range of monomers and can show some broadening of the molar mass dispersity as a result 

of competing intramolecular chain transfer reactions.77 

 

2.6 Conclusions and future perspectives 

Recent advances in controlled living polymerization have made it possible to synthesize 

polymers with increasingly sophisticated architectures. ATRP and RAFT in particular are 

powerful techniques for synthesizing polymers with defined chemical compositions, low 

molar mass dispersities, engineered three-dimensional structures, and spatially defined 

functional segments. Additionally, the high valency of these systems allows for the creation 

of drug delivery vehicles with high loading capacity without the need for complex 

formulations. Although relatively few of these nanostructures have been investigated for 

drug delivery applications thus far, materials that can be synthesized reproducibly and 

with well-defined properties will be highly attractive for clinical translation. 
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Chapter 3.  

ATRP SYNTHESIS OF SUNFLOWER POLYMERS USING 

CYCLIC MULTIMACROINITIATORS 

Hua Wei*, Christine E. Wang*, Nicholas Tan, Andrew J. Boydston, and Suzie H. Pun 

* Equally contributing authors 

 

Abstract 

Polymers with advanced architectures can now be readily and reproducibly synthesized 

using controlled living polymerization. These materials are attractive as potential drug 

carriers due to their tunable size, versatile methods of drug incorporation and release, and 

ease of functionalization with targeting ligands. In this work, we report the design and 

development of macrocyclic brush, or “sunflower,” polymers, synthesized by controlled 

radical polymerization of hydrophilic “petals” from a cyclic multimacroinitiator “core.” 

These nanostructures can be synthesized with low polydispersity and controlled sizes 

depending on polymerization time. We further demonstrate that folate-functionalized 

sunflower polymers facilitate receptor-mediated uptake into cancer cells. These materials 

therefore show potential as drug carriers for anti-cancer therapies.† 

 

3.1 Introduction 

Polymeric drug carriers are used to alter the biodistribution and pharmacokinetics of their 

drug cargo in order to improve therapeutic indices. Desirable characteristics of polymeric 

carriers that allow for facile adaptation to drug-specific applications include: (i) tunable size 

and surface charge, (ii) high drug loading capacity, (iii) controllable drug release, (iv) 

mechanisms for preferential accumulation at the target site based on passive or active 

targeting strategies, and (v) reproducible synthesis. Polymer nanostructures with advanced 

architectures (e.g. cyclic polymers,1-3 polymer brushes,4,5 star polymers,6,7 and 

hyperbranched polymers8,9) are a promising class of materials for this application.10 Indeed, 
                                                
† Reprinted with permission from Wei, H., Wang, C. E., et al. ACS Macro Letters, 4, pp. 938-941. 
Copyright 2015 American Chemical Society. 
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Szoka and coworkers have demonstrated that cyclic polymers and PEG-grafted cyclic 

polymers exhibit longer circulation times than their analogous, molecular weight-matched 

linear polymers.11,12 Polymer-drug conjugates prepared from polymeric nanostructures offer 

the additional advantage of being formulation-free; sizes of these constructs can be similar 

to those of polymeric micelles without the need for additional formulation and 

characterization steps of the self-assembled structures. 

One architecture of interest is the macrocyclic brush, or “jellyfish” polymer,13 which has 

not to our knowledge been applied as a drug carrier. Notably, ring expansion metathesis 

polymerization (REMP) has been used to prepare macrocyclic brush polymers by Grubbs’ 

and Tew’s groups independently.14,15 REMP maximizes the formation of cyclic polymers and 

avoids interchain reactions at high polymerization concentrations; however, this strategy is 

limited by the monomer species, and suffers from the relatively complicated synthesis of 

various norbornene-based monomers with activated functional groups or macromonomers 

with polymer side-chains. In addition, “grafting from,” as compared to “grafting onto” and 

“grafting through,” offers much better control over the generation of uniform polymer 

brushes by minimizing the effect of steric hindrance and avoiding tedious purification 

processes. Recently, nitroxide-mediated radical polymerization (NMRP) and ring-opening 

polymerization (ROP) have been reported to produce macrocyclic brush polymers by the 

“grafting from” approach,16 but again only limited monomers can be employed by such 

approaches. 

To develop a more universal platform material based on macrocyclic brush structures 

for drug delivery applications, we explored herein the preparation of macrocyclic brush 

polymers using atom transfer radical polymerization (ATRP), which provides access to a 

broad range of monomers and the ability to control polymer architecture and dimensions 

due to its “living” characteristics.17 In this work, we report the development of macrocyclic 

brush, or “sunflower” polymers (Figure 3.1) as a universal platform for targeted drug 

delivery. Sunflower polymers are synthesized by controlled radical polymerization (CRP) 

using a cyclic macroinitiator “core” from which “petals” are polymerized, radiating from the 

core. As a proof of concept, we further conjugate a commonly used cancer targeting ligand, 

folate, to the petal termini and a model cargo, fluorescein, to the cyclic core buried within 

the polymer petals, and demonstrate receptor-mediated delivery to mammalian cells. 
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3.2 Materials and methods 

 Materials 3.2.1

All chemicals were purchased from Sigma-Aldrich and used without further purification 

unless otherwise noted. 

 

 Polymer synthesis 3.2.2

Synthesis of ethyl glycinate methacrylamide (EGMA) monomer 

Ethyl glycinate hydrochloride (10.15 g, 0.072 mol) was dissolved in 100 mL of dry 

dichloromethane (DCM). Anhydrous TEA (20 mL, 0.144 mol) was then added at room 

temperature, and the solution was cooled to 0°C in an ice bath. Methacryloyl chloride (7.251 

mL, 0.072 mol) was added dropwise via a syringe pump to the cooled ethyl glycinate 

solution over 2 h. After completion of this addition, the reaction mixture was warmed up to 

room temperature and was stirred for another 2 h. After the reaction, the solution was 

filtered to remove the by-product triethylamine hydrochloride precipitate. Subsequently, 

the solvent was removed by rotary evaporation, and the crude product was purified by 

column chromatography with an ethyl acetate/hexane mixture (1/2, v/v, Rf = 0.2-0.3 on 

silica). The product was isolated by evaporation of the solvents and further dried in a 

vacuum oven to form a colorless oily residue. Yield: 78% (9.55 g). 

 

Figure 3.1  Schematic illustration of sunflower polymer containing targeting ligands 
and cargo. 

Cyclic core   P(OEGMA) petal

Targeting ligand Cargo
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Synthesis of linear P(HEMA-st-EGMA) precursors (Alkyne-P(HEMA-st-EGMA)-N3) 

The linear precursor with Br terminus was prepared by ATRP of 2-hydroxyethyl 

methacrylate (HEMA) and EGMA in a 2-propanol (IPA)/N,N-dimethylformamide (DMF) 

mixed solution, using propargyl 2-bromoisobutyrate18 as the initiator and N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMDETA)/Cu(I)Br as the catalyst. Typically, a 10 mL 

round-bottom flask was charged with propargyl 2-bromoisobutyrate (0.041 g, 0.2 mmol), 

HEMA (1.30 g, 10 mmol), EGMA (0.57 g, 3.33 mmol) to obtain a HEMA and initiator molar 

ratio ([HEMA]/[Initiator]) of 50. The above mixture was dissolved in a 9:1 % w/w IPA/DMF 

mixture to obtain a 50% w/w HEMA solution. The flask was degassed using a stream of dry 

nitrogen gas to remove any trace of oxygen in the system. CuBr catalyst and PMDETA 

(relative molar ratios of initiator:CuBr:PMDETA = 1:1:1) were then added quickly under a 

nitrogen flow. Finally, the reaction mixture was sealed, followed by immersing the flask 

into an oil bath preheated to 65°C to start the polymerization. The reaction mixture turned 

green and became viscous as the reaction progressed. After 16 h, the reaction mixture was 

quenched by exposing to air. The reaction mixture was diluted with 2 mL of methanol and 

then subjected directly to dialysis against distilled water to remove the copper catalyst. The 

product was harvested by freeze-drying. Yield: 70~80%. 

A non-clickable linear analogue was synthesized following the same reaction conditions 

except using ethyl 2-bromoisobutyrate (EBB) as the initiator. 

Afterward, the linear precursor with azide terminus was obtained as follows. Alkyne-

P(HEMA-st-EGMA)-Br (1.0 g) and NaN3 in a 20-fold molar excess were dissolved in a 1/4 

v/v % water/DMF mixed solvent (10 mL) in a round-bottom flask equipped with a magnetic 

stirrer. The flask was sealed with a rubber septum and was stirred at 45°C for 48 h. After 

purification by extensive dialysis to remove residual sodium salts, the linear precursor, 

alkyne-P(HEMA-st-EGMA)-N3, was obtained by freeze-drying. Yield: 90% (0.9 g). 

The bromo-terminus of the non-clickable linear copolymer was also converted to an 

azide group following the same methods. 

 

Synthesis of cyclic P(HEMA-st-EGMA) copolymer by intra-chain click cyclization 

In a typical procedure, 750 mL of DMF was placed in a 1000 mL three-neck flask and 

degassed by bubbling dry nitrogen gas for 1 h. 20-fold molar equivalents of PMDETA and 

CuBr were then charged into the flask under the protection of nitrogen flow. A solution of 
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alkyne-P(HEMA-st-EGMA)-N3 linear precursor (0.5 g) in degassed DMF (10 mL) was added 

to the copper catalyst solution via a syringe pump at the rate of 0.007 mL/min. The reaction 

was carried out at 100°C in a nitrogen atmosphere for 24 h. At the end of the polymer 

solution addition, the mixture was allowed to proceed for another 24 h. After the mixture 

was cooled to room temperature, DMF was removed under reduced pressure, and the 

concentrated residue was transferred directly to a dialysis tube (MWCO: 3.5 kDa, Fisher 

Scientific) and dialyzed against distilled water to remove the copper catalyst. The resulting 

cyclic polymer, cyclic P(HEMA-st-EGMA), was harvested by freeze-drying. Yield: 80% (0.4 

g). 

 

Preparation of cyclic poly(2-(2-bromoisobutyrnyloxy)ethyl methacrylate-st-EGMA) 

(P((HEMA-iBuBr)-st-EGMA)) macroinitiator 

Cyclic poly(2-(2-bromoisobutyrnyloxy)ethyl methacrylate-st-EGMA) (P((HEMA-iBuBr)-st-

EGMA)) macroinitiator was prepared by esterification of cyclic P(HEMA-st-EGMA). Cyclic 

P(HEMA-st-EGMA) (0.2 g, 1.07 mmol of HEMA units) was dissolved in 10 mL of dry DMF, 

and then anhydrous TEA (581 µL, 4.17 mmol) was added at room temperature. The solution 

was cooled to 0°C in an ice bath. 2-bromoisobutyryl bromide (404 µL, 3.2 mmol) was added 

dropwise via a syringe pump to the cooled polymer solution over 30 min. After completion of 

this addition, the solution was further stirred at 0°C for 1 h and at room temperature for 48 

h. After the reaction, the reaction mixture was poured into distilled water to precipitate the 

product. The product was separated by centrifugation and further purified twice by 

redissolving/reprecipitating with DMF/water, and finally dried in a vacuum oven for 24 h, 

yielding a light yellow powdery product. Yield: 58% (0.21 g). 

Linear multimacroinitiator for the preparation of comb-like polymer was prepared 

following the same procedures except using non-clickable linear copolymer, P(HEMA-st-

EGMA)-N3. 

 

Preparation of sunflower polymer, P((HEMA-sunflower-oligo(ethylene glycol) monomethyl 

ether methacrylate-st-EGMA) (P((HEMA-sf-OEGMA)-st-EGMA)) 

A panel of sunflower polymers, P((HEMA-sf-OEGMA)-st-EGMA), with OEGMA radiating 

rays was prepared by ATRP using cyclic P((HEMA-iBuBr)-st-EGMA) macroinitiator. Cyclic 
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P((HEMA-iBuBr)-st-EGMA) macroinitiator (0.05 g, 0.149 mmol of initiator sites), and 

OEGMA (Mn = 300 g/mol, 4.46 g, 14.9 mmol) were dissolved in a 1/2 v/v % anisole/DMF 

mixed solution (30 mL). The solution was split in equal volumes into five 10 mL round-

bottom flasks. After putting in a stir bar and sealing with a rubber septum, each solution 

was thoroughly degassed by nitrogen bubbling for 10 min. Meanwhile, a catalyst stock 

solution of CuBr2 (3.3 mg, 14.9 µmol) and 2,2’-bipyridine (51.2 mg, 327.8 µmol) was made in 

DMF (500 µL). The solution was bubbled with nitrogen to deoxygenate the mixture. Solid 

CuBr (21 mg, 149 µmol) was added to the copper stock solution under nitrogen atmosphere 

and sonicated to promote dissolution. The resultant copper catalyst stock solution (100 µL) 

was added quickly to each cyclic initiator-monomer mixture under a nitrogen blanket. 

Finally, the reaction mixtures were sealed, followed by immersing the flasks into an oil 

bath preheated to 60°C to start the polymerization. The reactions were subsequently 

quenched by exposing flasks to air at predetermined time intervals. Each reaction mixture 

was poured into ethyl ether to precipitate the product. The product was separated by 

centrifugation and further purified by extensive dialysis against distilled water to remove 

the copper catalyst. The resulting sunflower polymer was harvested by freeze-drying. The 

conversion of polymerization and molecular weight of each sunflower polymer were 

determined by 1H NMR and GPC analyses. 

Comb-like polymer was prepared following the same polymerization condition except 

using the linear multimacroinitiator. 

 

Preparation of folate-conjugated sunflower polymer (FA-sunflower polymer) by click 

coupling 

Similar to the synthesis of alkyne-P(HEMA-st-EGMA)-N3 linear precursor, sunflower 

polymer with an azide terminus on each OEGMA radiating ray was prepared by reacting 

the resultant sunflower polymer with NaN3 in a 20-fold molar excess in a 1/4 v/v % 

water/DMF mixed solvent. The reaction was carried out at 45°C for 48 h. After the reaction, 

the product was purified by extensive dialysis to remove residual sodium salts, and 

harvested by freeze-drying. 

To a round-bottom flask containing thoroughly degassed DMF solution (10 mL) of 

azide-terminated sunflower polymer (210 mg, 97 µmol of azide terminus) and alkyne-

functionalized folate19 (0.05 g, 106 µmol), PMDETA (20.3 µL, 97 µmol), and CuBr (14 mg, 97 
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µmol) were added quickly under a nitrogen flow. The reaction mixture was stirred at room 

temperature for 24 h. After the reaction, the mixture was poured into ethyl ether to 

precipitate the product and to remove the unreacted propargyl folate. The product was 

separated by centrifugation and further purified by dialysis against distilled water to 

remove the copper catalyst. The resulting FA-sunflower polymer was isolated by freeze-

drying. Yield: 86% (220 mg). The amount of folate conjugated to each polymer was 

determined by absorbance at 360 nm based on a standard curve obtained from solutions of 

free folic acid. 

Folate-conjugated comb-like polymer was prepared following the same reaction 

conditions. 

 

Preparation of P((HEMA-sf-OEGMA-folate)-st-(GMA-hydrazide)) 

A 50 mL falcon tube equipped with a magnetic stirrer was charged with FA-sunflower 

polymer (220 mg, 32.3 µmol of EGMA units), hydrazine hydrate (18 µL, 370 µmol), and 

anhydrous methanol (6 mL). The reaction was performed at room temperature for 10 h. 

After the reaction, the resultant polymer precursor, P((HEMA-sf-OEGMA-folate)-st-(GMA-

hydrazide)), was purified by extensive dialysis against distilled water and collected by 

freeze-drying. Yield: 82% (180 mg). The content of hydrazide was determined by modified 

TNBSA assays.20,21 

 

Preparation of P((HEMA-sf-OEGMA-folate)-st-(GMA-fluorescein)) 

A 50 mL falcon tube equipped with a magnetic stirrer was charged with the polymer 

precursor P((HEMA-sf-OEGMA-folate)-st-(GMA-hydrazide)) (90.0 mg, 14.6 µmol of 

hydrazide), NHS-Fluorescein (PI-46410, Thermo Scientific, MW = 473.4 g/mol, 13.8 mg, 

29.2 µmol), and anhydrous methanol (4 mL). The tube was sealed, and the reaction was 

allowed to proceed in the dark at room temperature for 48 h. The resultant fluorescein-

labeled sunflower polymer, P((HEMA-sf-OEGMA-folate)-st-(GMA-fluorescein)), was 

purified by extensive dialysis against distilled water (4L) for 24 h and collected by freeze-

drying. Yield: 75.1% (67.6 mg). The amount of fluorescein conjugated to each polymer was 

determined by 1H NMR spectroscopy. 

Folate-comb polymer-fluorescein was prepared following the same reaction conditions. 
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 Polymer characterization 3.2.3

1H NMR spectra were recorded on a Bruker AV 500 nuclear magnetic resonance (NMR) 

instrument using DMSO-d6, CDCl3, and D2O as the solvents. 

Fourier transform infrared (FT-IR) spectra were recorded on a Bruker Vector 33 FT-IR 

spectrometer. Samples were pressed into potassium bromide (KBr) pellets for 

measurements. 

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

polydispersity (Mw/Mn, PDI) of polymer samples prepared. 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), Optilab-rEX refractometer, 

and miniDAWN TREOS triple-angle static light scattering detector (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. Absolute molecular weight averages and dn/dc 

were calculated using ASTRA software (Wyatt). 

Average dimensions of sunflower polymers in an aqueous phase were measured by 

dynamic light scattering (DLS) with a ZetaPALS (Brookhaven Instruments Corp.) at a 

detection angle of 90°. The measurements were performed in triplicate. The aqueous 

solution was passed through a 0.22 µm pore-sized syringe filter before measurements. 

 

 Cell culture 3.2.4

KB cells (ATCC CCL-17, a derivative of the HeLa human cervical adenocarcinoma line) and 

A549 cells (ATCC CCL-185, lung epithelial carcinoma) were maintained in folate-free RPMI 

1640 (Life Technologies) and F-12K (Corning cellgro) media, respectively. Media was 

supplemented with 10% fetal bovine serum (HyClone) and 1% penicillin/streptomycin 

(HyClone). Cells were cultured as a monolayer in a 37°C, 5% CO2 environment. Medium 

was replaced every 2-3 days. Cells were passaged at ~70-80% confluence by incubation with 

Trypsin-EDTA, followed by resuspension in complete growth medium. 
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 In vitro uptake and competition studies 3.2.5

Cells were seeded in 24-well plates at a density of 40,000 cells per well in 1 mL of complete 

growth medium and incubated in a 37°C, 5% CO2 environment for 24 h. Cells were rinsed 

once with PBS and incubated in 1 mL of supplemented folate-free RPMI 1640 medium +/- 2 

mM folate competition for 1 h at room temperature. Polymer samples at varying 

concentrations were prepared in serial dilutions in water and then diluted 10-fold in 

supplemented folate-free RPMI 1640 medium +/- 2 mM folate. The media was aspirated 

from each well, and cells were incubated with 200 µL of polymer solution for 20 min at 

37°C. After incubation, the polymer solutions were aspirated, and the cells were rinsed 

twice with PBS/1% BSA. Cells were then harvested by incubation with 200 µL of Trypsin-

EDTA, followed by resuspension with 1 mL of complete growth medium. Cells were 

transferred to 1.5 mL microcentrifuge tubes and pelleted at 300 g for 5 min at 4°C. The 

supernatant was aspirated, and the cell pellets were resuspended in 200 µL of PBS/1% BSA 

containing 2 µg/mL propidium iodide (PI) as a marker for cell viability. Cells were analyzed 

for uptake of fluorescent polymer using a MACSQuant Analyzer flow cytometer (Miltenyi). 

 

 In vitro cytotoxicity studies 3.2.6

The cytotoxicities of various polymers were evaluated in vitro using the MTS assay. The 

cells were seeded in 96-well plates at a density of 2500 cells per well in 100 µL of complete 

growth medium and incubated in a 37°C, 5% CO2 environment for 24 h. Samples were 

prepared in serial dilutions in water and then diluted 10-fold in Opti-MEM medium 

(Invitrogen). The cells were rinsed once with PBS and incubated with 40 µL of the sample 

solutions with different polymer concentrations at 37°C for 4 h. Cells were then rinsed with 

PBS and the medium was replaced with 100 µL of culture medium. At 48 h, 20 µL of 3-(4,5-

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

Promega) reagent was added to each well. Cells were then incubated at 37°C, 5% CO2 for 3 

h. The absorbance of each well was measured at 490 nm on a Tecan Safire2 plate reader 

(Ma ̈nnedorf, Switzerland). Cell viability (%) for each concentration was determined by 

normalizing to the cells only signal. 
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Figure 3.2  Synthesis of folate-sunflower polymer-fluorescein. 
 

3.3 Results and discussion 

 Synthesis and characterization of sunflower polymers 3.3.1

The two main steps in sunflower polymer synthesis are (i) synthesis of the cyclic 

multimacroinitiator and (ii) polymerization of “petals” from the cyclized core (Figure 3.2). 
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The cyclic multimacroinitiator was first synthesized by (i) atom transfer radical 

copolymerization of ethyl glycinate methacrylamide (EGMA) and hydroxyethylmethacrylate 

(HEMA) using an alkyne-terminated initiator, (ii) conversion of the terminal bromine to an 

azide and intrachain click cyclization of the α-alkyne-ω-azide linear polymers, and (iii) 

conversion of HEMA monomers to alkyl halide ATRP initiators. 

The ATRP conditions for the synthesis of P(HEMA-st-EGMA) copolymer were adapted 

from reported procedures22 with some modifications considering that ATRP of acrylamide-

type monomers remains challenging,23 and more active ligands, such as 1,1,4,7,10,10-

hexamethyltriethyllenetetramine (HMTETA),24 N,N,N',N'',N''-pentamethyldiethylene-

triamine (PMDETA),25 and Tris[2-(dimethylamino)ethyl]amine (Me6TREN),26 can offer 

improved control over the polymerization. Linear P(HEMA-st-EGMA) was first synthesized 

using the CuBr/PMDETA catalyst in isopropanol/N,N'-dimethylformamide (IPA/DMF) (9/1, 

w/w) at 65°C for 16 h. The benefits of this current polymerization condition are confirmed 

by a kinetics study. The statistical copolymer panel showed a clear shift of the gel 

permeation chromatography (GPC) elution trace toward higher molecular weight with 

polymerization time (Figure 3.3). The living characteristics were reflected by the pseudo-

first-order kinetics and narrow PDI during the whole polymerization process (Figure 3.3). A 

high conversion (~82%) of monomers was achieved after polymerization for 16 h, affording 

polymer of DP ~41, close to the target value of 50. Moreover, there was no obvious high 

molecular weight “shoulder” recorded in the GPC elution trace (Figure 3.3 and Figure 3.4a), 

indicating minimal coupling termination of polymer chains during polymerization and 

retention of chain end functionalities for further azidonation. 

 

Figure 3.3  ATRP kinetics for the synthesis of P(HEMA-st-EGMA) copolymer. 
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The molar ratio of HEMA and EGMA in the resulting copolymers was determined to be 

3.3:1 by 1H NMR spectroscopy, close to the feed molar ratio (3:1), indicating good control of 

the copolymer composition by ATRP. The resulting copolymer was thus denoted P(HEMA41-

st-EGMA12). GPC shows that the copolymers have molecular weight (Mn) of 4.86 kDa and 

relatively low polydispersity (PDI) of 1.27, indicating controlled synthesis of copolymers 

(Figure 3.4a). 

 

Figure 3.4  (a) GPC elution traces and (b) FT-IR spectra of linear and cyclic 
P(HEMA41-st-EGMA12). 

 

A survey of the literature showed that a large excess of sodium azide (10-40 fold molar 

excess compared to bromo-termini)27-30 is usually used for chain end azidonation to achieve 

complete conversion of the chain termini. Therefore, the linear precursor, P(HEMA-st-

EGMA)-N3, was prepared by substitution with a 20-fold molar excess of sodium azide. 

Cyclic polymers were then prepared by intra-chain Cu(I)-catalyzed azide-alkyne 

cycloaddition (CuAAc) of linear precursors following reported procedures.31,32 Successful 

cyclization was confirmed by FT-IR and GPC analyses, which show absence of the azide 

group (~2100 cm-1) after polymer cyclization and a clear shift toward longer retention times 

for the cyclic polymer compared to the linear precursor (Figure 3.4). 

Cyclic poly(2-(2-bromoisobutyrnyloxy)ethyl methacrylate-st-EGMA) (P((HEMA-iBuBr)-

st-EGMA)) multimacroinitiator was then prepared by esterification of cyclic P(HEMA-st-

EGMA) with 2-bromoisobutyryl bromide. The disappearance of the characteristic signal at 

4.8 ppm, assigned to the hydroxyl group of HEMA units, in the 1H NMR spectrum of cyclic 
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multimacroinitiator compared to the parent cyclic polymer (Figure S3.1) confirms complete 

conjugation of ATRP initiating sites to the pendant hydroxyl groups of the cyclic polymer. 

The cyclic multimacroinitiator and its linear analogue were used for ATRP of 

oligoethylene glycol methacrylate (OEGMA) to prepare sunflower and comb polymers, 

respectively. ATRP was performed using the catalyst CuBr/2,2'-bipyridine (bpy) in 

anisole/DMF (1/2, v/v) at 60°C for different lengths of time. Three important parameters 

were optimized to minimize the generation of cross-linked structures and free polymer 

chains in the ATRP process due to the use of multimacroinitiators: (i) the feed 

concentration of OEGMA monomer was kept at 0.5 M; (ii) the monomer conversion was 

controlled to a low level (below 25%); and (iii) a small amount of CuBr2 ([CuBr2] = 

0.1[CuBr]) was added to slow down the polymerization kinetics. A kinetic study was carried 

out using cyclic multimacroinitiator with a target DP of 100 for each radiating petal. The 

sunflower polymer panel showed a clear shift of the GPC elution trace toward higher 

molecular weight with polymerization time (Figure 3.5). The living characteristics were 

reflected by the pseudo-first-order kinetics and narrow PDI (around 1.3) during the whole 

polymerization process (Figure 3.5). Furthermore, the difference in topology of sunflower 

versus comb-like polymers was confirmed by GPC analyses. Sunflower polymers eluted at 

later times than comb polymers, indicating more compact structure and smaller effective 

molecular weight (Figure 3.6). 

 

Figure 3.5  ATRP kinetics of sunflower polymer prepared from cyclic 
multimacroinitiator, with a target DP of 100 for each petal. 
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Figure 3.6  GPC elution traces of sunflower polymer and comb-like polymer 
prepared with the same polymerization time using cyclic and linear 
multimacroinitiators. 

 

Finally, the hydrodynamic Z-average diameters of sunflower polymers were 

determined by dynamic light scattering (DLS). Particle size increased with increasing 

P(OEGMA) petal polymerization time, ranging from 13.5 to 16.8 nm for the panel (Figure 

3.7). The ability to control particle size is a particular advantage of using this 

polymerization strategy for synthesizing drug carriers. 

 Synthesis of folate-targeted sunflower polymers and evaluation of uptake in FR+ 3.3.2

cells 

The sunflower polymer with petals synthesized by 3 h ATRP of OEGMA (Mn = 101 kDa, 

PDI = 1.26, Rh = 14 nm) was selected for further biological evaluation. Targeted polymer 

 

Figure 3.7  Summary of Z-average sizes of sunflower polymers with petals 
polymerized for different lengths of time. 
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constructs were prepared by conjugation of alkyne-functionalized folate (FA) to the 

P(OEGMA) petal termini via CuAAC “click” coupling. FA was selected for targeting due to 

significant literature precedence establishing drug carrier targeting to cancer cells via the 

folate receptor (FR).33-36 FA conjugation was confirmed by 1H NMR analysis, which shows 

the appearance of characteristic signals at 6.7-8.7 ppm (assigned to the aromatic protons of 

folate) in the spectrum of folate-sunflower polymer, and by an increase in UV absorbance on 

GPC (Figure S3.2). Each polymer was found to contain approximately 25-28 folate groups, a 

conjugation efficiency of 61-69% based on the theoretical polymer composition of 41 HEMA 

groups available for polymerization of petals and subsequent folate conjugation. 

We next investigated FR-mediated uptake of the sunflower polymers in KB (FR+) and 

A549 (FR-) cells. Fluorescein was selected as a model drug due to its fluorescent and cell 

compatibility properties; in future work, aldehyde or ketone-containing drugs could be 

similarly conjugated to sunflowers for acid-triggered release at tumor sites. FA-SF-fluor 

was prepared by converting EGMA side chains in the polymer’s cyclic core to hydrazide 

groups, followed by conjugation with the N-hydroxysuccinimide ester of fluorescein. An 

estimated 6-8 fluorescein molecules were conjugated per polymer, a conjugation efficiency of 

59-78% based on the theoretical polymer composition of 12 EGMA groups and 85% 

conversion of EGMA to hydrazide groups for fluorescein incorporation. 

Cells were then incubated with FA-SF-fluor at various concentrations, followed by flow 

cytometry analysis for binding. Although FA-SF-fluor uptake is dose-dependent in both cell 

lines, greater uptake was observed in the FR+ KB cells than in the A549 cells, as indicated 

by higher median fluorescence intensities of these cells at all polymer concentrations 

(Figure 3.8a). Minimal uptake of untargeted SF-fluor was observed in either cell line 

(Figure 3.8b). In competition studies, cells were treated with FA-SF-fluor in the presence of 

2 mM free folate. Competition with free folate significantly reduced polymer uptake in KB 

cells but not in A549 cells. These results further support folate receptor-mediated 

endocytosis as a major uptake mechanism for FA-targeted sunflower polymers by FR+ KB 

cells. 

Interestingly, when uptake of the comb-like linear analogue, FA-comb-fluor, was 

investigated, competition with free folate produced only a small decrease in polymer uptake 

in KB cells even at a low polymer concentration (Figure 3.8c). This may suggest higher 

levels of non-specific uptake of comb polymers relative to sunflower polymers. The effect of 
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polymer architecture on internalization mechanism will therefore be an interesting topic for 

future investigation. 

 

 

Figure 3.8  Uptake of (a) FA-SF-fluor, (b) untargeted SF-fluor, and (c) FA-comb-fluor 
polymers in FR+ KB cells and FR- A549 cells in the absence (black bars) and 
presence (grey bars) of 2 mM competing free folate. 
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 Cytotoxicity of sunflower polymers 3.3.3

Because sunflower polymers demonstrate potential as drug carriers, we investigated the 

cytotoxicity of the materials using KB and A549 cells. An MTS metabolic activity assay was 

performed to determine cell viability. The base and FA-modified sunflower polymers were 

found to be minimally toxic in either cell line, with IC50, or concentration for 50% cell 

killing, greater than 3.5 mg/mL in all cases. 

 

3.4 Conclusions 

In summary, this work introduces the sunflower polymer platform as a potential drug 

carrier. Using a combination of ATRP and click chemistry, sunflower polymers can be 

synthesized with control over hydrodynamic size based on polymerization time. The ability 

to tailor sizes within the relevant range for tumor delivery (5-50 nm), combined with the 

demonstrated advantage over comb-like polymers in targeted cellular uptake, support 

further investigation of these materials for tumor-targeted drug delivery and molecular 

imaging. 
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Supporting Information 

 

Figure S3.1  1H NMR spectra of (a) cyclic P(HEMA-st-EGMA) and (b) cyclic 
multimacroinitiator. 
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Figure S3.2  GPC elution traces and UV-detected signals of sunflower polymer and 
folate-conjugated sunflower polymer. 
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Chapter 4.  

SUNFLOWER POLYMERS FOR FOLATE-MEDIATED 

DRUG DELIVERY 

Christine E. Wang*, Hua Wei*, Nicholas Tan, Andrew J. Boydston, and Suzie H. Pun 

* Equally contributing authors 

 

Abstract 

Polymeric delivery vehicles can improve the safety and efficacy of chemotherapy drugs by 

facilitating preferential tumor delivery. Polymer-drug conjugates are especially attractive 

carriers because additional formulation steps are not required during manufacturing, and 

drug release profiles can be altered based on linker choice. For clinical translation, these 

vehicles should also be reproducibly and controllably synthesized. Recently, we reported the 

development of a class of materials called “sunflower polymers,” synthesized by controlled 

radical polymerization of hydrophilic “petals” from a cyclic multimacroinitiator “core.” This 

synthesis strategy afforded control over the size of the polymer nanostructures based on 

their petal polymerization time. In this work, we demonstrate that particle size can be 

further tuned by varying the degree of polymerization of the cyclic core in addition to that 

of the petals. Additionally, we investigate the application of these materials for tumor-

targeted drug delivery. We demonstrate that folate-targeted, doxorubicin-conjugated 

sunflower polymers undergo receptor-mediated uptake into cancer cells and pH-triggered 

drug release leading to cytotoxicity. These materials are attractive as drug carriers due to 

their discrete and small size, shielded drug cargo that can be triggered for release, and 

relative ease of synthesis.† 

 

4.1 Introduction 

Cytotoxic chemotherapy remains the preferred frontline strategy for treatment against 

most types of cancer but is associated with significant side effects such as major organ 
                                                
† Reprinted with permission from Wang, C. E., et al. Biomacromolecules, 17, pp. 69-75. Copyright 
2016 American Chemical Society. 
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damage, infertility, immunosuppression, and nausea/vomiting that severely compromise 

patient quality of life.1,2 The development of improved chemotherapy formulations therefore 

remains an important research priority with significant medical impact. The adverse side 

effects associated with chemotherapy can be ameliorated by developing delivery 

formulations that rely on tumor localization via the “enhanced permeability and retention” 

(EPR) effect.3 These formulations are large enough to be retained in the circulation after 

injection, avoiding tissue distribution and rapid renal clearance, but remain small enough 

to extravasate from abnormal tumor vasculature into tumors.4,5 This paradigm is used by 

clinically-approved chemotherapy formulations such as liposomal anthracyclines (e.g., Doxil 

and Myocet) and albumin-bound paclitaxel (Abraxane) to offer improved safety profiles over 

equivalent solution formulations. 

Still, drawbacks to these formulations remain. Multiple formulation steps are often 

required in manufacturing, increasing scale-up complexity.6 Interstitial tumor penetration 

is also reduced due to the larger size of these formulations (50-150 nm) compared to free 

drug.7-9 Finally, drug leakage from the vehicle prior to tumor localization can result in off-

target effects.10,11  

Polymer-drug conjugates are an alternative delivery technology in the development 

pipeline.12,13 The smaller size of these constructs compared to liposomal carriers and drug 

attachment via labile linkages allow for improved tumor penetration and controlled drug 

release. In contrast to polymeric carriers such as micelles or nanoencapsulates,14,15 polymer-

drug conjugates do not require formulation steps during manufacturing. Dendrimers, star 

polymers, and cyclic polymers have prolonged circulation in vivo compared to linear 

polymers, an important property in tumor accumulation via EPR.16-18 Therefore, polymers 

with advanced architectures that can be reproducibly and controllably synthesized are of 

great interest as drug carriers. 

We have recently described a strategy for synthesizing macrocyclic brush or 

“sunflower” (SF) polymers19 using atom transfer radical polymerization (ATRP) and a 

“grafting-from” approach.20,21 We demonstrated that sunflower polymers could be 

synthesized with relatively low polydispersity and with control over their hydrodynamic 

size based on the polymerization time of their radiating “petals.” Because the folate 

receptor (FR) is commonly overexpressed on various cancer cell types,22,23 we also 

conjugated the petal termini with folate (FA) as a targeting ligand and the polymer “core” 

with fluorescein as a model drug to demonstrate receptor-mediated uptake in FR-positive 
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cells. These sunflower polymers appeared to have an advantage over their linear analogues 

(comb-like polymers), which were shown to be taken up by non-specific mechanisms. 

In this work, we have expanded on our platform by synthesizing sunflower polymers 

with two different core sizes and then applied these materials for targeted drug delivery 

through conjugation of FA to the sunflower petals and doxorubicin to the sunflower cores. 

Together with the petal polymerization time, controlling core size allows for greater control 

over the hydrodynamic size of the polymers. We investigate the uptake properties as 

compared to the previously reported small-core sunflowers. We further demonstrate that 

sunflower polymers can be used for targeted, intracellular drug delivery by conjugating the 

chemotherapy drug doxorubicin (Dox) via hydrazone bonds that release drug under acidic 

conditions (Figure 4.1). Finally, we investigate the cytotoxicity of the various polymer-Dox 

constructs synthesized. 

 

Figure 4.1  Schematic illustrations of (a) sunflower polymer containing FA targeting 
ligands and Dox drug and (b) proposed delivery mechanism: extravasation into tumor 
tissue by EPR effect, internalization by FR-expressing cancer cells, and intracellular, 
pH-triggered Dox release. 
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4.2 Materials and methods 

4.2.1 Materials 

All chemicals were purchased from Sigma-Aldrich and used without further purification 

unless otherwise noted. 

 

4.2.2 Polymer synthesis and Dox conjugation 

Preparation of P((HEMA-sunflower-OEGMA-folate)-st-(GMA-hydrazide)) (FA-SF-hydrazide) 

All steps for the synthesis of the folate-targeted, hydrazide-containing sunflower polymer 

were performed as reported previously,19 but using a HEMA:initiator molar ratio of 100:1 in 

the synthesis of the linear P(HEMA-st-EGMA) precursor to yield sunflower polymers with a 

larger core. 

 

Preparation of P((HEMA-sf-OEGMA-folate)-st-(GMA-fluorescein)) (FA-SF-fluor) 

A 50 mL falcon tube equipped with a magnetic stirrer was charged with the polymer 

precursor P((HEMA-sf-OEGMA-folate)-st-(GMA-hydrazide)) (146.0 mg, 14.5 µmol of 

hydrazide), NHS-Fluorescein (Thermo Scientific, 13.7 mg, 29.0 µmol), and anhydrous 

methanol (4 mL). The tube was sealed, and the reaction mixture was placed in the dark at 

room temperature for 48 h. The resultant fluorescein-labeled sunflower polymer, P((HEMA-

sf-OEGMA-folate)-st-(GMA-fluorescein)), was purified by extensive dialysis against distilled 

water (4 L) for 24 h and collected by freeze-drying. Yield: 67.0% (97.8 mg). The amount of 

fluorescein conjugated to the sunflower polymer was determined by 1H NMR analysis as 

described previously.19 

 

Preparation of P((HEMA-sf-OEGMA-folate)-st-(GMA-Dox)) (FA-SF-Dox) 

A 50 mL falcon tube equipped with a magnetic stirrer was charged with the polymer 

precursor P((HEMA-sf-OEGMA-folate)-st-(GMA-hydrazide)) (180.0 mg, 29.2 µmol of 

hydrazide), doxorubicin hydrochloride (Dox•HCl, LC Laboratories, Woburn, MA) (33.8 mg, 

58.4 µmol), a drop of acetic acid, and anhydrous methanol (6 mL). The tube was sealed, and 
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the reaction mixture was placed in the dark at room temperature for 48 h. The resultant 

sunflower polymeric prodrug, P((HEMA-sf-OEGMA-folate)-st-(GMA-Dox)), was purified by 

extensive dialysis against anhydrous methanol (2 L) for 24 h, followed by dialysis against 

distilled water (4 L) for another 24 h, and collected by freeze-drying. Yield: 78.7% (155 mg). 

The amount of Dox conjugated to the sunflower polymer was determined by absorbance at 

480 nm based on a standard curve obtained from free Dox•HCl in water. 

 

4.2.3 Polymer characterization 

1H NMR spectra were recorded on a Bruker AV 500 nuclear magnetic resonance (NMR) 

instrument using DMSO-d6 as the solvent. 

Fourier transform infrared (FT-IR) spectra were recorded on a Bruker Vector 33 FT-IR 

spectrometer. Samples were pressed into potassium bromide (KBr) pellets for 

measurements. 

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

polydispersity (Mw/Mn, PDI) of polymer samples prepared. SEC Tosoh TSK-GEL R-3000 

and R-4000 columns (Tosoh Bioscience, Montgomeryville, PA) were connected in series to 

an Agilent 1200 Series System (Agilent Technologies, Santa Clara, CA), Optilab-rEX 

refractometer, and miniDAWN TREOS triple-angle static light scattering detector (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. Absolute molecular weight averages 

and dn/dc were calculated using ASTRA software (Wyatt). 

Average dimensions of sunflower polymers in an aqueous phase were measured by 

dynamic light scattering (DLS) with a ZetaPALS (Brookhaven Instruments Corp.) at a 

detection angle of 90°. The measurements were performed in triplicate. The aqueous 

solution was passed through a 0.22 µm pore-sized syringe filter before measurements. 

 

4.2.4 Quantification of Dox release 

FA-SF-Dox polymer was dissolved in release buffer at different pHs (PBS at pH 7.4, 

phosphate buffer at pH 6.8, or citrate buffer at pH 5.5) at a concentration of 1 mg/mL. 

Spectra/Por Float-A-Lyzer G2 Dialysis Devices (MWCO: 8-10 kDa, Spectrum Laboratories) 
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were pre-soaked in release buffer for 30 min, then loaded with 1 mL of polymer solution 

each. Each device was immersed in a 50 mL conical containing 12 mL of the same release 

buffer and incubated in the dark at 37°C with shaking at 125 rpm. At predetermined times, 

1 mL of the dialysate was sampled and replaced with an equal volume of fresh buffer. 

Dialysate samples were stored at -20°C for later analysis. After all time points were 

collected, dialysate samples were analyzed for Dox fluorescence (excitation: 480 nm, 

emission: 580 nm) on a Tecan Safire2 plate reader (Ma ̈nnedorf, Switzerland). The 

concentration of released Dox in each sample was calculated based on standard curves 

obtained from free Dox•HCl in the respective release buffer. 

 

4.2.5 Cell culture 

KB cells (ATCC CCL-17) and A549 cells (ATCC CCL-185) were maintained in folate-free 

RPMI 1640 (Life Technologies) and F-12K (Corning cellgro) media, respectively. Media was 

supplemented with 10% fetal bovine serum (FBS, HyClone) and 1% penicillin/streptomycin 

(HyClone). Cells were cultured as a monolayer in a 37°C, 5% CO2 environment. Medium 

was replaced every 2-3 days. Cells were passaged at ~70-80% confluence by incubation with 

Trypsin-EDTA, followed by resuspension in complete growth medium. 

 

4.2.6 Serum stability studies 

Sunflower polymers were incubated in cell culture medium (MEM supplemented with 10% 

FBS) for 4 h at 37°C. The resultant polymer was recovered by extraction using 

dichloromethane (DCM), vacuum dried, and analyzed by GPC. 

 

4.2.7 In vitro uptake and competition studies 

Cells were seeded in 24-well plates at a density of 40,000 cells per well in 1 mL of complete 

growth medium and incubated in a 37°C, 5% CO2 environment for 24 h. Cells were rinsed 

once with PBS and incubated in 1 mL of supplemented folate-free RPMI 1640 medium +/- 2 

mM folate competition for 1 h at room temperature. Polymer samples at varying 

concentrations were prepared in serial dilutions in water and then diluted 10-fold in 
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supplemented folate-free RPMI 1640 medium +/- 2 mM folate. The media was aspirated 

from each well, and cells were incubated with 200 µL of polymer solution for 20 min at 

37°C. After incubation, the polymer solutions were aspirated, and the cells were rinsed 

twice with PBS/1% BSA. Cells were then harvested by incubation with 200 µL of Trypsin-

EDTA, followed by resuspension with 1 mL of complete growth medium. Cells were 

transferred to 1.5 mL microcentrifuge tubes and pelleted at 300 g for 5 min at 4°C. The 

supernatant was aspirated, and the cell pellets were resuspended in 200 µL of PBS/1% BSA 

containing 2 µg/mL propidium iodide (PI) as a marker for cell viability. Cells were analyzed 

for uptake of fluorescent polymer using a MACSQuant Analyzer flow cytometer (Miltenyi). 

 

4.2.8 Confocal imaging 

KB cells were seeded on poly-D-lysine-coated glass coverslips in 24-well plates at a density 

of 80,000 cells per well in 1 mL of complete growth medium and incubated in a 37°C, 5% 

CO2 environment for 12 h. Solutions of FA-SF-Dox polymer and free Dox were prepared in 

complete growth medium at concentrations equal to 25% of their respective IC50 values. 

Cells were treated with 400 µL of FA-SF-Dox or free Dox for 12 h at 37°C. Cells were rinsed 

3 times with HBSS/1% BSA, fixed with 300 µL of 4% paraformaldehyde (PFA) solution for 

15 min at room temperature, and rinsed twice with HBSS/1% BSA. Finally, cells were 

counterstained with 300 µL of 5 µg/mL 4’,6-diamidino-2-phenylindole (DAPI) in HBSS/1% 

BSA for 5 min at room temperature and rinsed twice more. Coverslips were mounted onto 

glass slides with Fluoromount-G (eBioscience) and imaged using a Leica TCS SP8X confocal 

microscope. 

 

4.2.9 In vitro cytotoxicity studies 

The cytotoxicities of various formulations were evaluated in vitro using the MTS assay. The 

cells were seeded in 96-well plates at a density of 2500 cells per well in 100 µL of complete 

growth medium and incubated in a 37°C, 5% CO2 environment for 24 h. Samples were 

prepared in serial dilutions in water and then diluted 10-fold in OptiMEM medium 

(Invitrogen). The cells were then rinsed once with PBS and incubated with 40 µL of the 

sample solutions with different polymer or Dox concentrations at 37°C for 4 h. Cells were 
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then rinsed with PBS, and the medium was replaced with 100 µL of culture medium. At 48 

h, 20 µL of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS, Promega) reagent was added to each well. Cells were then incubated at 

37°C, 5% CO2 for 3 h. The absorbance of each well was measured at 490 nm on a Tecan 

Safire2 plate reader (Ma ̈nnedorf, Switzerland). Cell viability for each treatment condition 

was determined by normalizing to the cells only signal. 

 

4.2.10 Animals 

Female NCr nude mice (4-5 weeks) were purchased from Taconic. All experimental 

procedures were performed in accordance with protocols approved by the University of 

Washington Institutional Animal Care and Use Committee. 

 

4.2.11 Tumor inhibition studies 

NCr nude mice were placed on a folic acid-deficient diet (Harlan Laboratories, Indianapolis, 

IN) for at least one week before tumor inoculation and were maintained on the special feed 

throughout the study. To develop xenograft tumors, mice were inoculated subcutaneously in 

the right hind flank with 5×106 KB cells in 100 µL of folate-free RPMI 1640 medium 

without serum. 

After tumor inoculation, mice were randomly distributed into treatment groups of 7 

mice each. Mice receiving a single treatment (on day 7 after tumor inoculation) were 

injected with free Dox or FA-SF-Dox at a dose of 6 mg Dox/kg mouse, or FA-SF at an 

equivalent polymer concentration. Mice receiving three treatments (on days 7, 10, and 13 

after tumor inoculation) were injected with free Dox or FA-SF-Dox at a dose of 4 mg Dox/kg 

mouse per treatment, or FA-SF at an equivalent polymer concentration. Each formulation 

was administered intravenously by retroorbital injection in 5% glucose and in a volume of 

less than 150 µL. In addition, control mice were given a single injection of 5% glucose 

solution. 

Tumor volume was calculated by measuring the tumor with calipers and using the 

formula volume = 0.5 × a × b2, where a is the longer of the two dimensions. Tumor 

measurements and mouse weights were recorded every 2-3 days for the duration of the 
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study. Mice were euthanized if tumor volume exceeded 10% of body weight, tumor 

ulceration was observed, or body weight decreased by 20%. 

 

 

 

Figure 4.2  Synthesis of folate-sunflower polymer-Dox. 
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4.3 Results and discussion 

4.3.1 Synthesis and characterization of sunflower polymers with different core sizes 

We have previously reported a strategy for synthesizing sunflower polymers using a 

combination of ATRP and click chemistry.19 The general steps of the synthesis are (i) 

synthesis of linear statistical copolymers of hydroxyethyl methacrylate (HEMA) and ethyl 

glycinate methacrylamide (EGMA), (ii) cyclization of the polymers by intra-chain coupling 

of the chain ends under highly diluted conditions, (iii) conversion of HEMA groups in the 

polymer core to alkyl halide ATRP initiators, and (iv) ATRP of oligoethylene glycol 

methacrylate (OEGMA) to generate petals that radiate from the polymer’s cyclic core 

(Figure 4.2). 

In this report, we synthesize sunflower polymers with two different core sizes and then 

investigate these materials for targeted anti-cancer drug delivery to cultured cells. 

Sunflower polymers with smaller cores were prepared as described previously; these 

polymers were determined to have, on average, a core composition of 53 monomers (~41 

HEMA and ~12 EGMA) and are therefore referred to as core 50 polymers.19 Sunflower 

polymers with larger cores were prepared by first synthesizing the linear P(HEMA-st-

EGMA) precursor using an alkyne-containing ATRP initiator and a target DP of 100 for 

HEMA units. A 16 h polymerization time was used to achieve a conversion of 80% and an 

actual DP of ~80. Gel permeation chromatography (GPC) indicates that the resulting 

copolymer has a number-average molar mass (Mn) of 8.37 kDa and relatively low dispersity 

(PDI) of 1.33, demonstrating good control over the polymerization (Figure 4.3a). The molar 

ratio of HEMA and EGMA in the copolymer was determined to be 3.3:1 by 1H NMR 

spectroscopy, the same as for the linear P(HEMA-st-EGMA) precursor with a target DP of 

50. The resulting copolymer was thus denoted P(HEMA80-st-EGMA24) and used to prepare 

core 100 sunflower polymers. 

Following conversion of the terminal bromine of the polymer to an azide, the linear 

precursor was cyclized by an intra-chain copper-catalyzed azide-alkyne cycloaddition 

(CuAAC) reaction24 between the polymer chain ends.25-27 Cyclization was confirmed by a 

shift toward longer retention times on GPC relative to the linear precursor and by the 

disappearance of the characteristic azide signal (2100 cm-1) from the Fourier transform-

infrared (FT-IR) spectrum (Figure 4.3). 
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Cyclic multimacroinitiators were prepared by esterifying the HEMA units of cyclic 

P(HEMA-st-EGMA) with the reagent 2-bromoisobutyryl bromide as described previously.19 

Finally, polymerization of OEGMA from the cyclic multimacroinitiator yielded large core 

sunflowers. As with the small core sunflowers from our earlier work, a kinetic study 

indicates an increase in molecular weight with petal polymerization time, pseudo-first-

order kinetics of the polymerization process, and relatively low PDI (~1.2 when conversion 

is limited to ~10%) (Figure 4.4). 

 

Figure 4.3  (a) GPC elution traces and (b) FT-IR spectra of linear and cyclic 
P(HEMA80-st-EGMA24). 

 

Figure 4.4  ATRP kinetics of sunflower polymers prepared using cyclic 
multimacroinitiator of DP 100, with a target DP of 100 for each petal. 
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The Z-average hydrodynamic diameters of the large core sunflower polymers as 

determined by dynamic light scattering were shown to increase with petal polymerization 

time and ranged from 39.7 to 65.6 nm for the panel (Figure 4.5). Particle size is a 

particularly important factor in tumor delivery applications. Prolonged circulation is 

achieved by increasing polymer size above the threshold for renal filtration and 

extravasation into normal tissue (>5 nm28 and >2-6 nm29, respectively), but the optimal 

particle size for maximizing tumor penetration is generally less than ~50 nm in diameter.30-

32 The sizes of these sunflower polymers are therefore relevant for tumor targeted delivery. 

 

 

Figure 4.5  Z-average diameters of sunflower polymers with cyclic core of DP 100 
and petals polymerized for different lengths of time. 

 

4.3.2 Uptake of large core sunflower polymers in FR+ cells 

Core 100 sunflower polymers with petals synthesized by 3 h ATRP of OEGMA were 

selected for biological evaluation. We first confirmed that sunflower polymers retain their 

structure in the presence of serum-containing cell culture media. Polymers were incubated 

with complete media for 4 h, recovered by extraction, and analyzed by size exclusion 

chromatography. Chromatography traces reveal that serum-treated polymers have elution 

times similar to those of untreated polymers (data not shown), indicating that molecular 

weight and structure are not significantly changed by serum enzymes, which could 

potentially hydrolyze polymers during the course of the experiment. Therefore, polymers 

were conjugated with FA-alkyne targeting ligands at petal terminal azides (59% efficiency, 
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determined by absorbance at 360 nm) and NHS-fluorescein at core hydrazides (49% 

efficiency, determined by 1H NMR). These constructs, named FA-SF-fluor, were 

investigated for FR-mediated uptake in KB (FR+) and A549 (FR-) cells. Although KB cells 

demonstrated higher normalized median fluorescence intensities (MFIs) than A549 cells at 

the same polymer concentrations, competition with free FA surprisingly did not reduce 

polymer uptake in either cell line. This indicates that substantial uptake of these large core 

sunflowers can occur by non-FR-mediated mechanisms (Figure 4.6). This is in contrast to 

the results observed for their small core counterparts, which undergo FR-mediated 

endocytosis specifically in KB cells.19 On the basis of this finding, we decided to focus on the 

small (DP 50) core sunflower polymers for targeted drug delivery applications. 

 

Figure 4.6  Uptake of FA-SF-fluor with DP 100 core in FR+ KB cells and FR- A549 
cells in the absence (black bars) and presence (grey bars) of 2 mM competing free 
folate. 

 

4.3.3 Dox release kinetics 

Ideally, polymer-drug conjugates for cancer therapy should remain stable during circulation 

and release drug in the tumor environment or after tumor cell uptake in order to minimize 

off-site exposure and toxicity. Dox hydrochloride was therefore conjugated to the FA-

targeted sunflower polymer (FA-SF) via an acyl hydrazone bond, shown previously to 

provide preferred in vivo release kinetics at tumor sites.33,34 Following conversion of the 

EGMA side chains in the polymer core from ethyl esters to hydrazides (85% efficiency, 

determined by trinitrobenzenesulfonic acid [TNBS] assay), Dox was covalently linked via 
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its hydroxyl ketone group (38% efficiency, determined by absorbance at 480 nm; ~2.5 

w/w%). Dox conjugation was also confirmed by an increased signal at 8.0 ppm in the 1H 

NMR spectrum of the targeted, drug-loaded sunflower polymers, and DLS sizing indicated 

minimal polymer aggregation (Figure S4.1). 

To investigate the pH-dependent kinetics of Dox release, FA-sunflower-Dox polymer 

(FA-SF-Dox) was incubated in PBS (pH 7.4), phosphate buffer (pH 6.8), or citrate buffer 

(pH 5.5) at 37°C, and Dox release was quantified by dialysis method (Figure 4.7).35 The 

conjugates were highly stable under physiological conditions, with only 6.5% of the Dox 

being released over 4 d at pH 7.4. In contrast, incubation of the FA-SF-Dox at pH 5.5 

(comparable to the pH of late endosomes and lysosomes) resulted in over 74% Dox release 

from the polymer after 24 h. Incubation at pH 6.8 (the pH of the tumor microenvironment)36 

resulted in intermediate levels of hydrolysis, with 33% Dox release after 24 h. 

 

4.3.4 Confocal imaging of intracellular drug delivery 

The intracellular trafficking of FA-SF-Dox in KB cells was then examined by confocal 

microscopy. Dox fluorescence was clearly seen in the nuclei of cells incubated with either 

FA-SF-Dox or free Dox for 12 h, suggesting that drug is released from the polymer and 

localizes to the nucleus, or that the entire polymer construct undergoes intracellular 

 

Figure 4.7  Release kinetics of Dox from FA-SF-Dox polymer at pH 7.4, 6.8, and 5.5. 
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trafficking and nuclear localization in a pattern consistent with the free drug (Figure 4.8). 

Some punctate staining throughout the cytoplasm could also be observed in the FA-SF-Dox-

treated cells, but not cells treated with free Dox, suggesting that the polymer traffics 

through an endocytic pathway, consistent with the internalization mechanism of other FA-

conjugated carriers.23  

 

Figure 4.8  Confocal imaging of FA-SF-Dox and Dox (red) uptake in KB cells (nuclei 
stained blue with DAPI). Cells were treated with polymer or free drug at 25% of their 
respective IC50 values to minimize cell death. (BF: brightfield image.) 

 

4.3.5 Cytotoxicity of sunflower polymers 

The cytotoxicity of sunflower polymer constructs to FR+ KB and FR- A549 cells was 

assessed by MTS cell viability studies (Table 4.1). The base sunflower (SF) and FA-modified 

SF (FA-SF) polymers were minimally toxic to cells (IC50, or concentration for 50% cell 

killing, at least 1 mg/mL), although cytotoxicity of polymers is increased by conjugation of 

FA, likely due to higher levels of polymer internalization mediated by the targeting ligand. 
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In KB cells, the IC50 of free Dox and FA-SF-Dox were 0.92 and 2.47 µg/mL in Dox 

equivalents, respectively. The increased IC50 of FA-SF-Dox compared to free Dox is likely 

due to slower internalization mechanism (endocytosis vs. direct membrane permeation) and 

the release kinetics of free drug from polymer. In A549 cells, the IC50 of the FA-SF-Dox 

formulation is increased to an even greater extent relative to free Dox and is not 

significantly different from the untargeted SF-Dox formulation. 

The cytotoxicity results also confirm trends in uptake based on polymer architecture. 

FA-SF-Dox polymer, which was previously shown to undergo FR-dependent uptake, 

exhibited the best selectivity in cell killing for KB cells over A549 cells. Meanwhile, the 

analogous linear comb-like polymer, FA-comb-Dox, was similarly cytotoxic in both KB cells 

and non-target A549 cells. This non-specific cytotoxicity correlates well with the previous 

uptake data suggesting non-FR-mediated uptake of the comb polymer.19 It is possible that 

the constrained architecture of the sunflower polymer facilitates display of the FA targeting 

ligand and subsequent interaction with cell surface receptors; the mechanistic basis for this 

difference in uptake warrants further study. 

 

4.3.6 Anti-tumor efficacy in vivo 

The efficacy of the FA-SF-Dox formulation in vivo was tested using a KB xenograft tumor 

model. Tumor-bearing mice were treated according to one of two dosing strategies: a single 

injection of free Dox or FA-SF-Dox at a dose of 6 mg Dox/kg mouse, or three injections of 4 

mg Dox/kg mouse over the course of one week. FA-SF polymer without Dox was also tested 

Table 4.1  IC50 values and 95% confidence intervals for Dox and polymer formulations in KB (FR+) 
and A549 (FR-) cell lines. 
 

 
IC50 in Dox equivalents (µg/mL) 

(95% CI) 

Cell line SF FA-SF Free Dox SF-Dox FA-SF-Dox FA-comb-Dox 

KB N/A* 
(>5.5 mg/mL) 

3.59 mg/mL 
(3.40, 3.79) 

0.918 
(0.866, 0.972) 

4.15 
(3.93, 4.38) 

2.47 
(2.22, 2.75) 

2.42 
(2.22, 2.64) 

A549 N/A* 
(>5.5 mg/mL) 

N/A* 
(>5.5 mg/mL) 

1.65 
(1.47, 1.84) 

7.23 
(6.79, 7.70) 

8.14 
(7.64, 8.67) 

3.40 
(3.07, 3.75) 

 

*Cell survival >90% at the highest tested concentration. 
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as a negative control. Tumor volumes and mouse weights were monitored for 38 days as 

indicators of drug efficacy and toxicity, respectively. 

 

 

Figure 4.9  In vivo tumor growth in tumor-bearing mice dosed with free Dox or FA-
SF-Dox at 6 mg Dox/kg mouse on day 0, or with multiple doses each at 4 mg/kg on 
days 0, 3, and 6. (a) Raw tumor volumes and (b) tumor volumes normalized to day 0. 

 

Rapid tumor growth was observed for mice receiving injection buffer or FA-SF controls 

(Figure 4.9). Three doses of free Dox were extremely effective for suppressing tumor growth 

over the initial 2-3 weeks, while a single larger dose of Dox showed initial inhibition for 

about 1 week after injection. Some promising activity was observed with three doses of FA-

SF-Dox, which appeared to have an effect comparable to a single dose of free Dox; however, 

FA-SF-Dox was not effective if administered as a single dose. This is likely due to 

differences in pharmacokinetics and drug release for free drug vs. the polymer-drug 

formulation. In addition, after normalization to initial tumor volume (Figure 4.9b), the 

efficacy of a single dose of Dox was less pronounced (the mice in this group had somewhat 

smaller tumors initially), while multiple doses of FA-SF-Dox resulted in slightly sustained 

tumor inhibition. 

Overall, large variability in tumor growth was observed, and the differences in tumor 

volumes between the groups were not statistically significant. This variability underscores 

the need for a robust and consistent tumor model or a model that allows more accurate 

quantification of tumor burden (e.g. luciferase-expressing tumor cells). 

Tumor volumes were not plotted after day 22; these trends became skewed as animals 

reached their endpoints. Therefore, tumor burden was also evaluated using a Kaplan-Meier 

survival curve. In this study, mice were euthanized if tumor volume exceeded 10% of body 

weight, tumor ulceration was observed, or body weight decreased by 20%. Because this is a 
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relatively slow-growing tumor model, most euthanasia events were the result of tumor 

ulceration. However, tumor ulceration did not necessarily correlate with tumor size. 

Therefore, the endpoints for survival were defined as (1) an event resulting in euthanasia 

or (2) a tumor volume exceeding 0.5 cm3. Using these criteria, both Dox and FA-SF-Dox 

appeared to extend survival over the 38-day period when administered in multiple doses 

(Figure 4.10). However, differences in survival were statistically significant only for mice 

treated with three doses of free Dox. 

 

 

Figure 4.10  Survival curve for tumor-bearing mice. Endpoint criteria were: tumor 
volume exceeding 0.5 cm3 or 10% of body weight, tumor ulceration, or 20% decrease 
in body weight. 

 

Polymeric drug formulations have previously been shown to reduce the toxicity that 

can result from chemotherapy treatment.37,38 The weights of treated mice were monitored 

as an indication of systemic toxicity (Figure 4.11). Normalized weights indicate that 

multiple doses of free Dox resulted in sustained and gradual weight loss over the initial 

treatment period. Mice receiving only a single Dox treatment did not demonstrate 

significant weight loss (the apparent weight loss in this group on day 4 after injection is 

attributed to an adverse reaction to the injection in a single mouse, resulting in significant 

weight loss and euthanasia). Interestingly, some weight loss was observed in mice treated 

with control polymer but not in mice treated with FA-SF-Dox, even when multiple doses 

were used. Overall, this indicates that the polymer-drug formulation is well tolerated and 

could potentially increase the maximum tolerated dose over the free Dox equivalent, while 

mitigating systemic toxicity and adverse side effects. 
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Figure 4.11  Normalized body weights of tumor-bearing mice receiving a single or 
multiple chemotherapy treatments. 

 

4.4 Conclusions 

In this work, we have extended the sunflower polymer platform by investigating the degree 

of polymerization of the core as an additional tunable parameter for synthesizing polymers 

with precise hydrodynamic sizes. Preliminary findings indicate that polymers of different 

core sizes have significantly different uptake behaviors; the mechanisms underlying this 

phenomenon may be interesting for further investigation. We have also demonstrated that 

drugs can be conjugated to the cyclic core buried within the polymer petals, thereby 

reducing polymer aggregation that has been observed in dendrimer-drug conjugates 

induced by hydrophobic drug-drug interactions.39 Using this platform, doxorubicin can be 

incorporated via a pH-sensitive linker and triggered for intracellular release of active drug. 

In vivo studies indicate that the FA-SF-Dox formulation avoids the systemic toxicity 

associated with free Dox treatment, although limited efficacy was shown. This effect may be 

attributed to incomplete Dox release, as well as the low drug content of the polymer overall. 

In future work, drug loading (currently 2-5 w/w%) might be increased by altering sunflower 

polymer structure, for example, conjugating drugs onto petals instead of cores or 

encapsulating drugs by hydrophobic or ionic interactions, methods that have been shown to 

improve drug loading (15-50 w/w%).40,41 

In summary, sunflower polymers represent a unique platform for targeted drug 

delivery. Sunflower polymers combine the structural complexity and nano-size of 

dendrimers with the relative ease of synthesis of traditional linear polymers. These 
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polymers integrate multiple characteristics to address the challenges of drug delivery to 

tumors – such as appropriate size for tumor penetration, preferential drug release in the 

tumor microenvironment, and cell-specific delivery – into a single material. 
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Supporting Information 

 

Figure S4.1  Raw particle size distribution by volume of FA-SF-Dox with DP 50 core 
and OEGMA petals polymerized for 3 h. 
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Chapter 5.  

ADENOVIRAL VECTORS FOR CANCER GENE THERAPY: 

PHARMACOLOGY AND STRATEGIES FOR MODIFICATION 

 

5.1 Introduction 

Gene therapy involves the introduction of nucleic acids into cells in order to replace 

mutated genes or to alter cellular phenotypes. As a result, gene therapy has the potential to 

treat a wide variety of hereditary and acquired diseases. In the context of cancer, gene 

therapy encompasses diverse treatment strategies including the delivery of suicide genes or 

anti-angiogenic genes, as well as immunotherapy approaches, whereby cancer cells are 

induced to express highly antigenic proteins or immunostimulatory cytokines to encourage 

recognition by the host immune system.1,2 

Gene delivery has traditionally been approached with either viral3 or non-viral4 

vectors. Viruses are particularly well suited as gene carriers because they are highly 

evolved for gene transfer, often carrying various proteins to navigate the cell interior; this 

typically results in very efficient transduction and robust or long-term transgene 

expression. Furthermore, genetically engineered viruses known as oncolytic viruses have 

the unique ability to preferentially infect and lyse cancer cells while leaving normal cells 

intact.5 Clinical application of viral gene delivery vectors is primarily limited by safety 

concerns. Viruses are inherently immunogenic, which can lead to undesirable immune 

reactions and even resistance after repeat administrations. To date, only two gene therapy 

products have been clinically approved. Oncorine (H101), an oncolytic adenovirus targeting 

p53-deficient tumor cells,6 was approved by China’s State Food and Drug Administration in 

2005 for the treatment of head and neck cancer.7 In 2015, Imlygic, a herpes simplex virus 

for the treatment of melanoma lesions, became the first oncolytic virus to be approved by 

the U.S. Food and Drug Administration. Notably, both products are administered by direct 

injection into the tumors or lesions; studies have demonstrated dramatically reduced anti-

tumor efficacy for viruses administered systemically rather than intratumorally.6,8 
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In contrast to viral vectors, synthetic gene delivery vectors, such as those based on 

cationic lipids and polymers, can be synthesized with relatively good biocompatibility and 

limited immunogenicity in vivo, even after systemic administration. However, non-viral 

vectors generally achieve much lower levels of gene transfer efficiency than their viral 

counterparts. As a result, research is turning toward “hybrid” vectors, which combine both 

viral and synthetic components to maximize safety and efficacy.9 

In this work, we investigate the use of polymers to mitigate the immunogenicity of 

adenoviruses after systemic administration. This chapter provides a broad overview of 

adenoviral vector biology, pharmacology, and current strategies for re-engineering 

adenoviruses to provide contextual background for the research described in Part III of this 

thesis. 

 

5.2 Adenoviral vectors 

Adenoviruses (Ads) are one of the most commonly used delivery vectors in gene therapy 

clinical trials to date.10 Ads are a family of non-enveloped viruses carrying double-stranded 

DNA and have several advantages as a delivery platform: they can be easily produced to 

high titer, efficiently transduce both dividing and non-dividing cells, have a large coding 

capacity for transgenes (genome size of ~36 kilobase pairs), and do not integrate into the 

host genome. However, Ad also suffer from significant safety issues which have limited 

their clinical translation, as we will describe in Section 5.3. 

Ads have an icosahedral capsid structure with a diameter of approximately 100 nm. 

The major capsid proteins are the hexon, penton, and fiber (Figure 5.1). Each of the 

icosahedron’s 20 triangular faces is composed of 12 hexon homotrimers, a total of 240 

trimers or 720 individual hexon proteins per virion.11 Each of the 12 vertices of the 

icosahedron consists of a pentameric penton base (60 monomers total) and a trimeric fiber 

(36 monomers). 
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Figure 5.1  False-colored electron micrograph and schematic representation of the 
icosahedral structure of adenovirus, depicting the major capsid proteins: hexon 
(green), penton (blue) and fiber (red). Adapted with permission from Ref. 12. 

 

There are more than 50 different Ad serotypes known, classified into 7 different species 

from A to G based on genetic similarity.13 Different species may vary in the lengths of their 

fiber shafts. In addition, the knob domain of the fiber determines specificity for cellular 

receptors. Most species of adenoviruses, including the species C Ads (Ads 1, 2, 5, and 6), are 

known to bind the coxsackievirus and adenovirus receptor (CAR),14 while several species B 

viruses use human CD46 as their receptor.15 In this work, we have focused specifically on 

Ad of serotype 5 (Ad5), the most studied and most utilized member of the adenovirus 

family. 

 

5.3 Adenovirus pharmacology 

5.3.1 CAR paradigm of adenovirus infection 

Ad5 infection in vitro occurs efficiently through CAR. Ad5 first binds CAR via its fiber knob 

with high affinity. Ad5 has a relatively long and flexible fiber shaft;16 after binding, the 

shaft flexes to allow interaction between RGD (arginine-glycine-aspartic acid) motifs in the 

penton base and cell surface integrins αvβ1, αvβ3, αvβ5, or α3β1.17 RGD-integrin binding 

subsequently triggers receptor-mediated endocytosis of the virus. If cells lack CAR or CAR 

binding is ablated on the fiber knob, infection can occur slowly by direct (but lower-affinity) 

interaction of the penton base and integrins.18 Cells lacking both CAR and integrins are 

therefore relatively nonpermissive to transduction. 
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5.3.2 In vivo interactions 

Upon systemic administration, adenoviruses are subject to a host of interactions with 

various blood and cell components and do not follow the simple CAR infection paradigm. 

Moreover, in an in vivo context, CAR is found as a component of intercellular tight 

junctions and therefore is not accessible for Ad binding without the disruption of tight 

junctions.19 

The first major barrier to Ad use is that a large percentage of the population has pre-

existing adaptive immunity to Ad5, with neutralizing antibodies (NAbs) that inactivate 

virus, while naïve individuals rapidly develop NAbs that prevent repeated vector 

administration.18 As the most abundant capsid protein, most anti-Ad NAbs are directed 

against the hexon.20 

Intravenously delivered Ad are primarily sequestered in the liver and spleen and also 

trigger a potent innate immune response. Up to 90% of viral particles are quickly scavenged 

by Kupffer cells (KCs), the liver resident macrophages, which clear Ad from the 

bloodstream without being productively transduced.21 Phagocytic uptake by KCs is 

accompanied by the release of pro-inflammatory cytokines such as TNF and IL-6, leading to 

hepatotoxicity.22 The primary mechanism of Ad sequestration in the liver is interaction of 

the KC scavenger receptor SRA-II with anionic surfaces such as hexon. Specifically, 

hypervariable regions (HVRs) 1, 2, 5, and 7 of the Ad5 hexon have been implicated in 

scavenger receptor recognition;23 these HVRs are clustered on the surface of the hexon 

trimer and may lead to KC binding at either a depression at the center of each hexon trimer 

or a depression at the center of three hexon trimers. In the spleen, Ad particles accumulate 

in MARCO- and CD169-positive marginal zone macrophages, leading to an IL-1α-mediated 

innate immune response.24 Liver sinusoidal endothelial cells (LSECs) are also capable of 

scavenging Ad from the bloodstream, and as seen with KCs, Ad uptake by LSECs does not 

lead to efficient transduction.25  

At doses surpassing saturation of KCs and LSECs, transduction is primarily observed 

in hepatocytes.26 Liver transduction is mediated by the high-affinity (229 pM) binding of 

blood coagulation factor X (FX) to the Ad5 hexon.27 Binding of the γ-carboxyglutamic acid 

(Gla) domain of FX28 to hexon subsequently “bridges” the virus to heparan sulfate 

proteoglycans expressed on the surface of hepatocytes.29 The Ad5-FX interaction has been 

localized to HVRs 5 and 730 at the center depression of the hexon trimer, although data 
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suggest that FX and scavenger receptor do not bind the same surface on Ad5 hexon.23 

Critically, Ad5 vectors with hexon mutations that prevent FX binding fail to transduce 

hepatocytes in vivo.27 Recent studies also found that innate immune sensors respond to the 

misplacement of FX from blood into intracellular compartments during Ad5 infection, and 

that preventing the formation of the Ad5-FX complex may be key to minimizing the innate 

immune response against Ad.31 

 

5.4 Strategies for adenovirus modification 

Efforts to improve adenoviral vectors have focused on engineering Ad with reduced 

immunogenicity, evasion of NAbs, and/or altered in vivo tropism. Current strategies for Ad 

modification include genetic modification, polymer conjugation, and non-covalent coating of 

vectors. 

 

5.4.1 Genetic modification 

Ad vectors have been genetically engineered to eliminate undesirable interactions, typically 

by substitution with domains from other Ad serotypes or by modification of specific capsid 

motifs. However, this approach typically does little to modulate viral immunogenicity. For 

example, hexon mutations that prevent FX binding to Ad5 vectors have been shown to 

reduce liver transduction but with no change to systemic inflammatory profiles.32 Recent 

work also found that FX binding has the unexpected ability to protect Ad5 from attack by 

natural IgM antibodies and the classical complement pathway.33 Consequently, engineering 

Ad5 for ablated FX binding may render these vectors more susceptible to inactivation in 

vivo. 

Furthermore, studies by Di Paolo et al. suggest that ablating liver sequestration of Ad 

requires simultaneous inactivation of three major mechanisms: 1) Kupffer cell scavenging, 

2) hepatocyte transduction mediated by FX binding, and 3) Ad5 penton RGD motif-

mediated interactions with LSECs and hepatocytes, which cause virus retention in the 

space of Disse.34 Extensive genetic modifications may be poorly tolerated because they often 

prevent self-assembly of the viral capsid, resulting in reduced or ablated virus production. 

Consequently, rather than systematically engineering Ad to eliminate each of the 
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numerous potential interactions, strategies which focus on masking viruses have come to 

the forefront. 

 

5.4.2 Polymer conjugation 

Covalent chemical modifications of Ad capsids using synthetic polymers such as 

polyethylene glycol (PEG) and poly-N-(2-hydroxypropyl) methacrylamide (HPMA) have 

yielded some of the most promising results thus far.35 Polymer-conjugated Ad have been 

shown to evade pre-existing NAbs and KC scavenging, in addition to detargeting from the 

liver and blunted innate immune responses.36-40 However, repeated dosing remains 

problematic because antibodies are generated against the sites of polymer attachment to 

the virus.41 Studies also suggest that polymer conjugation, particularly with low molecular 

weight PEGs, provides incomplete shielding of the virus.39 Still, it may be difficult to 

achieve high-density conjugation of large PEGs to viral capsids due to steric hindrance 

between PEG molecules. Furthermore, a high degree of covalent modification can 

significantly inhibit viral transduction efficiency, potentially by interfering with the 

intracellular trafficking of vector particles.37,39 Viral inactivation resulting from heavy 

modification must be carefully balanced with the need to mask the virus effectively. 

 

5.4.3 Non-covalent coating 

Various materials have been investigated for the non-covalent modification of Ad vectors. 

Because the Ad hexon is negatively charged, cationic lipids, polymers, and polypeptides 

have been electrostatically complexed with the Ad capsid.42-44 Some groups have taken 

advantage of the high-affinity Ad5 hexon-FX interaction by coating Ad5 with fusion 

proteins containing the Gla domain of FX,45 and with PEGylated FX.46 In contrast to the 

covalent modifications described previously, these self-assembly approaches have the 

advantage of being reversible, allowing for native virus trafficking in the intracellular 

environment. Unfortunately, promising in vitro results such as resistance to NAbs and 

reduced hepatocyte transduction failed to translate to in vivo experiments in most cases. It 

is likely that non-covalent coatings are prematurely displaced in vivo as a result of 
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interactions with charged molecules or endogenous coagulation factors that are present in 

the blood at high concentrations. 

 

5.5 Future perspectives 

Overall, clinical translation of adenoviral gene delivery vectors has been limited as a result 

of high seroprevalence in the general population and sequestration of the majority of 

intravenously injected adenovirus by Kupffer cells and hepatocytes. Reducing 

immunogenicity and detargeting virus away from the liver are therefore critical challenges 

in developing more effective Ad-based vectors that can be administered systemically for 

cancers that are not amenable to intratumoral injections or for metastatic cancer. Although 

modification of viruses with polymers has yielded some promising results thus far, many of 

the complex in vivo interactions between virus and host are still poorly understood. As 

these interactions are elucidated, further modifications can be made to significantly 

improve the safety and biodistribution profiles of these vectors. In addition, advances in 

polymer synthesis can be harnessed to develop sophisticated new materials for use in 

adenovirus-polymer hybrid vectors. 
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Chapter 6.  

IDENTIFICATION OF ADENOVIRUS-BINDING PEPTIDES FOR 

USE IN SELF-ASSEMBLING POLYMER SHIELDS 

Christine E. Wang, Hua Wei, André Lieber, Dmitry Shayakhmetov, and Suzie H. Pun 

 

Abstract 

Clinical translation of adenovirus (Ad)-based gene delivery vectors remains challenging due 

to innate and adaptive immune responses triggered by the virus, as well as significant liver 

sequestration of viral particles preventing delivery to peripheral disease sites such as 

tumors. We hypothesized that a self-assembling, non-covalent polymeric coating could be 

used to shield Ad vectors against undesirable interactions in vivo while maintaining the 

activity of the native virus. In this work, phage display was used to screen for novel peptide 

sequences with affinity for the major Ad capsid protein. Although several promising peptide 

candidates were isolated from panning experiments and demonstrated binding to Ad when 

expressed in phage, binding was not observed for purified peptide. 

 

6.1 Introduction 

Adenoviruses, particularly Ad serotype 5 (Ad5), are the most common vectors used in 

clinical gene therapy trials because of their efficient transduction of many cell types and 

ease of production.1 However, broad clinical utility of adenoviral vectors has been limited by 

safety issues such as the induction of potent innate immune responses after systemic Ad 

administration,2 the strong liver tropism of Ad5 in vivo,3,4 and a high prevalence of pre-

existing anti-Ad5 immunity in the population. Genetic and chemical modifications that can 

allow Ad vectors to overcome these hurdles are therefore of great interest. 

Recent work in our lab demonstrated that copolymers of N-(2-hydroxypropyl) 

methacrylamide (HPMA) and cationic oligolysine peptides can complex with negatively-

charged Ad capsids through electrostatic interactions.5 In vitro transductions performed in 

the presence of neutralizing antibodies (NAbs) against Ad5 demonstrated that these 
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polymer-coated viruses were substantially resistant to NAb inactivation. Unfortunately, 

subsequent testing in mice pre-immunized against Ad5 indicated that the coating did not 

confer resistance to NAbs in vivo (unpublished data). This finding is thought to be the 

result of premature displacement of the polymer coating in vivo. 

We hypothesized that a novel self-assembling polymer coating based on peptides with 

specificity and affinity for adenovirus would be more stable in vivo than the previous 

coating based on charge interactions. To this end, the goals of this work were to (1) identify 

Ad-binding peptides and (2) synthesize and evaluate Ad-coating polymers in vitro. Several 

promising peptide candidates were identified through phage display and demonstrated 

binding to Ad in the context of isolated phage; however, no binding was observed for the 

purified peptide alone. Interestingly, complexation of viral particles with peptide-polymer 

conjugates led to an unexpected increase in viral transduction in vitro. 

 

6.2 Materials and methods 

6.2.1 Phage panning 

Phage display was used to screen for peptide sequences that bind specifically to the hexon 

protein of Ad5 through a competitive displacement panning technique (Figure 6.1). 6×1010 

vp of Ad5 in 0.1 M NaHCO3 (pH 8.6) buffer were adsorbed to a polystyrene plate overnight 

at 4°C, followed by blocking with a solution of 0.5% bovine serum albumin (BSA) in 

NaHCO3 buffer for 1 h at 4°C. In the first round of panning, surface-immobilized Ad5 were 

incubated with 2×1011 plaque forming units (pfu) of phage from the Ph.D-12 library (New 

England Biolabs, NEB) for 1 h at room temperature with gentle shaking. The plate was 

then washed 5 times with TBST (Tris-buffered saline containing 0.1% Tween-20 detergent) 

to remove unbound or weakly bound phage. Capitalizing on the fact that the blood protein 

coagulation factor X (FX) binds a known site on the Ad5 hexon with picomolar affinity,3 the 

remaining phage were eluted via competitive displacement by the FX protein. The sample 

was incubated with a 50-fold excess of FX protein (over the number of immobilized virus 

hexon trimers) in TBS containing 2 mM CaCl2 and 2 mM MgCl2 for 1.5 h at room 

temperature with gentle shaking, and the supernatant containing eluted phage was then 

collected. 
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Eluted phage were titered and amplified following standard protocols from NEB. 

2×1011 pfu of the amplified library were then used as the input library for the subsequent 

panning round; a total of 4 rounds of panning were performed in this manner. To increase 

the stringency of each successive round, the phage library incubation time was decreased 

(to 45 min, 30 min, and 20 min for the second, third, and fourth rounds, respectively) while 

the concentration of Tween-20 in the wash buffer was increased (to 0.5%, 1%, and 1%) in 

order to favor retention of high-affinity binders. A 1 h elution was used for the second 

through fourth rounds. 

Following the third and fourth rounds of panning, individual phage clones were 

amplified, and their DNA was purified using a QIAprep Spin M13 Kit (Qiagen). Samples 

containing 300-350 ng of DNA and 25 pmol of -96 gIII primer were submitted to GENEWIZ 

for sequencing. 

 

6.2.2 Phage binding studies 

Selected phage clones were tested for binding to Ad5 in an elution and titering-based assay 

mirroring the format and conditions of the fourth round of panning. 3×1010 vp of Ad5 in 

NaHCO3 buffer were adsorbed to each well of a 96-well polystyrene plate overnight at 4°C, 

followed by blocking with 0.5% BSA in NaHCO3 buffer for 1 h at 4°C. 1011 pfu of each 

isolated phage clone were then added to different virus-coated wells and incubated for 20 

min at room temperature with gentle shaking. Wells were washed 5 times with 1% TBST to 

 

Figure 6.1  Phage panning strategy using competitive displacement with FX protein 
to elute adenovirus-binding phage. 
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remove unbound phage. Bound phage were eluted by incubating wells with FX solution for 

1 h at room temperature with gentle shaking and then collecting the supernatants. Finally, 

samples were titered according to NEB protocols to determine the number of phage eluted 

from each well. As a negative control, each phage clone was also tested for binding to 

blocked, uncoated wells. M13KE, an “insertless” phage displaying no peptide, was also 

tested. 

 

6.2.3 Peptide synthesis 

The 2-04 peptide and a scrambled version of the peptide (scr2-04) were synthesized on solid 

support by standard Fmoc solid phase peptide synthesis (SPPS) using an automated PS3 

Peptide Synthesizer (Protein Technologies, Phoenix, AZ). Peptides were synthesized with C-

terminal Gly3-Ser spacers, using the Biotin-PEG NovaTag resin (Novabiochem) to yield a 

biotin at the C-termini of the peptides or Fmoc-Cys(Trt)-Wang resin (Novabiochem) to add a 

thiol residue at the C-terminal for conjugation to polymer. The resulting sequences are as 

follows: 2-04-biotin (EHTPRLSWLEPSGGGS-PEG3-biotin), 2-04-Cys 

(EHTPRLSWLEPSGGGSC), scr2-04-biotin (HRSPESTWELLPGGGS-PEG3-biotin), and 

scr2-04-Cys (HRSPESTWELLPGGGSC). 

Peptides were cleaved from resin using a cocktail of trifluoroacetic acid 

(TFA)/triisopropylsilane (TIPS)/H2O (95:2.5:2.5, v/v/v) for biotin-terminated peptides or 

TFA/TIPS/dichloromethane (DCM)/1,2-ethanedithiol (EDT) (92.5/2.5/2.5/2.5, v/v/v/v) for 

cysteine-terminated peptides. Cleaved peptides were precipitated in cold ether, dissolved in 

methanol, and reprecipitated in cold ether. Peptides were purified to >90% purity using 

reverse-phase high performance liquid chromatography (RP-HPLC) and verified by matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). 

 

6.2.4 Peptide binding studies 

Binding of the 2-04 and scr2-04 peptides to Ad5 was measured using an Octet Red96 

(ForteBio). Biotinylated peptides (100 nM) in binding buffer (PBS containing 1% BSA and 

0.05% Tween-20) were immobilized to streptavidin biosensors (ForteBio) for 300 s. 
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Biosensors were dipped in solutions of 109 vp of Ad5 in binding buffer to measure 

association and then transferred back to fresh binding buffer to monitor dissociation. 

 

6.2.5 Polymer synthesis and characterization 

A diblock copolymer containing an oligoethylene glycol methacrylate (OEGMA, MW 300) 

block and a hydroxyethylmethacrylate (HEMA)/pyridyl disulfide methacrylate (PDSMA) 

block was synthesized by atom transfer radical polymerization (ATRP). Polymerization of 

the P(OEGMA) block was first conducted in tetrahydrofuran (THF), using ethyl-2-

bromoisobutyrate as the initiator and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine 

(PMDETA)/Cu(I)Br as the catalyst (relative molar ratios of initiator:CuBr:PMDETA = 

1:1:1). The monomer:initiator ratio used was 50:1, and the initial monomer concentration 

was 1.5 M. Polymerization was allowed to proceed for 15 min at 45°C. The reaction mixture 

was dialyzed against distilled water to remove unreacted monomers and copper catalyst. 

The product was collected by lyophilization. 

The diblock copolymer was synthesized using the P(OEGMA)-Br block as the 

macroinitiator and PMDETA/CuBr at the catalyst. The relative molar ratios of 

initiator:CuBr:PMDETA were 1:1:1. The feed ratios of HEMA:PDSMA:initiator were 

300:36:1 and the total monomer concentration was 3 M in dimethylsulfoxide (DMSO). 

Polymerization was allowed to proceed for 24 h at 65°C. The reaction mixture was dialyzed 

against distilled water to remove unreacted monomers and copper catalyst. The product 

was collected by lyophilization. 

1H NMR spectra were recorded on a Bruker AV 500 nuclear magnetic resonance (NMR) 

instrument using DMF-d7 as the solvent to determine polymer composition. Gel permeation 

chromatography (GPC) was used to determine molecular weight and polydispersity. SEC 

Tosoh TSK-GEL R-3000 and R-4000 columns (Tosoh Bioscience, Montgomeryville, PA) were 

connected in series to an Agilent 1200 Series System (Agilent Technologies, Santa Clara, 

CA), Optilab-rEX refractometer, and miniDAWN TREOS triple-angle static light scattering 

detector (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. Absolute molecular 

weight averages and dn/dc were calculated using ASTRA software (Wyatt). The final 

composition of the copolymer was P(OEGMA)33-b-P(HEMA55-st-PDSMA8). 
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6.2.6 Preparation of peptide-grafted polymers poly(2-04) and poly(scr2-04) 

Peptide conjugation to the diblock copolymer was performed as described previously with 

slight modification.6 8 mg of P(OEGMA)33-b-P(HEMA55-st-PSDMA8) polymer (0.36 µmol 

polymer, 2.91 µmol PDS groups) was dissolved in 1 mL of a 1:1 mixture of 0.5 M NaCl/20 

mM HEPES buffer at pH 7.1 and N,N-dimethylformamide (DMF) in a 5 mL pear-shaped 

flask. 10.6 mg of 2-04-Cys or scr2-04-Cys peptide (5.82 µmol, 2 equivalents relative to 

diblock copolymer PDS groups) was dissolved in 0.2 mL of buffer/DMF, added into the flask, 

and allowed to stir under argon at room temperature. After overnight reaction, the 

absorbance of released 2-pyridinethione was measured at 343 nm to determine the extent of 

the disulfide exchange reaction. The reaction mixture was dialyzed against distilled water 

to remove DMF and unconjugated peptide. The product was collected by lyophilization. 

 

6.2.7 Cell culture 

HeLa cells (ATCC CCL-2) were maintained in MEM medium (Corning cellgro) 

supplemented with 10% fetal bovine serum (HyClone) and 1% antibiotic-antimycotic 

solution (HyClone). Cells were cultured as a monolayer in a 37°C, 5% CO2 environment. 

Medium was replaced every 2-3 days. Cells were passaged at ~70-80% confluence by 

incubation with Trypsin-EDTA, followed by resuspension in complete growth medium. 

 

6.2.8 Cell transduction 

Cell transduction studies with polymer-coated viruses were performed as described 

previously with some modifications.5 Cells were seeded in 24-well plates at a density of 

20,000 cells per well in 1 mL of complete growth medium and incubated in a 37°C, 5% CO2 

environment for 24 h prior to transduction. 

Polymer solutions (dissolved in sterile dH2O) were added to Ad5-GFP virus solutions 

(University of Michigan Vector Core) to achieve the desired polymer to viral particle mole 

ratios. Solutions were then incubated at room temperature for 30 min (or at 37°C for 3 days 

for long-term stability studies) to allow polymer-virus complexes to form. 
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 After incubation, adenovirus or polymer-coated virus solutions were diluted 10-fold in 

growth medium without serum. Cells were rinsed once with PBS, and 200 µL of virus or 

polymer-coated virus solution was added to each well. A particle multiplicity of infection 

(pMOI, viral particles per cell) of 5000 was used for viral transduction. Cells were incubated 

with virus at 37°C for pre-determined amounts of time and then rinsed once with PBS. 1 

mL of complete growth medium with serum was added to each well and cells were returned 

to the incubator. 

24 h after transduction, cells were prepared for flow cytometry analysis. Cells were 

rinsed once with PBS and then harvested by incubation with 200 µL of Trypsin-EDTA, 

followed by resuspension with 1 mL of complete growth medium. Cells were transferred to 

1.5 mL microcentrifuge tubes and pelleted at 1000 g for 5 min at 4°C. The supernatant was 

aspirated, and the cell pellets were resuspended in complete growth medium containing 2 

µg/mL propidium iodide (PI) and incubated at 4°C for 5 min. Cells were pelleted, 

resuspended in fresh growth medium, and analyzed for GFP expression using a 

MACSQuant Analyzer flow cytometer (Miltenyi). 

 

 

6.3 Results and discussion 

6.3.1 Identification of Ad-binding phage candidates 

2×1011 pfu of phage were used as input in each round of panning. The results demonstrated 

an increase in the titer of phage eluted with each successive round (Figure 6.2). This 

suggests progressive enrichment of the phage pool with phage bearing specificity for the 

Ad5 target. 
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Figure 6.2  Titers of eluted phage over 4 rounds of panning. 
 

Following the third and fourth rounds of panning, individual phage clones were 

isolated and sequenced to identify the displayed peptides. From the sequencing results, a 

number of possible consensus sequences were identified based on the frequency of their 

occurrence and/or similarities to other sequences (Table 6.1). The remaining phage clones 

not represented in the table (13 other clones after the third round and 6 others after the 

fourth round) had unique sequences with no overlapping motifs and were not considered to 

be consensus sequences. 

Three potential binding sequences were identified following the fourth round of 

panning. Two homologous sequences, clones 2-04 and 2-13, were found to overlap at 8 out of 

12 amino acid positions and together accounted for 26% and 42% of the clones sequenced 

after the third and fourth rounds, respectively. A third, non-homologous sequence (2-15) 

occurred in 9% and 21% of the clones sequenced after the third and fourth rounds, 

respectively. 

 

Table 6.1  Possible consensus peptide sequences and their frequencies after the third 
and fourth rounds of panning. Sequence overlaps between clones 2-04/2-13 and 2-
05/2-10 are underlined. 

 

Clone name Peptide sequence 
Frequency after 

3rd round 
Frequency after 

4th round 

2-04 EHTPRLSWLEPS 21.7% (5/23) 10.5% (2/19) 

2-13 EHTAALSWLPPL 4.3% (1/23) 31.6% (6/19) 

2-15 NHWPFIIRYDSL 8.7% (2/23) 21.1% (4/19) 
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2-05 KLWDYKLSYTPV 4.3% (1/23) 5.3% (1/19) 

2-10 KIWDISLSPPFT 4.3% (1/23) 0.0% (0/19) 

 

Interestingly, two other clones, 2-05 and 2-10, were identified after the third round of 

panning and overlapped one another at 5 out of 12 amino acids (and also contained the “LS” 

motif present in the 2-04/2-13 sequences). However, these two clones had low overall 

occurrence among the sequenced phage, particularly after the fourth round. 

 

6.3.2 Phage binding studies 

Because they were highly represented among the sequences obtained from the third and 

fourth rounds of panning, phage clones 2-04, 2-13, and 2-15 were tested for binding to Ad5. 

Overall, all three phage clones demonstrated specificity for Ad5, with 2- to 11-fold higher 

bound phage titers over the M13KE insertless control phage (Figure 6.3). Therefore, 

binding was believed to be mediated by the displayed peptide and not by another portion of 

the bacteriophage coat. A low and consistent level of phage binding to uncoated polystyrene 

wells was observed for all clones, suggesting that binding was predominantly virus-

dependent. 

 

 

Figure 6.3  Selected phage clones demonstrate specificity for Ad5 by an elution and 
titering assay. (a) Raw eluate titers of phage clones bound to Ad5-coated polystyrene 
(black bars) and uncoated polystyrene (grey bars). (b) Peptide-mediated increase in 
binding, calculated by normalizing the eluate titer for each clone to the corresponding 
titer for the M13KE control phage. 
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6.3.3 Peptide binding studies 

Having demonstrated Ad5 binding by the phage-displayed peptides, the isolated peptides 

were synthesized for further characterization. Although phage clone 2-13 demonstrated the 

most promising phage binding data (in addition to being the most prevalent clone found in 

sequencing after the fourth round of panning), its displayed peptide is highly hydrophobic 

and was predicted to have poor water solubility. Thus, we chose to investigate the 2-04 

peptide due to its promising phage binding, relative hydrophilicity, and sequence similarity 

to 2-13. The 2-04 peptide and a scrambled version of the peptide (scr2-04) were synthesized 

to contain C-terminal biotin tags. 

Biolayer interferometry (BLI) was used to assess binding interactions between the 2-04 

peptide and Ad5. Biotinylated peptides were immobilized to streptavidin-coated biosensor 

tips before immersing the tips in virus solution. However, only non-specific binding was 

observed, as the greatest signal was seen for Ad5 binding to unloaded tips (without any 

peptide immobilized), and the signal-to-noise ratio was low overall (Figure 6.4). This result 

suggests that the 2-04 peptide does not bind the target or binds with extremely low affinity. 

 

⎯⎯  –peptide/+Ad       ⎯⎯  +2-04/+Ad       ⎯⎯  +scr2-04/+Ad 

 

Figure 6.4  BLI sensorgram of Ad5 binding to immobilized peptides. 
 

6.3.4 Transduction of HeLa cells with poly(2-04)-“coated” viruses 

Because each phage virion displays 5 copies of its peptide variant, avidity effects could 

explain the discrepancy in binding between the phage clone and the synthesized peptide. 

We therefore sought to synthesize peptide-polymer conjugates for multivalent display of the 
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peptides. A copolymer of oligoethylene glycol methacrylate (OEGMA), 

hydroxylethylmethacrylate (HEMA), and pyridyl disulfide methacrylate (PDSMA) was 

synthesized for preliminary studies. 2-04-Cys and scr2-04-Cys peptides were conjugated via 

the PDSMA groups of the polymer to yield poly(2-04) and poly(scr2-04), respectively. UV 

absorbance measurements indicate that approximately 5 peptides were conjugated per 

polymer chain, consistent with the efficiency reported in the literature.6 

Because the virus-binding peptides were localized to one block of the polymer, we 

believed that interactions of poly(2-04) with the Ad5 surface would produce a virus that was 

effectively masked by the polymer’s OEGMA block. We hypothesized that this neutral, 

hydrophilic OEGMA shield would decrease viral interaction with (and therefore decrease 

transduction of) HeLa cells, a cell line permissive for Ad5 infection. Surprisingly, the use of 

poly(2-04) to coat Ad5-GFP was found to increase the percentage of cells that were GFP-

positive after a 1 h transduction (Figure 6.5a). These results were statistically significant 

for two different molar ratios of polymer to viral particle tested, 1000:1 and 5000:1, relative 

to their virus only, base polymer, and poly(scr2-04) controls. These trends were further 

confirmed in a duplicate study with similar results. 

 

Figure 6.5  HeLa transduction efficiency of uncoated Ad5-GFP and Ad5-GFP 
complexed with poly(2-04) or control polymers at polymer:viral particle ratios of 
1000:1 and 5000:1. Complexes were incubated for (a) 30 min at room temperature or 
(b) 3 days at 37°C prior to transduction. Data are reported as the mean ± S.D., n = 3. 
*p < 0.05 compared to virus only, base polymer, and poly(scr2-04) at the same 
polymer:virus ratio. 

 

Based on these trends, we hypothesized that the increased transduction efficiency of 

poly(2-04)-coated viruses might be due to polymer-mediated stabilization of the virus, as 

has been demonstrated for adenovirus nanocapsule formulations.7 To test this hypothesis, 

naked virus and polymer-virus complexes were incubated for 3 days at 37°C prior to cell 
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transduction. The transduction efficiency of naked virus was significantly reduced following 

3 day incubation, and transduction was not improved by the addition of poly(2-04) coating 

(Figure 6.5b). Meanwhile, infection with an equal pMOI of fresh virus resulted in ~40% and 

90% GFP+ cells for 1 h and 4 h transductions, respectively (data not shown). Overall, these 

results indicate that the polymer does not stabilize the virus to inactivation over long 

periods of time. 

 

6.4 Conclusions and future studies 

The goal of this research was to identify peptides with specificity for Ad5 hexon to be 

incorporated into self-assembling polymer shields. As the first step toward developing 

rationally designed polymer-adenovirus hybrids, this study demonstrated the identification 

of several potential adenovirus-binding peptide sequences, using phage display panning 

against surface-immobilized Ad5 with FX-based phage elution. The specificity of the 

candidate phage clones for adenovirus was demonstrated via a phage titering assay. 

However, binding affinity was negligible for the synthesized 2-04 peptide alone. Moreover, 

preliminary studies with multivalent peptide-polymer conjugates indicated a surprising 

ability of polymers containing the 2-04 peptide to increase rather than mask viral 

transduction in HeLa cells. Additional studies can be performed to investigate the 

mechanisms underlying increased transduction by poly(2-04)-coated viruses. 

Several alternative approaches toward the development of Ad-binding polymer shields 

are possible. Phage panning can be repeated using a different strategy, such as by using 

solution-phase panning rather than surface panning to reduce the likelihood of selecting for 

plastic-binding phage, by incorporating negative selection steps (subtractive panning) with 

non-FX-binding virus mutants, or by panning against isolated Ad5 hexon protein rather 

than the intact virion. Additionally, rather than identifying novel Ad-binding peptides 

through phage display, the hexon-binding portion of the FX protein can be synthesized for 

incorporation into polymer shields. Fender and coworkers have reported the synthesis of a 

FX Gla domain-derived 40-mer peptide (termed Glamim).8 However, despite binding to hexon 

with nanomolar affinity, Glamim was not able to compete with FX for hexon binding and in 

fact appeared to have a different binding site than the full-length FX protein. Multivalent 
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display of the Glamim peptide on a hydrophilic polymer backbone could potentially provide 

sufficient avidity and steric hindrance to compete with the FX protein. 
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Chapter 7.  

SUMMARY OF MAJOR FINDINGS AND RECOMMENDATIONS 

FOR FUTURE WORK 

 

7.1 Summary of major findings 

7.1.1 Junction opener proteins for enhancing nanoparticle delivery to solid tumors 

Proteins that disrupt intercellular tight junctions can be used to enhance the diffusion of 

chemotherapeutic agents into epithelial tumors. In Chapter 1, PEGylated gold 

nanoparticles (AuNPs) were synthesized and injected in mice to investigate the size-

dependent effect of the junction opener protein JO-4 on particle biodistribution. JO-4 

pretreatment significantly increased tumor accumulation of 35 nm AuNPs but had no effect 

on larger particles of 120 nm. In addition to increasing the overall number of AuNPs 

localized to the tumor, JO-4 increased nanoparticle penetration into the tumor. These 

findings are important to further the design and development of drug carriers that utilize 

this delivery mechanism. 

7.1.2 Sunflower polymers for tumor-targeted drug delivery 

Polymer-drug conjugates with advanced architectures were investigated as an alternative 

to traditional drug carriers such as liposomes and micelles, which require formulation steps 

during manufacturing and can release drug prematurely in vivo. Chapter 2 summarizes the 

major considerations when designing anti-cancer drug delivery vehicles and highlights 

controlled living polymerization techniques enabling the synthesis of increasingly complex 

polymer nanostructures. In Chapter 3, atom transfer radical polymerization was used to 

synthesize polymers with a sunflower-like architecture. Sunflower polymers were 

synthesized with low polydispersity and good control over particle size based on 

polymerization time. Polymers were targeted to cancer cells by conjugation of folate to 

radiating “petals.” These targeted sunflower polymers demonstrated receptor-mediated 

uptake by folate receptor-positive KB cells, while their linear analogues (comb polymers) 
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were taken up by non-specific mechanisms. In Chapter 4, this platform was extended by 

conjugating doxorubicin (Dox) to the polymer core via a pH-sensitive linker; targeted, Dox-

loaded sunflower polymers demonstrated intracellular release of active drug leading to 

cytotoxicity in KB cells. However, in vivo efficacy of these polymers was limited due to low 

drug loading. 

7.1.3 Self-assembling materials for cloaking adenoviral vectors 

Polymeric coatings have the potential to improve the safety and efficacy of adenoviral gene 

delivery vectors in vivo. Chapter 5 reviews the challenges in translating adenoviruses to the 

clinic and current strategies for virus modification. In Chapter 6, phage display was used to 

screen for novel peptide ligands that bind specifically to the hexon protein of adenovirus 

serotype 5 (Ad5), with the ultimate goal of incorporating these peptides into self-assembling 

polymer shields for the virus. Multiple consensus sequences were identified, and several 

phage clones were found to bind specifically to adenovirus. However, binding affinity to 

adenovirus was negligible for the purified peptide alone. 

 

 

7.2 Recommendations for future work 

7.2.1 JO-conjugated sunflower polymers for tumor-targeted drug delivery 

Background and significance 

In previous work by Lieber and coworkers1,2 and in Chapter 1 of this thesis, junction opener 

(JO) proteins were administered one hour prior to injection with a therapeutic compound or 

model drug. JO proteins have not yet been conjugated directly to drugs, nanoparticles, or 

other systems; however, given that the junction opening effect appears to be specific to 

tumors (DSG2 is generally not accessible for JO binding in normal tissues3), JO conjugation 

may be a useful strategy for enhancing the tumor localization, penetration, and therapeutic 

efficacy of anti-cancer drug delivery vehicles. 

Aim 1: Synthesis of JO-conjugated AuNPs and quantification of biodistribution 

JO proteins containing a C-terminal cysteine will be provided by PAI Life Sciences (Seattle, 

WA) and used to surface modify 5 nm AuNPs via thiol-gold reaction. After reaction, AuNPs 
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will be pelleted by centrifugation and washed, and unbound protein will be removed with 

the supernatant. JO-conjugated AuNPs (JO-AuNPs) will be characterized by dynamic light 

scattering. The biodistribution and intratumoral penetration of JO-AuNPs in A549 tumor-

bearing mice will be analyzed following the methods described in Chapter 1. Results will be 

compared to those obtained with the traditional administration strategy (injection of JO 

protein followed by a separate injection of AuNPs one hour later). Furthermore, JO content 

on the AuNPs can be varied to determine if there is a JO surface density for which tumor 

accumulation is maximized. 

Aim 2: Synthesis of JO-conjugated sunflower polymers 

JO proteins containing a C-terminal cysteine will be labeled with a dibenzocyclooctyne 

(DBCO)-PEG4-maleimide crosslinker (Click Chemistry Tools, Scottsdale, AZ) to introduce 

cyclooctyne functionality. Labeled protein will be purified using a PD-10 desalting column 

to remove unreacted crosslinker. The resulting JO-DBCO protein will be conjugated to the 

sunflower polymers synthesized in Chapters 3 and 4 by strain-promoted copper-free click 

reaction between the cyclooctyne and the azide termini of sunflower petals. The final JO-

sunflower conjugates will be purified by size exclusion chromatography and characterized 

by dynamic light scattering, SDS-PAGE, and Western blot analysis. 

The ability of the JO-sunflower conjugates to bind and open tight junctions will be 

verified using PEG permeability assays as described previously.1 In addition, cytotoxicity 

studies will be performed as described in Chapter 4 to ensure that JO conjugation does not 

affect the potency of the sunflower-Dox formulation. 

Aim 3: In vivo evaluation of JO-conjugated sunflower polymers 

JO-sunflower conjugates will be tested for anti-tumor efficacy using DSG2 transgenic mice.3 

Mice will be inoculated subcutaneously with ID8-DSG2 cells, a murine ovarian cancer cell 

line that has been engineered to express human DSG2. After tumors are established, the 

following treatment groups will be tested: free Dox, free JO protein, sunflower-Dox 

formulation, JO-sunflower-Dox formulation, or a noncovalent mixture of JO protein and 

sunflower-Dox formulation. Tumor volumes and mouse weights will be measured every 2-3 

days for the duration of the study. In initial studies, mice will receive a single treatment; if 

no anti-tumor efficacy is observed, the study may be repeated using a multiple-dose 

strategy. If promising efficacy is observed, JO-sunflower conjugates bearing a fluorescent 
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label can also be synthesized to analyze biodistribution and intratumoral penetration of the 

polymers. 

Preliminary results 

In preliminary studies, the sunflower polymers described in Chapter 3 were conjugated 

with two different JO-derived protein constructs, named GB3_JO1 and GB7_JO1, by 

copper-free click chemistry. Anti-JO1 Western blot analysis of the crude reaction mixtures 

indicated that GB3_JO1-sunflower conjugates were successfully generated and that 

conjugates were stable under reducing conditions (A in Figure 7.1). However, GB7_JO1 

conjugation appeared to be unsuccessful (no shift in protein migration at B in Figure 7.1); 

this may be the result of poor labeling of GB7_JO1 protein with the DBCO-PEG4-maleimide 

crosslinker. 

 

 

Figure 7.1  Anti-JO1 Western blot of GB3_JO1 and GB7_JO1 proteins before and 
after click conjugation to sunflower polymers. 
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7.2.2 Sunflower polymers with increased drug loading 

Background and significance 

In Chapters 3 and 4, we reported the synthesis of sunflower polymers containing ethyl 

glycinate methacrylamide (EGMA) monomers in the polymer core. The EGMA sidechains 

were then converted from ethyl esters to hydrazides to allow for direct conjugation of 

doxorubicin (Dox). However, these polymers suffered from a low level of drug loading (<5 

w/w%). In order to increase the drug content of the sunflower polymer formulation, a second 

generation of sunflower polymers can be synthesized with carboxylic acid groups in the 

polymer core. These functional groups can be used for electrostatic complexation of Dox 

(which is cationic at neutral pH).4,5 

Aim 1: Synthesis of sunflower polymers for electrostatic Dox loading 

Modified sunflower polymers will be synthesized and characterized as described in 

Chapters 3 and 4 with slight variation. The protected monomer tert-butyl methacrylate 

(tBMA) will be used in place of the EGMA monomer in the sunflower polymer core. After 

completing the sunflower polymer synthesis, an excess of trifluoroacetic acid (TFA) will be 

used to deprotect tBMA monomers, yielding carboxylic acid groups (Figure 7.2).6,7 The final 

sunflower polymer composition will therefore be P[(HEMA-sunflower-P(OEGMA))-st-

methacrylic acid]. Sunflower polymers will then be drug-loaded by noncovalent 

complexation with Dox. 

 

Figure 7.2  Hydrolysis of tert-butyl methacrylate (tBMA) to methacrylic acid (MAA). 
 

As an alternative strategy to increase the number of sites available for drug loading, 

each “petal” of the sunflower polymer can be synthesized as a diblock copolymer, such that 

the block adjacent to the polymer core is composed of tBMA while the outer block of the 

petal is composed of a hydrophilic monomer such as oligoethylene glycol methacrylate 

(OEGMA) to shield the drug cargo. 
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7.2.3 Polymer-modified adenoviruses: a “grafting-from” approach 

Background and significance 

One strategy for engineering adenoviral vectors with reduced immunogenicity and altered 

biodistribution in vivo involves conjugating polymers such as polyethylene glycol (PEG) and 

poly-N-(2-hydroxypropyl) methacrylamide (HPMA) to the Ad capsid.8 Covalent 

modifications have shown great promise for circumventing the major hurdles to in vivo 

delivery but can also lead to decreased infectivity of the viruses.9-11 Bioresponsive linkers 

including reducible disulfide bonds11,12 and pH-sensitive hydrazone bonds12 can allow for 

“re-activation” of the virus upon uncoating. Even so, these bioresponsive polymers are 

typically conjugated to the Ad capsid via surface amine groups, and it has been suggested 

that residual linker groups left behind at the site of attachment could increase particle 

immunogenicity.13 Indeed, studies with non-responsive PEG modification have 

demonstrated that the neutralizing antibody response may be directed against the site of 

PEG conjugation.14 

Recently, Kreppel and co-workers reported the development of AdHexCys, an Ad5-

based vector which was genetically modified to contain a cysteine residue in hypervariable 

region 5 (HVR5) of the hexon.13 Using this vector, “traceless” bioresponsive shielding could 

be achieved using HPMA-based polymers incorporating pyridyl-dithio groups for reaction 

with the introduced cysteines. As compared to non-responsive shielding based on 

irreversible maleimide conjugations, bioresponsive shields maintained high transduction 

efficiency both in vitro and in vivo. However, in vivo data suggested that these polymers 

provided incomplete shielding against IgM binding. 

Covalent modification of vectors using pre-synthesized polymers (the “grafting-to” 

approach) is limited in its ability to achieve a high density of surface conjugation due to 

steric hindrance between bulky polymer molecules. In contrast, a “grafting-from” approach, 

in which polymer chains are grown directly from the Ad capsid, may allow for the 

generation of a more uniform coating. Although previous results demonstrate that 

conjugation of large PEG moieties of at least 20 kDa is necessary for efficient Ad 

detargeting away from hepatocytes in vivo,15 it is possible that a denser layer of shorter 

polymer chains may afford the same protection. 

We propose to synthesize polymer-modified adenoviruses using a grafting-from 

approach, in which AdHexCys is conjugated with chain transfer agents (CTAs) for 
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reversible addition-fragmentation chain-transfer (RAFT) polymerization. Grafting-from 

RAFT polymerization using protein-based macroCTAs has been demonstrated 

previously,16,17 although it has not yet been applied to biologically active proteins such as 

viruses. This strategy can potentially enable high-density covalent (yet bioresponsive) 

coating of adenovirus, thereby maximizing shielding while maintaining the activity of the 

native virus. 

Aim 1: Synthesis and characterization of pOEGMA-Ad vectors 

A RAFT CTA containing a pyridyl disulfide functional group, trithiocarbonic acid 1-cyano-1-

methyl-3-[2-(pyridin-2-yldisulfanyl)-ethylcarbamoyl]-propyl ester ethyl ester  (PyrECT),18 

will be reacted to free thiols on the AdHexCys surface via disulfide exchange. PyrECT 

conjugation will be performed under physiological conditions as described previously.18,19 

PyrECT-conjugated AdHexCys will be used as “multi-macroCTAs” in RAFT 

polymerization to generate polymer-virus conjugates. RAFT polymerization will be 

conducted in aqueous buffer at 35°C to minimize inactivation of the virus, using OEGMA as 

the monomer and VA-044 as the initiator. Free ethyl cyanovaleric trithiocarbonate (ECT) 

will also be included as sacrificial CTA due to the relatively low quantities of virus used. 

The ratio of monomer to ECT/PyrECT can be varied to produce viruses with different 

lengths of their polymer shield. This can be used to identify a polymer length that is 

optimal for downstream virus activity. The final polymer-modified virus, referred to as 

pOEGMA-Ad, will be purified using an Amicon Ultra Centrifugal Filter device with 100 

kDa MWCO (Millipore). 

Successful modification of the virus will be assessed by SDS-PAGE. pOEGMA-Ad will 

be incubated at 100°C for 5 min in reducing or non-reducing Laemmli sample buffer and 

run on a 10% Mini-PROTEAN TGX gel (Bio-Rad), followed by staining with a SilverQuest 

Silver Staining Kit (Invitrogen). Under non-reducing conditions, the electrophoretic 

mobility of hexon proteins is expected to be retarded by covalent polymer modification; the 

addition of reducing agent should release the polymer and allow for hexon migration into 

the gel.11 

The pOEGMA chains grown from sacrificial ECT will be used as a proxy to characterize 

the polymer chains grown from the virus surface. Free pOEGMA will be separated from 

virus using an Amicon Ultra Centrifugal Filter device, followed by gel permeation 

chromatography (GPC) to determine molecular weight and polydispersity. 
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Finally, dynamic light scattering (DLS) will be used to measure pOEGMA-Ad particle 

size and zeta potential. Relative to naked Ad, pOEGMA modification is expected to produce 

a slight increase in size and in zeta potential (from negative to near-neutral) depending on 

the length of polymer chains.20 

Aim 2: In vitro evaluation of pOEGMA-Ad vectors 

CAR-positive HeLa cells will be infected with pOEGMA-Ad encoding GFP or naked Ad-GFP 

and analyzed for GFP expression as described in Chapter 6. Because Ad5 transduces HeLa 

cells efficiently via CAR (through interactions with the Ad5 fiber protein), transduction 

efficiency is expected to be similar between the naked and polymer-modified vectors. 

However, if polymer modification compromises transduction efficiency, activity should be 

restored with the addition of a reducing agent such as tris(2-carboxyethyl) phosphine 

(TCEP). 

CAR-negative SKOV3 (human ovarian carcinoma) cells will be infected with pOEGMA-

Ad or naked Ad in the absence or presence of a physiological concentration (8 µg/mL) of 

human FX protein (Haematologic Technologies). The addition of FX is expected to 

significantly enhance the transduction efficiency of unmodified Ad, as others have shown;21 

however, FX addition should have minimal effect on transduction efficiency of pOEGMA-

Ad, as these should be resistant to FX binding. 

pOEGMA-Ad and naked Ad will be incubated with serum containing anti-Ad5 

neutralizing antibodies for 20 min at 37°C and then used to infect HeLa cells.20 The 

addition of NAbs is expected to severely compromise the transduction efficiency of naked 

Ad5 while pOEGMA-Ad will be resistant to inactivation by NAbs. 

Preliminary results 

Conditions for aqueous RAFT polymerization of OEGMA were optimized in the absence of 

virus. Polymerizations were conducted in 0.1 M phosphate buffer (pH 6.5) using ECT as the 

RAFT CTA and VA-044 as the initiator (I). The initial OEGMA monomer concentration was 

0.25 M, and the molar ratios of monomer:CTA:I at the start of polymerization were 150:1:1. 

Polymerizations were carried out in a 35°C oil bath. A study of the polymerization kinetics 

indicated that 25% conversion (corresponding to a theoretical polymer molecular weight of 

approximately 11.3 kDa) was achieved by 1 h (Figure 7.3). 
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Figure 7.3  RAFT kinetics of aqueous, low temperature polymerization of 
P(OEGMA) as determined by NMR. 
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APPENDIX 

MATLAB code for AuNP penetration analysis 

Sample code to calculate penetration distances for a collection of thresholded brightfield 

and fluorescence image pairs: 

 

% mouse ID: 583 (JO/35 nm) 
filepath = 
'\\studentfile.student.bioeng.washington.edu\usr$\cewang\Desktop\NP 
analysis\Thresholded\JO-35\583'; % path to folder containing pairs of 
thresholded brightfield and fluorescence images (e.g., 1B.tif, 1F.tif, 
2B.tif, 2F.tif,...) 
savepath = 
'\\studentfile.student.bioeng.washington.edu\usr$\cewang\Desktop\NP 
analysis\Output\583_'; % path for output 
 
distance_data_aggregate = []; 
N_aggregate = []; 
 
cd(filepath); 
filelist = dir; 
 
for ii = 3:length(filelist) 
    if strcmp(filelist(ii).name(end-4:end),'B.tif') 
        % import a pair of brightfield and fluorescence images 
        bf = imread(filelist(ii).name); 
        fl = imread(strcat(filelist(ii).name(1:end-5),'F.tif')); 
    else 
        continue 
    end 
 
    % find all regions of fluorescence (thresholded as white on black) 
    [fl_L ~] = bwlabel(fl); 
    fl_stats = regionprops(fl_L); 
    for zz = 1:length(fl_stats) 
        object_size = fl_stats(zz).Area; 
        % remove fluorescent regions with areas smaller than 9 pixels 
        % (assumed to be noise) 
        if object_size<=9 
            [r,c] = find(fl_L==zz); 
            fl_L(r,c)=0; 
        end 
    end 
    fl_L(fl_L>0)=255; 
    fl = uint8(fl_L); 
     
    % obtain coordinates for all fluorescent pixels 
    [fl_y fl_x] = find(fl > 0); 
 
    % find all AuNPs in brightfield image (thresholded as white on black) 
    [L N] = bwlabel(bf); 
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    stats = regionprops(L); 
    centroids_x = []; 
    centroids_y = []; 
    % calculate centroid of each AuNP 
    for jj = 1:length(stats) 
        centroids_x = [centroids_x stats(jj).Centroid(1)]; 
        centroids_y = [centroids_y stats(jj).Centroid(2)]; 
    end 
 
    centroids_x_length = length(centroids_x); 
    fl_x_length = length(fl_x); 
    centroids_x_tiled = repmat(centroids_x,fl_x_length,1); 
    fl_x_tiled = repmat(fl_x,1,centroids_x_length); 
  
    centroids_y_length = length(centroids_y); 
    fl_y_length = length(fl_y); 
    centroids_y_tiled = repmat(centroids_y,fl_y_length,1); 
    fl_y_tiled = repmat(fl_y,1,centroids_y_length); 
  
    % calculate minimum pixel distance from each AuNP centroid to a  
    % fluorescent pixel 
    distances = sqrt((centroids_x_tiled-fl_x_tiled).^2 + ... 
        (centroids_y_tiled-fl_y_tiled).^2); 
    [distance_data,index]=min(distances); 
 
    % overlay brightfield/fluorescence images 
    figure 
    im = cat(3,zeros(size(bf)),fl, bf); 
    imshow(im); 
    hold on 
    % draw lines to indicate penetration distances 
    for jj = 1:length(centroids_x) 
        plot([centroids_x(jj),fl_x(index(jj))], ... 
             [centroids_y(jj),fl_y(index(jj))],'r') 
    end 
    title(filelist(ii).name); 
    savefig(strcat(savepath,filelist(ii).name(1:end-5))); 
     
    % save distances and # of nanoparticles for this image pair to data file 
    save(strcat(savepath,filelist(ii).name(1:end-5)),'N','distance_data'); 
    pause(2); 
    hold off 
    close 
     
    distance_data_aggregate = [distance_data_aggregate distance_data]; 
    N_aggregate = [N_aggregate N]; 
end 
 
% aggregate distances and # of nanoparticles for all images analyzed 
save(strcat(savepath,'aggregate'),'distance_data_aggregate','N_aggregate'); 



www.manaraa.com

 

128 

Sample code to generate histograms and statistics for penetration distance data: 

 

filepath = 
'\\studentfile.student.bioeng.washington.edu\usr$\cewang\Desktop\NP 
analysis\Output'; % path to folder containing aggregated distance data 
cd(filepath); 
 
% load distance data and convert to microns according to an image scale of 
% 0.15 um/pixel 
dat583 = load('583_aggregate.mat'); 
dist583 = dat583.distance_data_aggregate .* 0.15; 
N583 = dat583.N_aggregate; 
  
dat593 = load('593_aggregate.mat'); 
dist593 = dat593.distance_data_aggregate .* 0.15; 
N593 = dat593.N_aggregate; 
 
% remove distances <= 5 um 
dist583_2 = dist583(find(dist583>5)); 
dist593_2 = dist593(find(dist593>5)); 
  
 
% plot histograms of penetration distances 
figure 
hist583_2 = histogram(dist583_2, 'Normalization', 'probability'); 
hist583_2.BinWidth = 5; 
xlim([5 135]) 
  
hold on 
hist593_2 = histogram(dist593_2, 'Normalization', 'probability', ... 
    'BinEdges', hist583_2.BinEdges); 
  
legend('583: JO-4 / 35 nm','593: Untreated / 35 nm') 
xlabel('Penetration distance (\mum)') 
ylabel('Fraction') 
 
 
% return statistics on number of NPs analyzed 
fprintf('Total nanoparticles analyzed\n\n') 
fprintf('583: ') 
disp(sum(N583)) 
  
fprintf('593: ') 
disp(sum(N593)) 
  
 
% return statistics on average number of nanoparticles per image 
fprintf('\n\nAverage and SD of nanoparticles per image\n\n') 
fprintf('583: ') 
disp(mean(N583)) 
disp(std(N583)) 
  
fprintf('593: ') 
disp(mean(N593)) 
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disp(std(N593)) 
 
 
% return statistics on percent of NPs <= 5 um from blood vessel 
fprintf('\n\nFraction of NPs within 5 um of blood vessel\n\n') 
fprintf('583: ') 
disp(1-(length(dist583_2)/length(dist583))) 
  
fprintf('593: ') 
disp(1-(length(dist593_2)/length(dist593))) 
 
 
% return statistics on median penetration distance 
fprintf('\n\nMedian penetration distance in um (excluding values below 5 um) 
\n\n') 
fprintf('583: ') 
disp(median(dist583_2)) 
  
fprintf('593: ') 
disp(median(dist593_2)) 


