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Abstract 

 
 The fields of biomaterials, nanobiotechnology, and gene and drug delivery have all progressed 

over the past decades and have rapidly become a focus of research for many applications. In particular, 

gene delivery, with cargoes including DNA, small interfering RNA (siRNA), and short hairpin RNA 

(shRNA), is a very attractive tool for research purposes as well as clinical application. The ability to change 

a cell's expression at the genetic level affords researchers great flexibility in studying a cell's behavior in 

relation to its gene expression in a laboratory setting. More translational applications for which gene 

therapy can be a useful tool include cancer therapy and regenerative medicine. For the latter, cells must be 

directed to grow or behave in strictly defined manners, an issue that is often addressed via administration of 

soluble factors or spatial or mechanical cues during the cell culture period. While these are by no means 

strategies to be disregarded, cells can be guided more directly using gene therapy. For example, in some 

cases, stem cell differentiation is controlled primarily by or inhibited by known factors. While designing 

drugs to target the specific proteins of interest is dependent on protein structure as well as the ability to 

deliver the drug, knowing the gene sequence could allow us to deliver or suppress the gene directly, 

bypassing undruggable protein targets.  

 In the case of disease treatment, many diseases, including inherited and some acquired diseases 

like cancer, are genetic in origin or are affected by the patient's genetic background. The biodegradable 

polymer nanoparticles we have designed are able to combat such diseases by changing the gene expression 

of cancer cells, such as by decreasing their expression of survival factors or causing them to overexpress 

apoptotic factors that cause cell death. Unlike traditionally studied viral methods, our synthetic nanoparticle 

system avoids many of the safety concerns surrounding viruses, including toxicity, severe inflammatory or 

immune response, and the potential for insertional mutagenesis. Non-viral gene delivery is an exceedingly 

versatile tool; as will be shown below, many types of therapeutic nucleic acids can be delivered using our 

polymers, and once delivery to a given cell type is optimized, the sequence of the genes being delivered do 

not affect the properties of the nanoparticles, therefore allowing for essentially any gene to be delivered 

using our system.  
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 Poly(!-amino ester)s (PBAEs), a newer class of biomaterials effective in gene delivery, have been 

developed for DNA and siRNA delivery to human GBM cells. Importantly, specific chemical structures 

that have a strong effect on delivery of one nucleic acid type over the other have been identified, and 

overall trends in polymer structures have been correlated with transfection efficacy. PBAEs that can 

transfect 2-D and 3-D brain cancer cultures while having minimal effect on fetal brain cells have also been 

found. This phenomenon was verified in a different species and tissue type, namely rat liver cancer and 

healthy hepatocytes transfected in a co-culture system. Tumor cell death was caused in vitro after 

transfection with functional DNA coding for suicide genes or other methods of causing cancer cell 

apoptosis. DNA and/or siRNA delivery of functional genes was also used for stem cell engineering and 

regenerative medicine by causing overexpression or knockdown of transcription factors. In this series of 

applications, siRNA delivery to bone marrow-derived mesenchymal stem cells caused enhanced osteogenic 

differentiation; DNA delivery to embryonic stem cell-derived neural stem cells caused enhanced neuronal 

differentiation and maturation; and DNA delivery to adipose-derived mesenchymal stem cells induced 

secretion of growth factors to enhance vascularization of these cultures for ischemia treatment. Finally, 

with an eye toward eventual translation of this technology to the clinic, we assessed the ability of 

PBAE/DNA nanoparticles to overcome in vivo barriers. Procedures to make this technology more 

translatable are detailed in this work, and we have also shown in a proof-of-concept experiment the ability 

of our nanoparticles to transfect cancer cells in vivo. 

The work presented in this thesis can serve as a starting point for future transfections and for 

rationally designing PBAEs with the most effective structures. In addition, the PBAE conditions discovered 

can be used for eventual in vivo studies of cancer. These methods may be used on their own for 

regenerative medicine and cancer therapy applications or could serve as a complementary tool along with 

conventional strategies and treatments in the future. 
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Chapter 1: 

 

Introduction to the thesis 

 

 

1.1. Outline of the thesis 

 Aim 1 introduces the polymer library used to make DNA and siRNA delivery nanoparticles. In 

this Aim, primary human glioblastoma (GBM, grade IV malignant brain cancer) cells are used as a model 

cell line to optimize DNA and siRNA delivery, as well as to study structure-function relationships between 

the polymer and nanoparticle and their transfection efficacy, using non-functional marker genes like green 

fluorescent protein (GFP) to assess transfection with minimal effect on the cells from the transgenes 

themselves. Also with marker genes, Aim 2 uses a wider range of cancer and non-cancer cell lines from 

human and rodent sources and highlights one of the advantages of our system: even without extensive 

engineering of the nanoparticles, the inclusion of a targeting ligand, or transcriptional targeting, we can 

achieve transfection specificity for cancer cells of different tissues due to intrinsic biomaterial properties. 

After having optimized DNA and siRNA transfection in various cancer cell types, Aim 3 used initial 

polymer screening (using marker genes) on cancer cells, stem cells, and other cell types relevant to 

regenerative medicine to select the best nanoparticle formulations in each case. This optimized nanoparticle 

was then used to deliver function DNA or siRNA to cause a biological effect, measured either by cell death 

or by a change in stem cell behavior or differentiation state. Finally, Aim 4 examines several biological, 

physicochemical, and practical barriers to translation of non-viral gene delivery to in vivo models or to the 

clinic. Early in vivo work using this technology is presented. 

 

1.2. Specific aims 

Aim 1: Study polymeric nanoparticles to determine properties ideal for DNA and siRNA delivery to 

primary human glioblastoma (GBM) cells 

Much of the initial work on nanoparticles has been done in primary human GBM cells (JHGBM-

319), isolated from intraoperative samples by the Quinones-Hinojosa lab, in order to have a renewable cell 

source that would adequately represent a disease model of interest. While a number of non-viral, 
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commercially available agents can be used for transfection,  lipid-based materials like Lipofectamine
TM

 

2000, FuGENE HD, or X-tremeGENE HP DNA can be limited by their cytoxicity and lack of colloidal 

stability in suspension. Polymer reagents like polyethylenimine (PEI) are often poorly effective, especially 

in hard-to-transfect, primary human cultures; they are also nondegradable and may cause excessive toxicity 

once inside the cell. Poly(beta-amino ester)s (PBAEs), a class of biodegradable synthetic polymers, have 

been shown to be effective for non-viral gene delivery due to their positive charge, which allows them to 

complex with negatively-charged nucleic acids; their biodegradable nature, which reduces cellular toxicity 

after transfection; their amphiphilicity, which allows them to dissolve in aqueous buffer and be stable for 

sufficient time in suspension but also aids in cellular penetration; and their buffering capacity, which helps 

them to overcome intracellular barriers to gene delivery. It is also known that different types of nucleic 

acids may not be optimally delivered from the same biomaterial. For instance, DNA is a large and flexible 

macromolecule that must enter the nucleus to take effect, which siRNA is a short and stiff macromolecule 

that acts primarily in the cytoplasm. Their nanoparticle formation properties may therefore be assumed to 

differ, and they must be targeted to different parts of the cell to be effective. 

We have synthesized degradable PBAEs and related polymers for nucleic acid delivery. Each 

polymer is synthesized via a simple two-step reaction and is composed of three different small molecules. 

Thus, a large polymer library can be developed using different combinations of three small molecules, 

creating a wide array of polymers, all of which have slightly different chemical structures and properties 

but retain the major properties mentioned above that make them amenable to gene delivery. High-

throughput screening assays were carried out by complexing the array of polymers with GFP plasmid DNA 

or siRNA against GFP and delivering the nanoparticles to GBM cells in 96-well plates, maximizing the 

number of conditions that could be tested while retaining high reproducibility in the experiments. By 

tracking the increase or decrease in GFP expression in these cells, we could identify polymers or groups of 

polymers ideal for DNA delivery or siRNA delivery to GBM cells and also correlate polymer properties to 

their efficacy.  
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Aim 2: Investigate cell-type specificity of PBAE/DNA nanoparticles with focus on cancer-targeting 

properties 

One of the central problems in drug delivery is the difficult in targeting the region or cell type of 

interest while minimizing negative effects on healthy cells. One method of ameliorating this problem is to 

surface-modify nanoparticles with targeting ligands or materials that encourage uptake by one type of cell 

over another. As our early in vitro studies showed results suggestive of intrinsic, biomaterial-mediated 

specificity for cancer cells over healthy cells of the same tissue and species, it seemed likely that this 

PBAE-based system might be able to avoid the additional materials, chemical synthesis steps, and 

complicated procedures necessary to add targeting ligands and surface modifications to our nanoparticles. 

The two tissue systems investigated in this Aim were human brain (GBM) and rat liver 

(hepatocellular carcinoma, HCC). For the former, two separate primary cultures of brain tumor-initiating 

cells (BTICs) isolated from different human GBM patients were transfected with PBAEs to determine the 

best polymer conditions for DNA delivery, for both 2-D and 3-D BTIC culture. The polymer condition 

found to be optimal for both BTIC cultures was tested on two more primary BTIC cultures and two fetal 

neural progenitor cell (fNPC) cultures. As nanoparticle internalization and cellular division rate are often 

thought to be important determinants of high transfection, labeled DNA was used to measure nanoparticle 

uptake by the four GBM cultures and 2 fNPC cultures, and a cell proliferation assay was used to measure 

growth rate. eGFP DNA and luciferase (CMV-Luc) DNA were also delivered to buffalo rat HCC cells and 

healthy hepatocytes to measure the difference in transfection efficacy between the rat cancer and healthy 

cells. The HCC cells were then labeled with a fluorescent nuclear protein and then co-cultured with the 

hepatocytes. This culture was transfected with a different fluorescent gene to check for transfection 

specificity within a co-culture. 

 

Aim 3: Deliver functional DNA and siRNA to cells in vitro to show a functional effect in regenerative 

medicine and cancer therapy 

The first two Aims will have shown that we can use PBAE/nucleic acid nanoparticles to make 

difficult-to-transfect cells express (or downregulate) fluorescent or luminescent proteins as a proof-of-

concept of successful gene delivery. While results of those experiments can potentially be used directly for 



 4 

imaging applications, the marker genes used are meant to be non-functional and not to affect the behavior 

of the transfected cells. Regenerative medicine is a growing field that requires consistent and efficient 

methods of directing stem cells toward a desired cell fate. As some of the molecular pathways that are 

necessary for differentiation are known, we can optimize PBAEs for DNA or siRNA delivery to human 

stem cells or other cell types relevant for regenerative medicine, then engineer those cells in vitro to 

encourage differentiation. There are also many proteins that, when overexpressed, cause either apoptosis or 

improved survival in cancer cells. Using PBAEs, we can deliver or knock down those genes to have a 

therapeutic effect on cancer cells. 

Using leading polymers from Aims 1-2, we carried out abbreviated PBAE screenings on human 

umbilical vein endothelial cells (HUVECs), human bone marrow- and adipose-derived mesenchymal stem 

cells (hMSCs and hASCs, respectively), human neural stem cells (hNSCs), and some cancer types that had 

not been previously tested. For each of these cell lines, the best nanoparticle condition or conditions for 

DNA or siRNA delivery was identified. These leading conditions were then used to deliver DNA or siRNA 

coding for a transcription factor, membrane-bound protein, nucleus-localized tumor suppressor, 

cytoplasmic tumor suppressor, shRNA against survival protein, or enzyme to those cells. Differentiation 

and cell-death assays were used to determine the effectiveness of each of these. For tumor cells that were 

resistant to a suicide gene, molecular biology techniques were used to verify that the low rate of apoptosis 

was due to various resistance mechanisms by the cell and not due to failed transfection. 

 

Aim 4: Develop and optimize protocols to deliver genes in vivo 

Despite the abundance of research being conducted in the field of non-viral gene delivery, 

relatively few platforms have been successfully translated to the clinic. This is due to several factors, 

including additional biological barriers in the in vivo environment that are not normally encountered in 

vitro; insufficient stability of gene delivery nanoparticles; and practical difficulties in using these 

nanoparticles in the clinic. For instance, serum proteins are present in higher concentration in the blood 

than in standard cell culture dishes, and extracellular matrix (ECM) in tissues can be a significant barrier to 

nanoparticle diffusion and transport. In addition, the PBAE-based nanoparticles described here must be 

prepared shortly before use to avoid excessive hydrolytic degradation or aggregation, which limits their 
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stability in the body and also makes them inconvenient for a surgeon to use. Dehydrating nanoparticles 

would prevent their degradation, but freezing and drying processes both tend to destabilize nanoparticles. 

A stable, easy-to-use, PBAE/DNA formulation with a long shelf-life was developed by adding a 

lyoprotectant to nanoparticles before freezing and lyophilizing them. By storing aliquots of lyophilized 

nanoparticles at various temperatures and with varying amounts of lyoprotectant before using them to 

transfect cells at predetermined time points, the stability of the nanoparticles could be measured. The ability 

of PBAE/DNA nanoparticles to transfect cells in vitro in increasing amounts of serum and within a fibrin 

matrix that simulated ECM was also measured. A local, implantable delivery system was developed using 

LBL technology. Finally, lyophilized nanoparticles were used to transfect tumor cells in a mouse model of 

GBM via direct intratumoral injection. A fluorescent tag on the DNA and a fluorescent transgene were used 

to assess transfection efficacy. We found that PBAE nanoparticle mediated gene delivery was effective in 

vivo as it was in vitro, and there was specificity at transfecting tumor cells over healthy cells in vivo, as we 

had also found in vitro. 
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 Chapter 2:  

 

State of the art 

 

2.1. Nanotechnology for non-viral DNA and siRNA delivery 

2.1.1. Introduction 

 With the combination of drug discovery efforts and increased understanding of nucleic acid 

properties and function, the use of biomacromolecules like DNA and siRNA as therapeutics in their own 

right has become a topic of intense research. Inherited diseases and many acquired diseases, like cancers, 

are genetic in origin or are affected by the patient's genetic background to some degree. The ability to 

control gene expression in a cell or in a patient would provide a direct solution or cure for such diseases, 

rather than only targeting their symptoms. However, despite the high potential of such systems, designing 

gene delivery systems with high efficacy and biocompatibility has been a challenge. In particular, while 

viruses are generally highly efficient in gene delivery, they are associated with several safety problems, 

including direct toxicity, potential for insertional mutagenesis, and immunogenicity that could lead to 

inflammation or even death from excessive immune response (Thomas et al. 2003). 

Non-viral synthetic and biological materials have been therefore been studied in the development 

of safe and effective gene delivery systems, as they have the potential to circumvent such safety concerns 

as well as being easier to manufacture in a controlled manner. Cationic biomaterials, including both 

synthetic and biological polymers, have been used to form complexes with nucleic acids for the purpose of 

nanoparticulate gene delivery. Cationic moieties in polymers, including polyethyleneimine (Fischer et al. 

1999; Putnam 2006), chitosan (Leong et al. 1998), polyamidoamines (Haensler and Szoka 1993), and 

poly(!-amino esters) (Bhise et al. 2010; Green et al. 2008), can interact with anionic DNA, RNA, or 

oligonucleotides. The polycations mediate transport into cell, through degradative cellular compartments, 

and into the cytoplasm, nucleus, or other compartments where the cargo is active (Putnam 2006). These 

materials have recently been studied for their potential to treat or cure many diseases, including those 

                                                
  This chapter contains material modified from the following articles, previously published as:  

Kozielski KL*, Tzeng SY*, and Green JJ (2013). Bioengineered nanoparticles for siRNA delivery. WIREs Nanomed Nanobiotechnol 

doi: 10.1002/wnan.1233. (*These authors contributed equally) 

Tzeng SY and Green JJ (2013). Therapeutic nanomedicine for brain cancer. Ther Deliv 4(6):687-704.  
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whose genetic basis is known but whose downstream molecular effectors are hard to target. Polymeric gene 

delivery has gained attention as an alternative to viral gene delivery, which suffers from limited cargo 

capacity, immune response, and the possibility of insertional mutagenesis (Thomas et al. 2003). Recent 

work on polymeric gene delivery to human endothelial cells, for example, has demonstrated virus-like 

efficacy along with minimal cytotoxicity (Green et al. 2006; Green et al. 2007; Sunshine et al. 2009). In 

addition to these particles' potential to therapeutically regulate any gene of known sequence, gene delivery 

can also be used as a first step in cell-based drug delivery systems.  

Since its discovery in 1998 (Fire et al. 1998), the RNA interference (RNAi) gene silencing 

pathway has been a focus of many major areas of research. Chief among these are the natural mechanism of 

viral defense in plants and insects (Baulcombe 2004; Sanchez-Vargas et al. 2004; Voinnet 2005), the 

discovery of endogenous protein function by reducing its production (Kuwabara and Coulson 2000), and 

the treatment of diseases that are caused by overproduction of a specific gene (Wu et al. 2007; Yadav et al. 

2009). The last of these applications in particular requires safe and effective methods for siRNA delivery in 

order to maximize the clinical potential of RNAi.  

The natural RNAi pathway begins with double-stranded RNA (dsRNA) that is cleaved by the 

protein Dicer into ~21-base pair dsRNA known as short interfering RNA (siRNA). The antisense strand of 

siRNA is incorporated into the RNA-induced silencing complex (RISC), which binds and subsequently 

cleaves, in a catalytic fashion, strands of mRNA complementary to the siRNA. This prevents protein 

production and results in sequence-specific gene knockdown (for review, see (Hannon 2002)). Early 

methods to non-virally induce RNAi included direct injection of dsRNA(Boxem et al. 1999; Longman et al. 

2000; Svoboda et al. 2000) or mechanical agitation of cells in the presence of dsRNA (Clemens et al. 

2000). However, these methods are not clinically translatable, and introduction of dsRNA longer than 30 

base pairs has been shown to induce an interferon (IFN) response (Stark et al. 1998). As a result, delivery 

of siRNA to circumvent IFN is more frequently employed.  

DNA and siRNA as therapeutics or as research tools provide the ability to overexpress or 

downregulate essentially any gene in a cell, given a known sequence. Non-viral nucleic acid delivery 

systems are traditionally less effective (Pack et al. 2005) but can be designed to avoid issues typical of 

viruses. Because many early efforts at siRNA delivery used materials that were already well-studied in the 
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context of DNA delivery, we first discuss properties of these materials that make them suitable for nucleic 

acid delivery in general as well as their utility for overcoming barriers to either DNA or siRNA delivery 

(Figure 2.1) in particular. Examples of broad classes of biomaterials used for DNA and siRNA delivery are 

presented in Figure 2.2.  

 

2.1.2. DNA and siRNA binding or encapsulation 

 The biomaterial transfection agent must have sufficient ability to bind to or encapsulate the nucleic 

acid. Because nucleic acids are negatively charged, positively charged biomaterials are commonly used. 

Poly(L-lysine) (PLL)'s ability to bind DNA was discovered through studies of DNA-histone binding and 

conformation (Li et al. 1973), and it was later explored for delivery of exogenous DNA (Wagner et al. 

1992; Wu and Wu 1987). PLL, however, lacks the ability to escape the endosome, an essential step in 

intracellular delivery through the endocytic internalization route (Curiel et al. 1991; Midoux and Monsigny 

1999). Other biomaterials such as liposomes are able to encapsulate nucleic acids within their aqueous 

interior. These artificial vesicles can be made with tight control over physical properties by changing the 

amphiphilic lipids that compose them as well as by varying fabrication methods (Alving et al. 1978; 

Scherphof et al. 1985; Vadiei et al. 1989). Nucleic acid binding or encapsulation is generally a necessary, 

but not sufficient, biomaterial attribute to prevent degradation of the nucleic acid and to facilitate the entry 

of such highly negatively charged molecules into the cell. 

 

2.1.3. Shielding of nanoparticles 

 Liposomes, as well as other types of nanoparticles (NPs), often suffer from quick clearance from 

the circulation by cells of the mononuclear phagocyte system (MPS) (Ogris et al. 1998; Wightman et al. 

2001). Chemical structure of specific materials aside, most NPs for nucleic acid delivery rely at least 

partially on ionic interactions for cellular uptake and carry charge on their surface.  Although electrostatic 

repulsion contributes to NP colloidal stability in aqueous suspension, physiological salt (Ogris et al. 1998; 

Wightman et al. 2001) and serum (Ward et al. 2001) conditions are often enough to coat the NPs non-

specifically with proteins, and cause aggregation, leading to decreased delivery efficiency and increased 

clearance by MPS cells. One way to overcome this potential problem is to coat the NP surface with a 
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shielding molecule, commonly poly(ethylene glycol) (PEG), whose hydrated structure can prevent non-

specific interactions with biomolecules (Ogris et al. 1999). This strategy, dubbed "PEGylation," has been 

employed in a number of gene delivery systems, including NPs based on chitosan (Mao et al. 2001), gelatin 

(Kaul and Amiji 2005), cationic polymers (Suk et al. 2006), lipids (Hatakeyama et al. 2007), and metallic 

NPs (Kawano et al. 2006). 

It should be noted that PEGylation has also been found to prevent desirable interactions, such as 

those leading to intracellular delivery to target cells. As a result, researchers have explored the use of 

cleavable PEG chains on NP surfaces to increase circulation time but also allow effective transfection 

(Meyer and Wagner 2006). 

 

2.1.4. Targeting and cellular internalization 

 A number of methods can be used to promote uptake of nucleic acids by cells of interest. For 

example, taking advantage of the properties of the lipid bilayer of cell membranes, cationic lipids can 

facilitate cellular uptake by interacting with anionic cell surface molecules (Hafez et al. 2001; Xu and 

Szoka Jr 1996; Zelphati and Szoka Jr 1996). Similarly, other cationic materials, such as polymers, also 

show high uptake into cells compared to neutral or anionic materials due to interactions with the relatively 

negative cell surface (Verma and Stellacci 2010). Unfortunately, these interactions with NPs and the cell 

membrane can also contribute to cytotoxicity (Lockman et al. 2004). 

 Various chemical moieties and biological ligands can also be incorporated into the material or into 

the NP as an alternative or additional method of increasing cellular internalization. For instance, the 

amphipathic peptide GALA (30-residue polypeptide containing 4 Glu-Ala-Leu-Ala repeats) forms an 

alpha-helical structure that promotes interaction with lipid bilayers (Subbarao et al. 1987), as does the 

KALA peptide (30-residue polypeptide containing 3 Lys-Ala-Leu-Ala repeats) (Wyman et al. 1997), which 

has the additional advantage of being positively-charged at neutral or low pH for binding to nucleic acids. 

The transition from random coil to alpha helix, and therefore the ability to disrupt membranes, is pH-

dependent for both of these peptides, making them potentially useful specifically for environmentally 

triggered membrane fusion (Niidome et al. 1997; Plank et al. 1994). Other cell-penetrating peptides (CPPs) 

used for this purpose include the trans-activating transcriptional activator (TAT) peptide derived from the 
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human immunodeficiency virus (HIV) (Frankel and Pabo 1988; Green and Loewenstein 1988). This 

strategy can be combined with a disassembly approach by synthesizing a high molecular-weight form of 

TAT peptide, linked with disulfide bridges, that can be degraded by bioreduction to reduce potential 

cytotoxicity (Manickam et al. 2005). 

 In addition to general, non-specific cellular uptake, it is often desirable to be able to deliver DNA 

or siRNA to a specific cell or tissue type. Ligands such as sugars, aptamers, peptides, and proteins for cell- 

or tissue-specific cell surface proteins can also be coated on (Harris et al. 2010; Shmueli et al. 2010) or 

conjugated to (Cheng and Saltzman 2011; Zhou et al. 2013) a biomaterial or NP to enhance uptake and 

delivery in a targeted manner. 

 

2.1.5. Endosomal escape 

For successful intracellular delivery of nucleic acids, it is critical that that the NP be able to reach 

the cytoplasm safely and efficiently. A common method of overcoming the endosomal escape barrier is the 

proton sponge mechanism, in which a reversibly protonated material is believed to act as a buffer. This not 

only protects the cargo from acidification of the endosomal compartment but also causes a water influx that 

leads to endosome lysis and release of the cargo into the cytosol. This mechanism was proposed to explain 

the effectiveness of polyethylenimine (PEI) for gene transfer, as PEI contains reversibly protonated tertiary 

amines (Boussif et al. 1995), and while its validity has not been incontrovertibly proven and has been 

challenged (Benjaminsen et al. 2013), it nonetheless remains the most widely accepted hypothesis (Nel et 

al. 2009). Other materials like PLL can be modified to contain titratable amines, such as by substituting 

histidine or arginine for lysine residues (Benns et al. 2000; Okuda et al. 2004), leading to improved 

transfection. Other materials like poly(amidoamine) (PAA) dendrimers are also reversibly protonated at 

physiologically relevant pH (Haensler and Szoka Jr 1993). However, while these materials increased DNA 

delivery efficacy, some, like PAAs, bind siRNA less tightly, compromising their ability to act as siRNA 

delivery agents without additional modifications (Vader et al. 2011). 

Other methods for endosomal escape include hydrophobic biomaterials that can fuse with the 

membrane, such as dioleoylphosphatitylethanolamine (DOPE) in lipid-based particles (El Ouahabi et al. 

1997; Felgner et al. 1994). Polyanionic biomaterials have also been employed to promote membrane 
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destabilization, often in a pH-dependent manner that allows triggered endosomal escape when NPs are in 

certain environments (Drummond et al. 2000). Membrane-disruptive peptides, such as GALA and KALA, 

can also be conjugated to or non-covalently associated with NPs to cause endosomal escape (Niidome et al. 

1997; Plank et al. 1994; Wagner et al. 1992). KALA in particular maintains !-helical character even at low 

pH (4.5), thus making it capable of membrane disruption and leakage even in lower pH environments 

comparable to late endosomes. KALA was shown to cause nearly 100% leakage of endosomal contents 

over pH range 4.5-8 (Wyman et al. 1997). 

 

2.1.6. Biomaterial degradability and nucleic acid release from nanoparticles 

 Release of a NP into the cytoplasm after endosomal escape is not necessarily sufficient for 

biological effect. It was shown that DNA plasmids must unbind sufficiently from a delivery vehicle for 

transfection to occur (Gary et al. 2007; Luo and Saltzman 2000). While DNA must be trafficked to the 

nucleus, siRNA must be released in the cytoplasm, its principal site of action (Kawasaki and Taira 2003). A 

number of factors can affect material degradation and cargo release rate; for example, poly(beta-amino 

ester)s (PBAE)s are hydrolytically degradable (Lynn and Langer 2000), with their degradation and 

complex disassociation rate dependent on the local pH and the polymer conformation (Tzeng and Green 

2013). Because hydrolytic degradation of free PBAEs in solution takes place in hours at pH 7 at 37°C, 

these nanoparticles can diffuse or be convected to cells and release their cargo shortly thereafter. Moreover, 

the polymers showed slowed degradation at the lower pH (5-6) found in endosomal compartments, which 

could provide some protection for nucleic acids until after endosomal escape to the cytoplasm. 

Aside from hydrolysis, as is characteristic of PBAEs and other polyesters, another mode of 

degradation useful in siRNA delivery is bioreduction due to disulfide linkages (for review, see (Son et al. 

2012)). The latter mechanism takes advantage of the reducing cytoplasmic environment to cause quick, 

environmentally-triggered degradation and siRNA release into the correct cellular compartment. NPs that 

do not have a mechanism to stimulate siRNA release may cause low knockdown. Gold NPs, for example, 

without an siRNA release mechanism may achieve lower knockdown or require higher siRNA doses 

(Elbakry et al. 2009) versus similar delivery vehicles that contain an efficient release mechanism (Lee et al. 

2009). 



 12 

 

2.1.7. Biocompatibility 

It is critical that materials administered to a patient be biocompatible. Although cationic lipids 

have been studied often for nucleic acid delivery, their disruption of the membrane, while an advantage for 

cellular uptake, can also cause excessive cytotoxicity (Spagnou et al. 2004). Biomaterial degradation is one 

mechanism of increasing biocompatibility. Degradation of a biomaterial can reduce cytotoxicity, as 

molecular weight of cationic polymers has been positively correlated with cytotoxicity (Hill et al. 1999). 

For instance, poly[alpha-(4-aminobutyl)-l-glycolic acid] (PAGA), a hydrolytically degradable PLL 

analogue containing ester bonds in place of the amide bond of the polypeptide, showed not only increased 

transfection efficacy but also negligible toxicity in vitro compared to unmodified PLL (Lim et al. 2000). A 

hydrolytically degradable form of branched PEI showed a similar increase in biocompatibility (Forrest et 

al. 2003) compared to the typically high cytotoxicity of unmodified PEI (Grayson et al. 2006; Sutton et al. 

2006). 

 

2.1.8. Stability of nanoparticles and nucleic acid cargo 

Many of the biomaterials and NPs discussed thus far were initially developed for DNA delivery, 

and while these have been, and continue to be, studied for siRNA, certain additional barriers must be 

overcome. Aside from differences in the site of action of these two nucleic acids, there are also biophysical 

differences between them. Although both are composed of similar anionic bases, siRNA molecules are 

much smaller in size than DNA plasmids. In addition, dsRNA is stiffer than dsDNA (Hagerman 1997; 

Kebbekus et al. 1995), and segments as short as siRNA act as rigid rods. This has important implications 

for nucleic acid binding properties (Bolcato-Bellemin et al. 2007; Li et al. 2008): there is less multivalency 

in siRNA than in DNA when interacting with a cationic polymer because of fewer binding sites per 

molecule.  In addition, the stiff RNA molecule, which is expected to condense very little, may not be able 

to bend to the conformations ideal for high affinity binding and encapsulation, and this can lead to weak 

stability of siRNA-containing NPs.  

In addition to low binding affinity, instability of the RNA cargo itself is a major problem in many 

of the delivery systems currently investigated. siRNA is more prone to enzymatic degradation than DNA, 
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though less so than single-stranded RNA. Therefore, protection from the extracellular and endosomal 

environments is necessary for successful delivery. Stability is a challenge for lipid-based materials as well 

since lipid-based colloids often exhibit low stability (Adair et al. 2010). 

 

2.2. Nanotechnology for treatment of brain cancer 

2.2.1. Introduction 

 Nearly 25,000 new cases of malignant brain cancer are estimated to be diagnosed in the United 

States each year, accounting for close to 15,000 deaths (Chithrani et al. 2006). This review focuses on 

gliomas, the three major classes of which according to WHO classification are astrocytomas, 

oligodendrogliomas, and mixed gliomas (oligoastrocytomas) (Behin et al. 2003). The most common of 

these are astrocytomas, which the WHO separates into various grades of severity based on morphological 

abnormalities, increased angiogenesis and proliferation, and the presence of necroses. Malignant or high-

grade astrocytomas, the most common gliomas, include the grade III anaplastic astrocytomas and grade IV 

glioblastoma. Generally, malignant astrocytomas are treated by surgical resection, chemotherapy, and 

radiotherapy, with the goal of prolonging survival time and improving quality of life rather than curing the 

disease. The median survival for patients with grade III and IV glioma is 2-3 years and 14-15 months 

(Brandsma and van den Bent 2007; Palanichamy et al. 2006), respectively, prompting the need for novel 

treatments that can promote a better outcome.  

The field of nanomedicine has opened opportunities for improved brain cancer diagnosis and 

treatment. Nanoparticulate systems are already in use in the clinic for enhancing treatment of various other 

cancers. Because of the wide variety of biocompatible materials being researched, the range of nanocarrier 

compositions and design strategies is very wide. While many of these methods are still experimental, 

nanoparticles have shown great promise for improving delivery of imaging agents and chemotherapeutics. 

Nanoparticles have been a major focus of research in the drug delivery field because of a wide range of 

advantages afforded by their small size and other properties. For the purposes of this review, the term 

"nanoparticle" will be used in reference to any particle of any shape and material below 1 µm in diameter, 

general types and properties of which will be described briefly. Barriers to effective brain cancer treatment 

(Figure 2.3; Table 2.1) will be discussed, as well as strategies currently under investigation to overcome 
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them. 

 

2.2.2. Types of Nanoparticles and General Properties 

 Nanoparticles can be fabricated using a wide range of different materials. Synthetic polymers, 

such as poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and the copolymer poly(lactic-co-glycolic acid) 

(PLGA), are biocompatible in a number of systems and are hydrolytically degradable, leading to their use 

in encapsulating and delivering many types of therapeutic molecules, including conventional small 

molecule drugs and large biological macromolecules like proteins and nucleic acids (Bala et al. 2004). 

Other degradable polymers, including chitosan (Mitra et al. 2001; Park et al. 2010), poly(beta-amino esters) 

(Shenoy et al. 2005; Tzeng et al. 2011), poly(amidoamines) (He et al. 2011), and many other cationic 

polymers have also been used to deliver therapeutics to brain cancer models. These positively charged 

polymers are studied particularly for delivery of nucleic acids, because their cationic character allows them 

to form nanocomplexes with negatively charged DNA or RNA. While degradable cationic polymers are 

being studied as an alternative to virus-mediated gene transfer, viruses are also under investigation for their 

potential to treat brain cancer. Amphiphilic lipids can also self-assemble to form liposomes, artificial 

vesicles that can be used to encapsulate and deliver either hydrophobic or hydrophilic molecules and whose 

size can be controlled by the size and properties of the constituent lipids (Malam et al. 2009). For example, 

the chemotherapeutic doxorubicin, with a circulation time of 10-15 min as the free drug, can be 

encapsulated in liposomes to increase this time to over 2 hr (Hofheinz et al. 2005).  

Inorganic nanoparticles can also be used for imaging as well as drug delivery purposes, with 

advantages of highly tunable and reproducible synthesis processes. Injectable superparamagnetic iron oxide 

(SPIO) nanoparticles can provide contrast for MRI (Weinstein et al. 2010) while other metallic 

nanoparticles, such as materials like gold, can be used to carry a conjugated drug or be used for 

photothermal therapy (Kawano et al. 2006; Lee et al. 2009). Mesoporous silicon particles can be loaded 

with therapeutics or other smaller, drug-loaded nanoparticles for multi-stage delivery or imaging systems 

(J. Lu et al. 2007; Tanaka et al. 2010). 

The surface of any of these types of nanoparticles can be modified to change their transport 

properties and biological responses to them. One common modification is PEGylation, coating 
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poly(ethylene glycol) (PEG) onto a surface via physical interaction or covalent conjugation. PEGylation 

creates a hydrophilic and non-charged surface, which can prevent early clearance of nanoparticles and 

thereby increase their circulation time (Owens and Peppas 2006). For example, liposome are often cleared 

quickly from circulation by the mononuclear phagocyte system (MPS) (Awasthi et al. 2003; Muthu et al. 

2011), but their half-life in circulation increases from 2 hr to 40-71 hr when the liposomes are PEGylated 

(Hofheinz et al. 2005). In addition, nanoparticle size, an important property in determining drug delivery 

efficacy, can often be varied during particle fabrication. A particle’s size affects its non-specific uptake by 

cells and clearance as well as its ability to deliver intracellular drugs to target cells. Intracellular delivery 

remains a general challenge in drug delivery because of the plasma membrane that prevents penetration of 

many drugs and downstream barriers that cause degradation of the drug or prevent it from arriving at the 

necessary location for activity (Vasir and Labhasetwar 2007). The use of a wide variety of drug delivery 

systems has been explored to increase intracellular drug concentration or to avoid drug efflux as a 

mechanism of resistance (Nori and Kopecek 2005). In particular, the small size of nanoparticles has been 

shown to allow cellular uptake (Chithrani et al. 2006; Jiang et al. 2008; Win and Feng 2005). Although 

uptake is also affected by other factors, including particle composition and surface properties (Borchard et 

al. 1994; Koziara et al. 2004), particle sizes between 5-500 nm have shown uptake in different cell types 

and delivery systems, further emphasizing the utility of nanomedicine in cancer treatment. 

Another general barrier to effective drug delivery to tumors is the problem of achieving high drug 

concentration at the site of interest. Concentration of a drug at a tumor site is often limited by short 

circulation time of the drug due to nonspecific uptake or accumulation in healthy tissue, degradation, and 

excretion. Nanoparticulate systems have been used to improve the half-life of common tumor drugs like 

doxorubicin. 

 

2.2.3. Barriers to delivery to the brain: the blood-brain barrier  

 While radiotherapy has been shown to improve prognosis in malignant glioma, the benefits of 

chemotherapy are controversial, with clinical trials showing wide variation in whether or not, and to what 

degree, chemotherapy confers a survival benefit in these patients (Adamson et al. 2009; Perry et al. 2007). 

A challenge specific to delivery of high concentrations of drug to the brain is the presence of the blood-
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brain barrier (BBB) (Blanchette and Fortin 2011), the arrangement of endothelial cells in capillaries of the 

brain that ensures particularly tight regulation of transport between the bloodstream and brain tissue. 

Several methods have been explored to allow transport of a therapeutic across the BBB, each with different 

advantages and safety concerns (Gaillard et al. 2012), some of which will be discussed broadly below. 

However, as in cancers of other systems, GB tumors are fed by a "leaky" vasculature, an abnormal and 

disorganized network of blood vessels formed by the high rate of angiogenesis that characterizes high-

grade malignant tumors (Tate and Aghi 2009). The discovery that molecules and small particles can more 

easily extravasate from tumor vasculature and are returned inefficiently to circulation due to poor 

lymphatic drainage was a major finding in cancer therapy research and was coined the enhanced 

permeation and retention (EPR) effect (Matsumura and Maeda 1986). 

In addition to carrying intracellular drugs and increasing cargo half-life, nanoparticles have been 

of increasing interest to the cancer drug delivery field for their ability take advantage of the EPR effect. 

Particles less than ~100 nm in diameter extravasate preferentially from tumor vasculature, due to increased 

vascular permeability compared with normal tissue, and particles greater than ~20 nm are retained in the 

tumor tissue rather than returning freely to the circulation (Perrault et al. 2009). Larger particles are unable 

to leak out of the disorganized blood vessels that supply tumors, while smaller ones are less effectively 

retained. This effect depends primarily on the nanoparticles' physical properties—particularly size and the 

ability to remain in circulation long enough to extravasate into a tumor—but it is limited by a lack of 

specificity for particular tissues.  

The question of whether or not--and to what degree--the BBB is a major obstacle for drug delivery 

to brain tumors has not seen consensus in the literature over the past decades, although various studies 

using conventional chemotherapeutics have found high variability or often only minimal enhanced drug 

retention at the glioma site over other tissues (Donelli et al. 1992). Some researchers have found that the 

EPR effect can allow for accumulation in the tumor via the porous brain tumor-blood barrier (BTBB) and 

have shown accumulation of imaging agents or particles on the order of 100 nm in diameter (Chertok et al. 

2008). Many others have found that this passive targeting alone cannot overcome the BBB or does so to a 

degree that is insufficient for effective treatment, showing that only smaller particles (~20 nm) or smaller 

(<12 nm) (Sarin et al. 2009) are able to cross the BTBB (Groothuis 2000; Muldoon et al. 2007). The tumor 
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vasculature is inhomogeneous (Nossek et al. 2009), and some studies show that the BBB remains largely 

intact at tumor margins despite being more permeable within the bulk of the tumor, which hinders delivery 

of drugs to the tumor cells most directly responsible for invasion and migration; in addition, increased 

interstitial pressure within tumors tends to oppose passive diffusion out of the circulation and into the 

tumor tissue (Fukumura and Jain 2007). As a result, although studies have found that small nanoparticles 

and drugs are able to take advantage of the leaky tumor vasculature (Miladi et al. 2012), various methods to 

further improve penetration of the BTBB must also be explored.  

One method to improve delivery is the use of BBB disruption (BBBD) to further increase the 

permeability of these vessels (Blanchette and Fortin 2011) by increasing the local osmotic pressure within 

brain vasculature using hyperosmotic agents. However, this method is known to have significant patient-to-

patient variability, which impedes widespread and consistent use (Joshi et al. 2011). Furthermore, all of 

these BBBD methods cause decreased integrity of the entire BBB, not specifically the vasculature of the 

tumor, which could adversely affect healthy brain tissue. Aside from non-specific delivery of the 

chemotherapeutic to healthy tissue, which can lead to unwanted toxicity and dose-limiting side-effects, 

BBBD can also allow leakage of unwanted molecules from the circulation into the brain through the 

globally compromised BBB (Muldoon et al. 2007). To avoid disrupting the entire BBB, various strategies 

have been employed to penetrate the BBB via the nanoparticle drug carriers themselves.  

 

BBB-penetrating nanoparticles 

The low-density lipoprotein (LDL) receptors on endothelial cells of the BBB can facilitate uptake 

of nanoparticles coated with ligands for the LDL receptor. Xin et al. showed that Angiopep-coated PEG-

PCL nanoparticles could accumulate in the tumor bed in vivo due to the passive EPR effect as well as to the 

active targeting through Angiopep (Xin et al. 2011). In addition, apolipoprotein-coated particles both in 

vitro (Kratzer et al. 2007), using apoA-I-coated protamine/oligonucleotide nanoparticles, and in vivo (Zensi 

et al. 2009), using apoE-coated serum albumin nanoparticles. By coating the particles with an agent that 

causes absorptive uptake, this study demonstrated uptake of drug-containing nanoparticles by the BBB 

endothelium via adsorption by the cells, rather than increased brain penetration via increasing gaps between 

endothelial cells in the entire brain. Using a similar principle, Kreuter et al. developed poly(butyl 

cyanoacrylate) nanoparticles as carriers for a peptide that normally could not cross the BBB in any 
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measurable amount. By coating the particles with a surfactant that caused apolipoprotein deposition onto 

the nanoparticles once in the plasma, they achieved uptake of their particles by absorptive uptake (Kreuter 

et al. 1995). The use of polysorbate 80 (Wang et al. 2009) and other surfactant coatings like poloxamer 188 

(Chen et al. 2011; Gelperina et al. 2010) and Tween® 80 (de Mendoza et al. 2011) has also been shown to 

cause high uptake by BBB endothelial cells in models in vitro and led to higher accumulation in the brain 

in vivo, with varying degrees of toxicity depending on the particular system studied. Liposomes have also 

been shown to increase BBB penetration (Xie et al. 2005). Other lipid-based nanoparticles have also shown 

BBB-penetrating properties as well as the ability to take advantage of the EPR effect in tumor models 

(Lasa-Saracibar et al. 2012). 

By including the BBB-penetrating agent as part of the delivery vehicle itself, inducing endocytosis 

by endothelial cells rather than physical disruption of the endothelial layer, the use of nanocarriers can 

reduce the abnormal passage of other molecules into and out of the vasculature of the brain. Although with 

BBB-penetrating nanoparticles, nanomedicines may no longer be restricted in size by the gaps between 

endothelial cells, particle size is also an important factor in cellular uptake. Endocytosis, whether clathrin- 

or caveolae-dependent or -independent, generally involves the formation of vesicles less than 150 nm 

(Conner and Schmid 2003). In order to either exploit the EPR effect or induce internalization by endothelial 

cells, particles being studied as potential drug carriers to brain tumors are generally less than 150 nm in 

diameter. 

 

Surface-modified nanoparticles for BBB penetration 

Another advantage of nanoparticle drug carriers in BBB penetration is their chemical versatility. 

Aside from surface coatings to increase uptake, such as surfactants or stealth coatings  like PEG, ligands 

and other biological or chemical moieties can be conjugated to the surface to promote active uptake by cells 

on the luminal side, trafficking of the particle through the endothelial cell, and then exocytosis into the 

brain tissue. As an example of the various functions that can be designed into nanoparticle systems, PLA 

nanoparticles were surface-modified with PEG for stability and increased circulation time as well as with 

cationic serum albumin. The cationized albumin was able to facilitate interaction of the particles with brain 

endothelial cells to promote uptake with little to no toxicity observed (Lu et al. 2005). Because viruses are 

also essentially nanocarriers that have evolved an efficient ability to cross cellular barriers, including the 
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BBB, virally-derived ligands have also been used to penetrate the BBB, such as the HIV trans-activating 

transcriptional activator (Tat) peptide. Polymeric core/shell nanoparticles, made of amphiphilic polymers 

that form micellar structures, were conjugated to Tat peptide, allowing them to cross the BBB into the brain 

(Liu et al. 2008). Qin et al. used Tat-conjugated cholesterol to formulate liposomes that showed ability to 

transcytose through brain capillary endothelial cells and accumulate in the brain (Qin et al. 2011). In 

another study, poly(amidoamine) dendrimers (PAMAM) were conjugated to a peptide derived from the 

rabies virus glycoprotein, RVG29, through a PEG linker and conjugated with DNA to form nanoparticles. 

The RVG29-modified DNA-containing nanoparticles accumulated in the brain significantly more 

efficiently than unmodified nanoparticles (Liu et al. 2009)  (Figure 2.4). Other researchers have taken 

advantage of toxins that increase vascular permeability, such as the diphtheria toxin. By conjugating a 

mutated ligand for the diphtheria toxin receptor (CRM197) to liposomes, van Rooy et al. were able to show 

in vitro that CRM197-modified particles localized to the endothelium but that other ligands, such as 

RI7217, an antibody binding to the transferrin receptor (TfR), had the greatest effect in vivo (van Rooy et 

al. 2011). 

Specificity can also be built into the delivery system by use of specific ligands that promote 

receptor-mediated endocytosis. Insulin is transported across the BBB from the circulation by receptor-

mediated transcytosis (Laron 2009), and an antibody to the insulin receptor (IR) was taken up effectively 

into the brain in vivo in a primate model (Boado et al. 2007). Ulbrich et al. conjugated drug-loaded human 

serum albumin nanoparticles to antibodies against IR and were able to achieve uptake into the brain in a 

mouse model (Ulbrich et al. 2011). Another receptor commonly studied for active transport across the BBB 

is the transferrin receptor (TfR), which is necessary for transport of iron into the brain and was used to 

deliver similar serum albumin nanoparticles into the brain (Ulbrich et al. 2009). In particular, its expression 

is high in rapidly dividing cell populations (Daniels et al. 2006), which, while not seen only in 

malignancies, does have some degree of specificity for rapidly-growing tumors. Although TfR is expressed 

in other tissues like the liver and bone marrow (de Boer et al. 2003), it is still under active investigation for 

transport across the BBB. Polyester nanoparticles loaded with anti-cancer drugs like taxols, based on 

materials like PEG-conjugated poly(lactic acid) (PLA) or poly(lactic-co-glycolic acid) (PLGA) (Gan and 

Feng 2010; Sahoo and Labhasetwar 2005), were able to achieve higher accumulation in brain endothelial 
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cells when conjugated to transferrin. Like transferrin, the folate receptor for transport of folic acid is also 

upregulated in rapidly-dividing cells, including those in malignant brain cancer (Lu et al. 2004). 

 

2.2.4. Barriers to delivery to the brain: nanoparticle transport within brain tissue 

 Once a drug passes through the BBTB and into the brain tissue, other barriers still remain. 

Because surgical resection is normally the initial step in treatment, local delivery of a chemotherapeutic to 

the site of the tumor is possible and may be a reasonable way to bypass the delivery bottleneck of the BBB. 

However, high grade gliomas are highly invasive, and cancer cells are often found extending out of the 

main tumor bulk (Lefranc et al. 2005). Not only does this complicate surgical resection, as it is difficult or 

impossible for the surgeon to visualize all tumor cells, let alone remove them without extensive damage to 

the surrounding brain tissue, but some controversy still exists over the extent of benefit from resection in 

some cases of malignant glioma (Kongkham et al. 2008; Mitchell et al. 2005; Sanai and Berger 2008). As a 

result, the ability of any drug or drug carrier to diffuse through the brain tissue and affect all relevant cells 

is imperative for effective treatment. A majority of glioblastoma recurrences are seen at or adjacent to the 

original tumor site (Giese et al. 2003). While this indicates that local delivery may be sufficient in many 

cases as long as the drug or drugs can affect all tumor cells in the area, it also shows that current therapies 

are thus far unable to kill all tumorigenic cells at the tumor site. A study by Kroin et al. that used local 

delivery of cisplatin via small cannulas found that multiple cannulas would be needed to maintain a 

therapeutic drug concentration for tumors greater than 1 cm; for tumors greater than 2 cm, local delivery 

would not be sufficient (Kroin and Penn 1982). While this is not the only local delivery system that has 

been studied, the study’s conclusion raises the concern that most drugs under investigation do not diffuse 

freely enough through the brain tissue for full efficacy. Furthermore, low diffusion following local delivery 

can result in high local toxicity at the delivery site. As a result, studies over the last decade have generally 

used one of the following methods to enhance interstitial movement of therapeutics through the brain. 

 

Nanoparticle diffusion within tissue 

 Several strategies have been employed to overcome the poor movement of therapeutics within the 

brain interstitium. Initially, attempts to better understand the dimensions of the extracellular space, modeled 
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as pores through which particles can diffuse in the brain, showed that particles must be approximately 30-

70 nm in diameter or smaller to move through the brain interstitium (Thorne and Nicholson 2006). In one 

study, PLA-PEG nanoparticles were loaded with aclarubicin and coated with cationic albumin (W. Lu et al. 

2007). By keeping particles within the approximate range stated above, the authors showed improved 

survival in a rat glioma model using this nanoparticle formulation, suggesting that their system was able to 

effectively deliver particles through the disrupted BBB and move through the tumor interstitium.  

However, it has since become clear that, while size is an important factor, nanoparticle surface 

properties can also alter diffusion through the brain. Nance et al. found that polystyrene nanoparticles 

(>100 nm) and quantum dots (35 nm) diffused very slowly through brain interstitium when unmodified or 

coated sparsely with PEG; however, a dense layer of PEG allowed significantly increased movement 

through the brain with particles of at least 114 nm in hydrodynamic diameter (Nance et al. 2012). 

Therefore, while smaller particles will tend to allow greater diffusion than larger ones, the upper limit of 

nanoparticle size can be extended with surface modifications that increase the particles' diffusivity, thereby 

increasing the capacity of the particles as drug-loaded nanodevices. 

 

Convective transport of drugs and nanoparticles 

 Another way to increase transport through tissues is to rely on fluid convection during local 

delivery, or bulk flow, as well as diffusion. A hydrostatic pressure gradient created in the tissue can allow 

large molecules or particles to be carried much more quickly throughout the tissue. For instance, the well-

established local delivery system of the BCNU-loaded Gliadel® wafer is known to be limited in part 

because the low diffusion of BCNU through the tumor tissue cannot overcome the rate of drug clearance; 

however, this system does show higher initial penetration than in later days, an unexpected finding that was 

thought to result from convection due to transient local edema following surgery and placement of the 

wafer (Fleming and Saltzman 2002). Bobo et al. showed that continual infusion of a drug solution into 

feline brains via cannulae over the course of approximately 2-3 hr, establishing high fluid flow, caused 

greater penetration of their drug into the brain tissue as well as more homogeneous drug distribution (Bobo 

et al. 1994). At the infusion rates used in this study, as well as in other studies using convection-enhanced 

delivery (CED), the rate of diffusion is very slow or negligible compared to that of convection by bulk 

flow. 
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 In a study by Sawyer et al., PLGA nanoparticles between ~90-120 nm mean diameter were loaded 

with camptothecin and injected intracranially into tumor-bearing rats. The median survival time in rats 

treated with camptothecin nanoparticles delivered by CED was longer than in rats treated with the same 

dose of unencapsulated drug; furthermore, drug in nanoparticles could achieve the same effect of twice the 

concentration of unencapsulated drug (Sawyer et al. 2011). Notably, as discussed above, only nanoparticles 

below a certain size (~70 nm) are expected to be able to move through the brain tissue, but despite not 

being PEGylated or otherwise surface-modified, the PLGA nanoparticles in this study were able to move 

sufficiently through the interstitium with the aid of convective flow. Aside from use in delivering 

polymeric nanoparticles, CED has also been used to successfully demonstrate improved delivery of 

chemotherapeutic drug-loaded liposomes (Krauze et al. 2007; Saito et al. 2004), inorganic nanoparticles for 

glioma imaging or therapy (Perlstein et al. 2008), drug/dendrimer conjugates (Wu et al. 2006), and even 

viruses for gene delivery (Hadaczek et al. 2006). Moreover, CED can be combined with other strategies 

mentioned above, such as nanoparticle surface-modification, infusion with a hyperosmolar solution, and 

ECM degradation to increase the size of the pores or channels through which nanoparticles can travel 

(Neeves et al. 2007) (Figure 2.5). 

 It should be noted, however, that CED is not without risks. A phase I/II clinical study using CED 

to enhance paclitaxel transport showed high efficacy in tumor reduction or slowed growth; however, 

complications also arose throughout the study in 9 of 15 patients, a high rate that raises concern about 

translating this technology to the clinic (Lidar et al. 2004). Along with expected toxic side effects of the 

drug, there were instances of infection, accidental removal of the catheter, or loss of sufficient convective 

flux when infused fluid entered a cyst. As with other methods of local delivery, CED is an invasive 

procedure, and the amount of time that a patient is left exposed is intrinsically long due to the infusion 

process. Thus, CED has shown promise in improving drug and nanoparticle transport through brain or 

tumor tissue, but safe ways of implementing the technology are still in development. 

 

2.2.5. Barriers to delivery to the brain: targeting brain tumor tissue over healthy brain tissue 

 The strategies discussed thus far are generally all methods to cross the major physical barriers 

specific to brain or CNS delivery. However, as with other cancers, widespread toxic side effects, which 
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may limit the tolerable dose of a drug, are an important problem that must be addressed in brain cancer 

treatment. Even if limited to the brain alone, minimal damage to healthy brain tissue must be a design goal 

for any therapy. Local delivery methods sidestep this issue to a large extent, although specificity for cancer 

cells at the site of the tumor could further ameliorate the problem. For systemic delivery, which has greater 

potential to reach metastatic cells or tumors that recur distant from the initial tumor site, the ability of a 

drug or drug carrier to affect the tumor preferentially to healthy cells would be a major advantage.  

 Nanoparticle-drug formulations are particularly exciting in this regard, as their design parameters 

can be modified and finely tuned to include one or several layers of delivery specificity. The EPR effect as 

described allows passive targeting of tumors by preferential extravasation and retention of nanoparticles 

within a certain size range. Numerous other targeting methods can used individually or even in 

combination in the same nanoparticle, such as conjugation of or coating with a targeting ligand to enhance 

localization at the tumor; introducing degradable units or other properties to promote drug release near the 

tumor environment, capitalizing on microenvironmental factors like decreased pH and increased protease 

expression near tumors; and delivery of cargo that is preferentially or solely active in malignant cells. The 

last of these will be discussed further below in the context of particular therapeutics currently being studied. 

 Numerous examples exist of approaches to increase brain cancer specificity of nanomedicines. 

The folate receptor, as previously mentioned, has some specificity for tumors over healthy tissues, based 

primarily on the rapid rate of cell growth and division of cancer cells. Chitosan-based nanoparticles were 

conjugated with fluorescently-labeled chlorotoxin, which binds specifically to gliomas and other tumors 

related in origin (Lyons et al. 2002), and showed preferential accumulation in gliomas in mice (Nam et al. 

2010; Veiseh et al. 2009). Liposomes conjugated with interleukin-13 (IL-13) were also able to deliver 

doxorubicin specifically to glioma cell lines in vitro, based on the high expression of IL-13 receptor !2 on 

glioma cells but not on healthy brain tissue (Madhankumar et al. 2006). The CREKA peptide was 

previously shown to home toward tumor tissue and was coupled to 50-nm superparamagnetic iron oxide 

nanoparticles. When injected into a mouse, the particles not only targeted tumor vasculature but also 

induced clot formation, which in turn allowed binding of more circulating nanoparticles to the site 

(Simberg et al. 2007). Although this amplified targeting system was described in a breast cancer model, 

similar principles, using nanoparticles to incorporate many targeting functionalities, could potentially be 
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applied to brain cancer as well.  

Duan et al. developed pH-sensitive nanogels composed primarily of chitosan grafted to poly(N-

isopropylacrylamide) and showed that release of the drug oridonin occurred preferentially in the pH range 

of 5.0-6.5 compared to 7.4 (Duan et al. 2011). Because the pH surrounding tumors is typically <7.2, this 

strategy provides a possible method of targeting tumors (Fukumura and Jain 2007). In addition to changes 

in acidity, tumor cells often differ from healthy cells in that the former have higher intracellular 

concentrations of glutathione (GSH) (Estrela et al. 2006), which can be used as a method to cause 

intracellular drug release preferentially in cancer cells. The high expression of GSH transporter on these 

cells also allows GSH to be used as a targeting ligand conjugated to such nanomedicines as the PEGylated 

liposomal doxorubicin for increased uptake (van Tellingen et al. 2010), and this formulation has entered 

clinical trials (Gaillard et al. 2012).  

 

2.2.6. Current and future drugs and experimental therapies in glioma treatment 

Nanoparticle-engineered cells as vehicles for glioma treatment 

 In recent years, some cell types have been found to migrate toward malignant glioblastomas, 

providing an intriguing and promising option for improving efficacy and specificity of drug delivery to 

brain tumors. These include some adult stem cells like neural stem cells (NSCs). It was found in 2000 that 

NSCs injected into a murine glioma model had high specificity for tumor tissue and the ability to spread 

throughout the tumor when NSCs were injected intratumorally or distant from the tumor, in either the 

ipsilateral or contralateral hemisphere, into the ventricles, or via tail-vein injection (Aboody et al. 2000). In 

highly invasive models, labeled NSCs were found to "track" infiltrating glioma cells instead of staying 

merely in the tumor bulk. The authors of this study suggested that genetically engineered NSCs could be 

used to deliver anti-tumor agents, which they achieved in their study using retroviral gene delivery. 

Researchers have since discovered that other adult stem cells, such as bone marrow- and adipose-derived 

mesenchymal stem cells (BM-MSCs and A-MSCs, respectively), also display a high degree of tumor 

specificity in several glioma models, able to migrate across hemispheres and the BBB and toward the tumor 

(Nakamizo et al. 2005). MSCs are more readily available in large numbers than NSCs, potentially from the 

patient's own bone marrow, blood, or adipose tissue, and they can be expanded in culture.  
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MSCs have been proposed as a delivery vehicle to brain malignancies, either carrying drug- or 

imaging agent-loaded nanoparticles or engineered to secrete a therapeutic protein, with the advantage of 

having active migration mechanisms and not relying solely on diffusive and convective transport through 

tissue as do nanoparticles alone. For the latter, viruses—particles ~100 nm in diameter that have evolved 

for efficient gene transfer—have historically been used as gene delivery vectors because of their high 

efficiency. For instance, Nakamizo et al. also engineered their MSCs to overexpress interferon-! (IFN-!) 

using an adenoviral vector before injection, leading to improved survival over controls (Nakamizo et al. 

2005). A number of groups have used retroviruses to transduce BM-MSCs (Uchibori et al. 2009) or A-

MSCs (Matuskova et al. 2010) with the herpes simplex virus-thymidine kinase (HSV-TK) gene, which 

catalyzes a key step in converting the prodrug ganciclovir to a cytotoxic metabolite. These MSCs injected 

into the ventricles or lateral vein of tumor-bearing mice were shown to localize at the tumor and, upon 

injection of ganciclovir, reduce tumor growth by the bystander effect and improve survival. 

Because nanoparticles are the appropriate size for cellular uptake while also being able to protect 

or tune the release of drugs encapsulated within, several groups have investigated the ability of MSCs to 

efficiently take up and carry cargo to brain tumors in the form of intact nanoparticles, which could then 

release a drug or perform a function at the tumor site. For example, oncolytic viruses can be loaded in vitro 

into BM-MSCs, which would carry the virus particles to the tumor site (Sonabend et al. 2008). Although 

virus-mediated toxicity to the MSCs was a limiting factor, using MSCs as a delivery vehicle was superior 

in efficiency and specificity to delivery of oncolytic viruses alone. PLA nanoparticles loaded with 

fluorescent coumarin-6 could also be taken up by MSCs without affecting cell viability or phenotype; 

MSCs loaded with PLA and injected intratumorally in a mouse glioma model tended to stay near the tumor 

bulk as well as following behind infiltrating glioma cells (Roger et al. 2010). SPIO nanoparticles loaded 

into labeled MSCs showed tumor homing when the loaded stem cells were injected systemically into a rat 

glioma model, providing a potential method for delivering nanoparticles to enhance MRI contrast (Wu et 

al. 2008). Yet another group synthesized mesoporous silica nanoparticles (MSNs), loaded the particles with 

a mixture of different imaging contrast agents, and coated the loaded particles with hyaluronic acid for 

efficient uptake by BM-MSCs. These MSCs with loaded nanoparticles were injected systemically into mice 

and showed high specificity for the glioma site, as well as allowing in vivo imaging via near-infrared 
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fluorescence, MRI, and PET (Huang et al. 2013) (Figure 2.6). Using adult stem cells as delivery vehicles is 

therefore a versatile and potentially powerful method for delivery of diagnostic or therapeutic nanoparticles 

to malignant gliomas. 

 

Nanoparticle formulations of conventional drugs 

As mentioned above, the drugs currently used for chemotherapy have made significant but small 

improvements in the prognosis of malignant glioma. Combinations of various therapies can further improve 

prognosis (McGirt et al. 2009), but there is still a high need for more effective treatment. The current 

standard of care normally includes surgical resection with subsequent radiotherapy, often supplemented 

with adjuvant chemotherapy, including the locally implanted Gliadel® (BCNU) wafer and the alkylating 

agent temozolomide.  

Some compounds, including drugs used in the treatment of other cancers, are limited in use for 

glioma therapy because they cannot cross the BBB or are cleared too quickly for sufficient accumulation, 

they are not specific enough to prevent widespread toxicity, or tumor cells tend to be resistant to them. As a 

result, nanoparticles are being used as a method to reduce those problems with conventional drugs as well 

as to explore the potential use of other, more experimental therapeutic agents. For instance, the drug 

doxorubicin normally has poor to insignificant penetration of the BBB. By encapsulating doxorubicin into 

polysorbate 80-coated butylcyanoacrylate nanoparticles, high uptake into the brain was seen in rats, with 

decreased systemic toxicity, increased survival rate, and long-term remission in >20% of animals tested 

(Steiniger et al. 2004). Efflux of drugs via the p-gp transporter, a mechanism of drug resistance, was 

decreased by encapsulating paclitaxel in nanoparticles in polysorbate 80-coated nanoparticles (Koziara et 

al. 2004). The use of this nanoparticle system simultaneously decreased the toxicity due to Cremophor, 

which is usually needed for paclitaxel delivery, and also increased BBB penetration and decreased p-gp 

transporter activity due to the surfactant coating. 

 

 

Nanoparticles for gene therapy 

Nanoparticle-mediated DNA delivery was briefly discussed above in the context of engineering 

cells for glioma therapy, but biologics like DNA and multiple types of RNA are also under investigation as 
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direct treatments for brain cancer. For nucleic acids, viruses have been the traditional method of delivery, 

as they have the advantages of high efficacy as well as the potential ability to cross various intra- and 

extracellular barriers. For example, clinical trials have shown efficacy of gene transfer treatment using an 

adenoviral vector. The adenovirus carried the HSV-TK gene and was injected into tumor margins following 

resection (Immonen et al. 2004; Sandmair et al. 2000), exploiting the same TK/ganciclovir strategy 

described above and first proposed in the context of viral gene delivery in 1986 (Moolten 1986). Although 

this and other studies have shown that replication-incompetent retroviruses have low efficacy in combating 

cancer (Vecil and Lang 2003). Adenoviruses that do not express the E1B gene have been found to be 

selective for p53-deficient cells over the p53-expressing, healthy neural population, successfully targeting 

the tumor cells for viral infection and death in glioma patients (Chiocca et al. 2004). In a study that 

integrated aspects of both of these approaches, Tai et al. used a retrovirus that selectively replicated in 

dividing cells to transduce glioma cells in a mouse with the cytosine deaminase suicide gene (Tai et al. 

2005). As a result, the transduced glioma cells were able to convert an intravenously injected prodrug, 5-

fluorocytosine, to the toxic 5-fluorouracil (5-FU), thereby causing local tumor death. In addition to 

conferring sensitivity to a drug or prodrug, viruses have also been used to deliver the p53 gene, a tumor 

suppressor that is commonly inactivated in gliomas (Bogler et al. 1995). Phase I clinical trials have used an 

adenoviral vector delivered intratumorally to transduce tumor cells with p53 (Lang et al. 2003; Tolcher et 

al. 2006), resulting in common but not prohibitively severe adverse side effects due to viral toxicity or 

immune response. Furthermore, preliminary results were suggestive of some anti-tumor effect. 

It should be noted that, in one of the cases described above, four of fourteen patients had an 

immune response to the adenovirus, and the frequency of seizures increased in two others. A phase I/II trial 

using virus-producing cells following the HSV-TK/ganciclovir paradigm reported adverse side effects 

related to therapy in over 50% of patients (Prados et al. 2003), and worries about safety have limited the 

use of viruses in the clinic in general (Pulkkanen and Yla-Herttuala 2005). Aside from safety concerns, 

however, viruses are limited in their maximum cargo size and ease and consistency of manufacturing 

(Putnam 2006), leading to interest in the potential of using non-viral gene transfer agents. A study in 2001 

delivered HSV-TK locally to recurrent glioblastoma patients using a liposomal formulation and showed 

increased necrosis to portions of the tumor after ganciclovir infusion, though not all of the patients 
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appeared to have had sufficiently transfected tumor cell (Voges et al. 2003), and six of eight patients 

experienced adverse side effects, including fever and neurological deficits. Cationic liposomes carrying the 

IFN-! gene injected intratumorally into mouse models were also shown to be effective in reducing tumor 

growth and causing immune response in the tumor, and a pilot clinical trial in five malignant glioma 

patients based on these results showed >50% tumor reduction or stable disease in four of the patients 

(Yoshida et al. 2004). In addition to liposomes, other materials have been used to make gene delivery 

nanoparticles for glioma therapy. PEG conjugated to PLA was used to encapsulate Apo2L/TRAIL (tumor 

necrosis factor-related apoptosis inducing ligand) plasmid into nanoparticles <120 nm in diameter, which 

were then surface-conjugated to albumin. Because TRAIL is fairly specific for cancer cells over healthy 

tissue due to overexpression of TRAIL death receptors (Hawkins 2004), most resulting cell death was 

expected to be in the tumors. These nanoparticles were then injected i.v. and caused increased median 

survival time over controls (Lu et al. 2006). 

Gene therapy also provides additional ways to introduce specificity into the system. As with the 

examples of TRAIL and p53 DNA, the protein product of the delivered gene should be designed to be 

active only in cancer cells. Moreover, the delivered construct can be under the control of a cancer-specific 

promoter, such as survivin (van Houdt et al. 2006) or progression-elevated gene 3 (PEG3) (Su et al. 2005), 

ensuring that, even should healthy cells be transfected or transduced, the therapeutic protein would not be 

expressed. In addition to DNA delivery for gene overexpression, RNA interference (RNAi) to knock down 

gene expression has in recent years been an active area of investigation. Cationic lipids and synthetic 

polymers have been used to form nanoparticle complexes with small interfering RNA (siRNA) against a 

reporter gene as a proof-of-concept, showing effective gene knockdown in vitro in glioblastoma cells 

(Cardoso et al. 2007; Tzeng and Green 2013). Short hairpin RNA (shRNA) can also be expressed from a 

DNA plasmid, allowing the more extensively studied materials for stable DNA nanoparticles to be used for 

RNAi. Many potential molecular targets have been explored using nanoscale delivery (Caruso et al. 2011). 

A study using the cationic lipid Lipofectamine to encapsulate plasmids expressing siRNA against 

epidermal growth factor receptor (EGFR), a gene often mutated or overexpressed in malignant glioma 

(Furnari et al. 2007), was able to decrease tumor volume a mouse glioma model up to five-fold (Kang et al. 

2006) (Figure 2.7).  
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Inorganic nanoparticles: brain cancer imaging and treatment 

Metallic nanoparticles have been studied in the laboratory as well as in the clinic. In one study, 

direct intratumoral injection of SPIO nanoparticles in a rat glioma model using RG-2 line tumors was 

followed by application of an alternating magnetic field that caused heat generation by the nanoparticles 

due to their increased Brownian motion (Jordan et al. 2006). The authors showed a 4.5-fold improvement in 

survival over untreated controls, although they did not compare their treatment directly to clinical gold 

standards like radiotherapy and/or conventional chemotherapy. Nevertheless, thermotherapy using this or 

similar methods using inorganic nanoparticles has high potential efficacy and has been studied by several 

groups. The use of superparamagnetic particles as MRI contrast agents has been studied for over two 

decades (Bachgansmo 1993), with many important physicochemical parameters for synthesis and imaging 

purposes already well-understood. For example, the properties of these particles can be adjusted to target 

brain tumors using surface-conjugation of glioma-specific ligands (Xie et al. 2011), while other researchers 

use nanoparticles ~100 nm in diameter in order to take advantage of the EPR effect from disrupted BBB 

(Chertok et al. 2008; Neuwelt et al. 2004), providing MRI contrast of the tumor interstitium as well as 

providing a potential carrier for drug delivery. 

 Although inorganic nanoparticles are common in both research and the clinic, some question 

exists about the safety of their use (Soenen et al. 2011), given that they are not biodegradable as are many 

nanoparticles currently in development. While several in vivo studies with metallic particles have shown no 

apparent toxicity, there is still concern about potential adverse side effects, particularly for inorganic 

particles that nonspecifically accumulate in non-target tissues or in healthy parts of the brain (Huang et al. 

2011). 

 

2.2.7. Brain tumor stem cells as a therapeutic target 

Recurrence is an unfortunate certainty for most GB patients. One population of GB cells thought 

to be responsible in large part for this is the brain tumor stem cells (BTSCs). BTSCs within the bulk tumor 

have stem-like properties, including the ability to initiate and repopulate a tumor even most of it has been 

removed, and they have also been found to be refractory to many conventional anti-cancer treatments like 

BCNU (Clarke et al. 2006; Kang and Kang 2007). They are therefore an attractive target for brain cancer 
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therapy research, including experimental techniques that may be able to overcome the drawbacks of 

conventional chemotherapy and radiotherapy. Aside from inducing cell death in BTSCs, terminal 

differentiation of BTSCs could prevent surviving stem cells from being able to repopulate a tumor. For 

example, delivery of certain micro RNAs (miRNAs) like miR-124 and miR-137 was found to cause 

terminal differentiation and cell death of murine BTSC mimics in vitro (Silber et al. 2008). In this case, a 

lipid-based, commonly used commercial gene delivery agent, Lipofectamine
TM

 2000 (Invitrogen) formed 

nanocomplexes with miRNAs for successful in vitro knockdown. Gangemi et al. used shRNA-expressing 

plasmid in a retroviral vector for in vitro knockdown of SOX2, a transcription factor found in stem cells to 

be important in self-renewal, and found that this inhibited BTSC proliferation, self-renewal, and tumor-

initiating capacity (Gangemi et al. 2009). Decreasing the stem-like properties of BTSCs in combination 

with the anti-tumor treatments described above may be an important and necessary aspect to add to current 

therapy regimens. 

 

2.2.8. Summary 

 Brain cancer research and medical practice have advanced over the past decades, but progress, 

while significant, has been incremental and slow. The use of nanoparticles in this field has been fueled by a 

lack of current solutions to many of the barriers that impede further progress. Clinical translation of these 

technologies, in particular, has been slow, as few related studies have reached clinical trials and fewer still 

for applications in the brain (Costantino and Boraschi 2012). Difficulties in translation of nanomedicine 

and its use in cancer therapy have been discussed in detail elsewhere (Stern et al. 2010).  

Nanoparticles are, however, inherently well-suited for cancer therapy simply due to their small 

size and their highly tunable physical, chemical, and biological properties.  The potential therapeutic value 

of nanomedicine is huge as several functions for drug delivery and imaging can be simultaneously 

incorporated. Examples include multi-step cancer targeting strategies and multimodal imaging agents as 

described above. With the additional consideration of using nanoparticles to engineer targeting cells like 

MSCs or using targeting MSCs to deliver nanoparticles, even more possible treatment paradigms are 

possible. Nanotechnology can allow researchers to develop novel strategies for delivering drug cargos and 

imaging agents while also allowing the providing chemical flexibility to modify and functionalize 
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nanoparticles, which may lead to a more comprehensive therapy for brain cancer.  

 

 

2.3. Nanotechnology as a tool for regenerative medicine 

2.3.1. Introduction 

 Stem cells are the focus of much research due to their potential in repairing damaged tissue from 

injury (Passier et al. 2008) or degenerative diseases (Slack 2000). In particular, stem cells, which can be 

expanded and manipulated in the laboratory, have been found to have the capacity to differentiate into cells 

of various lineages, providing a possible source of cells to replace damaged tissue (Robey 2000; Smith 

2001). Very broadly, these cells can be divided into the categories of pluripotent stem cells, traditionally 

derived from embryonic material, which can form tissues of all three germ layers and can form a whole 

organism (Keller 2005), and adult multipotent stem cells, which are more limited in differentiation capacity 

but which can in some cases be isolated in high abundance and without the ethical concerns surrounding 

the use of embryonic cells (Hodgkinson et al. 2009). For instance, adipose-derived stem cells, found in 

adipose tissue, can be easily collected and isolated in high yield, even from the patient receiving the 

treatment (Gimble et al. 2007). The development of induced pluripotent stem cells (iPSCs), adult somatic 

cells that can be reprogrammed to a pluripotent state, have also made the use of pluripotent stem cells 

possible with less ethical debate as well (Takahashi and Yamanaka 2006). However, the derivation of 

iPSCs relies on a safe and effective way of delivering reprogramming factors to cells, and the methods, as 

well as the exact cocktail of factors and the form that the factors should take, are still under development. 

Similarly, whether using pluripotent or adult multipotent stem cells, certain signals are necessary for the 

cells to behave as desired. These include biological signals, like growth factors or cytokines, and physical 

signals, such as any mechanical stresses applied to the cells and the environment in which they are cultured 

(Vogel and Baneyx 2003). Therefore, the three major components considered to be essential to engineering 

new tissues are: (1) cells; (2) scaffolds on which the cells are cultured; and (3) biological and mechanical 

cues (Chan and Leong 2008). 

 Nanotechnology can be a useful tool in regenerative medicine in all three of these areas. As 

mentioned, iPSCs are becoming a cell source of great interest in the field, and while numerous methods 
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have been described to derive these cells, the most efficient has thus far used genetic therapy of somatic 

cells, delivering genes for transcription factors that reprogram the cells. The initial report of this technology 

used viral transduction of fibroblasts with the reprogramming factors (Takahashi and Yamanaka 2006), as 

did other reports following this; however, as the use of viruses makes this technology less translatable due 

to safety concerns, several groups have carried out similar studies using non-viral chemical methods (Lin et 

al. 2009) or gene transfer via electroporation (Okita et al. 2013). While non-viral plasmid delivery has been 

used for this application, low efficiency is often a limiting factor (Yu et al. 2009). The development of 

nanoparticles with higher gene delivery efficacy could, therefore, provide a safe and efficient method for 

the derivation of iPSCs. 

 Once a stem cell source has been chosen and acquired, nanotechnology can also be used to deliver 

growth or differentiation signals. In particular, nanoscale gene delivery vehicles present a promising new 

way to administer biological or chemical signals to the cells. For instance, a hybrid system using a cationic 

polymer (polyethylenimine) and inorganic gold nanoparticles was used to for nanocomplexes with DNA, 

which, when printed onto a surface onto which mesenchymal stem cells (MSCs) were seeded, were able to 

deliver DNA to those stem cells (Uchimura et al. 2007). Delivery of siRNA to MSCs via polymeric 

nanoparticles was also able to enhance the cells' osteogenic differentiation (Tzeng and Green 2013).  

Micro- and nanoparticles can also be used for encapsulation and controlled release of growth 

factors as biological cues. Often, soluble factors are added directly to the cell culture medium to promote 

growth or differentiation; this would not be possible, however, in an in vivo system, in which delivery of 

factors at the right time is difficult or impossible, and generally mimics a bolus delivery system spaced 

hours or days apart, rather than a continuous, controlled delivery. Because of advances in the nanoscale 

drug delivery field, a wide range of materials with different properties can be used to achieve the desired 

factor delivery profile, among them polymers (Nkansah et al. 2008; Richardson et al. 2001; Zhang and 

Uludag 2009) and lipids (Sengupta et al. 2005) among the best-studied of these materials. Gene delivery 

nanoparticles can also provide the necessary growth factors, which are secreted continuously from cells and 

delivered to surrounding cells and media. For instance, PBAE nanoparticles have been used to deliver 

vascular endothelial growth factor (VEGF) to MSCs to promote angiogenesis (Yang et al. 2010). 

 Although controlled release of cues can provide temporal control in regenerative medicine, a 
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scaffold is generally needed to provide mechanical cues and spatial control. One way in which 

nanotechnology can play a role in scaffold design is to incorporate drug delivery nanoparticles into a 2-D 

surface or a 3-D scaffold, onto which cells are seeded. For example, electrospun scaffolds, composed of 

nanofibers, can be loaded with growth factors during fabrication, allowing the nanofibrous scaffold to serve 

as a substrate for cell growth as well as a drug delivery reservoir (Sill and von Recum 2008; Sun et al. 

2003). Biomolecule-loaded or -functionalized nanoparticles can be loaded within scaffolds (Engel et al. 

2008; Liu and Webster 2007; Tzeng and Lavik 2010) to deliver factors to cells. In addition to serving a 

drug delivery purpose, scaffolds were designed originally to mimic the tissue environment that was being 

repaired (Lanza et al. 2007). As many important features of extracellular matrix are in the submicron range 

(Wilkinson et al. 2002), a number of techniques have been developed to fabricate scaffolds with nanoscale 

architecture. These include nanofiber formation by electrospinning (Li et al. 2005; Yang et al. 2005) or 

amiphiphile self-assembly (Hartgerink et al. 2001; Madurantakam et al. 2009); phase separation (Yang et 

al. 2004); and nanopatterning by methods such as lithography, chemical etching, and chemical vapor 

deposition (Norman and Desai 2006; Teixeira et al. 2003). 

 

2.4. Summary 

 Nanotechnology is a growing field with applications in drug and gene delivery, brain cancer 

therapy, and regenerative medicine. In this thesis work, we studied the use of biodegradable, polymeric 

nanoparticles for DNA and siRNA delivery. We focused on the chemical and physical properties of the 

polymers and the nanocomplexes in order to understand structure-function relationships. The major disease 

model we used in this study was malignant brain cancer, with some proof-of-concept work also done to 

show the versatility of this method, with applications in treating other cancers and engineering stem cells. 
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2.5. Tables 

 

Table 2.1. Barriers to drug delivery to the brain and nanotechnology approaches to overcome them 

Barrier Approaches to overcome Examples 

Protection of therapeutic from 
degradation  

Condensation of nucleic acid cargo with poly(beta-amino 
esters) (Tzeng and Green 2013) or metallic nanoparticles 
(Kawano et al. 2006) 

Short drug 
half-life 

Increase circulation time 
Surface coating with "stealth" molecules like PEG (Hofheinz 
et al. 2005; Owens and Peppas 2006) 

EPR effect 
Small (<100 nm or <20 nm) inorganic nanoparticles 
accumulate at the tumor site (Chertok et al. 2008; Neuwelt 
et al. 2004) 

Global BBB disruption  
Use of hypertonic mannitol or vasoactive agents to increase 
BBB permeability (Blanchette and Fortin 2011) 

Coating with ligands for the LDL receptor, such as apoA-I 
(Kratzer et al. 2007), apoE (Zensi et al. 2009), or angiopep-2 
(Xin et al. 2011) 

Coating with surfactants that increase apolipoprotein 
deposition, like poloxamer 188 (Chen et al. 2011; Gelperina 
et al. 2010) 

Coating with cationized serum albumin (Lu et al. 2005) 

Conjugation to peptides derived from BBB-penetrating 
viruses (Liu et al. 2008; Liu et al. 2009) and toxins (van 
Rooy et al. 2011) 

Blood-brain 
barrier (BBB) 

BBB-penetrating nanoparticles 

Conjugation with ligands that bind BBB endothelial cells, 
such as transferrin (Gan and Feng 2010; Sahoo and 
Labhasetwar 2005) and insulin (Ulbrich et al. 2011) 
receptors 

Decrease nanoparticle size to  <70 nm (W. Lu et al. 2007) 
Increase nanoparticle 
diffusivity 

Surface-modification with dense layer of PEG (Nance et al. 
2012) 

Insufficient 
transport 
through 

brain 
interstitium 

Increase bulk fluid flow for  
nanoparticle convection  

Convection-enhanced delivery of PLGA (Sawyer et al. 
2011), lipid-based (Krauze et al. 2007; Saito et al. 2004), 
magnetic (Perlstein et al. 2008), dendrimer (Wu et al. 2006), 
and virus (Hadaczek et al. 2006) nanoparticles.  

Local delivery 
Direct injection of particles into tumor or tumor periphery 
(Hadaczek et al. 2006; Krauze et al. 2007; Perlstein et al. 
2008; Saito et al. 2004; Sawyer et al. 2011; Wu et al. 2006) 

Surface-modification with 
ligands targeting fast-growing 
cells 

Conjugation of nanoparticles to ligands like transferrin (Gan 
and Feng 2010; Sahoo and Labhasetwar 2005; Ulbrich et al. 
2009) or folate (Lu et al. 2004) 

Surface-modification with 
ligands targeting cancer cells 

Conjugation of nanoparticles to chlorotoxin (Nam et al. 2010; 
Veiseh et al. 2009) (Lyons et al. 2002), IL-13 (Madhankumar 
et al. 2006), CREKA peptide (Simberg et al. 2007), or 
glutathione (van Tellingen et al. 2010) 

Preferential nanoparticle 
degradation or disassembly in 
tumor environment 

Nanogels containing poly(N-isopropylacrylamide) for 
preferential release at lowered pH (Duan et al. 2011) 

NSCs and MSCs virally transduced to express cytosine 
deaminase (Aboody et al. 2000) or HSV-TK (Matuskova et 
al. 2010; Uchibori et al. 2009) for to sensitize to prodrugs 5-
FC and ganciclovir 

MSCs carry tumor-killing agent directly to brain tumor via 

transduction of IFN-! (Nakamizo et al. 2005) or infection with 

oncolytic virus (Sonabend et al. 2008) 

Non-specific 
delivery of 

drug to 
healthy 
tissue 

Engineering of tumor-homing 
stem cells to act as delivery 
vehicles 

MSCs carry nanoparticles loaded with imaging contrast 
agents (Huang et al. 2013; Roger et al. 2010; Wu et al. 
2008) 
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2.6. Figures 

 

 

Figure 2.1. Barriers to DNA and siRNA delivery. DNA plasmids and siRNA duplexes both face several 

challenges to successful delivery. While some of these are similar between the two types of nucleic acids, 

they have different ultimate intracellular fates. Therefore, design of biomaterials for delivery of these 

nucleic acids should have similar capacity to overcome barriers 1-4 but may use different mechanisms 

following that. 
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Figure 2.2. Examples of classes of biomaterials used for DNA and siRNA delivery. (Reproduced from 

Kozielski et al. 2013) 
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Figure 2.3. Major barriers in nanoparticle delivery to malignant glioma. These barriers can be 

overcome by various particle modifications, such as "stealth" surface coating, exploitation of the EPR 

effect, or conjugation with BBB-penetrating or -binding molecules. (Modified from Kozielski et al. 2013) 
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Figure 2.4. Targeted nanoparticle delivery to the brain. Unmodified control nanoparticles (left) showed 

low accumulation in the brain compared with RVG29-modified particles when injected i.v. into a mouse. 

Reprinted from Biomaterials, 30(25), Liu et al., Brain-targeting gene delivery and cellular internalization 

mechanisms for modified rabies virus glycoprotein RVG29 nanoparticles, 4195-4202, Copyright (2009), 

with permission from Elsevier (Liu et al. 2009; Tzeng and Green 2013a). 
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Figure 2.5. Passive nanoparticle transport through brain interstitium. Nanoparticles 30-40 nm in 

diameter were infused into the striatum of rats, either on their own in isotonic suspension (control), with 

hyperosmolar mannitol, or in isotonic suspension after pre-treatment with hyaluronidase or saline. The 

fluorescence image shows the distribution of nanoparticles within 1 mm from the injection site. All three 

treatment conditions served to increase the effective pore size in the brain extracellular space during 

(mannitol) or prior to (enzyme, PBS) nanoparticle infusion, resulting in increased transport. Reprinted from 

Brain Res, 1180, Neeves et al., Dilation and degradation of the brain extracellular matrix enhances 

penetration of infused polymer nanoparticles, 121-132, Copyright (2007), with permission from Elsevier 

(Neeves et al. 2007; Tzeng and Green 2013a). 
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Figure 2.6. Stem cell homing to tumors for imaging and delivery of therapeutics. MSNs were 

synthesized with two fluorescent dyes (FITC and ZW800, blue-green and near-infrared, respectively) and 

then loaded with 
64

Cu for MR imaging or Gd
3+

 for PET imaging. BM-MSCs were then loaded with the 

labeled MSNs. Diluting the number of cells showed a corresponding decrease in ZW800 signal (A). After 

tail-vein injection of loaded MSCs into a mouse orthotopic glioma model, PET signal was higher in the 

tumor 24 hr after injection than it was previous to injection (B). MRI signal was higher in MSC/MSN-

treated mice than in MSN-treated mice without MSCs (C). Fluorescence microscopy on tissue sections also 

showed higher accumulation at the tumor site by MSC/MSNs than MSNs alone. Reprinted from 

Biomaterials, 34(7), Huang et al., Mesenchymal stem cell-based cell engineering with multifunctional 

mesoporous silica nanoparticles for tumor delivery, 1771-1780, Copyright (2012), with permission from 

Elsevier (Huang et al. 2013; Tzeng and Green 2013a). 
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Figure 2.7. EGFR knockdown via lipid-based siRNA delivery for glioma treatment. A lipid-based 

nanoparticle containing plasmid coding for siRNA against EGFR demonstrated RNAi delivery as a genetic 

therapy for glioma. Mice treated with these liposomes had tumors significantly smaller than those treated 

with liposomes containing scrambled siRNA sequence or left untreated (a). The histology of tumors in 

these mice also showed downregulated EGFR expression (b), upregulated glial fibrillary acidic protein, 

indicating a change in phenotype (c), increased apoptosis by TUNEL staining (d), and decreased 

proliferating cell nuclear antigen (e). Reprinted with permission from Macmillan Publishers Ltd: [Cancer 

Gene Therapy], copyright (2006) (Kang et al. 2006; Tzeng and Green 2013a). 
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 Chapter 3: 

 

Properties of polymeric nanoparticles optimal for in vitro DNA and siRNA delivery 

to human glioblastoma (GBM) cells 

 

 

3.1. Introduction 

Approximately 184,300 new central nervous system (CNS) tumors are diagnosed annually, with 

50,000 of those originating in the CNS and the rest being metastases from other tumors (2010; CBTRUS 

2011; DeAngelis 2001; Klos and O'Neill 2004; Nguyen and DeAngelis 2007). Malignant gliomas are the 

most common primary brain tumor and are refractory to combinatorial surgical resection, radiation, and 

chemotherapy (McGirt et al. 2009; McGirt et al. 2009; McGirt et al. 2009). These tumors possess the 

ability to extensively invade surrounding tissue, making curative resection impossible (Jemal et al. 2002; 

NCI 2009; Stupp et al. 2005). As a result, experimental treatments like gene therapy are attractive for GBM 

patients. Despite the vast potential of gene therapy, viral methods are plagued with safety concerns 

(Thomas et al. 2003), while non-viral delivery vehicles often lack efficiency (Putnam 2006). A high-

throughput screening approach based on a synthetic library of cationic poly(!-amino esters) (PBAEs) has 

led to high transfection efficiency and low toxicity in many cell types (Bhise et al. 2010; Sunshine et al. 

2009), though they had not previously been tested in brain tumors. Hundreds of these polymers can be 

synthesized by combinatorial chemistry, and many cause superior transfection compared to leading 

commercial agents like Lipofectamine™ 2000 (Invitrogen), while also being less toxic to cells (Green et al. 

2008). We sought to apply and improve upon previously validated methods of non-viral DNA delivery for 

the treatment of primary human brain tumor cells, including the identification of efficacious reagents.  

Although much progress has been made in the field of DNA delivery, also of interest is the 

delivery of small interfering RNA (siRNA) to cause specific gene knockdown. In designing polymers with 

properties optimal for gene delivery, it is necessary to consider not only the polymer properties but also the 

                                                
  This chapter contains material modified from the following articles, previously published as:  

Tzeng SY, Guerrero-Cazares H, Martinez EM, Sunshine JC, Quinones-Hinojosa A, and Green JJ (2011). Non-viral gene delivery 

nanoparticles based on poly(!-amino esters) for treatment of glioblastoma. Biomaterials 32:5402-5410;  

Tzeng SY and Green JJ (2013). Subtle changes to polymer structure and degradation mechanism enable highly effective nanoparticles 

for siRNA and DNA delivery to human brain cancer. Adv Healthcare Mater 2(3):467. 
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interaction between the polymer and its nucleic acid cargo. For example, the ability to deliver both DNA 

and siRNA allows both up- and downregulation of a gene of interest, widely expanding the range of 

potential applications of gene therapy. While some researchers have used DNA delivery materials for 

successful siRNA delivery as well, we have found that for PBAEs, siRNA delivery is not necessarily 

maximized using polymers that were optimized for DNA delivery (Tzeng et al. 2012). Lipid-based 

formulations have been extensively studied, such as Lipofectamine
TM

 2000, used here for comparison, but 

these are also limited by high cytotoxicity and low stability in conditions of high salt or serum (Adair et al. 

2010; Spagnou et al. 2004). Other researchers have used PBAEs conjugated to solid particles or scaffolds 

in order to achieve siRNA-mediated knockdown (Giljohann et al. 2009; Lee et al. 2009). Nucleic acids of 

varying sizes and structures can have different biophysical properties, and their mechanisms and locations 

of action are often distinct. There is a need to understand on a mechanistic level how polymer properties 

should be tuned for the successful delivery of different types of nucleic acids within polymeric 

nanoparticles. 

 After initial studies to optimize transfection and polymer synthesis protocols and to identify top 

PBAE structures for DNA delivery to GBM cells, we synthesized a new array of PBAEs, focusing more 

closely on the base polymers with high efficacy in this cell type. Here, we show nanoparticle formulations 

with very high non-viral transfection efficacies (90%) for the delivery of both DNA and siRNA to primary 

human brain cancer cells. This is important because technologies like these could lead to the development 

of novel treatments for patients of GB, which has a very poor prognosis and a less than 5% 5-year survival 

rate with the current gold standard of care (CBTRUS 2011). Here, we introduce new polymer structures to 

broaden our previously-reported PBAE library (Green 2012) and demonstrate that, through controllable 

chemical and biophysical parameters, high efficacy for both DNA and siRNA delivery to human primary 

glioblastoma can be obtained. We find that the optimal PBAE polymer structure for intracellular delivery is 

dependent on the nucleic acid structure to be delivered. By studying various mechanistic steps necessary 

for intracellular delivery, including particle formation, particle stability, cellular uptake, pH buffering, and 

final protein production, we elucidate polymer properties that can contribute to each step. We further study 

a new set of reducible PBAEs whose properties are very different for DNA delivery compared to siRNA 

delivery, which may lead in the future to new classes of biodegradable and bioreducible polymers that are 
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specifically optimized for siRNA delivery. 

 

3.2. Materials and methods 

3.2.1. Materials 

 Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA), FuGENE
®

 HD (Roche, Indianapolis, IN), and 

X-tremeGENE
®

 HP (Roche) were optimized according to the manufacturers' instructions. Opti-MEM I 

(Invitrogen) and cell culture media components were used as received. pEGFP-N1 DNA (eGFP) from Elim 

Biopharmaceuticals (Hayward, CA) was amplified by Addgene (Fargo, ND). For gel electrophoresis, 

UltraPure
TM

 agarose was purchased from Invitrogen. siRNA against eGFP (siGFP) with 5'-

CAAGCUGACCCUGAAGUUCTT (sense) and 3'-GAACUUCAGGGUCAGCUUGCC (antisense) 

(Silencer® positive control) and a scrambled siRNA sequence (scrRNA) with 5'-

AGUACUGCUUACGAUACGGTT (sense) and 3'-CCGUAUCGUAAGCAGUACUTT (anti-sense) 

(Silencer® negative control #1) were designed by and purchased from Ambion, Inc. (Carlsbad, CA). 

Heparin was purchased from Sigma (St. Louis, MO). Label IT
®

 Tracker Cy3 Kit was purchased from Mirus 

Bio. 4!,6-diamidino-2-phenylindole dihydrochloride (DAPI) was purchased from Sigma (Saint Louis, MO) 

and used as a 750 nM solution in PBS. Other materials were reagent grade. 

3.2.2. Cell Culture 

 All intraoperative samples were obtained as described previously under institutionally approved 

protocols. Human brain tumor stem cells (BTSC line 319) were isolated from a GBM tumor sample of an 

adult patient (79 years old) diagnosed with GB, as previously described (Guerrero-Cazares et al. 2009). 

Briefly, necrotic tissue and blood vessels were removed from the tumor, which was dissociated 

mechanically and with trypsin/EDTA. After inhibition of trypsin with 1:1 DMEM/F-12 (Invitrogen) with 

10% heat-inactivated FBS and 1% antibiotic-antimycotic (anti-anti, final concentration 1X, Invitrogen), the 

cells were collected by centrifugation, and the serum-containing medium was replaced with BTSC 

neurosphere medium [1:1 DMEM/F-12, 2% B-27 serum-free supplement (B-27, final concentration 1X, 

Gibco, Bethesda, MD), 1% anti-anti, 20 ng/mL basic fibroblast growth factor (bFGF, Invitrogen), and 20 

ng/mL epidermal growth factor (EGF, Sigma, Saint Louis, MO)]. After isolation, they were maintained in 

astrocyte medium with serum (1:1 DMEM/F-12, 10% FBS, 1% anti-anti) as adherent cultures.   



 60 

3.2.3. Synthesis of Poly(!-amino esters) 

Initial synthesis protocol 

 PBAEs were synthesized in a two-step reaction using commercially-available small molecules 

(Figure 3.1). These small molecules were purchased from Acros Organics (E8), Alfa Aesar (B3, B4, B6, 

S3, S4, S5, E7, E10), Fluka (E6), Monomer-Polymer and Dajac Labs (B5), Sigma-Aldrich (E9), and TCI 

America (E3, E4, E5), and used as received. Briefly, for each polymer, one backbone monomer (labeled as 

B4, B5, or B6) was mixed with a sidechain monomer (S3, S4, or S5), either neat or as a 500 mg/mL 

solution in DMSO, at a 1.1:1 or 1.2:1 ratio of B:S. The mixture was stirred at 90°C for 24 hr to yield 

acrylate-terminated base polymers by Michael addition. Base polymers were endcapped with a small 

molecule (E3, E4, E5, E6, E7, E8, or E9) by dissolving endcapping molecules in DMSO (0.5 M) and 

adding 320 µL endcapping solution to 480 µL of 167 mg/mL base polymer in DMSO, then shaking the 

mixture at room temperature overnight. Final polymers were stored with dessicant at 4°C as 100 mg/mL 

solutions in DMSO. Polymers used for optimization experiments were stored in small aliquots at -20°C to 

minimize freeze-thaw of samples. In this work, polymers are referred to by their constituent monomers and 

B:S ratio (e.g. "B4-S5-E6, 1.2:1," or "456, 1.2:1"). 

Optimized synthesis protocol 

 Similar to the above method, one backbone diacrylate monomer (B3, B4, or B5) was mixed with 

one sidechain monomer (S3, S4, or S5) at a 2:1, 1.5:1, 1.2:1, 1.1:1, or 1.05:1 molar ratio of B:S . The 

reaction was carried out with stirring for 24 hr at 90°C to allow formation of the base polymer (B-S). The 

base polymer was dissolved in DMSO at 167 mg/mL, and 480 µL of B-S in DMSO was mixed with 320 

µL of a 0.5-M solution of one end-capping monomer (E3, E5, E6, E7, or E10) and vortexed for 20 sec at 

room temperature. The resulting polymer (B-S-E) at 100 mg/mL concentration of B-S in DMSO was kept 

at room temperature for 1 hr without shaking to allow completion of the reaction while minimizing chain 

cleavage as a side reaction, then stored at -20°C unless otherwise indicated. 
1
H-NMR showed that end-

capping was complete after 1 hr at room temperature for all end-caps except E10, which required an 

additional 4 days for acrylate groups to react completely. E10-terminated polymers were incubated at room 

temperature for 5 days to allow completion of the end-capping reaction as determined by 
1
H-NMR (Figure 
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3.2, Table 3.1), then stored at -20°C to avoid further reaction during storage.  

3.2.4. Chemical analysis of polymers 

 Optimized polymers used in this study, including base polymers (B-S) as well as end-capped 

polymers (B-S-E), were dissolved in BHT-stabilized tetrahydrofuran with 5% DMSO and 1% piperidine, 

filtered through a 0.2-µm PTFE filter, and measured with gel permeation chromatography (GPC; Waters, 

Milford, MA) to determine molecular weight distribution. Polymer degradation rate was measured by 

diluting free polymer in solution or polymer-nucleic acid nanoparticles in 150 mM buffers of pH 5, 6, or 7 

(sodium acetate, citrate, or phosphate, respectively) at a final polymer concentration of 0.25 mg/mL. 

Samples were incubated at 37°C with shaking. At various time points, samples containing 5 mg polymer 

were removed, snap-frozen with liquid nitrogen, and lyophilized 48 hr before being dissolved in GPC 

buffer (above) and analyzed. 

 For 
1
H-NMR analysis, the E3, E7, and E10 end-caps alone, B4-S3 base polymer on its own at 

1.2:1 and 1.1:1 acrylate:amine ratio, and fully end-capped 433, 437, and 4310 at both acrylate:amine ratios 

were dissolved at 10 mg/mL in deuterated DMSO with 0.03% v/v tetramethylsilane (TMS) as an internal 

standard. NMR spectrum acquisition was done using a 400 MHz Bruker and TopSpin 2.0 software. 

Spectral analysis was done using NMR Processor v.12 (ACD Labs, Toronto, Canada). 

3.2.5. DNA Delivery to JHGBM319 Cells 

Nanoparticle Uptake 

Plasmid eGFP DNA or scrRNA was labeled with Cy3 using Label IT Tracker kit (Mirus Bio) 

according to the manufacturer's instructions. Briefly, a solution of 125 µg/mL DNA and 100 µL/mL Label 

IT Tracker reagent or 8.3 µM scrRNA and 83 µL/mL Label IT Tracker reagent was prepared in buffer, then 

incubated at 37°C for 3 hr on an orbital shaker. The labeled nucleic acid was precipitated with ethanol in 

300 mM sodium acetate buffer and cooled at -20°C for 30 min. The nucleic acid was pelleted by 

centrifugation at 15,000 g at 4°C for 15 min, then washed with 70% ethanol and centrifuged again. The 

dried pellet was reconstituted in  at a concentration of 0.5 mg/mL, and concentration was verified using by 

absorbance at 260 nm using a Nanodrop 2000 with associated software (v. 1.4.1) (Thermo Fisher, 

Waltham, MA). The absence of protein from the solution was measured by absorbance at 280 nm 
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(A260/A280 ! 1.7). The labeled nucleic acid was diluted with unlabeled nucleic acid to a final dye-to-

nucleotide molar ratio of 1:350 for both DNA and scrRNA.  

Transfections were then carried out on JHGBM319 cells. Cells were cultured in complete 

astrocyte medium. Before transfections, they were trypsinized and seeded into flat-bottom, tissue culture-

treated 96-well plates at 1.5*10
4
 cells/well in 100 µL medium per well. Cells were allowed to adhere 

overnight at 37°C and 5% CO2. Twenty-four hr after cell seeding, Cy3-eGFP plasmid DNA or Cy3-

scrRNA was diluted in 25 mM sodium acetate buffer (pH 5) (NaAc) to a concentration of 0.06 mg/mL. 

Polymer was diluted in NaAc (3.6 mg/mL) and added to DNA solution in a 1:1 volume ratio, for a final 

polymer-to-DNA weight ratio (w/w) of 60. This solution was mixed by pipetting, then incubated at room 

temperature for 10 min for complexation and self-assembly to occur between the positively charged 

polymer and the negatively charged nucleic acid. The resulting nanoparticles were added to cells in 

complete medium for a final nucleic acid dose of 5 µg/mL with n=4 replicates. Note that the siRNA 

concentration used here for uptake is higher than that used in knockdown experiments (see below) in order 

to be able to directly compare DNA and siRNA uptake. Cells were incubated with the particles for 2 hr 

before the media were changed and replaced with complete GBM medium. Immediately after the 

incubation period, media were aspirated, and the cells were washed with PBS. In a duplicate set of plates, 

cells were then incubated with 50 µg/mL solution of heparin in water at room temperature for 15 min 

before aspirating the heparin and washing the cells once more with PBS. All cells were then trypsinized 

and analyzed using high-throughput flow cytometry. The percentage of cells with uptake was calculated 

using Cy3 signal from the FL2 detector (emission: 580/40 nm). 

Initial Screenings of Polymer Formulations 

 JHGBM319 astrocytes were plated in 24-well plates at a density of 75,000 cells/well 24 hr before 

transfection. Just before transfection, all culture media were replaced with serum-free DMEM/F-12 (1:1). 

EGFP plasmid DNA was delivered to GBM astrocytes as previously described (Green et al. 2006). Briefly, 

DNA and polymer were each diluted in 25 mM NaAc, then combined at a 30:1, 60:1, 90:1, or 120:1 

weight/weight ratio (w/w) of polymer to DNA (volume ratio was 1:1 in each case). The mixture was 

incubated for 10 min to allow complexation to occur, then added to the cell medium at a volumetric ratio of 

1:5 complexes to culture medium. Lipofectamine 2000 and FuGENE HD were prepared according to the 
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manufacturers' instructions and used as positive controls, with FuGENE HD used at a ratio of 4 µL reagent 

to 1 µg DNA and Lipofectamine at 2.5 µL reagent to 1 µg DNA. The dose used was 1.5 µg DNA per well 

unless stated otherwise. After 4 hr incubation time at 37°C, the particles and transfection medium were 

aspirated and replaced with fresh complete astrocyte medium.  

After 48 hr, cells were fixed with 10% buffered formalin for 20 min, stained with DAPI for 5 min, 

and stored in PBS at 4°C for up to 1 week. Using a Zeiss Observer, fluorescent images were taken (total of 

6 images per experimental group). The number of DAPI
+
 cells were counted in ImageJ to calculate viability 

(expressed as a percentage of untreated controls, mean±standard error). The number of GFP
+
 cells were 

counted in ImageJ and normalized to the number of cells in the same image to calculate transfection 

efficiency (expressed as a percentage, mean±standard error). 

Top formulations, along with FuGENE HD and Lipofectamine 2000, were used in repeat 

experiments with complete culture medium as the transfection medium to assess the efficacy of the 

reagents in 10% FBS. Doses between 0.15 µg to 1.5 µg DNA per well were tested to find a dose that would 

allow at least 80% viability. Viability and transfection efficiency were quantified after 48 hr as described 

above. 

Long-term expression after DNA transfection 

JHGBM319 cells were transfected with eGFP DNA in 24-well plates as described. Images of the 

cells were taken at various time points, and ImageJ was used to count the number of GFP
+
 cells in each 

group over time. A small fraction of cells remained GFP
+
 for many months in each PBAE-transfected 

group. After 3 months of culture, cells transfected with 453, 1.2:1, were sorted by fluorescence activated 

cell sorting (FACS) (FACSort, BD Biosciences), and the 1.2% of cells that had remained GFP
+
 were 

cultured in complete GBM medium. They were sorted again by FACS after 7 passages to isolate the 

remaining 44.6% of cells that were still GFP
+ 

(referred to henceforth as GFP-GBM), then used at P2-P8 for 

all the following studies. 

DNA screening with optimized polymer formulations 

 JHGBM319 cells were transfected as described above with unlabeled eGFP plasmid DNA. 

Polymer-to-DNA w/w ratios from 30-90 were tested (1.8-5.4 mg/mL polymer diluted in 25 mM sodium 
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acetate was mixed with 0.06 mg/mL DNA in sodium acetate at a 1:1 volume ratio). For initial screening, 

final DNA dose was 5 µg/mL for all polymer treatment groups. Selected polymers were also retested with 

transfection in the absence of serum by replacing the cell medium with serum-free medium prior to the 

transfection. 

After 24 hr, an MTS assay (CellTiter Aqueous One, Promega, Madison WI) was used to assess 

cell viability according to the manufacturer's protocols. After 48 hr, cells were trypsinized and transferred 

to round-bottom 96-well plates in 1xPBS with 2% FBS. eGFP expression was measured by flow cytometry 

using an Accuri C6 flow cytometer with an Intellicyt high-throughput loader. Reported values are the 

percent of GFP
+
 cells calculated using the signal from the FL1 detector (emission: 530/30 nm). 

 

siRNA Delivery to GFP
+
 JHGBM319 (GFP-GBM) cells 

 GFP-GBM cells were plated in 96-well plates at 1.5*10
4
 cells/well and allowed to adhere 

overnight. Before transfection, the GFP signal from each well was measured using a fluorescence 

multiplate reader (Synergy 2, Biotek). Background signal was subtracted using GFP-negative JHGBM319 

cells seeded alongside the GFP-GBM cells in complete GBM medium.  Nanoparticles were prepared as 

described above, using siRNA against eGFP instead of DNA. siRNA was diluted in 25 mM sodium acetate 

to 10.8 µg/mL, then mixed with polymer in sodium acetate at 1.08-4.32 mg/mL (100 or 400 w/w polymer-

to-siRNA ratios as indicated below to approximate the final polymer concentration used in DNA 

transfections). The final dose of particles added to each well in initial screening experiments was 60 nM 

siRNA (0.9 µg/mL). Cells were incubated with the particles for 4 hr before the media were replaced with 

fresh, complete GBM medium. For each polymer condition tested, one group (n=4) was treated with 

siRNA against eGFP (siGFP) and another with scrambled siRNA (scrRNA) complexed with the same 

polymer as a paired control. Conditions were also tested in a serum-free medium transfection. Selected 

polymers were also tested by transfection with 30 nM, 10 nM, or 5 nM final siRNA concentration with a 

wider range of polymer-to-siRNA w/w. 

 After 24 hr, an MTS assay was used to assess cell viability as described previously. Each day, the 

fluorescence plate reader was used to measure the GFP signal. Knockdown was calculated by subtracting 

background from all wells and normalizing the signal from siGFP-treated cells to the signal from scrRNA-
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treated cells. After 5 days, high-throughput flow cytometry was used to measure the intensity of GFP 

fluorescence from each cell (FL1 detector). 

3.2.6. Nanoparticle characterization 

Nanoparticle Tracking Analysis (NTA) 

 DNA or siRNA was diluted in 25 mM sodium acetate buffer (pH 5). Polymer was diluted in 

sodium acetate and added to DNA or siRNA solution in a 1:1 volume ratio, for a final polymer-to-DNA 

weight ratio (w/w) of 30-150 and final nucleic acid concentration of 5 µg/mL. This was mixed by pipetting, 

then incubated at room temperature for 10 min for complexation to occur. The resulting nanoparticle 

suspension was diluted 1:100 in 1xPBS, then measured using a NanoSight NS500 and analyzed with 

NanoSight NTA 2.2 software. Reported values are number-weighted. 

Polymer-nucleic acid binding assay: fluorescence quenching 

 The fluorescent dye Yo-Pro®-1 Iodide (Molecular Probes®, Invitrogen) (Yo-Pro) was used to 

quantitatively measure the strength of polymer-to-nucleic acid binding. Stock DNA or siRNA was diluted 

in 25 mM sodium acetate buffer (pH 5) to a final concentration of nucleic acid bases of 1.33*10
-6

 M. Yo-

Pro was then diluted the same way to the same final molar concentration. The nucleic acid solution was 

aliquotted to each well of a black opaque 96-well plate (50 µL/well) and mixed with 50 µL of Yo-Pro 

solution. The polymer was then diluted in sodium acetate at a range of repeat unit concentrations (from 0-

512 times the concentration of Yo-Pro). 50 µL polymer solution was then added to the nucleic acid/Yo-Pro 

complexes. After 10 minutes, a fluorescence multiplate reader was used to measure the Yo-Pro 

fluorescence from each well. Fluorescence quenching correlates with polymer binding to nucleic acid 

through the displacement of Yo-Pro and was used to assess binding strength. 

 To test the effect of increased salt concentration on release, after the initial fluorescence reading at 

10 min, 50 µL of 1xPBS or 4xPBS was added to each well, with a final osmolarity of approximately 37.5 

mM and 150 mM, respectively. After 15 min, the fluorescence was again measured with the plate reader. 

Linear interpolation was used to calculate the polymer concentration that caused 50% or 95% Yo-Pro 

quenching for each condition. 

Polymer-nucleic acid binding assay: gel electrophoresis 

Gel retardation assays were carried out by adding polymer of varying concentrations in sodium 
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acetate buffer to a constant concentration of DNA or siRNA in sodium acetate, as with normal particle 

preparation protocols (above). After 10 min of incubation, a solution of 30% glycerol in water is added at a 

1:5 volumetric ratio as a loading buffer. Bromophenol blue or other dyes were not added to minimize 

interference with binding. Samples were loaded into a 1% agarose gel with 1 µg/mL ethidium bromide at 

125 ng DNA or siRNA per well. Samples were run for 15 or 30 min for siRNA and DNA, respectively, 

under 100 V, then visualized using UV exposure. Lack of visible band was considered complete 

complexation of the nucleic acid by polymer. 

 To test the effect of a reducing agent, after 10 min of complexation, 1xPBS buffer alone or 1xPBS 

with L-glutathione (GSH) was added to each tube of particles, with a final GSH concentration of 5 mM. 

Samples were immediately loaded into a 1% agarose gel and run for 15 or 30 min under 100 V before 

visualization under UV. 

 To observe release kinetics, eGFP DNA or siRNA was complexed with a polymer as above, then 

diluted 1:5 (v/v) in a 150 mM buffer solution of pH 5 (sodium acetate), pH 6 (sodium citrate), or pH 7 

(PBS) and incubated at 37°C with shaking. At various time points, loading buffer was added, and the 

samples were loaded onto a 1% agarose gel and run for 30 or 15 min for DNA or siRNA, respectively, 

under 100 V. The gels were soaked in 1 µg/mL ethidum bromide in 1xTAE buffer for 15 min, destained in 

water for 15 min, and visualized using UV exposure. 

3.2.7. Comparison of nucleic acids of varying lengths and structures 

 The eGFP DNA plasmid used in this study was circular and 4733 bp, while the siRNA used was 

linear and 21 bp. In order to test a wider range of sizes and structures, the circular pEGFP-N1 plasmid was 

digested with BsrGI restriction enzyme (New England Biolabs, Ipswich, MA), yielding a single band 

corresponding to the linearized 4733 bp plasmid, which was isolated and extracted using a gel extraction kit 

(Qiagen, Valencia, CA) according to the manufacturer's protocol. For a smaller sample, pUC19 was 

digested with sspI-HF and pvuII restriction enzymes (New England Biolabs), yielding four fragments (322, 

491, and 1873 bp). The 1873-bp fragment containing the amp
R
 gene and origin of replication was isolated 

and purified as above. This was then ligated using T4 DNA ligase (New England Biolabs) at room 

temperature for 2 hr, transformed into DH5! competent cells (Invitrogen), plated onto LB Agar (Sigma) 

with 100 mg/mL carbenicillin, and incubated for 24 hr at 37°C. Resulting colonies were grown in 2XYT 
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(Sigma) with 100 mg/mL carbenicillin with continual shaking for 16 hr. The 1873-bp plasmids were 

isolated using QIAprep Spin Miniprep Kit (Qiagen) and verified by digesting with sspI and bglI. These 

plasmids were amplified in DH5! cells and isolated as needed.  

Larger plasmids obtained from Addgene included pEP4-E02S-ET2K [Addgene plasmid 20927 

(Yu et al. 2009)] and pCEP4-M2L [Addgene plasmid 20926 (Yu et al. 2009)], which are approximately 

17500 bp and 13000 bp, respectively. A 100% concatenated version of pCEP4-M2L was isolated by 

Aldevron (Fargo, ND) and was approximately 26000 bp in total. 

To compare the effect of nucleic acid size or structure on nanoparticle properties, all of the 

aforementioned nucleic acids (linear siRNA, 21 bp, "siRNA"; circular DNA, 1873 bp, "S-DNA";  pEGFP-

N1 circular DNA, 4733 bp, "M-DNA"; pEGFP-N1 linear DNA, 4733 bp, "lin-M-DNA"; circular DNA, 

17500 bp, "L-DNA"; and concatenated circular DNA, 26000 bp, "con-DNA") were used for binding 

studies using Yo-Pro quenching and gel retardation and for nanoparticle size measurements using NTA as 

described above. 

3.2.8. Statistics 

 Unless otherwise stated, reported values are mean ± standard error of the mean. Statistical 

significance (p<0.05) between paired data sets were done using two-tailed Student's t-tests with a 

Bonferroni correction for multiple comparisons. One-way ANOVA with post-hoc Dunnett’s tests were 

used to determine statistically significant differences (p<0.05) between multiple groups and a control. 

GraphPad Prism v5.0b and Matlab v.R2010b were used for statistical analysis. 

 

3.3. Results 

 Using fluorescent protein-coding plasmid vectors as an indicator of successful gene delivery, we 

sought to optimize the efficacy and nonspecific cytotoxicity of PBAEs in primary GBM astrocytes. We 

identified several PBAE structures that could be used as efficient gene delivery agents to brain cancer cells. 

Although gene therapy is emerging as an attractive option with great potential to treat GB, most groups 

have thus far investigated viral or cellular vectors, which may carry additional safety risks. Furthermore, 

the differences in structure necessary for DNA and siRNA delivery are presented below, along with trends 

common to both types of cargo. 
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3.3.1. Polymer synthesis 

 Polymers of varying molecular weights were successfully synthesized (Table 3.2) using the 

monomers summarized in Figure 3.1. In this report, polymers are referred to by their constituent 

monomers: diacrylate backbone monomer “B,” side chain amine “S,” and end-group small molecule amine 

“E.” Polymers are also referred to by their B:S molar ratio, which determines polymer molecular weight. 

For example, polymer "457, 1.2:1" is composed of monomers B4, S5, and E7 and was synthesized at a 

B4:S5 molar ratio of 1.2:1.  The molecular weight increased as the B:S ratio approached unity, with 1.2:1 

the shortest chains and 1.05:1 the longest. End-capping had minimal effect on chain length. 

3.3.2. DNA Nanoparticle uptake using initial (non-optimized) polymers 

The ability of PBAEs to facilitate DNA entry into the cell was assessed by fluorescence imaging. 

Using peak absorbance values, one Cy3 molecule was calculated to have been conjugated approximately 

once per 83 nucleotides. For initial studies, this labeled DNA was not diluted with unlabeled DNA, 

allowing for maximum signal strength. DNA enters JHGBM319 cells efficiently using a wide range of 

polymers with varying structures (Figure 3.3). Within hours after transfection, most if not all cells have 

taken up nanoparticles. Of note, however, is that the Cy3 signal indicates only the presence of DNA in the 

cell and does not provide information on the plasmid's integrity or exact location. It is known that many 

downstream barriers to gene delivery exist following entry into the cell, including escape from the acidic 

endosome, trafficking to the nucleus, and transcription and translation of the gene (Akinc and Langer 2002; 

Boussif et al. 1995; Varga et al. 2005). Although many studies of nucleic acid delivery use uptake as a 

measure of successful transfection, efficient uptake is likely necessary but not sufficient for high transgene 

expression. In particular, although polymers 455 and 447 were among the most successful polymers to 

cause transgene expression, most of the other polymers tested also cause uptake in as many cells as do 455 

and 447 (Figure 3.3). 

3.3.3. DNA delivery to GBM astrocytes: initial screen 

PBAEs similar to some of those studied here have been found to be effective in overcoming 

intracellular barriers to gene delivery (Akinc and Langer 2002; Green et al. 2007; Putnam 2006) in addition 

to simply facilitating uptake. To identify the most effective of those polymers, they were used to transfect 

JHGBM319 astrocytes with eGFP plasmid DNA at polymer-to-DNA weight-to-weight (w/w) ratios from 
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30:1 to 120:1. Formulations of polymeric nanoparticles administered in the absence of serum show variable 

transfection efficiency and viability in JHGBM319 astrocytes depending on polymer structure (Figure 3.4). 

All were used at a dose of 1.5 µg DNA per condition unless otherwise stated. Because a simple 

combinatorial synthesis scheme was used to design the library of PBAEs used in this study, many distinct 

molecules could be tested. Although some trends were observed, it was also found that changes as small as 

one or two atoms in the base monomers could alter the polymers' effects on cells. For instance, all polymers 

tested with the E7 end cap showed transfection efficiency above 15%; however, both 447 and 457 showed 

significantly higher transfection at the same w/w ratios than 657 (for 30 w/w, 38.4±3% and 45.1±5% for 

447 and 457, respectively, compared to 18.4±1% for 657). The same is true of 454, which was more 

effective than 554, and of 455, which was more effective than both 545 and 655. 

To further narrow the range of PBAEs most effective in GBM gene delivery, top formulations 

were tested again, using a wider range of dosages (0.15 to 3.0 µg DNA per condition) and in the presence 

of 10% FBS. In agreement with studies by other groups on lipofection (Dodds et al. 1998; Felgner et al. 

1987; Hofland et al. 1996), the lipid-DNA complex formed by Lipofectamine 2000 was found here to be 

much less effective at gene transfer in the presence of serum, though its intrinsic toxicity was also lessened 

at lower doses (Figure 3.5B and C).  

Many PBAEs, on the other hand, remained effective in the presence of serum. A subset,  

compared favorably to results from FuGENE HD and Lipofectamine 2000 transfection, yielding higher 

transfection efficiency at the optimal dose and still retaining 80% or greater viability (Figure 3.5B). For 

instance, one of the leading polymers found in this study was 447, used at a 30:1 w/w ratio to DNA, which 

transfected up to 60.6±5 % of cells in the absence of serum or, at a lower dose and in serum-containing 

medium, 40.0±2 % of cells while maintaining 82.5±4% viability. At doses low enough for Lipofectamine 

2000 to maintain 80.1±2% viability, its transfection efficiency was decreased to 13.6±2%. 

3.3.4. Duration of transgene expression  

 Polymeric methods of gene delivery are thought to be safer than virus-mediated delivery partly 

because of the reduced likelihood of inflammatory response and insertional mutagenesis. Because polymer-

delivered plasmids integrate only rarely into the host cell's genome, however, a potential concern is that 

expression of the transgene will be too transient. When JHGBM319 astrocytes were transfected with eGFP 
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plasmids in the presence of 10% serum, expression Lipofectamine 2000 expression became visible first of 

all tested conditions (within 5 hr). However, it also declined the most quickly, decreasing to between 0-5 

cells per microscope field (10x magnification) at the same time that FuGENE- and PBAE-mediated 

expression was still increasing. Of the reagents tested, PBAE 456 peaked latest in the number of cells per 

well (between 7-8 days), while the other PBAEs and FuGENE peaked slightly earlier, at 4-6 days (Figure 

3.6). It should be noted that this number was not normalized to the number of total cells per field; however, 

the consistently increasing number of eGFP
+
 cells beyond the first few days suggests that GFP plasmids 

may be retained through the cell divisions during that time and are not completely silenced even after two 

weeks. 

 Forty days later, all groups except Lipofectamine 2000 contained some GFP
+
 cells, including one 

of the most promising polymers from initial screens, PBAE 447 (Figure 3.6).  Interestingly, in the 

experimental group transfected with PBAE 453, the number of GFP
+
 cells steadily increased up to the 40th 

day. Because of higher toxicity, 453 had not been included in optimization experiments; however, as a 

consequence of this toxicity, the increasing number of stably transfected GFP
+
 cells was visually clear, as 

shown in Figure 3.6. In each of the other PBAE formulations, a small group of cells (0.5-1.1%)  appeared 

to be stably GFP
+
 after 70 days. 

 This raises the possibility that delivered transgenes could be continually expressed in a small 

number of cells that can act as long-term reservoirs for human brain cancer therapeutics.  Instead of 

transfection lasting only a few days or weeks, as is typical of  non-viral gene delivery, long-term protein 

expression could be achieved. Long-term expression may be important for diseases like brain cancer, where 

treatment will likely need to persist to completely eradicate all tumor cells or to continually slow tumor 

growth. At the same time, the low frequency (<1%) of chromosomal insertion greatly reduces the 

probability that a tumor suppressor gene or other essential gene will be disrupted and therefore cause de 

novo mutations. 

3.3.5. Nanoparticle characterization using optimized polymers 

 The nucleic acids used in these studies were siRNA (linear, 21 bp), small circular DNA plasmid 

(1873 bp, "S-DNA"), medium circular DNA (4733 bp, "M-DNA"), medium linearized DNA (4733 bp, "lin-

M-DNA"), long circular DNA (17522 bp, "L-DNA"), and long concatenated DNA (25704 bp, "con-
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DNA"). Henceforth, if the type of DNA is not specified, "DNA" refers to M-DNA, or pEGFP-N1 plasmid 

for enhanced green fluorescent protein (eGFP) expression.  

 Polymers used for nanoparticle characterization studies were selected to be structurally diverse, 

each containing a different end-cap and base polymer. Nanoparticle formation was driven by the 

electrostatic interaction and self-assembly between positively charged polymers and negatively charged 

nucleic acids. Three molecular weights were tested for each polymer type. Summarized in Figure 3.7A-B 

are nanoparticles that were subsequently found to have different DNA and siRNA delivery efficacies, with 

453 representing a polymer somewhat effective for both, 356 effective for DNA but not siRNA, and 4310 

more effective for siRNA than DNA. As seen in Figure 3.7A, the nanoparticles formed with DNA were 

typically 100-150 nm in diameter. There was relatively little variation in size among all 27 polymeric 

nanoparticle formulations tested. Generally, different lengths and structures of DNA showed similar 

particle formation patterns; siRNA-loaded particles were generally smaller (60-120 nm). The sizes of all of 

the formed nanoparticles (60-180 nm) are in the range conducive to cellular uptake.(Midoux et al. 2008) 

The zeta potential of all tested polymers was positive but not excessive, with most formulations <+10 mV 

in 1X PBS buffer. E10-terminated PBAE 4310 showed the highest zeta potential with both DNA and 

siRNA (Figure 3.7C). 

3.3.6. DNA and siRNA uptake by GBM cells using optimized polymers 

 The DNAs and siRNA were labeled with Cy3 and used to form nanoparticles with PBAEs. 

Transfection in 10% serum showed high levels of cellular uptake (Figure 3.7D). To differentiate 

electrostatically bound particles on the cellular surface from true internalization, replicate cell wells were 

analyzed with and without washing with heparin. Cellular uptake was efficient, as almost all cells that were 

Cy3
+
 for cellular association were also Cy3

+
 for cellular uptake (Figure 3.8). Nanoparticles composed of 

longer molecular weight polymers caused higher uptake for certain nanoparticle types, with correlation 

coefficients of r
2
=0.79, 0.74, 0.53, 0.31, and 0.01 for base polymers 34, 43, 35, 44, and 45, respectively 

(Figure 3.7F). E10-terminated polymers were not included in this analysis, as most versions of these 

polymers tended to cause very high uptake and are examined as a separate class below. While siRNA 

uptake followed a similar profile to DNA uptake, there was generally lower uptake of siRNA compared to 

DNA when both types of nucleic acid were used at the same dose and weight ratio to polymer (Figure 
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3.7E). This trend was visible in all of the groups and was statistically significantly in half of them. 

Lipofectamine
TM

 2000 showed the reverse trend; uptake was higher when encapsulating siRNA rather than 

DNA. The composition of the base polymer (B-S) also had a much greater effect on uptake than the end-

cap (E), as seen through the comparison between 357, 1.05:1, and the related 353, 355, and 356. The 

exception to this is the end-cap E10 (3510), which showed much higher uptake than other polymers with 

the same 35 base.  

High uptake required nanoparticles with an intermediate size range of 100-150 nm, although 

inclusion in this size range alone was not sufficient to cause high uptake (Figure 3.7G). siRNA-containing 

nanoparticles tended to have a smaller size requirement for high cellular uptake compared to DNA-

containing nanoparticles. PBAEs were found to facilitate high DNA uptake of 98±0.3% and siRNA uptake 

of 98±2%, both in human GBM cells; longer backbone (B) monomers, such as in the case of 44- and 45-

based polymers, tend to be more effective and show a less significant discrepancy between DNA and 

siRNA delivery. As will be shown subsequently, both small particle size (60-150 nm) and high cellular 

uptake were necessary but insufficient requirements for effective transfection of DNA and siRNA. 

Differences in transfection efficacy between DNA and siRNA nanoparticles using the same polymer are 

not due to particle formation ability, as DNA- and siRNA-nanoparticles were generally measured to be at 

the same or similar concentrations (0.5-2.5 x 10
8
 nanoparticles/µg nucleic acid; Figure 3.9).  

3.3.7. DNA delivery to GBM cells using optimized polymers 

 In order to compare our materials to the optimal performance of commercially available reagents, 

two leading commercial agents, Lipofectamine
TM

 2000 and X-tremeGENE HP were screened for 

transfection efficacy and toxicity in JHGBM319 cells (Figure 3.10). Based on relatively low (<30%) 

cytotoxicity and high (>60%) transfection, Lipofectamine
TM

 2000 at 2.5 µg/mL final DNA concentration 

per well was used as the point of comparison for further studies. Higher dosages resulted in too high 

cytotoxicity (~60%), and Lipofectamine
TM

 2000 performed as well or better than X-tremeGENE HP with 

these cells. As seen in Figure 3.11A, transfection of up to ~90% were achievable with several PBAE 

formulations. This figure also shows trends relating the structure of the polymer to its transfection efficacy. 

Polymers are grouped on the x-axis by end-cap (E). Within each E, polymers increase in hydrophobicity 

(estimated here as the number of methylene units in each B-S subunit) from left to right. Within each of 
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these groupings, molecular weight increases from left to right. When all polymer formulations that caused 

>10% toxicity are removed from the data set (Figure 3.11B), there are still eleven formulations that are 

significantly superior (!=0.01) to the transfection efficacy of the optimized Lipofectamine control and one 

more that is significant at a lower critical value (!=0.05). The top DNA nanoparticle formulations are 433, 

1.1:1, 90 w/w; 455, 1.1:1, 60 w/w; and 436, 1.1:1, 90 w/w. This comparison allowed higher cytoxicity in 

the Lipofectamine positive control (30±20%) than in the PBAE-based samples <10%). If Lipofectamine is 

held to the same stringent criterion by using results from a dose that caused only 7±8% toxicity, then 78 of 

the polymeric nanoparticle formulations are significantly superior with p<0.05 (not shown in figure). 

 Although it is apparent from the overview in Figure 3.11A that increasing hydrophobicity and 

molecular weight both increase the transfection efficacy of the polymers, when transfection efficacies of 

the entire polymer array at 60 w/w (mass polymer to mass DNA) are plotted against weight-averaged 

molecular weight (Mw), there is no clear correlation (Figure 3.12A), with r
2
=0.12. However, when 

molecular weight as a variable is isolated from confounding factors, the correlation becomes clearer. For 

example, for polymers based on B3-S4, transfection increases exponentially with increasing molecular 

weight within each of the end-caps, with a correlation coefficient of r
2
>0.98 in all cases (343, 345, 346, 

347) except that of 3410 polymers (Figure 3.12B). The B3-S4 polymers generally did not have high 

transfection capability, however, so the range over which transfection increases is fairly small. A more 

interesting example is that of B3-S5 polymers, which show a linear correlation within each of the end-caps 

with similarly high correlation coefficients (r
2
>0.96 for all (353, 355, 356, 357) except 3510 polymers, 

which had r
2
=0.47 (Figure 3.12C). This trend spanned from 10-20% transfection with low Mw polymers to 

60-70% transfection with high Mw polymers. Interestingly, certain base polymers showed a stronger 

correlation between MW and transfection than other polymers. When all polymers based on B3-S5, 

including all end-caps, are graphed together, a moderately high positive correlation of is still seen (r
2
=0.63 

and r
2
=0.76 for all non E10 B3-S5 polymers) (Figure 3.12D). B4-S5, on the other hand, shows no apparent 

correlation, with r
2
=0.01 (Figure 3.12E), despite differing from B3-S5 by only one carbon in the backbone 

(B) monomer.  

3.3.8. siRNA delivery to GFP-GBM cells: Optimized polymers 

 GFP
+
 GBM cells were transfected with siRNA against eGFP (siGFP) using PBAE nanoparticle 
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methods. Based on previous results (Tzeng et al. 2012) and the physicochemical data gathered above, 

siRNA nanoparticles were formulated at higher polymer-to-nucleic acid (w/w) ratios. In the absence of 

serum, PBAE-siRNA nanoparticles showed a similar trend to that seen in DNA nanoparticles. In Figure 

3.13A, polymers are arranged as in Figure 3.11 in blocks according to E group, with polymer B-S base 

increasing in hydrophobicity from left to right within each E and increasing in MW from left to right within 

each B-S base. 

 High GFP knockdown of >80% in human glioblastoma cells within 5 days of transfection is 

possible using PBAEs with a 60 nM siRNA concentration. Most of the polymers show increasing efficacy 

with increasing hydrophobicity and molecular weight, although polymers terminating in E10 are once again 

anomalous. In contrast to DNA transfections, for which E10 polymers were less effective than expected in 

causing gene expression compared to their uptake efficiency, they are strikingly the most effective group 

for siRNA delivery.  

 As with DNA delivery, there are some base polymers for which increasing molecular weight has a 

moderate positive correlation with siRNA delivery efficacy, such as B3-S5; others, like B4-S5, have little 

to no apparent correlation (Figure 3.13B-C). Interestingly, when all polymers tested are plotted together, 

there appear to be two sub-populations within the PBAEs, one of which tends to have very high siRNA 

delivery efficacy while the other has little or no efficacy (Figure 3.13D). Removing E10 polymers from 

consideration shows that B4-S4 and B4-S5 are more effective in general than the less hydrophobic 

polymers (Figure 3.13E). Under the best conditions, the high knockdown of 90-100% persisted from 

approximately the 5th until the 12th day after transfection, 60% knockdown was still seen after 20 days, 

and knockdown remained significant for over a month (Figure 3.14A-B). 

 While some formulations still retained high efficacy in 10% serum with up to 70±1% knockdown 

after 5 days, many others showed insignificant knockdown (Figure 3.14C). Moreover, in serum-free 

conditions, high siRNA knockdown (90-100%) was achievable by doses as low as 5 nM, albeit with the 

much higher polymer-to-DNA ratio of 1200 w/w (Figure 3.15). With the same polymer and siRNA 

conditions in complete medium containing 10% serum, only 60 nM transfections showed high efficacy 

(70% knockdown), with very little efficacy seen in 30 nM transfections (up to 12% knockdown).  

 Similar to analyses of uptake efficiency based on particle size (Figure 3.7), highly effective 
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polymers for DNA transfection fell within the range of 100-150 nm mean hydrodynamic diameter (Figure 

3.16A). As with uptake, this size was necessary but not sufficient for high transfection. In contrast to DNA 

delivery, siRNA efficacy did not always follow nanoparticle uptake efficiency. In particular, sub-100 nm 

nanoparticles were poorer at knockdown compared to larger 110-150 nm siRNA-containing nanoparticles. 

Nanoparticles formed with 4310, one of the top polymers for siRNA delivery, tended to form larger 

particles that were similar in size to DNA nanoparticles (Figure 3.16), with mean and mode diameter 

between 110-150 nm and 100-130 nm, respectively. In comparison, the smallest nanoparticles seen in this 

study were those with siRNA and 453, 1.2:1, with mean and mode diameters of 66 nm and 61 nm, 

respectively, with approximately 20% knockdown efficiency in serum-free medium despite high uptake. 

Figure 3.16B suggests that, as with DNA, the best siRNA-containing nanoparticles were those with 100-

150 nm mean diameter. A difference between nucleic acid-containing particles seems to be the size of the 

less effective nanoparticles, with less effective DNA particles tending to form into larger clusters and less 

effective siRNA particles tending to form very small nanoparticles. It may be that not all mechanisms of 

nanoparticle uptake are equal, and the partitioning of uptake mechanisms is dependent on nanoparticle size, 

with 100-150 nm nanoparticles having a preferable uptake pathway.  

Based on siRNA transfections carried out in serum-free medium, similar experiments were 

performed with DNA particles (Figure 3.17). In particular, a lower dose was sufficient for effective 

transfection with no toxicity, with 457 variants at 60 w/w causing 30-55% transfection even with only one-

fifth of the standard DNA dose, or 1 µg/mL final DNA concentration. As with the previous experiments in 

serum, little dependence on molecular weight was seen in transfection efficacy. Interestingly, the shortest 

chain of 457, 1.2:1, showed higher transfection at half (0.5X) dose compared to the others, as well as less 

toxicity at that dose. Therefore, while 45-based polymers are normally very effective at transfection in 10% 

serum, increased toxicity in serum-free medium caused differences in transfection based on molecular 

weight. 357 was also more effective in the absence of serum, with 75-80% transfection at the standard dose 

for 1.05:1 and 1.1:1 formulations compared to 25-45% with serum. Similar to transfections in serum, 357's 

efficacy was dependent on molecular weight, with much lower transfection (19±7%) caused by the shorter 

chain 357, 1.2:1, though this was still an improvement over transfection in serum (3.7±0.9%). This is 

consistent with the literature that reports serum proteins are able to non-specifically coat and/or destabilize 
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nanoparticles, preventing them from effectively interacting with cells (Liu and Reineke 2006; Verrecchia et 

al. 1993). The nanoparticles described here can be used at low dose for effective and safe transfection in the 

presence of serum, as well as at even lower dose in the absence of serum for in vitro transfection 

applications. 

3.3.9. Characterization of bioreducible polymers: cystamine (E10)-terminated 

 For both DNA and siRNA delivery, E10-terminated polymers did not follow the trends seen with 

the majority of the other polymers. Paired comparisons between E3- and E10-terminated polymers showed 

E3-polymers to be more effective in DNA transfection, particularly in all cases with transfection 

efficiencies above 40% (Figure 3.18). This comparison is most clear with polymers used at 60 and 90 w/w, 

among which E3-polymers but not E10-polymers were able to achieve approximately 90% transfection. 

Interestingly, some polymers showed moderate transfection with an E10-polymer and little to no 

transfection with the E3-analog. This trend generally applied to base polymers with either low 

hydrophobicity, low molecular weight, or both. Gel retardation assays showed that addition of 5 mM of the 

reducing agent glutathione (GSH) to fully complexed nanoparticles causes near-immediate release of 

siRNA via reduction of the disulfide bridge in the E10 monomer, as we have recently described (Tzeng et 

al. 2012), suggesting a major mechanism by which E10-polymers are most effective for siRNA delivery 

(Figure 3.18E); notably, 5 mM GSH is not sufficient to cause release of DNA.  

 In addition to causing quick release via its bioreducible disulfide bridge, E10-polymers may also 

improve the initial binding to siRNA. As seen in Figure 3.19, fluorescence quenching assays with the DNA 

intercalating dye Yo-Pro-1® Iodide (Yo-Pro) show tighter binding between 4510 and all nucleic acids 

tested, compared with 453 of similar molecular weight, based on the minimum polymer concentration 

needed for >95% Yo-Pro quenching (Table 3.3). This remains consistent after increasing the salt 

concentration as well.  

 

3.4. Discussion 

 Optimal DNA delivery to primary human GBM cells was 90% of cells in 10% serum, with similar 

efficacy using lower DNA dose in the absence of serum (>50% transfection with 1 µg/mL dosage). siRNA 

delivery was effective at 60 nM dose in 10% serum (up to 70% knockdown) and in the absence of serum 
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(80-90% knockdown). Significantly, knockdown persisted for weeks, with 30-40% knockdown still seen 

after 30 days, and approximately 90% knockdown was also achieved with a 5 nM dose by using higher 

polymer concentration without a significant increase in cytotoxicity. This compares favorably to other 

reported methods of non-viral siRNA delivery, which often require extensive synthesis or chemical 

modification and conjugation processes (Lu et al. 2011; Singh et al. 2010; Zhou et al. 2012), need higher 

siRNA dosage for effectiveness (Holzerny et al. 2012), use serum-free or reduced-serum medium (Bhatia et 

al. 2012; Lu et al. 2011), or use easier-to-transfect model cells like HEK293T or HeLa cells (Kwon et al. 

2008; Zhou et al. 2012). Transfection of a high a percentage of cells is particularly essential in GBM cells 

because recurrence is very common and a major reason for the poor prognosis associated with GBM 

(DeAngelis 2001). 

 Physicochemical characterization of nanoparticles suggests that the same polymers will be useful 

for delivery of different DNA sequences without regard to nucleic acid size (1.9 kb-26 kb), sequence, or 

structure (linear vs. plasmid). This is a wider range of nucleic acid sizes than previously tested for PBAEs 

(Green et al. 2008) and demonstrates that the only limitation to carrying capacity may be a fixed number of 

total base pairs of nucleic acid per particle in the range of 140-560 kbp per particle (Bhise et al. 2012). 

PBAE-siRNA nanoparticles had a different size distribution compared to PBAE-DNA particles (Figure 

3.7B), suggesting a significant difference in the two types of nanoparticles. For example, 453, representing 

a polymer moderately effective for delivery of both types of nucleic acid, forms siRNA nanoparticles as 

small as 60-70 nm in mean hydrodynamic diameter, while the smallest DNA nanoparticles formed with 

453 are over 110 nm in diameter. Interestingly, some smaller siRNA nanoparticles showed efficient uptake 

but not necessarily higher transfection. Both siRNA and DNA PBAE nanoparticles must be within the 

same approximate size range (100-150 nm diameter) for successful transfection. Washing with heparin to 

dislodge nanoparticles from the cell surface showed that internalization after cell surface binding is not a 

major barrier in our delivery system. Although detailed surface characterization is outside the scope of this 

study, the positive zeta potential found in all formulations (Figure 3.7C) suggests that the nanoparticle 

surface was largely comprised of cationic polymer, which was in all cases present in greater amounts than 

nucleic acid. The positive surface charge facilitates interactions with the cell surface, while the relatively 

low charge (<+10 mV) in most cases) is not excessive and, as transfection studies showed, does not prevent 



 78 

transfection in serum-containing medium. 

 Increasing molecular weight generally correlated with increased DNA and siRNA delivery. This is 

in agreement with other researchers' previous work on DNA delivery in serum-free conditions, with the 

current study broadening these findings to different PBAE structures, different nucleic acids, and serum-

containing medium (Akinc et al. 2003). An important difference from the earlier studies with PBAEs 

(Akinc et al. 2003), is that in the current work, the structure of the terminal polymer end-group is 

specifically designed and controlled independently of the base polymer due to an additional synthesis step, 

whereas in the earlier work, the end-group was the monomer used in excess during the base polymer 

synthesis.  The correlation with molecular weight, however, was not seen in B4-S5-based polymers for 

either nucleic acid. This may be due to B4-S5-based polymers approaching a maximum possible 

transfection efficiency: little further enhancement can be made by varying MW. This further demonstrates 

how significant a single carbon's difference in the backbone can be to the polymer structure. Critically, this 

single carbon difference affects transfection independently of other polymer structure, polymer molecular 

weight, and polymeric nanoparticle size, as these parameters are the same between B3-S5-based and B4-

S5-based polymers for both DNA and siRNA delivery. There was relatively little variation in particle size 

among all polymeric nanoparticle formulations tested within any type of nucleic acid, making it unlikely 

that particle size is a significant factor in determining transfection efficacy for these nanoparticles. 

 In addition to correlation with molecular weight, siRNA nanoparticles based on B4-S4 and B4-S5 

were the only base polymers to be generally highly effective in knockdown, resulting in two broad 

populations of polymers seen in Figure 3.13D-E and suggesting that hydrophobicity is an even more 

important requirement for siRNA delivery than for DNA delivery in the range of polymers studied here. 

Unlike DNA nanoparticles, which often show gradually increasing efficacy among PBAEs of varying 

molecular weights or end-groups, the siRNA nanoparticles tested had a nearly all-or-nothing data set; 

certain nanoparticles had almost no measurable effect when added to cells. While PBAE nanoparticles can 

be highly effective for siRNA delivery, the particles formed may be less stable. However, PBAEs that are 

largely ineffective for siRNA delivery can be tuned using certain chemical moieties like E10, making them 

into highly effective polymers for siRNA delivery. Our results are in agreement with recent work by 

Eltoukhy et al., which studied the effect of chain length on DNA delivery using a small subset of PBAEs 
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from their library (Eltoukhy et al. 2012). Here, we present data on PBAEs with different chemical moieties 

(such as E6, E7, and E10) and examine several other factors that must be taken into account when selecting 

or tuning polymers for DNA as well as siRNA delivery. 

 For both DNA and siRNA, addition of the E10 (cystamine) end-cap compensated for deficits in 

delivery capacity for certain base polymers. In the case of DNA, for base polymers effective with the E3 

end-cap, replacing the end-cap with E10 decreased DNA delivery efficacy. E10-terminated polymers were 

more effective than E3-terminated polymers only in the cases where E3-terminated polymers had 

particularly low efficacy. These cases occurred with polymers that were more hydrophilic, had lower 

molecular weight, and/or were used at lower polymer-to-DNA w/w ratio, implying that E10, with its 

stronger binding to nucleic acids in non-reducing conditions (Figure 3.19), may have a role in stabilizing 

certain nanoparticles that would otherwise be less-effective. Similarly, measuring the release of DNA and 

siRNA from PBAE nanoparticles such as 447 in buffers of 150 mM salt and physiologically relevant pH 

show that the binding strength between PBAE and siRNA is not sufficient to prevent some immediate 

release of siRNA (Figure 3.20). In non-reducing environments, through the addition of a primary and 

secondary amine to each end of a linear polymer, E10-polymers may cause an increase in binding affinity 

that is necessary for successful nucleic acid delivery in certain cases. When these polymers subsequently 

enter a reducing environment, there is then environmentally triggered release and decreased binding 

affinity due to the reducible disulfide linkages that separate the primary amines from the ends of the linear 

polymers. 

 The primary difference in transfection efficacy with E10-polymers between DNA and siRNA 

delivery is likely due to the reducible group in the E10 (cystamine) molecule, which facilitates rapid partial 

polymer degradation and cleavage of primary amines from the polymer upon encountering GSH in the 

cytoplasm for triggered release of nucleic acid cargo. DNA remains bound despite this partial degradation, 

likely because of increased avidity from the more highly multivalent binding interaction with DNA. 

However, the smaller siRNA molecule, while initially more tightly bound, is readily released 

intracellularly. The release property of E10-terminated polymers is particularly useful for siRNA delivery, 

as siRNA acts primarily in the cytoplasm, where triggered release occurs. It may be that for the case of 

siRNA delivery, knockdown is maximized when siRNA is released to the cytoplasm all at once. E10-
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terminated polymers enable environmentally triggered release of siRNA in this binary fashion. For DNA 

delivery, release that is more continuous and driven by hydrolytic degradation of the base polymers over 

time may be preferable. The ability to synthesize, characterize, and identify polymers highly effective for 

non-viral DNA delivery, siRNA delivery, or both to primary brain cancer cells provides a potential 

enabling tool to treat glioblastoma.  

 

3.5. Conclusions 

 End-modified versions of synthetic poly(!-amino esters) can be used for high levels of non-viral 

gene delivery to GBM cells grown as astrocytes in 2-D culture. High-throughput methods of polymer 

synthesis and screening can facilitate the identification of effective biomaterials to use as delivery vectors. 

Nucleic acids of various sizes and structures require different polymer characteristics for effective delivery. 

DNAs tend to have similar binding and particle formation capacity within the range 1.9-26 kb, which is 

likely due to the size discrepancy between DNA (1-17 MDa), and the much smaller polymers (5-50 kDa) 

used to complex with them. Molecular weight and hydrophobicity can be important parameters for 

optimization of DNA transfection, with longer polymers tending to cause better transfection, although this 

trend does not hold true for polymers that are more hydrophobic or very effective even at low molecular 

weight. Importantly for potential use as a GBM therapy, this nanotechnology allows us to deliver DNA 

successfully into 90±2% of human cancer cells with low non-specific toxicity using 433 synthesized at a 

1.1:1 ratio of B4:S3. The correlation with molecular weight is also seen with siRNA. Studies of the 

physical properties of different types of nanoparticles suggest that siRNA delivery requires a polymer that 

can release it efficiently once inside the cytoplasm. Polymeric nanoparticles such as 4310 synthesized at 

1.2:1 or 1.1:1 base monomer ratio resulted in up to 85±0.6% knockdown after 5 days with >90% 

knockdown up to 15 days. The bioreducible E10 end-cap affords this capability for siRNA delivery, 

causing nearly complete gene knockdown to human brain cancer cells even at very low dosages (5 nM), 

while still remaining somewhat effective for DNA delivery. This encourages further studies of disulfide-

containing PBAEs for siRNA delivery. Other polymer structural properties, such as the use of the B4-S5 

base and the E7 end-cap, allow effective delivery of both siRNA and DNA. The high transfection 

efficiencies seen here, as well as the ability to design materials optimal for delivery of different nucleic acid 
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cargos based on polymer properties, may prove useful for a potential future brain cancer therapy. 
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3.6. Tables 

Table 3.1. Shown in the spectra in Figure 3.2: 

 

B4-S3, 1.2:1 

1.45-1.6 (quin, NCH2CH2CH2OH) 

1.6-1.8 (br COOCH2CH2CH2CH2OOCCH2) 

2.35-2.5 (t, CH2OOCCH2CH2NCH2CH2COOCH2 and NCH2CH2CH2OH) 

2.6-2.8 (t, OOCCH2NCH2CH2COO) 

3.4-3.5 (t, NCH2CH2CH2OH) 

3.95-4.1 (t, CH2CH2COOCH2CH2CH2CH2COOCH2CH2) 

4.05-4.15 (t, CH2CH2OOCCH=CH2) 

4.25-4.4 (s, br, NCH2CH2CH2OH) 

5.9-6.0 (d, CH2OOCCH=CHH) 

6.1-6.25 (dd, CH2OOCCH=CHH) 

6.25-6.5 (d, CH2OOCCH=CHH) 

 

E10: 

2.95-3.05 (t, H2NCH2CH2S) 

3.05-3.15 (t, H2NCH2CH2S) 

8.25-8.5 (br, H2NCH2CH2S) 

 

B4-S3-E10, 1.2:1 {1 day} and 5 days 

1.45-1.6 (quin, NCH2CH2CH2OH) 

1.6-1.8 (br COOCH2CH2CH2CH2OOCCH2) 

2.35-2.5 (br, CH2OOCCH2CH2NCH2CH2COOCH2 and NCH2CH2CH2OH) 

2.6-2.8 (br, OOCCH2NCH2CH2COO) 

2.95-3.05 (t, H2NCH2CH2S) 

3.05-3.2 (t, H2NCH2CH2S) 

3.25-3.5 (t, NCH2CH2CH2OH) 

3.95-4.2 (br, CH2CH2COOCH2CH2CH2CH2COOCH2CH2) 

4.05-4.15 (t, CH2CH2OOCCH=CH2) 

4.25-4.4 (s, br, NCH2CH2CH2OH) 

{5.9-6.0 (d, CH2OOCCH=CHH)} 

{6.1-6.25 (dd, CH2OOCCH=CHH)} 

{6.25-6.5 (d, CH2OOCCH=CHH)} 

8.0-8.75 (br, H2NCH2CH2S-S-CH2CH2NHCH2) 

 

E3: 

0.8-0.9 (t, H2NCH2CH2CH(CH2CH3)NH2) 

1.15-1.45 (br, H2NCH2CH2CH(CH2CH3)NH2) 

2.55-2.7 (br, H2NCH2CH2CH(CH2CH3)NH2) 

3.0-3.55 (br, H2NCH2CH2CH(CH2CH3)NH2) 

 

B4-S3-E3, 1.2:1, 1 hr 

0.75-0.9 (t, H2NCH2CH2CH(CH2CH3)NH2) 

1.15-1.45 (obscured, br, H2NCH2CH2CH(CH2CH3)NH2) 

1.45-1.6 (quin, NCH2CH2CH2OH) 

1.6-1.8 (br COOCH2CH2CH2CH2OOCCH2) 

2.35-2.5 (t, CH2OOCCH2CH2NCH2CH2COOCH2 and NCH2CH2CH2OH) 

2.6-2.8 (t, OOCCH2NCH2CH2COO) 

3.0-3.55 (obscured, br, H2NCH2CH2CH(CH2CH3)NH2) 

3.4-3.5 (t, NCH2CH2CH2OH) 

3.95-4.15 (br, CH2CH2COOCH2CH2CH2CH2COOCH2CH2) 

4.25-4.4 (s, br, NCH2CH2CH2OH) 
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E7: 

1.4-1.55 (quin, H2NCH2CH2CH2N<(CH2CH2)2>NCH3) 

2.2-2.5 (br, H2NCH2CH2CH2N<(CH2CH2)2>NCH3) 

2.45-2.6 (t, H2NCH2CH2CH2N<(CH2CH2)2>NCH3) 

3.1-3.55 (br, H2NCH2CH2CH2N<(CH2CH2)2>NCH3) 

 

B4-S3-E7, 1.2:1, 1 hr at room temperature 

1.45-1.6 (quin, NCH2CH2CH2OH and H2NCH2CH2CH2N<(CH2CH2)2>NCH3) 

1.6-1.8 (br COOCH2CH2CH2CH2OOCCH2) 

2.2-2.5 (br, H2NCH2CH2CH2N<(CH2CH2)2>NCH3) 

2.35-2.5 (t, CH2OOCCH2CH2NCH2CH2COOCH2 and NCH2CH2CH2OH) 

2.45-2.6 (t, H2NCH2CH2CH2N<(CH2CH2)2>NCH3) 

2.6-2.8 (t, OOCCH2NCH2CH2COO) 

3.2-3.55 (br, H2NCH2CH2CH2N<(CH2CH2)2>NCH3) 

3.4-3.5 (t, NCH2CH2CH2OH) 

3.95-4.1 (t, CH2CH2COOCH2CH2CH2CH2COOCH2CH2) 

4.05-4.15 (t, CH2CH2OOCCH=CH2) 

4.25-4.4 (s, br, NCH2CH2CH2OH) 
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Table 3.2. Polymer properties were measured by GPC to find number- and weight-averaged molecular 

weight (Mn, Mw, respectively) and the polydispersity index (PDI). 

 

Polymer B:S ratio Mn (Da) Mw (Da) PDI 

B3-S4 1.2 3240 6378 1.97 

B3-S4 1.1 4850 14163 2.92 

B3-S4 1.05 5504 19390 3.52 

B3-S4-E3 1.2 4849 7867 1.62 

B3-S4-E3 1.1 6253 13244 2.12 

B3-S4-E3 1.05 6550 15408 2.35 

B3-S4-E5 1.2 5457 9356 1.71 

B3-S4-E5 1.1 6224 14071 2.26 

B3-S4-E5 1.05 8185 16788 2.05 

B3-S4-E6 1.2 4561 7869 1.73 

B3-S4-E6 1.1 6358 15064 2.37 

B3-S4-E6 1.05 6522 17748 2.72 

B3-S4-E7 1.2 3952 7075 1.79 

B3-S4-E7 1.1 6458 14091 2.18 

B3-S4-E7 1.05 7384 18943 2.57 

B3-S4-E10 1.2 4411 7227 1.64 

B3-S4-E10 1.1 6247 16591 2.66 

B3-S4-E10 1.05 7219 17764 2.46 

B3-S5 1.2 2954 5128 1.74 

B3-S5 1.1 4419 8898 2.01 

B3-S5 1.05 6487 14357 2.21 

B3-S5-E3 1.2 3733 6314 1.69 

B3-S5-E3 1.1 5669 9716 1.71 

B3-S5-E3 1.05 6515 12837 1.97 

B3-S5-E5 1.2 4817 7502 1.56 

B3-S5-E5 1.1 5706 10146 1.78 

B3-S5-E5 1.05 8192 14811 1.81 

B3-S5-E6 1.2 3679 6498 1.77 

B3-S5-E6 1.1 4378 9338 2.13 

B3-S5-E6 1.05 6574 15545 2.36 

B3-S5-E7 1.2 3548 5656 1.59 

B3-S5-E7 1.1 5110 9528 1.86 

B3-S5-E7 1.05 7642 13770 1.80 

B3-S5-E10 1.2 3894 5496 1.41 

B3-S5-E10 1.1 5512 9782 1.77 

B3-S5-E10 1.05 6871 14472 2.11 

B4-S3 1.2 4864 7705 1.58 

B4-S3 1.1 8045 28768 3.58 

B4-S3 1.05 8586 29414 3.43 

B4-S3-E3 1.2 3973 5513 1.39 

B4-S3-E3 1.1 7622 22979 3.01 

B4-S3-E3 1.05 8713 28167 3.23 

B4-S3-E5 1.2 4221 5999 1.42 

B4-S3-E5 1.1 8426 30367 3.60 

B4-S3-E5 1.05 9108 24584 2.70 

Polymer B:S ratio Mn (Da) Mw (Da) PDI 

B4-S3-E6 1.2 4181 5985 1.43 

B4-S3-E6 1.1 8052 26724 3.32 

B4-S3-E6 1.05 8868 26195 2.95 

B4-S3-E7 1.2 4306 6532 1.52 

B4-S3-E7 1.1 7735 23287 3.01 

B4-S3-E7 1.05 9297 28608 3.08 

B4-S3-E10 1.2 4341 8671 2.00 

B4-S3-E10 1.1 8279 24101 2.91 

B4-S3-E10 1.05 9504 29100 3.06 

B4-S4 1.2 5290 9562 1.81 

B4-S4 1.1 8439 29474 3.49 

B4-S4 1.05 6874 46345 6.74 

B4-S4-E3 1.2 5835 9818 1.68 

B4-S4-E3 1.1 7736 24184 3.13 

B4-S4-E3 1.05 8175 37359 4.57 

B4-S4-E5 1.2 5659 10282 1.82 

B4-S4-E5 1.1 8973 26436 2.95 

B4-S4-E5 1.05 9079 33657 3.71 

B4-S4-E6 1.2 4869 11121 2.28 

B4-S4-E6 1.1 8688 30775 3.54 

B4-S4-E6 1.05 6321 35413 5.60 

B4-S4-E7 1.2 4940 10176 2.06 

B4-S4-E7 1.1 8828 28338 3.21 

B4-S4-E7 1.05 6964 51635 7.41 

B4-S4-E10 1.2 4466 9478 2.12 

B4-S4-E10 1.1 8669 26484 3.06 

B4-S4-E10 1.05 7192 56202 7.81 

B4-S5 1.2 4058 4534 1.12 

B4-S5 1.1 6671 12532 1.88 

B4-S5 1.05 9751 36659 3.76 

B4-S5-E3 1.2 4426 7459 1.69 

B4-S5-E3 1.1 6953 13534 1.95 

B4-S5-E3 1.05 8087 19485 2.41 

B4-S5-E5 1.2 5226 8221 1.57 

B4-S5-E5 1.1 6909 13872 2.01 

B4-S5-E5 1.05 8159 22524 2.76 

B4-S5-E6 1.2 4840 8080 1.67 

B4-S5-E6 1.1 5518 12961 2.35 

B4-S5-E6 1.05 8180 20977 2.56 

B4-S5-E7 1.2 4262 7181 1.68 

B4-S5-E7 1.1 6162 12986 2.11 

B4-S5-E7 1.05 8713 23007 2.64 

B4-S5-E10 1.2 4858 7081 1.46 

B4-S5-E10 1.1 6973 13565 1.95 

B4-S5-E10 1.05 9016 25930 2.88 
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Table 3.3. Yo-Pro-1® Iodide fluorescence quenching assay. Listed below are the concentrations of 

polymer needed to quench 50% or 95% of the Yo-Pro fluorescence signal in either 25 mM sodium acetate 

buffer (pH 5) or 37.5 mM PBS buffer (pH 7). 

 

  25 mM NaAc 37.5 mM PBS 

  50% 95% 50% 95% 

453, S-DNA 3.7E-04 1.7E-02 5.4E-04 9.6E-02 

453, M-DNA 3.7E-04 2.1E-02 5.3E-04 1.4E-01 

453, lin-M-DNA 5.7E-04 5.8E-03 3.6E-04 1.8E-01 

453, L-DNA 3.4E-04 1.4E-02 4.8E-04 9.2E-02 

453, con-DNA 3.1E-04 1.7E-02 3.5E-04 9.1E-02 

453, siRNA 5.8E-04 2.1E-02 1.8E-03 1.6E-01 

4510, S-DNA 7.5E-04 3.0E-03 4.5E-04 1.5E-02 

4510, M-DNA 7.0E-04 4.4E-03 4.3E-04 1.5E-02 

4510, lin-M-DNA 6.1E-04 1.6E-03 3.2E-04 1.8E-02 

4510, L-DNA 7.2E-04 6.7E-03 4.0E-04 4.7E-02 

4510, con-DNA 6.5E-04 1.1E-02 3.4E-04 8.0E-02 

4510, siRNA 6.2E-04 7.6E-03 1.8E-03 3.7E-02 
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3.7. Figures 

 

 

 

 

Figure 3.1. Monomer structures used to synthesize PBAEs. Backbone (B) monomers were polymerized 

with sidechain (S) monomers. The B-S base polymers were then end-capped with small molecules (E).  
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Figure 3.2. Chemical analysis of end-modified PBAEs by 
1
H-NMR. NMR shows completion of the end-

capping reaction (disappearance of acrylate peaks between 5.8-6.5 ppm). For most end-caps (E3 and E7 

shown here), this was completed after 1 hr incubation at room temperature. E10 end-capping required 5 

days of incubation. (Reproduced from Tzeng and Green 2013) 
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Figure 3.3. PBAEs facilitate efficient uptake of fluorescently-labeled DNA by JHGBM319 astrocytes. 

Different polymer structures (indicated by the numbers in each set of images) are complexed at different 

weight ratios (w/w) with DNA and show high Cy3 signal 4 hours after transfection. In each group, left: 

Phase contrast merged with Cy3 signal (red); right: Cy3 signal only. Scale bar: 200 µm.  High intracellular 

uptake is achieved with each of these different types of polymeric nanoparticles. (Reproduced from Tzeng 

et al. 2011) 
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Figure 3.4. JHGBM319 astrocyte transfection: initial polymer screen. PBAEs were screened by 

transfecting JHGBM319 astrocytes, with transfection (black bars) up to more than 60% and varying levels 

of cytotoxicity when used for transfection in the absence of serum. Top polymers found here, with high 

levels of transfection and/or moderate efficacy but low toxicity, were used in later experiments to find their 

optimal transfection efficacy in 10% serum (see Figure 3.5). (Reproduced from Tzeng et al. 2011) 
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Figure 3.5. PBAEs can transfect JHGBM319 astrocytes with comparable or superior efficiency and 

safety compared to leading commercial reagents. A: Top polymers were screened at a wider range of 

doses (indicated on the graph as µg DNA) in 10% serum and found to be more efficient at transfection than 

Lipofectamine 2000  and FuGENE HD while maintaining greater than 80% viability. *p<0.05 superior to 

Lipofectamine, #p<0.05 superior to FuGENE. In B, top: phase contrast merged with GFP (green) and DAPI 

(blue) signals; bottom: GFP only. (Reproduced from Tzeng et al. 2011) 
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Figure 3.6. Duration of transgene expression. EGFP expression peaks between 4-6 days for most PBAEs 

and FuGENE HD and at 1-2 days for Lipofectamine 2000 (graph, top). Few cells retain the eGFP gene for 

extended periods of time.  All polymers tested led to persistent expression in some local areas of the plate  

(B), with FACS analysis showing 1.1% transfection for polymer 453 and 0.5% for 447 after 70 days. Scale 

bar: 200 µm. (Reproduced from Tzeng et al. 2011) 
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Figure 3.7. Nanoparticle physicochemical characterization and uptake by JHGBM319 cells. (A) DNA 

nanoparticles tend to have a mean diameter of approximately 100-180 nm, regardless of DNA size or 

structure, while (B) siRNA nanoparticles generally range from 60-120 nm. (C) Zeta potential of 

representative polymers showed positive but not excessive surface charge, with only E10-terminated PBAE 

4310 having greater than +10 mV at some w/w ratios. (D) The difference in uptake between DNA and 

siRNA nanoparticles was statistically significant (Student's t-test with Bonferroni correction; *p<0.05, 

**p<0.01) in many of the cases. (E) When grouped by base polymer, DNA uptake generally increases with 

molecular weight, a trend also visible for siRNA nanoparticles. (F) High uptake seems to require a mean 

particle diameter of 100-150 nm. Smaller (80-100 nm) siRNA nanoparticles were also amenable to high 

cell uptake. (Reproduced from Tzeng and Green 2013) 
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Figure 3.8. DNA and siRNA nanoparticle uptake by JHGBM319 cells. Cells were transfected with 

Cy3-labeled DNA and siRNA in nanoparticles and analyzed via flow cytometry before and after washing 

with 25 µg/mL heparin to find the fraction of cells showing association or uptake of particles, respectively. 

The difference was not statistically significant in most cases (Student's two-tailed t-test with Bonferroni 

correction, *!<0.05). (Reproduced from Tzeng and Green 2013) 
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Figure 3.9. PBAE nanoparticle formation efficiency with DNA and siRNA. NTA shows similar particle 

concentrations when using either DNA or siRNA, even though these types of nucleic acid form particles 

with different size distributions. (Reproduced from Tzeng and Green 2013) 

 

 

 

 

 

 

 

 

Figure 3.10. Optimization of commercial transfection agents as positive controls. Lipofectamine
TM

 

2000 (L) and X-tremeGENE HP (XG) were tested at varying doses (1x = 5 µg/mL final DNA 

concentration) and reagent-to-DNA ratios (4:2 = 4 µL reagent to 2 µg DNA). Lipofectamine 2000 at 1/2 

the normal dosage (2.5 µg/mL) was chosen as the "best" condition based on relatively high transfection and 

low toxicity. (Reproduced from Tzeng and Green 2013) 
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Figure 3.11. DNA transfection of GBM cells with wide range of PBAE structures. (A) eGFP DNA was 

transfected into JHGBM319 cells in 10% serum-containing medium. Bars indicate transfection efficiency. 

Polymers are grouped first by end-cap (E); within each E, polymers increase in hydrophobicity (left to 

right) and increase in molecular weight (left to right) within each of those. The positive control on the right 

side of the graph is optimized Lipofectamine 2000 (2.5 µg/mL DNA dose, 5:2 formulation).  (B) When 

considering only polymers with <10% toxicity, 12 formulations (black bars) are significantly superior to 

Lipofectamine 2000 positive control (*p<0.05, **p<0.01), even though this formulation of Lipofectamine 

causes 30% cytotoxicity. (Reproduced from Tzeng and Green 2013) 
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Figure 3.12. Dependence of transfection efficacy on molecular weight. (A) Transfection with PBAEs at 

60 w/w is not strongly determined by molecular weight. However, within certain base polymers, 

transfection has a strong positive correlation with molecular weight (B-D), while other very similar base 

polymers show no correlation (E). (Reproduced from Tzeng and Green 2013) 
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Figure 3.13. PBAEs delivered siRNA to GFP-GBM cells in serum-free medium and caused high 

knockdown after 5 days. (A) E10-terminated polymers were the most effective of the end-caps tested. (B) 

Knockdown efficiency (no E10) is correlated with PBAE molecular weight for some base polymers but not 

(C) other closely related ones. (D-E) Viewing the data from all polymers together shows two 

subpopulations, with a nearly all-or-nothing knockdown response. (Reproduced from Tzeng and Green 

2013) 
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Figure 3.14. siRNA delivery to GBM cells in serum-free and serum-containing media. (A) Top PBAEs 

such as 4310, 1.2:1, are significantly better than Lipofectamine 2000 in delivering siRNA, with knockdown 

duration spanning over one month (no serum). (B) Fluorescence microscopy 8 days after the 4310 

transfection without serum showed a decrease in the GFP signal from GFP siRNA-treated cells (bottom) 

compared to scrRNA-treated cells (top). In both sets of images, brightfield and GFP are merged on the left; 

GFP only is shown on the right. Scale bar: 200 µm. (C) siRNA Transfection in 10% serum resulted in 

lower knockdown, with only the E10-terminated polymers able to cause above 50% knockdown. 

(Reproduced from Tzeng and Green 2013) 
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Figure 3.15. Highly effective knockdown with low siRNA dose. Without serum, low doses of siRNA 

without decreasing polymer content also caused high and long-lasting knockdown (A). scrRNA-treated 

cells (B, left; top, brightfield+GFP merged; bottom, GFP only) show higher GFP signal after 5 days than 

siGFP-treated cells (B, right). (Reproduced from Tzeng and Green 2013) 



 100 

 

Figure 3.16. Dependence of transfection efficiency on nanoparticle size. Plots of transfection efficiency 

vs. mean diameter show that optimal polymers form particles of 100-150 nm in mean diameter for both (A) 

DNA and (B) siRNA. (Reproduced from Tzeng and Green 2013) 

 

 

 

 

 

 

 

 

Figure 3.17. Low-dose DNA transfection in serum-free medium. PBAEs successfully delivered DNA 

into GB 319 cells in serum-free medium, often at higher efficiency and at lower doses that caused little or 

no loss in viability. Trends once again follow molecular weight for the B3-S5 base while having little to no 

correlation for B4-S5 as indicated by synthesis ratio. *p<0.05, **p<0.01 superior viability or transfection 

compared to Lipofectamine 2000 treatment at the same dose. (Reproduced from Tzeng and Green 2013) 
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Figure 3.18. Comparisons between E10- and E3-terminated polymers for DNA delivery. E10-

polymers show significant differences in DNA transfection ability compared to other end-caps like E3. (A-

C) For moderately to highly effective polymers, the E3 end-cap was much more effective; for otherwise 

very ineffective polymers, the E10 end-cap was more- effective. Significance was calculated with a paired 

t-test with a Bonferroni correction to account for 15 different comparisons (*p<0.05, **p<0.01). (D) By 

microscopy, this difference in GFP DNA delivery was also striking. (E) E10-polymers like 4510, 1.1:1, 

bound both DNA and siRNA efficiently in buffer alone (PBS) but show different profiles upon addition of 

glutathione (GSH). Numbers above lanes refer to polymer-to-nucleic acid w/w ratio. (Reproduced from 

Tzeng and Green 2013) 
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Figure 3.19. Binding-strength assays for E10- and E3-polymer comparisons. Yo-Pro studies showed 

that E10-terminated polymers bind more tightly in general than polymers with other end-caps like E3. (A, 

C) This occurs both immediately after complexation and (B, D) after addition of salt. (Reproduced from 

Tzeng and Green 2013) 
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Figure 3.20. Rate of release of DNA and siRNA from PBAE nanoparticles. (A) DNA is initially bound 

by 447, 1.1:1, at pH 5-7. After 4 hr, only pH 5 buffer allows DNA to remain complexed. (B) siRNA is less 

efficiently complexed but shows similar pH-based trends. Numbers above the lanes refer to the polymer-to-

nucleic acid w/w ratio.  (C) PBAEs such as 447, 1.1:1, degrade by hydrolysis more quickly at pH 7 

(t1/2=0.74hr) than lower pH buffer solutions (pH 6, t1/2=3.41 hr; pH 5, t1/2=4.47 hr). (Reproduced from 

Tzeng and Green 2013) 
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Chapter 4: 

 

Cell-type specificity of PBAEs in DNA delivery 

 

 

4.1. Introduction 

Brain tumors affect over 600,000 patients in the United States, with glioblastoma (GBM) being 

the most common form of primary brain tumor in adults (Porter et al. 2010) and considered the most lethal 

and aggressive form of brain cancer. Nearly 25,000 new cases of brain cancer are diagnosed in the United 

States each year, accounting for nearly 15,000 deaths (McGirt et al. 2009; McGirt et al. 2009; McGirt et al. 

2009).  Unfortunately, both of these diseases have a very poor prognosis in late stage. Patients who suffer 

from GBM have a median survival of 14.6 months despite surgery, radiation, and chemotherapy combined 

(Chaichana et al. 2013; Chaichana et al. 2011; McGirt et al. 2009; Stupp et al. 2005), likely due in part to 

the presence of residual brain tumor initiating cells (BTICs), which are thought to contribute to tumor 

recurrence in GBM.  

Another devastating disease, liver cancer, is diagnosed in nearly 750,000 people worldwide each 

year, with hepatocellular carcinoma (HCC) the second leading cancer death in men and the sixth in women, 

 accounting for nearly 700,000 deaths each year (Jemal et al. 2011). For most HCC patients, current 

chemotherapeutic and local therapy options also provide only modest benefit. The median survival is less 

than 1 year for patients with unresectable HCC, and only 30% of patients are able to undergo potentially 

curative treatment (i.e. surgical resection) (Llovet et al. 2008). For patients not qualifying for surgical 

intervention, transarterial chemoembolization (TACE) provides a non-invasive therapeutic alternative, 

albeit with only modest improvement of morbidity and mortality (Marelli et al. 2007). TACE employs 

emulsified oil-drug droplets that are injected into the hepatic artery under real-time fluoroscopic image 

guidance in an interventional radiology suite (Huppert 2011); importantly, tumor perfusion is almost 

                                                
  This chapter contains material modified from the following articles, previously published or in preparation as:  

Tzeng SY, Guerrero-Cazares H, Martinez EM, Sunshine JC, Quinones-Hinojosa A, and Green JJ (2011). Non-viral gene delivery 

nanoparticles based on poly(!-amino esters) for treatment of glioblastoma. Biomaterials 32:5402-5410;  

Tzeng SY, Higgins LJ, Pomper MG, Green JJ (2013). Biomaterial-mediated cancer-specific DNA delivery to liver cell cultures using 

synthetic poly(beta-amino esters). J Biomed Mater Res A 101A(7)1837-1845;  

Guerrero-Cazares H*, Tzeng SY*, Young NP, Abutaleb AO, Quinones-Hinojosa A, Green JJ (2013). Biodegradable polymeric 

nanoparticles show high efficacy and specificity at DNA delivery to human glioblastoma in vitro and in vivo. (Submitted) 

(*These authors contributed equally) 
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exclusively from the hepatic artery while the majority of normal liver perfusion is provided by the portal 

vein. Other groups have previously explored the possibility of using the TACE procedure for local delivery 

of DNA encoding either a therapeutic protein or a luminescent protein for imaging, in particular the VIPER 

system (vector of iopamidol, protamine, and ethiodized oil reagents) (Higgins et al. 2011). However, taken 

together, these strategies been hampered by low in vitro delivery efficacy and high toxicity of the delivery 

agent(s) used to enhance specificity for cancer cells. 

 For diseases like GBM and HCC that need more effective treatment regimes, one potential 

strategy for improving patient outcomes is the incorporation of therapeutic genes. Gene therapy can induce 

the expression of genes that induce apoptosis if expressed by tumor cells, are protective to surrounding 

non-cancerous tissue if expressed in those cells, or modulate immune responses to the tumor (Bogler et al. 

1995; Chiocca et al. 2004; King et al. 2011; Lang et al. 2003; Tai et al. 2005; Tolcher et al. 2006).  

While gene therapy has great promise as a therapeutic in diseases refractory to systemic chemoradiation 

treatments, such as hepatocellular carcinoma, the translation of such technologies has been limited by a 

number of difficulties in DNA delivery. Viruses tend to have gene delivery high efficiency but at the cost 

of safety concerns, including excessive immune response and high rate of mutagenesis, that limit their 

translational potential (Tobias et al. 2013). In recent years, progress has been made in the field of non-viral 

gene delivery agents, utilizing biomaterials such as lipids, polymers, peptides, sugars, dendrimers, and 

other materials that are capable of binding or encapsulating nucleic acids and then facilitating intracellular 

delivery through multiple delivery steps (Kanasty et al. 2013; Pack et al. 2005; Scholz and Wagner 2012). 

These synthetic agents can be tailored to the cells and application of interest and can be modified to 

decrease toxicity (Sunshine et al. 2011; Viola et al. 2010).  

We have developed a polymer library by varying the different structural components that make up 

a class of cationic linear polymers, poly(beta-amino ester)s (PBAEs), by systematically tuning the polymer 

backbone, side chain, polymer terminal group, and degradable linkages that compose the polymers (Bishop 

et al. 2013; Sunshine et al. 2011; Tzeng and Green 2013). These cationic polymers self-assemble with 

DNA to form nanoparticles that encapsulate up to 100 plasmids per nanoparticle (Bhise et al. 2012), are 

non-cytotoxic and biodegradable with a half-life between 1-7 hours in aqueous conditions (Sunshine et al. 

2012), and have previously been shown to be effective for in vitro DNA delivery to a number of hard-to-
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transfect cell types, including primary human cells or tissue (Bhise et al. 2010; Tzeng et al. 2011; Tzeng et 

al. 2012). In addition, PBAE/DNA nanoparticles are effective in vivo in various animal disease models  

(Green et al. 2007; Sunshine et al. 2012) and show promise for therapeutic use (Kamat et al. 2013). In 

contrast to the previously studied VIPER system, our PBAE/DNA nanoparticles are hydrolytically 

degradable and have been shown to be biocompatible. 

To promote tumor targeting of non-viral nucleic acid delivery nanoparticles, strategies such as 

adding a targeting ligand to the nanoparticle (Davis et al. 2010) or transcriptional control through plasmid 

promoter design (Huang et al. 2009) have been previously utilized. In this study, we explored the ability of 

biomaterial-mediated targeting of cancer cells over healthy (non-cancerous) cells without the use of a 

targeting ligand or transcriptional targeting, an intrinsic property of these biomaterials that has been 

suggested in previous work (Shmueli et al. 2012; Sunshine et al. 2009). By using a set of polymers 

optimized from an initial high-throughput screening of a combinatorial library (Green 2012), we report here 

the identification of PBAE-based non-viral gene delivery nanoparticles with (1) high in vitro efficacy for 

gene delivery to human primary brain tumor initiating cells (BTICs); (2) high gene delivery efficacy to rat 

HCC cells; (3) strong correlations in gene delivery efficacy between 2-D and 3-D culture, as well as 

between different patient-derived cell samples of the same disease type; (4) low non-specific cytotoxicity; 

and (5) intriguing cell-specificity, enabling the targeting of BTICs over healthy fetal cells and of HCC cells 

over hepatocytes in co-culture. 

 

4.2. Materials and methods 

4.2.1. Materials 

 DNA plasmids pEGFP-N1 (eGFP) (Elim Biopharmaceuticals, Hayward, CA), pCMV-Luc 

(luciferase) (Elim Biopharmaceuticals), and pDsRed-Max-N1(DsRed) (Addgene, Cambridge, MA, plasmid 

21718) (Strack et al. 2008) were amplified by Aldevron (Fargo, ND). FUGW was purchased from Addgene 

(plasmid 14883) (Lois et al. 2002). Piggybac transposase and nuclear H2B-cherry Piggybac transposon 

plasmids were kindly provided by Dr. Karl Wahlin of Dr. Don Zack's lab at Johns Hopkins. Cell culture 

media components were used as received. Monomers used for synthesizing polymers (Figure 3.1) were 

purchased as follows: 1,3-propanediol diacrylate (B3; Monomer-Polymer and Dajac Labs, Trevose, PA); 
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1,3-butanediol diacrylate (B3b; Sigma Aldrich, St. Louis, MO); 1,4-butanediol diacrylate (B4; Alfa Aesar, 

Ward Hill, MA); 1,5-pentanediol diacrylate (B5; Monomer-Polymer and Dajac Labs); 1,6-hexanediol 

diacrylate (B6, Alfa Aesar); 3-amino-1-propanol (S3; Alfa Aesar); 4-amino-1-butanol (S4; Alfa Aesar); 5-

amino-1-pentanol (S5; Alfa Aesar); 1,3-diaminopropane (E1; Sigma Aldrich); 6-amino-1-hexanol (S6, 

Sigma Aldrich); 1,3-diaminopentane (E3; TCI America, Portland, OR); 2-methyl-1,5-diaminopentane (E4; 

TCI America); 1,11-diamino-3,6,9-trioxaundecane (E5; TCI America); 2-(3-aminopropylamino)ethanol 

(E6; Sigma Aldrich); 1-(3-aminopropyl)-4-methylpiperazine (E7; Alfa Aesar); 1-(3-

aminopropyl)pyrrolidine (E8; TCI America); and cystamine dihydrochloride (E10; Alfa Aesar). 

Lipofectamine
TM

 2000 and Opti-MEM I from Invitrogen (Carlsbad, CA) and X-tremeGENE HP from 

Roche (Indianapolis, IN) were optimized according to manufacturer instructions. 4',6-diamidino-2-

phenylindole dihydrochloride (DAPI) was purchased from Sigma and used as a 750 nM solution in PBS. 

Other materials were reagent grade. 

4.2.2. Polymer synthesis 

 For PBAE synthesis, one diacrylate backbone ("B") monomer was mixed with one mono-amino 

sidechain ("S") monomer at a 1.05:1, 1.1:1, or 1.2:1 molar ratio, with B in excess to ensure that the B-S 

base polymer would be diacrylate-terminated. The mixture was stirred at 90°C for 24 hr. The resulting base 

polymer was then dissolved in anhydrous dimethyl sulfoxide (DMSO). A 0.5-M solution of one endcap 

("E") small molecule in DMSO was added for a final base polymer concentration of 100 mg/mL, and the 

mixture was vortexed at room temperature for end-capping reaction to occur. Polymers were stored until 

use at 4°C in small aliquots to reduce the number of freeze-thaw cycles. These polymers used in early 

studies on both GBM and HCC cells were named according to their components BSE and their B:S molar 

synthesis ratio. For example, B4 polymerized with S5 at 1.1:1 ratio B:S and then end-capped with E7 is 

abbreviated "457, 1.1:1." 

 After initial screenings, top polymer candidates were re-synthesized in a purified form. After base 

polymer synthesis, the polymer was dissolved in anhydrous THF and mixed with 10-fold molar excess of 

the end-cap, stirred for 1 hr at room temperature, and precipitated into anhydrous diethyl ether. The 

resulting mixture was centrifuged to isolate the polymer precipitate, and solvent and precipitant were 

decanted by pouring. The polymer was washed once more with ether and kept under vacuum with desiccant 



 111 

for 48 hr to remove final traces of ether. The purified polymer was then dissolved in DMSO at 100 mg/mL 

(measured by total polymer) and stored at -20°C with desiccant until use. Ether-purified polymers have "e" 

included in their names (for example, "457e, 1.1:1"). 

4.2.3. Cell culture 

 All the primary cultures of BTICs studied here were obtained from adult patients undergoing 

surgery for GBM (Table 4.1), after informed consent, following institutionally-approved protocols. 

Samples were prepared and maintained as previously described (Guerrero-Cazares et al. 2009). Cells were 

maintained in culture as non-adherent oncospheres in complete BTIC medium [DMEM/F-12 (1:1) with 1x 

B-27 supplement, 1% antibiotic-antimycotic (anti-anti; Invitrogen), 20 ng/mL basic fibroblast growth factor 

(bFGF) and 20 ng/mL epidermal growth factor (EGF)]. For passaging, oncospheres were collected by 

centrifugation and were mechanically dissociated by tituration. Primary cultures of human fetal neural 

progenitor cells (fNPCs) F34, F48, and F54 were obtained as described previously (Ravin et al. 2012; 

Tzeng et al. 2011).  Briefly, following approval by the Johns Hopkins University Institutional Review 

Board, intraoperative human central nervous system (CNS) tissues were obtained at 17 weeks of gestation, 

which were obtained following written informed consent for clinical procedures, were used for this 

research since they were considered to be pathological waste. Brain cortical tissue was mechanically 

dissociated and cells were maintained in 2:1 high-glucose DMEM (Invitrogen)/Ham's F-12 (Cellgro), 1X 

B-27, 1% anti-anti, 20 ng/mL bFGF, 20 ng/mL EGF, 20 ng/mL leukemia inhibitory factor (LIF, Millipore, 

Billerica, MA), and 5 µg/mL heparin (Sigma)]. 

 For studies of non-progenitor (differentiated) GBM or fetal cultures, cells were grown in tissue-

culture-treated flasks for at least one passage in complete astrocyte medium [DMEM/F12 (1:1) with 10% 

fetal bovine serum (FBS) and 1% anti-anti]. These more differentiated cultures were referred to as 

astrocytes. 

 Buffalo rat HCC cells (MCA-RH7777) and hepatocytes (BRL-3A) were purchased from ATCC 

(Manassas, VA). MCA-RH7777 cells were cultured in complete HCC medium [high glucose DMEM 

(Invitrogen) with 10% heat-inactivated fetal bovine serum (FBS) and 100 U/mL penicillin and 10 µg/mL 

streptomycin (pen/strep)]. BRL-3A cells were cultured in complete hepatocyte medium [Minimal Essential 

Medium with GlutaMAXTM
-I, 10% FBS, pen/strep, 2 mM L-glutamine, 1 mM sodium pyruvate, and 100 
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µM non-essential amino acids].  

4.2.4. Transfection experiments in vitro: GBM and fetal brain cells 

 For 3-D transfections, BTIC oncospheres 200-1000 µm in diameter were collected by 

centrifugation and resuspended in complete BTIC medium without dissociation using a 5-mL serological 

pipette. A small aliquot was removed, mechanically dissociated with a 200 µL micropipette, and used for 

counting and determination of cell density. Cells were seeded into round-bottom, non-tissue culture-treated 

96-well plates at 1.5x10
4
 cells/well in 100 µL complete culture medium and incubated at 37°C overnight.  

 For nanoparticle preparation, DsRed (for GFP
+
 JHGBM551 cells) or eGFP DNA (for all other 

unlabeled cells) was diluted to 60 µg/mL in 25 mM sodium acetate pH 5 buffer (NaAc). PBAEs were 

diluted from their stock solutions in DMSO in 25 mM NaAc and added to DNA solutions at PBAE:DNA 

mass ratio (w/w) of 30, 60, or 90. The resulting mixture was mixed by pipetting and incubated at room 

temperature for 10 min to allow nanoparticles to form. Twenty µL nanoparticles in NaAc were added 

directly to the oncospheres in culture medium in 96-well plates (final nanoparticle:medium ratio of 1:5, 

final DNA concentration of 5 µg/mL or 600 ng/well, final polymer concentration of 150-450 µg/mL). 

Oncospheres were incubated with particles at 37°C for 2 hr. A replicate of each plate was transfected in the 

same way for viability measurements. The plates were then centrifuged at 180 g for 5 min. The media and 

remaining nanoparticles were removed and the oncospheres gently resuspended in complete culture 

medium. Viability was measured after 24 hr by MTS (Cell Titer AQueousONE, Promega, Madison, WI) 

according to the manufacturer's instructions. Transfection efficacy was measured by fluorescence 

microscopy and by flow cytometry after 48 hr using an Accuri C6 with a Hypercyt high-throughput robotic 

sampler (Intellicyt) after mechanically dissociating the oncospheres to single-cell suspensions. The percent 

of cells eGFP
+
 (FL1, emission 533±15 nm) and the intensity of eGFP expression (geometric mean of total 

population of cells) were used to measure transfection efficacy. Transfection data were analyzed with 

FlowJo 7 software (Treestar). Experiments were done with n=4 replicates. 

 For 2-D transfections, a similar protocol was used. Flat-bottom, tissue-culture-treated 96-well 

plates were coated with 20 µg/mL laminin (Sigma) by incubation at room temperature for 1 hr and then 

washing once with 1xPBS with Ca
2+

 and Mg
2+

. Oncospheres were collected by centrifugation and the 
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whole pellet mechanically dissociated with a 200-µL pipette. Dissociated cells were then seeded at 1.5x10
4
 

cells/well in 100 µL complete medium into laminin-coated plates. Cells were incubated overnight at 37°C. 

For fNPCs, medium was replaced with complete BTIC medium immediately before transfection to ensure 

that any media interactions with nanoparticles were comparable for all the primary cultures tested. After 

transfection with DNA/PBAE nanoparticles and incubation for 2 hr, the medium and nanoparticles were 

removed and replaced with fresh BTIC or fNPC culture medium. Viability and transfection measurements 

were taken in the same way. For flow cytometry, cells were first trypsinized, resuspended in PBS with 2% 

FBS, and transferred to round-bottom 96-well plates for use with the Hypercyt reader. 

 To compare differentiated fetal cells (astrocytes) with stem-like fetal cells, F34 fNPCs were plated 

in complete astrocyte medium with 10% FBS in a culture flask. Similarly, JHGBM551 cells were cultured 

in complete astrocyte medium with 10% FBS for one passage and use to approximate GBM astrocytes. For 

transfection, cells were trypsinized and seeded in 96-well plates in medium with 10% serum and allowed to 

adhere overnight. Transfection and quantification were carried out the same as with the other cell types.  

4.2.5. Comparison of fetal and GBM cell behavior in vitro 

 Uptake of DNA-containing nanoparticles by fNPCs and BTICs was compared. eGFP DNA was 

labeled with Cy3 using Label IT Tracker kit (Mirus Bio) according to the manufacturer's instructions. 

Briefly, a solution of 125 µg/mL DNA and 100 µL/mL Label IT Tracker reagent was prepared in buffer, 

then incubated at 37°C for 3 hr on an orbital shaker. The labeled DNA was precipitated with ethanol in 300 

mM sodium acetate buffer and cooled at -20°C for 30 min. The DNA was pelleted by centrifugation at 

15,000 g at 4°C for 15 min, then washed with 70% ethanol and centrifuged again. The dried pellet was 

reconstituted in fresh unlabeled eGFP DNA in water. The concentration was verified using by absorbance 

at 260 nm using a Nanodrop 2000 with associated software (v. 1.4.1) (Thermo Fisher, Waltham, MA). The 

absence of protein from the solution was measured by absorbance at 280 nm (A260/A280 ! 1.7). The labeled 

DNA was diluted further with unlabeled nucleic acid to a final dye-to-nucleotide molar ratio of 1:350. 

Transfections were then carried out as above on monolayer cultures, keeping cells out of direct light to 

avoid photobleaching. Uptake was measured by flow cytometry immediately after 2 hr of incubation with 

labeled nanoparticles. 
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 To measure growth rate, BTICs or fNPCs were seeded into laminin-coated 96-well plates at 5,000 

cells/well and allowed to adhere overnight. At set timepoints, the metabolic activity of a set of wells was 

measured by MTS assay (Cell Titer). The doubling time for each BTIC and fNPC culture was calculated by 

fitting the data to an exponential growth curve. 

4.2.6. Transfection experiments in vitro: liver cells 

 MCA-R7777 (HCC) or BRL-3A (hepatocyte) cells were seeded separately into 96-well plates in 

complete medium at 1.5*10
4
 cells/well and incubated at 37°C and 5% CO2 overnight. For luciferase 

studies, opaque white plates with clear bottoms were used. Immediately before the transfection, all media 

were changed to fresh complete HCC medium to eliminate media components as variables for direct 

comparison of HCC cells and hepatocyes. Nanoparticles were prepared for transfection as described above. 

Unless otherwise stated, the dosage was 600 ng DNA per well (5 µg/mL final concentration in medium). 

Positive controls Lipofectamine
TM

 2000 and X-tremeGENE DNA HP were prepared according to 

manufacturers' instructions in Opti-MEM I, and PEI was prepared in 150 mM NaCl. A replicate set of wells 

for each condition was used for viability assays (see below). The cells were incubated with PBAE-DNA 

nanoparticles for 4 hr at 37°C. The media and particles were then aspirated and replaced with fresh 

complete culture medium.  

 Forty-eight hours after transfections, cells were analyzed for expression levels of delivered genes. 

For eGFP DNA delivery, cells were trypsinized, stained with 5 µg/mL propidium iodide (PI), and analyzed 

by flow cytometry. PI
+
 cells (FL3, emission >670 nm) were excluded from analysis as dead or dying. For 

luciferase DNA delivery, BrightGlo assay (Promega) was used according to manufacturer's instructions. 

Luminscence was measured with a Synergy 2 multiplate reader with Gen5 software (Biotek, Winooski, 

VT) and reported as fold luciferase expression over untreated cells. Polymers with statistically significant 

specificity for HCC cells over hepatocytes, measured by both higher percent of cells transfected and also 

higher average expression intensity for at least two of three polymer:DNA w/w ratios, were considered top 

candidates for further studies. 

4.2.7. Viability assessments 

 24 hr after transfections, viability was assessed by metabolic activity and by cell count. For the 

former, MTS assay was used (CellTiter 96® Aqueous One, Promega, Madison, WI) according to 
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manufacturer's instructions. Absorbance at 490 nm was measured with a Synergy 2 multiplate reader with 

Gen5 software (Biotek, Winooski, VT). For cell counts, cells were fixed with 10% buffered formalin (pH 

7.4) for 20 min at room temperature. The formalin was removed and the cells washed twice with 1xPBS. 

Cells were then incubated with 750 nM DAPI in PBS for 5 min at room temperature, shielded from light. 

The solution was removed, and the stained cells were washed once with 1xPBS. Cells were stored at 4°C 

covered from light until use. A Zeiss Axio Observer with Axiovision 5 software was used to take one 

fluorescent image from the center of each well (n=4 for all groups). ImageJ was used to count number of 

nuclei per well. For both metabolic activity and cell count methods, reported viability is relative to 

untreated cells. Polymers showing more than 10% cytotoxicity in BRL-3A cells (non-cancer) were 

removed from consideration as leading materials for further studies. 

4.2.8. Hepatocyte and HCC co-culture 

 For co-culture experiments, MCA-RH7777 cells were labeled with nuclear H2B-Cherry in order 

to be distinguishable from BRL-3A cells. Using a top PBAE from initial MCA-RH7777 transfection 

experiments (457, 1.1:1; see below for results), 10 µg H2B-Cherry plasmid and 2 µg Piggybac transposase 

plasmid were delivered to cells in 6-well plates at 50 w/w ratio (457:total DNA) in complete culture 

medium and incubated for 4 hr at 37°C. The media and particles were aspirated and replaced with fresh 

medium. The cells were monitored by fluorescence microscopy for H2B-Cherry expression over time and 

were passaged every 4-7 days as necessary. After 4 wk in culture, the cells were sorted by FACS with 98% 

purity (Figure 4.1) and were expanded under the same conditions as unlabeled MCA-RH7777 cells as 

described above.  

 BRL-3A cells and labeled MCA-RH7777 cells were expanded separately in their respective 

complete media. Before a transfection, cells were seeded at a 1:1 ratio in 96-well plates (1.5*10
4
 total 

cells/well) in complete hepatocyte medium and allowed to adhere overnight. Top polymers from initial 

screenings on eGFP and luciferase transfections on individual cell populations were selected based on 

expression and viability data. Using these polymers, transfections were carried out as described above. 

Efficacy was measured by fluorescence microscopy and flow cytometry. For the latter, labeled MCA-

RH7777 cells and unlabeled BRL-3A cells were gated using the red fluorescence signal from HCC cells on 

the FL3 channel to minimize overlap with the FL1 (eGFP channel) and utilizing the automated FlowJo 7 
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gating tool (Treestar, Inc., Ashland, OR), which is based on cell density contours. 

4.2.9. Statistical Analysis 

 Unless otherwise stated, bar graphs show mean±standard error of the mean (SEM). Data were 

analyzed via one-way ANOVA with a post hoc Dunnett test to determine statistical significance. Analysis 

was done with Prism software (Graphpad). For paired comparisons, two-tailed Student's t-test were used 

with a Bonferroni correction for multiple comparisons. 

 For comparisons between GBM (JHGBM276, JHGBM551, JHGBM854, and JHGBM965) and 

fetal cells (F34, F48, F54), results from all cell sources were pooled to form a single cancer group and a 

single non-cancer group. Comparisons were done at each transfection condition using a two-tailed Student's 

t-test with a Bonferroni correction for multiple comparisons. 

 

4.3. Results 

4.3.1. Safe and effective transfection of Brain Tumor Initiating Cells (BTIC) as 3-D oncospheres 

 We screened the transfection efficacy and safety of PBAE on primary cultures human BTIC cells 

maintained as 3-D oncospheres, as depicted in Figure 4.2. BTIC sample JHGBM551 oncospheres were 

transfected with PBAEs complexed with DsRed-encoding DNA, and transfection efficacy and safety were 

measured using high-throughput flow cytometry and the MTS assay (Figure 4.3). As in previous studies 

(Bishop et al. 2013; Tzeng and Green 2013), we found that increased hydrophobicity (measured by the 

number of carbons in the polymer's repeat unit) tended to trend with increased transfection efficacy as well 

as increased toxicity; in addition, the end-caps designated E3, E6, and E7 in Figure 3.1 were generally the 

most effective. Leading polymers from this initial screening with 8-9 carbon repeat units were 

resynthesized and purified for a second evaluation on BTIC oncospheres. Five polymers in this screen with 

low cytotoxicity and high transfection efficacy were identified, with leading polymer 447e, 1.1:1 and other 

formulations yielding >80% viability. Fluorescence microscopy and flow cytometry showed >50% of cells 

in the oncospheres positively expressing the DsRed transgene when transfected with the top PBAE 

formulations (Figure 4.4).   

4.3.2. PBAE/DNA nanoparticles are effective in BTICs from multiple patient sources 

 The purified polymers were evaluated on a second sample of primary cultured BTICs derived 
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from a different patient (JHGBM276), using GFP DNA as a transfection marker (Figure 4.5). Similarly 

high transfection efficacy was seen in JHGBM276 BTICs, with 447e, 1.1:1 once again a leading polymer 

(61±3% transfection with 97±7% viability). However, 573e, 1.05:1 was found to be the top formulation for 

transfection of JHGBM276 BTICs, with up to 76±2% transfection with 90±4% viability. A moderate 

correlation in transfection efficacy of PBAE formulations (r
2
=0.42) was found between two oncosphere 

cultures (JHGBM551 and JHGBM276); when the anomalous 537e, 1.05:1 was removed from the data set, 

the correlation became much stronger (r
2
=0.66) (Figure 4.6). A strong correlation was also found between 

transfection of oncospheres and monolayer cultures (r
2
=0.79), indicating that, while a few polymers like 

PBAE-2 may have some specificity for one human cell sample over another, trends in transfection found in 

one GBM cell sample are largely applicable to other GBM samples, even when derived from separate 

patient sources. 

4.3.3. PBAEs are more effective for GBM BTICs and astrocytes than fetal fNPCs and astrocytes 

 An eventual goal of this technology will be to deliver genes intracranially, where both GBM cells 

and healthy brain cells could potentially be exposed to DNA-containing nanoparticles. Ideally, the polymer 

used for transfection should preferentially affect GBM cells while having minimal or no effect on healthy 

cells. However, another possible therapeutic strategy is to deliver genes that are expressed only by GBM 

cells using cancer-specific promoters or that have an effect only on cancer cells, such as through the 

induction of apoptosis. In the latter strategy, gene transfer of an exogenous paracrine factor to healthy cells 

would not be harmful and could even be advantageous, as these healthy cells could serve as a "factory" for 

secreted factors that would kill surrounding tumor cells. 

 In early stages of this work, we identified PBAEs that could be effective for both potential 

strategies.  Most of the top PBAE formulations for JHGBM551 BTICs or astrocytes were significantly less 

effective (p<0.05) on F34 fetal cells, especially when the healthy cells were maintained as undifferentiated 

fNPCs rather than cultured as astrocytes (Figure 4.7). In particular, PBAE 457 transfected nearly 20% of 

BTICs but only 4.8% of F34 astrocytes, and it had no apparent effect on F34 fNPCs. PBAE 456 had 13.4% 

efficacy on BTICs with no quantifiable toxicity, but it had little to no effect on F34 cells (0.3% transfected 

with greater than 85% viability). On the other hand, 447's efficacy in GBM astrocytes and BTICs, along 

with its moderate efficacy in healthy astrocytes and healthy fNPCs (19.1±2% transfection), suggests that it 
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may be particularly useful in delivery of genes whose products are secreted proteins that are specifically 

cytotoxic to cancer cells. Lipofectamine 2000 was almost completely ineffective on BTICs at a standard 

dose (0.3 µg per well); by doubling the dose, transfection efficiency increased drastically to 41.2±6%, but 

viability plummeted to 42.9±4%. This effect was even more pronounced in fetal astrocytes, in which 

Lipofectamine 2000 treatment killed nearly all cells (Figure 4.7). 

4.3.4. Nanoparticle transfection efficacy is specific for human brain tumor initiating cells over human 

neural progenitor cells 

 Top polymers from evaluation in two patient-derived cultures of BTICs (JHGBM551 and 

JHGBM276) were tested on two other patient-derived BTIC cultures (JHGBM854 and JHGBM965) as 

well as on healthy-non-cancerous human fetal neural progenitor cells (hNPCs) (F34, F54, and F48) 

cultured as monolayers. Our previous work suggested that certain optimized PBAE nanoparticle 

formulations were more effective at transfecting one patient-derived BTIC culture, JHGBM551, than one 

fNPC culture, F34 (Tzeng et al. 2011). These previous results were significantly strengthened by evaluating 

additional PBAE nanoparticle formulations in additional patient-derived BTIC cultures and fNPC cultures. 

In addition to early work on JHGBM551 and F34 cells, we also evaluated PBAEs in JHGBM276 BTICs 

and F34 fNPCs (Figure 4.8), which showed that many of the PBAEs had significantly higher transfection 

in BTICs compared to fNPCs. We further evaluated PBAE-1 on four BTIC and three fNPC cultures using 

two PBAE:DNA ratios (30 w/w and 60 w/w) and a range of nanoparticle doses. When results of 

transfection were combined for all BTIC and fNPC cells, at every dose tested, significantly higher 

expression was seen in BTICs over fNPCs (Figure 4.9A-D). Of note, the difference between BTIC and 

fNPC transfections was even more striking when measured by intensity of GFP fluorescence from the cell 

population (Figure 4.9B, 4.9D), indicating that several times more protein was being produced by 

transfected BTICs compared to transfected fNPCs. This was particularly evident at lower doses, which may 

better model an in vivo application, for which fNPCs were transfected very poorly or not at all while most 

of the BTIC samples still showed significant transfection. Fluorescence microscopy qualitatively confirmed 

these results (Figure 4.9E). 

To evaluate potential difference between the BTICs and fNPCs, we compared the cellular growth 

rates as well as the cellular uptake of nanoparticles in each primary culture. Cellular growth rate can affect 
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gene delivery, as the nuclear membrane is a significant delivery barrier preventing exogenous plasmid 

DNA from being able to be successfully transcribed. Cells that quickly divide quickly can reduce the 

impact of this barrier and increase the likelihood of successful transfection. There was no statistically 

significant difference between the cellular doubling times of BTICs and fNPCs (Figure 4.9F-G). An 

important step for particle-mediated intracellular gene delivery is cellular uptake of the particles. Uptake 

studies showed no statistically significant difference between cellular uptake of nanoparticles in fNPCs 

compared to BTICs (Figure 4.9F), measured either by percent of cells that are positive for uptake of 

particles containing fluorescently labeled DNA or by total relative fluorescence. On the contrary, the 

fNPCs had a slightly higher median measure of cellular uptake (relative fluorescence units) compared to 

the BTICs. This indicates that factors other than overall particle uptake and cell division rate are the major 

contributors to the increased transgene expression seen in BTICs cells compared to healthy fNPCs. 

4.3.5. Initial screening transfections on hepatocellular carcinoma (HCC) cells 

 A wide variety of PBAE structures was initially tested to find the most promising groups of 

polymers for transfection of MCA-RH7777 rat HCC cells. Among the variables tested were the base 

polymer structure (B-S), end-cap monomer (E), polymer:DNA w/w ratio, and polymer chain length 

(Figure 4.10).  

 Base polymers found to be most effective in transfection while maintaining low toxicity were 44, 

45, and 53. End-cap E7 was the most effective, followed by E6 and E3, respectively. E3 tended to cause the 

most cytotoxicity and was excluded from further studies except in the case of 453, 1.2:1, which achieved 

up to 88±3% transfection efficacy with low cytotoxicity. Although 90 w/w was generally more effective 

than 60 w/w, this was not the case for some polymers, particularly more cytotoxic ones like 54-based 

polymers; therefore, 50 w/w and 75 w/w were the focus of further studies. Based on results seen in early 

hepatocyte transfections (see below), 25 w/w was also included.  

 LipofectamineTM
 2000, X-tremeGENE DNA HP, and PEI were optimized for use as positive 

controls for transfection (Figure 4.11). While PEI had both low efficacy and high cytotoxicity, the other 

two lipid-based reagents achieved up to 89±4% and 76±1% transfection, respectively, accompanied by 

24±6% and 24±1% toxicity in hepatoma cells. 
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4.3.6. Transfection of hepatocytes and HCC cells with purified polymers 

 Purified polymers generally had higher efficacy than their unpurified counterparts (Figure 4.12), 

with 457e, 1.1:1 transfecting up to 98±0.4% MCA-RH7777 cells and 68±4% BRL-3A cells. Significant 

specificity was seen between the two cell types for most polymers. The highest transfection efficacy seen in 

BRL-3A cells was 77±1% (537e, 1.05:1, 75 w/w), while 10 of the 21 PBAE formulations evaluated 

transfected >90% of the MCA-RH7777 cells. One exception is the relatively high transfection of BRL-3A 

cells with low w/w ratios (25 w/w) compared to the low MCA-RH7777 transfection, particularly 457e, 

1.1:1 and 1.2:1, with this discrepancy statistically significant in the former. 

 Much more striking than the difference in percent transfection is the difference in the amount of 

protein produced, measured as eGFP fluorescence intensity (Figure 4.13). Fluorescence micrographs show 

that much higher exposure was needed to visualize eGFP
+
 BRL-3A hepatocytes compared with the very 

intensely bright eGFP
+
 MCA-RH7777 HCC cells. Furthermore, the geometric mean fluorescence of HCC 

cells as measured by flow cytometry was significantly higher in many of the PBAE formulations tested. For 

polymers 457e, 1.1:1; 537e, 1.05:1; 447e, 1.1:1; 453e, 1.2:1; and 456e, 1.2:1, at least 10-fold higher eGFP 

expression was seen in HCC cells when used at both 50 and 75 w/w, with some conditions showing up to 

330±96-fold higher expression. 

 As can be seen in Figure 4.13B, certain groups caused some cell death. Viability was tested in 

two ways to ensure that the polymers used for later studies would not cause non-specific cytotoxicity, 

particularly in non-cancer BRL-3A cells. While the CellTiter 96® MTS assay was useful as a quick 

assessment in the initial large screens, several groups, especially in the MCA-RH7777 cells, showed greater 

metabolic activity than untreated wells (Figure 4.14). Although cell counts also show a slight (but not 

statistically significant) increase in many groups, the increased MTS signal was higher still. Therefore, cell 

counts were used as the method of choice for determining polymer-mediated non-specific cytotoxicity 

(Figure 4.15). 

 In agreement with what was observed with unpurified polymers, the ether-purified E3-terminated 

polymer (453e, 1.2:1) caused the highest cytotoxicity of the polymers tested in both MCA-RH7777 cells 

and BRL-3A cells. While hepatoma cells and hepatocytes followed similar trends, with the hepatoma cells 

generally somewhat more robust than the hepatocytes, there were certain compounds for which this was not 
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the case. In particular, the two lipid-based positive controls, Lipofectamine
TM

 2000 and X-tremeGENE® 

DNA HP, were highly effective for DNA delivery to hepatoma cells but were also very cytotoxic to non-

cancer hepatocytes. Because the cytotoxicity of transfection reagents to healthy cells was considered a 

primary safety concern, only polymers that caused <10% cytotoxicity to BRL-3A cells continued to be 

used in the following studies. 

4.3.7. Luciferase DNA Transfection 

 To ensure that the high rate of transfection in MCA-RH7777 cells and specificity over BRL-3A 

cells was not affected by any elements of the plasmid used or the eGFP marker protein, transfection 

experiments were repeated with luciferase DNA with a different vector backbone using top polymers from 

eGFP studies (Figure 4.16). Interestingly, the cell specificity became even more clear using the 

luminescence assay, with many polymers causing at least 200-fold higher luminescence in MCA-RH7777 

cells compared with BRL-3A cells when used at 50 and 75 w/w. 537e, 1.05:1, 75 w/w showed the highest 

expression as well as the most cell-type specificity, with up to 470 ±25-fold more luminescence in HCC 

cells over hepatocytes. 

4.3.8. Co-culture of hepatocytes and HCC cells 

 The cell-type specificity observed in monoculture is also strongly observed in co-culture 

experiments. In addition to the Cherry dye, labeled MCA-RH7777 cells could be distinguished from BRL-

3A cells by morphology of the individual cells as well as the multicellular structures formed by each cell 

type. Even though both cell types spread on a 2D surface when grown separately, forming relatively even 

monolayers, the HCC cells formed dense clusters when in co-culture with hepatocytes, which themselves 

remained in monolayer (Figure 4.17). 

 In co-cultures, HCC cells were preferentially transfected over hepatocytes with very high 

specificity. Fluorescence microscopy showed that green eGFP signal overlapped almost exclusively with 

the clusters of red H2B-Cherry signal, indicating that transfection occurred largely in HCC cells and 

infrequently in hepatocytes. Close inspection of the images does reveal some BRL-3A cells that are eGFP+
; 

however, the expression intensity is once again very low, and relatively few cells were transfected 

compared to HCC cells. This co-culture experiment also supported the previous findings that 

Lipofectamine and X-tremeGENE, while relatively effective at transfecting HCC cells, were also quite 
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toxic to hepatocytes. 

 Flow cytometry quantitatively showed similar results (Figure 4.18; see Figure 4.19 for detailed 

gating information). In the case of all PBAEs tested, transfection efficacy was statistically significantly 

higher for HCC cells compared with hepatocytes ("=0.01) measured both by percent of cells transfected 

and by eGFP fluorescence intensity. This is true even for 25 w/w formulations, which did not usually show 

statistically higher specificity for HCC cells in when the two cell types were cultured in monoculture 

separately. In the least effective group, HCC cells were transfected at 83±1% and 160±24-fold higher 

fluorescence intensity over hepatocytes (457e, 1.1:1, 25 w/w). The best conditions had up to 98±0.3% 

transfection (537e, 1.05:1, 50 w/w) and up to 528±57-fold higher intensity (457e, 1.1:1, 50 w/w). While the 

highest increase in fluorescence over hepatocytes was 330-fold when cells were cultured separately, both 

457e and 447e, 1.1:1, at 50 and 75 w/w showed higher specificity in co-culture. 

To assess whether this specificity was due to the shorter division cycle of cancer cells, HCC and 

hepatoma cells were tracked over time using MTS assay. As with the GBM and fetal brain cells, cellular 

growth rate was not the major contributing factor, as measurement of MCA-RH7777 and BRL-3A cells 

showed doubling similar doubling times (Figure 4.20). Exponential curve fitting for each cell type yielded:  

M(t) = 0.49e
(0.29)t

 

where M=number of MCA-RH7777 cells and t=time in hr, with r
2
=0.9928 and doubling time of t=24 hr, 

and 

B(t)=0.39e
(0.034)t

 

where B=number of BRL-3A cells and t=time in hr, with r
2
=0.9923 and doubling time of t=20 hr. 

 

4.4. Discussion 

 Our in vitro work shows that we can transfect cells derived from two different difficult-to-treat 

cancer types and several different human cancer patients. GBM patient-derived BTICs were transfected not 

only in monolayer culture but also in 3-D oncosphere culture. Aside from demonstrating the ability of 

PBAE nanoparticles to penetrate and transfect cells in 3-D, as in an in vivo environment, the high 

correlation between transfection of monolayer and oncosphere cultures also suggests that two-dimensional 

transfection studies, which are common initial experiments, have predictive value for the more clinically 
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relevant three-dimensional case. Moreover, the correlation between two BTIC cultures, (JHGBM276 and 

JHGBM551) each of which was derived from a different human GBM patient, indicate that the PBAEs 

identified here to be top candidates for transfection will also likely be effective on cells derived from other 

tumors from other GBM patients, although a more extensive study with more samples would be necessary 

to confirm this trend. That a leading polymer in the JHGBM276 sample, 537e, 1.05:1, was found to be less 

effective in JHGBM551 cells shows that there is potentially some patient-source specificity for certain 

polymers. The 447e, 1.1:1 polymer is suggested as a potential candidate for future in vivo studies, because 

it was a particularly effective polymer in all of the four BTIC samples tested. 

PBAEs were also evaluated for their potential as specific gene delivery agents to MCA-RH7777 

HCC cells. Significantly, well over 90% of HCC cells are transfected using our top PBAE polymers with 

minimal off-target effect on healthy BRL-3A hepatocytes. At the dosages and formulations tested, low 

cytotoxicity was seen in HCC cells for most of the polymers tested. Interestingly, the two most effective 

commercially-available controls, Lipofectamine and X-tremeGENE, are very cytotoxic to hepatocytes, 

similar to the results seen in early studies using Lipofectamine to transfect F34 fetal brain cells. This may 

suggest that, while malignant hepatocytes can survive when treated with lipid-based materials at the doses 

tested and may even have high transfection, healthy hepatocytes are more susceptible to cell death in such 

conditions. This does not contradict previous results that showed increased luminescence from MCA-

RH7777 cells transfected in the presence with Lipiodol® but no change or decrease in luminescence from 

BRL-3A cells (Higgins et al. 2011), and it further emphasizes the importance of delivery vectors that can 

be modified or tailored for a specific application or organ system.  

 While non-viral, nanoparticle-based delivery of drugs and nucleic acids have been a subject of 

much research, many hurdles must still be overcome for their use in an in vivo or clinical setting (Zhang et 

al. 2012; Zuckerman et al. 2012). Because surgical intervention and TACE are common in GBM and HCC 

treatment, respectively, local application of therapeutic nanoparticles is a relevant strategy. However, even 

direct, local injection of nanoparticles is met with challenges in distribution and efficacy that can be 

overcome in particle design and chemical composition (Jiang et al. 2011; Nance et al. 2012). Our finding in 

this study that cancer cells were specifically transfected with the nanoparticles over non-cancer cells, in 

both brain and liver cell samples, was, interestingly, not due to factors such as cellular division rate, cellular 
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uptake of nanoparticles, or media composition. Using cytomegalovirus (CMV) promoter for our plasmids, 

with no transcriptional targeting, we were able to achieve significantly higher expression in BTICs 

compared to fNPCs and approximately 500-fold higher expression in HCC cells over hepatocytes using 

two different plasmids expressing different marker proteins. While the mechanism that facilitates this 

biomaterial-mediated specificity of delivery remains elusive, it is a subject of active investigation. For 

instance, increased uptake by HCC cells of certain compounds has been attributed at least in part to 

differences in cell surface molecules in different cell types (Chou et al. 1995), with previous work on HCC-

specific drug delivery focusing primarily on the use of targeting ligands for receptors overexpressed on 

HCC cells (Ashley et al. 2011; Mohr et al. 2004; Wolschek et al. 2002). Other factors may play a role; for 

example, we found here that MCA-RH7777 cells have increased metabolic activity after transfection with 

certain polymers that cannot be fully explained by a slight increase in proliferation (Figure 4.14). Many 

obstacles must normally be overcome to achieve successful gene delivery (Green et al. 2008), each of 

which could vary from one cell type to another to cause the preferential transfection of cancer cells seen 

here. Regardless of which steps in the delivery or gene expression pathway are the major bottlenecks, the 

specificity with which cancer cells are transfected is promising for further mechanistic study or for in vivo 

experiments. 

 The high specificity for delivery to liver cancer while avoiding healthy liver cells in co-culture is 

intriguing. This experiment more closely approximates the in vivo situation, in which tumors and non-

cancerous liver tissue would both be present and exposed simultaneously to a therapeutic. The difference in 

expression between HCC cells and hepatocytes is larger when the two cells are transfected together in the 

same well. 

 

4.5. Conclusions 

 The potential of this technology for clinical translation to treat both GBM and HCC, diseases in 

need of new therapies, is supported by a number of factors. First, there is low or insignificant cytotoxicity 

caused by the leading polymer formulations identified in this study. Gene delivery is also inherently 

versatile in the types of therapeutic proteins that can be delivered, because, as we have previously shown, 

PBAEs form the same nanoparticles regardless of the sequence of the DNA plasmid or its size within a 
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range of <2 kb to >25 kb, allowing virtually any gene to be delivered (Tzeng and Green 2013). Even with 

the high specificity seen already in this study, additional layers of specificity can also be built into the DNA 

construct being delivered, such as promoter control to allow expression only in cancer cells (Bhang et al. 

2011; Kim et al. 2012; Su et al. 2005), with some promoters causing several-fold to nearly an order of 

magnitude higher expression in cancer cells over healthy controls. With in vitro data showing high 

transfection and safety of the nanoparticles in cancer cells as well as intrinsic tumor cell specificity by the 

biomaterial, these materials are promising as vehicles for the deployment of anti-cancer genetic medicines.  
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4.6. Tables  

 

Table 4.1. Primary cultures used  

Name Cell type Source 

JHGBM276 GBM (BTIC) 53-y.o. GBM patient 

JHGBM319 GBM 79-y.o. GBM patient 

JHGBM551 GBM (BTIC) 69-y.o. GBM patient 

JHGBM854 GBM (BTIC) 41-y.o. GBM patient 

JHGBM965  GBM (BTIC) 61-y.o. GBM patient 

F34 fNPC 17 gestational wk 

F48 fNPC 17 gestational wk 

F54 fNPC 17 gestational wk 
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4.7. Figures 

 

 

 

 

Figure 4.1. Fluorescent labeling of MCA-RH7777 HCC cells. MCA-RH7777 cells transfected with 

H2B-Cherry using the Piggybac transposon system were sorted by FACS after 4 wk in culture. (A) 13% of 

the cell population were Cherry
+
 (gate R4). To improve purity, 11% were collected (gate R1). (B) After the 

sort, 98% were Cherry
+
 (gate R4). (Reproduced from Tzeng et al. 2013) 
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Figure 4.2. In vitro and in vivo DNA delivery scheme to brain tumor cells. A library of PBAEs is 

screened for DNA delivery efficacy in brain tumor initiating cells (BTICs) and low efficacy in fetal neural 

progenitor cells (fNPCs). The top formulation was used to deliver a fluorescence gene to tumor cells in a 

mouse model of GBM. 
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Figure 4.3. High-throughput screening of PBAEs for oncosphere transfection efficacy and safety. A 

wide screen of PBAE formulations was used to transfect 3-D BTIC JHGBM551 oncospheres. All PBAEs 

used here (x-axis) were synthesized at a 1.2:1 B:S ratio. Leading polymers from this screen were chosen 

based on high transfection efficacy (percent of cells transfected) and low toxicity (loss of relative metabolic 

activity). Fluorescence microscopy shows GFP
+
 oncospheres transfected with DsRed using purified 

PBAEs. 
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Figure 4.4. Transfection efficacy and safety of PBAE nanoparticles at transfecting human GBM 

primary cultures (JHGBM551). Transfection efficacy was measured by percent of cells expressing 

DsRed, and viability was measured by relative metabolic activity normalized to untreated cells. Polymer 

formulations are shown on the x-axis. CTRL: untreated control; Lipo: Lipofectamine
TM

 2000 control 

reagent. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.5. Top PBAEs for transfection of JHGBM551 cells are also effective in other primary 

human cultures. JHGBM276 oncospheres were transfected with the same ether-purified polymers as 

JHGBM551. 
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Figure 4.6. PBAE nanoparticles transfect BTIC oncospheres and monolayers from different patient 

sources. (A) Fluorescence micrographs showing transfection of JHGBM551 and JHGBM276 primary 

cultures with 447e, 1.1:1, effective for transfection of both cell types, and 537e, 1.05:1, more effective for 

transfection of JHGBM276 than JHGBM551. In each pair of images, top: brightfield and transgene signal 

merged (DsRed or GFP, false-colored green for both) and bottom: DsRed or GFP only. (B) Correlation 

between transfection efficacy of JHGBM551 and JHGBM276 oncospheres (black line) becomes much 

stronger after removing the anomalous 537e from consideration (gray line). Points on the graph are labeled 

with the PBAE used to transfect them. (C-D) Transfection in 2D (monolayer) and in 3D (oncospheres) 

shows high correlation (r
2
=0.79, 0.64). (B-D) All axes show percent of cells transfected. 
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Figure 4.7. Tumor-initiating cells (BTSC) and GBM astrocytes (GB) are transfected much more 

effectively by PBAEs than healthy fetal progenitor cells (NSC) and astrocytes (Ast). One exception is 

PBAE 447, which transfects all cell types tested, and Lipofectamine 2000, which, while having no visible 

effect on fNPCs, was highly toxic to fetal astrocytes. The difference between BTIC and fNPC transfection 

is statistically significant in all cases shown (*p<0.05, **p<0.0001). (Reproduced from Tzeng et al. 2011) 
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Figure 4.8. In vitro transfection shows PBAE specificity for GBM cells over fetal cells. JHGBM276 

BTICs and F34 fNPCs were transfected with leading PBAE formulations in JHGBM276s cells to verify 

greater transfection efficacy in the tumor cells compared with healthy cells. Several formulations showed 

statistical significance (Student's t-test with Bonferroni correction for multiple comparisons). *p<0.05, 

**p<0.01. 
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Figure 4.9. PBAE nanoparticles as GBM-specific gene delivery vehicles. BTICs were more efficiently 

transfected with top polymer (PBAE-1, tested at 30 and 60 w/w) than fNPCs at equivalent w/w ratios and 

nanoparticle doses, measured by percent of cells transfected (A, C) and GFP fluorescence intensity (B, D). 

Fluorescence micrographs qualitatively show the same result (E). *p<0.05, **p<0.01, ***p<0.001. The 

growth rate of the primary cultures (F, G) are not statistically significantly different between BTICs and 

fNPCs (two-tailed Student's t-test, p>0.05). Particle uptake measured by the fraction of cells with 

internalized particles or the amount of particles internalized was also not significantly different between 

BTICs and fNPCs (F). 
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Figure 4.10. Initial screenings of a wide range of different PBAE structures (shown on x-axis) on 

HCC cells. Polymers for further study were chosen based on (A) high transfection efficacy on MCA-

RH7777 cells and by (B) low cytotoxicity. (Reproduced from Tzeng et al. 2013) 
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Figure 4.11. Optimization of commercial tranfection reagents in HCC cells. Commercially-available 

positive controls (Lipofectamine
TM

 2000, Lipo; X-tremeGENE® DNA HP, XG; and polyethylenimine, 

PEI) were optimized for delivery to MCA-RH7777 cells using eGFP DNA at varying dosages per well (96-

well plate format) and at various ratios of reagent:DNA (µL:µg). (Reproduced from Tzeng et al. 2013) 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.12. GFP transfection percentage is higher in liver cancer cells than in hepatocytes. When 

cultured and transfected separately, most of the PBAEs and controls tested showed statistically 

significantly higher rate of transfection in HCC cells (MCA-RH7777) than in non-cancer hepatocytes 

(BRL-3A) (*"=0.05, **"=0.01). (Reproduced from Tzeng et al. 2013) 
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Figure 4.13. GFP expression intensity is higher in liver cancer cells than in hepatocytes. HCC cells 

show much higher transgene expression compared with hepatocytes as measured by (A) flow cytometry 

and by (B) fluorescence microscopy. All micrographs were taken with the same exposure time (200 ms) on 

the green fluorescence channel. (Reproduced from Tzeng et al. 2013) 
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Figure 4.14. Viability assays on rat liver cells after transfection. MCA-RH7777 HCC cells (top) and 

BRL-3A hepatocytes (bottom) were tested for viability after transfection. For hepatocytes, MTS assay 

sometimes showed increased signal compared to cell counts. HCC cells showed higher cell counts in some 

groups compared to the untreated control, but the increase in MTS signal in those cases was usually higher, 

showing that the increased metabolic activity per cell is not due purely to increased cell numbers. 

(Reproduced from Tzeng et al. 2013) 
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Figure 4.15. Top PBAE-DNA nanoparticles are non-toxic to healthy liver cells. Viability of MCA-

RH7777 cells and BRL-3A cells was assessed by automated cell counting 24 hr after transfection with 

eGFP DNA. (Reproduced from Tzeng et al. 2013) 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.16. Luciferase expression is higher in transfected liver cancer cells than in hepatocytes. 

MCA-RH7777 cells and BRL-3A cells cultured and transfected separately with luciferase DNA showed 

high specificity for HCC cells over hepatocytes, measured by luminescence per well. (Reproduced from 

Tzeng et al. 2013) 
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Figure 4.17. Cancer-specific transfection of liver co-cultures. Labeled MCA-RH7777 cells and 

unlabeled BRL-3A cells grown and transfected in co-culture showed high transgene expression in HCC 

cells with much lower levels of transfection in hepatocytes. Brightfield images are uncolored, eGFP signal 

is green, and H2B-cherry signal is red. Each set of four images shows brightfield merged with eGFP and 

H2B-cherry (top left), eGFP and H2B-cherry (top right), eGFP only (bottom left), and H2B-cherry only 

(bottom right). (Reproduced from Tzeng et al. 2013) 
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Figure 4.18. Quantitative assessment of cancer-specific transfection of liver co-cultures. (A) H2B-

cherry signal of HCC cells allowed separate gating of the two populations with flow cytometry. The top 

population (tinted pink) shows H2B-cherry
+
 HCC cells; the bottom (tinted yellow) is unlabeled 

hepatocytes. Transfection efficacy measured by (B) percent of cells transfected and (C, D) geometric mean 

fluorescence intensity showed high specificity for MCA-RH7777 cells over BRL-3A cells in co-culture 

studies. (Reproduced from Tzeng et al. 2013) 
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Figure 4.19. Flow cytometry analysis of transfected liver co-cultures. After transfection of MCA-

RH7777 and BRL-3A co-cultures, flow cytometry was used to measure the transfection efficacy in both 

cell types. Plots are shown with contours drawn by cell density. The automatic gating tool (FlowJo 7) was 

used to isolate the H2B-cherry
+
 MCA-RH7777 (HCC, tinted pink) population from the BRL-3A 

(hepatocyte, tinted yellow) population (A). eGFP expression was gated by comparison to eGFP
-
 untreated 

cells for HCC cells (B) and hepatocytes (C). As can be seen, many experimental conditions in (B) caused 

nearly the entire population of cells to shift into the eGFP
+
 gate, with fewer hepatocytes (C) showing the 

same shift. (Reproduced from Tzeng et al. 2013) 
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Figure 4.20. Cancer specificity of PBAE nanoparticles is not dependent on cell division rate. The 

growth rate of MCA-RH7777 cells and BRL-3A cells was tracked over time using metabolic activity as a 

linear proxy for number of cells. Cells were seeded in 96-well plates at 5000 cells/well and allowed to 

adhere overnight.  CellTiter 96® MTS assay was used according to manufacturer's instructions, and 

measurements were taken with a multiplate reader. At each time point, MTS reagent was added to one set 

of wells (n=4) of each cell type, and the cells were incubated for 1 hr before measurement. The first time 

point was defined as t=0. Background signal from culture medium with MTS reagent (no cells) was 

subtracted from each time point. (Reproduced from Tzeng et al. 2013) 
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 Chapter 5: 

 

Delivery of functional DNA and siRNA for regenerative medicine  

and cancer therapy applications 

 

 

5.1. Introduction 

Delivery of siRNA and DNA is an attractive option for a variety of applications, from basic 

science research to potential clinical use. The ability to either induce or reduce expression of specific genes 

in vitro may lend itself to cell differentiation or guidance for regenerative medicine (Bonadio 2000; Jang et 

al. 2004). Aberrant expression of genes has also been found to play an important role in many diseases (Wu 

et al. 2007; Yadav et al. 2009); the ability to mimic these pathological states could be useful for basic 

studies in a laboratory setting, while the ability to reverse those states has potential for clinical use in curing 

or ameliorating specific diseases (Howard et al. 2009; Karvinen and Yla-Herttuala 2010; Kim et al. 2008; 

Nguyen et al. 2009; Pringle et al. 2009; Ptasznik et al. 2004) or for promoting tissue repair (Mooney and 

Vandenburgh 2008). 

Human umbilical vein endothelial cells (HUVECs) are a particularly suitable model cell in which 

to study these effects; HUVECs and related cells have high relevance in the fields of tissue engineering 

(Kannan et al. 2005; Rouwkema et al. 2006), cancer therapy (Folkins et al. 2009; Rak et al. 2009), and 

other conditions with altered angiogenesis (Bouis et al. 2001; Ohno-Matsui et al. 2001). Importantly, 

upregulation of pro-angiogenic genes may be crucial for tissue engineering to allow nutrient and gas 

transfer throughout a construct (Laschke et al. 2006); the opposite effect would be necessary for the 

treatment of diseases like cancer (Liotta et al. 1991) or macular degeneration (Witmer et al. 2003), in which 

excessive angiogenesis or neovascularization is a cause of pathology (Bhise et al. 2011). The ability to 

deliver either siRNA or DNA to these and other cell types would allow the flexibility to alter gene 

                                                
   This chapter contains material modified from the following articles, previously published or in preparation as:  

Tzeng SY, Yang PH, Grayson WL, and Green JJ (2011). Synthetic poly(ester amine)- and poly(amido amine)-based nanoparticles for 

efficient DNA and siRNA delivery to human umbilical vein endothelial cells. Int J Nanomedicine 6: 3309-22. 

Tzeng SY, Hung BP, Grayson WL, and Green JJ (2012). Cystamine-terminated poly(beta-amino ester)s for siRNA delivery to human 

mesenchymal stem cells and enhancement of osteogenic differentiation. Biomaterials 33:8142-51. 

Li X, Tzeng SY, Tammia M, Green JJ, and Mao H-Q. Enhancing therapeutic potential of human neural stem cells. (In preparation) 
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expression in either case. While siRNA and DNA molecules are chemically similar and share the ability to 

complex with polymeric nanoparticles via electrostatic interactions, their mechanisms of action and 

intracellular targets are different: siRNA acts primarily in the cytoplasm while DNA must reach the nucleus 

(Singh et al. 2010), providing distinct challenges in the delivery of each via transfection agents. 

 Other cell types of interest in regenerative medicine include bone marrow-derived mesenchymal 

stem cells (MSCs) and adipose-derived stem cells (ASCs). These can differentiate into multiple lineages, 

including cartilage and bone (Pittenger et al. 1999); MSC-based therapies are, therefore, an active area of 

research for applications like cartilage repair (Lee et al. 2007) and bone regeneration (Grayson et al. 2010). 

For instance, siRNA can be delivered against an inhibitor of osteogenesis, such as B-cell lymphoma (Bcl)-

like protein 2 (BCL2L2), in order to have a positive effect on hMSC osteogenic differentiation. 

Neural stem cells (NSCs) are similarly of interest for their ability to differentiate into a range of 

different neural cells, and it has been shown that the transcription factors neurogenin-2 (N2), Mash1, and 

NeuroD, delivered via viral gene therapy, can cause differentiation of embryonic stem cell-derived NSCs to 

functional neurons (Jandial et al. 2008). The strategy of modulating gene activity ex vivo prior to 

transplantation could allow tissue engineers to control stem cell fate better than in an in vivo system (Noth 

et al. 2008) while still bypassing long in vitro culture times (Grayson et al. 2010) by increasing the 

efficiency of differentiation down a specified lineage  (Hester et al. 2011; Pang et al. 2011). 

ASCs have been the focus of many recent studies, as large numbers of ASCs can be harvested 

from liposuction, facilitating autologous transplantation of these cells (Gimble et al. 2007). ASCs can also 

be culture in vitro under conditions that give rise to endothelial and perivascular lineages (Cao et al. 2005; 

Planat-Benard et al. 2004; Thangarajah et al. 2009; Zannettino et al. 2008), due to the heterotypic cell 

population existing in ASC cultures isolated from lipoaspirate (Hutton et al. 2012). The vascular potential 

of these heterotypic ASC cultures is enticing as a treatment for ischemia, with almost half of lower-

extremity amputations on diabetic patients resulting from ischemia (Pecoraro et al. 1990). Genetic 

manipulation of ASCs ex vivo could provide such primary cultures with the necessary cues to promote 

vascular morphogenesis. In particular, hypoxia-incudible factor 1 (HIF-1) is a master regulator of 

angiogenesis (Kelly et al. 2003), and delivery of a stable form of the alpha-subunit of this transcription 

factor (HIF-1") could lead to production of several downstream factors leading to vascular development. 
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 Finally, nucleic acids can be delivered to cancer cells to cause a direct cytotoxic response against 

the tumor. Cancer cell types examined in this study are H446 human small-cell lung cancer cells, BxPC-3 

human pancreatic cancer cells, human metastatic breast cancer MDA-231-MB cells, rat hepatocellular 

carcinoma (HCC) cells, primary human glioblastoma (GBM) cells, and human (U87) and rat (9L, F98) 

glioma cell lines. Previous studies have shown that delivery of tumor suppressor genes, such as p53, to 

sensitive cancer lines can slow tumor growth rate in vivo (Kamat et al. 2013). We sought to evaluate cancer 

cell survival in vitro in response to delivery of tumor suppressor genes, apoptotic genes, prodrug-activating 

genes, RNAi against survival genes, and combinations of the above. 

While viral transduction can yield high efficiencies in genetic engineering of cells (Stender et al. 

2007), viral vectors bring with them several safety concerns and limitations in the size and type of cargo 

they carry (Thomas et al. 2003). Non-viral gene delivery, while potentially bypassing such concerns 

(Sunshine et al. 2011), is generally less effective (Putnam 2006). Primary human cells, including MSCs, 

tend to be difficult to transfect with non-viral delivery methods (Santos et al. 2011). Although electrical 

approaches, like nucleofection, can be employed (Aslan et al. 2006), both nucleofection and traditional 

electroporation still often cause heavy cell death (Green et al. 2008). Lipid-based materials can be effective 

in siRNA delivery. Such materials generally form liposome-like vehicles within which siRNA can be 

encapsulated and then carried (Whitehead et al. 2009). Several groups have capitalized on this property of 

cationic lipid formulations for siRNA delivery (Oh and Park 2009; Semple et al. 2010), using both natural 

and synthetic lipids to facilitate cellular entry via endocytosis or membrane fusion (Huang and Liu 2011). 

Because of the prevalence of their use in the field of siRNA delivery, although lipids are not a focus of this 

report, a lipidic product is used as a control in these studies. In particular, we compare our results here 

against results from LipofectamineTM
 2000, which has been widely used in the gene delivery literature as a 

leading commercial transfection agent. However, many lipid-based materials can be prohibitively cytotoxic 

(Spagnou et al. 2004) and unstable, especially in the presence of salts or serum (Adair et al. 2010). The 

commonly used cationic polymer polyethyleneimine (PEI) must be chemically modified to avoid 

cytotoxicity (Sutton et al. 2006) and, along with other methods like gold nanoparticle immobilization, also 

requires high siRNA doses of up to 200 nM (Breunig et al. 2008; Giljohann et al. 2009), even when using 

easier-to-transfect cell types such as CHO-K1 or HeLa cells.  
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 Poly("-amino ester)s (PBAEs) are an attractive non-viral method of gene delivery, as they are 

simple to synthesize, easily chemically modified, and hydrolytically degradable under physiological 

conditions (Bhise et al. 2010; Green et al. 2008; Tzeng et al. 2012a). We have previously shown moderate 

success in DNA delivery to MSCs (Sunshine et al. 2009), but the ability to deliver other biomolecules such 

as siRNA would expand the flexibility of the cationic polymer delivery system by allowing gene 

knockdown as well as upregulation. Other researchers have previously been unsuccessful in transfecting 

cells with PBAE-siRNA nanoparticles without the use of gold nanoparticles as a substrate (Lee et al. 2009). 

Researchers using similar systems have used high siRNA doses of up to 125 nM, usually in the absence of 

serum in the transfection media, to achieve moderate knockdown (Jere et al. 2008; Vandenbroucke et al. 

2008). Our early studies of siRNA delivery to another hard-to-transfect primary human cell type have 

shown that polymers ideal for DNA delivery many not be the same as those necessary for siRNA delivery 

(Tzeng et al. 2012a), likely due to differences in chemical and physical properties of the two types of 

nucleic acids as well as differences in their mechanisms of action (Singh et al. 2010). As such, PBAEs 

optimized specifically for siRNA delivery must be identified. Here, we synthesize, characterize, and 

evaluate an array of PBAEs for effective siRNA delivery to primary human MSCs (hMSCs). The ability to 

screen many PBAE formulations in a high-throughput manner provides a powerful tool to not only quickly 

identify top formulations but also see trends in the relationship between polymer structure and function, 

thereby helping to further refine results and to direct studies in similar systems. This bionanotechnology for 

siRNA delivery can be an enabling tool for control-based approaches to engineering biological systems 

(LeDuc et al. 2011). 

Here, we expand upon the methods and chemical moieties that have in the past been used in gene 

delivery (Green et al. 2006) to identify PBAEs and poly(amido amine)s (PAAs) from a chemically diverse 

library that could complex well with either siRNA, plasmid DNA, or both. In particular, PBAEs in this 

form had not been previously shown to enable effective siRNA delivery. With new polymer structures and 

formulation conditions, we show here that they are not only effective but also superior to leading 

commercially available reagent Lipofectamine 2000. After formation and characterization, the polymer-

nucleic acid nanoparticles were used to deliver bioactive siRNA and DNA to HUVECs, and their 

effectiveness for both applications was compared. A goal of this study was to determine if small changes to 
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the polymer structure could tune the efficacy of a polymeric nanoparticle for nucleic acid delivery and to 

find relationships between physicochemical properties and transfection efficiency profiles. 

 

5.2. Materials and methods 

5.2.1. Materials 

 Monomers for polymer synthesis (Figure 3.1) were purchased from Alfa Aesar [1,4-butanediol 

diacrylate (B4), N,N'-bis(acryloyl)cystamine (BSS), 1,6-hexanediol diacrylate (B6), 3-amino-1-propanol 

(S3), 4-amino-1-butanol (S4), 5-amino-1-pentanol (S5), 1-(3-aminopropyl)-4-methylpiperazine (E7), 

cystamine dihydrochloride (E10)], Fluka [2-(3-aminopropylamino)ethanol (E6)], Monomer-Polymer and 

Dajac Labs [1,3-propanediol diacrylate (B3), 1,5-pentanediol diacrylate (B5)], Sigma Aldrich [6-amino-1-

hexanol (S6), 1,3-diaminopropane (E1)], and TCI America [1,3-diaminopentane (E3), 2-methyl-1,5-

diaminopentane (E4), 1-(3-aminopropyl)pyrrolidine (E8]. Human umbilical vein endothelial cells 

(HUVECs) and endothelial growth medium-2 (EGM-2) were purchased from Lonza (Walkersville, MD) 

and used as recommended. Plasmid pDsRed-Max-N1 DNA (Addgene plasmid 21718 (Strack et al. 2008), 

Cambridge, MA) was amplified by Aldevron (Fargo, ND), and siRNA against eGFP (siGFP) with 5'-

CAAGCUGACCCUGAAGUUCTT (sense) and 3'-GAACUUCAGGGUCAGCUUGCC (antisense) 

(Silencer® positive control) and a scrambled siRNA (scrRNA) sequence with 5'-

AGUACUGCUUACGAUACGGTT (sense) and 3'-CCGUAUCGUAAGCAGUACUTT (anti-sense) 

(Silencer® negative control #1) were designed by and purchased from Ambion, Inc. (Carlsbad, CA). 

Lipofectamine
TM

 2000 and Opti-MEM I were from Invitrogen (Carlsbad, CA) and used according to 

manufacturer instructions. All other materials used were reagent grade. For viral transduction, lentivirus 

containing pPPT-eGFP plasmid was received from Dr. David Yue (Johns Hopkins University). 

Lipofectamine
TM

 2000 and Opti-MEM I were from Invitrogen (Carlsbad, CA) and used according to 

manufacturer instructions. For gel electrophoresis, UltraPure
TM

 agarose was purchased from Invitrogen. All 

other materials used were reagent grade. 

5.2.2. Polymer synthesis 

PBAEs were synthesized as previously reported (Green et al. 2008; Sunshine et al. 2011; Tzeng et 

al. 2011). Briefly, one diacrylate backbone monomer (B) was mixed with one amine-containing sidechain 
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(S) at 1.2:1, 1.1:1, or 1.05:1 ratio and stirred overnight at 90°C.  Acrylate-terminated B-S base polymers 

resulted from Michael addition of amines to the acrylate groups. Each base polymer was dissolved in 

DMSO at 167 mg/mL. 480 µL of base polymer solution was mixed with 320 µL of a solution of one end-

cap monomer (E) in DMSO at 0.5 M, and the mixture was shaken for 20 seconds or 24 hr at room 

temperature. End-capped polymers were stored at 4°C as 100 mg/mL solutions in DMSO. For PAA 

synthesis, backbone monomer BSS was mixed with a sidechain (S) monomer at 200 mg/mL in DMSO, 

stirred overnight at 90°C, and end-capped as described above. They are described henceforth by the 

monomers that comprise them and the B:S synthesis ratio (mol/mol): for example, B4 polymerized with S5 

at 1.2:1 molar ratio ("B4-S5, 1.2:1") can be end-capped with E6, then abbreviated as "B4-S5-E6, 1.2:1," or 

"456, 1.2:1." 

For some studies, polymers were resynthesized and purified. Briefly, B and S monomers were 

reacted as before as a neat mixture, then mixed with an E at 10-fold molar excess in anhydrous 

tetrahydrofuran (THF) for 1 hr or 24 hr at room temperature. This was precipitated into diethyl ether, 

washed once again with ether, and dried under vacuum for 2-3 days at room temperature. The neat polymer 

was dissolved in anhydrous DMSO at 100 mg/mL and stored at -20°C in small aliquots to avoid freeze-

thaw. Ether-purified polymers are designated with the letter "e" and were synthesized at the labeled B:S 

molar ratio (e.g. "456e, 1.2:1"). 

Unless otherwise stated, PBAEs were end-capped for the following amounts of time in studies of 

various cell types: for HUVECs, 24-hr end-capping time (not purified and ether-purified PBAEs); for 

hMSCs, 20-sec (not purified) or 1-hr (ether-purified); for hASCs, 1-hr (ether-purified) end-capping time; 

and for hNSCs and cancer cells, 1-hr (ether-purified) end-capping time. 

5.2.3. Polymer characterization 

 Polymers used in this study were dissolved in BHT-stabilized tetrahydrofuran with 5% DMSO and 

1% piperidine, filtered through a 0.2-µm filter, and measured with gel permeation chromatography (GPC; 

Waters, Milford, MA) to determine molecular weight. To ensure that the polymers used in this study were 

degradable under mild and physiological conditions, polymers were dissolved in 1xPBS at 20 mg/mL. The 

polymer solutions were agitated on a shaker at 37°C. At various time points, 20 mL were removed, the pH 
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was measured, and the samples were snap-frozen and lyophilized. Three sample replicates were analyzed at 

each time point by GPC. 

Representative polymers were diluted with deuterated DMSO and also analyzed by NMR (400 

MHz, Bruker, Billerica, MA) using TopSpin 2 software (Bruker) for spectrum acquisition and ACD/NMR 

Processor (Advanced Chemistry Development, Inc., Toronto, Ontario, Canada) to verify the completion of 

both steps of the reaction. 

5.2.4. Nanoparticle preparation  

A solution of siRNA or plasmid DNA was prepared in sodium acetate buffer (25 mM, pH 5). 

Polymer was diluted in sodium acetate at various weight/weight (w/w) ratios, then added at a 1:1 volume 

ratio to the nucleic acid solution. The complexes were mixed by pipetting and incubated at room 

temperature for 10 minutes to allow complexation and used immediately. 

5.2.5. Nanoparticle characterization: nanoparticle size and morphology 

After 10 minutes, the suspension of complexed nanoparticles was diluted in 1XPBS to a final 

concentration between 10
7
 and 10

9
 particles/mL and measured by nanoparticle tracking analysis (NTA) 

using a NanoSight LM10 or NanoSight NS500 (NanoSight Ltd., United Kingdom) and analyzed with 

NanoSight NTA 2.2 software as previously described (Bhise et al. 2012). Three samples were prepared and 

measured for each condition. Reported values for size are number-weighted hydrodynamic diameters of the 

particles. When using normalized concentration values, samples were normalized to the amount (mass) of 

nucleic acid rather than to the number of particles in order to keep the amount of the bioactive agent 

constant when comparing among groups. Particles were also imaged by transmission electron microscopy 

(TEM) using a Phillips/FEI BioTwin CM120. For TEM, nanoparticle suspensions without stain were 

adsorbed onto carbon-coated copper grids, which were allowed to dry overnight before imaging. For zeta 

potential analysis, nanoparticles were prepared as described above, then diluted in 1XPBS. The diluted 

particles were measured by dynamic light scattering (DLS) using a Nano Series Zetasizer (Malvern) at a 

final concentration of 5 µg/mL. 

5.2.6. Nanoparticle characterization: polymer-nucleic acid binding  

Gel retardation assays were carried out by adding polymer of varying concentrations in sodium 

acetate buffer to a constant concentration of DNA or siRNA in sodium acetate, similar to normal particle 
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preparation protocols (above). After 10 min of incubation, a solution of 30% glycerol in water is added at a 

1:5 volumetric ratio as a loading buffer. Bromophenol blue or other dyes were not added, as they were 

found to interfere with binding. Samples were loaded into a 1% agarose gel with 1 µg/mL ethidium 

bromide at 125 ng DNA or siRNA per well. Samples were run for 15 or 30 min for siRNA and DNA, 

respectively, under 100 V, then visualized using UV exposure. Lack of a visible band at the location 

corresponding to DNA or siRNA alone (0 w/w polymer) was considered complete complexation of the 

nucleic acid by polymer.  

To test the effect of a reducing agent, after 10 minutes of complexation, PBS buffer alone or PBS 

with L-glutathione (GSH) was added to each tube of particles, with a final GSH concentration of 5 mM to 

match approximate intracellular concentration of 1-10 mM (Meister and Anderson 1983). Samples were 

immediately loaded into a 1% agarose gel and run for 15 minutes under 100 V before visualization under 

UV. 

5.2.7. Transfection optimization studies on HUVECs, hMSCs, and hASCs using eGFP and DsRed 

 HUVECs and human bone marrow-derived MSCs (hMSCs) were first stably transduced with a 

lentiviral pPT-eGFP plasmid vector (CMV promoter) so that eGFP signal strength could be used to 

optimize siRNA delivery. Lentiviruses containing pPPT-eGFP plasmids (CMV promoter) were diluted in 

EGM-2 (HUVECs) or serum-free medium (Dulbecco's Modified Eagle Medium (DMEM; Invitrogen) with 

high glucose supplemented with 100 U/mL penicillin and 100 #g/mL streptomycin (Cellgro, Manassas, 

VA)) (hMSCs) and added to passage 1 cells (Lonza (formerly Cambrex), Walkersville, MD) at 10% 

confluency. Complete expansion medium (for HUVECs, EGM-2; for hMSCs, the above mixture 

supplemented with 10% v/v fetal bovine serum (FBS; Atlanta Biologicals, Atlanta, GA)) was added 4 

hours after transduction to dilute viral titer. Medium was replaced with fresh complete medium after 48 

hours. Fluorescence microscopy and flow cytometry were used to confirm the overexpression of eGFP. We 

achieved approximately 30% transduction efficacy in HUVECs and used fluorescence-activated cell sorting 

(FACS) obtain a pure (>95% GFP+
) sample. Because we obtained an efficiency of >99% in hMSCs, these 

cells were not further sorted (Figure 5.1).  

 HUVECs were maintained in culture in complete EGM-2 medium (containing 2% FBS) before 

experiments were carried out. For siRNA transfections, HUVECs were seeded at 13,000 cells/cm
2
 in 96-
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well plates in complete EGM-2 and allowed to adhere overnight. Then, siRNA against eGFP (siGFP) or a 

scrambled control sequence (scrRNA) was diluted in sodium acetate buffer (25 mM, pH 5). Polymers were 

diluted in sodium acetate buffer and combined with each of the siGFP and the control scrRNA at 60, 100, 

or 150 w/w. After ten minutes, nanoparticle complexes were added directly to the cells in medium at a final 

volume ratio of 1:5 nanoparticles to medium and a final siRNA concentration of 60 nM (0.9 µg/mL) per 

well. As a positive control, Lipofectamine 2000 complexes were prepared in Opti-MEM I according to the 

manufacturer's instructions and were added to the wells at the same final siRNA concentration as polymer 

experimental groups. After 4 hr of incubation, the particles were aspirated and the medium replaced with 

fresh complete EGM-2. Viability was assessed 24 hr after transfection using MTS assay (CellTiter 

AqueousONE, Promega, Madison, WI) according to the manufacturer's protocol. On each day following 

transfection, the amount of GFP present in each well was measured with a fluorescence plate reader 

(Synergy 2, Biotek). After three days, cells were imaged with a Zeiss Observer A.1, then trypsinized, 

resuspended in PBS with 2% FBS, and measured with an Accuri C6 flow cytometer (BD Biosciences, San 

Jose, CA) equipped with a HyperCyt high-throughput loader and reader (Intellicyt, Albuquerque, NM). The 

geometric mean of the eGFP signal measured with emission at 530/30 nm was calculated for untreated 

cells, cells treated with siGFP, and cells treated with scrRNA. Nonspecific autofluorescence of each sample 

at 530/30 nm emission was subtracted using GFP
-
 HUVECs of the same lot and passage number that 

underwent the same treatment of polymer-siRNA nanoparticles. The geometric mean GFP signal per cell 

for each polymer-siRNA sample was normalized to GFP signal per cell in polymer-scrRNA control 

samples. FlowJo 7 (Treestar Inc., Ashland, OR) was used for flow cytometry analysis. 

 For DNA transfections, HUVECs were seeded at 26,000 cells/cm
2
 in 96-well plates in complete 

EGM-2 and allowed to adhere overnight. DNA-polymer nanoparticles were prepared as previously 

described. Briefly, plasmid DsRed-Max and polymer were each separately diluted in 25 mM sodium 

acetate, then mixed at a 1:1 volume ratio for a polymer-to-DNA w/w ratio of either 30, 60, or 90. After ten 

minutes, nanoparticles were added directly to the cells in medium, at a final volume ratio of 1:5 

nanoparticles to medium and a final DNA concentration of 5 µg/mL per well. Viability was assessed 24 hr 

after transfection using MTS assay. After 48 hr, the cells were trypsinized and resuspended in PBS with 2% 

FBS. Transfection efficiency was assessed using flow cytometry, with DsRed emission primarily in the 
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580/40 nm channel. 

 hMSCs were maintained in culture before transfection or differentiation at 37 
o
C, 5% CO2, and 

21% O2. hMSCs were expanded in monolayer with complete MSC expansion medium consisting of high 

glucose DMEM, 10% v/v FBS, 100 U/mL penicillin and 100 #g/mL streptomycin, and 1 ng/mL basic 

fibroblast growth factor 2 (bFGF; PeproTech, Rocky Hill, NJ). For siRNA transfections, GFP
+
 hMSCs 

were trypsinized and seeded in clear-bottom, opaque-sided 96-well plates at a density of 10000/cm
2
 and 

allowed to adhere overnight. All experiments were carried out on passage 3-6 hMSCs. Before transfection, 

the GFP signal from each well was measured using a fluorescence multiplate reader (Synergy 2, Biotek, 

VT). Background signal was subtracted using GFP
–
 hMSCs seeded alongside the GFP

+
 cells in complete 

expansion medium as described above. Polymer and siGFP were diluted in 25 mM sodium acetate buffer 

and mixed in a 1:1 volume ratio, for a final polymer-to-siRNA weight ratio (w/w) of 100-200 w/w.  This 

solution was mixed by pipetting and then incubated at room temperature for 10 minutes to allow self-

assembly to occur.  The resulting nanoparticles were added to cells in complete expansion medium for a 

final siRNA dose of 60 nM and final polymer dose of 90-180 #g/mL. Studies were done in triplicate. Cells 

were incubated with the particles for 2 hours before the media were changed and replaced with fresh, 

complete medium. Scrambled (scrRNA) controls were prepared for each condition and used in 

normalization calculations as described above. 

 After 24 hours, viability was measured in a replicate plate (scrRNA transfections only) using MTS 

assay. On the remaining plates, medium was changed every 3-4 days, and fluorescence measurements were 

taken daily. At each timepoint, knockdown was calculated as described above. For particles with the 

highest activity, cells were trypsinized after 12 days, resuspended in PBS with 2% FBS, and analyzed by 

flow cytometry to confirm readings taken using the plate reader. The median signal was calculated for each 

group of cells using FlowJo. Background fluorescence, or the median of GFP
–
 cells, was subtracted from 

all values, and the ratio of signals from scrRNA- and siGFP-treated cells was calculated as above to 

determine knockdown efficiency. 

 hASCs  were maintained in complete MSC expansion medium using the same protocols as 

hMSCs. For DNA transfections, they were trypsinized and seeded into 96-well plates at 10000 cells/cm
2
 

and allowed to adhere overnight. Just before transfections, the medium was replaced with high glucose-
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DMEM supplemented with penicillin/streptomycin but without serum or growth factors. DNA-polymer 

nanoparticles were prepared as described above by mixing eGFP plasmid and PBAE in NaAc. hASCs were 

incubated with the particles for 2 hr. The media and particles were then removed and replaced with fresh 

complete expansion medium. Viability and transfection were assessed by MTS 24 hr after transfection and 

by flow cytometry, respectively. 

5.2.8. Transfection optimization studies on neural stem cells (hNSCs) 

 Human neural stem/progenitor cells (hNSCs) were obtained from Millipore (Billerica, MA). The 

cells were derived from the ventral mesencephalon region of human fetal brain and immortalized by 

retroviral transduction with the v-myc oncogene. In conventional culture, laminin (20 #g/mL) was used to 

coat tissue culture plastic at least 2 hr before hNSC seeding. hNSCs were maintained in ReNcell Neural 

Stem Cell Medium (Millipore) with FGF-2 (20 ng/mL) and EGF (20 ng/mL) and used before passage 5 in 

this study. Before transfections, cells were seeded in laminin-coated 96-well plates at 1.5*10
4
 cells/well and 

allowed to adhere overnight. Plasmid DNA coding for eGFP was diluted in 25 mM NaAc. PBAEs were 

diluted into NaAc and then mixed with the DNA solution at various PBAE:DNA mass ratios (w/w). After 

allowing 10 min for self-assembly, the nanoparticles were added directly to the cells at a 1:5 ratio (v/v) of 

particles:media. The final dosage was 300 or 600 ng of DNA added per well (2.5 or 5 µg/mL DNA). Each 

group contained n=4 replicates. After 2 hr incubation at 37°C, the media and particles were removed and 

replaced with fresh culture medium. To compare with commercially-available reagents, linear 

polyethylenimine (PEI; 7 kDa Mw) was used at an optimized formulation (N/P ratio of 3, final dose of 300 

ng/well) by diluting both PEI and plasmid in sterile water and mixing to allow self-assembly before adding 

to cells and media. 

To assay for immediate toxicity effects, MTS assay was used 24 hr after transfection. Short-term 

transfection efficacy was measured using flow cytometry. For long-term studies, MTS and flow cytometry 

were both done again 7 days after transfection. In some studies, the transfection was repeated 3 days after 

the initial transfection and then again 2 days after that. In this case, analyses were done 2 days after the 

final transfection (7 days after initial transfection). 

In order to further improve transgene expression, PBAE conditions with very low toxicity but 

good-to-moderate transfection efficacy were repeated with DMSO shock. For this, transfections were 
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carried out as described above. After particles are removed following the 2-hr incubation, cells were 

washed for 1 min with medium containing either 0% or 25% DMSO before replacing all liquid with fresh 

culture medium. 

5.2.9. Functional transfection studies: BCL2L2 knockdown in hMSCs (siRNA) 

 To assay for a functional effect in hMSCs after delivery of siRNA against BCL2L2 (siBCL2L2),  

hMSCs were differentiated in various media as described below. All differentiation studies were done at 

passage 5. For baseline, pre-transfection differentiation studies, hMSCs were expanded in monolayer at 

passage 4 with high glucose DMEM, 10% v/v FBS, 100 U/mL penicillin and 100 #g/mL streptomycin, and 

1 ng/mL basic fibroblast growth factor 2 (bFGF; PeproTech, Rocky Hill, NJ). At 80% confluency, cells 

were trypsinized and placed under differentiation conditions. For adipogenic differentiation, previously 

expanded hMSCs were plated at a density of 10000/cm
2
 and cultured for 4 weeks with high glucose 

DMEM, 10% v/v FBS, 100 U/mL penicillin and 100 #g/mL streptomycin, 5 #g/mL recombinant human 

insulin (Invitrogen), 1 #M dexamethasone (Sigma Aldrich), 200 #M indomethacin (Sigma Aldrich), and 

500 #M 3-isobutyl-1-methylxanthine (IBMX; Sigma Aldrich)) (Pittenger et al. 1999). Cultures were 

assayed for adipogenesis by staining lipid droplets with Oil Red O (Sigma Aldrich). For osteogenic 

differentiation, previously expanded hMSCs were plated at a density of 5000/cm
2
 and cultured for 4 weeks 

with low glucose DMEM, 10% v/v FBS, 100 U/mL penicillin and 100 #g/mL streptomycin, 10 mM "-

glycerophosphate (Sigma Aldrich), 100 nM dexamethasone (Sigma Aldrich), and 50 #M ascorbic acid 

(Sigma Aldrich) (Grayson et al. 2010). Cultures were assayed for osteogenesis by staining protein-

associated calcification with Alizarin Red S (Sigma Aldrich). 

  For knockdown studies, passage 3 untransduced (GFP
-
) hMSCs were seeded in 12-well-plates at a 

density of 10000/cm
2
 in complete expansion medium and allowed to adhere overnight. Transfection was 

carried out as described above, with the top polymer from siGFP screenings used at a 150 w/w ratio to 

complex with siRNA against BCL2L2 (siBCL2L2). A control with polymer at 150 w/w and scrRNA was 

also prepared. After 10 minutes of incubation for nanoparticle self-assembly, the resulting nanoparticles 

were added to cells in complete expansion medium for a final siRNA dose of 60 nM in each well and 

allowed to incubate at 37
o
C for 4 hours. The media and nanoparticles were then removed and replaced with 

osteogenic medium. We also included one group of cells that were not transfected but were cultured under 
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osteogenic conditions and another group of cells cultured under growth conditions as negative controls. The 

medium was replaced every 3-4 days and the cells were analyzed after 4 weeks by Alizarin Red S staining, 

calcium assay (Calcium Liquicolor Kit, Stanbio, Boerne, TX), and DNA assay (Quant-it PicoGreen dsDNA 

Assay Kit, Invitrogen) to ensure the results of the calcium assay were not due to differences in cell number 

between groups. Wells were transfected at n = 9, with n = 3 for each of the analyses. 

5.2.10. Functional transfection studies: HIF-1"  overexpression in hASCs (DNA) 

 hASCs were seeded in 12-well plates at 10,000 cells/cm
2
 in complete expansion medium and 

allowed to adhere overnight. Two plasmids encoding for constitutively active HIF-1" (pHIF-1"-A and 

pHIF-1"-S, respectively) were complexed with top PBAE formulations found in GFP screens and added to 

hASCs in serum-free medium for 2 hr. Expression of functional HIF-1" was assessed by using polymerase 

chain reaction (PCR) to measure any increase in HIF-1" mRNA or vascular endothelial growth factor 

(VEGF) mRNA, as a downstream product of HIF-1 expression.  

5.2.11. Functional transfection studies: Neurogenin-2 (N2) and Mash1 overexpression in hNSCs 

(DNA) 

 hNSCs were seeded in laminin-coated 12-well plates at 1.5x10
5 
cells/well. Based on optimization 

studies, PBAE 536e, 1.1:1 at 20 w/w and 300 ng dose (2.5 µg/mL DNA) was chosen for later studies 

delivering transcription factor genes, aided by a brief DMSO shock (25% solution) and 2-3 transfections 

over time. DNA plasmids coding for N2, Mash1, or a 1:1 (w/w) mixture of both plasmids were mixed with 

PBAE in NaAc using the same formulation as that used with eGFP plasmid and added to hNSCs in 

medium. After 2 hr, media and particles were removed, cells were shocked with 25% DMSO for 1 min, and 

fresh medium was added. For differentiation study, hNSCs were cultured with the medium without FGF-2 

and EGF. This transfection was repeated 3 and 5 days after the initial transfection. The cells were 

monitored for 10 days. 

 10 d after the first transfection, cells were analyzed by immunocytochemistry and Western blotting 

to assess the expression of lineage-specific proteins glial fibrillary acidic protein (GFAP; expressed in 

astrocytes and progenitor cells), beta-III-tubulin (expressed in neurons), and microtubule-associated protein 

2 (MAP2, stabilizes tubulin in more mature neurons).  
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5.2.12. Functional transfection studies: TRAIL, p53, shBIRC5, PTEN, and HSV-TK expression in 

cancer cells 

 Transfection with similar PBAEs was optimized in some of the cancer cell lines used in this study 

in previous work (Tzeng and Green 2013; Tzeng et al. 2011; Tzeng et al. 2013). For other cell lines, 

abbreviated DNA screens using eGFP DNA and the protocol above was carried out with the top polymers 

and conditions from previous work in other cancer lines. The cells used in this study were cultured as 

shown in Table 5.1. 

 For transfections, all cells were seeded in 96-well plates in their respective complete culture media 

at 15,000 cells/well (39,000 cells/cm
2
) and allowed to adhere overnight. Plasmids coding for eGFP-TRAIL 

fusion protein, GFP-p53, shRNA against BIRC5 (shBIRC5), and eGFP as a control were formulated into 

nanoparticles with PBAEs. Transfections were carried out in complete culture medium for all cancer cell 

types, and cells were incubated with nanoparticles for 2 hr (F98, 9L, U87, BTICs) or 4 hr (H446, MDA, 

BxPC-3, MeWo, MCA-RH7777). For transfections with herpes simplex virus-derived thymidine kinase 

(HSV-TK), cells were transfected with plasmid DNA coding for HSV-TK or eGFP as a control and 

incubated with PBAE/DNA nanoparticles as described for 2-4 hr before changing to fresh complete culture 

medium. Twenty-four hr after transfection, cells were treated with sterile-filtered, complete culture medium 

containing 0-500 µg/mL ganciclovir (GCV). Transfection and cell viability were monitored qualitatively 

via fluorescence microscopy. Cell viability was measured at defined timepoints using MTS assay in initial 

studies. In later studies, cells were stained with propidium iodide at defined timepoints and imaged via 

microscopy. They were then fixed with 10% formalin, washed with 1xPBS, and stained with 750 nM DAPI 

in 1xPBS for 5 min. Cells were washed with PBS and imaged via microscopy. Total cells (DAPI
+
) and 

dead or dying cells (PI
+
) per field of view were counted using ImageJ. The number of live cells in each well 

was normalized to the untreated control group to calculate polymer- or nanoparticle-based toxicity as well 

as functional gene-mediated toxicity. 

5.2.13. Statistics 

 Unless otherwise stated, all results are presented as mean ± standard error of the mean. Statistical 

significance compared to the controls was assessed with a one-way ANOVA with post hoc Dunnett test. 
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Pairwise comparisons were done using Student's t-test with Bonferroni correction for multiple 

comparisons. Significance is marked as *p<0.05, **p<0.01, or ***p<0.001 unless otherwise stated. 

 

5.3. Results and discussion 

5.3.1. Polymer characterization 

 The number-averaged (Mn) and weight-averaged (Mw) molecular weights of representative 

synthesized polymers are summarized in Table 5.2. The number of subunits per polymer chain was 

calculated using the Mn, with an average of 14-15 subunits. NMR analysis clearly showed the presence of 

acrylate peaks in the base polymer, which are no longer detectable after 1 hour end-capping reaction at 

room temperature (Figure 5.2). The reaction of E10 with the base polymer did not go to completion after 

only 1 hour, so further incubation at room temperature was required. This additional incubation time could 

lead to a side reaction (amide formation due to nucleophilic attack by the free end-capping amine on the 

base polymer's ester linkages), indicated by any additional peak in the product around 3-3.5 ppm (Sunshine 

et al. 2011). Since this amide peak was not apparent in the spectrum, however, our product was not 

contaminated by this side product to any measurable degree. 

 All PBAEs and PAAs used in this study are biodegradable, which is essential to release nucleic 

acid intracellularly and prevent toxicity. PBAEs degrade by hydrolysis, PAAs by bioreduction in the 

reducing cytosolic compartment, and some PBAEs by a combination of both mechanisms. Polymers 

selected for this study were among those previously used for DNA delivery (Green et al. 2007), as well as 

some additional structures used in preliminary optimization studies for siRNA delivery to human cells.  

 The polymers tested were shown to degrade under mild and physiologically relevant conditions by 

using representative PBAEs 447e, 1.2:1 and 537e, 1.05:1 (24-hr end-capping times), with initial number-

weighted molecular weight (Mn) of 7152 Da and 4759 Da, respectively. By GPC analysis, both polymers 

degraded fully, defined as having an Mn less than twice the molecular weight of one backbone repeat unit, 

within 24 hr in an aqueous buffer solution (Figure 5.3). After 72 hr, the Mn of 447 and 537 was 450±12 Da 

and 390±47 Da, respectively. 

5.3.2. Characterization of DNA and siRNA nanoparticles 

The ability of the polymers to condense nucleic acids into particles was measured by nanoparticle 
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tracking analysis (NTA), in which the size of each individual particle in a sample is measured based on its 

rate of diffusion. This is in contrast to dynamic light scattering (DLS), which, while having certain 

advantages, is often poorly suited for analysis of polydisperse distributions (Filipe et al. 2010). Because 

NTA directly calculates number-weighted size measurements, size distributions should be less biased 

toward small numbers of large particles or aggregates, and the validity of the results was seen via TEM. 

Mean±standard error of the mean is shown for the number-weighted mean and mode particle 

hydrodynamic diameter for both DNA and siRNA particles formed with PBAEs end-capped for 24 hr 

(Figure 5.4A-B). Particle concentration, normalized to the amount (µg) of siRNA or DNA in each sample, 

is shown in Figure 5.4C-D and zeta potential in Figure 5.4E-F. Particle size and concentration were also 

calculated using NTA for particles formed from 20-sec-end-capped polymers combined with siRNA at 

higher, more effective w/w ranges (Figure 5.5). As has been reported in previous studies (Bhise et al. 2010; 

Bhise et al. 2012; Tzeng et al. 2012a), most nucleic acid particles formed with PBAEs and PAAs are 

between 80-150 nm in diameter, a size range found to be amenable for cellular uptake (Midoux et al. 2008).  

Given that the cationic polymers form nanoparticles with nucleic acids via electrostatic 

interactions, it is not surprising that similar trends are seen between siRNA- and DNA particles: those 

polymers that can condense DNA efficiently into particles that remain stable in a solution of salt buffer also 

tend to be effective in forming siRNA particles, though some differences are seen between DNA- and 

siRNA particles. Some polymers that complex well with DNA at 30 w/w (e.g. 453) form very few particles 

with siRNA at low or moderate amounts of polymer (<90 w/w).  The small size and low concentration of 

particles formed between siRNA and 453 at 60 w/w indicates that free polymer remains in solution and, 

being amphiphilic, may simply dissolve in water rather than participating in particle formation as it does at 

higher concentration. While this polymer forms many particles with DNA at low w/w, it also has a larger 

mean and mode particle size in those conditions, which may indicate instability of the nanoparticle 

complexes. Therefore, it may be possible to correlate cationic polymer efficiency in DNA complexation to 

its efficiency in siRNA complexation. Increased polymer content tended to increase the number of particles 

formed with the same amount of siRNA, indicating that complexation of siRNA into nanoparticles was 

more efficient with more polymer.  

Interestingly, small changes in the chemical structure of a polymer--such as the use of different 



 164 

end-groups--sometimes caused a drastic change in the properties of the resulting particles. For example, 

starting with the same base polymer B5-S3, modification with the E10 end-group formed particles that 

were small in size (~80 nm for both DNA and siRNA) whereas modification of B5-S3 with the E7 end-

group formed larger particles (~300 nm for DNA and ~200 nm for siRNA). Similarly, with the B4-S5 base 

polymer, even the single-carbon difference between the end-groups E3 and E4 caused a difference in size. 

Interestingly, 4310-based particles tend to be larger in size compared to 437- and 433-based particles. In 

most cases, E10-terminated polymers formed particles within the ideal size range for nucleic acid delivery 

(80-150 nm); these also showed significant differences in transfection efficiency (see below).  

Surface charge or zeta potential similarly showed that small changes in structure could affect 

particle properties (Figure 5.4E-F). As expected, all the particle formulations studied here had positive 

surface charge due to the cationic polymers, ranging from 0-20 mV when suspended in PBS. Again, zeta 

potential of particles formed with siRNA were generally similar to that of particles formed with DNA. 

Though only a small number of structures were explored in this study, these results suggest that further 

work on a larger subset of polymers could be useful to better understand the relationship between chemical 

structure and properties of the resulting particles. Of particular interest is the potential to correlate a 

polymer's particle-forming capability with its transfection efficiency. 

In general, siRNA required a higher polymer-to-nucleic acid w/w ratio for effective electrostatic 

complexation than plasmid DNA. This may be due to the high multivalency/avidity of plasmid DNA, 

which has over 200-fold more negatively-charged phosphate groups per molecule than siRNA, as well as 

the less-flexible nature of siRNA molecules. Differences in particle formation efficiency were also 

observed using gel electrophoresis. DNA movement through the gel was completely stopped even at the 

lowest w/w tested (20 w/w), while some polymers, like 447e, 1.2:1, needed to be in higher concentration 

for siRNA, which is not fully retarded until 60 w/w 447 is added (Figure 5.6). 

 TEM was used to qualitatively visualize the nanoparticles (Figure 5.7). The particles appeared 

approximately spherical. Crucially, the trends in size and distribution found using NTA were also seen in 

TEM micrographs, verifying that this method gave accurate size distributions. It is expected that TEM 

measurements would be slightly smaller, as NTA measures the hydrodynamic diameter while TEM shows 

dry particles; however, trends should remain similar regardless of the measurement modality. For example, 
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nanoparticles of siRNA complexed with PBAE 5310, 1.2:1 at 60 w/w had a mean diameter of 105±13 nm, 

measured by NTA, while DNA nanoparticles with PBAEs 453, 1.2:1 and 537e, 1.05:1 at 60 w/w had mean 

diameters of 100±5 nm and 338±15 nm, respectively. TEM images showed the same trends, with mean 

diameters of 61±10, 93±16, and 190±31 nm for siRNA-5310, DNA-453, and DNA-537, respectively.  

 To verify that the trends in Figure 5.4 were not due simply to the polymers' inherent tendency to 

aggregate in aqueous medium, sizing studies were repeated on a subset of the polymers using the same 

procedure and concentrations as for siRNA particles above, but without any nucleic acid (polymer only). 

Most of the tested polymers that appeared to complex well with nucleic acid based on concentration and 

size distribution, such as 454e, 1.2:1 and 447e, 1.2:1, were also found to form several-fold more particles 

when complexed with siRNA than they did on their own (Figure 5.8A). Interestingly, some polymers, like 

5310, and Lipofectamine 2000 showed no statistically significant difference in the number of particles 

formed either alone or when complexed with siRNA. Figure 5.8B does, however, show a slight shift in the 

peak particle diameter between 5310 or Lipofectamine alone and in complex with siRNA, which may 

indicate that those particles formed with siRNA are different from those formed simply via self-assembly 

of amphiphilic molecules in aqueous medium with no siRNA. 

5.3.3. DNA and siRNA transfection of HUVECs 

 HUVECs stably expressing eGFP were transfected with siRNA-polymer nanoparticles. The 

measured GFP signal over time was compared to that of cells treated with scrRNA-polymer nanoparticles, 

as preliminary work had shown that this was an accurate measure of the amount of GFP in each well 

(Figure 5.9). Selected polymers, as well as positive and negative controls, are shown in Figure 5.10. 

Background fluorescence was measured from GFP
-
 cells in medium and was subtracted from all other 

readings. Percent knockdown was calculated by normalizing GFP fluorescence from the siGFP-treated cells 

to the scrRNA-treated cells. In groups that received either no treatment, treatment with only siRNA, or 

treatment with polymer complexed with scrRNA, GFP signal increased over time as the HUVECs 

proliferated. In groups treated with siGFP complexed with certain polymers (453, 454e, 456e, 447e, and 

Lipofectamine 2000), the GFP signal decreased compared to these controls. The difference between cells 

treated with siGFP and scrRNA was statistically significant (p<0.05) for the polymer formulations shown 

in Figure 5.10.  
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The decrease in average GFP signal per cell three days after transfection is shown in Figure 5.11. 

Cell counts and viability were not statistically different between the siGFP and scrRNA groups. However, 

flow cytometry analysis showed an increase in the 530 nm emission per cell in some of the groups treated 

with the scrRNA-polymer control. This increase was statistically significant compared with the untreated 

groups (p<0.05) for polymers 454e (150 w/w), 5310 (100 w/w), 447e (100 and 150 w/w) and SS41 (150 

w/w). Because it was accompanied by a corresponding increase in emission at 580 nm, this was considered 

to be increased autofluorescence due to treatment with certain polymers. This increased autofluorescence 

was not correlated to cell cytotoxicity (>90% viability for SS41 at 150 w/w and ~80% viability for 447 at 

100 w/w). For analysis, reported knockdown was calculated by comparing siGFP groups to scrRNA groups 

with the same polymer. Importantly, there were some polymer formulations that showed efficient 

knockdown, high viability, and no significant change in autofluorescence due to treatment. Polymers 453, 

454e, 5310, 456e, and 447e and Lipofectamine all showed statistically significant (one-way ANOVA, post 

hoc Dunnett test, p<0.05) knockdown compared to untreated controls. The best formulation of 454e (100 

w/w) showed 72.3±0.6% knockdown of GFP signal, which was superior to knockdown by the positive 

control, Lipofectamine 2000 (51.6±5.2%), with comparable or better viability. While knockdown is even 

greater when the concentration of 454e is increased, this is accompanied by high toxicity as well, showing 

that the formulation must be optimized for safe as well as effective delivery. 

Experiments done with siRNA-polymer nanoparticles were repeated with plasmid DsRed-Max 

DNA by slightly modifying the particle fabrication method described above. Optimal polymer-to-DNA 

ratios were found to lie between 30 and 90 w/w (preliminary data not shown), and DsRed expression was 

measured using flow cytometry two days after transfection. Figure 5.12 shows the siRNA knockdown 

efficiency (up to 72.3±0.6%) and DNA transfection efficiency (up to 59.7±2.0%) for all tested polymers at 

the optimal w/w ratio found for each polymer. As with the nanoparticle sizing study, many of the polymers 

that are efficient for delivery of one type of nucleic acid also work in delivery of the other, though the 

optimal polymers for delivery of each type of nucleic acid were found to differ slightly. Fluorescence 

imaging suggested relatively high transfection using Lipofectamine 2000 after 24 hr, as seen in Figure 

5.12B; however, there was also high toxicity, as evident in the image, which likely explains the low 

measurement of transfection efficiency from flow cytometry. On the other hand, many of the PBAEs used 
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caused significantly higher transfection after 48 hr with much lower nonspecific toxicity. 

Interestingly, the polymers that formed the best nanoparticles with mean and mode diameter of 50-

150 nm and high concentration of formed particles also tended to be among those that were very efficient 

in nucleic acid delivery. As seen in Figure 5.13A-B, there is a narrow range of sizes within which 

nanoparticles are effective. The one polymer in both siRNA and DNA groups that did not fit the trend was 

537e, 1.05:1 at 100 w/w and 90 w/w, respectively, which showed moderate efficacy despite its large size. 

However, both NTA and TEM showed that 537e forms a polydisperse population of nanoparticles with 

siRNA and DNA, suggesting that some subpopulation of smaller particles may be the ones able to interact 

with and transfect cells, while larger particles are less effective and therefore cause the lower overall 

efficiency seen using the polymer. These graphs suggest that an optimal  size may be necessary but not 

sufficient for effective transfection.  

Some of the differences in delivery efficacy may be explained by the differences in particle 

concentration. While all experimental conditions have the same dose of nucleic acid, the number of 

individual particles that self-assemble with this constant amount of nucleic acid varies with polymer 

structure. The particle concentration may be indicative of the efficiency with which polymers are able to 

complex their nucleic acid cargo; Figure 5.13C-D show that there is a small positive correlation between 

the number of nanoparticles per dose and siRNA knockdown efficiency (r
2
=0.4678) or DNA transfection 

efficiency (r
2
=0.4344). Interestingly, this trend is more easily apparent in the siRNA particles, since some 

DNA particles were able to achieve moderate to high transfection at a relatively low number of particles 

per dose. This suggests that, with the polymers tested, fewer particles may be needed for effective DNA 

delivery than for siRNA delivery.  

Similarly, DLS was used to measure the zeta potential of polymer-nucleic acid complexes and 

showed some slight trends as well. The increasing transfection efficacy with zeta potential is visible for 

siRNA nanoparticles with r
2
=0.4905; while DNA transfection generally increases with zeta potential, the 

correlation is less clear with a correlation coefficient of only r
2
=0.2427 (Figure 5.14). As with other 

parameters, the correlation between with transfection efficiency is expected to be dependent on multiple 

factors; all of these physicochemical properties must be taken into account when designing effective 

polymers for nucleic acid delivery. These studies reveal the complexity of nanoparticle systems wherein 
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there is not a single parameter that defines the transfection efficiency. Here, we show quantitatively the 

correlation of particle size, zeta potential, and concentration on transfection efficacy over a range of 

different polymer types, as well as demonstrating the nuanced effect of polymer structure. 

It is also interesting to note the  slightly different trends observed for DNA delivery compared to 

siRNA delivery. For example, with the B4-S5 base polymer, the E4 end-group nanoparticles have smaller 

size compared to the E3 end-group nanoparticles, and the smaller 454e nanoparticles are more effective for 

siRNA delivery than 453, although their DNA delivery is comparable. Similarly, the base polymer B5-S3 

formed different particles depending on its end-group, which was reflected in the degree of success of 

transfection. The relatively large nanoparticles formed with the 537e polymer are more effective for DNA 

delivery while having only a moderate effect when using siRNA.  

However, comparison to another B5-S3 polymer, 5310, makes it clear that several factors in 

combination are likely to dictate the success of transfection. The smaller particles formed with 5310 were 

somewhat expected based on the positive charge of its end-group's primary amine, which was also reflected 

in the relatively high positive zeta potential of 5310-based particles. While these particles were moderately 

effective in siRNA delivery, however, with up to 52.5±1.7% knockdown in the best formulation, it was one 

of the least efficient of the tested subset of polymers in DNA delivery (7.0±1.2% of cells transfected); the 

opposite is true of 456e, which was the most effective found for DNA delivery (59.7±2.0%) and only 

moderately so for siRNA, even though the particles it formed were similar in concentration, size 

distribution, and surface charge compared to other less effective polymers. The biochemical properties of 

these polymers must also play an important role in determining nanoparticle efficacy. It is also important to 

note that the intracellular targets and effects are not the same for siRNA and DNA delivery; the latter must 

enter the nucleus intact and be able to be transcribed for protein production, while the former acts primarily 

in the cytoplasm. The initial barriers are expected to be similar in these two cases, with nucleic acid-

polymer particles entering the cell via endocytosis or macropinocytosis and then escaping the endosomal 

compartment to be trafficked through the cytoplasm. In addition to the differences in particle-formation 

capacity that were shown in this study, it is possible that certain PBAEs or PAAs are better suited for 

intracellular steps downstream from initial internalization and endosomal escape. For example, it is likely 

that the cytosolic mechanism of action of siRNA makes quick polymer degradation or nucleic acid release 
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more crucial than in DNA delivery, where slower degradation could protect the plasmid for a longer time 

as it is trafficked to the nucleus. In particular, based on our observations in this study, we hypothesized that 

E10-terminated polymers, a newly developed structure, will have improved efficacy for siRNA compared 

to DNA due to the presence of disulfides bonds that can enable quicker release of cargo in the cytoplasm, 

where siRNA is be active. This was in fact borne out with high success in later studies on siRNA delivery 

to hMSCs. 

Formulation parameters were found to be extremely important in transitioning from DNA to 

siRNA delivery. Although more polymer per nucleic acid residue was needed in these studies for siRNA 

delivery than for DNA delivery, because the molecular weight of siRNA is so much smaller than that used 

for the DNA transfections, the total mass of nucleic acid--and therefore the total amount of polymer added 

to cells in siRNA transfections--was still less than that used for DNA. In other researchers' work,  PEA-

siRNA nanoparticles were found to be unable to transfect HeLa cells without the use of gold nanoparticles 

as a scaffold (Lee et al. 2009), while other groups using similar systems report less knockdown than that 

described here or used higher siRNA doses of up to 125 nM, usually in the absence of serum in their 

transfection media (Jere et al. 2008; Vandenbroucke et al. 2008). It is likely that the higher weight ratios 

used in the present study (100-150 w/w) as well as the ability to screen several distinct molecular entities 

enabled this enhanced efficacy, which highlights the importance of different fabrication conditions for 

nanoparticle self-assembly to encapsulate DNA vs. siRNA.  

It is encouraging that some formulations, such as 454e at 100 w/w and 456e at 150 w/w, are able 

to cause significant knockdown while maintaining 80% viability or greater, reflective of the mild nature of 

these reagents compared to other commonly studied materials for siRNA delivery. For example, many 

efforts toward efficient siRNA delivery have used lipid-based formulations, such as the Lipofectamine 

2000 used here as a point of comparison. However, these may be highly cytotoxic (Spagnou et al. 2004) 

and exhibit low colloidal stability (Adair et al. 2010). A cationic polymer commonly studied for nucleic 

acid delivery, polyethyleneimine (PEI), also shows high toxicity and often must be chemically modified to 

ameliorate this before use (Sutton et al. 2006), as well as requiring high doses for effective knockdown 

(Breunig et al. 2008). Other studies using non-lipid formulations, like exosomes (Alvarez-Erviti et al. 2011) 

or gold nanoparticle immobilization (Giljohann et al. 2009), have also used much higher in vitro siRNA 
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concentrations of up to 200 nM to achieve similar knockdown to the 60 nM reported here while also using 

easier-to-transfect cell types like CHO-K1 or HeLa cells. It has in fact been speculated that surface-

adsorption or conjugation methods, while fairly effective, may have lower efficiency because of the 

reduced availability of the immobilized siRNA (Elbakry et al. 2009). Some siRNA delivery systems require 

added heat or chemicals during synthesis (Adair et al. 2010; Qi and Gao 2008) that can be potentially 

destructive to siRNA. The method described here allows for quick, simple complexation under mild 

conditions.  

5.3.4. siRNA transfection of hMSCs 

 We evaluated degradable polymers to choose an optimal polymer for siRNA delivery to hMSCs, 

assaying delivery efficacy by looking at GFP knockdown over time (Fig. 5.15). Based on results in 

HUVECs (Tzeng et al. 2012a), we included many cystamine (E10) terminated polymers in our study, along 

with polymers that have previously been seen to be effective in DNA delivery by our group and others 

(Eltoukhy et al. 2012; Green et al. 2008; Green et al. 2008; Sunshine et al. 2009). Although RNAi has been 

found to be an important potential tool in directing stem cell differentiation and MSCs are one of the most 

commonly studied cell types in differentiation studies (Yau et al. 2012), hMSCs have generally been found 

to be much harder to transfect than are other cells, such as HUVECs. This trend has been seen in DNA 

delivery studies (Sunshine et al. 2009), especially when the transfection is performed in the presence of 

serum proteins, as we have done here (10% v/v serum).  

 Through our polymer library approach, we were able to discover several polymers that caused 

effective knockdown. This research reveals several trends; many types of PBAEs induced knockdown, but 

only a few were significantly better than the leading commercially available controls (Figure 5.15). 

Interestingly, the subset of E10-terminated polymers examined here tended to cause relatively high 

knockdown compared to non-E10- or cystamine-terminated polymers. A major exception to this trend is 

447e, 1.2:1 at high w/w ratios, which was also a leading agent in nucleic acid delivery to HUVECs (Tzeng 

et al. 2012a). The other exception is 546, which, while very effective at high w/w, was also very toxic. The 

top E10-polymers, on the other hand, tended to be less toxic and were also effective at lower w/w. Certain 

base polymers, like B4-S3, showed little or no delivery efficacy with most end-capping amines, but were 

particularly effective when end-capped with E10, suggesting that the cystamine moiety itself may play an 
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important role in siRNA delivery. 

 In particular, polymer 4310 formed successful nanoparticles, able to knock GFP levels down by 

74% ± 6% at 200 w/w and 72% ± 5% at 150 w/w according to flow cytometry 12 days after transfection 

(Figure 5.16). Both of these were significantly superior to Lipofectamine
TM

 2000 (p < 0.01). It should be 

noted that the flow cytometry data shown here are expected to be a slight underestimate. As seen in Figure 

5.1, the GFP
+
 hMSCs used were so brightly fluorescent that they were at the upper limit of sensitivity for 

the flow cytometer, even when using a 90% attenuation filter; therefore, small levels of GFP fluorescence 

knockdown in the brightest population of GFP
+
 cells could be underreported. 

 We examined the influence of cystamine further by directly comparing 4310 with 433 and 437 to 

test our hypothesis that the cystamine end-cap was the reason for 4310's efficacy. We also compared 

transfection with Lipofectamine 2000 and with naked siRNA as a baseline control (Figure 5.17). 4310 

outperformed Lipofectamine 2000, 433, and 437 in both magnitude and duration of knockdown, achieving 

knockdown of ~91% at 20 days post-transfection compared to ~50% using Lipofectamine 2000. This is in 

contrast to other work in siRNA-mediated knockdown using other delivery methods, including naked 

siRNA and lipid-based vehicles, in which knockdown duration was reported as 15 days or less (Andersen et 

al. 2010; Chen et al. 2011; Spelios et al. 2010; Tao et al. 2010). Even after 20 days, 4310-mediated siRNA 

knockdown was only beginning to decline. Based on knockdown data from flow cytometry and the plate 

reader, 4310 at 150 w/w, which was not significantly different from 200 w/w, was used for later 

differentiation studies. 

 The base polymer B4-S3 shows great difference in siRNA binding ability depending on its end-

capping amine group (Figure 5.18). 4310 is able to bind more tightly than is 433 at lower weight ratios 

upon initial complexation, which may explain why it is effective at lower w/w compared to other PBAEs in 

our study. The addition of reducing agent glutathione (GSH), however, has no apparent effect on 433-

siRNA complexes, while 4310-siRNA complexes show complete release immediately after addition of 

GSH. Because intracellular GSH concentration is approximately three orders of magnitude higher than 

extracellular GSH concentration (Jones et al. 1998), this polymer's sensitivity to GSH could prove very 

useful for quick and efficient environmentally-triggered intracellular siRNA delivery once the polymeric 

nanoparticles enter the cytoplasm. 
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 It is known that PBAEs are able to facilitate high cellular uptake (due to their net positive charge) 

as well as endosomal escape via the proton sponge mechanism because of titratable tertiary amines in the 

polymer backbone (Anderson et al. 2005). Just as insufficient release of DNA plasmids can have an 

inhibitory effect on their transcription and function (Gary et al. 2007; Luo and Saltzman 2000), we also 

expect that efficient release is important for optimal delivery of siRNA. As such, polymers like 4310 and 

other E10-terminated polymers may serve the dual purpose of strengthening the initial binding interaction 

between polymer and siRNA due to the presence of additional terminal primary amines as well as 

facilitating triggered release in the cytoplasm after cellular uptake due to the presence of disulfide linkages 

adjacent to these terminal primary amines. 

 While end-modification with E10 has proven effective for siRNA delivery and more than 

sufficient for effective knockdown in this system, other end-caps, such as E7, have been shown here and in 

previous work to facilitate highly effective delivery of both siRNA and also other cargo like DNA; we have 

thus far not shown E10-polymers to have increased efficacy in the delivery of the latter (Sunshine et al. 

2011; Tzeng et al. 2012a; Tzeng et al. 2012b), and further work may reveal other mechanistic details 

causing this difference. Future studies based on this work should explore other reducible structures that 

could increase the range of our polymer library and allow the inclusion of both disulfide linkages and also 

other end-caps or functional groups of interest to the field.   

5.3.5. DNA transfection of hASCs 

 Early screens of hASCs used PBAEs synthesized with 1-hr end-capping time and ether-purified 

PBAEs with 24-hr end-capping time. Transfection efficacy of up to 47±5% was seen 4 days after 

transfection with polymer 446e, 1.2:1, 60 w/w (Figure 5.19). Importantly, early expression was seen (2 

days after transfection) as well as later expression (8 days), and low loss in cell viability was qualitatively 

observed. Further screening was carried out on the top polymers and select other PBAEs with similar 

structures that have been shown to be good transfection agents in other studies. A wider range of DNA 

doses and w/w ranges was tested to quantitatively measure GFP expression and cell viability for these 

different conditions (Figure 5.20). While 446e here achieved >50% transfection efficacy, 447e, 1.1:1 was 

chosen as another potential polymer for further experiments because it showed slightly higher transfection 

with lower toxicity. Transfection yield was defined as the product of the percent of cells transfected, the 
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geometric mean fluorescence of GFP
+
 cells (RFU), and the percent of cells viable after 24 hr. This value 

was used as an approximation of the amount of total protein produced and is expressed as a relative 

measure in Figure 5.20. Because 537e, 1.05:1 also had some transfection, though less than 447e and 446e, 

and low toxicity, it was also a candidate for further experiments. 

5.3.6. DNA transfection of hNSCs 

 Initial experiments on hNSCs used a DNA dose of 600 ng/well for all conditions and an 

abbreviated range of PBAE:DNA w/w ratios in order to identify top polymers to use in further 

optimization. Flow cytometry and microscopy showed that, of the tested PBAEs, the following showed 

high transfection at some w/w's while causing low toxicity: 456, 1.2:1; 536, 1.1:1; 537, 1.05:1 (Figure 

5.21). A second screen used to refine the formulation tested two doses and an adjusted range of w/w's based 

on results of the first experiment (Figure 5.22).  

 Using this method, we have identified a formulation of each of the top three PBAEs (300 ng DNA 

dose per well, 20 w/w PBAE:DNA) that causes transgene expression in approximately 40% of cells 48 hr 

after tranfection. In addition, these formulations had high cell viability rates of >80% measured shortly 

after treatment as well as 7 days later, showing that these biodegradable materials exhibit low short-term as 

well as long-term toxicity. 

  When cells were transfected multiple times over the course of 7 days and/or exposed to a brief 

DMSO shock before media replenishment, transfection efficacy, measured 7 days after the initial 

transfection, improved markedly, balanced by minimal loss in viability (Figure 5.23). For example, 

transfections with PBAE 536, 1.1:1, at 20 w/w and 300 ng DNA dose showed a 7-day efficacy of 29±2% 

with a single transfection, which improved to 47±4% and 65±3% after two and three transfections, 

respectively, while not showing statistically significant decrease in viability. With 25% DMSO shock, 

those transfection efficacies became 35±6, 63±4%, and 83±3%, respectively, again with no significantly 

increased toxicity. Fluorescence microscopy emphasizes that the intensity of eGFP gene expression per cell 

also increases along with improvements in the percentage of cells transfected. These numbers are all much 

higher than that seen for PEI transfections, often used as a gold standard of non-viral, polymeric gene 

delivery. From this study, PBAE 536, 1.1:1 at 20 w/w and 300 ng dose was chosen for later studies 

delivering transcription factor genes, aided by a brief DMSO shock (25% solution) and 2-3 transfections 
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over time. 

5.3.7. siBCL2L2 transfection and its effect on hMSC osteogenesis 

 Both GFP-transduced and untransduced hMSCs were subjected to osteogenic and adipogenic 

conditions for 4 weeks. Osteogenic and adipogenic groups were then stained with Alizarin Red S and Oil 

Red O, respectively. Transduced hMSCs retained the ability to differentiate down both osteogenic and 

adipogenic lineages at levels comparable to that of untransduced hMSCs (Figure 5.24). Hence, GFP
+
 

hMSCs were deemed a valid model to assess the characteristics of non-viral transfection of hMSCs over 

the course of this experiment. 

 To ensure that the knockdown of GFP as a reporter would translate to successful knockdown when 

using functional genes, we tested our delivery system on hMSC osteogenic differentiation. siBCL2L2 was 

delivered to hMSCs and, after 4 weeks of cultivation under osteogenic conditions, osteogenesis was 

evaluated. Alizarin Red S staining (Figure 5.25A-D) revealed that cells transfected with siBCL2L2 stained 

more intensely than did both cells transfected with scrRNA and untransfected cells, demonstrating 

increased osteogenic differentiation. As expected, cells cultured under standard growth conditions, rather 

than differentiation conditions, did not stain under Alizarin Red S. We also assayed the calcium content in 

each group to evaluate osteogenesis further to discover that the Alizarin Red S findings correlated with 

quantitative analysis of calcium content. Cells transfected with siBCL2L2 showed statistically higher 

calcium relative to all other groups (Figure 5.25E). These results were not due to differences in cell 

number, as indicated by the results of the DNA assay, which revealed no significant differences in cell 

number between groups (Figure 5.25F).  

 Our results indicate that 4310-mediated knockdown of BCL2L2 is capable of inducing a 

functional outcome in hMSCs, enhancing osteogenesis over the course of 4 weeks. While further 

optimization and transfection of other functional genes in addition to BCL2L2 may be needed to reach 

clinical application, this study demonstrates a proof-of-principle using our environmentally-triggered 

bioreducible nanoparticle siRNA-delivery system. Critically, we have shown that cystamine-terminated 

poly("-amino ester)s are effective for siRNA delivery to hMSCs, especially when used at a high weight 

ratio of polymer to siRNA. This result is supported by studies in the literature that report the use of 

reducible polymers for siRNA delivery, albeit in the absence of serum (Hoon Jeong et al. 2007) or at higher 
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dosage and with lower efficacy (Park et al. 2010; Won et al. 2011). Here, we were able to not only deliver 

siRNA-loaded nanoparticles in medium with 10% serum and induce high knockdown (>70%), but also 

isolate the effects of the cystamine end-group from other effects due to the rest of the polymer. That the 

polymer’s terminal group has such a dominant effect on the properties of PBAEs, which are linear 

polymers with 10-20 subunits along the base polymer chain, is unexpected but emphasizes the importance 

of small changes to the molecular structure of PBAEs, a feature that our library-based approach is well-

suited to address. 

 Previous work by Andersen et al. (Andersen et al. 2010) proposed the idea of using siRNA-

functionalized nanoparticles combined with scaffolds to apply spatial control to MSC differentiation, 

thereby creating tissue grafts comprised of multiple tissue types. Much work has already been done in 

identifying target genes that, when knocked down via siRNA or miRNA, would enhance or even drive the 

differentiation of stem cells down various lineages (for a comprehensive review, see (Yau et al. 2012)). In 

order to use this data to its greatest potential, appropriate delivery biomaterials must first be identified, as 

most attempts to deliver siRNA non-virally to hMSCs have yielded poor results or required harsh 

conditions that compromise the viability of the cells being studied (Otani et al. 2009). The polymeric 

nanoparticles we present here enable future translational studies that require safe and effective siRNA 

delivery to hMSCs. As can be seen here, the use of synthetic polymers allows us a high degree of flexibility 

in chemical and biophysical properties, which can be tuned for particular purposes. The approach used for 

our biomaterials could also be conducive to further functionalization of scaffolds and surfaces. For 

instance, numerous reactive groups on our polymers and the monomers that compose them could be used to 

modify scaffolds covalently or physically. While other researchers have shown effective in vivo delivery of 

siRNA using reducible polymers (Park et al. 2010), the in vitro results reported here show greater 

nanoparticle stability and efficacy in serum as well as greater knockdown effects even when using a hard-

to-transfect human stem cell type, suggesting that this polymer-based system may transition well in the 

future to a 3D model or an in vivo model. Moreover, the long knockdown duration we observed here, which 

has not been previously shown to our knowledge, may prove useful for long-lasting differentiation studies 

in which a certain level of gene expression is desired over the course of several weeks. The delivery 

strategy we present here could therefore enhance traditional differentiation-medium-based approaches to 



 176 

create complex grafts (Correia et al. 2011; Grayson et al. 2010). Further work is warranted to understand 

specific mechanisms of delivery of siRNA using cystamine, related reducible moieties, and other 

degradable PBAEs. 

5.3.8. HIF-1"  DNA transfection and its effect on hASC vascular morphogenesis 

 Leading polymers from eGFP screening were used to tranfect hASCs with HIF-1" plasmids. After 

48 hr, PCR was used to gauge the effectiveness of the treatment, measured by the increase in HIF-1" and 

VEGF expression over an untreated control (Figure 5.26A). Both plasmids were able to cause some 

increase in VEGF expression, indicating that the HIF-1" transgene coded for a functional protein and 

affected the levels of its downstream products. Interestingly, plasmid HIF-1"-A showed very high 

expression of HIF-1" (~4-5 orders of magnitude over controls in some groups), while plasmid HIF-1"-S 

showed no more than ~10-fold increase over controls; on the other hand, VEGF expression was affected to 

a greater degree after transfection with HIF-1"-S (up to ~15-fold increase) compared to ~5-fold increase 

VEGF expression from HIF-1"-A transfection. Because these are both distinct point-mutations of wildtype 

HIF-1", which allow the HIF-1" transgenes to be constitutively active, it is possible that the surprisingly 

low increase in HIF-1" expression from HIF-1"-S is a result of the wrong choice of primers for that 

particular plasmid. Also because they are both mutants, it is possible that one of these gene products is 

functionally more efficient than the other, resulting in higher increased VEGF expression. This was also 

borne out in a study that used the top polymer (447e, 1.1:1) as a transfection agent and tracked HIF-1" and 

VEGF expression over tie (Figure 5.26B). Importantly, the degree of increased VEGF expression seen in 

this experiment is comparable to that seen in other work in vitro and in vivo, which showed the 

effectiveness of similar gene transfer studies in treating ischemia (Sarkar et al. 2009).  

5.3.9. Neurogenin-2 and Mash1 DNA transfection and its effect on hNSC neuronal differentiation 

 From eGFP transfection studies, PBAE 536e, 1.1:1, 30 w/w at 2.5 µg/mL DNA dose, with 3 

transfections and 25% DMSO shock, was chosen for hNSC differentiation studies. hNSC cultures 

transfected with either neurogenin-2 (N-2), Mash1, or a combination of both were cultured for 10 days, 

then assayed for expression of !III tubulin, MAP2, or GFAP. Immunofluorescence and Western blot both 
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showed significantly increased !III tubulin expression with the introduction of either transcription factor or 

both factors together, although there was no statistically significant difference among transfection with N-2, 

Mash1, or both (Figure 5.27). Western blot also showed significantly increased expression of MAP2, a 

protein that stabilizes !III tubulin and an indicator that neuronal maturation, not only neuronal 

differentiation, was improved by gene transfer of N-2 and/or Mash1. 

 Interestingly, because hNSCs express relatively high levels of GFAP even when in a stem-like 

(undifferentiated state), it was expected that GFAP expression might decrease when they began to 

differentiate to a neuronal fate; however, the reverse was observed in this study. GFAP expression also 

increased after transfection, although this difference was not significant. Because the genes introduced are 

not expected to affect astrocytic phenotype, it is unclear whether this is an off-target effect of the PBAEs or 

the nanoparticles themselves. Further studies are necessary to more determine the cause of this change in 

GFAP expression. 

5.3.10. Functional (anti-cancer) DNA transfection in cancer cells: TRAIL 

 Several cell lines from various species and cancer types were tested to examine the potential utility 

of this technology in treating difficult-to-treat diseases. The first treatment paradigm tested was direct 

transfection of TRAIL using a eGFP-TRAIL fusion plasmid. This is an attractive strategy for two major 

reasons: first, TRAIL has specificity for cancer cells, as the DR4 and DR5 receptors that bind TRAIL and 

trigger apoptosis are generally overexpressed in cancer cells, while decoy receptors DcR1 and DcR2 are 

overexpressed in healthy cells and protect from apoptosis (Hao et al. 2001; Walczak et al. 1999); and 

second, because TRAIL is a ligand expressed on cell surfaces, it can affect surrounding cells to cause a 

bystander effect, thereby causing apoptosis in more cells than were initially transfected (Kagawa et al. 

2001). Cells tested for susceptibility to TRAIL transfection treatment included H446, MDA, BxPC-3, 

MeWo, U87, and BTIC primary cultures. Preliminary optimization screens on BxPC-3 and MeWo cells 

(Figure 5.28), as well as previous work on these and similar cell lines, were used to select PBAEs to use 

for TRAIL transfections. Transfection with TRAIL plasmid was very effective in some of the cell types 

tested, particularly H446 (~60% killing) and BxPC-3 cells (~80% killing), while other cell types, like U87 

and JHGBM-276, showed high transfection using GFP but very low cell death due to TRAIL (Figure 

5.29). In other cells tested, transfection with TRAIL showed some effect (MDA, MeWo, and BTIC cultures 
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JHGBM-319, -612, and -965), though with <50% killing, deemed insufficient to have enough of a 

therapeutic effect. Importantly, in all cases tested, transfected cells showed higher killing by TRAIL 

expressed from the transgene than by soluble, recombinant human TRAIL (rhTRAIL) (Figure 5.29). This 

may be due to the fact that TRAIL, after transfection, is expressed on cell surfaces and may have better 

availability immobilized on cell membranes or better effective binding due to higher avidity if multiple 

ligands are expressed on a single cell. This is similar to results of other studies in which surface-

immobilized TRAIL had greater efficacy than soluble TRAIL (Balyasnikova et al. 2011; Voelkel-Johnson 

et al. 2002). 

 In order to examine the mechanism for low efficacy of TRAIL in some cell types, we measured 

the level of transfection using PCR to show high (nearly equivalent) levels of TRAIL mRNA compared in 

eGFP mRNA, even in cells, like U87, that did not respond well to TRAIL transfection (Figure 5.30A). We 

then examined the level of expression of various cell-surface receptors that bind TRAIL, including the 

death receptors DR4 and DR5 as well as the decoy receptors DcR1 and DcR2, both of which bind TRAIL 

but lack an intracellular death domain. Previous studies have shown that some cancer cells become resistant 

to TRAIL through downregulation or mutations of DR4/DR5 or by upregulation of DcR1/DcR2, both of 

which would effectively decrease death domain activation (Zhang and Fang 2005). In order to test this, we 

used PCR and Western blotting to probe for mRNA and protein expression from these four genes in four 

cell types with widely varying responses to TRAIL treatment: H446 (highly effective), MDA and JHGBM-

965 (moderately effective), and JHGBM-276 (poorly effective). Although the results cannot be directly 

compared because of intrinsic differences in protein- or mRNA production levels in different cell types, 

this method did provide a qualitative measure of TRAIL receptor expression in these cells. As expected, 

H446 cells showed high expression of one of the death receptors (DR5) and low expression of DcR1 and 

DcR2 by PCR (Figure 5.30B). Contrary to this, MDA cells showed high expression of all four receptors' 

mRNA, which could explain these cells' ability to respond to a lower degree to TRAIL treatment. PCR 

could not fully explain the BTICs' limited response to TRAIL, however, as JHGBM-276 and JHGBM-965 

cells showed very similar mRNA expression to H446 cells with even higher DR4 mRNA.  

Interestingly, protein electrophoresis and Western blotting did not in all cases match PCR results 

(Figure 5.30C). H446s showed very high DR4 protein levels, though little mRNA was found by PCR; 
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however, along with high DR5 expression and no detectable decoy receptors, this is still consistent with the 

transfection data. MDA cells had protein expression levels similar to those expected from both PCR and 

TRAIL transfection data. On the other hand, little or no decoy receptor was detected from either BTIC 

culture--similar to PCR results--but death receptor levels were also very low, matching TRAIL transfection 

but not PCR results. This is not inconsistent with others' results showing an imperfect and, at time, 

seemingly contradictory correlation between mRNA expression of these four TRAIL receptors (Eggert et 

al. 2001; Griffith et al. 1998; Jin et al. 2004). Thus, protein analysis seems best suited for testing the ability 

of a cell sample to respond to TRAIL, and resistance may result from upregulation of decoy receptors (e.g. 

in MDA) or downregulation of death receptors (e.g. in GBM BTICs). 

5.3.10. Functional (anti-cancer) DNA transfection in cancer cells: p53, PTEN, and shBIRC5 

Because the susceptibility of cancer cells to treatment with TRAIL was variable, other strategies 

were used to cause cell death. In particular, cancer cells often show low or no expression of tumor 

suppressors p53 and/or PTEN, as well as upregulation of survival genes like survivin (BIRC5). Three cell 

types that showed very different responses to TRAIL (H446 and BxPC-3, both highly responsive, and 

JHGBM-276, highly resistant) were chosen for this study. Transfections with plasmids for p53, PTEN, and 

shRNA against BIRC5 (shBIRC5) individually showed moderate effect in some cases; however, on their 

own, they were still largely ineffective in JHGBM-276 cells and showed lower effect in H446s and BxPC-

3s than TRAIL (Figure 5.31A). It is not surprising that expression of intracellular tumor suppressors had 

less effect than expression of membrane-bound ligands like TRAIL, as the former would not be expected to 

exert a significant bystander effect and could only affect cells that were successfully transfected at a 

sufficiently high level. Because BIRC5 silencing has been shown to increase cellular expression of TRAIL 

death receptors (Chawla-Sarkar et al. 2004), JHGBM-276 cells were treated with two rounds of 

transfection, first with shBIRC5 and then with TRAIL three days later. Although not significantly sensitive 

to TRAIL treatment on its own, these BTICs showed significantly higher cell death (p<0.01) after treatment 

with both plasmids in series compared with treatment with each plasmid individually (eGFP plasmid was 

used as a control to account for non-specific toxicity) (Figure 5.31B). Therefore, it is likely that 

combinations of plasmids coding for therapeutic genes may lead to greater effect, especially in cases of 

resistance to one gene of interest. As PBAE/DNA nanoparticles are able to carry dozens of plasmids per 
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particle (Bhise et al. 2012), this may be a viable strategy for more extensive future studies. 

5.3.11. Functional (anti-cancer) DNA transfection in cancer cells: HSV-TK/ganciclovir (GCV) 

 Another strategy used to cause cancer cell death localized to a tumor is to transfect the cells 

locally with an enzyme that can convert a benign prodrug to a toxic product. Adenovirus or retrovirus 

carriers have been used in clinical trials to deliver herpes simplex virus-derived thymidine kinase (HSV-

TK), which converts the non-toxic ganciclovir (GCV) to a nucleotide analog that causes cell cycle arrest 

and apoptosis in dividing cells (Rainov and Grp 2000; Trask et al. 2000). Because gene transfer is local to 

the tumor, toxic effects to other tissues in an in vivo setting should be minimal. In addition, we have 

previously shown PBAE nanoparticle specificity for cancer cells over healthy cells of the same tissue 

(Tzeng et al. 2011), even when grown in co-culture (Tzeng et al. 2013), further increasing the specificity of 

this paradigm. The HSV-TK/GCV system is also particularly interesting for its well-described bystander 

effect (Bi et al. 1993; van Dillen et al. 2002), which is thought to result from transfer of toxic metabolites 

from positively transfected cells to surrounding--even untransfected--cells.  

 Given that the substrate for HSV-TK is an externally administered prodrug instead of an 

endogenous protein, this gene delivery strategy could be investigated in cancer cells of different species as 

well as different tissue types. Two commonly studied rat glioma lines, F98 and 9L, and a rat HCC line, 

MCA-RH7777, were used to test the utility of this system. Using PBAEs shown to have high transfection 

efficacy (Tzeng et al. 2013) (Figure 5.32), these rat cancer lines were transfected with HSV-TK and treated 

continuously with 0-500 µg/mL GCV in complete culture medium. This treatment strategy was very 

effective in each of the rat cancer lines tested (Figure 5.33A-C). Cell death was seen at earlier time points 

in cells treated with higher GCV concentration (50 µg/mL), although, within 4 days of transfection, near-

complete loss of viability in the whole culture was observed at the lowest GCV concentration tested (5 

µg/mL): 9L cultures showed visible cell death within 48 hr with 5 or 50 µg/mL GCV with few viable cells 

remaining in either condition after 3 days; F98 cells showed high cell death in 50 µg/mL GCV after 3 days 

but in 5 µg/mL only after 4 days; and MCA-RH7777 cells showed an intermediate effect, with some visible 

cell death in 5 µg/mL GCV after 3 days but high levels of death only after 4 days. It should be noted that, 

although GCV should not be a substrate for mammalian kinases, cell viability did decrease at very high 
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GCV concentrations even in eGFP-transfected cells (Figure 5.33D). 

 Using the approximate GCV concentration range found to be useful in rat cancer cell studies, we 

repeated HSV-TK/GCV experiments on human glioblastoma cells, which were previously found to have 

only moderate or no cytotoxic response to direct transfection of suicide genes. U87, a commonly studied 

model, was tested using a similar protocol to that described for rat glioma cells. HSV-TK transfection and 

treatment with GCV caused essentially 100% cell death using the conditions shown in Figure 5.34. Aside 

from using MTS assay to quantify cell survival, a cell count was also obtained using microscopy and image 

analysis, as it was found that, in some groups, a very small number of non-viable cells (i.e. positive for 

propidium iodide staining without external permeabilization) could skew apparent MTS signal (Figure 

5.34D). This counting method was used for other HSV-TK/GCV studies on human BTICs. 

 The primary human BTIC cultures described here have been found to form tumors that 

recapitulate invasive, human GBM more accurately than most commercially available models (Chaichana 

et al. 2009; Quinones-Hinojosa et al. 2006; Ying et al. 2011). Therefore, finding a treatment strategy 

effective in these cells is likely to be highly important for eventual therapeutic use of this technology for 

GBM treatment. As seen in Figure 5.35, three BTIC cultures, derived from three separate GBM patients, 

were successfully transfected with eGFP and HSV-TK, and administration of GCV caused high cell death 

of approximately 88±0.8%, 66±3.0%, and 76±0.7% in JHGBM-276, -612, and -965 cells, respectively, 

after 6 days of treatment with 20 µg/mL (78 µM) GCV in the culture medium. The dosage required for high 

cell killing was not more than 10% toxic to untreated cells (Figure 5.35A), further demonstrating the 

specificity of this method.  

 

5.4. Conclusions 

 PBAE/nucleic acid nanoparticles are a highly versatile technology that can be used for successful 

transfection of many different cell types, including human endothelial cells, stem cells, and cancer cells 

from various species and tissues. We showed that we can not only cause high expression or high RNAi-

based knockdown of non-functional marker proteins, like fluorescent eGFP and DsRed or luminescent 

CMV-Luc, but we can also use optimized PBAE nanoparticle formulations to deliver functional nucleic 

acids that have a biological effect on the cells, changing cellular phenotype, behavior, or survival 
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(summarized in . We have directed differentiation of adult stem cells down various lineages, including bone 

and neural tissue; enhanced support functions of stem cells for vascular morphogenesis; and caused cell 

suicide in a wide range of cancer types, suggesting that this technology can be further developed and 

translated to the clinic. 
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5.5. Tables 

 

Table 5.1. Cancer cells (type, source, and culture conditions) tested for transfection of functional genes 

Name (abbr. name) Cancer type Species Source Complete culture medium 

H446 
Small-cell lung 

cancer 
Human 

 Dr. Christine Hann, 

Department of Oncology, 

Johns Hopkins University 

RPMI + 10% FBS, 2 mM L-

glutamine, 1% pen/strep, 1 

mM sodium pyruvate, 10 

mM HEPES, 1.5 g/L 

NaHCO3 

MDA-MB-231 

(MDA) 

Triple-negative 

metastatic breast 

cancer 

Human 

ATCC (American Type 

Cell Culture, Manassas, 

VA) 

High-glucose DMEM + 

10% FBS, 1% pen/strep 

BxPC-3  Pancreatic cancer Human 

Dr. Zeshaan Rasheed, 

Department of Oncology, 

Johns Hopkins University 

High-glucose DMEM + 

10% FBS, 1% pen/strep 

MeWo 

Melanoma 

(metastatic to 

lymph node) 

Human 

Dr. Martin Pomper, 

Department of Radiology, 

Johns Hopkins University 

High-glucose DMEM with 

pyruvate and L-glutamine + 

10% FBS, 1% anti-anti 

MCA-RH7777 
Hepatocellular 

carcinoma (HCC) 
Buffalo rat ATCC 

High-glucose DMEM with 

pyruvate and L-glutamine + 

10% FBS, 1% pen/strep 

F98 
Glioblastoma 

(GBM) 
Fischer rat 

Dr. Henry Brem and Betty 

Tyler, Department of 

Neurosurgery, Johns 

Hopkins University 

High-glucose DMEM + 

10% FBS, 1% pen/strep, 

800 µM L-glutamine 

9L Gliosarcoma Fischer rat 

Dr. Henry Brem and Betty 

Tyler, Department of 

Neurosurgery, Johns 

Hopkins University 

High-glucose DMEM + 

10% FBS, 1% pen/strep, 

800 µM L-glutamine  

U87 MG (U87) 
Glioblastoma 

(GBM) 
Human 

Dr. Michael Lim, 

Department of 

Neurosurgery, Johns 

Hopkins University 

High-glucose DMEM with 

pyruvate and L-glutamine + 

10% FBS, 1% pen/strep 

JHGBM-276 

GBM Brain 

Tumor Initiating 

Cell (BTIC) 

Human 

Dr. Alfredo Quiñones-

Hinojosa, Department of 

Neurosurgery, Johns 

Hopkins University 

DMEM/F12 (1:1) with B-

27 serum-free supplement, 

1% anti-anti, 20 ng/mL 

bFGF, 20 ng/mL epidermal 

growth factor (EGF) 

JHGBM-612 GBM BTIC Human 

Dr. Alfredo Quiñones-

Hinojosa, Department of 

Neurosurgery, Johns 

Hopkins University 

DMEM/F12 (1:1) with B-

27 serum-free supplement, 

1% anti-anti, 20 ng/mL 

bFGF, 20 ng/mL epidermal 

growth factor (EGF) 

JHGBM-965 GBM BTIC Human 

Dr. Alfredo Quiñones-

Hinojosa, Department of 

Neurosurgery, Johns 

Hopkins University 

DMEM/F12 (1:1) with B-

27 serum-free supplement, 

1% anti-anti, 20 ng/mL 

bFGF, 20 ng/mL epidermal 

growth factor (EGF) 



 184 

Table 5.2. Polymer molecular weight and polydispersity index (PDI) measured by GPC 

Polymer Mn (Da) Mw (Da) PDI # subunits per chain 

B4-S3-E3 4295 6805 1.584 17 

B4-S3-E7 4288 6891 1.607 17 

B4-S4-E7 4940 10176 2.060 18 

B4-S5-E3 4426 7459 1.685 15 

B4-S5-E4 4991 11919 2.388 17 

B4-S5-E6 4840 8080 1.669 17 

B4-S5-E7 4262 7181 1.685 15 

B4-S5-E8 5464 12365 2.263 19 

B5-S4-E4 4183 7637 1.826 14 

B5-S4-E6 4381 7912 1.806 15 

B6-S3-E3 4243 7090 1.671 15 

B6-S3-E6 4206 7806 1.856 15 

B3-S4-E10 3527 6599 1.871 14 

B3-S5-E10 3096 5173 1.671 11 

B3-S6-E10 3257 5258 1.614 11 

B4-S3-E10 4035 7896 1.957 16 

B4-S4-E10 3937 7551 1.918 14 

B4-S5-E10 4774 7252 1.519 16 

B5-S3-E10 3099 4637 1.496 11 

B5-S4-E10 3677 5793 1.575 13 

B5-S5-E10 4108 6140 1.495 13 

B6-S3-E10 4198 7125 1.697 14 
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Table 5.3. Summary of functional genes transfected into cells in vitro 

Cell Type MSCs ASCs NSCs H446 BxPC-3 MDA-MB-
231 

JHGBM-276, 
-319,   -612,  
-965 BTICs 

U87 9L, F98,  
MCA-

RH7777 

Cargo 
type 

siRNA DNA DNA DNA DNA DNA DNA, shRNA DNA DNA 

Gene 1 
target 

BCL2L2 
(knockdown) 

HIF-1! N-2, Mash1 TRAIL TRAIL TRAIL TRAIL TRAIL 
 
  

HSV-TK 

Protein 1 
type 

Transcription 
factor 

Transcription 
factor 

Transcription 
factor 

Membrane-
bound ligand 
 

Membrane-
bound ligand 

Membrane-
bound ligand 

Membrane-
bound ligand 
 

Enzyme 
(kinase) 

Enzyme 
(kinase) 

Gene 2 
target 

   p53 p53  p53 HSV-TK  

Protein 2 
type 

   Tumor 
suppressor 

Tumor 
suppressor 

 Tumor 
suppressor 

Enzyme 
(kinase) 

 

Gene 3 
target 

   PTEN PTEN  PTEN   

Protein 3 
type 

   Tumor 
suppressor 

Tumor 
suppressor 

 Tumor 
suppressor 

  

Gene 4 
target 

   BIRC5 
(shRNA: 
knockdown) 

BIRC5 
(shRNA: 
knockdown) 

 BIRC5 
(shRNA: 
knockdown) 

  

Protein 4 
type 

   inhibitor of 
apoptosis 
(IAP) 

inhibitor of 
apoptosis 

(IAP) 

 inhibitor of 
apoptosis 
(IAP) 

  

Gene 5 
target 

      HSV-TK   

Protein 5 
type 

      Enzyme 
(kinase) 

  

Desired 
Effect 

Osteogenic 
differentiation 
 

Vascular 
formation 

Neuronal 
differentiation 

Apoptosis Apoptosis 
 

Apoptosis 
 

Apoptosis 
 

Apoptosis 
 

Apoptosis 
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5.6. Figures 

 

 

Figure 5.1. Fluorescent labeling of hMSCs. Flow cytometry (A and B) and fluorescence imaging (C and 

D) confirmed the successful eGFP transduction of hMSCs. (Reproduced from Tzeng et al. 2012b) 
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Figure 5.2. Chemical analysis of PBAEs by 
1
H-NMR. NMR spectra show the presence of expected 

peaks, including those corresponding to acrylate protons in the base polymer B4-S3 (top left), which are no 

longer present after end-capping is complete (right). (Reproduced from Tzeng et al. 2012b) 

 

 

 

 

 

Figure 5.3. PBAEs degrade quickly in aqueous solution at neutral pH. Polymers 447 and 537 degraded 

readily in an aqueous buffer solution when incubated with agitation at 37°C. Error bars: SEM of 3 samples. 

(Reproduced from Tzeng et al. 2012a) 
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Figure 5.4. Physicochemcial analysis of DNA and siRNA nanoparticles. The mean and mode diameter 

of measured particles formed with polymers end-capped for 24 hr is shown in A (siRNA) and B (DNA). 

The concentration of particles formed under these conditions is shown in C (siRNA) and D (DNA). Zeta 

potential in 1xPBS is shown in E (siRNA) and F (DNA). (Reproduced from Tzeng et al. 2012a) 
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Figure 5.5. Nanoparticle-tracking analysis (NTA) of siRNA nanoparticles. Number-average mean and 

mode particle size (NTA) for representative polymers end-capped for 20 sec was between 80-150 nm. 

Nanoparticle concentration was 0.5 – 2 x 10
9
/mL. (Reproduced from Tzeng et al. 2012b) 

 

 

 

 

 

 

 

 

Figure 5.6. PBAEs bind siRNA less tightly than DNA. PBAE 453, 1.2:1 (24-hr end-cap) fully retards 

both DNA and siRNA at 20 w/w or lower (A and B). 447e, 1.2:1 (24-hr end-cap) fully retards DNA, but up 

to 60 w/w is needed for siRNA retardation (C and D). Numbers in each image refer to the polymer w/w 

ratio to DNA or siRNA. (Reproduced from Tzeng et al. 2012a) 
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Figure 5.7. Electron microscopy of DNA and siRNA nanoparticles. TEM micrographs show particles 

composed of siRNA-5310 (A), DNA-453 (B), and DNA-537 (C). Scale bar in each: 200 nm. (Reproduced 

from Tzeng et al. 2012a) 

 

 

 

 

 

Figure 5.8. NTA analysis of siRNA-PBAE nanoparticles and free PBAE. Blank nanoparticles 

composed of polymer only or siRNA-polymer nanoparticles at 150 w/w were compared by concentration 

(A) and size distribution (B). In (A), **p<0.01 comparing siRNA and blank particles. In (B), solid line: 

siRNA-polymer nanoparticles; dotted line: polymer only. (Reproduced from Tzeng et al. 2012a) 
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Figure 5.9. Standard curve of fluorescence intensity in GFP
+
 endothelial cells. GFP

+
 HUVECs were 

seeded in 96-well plates at known densities and allowed to settle and adhere for 1 hr before measuring 

fluorescence with a microplate reader. Linear regression showed a positive, linear correlation following the 

relation RFU=33073*(#cells)+6599 with correlation coefficient r
2
=0.985. The gray, shaded region shows 

the 95% confidence interval of the regression line. Error bars represent standard deviation of multiple 

replicates at each cell density. (Reproduced from Tzeng et al. 2012a) 

 

 

 

 

 

 

 

 

Figure 5.10. Percent knockdown of GFP from HUVECs treated with siGFP, normalized to scrRNA. 

**p<0.01 superior knockdown compared with Lipofectamine 2000. Error bars: standard error of the mean. 

(Reproduced from Tzeng et al. 2012a) 
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Figure 5.11. Flow cytometric analysis of GFP knockdown in HUVECs after siRNA delivery. Flow 

cytometry (A) and fluorescence microscopy with polymer 454 at 100 w/w, exposure time 100 ms on the 

GFP channel (B) both show significant GFP knockdown after treatment with GFP-siRNA compared with 

scrRNA. *p<0.05 significant knockdown compared to no treatment control; #p<0.05 significant 

knockdown compared to Lipofectamine 2000 positive control. Scale bar in (B): 200 µm. (Reproduced from 

Tzeng et al. 2012a) 
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Figure 5.12. Differential effectiveness of PBAEs for DNA and siRNA delivery. For each polymer, the 

best siRNA knockdown and best DNA transfection efficiency from the optimal formulation of polymer-

nucleic acid are plotted together in A. #p<0.05 superior siRNA delivery compared to Lipofectamine; 

*p<0.05, **p<0.01, ***p<0.001 superior DNA delivery compared to Lipofectamine. DNA transfection 

efficiency after 24 hr with Lipofectamine 2000 (B) and 456e, 1.2:1, 30 w/w (C) are also shown. For B and 

C, top: phase contrast+DsRed merged; bottom: DsRed only; scale bar: 200 µm. (Reproduced from Tzeng et 

al. 2012a) 
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Figure 5.13. Moderate correlations can be seen between the physical properties of the nanoparticles 

and their effectiveness in transfecting cells. (A) and (B) show a narrow size range in which particles are 

effective, with polymer 537e, 1.05:1 as an exception; (C) and (D) show a trend of increasing efficacy with 

increasing number of particles formed. (Reproduced from Tzeng et al. 2012a) 

 

 

 

 

 

 

 

Figure 5.14. Slight correlations between the surface charge of the nanoparticles and their 

effectiveness in transfecting cells with siRNA (left) or DNA (right). (Reproduced from Tzeng et al. 

2012a) 
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Figure 5.15. Nanoparticle-induced knockdown and relative metabolic activity. (A) eGFP signal from 

cells transfected with siRNA was normalized to the signal from cells transfected with scrRNA and 

subtracted from 100% to calculate knockdown. Knockdown data are from 12 days post-transfection and *p 

< 0.01. (B) Relative metabolic activity of nanoparticle-treated samples compared to untreated control. 

Metabolic activity measurements are from 24 hours post-transfection. (Reproduced from Tzeng et al. 

2012b) 
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Figure 5.16. Quantitative analysis of siRNA delivery to hMSCs. Median GFP intensity per cell, 

measured by flow cytometry 12 days after transfection with 4310, showed knockdown significantly 

superior to Lipofectamine
TM

 2000 transfection (**p < 0.01). (Reproduced from Tzeng et al. 2012b) 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.17. Comparison between 4310 and other vehicles of siRNA delivery. (A) At a weight ratio of 

150 w/w, 433, 437, and naked siRNA induced little to no knockdown in contrast to Lipofectamine
TM

 2000 

and 4310. 4310, in turn, outperformed Lipofectamine
TM

 2000, with robust knockdown still evident 20 days 

post-transfection. Fluorescence microscopy (B-I) supported observations from the plate reader. Scale bar: 

200 #m. (Reproduced from Tzeng et al. 2012b) 
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Figure 5.18. Bioreduction causes siRNA release from E10-terminated polymers. PBAE/siRNA binding 

evaluation. PBAE was added to siRNA at varying weight ratios, mixed with either PBS alone or PBS with 

GSH (final 5 mM GSH concentration) and then added to the lanes of agarose gels. There is progressively 

tighter binding and greater retardation of siRNA in the gel with greater weight ratios. 4310-based 

nanoparticles release siRNA in the presence of GSH, whereas 433-based nanoparticles do not release 

siRNA in the presence of GSH. (Reproduced from Tzeng et al. 2012b) 

 

 

 

 

 

 

 

 
 

Figure 5.19. GFP DNA transfection of hASCs for PBAE formulation optimization. Initial transfection 

experiments on hASCs in serum-free medium showed GFP expression after 2, 4, and 8 days (A). 

Fluorescence micrographs of cells transfected with 446e, 1.2:1, 60 w/w after 4 days (B) and flow cytometry 

after 8 days (C) confirmed these findings. 
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Figure 5.20. A second transfection experiment on hASCs in serum-free medium refined the PBAE 

choice as well as the w/w range and dosage. Viability was measured 24 hr after transfection; transfection 

efficacy was measured after 48 hr. Positive (+) control is Lipofectamine
TM

 2000 at a 2.5:1 ratio of reagent 

volume to DNA mass (µL:µg) and 300 ng dose; negative (-) control is untreated cells. 
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Figure 5.21. Initial transfection experiments on hNSCs. Screens on hNSCs used ether-purified polymers 

(1-hr end-capping time) and a 600 ng/well dose. PBAEs 456e, 1.2:1; 536e, 1.1:1; and 537e, 1.05:1 were 

identified as leading polymers for further refinement. 

 

 

 

 

 

 



 200 

 
 

Figure 5.22. PBAE-DNA formulations were refined for hNSC transfections. The top 3 PBAEs from 

previous screening were tested again at various w/w and doses to find the formulations that caused no 

significant toxicity at 24 hr or 7 d while still showing moderate transfection efficacy. PBAEs 456e, 1.2:1, 

536e, 1.1:1, and 537e, 1.05:1 at 300 ng/well DNA dose and 20 w/w were chosen. 
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Figure 5.23. Repeated tranfections and DMSO shock treatment improved transfection. With each of 

the top 3 PBAE formulations and PEI as a commercially available control, hNSCs were transfected once, 

twice, or three times with GFP, aided by 0% or 25% DMSO shock after transfection. This method caused 

increased transfection in top conditions while not significantly increasing toxicity.
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Figure 5.24. Transduced hMSCs retained osteogenic and adipogenic differentiation potential. 

Transduced (top) and untransduced (bottom) hMSCs were exposed to adipogenic (B and F) and osteogenic 

(D and H) cues. A corresponding set of cells was given expansion medium as a control (A, C, E, and G). 

Transduced cells underwent adipogenesis and osteogenesis comparable to untransduced controls as shown 

by Oil Red O staining of fat vacuoles and Alizarin Red S staining of calcification. Scalebar: 200 #m. 

(Reproduced from Tzeng et al. 2012b) 
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Figure 5.25. Quantification of hMSC osteogenesis and cell number. Alizarin Red S staining showed 

noticeably denser staining from cells given (A) siBCL2L2 + OM compared to cells given (B) scrRNA + 

OM and (C) cells given only OM. (D) Cells given EM only did not stain under Alizarin Red S. (E) 

Quantitatively, the siBCL2L2 + OM group produced more calcium than did the scrRNA + OM group (32% 

± 9% more calcium, *p < 0.05) and the OM only group (52% ± 10% more calcium, **p < 0.01). No 

significant difference was found in calcium content between the scrRNA + OM and OM only groups. (F) A 

DNA assay on replicate samples showed no differences in cell number between groups (one-way ANOVA 

p > 0.05), ruling out increased cell density as a cause for the increased calcium content. OM = osteogenic 

medium, EM = expansion medium. Scalebar: 200 #m. (Reproduced from Tzeng et al. 2012b) 
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Figure 5.26. HIF-1"  DNA transfection in hASCs caused overexpression of functional HIF-1. PCR on 

hASCs 2 days after transfection with HIF-1" plasmids (HIF-1"-A and HIF-1"-S) showed increased HIF-

1" expression, indicating successful transfection, and increased VEGF expression, indicating function of 

the HIF-1 protein (A). Both HIF-1" and VEGF expression after transfection using 447e, 1.1:1, 50 w/w 

peaked after 2 days. All transfections used 2.5 µg/mL DNA dosage (groups marked with "2x" used 5 

µg/mL). 
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Figure 5.27. Neurogenin-2 and Mash1 DNA transfection in hNSCs enhanced neuronal 

differentiation. (A) Immunofluorescence of hNSCs at day 10 after transfection with nanoparticles 

containing plasmids encoding N-2, Mash1, or a 1:1 mixture of the two. (B-C) Western blot analysis 

confirmed that transfected hNSCs expressed higher levels of !III tubulin and MAP2 expression compared 

to un-transfected cells (*p<0.05). 
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Figure 5.28. PBAE screening with eGFP DNA was done on BxPC-3 and MeWo cells to identify top 

PBAEs for functional studies. 
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Figure 5.29. Transfection with TRAIL DNA showed a wide range of effects in different cancer cell 

types. Transfecting cells with TRAIL was effective in H446 and BxPC-3 cells and moderately effective in 

MDA cells and some JHGBM BTIC cultures. Under the graph for each cell type, microscopy images show 

brightfield and GFP images of GFP-transfected cells using the PBAE shown in the figure and brightfield 

images of TRAIL-transfected cells using the same PBAE condition. 

 



 208 

 
 

Figure 5.30. Cancer cell response to TRAIL is affected by variable death receptor expression. TRAIL 

transfections were successful measured by PCR even in cell types that showed little or no response to 

TRAIL treatment (A). PCR and Western blot showed TRAIL receptor expression patterns that correlated 

with the TRAIL transfection data (B). 

 

 

 

 

 

 
Figure 5.31. Combinations of plasmids coding for different anti-cancer genes have a synergistic effect 

on cancer cell death. TRAIL, p53, PTEN, and shBIRC5 were transfected into H446, BxPC-3, and 

JHGBM-276 cells (A). TRAIL was much more effective in JHGBM-276 cells after transfection with 

shBIRC5 (**p<0.01) (B). 
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Figure 5.32. PBAE nanoparticle optimization for DNA delivery to rat glioma cells. 9L (A) and F98 (B) 

cells were transfected with eGFP or CMV-Luc DNA to find PBAE formulations with high transfection. 

Fluorescence microscopy 48 hr after transfection confirmed high transfection. 
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Figure 5.33. Rat cancer cells are killed efficiently by transfection with HSV-TK followed by 

treatment with ganciclovir. Rat glioma (A, B) and HCC (C) cells were transfected with either eGFP or 

HSV-TK plasmid using the same PBAE nanoparticle formulation and then treated with 0-50 µg/mL GCV 

as indicated. Images were taken 4 days after transfection. High concentrations of GCV caused cell death 

even without HSV-TK transfection (D). 
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Figure 5.34. Human GBM cells are killed efficiently by transfection with HSV-TK followed by 

treatment with ganciclovir. U87 human GBM cells were transfected with HSV-TK or eGFP DNA and 

then treated with 0-50 µg/mL GCV as indicated. Microscopy was done 3 (A), 4, (B), and 5 (C) days after 

transfection. Viability was measured by MTS assay and cell counting (D). 
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Figure 5.35. Primary human GBM BTICs are killed by the HSV-TK/GCV treatment strategy. 

JHGBM-276, -612, and -965 human GBM BTIC primary cultures were transfected with HSV-TK or eGFP 

DNA and then treated with GCV.  Nearly all cells in the culture were killed using this method, with little 

non-specific toxicity from GCV at relevant doses (A). Microscopy was done 6 days after transfection and 

shows cell death in HSV-TK-transfected cells compared to eGFP-transfected cells (B). 
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Chapter 6: 

 

Optimization of protocols for in vivo gene delivery 

 

6.1. Introduction 

 Although gene delivery has been extensively studied in the laboratory, especially in vitro, many 

additional barriers must be overcome for translation to in vivo models and eventual use in the clinic. For 

example, in vitro cell culture and gene transfer experiments are often carried out in media with low serum 

concentration (0-10% v/v), which is an unrealistic model for how delivery vehicles would behave in the 

body: systemic circulation is 100% serum (in addition to blood cells and clotting factors) (Dill and Costill 

1974), and even local delivery faces the challenges of restricted movement of particles through 

extracellular matrix (ECM) (Nance et al. 2012). Transport of nanoparticles in serum, in physiological salt 

concentrations, and through ECM, as well as their transport across cellular barriers in the body, have been 

shown to be affected by several properties of the particles, including hydrodynamic particle size (Wong et 

al. 2011), particle shape (Geng et al. 2007), biomaterial hydrophobicity (Sheng et al. 2009; Yamamoto et 

al. 2001), surface charge (Allard et al. 2009), and other surface modifications (Kulkarni and Feng 2011; 

Pamujula et al. 2012). Nanoparticles can be designed to avoid unwanted, nonspecific interactions with 

surrounding ECM components, which can trap the particles and inhibit their movement through 

extracellular space (Thorne and Nicholson 2006); serum proteins, whic
1
h can destabilize particles by 

adsorption by hydrophobic or electrostatic interactions (leading to particle aggregation) (Rausch et al. 

2010) or competitive binding (leading to premature particle disassembly) (Buyens et al. 2010), as well as 

causing increased cellular interactions by coating or opsonizing particles (Owens and Peppas 2006); or 

nearby cells, which can trap particles or accelerate nanoparticle clearance (Senior 1987). However, the 

efficacy of such biomaterials, often called "stealth" materials, may be hindered by the very fact that they 

must be able to interact with the target cells in order to be internalized and thereby effect gene transfer or 

                                                
 This chapter contains material modified from the following articles, previously published or in preparation as:  

Tzeng SY, Guerrero-Cazares H, Martinez EM, Sunshine JC, Quinones-Hinojosa A, and Green JJ (2011). Non-viral gene delivery 

nanoparticles based on poly(!-amino esters) for treatment of glioblastoma. Biomaterials 32:5402-5410;  

Li C, Tzeng SY, Tellier LE, and Green JJ (2013). (3-Aminopropyl)-4-methylpiperazine End-capped Poly(1,4-butanediol diacrylate-

co-4-amino-1-butanol)-based Multilayer Films for Gene Delivery. ACS Appl Mater Interfaces 5(13):5947-5953. 

Guerrero-Cazares H*, Tzeng SY*, Young NP, Abutaleb AO, Quinones-Hinojosa A, Green JJ (2013). Biodegradable polymeric 

nanoparticles show high efficacy and specificity at DNA delivery to human glioblastoma in vitro and in vivo. (Submitted) 
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intracellular delivery of other therapeutics (Li and Huang 2010). 

In addition to physicochemical properties of gene delivery nanoparticles, another concern 

translation of PBAE/DNA nanoparticles is the stability of the nanoparticles and their ease of preparation. 

Because PBAEs are electrostatically complexed with DNA in slightly acidic, aqueous suspension, the 

particles have rapid release properties due to hydrolytic degradation of the polymers. While these release 

properties are advantageous for intracellular gene delivery, they are not conducive for practical use by 

clinicians or large-scale production.  It is therefore necessary to develop a way of preparing a dried form of 

the polymer-DNA nanoparticles that can be stored for long periods of time and easily reconstituted just 

before use. However, increased aggregation is a complication for colloidal suspensions that are dried 

without a lyoprotectant (Abdelwahed et al. 2006), and an effective way of lyophilizing and storing these 

particles is essential for eventual translation of this technology. 

In addition, an implantable device for gene delivery that could enable both controlled release and 

intracellular delivery of DNA would open new and complementary avenues for treatment of diseases like 

brain cancer, the disease model used in this study. For this purpose, we used a layer-by-layer (LBL) 

assembly technique to construct multilayer films. Thin films can allow nanometer-scale composition and a 

high degree of spatial control (Kim et al. 2009; Shmueli et al. 2010). Such films have a wide range of 

applications with the ability to load different cargos, including proteins, peptides, nucleic acids, and a broad 

range of hydrophobic drugs (Hammond 1999; Hammond 2004; Vazquez et al. 2002; Wood et al. 2008). As 

another method of preparing polymer-based films, electrospinning has gained widespread application in 

tissue engineering and drug delivery (Tan et al. 2008). Electrospun fibers are structures that can mimic the 

natural extracellular matrix, and, due in part to their high surface area, they can be a useful tool for 

fabricating surfaces that interact with cells and can function as drug delivery carriers (Li and Xia 2004). 

While the 1-(3-aminopropyl)-4-methylpiperazine end-capped poly(1,4-butanediol diacrylate-co- 4-amino-

1-butanol) PBAE (called 447 below) is effective in nucleic acid delivery in several different systems (Bhise 

et al. 2012; Shmueli et al. 2012; Tzeng et al. 2011a; Tzeng et al. 2012; Tzeng et al. 2011b), it has not been 

used previously in DNA delivery from a substrate, such as the LBL system presented here. Similarly, while 

PBAEs like poly(1,4-butanediol diacrylate-co-4,4'-trimethylenedipiperidine) (called 4P below) have been 

used for LBL film construction (Zhang et al. 2004), previous work with such materials has necessitated the 
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addition of a separate commercial reagent to released DNA in order to facilitate transfection. In this work, 

we combined traditional LBL approaches with electrospinning, combining the physical advantages of 4P--

which can form solid structures at room temperature--and the transfection ability of 447--able to delivery 

DNA into cells with better safety and efficacy than leading commercial reagents (Tzeng and Green 2013; 

Tzeng et al. 2013)--to prepare thin films as DNA delivery systems that can enable both controlled release 

and intracellular delivery. We examined the release kinetics of these films, their DNA loading efficiency, 

and their in vitro efficacy at transfecting human glioblastoma cells. We evaluated PBAE/DNA films 

prepared through an LBL iterative coating method, an electrospinning method, and a combination of the 

two (Figure 6.1). 

Here, we show the development of a PBAE/DNA nanoparticle system that can be stored long-term 

at mild conditions without loss in efficacy upon use. In addition, we show the effect of in vivo obstacles, 

like high serum conditions and the presence of ECM, on gene transfer and present a method of local gene 

delivery from a macroscopic construct. Finally, we verify that these nanoparticles can be used in vivo with 

high efficacy. 

 

6.2. Materials and methods 

6.2.1. Materials 

Monomers used for synthesizing polymers (Figure 3.1) were purchased as follows: 1,4-butanediol 

diacrylate (B4; Alfa Aesar, Ward Hill, MA); 1,5-pentanediol diacrylate (B5; Monomer-Polymer and Dajac 

Labs, Trevose, PA); 3-amino-1-propanol (S3; Alfa Aesar); 4-amino-1-butanol (S4; Alfa Aesar); 4,4'-

trimethylenedipiperidine (SP; Sigma Aldrich); 2-(3-aminopropylamino)ethanol (E6; Sigma Aldrich, St. 

Louis, MO); and 1-(3-aminopropyl)-4-methylpiperazine (E7; Alfa Aesar). Poly(!-caprolactone), 70-90 kDa 

(PCL) was purchased from Sigma Aldrich. pEGFP-N1 DNA was amplified by Aldevron (Fargo, ND). 

Lipofectamine™ 2000 and Opti-MEM I were from Invitrogen (Carlsbad, CA). Fibrinogen and thrombin 

were from Sigma. All cell culture media components and other reagents were used as received. 

6.2.2. Polymer synthesis 

PBAEs were synthesized according to previously described procedures (Tzeng et al. 2013), 

summarized in Figure 6.2. Because of the differences in solubility between 4,4'-trimethylenedipiperidine 
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(SP) and other sidechains, different synthesis protocols were necessary for this small molecule. For all 

PBAEs that did not use SP as a component, a diacrylate backbone monomer (B) was mixed with an amine-

containing sidechain (S) at 1.2:1, 1.1:1, or 1.05:1 molar ratio and stirred overnight at 90°C to form the B-S 

base polymer. Five grams of the base polymer were dissolved in anhydrous tetrahydrofuran (THF) at 167 

mg/ml. 10 mL of a 1-M solution of the end-cap (E7) in THF was added, and the mixture was shaken at 

5000 rpm for 1 hr at room temperature. These end-capped polymers were purified by precipitation into 

anhydrous diethyl ether. Excess precipitant was decanted, and the polymers were washed with ether again 

and the ether decanted. Traces of solvent were removed by vacuum for 48 hr. End-capped polymers were 

stored at -20°C either neat (for electrospinning) or as 100-mg/ml solutions in anhydrous DMSO (for 

dipping and conventional nanoparticle formation). Polymers were named according to their component 

monomers: for example, B4 polymerized with S4 at 1.1:1 molar ratio forms the base polymer "44, 1.1;1." 

End-capping 44, 1.1:1 with E6 forms "446e, 1.1:1." The "e" in this nomenclature indicates that the polymer 

was purified in ether. 

For B4-SP (4P) synthesis, SP was dissolved in THF at 500 mg/ml and added to neat B4 at a 1.05:1 

molar ratio (B4:SP). The mixture was stirred 2 days at 50°C. Synthesized polymer was stored as a solution 

in THF at -20°C. 

6.2.3. Polymer characterization 

 For gel permeation chromatography (GPC) of non-SP-containing PBAEs, polymer in DMSO was 

diluted in BHT-stabilized THF with piperidine (final composition of complete GPC solvent: 94% THF, 5% 

DMSO, 1% piperidine) at a final 5.5 mg/mL concentration of PBAE. The polymer solution was filtered 

with a 0.2-µm PTFE syringe filter to remove any particulates before flowing through a Waters (Milford, 

MA) GPC system and analyzed with Breeze 2 software. For nuclear magnetic resonance (NMR) analysis, 

PBAE in DMSO was frozen and lyophilized overnight to remove most of the DMSO solvent, then 

redissolved in CDCl3 with 0.03% tetramethylsilane (TMS) internal standard. The spectrum was acquired 

with a Bruker 400 with TopSpin 2.0 software. Analysis was done using NMR Processor v.12 (ACD Labs, 

Toronto, Canada). For analysis of 4P, polymer in THF was precipitated as described above, using hexane 

as the precipitant in place of diethyl ether. After being dried, neat polymer was dissolved in complete GPC 
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solvent for molecular weight analysis or in CDCl3 for NMR analysis. GPC data are reported in Table 6.1. 

NMR data are shown in Figure 6.3 and Table 6.2. 

6.2.4. Cell Culture 

 All intraoperative samples were obtained as described previously under institutionally approved 

protocols. Human brain tumor initiating cell (BTIC) culture JHGBM-319 was isolated from a 79-year-old 

male glioblastoma (GBM) patient and JHGBM-276 from a 53-year-old GBM patient as previously 

described (Guerrero-Cazares et al. 2009). Briefly, necrotic tissue and blood vessels were removed from the 

tumor, which was dissociated mechanically and with trypsin/EDTA. After inhibition of trypsin with 1:1 

DMEM/F-12 (Invitrogen) with 10% heat-inactivated FBS and 1% antibiotic-antimycotic (anti-anti, final 

concentration 1X, Invitrogen), the cells were collected by centrifugation, and the serum-containing medium 

was replaced with complete BTIC medium [1:1 DMEM/F-12, 2% B-27 serum-free supplement (B-27, final 

concentration 1X, Gibco, Bethesda, MD), 1% anti-anti, 20 ng/mL basic fibroblast growth factor (bFGF, 

Invitrogen), and 20 ng/mL epidermal growth factor (EGF, Sigma, Saint Louis, MO)]. After isolation, 

JHGBM-276 cells were maintained in complete BTIC medium and grown in monolayer on laminin until 

use. JHGBM-319 cells were grown in complete astrocyte medium with serum (1:1 DMEM/F-12, 10% FBS, 

1% anti-anti) as adherent cultures unless otherwise specified.   

6.2.5. Nanoparticle fabrication and in vitro transfections 

 For transfection of cells in monolayer, unless otherwise noted, JHGBM-319 cells were 

trypsinized, seeded into well plates at 40,000 cells/cm
2
, and allowed to attach overnight at 37°C and 5% 

CO2. The next day, to form PBAE/DNA nanoparticles, eGFP plasmid DNA was delivered to JHGBM-319 

cells as previously described (Green et al. 2006). Briefly, DNA and polymer were each diluted in 25 mM 

sodium acetate (pH 5), then combined at a defined weight/weight ratio (w/w) of polymer to DNA. The 

mixture was incubated for 10 min to allow complexation to occur. Prepared nanoparticles in aqueous buffer 

were used as quickly as possible after complexation to avoid destabilization or polymer degradation. 

Nanoparticles were then added to cells in medium at a 1:5 ratio of particles/buffer to medium. Cells were 

incubated with particles for 2 hr at 37°C. The media and nanoparticles were then aspirated and replaced 

with fresh complete culture medium. 

The top lyophilized particle formulation was sized using nanoparticle tracking analysis (NTA) 
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using an NS500 (NanoSight, Ltd.). The zeta potential was measured using a Zetasizer Nano NS (Malvern). 

For both, nanoparticles were formed in 25 mM sodium acetate buffer at the same concentration as used for 

transfections, then diluted in 1xPBS as necessary for sizing purposes. 

6.2.6. Optimization of stable nanoparticle formulations 

 PBAE 447e, 1.2:1, as a top polymer from initial DNA delivery screenings (Tzeng et al. 2011a), 

was used to form nanoparticles with DNA that could be stored in dry form and used at later time points 

with little or no loss of efficacy. Nanoparticles were formed as above, at twice the desired final 

concentration, in 25 mM sodium acetate. Following complexation, the particles were mixed in a 1:1 (v/v) 

ratio with a solution of D-sucrose in 25 mM sodium acetate at varying sugar concentrations (0, 30, 60, and 

90 mg/mL sucrose in sodium acetate added to particles, for a final concentration of 0-45 mg/mL sucrose). 

The suspension of particles in sucrose and sodium acetate was frozen at -80°C for 2 hr, then lyophilized for 

48 hr and stored at room temperature (RT), 4°C, or -20°C with dessicant. Particles were tested immediately 

after lyophilization (t=0) and after various amounts of time in storage. Polymer in anhydrous DMSO (100 

mg/mL) was also stored in aliquots at RT, 4°C, or -20°C and then used to make freshly prepared 

nanoparticles at each time point. 

Before use, particles were reconstituted in the same starting volume of distilled water. For "freshly 

prepared" groups, particles were prepared by diluting stored aliquots of 447e, 1.2:1 in sodium acetate and 

mixing with fresh DNA and sodium acetate. Transfection experiments were carried out as described above. 

For quantification, the total fluorescence from each well was also measured using the plate reader before 

fixation and staining with DAPI. Transfection efficiency and viability were quantified as above. The 

number of cells in each well was also used to normalize fluorescent signal from the plate reader (RFU/cell) 

and normalized to untreated controls (mean± standard error). The transfection of each group was also 

measured by flow cytometry using an Accuri C6 (BD Biosciences, San Jose, CA). 

The direct number-averaged size of the particles and effective concentration was also tested at the 

same time points using nanoparticle tracking analysis (NTA) with a NanoSight LM10-HS or NanoSight 

NS500 (NanoSight Ltd., Wiltshire, UK). Each sample was diluted in PBS 1:90 from the standard 

transfection concentration for a total of 3 measurements. The mean diameter, mode diameter, and standard 

deviation of the size distribution were recorded. Results were pooled and expressed as mean±standard error 
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for each parameter. 

For in vivo studies, nanoparticles were lyophilized with sucrose and stored at -20°C for 1 week or 

12 weeks (3 months) before use. 

6.2.7. Effect of serum and extracellular matrix (ECM) on transfection 

 We tested PBAE nanoparticles for ability to transfect JHGBM-319 cells in media containing a 

range of serum concentrations. eGFP-containing nanoparticles were prepared as described above using 

three different PBAEs (446e, 1.1:1; 447e, 1.1:1; and 537e, 1.05:1) at two w/w ratios each (25 w/w, 75 

w/w). Just before adding nanoparticles, culture medium was removed from JHGBM-319 cells (seeded the 

previous day into 96-well plates) and replaced with medium containing 0-99% fetal bovine serum (FBS).  

Nanoparticles in sodium acetate buffer were added to cells in medium, making the final FBS concentrations 

0-82.5%. Media and particles were aspirated after 2 hr and replaced with fresh culture medium. Viability of 

the cells after treatment was measured using MTS assay (Cell Titer AQueousONE, Promega, Madison, 

WI). Transfection efficacy was monitored by fluorescence microscopy daily. Fluorescence (485 nm 

excitation/528 nm emission) was also measured using a Synergy 2 Multiplate Reader with Gen5 software 

(Biotek) and by flow cytometry (Accuri C6) 48 hr after transfection. Transfection efficacy is reported as 

"bulk fluorescence" (measured per well via multiplate reader) or "percent transfection" (measured as the 

percent of cells GFP
+
 via flow cytometry). 

 We also tested the ability of PBAEs 447e, 1.1:1 and 537e, 1.05:1 to transfect JHGBM-319 cells 

within an ECM matrix, namely a fibrin hydrogel. Cells were trypsinized and aliquotted into screw-top vials 

with 1.76*10
6
 cells and 100 µL regular growth medium (10% serum) per vial. DNA nanoparticles in 25 

mM sodium acetate buffer, containing DsRed DNA and 447e, 1.1:1 at 30 w/w, was added to the cells in 

media (1:5 v/v ratio, 600 ng DNA per tube). The vials with cells, media, and nanoparticles were centrifuged 

at 300 g for 5 min and then incubated for 2 hr at 37°C with the tops of the vials loosened to allow air flow. 

Negative control tubes were treated with sodium acetate buffer only without DNA or PBAE. After 2 hr, 

tubes were centrifuged at 180 g for 5 min to pellet cells, and media and particles were removed from each 

pellet. Cells were resuspended in fibrinogen (8 mg/mL) and thrombin (2 U/mL) in 1xPBS, triturated gently 

to resuspend, and then added to wells of a 96-well plate in before crosslinking was complete (35 µL and 

1.6*10
6
 cells per gel). After 30 min incubation at 37°C to encourage crosslinking, 200 µL complete 
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medium was added to each well. Media were changed daily. Each gel was formed from a different vial (i.e. 

separate transfection and gel formation) with n=3 biological replicates per group. Three days after the 

initial transfection, media over each gel was replaced with 65 µL volume of complete growth medium 

(total of approximately 100 µL/well with gel and medium combined). 447e, 1.1:1 and 537e, 1.05:1 were 

used to make separate PBAE/DNA nanoparticles at 30 w/w using DsRed DNA at the same concentration as 

above, and 20 µL particles were added per well. The media were changed after 2 hr and replaced with 200 

µL complete medium. Transfection was monitored by fluorescence microscopy. 

6.2.8. Layer-by-Layer (LBL) film assembly 

The LBL films were fabricated by depositing materials with complementary charge onto a glass 

substrate (diameter 15 mm). Briefly, the glass substrates were sterilized by incubation in 70% ethanol and 

exposure to UV light for 30 min. The glasses were then placed into 24-well plates and coated with a 1-M 

NaOH solution for 5 min. The base was removed and the glass substrates neutralized by incubating in 1-M 

HCl for 1 min. The glass substrates were rinsed twice with sterile UltraPure
TM

 distilled water, dried 

completely, and stored under vacuum until use. For the bottom layer, substrates were coated for 5 min 

using either 20 or 5 mg/mL polymer 447 in sterile DMSO solution, or 20 or 5 mg/mL poly(D-lysine) (PDL) 

in 100-mM sodium acetate buffer (pH 5). Substrates were then washed twice in water for 1 min each. Next, 

the substrates were coated with 0.75 mg/ml DNA in 100-mM sodium acetate buffer for 5 min and again 

washed twice with water, then treated with 5 mg/ml 447e, 1.05:1, in 100-mM sodium acetate for 5 min and 

washed twice with water. Each bilayer contained one layer of DNA and one layer of 447e, 1.05:1. Films 

with 3, 4, 6, 9, and 12 bilayers were constructed in this study to determine the optimal layering protocol. 

For quantitative assessment of film fabrication, Plastic 96-well plates with UV-transparent bottoms were 

used to measure DNA adsorption in the films. LBL films were fabricated in the 96-well plates as above. 

After each layer, the DNA content was measured by absorbance at 260 nm using a multiplate reader. 

Electrospun scaffolds were also used in making LBL scaffolds. The basic experimental setup used 

for electrospinning is schematically shown in Figure 6.1B. Polymer 447e, 1.05:1 was dissolved in a 9:1 

(v/v) mixture of DCM/DMF to obtain a final concentration of 70% (w/v). 37.5% (w/v) 4P in THF was then 

added to equal weight of 11% (w/v) PCL in DCM/DMF. All resultant mixtures were vortexed to form a 

clear and homogeneous organic phase, then loaded into a 1-ml syringe fitted with 27G blunt needle that 
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was clamped directly to the positive electrode of the high voltage power supply. The flow rate of the 

solution was governed by controllable syringe pump. 447e solution was electrospun at 7 kV with solution 

flow rate of 0.35 mL/hr. The spinneret was fixed 8 cm away from the aluminum rotating collection plate. 

Glass substrates were fixed to the aluminum plate rotating at 260 rpm and were coated with nanofibers for 

3 or 5 min, then transferred to 24-well plates for further layering or other studies. The SP/PCL blend was 

electrospun at 7 kV over 8 cm and for 10 min on a rotating mandrel. During SP/PCL electrospinning, the 

needle moved toward the rotating plate at a rate of 0.1 mm/sec, the plate rotated at 260 rpm, and the 

solution feeding rate was 0.25 mL/hr. 

DNA release was measured from LBL constructs. The films on glass substrates were placed in 24-

well plates and immersed in 300 µL of 1X PBS. At predetermined time points, the solution was removed 

and replaced with fresh PBS. Samples of DNA and PBAE in PBS were kept frozen at -20°C until use. The 

concentration of released DNA was measured by NanoDrop 2000 and associated software (v.1.4.1) 

(Thermo Fisher, Waltham, MA). 

In order to verify that DNA released from films remained active, JHGBM-319 cells were seeded 

onto complete LBL films using two different methods to measure direct transfection from the film surface. 

In the first method, the films were coated with an additional layer of 447e, 1.05:1 at 20 mg/mL in DMSO, 

which was removed from the films by aspiration after 5 min incubation. The cover glasses were then placed 

into 24-well plates and cells seeded on the films at 1.5*10
5
 cells/mL (7.5*10

4
 cells/LBL film). Wells were 

imaged by fluorescence microscopy 48 hr later. In the second method, no additional polymer was added 

after the standard layering protocol. Instead, cells were seeded on the film as above and allowed to adhere 

overnight. The next day, 447e, 1.05:1 was dissolved in 25 mM sodium acetate buffer at 2 mg/mL, and 100 

µL (200 µg polymer) was added to the culture medium (0.33 mg/mL final polymer concentration in each 

well). After 2 hr incubation at 37°C, the media were aspirated and replaced with fresh culture medium. 

Wells were imaged 48 hr after addition of polymer. 

JHGBM-319 cells were also transfected separately using DNA pre-released from the LBL films. 

Cells were seeded at 1.5*10
4
 cells/well in 96-well plates. The DNA samples collected in PBS from release 

studies were isolated by precipitating in 70% ethanol with 90 mM sodium acetate (pH 5 buffer). Samples 

were kept at -20°C for 30 min for complete DNA precipitation, then centrifuged at 12,000 g for 15 min at 
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4°C. The supernatants were aspirated, the pellet washed with 70% ethanol, and the samples centrifuged 

again as above. The supernatants were aspirated, and the pellet was air-dried for 5 min and resuspended in 

50 µL 25 mM sodium acetate buffer. The concentration of all DNA samples was quantified using 

NanoDrop. Polymer 447e, 1.05:1 was diluted in 25 mM sodium acetate buffer at 60 polymer-to-DNA 

weight ratio (w/w) according to the DNA concentration in each sample. 45 µL of polymer solution was 

mixed with 45 µL of DNA solution, and particles were allowed to form over 10 min. 20 µL particles were 

added to each well (final volume 120 µL in each well) with n=4 for all treatment groups. Cells were 

incubated with particles for 2 hr at 37°C before the media were changed. Gene expression was quantified 

48 hr later by flow cytometry as a percentage of GFP
+
 cells As a control, fresh DNA (not previously used 

for coating) was diluted to the same concentration as each of the release study samples and also made into 

particles with 447e, 1.05:1 at 60 w/w. Efficacy of released DNA was evaluated by comparing its 

transfection efficacy to that of fresh DNA.  

Precipitated DNA from each sample was also analyzed by gel electrophoresis. Samples in sodium 

acetate buffer (25 mM, pH 5) were further diluted in sodium acetate to 10 ng/µL concentration based on 

NanoDrop measurements. 10 µL (100 ng) were loaded into each well of a 1% agarose gel with 1 µg/mL 

ethidium bromide with 5:1 ratio of sample to loading buffer (30% glycerol). Samples were run for 1 hr at 

100 V before visualization under UV light. Gel retardation assay was also done to test the ability of 447e, 

1.05:1 to form complexes both with fresh DNA and with plasmid layered and then released. DNA collected 

at the 6 hr time point from 4-bilayer films with 50 mg/mL 447e as the bottom layer was used after 

precipitation for the "released DNA" sample. Fresh and released DNA were diluted separately to 10 ng/µL 

in 25 mM sodium acetate. 447e was diluted in 25 mM sodium acetate to a range of concentrations (0-200 

w/w or 447e:DNA mass ratio) and then added to diluted DNA at a 1:1 v/v ratio. Samples were mixed by 

pipetting and allowed to self-assemble over 10 min. Loading buffer was added, and each sample was 

loaded into each well of the gel (with 1 µg/mL ethidium bromide). Samples were run for 1 hr at 100 V 

before visualization under UV light. 

Cytotoxicity of the polymer 447e, 1.05:1 alone or in complex with GFP DNA was assessed by 

seeding JHGBM-319 cells in 96-well plates and transfecting them as described with 447e/DNA 
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nanoparticles at dosages ranging from 20.3 ng/mL to 20.8 µg/mL final DNA concentration per well after 

adding to media. Polymer:DNA ratio was held constant at 60 w/w for final polymer concentration of 1.22 

µg/mL to 1.25 mg/mL. Free 447e polymer in solution was added to other cells in the absence of DNA to 

assess cytotoxicity of the polymer when not in nanoparticle form. Twenty-four hr after transfection, MTS 

assay was used to assess viability. For other transfections, viability was similarly measured by MTS assay 

24 hr after polymer or polymer/DNA nanoparticles were added to the cells or after cells were seeded onto 

DNA/polymer LBL films. 

6.2.9. In vivo testing of DNA nanoparticles 

 Male nude athymic mice were injected with 1 µL GFP
+
 JHGBM-276 cells in PBS (10

5
 cells/µL) at 

8 weeks old. After a 4 or 9 week period for tumor formation, nanoparticles composed of DsRed plasmid 

DNA complexed with PBAE-1 at 60 w/w, lyophilized with 30 mg/mL sucrose, and stored at -20°C were 

resuspended in water. For particle localization studies, DsRed-coding DNA was first labeled with Cy5 

using Label IT Tracker kit (Mirus Bio) before complexation with PBAE. 2 µL nanoparticles (2 µg DNA) 

were stereotatically injected into the tumor of the mice. Controls included mice injected with nanoparticles 

but without tumor, mice with tumor but no treatment, and mice with tumor and injected with 2 µg naked 

DNA in a sucrose solution of the same concentration. After 48 hr, mice were anaesthetized with 

ketamine/xylazine, then sacrificed and fixed by perfusion with PBS and 10% formalin. Brains were 

removed, stored overnight in 10% formalin, soaked in 30% sucrose in 1x phosphate buffer for 24 hr, and 

then embedded in Optimal cutting temperature compound (OCT). Embedded brains were snap frozen in a 

dry ice/ethanol bath and stored at -80°C until use. Brains were cryosectioned in 10-µm slices and mounted 

onto glass slides with DAPI and stored at 4°C, protected from light, until use. Slices were imaged by 

fluorescence microscopy to assess transfection using an Axio Observer A1 and captured with Axiovision 

software.  

 

6.3. Results and discussion 

6.3.1. Optimization of stable nanoparticle formulations: lyophilized PBAE/DNA nanoparticles 

To optimize nanoparticle formulation for storage in dry form while maintaining stability, we used 
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one of our top polymers as a test case, 447e, 1.2:1 at a 30 w/w ratio to DNA. There was very little 

transfection and few particles remained when particles were lyophilized without modification; by adding 

30-90 mg/mL sucrose as a lyoprotectant before freezing (final concentration 15-45 mg/mL sucrose), full 

functionality of the particles was retained after immediate reconstitution in water, measured by transfection 

efficiency, viability, and sizing (Figure 6.4) in both the presence and the absence of serum. Moreover, 

freshly prepared particles usually begin to aggregate in suspension over time, particularly in media 

containing salts or serum, which can be measured by an increase in effective size and a wider size 

distribution (Figure 6.5). Lyoprotectants are known to help nanoparticles retain morphology and 

functionality after freezing and drying processes (Abdelwahed et al. 2006). In this study, particles 

lyophilized with sucrose remained more stable in serum compared with freshly prepared particles over a 

period of four hours, a critical window of time for nanoparticle uptake during transfections. 

 After 3 months, particles lyophilized with 30 mg/mL sucrose and stored at 4°C were not 

significantly different in transfection efficiency or toxicity compared to freshly prepared particles made 

with polymer stored at 4°C and fresh DNA stored at -20°C (p>0.05). Though the measured percent 

transfection efficiency of lyophilized particles was lower, the total fluorescence measured in each well after 

transfection did not show a significant decrease after 3 months compared to the starting value (Figure 6.6). 

Combined with the increase in measured viability over time, this may suggest that, while the proportion of 

GFP
+
 cells decreases up to 25% after 3 months, the absolute number of GFP

+
 cells or the total amount of 

GFP produced in each well remains approximately the same. Even after 6 months, approximately 50% of 

the original transfection efficiency and total fluorescence per cell is retained (Figure 6.6).  

With longer-term studies, we found no significant change in efficacy over time, for at least 2 

years, for biodegradable polymeric nanoparticles if they were lyophilized with sucrose and stored at -20°C 

(Figure 6.7). Based on this result and prior work showing successful in vivo gene delivery using 

lyophilized nanoparticles reconstituted at high concentration (Sunshine et al. 2012), particles used here for 

in vivo tumor studies were formed using PBAE-1, lyophilized, stored for 1-12 weeks at -20°C, and then 

reconstituted just prior to in vivo injection. 

 For this nanoparticle technology to be translated to a clinical setting, a method for making 

nanoparticles in a more stable form is necessary. When prepared in aqueous solution, these nanoparticles 
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self-assemble quickly but also aggregate over time. In addition, while there appears to be some slowing of 

polymer degradation when the PBAE polymers are complexed with DNA into particles (Tzeng and Green 

2013), the PBAEs remain hydrolytically degradable. Therefore, it would be preferable to formulate the 

biodegradable nanoparticles in a form that is stable over time, resisting both degradation as well as 

aggregation. A concern is that many freezing and drying processes themselves cause denaturation or 

irreversible aggregation of nanoparticles. We have shown that the optimized lyophilized nanoparticles can 

be stored at -20°C and remain fully functional, as measured by in vitro efficacy, for at least two years. 

Furthermore, we used our in vivo studies (described below) in part to confirm that these stored 

nanoparticles remain efficacious in vivo following storage for at least 3 months.  In addition to simplifying 

the preparation--essential for use in complicated surgical procedures--lyophilized PBAE/DNA complexes 

can be easily resuspended in water or PBS to almost any concentration, including concentrations much 

higher than how they were originally prepared in aqueous buffer. We have found that this is because the 

solubility of the polymeric nanoparticles in water is higher than the solubility of the uncomplexed polymer 

in water. This is an important consideration due to the small injection volume limitations for certain 

therapeutic applications such as injection into the eye or brain. 

6.3.2. Effect of serum and extracellular matrix (ECM) on transfection 

 The PBAEs tested generally had very high transfection efficacy even in the presence of high 

serum, measured by both the total amount of protein produced (bulk fluorescence) and the fraction of cells 

transfected (percent GFP
+
) (Figure 6.8). The PBAE 446e, 1.1:1 at lower PBAE:DNA weight ratio (25 

w/w) was essentially ineffective in all serum conditions tested, though it was very effective at high (75 

w/w) weight ratio, >80% transfection in 0% serum. In particular, this polymer was less toxic than the other 

two at equivalent dosages, though its transfection efficacy also decreased to 30±15% in 50% FBS and 

continued decreasing with increasing FBS. Another polymer, 447e, 1.1:1, showed higher efficacy than 

446e in general at 25 w/w, >85% transfection in 0% FBS, decreasing to 74±0.9% in 5% FBS and 54±5.5% 

in 25% FBS. By far, the PBAE that showed best transfection efficacy in high serum was 537e, 1.05:1. 

Though more toxic, particularly at 75 w/w, at low (25) w/w it had a good safety profile with 89±1.7% 

transfection in 0% FBS and no significant (p>0.05) decrease in percent of cells GFP
+
 in up to 99% FBS. 

Bulk fluorescence of 537e-transfected cells also did not decrease significantly until at least 50% FBS was 
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used, and even in 99% FBS, bulk fluorescence was decreased by less than two-fold. 

Interestingly, the presence of FBS in the medium had a strongly positive effect on viability. 

Especially for nanoparticle formulations that were too toxic to be used feasibly in serum-free medium, 

there was often an FBS concentration that could be found at which both viability and transfection efficacy 

were very high (Figure 6.8). 446e, 1.1:1, 75 w/w improved from 83±3.5% GFP
+
 and 33±0.9% viability in 

serum-free medium to 76±1.3% GFP
+
 and 95±3.0% viability in 5% FBS. 447e, 1.1:1, 25 w/w saw similar 

improvement, from 87±1.2% GFP
+
 and 37±1.1% viability in serum-free medium to 73±2.2% GFP

+
 and 

88±2.9% viability in 10% FBS. As previously stated, in this experiment, the efficacy of 537e, 1.05:1, 25 

w/w was not significantly affected by increased FBS content, but the viability of treated cells increased 

from 44±2.0% in serum-free medium to 82±7.2% (50% FBS) and 92±1.8% (75% FBS). As can be seen in 

Table 6.1, 537e, 1.05:1 is almost the same molecular weight as 447e, 1.1:1, though both are longer (Mw 

and Mn) than 446e, 1.1:1. While molecular weight may be an important factor in PBAE efficacy in this 

situation (Tzeng and Green 2013), other chemical properties are expected to play a role as well. 

Of note, Lipofectamine
TM

 2000, used at an optimized formulation as a positive control, saw 

significant decrease in transfection efficacy upon addition of serum and actually saw a decrease in viability 

in low and moderate (2-50%) FBS concentrations. It is possible that this lipid-based nanocomplex adsorbs 

serum proteins or aggregates in such a way that renders the formulation more toxic until it is precluded 

from cell interactions (higher FBS concentrations). Therefore, it is likely that some of our leading 

PBAE/DNA nanoparticles would be able to evade the potential hindrance of physiological levels of serum 

if the formulation is optimized. Furthermore, for ex vivo transfection applications, adjusting FBS 

concentration in medium may be an additional parameter that can be adjusted to maximize nanoparticle 

efficacy while minimizing toxicity.  

 JHGBM-319 cells were also encapsulated within a hydrogel that approximated some aspects of 

ECM surrounding cells in tissue in vivo. PBAEs 447e, 1.1:1 and 537e, 1.05:1, both of which showed at 

least some efficacy in high-serum-containing medium, were used to transfect cells in a fibrin hydrogel. 

While 447e was effective in transfecting the cells in a pellet (i.e. nonadhered cells centrifuged to a pellet 

before being encapsulated in a gel), 537e was the much better biomaterial for transfecting the cells while 
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within the fibrin matrix (Figure 6.9). It is necessary to note that 537e is a polymer that shows some cell-to-

cell specificity (see Chapter 4); thus, while it may not be an ideal transfection reagent in all cases, if cells 

are known to be able to be transfected by this polymer, it is more likely than the others tested to be 

effective in an in vivo 3-D environment. 

6.3.3. Development of a local delivery system: LBL thin films 

An increase in the amount of DNA incorporated into the film with each bilayer was measured by 

absorbance at 260 nm using a Synergy 2 Multiplate Reader. The DNA mass contained in the LBL films 

after each of 4 bilayers is constructed is shown in Figure 6.10. The bottom layer of the films was made 

with either PDL or 447e, 1.05:1, both cationic polymers; PDL is commonly used to promote effective 

attachment to growth surfaces, while 447 has been used for DNA complexation and delivery. Films with 

447 as the bottom layer had higher DNA loading compared to films made with PDL (Figure 6.10A). The 

linear increase in DNA mass with the number of bilayers demonstrates that sequential layering with 

polyelectrolytes of alternating charge is a viable method of loading nucleic acid onto a surface. 

The amount of released DNA in the incubation solution was measured by absorbance at 260 nm 

using a NanoDrop 2000. Figure 6.10B shows the release of DNA from LBL films, again showing higher 

DNA loading and release with an increasing number of bilayers. These data also show DNA release over 

20 hours, correlating with the dissolution or degradation of the PBAE/DNA film in PBS over this time 

period. The observation in Figure 6.10A is confirmed and expanded in Figure 6.11 to show the effect of 

the polymer concentration in the bottom layer of the film. The in vitro DNA release profiles show highest 

loading and release from films using 447e as the bottom layer; increasing the 447e concentration also 

increases the amount of DNA released. 

We carried out a gel electrophoresis study to compare plasmid integrity before being used in our 

multilayer films as well as after its release into PBS.  The gel electrophoresis data are shown in Figure 

6.11B-C. Fresh DNA (i.e. not used in layering) and released DNA both are fully complexed by 447e at 10 

w/w or above, important because transfection experiments were typically done in this study at 60 w/w. As 

seen in 6.11B, fresh DNA has a primarily supercoiled structure. After deposition on and release from a 

film, an additional band of nicked or linear plasmid appears strongly. 

Although this nicking seems to have occurred in all groups and even at early time points, it does 
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not seem to have a significant negative impact on the function of the plasmid, as assessed by transfection 

experiments. Cells seeded onto the LBL films were successfully transfected with GFP (Figure 6.12). 

Although additional polymer was required for successful transfection, adding polymer to the top layer of 

the films before seeding cells or adding polymer to the medium after seeding cells were both effective 

methods to enable high gene delivery with low cytotoxicity (91±2.1% and 82±3.4% viability, respectively). 

Interestingly, this shows that the DNA released from the films and additional polymer in the well were able 

to form complexes and transfect cells even when delivered separately. Because the amount of 447e 

polymer released into the culture system would vary with time in a LBL system, we tested the cytotoxicity 

of 447e by treating JHGBM-319 cells with varying doses of 447e, either free in solution or complexed with 

eGFP DNA at 60 w/w. Both showed expected dose-response curves in terms of viability, and the viability 

of cells transfected directed from LBL films was found to be between the two predicted values (Figure 

6.12). 

For quantitative assessment of the DNA quality after layering, transfections were also carried out 

with DNA plasmid released from multilayer film supernatants at various time points and isolated via 

ethanol precipitation. Fresh 447e polymer at 60 w/w was used to ensure successful transfection of the 

released DNA. Forty-eight hrs after transfection, flow cytometry analysis showed comparable or higher 

transfection efficiency than the positive control (fresh DNA), as shown in Figure 6.13. It should be noted 

that the DNA release and expression in each of the images shown is not cumulative but rather indicative of 

the amount of DNA released within the particular window of time after the previous time point and up to 

the time listed above the image. Thus, the amount of incremental DNA that was released even 12-18 hr 

after beginning the release study was still enough to cause positive transfection. 

Using PBAE 447e as the degradable polycation enables DNA loading into LBL films and DNA 

release that can enable high transfection efficacy in human cells. Polymer 447e used here interacts 

electrostatically with DNA to form not only LBL structures but also complexes/nanoparticles with DNA 

isolated from release study aliquots, in contrast to previously reported PBAE LBL systems (Zhang et al. 

2004). This showed DNA release sustained over 18 hr and high gene expression of nearly 90% transfection 

using DNA that was released from LBL films, isolated from ethanol precipitation, and complexed with 

fresh 447e. Although additional 447e polymer is needed to transfect cells seeded directly onto the surface, 
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simply adding 447e separately into the medium or to the LBL film is sufficient for high transfection. The 

447e/DNA nanoparticles are hydrolytically degradable through cleavage of the PBAE ester group, and 

447e facilitates DNA escape from the endosome to the cytoplasm via the proton sponge mechanism (Akinc 

et al. 2003; Parlow et al. 1990; Sunshine et al. 2011). 

Work previously conducted on LBL DNA delivery systems using a non-447e PBAE (polymer 4P) 

as the polycationic layer also showed DNA release over time but required the use of Lipofectamine
TM

 

2000, a commercially available reagent, to achieve transfection in an easy-to-transfect cell type (COS-7) 

(Zhang et al. 2004), as PBAE 4P does not itself efficiently facilitate high transfection. The authors of this 

previous study suggested that the nature of the LBL system might allow the direct incorporation of next-

generation materials that can effectively complex with and deliver DNA intracellularly. The PBAE used in 

the current study, 447e, has been shown in other systems to be very effective at nucleic acid delivery to 

hard-to-transfect cells like the glioblastoma cells studied here (Tzeng and Green 2013; Tzeng et al. 2011a), 

as well as fibroblasts (Bhise et al. 2012) endothelial cells(Tzeng et al. 2011b), hepatocytes and liver cancer 

cells (Tzeng et al. 2013), and stem cells (Tzeng et al. 2012). Direct addition of 447e during transfection or 

during the layering process allows high transfection of GBM cells seeded onto these films. 

LBL design allows additional spatial control over a drug delivery system compared to therapeutics 

delivered in solution or in fluid suspension, which can diffuse or flow quickly away from the site of 

interest, and has been investigated for delivery of various therapeutics from the surface of implanted 

devices (Ariga et al. 2011; Shukla et al. 2010; Wang and Ji 2009). For applications like brain cancer 

therapy, in which direct local access to residual tumor is often available following surgical resection, local 

delivery from an implantable device could be particularly useful. For example, the Gliadel® wafer (McGirt 

et al. 2009), which releases a conventional chemotherapeutic at the tumor site, is in use in the clinic for 

treatment of glioma but, even in combination with other available therapies, provides only a modest 

improvement in prognosis; DNA-based therapeutics delivered locally from LBL films may further improve 

the current treatment regimens. 

6.3.4. Development of a local delivery system: LBL thin films on electrospun scaffolds 

While the LBL process with polymer 447e enabled successful gene delivery, we were also 

interested in varying the underlying substrate material. The extracellular matrix contributes to the 
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mechanical properties of tissue (Tambralli et al. 2012). This matrix has a largely porous structure, with a 

wide pore size distribution. In order to mimic this natural substrate, we explored biochemical composites 

for the incorporation of plasmid DNA into delivery vehicles and tissue engineering scaffolds. 

Electrospinning is a simple, straightforward, and cost-effective method to make various types of scaffolds. 

Moreover, it can provide highly porous microstructure with interconnected pores and extremely large 

surface-area-to-volume ratio, which is conductive to tissue growth (Dhandayuthapani et al. 2011). 

To evaluate if the cationic polymer used in this study, 447e, could be used in other ways to 

fabricate a polymer-based surface for DNA delivery, 447e was electrospun into nanofibers on glass 

substrates. Although fibers could be formed, 447e substrates were viscous liquids at room temperature and 

tended to be easily deformed upon addition of aqueous media. Another related PBAE, 4P, which is solid at 

room temperature and more hydrophobic than 447e, was therefore used as the primary PBAE for 

electrospinning in order to create a more durable substrate. PCL was also spun in some cases as an added 

component under the hypothesis that the more hydrophobic and slowly degrading PCL would slow the 

degradation of the PBAE substrate upon addition of aqueous media. Electrospinning 4P on its own, in 

alternating layers with PCL, or as a single layer of a 4P/PCL blend gave us not only different fiber 

morphologies but also variation in the ability of cells to attach to the surface. The 4P/PCL blend was the 

most conducive to cell attachment and viability, as shown in Figure 6.14. Higher cell viability was also 

observed on electrospun 4P than on 447e. 

Although 4P, being of high molecular weight and hydrophobicity, was insoluble in aqueous 

solvents and therefore could not on its own be used in nanoparticle formation or in transfection, it served 

well as a base on which to build an LBL film for DNA delivery using 447e. Electrospun PBAE fibers could 

then be combined with PBAE polyelectrolyte multilayers to create surfaces that were especially effective 

for non-viral gene delivery (Figure 6.15). During the transfection, the sample containing DNA released 

between 5-10 hr was so effective that, even after diluting the DNA/particles by a factor of four, intracellular 

DNA delivery occurred in greater than 90% of the primary human glioblastoma cells in the presence of 

serum. This demonstrates both the high release dosage and also the delayed release kinetics as opposed to 

only a large burst in the first few hours. 

This study demonstrated that PBAE 447e is a promising material for the construction of 
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polyelectrolyte multilayers for gene delivery. This study also demonstrated that electrospun fibers 

composed of poly(1,4-butanediol diacrylate-co-4,4'-trimethylenedipiperidine) (4P) and PCL can be 

combined with 447e-based multilayers to form PBAE-based surfaces that can enable gene transfer. PBAEs 

are biodegradable via hydrolytic cleavage of their ester groups. Polymers 447e and 4P used in this study 

showed they could be applied in different ways to achieve their desirable effect as gene delivery coatings 

and surfaces. Electrospinning and dipping into solutions are effective methods of depositing PBAE 

polymer onto substrates, which allows for DNA loading and release over 24 hrs. Combining the two 

methods can enhance DNA release when evaluated in vitro with a JHGBM-319 human glioblastoma cell 

line. Ultimately, the released DNA performed as well as fresh DNA in transfection studies, and polymer 

447e mediated highly effective gene delivery to human brain cancer cells. Used for layering as well as for a 

DNA transfection agent, 447e was able to achieve 60-80% transfection efficacy with DNA released from 

the LBL films with <20% loss in cell viability. Cells seeded directly onto LBL films could be transfected 

with <20% loss in viability when films were fabricated with an extra top layer of 447e, and cells seeded 

onto films and incubated with additional 447e were transfected with <10% loss in viability. Electrospun 

PBAEs and their combination with polyelectrolyte PBAE multilayers are promising for DNA release and 

delivery from a surface. 

6.3.5. In vivo testing of DNA nanoparticles 

Orthotopic tumors formed from GFP-labeled human BTICs (JHGBM-276) in nude athymic mice 

were allowed to grow for 9 weeks. After tumor formation, lyophilized PBAE/DsRed-DNA particles (made 

with 447e, 1.1:1 and stored for 12 weeks) were reconstituted and immediately injected intratumorally. 

Assessment via fluorescence microscopy showed that naked DNA caused very little expression. The 

expression level was drastically increased by using nanoparticles containing both DNA and 447e (Figure 

6.16), quantified both by comparing the largest cross-sectional area of DsRed signal in each brain and by 

comparing the total volume of DsRed signal in each brain. Importantly, nanoparticles injected into tumors 

showed statistically significantly better transfection (p<0.01) than nanoparticles injected into brain without 

tumor, similar to in vitro results that showed better transfection of BTICs compared to fetal (non-cancer) 

fNPCs (Tzeng et al. 2011a). This study also demonstrated the translational potential of this technology as 

the lyophilized biodegradable nanoparticles used in this study had been stored for 3 months prior to use and 
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worked well in vivo following simple reconstitution in PBS. 

 As an additional demonstration of nanoparticle specificity for tumor cells in vivo, colocalization 

analysis was done on micrographs of mouse brains following Cy5-labeled DsRed nanoparticle injection 

into tumors formed over four weeks instead of nine weeks. By allowing only four weeks for tumor growth, 

fluorescence (brain cancer constitutive GFP and/or DsRed exogenous expression) could be seen in 

individual cells more clearly (Figure 6.17), rather than by larger sections of tissue as was seen in Figure 

6.16.  Using a method previously described (Jaskolski et al. 2005), we used image analysis to calculate a 

normalized mean deviation product (nMDP) at each point of the images taken on both fluorescence 

channels as follows: 

, 

 

where I=intensity. Thus, an nMDP index between -1 and +1 was calculated for each point in the region of 

interest, with positive numbers corresponding to colocalization of the two fluorescence color signals and 

negative corresponding to lack of colocalization. nMDP indices between -0.1 and +0.1 were considered to 

represent autofluorescence and were excluded from consideration. Of the parts of the image that were 

DsRed
+
, more pixels were also positive for GFP than pixels negative for GFP. No points in the images had 

an nMDP index of <-0.5 for DsRed/GFP colocalization, while indices of +0.5 to +1 were found, and fewer 

than 5% of all DsRed
+
 pixels were found to be GFP

-
, indicating that DsRed

+
 signal was far more likely to 

be in tumor cells than in healthy brain tissue. This in vivo finding clearly supports the in vitro finding that 

gene expression with these materials is highly specific to cancer cells over healthy cells. Interestingly, 

when the same analysis was performed on Cy5/GFP signal, to detect to where the nanoparticles went, but 

not necessarily which cells were positively transfected, a lower degree of colocalization was found. 

Although >50% of Cy5 signal was colocalized with GFP signal, which was expected as the Cy5
+
 

nanoparticles were stereotactically injected into the same region as the tumor, >35% of Cy5
+
 pixels were 

found in non-tumor tissue. Thus, like in vitro, while nanoparticles can be efficiently taken up by non-cancer 

cells, they seem to only efficiently express the delivered transgene within cancer cells.  
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6.4. Conclusions 

The experiments described above examined several biological, physicochemical, and practical 

barriers to translating PBAE-based gene delivery to a clinical setting. We developed a simple, easy-to-

prepare and easy-to-use formulation of stable nanoparticles that can be used in vitro and in vivo. We also 

verified that top PBAEs from our polymer library are effective in gene delivery in the presence of 

physiological levels of serum and through ECM matrices. 

These considerations were brought together in the mouse GBM model. While 537e, 1.05:1 was 

found to be a particularly promising polymer for nucleic acid delivery through serum and ECM, 447e, 

1.1:1, a close second in the preliminary studies, was chosen for in vivo experiments based on its ability to 

transfect all of the GBM primary cultures we have tested (see Chapter 4). It was promising to see that 

these polymer-based, non-viral nanoparticles were able to transfect tumor cells upon injection using a 

polymer selected from an in vitro screen. Moreover, the PBAE nanoparticles exhibit selectivity for tumor 

cells over healthy cells in vivo. Although there remains the possibility that the selectivity observed in vivo 

is for human cells (tumor) over mouse cells (healthy brain), the results do corroborate the in vitro results 

showing selectivity for human BTICs over human non-cancer cells. Particularly telling is the result that the 

physical distribution of nanoparticles in vivo has a lower degree of colocalization with tumor cells than 

does the expression of the transgene. This indicates that while the nanoparticles may be convected or 

diffuse outside of the tumor space and enter healthy brain tissue cells, transfection will occur to a much 

lower extent than when the nanoparticles enter tumor cells. 

 This work introduces a technology with potential for treating glioblastoma, a disease in need of 

new therapies. With both in vitro and in vivo data showing high transfection and safety of the nanoparticles 

in human primary glioblastoma cells as well as intrinsic tumor cell specificity by the biomaterial, these 

materials are promising as vehicles for the deployment of anti-cancer genetic medicines. 

 

Acknowledgments: This work was supported in part by the Institute for NanoBioTechnology at Johns 

Hopkins University, the National Institutes of Health (1R01EB016721 and R21CA152473), and MSCRF-

TEDCO (2009-MSCRFE-0098-00). CL acknowledges the Global-COE program (Kyushu University, 

Japan) foundation for fellowship support. SYT acknowledges the National Science Foundation (Arlington, 



 241 

VA, USA) for fellowship support. HG and AQ were funded by the National Institutes of Health 

(R01NS070024), the Howard Hughes Medical Institute, and the Robert Wood Johnson Foundation. The 

authors thank Xiaobu Ye for help with statistical analysis. 



 242 

6.5. Tables 

 
Table 6.1. Molecular weights of PBAEs 

Polymer Mn (Da) Mw (Da) PDI 

446e, 1.1:1 3342 6398 1.91 

447e, 1.2:1 7152 12937 1.81 

447e, 1.1:1 11345 36814 3.25 

447e, 1.05:1 11424 37679 3.30 

537e, 1.05:1 14899 35287 2.37 

SP, 1.05:1 48698 113421 2.33 

 
 

 

 

 

 

 

 

 

 

 

 
Table 6.2. NMR peaks corresponding to Figure 6.3. 

 

B4-S4-E7 (447): 

1.45-1.6 (m, NCH2CH2CH2CH2OH and NCH2CH2CH2CH2OH and  

t, NCH2CH2CH2N<(CH2CH2)2>NCH3) 

1.6-1.75 (t, COOCH2CH2CH2CH2OOC) 

2.3 (s, NCH2CH2CH2N<(CH2CH2)2>NCH3) 

2.35-2.6 (t, COOCH2CH2NCH2CH2OOC and t, NCH2CH2CH2CH2OH and  

m, NCH2CH2CH2N<(CH2CH2)2>NCH3) 

2.7-2.85 (t, COOCH2CH2NCH2CH2OOC) 

3.55-3.7 (t, NCH2CH2CH2CH2OH) 

4.0-4.2 (t, COOCH2CH2CH2CH2OOC) 

 

B4-SP (4P): 

1.05-1.35 (m, N<(CHeqHaxCHeqHax)2>CHCH2CH2CH2CH<(CHeqHaxCHeqHax)2>N) 

1.55-1.75 (m, COOCH2CH2CH2CH2OOC, 

N<(CHeqHaxCHeqHax)2>CHCH2CH2CH2CH<(CHeqHaxCHeqHax)2>N 

1.8-2.05 (t, OOCCH2CH2N) 

2.45-2.55 (t, N<(CHeqHaxCHeqHax)2>CHCH2CH2CH2CH<(CHeqHaxCHeqHax)2>N) 

2.6-2.7 (t, OOCCH2CH2N) 

2.8-2.9 (dt, N<(CHeqHaxCHeqHax)2>CHCH2CH2CH2CH<(CHeqHaxCHeqHax)2>N) 

4.05-4.15 (t, COOCH2CH2CH2CH2OOC) 

5.75-5.8 (s, CH2OOCCH=CHH) 

5.9-5.95 (s, CH2OOCCH=CHH) 

6.05-6.1 (s, CH2OOCCH=CHH) 
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6.6. Figures 

 

 

 

 

Figure 6.1. Layer-by-Layer film fabrication scheme. (A): Scheme of LBL iterative dipping process. (B): 

electrospinning process. (Reproduced from Li et al. 2013) 
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Figure 6.2. PBAE structures used in LBL, in vivo, and in vivo-mimicking studies. 
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Figure 6.3. NMR analysis of 447e, 1.05:1 and 4P, 1.05:1. Peaks are assigned in Table 6.2. Note: acrylate 

protons (5.75-6.1) appear very small because they are low in frequency compared to other protons in the 

backbone. GPC estimates ~120 subunits per polymer chain on average; for example, each acrylate peak is 

estimated to be >240 times smaller than the backbone peak at 4.05-4.15. (Reproduced from Li et al. 2013) 
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Figure 6.4. Nanoparticle tracking analysis (NTA) on freshly prepared and lyophilized PBAE-DNA 

nanoparticles. NTA was used to find particle concentration and to measure the mean and mode diameter 

and the standard deviation of each sample's distribution (error bars show standard error of the mean after 

measuring n=3 samples). Particles lyophilized with 30 mg/mL sucrose retained similar size distributions 

before immediately after freezing and after 3 months of storage at 4°C and were not statistically 

significantly different from freshly prepared particles (one-way ANOVA, p>0.05). Significantly fewer 

particles were found in samples lyophilized without sucrose compared to both fresh particles and particles 

lyophilized with sucrose. *p<0.05, **p<0.0001. (Reproduced from Tzeng et al. 2011a) 
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Figure 6.5. Fabrication and characterization of lyophilized nanoparticles. A: DNA nanoparticle 

lyophilization protocol. Particles in suspension are mixed with sucrose, frozen, lyophilized, and stored for 

quick and easy use. B: changes in mean particle diameter over 4 hr during incubation in 10% serum. C: 

Nanoparticle tracking analysis histograms show size distribution of freshly prepared particles and 

lyophilized particles immediately after drying with 0 or 30 mg/mL sucrose. (Reproduced from Tzeng et al. 

2011a) 
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Figure 6.6. Lyophilized nanoparticles stored at 4°C retained 100% efficacy for 3 months. A-B: 

Transfection efficiency of particles lyophilized with 30 mg/mL sucrose and stored at 4°C is comparable to 

that of freshly prepared particles at 0 and 3 months. Lyophilized particles have reduced efficacy after 6 

months, though approximately 50% of the original efficacy is retained. *p<0.05 compared to t=0; **p<0.05 

compared to t=3 months. Scale bar: 200 µm. C: Adding 30 mg/mL sucrose maintains function in 

lyophilized particles better than other sucrose concentrations after 3 and 6 months. Lipofectamine 2000 was 

prepared fresh and used according to the manufacturer's instructions in each transfection. Values shown in 

the graph are averaged from all trials using Lipofectamine. (Reproduced from Tzeng et al. 2011a) 
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Figure 6.7. Lyophilized nanoparticles stored at -20°C retained 100% efficacy for at least 2 years. 

447e/DNA nanoparticles lyophilized with 30 mg/mL or more of sucrose showed no loss of function after 2 

years of cold storage, measured by flow cytometry. Fluorescence micrographs show GFP signal from 

JHGBM-319 cells after transfection. 
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Figure 6.8. PBAE/DNA nanoparticles can transfect cells in high serum-containing conditions. 

PBAE/DNA nanoparticles show some reduced transfection efficacy but increased viability when delivered 

in the presence of increasing amounts of serum (A). Fluorescence micrographs 48 hr after transfection 

qualitatively show this same progression (B). In micrographs, each pair of brightfield/GFP images is 

labeled with the % of FBS in the medium (final % FBS after adding nanoparticles) and the number of 

milliseconds of exposure on the GFP channel. 
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Figure 6.9. PBAE/DNA nanoparticles can transfect cells through a 3-D matrix of ECM molecules. 

JHGBM-319 cells were transfected with DsRed on day 0 and encapsulated in fibrin gels. Transfection was 

tracked over time by fluorescence microscopy. A second transfection was done on day 3. 
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Figure 6.10. DNA loading in LBL films increased with increasing number of bilayers. (A) DNA 

loaded mass versus number of 447/DNA bilayers with 447 or PDL as the first layer. (B) Comparison of 

DNA release over time from films with the same structure but a different number of layers. (Reproduced 

from Li et al. 2013) 
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Figure 6.11. DNA released from LBL films show minimal damage compared to fresh DNA. (A) 

Cumulatively released DNA mass vs. incubation time for three 4-bilayer films deposited on glass substrates 

with the bottom layer being composed of PDL, 20 mg/mL 447e, and 50 mg/mL 447e. Substrates were 

incubated in PBS buffer at 37 , and supernatant was collected over time. (B) Agarose gel electrophoresis 

corresponding to Figure 6.11A. Lanes are labeled with the time that supernatant samples were collected. 

All DNA samples were diluted to 10 µg/mL before loading into the gel. Lanes 1, 2, and 3 correspond to 

PDL, 20 mg/mL 447e, and 50 mg/mL 447e, respectively. The lanes labeled "G" used the fresh GFP as a 

ladder marker. (C) Agarose gel electrophoresis of DNA after mixing with 447e at the 447e:DNA w/w ratios 

written above the lanes, showing tight complexation of DNA by 447e even at low w/w with both the fresh 

DNA and DNA released from 50 mg/mL 447e at 6 hr. (Reproduced from Li et al. 2013) 
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Figure 6.12. JHGBM-319 cells seeded on LBL films were transfected with the loaded DNA. Six 

bilayers of 447e/DNA were seeded with cells for transfection directly from the film surface. (A) Additional 

447w polymer was added to the medium after seeding cells. (B) Additional 447e was added as the top layer 

of the film before seeding cells. For both, top image: Brightfield+GFP; bottom image: GFP only; scale bar: 

500 µm. (C) GB 319 cells treated with varying concentrations of 447 free polymer or 447/DNA 

nanoparticles at varying doses (60 w/w used for all). Cell viability of cells transfected directly on LBL 

films were between the predicted values from free polymer and polymer/DNA treatments. (Reproduced 

from Li et al. 2013) 
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Figure 6.13. DNA released from LBL films and complexed with PBAE transfected cells with no loss 

in DNA function. Transfection efficiency and viability (relative metabolic activity) in JHGBM-319 cells 

assessed by (A) flow cytometry and MTS assay and (B) fluorescence microscopy (GFP channel alone is 

shown). Transfection was carried out with the plasmid released from multilayer films and collected over 

each time period: 0-1 hr, 1-6 hrs, 6-12 hrs, and 12-18 hrs and combined with polymer 447e. Transfection 

was measured 48 hrs post-transfection. For all, the number in the upper right-hand corner is the final 

concentration of DNA added to each well in that condition. For all, scale bar: 500 µm. (Reproduced from 

Li et al. 2013) 
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Figure 6.14. Fiber material and blend affect electrospun nanofiber morphology and effect on cells. 

Electrospun fiber morphology (A), average fiber diameter, and cell viability after being seeded onto fibers 

(B). For all, scale bar: 100 µm. (Reproduced from Li et al. 2013)
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Figure 6.15. Green fluorescent protein expression of JHGBM-319 cells transfected with DNA 

released from LBL films over time. Cells were transfected with released DNA from the films with the 

structure of electrospun fiber (4P/PCL blend), followed by 4 bilayers of 447e and DNA. Transfection 

efficiency measured by (A) flow cytometry and (B) fluorescent microscopy with the plasmid released from 

electrospun fibers and collected over each time period. 1 hr: 0-1 hrs, 5 hr: 1-5 hrs, 10 hr 4X dil: 5-10 hrs 

diluted 4-fold, etc. For all, numbers in the upper left corner refer to the final concentration of DNA added 

to each well in the transfection. For all, scale bar: 500 µm. (Reproduced from Li et al. 2013) 

 



 258 

 
Figure 6.16. Transfection of human BTIC over healthy brain in vivo. Significantly more transfection 

was seen in the 447e/DNA nanoparticle treatment group compared to the naked DNA group, as well as in 

the tumor group compared to the controls with nanoparticles but no tumor. **p<0.01, ***p<0.001 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.17. Tumor cell-specific transfection in vivo. (A) A small region of the brain containing tumor 

cells and nanoparticles was examined. Fluorescence microscopy shows distinct signals from GFP
+
 tumor 

cells, DsRed
+
 transfected cells, and Cy5

+
 nanoparticles. Image-based colocalization analysis shows nearly 

100% colocalization of transfected cells with tumor cells and <60% colocalization of nanoparticles with 

tumor cells (B). 
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Chapter 7: 

 

Future Directions 

 

7.1. Systemic vs. local delivery of nanoparticles to tumors 

 Several studies in our group have now shown the ability of PBAE nanoparticles to successfully 

deliver nucleic acid to cells in vivo following local delivery (Kamat et al. 2013; Sunshine et al. 2012). 

Systemic delivery of PBAE-based nanoparticles has been shown to be possible (Green et al. 2007), and we 

have also shown successful intraperitoneal delivery of DNA to mice (Figure 7.1). In some applications, 

local injection or implantation of a therapeutic or drug delivery vehicle may be sufficient and even ideal. 

For instance, many solid cancers are treated by a number of modalities, including surgical resection of the 

tumor; during the surgery, it is possible to locally inject or implant a drug delivery system. One example of 

such a strategy is that of the Gliadel® wafer (McGirt et al. 2009), a biodegradable, drug-loaded polymer 

that releases a chemotherapeutic into the area surrounding the implantation, used to treat malignant grade 

IV glioblastoma (GBM) following surgical resection of as much of the tumor as possible. 

 In preliminary studies, we have seen that PBAE/DNA nanoparticles can be incorporated into very 

simple solid constructs made of biodegradable materials, for gene delivery in the immediate vicinity of the 

construct (Figure 7.2). PBAE/DNA nanoparticles were lyophilized with sucrose, mixed with dry 

poly(lactic-co-glycolic acid) (PLGA) microparticles fabricated by oil-in-water single emulsion, and molded 

into a solid disc by simple compression. Not only did this system retain DNA delivery properties of the 

incorporated nanoparticles, but it was also able to change the DNA delivery and transgene expression 

kinetics compared to PBAE/DNA nanoparticles delivered in a bolus. We can also coat scaffolds, including 

natural scaffolds like trabecular bone (Figure 7.3A), with PBAE/DNA nanoparticles. This can be 

accomplished by directly pipetting PBAE/DNA nanoparticles into the trabeculae or by immersing the bone 

in a small bath of PBAE/DNA nanoparticles, then lyophilizing the nanoparticle-functionalized scaffolds. 

Using Cy3-labeled DNA coding for eGFP, we showed that nanoparticles can efficiently coat the surfaces of 

the porous scaffold also effect transfection of porcine mesenchymal stem cells (MSCs). Similarly, 

synthetic, salt-leached PLGA scaffolds (Figure 7.3B) were coated with PBAE/DNA nanoparticles in the 

same way (direct pipetting of nanoparticles into the porous scaffold or immersion of the scaffold in 
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nanoparticles before lyophilization). In this latter case, GFP DNA was added to one side of the scaffold and 

DsRed DNA to the other side. Though crude, this method showed that it is possible to functionalize 

scaffolds with nanoparticles that can deliver DNA to cells seeded in them; with refinement, local delivery 

of DNA could be achieved in a spatially controlled manner. 

However, the ability to deliver PBAE/DNA nanoparticles intravenously without losing efficacy or 

causing additional safety issues would also be extremely useful as an alternative or complementary 

therapeutic strategy. Not only would systemic nanoparticle delivery decrease the surgical difficulties 

inherent in local delivery, as the tumor site does not have to be directly accessed, but it would also mean 

that the nanoparticles' transport is not limited to the distance they can passively diffuse through dense ECM 

after local delivery. This is particularly important in malignant tumors whose cells aggressively migrate 

away from the main tumor bulk, invade the surrounding tissue, and may potentially metastasize to distal 

site. While local delivery is limited to being able to treat only tumor tissue directly at or adjacent to the 

injection site, systemic delivery allows movement of nanoparticles throughout the entire body due to the 

additional convection of nanoparticles through the bloodstream, allowing potential access to more distant 

tumor cells. 

However, as seen in Chapter 6, although some PBAEs are able in vitro to deliver nanoparticles in 

conditions that simulate some aspects of the bloodstream or the in vivo environment, all of the formulations 

tested did show statistically significant loss of efficacy by at least one measure of transfection in high-

serum medium conditions.  

In early work, which is now being carried out in a more rigorous manner, we found that 

nanoparticles composed of PBAE and siRNA that were effective in serum-free medium lost significant 

efficacy in 10% serum-containing medium (Figure 7.4A-B) or required higher w/w ratio of PBAE:siRNA 

to be effective (Tzeng and Green 2013). Attempting to overcome this problem, we used a non-end-capped 

version of our PBAEs, capitalizing on the high reactivity of the terminal acrylate groups to radical attack: 

after addition of a photoinitiator and a short exposure to ultraviolet (UV) light, we crosslinked the polymer 

chains together after nanoparticle formation and found that this greatly increased the efficacy of 

PBAE/siRNA nanoparticles in the presence of serum (Figure 7.4C). It is likely that this was due to 

increased stability of the nanoparticles, as early gel electrophoresis results showed decreased siRNA release 
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in crosslinked nanoparticles compared to conventional nanoparticles composed of the same polymers 

(Figure 7.4D). Other mechanisms of nanoparticle stabilization may be part of the reason for this increased 

efficacy, and, though the reasons for this are yet unclear, we consistently observed lower cytotoxicity of our 

nanoparticles after crosslinking. This method should be explored more thoroughly using newly developed 

polymers from our lab that have been shown to have extremely high efficacy and safety profiles in siRNA 

delivery (Kozielski et al. 2013). 

 

7.2. Combination therapy: mixtures of nucleic acids and biomaterials 

 One of the great advantages of the PBAE/nucleic acid delivery system is that the nanoparticles' 

physicochemical properties do not depend on the sequence of the cargo being delivered within the range of 

cargoes that we have investigated in our lab. In the case of DNA, we have tested PBAE complexation with 

circular plasmids ranging from <2 kbp to >25 kbp as well as a linearized plasmid within this size range: no 

significant difference in binding, particle formation, or particle concentration was detected (Tzeng and 

Green 2013). Other work in our group has shown that PBAE/DNA nanoparticles can contain over one 

hundred plasmids per particle (Bhise et al. 2012), and, as shown in Chapter 5 and various publications 

from our group (Kamat et al. 2013; Tzeng et al. 2012), we have been able to translate our biomaterials 

optimization work using nonfunctional DNA and siRNA to delivery of functional genes that have a 

biological effect. 

 With these factors taken into account, it seems natural to begin more rigorously testing the effect 

of combination nanoparticles that contain different types of cargo (e.g. DNA and siRNA) and/or nucleic 

acids of the same type coding for various genes. A example of this was shown in Chapter 5, in which 

shRNA-mediated knockdown of a survival gene significantly improved the effect of another apoptotic 

gene. While this has not been further explored, it could be beneficial to continue testing combinations of 

different anti-cancer genes to achieve even better effect. This is especially important because of the 

intrinsic heterogeneity of cancers and because it is necessary to bypass the various resistance mechanisms 

that can be employed by cancer cells to escape cell death by conventional chemotherapy or the genetic 

therapies described here.  

More generally, we have shown the ability to overexpress as well as knock down potentially any 
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gene whose sequence is known, at least to some extent, using DNA and siRNA/shRNA, respectively. This 

is a powerful tool both in a research setting and for eventual therapeutic use and, with greater 

understanding of the cellular pathways we would like to affect, this technology could be tuned to alter gene 

expression in a cell in a very versatile manner. Early work done on GFP
+
 human MSCs showed the ability 

to deliver both siRNA and DNA using a PBAE that was moderately effective in delivery of both types of 

nucleic acid. By knocking down GFP and expressing DsRed, the end effect was essentially to turn green 

cells red (Figure 7.5). As mentioned above, our group's improved understanding of the differences in 

siRNA and DNA delivery mechanisms have helped us to design polymers that are better tailored to the 

nucleic acid type of interest. Using this experience, a reasonable next step would be to deliver both types of 

nucleic acid, potentially affecting many different genes, in hybrid nanoparticles that could contain a wide 

range of PBAEs and cargoes in each particle. 

 

7.3. Adult stem cells as "Trojan horses" for cancer therapy 

 We and other groups have shown that, while local delivery of nanoparticles can have a therapeutic 

effect, this strategy is limited by poor transport of the particles within tissue, a hurdle that becomes 

particularly problematic in the case of highly invasive tumors, in which it is impossible for a surgeon to 

remove all of the tumor cells during debulking and thus nearly impossible to avoid eventual recurrence. 

One strategy for addressing this issue is to us cells as delivery vehicles, which would be able to migrate 

through tissue rather than relying only on passive diffusion and the initial convection via injection, as with 

nanoparticles. 

 Of particular interest to us, several types of adult stem cells, including bone marrow- and adipose-

derived mesenchymal stem cells (MSCs and ASCs, respectively), are known to have the ability to home 

toward difficult-to-treat tumors, including glioblastoma (GBM) (Aboody et al. 2000; Nakamizo et al. 

2005), and even to track invading GBM cells moving away from the periphery of the tumor. MSC 

chemotaxis toward the tumor site has been shown in a number of models with different administration 

methods, including direct intratumoral injection, intracranial injection in the contralateral hemisphere, i.v. 

injection, and intranasal (i.n.) injection, demonstrating the power of this strategy. DNA and siRNA delivery 

to MSCs and ASCs therefore provides the tantalizing prospect of being able to engineer cells, which 
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themselves act as delivery vehicles, to express a therapeutic payload at the site of the tumor. In the case of 

GBM, the putative brain tumor initiating cells (BTICs) have been shown to be responsive to bone 

morphogenic protein-4 (BMP-4), resulting in decreased proliferation and tumorigenic potential in vitro and 

improved survival in vivo in mice (Piccirillo et al. 2006). Other researchers have capitalized on the tumor-

specific cytotoxicity of tumor necrosis factor-related apoptosis inducing ligand (TRAIL) and showed 

improved animal survival after treatment with MSCs engineered to express secreted TRAIL (Kim et al. 

2008; Menon et al. 2009).  

 We plan to transfect ASCs with BMP-4 or TRAIL ex vivo, inject the transfected ASCs into a 

mouse with an established GBM tumor, and track the tumor size after treatment. Preliminary studies 

leading to this have been started. Using GFP as a marker gene, we have shown high transfection of human 

ASCs in vitro using PBAEs, with up to 30% transfection with low toxicity (Figure 7.6A) as well as high 

transfection with luciferase DNA (Figure 7.6B). Using these marker genes, we have selected an optimal 

polymer for transfection (PBAE 536e, 1.1:1, 30 w/w). From previous work with ASCs from another source 

(see Chapter 5), we believe that we can still improve the transfection efficacy in these cells and should 

continue testing for this purpose. In parallel, we have also begun testing the behavior of ASCs after 

transfection, in particular their migration capacity, to verify that they have not lost the ability to home 

toward GBM cells after treatment (Figure 7.7). Although their migratory capacity was reduced shortly 

after transfection (~80% migration speed at 24 hr), it is possible that this would still be sufficient for 

biological effect. In addition, migration speed is being tested at later time points after transfection to allow 

cells to recover, as is done in the case of virally-transduced ASCs. As we have found that transgene 

expression peaks after 2-6 days and decreases over the course of a few weeks, this additional time for cell 

recovery after transfection may not be detrimental in the eventual application. 

 We have also begun testing the expression of functional genes in ASCs using our top polymer 

536e, 1.1:1, 30 w/w. A BMP-2/4 fusion plasmid (Peng et al. 2001) was delivered, and secreted protein in 

the cells' medium was detected via Western blot (data not shown). An eGFP-TRAIL fusion plasmid was 

also delivered and its expression verified by PCR and eGFP signal under fluorescence microscopy (Figure 

7.8). Finally, we have started preliminary animal experiments using this technology. Rats were injected 

intracranially with U87 human GBM cells. Ten days later, when a tumor had formed, ASCs transfected 
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with either eGFP, CMV-Luc, or eGFP-TRAIL were injected i.n. Luminescence from the CMV-Luc groups 

was visible in the olfactory bulb twelve hours after injection, though the signal was not visible at later time 

points, likely due to movement of the cells into the brain tissue, becoming more diffuse as well as blocked 

by the skull. Interestingly, rats treated with irradiation saw approximately 2-fold increase in tumor size 

(diameter) over one week; rats treated with irradiation and eGFP-TRAIL-ASCs saw no significant increase 

in tumor size. 

 In the future, more work must be done in vitro to further optimize PBAE-based delivery. In 

addition, the BMP-2/4 secretion must be quantified over time after transfection, and in vivo studies should 

be repeated with more replicates for higher statistical power, as well as with primary GBM samples in 

addition to the more commonly used U87 cells. 

 

7.4. Conclusions 

 Nanomaterials for gene delivery are a highly versatile technology, with applications in disease 

treatment, basic research, and regenerative medicine. In this thesis work, we have shown a wide range of 

biomaterials with the capability to transfect cells from various sources, with a small set of polymers 

identified that have good transfection efficacy in most cell types. We have also described the development 

of specific chemical functional groups for certain types of nucleic acid delivery and structural trends that 

can be used to predict transfection efficacy. Importantly, we have shown that our nanoparticles can be 

designed with specificity for cancer cells over healthy cells of the same tissue, and, using either 

biomaterial-or gene product-mediated specificity, we have the potential to specifically kill tumor cells. 

Functional genes we have delivered include apoptotic genes for cancer therapy as well as transcription 

factors that affect stem cell growth and differentiation, and we have designed platforms ideal for gene 

delivery in vivo. Our system can theoretically be used to deliver DNA coding for--or siRNA against--any 

gene whose sequence is known, and we have shown in preliminary form the ability to combine the 

nanoparticles with a variety of other biomaterials to form larger constructs. Ideally, the ideas outlined in 

this chapter could be in combination for the development of therapies with multiple targets and multiple 

delivery strategies. This is a technology with nearly endless possibilities that, with further research, has the 

potential have great impact in medicine. 
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7.5. Figures 

 

 

Figure 7.1. PBAE/DNA nanoparticles are effective after intraperitoneal injection. Mice were injected 

intraperitoneally with luciferase DNA (CMV-Luc) in complex with PBAE 447e (nanoparticles prepared in 

a lyophilized formulation and reconstituted before use) (A) or as naked DNA plasmid (B). Significantly 

higher (p<0.05) luminescence was seen in the 447e/DNA nanoparticle injections compared to naked DNA 

injections at an equivalent dose (C). 
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Figure 7.2. PBAE/DNA nanoparticles packed into a solid substrate show altered transfection kinetics. 

GFP
+
 JHGBM-319 cells were transfected with DsRed DNA in 447e, 1.2:1 nanoparticles, either using 

nanoparticles only in the medium or packing nanoparticles into a PLGA disc, which was then added to (and 

kept in) the medium. DsRed expression was delayed in cells treated with the pellet but remained strong for 

longer than for cells treated with a bolus of nanoparticles. 
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Figure 7.3. Solid scaffolds loaded or coated with PBAE/DNA nanoparticles transfect seeded cells. (A) 

Trabecular bone scaffolds were immersed in nanoparticle (NP) suspensions with sucrose at the DNA 

concentrations indicated, or nanoparticle suspensions with sucrose, containing the DNA mass indicated, 

were pipetted directly into the scaffold pores. After lyophilization of the scaffolds, porcine MSCs seeded 

onto the scaffolds were transfected with GFP DNA (green), and the location of nanoparticles coating the 

scaffolds (Cy3; red) could be seen by confocal microscopy. (B) PLGA scaffolds were coated with NPs. 

One side of the scaffolds was coated with GFP NPs and the other with DsRed NPs. JHGBM-319 cells 

seeded onto the lyophilized scaffolds expressed GFP and/or DsRed, with a suggestion of spatial control. 

PLGA showed high autofluorescence on the GFP channel, though GFP
+
 cells could be distinguished over 

the background. 
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Figure 7.4. siRNA nanoparticles are more effective in serum-containing medium after cross-linking. 

For non-crosslinked PBAE/siRNA nanoparticles, higher polymer ratios are needed for high knockdown in 

10% serum compared with serum-free (0%) medium (A-B). Crosslinked (XL) formulations using acrylate-

terminated (Acr) polymers and photoinitiator Irgacure 2959 (I2959) improve siRNA binding and 

knockdown in vitro in the presence of 10% serum (C-D). 
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Figure 7.5. PBAE nanoparticles can be loaded with both DNA and siRNA for simulnateous 

knockdown and gene expression. PBAE nanoparticles were used to deliver either scrambled siRNA 

(scrRNA) or siRNA against GFP along with DsRed DNA to GFP
+
 hMSCs, complexed to polymers at a 150 

w/w ratio (polymer:total nucleic acid). Some DsRed expression was seen in most groups. In scrRNA-

treated cells, DsRed signal overlapped with GFP signal (appearing yellow in merged images), while 

siRNA-treated cells had some cells that were not visibly GFP
+
 at all but were expressing DsRed. All 

images were taken 21 days after transfection. 
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Figure 7.6. Adipose-derived mesenchymal stem cells (ASCs) can be transfected with PBAE 

nanoparticles. ASCs were transfected with eGFP (A) or CMV-Luc (B) DNA. From initial screens, the top 

formulation, 536e, 1.1:1 at 30 w/w and 10 µg/mL DNA dose, was selected for further studies. 
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Figure 7.7. ASCs transfected with GFP have reduced but still significant migration ability. 

Transfected ASCs moved significantly more slowly (p=0.021) but still showed ~80% of the control cells' 

migratory capacity. 
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Figure 7.8. ASCs can be transfected with TRAIL DNA for cancer therapy applications. ASCs 

transfected with eGFP or eGFP-TRAIL expressed similar amounts of transgene mRNA (A). The 

fluorescence signal from eGFP-TRAIL was also visible on fluorescence microscopy. 
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