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Abstract

The design of polymeric nanoparticles for gene therapy requires engineering of polymer structure 

to overcome multiple barriers, including prolonged colloidal stability during formulation and 

application. Poly(β-amino ester)s (PBAEs) have been shown effective as polymeric vectors for 

intracellular DNA delivery, but limited studies have focused on polymer modifications to enhance 

the stability of PBAE/DNA polyplexes. We developed block copolymers consisting of PBAE 

oligomer center units and poly(ethylene glycol) (PEG) end units. We fabricated a library of PEG-

PBAE polyplexes by blending PEGylated PBAEs of different PEG molecular weights and non-

PEGylated PBAEs of different structures at various mass ratios of cationic polymer to anionic 

DNA. Non-PEGylated PBAE polyplexes aggregated following a 24 h incubation in acidic and 

physiological buffers, presenting a challenge for therapeutic use. In contrast, among 36 PEG-

PBAE polyplex formulations evaluated, certain polyplexes maintained a small size under these 

conditions. These selected polyplexes were further evaluated for transfection in human small cell 

lung cancer cells (H446) in the presence of serum, and the best formulation transfected ~ 40% of 

these hard-to-transfect cells while preventing polymer-mediated cytotoxicity. When PEG-PBAE 

polyplex delivered Herpes simplex virus thymidine kinase plasmid in combination with the 

prodrug ganciclovir, the polyplexes killed significantly more H446 cancer cells (35%) compared to 

healthy human lung fibroblasts (IMR-90) (15%). These findings indicate that PEG-PBAE 

polyplexes can maintain particle stability without compromising their therapeutic function for 

intracellular delivery to human small cell lung cancer cells, demonstrate potential cancer 

specificity, and have potential as safe materials for small cell lung cancer gene therapy.
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1. Introduction

Small cell lung cancer (SCLC) is a neuroendocrine subtype of lung cancer that accounts for 

15% of all lung cancer cases [1]. SCLC is initially sensitive to chemotherapy and radiation, 

most often involving a combination of cisplatin-etoposide chemotherapy with chest 

radiation, prophylactic cranial irradiation, or hyperfractionated thoracic radiation [2]. 

However, SCLC still has one of the highest fatality rates among cancers due to its high 

recurrence and metastasis [3, 4]. New therapies are needed to improve the survival of 

patients with SCLC.

Gene therapy is a promising technology due to its tremendous potential as a selective and 

potent therapeutic for genetic diseases including cancer. Many approaches to DNA-based 

therapeutics have been identified and validated, such as tumor suppressor genes including 

TNF-related apoptosis-inducing ligand (TRAIL) and p53 [5, 6]. Another method is suicidal 

gene therapy, which induces apoptosis of tumor cells by delivering exogenous DNA, such as 

that encoding Herpes simplex virus thymidine kinase (HSV-tk) that converts prodrugs in situ 
to an active form [7].

There has been parallel effort to develop efficient, safe, and stable gene delivery vectors. 

Although viral vectors have the advantage of high transduction efficacy, limitations in cargo 

capacity, difficulty of production, and safety concerns due to immunogenic and mutagenic 

factors have led to the emergence of non-viral approaches as alternatives [8, 9]. Poly(β-

amino ester)s (PBAEs), a class of biodegradable cationic polymers, have been shown to 

exhibit low levels of toxicity and high rates of both DNA and siRNA transfection in various 

types of cells [10–14]. These cationic polymers are able to bind with negatively charged 

nucleotides and form polyplexes by electrostatic interactions. Previous studies have shown 

that the biophysical properties of these PBAE polyplexes allow them to overcome critical 

barriers to gene delivery at the cellular level, including cellular uptake and endosomal escape 

via pH buffering [15, 16]. However, there has been limited effort to modify PBAE 

polyplexes to promote biological stability at the systemic and tissue levels, which is a critical 

property to facilitate efficient in vivo utilization and crossing of extracellular barriers [17–

19].

Poly(ethylene glycol) (PEG), a water-soluble molecule with low toxicity, is widely used 

with a variety of biomaterials to minimize unwanted interactions with biomolecules. Its 

neutral and hydrophilic structure not only reduces surface charge of particles but also 

provides steric hindrance to reduce non-specific adsorption and aggregation. These 

properties have been shown to significantly enhance stability and increase half-life of 

biologics and particles in systemic circulation [20, 21].

PEGylation has the potential to reduce non-specific interactions between polyplexes and 

biological molecules and off-target cells. However, PEGylating polyplexes also generally 

has a negative effect on cellular uptake and transfection to target cells, which has been 

referred to as the “PEG dilemma” [22]. Due to the shielding of positive surface charge by 

neutral PEG molecules, polyplexes are not only preventing non-specific protein adsorption 

but also become less associated with the plasma membrane of target cells. Decreased 
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polyplex-cell interaction has been correlated to reduced cellular uptake and transfection [23, 

24].

The present study introduces a synthesis method to conjugate PEG to PBAE polymers and a 

combinatorial method was used to formulate polyplexes from a blend of PEGylated PBAEs 

(PEG-PBAEs) and end-capped PBAEs (ePBAEs) developed in our lab [13] in order to 

overcome the PEG dilemma. The resulting PEG-PBAE polyplexes not only maintain particle 

stability and efficacy over time, but also efficiently deliver suicidal gene HSV-tk in vitro and 

activate ganciclovir to kill SCLC cells.

2. Materials and methods

2.1. Materials

1,4-butanediol diacrylate (B4), 4-amino-1-pentanol (S4), 5-amino-1-pentanol (S5), 1-(3-

aminopropyl)-4-methylpiperazine (E7) (Alfa Aesar), 1,5-pentanediol diacrylate (B5) 

(Monomer Polymer & Dajac Labs), 2-methylpentane-1,5-diamine (E4) (TCI America), 2-(3-

aminopropylamino)ethanol (E6) (Fluka), poly(ethylene glycol) methyl ether thiol (800 Da), 

branched 25 kDa poly(ethylenimine) (PEI) (Sigma-Aldrich), α-Mercaptoethyl-ω-methoxy 

polyoxyethylene (5000 Da) (NOF America Corporation), and cell culture media components 

were purchased and used as received. pEGFP-N1 (EGFP) DNA (purchased from Elim 

Biopharmaceuticals and amplified by Aldevron, Fargo, ND), ganciclovir (Invivogen, San 

Diego, CA), Label IT-Tracker Cy3 kit (Mirus Bio LLC), and CellTiter 96 AQueous One 

MTS assay (Promega, Fitchburg, WI) were obtained from commercial vendors and used per 

manufacturer’s instructions. HSV-tk gene was cloned into the pcDNA3.1 vector (Life 

Technologies) and amplified (Aldevron, Fargo, ND).

2.2. Polymer synthesis and characterization

ePBAEs and PEG-PBAEs were synthesized in a two-step reaction using small 

commercially-available molecules as described in Fig. 1. As an example, acrylate-terminated 

base polymer poly(1,4-butanediol diacrylate-co-4-amino-1-butanol) (B4S4) was first 

synthesized by mixing a backbone monomer (B4) and a side-chain monomer (S4) at 1.2:1 or 

1.05:1 B4:S4 monomer molar ratios in DMSO as a 500mg/mL solution and stirring at 90°C 

for 24 h. The base polymer was purified in cold diethyl ether, dried under vacuum with 

desiccant for 24 h, and the molecular weight and chemical structure of the base polymer 

were confirmed by Bruker Avance III 500 MHz NMR spectrometer in CDCl3. Base 

polymers were end-capped with a small molecule (E4, E6, or E7) by dissolving base 

polymer and end-capping molecule at 1:30 molar ratio in THF as a 100 mg/mL solution and 

shaking the mixture at room temperature for 3 h. Final ePBAE polymers were purified in 

cold diethyl ether, dried under vacuum with desiccant for 24 h, confirmed with 1H NMR for 

complete conjugation, and then stored with desiccant at −20°C as 100 mg/mL solutions in 

DMSO.

Amine-catalyzed, thiol-ene Michael addition reaction was used to conjugate PEG to the base 

polymer B4S4 [25]. Briefly, B4S4, methoxy PEG-thiol, and E7 molecules were mixed at 

1:2.5:0.2 molar ratios as a 100 mg/mL solution in DMSO and stirred at room temperature 
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for 24 h at 1000 rpm. Final block copolymers were precipitated in diethyl ether at room 

temperature without centrifugation, confirmed with 1H NMR for complete conjugation, and 

stored with desiccant at −20°C as 100 mg/mL solutions in DMSO. The nomenclature of 

different PEG-PBAEs used in this study is listed in Table 1.

2.3. Particle formulation and characterization

PBAE polyplexes were made at 60 and 75 w/w mass ratios of ePBAE to DNA in 25 mM 

sodium acetate buffer (pH = 5). For example, diluted polymer solution at 3.6 mg/mL was 

mixed into diluted DNA solution at 0.06 mg/mL at equal volume to form 60 w/w 

polyplexes, and the mixture was incubated for 10 minutes to allow complexation. 75 w/w 

was tested to check for cytotoxicity of ePBAE at higher polymer concentration.

PEG-PBAE polyplexes were made at 30, 60, 90 w/w ratios of total polymer to DNA in 25 

mM sodium acetate buffer (pH = 5). Polymer used to condense DNA was a mixture of 

ePBAE and PEG-PBAE at three different mass ratios of 1:2, 1:1, and 2:1. For example, 50 

μg of ePBAE 447 and 100 μg of PEG-PBAE 5k-4k were diluted to 3.6 mg/mL total polymer 

concentration with 25 mM sodium acetate buffer (pH = 5), and the polymer solution was 

mixed with diluted DNA solution at 0.06 mg/mL at equal volume to form polyplexes with 

447:5k-4k 1:2 w/w and polymer:DNA 60 w/w ratios. These polyplexes were incubated for 

10 minutes to allow complexation.

The polyplex size was determined by nanoparticle tracking analysis (NTA) using Nanosight 

NS500 (Malvern Instruments, 532 nm laser) and dynamic light scattering (DLS) using 

Malvern Zetasizer Nano ZS (Malvern Instruments, detection angle 173°, 633 nm laser). The 

polyplexes prepared at DNA concentration of 0.1 mg/mL were diluted 1000-fold and 2-fold 

into 25 mM sodium acetate buffer or 2× PBS to a total volume of 400 μL for Nanosight and 

Zetasizer, respectively. To determine 24 h stability of the polyplexes, cuvettes with the 

polyplex solution were stored in dark at room temperature for 24 h, then the polyplex size 

was re-measured following a brief resuspension. Only number-weighted measurements with 

particle concentrations above 15 particles/frame by NTA and intensity-weighted Z-average 

measurements passing the quality control expert advice criteria by DLS are reported. Zeta 

potential was determined using Malvern a Zetasizer Nano ZS (Malvern Instruments) with 

samples prepared at DNA concentration of 0.03 mg/mL diluted 2-fold into 25 mM sodium 

acetate buffer (pH=5.0) for a total volume of 800 μL. The mean and standard deviation were 

calculated.

2.4. Cell culture

H446 small cell lung cancer cells (ATCC) were cultured at 37°C and 5% CO2 in ATCC-

modified RPMI 1640 media (Life Technologies A10491-01), supplemented with 10% FBS 

and 1% penicillin/streptomycin. IMR-90 human lung fibroblast cells (ATCC) were cultured 

at 37°C and 5% CO2 in Eagle’s minimum essential media (Cellgro 10-009-CV), 

supplemented with 10% FBS.
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2.5.DNA delivery assays

2.5.1. Polyplex delivery—Cells were plated at a density of 15,000 cells/well (100 μL/

well) in 96-well tissue culture plates and were incubated for 24 h. pEGFP labeled with Cy3 

per manufacturer’s instructions (Label IT Tracker kit) and unlabeled pEGFP were used for 

uptake and transfection experiments, respectively. Polyplexes were prepared as described 

above to a final DNA concentration of 0.03 mg/mL. Then, 20 μL of polyplexes was added to 

100 μL of serum-containing medium in each well. For PEI polyplexes, pEGFP-Cy3 diluted 

into 150 mM NaCl to 60 μg/mL was mixed with equal volume of PEI diluted into 150 mM 

NaCl to 120 μg/mL (2 w/w) from a stock solution of 1 mg/mL in dH2O. PEI polyplexes 

were also incubated for 10 min to complex, and 20 μL of polyplex solution was added to 100 

μL of medium in each well. For uptake experiments, cells were incubated with polyplexes 

for 4 h, washed twice with heparin-containing PBS (50 μg/mL), and prepared for flow 

cytometry. For transfection experiments, cells were incubated with polyplexes for 4 h, 

washed twice with heparin-containing PBS, and incubated with 100 μL fresh media for an 

additional 48 h, and analyzed qualitatively with fluorescent microscope and quantitatively 

with FACS analysis.

2.5.2. Cell viability—Cells were treated following the same protocol as transfection. 

Following 4 hours of incubation with polyplexes, cells were washed twice with heparin-

containing PBS, added with 100 μL of fresh media, and incubated for an additional 24 h at 

37°C. 20 μL of CellTiter 96 AqueousOne MTS reagent were added per well, cells were 

incubated with reagent at 37°C, and absorbance was measured at 490 nm using a Synergy 2 

plate reader (Biotek) every 30 min until the highest absorbance signal reached 1.2. 

Absorbance signal was normalized to that of untreated cells after subtracting the background 

signal. All conditions were prepared in quadruplicates.

2.5.3. Flow Cytometry—To prepare for flow cytometry (Accuri C6 with HyperCyt high-

throughput adaptor), cells were detached using 30 μL of 0.05% trypsin, resuspended with 

170 μL of FACS buffer (PBS containing 2% v/v FBS), transferred to a round-bottom 96-well 

plate and centrifuged at 800 rpm at 40C for 5 min. 170 μL of supernatant was removed, and 

the remaining 30 μL was triturated to resuspend the cells. Propidium iodide (PI) (Invitrogen, 

Carlsbad, CA) was added to FACS buffer at 1:200 to detect cells in the process of apoptosis 

for transfection assay.

For uptake, % positive is the percentage of total cells that are Cy3+ as measured by two-

dimensional gating of FL1 vs. FL2 using FlowJo 7.6.5 software. For transfection, % positive 

is the percentage of total cells that are EGFP+ as measured by sequential two-dimensional 

gating of PI- by FSC-H vs. FL2 and EGFP+ by FL1 vs. FL2. At least 500 cell counts were 

analyzed for each measurement. All conditions were prepared in quadruplicates.

2.6 Delivery of pHSV-tk and ganciclovir

Cells were treated following the same protocol as transfection using pHSV-tk DNA. 

Following 4 h of incubation with polyplexes, cells were washed twice with heparin-

containing PBS and incubated with 100 μL of fresh media for 24 h at 37°C. The media was 

then replaced with fresh media containing 10 or 20 μg/mL of ganciclovir. Following 
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additional 48 h incubation at 37°C, the media was replaced with fresh media containing 10 

or 20 μg/mL of ganciclovir. Cell death was measured 24 h after the second ganciclovir 

treatment with CellTiter 96 AQueous CellTiter reagent as described above. All conditions 

were prepared in quadruplicates. Stock ganciclovir solution at 5 mg/mL was prepared by 

dissolving it in 2% 1M NaOH, and then neutralizing the pH with 1% 1M HCl, 40% dH2O, 

and 57% 1× PBS by volume.

2.7. Statistics

All statistical analysis was performed with GraphPad Prism 5 software package. One-way 

ANOVA with post-hoc Dunnett test was used to test statistical significance of multiple 

conditions against the control group (p < 0.05). A Student’s t-test was used to test statistical 

significance of cell death from the same HSV-tk and ganciclovir treatment between H446 

and IMR-90 cells (p < 0.01).

3. Results

3.1 Synthesis and characterization of PBAE and PEG-PBAE polymer

We first sought to synthesize and confirm the molecular weight as well as the completion of 

synthesis of ePBAEs and PEG-PBAEs. Both types of PBAEs share the same base polymer, 

with the molecular weight controlled by the molar ratio of backbone (B) to side-chain (S) 

monomers in the Step 1 reaction (Fig. 1). Two molar ratios, 1.2:1 and 1.05:1, as well as two 

(B) and (S) monomer types each were used to synthesize four different acrylate-terminated 

base polymers with molecular weight distribution as shown in Fig. S1; the closer the 

monomer ratio is to unity, the greater the degree of polymerization.

A total of 9 ePBAEs were synthesized with three base polymers, B4S4, B4S5, and B5S5 of 

approximately 10 kDa, and three end-capping (E) molecules, E4, E6, and E7, by Step 2A 

end-capping reaction (Fig. 1). Similar molecular weights were selected for each polymer 

structure. An example of an ePBAE nomenclature is 457, which is base polymer B4S5 end-

capped with E7. A total of 4 PEG-PBAEs were synthesized with two base polymers (B4S4 

at 4 and 13 kDa), and two methoxy PEG-thiol molecules (0.8 and 5 kDa). E7 was selected as 

the amine catalyst in this Step 2B PEGylation reaction because of its use in our lab for end-

capping of PBAEs and its non-toxicity in our studies [26]. A trace amount of E7 (5 % mol) 

was used to ensure PEGylation occurred and not E7-endcapping.

Because end-capping reactions involve a nucleophilic addition to acrylates, the completion 

of end-capping can be confirmed using1H NMR. Once the diacrylates on the base polymer 

(Fig. S2A/B) reacted with (E) molecules to yield ePBAE or with methoxy PEG-thiol 

molecules to yield PEG-PBAE (Fig. S2C), the signature peaks for protons on acrylates 

disappeared, verifying that every base polymer in the reaction was completely end-capped.

3.2 Preparation and characterization of PEG-PBAE polyplexes

Polyplexes are formulated via electrostatic interaction between cationic polymer and 

negatively charged DNA. Thus, N/P ratio, the ratio of amines in the polymer (N, positively 

charged) to phosphates in the DNA (P, negatively charged), is an important parameter for 
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polyplex formulation. N/P ratio can also be converted to the total or the effective weight-to-

weight ratio (w/w) between the polymer and the DNA, or vice versa, as long as the amine 

density and molecular weight are known. The total polymer:DNA w/w ratios that were used 

are converted to the effective PBAE:DNA w/w ratios and N/P ratios in Table S1. For PEG-

PBAE polyplexes, ePBAE was also blended in with PEG-PBAE, and their weight to weight 

ratio was added as another parameter.

Polyplex stability over time was investigated with both nanoparticle tracking analysis (NTA) 

and dynamic light scattering (DLS) by measuring the increase in particle size over 24 h. 

While NTA directly measures the number-averaged hydrodynamic diameter, DLS reports an 

intensity-weighted average that is skewed towards larger or aggregated particles [27, 28]. 

Polyplex formulations that yielded significant aggregation or decomplexation as indicated 

by low particle concentration on NTA or large particle size over the detection limit on DLS 

were eliminated from further consideration as candidate gene delivery formulations (Fig. 

2A). PBAE polyplex size of 447 60 w/w was similar to that reported in previous literature 

[29]. Four formulation conditions, indicated by red arrows, showed an initial particle size of 

90-110 nm and minimal aggregation over time by NTA in 25 mM sodium acetate buffer. 

These small polyplex formulations were ePBAE blended with 5k-4k 1:2 30 w/w, 5k-4k 1:1 

30 w/w, 5k-13k 1:2 30 w/w, and 5k-13k 1:1 30 w/w, and they were selected for subsequent 

transfection evaluation. A similar trend was observed when PEG-PBAE polyplexes are 

formulated with another ePBAE, 457 (Figure S3). While polyplexes with PEG-PBAE 

polymer synthesized from 4 kDa PBAE base polymer significantly aggregated over time in 

PBS, polyplexes with PEG-PBAE polymer synthesized from 13 kDa PBAE base polymer 

remained nanosized (~ 300 nm) after 24 h incubation in PBS. All four formulations showed 

a slight decrease in surface charge to +7 mV in NaAc, although not statistically significant, 

in comparison to 447 60 w/w PBAE polyplexes (Fig. 2B).

3.3 High-throughput evaluation of uptake, transfection and cytotoxicity

High-throughput evaluation was sequentially performed at two levels to select the most 

optimized polyplex formulation based on uptake and transfection of polyplexes in H446 

cells. Initially, PBAE polyplexes formed with 9 different ePBAEs were tested to select the 

best ePBAE polymer that would be blended with PEG-PBAE polymers in the subsequent 

screening. As shown in Fig. 3B, ePBAEs with more hydrophobic base polymer generally 

formed polyplexes with higher cytotoxicity, evidenced by B5S5 polyplexes leaving no viable 

cells 48 h after transfection. Higher uptake of ePBAE polyplexes with B4S5 base polymer 

did not result in a higher transfection rate than those with B4S4 base polymer, possibly due 

to different endocytosis pathways or rate-limiting downstream steps (Fig. 3A/C, S4) [16]. 

Top performing ePBAEs 444, 446, 447, and 457 with cell viability over 80% and 

transfection efficacies of 60-75% were blended into four selected PEG-PBAE polyplex 

formulations for subsequent evaluation.

As anticipated due to the shielding properties of PEG, the cellular uptake and transfection 

efficacy of PEG-PBAE polyplexes significantly decreased in comparison to unPEGylated 

PBAE polyplexes (Fig. 4A/C, S4). Among PEG-PBAE polyplexes, formulation with 5k-4k 

polymer generally resulted in higher uptake efficacy than that with 5k-13k polymer, which is 
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consistent with the enhanced particle stability of 5k-13k polyplexes (Figure 2A/B), 

potentially from greater PEG shielding, limiting the polyplexes’ interaction with the cell 

membrane. However, transfection efficacies of PEG-PBAE polyplexes formed with 5k-4k 

and 5k-13k polymer at 1:1 30 w/w condition were similar, indicating polyplexes with 

5k-13k polymer more efficiently deliver the DNA cargo to the nucleus to be transcribed 

following endocytosis. Also, PEG-PBAE polyplexes blended with ePBAE 457 resulted in 

the highest uptake and transfection overall, which is comparable to the results from PBAE 

polyplex screening. This may be due to hydrophobicity of 457 that allows for stronger 

condensation and more stable particles. Specifically, PEG-PBAE polyplex formed from 457 

blended with 5k-13k at 1:1 30 w/w condition was internalized in 30% of H446 cells, and 

transfected 40%. The higher measured transfection rate compared to the measured uptake 

rate is likely due to the lower sensitivity of measuring successful cellular uptake compared 

to successful gene expression (expressed plasmid leads to an amplified GFP florescence 

signal compared to the fluorescence signal from the labeled plasmid itself). This formulation 

also showed second highest geometric mean GFP fluorescence intensity, which is an 

indicator of the amount of protein expressed by the transgene per cell (Fig. S5).

3.4 Therapeutic activity against small cell lung cancer with PEG-PBAE/pHSV-tk polyplexes 
and ganciclovir

Ganciclovir is a widely investigated prodrug of interest for suicide gene therapy for different 

types of cancer [26, 30, 31]. The nontoxic ganciclovir prodrug is phosphorylated into 

ganciclovir triphosphate by the HSV-tk gene product, which then disrupts DNA replication 

and causes cell death [32, 33]. We examined PEG-PBAE polyplexes as a functional vehicle 

for small cell lung cancer gene therapy by delivering PEG-PBAE/pHSV-tk polyplexes 

followed by ganciclovir treatment. The optimal PEG-PBAE polyplex formulation 457 

+ 5k-13k 1:1 30 w/w was chosen and was compared to 457 60 w/w PBAE polyplexes for 

transfection of both H446 human small cell lung cancer cells and IMR-90 human lung 

fibroblasts as a healthy control cell type. PBAE and PEG-PBAE polyplexes were able to kill 

60% and 35% of cancer cells, respectively (Fig. 5A). Interestingly, the level of cell death 

induced by two types of polyplexes correlated closely with their EGFP transfection 

efficacies of 73% and 43% (Fig. 3A and 4A), but not with their EGFP geometric mean 

intensities of 170000 and 4000 RFUs (Fig. S5). The expression of HSV-tk, followed by 

treatment with ganciclovir, is expected to cause death of the transfected cell. A two-fold 

increase of the ganciclovir dosage had negligible effect on cell death, demonstrating that the 

exogenous gene expression of HSV-tk was the limiting factor determining cell killing.

The same PEG-PBAE and PBAE polyplexes showed different outcomes with IMR-90 

human lung fibroblasts. First, polyplexes formed with 457 ePBAE complexed with pEGFP 

at 60 w/w had significant inherent cytotoxicity of 50% (Fig. 5B). This demonstrates the 

potential fragility of healthy human cells and the need for biocompatible, non-cytotoxic 

formulations. This concern with potential PBAE polyplex cytotoxicity is resolved when 457 

ePBAE is blended with 5k-13k at 1:1 ratio, as evidenced by near 100% viability from 

pEGFP as well as pHSV-tk + 0 μg/mL ganciclovir controls. This reduced cytotoxicity is 

likely due to a combination of less 457 ePBAE being used to form PEG-PBAE polyplexes in 

comparison to non-PEGylated PBAE polyplexes of the same total w/w and due to PEG 
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molecules shielding potentially unfavorable interaction between surface-exposed positively 

charged 457 and cellular components. In addition, the same PEG-PBAE/HSV-tk DNA 

polyplexes + ganciclovir system is more specific in promoting killing of human lung cancer 

H446 cells than healthy human lung IMR-90 fibroblasts with statistical significance (p < 

0.01); 35% of H446 cells and 15% of IMR-90 cells are killed at the 10 μg/mL ganciclovir 

dosage. Overall, these results show the potential of stable and effective PEG-PBAE 

polyplexes for lung cancer gene therapy.

4. Discussion

Nanoparticles, including polyplexes that are formed by electrostatic interaction between 

cationic polymer and negatively charged nucleic acids, that are intended to be used for 

systemic administration, need to overcome challenges of destabilization in physiological 

saline, adsorption of serum proteins, and aggregation post-administration, which all can lead 

to rapid clearance from the blood. Furthermore, colloidal stability at sub-400 nm diameter is 

critical for nanoparticles in cancer therapy to utilize passive targeting to tumors and their 

leaky vasculature via the enhanced permeation and retention (EPR) effect [22, 34]. A new 

copolymer synthesized by conjugating the hydrophilic molecule PEG to selected PBAE base 

polymers provided steric hindrance to the resulting PEG-PBAE polyplexes that minimized 

particle aggregation and maintained an effective size for the EPR effect.

When formulating both PBAE and PEG-PBAE polyplexes, the N/P ratios used are relatively 

high in comparison to polyplexes of different polymers, such as PEI (Table S1). Non-

degradable PEI, with its high charge density, becomes cytotoxic at higher N/P ratios unless it 

is modified with degradable moieties [35, 36]. Two features of the PBAE chemical structure 

allows for polyplexes with much higher N/P ratios. Firstly, PBAE has repeated ester bonds 

along its backbone and hence is hydrolytically degradable into small bioeliminable units and 

thus much higher w/w ratios can be utilized [15]. Secondly, most of PBAEs’ positive charge 

is from tertiary amines, some of which are not protonated in the physiological range of pH 

5.1-7.4 [15]. Thus, N/P ratio is a function of pH and not the necessarily the same as the ratio 

of positive charges to negative charges within the polyplexes. This pH dependence of the 

PBAE polyplexes’ charge is an important feature as it provides pH buffering capacity, 

protecting DNA in endosomes and promoting endosomal escape consistent with the proton 

sponge hypothesis, enabling successful transfection [37].

PEG-PBAE polyplexes have ePBAE blended in at different mass ratios of ePBAE to PEG-

PBAE. Although PEG-PBAE polymer has tertiary amines along the backbone that can be 

protonated and associate with the DNA, the end-group structure of ePBAE has been 

implicated to serve important and complimentary functions. For example, different end-

groups were found to regulate specific uptake mechanisms and downstream steps leading to 

successful transfection [15, 16]. PEGylating polyplexes of various polymers has been shown 

to affect cellular uptake and intracellular trafficking significantly [38], often reducing 

cellular uptake and gene delivery efficacy in vitro. While residual positive charge on the 

surface can contribute to particle-cell interaction, the presence and exposure of select 

ePBAE in PEG-PBAE polyplexes can promote cellular uptake via specific pathways that 

leads to greater transfection. 457 ePBAE, which was selected from high-throughput 
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screening to be blended into PEG-PBAE polyplexes, yielded results that were in agreement 

to previous literature, which showed high in vivo efficacy of 457 PBAE polyplexes in a 

subcutaneous H446 xenograft mice model [39].

Interestingly, the PEG-PBAE polyplexes used in this study were able to kill H446 small cell 

lung cancer cells more than IMR-90 lung fibroblasts through HSV-tk/ganciclovir treatment. 

This cancer cell selectivity in efficacy is possibly due to a higher doubling rate of cancer 

cells than fibroblasts, since ganciclovir phosphorylated by HSV-tk kills cells by disrupting 

DNA replication in actively dividing cells [32]. However, another potential explanation is 

cancer specificity of the ePBAE polymer. Our group has previously shown that specific 

ePBAE structure (including the (3-Aminopropyl)-4-methylpiperazine (E7) end-group) leads 

to increased transfection in various tumor cells in comparison to the healthy cells in the 

same tissue [40, 41]. Intriguingly, this ePBAE polyplex cancer cell transfection specificity 

with E7 is evident in corresponding tumor and non-tumor primary cell samples that show the 

same cell doubling time and have the same percentage of polyplex cellular uptake [40].

Since the current PEG-PBAE polyplexes do not have an active targeting functionality, 

further modification for cancer targeting, such as conjugation of a targeting ligand to the 

polymer and/or insertion of a cancer-specific promoter in the plasmid DNA, can further 

enhance their therapeutic efficiency in cancer therapy [42]. This work demonstrates an 

important step in the design of non-viral vectors that utilize the PBAE platform. Through the 

synthesis of new PEGylated PBAE polymers and new PEG-PBAE/ePBAE formulations via 

combinatorial approach, stability was enhanced, non-specific cytotoxicity was prevented, 

and selective killing of small cell lung cancer cells was enabled. Our PEG-PBAE polyplexes 

are anticipated to show enhanced in vivo results due to two main effects: bioavailability and 

cellular transfection. PEGylation of PBAE polyplexes may enhance pharmacokinetics in the 

systemic circulation and diffusion in the tissue, as reported with other polymeric systems. 

Also, a blend of best performing ePBAE in PEG-PBAE polyplex may also allow for cell 

specificity, efficient cellular uptake, and transfection, thereby overcoming the “PEG 

dilemma.”

5. Conclusions

PBAEs are a class of cationic polymers that has been shown to transfect a wide range of cell 

types with high efficiency. In an effort to make more stable PBAE polyplexes, we 

synthesized PEG-PBAEs using thiol-ene Michael addition reaction and fabricated new 

polyplexes with blends of PEG-PBAEs and ePBAEs. After selecting the best performing 

ePBAEs through screening against cytotoxicity and transfection in small cell lung cancer 

cells (H446), PEG-PBAE polyplexes of varying conditions, including PEG-PBAE molecular 

weight, mass ratios of ePBAE to PEG-PBAE, and total polymer to DNA mass ratios, were 

further evaluated for nanoparticle size, stability, cytotoxicity and transfection efficacy. The 

most effective formulation consisted of ePBAE 457 blended with PEG-PBAE 5k-13k at 1:1 

w/w ratio, and the total polymer mixed with DNA at a 30 w/w ratio for polyplex self-

assembly. This PEG-PBAE formulation maintained its size under 300 nm over 24 h in 

physiological PBS and transfected 40% of H446 cells. When human lung cancer cells were 

transfected with HSV-tk using the optimized PEG-PBAE polyplex and subsequently treated 
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with ganciclovir, 35% of the cells were killed in contrast to 15% cell death to healthy human 

lung fibroblasts (IMR-90). The present study used a novel method to synthesize PEGylated 

PBAE polymer and to formulate stable polyplexes that do not exhibit biomaterial-based 

cytotoxicity, can successfully transfect human lung cancer cells, and can induce their death 

via HSV-tk/ganciclovir prodrug gene therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Synthesis scheme of conventionally end-capped poly(β-amino ester)s (ePBAEs) and 

poly(ethylene glycol)-co-poly(β-amino ester)s (PEG-PBAEs). (B) Chemical structures of 

monomers used.
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Figure 2. 
The size of polyplexes formed by self-assembly of enhanced green fluorescent protein 

(pEGFP) DNA with 447 alone or in combination with PEG-PBAE at various polymer:DNA 

and 447:PEG-PBAE w/w ratios was measured by (A) Nanosight (NTA) or (B) Zetasizer 

(DLS). The stability of the polyplexes was tested by sizing them after a 24-h incubation in 

either sodium acetate or PBS at room temperature. #: Indicates formulation conditions where 

polyplex aggregation is occurring, leading to unreliable size measurements (low particle 

concentration by NTA or greater than a micron in size by DLS). (C) The zeta potential of 

polyplexes. Data are mean ± SD of particle population for NTA and mean ± SD of 3 

independent measurements for DLS. Red arrows indicate the four formulations that 

maintained particle stability and were selected for transfection evaluation.
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Figure 3. 
Flow cytometry data showing uptake at 4 hrs and transfection efficacy at 2 days post 

treatment of H446 cells with nine PBAE polyplexes. The efficiency is in terms of percentage 

of live H446 cells positive for Cy3 (uptake) or EGFP (transfection). Efficacy of ePBAEs is 

compared to that of polyethylenimine (PEI) 2 w/w. Data are mean ± SD (n=4) (*** p < 

0.001 compared to untreated). (B) Cytotoxicity of PBAE polyplexes, quantified by 

normalizing metabolic activity to untreated cells. Data are mean ± SD (n=3) (*** p < 0.001, 

** p < 0.01, * P < 0.05 compared to untreated, red line marks 80% viability). (C) 

Representative fluorescence microscope images (10×) at 48 h post-treatment of H446 cells 

transfected with 4 different PBAE polyplexes at 60 w/w and controls. Scale bar is 200 μm 

for all panels.
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Figure 4. 
Flow cytometry data showing uptake efficacy at 4 hrs and transfection efficacy at 2 days post 

treatment of H446 cells with 16 different formulations of PEG-PBAE polyplexes. The 

efficiency is in terms of percentage of live H446 cells positive for Cy3 (uptake) or EGFP 

(transfection). Data are mean ± SD (n=4)(*** p < 0.001, ** p < 0.01 compared to 

untreated). (B) Cytotoxicity of PEG-PBAE polyplexes, quantified by normalizing metabolic 

activity to untreated cells. Data are mean ± SD (n=3)(*** p < 0.001, ** p < 0.01, * P < 0.05 

compared to untreated, red line marks 80% viability). (C) Representative fluorescence 

microscope images (10×) at 48 h post-treatment of H446 cells transfected with 6 different 

PEG-PBAE polyplex formulations. Scale bar is 200 μm for all panels.
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Figure 5. 
Cell death measured by MTS assay and reported as normalized metabolic activity to 

untreated group (not shown). (A) H446 and (B) IMR-90 cells are transfected with the 

optimized PEG-PBAE polyplex formulation (457 + 5k-13k 1:1 30 w/w) and PBAE 

polyplexes (457 60 w/w) delivering pHSV-tk, followed by two sequential ganciclovir 

treatments at either 10 or 20 g/mL dosage. Data are mean ± SD (n=4) (* p < 0.05, *** p < 

0.001 compared to pEGFP control of each group).
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Table 1

Nomenclature of different PEG-PBAE polymers. The PBAE used was 1-4-butanediol diacrylate-co-1,4-

aminobutanol (B4S4).

PEG-PBAE Name

PEG0.8k-B4S44k-PEG0.8k 0.8k-4k

PEG0.8k-B4S413k-PEG0.8k 0.8k-13k

PEG5k-B4S44k-PEG5k 5k-4k

PEG5k-B4S413k-PEG5k 5k-13k
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