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Abstract

Development of non-viral particles for gene delivery requires a greater understanding of the

properties that enable gene delivery particles to overcome the numerous barriers to intracellular

DNA delivery. Linear poly(beta-amino) esters (PBAE) have shown substantial promise for gene

delivery, but the mechanism behind their effectiveness is not well quantified with respect to these

barriers. In this study, we synthesized, characterized, and evaluated for gene delivery an array of

linear PBAEs that differed by small changes along the backbone, side chain, and end-group of the

polymers. We examined particle size and surface charge, polymer molecular weight, polymer

degradation rate, buffering capacity, cellular uptake, transfection, and cytotoxicity of nanoparticles

formulated with these polymers. Significantly, this is the first study that has quantified how small

differential structural changes to polymers of this class modulate buffering capacity and polymer

degradation rate and relates these findings to gene delivery efficacy. All polymers formed

positively charged (zeta potential 21–29 mV) nanosized articles (~ 150 nm). The polymers

hydrolytically degraded quickly in physiological conditions, with half-lives ranging from 90

minutes to 6 hours depending on polymer structure. The PBAE buffering capacities in the relevant

pH range (pH 5.1 – 7.4) varied from 34% to 95% protonable amines, and on a per mass basis,

PBAEs buffered 1.4–4.6 mmol H+/g. When compared to 25 kDa branched polyethyleneimine

(PEI), PBAEs buffer significantly fewer protons/mass, as PEI buffers 6.2 mmol H+/g over the

same range. However, due to the relatively low cytotoxicity of PBAEs, higher polymer mass can

be used to form particles than with PEI and total buffering capacity of PBAE-based particles

significantly exceeds that of PEI. Uptake into COS-7 cells ranged from 0% to 95% of cells and

transfection ranged from 0% to 93% of cells, depending on the base polymer structure and the

end-modifications examined. Five polymers achieved higher uptake and transfection efficacy with

less toxicity than branched-PEI control. Surprisingly, acrylate-terminated base polymers were

dramatically less efficacious than their end-capped versions, both in terms of uptake (1–3% for

acrylate, 75–94% for end-capped) and transfection efficacy (0–1% vs. 20–89%), even though

there are minimal differences between acrylate and end-capped polymers in terms of DNA

retardation in gel electrophoresis, particle size, zeta potential, and cytotoxicity. These studies

further elucidate the role of polymer structure for gene delivery and highlight that small molecule

end-group modification of a linear polymer can be critical for cellular uptake in a manner that is

largely independent of polymer/DNA binding, particle size, and particle surface charge.
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Introduction

Gene therapy is the treatment of disease through insertion or modification of DNA in cells.

This treatment has tremendous implications for improving human health because almost all

human diseases have a genetic component, including cancer. The fundamental challenge for

successful gene therapy is finding both a safe and effective delivery system.1 The traditional

method for gene therapy has been viral gene delivery. Viruses have evolved to transduce

cells with high efficacy but are limited by low cargo capacity, resistance to repeated

infection, difficulty in production and quality control, and safety concerns.2

All of these challenges can be overcome with non-viral methods that utilize biomaterials,

which can be designed to deliver genes similar to a synthetic virus. Biodegradable cationic

polymers such as poly(ester amines) and poly(amido amines) are promising for non-viral

gene delivery due to their ability to condense plasmid DNA into small and stable

nanoparticles, their ability to promote cellular uptake, facilitate escape from the endosome,

and allow for DNA release in the cytoplasm.3 Studying these properties is integral to

understanding how to design biomaterials for optimal transfection efficacy. In order to

deliver its plasmid cargo to the nucleus of the target cell, a particle must be able to cross the

cell membrane, escape endocytosis, and release the plasmid intracellularly to allow for

trafficking to the nucleus. Each of these steps is essential, and the contribution of small

changes to the chemical structure of the polymers to these mechanistic steps will be

examined in this manuscript.

There are multiple necessary components for effective gene delivery using cationic

polymers. First, the polymers must bind strongly to the DNA, encapsulating or condensing it

to prevent its degradation. A cationic polymer, through positively charged amine groups,

allows for electrostatic interactions with anionic DNA. Cationic polymers such as poly-L-

lysine (PLL) have been demonstrated to form stable polymer/DNA complexes.4 The next

step is cellular uptake, where the polymer/DNA nanoparticles must penetrate the lipid

bilayer plasma membrane. These polyplexes or nanoparticles are generally taken into cells

through endocytosis. Positively charged particles are important for attraction to anionic

proteoglycans on the cell surface. Both particle size and surface charge play key roles in this

step. Other potential uptake methods include ligand-specific / receptor-specific mediated

endocytosis through various particle coatings 5, 6 or covalent attachment.7, 8

Once in the endosome, the particles are then subjected to the endosomal-lysosomal pathway,

where the complexes need to avoid being enzymatically degraded by lysosomes or recycled

out of the membrane. Bypassing lysosomal degradation has been a bottleneck in improving

intracellular gene delivery. It has been shown that polymer/DNA particles can escape the

endosome into the cytoplasm through the “proton sponge effect.” 9 Inside of the endosome,

the pH drops from 7.4 to around 5.1, where a polymers’ secondary and tertiary amine groups

can buffer the acidification.10 An influx of ions into the endosome can lead to osmotic

swelling and eventual bursting to release the polyplexes into the cytoplasm.11 The buffer

capacity of titratable amine groups can effectively facilitate endosomal rupture, inducing

efficient gene expression.10, 12 An example of the importance of buffer capacity is that

polyethylenimine (PEI) has an advantage over PLL in transfection due to its high buffering

capacity. Studies have shown that polymers with secondary or tertiary amines are either able

to provide more time to escape the endosome or mediate endosomal escape. Other strategies
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that have been utilized to promote endosomal escape include functionalizing polymers with

endosomolytic peptides 13, 14, which utilize pH sensitive conformational changes that

promote endosomal escape.

Once inside the cytoplasm, it is beneficial for the polymer to degrade to enhance release of

the DNA to prevent polymer-mediated cytotoxicity. For effective plasmid release, polymers

can be designed to degrade hydrolytically through ester linkages 15 or reducibly through

disulfide linkages.16 Amine-containing polymers that can degrade hydrolytically have

shown to have much higher transfection and lower cytoxicity than polymers such as PEI 17

and degradable versions of PEI have shown improved efficacy and lower cytotoxicity than

non-degradable versions.18 The DNA plasmid must then overcome nuclear import. This is

more easily achievable in dividing cells when the nuclear envelope breaks down during

mitosis. Another strategy for nuclear import is appending nuclear localization signals (NLS)

to DNA which may help carry it into the nucleus.19, 20 Measuring gene expression ensures

that all of these intracellular barriers have been crossed including transcription and

translation of the exogenous DNA.

Biodegradable cationic polymers such as end-modified poly(beta-amino ester)s have been

demonstrated as promising biomaterials for non-viral gene delivery among various cell

types.21–23 End-modification with diamine monomers has shown that some of these

polymers can rival adenovirus for gene delivery in vitro.17 Additionally, PBAEs have been

shown to have promise in the treatment of cancer in vitro and in vivo.24, 25 However, while

previous studies have investigated certain physical and biological parameters, 26–28 they

have not fully looked at the chemical properties and mechanistic details that may fully

explain the advantages that the lead structures possess.29 In particular, differences in

polymer buffering capacity, polymer degradation, and the mechanistic differences between

the same linear polymers with acrylate end-groups compared to differing amine-containing

small molecules as end-groups needed to be more fully evaluated. This study aims to

elucidate the polymer properties and biological process most responsible for the high gene

delivery efficacy of end-modified PBAEs.

Experimental Section

Cell Culture

COS-7 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with

Lglutamine and sodium pyruvate (DMEM 11995, Invitrogen, Carlsbad, CA) supplemented

with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cells were grown at

37°C in a humid 5% CO2 atmosphere.

Materials

Monomers were purchased from commercial vendors and used as received. 4-amino-1-

butanol (S4), 5-amino-1-pentanol (S5), 1,4-butanediol diacrylate (B4), 1,6-hexanediol

diacrylate (B6), 1-(3-aminopropyl)-4-methylpiperazine (E7) were purchased from Alfa-

Aesar, Ward Hill, MA. 1,3-propanediol diacrylate (B3) and 1,5-pentanediol diacrylate (B5)

were purchased from Monomer-Polymer and Dajac Laboratories (Trevose, PA). 2-

methyl-1,5-diaminopentane (E4) was purchased from TCI America (Portland, OR). 2-(3-

aminopropylamino)ethanol (E6) and branched 25 kDa poly(ethylene imine) (PEI) were

purchased from Sigma Aldrich (St. Louis, MO). Enhanced green fluorescent protein plasmid

driven by a CMV promoter (eGFP) was obtained from Aldevron (Fargo, ND). CellTiter 96

AQueous One MTS assay was purchased from Promega (Fitchburg, WI) and used according

to manufacturer’s instructions.
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Polymer Synthesis

Polymers were synthesized using a two-step procedure (Figure 1). As an example, acrylate-

terminated poly(1,4-butanediol diacrylate-co-4-amino-1-butanol), B4-S4, was first

synthesized in a solvent-free fashion at different acrylate: amine monomer molar ratios

(1.2:1, 1.1:1, 1.05:1). Reactions took place in glass vials in the dark under magnetic stirring

for 24 h at 90°C. As a second step, amine-containing small molecules were individually

conjugated to the ends of each polymer. Excess amine is used to fully end-modify the base

polymer. 80 mg of polymer in 480 OL of DMSO was mixed with 320 µL of a 0.5M solution

of the end capping amine in DMSO in 1.5 mL eppendorf tubes in a multi-tube vortexer with

constant agitation for 1 h at room temperature. As an example, B4-S4 synthesized at a 1.1:1

ratio was end-modified by E7, and formed the B4-S4-E7 1.1:1 end-modified polymer.

Polymers were stored at 100 mg/ml in anhydrous DMSO at −4°C with desiccant until use.

Polymer nomenclature refers to the number of carbons between functional groups as we

have previously described.29, 30 For example, polymer B4-S4 contains 4 carbons between

acrylate groups in the polymer backbone, “B”, and 4 carbons between the amine and alcohol

groups in the side chain, “S.” Polymer structure was characterized on a Bruker spectrometer

by 1H NMR spectroscopy (400 MHz, d6-DMSO) and completion of end-modification was

verified by elimination of the peaks corresponding to the acrylate termini of the polymer (at

5.9–6.4 ppm).30 Spectra for B3-S5-Ac (acrylate-terminated base polymer) and B3-S5-E7

can be found in Figure S1.

Particle Size and Charge

Particle size was determined both by dynamic light scattering (DLS) using a Mavern

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

and by nanoparticle tracking analysis (NTA) using a Nanosight NS500 (Amesbury, UK, 532

nm laser). Particle charge was determined using a Mavern Zetasizer Nano ZS (Malvern

Instruments, Malvern, UK). Polymer/DNA nanoparticles were made at a 60 w/w ratio in 25

mM sodium acetate buffer (pH = 5.0) at 30 ng/OL DNA and diluted into 150 mM PBS, pH

7.4. For the measurements on the Zetasizer, particles were diluted 5-fold into PBS, and

particle size is reported as the intensity-weighted Z-averaged of the particle diameter in nm.

Average electrophoretic mobilities were measured at 25°C and zeta potentials were analyzed

using the Smoluchowsky model. For the NTA analysis, particles were diluted 50 to 100 fold

into PBS such that particle number would be between 108 and 109 particles/mL, and particle

size is determined from a 60s movie from which the Brownian motion of the particles was

assessed as previously described.28

Gel Electrophoresis

The gel electrophoresis experiments were conducted in 1% agarose gels made with 1 µg/ml

ethidium bromide in the gel. Particles were formed at 30 ng/µL DNA and at a 60 w/w ratio

(polymer:DNA; 1.8 µg polymer/µL) and allowed to complex for 10 minutes before glycerol

was added, with or without bromophenol blue (15 mg/mL), a negatively charged dye used to

visualize the extent that the gel runs, and then immediately added to the gel. The gels were

run for 40 min with 100 V applied. Gels were visualized with a Visi-Blue™ transilluminator

(UVP, Upland, CA).

Buffering Capacity

The buffering capacities of the polymers were determined through acid-base titration. Ten

micrograms of polymer in DMSO at 100 mg/mL was dissolved in 10 mL of 0.1 M NaCl

solution. The pH of polymer solutions was set to pH 3 using 1 M HCl and titrated to pH 11

using 0.1 M NaOH. The pH of solutions was measured after each addition using a Mettler

Toledo S20 pH meter. Buffer capacity was calculated in two ways: by taking the ratio of
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total protons buffered between pH 7.4 and 5.1 to the total amines of the polymer and by

taking the ratio of protons buffered between pH 7.4 and 5.1 to total polymer mass. Titration

of NaCl without the presence of polymer was used as background control. For end-modified

PBAEs, the buffering contribution from excess free end-capping amine monomer was

subtracted out to characterize the buffering of the polymers.

Degradation Studies

Two and a half milliliters of a 100 mg/ml solution of polymer in DMSO was added to 247.5

mL of phosphate buffered saline (PBS) solution at 37°C, and magnetically stirred to mix. At

each time point, 25 mL of this solution was removed and frozen, then lyophilized to remove

the water. This sample was dissolved in 1 mL of a solution of 94% THF, 5% DMSO and 1%

piperidine, and organic phase permeation chromatography (GPC) was performed using the

same solvent as an eluent at a flow rate of 1 mL/minute. The detector (Waters 2414

refractive index detector) and columns (three Waters Styragel columns, HR1, HR3, and

HR4, in series) were maintained at 40°C throughout the runs. Polymer molecular weights

presented are relative to monodisperse polystyrene standards (Shodex, Japan).

GFP transfections, with and without labeled plasmid

Fifteen thousand COS-7 cells were plated in 100 µL per well in clear 96-well tissue culture

plates (Starstedt) to allow for overnight adhesion. For transfection experiments, eGFP

pDNA was diluted into 25 mM NaAc buffer (pH 5.0) to form a final concentration of 60 ng/

µL. Polymers stored at 100 mg/ml in DMSO were aliquoted out into 96-well plates and

diluted to 3.6 µg/µL in 25 mM NaAc, and equal volumes of diluted polymers and diluted

DNA were mixed by pipetting up and down in another 96-well plate. Ten minutes after

mixing DNA and polymer solutions, 20 µL of nanoparticles were added to 100 µL of media

(DMEM containing 10% FBS, 1% penicillin/streptomycin v/v) on the cells for a final pDNA

dose of 600 ng/well. PEI/DNA complexes were formed at a 3:1 polymer to DNA weight

ratio and formed in 150 mM NaCl as previously described 23, and PEI/DNA complexes

were added to the cells for a final pDNA dose of 600 ng/well. Four hours after transfection,

the cells were washed with PBS and 100 µL of fresh media was added to the cells. Forty-

eight hours after transfection, gene expression was measured using flow cytometry (Accuri

C6 with HyperCyt high-throughput adaptor); gating was performed on FlowJo software and

GFP+ cells were gated as a subpopulation of cells by two-dimensional gating of FL1 vs FL2

separate increased autofluorescence signal from increased signal (for examples, see Figure

S2).

For DNA uptake studies, eGFP pDNA was labeled with Cy3 using the Label IT® Tracker™

kit (Mirus Biopharma) following manufacturer’s instructions, and diluted into unlabeled

pDNA resulting in a net ratio of 331 nucleotides / dye. Particles were formulated the same

was as with the transfection experiment (but with labeled DNA), except that after washing

the cells and changing the media 4 hours post transfection, the cells were washed again 2×,

trypsin was added, and the cells were run on flow cytometry as above. Gating was

performed on FlowJo 7.6.5 software and uptake was determined by two-dimensional gating

(as a subpopulation of cells) of FL1 vs FL2 to separate increased autofluorescence signal

from increased signal (for examples, see Figure S2).

Cell viability testing

For cell viability testing, transfection was performed as normal, but twenty-four hours after

transfection, cell viability was measured by the AQueousOne CellTiter MTS assay; after

addition of the CellTiter reagent (20 µL/well), cells were incubated at 37°C for 1 hour and

then absorbance at 490 nm was measured on a plate reader (Synergy 2). Background
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absorbance from media and reagent were subtracted off, and the absorbance was normalized

to untreated cells.

Statistical Analysis

Assays were performed in quadruplicate, and presented data are mean ± SD. All statistics

were performed using the GraphPad Prism 5 software package. To examine multiple

comparisons, such as differences between nanoparticle size with Acrylate (Ac) and Amine

(Am) terminated polymers, we performed 1-way ANOVA with Bonferroni post tests.

Results and Discussion

Synthesis and Characterization of Polymer Array

PBAEs have been extensively investigated in a high-throughput fashion for their ability to

mediate non-viral gene delivery in vitro, but significant characterization of the polymer

properties that lead to overcoming the barriers to intracellular gene delivery have not been

fully explored.3, 27, 31, 32 PBAEs have achieved transfection efficacies comparable to

adenovirus for transfection of human endothelial cells,17 have been used systems for

efficient siRNA mediated gene knockdown,33, 34 and have been used to target cancer in

vitro and in vivo.24, 25 Hydrophobicity appears to play a significant role in the ability of

PBAEs to mediate efficient gene delivery 30 and the number of plasmids per particle that

PBAEs form can also play a role.28

To evaluate in greater detail why PBAEs are effective for non-viral gene delivery and to

determine how subtle changes to structure affect efficacy, we synthesized an array of

polymers with single carbon changes to the backbone, side chain, and small changes to the

end-modifying amine (Figure 1). We synthesized 4 polymers with single carbon changes to

the backbone (B3-S5-Ac, B4-S5-Ac, B5-S5-Ac, B6-S5-Ac) and end-modified each of those

with E7 (B3-S5-E7, B4-S5-E7, B5-S5-E7, B6-S5-E7). We also synthesized two polymers

with single carbon difference to the side chain (B4-S4 and B4-S5) and end-modified those

polymers with 3 end-capping amines (E4, E6, E7), and finally we synthesized B4-S4 at three

different amine:acrylate ratios (1.2, 1.1, 1.05) to generate different molecular weight

versions of the base polymer, and end-capped those with a single end-capping amine (E7).

We then studied polymer properties that we hypothesized would be related to the ability to

overcome the barriers to intracellular gene delivery. We evaluated at nanoparticle size, zeta

potential, and ability to retard DNA from moving on a gel to look at stable particle

formation. We studied the PBAEs’ buffering capacity to investigate how these polymers

might be able to escape the endosome, and the polymer degradation rate to assess the ability

of the polymer to promote release of DNA as well as avoid cytotoxicity. Finally, we

evaluated particle uptake, viability, and transfection efficacy as biological outcomes, and as

a way to assess where in the process particular polymer structure were failing or succeeding

in overcoming barriers to gene delivery.

Particle size and charge

Previous work with cationic polymers for DNA delivery has indicated that formation of

small, positively charged nanoparticles is a prerequisite for efficient transfection.1, 35

However, too high of a charge density can lead to unwanted toxicity, and there may be some

intermediate, optimal charge density depending on the polymer of interest. These competing

effects can been seen in HPMA-oligolysine copolymers 36 and cationic glycopolymers,37

polymers synthesized by Reversible Addition-Fragmentation chain Transfer (RAFT)

polymerization.
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In a series of cationic glycopolymers with either a positively charged pendant group or a

sugar, Ahmed et al. showed that increased carbohydrate content significantly reduces

toxicity but also reduces transfection efficacy.37 Studies on a library of HPMA-oligolysine

copolymers revealed that size of the charged moieties matters; 5- and 10-lysine long

oligocations were more effective than 15-lysine long oligocations. Shorter lysine chains

were more salt stable (5 > 10 > 15). However, polymers with 10 lysine long oligocations

were the best at transfection, followed by 5, then 15, indicating that there was some medium

optimum between even distribution of charge and larger charged groups.36 In addition,

poly(glycoamidoamine) (PGAA) polymers, synthesized with repeating ethylenamines, were

shown to be optimal transfection reagents when there were 4 ethylenamines; having 5 or 6

ethylenamines does not increase transfection but does increase toxicity.38

All polymers in this study spontaneously formed positively-charged (+21 to +29 mV zeta

potential) nanoparticles in the 130–150 nm diameter range (Figure 2). Previous studies have

indicated that a zeta potential of greater than +10 mV was required for PBAE nanoparticle

transfection.27 Acrylate-terminated polymers were found to be slightly larger than their

endmodified versions by dynamic light scattering measurements; on average, E7-modified

B3/4/5/6-S5 polymers were 170±20 nm in diameter, versus 221±8 nm for acrylate-

terminated versions. There is a statistically significant difference between B4-S5-E7 and B4-

S5-Ac (p < 0.05), but no statistically significant difference between the other pairs. There

was no statistical difference between any of the polymers when looking at size by

nanoparticle tracking analysis. In this study, we measured particle size in two ways:

dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA). NTA directly

measures number-averaged size, thus the average particle size by number-weighting is the

same for all acrylate and amine pairs. DLS measurements are intrinsically intensity-

weighted, where large infrequent particles can cause a disproportionate contribution to the

average size. Thus, particle formulations where DLS and NTA measurements are the same,

such as B4-S5-E7, are monodisperse and formulations such as B4-S5-E6 are more

polydisperse and have a minority component of slightly larger particles. It is only in case of

B4-S5-E7 and B4-S5-Ac that the presence of a minority component of larger particles is

statistically significant by end-group, and in this case, the number-average size remains the

same.

Not surprisingly given the relatively narrow distribution of particle sizes and zeta potentials,

particle size and zeta potential was not correlated with particle uptake or transfection

efficacy to any significant degree (Figure S3a-c). However, particle size by dynamic light

scattering appeared to be relatively negatively correlated with particle uptake (Figure S3d),

indicating that smaller particles (as measured by DLS) tended to get taken up more

efficiently than larger ones; this remains a weak trend. One potential explanation is that as

DLS size is intensity-weighted, a relatively small number of larger particles would skew the

DLS average much more than NTA number average. Thus, if these larger particles are

particularly inefficient at being taken up by the cells, and they segregate DNA away from

the smaller particles, these formulations overall would be less efficient in being taken up by

cells. Generally, these nanoparticles were found to all be very similar in surface charge and

particle size, yet they had substantial differences in uptake and transfection as will be further

described below.

Gel electrophoresis

In addition to a basic requirement to form small, positively charged nanoparticles, for

efficient DNA delivery, the particles must bind to and protect DNA effectively. At 60 w/w,

all of the 14 polymers completely retarded the DNA except for B3-S5-Ac (Figure 3a). When

bromophenol blue was added to the lanes containing particles, the most hydrophobic

polymers containing B5 and B6 diacrylates in their backbone were able to retard the DNA
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(B5-S5-Ac, B5-S5-E7, B6-S5-Ac, B6-S5-E7) as well as B4-S4-E6 and B4-S5-E7. The

remaining polymers were unable to completely retard the DNA migration (Figure 3b).

Interestingly, acrylate terminated polymers and their amine-terminated counterparts bound

DNA in similar patterns, with the largest discrepancy occurring with respect to the

difference between B3-S5-Ac and B3-S5-E7. In this, even with no competition, B3-S5-Ac

was unable to retard the DNA electrophoresis, up to a 150 w/w ratio, while the end-modified

polymer was able to retain the DNA even at a low 15 w/w ratio (Figure S4). Hydrophobicity

of the polymer seemed to play a large role in polymer binding affinity, as the four most

hydrophobic polymers (B5-S5-Ac, B5-S5-E7, B6-S5-Ac, B6-S5-E7) were all able to retain

the DNA even after addition of the bromophenol blue. This may indicate a significant

hydrophobic effect for the binding of PBAEs with DNA. Previous studies have

demonstrated that hydrophobicity plays a strong role in enhancing gene delivery with

PBAEs, generally increasing transfection efficacy but also increasing cytotoxicity 30; these

data may provide a mechanism for this effect.

Polymer buffering capacity

In order to escape the endosome, there needs to be a mechanism of endosomal escape. The

ability of a polymer to buffer the endosome has been shown to be highly correlated with the

amount of secondary and tertiary amine groups the polymers contain,10 as these amines tend

to be protonatable across relevant pH ranges. To assess the ability of the polymers to buffer

the endosome, titration curves were determined for polymers using acid-base titration

(Figure 4). Using the titration curves, the buffering capacities of the polymers were

calculated through the percentage of amine groups protonated between pH of 7.4 and 5.1. As

references, sodium chloride (NaCl) showed a curve with no buffering indicated by its

vertical slope, while polyethylenimine (PEI) displayed significant buffering indicated by a

gradual slope between pH 5.1 and 7.4. Because PEI has an abundance of secondary and

tertiary amine groups, it can buffer many protons in the endosome, where the pH drops from

7.4 to 5.1. The buffering capacities of gene delivery polymers affect their ability to escape

the endosome via the proton sponge effect.9, 11

Although the polymers differ only by small structural changes, their buffering capacities

were found to have significant differences (Table 1). B4-S5-E7 1.05:1 was found to have the

lowest buffering capacity on a per-amine basis and on a per-mass basis, while B6-S5-E7

1.1:1 was found to have the highest buffering on both measures, buffering 4.6 mmol H+/g

and having a per-amine buffering capacity of 95%.

Additionally, when the buffering capacity of the PBAEs are compared to branched PEI on a

per-mass basis, the comparison is initially not a favourable one. The PBAEs buffering

capacity was concentrated in the relevant pH range (pH 5.1 – 7.4), with their per-amine

buffering capacity varying from 34% to 95% as compared to 25 kDa polyethyleneimine

(PEI), which only uses 25% of its amine content over that key range. However, due to the

higher amine-density on PEI, on a per mass basis, all PBAEs buffered fewer protons than

PEI (1.4–4.6 mmol H+/g for PBAEs vs 6.2 mmol H+/g for PEI). However, since the PBAEs

are much less cytotoxic, and are typically formulated at 60 w/w compared to 1–3 w/w for

PEI, the total buffering capacity of PBAE based particles significantly exceeds that of PEI.

As an example, the PBAE with the lowest buffering capacity per mass can buffer 1.7 mmol

H+/g, but on a formulation basis, since the PBAE formulation contain on average 20 times

more polymer than PEI formulation, 60 w/w particles would be able to buffer 5.5-times as

many protons as 3 w/w PEI.

The structure-function relationship for end-cap molecule and PBAE buffering extent per

mass is clear (Table 1). Polymers end-capped with E7 generally have the highest buffer

capacities, which is expected as the E7 group contributes two tertiary amines in its structure.

Sunshine et al. Page 8

Mol Pharm. Author manuscript; available in PMC 2013 November 05.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Polymers end-capped with E6 also have relatively high buffer capacities as compared to E4,

as each E6 group contributes an extra secondary amine group as opposed to an extra primary

amine. Acrylate-terminated polymers showed only slightly lower buffering capacity

compared to their end-modified counterparts (Table 1, Figure S5). The buffering for the

acrylate-terminated polymers are not the lowest of the samples, indicating that the base

polymers themselves, rather than their end-groups, drive buffering in the range of pH 5.1–

7.4. Further, these results reveal that the modest differences in buffering capacity observed

with these different polymer structures do not strongly correlate to the relatively large

differences in particle uptake and transfection also observed with these structures (Fig.

S3f,g).

In the context of intracellular gene delivery, endosomal buffering is required to mediate

endosomal escape and facilitate transfection of the cell. We hypothesized that low buffering

capacity would result in the stranding of nanoparticles in the endosomal/lysosomal system,

resulting in high uptake not allowing for high transfection. In general, however, this trend is

not perfect due to other confounding factors, and demonstrates that high buffering capacity

is likely necessary but not sufficient for effective transfection with PBAEs. As predicted,

there is no correlation between buffering capacity (per mass) and particle uptake, but there is

a weak positive correlation between buffering capacity per mass and transfection (Fig. S3f).

This makes intuitive sense, as improvements in buffering capacity should improve

endosomal escape, thus enhancing the transfection of cells that have already taken up

particles. This correlation is not that strong because of the generally very strong correlation

between uptake and transfection seen in this cell type.

Polymer degradation

Intracellular DNA delivery requires that the polymer forms stable complexes that can bind

DNA, protect it from enzymatic degradation, and enter cells. However, successful

transfection also requires that the DNA be released for efficient transcription of mRNA.39

Polymer degradation rate is an important chemical parameter as it determines the time scale

that the polymers have to escape the endosome and enter the cytoplasm for effective

transfection. It is also important to characterize the polymer degradation mechanisms to

evaluate the basis of possible reduced cytotoxicity compared to other cationic polymers.

Cationic polymers that cannot degrade effectively will likely not be as biocompatible with

cells. An example of this is PEI, which typically mediates high uptake and has a very high

total buffer capacity (Table 1), but has a lower transfection efficacy and higher toxicity than

other polymers.40 Polymer degradation can be helpful in terms of enhancing the release of

DNA from the polymer and reducing cytotoxicity; but if degradation is too quick, it could

decrease particle stability, DNA protection, and cellular uptake.

Generally, the PBAEs degrade very rapidly in aqueous conditions, with half-lives in PBS at

37°C ranging from 90 minutes to just over 6 hours (Figure 5, Table 1). We hypothesized that

due to the trade off between wanting to increase particle stability extracellularly, but also

promote DNA release intracellularly, we may find a biphasic response between polymer

half-life and transfection efficacy. We found that a modest biphasic trend is demonstrated

when we compare transfection to half-life (Figure S3e). In addition, the two polymers with

the shortest half-lives (B5-S5-E7 at 1.2 h and B4-S4-S7 1.2:1 at 1.6 h) showed the largest

discrepancy between uptake and transfection, which may suggest that modestly long (> 2 h)

half lives are required to protect the DNA all the way to the nucleus. Overall, these

degradation rates are surprisingly rapid. Faster than anticipated degradation of polymers is

observed in other related systems such as poly(glycoamidoamine) (PGAA) polymers, which

contain hydroxyl groups alpha to the amide bonds and secondary amines in the backbone of

the polymer, and show rapid hydrolysis at pH 7.4 (half-lives of around 20 hr), even though

amide bonds should hydrolyze much more slowly than ester bonds.41 Interestingly, there is
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faster degradation in pH 7.4 than in pH 5; this is attributed to the effect of the proximal –OH

group.41 In particular, the secondary amines in the PGAAs are located a similar distance

away from the amide bonds as the tertiary amines in the PBAEs are to the ester bonds,

supporting the theory that they could likely be responsible for the rapid degradation of the

PBAEs seen here. This very rapid degradation rate could be another reason for the general

effectiveness and low cytotoxicity seen with this class of polymers, but it does pose potential

challenges for eventual in vivo translation of this technology.

Particle Uptake, Transfection Efficacy, and Cytotoxicity

In order to compare polymer properties to biological outcomes, we investigated the cellular

uptake, transfection efficacy, and cytotoxicity of our nanoparticle formulations (Figure 6).

Polymers B4-S5-E6, B4-S4-E7 1.1:1, B3-S5-E7, and B4-S5-E7 were all found to have

superior uptake and transfection to PEI, and B6-S5-E7 was found to have superior uptake

but comparable transfection to PEI (Figure 6a,b; p < 0.05 for all comparisons). Most of the

tested polymers were non-cytotoxic at the formulation ratio and dose tested with the

exceptions being B4-S5-E4, B4-S4-E7 1.1, B4-S4-E7, B4-S4-E7, and PEI, which showed

increased cytotoxicity relative to untreated controls (Figure 6c; p < 0.05 for all

comparisons).

Increasing the number of carbons along the polymer backbone from 3 through 6 and leaving

the side chain length at 5 carbons tended to increase cytotoxicity without increasing

transfection efficacy. This result mirrors previous findings in COS-7 cells and RPE cells,

where there is a limit at which increasing hydrophobicity of the polymer backbone does not

improve transfection efficacy and only increases toxicity.22, 30 Increasing the side-chain

length from 4 carbons to 5 carbons resulted in mixed effects; end-modification of B4-S4

with E6 leaded to superior cell uptake and transfection compared to end-modification of B4-

S5 with E6, but end-modification of B4-S5 with E4 had superior cell uptake and transfection

compared to end-modification of B4-S4 with E4.

Increasing initial polymer molecular weight also had mixed effects. We synthesized B4-S4-

E7 at 3 different molar ratios of acrylate to amine, resulting in 3 different molecular weights

for the same base polymer. B4-S4-E7 at 1.1:1 had the highest transfection and uptake, but it

also was the most toxic. These results are evocative of the recent work by Eltoukhy, et al,

where they showed that intermediate length PBAEs mediated optimal transfection.42

Acrylate-terminated PBAEs were found to have significantly lower uptake and transfection

than their amine-terminated counterparts (p < 0.001 for all comparisons). Previous studies

had indicated that acrylate-terminated polymers showed significantly reduced transfection

efficacies,26, 27, 43 but were not able to determine the specific cause. Our investigation

shows that this difference in transfection efficacy is due to differential uptake of the

acrylateterminated polymer nanoparticles as compared to the amine end-capped polymers.

This is particularly striking given that there were no significant differences in particle

formation as measured by gel electrophoresis or in nanoparticle properties with respect to

particle sizes and zeta potentials. Furthermore, the acrylate-terminated polymers were non-

cytotoxic. Therefore, end-capping linear PBAEs with small molecules containing amines is

necessary for sufficient cell uptake and transfection in a manner largely independent from

nanoparticle biophysical properties. Further studies on specific mechanisms of gene delivery

uptake will help improve our understanding of how differential polymer structure affects

transfection efficacy and we are currently undertaking these studies.
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Conclusions

Development of non-viral nanoparticles for gene delivery requires a greater understanding

of the properties that enable gene delivery nanoparticles to overcome the numerous barriers

to intracellular DNA delivery. Here we evaluated the effects of small structural perturbations

within an array of linear poly(beta-amino ester)s (PBAEs) on polymer properties which are

related to the barriers to intracellular gene delivery. Previous work has not investigated

PBAE buffering capacity or examined the degradation rate of PBAEs formed from Michael

addition of a primary amine containing side chain and a diacrylate. Interestingly, the PBAE

polymers generally showed very rapid degradation in physiological conditions (t½ = 90 min

– 6 hours). On a per mass basis, PBAEs buffered 1.4–4.6 mmol H+/g. When compared to 25

kDa polyethyleneimine (PEI), PBAEs buffer significantly fewer protons/mass. However,

since the PBAEs are much less cytotoxic and degrade so rapidly, they can be formulated at

significantly higher weight ratios without substantial toxicity, and thus total buffering

capacity of PBAE based particles significantly exceeds that of PEI. This may explain the

requirement for higher w/w ratios to achieve optimal efficacy using PBAEs compared to

other polymer systems, and the rapid degradation rate may explain the low toxicity observed

with large amounts of polymer.

Acrylate-terminated base polymers were much less efficacious than corresponding small

molecule amine-containing end-capped versions, both in terms of uptake and transfection,

even though there are minimal differences between acrylate and amine-terminated polymers

in terms of DNA retardation in gel electrophoresis, nanoparticle size, nanoparticle zeta

potential, polymer buffering capacity and cytotoxicity. This is a very interesting finding, and

further investigation into the source of the considerable difference in efficacy seen here

would be important. These studies further elucidate the role of polymer structure for gene

delivery and highlight that small molecule end-group modification of a linear polymer can

be critical for cellular uptake in a manner that is largely independent of polymer/DNA

binding, particle size, and particle surface charge.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) The base polymer is formed via Michael addition of diacrylates (“B”) and primary

amines (“S”); the diacrylates are added in excess to form an acrylate terminated precursor.

(B) In a second step, the diacrylate terminated base polymer is end-modified with an end

capping amine (“E”), to form the end-modified polymer. (C) Monomers used in this study.
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Figure 2.
(A) Zeta potential of selected polymers. (B) Nanoparticle diameters measured using

dynamic light scattering and nanoparticle tracking analysis. (Note – Figure legend was

changed in this draft)
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Figure 3.
Gel electrophoresis of PBAE/DNA nanoparticles formed at 60 w:w (polymer:DNA ratio)

(A) without bromophenol blue and (B) with bromophenol blue. For brevity, polymer names

were shortened to remove the B-S-E designation, such that 444 is B4-S4-E4 and 357 is B3-

S5-E7.
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Figure 4.
Acid-base titration curves for selected polymers and normalized for 150 mM aqueous NaCl.

Measurements were taken using a Mettler Toledo S20 pH meter. pH was adjusted to pH 3

with HCl, then titrated with NaOH. (Note – Figure labels were changed in this draft to

reflect the general nomenclature)
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Figure 5.
Degradation of polymers over time by GPC. MW is normalized (set = 1) to initial MW at t =

0. The majority of polymers showed extensive degradation by 4 hours.
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Figure 6.
DNA nanoparticle uptake (A), cellular transfection (B), and cellular viability (C) after

application of nanoparticles to cells. Data are presented as mean ± SEM. * Statistically

significant improvement (p < 0.05) vs. 25 kDa PEI control for uptake and transfection plots;

statistically significantly increased cytotoxicity (p < 0.05) vs. untreated control. (Note –

Figure labels were changed in this draft to reflect the general nomenclature)
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Table 1

Buffer capacities of selected polymers were calculated using the titration curves found in Figure 2.

Polymer Buffer Capacity Per Amine:
Protons buffered/
Total amines (%)

Buffer Capacity Per Mass:
Protons buffered/
Total mass (mmol H+/g)

MW
(kDa)

Half
Life (h)

B3-S5-E7 80 4.4 8.8 4.4

B3-S5-Ac 64 2.8

B4-S5-E7 80 4.2 5.8 5.1

B4-S5-Ac 72 3.0

B5-S5-E7 65 3.3 20.1 1.2

B5-S5-Ac 69 2.7

B6-S5-E7 95 4.6 11.7 3.6

B6-S5-Ac 73 2.7

B4-S4-E4 49 2.3 18.0 6.1

B4-S5-E4 49 2.2 11.7 5.3

B4-S4-E6 52 2.5 10.7 5.5

B4-S5-E6 52 2.5 6.9 6.5

B4-S4-E7 1.2 61 2.8 21.1 1.6

B4-S4-E7 1.1 58 2.6 22.6 4.6

B4-S4-E7 1.05 38 1.7 33.1 3.9

PBAEs 34–95 1.4–4.6 5.8–33.1 1.6–6.5

PEI 26 6.2 25.0

(Note – Polymer names were changed in this table in this draft to reflect the general nomenclature)
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