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Abstract

Many synthetic polycationic vectors for non-viral gene delivery show high efficiency in vitro, but

their usually excessive charge density makes them toxic for in vivo applications. Here we describe

the synthesis of a series of high molecular weight terpolymers with low charge density, and show

that they exhibit efficient gene delivery, some surpassing the efficiency of the commercial

transfection reagents Polyethylenimine and Lipofectamine 2000. The terpolymers were

synthesized via enzyme-catalyzed copolymerization of lactone with dialkyl diester and amino diol,

and their hydrophobicity adjusted by varying the lactone content and by selecting a lactone

comonomer of specific ring size. Targeted delivery of the pro-apoptotic TRAIL gene to tumour

xenografts by one of the terpolymers results in significant inhibition of tumour growth, with

minimal toxicity both in vitro and in vivo. Our findings suggest that the gene delivery ability of the

terpolymers stems from their high molecular weight and increased hydrophobicity, which

compensates for their low charge density.

Non-viral vectors for gene delivery have attracted much attention in the past few decades

because of their potential for limited immunogenicity, their ability to accommodate and

deliver large-size genetic materials, and the potential for modification of their surface

structures. The major categories of non-viral vectors include cationic lipids and cationic

polymers. Cationic lipid-derived vectors, which were pioneered by Feigner and colleagues1,

represent the most extensively investigated systems for non-viral gene delivery2,3. Cationic
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polymer non-viral vectors have gained increasing attention because of flexibility in their

synthesis and structural modifications for specific biomedical applications. Both cationic

lipid and cationic polymer systems deliver genes by forming condensed complexes with

negatively charged deoxyribonucleic acid (DNA) through electrostatic interactions: complex

formation protects DNA from degradation and facilitates its cellular uptake and intracellular

traffic into the nucleus. Polyplexes formed between cationic polymers and DNA are

relatively more stable than lipoplexes formed between cationic lipids and DNA (ref. 4), but

both are often unstable in physiological fluids, which contain serum components and salts,

and in which the complexes tend to break apart or aggregate5. Furthermore, although some

work suggests that anionic polymers6,7 or even naked DNA (refs 8,9) can provide some

level of transfection under certain conditions, transfection by both lipids and polymers

usually requires materials with excess charge, resulting in polyplexes or lipoplexes with net

positive charges on the surface. When injected into the circulatory system in vivo, the

positive surface charge initiates rapid formation of complex aggregates with negatively

charged serum molecules or membranes of cellular components, which are then cleared by

the reticuloendothelial system (RES). More importantly, many cationic vectors developed so

far exhibit substantial toxicity5,10–13, which has limited their clinical applicability. This too

appears to depend on charge: excess positive charges on the surface of the complexes can

interact with cellular components, such as cell membranes11, and inhibit normal cellular

processes, such as clathrin-mediated endocytosis10, activity of ion channels, of membrane

receptors and enzymes11, and cell-survival signalling12. As a result, cationic lipids often

cause acute inflammatory responses in animals and humans5,13, whereas cationic polymers,

such as polyethylenimine (PEI), destabilize the plasma membrane of red blood cells and

induce cell necrosis, apoptosis and autophagy5,10,13. Because of these undesirable effects,

there is a need for highly efficient non-viral vectors that have lower charge densities.

Recently, we synthesized a family of biodegradable poly(amine-co-esters) formed through

enzymatic copolymerization of diesters with amino-substituted diols14,15. Diesters with

various chain lengths (for example, from succinate to dodecanedioate) were successfully

copolymerized with diethanolamines with either an alkyl (methyl, ethyl, n-butyl, t-butyl) or

an aryl (phenyl) substituent on the nitrogen. The high tolerance of the lipase catalyst allowed

the copolymerization reactions to complete in one step without protection and deprotection

of the amino functional groups. Following protonation in slightly acidic conditions, these

poly(amine-co-esters) readily condense DNA and form nanosized polyplexes. Screening

studies revealed that one of these materials, poly(N-methyldiethyleneamine sebacate)

(PMSC), transfected a variety of cells, including Human Embryonic Kidney (HEK) 293,

U87-MG, and 9L, with efficiencies comparable to that of leading commercial products, such

as Lipofectamine 2000 and PEI (ref. 14). PMSC had been previously used for gene

delivery16,17, but the delivery efficiency of the enzymatically synthesized materials was

approximately five orders of magnitude higher than any previously reported. We

hypothesize that this greater efficiency is due to the higher molecular weight obtained by our

enzymatic synthesis: for example, PMSC synthesized via polycondensation of sebacoyl

chloride with N-methyldiethanolamine has a weight-average molecular weight (Mw) less

than 18.5kDa (refs 16,17), whereas the PMSC prepared using the lipase catalyst has a Mw of

over 30kDa.
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We hypothesize that molecular weight and hydrophobicity are important factors for gene

delivery, particularly for polycationic polymers with a low charge density. Cationic

polymers with a high charge density, such as PEI, are able to condense DNA predominantly

through ionic interactions. In contrast, ionic interactions alone might not be sufficient for

formation of stable polyplexes with DNA using polymers with a low charge density. For

those polycations, a further chain entanglement effect, which depends on polymer molecular

weight, might be required18. Furthermore, DNA condensation is an entropically driven

process, which relies on the release of counter ions of the DNA phosphate groups19.

Compared with low molecular weight polycation polymers, high molecular weight

polycations can afford more entropy loss, and thus are theoretically more efficient in

condensing DNA (ref. 20). As well as the favourable molecular weight of the enzymatically

synthesized PMSC, the hydrophobicity of the sebacate units in the polymer should also

contribute to its gene delivery efficiency. Compared with most cationic polymers, PMSC

has low nitrogen content (4.9 wt% versus 33 wt% in PEI); thus, relatively weak ionic

interactions between PMSC and DNA are anticipated. In aqueous medium, this factor can

potentially be compensated by strong interactions between the sebacate units of PMSC,

which might form hydrophobic domains that non-covalently crosslink PMSC-DNA

polyplexes and enhance their stability. Others have provided evidence that hydrophobicity is

an important influencing factor for gene delivery21, which functions to: (1) enhance DNA

condensation through cooperative binding22,23; (2) promote polyplex charge inversion and

allow interaction with cell membranes22; (3) strengthen interactions with phospholipid

membranes, thus promoting endocytosis24,25; (4) alleviate serum inhibition26,27; and (5)

facilitate DNA release from polycation carriers28. Unfortunately, the role of hydrophobicity

of cationic polymers in gene delivery is underappreciated.

Synthesis and characterization of terpolymers

In prior work, we found that PMSC was an efficient vector for in vitro transfection of cell

lines and for direct intratumoral gene delivery in vivo14, but was not able to deliver genes

after systemic administration (unpublished data). We hypothesized that modification of

PMSC chain structures with additional hydrophobic repeat units might lead to more efficient

gene vectors. For this purpose, we have developed a novel method for the synthesis of

terpolymers from lactone, diethyl sebacate (DES) and N-methyldiethanolamine (MDEA)

using Candida antarctica lipase B (CALB) as catalyst. As reported previously, CALB is an

efficient catalyst for combined ring-opening and condensation copolymerization of lactone

with dialkyl diester and conventional diol monomers29,30. The terpolymerization of DES

and MDEA with lactones of various ring sizes was performed in two stages: oligomerization

under 1 atmospheric pressure of nitrogen, followed by polymerization at 1.6 mmHg vacuum

(Fig. 1a). During the initial oligomerization, the monomers were converted to non-volatile

oligomers. The subsequent use of high vacuum facilitates removal of the by-product ethanol,

thus accelerating polymer chain growth. This method allowed for the synthesis of novel

poly(amine-co-esters) with diverse chain structures and tunable hydrophobicity; the method

is unique in that lactones in a wide range of ring sizes (C6 to C16) can serve as comonomers,

and in that the copolymerization reactions were accomplished in one step without protection

and deprotection of the amino group of MDEA. Such amino-bearing copolyesters would be
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extremely difficult to synthesize using conventional organometallic catalysts, as metal

catalysts are often sensitive to (or deactivated by) organic amines31 and are known to be

inefficient for polymerizing large ring lactone monomers32. Furthermore, enzymatic

polymerization catalysis has distinct advantages for producing biomedical polymers owing

to the high activity and extraordinary selectivity of enzyme catalysts and the resultant high

purity of products that are also metal-free19. In the design of the current polycationic gene

carriers, lactone was chosen as one of the comonomers, because the hydrophobicity of

lactone-DES-MDEA terpolymers could be effectively altered by choosing a lactone with a

specific ring size and/or by adjusting lactone unit content in the terpolymers. Furthermore,

readily available lactones of various ring sizes are known to possess low toxicity: for

example, polyesters derived from small lactones, such as poly(ε-caprolactone) and poly(p-

dioxanone), are commercial biomaterials and have been used in clinical applications. Large

(for example, C16–C24) lactones and their polyester derivatives are natural products that

were found to be present in several different species of bee33–35.

Table 1 shows the yield, composition, molecular weight, poly-dispersity, and other

characterization data of selected lactone-DES-MDEA terpolymers that were prepared as

described above. Complete data on all terpolymers, including those samples that have low

solubility in polar organic solvents (for example, dimethyl Sulphoxide (DMSO)) and thus

were not able to form polyplexes with DNA, are summarized in Supplementary Table S1.

To simplify nomenclature in this report, CL-DES-MDEA, DDL-DES-MDEA, PDL-DES-

MDEA, and HDL-DES-MDEA terpolymers are designated as polymer I, II, III, and IV,

respectively (Table 1a; CL is ε-caprolactone, DDL is 12-dodecanolide, PDL is 15-

pentadecanolide and HDL is 16-hexadecanolide). The composition of each individual

terpolymer is further denoted as x% lactone, indicating the lactone unit content (mol%

versus (lactone+sebacate) units) in the polymer. For example, II-40%DDL and III-20%PDL

represent DDL-DES-MDEA copolymer with 40% DDL and PDL-DES-MDEA copolymer

with 20% PDL, respectively. The lactone-DES-MDEA terpolymers were obtained in good

yields (80–86%) and the compositions of the terpolymers were readily controlled by

adjusting the corresponding monomer feed ratio (Table 1). The molecular weight (Mw) of

the polymers ranged from 18,000 to 39,000, with polydispersity (Mw/Mn) between 1.8 and

2.3. Compared with PEI, which contains 32.6 wt% nitrogen, the lactone-DES-MDEA

terpolymers had low nitrogen contents (1.9–4.7 wt%). In general, the solubility of lactone-

DES-MDEA terpolymer in DMSO decreases with increasing lactone ring size at a given

lactone content. Among terpolymers synthesized from the same lactone, solubility in DMSO

is lower at a higher lactone content.

The lactone-DES-MDEA terpolymers were characterized by 1H and 13C NMR

spectroscopy. As expected, the polymer chains consist of three different types of repeat unit:

lactone, MDEA, and sebacate (Fig. 1a). Proton NMR spectra were used to measure the

composition (repeat unit ratio) of the terpolymers. The repeat unit sequence distributions

(diad distributions) in the polymers were analysed by 13C NMR spectroscopy and the

experimental results were compared against the values calculated for statistically random

terpolymers at same compositions. Consistent with the microstructures of PDL-diethyl

succinate-1,4-butanediol terpolymers that were prepared previously using the same
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catalyst29,30, the unit arrangements in lactone-DES-MDEA copolymers were also random.

Thus, these polymers can also be described as poly(lactone-co-diethyleneamine-co-

sebacate). Further analyses on the structure, composition, and unit sequence distribution of

lactone-DES-MDEA terpolymers are presented in the Supplementary Information.

Because of the branching nature of the tertiary amino groups in polymer chains, PMSC was

a viscous liquidatambient temperature. Incorporation of lactone into the poly(amine-co-

ester) resulted in lactone-DES-MDEA terpolymers in which the physical properties vary

substantially depending on the ring size of the lactone and its content in the polymers. In

general, the terpolymers with a small-ring lactone and low lactone content are liquids, and

those with a large lactone and a high lactone content are waxy or solid materials. Thus, I-

(10–80)% CL, II-(10–40)% DDL, III-(10–20)% PDL, and IV-10% HDL were viscous

liquids at room temperature whereas II-(60–80)% DDL, III-(40–80)% PDL, and IV-(20–

80)% HDL were either semisolidor solid polymers (Supplementary Table S1).

Gene delivery with terpolymers

All liquid terpolymers were evaluated for luciferase gene transfection on HEK293 and A549

cells. Gene transfection efficiency increased with increasing lactone content for both

terpolymer II and III (Fig. 2a). Thus, II-40% DDL transfected A549 cells with an efficiency

that is 2, 162, and 1,047 times higher than that of II-20% DDL, II-10% DDL, and PMSC,

respectively. On the other hand, III-20% PDL was 6 and 1,259 times more efficient than

III-10% PDL and PMSC, respectively, in transfecting A549 cells (Fig. 2a). A similar trend

was observed for transfecting HEK293 cells (Fig. 2a). Although group I terpolymers in

general were more effective gene carriers than PMSC, the correlation between their

transfection efficiency and lactone content does not follow a simple, consistent trend as

observed for terpolymers II and III. Lactone ring size also significantly affects the gene

delivery performance of the terpolymers. At a given lactone content, terpolymers with long

chain lactone units deliver genes with higher efficiency than those with short chain lactone

units. For example, the efficiency of HEK293 cell transfection was 27 times higher for

III-10% PDL versus II-10% DDL, and was 27 times higher for III-20% PDL versus II-20%

DDL (Fig. 2a). Similar lactone size effects were observed for the transfection of A549 cells

(Fig. 2a). These results demonstrate that gene transfection efficiency of lactone-DES-MDEA

terpolymers can be improved by using a large lactone and by adjusting lactone content in the

polymers. The remarkable effects of lactone ring size and lactone unit content on gene

transfection performance of lactone-DES-MDEA terpolymers support our hypothesis that

hydrophobicity plays an important role in influencing transfection efficiency of cationic

polymers.

Among all terpolymers evaluated, III-20% PDL showed the best gene delivery ability.

Terpolymer III with a higher PDL content (for example, III-40% PDL and III-60% PDL)

and lactone-DES-MDEA terpolymers with a larger lactone (for example, group IV

terpolymers) had low solubility in polar organic solvents (for example, DMSO), and were

not able to form polyplexes in aqueous solution. Despite the fact that III-20% PDL has

lower nitrogen density than PMSC (Table 1), the optimal polyplex composition for gene

delivery was the same (at 100:1 weight ratio of polymer to DNA) for both polymers (Fig. 2b
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and ref. 14). There was a dramatic increase in transfection efficiency between particles with

25:1 and 50:1 polymer to DNA ratio, which potentially can be explained by the difference in

size of these complexes (see Supplementary Fig. S4). A polymer to DNA ratio of 100:1 was

selected for all subsequent experiments: at this ratio, nanoparticle complexes are spherical in

shape, as determined by both transmission electron microsopy (TEM) and scanning elctron

microscopy (SEM) (Fig. 1b and Supplementary Fig. S5). III-20% PDL/DNA complexes are

more stable than traditional polyplexes, such as PEI/DNA complexes: incubation of

complexes in 2% heparin released 65% of DNA from III-20% PDL/DNA complexes,

compared with 97% for PEI/DNA complexes (see Supplementary Fig. S6). In a typical

III-20% PDL/DNA suspension, 80% of III-20% PDL is associated with DNA (see

Supplementary Fig. S7). Because of the low charge density and predominantly hydrophobic

composition of III-20% PDL, the terpolymer that is not associated with DNA is water

insoluble, so the remaining 20% of terpolymer is probably present as particulates

(Supplementary Fig. S7). Further experiments demonstrated that III-20% PDL with 100:1

polymer to DNA ratio was sufficient to condense DNA (Supplementary Fig. S8) and protect

DNA from enzymatic degradation (Supplementary Fig. S9).

At the 100:1 weight ratio, III-20% PDL transfected A549 cells with 81 and 166 times higher

efficiency than Lipofectamine 2000 and PEI, respectively. For transfection of HEK293 cells,

III-20% PDL was ∼50 times more efficient than Lipofectamine 2000 and PEI (Fig. 2a).

However, under conditions that allow optimal transfection efficiency, Lipofectamine 2000

and PEI are toxic. Incubation of complexes of DNA with Lipofectamine 2000 at the optimal

transfection conditions in this study inhibited cell proliferation by over 50%. PEI has similar

toxicity. For this reason, Lipofectamine 2000 and PEI are normally used to transfect cells

only at high confluence, where sufficient numbers of cells can survive. III-20% PDL is

much less toxic than Lipofectamine 2000 and PEI (Fig. 2c,d). PEI killed all cells three days

after treatment at 10µgml−1. In contrast, III-20% PDL was non-toxic even at concentrations

as high as 500 µgml−1 (Fig. 2c,d).

Effectiveness of gene delivery in vivo

Because of its excellent transfection capability and low toxicity, III-20% PDL was tested for

in vivo gene therapy by injection into mice bearing A549-derived tumour xenografts. First,

polyplexes of III-20% PDL terpolymer with luciferase plasmid (pLucDNA) was

administered through the tail vein: this treatment resulted in limited expression of luciferase

in the tumours (no coat, Fig. 3a). We hypothesized that this low gene delivery efficiency

was caused by (1) the positive charges on the polyplex surface (zeta potential of the

polyplex: +8.9 mV) (Table 2), which attracts and binds with negatively charged plasma

proteins in the blood during circulation, leading to its rapid clearance by the RES and (2) the

instability of the polyplex nanoparticles. As evidence of instability, polyplex particles

incubated in NaAc buffer solution containing 10% serum nearly doubled in size within 15

min and increased by over ten fold after 75min (Fig. 3c). As the result of this increase in

size, polyplexes might be cleared from the circulation by uptake in the liver. Based on this

hypothesis, to improve in vivo gene delivery we modified the surface of III-20% PDL/

pLucDNA polyplexes by coating the particles with polyE-mRGD, a synthetic peptide

containing three distinct segments. The first segment is a 16-(amino acid) polyglutamic acid
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(polyE), which is negatively charged at physiological pH and, therefore, capable of

electrostatic binding to the positively charged surface of the polyplexes. The second segment

is a 6-unit neutral polyglycine, which serves as a neutral linker. The third segment is the

amino acid sequence arginine–glycine–aspartic acid-lysine (RGDK, mRGD), which

includes the RGD sequence that binds the tumour endothelium through the interaction of

RGD with αvβ3 and αvβ5. Furthermore, R/KxxR/K allows binding to neuropilin-1 (refs

36,37). Bindings with integrins and neuropilin-1 are thought to be critical for tumour-

targeted and tissue-penetrating delivery to tumours in vivo36,37. Similar approaches have

been reported to facilitate ligand-specific gene delivery in vitro38 and targeted gene delivery

to liver, spleen, and bone marrow in vivo39. Coating with polyE–mRGD reversed the surface

charge of III-20% PDL/pLucDNA polyplex (Fig. 3b): when polyE–mRGD was added at 5:1

peptide/DNA weight ratio, the zeta potential of the polyplex changed from +8.9 mV to

−5.8mV. Peptide coated polyplexes were stable on incubation in NaAc buffer containing

10% serum (Fig. 3b), and were resistant to aggregation (Fig. 3c), suggesting that the

modified polyplexes can escape clearance by the RES during circulation in vivo. Resistance

to aggregation is particularly important, because small particle size limits clearance by the

liver and maintains transfection ability of polyplex particles at the tumour site. We observed,

however, that overcoating of III-20% PDL/pLucDNA polyplex significantly decreased

transfection (Fig. 3d), despite our observation that uptake efficiency for overcoated (10×)

polyplexes was not reduced in comparison to optimally coated (5×) particles

(Supplementary Fig. S10). On the basis of these results, the ratio of peptide to DNA at 5:1

was selected for the subsequent in vivo studies.

As polyE–mRGD contains tumour-targeting and tissue-penetrating functionality, we

anticipated that intravenous administration of coated III-20% PDL/pLucDNA polyplexes

would allow delivery of genes, and expression of luciferase, in the tumour. Indeed,

compared with the uncoated polyplex particles, the coated polyplexes exhibited ∼14,000

times higher gene expression in tumour (Fig. 3a). Subsequently, we tested to see whether

polyE–mRGD coated polyplex particles of III-20% PDL with therapeutic DNA could

deliver genes to inhibit tumour growth. It is well known that the tumour-necrosis–factor-

related apoptosis-inducing ligand (TRAIL) can preferentially kill malignant tumour

cells40,41, inhibit tumour-related angiogenesis42, but not harm normal cells40,41. As well as

direct tumour cell killing via transfection, TRAIL is also known to induce apoptosis in

adjacent tumour cells owing to a bystander effect40. For this reason, a construct containing a

fused TRAIL-green fluorescent protein (GFP) segment, pEGFP-TRAIL, was chosen as a

therapeutic agent. III-20% PDL/pEGFP-TRAIL polyplexes were prepared, coated with

polyE-mRGD, and then injected via tail vein in animals bearing tumours40. In preliminary in

vitro studies, we observed that III-20% PDL complexed with pEGFP delivered the gene

with an efficiency significantly higher than that of Lipofectamine 2000 or PEI (Fig. 4a).

Cytotoxicity due to TRAIL was efficiently achieved in vitro by III-20% PDL/pEGFP-

TRAIL polyplexes: five days after transfection, proliferation of A549 cells was inhibited by

58%, compared with cells treated with a vector control. In contrast, treatments with

Lipofectamine/TRAIL and PEI/TRAIL complexes inhibited cell proliferation by only 21%

and 9%, respectively (Supplementary Fig. S11). Furthermore, 5× coating, which was

selected as the optimal for our in vivo study, did not coat Lipofectamine/DNA complexes
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and was insufficient to coat PEI/TRAIL complexes (Supplementary Fig. S12). For in vivo

tumour treatment, polyE–mRGD coated III-20% PDL/pEGFP-TRAIL polyplexes were

administrated three times a week for six weeks at a dose of 1.7 mg per mouse. During the

entire course of treatment, no toxicity—as measured by weight loss, for example—was

observed (Fig. 4b). Treatment of polyE–mRGD coated III-20% PDL/pEGFP-TRAIL

polyplexes significantly inhibited tumour growth. By the end of the experiment, the average

tumour size in the mouse group treated with the coated TRAIL polyplex was ∼300mm3,

which was significantly smaller than the average tumour size for the groups treated with

control polyplexes (polyE–mRGD coated III-20% PDL/pLuc) or phosphate buffered saline

(PBS), which were ∼700 mm3 (p < 0.05, one-way analysis of variance (ANOVA); Fig. 4c).

Histochemical analysis by terminal deoxynucleotidyl transferase (TUNEL) staining revealed

a significant increase in the number of apoptotic cells after treatment with TRAIL (Fig. 4d).

The tumour inhibition activity of coated III-20% PDL/pEGFP-TRAIL polyplexes was not

due to either naked DNA or polyE-mRGD, because, independently, both of them exhibited

limited toxicity (see Supplementary Fig. S13).

Methods

Synthesis and purification of lactone-DES-MDEA terpolymers

The copolymerization of lactone with diethyl sebacate (DES) and MDEA was performed in

diphenyl ether solution using a parallel synthesizer connected to a vacuum line with the

vacuum (±0.2 mmHg) controlled by a digital vacuum regulator. In a typical experiment,

reaction mixtures were prepared, which contained three monomers (lactone, DES, and

MDEA), Novozym 435 catalyst (10 wt% versus total monomer), and diphenyl ether solvent

(200 wt% versus total monomer). The copolymerization reactions were carried out at a

constant temperature in two stages: first-stage oligomerization, followed by second-stage

polymerization. The reaction temperature was 80°C for the reactions of CL with DES and

MDEA, and was set at 90°C for the copolymerizations of all other lactones (DDL, PDL,

HDL) with DES and MDEA. During the first-stage reaction, the reaction mixtures were

stirred under 1 atm of nitrogen gas, after which the reaction pressure was reduced to 1.6

mmHg and the reactions were continued for a further 72 h. The terpolymer products were

isolated and purified according to the following procedures.

Because the solubility and physical properties of the terpolymers vary substantially

depending on the ring size of the lactones and the lactone unit content in the polymers, two

different purification methods were developed to isolate the polymer products. For

purification of those polymers that are viscous liquids or waxy solids (for example, CL-

DES-MDEA terpolymers with ≤80% CL, DDL-DES-MDEA terpolymers with ≤40% DDL,

PDL-DES-MDEA terpolymers with ≤20% PDL, and HDL-DES-MDEA terpolymers with

≤20% HDL), the crude product mixtures were first mixed with hexane to cause the

precipitation of the polymers. The precipitated polymers were then washed several times

with fresh hexane to extract and remove the residual diphenyl ether solvent from the

polymers. Subsequently, the terpolymers were dissolved in dichloromethane and filtered to

remove catalyst particles. Evaporation and complete removal of the CH2Cl2 solvent from

the filtrates at 40°C under high vacuum (1.0 mm Hg) yielded the purified terpolymers. On
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the other hand, for purification of the solid lactone-DES-MDEA terpolymers (for example,

DDL-DES-MDEA terpolymers with > 40% DDL, PDL-DES-MDEA terpolymers with >

20% PDL, and HDL-DES-MDEA terpolymers with >20% HDL), the crude product

mixtures were first dissolved in chloroform. The resultant polymer solutions were then

filtered to remove the enzyme catalyst. After being concentrated under vacuum, the filtrates

were added dropwise to stirring methanol to cause precipitation of the terpolymers. The

obtained white solid polymers were subsequently washed with methanol three times and

dried at 40°C under high vacuum (1.0 mm Hg) for 16 h. The isolated yield, composition,

molecular weight (Mw), and polydispersity (Mw/Mn) of selected terpolymers are reported in

Table 1. The complete data for all synthesized lactone-DES-MDEA copolymers are

summarized in Supplementary Table S1. Analyses on the composition and molecular

structures of the terpolymers by 1H and 13C NMR spectroscopy are also discussed in the

Supplementary Information.

Evaluation of polyplexes

In vitro transfection and characterization of polyplexes are described in Supplementary

Information. For in vivo evaluation, female athymic (NCR-nu/nu) nude mice were purchased

from the National Cancer Institute and maintained in a sterile environment. All procedures

were approved by the Institutional Animal Care and Utilization Committee (IACUC) of

Yale University. To establish tumours, mice were injected with 1 × 106 A549 tumour cells

subcutaneously. For luciferase transfection assay, experiments started when tumour volumes

reached 200–300 mm3. 200 µl of the coated polyplexes, which were prepared as described in

Supplementary Information, were then injected through tail vein. Transfection was

conducted for three consecutive days. Two days after the last transfection, mice were killed.

Tumours were excised, homogenized in lysis buffer and subjected to luciferase assay. For

treatment evaluation, experiments were started when tumour volumes reached ∼50 mm3.

Mice were randomly divided into four groups of eight mice per treatment group as follows:

group 1, PBS control; group 2, coated luciferase polyplexes; group 3, non-coated TRAIL

polyplexes; group 4, coated TRAIL polyplexes. Injections were performed through tail vein

three days a week (Monday, Wednesday and Friday) until the end of the experiments.

Tumour size was measured two times a week using traceable digital vernier calipers

(Fisher). The tumour volumes were determined by measuring the length (l) and the width

(w) and calculating the volume (V = 1/2 × lw2). The growth curve was plotted with respect

to tumour volumes. One-way ANOVA analysis was performed to determine the statistical

significance of treatment-related changes in tumour volume in athymic nude mice. p value

smaller than 0.05 was considered to be significant. The animals were killed two days after

the last treatment and the tumours were excised and formalin-fixed for

immunohistochemistry. Slides of serial sections were stained with TUNEL for analysis of

therapeutic effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Synthesis and characteristics of polymers and terpolymer/DNA complexes
a, Two-stage process for terpolymerization of lactone with DES and MDEA. b,

Visualization of |||-20% PDL/DNA polyplexes at 100:1 weight ratio using TEM. Scale bar

represents 1 µm.
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Figure 2. Gene delivery efficiency and toxicity of terpolymer
a, Gene delivery efficiency of terpolymers on HEK293 cells (open square) and A549 cells

(open diamond). Polyplexes of DNA and terpolymer were prepared at a weight ratio of

1:100. Transfections by Lipofectamine 2000 and PEI were performed according to the

manufacturer’s standard protocols. The same amount of DNA was used for all transfection

experiments. b, The effect of III-20% PDL to DNA ratio on transfection efficiency on

HEK293 cells. The same amount of DNA but various amount of polymer, as indicated, was

used for forming polyplexes. c, d, Toxicity of PEI (open square) and III-20% PDL (open

diamond) on HEK293 cells (c) and A549 cells (d). Toxicity is given as the percentage of

viable cells remained after treatment for three days, compared against the control vehicle

treated cells. Cell number was determined by the standard MTT assay. All experiments were

carried out in triplicate and the standard deviation is shown by the error bars. Luciferase

signal was detected 48 h after transfection. Luciferase signal is normalized by the amount of

protein for comparison.
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Figure 3. Coating III-20% PDL/DNA polyplexes with peptide polyE–mRGD for improved
stability in vitro and gene delivery in vivo
a, Comparison between coated and uncoated polyplexes for in vivo luciferase transfection.

Polyplexes were administrated through tail vein injection. Luciferase expression was

determined 48 h after the last treatment of three consecutive daily treatments. b, Coating

with polyE–mRGD prevented change of surface charge in serum. Polyplexes was prepared

by mixing polymer and DNA and incubated at room temperature for 10 min. Then, polyE–

mRGD was added at the indicated concentrations and coating allowed for 5 min. The zeta

potential of the coated polyplexes was determined 5 min after their incubation in NaAc

buffer containing 10% FBS. c, Change of coated and non-coated polyplex size in NaAc

buffer containing 10% FBS. Coated polyplexes were prepared as described in b. Sizes of

polyplexes were determined by dynamic light scattering at various time intervals. d, The

effect of coating on transfection efficiency in vitro. When polyE–mRGD was added at 2.5:1

and 5:1 peptide/DNA weight ratios, a slight decrease in transfection efficiency of III-20%

PDL/pLucDNA polyplex was observed. In contrast, when the peptide to DNA ratio

increased to 10:1, the transfection efficiency of the polyplex decreased by over 3,000 times.
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All experiments were carried out in triplicate and the standard error are shown by the error

bars.
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Figure 4. Evaluation of coated III-20%PDL/TRAIL DNA polyplexes in vivo
a, Flow cytometry analysis of A549 cells transfected with pEGFP, using III-20% PDL,

Lipofectamine 2000 and PEI. A549C: control untransfected A549 cells. Cell transfection

was performed in a 6-well plate. DNA complexes with polymer or lipofectamine were

prepared as described in the main text. 4 µg of plasmid was used for all vectors. GFP

analysis was performed two days after transfection. b, Change of mouse weight during

systemic administration of III-20% PDL/TRAIL polyplexes. Polyplexes were administrated

through tail vein injection three days a week, at the dose of 1.7 mg per mouse, for 6 weeks.
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The dose was chosen based on the maximum amount of the polymer that can be used in 200

µl buffer solution for injection. Luc: luciferase. c, Antitumour effects of III-20% PDL/

TRAIL polyplexes. Treatment started when the tumour reached a size of ∼50 mm3. Data are

given as mean (n = 5). d, TUNEL staining demonstrated a marked increase in the number of

apoptotic cells following treatment with TRAIL, as indicated by the significantly increased

number of TUNEL-positive cells in the coated III-20% PDL/TRAIL group (right), as

compared with the control group (left); ×20 magnification.
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Table 2

Physical properties of polyplex nanoparticles formed from DNA (pGL4.13) and lactone-DES-MDEA

terpolymer.

Polymer name* N/P†
(molar ratio)

Mean particle
radius (nm)

Zeta potential
(mV)

PMSC‡ 116 70 15.7

I-10%CL 111 73 11.3

I-20%CL 105 107 10.8

I-40%CL 91 45 15.3

I-60%CL 72 43 16.7

I-80%CL 45 117 7.3

II-10%DDL 107 69 10.4

II-20%DDL 99 93 11.6

II-40%DDL 79 90 8.9

III-10%PDL 106 86 13.2

III-20%PDL 96 75 8.9

IV-10%HDL 105 - -

*
See Table 1 for polymer nomenclature.

†
All polyplex nanoparticles were formed at 100:1 weight ratio (polymer/DNA).

‡
PMSC is included here as a reference polymer.
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