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Abstract 

A focused library of twenty-one cationic poly(amino ethers) was synthesized following 
ring-opening polymerization of two diglycidyl ethers by different oligoamines. The polymers 
were screened in parallel for plasmid DNA (pDNA) delivery, and transgene expression ef-
ficacies of individual polymers were compared to those of 25 kDa polyethylenimine (PEI), a 
current standard for polymer-mediated transgene delivery. Seven lead polymers that 
demonstrated higher transgene expression than PEI in pancreatic and prostate cancer cells 
lines were identified from the screen. All seven lead polymers showed highest transgene 
expression at a polymer:pDNA weight ratio of 5:1 in the MIA PaCa-2 pancreatic cancer cell 
line. Among the conditions studied, transgene expression efficacy correlated with minimal 
polymer cytotoxicity but not polyplex sizes. In addition, this study indicated that methylene 
spacing between amine centers in the monomers, amine content, and molecular weight of the 
polymers are all significant factors and should be considered when designing polymers for 
transgene delivery. A lead effective polymer was employed for coating gold nanorods, leading 
to theranostic nanoassemblies that possess combined transgene delivery and optical imaging 
capabilities, leading to potential theranostic systems. 

Key words: non viral gene delivery, gold nanorods, two photon imaging, combinatorial synthesis, 
polymer library. 

INTRODUCTION 
Viruses have been employed for transgene de-

livery to various cell lines, both in vitro 1-4 and in vivo 
5,6, primarily due to high levels of expression observed 
with these delivery vectors. While the use of viral 
vectors can result in high transfection efficacies, con-
cerns with high immunogenicity and insertional mu-
tagenesis limit their repeated use in vivo 7. Non-viral 
vectors, including cationic polymers, have been ex-
plored and developed as safer alternatives to viral 
vectors due to the ease of synthesis, scale up, versatil-

ity, and in some cases, biocompatibility and biodeg-
radability 8. In addition, cationic polymers have also 
been investigated to enhance viral transduction 2,9-11. 

Cationic polymers bind negatively charged 
plasmid DNA (pDNA) forming polymer/pDNA 
complexes (polyplexes), which can interact with neg-
atively charged cell membranes and other surface 
proteins. This interaction induces uptake of the poly-
plex into cell via endocytosis resulting in their deliv-
ery to intracellular endosomal compartments. Suc-
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cessful delivery vehicles are then able to escape en-
dosomes, presumably in part due to endosomal buff-
ering by cationic polymers12-14. A fraction of plasmid 
DNA molecules in the cytoplasm then enter the nu-
cleus where they are transcribed leading to translation 
in the cytoplasm, and ultimately expression of the 
transgene. Polyethylenimime (PEI) 14-22, poly ami-
do-amines 23,24, and chitosan 25,26 are among the 
commonly employed cationic polymers for plasmid 
DNA delivery. Modification of PEI with moieties such 
as polyethylene glycol (PEG), resulted in lower cyto-
toxicity, and in some cases, enhanced transgene ex-
pression27-30. However, the low efficacies and high 
toxicities of conventionally employed polymers, par-
ticularly PEI, motivate the discovery of novel poly-
mers with higher efficacies.  

We have employed ring-opening polymerization 
between diglycidyl ethers (diepoxides) and polyam-
ines 31-34 for the formation of combinatorial polymer 
libraries for transgene delivery35,36. Recently, it was 
found that a polymer 1,4 C-1,4 Bis, generated in our 
laboratory from 1,4-cyclohexanedimethanol diglyc-
idyl ether (1,4C) and 1,4-bis(3-aminopropyl) pipera-
zine) (1,4Bis) monomers demonstrated higher 
transgene expression than 25 kDa PEI at certain pol-
ymer:DNA weight ratios 36,37. In the current study, we 
sought to build on this finding and investigate a fo-
cused polymer library built around the monomers of 
the previously identified 1,4C-1,4Bis polymer. A li-
brary of twenty one poly(amino ethers) or PAEs was 
synthesized and screened for transgene expression 
efficacy. From these studies, seven new lead polymers 
that demonstrated higher transgene expression effi-
cacies than PEI were identified, and characterized. It 
was found that methylene spacing, molecular weight, 
and amine content correlated with successful poly-
mer-mediated transgene delivery. Additionally, a 
lead polymer was interfaced with gold nanorods 
(GNRs) and the cellular uptake of the resulting pol-
ymer-gold nanorod assemblies was imaged using 
two-photon microscopy. Our results demonstrate that 
both, transgene delivery and two-photon imaging are 
simultaneously possible with lead polymer-GNR as-
semblies, which is indicative of their theranostic po-
tential. 

EXPERIMENTAL 
Materials. Thirteen amines (Figure 1A); 2,2 di-

methyl-1,3-propanediamine (1), N-(2-aminoethyl)-1,3- 
propanediamine (2), 3,3'-diamino-N-methyldi-
propylamine (3), Tris-(2-aminoethyl)amine (4), dieth-
ylenetriamine (5), pentaethylenehexamine (6), eth-
ylenediamine (7), triethylenetetramine (8), 
2,2'-(ethylenedioxy)bis(ethylamine) (9), 1,5-diamino- 

2-methylpentane (10), 1,3 diaminopropane (11), 
N,N-dimethylethylenediamine (12), and 1,3 diamin-
opentane (13) were obtained from Sigma-Aldrich (St. 
Louis, MO) and used as received without any further 
modification. Two diglycidyl ethers (Figure 1B), ne-
opentyl glycol diglycidyl ether (NPGDE) and 
1,4-cyclohexanedimethanol diglycidyl ether (1,4C), 
were also both obtained from Sigma-Aldrich and used 
as received without any further modification. The 
control polymer, branched polyethyleneimine (MW ~ 
25 kDa, Mn ~ 10kDa) was also obtained from Sig-
ma-Aldrich. Ninhydrin reagent, used for assaying 
reactive primary and secondary amines, was pur-
chased from Sigma-Aldrich. Luciferase and BCA 
protein assay kits were purchased from Promega 
Corporation (Madison, WI) and Thermo Fisher Scien-
tific Inc. (Rockford, IL) respectively. The pGL3 control 
vector was also purchased from Promega Corpora-
tion.  

Parallel polymer synthesis. The focused poly-
mer library was generated using a parallel synthesis 
approach. The library of 26 polymers was synthesized 
using the two diglycidyl ethers, 1,4C and NPGDE, 
and the amines listed above (1-13) using ring-opening 
polymerization (ROP) synthesis 24 resulting in 13 
polymers for each diglycidyl ether. Figure 1 shows 
the structures of all of the monomers used in the 
synthesis of these polymers, as well as the schematic 
of the polymerization reaction. The sub-libraries will 
be referred to henceforth as the NPGDE library and 
1,4C library, labeled as such based on the diglycidyl 
ether used to generate the polymers. Additionally, 
each polymer was numbered according to the num-
bering system given to the amines as described in the 
previous section and shown in Figure 1.  

The diglycidyl ether (1,4C or NPGDE) and the 
amine were mixed in a 1:1 molar ratio in a 4 mL scin-
tillation vial (Wheaton) and incubated at 22°C - 25°C 
for 16 hours. The volumes for the diglycidyl ethers 
used were 269.5 µl of 1,4C and 240 µl of NPGDE. For 
the amines, 138.4, 249.3, 186.1, 173.0, 124.7, 282.4, 77.4, 
171.9, 168.6, 155.1, 98.9, 126.1, and 138.0 µl were used 
of the amines designated as 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 
12, 13 respectively. After 16 hours, the resulting pol-
ymer was collected from the vial and dissolved in 1X 
PBS (10 mM Na2HPO4, 140 mM NaCl, 27 mM KCl, pH 
7.4) to form a polymer solution at a concentration of 
10 mg/mL. The pH of the solution was adjusted to 7.4 
using 6N hydrochloric acid to compensate for the 
alkalinity of the cationic polymers. The degree of 
polymerization was determined by quantifying the 
amine content using the ninhydrin assay 16. Briefly, a 
standard curve was generated using glycine with 
varying amine concentrations (0 μM - 250 μM, total 
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volume of 200 μL for each standard). A 1 mL sample 
of 5 mg/ml of the resulting polymer was diluted 50X 
to a total volume of 200 μL. The ninhydrin reagent 
(100 μL) was added to each of the standards and 
samples and the absorbance was read using a plate 
reader (Bio-Tek Synergy 2) at a wavelength of 570 nm 

to quantify the amine concentration of the polymer. 
Only those polymers that were soluble in 1X PBS prior 
to pH adjustment after the 16 hour reaction were em-
ployed in transfection studies, in order to maintain 
the parallel nature of synthesis and screening. 
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Figure 1: Amine monomers (A) and diglycidyl ether monomers (B) used in the synthesis of the NPGDE and 1,4C libraries. The polymers 
were numbered according to the amines as labeled above and were named according to the diglycidyl ether used. (C) Schematic of the 
polymerization reaction. 

 
Cell culture. PC-3 cells (prostate cancer cell line) 

were obtained from the American Type Culture Col-
lection (Manassas, VA), PC-3 PSMA cells (prostate 
cancer cell line) were obtained from Dr. Michael 
Sadelain from the Memorial Sloan-Kettering Cancer 
center (New York, NY), and MIA PaCa-2 cells (human 
pancreatic cancer cell line) were obtained as part of a 
collaboration with Dr. Haiyong Han from the Trans-
lational Genomics Research Institute (TGEN, Phoenix, 
AZ). All cells were cultured in serum-containing me-
dia (RPMI 1640, 10% FBS, 1000 units/mL penicillin, 
and 1000 µg/mL streptomycin) and were grown in an 
incubator under humidified air containing 5% CO2 at 
37°C.  

Plasmid DNA. DH5α E.coli cells were trans-
formed with the pGL3 control vector, which encodes 
for the luciferase protein, under control of the SV40 
promoter. The E.coli were cultured in 150 mL of ter-
rific broth (MP Biomedicals, Solon, OH) containing 
100 mg/mL ampicillin, overnight in an incubator (200 
RPM, 37°C) for 14 hours. Plasmid DNA were isolated 
according to the QIAGEN plasmid purification maxi 

kit protocol (QIAGEN Inc., Valencia, CA). DNA con-
centration and purity was determined by measuring 
optical density (OD260 and OD280) using the NanoDrop 
spectrophotometer (ND-1000, NanoDrop Technolo-
gies). Only DNA within the acceptable absorbance 
range of 1.8-2 of the 260 nm:280 nm wavelength ratio 
were used in the transfection experiments. Plasmid 
DNA were stored at -20 °C until use. 

Polymer-mediated Transgene Expression. PC-3, 
PC-3 PSMA, and MIA PaCa-2 cells were transfected 
using DNA/polymer complexes (polyplexes) con-
sisting of pGL3 plasmid DNA and the synthesized 
polymers. Prior to transfection, cells were seeded at a 
density of 50,000 cells/well in 500 μl se-
rum-containing medium in a 24-well plate and al-
lowed to attach for 24 hours. Plasmid DNA encoding 
the luciferase protein, pGL3, was diluted to a concen-
tration of 50 ng/μL using Tris EDTA buffer (10 mM 
Trizma and 1mM EDTA, Thermo Fisher Scientific, 
Rockford, IL). Polymer solutions were prepared and 
diluted with 1X PBS to a concentration of 500 ng/μL 
and filter-sterilized using a 0.22 μm filter. Polyplexes 
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for transfection were prepared by the drop wise ad-
dition of 2000 ng (4 μL) of each polymer on top of 200 
ng (4 μL) of pGL3 plasmid DNA to form a poly-
mer:DNA weight ratio 10:1. Complexes were incu-
bated for 20 minutes at room temperature prior to use. 
Cells were then treated with the polyplexes in se-
rum-free medium (RPMI 1640, 1000 units/mL peni-
cillinand 1000 μg/mL streptomycin) for 6 hours in an 
incubator under humidified air containing 5% CO2 at 
37°C. Subsequently, the medium was replaced with 
fresh serum-containing medium and allowed to in-
cubate for an additional 48 hours. Luciferase protein 
expression, expressed in terms of relative lumines-
cence units or RLU, was determined using the lucif-
erase assay kit according to the manufacturer’s pro-
tocol 48 hours after transfection; luminescence meas-
urements were carried out using a plate reader. The 
protein content (mg protein) in each well was deter-
mined using the BCA Protein Assay Kit. Transgene 
expression in all cell lines was calculated and nor-
malized with the protein content and expressed as 
RLU per milligram (mg) protein (RLU/mg protein).  

Purification of lead polymers. Screening studies 
were carried out using as-synthesized polymers. Pu-
rification of the lead polymers identified from the 
screening process was carried out by dialysis using a 
1000 Da molecular weight cut off (MWCO) mem-
brane. The polymers were dialyzed against Nanopure 
water for 48 hours and fresh water was replaced every 
12 hours. After 48 hours of purification, the polymer 
solutions were lyophilized, reconstituted in 1X PBS, 
and filtered with a 0.22 μm syringe filter before use in 
transfection experiments.  

Molecular weight measurements. Molecular 
weights (MWs) of polymers were measured by gel 
permeation chromatography (GPC) system (Waters 
1515) with a refractive index detector (Waters 2414) 
using an ultrahydrogel column (Waters linear) at a 
flow rate of 1 ml/min at 35°C. Water containing 0.1% 
trifluoroacetic acid and 40% acetonitrile was used as a 
mobile phase. Poly (2-vinylpyridine) samples of dif-
ferent molecular weights (MW: 3000; 7,000; 12,000; 
35,000; 70,000) were used as standards. 

Dose response using lead polymers. Dose re-
sponse experiments were carried out using the same 
method as described previously. The lead polymers 
were identified as those with higher transfection than 
PEI across all cell lines from each library (NPGDE and 
1,4C). These leads were purified according to the di-
alysis method in the previous section, and used in 
subsequent treatments of the cells at different poly-
mer:pDNA weight ratios. The weight ratios used in 
these studies were 1:1, 5:1, 10:1, 20:1, 25:1, and 50:1 
corresponding to 200 ng, 1000 ng, 2000 ng, 4000 ng, 

5000 ng, and 10,000 ng of the lead polymers respec-
tively. The amount of plasmid DNA was kept con-
stant at 200 ng (4 μL of 50 ng/μL) in all cases.  

Polyplex Cytotoxicity. MIA PaCa-2 cells were 
seeded in 24 well plates at a density of 50,000 
cells/well and allowed to attach overnight in a 37oC, 
5% CO2 incubator. Polyplexes were formed as previ-
ously described. Cells were treated with polyplexes in 
serum-free media for 6 hours in an incubator under 
humidified air containing 5% CO2 at 37°C. Subse-
quently, the medium was replaced with fresh se-
rum-containing medium. Following the 6 hour incu-
bation, cell viability was determined using the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) cell proliferation assay kit (ATCC). 
This assay involves the enzymatic conversion of the 
MTT substrate to purple-colored formazan in meta-
bolically active cells. This activity is widely employed 
as an indicator of cell viability and proliferation38; loss 
of metabolic activity was used as an indirect indicator 
of loss of cell viability upon polyplex treatment. Fol-
lowing addition of the MTT reagent (2 h at 37 °C), 
cells were treated with a lysis buffer from the kit and 
kept at room temperature in the dark for 2 h in order 
to lyse cells and solubilize the MTT product. The ab-
sorbance of each well was measured using a plate 
reader (BioTek Synergy 2) at 570 nm to assay for the 
blue MTT product. For data analysis, absorbance 
readouts were normalized to the live (untreated) and 
dead (5 µL of 30% hydrogen peroxide treated) con-
trols.  

Gold Nanorod (GNR) Synthesis. The 
seed-mediated method 39, using cetyl trimethyl am-
monium bromide (CTAB) as the templating surfac-
tant, was used for the synthesis of gold nanorods 
(CTAB-GNRs). Briefly, a seed solution was prepared 
by adding 5 ml of 0.2 M CTAB to 5 ml of 0.0005 M 
auric acid HAuCl4∙3H2O The addition of 0.6 ml of iced 
water-cooled 0.01 M sodium borohydride was used to 
reduce the solution. The growth solution was pre-
pared by adding 5 ml of 0.001 M auric acid to 5 ml of 
0.2 M CTAB containing 250 µl of 0.004 M silver nitrate. 
The growth solution was reduced by the addition of 
70 µl of 0.0788 M L-ascorbic acid. Seed solution (12 µl) 
was added to the growth solution and continuously 
stirred for four hours at 28-30oC in order to allow for 
the generation of the gold nanorods. Modulating the 
silver nitrate concentration in the growth solution 
resulted in the formation of CTAB-GNRs, with ab-
sorbance maxima at different wavelengths between 
750-900 nm. 

Generation of NPGDE-6-functionalized Gold 
Nanorod (NPGDE-6-GNR) Assemblies as Potential 
Theranostic Systems. Dispersions of GNRs with an 
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optical density of 0.5 in 1.5 mL microcentrifuge tubes 
were centrifuged at 6000 rcf for 10 minutes using a 
Microfuge 18 centrifuge (Beckman Coulter) in order to 
remove excess CTAB surfactant. The supernatant was 
removed and the GNRs were redispersed in 100 µL of 
a poly(styrene sulfonate) (17kDa) (PSS) solution (10 
mg/mL in 0.01X PBS; ~1.5 mM salt concentration). 
This dispersion was immediately sonicated for 30 
minutes to allow for the formation of PSS-coated 
GNRs (PSS-CTAB-GNRs). Excess PSS was removed 
by centrifugation at 6000 rcf for 10 minutes. 
PSS-CTAB-GNRs were then redispersed in 300 µL of 
nanopure water and 200 µL of NPGDE-6 (10 mg/mL 
in 0.01X PBS) was added to these dispersions, which 
were immediately sonicated for 30 min to allow for 
the formation of the NPGDE-6-GNRs. CTAB-GNRs, 
PSS-CTAB-GNRs, and NPGDE-6-GNRs were charac-
terized for their UV-Vis absorption spectra from 
300-999 nm using a Bio-Tek Synergy 2 plate reader. 

Determination of Hydrodynamic Diameters of 
Polyplexes and NPGDE-6-GNR Assemblies. Poly-
plexes and GNR assemblies were formed as previ-
ously described. The hydrodynamic diameter of pol-
yplexes and different GNR-based assemblies was de-
termined via dynamic light scattering (DLS) using a 
particle sizer (Corrvus Advanced Optical Instru-
ments). The hydrodynamic diameter was reported in 
nanometers (nm). 

Determination of Zeta Potential of GNR As-
semblies. GNR assemblies were synthesized as pre-
viously described and zeta potentials of individual 
assemblies were determined using a Delsa™Nano 
Submicron Particle Size and Zeta Potential Particle 
Analyzer (Beckman Coulter). Zeta Potential values 
are reported in mV. 

NPGDE-6-GNR Mediated Transgene Expres-
sion. MIA PaCa-2 cells were transfected using 
DNA-NPGDE-6-GNR nanoassemblies, which consist 
of pGL3 plasmid DNA loaded on NPGDE-6 func-
tionalized GNRs. Prior to transfection, cells were 
seeded at a density of 50,000 cells/well in 500 μL se-
rum-containing medium in a 24-well plate and al-
lowed to attach for 24 hours. Sub-toxic amounts of 
PAE-GNRs loaded with between 10-500 ng of pGL3 
plasmid DNA were added to each well in the pres-
ence of serum-free media for 6 h. The media was then 
replaced with serum-containing media for 48 h fol-
lowing which, cells were permeabilized with 150 µL 
cell lysis buffer (Promega, Madison, WI). The lucifer-
ase activity in cell lysates was measured using a lu-
ciferase assay kit (Promega, Madison, WI) in a plate 
reader (BioTek Synergy 2). The relative light unit 
(RLU) readouts from the assay were normalized to 
protein amount in milligrams in the respective cell 

lysates. The protein content was measured using the 
Pierce BCA Protein Assay Kit (Pierce Biotechnology, 
Rockford, IL). Transgene expression efficacy was 
based on luciferase activity in cell lysates, which was 
expressed as relative light units (RLU) per milligram 
(mg) of protein or RLU / mg. The transfection ex-
periments were performed at least in triplicate. 

Multi-Photon Imaging of NPGDE-6-GNRs. 
MIA PaCa-2 cells were seeded at a density of 200,000 
cells/well in 2 ml of serum-containing medium in a 
6-well plate and allowed 24 hours for attachment. 
NPGDE-6-GNRs were dispersed in serum-free media 
at a final optical density of 0.00375 absorbance units. 
Cells were then treated with the NPGDE-6-GNR as-
semblies overnight after which serum-free medium 
was replaced with serum-containing medium. A 
femtosecond Ti:Sapphire laser (Spectra Physics, Mai 
Tai) set to a wavelength of 800 nm and 18 mW was 
used to generate the two photon luminescence of 
GNRs. Luminescence signals were acquired using an 
Ultima IV In Vivo Laser Scanning Microscope (Prairie 
Technologies) with a 63X water immersion lens. The 
same linear adjustments to brightness and contrast 
were applied to the entirety of each image using Ax-
iovision processing software to highlight cellular up-
take of polymer-coated gold nanorods. All data rep-
resented in the original image were presented in the 
modified image. 

Statistical Analyses. All experiments were car-
ried out in triplicate unless mentioned otherwise. 
Data are represented by the mean ± standard devia-
tion. The significance between the control and each 
experimental test condition was determined using the 
two-tailed Student’s t-test with p-values < 0.05 being 
considered statistically significant. 

RESULTS AND DISCUSSION 
Polymer synthesis. The focused polymer library 

was generated using the ring-opening polymerization 
between diglycidyl ethers and polyamines as de-
scribed previously36. The kinetics of polymerization 
were followed by determining the change in reactive 
amine content at the beginning and end (16 h) of 
polymer synthesis; reactive amine content was de-
termined using the ninhydrin assay 16,40. Of the twenty 
six polymers synthesized, eleven polymers from the 
NPGDE library (1-11) and ten polymers from the 1,4C 
library (1-3, 5-6, and 9-13) were soluble in 1X PBS, 
resulting in a total of 21 polymers that were used for 
screening transgene expression efficacies. It is possible 
that modified reaction conditions can be employed in 
order to overcome the extensive cross-linking that 
leads to insoluble polymers. However, we did not 
investigate this further in order to maintain the par-
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allel nature of polymer synthesis.  
Screening of NPGDE and 1,4C-based polymers 

libraries for transgene expression efficacy in MIA 
PaCa-2, PC-3, and PC3-PSMA cell lines. 
As-synthesized unpurified polymers were employed 
in a parallel screen to evaluate transgene expression 
efficacy in three different human cancer cell lines – 
MIA-PaCa-2 pancreatic cancer, PC-3, and PC-3 PSMA, 
both prostate cancer cells. All transfection screening 
experiments were carried out at a 10:1 polymer:pDNA 
weight ratio; the pGL3 plasmid, expressing luciferase 
protein was used in these studies.  

Figures 2A and 2B shows the results from 
screening of the soluble NPGDE polymers and 1,4C 
polymers respectively. Those polymers that had sig-
nificantly higher transgene expression compared to 
PEI (25 kDa, branched) across the three cell lines were 
identified as leads. Overall, four lead polymers from 

the NPGDE library and three lead polymers from the 
1,4C library were identified from the screening pro-
cess. From the NPGDE library, polymers based on 
monomers 3, 6, 10, and 11 corresponding to the 
amines 3,3'-diamino-N-methyldipropylamine, pen-
taethylenehexamine, 1,5-diamino-2-methylpentane, 
and 1,3 diaminopropane, respectively, were the lead 
candidates. Similarly from the 1,4 C library, polymers 
based on monomers 3,10, and 11 corresponding to the 
same amines 3,3'-diamino-N-methyldipropylamine, 
1,5-diamino-2-methylpentane, and 1,3 diaminopro-
pane, respectively, were the lead candidates. These 
seven polymers were employed in further investiga-
tions. Table 1 summarizes the results presented in 
Figures 2A and 2B and compares the efficacy of lead 
polymers with that of PEI across the three cell lines 
employed.  

 

 
Figure 2: Luciferase transgene expression (RLU/mg protein) 48 hours after transfection using NPGDE based polymers (A) and 1,4C 
based polymers (B) in MIA PaCa-2, PC-3, and PC-3 PSMA cell lines. Only polymers that were soluble in 1X PBS after synthesis were used 
in this screen which was carried out at a polymer:pDNA weight ratio 10:1 corresponding to 2000 ng (4 μL of 500 ng/μL) of each polymer 
and 200 ng (4μL of 50 ng/μL) (n = 3 with the exception for 1,4C-3 (n = 2) and 1,4C-10 (n = 2), * = p < 0.05, ** = p < 0.01). The p-values 
were obtained by comparing data from each polymer to 25 kDa PEI. All negative luminescence values were not considered significant due 
to lack of physical meaning, and were not included in the calculations. 
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Both, NPGDE and 1,4C-based polymers showed 
the highest transgene expression in PC-3 cells com-
pared to other cell lines; transgene expression was 
lowest in the PC3-PSMA cell line as shown in Figure 
2. It is likely that the different intracellular trafficking 
of cargo in these closely related cells results in the 
observed differences in transgene expression37,41. 
However in relation with PEI, NPGDE and 
1,4C-based polymers demonstrated highest relative 
efficacies in the MIA-PaCa-2 cell line (a maximum of 
700-fold increase over PEI; Table 1), indicating that 
PEI is not an ideal candidate for transgene delivery to 
these cells. These polymers were moderately more 
effective than PEI in PC-3 cells (up to 7-fold increase; 
Table 1). However, these polymers did not transfect 
PC3 PSMA cells as well as PEI with the exception of 
NPGDE-6 and NPGDE-10, which showed 2-fold and 
5-fold increase over PEI, respectively. While these 
results underscore the challenges associated with 
polymer-mediated transgene delivery in different cell 
lines, lead polymers from the NPGDE (3,6,10,11) and 
1,4C (3,10,11) libraries demonstrated effectiveness 
across diverse cell lines.  

 

Table 1: Summary of results from the screening experiments 
(10:1 polymer:pDNA ratio corresponding to 2000 ng of each 
polymer and 200 ng of DNA) for identifying lead polymers shown 
in Figures 2A and 2B, with + and – indicating fold increase and fold 
decrease, respectively, as compared to 25 kDa PEI.  

Polymer MIA-PaCa-2 PC-3 PC-3 PSMA 
NPGDE-3 + 700 + 7 Comparable 
NPGDE-6 + 550 + 6 + 2 
NPDGE-10 + 170 + 2 + 5 
NPGDE-11 + 180 + 5 - 4 
1,4C-3 + 170 + 2 - 125 
1,4C-10 + 200 + 6 - 3 
1,4C-11 + 320 Comparable - 11 

 
 
Polymers based on 3,3'-diamino-N- 

methyldipropylamine (3), 1,5-diamino-2-methyl-
pentane (10), and 1,3 diaminopropane (11) as amine 
monomers show among the highest levels of 
transgene (luciferase) expression in MIA PaCa-2 and 
PC-3 cells. Based on the structures of these three 
amines, it can be seen that the methylene spacing 
between amine groups may play a crucial role in 
transgene delivery. It was determined previously that 
DNA binding efficiency of polyamines is related to 
methylene spacing between the amine centers; in 
general, polyamines with three or four methylene 
spacing between amines showed higher DNA binding 
efficacy than those with two methylene spacing 42,43. 

Based on the results obtained from these experiments, 
this attribute also seems to enhance transgene expres-
sion since all three lead amines (3, 10, and 11) possess 
between three - five methylene spacing. These poly-
mers also showed higher levels of transgene expres-
sion compared to PEI in most cases. This observation 
is further supported by the structures of other amine 
monomers including, Tris-(2-aminoethyl)amine (4), 
diethylenetriamine (5), pentaethylenehexamine (6), 
and triethylenetetramine (8), all of which have two 
methylene spacings between amine centers. Polymers 
based on these amines demonstrated lower levels of 
transgene expression when compared to the lead 
amines in most cases. Interestingly, NPGDE-based 
pentaethylenehexamine (6) polymers demonstrated 
appreciable transgene expression levels, but those 
based on 1,4C did not. These results indicate that 
amine monomers which contain between three and 
five methylene spacing between amine centers are 
likely critical in enhancing transgene expression effi-
cacies of NPGDE and 1,4C based polymers, and may 
play a critical role in other polymeric systems as well. 
However, more rigorous experimental as well as 
structure-property relationship modeling approaches 
are required in order to further establish the validity 
of these empirical observations. 

Dose response experiments using lead polymers. 
Lead polymers were subjected to further experimen-
tation at different polymer:pDNA weight ratios (dose 
responses) using the same luciferase reporter gene, in 
order to identify conditions where they demonstrated 
highest transgene expression efficacies. Based on the 
results from the screening experiments, it was shown 
that the lead polymers from the NPGDE (3,6,10,11) 
and 1,4C (3,10,11) libraries performed most effectively 
in MIA PaCa-2 cells (Table 1). Thus, these cells were 
used for subsequent dose response experiments. All 
lead polymers were subjected to dialysis in order to 
remove any excess unreacted monomeric amines from 
the polymer solutions, since these could also bind 
plasmid DNA along with the polymers. These dia-
lyzed polymers will henceforth be referred to as puri-
fied polymers. In order to keep all conditions con-
sistent, PEI was also dialyzed in the same manner; the 
resulting polymer will also be referred to as purified 
PEI.  

Figure 3 shows the transgene expression effica-
cies of the lead purified NPGDE polymers (Figure 3A) 
and 1,4C polymers (Figure 3B) at polymer:pDNA 
weight ratios of 1:1, 5:1, 10:1, 20:1, 25:1, and 50:1 along 
with purified PEI in MIA PaCa-2 cells. In most cases, 
dialysis led to a reduction in transgene expression 
efficacies. We verified that dialysis results in lower 
amine content in the polymers (determined using the 
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ninhydrin assay; not shown) presumably due to re-
moval of unreacted monomers or smaller oligomers. 
This lowering of amine content may also be a poten-
tial explanation for the difference in transfection effi-
cacies between the unpurified polymers and the puri-
fied polymers both of which were from the same li-
brary and same stock.  

PEI has been shown to be most effective at a 
polymer:pDNA weight ratio of 1:1 in several cases 
15,37; all purified lead polymers demonstrated 
transgene expression efficacies that were comparable 
to that observed with purified PEI at 1:1 polymer: 

pDNA weight ratio. However, the highest levels of 
transgene expression occurred at a polymer:pDNA 
weight ratio of 5:1 for all lead polymers except for 
NPGDE-3. In particular, the NPGDE-6 polymer 
demonstrated 200-fold enhancement over that of pu-
rified PEI, and was selected as a lead candidate for 
demonstrating theranostic potential. Interestingly, 
purified PEI was not as effective as any of the NPGDE 
and 1,4C-based polymers at any other condition, 
suggesting that polymers from our library were more 
effective across a wide range of doses. 

 

 
Figure 3: Luciferase gene expression (RLU/mg protein) from the dose response transfections using the purified NPGDE polymers (A) 
and 1,4C polymers (B) at different polymer:DNA weight ratios; 1:1, 5:1, 10:1, 20:1, 25:1, and 50:1 corresponding to 200 ng, 1000 ng, 2000 
ng, 4000 ng, 5000 ng, and 10,000 ng of the lead polymers respectively with the plasmid DNA amount kept constant at 200 ng. Experiments 
were performed in the MIA PaCa-2 cell line (n = 3. * = p < 0.05, ** = p < 0.01). The p-values were obtained by comparing data from each 
polymer to 25 kDa PEI and apply to all polymers at the specified ratios. All negative luminescence values were not considered significant 
due to lack of physical meaning, and were not included in the calculations. 
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Transfection efficacy decreased at higher poly-
mer:pDNA weight ratios for most polymers. This, in 
part, could be attributed to cytotoxicity of the poly-
mers beyond weight ratios of 5:1 and 10:1 as seen in 
Figure 4. It is important to note that all polymers from 
our library, particularly those based on the NPGDE 
monomer, demonstrated significantly lower cytotox-
icities towards MIA-Pa-Ca-2 cells compared to PEI. 
Cationic polymers can interact with negatively 
charged cell membranes, leading to their disruption, 
which can lead to cell death44-46. Thus, although high-
er polymer amounts may lead to higher amine con-
tent, excess positive charges on the polyplex surface, 
effective condensation of the DNA and promotion of 
endosomal escape, this can also lead to increasing 
toxicity. A balance between amine content and tox-
icity is therefore critical for designing effective poly-
mers for transgene delivery.  

Role of Polymer Molecular Weights 
Table 2 shows the molecular weights of the pu-

rified lead polymers determined using gel permeation 
chromatography (GPC). It has been demonstrated 
previously that transgene expression of PEI increases 
with the molecular weight of the polymeric species47. 
However, cytotoxicity of PEI also increases with mo-
lecular weight 48, which necessitates an optimization 
between transgene expression efficacy and cytotoxi-
city. Most of the NPGDE- and 1,4C-based polymers 
demonstrated a similar trend at a polymer:pDNA 
ratio of 5:1, in that, they were minimally toxic to cells 
which showed >75% viability (Figure 4). While most 

NPGDE-based polymers demonstrated similar cyto-
toxicities, the NPGDE-6 polymer demonstrated the 
highest loss in cell viability (78%), presumably since it 
had the highest molecular weight among the library 
polymers. However, the polymer cytotoxicity did not 
correlate entirely with polymer molecular weight in 
all cases, as seen in case of 1,4C-based polymers (Ta-
ble 2 and Figure 4). Despite its comparable molecular 
weight to that of 25kDa PEI (Table 2), the NPGDE-6 
lead polymer demonstrated higher transgene expres-
sion efficacies (Figure 3) and lower cytotoxicities 
(Figure 4) compared to the current standard. 

Effect of Polyplex Hydrodynamic Diameter 
Table 2 shows the hydrodynamic diameters of 

the polyplexes at polymer:DNA weight ratios of 5:1, 
10:1, and 25:1 using the lead polymers, as determined 
using dynamic light scattering studies. These ratios 
were chosen since polymer:DNA weight ratios of 5:1 
and 10:1 showed among the highest transgene ex-
pression efficacies. A ratio of 25:1 was chosen since 
transgene expression is low at this ratio. Polyplex size 
was measured to be between 200-300 nm in most 
cases. Out of all the lead polymers, only NPGDE-6 
formed a polyplex size that was statistically signifi-
cant when compared to PEI at a polymer:DNA ratio of 
5:1 (321 nm). While it is typically shown that 
transgene expression is most efficient when polyplex 
sizes are 200 nm or less 7,19,49,50, our results suggest that 
polyplexes of 300 nm or above (NPGDE-6), also result 
in transgene expression.  

 

Table 2: Hydrodynamic diameter ± standard deviations for all of the polyplexes formed using purified lead polymers and purified PEI at 
polymer:pDNA weight ratios of 5:1, 10:1, and 25:1 corresponding to 1000 ng, 2000 ng, and 5000 ng of each polymer respectively. The 
amount of plasmid DNA was kept constant at 200 ng. Molecular weights of the lead polymers Mn: Number averaged molecular weight, Mw: 
Weight-averaged molecular weight, PDI: polydispersity index. Values for PEI are those provided by the vendor. * = p < 0.05; the p-values 
were obtained by comparing data from each polymer to 25 kDa PEI. 

Polymer Mw Mn PDI 5:1 10:1 25:1 
 
NPGDE-3 

10,798 4,240 2.5  
230.3 nm ± 15.1 nm 

 
292.6 nm ± 37.1 nm 

 
268.3 nm ± 43.5 nm 

 
NPGDE-6 

28,452 5,038 5.6  
*320.6 nm ± 32.0 nm 

 
296.0 nm ± 29.3 nm 

 
255.0 nm ± 30.8 nm 

 
NPGDE-10 

4,959 2,314 2.1  
239.3 nm ± 6.0 nm 

 
305.3 nm ± 47.5 nm 

 
266.7 nm ± 39.7 nm 

 
NPGDE-11 

6,289 2,900 2.2  
221.0 nm ± 15.7 nm 

 
284.0 nm ± 40.0 nm 

 
263.0 nm ± 13.1 nm 

 
1,4,C-3 

16,898 4,101 4.1  
257.3 nm ± 4.0 nm 

 
271.3 nm ± 28.9 nm 

 
262.0 nm ± 34.4 nm 

 
1,4C-10 

10,097 2,726 3.7  
281.6 nm ± 30.4 nm 

 
283.3 nm ± 8.3 nm 

 
242.0 nm ± 8.9 nm 

 
1,4C-11 

12,429 3,076 4.0  
282 nm ± 20.2 nm 

 
286.0 nm ± 16.4 nm 

 
255.3 nm ± 11.1 nm 

 
PEI 

 
25,000 

 
10,000 

 
2.5 

 
250.3 nm ± 15.5 nm 

 
299.3 nm ± 16.6 nm 

 
252.0 nm ± 41.6 nm 
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Figure 4: Cytotoxicity data obtained from the MTT assay using the purified NPGDE polymers (A) and 1,4C polymers (B) at different 
polymer:DNA weight ratios; 1:1, 5:1, 10:1, 20:1, 25:1, and 50:1, corresponding to 200 ng, 1000 ng, 2000 ng, 4000 ng, 5000 ng, and 10,000 
ng of the lead polymers respectively, in the MIA PaCa-2 cell line (n = 3 * = p < 0.05 and ** = p < 0.01). The amount of plasmid DNA amount 
was kept constant at 200 ng. The p-values were obtained by comparing data from each polymer to 25 kDa PEI across all polymers at the 
specified ratios. Note that at a polymer:DNA weight ratio of 5:1, the comparison between NPDGE-6 and PEI cytotoxicities are not 
statistically significant. 

 
Theranostic Potential of Gold Nanorods 
coated with the Lead NPGDE-6 Polymer: 
Simultaneous Transgene Delivery and Imaging  

Visualization techniques were explored in order 
to demonstrate the theranostic potential of the lead 
cationic polymer for simultaneous imaging and 
transgene delivery. Previous results indicated that 
gold nanorod (GNR)-based assemblies exhibited poor 
stability in phosphate-buffered saline (PBS) and se-
rum-free medium (SFM) compared to DI water and 
serum-containing media51. Coating GNRs with cati-
onic poly(amino ethers) enhanced their stability in 
biologically relevant media 52. Additionally, this al-
lows for loading nanoassemblies with plasmid DNA, 

which can then be delivered to cells, resulting in 
transgene expression, as previously demonstrated53. 
Similar strategies were followed for generating lead 
polymer-GNR assemblies; a layer-by-layer deposition 
approach was employed wherein positively charged 
CTAB-GNRs were first coated with negatively 
charged poly(styrene sulfonate) and then by 
NPGDE-6 via electrostatic interactions. Successful 
coating of CTAB-GNRs was confirmed via a shift in 
the maximum absorption peak of the GNR absorption 
spectra following deposition of the PSS layer and the 
subsequent NPGDE-6 layer. As seen in Figure 5, 
CTAB-GNRs have a maximum absorption at 825 nm, 
which then decreases to 814 nm following PSS coating 
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and remains at 814 nm following NPGDE-6 coating. 
This blue shift in the absorption peak can be at-
tributed to a change in the dielectric constant of the 
gold nanorods surroundings54. Additionally, changes 
in zeta potential and hydrodynamic diameters further 
confirm successful coating of the two polymer layers. 
Table 3 shows the change in zeta potential and hy-
drodynamic diameter of the GNR assemblies after 
deposition of each polymer layer. Initially, 
CTAB-GNRs were found to have a positive zeta po-
tential due to the CTAB layer and a hydrodynamic 
diameter of approximately 34.5 nm. Following depo-
sition of PSS, it is observed that the zeta potential be-
comes negative, due to the polyanionic nature of PSS. 
The hydrodynamic diameter also increase to ap-
proximately 46.4 nm, further confirming the PSS 
coating as indicated by an increase in size due to an 
additional polymer layer. The zeta potential then re-
verted to a positive value, following deposition of the 
cationic NPGDE-6 polymer. The size of the nanoas-
sembly also increased, confirming deposition of the 
final poly(amino ether) layer. A small decrease in zeta 
potential was observed upon loading plasmid DNA 
on NPGDE-6-GNR assemblies, likely due to the nega-
tive nature of plasmid DNA; the hydrodynamic di-
ameter of the assemblies also increased upon loading 
plasmid DNA. A final hydrodynamic diameter of less 
than 150 nm, and a positive zeta potential following 
plasmid DNA loading onto the NPGDE-6-GNRs, 
make this nanoassembly a suitable candidate for 
simultaneous transgene delivery and imaging.  

 

Table 3: Zeta potential and hydrodynamic diameter values (mean 
± one standard deviation) for GNR assemblies following deposi-
tion of PSS and NPGDE-6 layers, and loading with 75 ng of pGL3 
plasmid DNA. 

 Zeta Potential 
(mV) 

Hydrodynamic Diameter 
(nm) 

CTAB-GNRs 31.1 ± 8.3 34.5 ± 2.4 
PSS-GNRs -47.5 ± 14.1 46.4 ± 7.1 
NPGDE-6-GNRs 39.3 ± 7.9 50.3 ± 4.4 
pGL3-NPGDE-6-G
NRs 

35.1 ± 3.6 117.0 ± 10.4 

 
 
NPGDE-6-GNRs loaded with different amounts 

of plasmid DNA varying from 10-500 ng were em-
ployed for transgene expression studies. Transgene 
expression of the encoded luciferase gene was ob-
served following treatment of MIA-PaCa-2 cells with 
different pGL3-NPGDE-6-GNRs (Figure 6). Similar 
expression of luciferase was observed across all con-
ditions, although the expression values were less than 

those observed with highest NPGDE-6 poly-
plex-based luciferase expression (i.e. without the use 
of GNRs). Thus, GNRs coated with the NPGDE-6 
polymer can be employed for transgene delivery and 
expression.  

GNRs demonstrate highly efficient two-photon 
induced luminescence both in vitro and in vivo55. 
Furthermore, due to the facile control over their lon-
gitudinal plasmonic resonance in the near infrared 
(NIR) region, excitation wavelengths can be tuned to 
this region which can result in minimal tissue scat-
tering and phototoxicity56,57. Thus, the synthesis of 
NPGDE-6-GNRs allows for a nanoscale assembly that 
can interact with cells, deliver transgene payload and 
be visualized using two-photon imaging. Figure 6 
shows the GNR luminescence signal following NIR 
excitation at 800 nm. NPGDE-6-GNR assemblies were 
seen to enter cells which was indicative of cellular 
uptake of these delivery vehicles. Taken together, lead 
polymers from the screening could be interfaced with 
gold nanorods resulting in the formation of nanoscale 
assemblies that can be used for simultaneous 
non-viral transgene delivery and optical-based imag-
ing.  

CONCLUSIONS 
We have generated and evaluated a new, fo-

cused library of poly(amino ethers) for transgene de-
livery. The library was generated by reacting poly-
amines with two diglycidyl ethers, NPGDE and 1,4C. 
Parallel screening of the polymer library for delivery 
of pGL3 plasmid DNA to three cancer cell lines re-
sulted in the identification of four polymers from the 
NPGDE library and three polymers from the 1,4 C 
library, that showed significantly higher transgene 
expression compared to PEI at a 10:1 polymer:pDNA 
weight ratio. Based on the structures of the amine 
monomers, it was observed that methylene spacing 
between amines may play a key role in determining 
efficacy of transgene expression. Evaluation of dif-
ferent doses indicated that transgene expression was 
highest at a polymer:plasmid DNA ratio of 5:1. In 
general, poly(amino ether) leads identified in this 
investigation demonstrated higher efficacies and 
lower cytotoxicities than PEI across a wide range of 
doses. We also demonstrated that a lead polymer 
could be interfaced with gold nanorods resulting in 
the formation of nanoscale assemblies that can be 
employed for plasmid DNA delivery as well as for 
two-photon imaging of cells. These results indicate a 
route towards discovery and development of 
theranostic nanoassemblies which can be employed 
for simultaneous transgene delivery and imaging.  
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Figure 5: UV-vis absorption spectra for CTAB-GNRs, 
PSS-GNRs, and NPGDE-6-GNRs. Spectra were scaled for better 
comparison. 

 
Figure 6: Luciferase transgene expression (RLU/mg protein) from 
NPGDE-6-GNRs loaded with different amounts of pGL3 plasmid 
DNA in the MIA PaCa-2 cell line (n = 3). 

 
Figure 7: Representative microscopy images of two pho-
ton-induced luminescence of NPGDE-6-GNR assemblies in MIA 
PaCa-2 cells. 
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