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ABSTRACT 

 

Simultaneous delivery of small molecules and nucleic acids using a single vehicle can lead to novel 

combination treatments and multifunctional carriers for a variety of diseases. In this study, we 

report a novel library of aminoglycoside-derived lipopolymers nanoparticles (LPNs) for the 

simultaneous delivery of different molecular cargoes including nucleic acids and small-molecules. 

The LPN library was screened for transgene expression efficacy following delivery of plasmid 

DNA, and lead LPNs that showed high transgene expression efficacies were characterized using 

hydrodynamic size, zeta potential, 1H NMR and FT-IR spectroscopy, and transmission electron 

microscopy. LPNs demonstrated significantly higher efficacies for transgene expression than 

25kDa polyethyleneamine (PEI) and lipofectamine, including in presence of serum. Self-assembly 

of these cationic lipopolymers into nanoparticles also facilitated the delivery of small molecule 

drugs (e.g. doxorubicin) to cancer cells. LPNs were also employed for the simultaneous delivery 

of the small-molecule histone deacetylase (HDAC) inhibitor AR-42 together with plasmid DNA 

to cancer cells as a combination treatment approach for enhancing transgene expression. Taken 

together, our results indicate that aminoglycoside-derived LPNs are attractive vehicles for 

simultaneous delivery of imaging agents or chemotherapeutic drugs together with nucleic acids 

for different applications in medicine and biotechnology.  
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INTRODUCTION  

 

Multifunctional vehicles that can simultaneously deliver either multiple therapeutics or a drug 

along with an imaging agent can have a transformative impact in medicine [1-6]. In addition to 

small-molecule drugs, nucleic acids including plasmid DNA, antisense oligonucleotides, small 

interfering RNA (siRNA), small hairpin RNA (shRNA) and microRNA (miRNA) have emerged 

as promising therapeutic agents [7-11]. Non-viral vehicles typically do not approach the efficacies 

usually seen with viruses for efficacious nucleic acid transfer but can be engineered to possess 

multifunctional capabilities. In particular, delivery of nucleic acids together with small molecules 

either for therapeutic activity or imaging has attracted significant attention [12-14].  

 

Polymeric nanocapsules, liposomes, dendrimers, and micelles are among the most widely 

investigated vehicles for delivering chemotherapeutics and biotherapeutics [15-19]. Polymeric 

micelles are composed of amphiphilic materials that self-assemble to form a structure which 

possesses a hydrophobic core and a hydrophilic corona. Hydrophobically modified water-soluble 

polymers [20, 21], including natural polysaccharides [22-24], are among the widely investigated drug 

nanocarriers [25, 26]. These carriers are typically less than 100 nm in diameter, which makes them 

attractive in several drug delivery applications. Polymeric micelles, in which the corona (shell) is 

cationic and the core is hydrophobic, are attractive for co-delivering anionic cargo (e.g. plasmid 

DNA) bound to the shell and small hydrophobic molecules encapsulated in the shell. Most 

investigations into such amphiphilic molecules [14, 27, 28] have employed existing macromolecules 

or their derivatives.  
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Aminoglycosides are a class of naturally occurring antibiotics which typically contain three to five 

amino substituted sugars in a single molecule and are clinically used for treating bacterial 

infections [29, 30]. The antibacterial activity of these molecules is derived from their ability to 

selectively bind bacterial ribosomal RNA [31]. Aminoglycosides are also able to bind eukaryotic 

RNA [32, 33] and plasmid DNA [34, 35] because of their cationic nature. We have employed 

aminoglycosides and their derivatives as ligands for facilitating biomolecular separations [34, 35] 

and DNA binding [34, 35], vehicles for DNA delivery, which results in transgene expression [36-40], 

drug delivery [16], and as scaffolds for cell culture [41, 42]. Quantitative Structure-Activity 

Relationship (QSAR) models of our first-generation aminoglycoside-derived polymer library [38] 

indicated that presence of moderate amounts of hydrophobicity could enhance the transgene 

expression efficacies of these polymers. We therefore subsequently generated lipopolymers in 

which, aminoglycosides were first polymerized with diglycidyl ether-based crosslinkers, and the 

resulting polymers were then derivatized with lipids [38]. Several among these lipopolymer 

candidates demonstrated transgene expression efficacies that were higher than the corresponding 

parental polymers.  

 

Tumor Necrosis Factor-alpha Related Apoptosis-Inducing Ligand (TRAIL) is a protein that can 

induce programmed cell death in cancer cells by activating cellular apoptosis pathways upon 

binding cell-surface death receptors DR4 and DR5; the protein is thought to exert minimal toxicity 

in normal cells [43, 44]. Delivering plasmids that express the TRAIL protein is an attractive strategy 

for inducing death in cancer cells[45] including in human tumors grown as xenografts in mice[46]. 

Histone deacetylase inhibitors (HDACi) are a promising class of antitumor agents that can induce 

growth arrest, differentiation, and apoptosis of cancer cells through the accumulation of acetylated 
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histones leading to chromatin remodeling and restored transcription of genes regulating 

proliferation, cell-cycle progression, and cell survival [43, 47, 48]. Our previous studies showed that 

HDAC inhibitors were capable of increasing the transgene expression efficacy using different 

polymers [48, 49].  

 

Building on these previous findings, we employed a parallel synthesis approach in order to develop 

a small library of aminoglycoside-derived lipopolymers that could self-assemble into nanoparticles 

[36, 38]. In order to accomplish this, aminoglycosides were first polymerized using a hydrophobic 

resorcinol-based crosslinker and the resulting polymers were derivatized with alkanoyl (acetyl, 

butyryl, hexanoyl, myristoyl, or stearoyl chlorides) to facilitate the formation of amphiphilic 

compounds. Self-assembly of these molecules in aqueous media resulted in the formation of 39 

cationic lipopolymer nanoparticles (LPNs), many among which were less than 50 nm in 

hydrodynamic diameter. LPNs were complexed with plasmid DNA and screened for transgene 

expression efficacy in cancer cells. The ability of LPNs to encapsulate and deliver small molecule 

drugs, and facilitate the co-delivery of small-molecule drugs or dyes simultaneously with plasmid 

DNA was investigated using cancer cells. Taken together, our studies indicate that the library 

approach leads to the rapid identification of new nanoparticles for co-delivery of small-molecules 

and nucleic acids for different applications in biotechnology and medicine.  
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EXPERIMENTAL 

Materials  

Neomycin, paromomycin, and 3.5 kDa molecular weight cutoff (MWCO)dialysis membranes 

were purchased from Fisher Scientific. Apramycin, resorcinol diglycidyl ether (RDE), acetyl, 

butyryl, hexanoyl, myristoyl, or stearoyl chlorides, triethyl amine, lipofectamine, branched 

poly(ethylene imine) or PEI (Mw = 25 kDa and Mn = 10 kDa) were purchased from Sigma-Aldrich. 

The HDAC inhibitor AR-42 was purchased from Selleck chemicals. Doxorubicin (free base; DOX, 

99%) was purchased from Ontario Chemicals (Guelph, Ontario, Canada). All other chemicals were 

purchased from Sigma-Aldrich and used without further purification. The pGL4.5 control vector 

(plasmid DNA or pDNA), which encodes for the modified firefly luciferase protein under the 

control of an SV40 promoter, and the Bright-GloTM luciferase assay system were purchased from 

Promega Corporation. The BCA protein assay kit was purchased from Thermo Scientific Inc. Full-

length human TRAIL gene was first PCR-amplified from the pEGFP-TRAIL plasmid, kindly 

provided by Prof. Christina Voelkel-Johnson, Medical University of South Carolina, resulting in 

generation of the pEF-TRAIL plasmid as described in our previous studies[40]. The pEF-GFP 

expression vector, which expresses enhanced green fluorescent protein (EGFP) was used as a 

control because EGFP expression is not expected to induce death in cancer cells. Safety 

information for commercially available chemicals is available in MSDS sheets from the respective 

vendors.  

 

Parental Polymer and Lipopolymer Syntheses 

Synthesis of Aminoglycoside-derived Parental Polymers. Aminoglycoside-derived parental 

polymers, neomycin-RDE, paromomycin-RDE and apramycin-RDE, were synthesized and 
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characterized using methods described previously [36]. Briefly, the chloride forms of 

aminoglycosides were first treated with resorcinol diglycidyl ether (RDE) in 1:1, 1:2 and 1:2.2 

molar ratios in a mixture of water and N,N-dimethylformamide (DMF) (1.5:1) and stirred for 5 

hours at 60ºC. The reaction mixture was then precipitated using acetone and the semi-solid product 

was subsequently dialyzed using a 3.5 kDa molecular weight cutoff (MWCO) membrane in order 

to remove unreacted aminoglycosides and RDE. The retentate in the dialysis membrane was then 

lyophilized in order to obtain the final polymer product. Henceforth, the parental polymers 

neomycin-RDE, paromomycin-RDE, and apramycin-RDE polymers are referred to as NR, PR, 

and AR, respectively.  

 

Synthesis of Aminoglycoside-derived Lipopolymeric Nanoparticles (LPNs). A library of 39 LPNs 

were synthesized using strategies shown in Figure 1A. The three aminoglycoside-derived 

polymers NR, PR, and AR were derivatized with five different alkanoyl chlorides - acetyl (C2) 

chloride, butyryl (C4) chloride, hexanoyl (C6) chloride, myristoyl (C14) chloride and stearoyl (C18) 

chloride). Three different molar ratios, 1:2, 1:5, and 1:10 of the polymer:alkanoyl chloride were 

employed for the syntheses of 39 different LPNs (only the 1:2 and 1:5 molar ratios were used to 

generate acetyl chloride and butyryl chloride derived lipopolymers).  

 

LPN syntheses were carried out following methods reported previously [36]. Briefly, 0.01 mmol of 

the polymer (NR, PR, or AR) were added to a small round-bottomed flask and 2 ml of DMSO 

were added next followed by stirring for 30 min at room temperature. To this reaction mixture, 

triethyl amine (0.1 mmol) was added and stirred for another 30 min. The mixture was cooled to 

4oC and different molar equivalents of alkanoyl chlorides were added drop-wise and stirred at 
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room temperature for 12 h resulting in the formation of 1:2, 1:5, or 1:10 lipid-conjugated polymers. 

The reaction mixture was then precipitated out using cold diethyl ether. The product obtained was 

further purified by dialysis against Milli-Q water for 48 hours using a 3.5 kDa molecular weight 

cutoff (MWCO) membrane. The final product was obtained after freeze drying the dialyzed 

material. Abbrevations and nomenclature used for all 39 lipopolymers are provided in Table S1 

(Supporting Information section).  

 

Characterization of Aminoglycoside-derived Lipopolymer Nanoparticles (LPNs) 

Nucelar Magnetic Resonance (NMR) and Fourier Transform Infrared (FT-IR) Spectroscopy. 1H 

NMR spectra were recorded for all parental polymers and lipopolymers, at a concentration of 10 

mg/ml in DMSO-D6 solvent, on a Varian 400 MHz spectrometer. All 1H NMR results were 

reported in δ or parts per million (ppm) units and chemical shifts were measured relative to the 

DMSO 1H-signal (2.50 ppm). Infrared (IR) spectra of lipopolymers (in the form of lyophilized 

solid powder) were measured within the range of 500-4000 cm-1 (wave number) using FT-IR 

spectroscopy with a Nicolet 6700 FTIR instrument, in order to further characterize the LPNs.  

 

Elemental (CHN) Analyses. Elemental analysis of selected LPNs were performed using 

PerkinElmer 2400 Series-II CHN analyzer system. K-factor (C: 17.5±0.15%; H: 50±3.75%; N: 

6.2±0.16%) was determined as internal standard for the instrument and KASSX (C: 71±0.4%; H: 

6.7±0.4%; N: 10.36±0.4%) was used for calibration. Solid (lyophilized) LPN samples (~ 4-6mg) 

were used for the analysis and results were reported as % weight of the C, H, and N present in the 

LPN samples.  
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Determination of Molecular Weights (MWs). Lipopolymer molecular weights were determined 

using gel permeation chromatography (GPC) with a Waters 1515 GPC system. An aqueous solvent 

containing 0.1% trifluoroacetic acid (TFA) and 40% acetonitrile was used as the mobile phase 

with a flow rate of 0.5 ml/min. Poly(2-vinylpyridine) standards of molecular weights (MWs) 

3,300, 7,600, 12,800, 35,000, and 70,000 Da (American Polymer Standards Corporation, OH) 

were used for calibration.  

 

MALDI Analyses. Lead lipopolymers (dissolved in Milli-Q water) were analyzed using MALDI-

TOF mass spectrometry (Bruker Microflex LRF MALDI-TOF instrument) before and after 

dialysis from a 3.5 kDa molecular weight cutoff (MWCO) tubing in order to obtain insights into 

composition. Briefly, 5 µl aliquots of lipopolymer samples were mixed with 5 µl matrix solution 

(10 mg/ml solution of α-cyano-4-hydroxy cinnamic acid (CHCA) in 50% acetonitrile with 0.1% 

trifluoroacetic acid (TFA)) in a microcentrifuge tube. The resultant mixture (2 µl) was applied to 

the MALDI sample plate and dried in vacuum before collecting the mass spectrometry data.  

 

Critical Micelle Concentration (CMC) analysis. The CMC of  the PR-C14 (1:2) lipopolymer in 

Milli-Q water was determined using a fluorescence probe technique with pyrene as a reference 

hydrophobic fluorescent probe [25]. Solutions of pyrene in acetone (1.8 x10-4 M) were added to 20 

ml vials and the acetone was removed by evaporation. Lipopolymer amounts leading to 

concentrations of 1.0 x 10-5 to 1.0 mg/ml were added to the vials containing pyrene. The final 

concentration of pyrene in the block copolymer solutions was set at 6.0 x10-7 M. The solutions 

were stirred at room temperature for 24 h before the measurements. Excitation spectra of pyrene-
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loaded nanoparticles were recorded at 390 nm using a fluorescence spectrometer at room 

temperature. The intensity ratio of I337  (intensity at 337 nm wavelength) to I334 (intensity at 334 

nm wavelength) was analyzed as a function of polymer concentration in order to determine the 

CMC value.  

 

Hydrodynamic diameter, Zeta potential, and Stability of LPNs. 

Hydrodynamic diameters and zeta potential values of all 39 lipopolymers, parental polymers (NR, 

PR, and AR to RDE mole ratios of 1:1, 1:2 and 1:2.2) and their lipopolyplexes (1 mg/ml) in HEPES 

buffer (20 mM, pH 7.4) were determined using a Zetasizer Nano-ZS instrument (Malvern 

Instruments, Mission Viejo, CA). All nanoparticles were examined for their stability over a period 

of six months by determining their hydrodynamic diameters over this period.  

 

Lipopolyplex Visualization using Transmission Electron Microscopy (TEM). PR-C6 (1:5) and NR-

C6 (1:2) lipopolymers were incubated with the pGL4.5 plasmid for 20 min and the resulting 

complexes were placed onto TEM grids. Lipopolyplexes were formed using the optimal 

LPN:pDNA weight ratios (5:1 and 25:1) that were used in transgene expression studies (described 

subsequently). The samples were negatively stained with uranyl formate, and the images were 

acquired with a Philips CM12 transmission electron microscope (TEM), equipped with a Gatan 

model-791 CCD camera. Uncomplexed lipopolymers (without pGL4.5 plasmid) were also 

visualized. 
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Transgene Expression and Cell Viability 

 Cell Culture. Murine bladder cancer cells (MB49) were cultured in DMEM media and human 

prostate cancer cells (PC3, PC3-PSMA, and 22Rv1) were cultured in RPMI-1640 media, which 

were supplemented with 10% FBS and 1% penicillin/streptomycin solution in an incubator 

containing 5% CO2 at 37ºC. Cells were washed with 1X PBS, trypsinized using 0.25% trypsin, 

seeded at a density of 9,000 cells/well in 96-well plates (Corning, Corning, NY, USA) and were 

allowed to attach overnight.  

 

Transgene expression following LPN-mediated plasmid DNA (pDNA) delivery. All LPNs were 

screened in parallel for transgene expression efficacy by delivering the pGL4.5 control vector, 

which encodes for the modified firefly luciferase protein. The pGL4.5 plasmid DNA (pDNA) and 

pEF-TRAIL plasmid, which encodes for the TRAIL protein, were prepared as described 

previously [40]. Parent polymer nanoparticles, NR (1:1, 1:2) and PR (1:1, 1:2), were also screened 

separately for transgene expression efficacy by delivering the pGL4.5 control vector and by 

delivering pEF-TRAIL in PC3 and PC3-PSMA cancer cells. Plasmid DNA concentration and 

purity were obtained from a NanoDrop Spectrophotometer (ND-1000; NanoDrop Technologies) 

by measuring the absorbance at 260 and 280 nm wavelengths.  

 

Luciferase (transgene) expression was determined in PC3, PC3-PSMA, 22Rv1 and MB49 murine 

bladder cancer cells. Initial screening of all parent polymers (NR, PR, and AR with RDE mole 

ratio 1:2.2) and 27 LPNs were carried out in PC3 cells; the remaining 12 LPNs were found to 

demonstrate larger particle sizes. Leads selected from this screen were further evaluated for their 

transgene expression efficacies in PC3-PSMA, 22Rv1 and MB49 cells. Lipopolyplexes (i.e. 
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LPN:pDNA complexes) were prepared by complexing plasmid DNA (pDNA) (75 ng) with 

varying amounts of LPNs in 1X PBS buffer (150 mM salt concentration, pH = 7.4) for 20 minutes. 

We used different LPN:pDNA weight ratios (w/w) - from 1:1 to 100:1 - for the initial screen in 

PC3 cells, and from 5:1 to 50:1 for evaluating lead LPNs in PC3-PSMA, 22RV1, and MB49 cells.  

 

Cells at a density of 9,000 per well were seeded in a 96-well plate overnight, and incubated with 

LPN:pDNA complexes for 6 h in serum-free media after which, the media was replaced with fresh 

150 µl serum-containing media. Luciferase protein expression was determined as relative 

luminescence units (RLU) with the Bright GloTM Luciferase assay kit (by Promega) using a plate 

reader (Bio-Tek Synergy 2) after 48h.  Total protein content for all cell lysates was determined 

using the BCA Protein Assay kit (Pierce, Rockford, IL, USA). ‘RLU/mg protein’ luciferase 

expression value was calculated using normalized RLU values by the protein content in each 

lysate, which were employed for comparing different LPNs. Untransfected cells and cells 

transfected with uncomplexed (‘free’) pDNA were used as controls. Luciferase expression 

efficacies of LPNs were compared with 25 kDa branched PEI; a commonly used transfection agent 

with an optimized weight ratio of 1:1 in all cases [36].  

 

LPN-mediated Transgene Expression in Presence of Serum. Experiments in serum-free media 

indicated that a 10:1 LPN:pDNA weight ratio resulted in highest efficacies of transgene 

expression. Consequently, this weight ratio was employed to investigate if presence of serum 

greatly affected transgene expression efficacy of lipopolymers. We used branched PEI as a 

standard for this study. All other experimental conditions were kept similar to that described in the 

previous section, except that serum-containing media was used instead of serum-free media.  
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Evaluation of Cytotoxicity of LPNs and their Lipopolyplexes. The cell viability of PC3 cells was 

determined using MTT assay following treatment with LPNs alone and also with their respective 

lipopolyplexes at optimal LPN: pDNA weight ratios of 5:1 to 50:1 (for all LPNs including parental 

polymers). Here, polymer doses of 2.5, 5, 12.5 and 25 µg/ml are equivalent to polymer:pDNA 

weight ratios of 5:1, 10:1, 25:1, and 50:1, respectively. The optimal LPN:pDNA weight ratio was 

determined from luciferase transgene expression studies. Cell seeding and lipopolyplex formation 

procedures were similar to those described in previous sections. Untreated cells, i.e. those only 

with media but no LPN or its lipopolyplex treatment, were used as controls. After 48 h of treatment, 

cell viability was determined as follows: the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) reagent (10 µl of 5 mg/ml stock) was added to all wells except for 

the blank wells and incubated for 3 h at 37ºC in an incubator. Next, 50 µl detergent reagent (MTT 

assay kit from ATCC) was added and incubated at room temperature for 5 h. After incubation, the 

plates were placed on a shaker in order to thoroughly mix the contents and the absorbance was 

determined at 570 nm using a plate reader (Bio-Tek Synergy 2). The relative cell viability (%) was 

calculated from [ab]sample/[ab]control x 100%, where [ab]sample and [ab]control are the absorbance values 

of the wells (with LPNs or lipopolyplexes) and control wells (without LPNs or lipopolyplexes), 

respectively. For each sample, the cell viability was reported as the average of values measured 

from three wells in parallel.  

 

Physicochemical Characterization of LPN:Plasmid DNA Binding. 

Six LPN leads, NR-C6 (1:2), NR-C6 (1:5), PR-C6 (1:2), PR-C6 (1:5), AR-C6 (1:2), and AR-C6 

(1:5) that showed high luciferase expression values and low cytotoxicity in PC3 cells were further 
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screened for their pDNA binding efficacies using the ethidium bromide displacement assay [35, 50].  

Briefly, 1 µg of pGL4.5 and 4 µg EtBr were added to 100 µl 1X PBS (phosphate-buffered saline) 

buffer (pH 7.4), resulting in the formation of plasmid DNA (pDNA):EtBr complex. The 

fluorescence intensity value was measured using a microplate reader (FLX 800, Bio-Tek 

Instruments Inc., USA) with excitation at 360 nm and emission at 595 nm and noted as 100 percent 

fluorescence. Varying amounts of lead LPNs, corresponding to equivalents of LPN:pDNA weight 

ratios from 5:1 to 50:1, were added to the above pDNA:EtBr complex and equilibrated for 20 min. 

Fluorescence intensity was measured using 150 µl of the resulting solution in a 96-well plate. The 

‘percent fluorescence decreased’ value was calculated for each lipopolymer by considering the 

fluorescence value in the absence of polymer as 100% and was used as an indicator of pDNA 

binding efficacy of LPNs.  

 

Drug Loading, Release and Cellular Uptake of LPNs 

Preparation of Doxorubicin (DOX), HDAC inhibitor (AR-42)-loaded LPNs. Parental polymers NR 

and PR with RDE mole ratios (1:1) and (1:2) were capable of forming nanoparticles by themselves. 

We used these polymers further for encapsulating different drugs. The free amine form of 

doxorubicin (DOX) (5 mg/ml) and the HDAC inhibitor (HDACi) AR-42 (5 mg/ml) were prepared 

in DMSO. NR, PR or PR-C14 (1:2) (5 mg) were dissolved in 0.5 ml of DMSO. To this, DOX or 

AR-42 dissolved in DMSO (20% by weight of the polymer), was added and the mixture was stirred 

at room temperature for 1 hour before being added to 3 ml Milli-Q (de-ionized) water under 

vigorous stirring in order to allow for encapsulation of the drugs within the nanoparticles. The 

dispersion was transferred to a 2 kDa molecular weight cutoff (MWCO) dialysis tubing and 

dialyzed against Milli-Q water at 4oC for 24 hours; the water was changed every 3 hours and 
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typically, four rounds of dialysis were carried out. The solution in the tubing was lyophilized after 

centrifugation (4,000 rpm, for 15 min) in order to obtain drug-loaded nanoparticles. The amount 

of DOX encapsulated was determined by UV absorbance at 485 nm (Bio-Tek Synergy 2). The 

drug loading content (DLC) and encapsulation efficiency (EE) were calculated from the absorption 

spectra using the following equations.  

DLC% = 100 * (amount of DOX within micelles / amount of DOX-loaded micelles). 

EE% = 100 * (amount of DOX within micelles / amount of initial DOX used). 

The amount of HDACi (i.e. AR-42) encapsulated was determined by HPLC using absorbance at 

260 nm. The drug loading was calculated from the peak area of absorption spectra from HPLC.  

 

In vitro Doxorubicin Release. In order to determine the release profile of doxorubicin from the 

lipopolymer nanoparticles, 1 ml of DOX-loaded NR (1:2), PR-C14 (1:2) nanoparticles were added 

into the 8-10 kDa molecular weight cutoff Float-A-Lyzer dialysis tubing (Spectrum Labs, Rancho 

Dominguez, CA) at 37oC and dialyzed against 150 ml, 10 mM HEPES buffer at pH 7.4. The 

concentration of doxorubicin was measured at regular intervals for a period of 48 hours by 

carefully removing a 100 µl sample from the dialysis tubing and determining the sample 

absorbance. The absorbance immediately upon set up (t=0 min) was denoted as 100% doxorubicin 

and subsequent absorbance readings were calculated with respect to this value. Drug release was 

followed for up to 48 hours. Release characteristics of the free doxorubicin drug in 10 mM pH 7.4 

HEPES buffer from the dialysis tubing was also determined and used for comparison with that 

observed with the nanoparticles.  

 

Cell Viability following treatment with DOX- or AR-42-loaded LPNs. PC3 and PC3-PSMA cells 

were seeded at a density of 10,000 cells per well in a 96 well plate in presence of 150 L growth 
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medium (RPMI / DMEM) with 10% FBS and 1% penicillin and streptomycin antibiotics. Cells 

were treated with various concentrations of empty (drug-free) nanoparticles, DOX or AR-42 

loaded nanoparticles and incubated for 48 h or 72 h. The MTT (10 µl) reagent was added after 48 

h or 72 h and incubated for 3 h at 37ºC following which, detergent reagent (50 µl) was added and 

incubated at room temperature for 5 h. The MTT assay data were analyzed as described previously.  

 

Cellular Uptake of Small Molecule-loaded LPNs. Cellular uptake of free-base doxorubicin (DOX)-

loaded LPNs was visualized by laser scanning confocal microscopy using a Leica SP5 Confocal 

Microscope (Leica Microsystems, Wetzlar, Germany) or a Nikon C2 laser scanning confocal 

system with a TE2000 inverted microscope. PC3 cells (4 x 104) were cultured in a 24 well plate 

with a 1-cm diameter autoclaved coverslips for 24 hours and treated with free-base doxorubicin 

(DOX) in LPNs at a final DOX concentration of 13.3 µM and imaged after 24 h in order to 

visualize their sub-cellular localization.  

 

Prior to imaging, cells were fixed in a 4% paraformaldehyde solution for 30 minutes followed by 

three washes with 1X PBS. Cells were mounted on the glass slide with glycerol-based mounting 

medium (90% glycerol in PBS) and imaged using Leica 40X, NA1.4 oil immersion lens or Nikon 

40X, NA 1.3 oil immersion lens. Cells were excited at 480 nm (He/Ne laser) (Leica microscope) / 

637 nm (Nikon microscope) and fluorescence emission was collected using a 670 nm long pass 

filter in order to visualize doxorubicin.  
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Simultaneous Delivery of Small Molecules and Plasmid DNA using LPNs.  

We employed AR-42 loaded NR and PR nanoparticles (called as ‘NRAR’ and ‘PRAR’ to indicate 

loading of the AR-42 drug), to investigate cancer cell death following delivery of the pEF-TRAIL 

plasmid in PC3 and PC3-PSMA cells. Four optimal LPN:pDNA weight ratios as 10:1, 20:1, 25:1 

and 50:1, were employed for these experiments. The pEF-GFP expression vector, which expresses 

enhanced green fluorescent protein (EGFP), was employed as a control in the study because it 

expresses EGFP, a protein that is not expected to induce death in cancer cells. Other experimental 

procedures employed in these studies were similar to those described previously in this section.  

 

Statistical Analyses. All cell-based experiments were carried out at least in triplicate, and the 

results are expressed as mean ± one standard deviation. The Student’s t-test was used to assess 

statistical significance of difference between group means; p-values <0.05, with respect to PEI, 

are considered statistically significant.  

 

RESULTS AND DISCUSSION 

 

 

Aminoglycoside-derived Polymers and LPNs  

Aminoglycoside-derived polymers, neomycin-RDE (NR), paromomycin-RDE (PR) and 

apramycin-RDE (AR) were synthesized, purified and characterized using previously described 

methods[36]; approximate yields for the parental polymers ranged from 40-50%. LPNs were 

synthesized by reacting amines of parental polymers NR, PR, and AR with different lipids 

including acetyl (C2), butyryl (C4), hexanoyl (C6), myristoyl (C14) and stearoyl (C18) chlorides 

(Figure 1). We employed different alkanoyl groups with different chain lengths in order to 

systematically modulate the hydrophobicity and nanoparticle-forming propensity of the resulting 
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polymers. A total of 39 different LPNs were synthesized using different polymer:lipid reaction 

molar ratios (1:2, 1:5 and 1:10) and purified with average yields ranging from 30-55% (Table S1, 

Supporting Information section).  

 

Characterization of Lipopolymer Formation 

Nucelar Magnetic Resonance (NMR) and Fourier Transform Infrared (FT-IR) Spectroscopy. 1H 

NMR analysis in Figure S1 (Supporting Information section) indicated the presence of alkanoyl 

protons such as –CH3 (marked as ‘a’ at δ 0.8 ppm), γ-CH2 and β-CH2 (marked as ‘b’ at the range 

of δ 1.2-1.6 ppm), α-CH2 (marked as ‘d’ at δ 2.16 ppm) in the LPNs, which in turn, are indicative 

of the conjugation of lipid onto the aminoglycoside-derived parental polymers. The 1H NMR 

spectra of the PR polymer and its derivative PR-C14 (1:2) formed by C14 lipid-conjugation is 

shown in the Figure S1 (Supporting Information section) as a representative example; the 

nomenclature system for LPNs is described in Table S1 (Supporting Information section). The 

integrated values of the characteristic resonance shifts corresponding to lipid acid chloride (δ ῀ 0.8 

ppm, -CH3) and aminoglycoside-derived polymer (δ ῀ 7.1-7.2 ppm, -CHBenzene) were used to obtain 

the extent of lipid substitution for a given lipopolymer (Table S2, Supporting Information section). 

The information in Table S2 shows the reaction molar ratios, the ratios calculated from NMR and 

the degree of lipid substitution of the LPNs. As seen in the table, the number of grafted lipids 

generally increased with increasing reaction molar ratios. The FTIR spectra of the parental 

polymer PR and its corresponding lipopolymer PR-C6 (1:2) formed by C6 lipid-conjugation are 

shown in Figure S2 (Supporting Information section). The peaks for N-H and O-H stretching 

overlapped to form a broad peak at 3418 cm-1. The % transmittance of alkyl C-H (sp3) stretching 

at 2935 cm-1 in LPN’s FTIR spectrum was higher compared to that seen for the parental polymer, 
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which indicated presence of the lipid acid chlorides in the lipopolymer nanoparticles. Amide 

linkages between parental aminoglycoside polymers and the lipids were identified at 1668 cm-1, 

which further indicated conjugation of lipids.  

 

Elemental Analyses. Elemental analyses with select LPNs indicated an increase in weight 

percentage of carbon (C) and hydrogen (H) compared to their corresponding parental polymer 

samples (Table S3, Supporting Information section). In contrast, the weight percent of nitrogen 

(N) in LPNs was lower than in parental polymers. This is consistent with the conjugation of the 

lipids onto parental polymers which results in an increase in carbon and hydrogen but not nitrogen, 

thus accounting for the observations seen in the elemental analyses.  

 

Determination of Molecular weights (MWs)of LPNs. Gel Permeation Chromatography (GPC) 

analyses indicated that the average molecular weights of polymer or lipopolymer molecular 

weights and polydispersities were in the range of 3.2-5.3 kDa, and 1.1-1.3, respectively (Table S4, 

Supporting Information section). Mass spectrometry using MALDI-TOF analyses with 

lipopolymer reaction mixture pre- and post-dialysis (retentate) indicated that the process was able 

to remove low molecular weight constituents like excess lipid acid chlorides (Figure S9, 

Supporting Information section). It is likely that some parental polymer is present in the retentate 

post-dialysis.  

 

Nanoparticle Formation Studies 

Parental polymers and aminoglycoside-derived lipopolymers form self-assembled nanoparticles 

by themselves (Figure 2). Parental polymers NR (1:1, 1:2) and PR (1:1, 1:2), formed nanoparticles 
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with hydrodynamic diameters in the range of 120-190 nm and zeta potential values in the range of 

5-20 mV in Milli-Q water (with pH 8-8.5). All alkanoyl derivatives of the parental 

aminoglycoside-derived polymers also self-assembled into nanoparticles with hydrodynamic 

diameters in the range of 20-170 nm and zeta potential values in the range of 0.2-50 mV (Figure 

2). LPNs derived from the AR polymer possessed lower hydrodynamic diameters when compared 

to those derived from NR and PR polymers. In general, it was found that LPNs derived using 

longer lipid chains and from higher reaction molar ratios (i.e. 1:10 of polymer:lipid) were larger 

in size when compared to those of lower reaction molar ratios (1:2 and 1:5). Zeta potential values 

increased with molar ratios employed in the conjugation reaction of lipids onto the parental 

polymer. Higher lipid:polymer molar ratios are likely to result in a reduction in the number of 

primary amines, which in turn can cause a reduction in the nanoparticle zeta potential values.  The 

critical micellar concentration or CMC of PR-C14 (1:2) lipopolymer was determined using the 

pyrene fluorescence assay (Figure S3, Supporting Information section). The CMC analysis further 

indicates the formation of nanoparticles.  

 

Stability of polymeric nanoparticles was determined by determining their hydrodynamic diameters 

over time. All LPNs were stable for at least one week whereas drug (doxorubicin or AR-42) loaded 

nanoparticles were stable for up to one week. The lead lipopolymer PR-C14, i.e. PR polymer 

conjugated with C14 lipid, was stable for over a period of 6 months in 20 mM HEPES buffer (pH 

7.4) when stored at 4oC (Figure S4, Supporting Information section).  

 

 

Characterization of Lipopolyplexes 
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Hydrodynamic Diameters, Zeta Potential Values, Transmission Electron Microscopy of 

LPN:pDNA Lipopolyplexes. The hydrodynamic diameters and zeta potential values of LPN:pDNA 

complexes were determined for LPN:pDNA weight ratios of 5:1 to 50:1, which were used for 

transgene expression (Figure 4). Hydrodynamic diameters ranging from 50 nm to 1600 nm were 

observed, and complexes formed at lower weight ratios of 5:1 and 10:1 were generally larger than 

the complexes formed at higher weight ratios of 25:1 and 50:1 (Table 1). This is likely because of 

the lower amine content at lower weight ratios, which may result in inefficient complexation. The 

reduction in complex size at higher weight ratios (approximately 40-60 nm) can also be attributed 

to the increased lipid content which facilitates stronger hydrophobic association, and therefore, 

compaction of the complexes [51, 52]. Zeta potential values of LPN:pDNA complexes ranged from 

of +0.2 to +50 mV, and typically increased with increasing amount of LPN employed in the 

complexes (Table 1). This is along expected lines, because increasing the cationic content from 

LPNs is required to neutralize the anionic content from DNA molecules.  

 

Transmission electron microscopy (TEM) visualization of negatively stained uncomplexed LPNs 

and LPNs complexed with pGL4.5 pDNA  indicated relatively uniform dimensions of the particles 

formed in each case (Figure 3); the particles appear white on black background. Particles appear 

well dispersed in case of uncomplexed LPN and LPN complexed with pDNA at a weight ratio of 

5:1. Some clustering of particles was observed at the higher LPD:pGL4.5 weight ratio of 25:1, 

likely because of bridging and other artefacts during drying on the TEM grid[53].  

 

LPN-mediated Plasmid DNA (Gene) Delivery: Transgene Expression and Cell Viability 
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Transgene (luciferase) expression following LPN-mediated plasmid DNA (pDNA) delivery. A 

library of 39 LPNs Table S1 (Supporting Information section) was screened for luciferase 

transgene expression following delivery of the pGL4.5 plasmid to PC3 cells. LPN:pDNA weight 

ratios ranging from 1:1 to 100:1 were employed in the initial screening [Figure 4 (A-C)]. In 

addition, parental polymer nanoparticles [NR (1:1, 1:2) and PR (1:1, 1:2)][38], and lipofectamine, 

a commercial transfection agent (Figure S5), were also evaluated for transgene expression 

efficacy. A significant increase in luciferase protein expression was observed for several LPNs 

compared to 25 kDa PEI, lipofectamine or the corresponding parental aminoglycoside-derived 

polymers in the primary screening [Figure 4 (A-C)]. PR- and AR-derived LPNs showed higher 

levels of luciferase expression compared to those derived from NR. An increase in luciferase 

expression of 1.5-2 fold was observed in case of PR- and AR-derived LPNs compared to their 

parental polymers, but a significant increase was not seen in case of NR-derived LPNs. In general, 

derivatization with hexanoyl (C6) moieties enhanced transgene expression, likely because of an 

optimized balance between the hydrophobicity of this group along with that of the cross-linker and 

the cationic charge on the lipopolymers. Thus, lipid-conjugation generally improves the efficacy 

of aminoglycoside-derived nanoparticles, which is consistent with other observations in the 

literature [36, 54-58].  

 

The hydrodynamic diameter and zeta potential values of LPNs (Table 1) also correlate with 

transgene expression efficacies observed with LPNs. Weight ratios that result in complexes less 

than 200 nm in diameter and generally cationic zeta potential values demonstrated among the 

highest levels of luciferase expression in Figure 4 (A-C). This is likely because optimal zeta 

potential and particle size values can promote effective uptake, trafficking and transgene 
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expression following delivery of LPN:pDNA complexes. Taken together, LPN and lipopolyplex 

chemistries and physicochemical properties determine effective transgene expression following 

complexation and delivery of plasmid DNA. However, detailed structure-property investigations are 

needed in order to further elucidate physicochemical and cellular factors responsible for this 

activity.  

 

Screening results in Figure 4 (A-C) also indicate that LPN:pGL4.5 weight ratios from 5:1 to 50:1 

generally resulted in the highest levels of luciferase expression. Although the optimal ratio was a 

function of polymer and lipid chemistry, a weight ratio of 10:1 was generally found to be most 

effective across different LPNs. LPNs containing C6 lipids at all three molar ratios and C14 lipids 

at lower molar ratios of 1:2 and 1:5 demonstrated higher levels of luciferase expression compared 

to those containing C18 moieties. This is likely because the 1:2 and 1:5 polymer : lipid derivatives 

balance hydrophobic character of the lipids with electrostatic charge from the amines. Increasing 

the number of lipid molecules destroys the cationic character of the parental polymers due to 

increased consumption of amines in the reaction, and likely leads to lower efficacies. These results 

are also consistent with previous reports which indicate dependence of transgene expression 

efficacy on length and extent of the lipid conjugated [59, 60].  

 

Evaluation of Lead LPNs for Transgene Expression. Six LPNs, NR-C6 (1:2), NR-C6 (1:5), PR-

C6 (1:2), PR-C6 (1:5), AR-C6 (1:2) and AR-C6 (1:5), were selected from initial screening of 

luciferase expression and subjected to subsequent investigations. Lead LPNs were further 

evaluated for in vitro transgene expression efficacy in three additional cell lines including 22Rv1 

(human prostate cancer), PC3-PSMA (human prostate cancer) and MB49 (murine bladder cancer) 
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at different weight ratios (5:1 to 50:1). NR-C6 (1:2) and NR-C6 (1:5) demonstrated higher 

luciferase expression in 22Rv1 cells compared to LPNs derived from PR and AR polymers PR-C6 

(1:2) and AR-C6 (1:2) [Figure 5 (A-C)]. However, AR-derived LPNs demonstrated higher levels 

of luciferase expression than those derived from PR in PC3-PSMA cells [Figure 5 (A-C)]. It was 

found that in case of luciferase expression, the most effective weight ratios and the fold-

enhancement of lipopolymers compared to parent polymers were dependent on the cell type, which 

is consistent with previous reports in literature [61]. The highest fold enhancement (1.5-fold) for 

NR-derived LPNs over the corresponding NR polymer was in 22Rv1 cells. In the case of PR- and 

AR-derived LPNs, the enhancement was 2-fold and was observed in PC3, 22Rv1, MB49 cells and 

PC3-PSMA cells, respectively.  

 

LPN-mediated transgene expression in presence of serum. Presence of serum can strongly inhibit 

transgene expression following plasmid DNA delivery by non-viral vectors [62, 63]. Serum 

incompatibility typically arises from adsorption of negatively charged serum proteins to cationic 

moieties, which can destabilize polymer / lipopolymer : pDNA complexes resulting in reduced 

efficacies [64]. Figure 6 shows that NR- and PR-derived LPNs demonstrated high efficacies of 

transgene expression even in presence of 10% serum. A decrease in luciferase expression to the 

extent of 50%, 30-40%, and 10-20% were observed with AR-C6 (1:2), PR-derived LPNs, and NR-

derived LPNs, respectively. At serum levels of 30% and 50%, luciferase expression following 

pDNA delivery with NR- and PR-derived LPNs was largely invariant, whereas a significant 

decrease was observed with AR-derived LPNs compared to serum-free conditions. NR and PR-

derived LPNs resulted in higher luciferase expression than 25 kDa PEI across all concentrations 
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of serum tested. The observed stability in serum and improved performance over PEI, further 

indicate the promise of LPNs for transgene delivery and expression.   

 

Cytotoxicity of LPNs and LPN:pDNA Lipopolyplexes 

LPN lipopolyplexes demonstrated minimal toxicity towards PC3 cells at weight ratios of 5:1, but 

significant toxicities were seen when weight ratios of 50:1 were employed (Figure S7 A-C; 

Supporting Information section). It is likely that higher concentrations of LPNs induce membrane 

disruption of target cells, ultimately resulting in a loss of cell viability[65]. Cytotoxicity was 

dependent on the type of LPN employed for weight ratios of 10:1 and 25:1. AR-derived LPN-

lipopolyplexes demonstrated higher cell viabilities, but no general trend was found with respect to 

the chain length of the conjugated lipid employed in LPN generation. These results are also 

consistent with transgene expression results observed with different cells; weight ratios that 

resulted in significant loss of viability expectedly resulted in poorer levels of transgene expression. 

Free LPNs, uncomplexed with pDNA, demonstrated similar levels of toxicity towards PC3 cells 

as seen with LPN:pDNA lipopolyplexes [Figure S6 (A-C), Supporting Information section]. As 

expected, higher loss in viability was seen when cells were treated with higher concentrations of 

LPNs (25 µg/ml LPN dose, which was equivalent to that used in LPN:pDNA weight ratios of 

50:1).  

 

Plasmid DNA binding Efficacy of Lead LPNs. The percentage fluorescence decrease in the 

ethidium bromide displacement assay is an effective indicator of the DNA binding efficacy of 

molecules[34, 35]. Figure S8 (Supporting Information section) indicates that % fluorescence 

decrease is higher for LPNs compared to parental polymers at higher weight ratios of 50:1. 
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However, at lower weight ratios of 5:1 to 25:1 the percentage decrease of fluorescence intensity is 

comparable between LPNs and their parental polymers. The pDNA binding efficacy of polymers 

can be varied by varying the extent of lipid conjugation on parent polymers, which is an approach 

that substitutes amine moieties with lipid molecules [66]. Presence of the hydrophobic (lipid) 

moieties can further help displace ethidium bromide from its hydrophobic environment in the DNA 

leading to increase in % fluorescence decreased particularly at higher LPN amounts. Taken 

together, these studies verify that LPNs indeed bind pDNA and that these interactions are strong 

enough to displace the intercalating ethidium bromide dye from the plasmid DNA. 

 

Small Molecule Delivery using LPNs 

Doxorubicin (DOX)-loaded Nanoparticles: Preparation, Drug release and Cytotoxicity. We next 

investigated the ability of parental polymer [NR (1:1) and NR (1:2)] and lipopolymer nanoparticles 

[LPNs; PR-C14 (1:2)] for delivering small molecules (drugs) to cells as an additional application 

of these versatile materials. Doxorubicin (DOX) is a widely investigated hydrophobic anti-cancer 

therapeutic, and was therefore used as a model small molecule drug for encapsulation within parent 

polymeric nanoparticles and LPNs in the current studies. Furthermore, DOX possesses strong 

fluorescence properties which facilitates sub-cellular visualization[67]. The drug loading capacities 

of DOX for NR (1:1) and NR (1:2) were found to be 5.5% and 7.3% respectively, and the drug 

encapsulation efficacy of DOX for NR (1:1) and NR (1:2) were found to be 33.1% and 43.9% 

respectively, whereas drug loading capacity and encapsulation efficacy of DOX for PR-C14 (1:2) 

was found to be 9.5% and 57.2% respectively, indicating that the drug was encapsulated in both 

polymer [NR (1:1) and NR (1:2)] and lipopolymer PR-C14 (1:2). Figure 7 (A-D) shows that the 

cytotoxicity of (DOX)-loaded NR (1:2) nanoparticles was higher than that of NR (1:1) 
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nanoparticles and unloaded (empty) NR (1:1) and NR (1:2) nanoparticles in both PC3 and PC3-

PSMA cancer cells treated for 48h and 72h. 

 

In vitro drug release. In vitro drug release of DOX from NR (1:2), PR-C14 (1:2) LPNs was 

investigated using a dialysis membrane in 10 mM HEPES (pH 7.4) and compared with the 

diffusion of free DOX through the membrane. As shown in Figure 8, only 10-20% DOX was lost 

from nanoparticles over a period of 48 h, confirming the DOX encapsulated within polymeric 

hydrophobic micelle cores. The release of free DOX (in 10 mM HEPES buffer) was found to be 

90% over a period of 48 h, which is along expected lines for unencapsulated drug molecules.  

 

Cellular uptake of DOX-loaded LPNs. Cellular uptake of doxorubicin-loaded LPNs was visualized 

using confocal fluorescence microscopy. Following 24 h treatment, DOX-loaded NR (1:2), DOX-

loaded PR-C14 (1:2) LPNs, as well as free DOX (not encapsulated within LPNs) were observed 

both in the cytoplasm as well as the nucleus of PC3 cells (Figure 9), likely due to passive diffusion 

of the drug [68]. These results indicate that LPNs can be used for cellular delivery of small molecule 

drugs, likely because positive charges on the nanoparticles aid their uptake due to electrostatic 

interactions with cell membranes.  

 

Combined Gene and Drug Delivery using LPNs 

Histone deacetylases (HDACs) are overexpressed in several cancers and the inhibition of these 

enzymes is an attractive approach for cancer cell ablation [47, 48]. A histone deacetylase (HDAC) 

inhibitor, AR-42, was loaded (20% w/w) in NR (1:2) polymer, which resulted in the formation of 

AR-42 loaded NR nanoparticles (NRAR). The loading of HDACi (AR-42) in LPNs, determined 
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using HPLC in concert with absorbance at a wavelength of 260 nm, was found to be 5.9%. NRAR 

nanoparticles were further investigated for simultaneous delivery of drug (AR-42) and pEF-

TRAIL plasmid in PC3 and PC3-PSMA cells. The nanoparticles were complexed with plasmid 

DNA (pEF-TRAIL or pEF-GFP) at polymer:pDNA weight ratios of 10:1, 20:1, 25:1 or 50:1; the 

pEF-GFP expression vector, which expresses enhanced green fluorescent protein (EGFP), was 

employed as a control in the study. In particular, the NRAR:pTRAIL complex of weight ratio 50:1 

was effective in ablating both PC3 and PC3-PSMA cancer, and lead to death in approximately 60-

70 % cancer cells (Figure 10). In comparison, the NRAR+pEGFP (no TRAIL) and NR+pTRAIL 

(no AR-42 drug) controls were not able to induce as high a loss in cell viability (~ 28% and 32% 

death) as the combination NRAR:pTRAIL treatment, indicating the efficacy of the combination 

treatment approach.  

 

CONCLUSIONS 

In this study, we synthesized and characterized a library of 39 lipopolymer nanoparticles (LPNs) 

for simultaneous nucleic acid and small-molecule delivery. LPNs possessed nanoscale 

hydrodynamic diameters and positive surface charges, which resulted in high efficacies for 

complexing and delivering plasmid DNA and concomitant high levels of luciferase expression. 

Complexation of LPNs with plasmid DNA resulted in nanoparticle (‘lipopolyplex’) formation as 

determined using dynamic light scattering and transmission electron microscopy studies. LPNs 

demonstrate high efficacies of transgene expression even in presence of high amounts of serum; 

this was not seen with PEI, which is a commonly used commonly used polymer for pDNA 

delivery. In addition, LPNs demonstrated an ability to carry and deliver small-molecule 

chemotherapeutic drugs, including in concert with plasmid DNA, leading to combination drug and 
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nucleic acid delivery systems. In summary, the current library of aminoglycoside-derived LPNs 

are promising nanoscale vehicles for drug, nucleic acid, or simultaneous small-molecule and 

nucleic acid delivery for a variety of biomedical applications. 
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Figure 1. (A) Schematic illustration of lipopolymer formation by derivatizing aminoglycoside-

derived NR, PR, and AR polymers with different alkanoyl (C2, C4, C6, C14, and C18) chlorides. 

This scheme is intended to only show the general reaction and does not represent the exact 

mechanism by which this reaction proceeds. (B) Schematic illustration of self-assembled 

lipopolymer nanoparticles (LPNs) for simultaneous delivery of small molecules (e.g. HDAC 

inhibitors) and nucleic acids (e.g. plasmid DNA). Some parental polymers spontaneously form 

nanoparticles without the need for a hydrophobic modifier.  
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Figure 2. (A) Hydrodynamic diameters (nm) and (B) and zeta potential values (mV) of parental 

polymers and LPNs determined in 20 mM HEPES buffer (pH 7.4) uncomplexed with plasmid 

DNA. Please see the experimental section for details.  

 

 

 

 

 

 

 

 

 

 

 

 

100 nm 

50 nm 

Page 31 of 47 Journal of Materials Chemistry B



 

 

 

Figure 3. Electron micrographs of the negatively stained lead lipopolymer nanoparticles (LPNs) 

PR-C6 (1:5) and NR-C6 (1:2) and their respective lipopolyplexes at LPN:pDNA ratios of 5:1 and 

25:1. White color indicates LPNs or LPN:pDNA complexes and black color indicates  negative-

stained background in the image.  Scale bars in yellow indicate 100 nm in all images.  
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                                                                   LPN: pDNA (weight ratio) 

       LPN                    1:0    5:1                     10:1                   25:1                    50:1 

 

NR (1:1) 

NR (1:2) 

PR (1:1) 

PR (1:2) 

NR-C6 (1:2) 

NR-C6 (1:5) 

PR-C6 (1:2) 

PR-C6 (1:5) 

AR-C6 (1:2) 

AR-C6 (1:5) 

 

NR (1:1) 

NR (1:2) 

PR (1:1) 

PR (1:2) 

NR-C6 (1:2) 

NR-C6 (1:5) 

PR-C6 (1:2) 

PR-C6 (1:5) 

AR-C6 (1:2) 

AR-C6 (1:5) 

Hydrodynamic Diameter (nm) 

        369±3               453±3                 429±4               231±5                193±3      

        344±3               422±4                 322±3               190±4                185±3 

        445±4               365±4                 334±5               187±6                194±3   

        433±5               387±6                 318±4               175±2                174±5 

          41±1               323±1                 405±6               131±5                  97±1 

          40±1               704±32               205±1                 66±1                  49±1 

         14±3                281±28             1175±14               76±2                  79±2 

         25±1.               907±113               79±1                 61±1                  67±5 

         29±7                108±1                 925±36               94±1                  47±1 

         34±1                  95±4               1622±83               85±1                  48±1 

                                           Zeta Potential (mV) 

         12±4                 19±2                    16±5                 21±1                 23±4 

         15±2                 16±4                    19±2                 25±4                 27±4 

         16±3                 16±2                    18±3                 20±4                 21±2 

         12±3                 13±3                    16±3                 21±2                 22±4 

         29±2                 12±1                    19±2                 31±1                 33±1 

         29±1                 17±1                    17±1                 29±1                 32±6 

         24±6                 10±2                    10±1                 32±1                 35±1 

         27±2                   5±1                    14±1                 35±1                 36±1 

         21±1                   2±1                    17±4                 19±1                 27±3 

         24±5                 11±1                    15±1                 20±1                 30±1 
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Table 1. Hydrodynamic diameter (nm) and zeta potential values (mV) of lead LPNs and 

LPN:pDNA complexes (lipopolyplexes).* 

*Complexes were formed at optimal LPN:pDNA weight ratios of 5:1 to 50:1 (chosen from initial 

screening of lipopolymers in PC3 cells) by incubating with 100 ng of pDNA for 20 minutes before 

measuring lipopolyplex size and zeta potential. Measurements were carried out in 1X PBS buffer 

(150 mM salt concentration, pH 7.4). The first column in the table (“1:0”) indicates properties of 

the LPNs alone, which verifies that these delivery vehicles self-assemble into nanoparticles by 

themselves (i.e. in absence of plasmid DNA).  
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Figure 4. Transgene (luciferase) expression following delivery of pGL4.5 plasmid DNA (pDNA) 

to PC3 cells using (A) NR polymer (B) PR polymer, and (C) AR polymer, and their respective 

derivatives with three different lipids (C6, C14, and C18) each at three different molar ratios. 

Luciferase expression was evaluated for 1:1 to 100:1 lipopolymer:pDNA (w/w). Transgene 

expression efficacies of lipopolymers were quantified in terms of relative luciferase units (RLU) 

and normalized to total protein content (mg), resulting in RLU/mg values. Transgene expression 

efficacies of lipopolymers were compared with that of parental NR, PR, and AR polymers in 

addition to 25 kDa branched poly(ethyleneimine) (PEI). Experiments were carried out in triplicate 

and mean values from these are shown (n=3 independent experiments; error bars are not shown).  
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Figure 5. Luciferase transgene expression (RLU/mg) for lead lipopolymers, their corresponding 

parental polymers and PEI (25kDa) in (A) 22Rv1, (B) PC3-PSMA and (C) MB49 cells. Luciferase 

expression was determined for lipopolymer:pDNA weight ratios from 5:1 to 50:1. * = p < 0.05; 

** = p < 0.01 using Student’s t-test; p-values were obtained by comparing RLU/mg values of each 

lipopolymer and the parental polymers with PEI under corresponding conditions. Data represent 

mean ± one standard deviation of three independent experiments (n=3).  

 

 

 

 

 

Figure 6. Luciferase transgene expression (RLU/mg) for lead LPNs and PEI (25 kDa, branched) 

in PC3 cells following delivery of pDNA in presence of increasing concentrations of serum in 

media. Efficacies of LPNs and PEI were investigated at optimal LPN:pDNA (w/w) ratios, based 

on the dose response study shown in Figure 4. Data represent mean ± one standard deviation of 

three independent experiments (n=3). Statistical analyses (Student’s t-test) indicated that RLU/mg 

values for every LPN were statistically significant compared to PEI under corresponding 

conditions.  

 

 

0

10

20

30

40

50

60

N
R

-C
6

(1
:2

)

N
R

-C
6

(1
:5

)

P
R

-C
6

(1
:2

)

P
R

-C
6

(1
:5

)

A
R

-C
6

(1
:2

)

A
R

-C
6

(1
:5

)

P
EI

Lu
ci

fe
ra

se
 E

xp
re

ss
io

n
 

R
LU

/m
g 

; 
M

ill
io

n
s

Polymer

0 10

30 50

Serum (% in Media)

Page 38 of 47Journal of Materials Chemistry B



 

 

 

 

 

 

 

 

 

 

Figure 7. Cell viability of PC3 and PC3-PSMA cells following treatment with doxorubicin 

(DOX)-encapsulated LPNs at different concentrations. Cell viability was determined using the 

MTT assay, and in all cases, compared to empty (unencapsulated DOX nanoparticles) as the 

control. * = p < 0.05; using Student’s t-test; p-values were obtained by comparing DOX-loaded 

nanoparticles with empty nanoparticles under corresponding conditions. Data represent mean ± 

one standard deviation of three independent experiments (n=3).  
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Figure 8. Kinetics of doxorubicin (DOX) release from NR (1:2), PR-C14 (1:2) LPNs in 10 mM 

HEPES (pH 7.4), compared to that of free doxorubicin from a 8-10 kDa molecular weight cutoff 

Float-A-Lyzer dialysis tubing into a 10 mM HEPES (pH 7.4) buffer. Methods are described in the 

experimental section.  
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Figure 9. Confocal fluorescence microscopy images of PC3 cells following treatment with (A) 

free DOX, (B) DOX-loaded PR-C14 (1:2) LPN, and (C) DOX-loaded NR (1:2) parental polymer 

for 24h. Scale bar = 50 µm in all images.  
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Figure 10. Simultaneous delivery of HDACi (AR-42) and plasmid DNA (pTRAIL) and evaluation 

of cell viability of (A) PC3 and (B) PC3-PSMA cells following treatment with NR polymeric 

nanoparticles at different polymer:pDNA weight ratios. Cell viability was determined using the 

MTT assay, and in all cases, compared to pGFP as the control. * = p < 0.05; using Student’s t-test; 

p-values were obtained by comparing NRAR polymer:pTRAIL weight ratios with NRAR 

polymer:pGFP weight ratios under corresponding conditions. Data represent mean ± one standard 

deviation of three independent experiments (n=3).  
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