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Abstract: Cationic polymers are one of the major nonviral gene delivery vectors investigated 

in the past decade. In this study, we synthesized several cationic copolymers using atom transfer 

radical polymerization (ATRP) for gene delivery vectors: pluronic F127-poly(dimethylaminoethyl 

methacrylate) (PF127-pDMAEMA), pluronic F127-poly (dimethylaminoethyl methacrylate-

tert-butyl acrylate) (PF127-p(DMAEMA-tBA)), and pluronic F127-poly(dimethylaminoethyl 

methacrylate-acrylic acid) (PF127-p(DMAEMA-AA)). The copolymers showed high buffering 

capacity and efficiently complexed with plasmid deoxyribonucleic acid (pDNA) to form 

nanoparticles 80–180 nm in diameter and with positive zeta potentials. In the absence of 10% 

fetal bovine serum, PF127-p(DMAEMA-AA) showed the highest gene expression and the lowest 

cytotoxicity in 293T cells. After acrylic acid groups had been linked with a fluorescent dye, 

the confocal laser scanning microscopic image showed that PF127-p(DMAEMA-AA)/pDNA 

could efficiently enter the cells. Both clathrin-mediated and caveolae-mediated endocytosis 

mechanisms were involved. Our results showed that PF127-p(DMAEMA-AA) has great potential 

to be a gene delivery vector.

Keywords: nonviral vector, pluronic F127, dimethylaminoethyl methacrylate, copolymer, atom 

transfer radical polymerization

Introduction
Gene therapy has for some time been considered a promising treatment for various 

diseases. Designing a gene delivery vector with low cytotoxicity and high loading 

ability of a gene drug, such as plasmid deoxyribonucleic acid (pDNA), signal interfering 

ribonucleic acid, and antisense oligodeoxynucleotide, is currently a challenging task.1 

Over the past decade, gene carriers have been developed in two systems: nonviral and 

viral gene delivery systems. Nonviral gene delivery systems using cationic polymers 

are highly attractive for treating genetic diseases and cancer because they improve 

drawbacks encountered with viral carriers, such as cytotoxicity and immunogenicity. 

Positively charged groups of cationic polymers complexed with negatively charged gene 

drugs via electrostatic interactions not only protect the gene drugs from the nuclease 

degradation, but also facilitate efficient delivery of the gene drugs into cells.2

Polyethylenimine (PEI),3 poly(2-dimethyl amino)ethyl methacrylate (PDMAEMA),4 

poly(lysine) (PLL),5 and polyamidoamine (PAAM) are commonly-used cationic 

polymers for gene delivery carriers.6 Among them, PDMAEMA is the easiest one to 

manipulate its macromolecular architectures (star, liner, graft, and block). In addition, 
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its monomer can be polymerized in differently controlled man-

ners like atom transfer radical polymerization (ATRP),7–9 and 

reversible addition-fragmentation chain transfer polymeriza-

tion.10,11 However, the transfection efficiency and cytotoxicity 

of PDMAEMA go hand-in-hand with increasing the molecu-

lar weight. This situation limits PDMAEMA application in 

gene delivery systems.12 Several methods have been adopted 

to reduce cytotoxicity without sacrificing the transfection effi-

ciency of PDMAEMA, including PEGylation of PDMAEMA 

by preparing copolymers with polyethylene glycol (PEG) or 

with hydrophobic and hydrophilic monomers.13–15 In addi-

tion, the incorporation of multiple functionalities into the 

PDMAEMA copolymers have been extensively developed 

for gene delivery systems.16

Pluronic copolymers consist of  hydrophobic poly(propylene) 

(PPO) segments and hydrophilic poly(ethylene oxide) (PEO) 

segments. They can self- assemble into micelles with a 

hydrophobic core by PPO and a hydrophilic shell by PEO.17 

The pluronic copolymers have been modified with cationic 

polymers, such as PEI,18 PLL,19 and PDMAEMA,20–22 to 

improve gene transfection as well as to reduce cytotoxicity. 

The hydrophobic PPO segments of pluronic polymers enhance 

the stability of polyplexes between polymers and deoxyribo-

nucleic acid (DNA),23,24 and promote the cellular uptake of 

polyplexes because of the increased interaction between the 

cell membrane and polyplexes.20

A successful example was reported in the improvement of 

transfection efficiency using a pluronic P85-based polymer 

instead of using a PEG-based polymer comprising poly(N-

[N-(2-aminoethyl)-2-aminoethyl]) aspartamide cationic 

blocks as a gene vector. This fact is attributable to the idea 

that pluronic P85 interacts with the plasma membrane and 

promotes the cellular uptake of biomacromolecules.20 In this 

study, we tried to copolymerize pluronic F127 (PF127) with 

PDMAEMA to reduce the cytotoxicity of PDMAEMA as a 

gene vector. However, when we prepared pentablock copo-

lymers of PF127-pDMAEMA with different PDMAEMA 

block lengths via ATRP (unpublished data), we found that 

the pDNA-condensed ability and its transfection efficiency 

were mainly dependent on a PDMAEMA chain length. The 

higher block length of PDMAEMA indeed showed the higher 

transfection efficiency but resulted in a higher cytotoxicity as 

well. To overcome the cytotoxicity caused by the high chain 

length of PDMAEMA .100 repeating units, we tried to 

modify the internal structure of PF127-pDMAEMA by copo-

lymerizing a negatively charged acrylic acid (AA) to produce 

PF127-p(DMAEMA-AA). We hope that the carboxyl groups 

of PF127-p(DMAEMA-AA) can neutralize the positively 

charged PDMAEMA and reduce its inherited cytotoxicity 

without sacrificing its gene transfection ability. In addition, the 

AA groups can be used to react with a fluorescent dye for cel-

lular trafficking. Thus, the merits of PF127-p(DMAEMA-AA) 

as a gene vector include (1) cationic DMAEMA segments for 

condensing pDNA; (2) PF127 segments for reducing cytotox-

icity and self-assembly; and (3) AA functional groups linked 

with a fluorescent dye for internalization trafficking.

Three artificial copolymers were synthesized and char-

acterized using Fourier-transform infrared (FTIR) spectro-

scopy and proton nuclear magnetic resonance (1H-NMR) 

spectroscopy. The cytotoxicity was determined by the 

viability of transfected cells using a 3-(4,5-Dimethyl-thiazol-

2yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay. The 

hydrodynamic diameters and zeta potentials were measured 

using dynamic light scattering (DLS). The morphologies 

were obtained using a transmission electron microscope. 

To test the potency of copolymers as a gene carrier, the gene 

transfection efficiency of polyplexes were studied in 293T 

cells. The mechanism of cellular uptake was studied using a 

flow cytometer, and the in vitro cell internalization of pDNA 

into 293T cells was directly visualized using a confocal laser 

scanning microscope (CLSM).

Materials and methods
Materials
PF127, MTT, and N-(3-dimethylaminopropyl)-N-

 ethylcarbodiimide hydrochloride (EDAC) were purchased 

from Sigma-Aldrich (St Louis, MO, USA). Then, 2,2′-bipyri-

dine (Bpy), 2-bromo-2-methylpropionyl bromide, Amber-

lite® IR120, DMAEMA, and Copper (I) bromide (CuBr) 

were purchased from Acros Organics (Morris Plains, NJ, 

USA). Aluminum oxide neutral (Al
2
O

3
) was from Seedchem 

Company Pty Ltd (Melbourne, VIC, Australia). Ethidium 

bromide (EtBr) was purchased from MP Biomedicals, LLC 

(Verona, Italy). Tert-butyl acrylate (tBA) was purchased from 

Alfa Aesar (Ward Hill, MA, USA). The PGL3-control and 

luciferase assay kit were from Promega (Promega Corpora-

tion, Fitchburg, WI, USA). Fetal bovine serum (FBS) was 

purchased from Biological Industries (Beit Haemek, Israel). 

Agarose, Dulbecco’s Modified Eagle’s medium (DMEM) was 

purchased from Invitrogen (Life Technologies, Carlsbad, CA, 

USA). All other unstated chemicals were from Sigma-Aldrich 

and used without further purification.

Preparing macroinitiator (PF127-Br)
In a two-neck round-bottom flask, PF127 (12.6 g, 1 mmol) 

was dissolved in 20 mL dichloromethane at room temperature. 
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The solution was cooled to 0°C and triethylamine (0.7 mL, 

5 mmol) was added with stirring. After 20 minutes, 2-bromo-

2-methylpropionyl bromide (0.6 mL, 5 mmol) was slowly 

injected into the reaction flask under argon. After 48 hours 

reaction at room temperature, the bromide-modified prod-

uct, di-2-bromoisobutyryl-pluronic F127 (PF127-Br), was 

obtained by precipitation in excess n-hexane and dried under 

vacuum.

Synthesizing PF127-p(DMaeMa-tBa)  
and PF127-pDMaeMa copolymers
PF127-Br (250 mg, 0.02 mmol), DMAEMA (0.65 mL, 

4 mmol), with or without tBA (0.14 mL, 1 mmol), 2-propanol 

(1.6 mL), and double-deionized (DD) water (0.4 mL) were 

added to a two-neck round-bottom flask. The solution was 

degassed by five consecutive standard freeze–pump–thaw 

cycles. Next, CuBr (5.6 mg, 0.04 mmol) and Bpy (6.1 mg, 

0.04 mmol) were quickly added to the mixture under argon. 

After 4 hours at room temperature, the reaction was stopped by 

diluting with DD water. The product was purified by dialysis 

against DD water using an  weight-averaged molecular weight 

(M
w
) cut-off 3500 membrane (Spectrum® Laboratories, Inc, 

Rancho Dominguez, CA, USA) for 2 days. The aqueous solu-

tion was removed and freeze-dried. The freeze-dried product 

was dissolved in toluene and passed through aluminum oxide 

column and Amberlite® IR120 (Sigma-Aldrich) to remove 

catalyst complexes. The obtained copolymer was precipitated 

in excess n-hexane and dried under vacuum.

Preparing PF127-p(DMaeMa-aa) 
copolymer
One hundred milligrams of PF127-p(DMAEMA-tBA) were 

dissolved in 10 mL DD water and hydrolyzed by adding 

0.2 mL of hydrogen chloride (12 N HCl) in the solution at 

40°C. After 24 hours of hydrolysis, the solution was dialyzed 

against DD water using the M
w
 cut-off 3500 membrane for 

2 days. The aqueous solution was collected and freeze-dried. 

The PF127-p(DMAEMA-AA) product was stored at room 

temperature until used.

Synthesizing PF127-p(DMaeMa-aa)-
rhodamine 123
PF127-p(DMAEMA-AA) (100 mg, 0.043 mmol) and EDAC 

(8.2 mg, 0.043 mmol) were dissolved in 10 mL DD water. The 

solution was adjusted to pH 7.4 with 0.1 N sodium hydroxide 

(NaOH) and stirred for 1 hour at room temperature. Rhod-

amine 123 (R123) (16.4 mg, 0.043 mmol) in 10 mL DD water 

was added to the above solution. The reaction solution was 

protected from light and kept reacting at room temperature 

for 12 hours. The product was purified by dialysis against 

DD water using the M
w
 cut-off 3500 membrane for 2 days. 

The aqueous solution was removed and freeze-dried. The 

final product was stored at −20°C until used.

Characterization
The chemical structure of copolymers was determined using 
1H-NMR and FTIR spectroscopy. 1H-NMR spectra were 

obtained from a Varian Mercury plus-200 spectrometer (Var-

ian, Inc, Palo Alto, CA, USA), using heavy water as a solvent. 

FTIR spectra were acquired using Perkin-Elmer System 2000 

(PerkinElmer, Waltham, MA, USA). The molecular weights 

of copolymers were measured by gel permeation chromato-

graphy using an Agilent 1100 series (Agilent Technologies, 

Santa Clara, CA, USA) equipped with a Shodex-KF804 

column. The sample was dissolved in tetrahydrofuran at a 

concentration of 5 mg/mL and filtered through a 0.45 µm 

filter prior to injection. The tetrahydrofuran was used as 

an eluent at a flow rate of 1 mL/minute. Ten polystyrene 

standards were used to generate a calibration curve.

Acid–base titration was carried out using a computer-

controlled system assembled with a 702 SM Titroprocessor, 

a 728 stirrer, and a PT-100 combination pH electrode 

(Metrohm AG, Herisau, Switzerland). Approximately 20 mg 

of each copolymer was dissolved in 20 mL of 150 mM 

sodium chloride solution. The pH value of the solution was 

adjusted to 2 using 0.1023 N hydrochloric acid followed by 

back-titration to pH 11 using 0.0998 N NaOH.

Preparing pDNA
pGL3-control plasmid with Hind III/Xba I firefly luciferase 

cDNA fragment were introduced into the E. coli strain DH5α 

(Gibco®-BRL, Life Technologies, Carlsbad, CA, USA) and 

purified using a kit (Maxi-V500 Plasmid Kit; Viogene-

Biotek Corporation, Sunnyvale, CA, USA). The purity of 

the plasmid DNA was certified by the absorbance ratio at 

OD
260

/OD
280

 and by distinctive bands of DNA  fragments at 

corresponding base pairs in gel electrophoresis after restric-

tion enzyme treatment of DNA. pDNA was stored at −20°C 

until used.

Preparing copolymer/pDNA polyplexes
Each copolymer was dissolved in DD water to a final con-

centration of 2 mg/mL at pH 5 to pursue the protonated 

amino groups of PDMAEMA. The pDNA concentration 

was fixed at 3 µg/100 µL in DD water to measure pDNA 

binding assay and 1 µg/100 µL for other studies. Equal 
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volumes of pDNA and copolymer solution with different 

N/P ratios ranging from 1–20 were immediately vortexed 

at high speed for 60 seconds. The polyplexes were kept at 

room temperature for 10 minutes for complete complexation 

before analysis.

Characterizing copolymer/pDNA 
polyplexes
The DNA binding ability of polyplexes was evaluated 

using an agarose gel electrophoresis. The stability of the 

copolymer/pDNA polyplexes with and without 10% FBS 

was evaluated using a gel electrophoresis with 0.8% agarose 

in Tris acetate–ethylenediaminetetraacetic acid with EtBr 

(1 µg/mL). A current of 100 V was applied to the gels for 

35 minutes, and DNA retention was visualized under ultra-

violet illumination at 365 nm.

The hydrodynamic diameters and zeta potentials of the 

polyplexes were measured using laser Doppler anemometry 

with a Zetasizer Nano ZS instrument (Malvern Instruments, 

Malvern, UK). Light scattering measurements were done 

with a laser at 633 nm and a 90° scattering angle. The particle 

sizes and zeta potentials were measured three times. The 

transmission electron microscopy (JEM-2000 EXII; JEOL, 

Tokyo, Japan) was used to observe the morphology. The 

polyplexes (N/P = 9) in DD water were placed on the copper 

grid and allowed to dry for 5 days at room temperature. The 

nanoparticles were analyzed by Image J software (National 

Institutes of Health, Bethesda, MD, USA).

Cell experiments
HEK 293T cells (human embryonic kidney 293T cell 

line) were cultivated at 37°C under humidified 5% carbon 

dioxide (CO
2
) in DMEM, supplemented with 10% FBS 

and 100 µg/mL penicillin–streptomycin. The medium was 

replenished every 3 days, and the cells were subcultured after 

they had reached confluence.

Cytotoxicity was tested in 293T cells using an MTT 

assay. The cells were seeded in 96-well culture plates at a 

density of 5 × 103 cells per well in DMEM containing 10% 

FBS for 24 hours. The number of viable cells was obtained 

by the estimation of their mitochondrial reductase activity 

using the tetrazolium-based colorimetric method.

The transfection assay was evaluated using a pGL-3 

plasmid in 293T cells. The transfection efficiencies of 

polyplexes were compared with those of naked DNA as 

a negative control, and Lipofectamine® 2000 (LIPO; Life 

Technologies, Carlsbad, CA, USA) and branched PEI 

(25 KDa, N/P = 10) as positive controls. The 293T cells were 

seeded at a density of 1 × 105 cells/well in twelve well tissue 

culture plates and incubated in DMEM medium containing 

10% FBS for 24 hours before transfection. When the cells 

were at 50%–70% confluence, the culture medium was 

replaced with 1 mL of DMEM with or without 10% FBS. 

Polyplexes with N/P ratios ranging from 1–20 were prepared 

using different amounts of copolymers and a fixed pDNA 

amount of 1 µg, to a final volume of 100 µL. After being 

left to stand for 10 minutes, the polyplexes were added to 

each well containing the cells and incubated for 4 hours. 

The medium was replaced with 1 mL of fresh DMEM and 

the cells were incubated for 44 hours posttransfection. 

The transfected cells were rinsed gently with 1 mL of 0.1 

M phosphate buffered saline (PBS) (twice) and added to a 

200 µL/well of lysis buffer (0.1M Tris-HCl, 2 mM ethyl-

enediaminetetraacetic acid, and 0.1% Triton X-100, pH 7.8). 

The luciferase activity was monitored using a microplate 

scintillation and luminescence counter after mixing the 

contents of a 50 µL well of supernatant with the contents 

of 50 µL well of luciferase assay reagent (Promega Cor-

poration, Fitchburg, WI, USA). The total protein content 

of the cell lysate was examined using a bicinchoninic acid 

protein assay kit (Pierce Protein Biology Products, Rock-

ford, IL, USA).

endocytosis inhibition using a flow 
cytometer
In addition, 293T cells were seeded at a density of 2 × 105 

cells/well in 6-well plates in DMEM with 10% FBS and 

incubated for 24 hours. The cells were pretreated with 

inhibitors at concentrations: 50 nM wortamannin,25 10 µg/mL 

chlorpromazine,26 and 200 µM genistein for 30 minutes,27 

respectively. After 30 minutes of incubation, the medium 

containing the inhibitors was changed to fresh DMEM, and 

the cells were treated with R123-linked copolymer/pDNA 

(N/P = 9) and incubated for another 2 hours. Next, the cells 

were trypsinized, centrifuged, and resuspended in 1 mL of 

PBS and then analyzed using a flow cytometer (EPICS XL, 

Beckman Coulter, Inc, Brea, CA, USA).

Intracellular trafficking using a CLSM
The intracellular trafficking of a polyplex at an N/P ratio 

of 9 was studied in 293T cells using a CLSM. The cells 

were seeded at a density of 1 × 105 cells/well in 12-well 

plates containing one glass cover slip/well, in DMEM 

supplemented with 10% FBS, and incubated for 24 hours. 

Subsequently, the polyplex was added and incubated 

for 4 hours. The cover slips were removed and washed 

three times with PBS. The cell nuclei and endolysosome 

were stained with 5 µg/mL Hoechst 33342 and 100 nM 
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LysoTracker® Green (Invitrogen, Life Technologies, 

Carlsbad, CA, USA) for 30 minutes. Next, the cells were 

fixed with 3.7% paraformaldehyde for 30 minutes and the 

cells on the cover slips were washed three times with PBS 

and mounted with fluorescent mounting medium on glass 

slides. A CLSM (Fv 1000; Olympus Corporation, Tokyo, 

Japan) was used for cell imaging.

Statistical analysis
Means, standard deviations, and standard errors of the data 

were calculated. Comparison between groups was tested 

using Student–Newman–Keuls’ test and P , 0.05 was 

considered significant.

Results and discussion
Preparing and characterizing copolymers
The chemical structure of PF127-Br was confirmed from the 
1H-NMR spectrum (Supplementary materials, Figure S1) 

using the relative peak intensity at 1.92 ppm (a, C(Br)–CH
3
 

of the 2-bromo-2-methylpropionyl groups) and 1.18 ppm 

(b, methyl protons of PPO block). The degree of halogena-

tion was determined to be ∼95%. The copolymers composed 

of DMAEMA, DMAEMA-co-tBA, and DMAEMA-co-AA, 

were prepared via ATRP using PF127-Br as a center block 

(Figure S2). PF127-pDMAEMA, PF127-p(DMAEMA-tBA), 

and PF127-p(DMAEMA-AA), were controlled with a similar 

DMAEMA block length.
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Figure 1 1H-nMR spectra of PF127-p(DMaeMa-tBa) and PF127-p(DMaeMa-aa). (A) PF127-p(DMaeMa-tBa) and (B) PF127-p(DMaeMa-aa).
Notes: a-CH3 is the methyl protons of PPO units; bn-CH3  is the methyl protons of DMaeMa units; cn-CH2  is the methylene protons of DMaeMa units; dH2C-O-C=O  
is the methylene protons of DMAEMA units; e-C(CH3)  is the methyl protons of tBa units.
Abbreviations: 1H-nMR, proton nuclear magnetic resonance; PF127-p(DMaeMa-tBa), pluronic F127-poly (dimethylaminoethyl methacrylate-tert-butyl acrylate); PF127-
p(DMaeMa-aa), pluronic F127-poly (dimethylaminoethyl methacrylate-acrylic acid); ppm (t1), parts per million (t1-longitudinal [spin-lattice] relaxation time).
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The chemical structure of PF127-pDMAEMA was 

measured from the 1H-NMR spectrum (Figure S3). Figure 1A 

shows the 1H-NMR spectrum of PF127-p(DMAEMA-tBA). 

The chemical shift at 1.48 ppm is mainly attributable to 

the methyl protons (e, –C(CH
3
)) of the tBA segments. The 

chemical shifts in the region of 2.25–2.63 ppm are mainly 

associated with the methyl (b, N−CH
3
) and methylene 

(c, N-CH
2
) protons of the DMAEMA segments. The chemical 

shift at 4.12 ppm is associated with the methylene protons 

adjacent to the oxygen moieties of the ester linkages (d, H
2
C−

O−C=O). The numbers of tBA in the PF127-p(DMAEMA-

tBA) copolymer were determined using the relative peak 

intensity at 1.48 ppm (e, −C(CH
3
)) of the tBA segments, 

and 1.18 ppm methyl protons of the PF127 segments, which 

are ∼15 tBA repeat units. PF127-p(DMAEMA-AA) was 

obtained by hydrolyzing PF127-p(DMAEMA-tBA) in an 

acidic condition to remove tert-butyl groups.28,29 Figure 1B 

shows the chemical shift of the tert-butyl groups at 1.48 ppm, 

which completely disappeared after PF127-p(DMAEMA-

tBA) had been hydrolyzed. In addition, the peaks associated 

with the methyl protons (b, N−CH
3
) and methylene protons 

(c, N−CH
2
) of DMAEMA units shifted to 2.85 and 3.42 ppm, 

respectively, because of protonation of the amino groups on 

PDMAEMA.30

No distinguishable FTIR spectra between PF127-

pDMAEMA and PF127-p(DMAEMA-tBA) were 

obtained (Figure 2). After PF127-p(DMAEMA-tBA) had 

been hydrolyzed, the characteristic absorption peaks of 

the −COOH groups in PF127-p(DMAEMA-AA) were 

observed at 2694 and 3443 cm–1 (O-H stretching).31 
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N-CH3
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n
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%
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Figure 2 FTIR spectra of PF127-pDMaeMa, PF127-p(DMaeMa-tBa), and PF127-p(DMaeMa-aa).
Abbreviations: FTIR, Fourier transform-infrared; PF127-pDMaeMa, pluronic F127-poly (dimethylaminoethyl methacrylate); PF127-p(DMaeMa-tBa), pluronic F127-poly 
(dimethylaminoethyl methacrylate-tert-butyl acrylate); PF127-p(DMaeMa-aa), pluronic F127-poly (dimethylaminoethyl methacrylate-acrylic acid).

Table 1 Molecular weights and chain lengths of copolymers

Sample Mn (g/mol)a DP (DMAEMA)b DP (tBA)b PDIc

PF127-Br 10600 1.45
PF127-pDMaeMa 33823 135 1.34
PF127-p(DMaeMa-tBa) 34957 130 15 1.40

Notes: aThe number-averaged molecular weight (Mn) of copolymers was done by gel permeation chromatography; bthe number of DMaeMa (or tBa) per copolymer chain 
was estimated by proton nuclear magnetic resonance; cPDI = Mw/Mn measured by gPC, where Mw is the weight-averaged molecular weight.
Abbreviations: DP, degree of polymerization; DMaeMa, (2-dimethyl amino)ethyl methacrylate; tBa, tert-butyl acrylate; PDI, polydispersity index; PF127-Br, di-2-
bromoisobutyryl-pluronic F127; PF127-pDMaeMa, pluronic F127-poly (dimethylaminoethyl methacrylate); PF127-p(DMaeMa-tBa), pluronic F127-poly (dimethylaminoethyl 
methacrylate-tert-butyl acrylate); gPC, gel permeation chromatography.
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From 1H-NMR and FTIR results, we ensured the success-

ful hydrolysis of tBA to AA. The molecular weights and 

their distributions measured by gel permeation chroma-

tography and the chain lengths measured by 1H-NMR of 

PF127-pDMAEMA and PF127-p(DMAEMA-tBA) were 

summarized in Table 1. To evaluate the optimized ratio 

between DMAEMA and AA, several PF127-p(DMAEMA-

tBA) copolymers were prepared by fixing the molar ratio 

of DMAEMA/PF127 at 200 and varying tBA/PF127 molar 

ratios of 10, 50, and 100. The DMAEMA length of PF127-

p(DMAEMA-tBA) decreased remarkably as the feeding 

monomer ratio of tBA/PF127 was 100. In contrast, the 

intrinsic cytotoxicity of PDMAEMA remained using a 

tBA/PF127 ratio of 10 (the number of AA units in the 

copolymer was 5). Thus, a tBA/PF127 molar ratio of 50 

was chosen to prepare the PF127-p(DMAEMA-tBA) 

copolymer, whereas the chain lengths of DMAEMA and 

tBA were ∼130 and 15, respectively.
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Figure 3 Titration of an acidified solution of PF127-pDMaeMa, PF127-p(DMaeMa-
tBa), and PF127-p(DMaeMa-aa).
Abbreviations: PF127-pDMaeMa, pluronic F127-poly (dimethylaminoethyl 
methacrylate); PF127-p(DMaeMa-tBa), pluronic F127-poly (dimethylaminoethyl 
methacrylate-tert-butyl acrylate); PF127-p(DMaeMa-aa), pluronic F127-poly 
(dimethylaminoethyl methacrylate-acrylic acid); PeI, polyethylenimine; V, volume; 
N, normality.
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Figure 4 gel electrophoresis to test pDna retention in copolymer/pDna polyplexes at various n/P ratios. (A) Without 10% FBS and (B) with 10% FBS.
Note: Naked pDNA was used as a reference, and numerals of each graph indicate an N/P ratio.
Abbreviations: pDNA, plasmid deoxyribonucleic acid; n/P, nitrogen/phosphate; PF127-pDMaeMa, pluronic F127-poly (dimethylaminoethyl methacrylate); PF127-
p(DMaeMa-tBa), pluronic F127-poly (dimethylaminoethyl methacrylate-tert-butyl acrylate); PF127-p(DMaeMa-aa), pluronic F127-poly (dimethylaminoethyl methacrylate-
acrylic acid); Dna, deoxyribonucleic acid; FBS, fetal bovine serum.
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Figure 3 shows the titration profiles of PF127-pDMAEMA, 

PF127-p(DMAEMA-tBA), and PF127-p(DMAEMA-AA). 

PF127-pDMAEMA and PF127-p(DMAEMA-tBA) show 

a similar buffer capacity and are obviously better than 

PF127-p(DMAEMA-AA) because a higher amount of 

NaOH is needed to change the pH from 5.5 to 7.4, which 

has been defined as a measurement of buffer capacity.32 The 

apparent pKa values of amino groups are 7.3, 7.4, and 7.2, 

for PF127-pDMAEMA, PF127-p(DMAEMA-tBA), and 

PF127-p(DMAEMA-AA), respectively. The  introduction 

of anionic AA to PDMAEMA slightly reduces the appar-

ent pKa value. All values are close to the reported value 

for PDMAEMA, 7.0–7.5.33 The pKa value of a tertiary 

amine function is within 10–11, which shifts to a lower 

value because of the neighboring group effect upon 

polymerization.34 Increasing a buffering effect to assist the 

endosomal rupture of complexes is one of the key points 

to design a good gene delivery vector.35 Since the buffer 

capacity of PF127-p(DMAEMA-AA) decreases with an 

increased amount of AA groups,36 the use of 15 AA groups 

is an optimized condition to retain a good transfection 

efficiency in a later study.

Characterizing copolymer/pDNA 
polyplexes
The gel retardation assay was performed to study the 

binding ability of copolymers and pDNA at various N/P 

ratios. Because no exposed pDNA was stained by EtBr at 

every N/P ratio ranging from 1−12, PF127-pDMAEMA, 

PF127-p(DMAEMA-tBA), and PF127-p(DMAEMA-AA) 

had excellent binding ability with pDNA, both with and 

without 10% FBS (Figure 4). The introduced 15 AA units 

in PF127-p(DMAEMA-AA) did not reduce the binding 

ability with pDNA.

The hydrodynamic diameters of copolymer/pDNA are 

within 75–180 nm and decrease with an increase in the 

N/P ratio (Figure 5A). At the same N/P ratio, the hydro-

dynamic diameters of PF127-pDMAEMA/pDNA and 

PF127-p(DMAEMA-tBA)/pDNA are similar, and larger 

than that of PF127-p(DMAEMA-AA)/pDNA. The zeta 

potentials of copolymer/pDNA are positive and increase 

with an increase in the N/P ratio (Figure 5B). At an N/P 

ratio . 9, the zeta potentials of PF127-p(DMAEMA-AA)/

pDNA are clearly lower than those of PF127-pDMAEMA/

pDNA and PF127-p(DMAEMA-tBA)/pDNA. As can be 

seen in Figure 5C, the transmission electron microscope 

micrographs also show that PF127-p(DMAEMA-AA)/
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Figure 5 Copolymer/pDna polyplexes at various n/P ratios. (A) Hydrodynamic 
diameters and (B) zeta potentials of copolymer/pDna polyplexes at various n/P 
ratios (n = 3); (C) TeM images of copolymer/pDna polyplexes at n/P = 9.
Note: The n/P ratio of PeI (25K)/pDna was 10.
Abbreviations: pDNA, plasmid deoxyribonucleic acid; N/P, nitrogen/phosphate; 
PF127-pDMaeMa, pluronic F127-poly (dimethylaminoethyl methacrylate); PF127-
p(DMaeMa-tBa), pluronic F127-poly (dimethylaminoethyl methacrylate-tert-
butyl acrylate); PF127-p(DMaeMa-aa), pluronic F127-poly (dimethylaminoethyl 
methacrylate-acrylic acid); PeI, polyethylenimine; TeM, transmission electron 
microscope.

pDNA has the smallest particle size. The particle sizes of 

PF127-pDMAEMA/pDNA, PF127-p(DMAEMA-tBA)/

pDNA, and PF127-p(DMAEMA-AA)/pDNA (averaged 

from ten particles) are 125 nm, 122 nm, and 108 nm, 

respectively. This result is consistent with the DLS 

finding. The decrease in zeta potential and particle size in 
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PF127-p(DMAEMA-AA) is because of electrostatic interac-

tions between DMAEMA and AA segments, which not only 

neutralize the counter charges but also physically crosslink 

the shell compartment.

To test the stability of polyplexes with time, the particle 

sizes of the polyplexes at N/P = 9 were measured by DLS 

after they had been left to stand in DD water with 10% 

FBS for 4 hours, or without 10% FBS for 10 minutes and 

4 hours (Table 2). Without 10% FBS, all polyplexes are 

stable with a narrow size distribution in DD water even after 

4 hours standing. There is no obvious change in particle size 

between 10 minutes and 4 hours standing. In the presence of 

10% FBS, both size and its distribution remarkably increase 

after 4 hours standing. This may be attributable to positively 

charged polyplexes and the negatively charged FBS result-

ing in aggregation.37 With 10% FBS, the particle diameter 

of PF127-p(DMAEMA-tBA)/pDNA is much smaller than 

that of PF127-pDMAEMA and PF127-p(DMAEMA-AA)/

pDNA. This may be due to the hydrophobic segments of tBA 

preventing the formation of large aggregates with FBS.38

Cytotoxicity
The cytotoxicities of PF127-pDMAEMA and PF127-

p(DMAEMA-tBA) increase remarkably at a concentra-

tion of 12.5 µg/mL. Their cell viabilities are ∼50% and 

40%, respectively. In contrast, PF127-p(DMAEMA-AA) 

remains 90% viable, indicating a significantly improved 

cell viability after AA modification (Figure 6A). The 

dosages required to inhibit cell proliferation by 50% 

(IC
50

) of PF127-pDMAEMA, PF127-p(DMAEMA-

tBA), and PF127-p(DMAEMA-AA) are 7.9 µg/mL, 

7.7 µg/mL, and 35.5 µg/mL, respectively. After formed 

polyplexes with pDNA, at an N/P of copolymers/pDNA 

,9, the cell viabilities of three polyplexes are higher 

Table 2 Hydrodynamic diameters of copolymer/pDna polyplexes in DD water with and without 10% FBS after left to stand for 
10 minutes or 4 hours

Polyplex 
(N/P = 9)

Dh (nm) 
at 10 minutes

PDI Dh (nm) 
at 4 hours

PDI Dh (nm) 
at 4 hours with FBS

PDI

PF127-pDMaeMa/pDna 102 ± 11 0.28 ± 0.02 103 ± 10 0.27 ± 0.02 225 ± 30 0.35 ± 0.11

PF127-p(DMaeMa-tBa)/pDna 97 ± 8 0.30 ± 0.03 108 ± 9 0.26 ± 0.03 142 ± 15 0.33 ± 0.09

PF127-p(DMaeMa-aa)/pDna 82 ± 7 0.26 ± 0.02 92 ± 5 0.25 ± 0.03 284 ± 47 0.41 ± 0.12

Note: n = 3.
Abbreviations: pDna, plasmid deoxyribonucleic acid; DD water, double-deionized water; FBS, fetal bovine serum; n/P, nitrogen/phosphate; Dh, hydrodynamic 
diameters; PDI, polydispersity index; PF127-pDMaeMa, pluronic F127-poly (dimethylaminoethyl methacrylate); PF127-p(DMaeMa-tBa), pluronic F127-poly (dimethyl-
aminoethyl methacrylate-tert-butyl acrylate); PF127-p(DMaeMa-aa), pluronic F127-poly (dimethylaminoethyl methacrylate-acrylic acid).
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Figure 6 Cell viabilities of copolymers and their copolymer/pDNA polyplexes in 
293T cells as a function of copolymer concentrations and polyplexes at various 
N/P ratios. (A) Copolymer concentrations (n = 8, *P , 0.05, **P , 0.001), and 
(B) polyplexes at various n/P ratios (n = 3, *P , 0.05). 
Note: The n/P ratio of PeI (25K)/pDna was 10.
Abbreviations: pDNA, plasmid deoxyribonucleic acid; N/P, nitrogen/ 
phosphate; PF127-pDMaeMa, pluronic F127-poly (dimethylaminoethyl 
methacrylate); PF127-p(DMaeMa-tBa), pluronic F127-poly (dimethylaminoethyl 
methacrylate-tert-butyl acrylate); PF127-p(DMaeMa-aa), pluronic F127-poly 
(dimethylaminoethyl methacrylate-acrylic acid); LIPO, Lipofectamine® 2000; PEI, 
polyethylenimine; N/P, nitrogen/phosphate.
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Figure 7 In vitro gene expression of copolymer/pDNA polyplexes in 293T cells 
using various n/P ratios. (A) Without 10% FBS and (B) with 10% FBS (n = 3, 
*P , 0.05).
Note: The n/P ratio of PeI (25K)/pDna was 10.
Abbreviations: pDNA, plasmid deoxyribonucleic acid; N/P, nitrogen/phosphate; 
PF127-pDMaeMa, pluronic F127-poly (dimethylaminoethyl methacrylate); PF127-
p(DMaeMa-tBa), pluronic F127-poly (dimethylaminoethyl methacrylate-tert-
butyl acrylate); PF127-p(DMaeMa-aa), pluronic F127-poly (dimethylaminoethyl 
methacrylate-acrylic acid); RLU, relative luminescence units; LIPO, Lipofectamine® 
2000; PeI, polyethylenimine; FBS, fetal bovine serum.

than those of LIPO/pDNA and PEI(25K)/pDNA at an 

N/P of 10. At N/P = 9, the cell viabilities are 72%, 63%, 

and 84%, respectively, and at N/P = 20, they are 21%, 

20%, and 45%, for PF127-pDMAEMA/pDNA, PF127-

p(DMAEMA-tBA)/pDNA, and PF127-p(DMAEMA-

AA)/pDNA, respectively. PF127-p(DMAEMA-AA)/

pDNA shows significantly lower cytotoxicity at an N/P 

ratio $9 as compared with PF127-pDMAEMA/pDNA 

and PF127-p(DMAEMA-tBA)/pDNA (Figure 6B). The 

incorporation of hydrophilic AA groups indeed reduces 

the inherited cytotoxicity of PDMAEMA. This result 

is consistent with the finding in our previous study in 

incorporating a polysaccharide (chondroitin  sulfate) into 

PDMAEMA.39 The neutralization between the negatively-

charged chondroitin sulfate and pDMAEMA significantly 

reduced the cytotoxicity of chondroitin sulfate-modified 

PDMAEMA copolymers.

In vitro gene transfection
The transfection ability of copolymers was assayed by 

pGL3-control plasmid for luminescence measurement. 

The gene transfection efficiencies of PF127-pDMAEMA, 

PF127-p(DMAEMA-tBA), and PF127-p(DMAEMA-AA) 

complexed with pDNA at various N/P ratios were compared 

with those of LIPO/pDNA, PEI(25K)/pDNA at N/P = 10, and 

naked pDNA. Without 10% FBS, the transfection efficien-

cies of three polyplexes at any N/P ratios are comparable 

with that of PEI(25K)/pDNA, but slightly poorer than that 

of LIPO/pDNA (Figure 7A). As an N/P ratio increases to 

$15, the transfection efficiencies of PF127-p(DMAEMA-

AA)/pDNA are higher than those of PF127-pDMAEMA/

pDNA and PF127-p(DMAEMA-tBA)/pDNA (P , 0.05). 

The high charge density of cationic polymer/DNA poly-

plex is suggested to be a major restriction for intracellular 

release of DNA and cytotoxicity.4 We speculate that the 

PF127-p(DMAEMA-AA) copolymer forms intramolecular 

electrostatic interactions between the amino groups and the 

carboxyl groups, which facilitates the DNA dissociation 

from the endolysosomal compartment; as well, it reduces 

the high cationic charge density of PDMAEMA to increase 

cell viability.

The transfection efficiency was also done with 10% FBS. 

Because of the competition between FBS and pDNA with 

cationic polymers, which may reduce the pDNA concentra-

tion in the polyplexes or the FBS adsorption on the polyplex 

surface inhibiting transgene expression,36,40,41 the lower 

transfection efficiencies were obtained. The transfection 

efficiencies of both PF127-pDMAEMA/pDNA and PF127-

p(DMAEMA-tBA)/pDNA are similar at every N/P ratio, but 

better than that of PEI/pDNA when an N/P was adjusted to 

$3, and comparable to that of LIPO/pDNA when an N/P 

was adjusted to N/P $12. The transfection efficiencies of 

PF127-p(DMAEMA-AA)/pDNA are significantly lower 

than those of PF127-pDMAEMA/pDNA and PF127-

p(DMAEMA-tBA)/pDNA, when compared at the same 

N/P ratio of .1.

The good transfection ability of polyplexes is cor-

related to high surface charges,42 small particle sizes,43 
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and enhanced association with cellular uptake via the 

hydrophobic interactions.44 From Table 2, the particle 

diameters of PF127-p(DMAEMA-AA)/pDNA are 284 nm 

and 92 nm after 4 hours standing with and without 10% 

FBS, respectively. In the presence of FBS, the remarkable 

increase in the particle size may limit the cellular uptake 

of PF127-p(DMAEMA-AA)/pDNA, which results in low 

transfection efficiency (Figure S4). However, although 

the particle diameters of PF127-pDMAEMA/pDNA also 

increase from 103 nm without FBS to 225 nm with FBS, 

the high surface charges may allow it to retain high trans-

fection efficiency.

Cellular internalization
The PF127-p(DMAEMA-AA) copolymer has multiple 

functions including (1) cationic DMAEMA segments 

for condensing pDNA; (2) PF127 segments for reducing 

cytotoxicity and self-assembly; and (3) AA functional 

groups linked with a fluorescent dye for internalization 

trafficking. R123 was used as a model fluorescent probe 

and attached to PF127-p(DMAEMA-AA) through a chemi-

cal reaction between the amino groups of R123 and the 

carboxylic groups of AA to produce PF127-p(DMAEMA-

AA)-R123. The PF127-p(DMAEMA-AA)-R123/pDNA 

polyplex was used to study the cellular internalization 

mechanism in 293T cells.

A variety of formations of endocytosis have been 

displayed to be involved in the cellular uptake of 

polyplexes. The interactions between polyplexes and 

cell membranes were examined by treating the cells 

with different chemical inhibitors: wortmannin for 

macropinocytosis;25 chlorpromazine for clathrin-

mediated endocytosis;26 and genistein for caveolae-

mediated endocytosis.27 The cytotoxicity of the chemical 

inhibitors was tested and the inhibitors were found to 

be nontoxic to 293T cells at the concentrations used 

(Figure S5). As compared with the polyplex-treated cells 

(control), the flow cytometric diagrams clearly shifted 

left when the cells were pretreated with genistein and 

chlorpromazine, and remained intact when the cells 

were pretreated with wortmannin (Figure 8A). The 

reduced fluorescence intensity was calculated based 

on the control group. The percentages of inhibition are 

32% for the cells pretreated with chlorpromazine and 

27% for the cells pretreated with genistein, respectively 

(Figure 8B). In addition, the luciferase gene expression 

of the polyplex decreased significantly in the presence of 

chlorpromazine, genistein, and both together (Figure S6). 

The flow cytometric and gene expression data suggest 

that both clathrin-mediated and caveolae-mediated 

endocytosis are two possible pathways in the cellular 

uptake of copolymer/pDNA.

To directly visualize pDNA internalization into 293T 

cells, we labeled pGL3-control plasmid with fluorescent 

Cy5 dye and traced the Cy5-labeled pGL3 using a CLSM. 

The nuclei were stained with Hoechst 33342 in blue and the 

endolysosomes with LysoTracker® in green. Intracellular 

uptake of pDNA was traced in red (Figure 9). After 4 hours 

of incubation, all three polyplexes show more red regions 

than does the naked pDNA, implying that pDNA can be 

efficiently released from the polyplexes into the cytoplasm 

and most of the pDNA molecules reach the perinuclear 

region in the 293T cells.
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Conclusion
We successfully synthesized PF127-pDMAEMA, PF127-

p(DMAEMA-tBA), and PF127-p(DMAEMA-AA) copolymers 

with similar DMAEMA chain lengths via ATRP. Three copo-

lymers showed the similar buffering capacity and complexed 

well with pDNA. The particle diameters decreased and the 

zeta potentials increased with increasing N/P ratios. PF127-

p(DMAEMA-AA)/pDNA formed the smallest particle sizes 

and the highest cell viabilities among three polyplexes. At an 

N/P ratio of 9, all three polyplexes were spherical in shape. 

Without FBS, three polyplexes had the similar transfection effi-

ciencies, which were comparable to PEI(25K)/pDNA, but with 

FBS, they were better than PEI(25K)/pDNA and comparable 

to LIPO/pDNA when N/P ratios were adjusted to $6.

We optimized the 15 AA units in PF127-p(DMAEMA-AA) 

to retain good transfection efficiency with low  cytotoxicity. 

PF127-p(DMAEMA-AA) was a multifunctional  copolymer 

because the DMAEMA segment could form electrostatic 

interactions with pDNA for a gene delivery vector; 

the carboxylic groups of AA could be utilized to react 

with functionalized molecules such as fluorescent dyes, 

and targeting ligands. R123 was used as a probe for 

cellular internalization study. Both clathrin-mediated and 

caveolae-mediated endocytosis pathways were involved in 

cellular uptake of polyplexes. The pDNA could be released 

from polyplexes to perform its transfection action.
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Figure S4 CLSM images of 293T cells exposed to PF127-p(DMaeMa-aa)/Cy5-labeled pgL3 polyplexes at n/P = 9 for 4 hours of incubation.
Notes: Blue: nuclei (Hoechst 33342), green: endolysosome (Lysotracker), and red: Cy5-labeled pgL3 pDna.
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of the chemical inhibitors in 293T cells (n = 3).
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