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ABSTRACT

Cationic polymers have been studied as promising nonviral gene delivery vectors. In contrast to the
conventional polycations with long sequences of covalently bonded repeating units, this work reports
a supramolecular gene carrier where many cationic cyclic units are threaded over a polymer chain to
form a chain-interlock structured gene carrier. A series of novel supramolecular cationic polyrotaxanes
consisting of multiple a-cyclodextrin (a-CD) rings grafted with various linear or nonlinear oligoethyle-
nimine (OEI) chains, which are threaded and capped over a reverse Pluronic poly(propylene oxide)-
poly(ethylene oxide)-poly(propylene oxide) (PPO-PEO-PPO) amphiphilic triblock copolymer chain, were
synthesized and characterized in term of their molecular and supramolecular structures, DNA binding
and condensation ability, cytotoxicity, and in vitro gene transfection efficiency in cultured cells. The
supramolecular cationic polyrotaxanes were found to contain 8 cationic a-CD rings that are threaded on
a PPO-PEO-PPO triblock copolymer chain. They demonstrated strong ability to bind and condense
plasmid DNA into nano-sized particles which are suitable for gene delivery. In both HEK293 and COS7
cells, these polyrotaxanes show low cytotoxicity and high transfection efficiency. In particular, the
cationic polyrotaxanes displayed sustained gene delivery capability in HEK293 cells in both serum and

serum free condition with the increasing expression duration.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Over the last few decades, supramolecular architectures have
intrigued researchers because of their unique structures and
remarkable properties such as molecular recognition, self-assembly,
self-organization, and kinetic and thermodynamic complemen-
tarity [1-3]. Polyrotaxanes, formed by multiple macrocycles threa-
ded over a polymeric chain, are such an example [4]. Cyclodextrins
(CDs) are a series of cyclic oligosaccharides composed of 6, 7, or 8
p(+)-glucose units linked by a-1,4-linkages, and named a-, -, or y-
CD, respectively [5,6], and have been widely used in pharmaceutics
for controlled drug release [7-9]. Since the first polyrotaxane was
synthesized in 1992 with multiple «-CDs threaded and trapped over
a polymer chain [10,11], growing interest has been focused on the

* Corresponding author. Division of Bioengineering, Faculty of Engineering,
National University of Singapore, 7 Engineering Drive 1, Singapore 117574,
Singapore. Tel.: +65 6516 7273; fax: +65 6872 3069.

E-mail address: bielj@nus.edu.sg (J. Li).

0032-3861/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2009.01.010

studies of such supramolecular structures [12-24], and their
potential applications as novel functional materials [25-33].
Recently, cationic polymers have been widely studied as nonviral
gene carriers. Comparing with other gene delivery systems such as
viral vectors and cationic lipids, cationic polymers for gene delivery
are generally economical and stable, and they can be produced in
alarge scale and show low host immunogenicity [34]. By now a great
number of polycations have been reported to be able to deliver gene
[35-40], including homopolymers or derivatives of poly-
ethylenimine (PEI) [36], poly(i-lysine) [37], polyamidoamine [38],
poly(L-glutamicacid) [39], polyphosphoester [40], and chitosan [34].
In contrast to the conventional polycations containing long
sequences of covalently bonded repeating units, we recently
designed a new class of cationic supramolecules composed of
multiple oligoethylenimine-grafted (OEI-grafted) -CDs threaded
on a polymeric chain, as an integrated supramolecular entity
capable of condensing plasmid DNA into small nanoparticles for
efficient gene delivery [31-33]. One important feature of the
supramolecular gene carriers is that the macrocycles in poly-
rotaxanes can rotate and/or slide along the polymeric chain freely,
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which can improve the mobility of cationic side chains linked to the
macrocycles. The increased flexibility of cationic side chains
substantially reduces spatial mismatching and enhances the
interaction possibility of the cations and DNA [41].

In this study, we synthesized a series of cationic polyrotaxanes
consisting of multiple cationic z-CDs with various linear or nonlinear
OEI side chains threaded on an amphiphilic poly(propylene oxide)-
poly(ethylene oxide)-poly(propylene oxide) (PPO-PEO-PPO) tri-
block copolymer. The PPO-PEO-PPO triblock copolymer is also
known as Pluronic-R or “reverse” Pluronic copolymer, with two PPO
blocks flanking a middle PEO block. It was reported that «-CD will
selectively recognize the middle PEO block, forming a complex with
a-CD residing over the PEO block, while the flanking PPO blocks
remain free of complexation [22]. Therefore, in the cationic poly-
rotaxane synthesized in this work, there are a lot of free PPO
segments. Pluronic block copolymers have been reported to able to
act as biological adjuvants to increase expression of genes delivered
into cells [42]. Therefore, the gene carriers described in this work may
be a novel supramolecular gene delivery system combining the
advantages of cationic polymers and Pluronic copolymers.

2. Experimental
2.1. Chemicals

Pluronic-R PPO-PEO-PPO triblock copolymer (M; = 1990, M/
M, =1.04) was supplied by Aldrich. This polymer has chain
composition of POgEO,3P0g. The molecular characteristics were
determined by combination of GPC and 'H NMR results, which
were found to be within the specification of the supplier. 2,4,6-
Trinitrobenzene sulfonic acid solution and pentaethylenehexamine
were obtained from Fluka. 1,1’-Carbonyldiimidazole (CDI) and
a-cyclodextrin were purchased from Tokyo Kasei incorporation.
Ethylenediamine, linear PEI with molecular weight of 423 (OEI-9),
branched PEI with molecular weight of 600 (OEI-14) and branched
PEI (25 K) were also supplied by Aldrich. DMSO-dg and D20 used as
solvent in the NMR measurements were also obtained from
Aldrich. Qiagen kit and Luciferase kit were purchased from Qiagen
and Promega, respectively. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyl tetrazodium bromide (MTT), penicillin, and streptomycin
were obtained from Sigma.
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Scheme 1. Synthesis procedures and the structures of multiple OEI-grafted cationic a-CD-PPO-PEO-PPO polyrotaxanes 5a, 5b, 5¢, and 5d.
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2.2. Synthesis of supramolecular gene carriers

A schematic illustration on the synthesis procedures and the
structures of the OEI-grafted cationic a-CD-PPO-PEO-PPO poly-
rotaxanes 5a, 5b, 5¢, and 5d are shown in Scheme 1. The detailed
procedures for their preparation are described below.

2.3. Preparation of PPO-PEO-PPO bis(amine) 2

Pluroic-R PPO-PEO-PPO triblock copolymer 1 (M, = 1990, 2.0 g,
1 mmol) was heated in a flask at 80 °C in vacuum overnight. When
the flask cooled, 15 mL of anhydrous DMF was injected under
nitrogen. After all 1 was dissolved, the DMF solution of 1 was added
dropwise during a period of 6 h under nitrogen to 15 mL of anhy-
drous DMF solution in which CDI (1.622 g, 10 mmol) was dissolved,
and the mixture was stirred overnight under nitrogen at room
temperature. Then, the resulting solution was slowly added dorp-
wise during a period of 3 h into 24.0 g (400 mmol) of ethylenedi-
amine which was dissolved in 15 mL of anhydrous DMF with
stirring at room temperature, followed by stirring the mixture
overnight. Excess ethylenediamine and DMF were removed by
vacuum evaporation. Then, the resulting viscous solution was
purified by size exclusion chromatography (SEC) on a Sephadex LH-
20 column using methanol as eluent. Finally, 1.80 g viscous liquid 2
was yielded (83%). 'TH NMR (400 MHz, DMSO-ds, 22 °C): 6 3.25-3.71
(m, 92H and 48H, -CH,CH,0- of PEO block and -CH,CHO- of PPO
block), 3.22 (s, 4H, CONCH> of ethylenediamine), 2.04 (s, 4H, NCH;
of ethylenediamine), 1.04 (s, 48H, -CHs3 of PPO block).

2.4. Preparation of polyrotaxane 4

The resulting PPO-PEO-PPO bis(amine) 2 (0.5 g) was added to
59 mL a-CD saturated solution (0.145 g o-CD/mL H,0), and 0.75 g

O,H
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b ¢ a a c b
HzNCHQCHzNHCOO'(CI:HCHzo')n_{CH2CHzo')m—(CH2(‘3HO')ﬁCONHCHECHZNH2/'
CH, CH,4
d d

NaHCO3; was added to adjust the pH value of the solution. The
reaction mixture was ultrasonicated for 20 min and stirred at room
temperature overnight. Then, 3.15 g of sodium salt of picrylsulfonic
acid was added and stirred overnight. And then, 200 mL H,0 was
poured into the reaction mixture to precipitate the product. The
precipitate was centrifuged and washed with water for 3 times. The
resulting wet solid was dissolved in 30 mL DMSO and poured into
500 mL CH3COOCH,CHj3 to precipitate the product. The precipitate
was centrifuged and washed with CH3COOCH,CHj3 for 3 times. The
resulting wet solid was dissolved in 30 mL DMSO again and poured
into 500 mL H,O0 to precipitate the product. The resulting precipi-
tate was centrifuged and washed with H,O for 3 times. Finally, the
resulting wet solid was dried by freeze (liquid nitrogen) in vacuo
and 1.76g pure polyrotaxane 4 was yielded (89%). 'TH NMR
(400 MHz, DMSO-dg, 22 °C): 6 8.89 (s, 2H, meta H of phenyl), 8.77
(s, 2H, meta H of phenyl), 5.62 (s, 47H, O(2)H of CD), 5.47 (m, 47H,
O(3)H of CD), 4.75 (s, 47H, H(1)H of CD), 4.38 (s, 47H, O(6)H of CD),
2.80-4.00 (m, 282H, H(3), H(6), H(5), H(2) and H(4) of CD, 92H,
—CH,CH,0- of PEO block, 48H, -CH,CHO- of PPO block), 1.04 (s,
48H, -CHj3 of PPO block).

2.5. Preparation of cationic polyrotaxane 5b

The resulting polyrotaxane 4 (0.2028 g, 0.02 mmol) was dried at
40 °Cin vacuum overnight. When the flask cooled, 40 mL dry DMSO
was injected under nitrogen. After all 4 was dissolved, the DMSO
solution of 4 was added dropwise during a period of 6 h under
nitrogen to 40 mL of anhydrous DMSO solution in which CDI (2.27 g,
14 mmol) was dissolved, and the mixture was stirred overnight
under nitrogen at room temperature. Then, the mixture of 300 mL
THF and 600 mL Et,O was poured in the resulting solution to
precipitate the product. The precipitate was centrifuged and
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Fig. 1. "H NMR spectra of a-CD (a), PPO-PEO-PPO bis(amine) (b), and a-CD-PPO-PEO-PPO polyrotaxane (c) in DMSO-dg.
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washed with THF for 3 times. Then, the resulting wet solid was
dissolved in 40 mL DMSO and this solution was slowly added
dorpwise during a period of 3 h into 4.90 mL (16.8 mmol) of pen-
taethylenehexamine which was dissolved in 40 mL of DMSO with
stirring at room temperature, followed by stirring the mixture
overnight. 900 mL THF was poured in the reaction mixture to
precipitate the product. The precipitate was centrifuged and
washed with THF for 3 times, and the resulting crude product was
purified by size exclusion chromatography (SEC) on a Sephadex G-
50 column using DI water as eluent. Finally, 0.186 g brown solid 5b
was yielded (46%). 'TH NMR (400 MHz, D,0, 22 °C): ¢ 8.43 (s, 2H,
meta H of phenyl), 8.04 (s, 2H, meta H of phenyl), 5.07 (d, broad, 47H,
H(1)H of CD), 3.00-4.57 (m, broad, 282H, H(3), H(6), H(5), H(2) and
H(4) of CD, 92H, -CH,CH,0- of PEO block, 48H, -CH,CHO- of PPO
block, 78H, CONCH; of pentaethylenehexamine), 2.74 (m, 937H,
NCH; of pentaethylenehexamine), 1.11 (s, 48H, —CH3 of PPO block).

2.6. Cationic polyrotaxane 5a

Cationic polyrotaxane 5a was prepared in similar procedures to
5b. The yield and analytical data for all 5a are given below. Yield,
77%. 'TH NMR (400 MHz, D,0, 22°C): ¢ 8.38 (s, 2H, meta H of
phenyl), 8.01 (s, 2H, meta H of phenyl), 5.03 (d, broad, 47H, H(1)
of CD), 2.92-4.59 (m, broad, 282H, H(3), H(6), H(5), H(2) and H(4)
of CD, 92H, -CH,CH,0- of PEO block, 48H, ~CH,CHO- of PPO block,
124H, CONCH; of ethylenediamine), 2.74 (s, 124H, NCH; of ethyl-
enediamine), 1.12 (s, 48H, —-CHj3 of PPO block).

2.7. Cationic polyrotaxane 5¢

Cationic polyrotaxane 5c¢ was prepared in similar procedures to
5b. The yield and analytical data for all 5¢ are given below. Yield,
54%. 'TH NMR (400 MHz, D,0, 22°C): 6 8.39 (s, 2H, meta H of
phenyl), 8.02 (s, 2H, meta H of phenyl), 5.00 (d, broad, 47H, H(1)H
of CD), 2.96-4.61 (m, broad, 282H, H(3), H(6), H(5), H(2) and H(4)
of CD, 92H, -CH,CH,0- of PEO block, 48H, —-CH,CHO- of PPO block,
36H, CONCH, of OEI-9), 2.72 (m, 823H, NCH, of OEI-9), 1.11 (s, 48H,
—CHj3 of PPO block).

2.8. Cationic polyrotaxane 5d

Cationic polyrotaxane 5d was prepared in similar procedures to
5b. Yield, 66%. "TH NMR (400 MHz, D,0, 22 °C): 6 8.34 (s, 2H, meta H
of phenyl), 7.96 (s, 2H, meta H of phenyl), 4.96 (d, broad, 47H, H(1)H
of CD), 2.94-4.62 (m, broad, 282H, H(3), H(6), H(5), H(2) and H(4) of
CD, 92H, -CH,CH,0- of PEO block, 48H, —~CH,CHO- of PPO block,
55H, CONCH, of OEI-14), 2.57 (m, 1827H, NCH; of OEI-14), 1.08 (s,
48H, -CH3 of PPO block).

2.9. Analytical methods

Gel permeation chromatography (GPC) analysis for PPO-PEO-
PPO triblock copolymer was carried out with a Shimadzu SCL-10A
and LC-10ATVP system equipped with two Phenogel 5 um, 50 and
1000 A columns (size: 300 x 4.6 mm) in series and a Shimadzu RID-
10A refractive index detector. THF was used as eluent at a flow rate
of 0.30 mL/min at 40 °C. Monodispersed poly(ethylene glycol)
standards were used to obtain a calibration curve.

GPC analysis for cationic polyrotaxanes was carried out with
a Shimadzu SCL-10A and LC-10AT system equipped with a Sepha-
dex G-75 column (size: 2.5 x 32 cm), a Shimadzu RID-10A refrac-
tive index detector. 1 x PBS buffer solution was used as the eluent.
Fractions were collected per 1 mL and were detected with
a HORIBA SEPA-300 high speed accurate polarimeter at wavelength
589 nm with cell length 10 cm and response 2 s.

The 'H NMR spectra were recorded on a Bruker AV-400 NMR
spectrometer at 400 MHz at room temperature. The 'H NMR
measurements were carried out with an acquisition time of 3.2 s,
a pulse repetition time of 2.0 s, a 30° pulse width, 5208-Hz spectral
width, and 32 K data points. Chemical shifts were referred to the
solvent peaks (6 =4.70 ppm for D,0 and 2.50 ppm for DMSO-dg).

The 3C NMR spectra were recorded on a Bruker AV-400 NMR
spectrometer at 100 MHz at room temperature. The 13C NMR
measurements were carried out using composite pulse decoupling
with an acquisition time of 0.82 s, a pulse repetition time of 5.0 s,
a 30° pulse width, 20,080-Hz spectral width, and 32 K data points.

2.10. Plasmid

The plasmid used was pRL-CMV (Promega, USA), encoding
Renilla luciferase, which was originally cloned from the marine
organism Renilla reniformis. All plasmid DNAs were amplified in
Escherichia coli and purified according to the supplier’s protocol
(Qiagen, Hilden, Germany). The quantity and quality of the purified
plasmid DNA were assessed by optical density at 260 and 280 nm
and by electrophoresis in 1% agarose gel. The purified plasmid DNA
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Fig. 2. GPC traces of a-CD and cationic polyrotaxane 5a, 5b, 5¢, and 5d detected using
refractive index (RI), UV absorption at 419 nm, and optical rotation (OR).
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was resuspended in TE buffer (10 mM Tris-Cl, pH 7.5, 1 mM EDTA)
and kept in aliquots at a concentration of 0.5 mg/mL.

2.11. Cells and media

All cell lines were purchased from ATCC (Rockville, MD). COS7
and HEK293 cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% heat-inactivated fetal
bovine serum, 100 units/mg penicillin, 100 pg/mL streptomycin at
37°C and 5% CO,. Opti-MEM reduced-serum medium, DMEM
medium was purchased from Gibco BRL (Gaithersburg, MD).

2.12. Gel retardation experiments

Each polymer was examined for its ability to bind pRL-CMV
through gel electrophoresis experiments. All polymer stock solu-
tions were prepared at a nitrogen concentration of 1 mM in
distilled water and the pH was adjusted to 7.4. Solutions were
sterile filtered (0.2 pm) and stored at 4 °C. pRL-CMV (0.2 pg; 2 pL of
a 0.1 pg/uL in TE buffer) was mixed with an equal volume of poly-
mer at nitrogen/phosphate (N/P) ratios between 0 and 10. Each
mixture was vortexed and incubated for approximately 30 min at
room temperature and then analyzed on 1% agarose gel containing
0.5 ug/mL ethidium-bromide (EtBr). Gel electrophoresis was
carried out in TAE running buffer (40 mM Tris-acetate, 1 mM EDTA)
with a current of 80V for 40 min in a Sub-Cell system (Bio-Rad
Laboratories, CA). DNA bands were visualized and photographed by
a UV transilluminator and BioDoc-It imaging system. Both of them
were purchased from UVP Inc., USA.

C. Yang et al. / Polymer 50 (2009) 1378-1388

2.13. Cell viability assay

Two cell lines (COS7 and HEK293) were cultured in DMEM
medium supplemented with 10% FBS at 37 °C, 5% CO,, and 95%
relative humidity. For cell viability assay, the cells (10,000 cells/
well for COS7; 15,000 cells/well for HEK293) were seeded into
96-well microtiter plates (Nunc, Wiesbaden, Germany). After
24 h, culture media were replaced with serum-supplemented
culture media containing serial dilutions of the polymer and the
cells were incubated for 24 h. 10 uL sterile filtered MTT (5 mg/
mL) stock solution in PBS was added to each well, reaching
a final concentration of 0.5 mg MTT/mL. After 5 h, unreacted dye
was removed by aspiration. The formazan crystals were dis-
solved in 100 pL/well DMSO and measured spectrophotometri-
cally in a microplate reader (Spectra Plus, TECAN) at
a wavelength of 570 nm. Six wells were treated together as
a group. The relative cell growth (%) related to control cells
cultured in media without polymer was calculated by [Altest/
[Alcontrol x 100.

2.14. In vitro transfection and luciferase assay

Transfection studies were performed in COS7 and HEK293
cells using the plasmid pRL-CMV as reporter gene. In brief, 24-
well plates were seeded with cells at a density of 5 x 10%/well
24 h before transfection. The polymer/DNA complexes at various
N/P ratios were prepared by adding the polymer into DNA solu-
tions dropwise (2 ug pRL-CMV/well), followed by vortexing and
incubation for 30 min at room temperature before the trans-
fection. At the time of transfection, the medium in each well was
replaced with reduced-serum medium or normal medium. The
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Fig. 3. >C NMR spectra of a-CD (a), pentaethylenehexamine (b), and cationic polyrotaxanes 5b (c) in D,0.
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complexes were added into the transfection medium and incu-
bated with cells for 4 h under standard incubator conditions.
After 4 h, the medium was replaced with 500 pul of fresh medium
supplemented with 10% FBS, and the cells were further incubated
for an additional 20 h (longer incubation duration of 44 h and
68 h for sustained gene delivery study) under the same condi-
tions, resulting in an expression duration of 24 h (longer
expression duration of 48 h and 72 h for sustained gene delivery
study). Cells were washed with PBS twice, lysed in 100 pl of cell
culture lysis reagent (Promega, Cergy Pontoise, France). Lucife-
rase gene expression was quantified using a commercial kit
(Promega, Cergy Pontoise, France) and a luminometer (Berthold
Lumat LB 9507, Germany). Protein concentration in the samples
was analyzed using a bicinchoninic acid assay (Biorad, CA, USA).
Absorption was measured on a microplate reader (Spectra Plus,
TECAN) at 570 nm and compared to a standard curve calibrated
with BSA samples of known concentration. Results are expressed
as relative light units (RLUs) per milligram of cell protein lysate
(RLU/mg protein).

2.15. Dynamic light scattering and zeta potential

Measurements of particle size and zeta potential of the
complexes were performed using a Zetasizer Nano ZS (Malvern
Instruments, Southborough, MA). Complex solutions (100 pl) con-
taining 3 ug of DNA were prepared at various N/P ratios ranging
from 2 to 30. The mixture was vortexed for 20 s, incubated for
30 min at room temperature and diluted in 1 mL of the distilled
water before being analyzed on a Zetasizer. The size measurement
was performed at 25°C at a 90° scattering angle. The mean
hydrodynamic diameter was determined by cumulative analysis.

The zeta potential measurements were performed using a capillary
zeta potential cell in automatic mode.

2.16. Confocal microscopy

For confocal microscopy, the plasmid pEGFP-N1 (Clontech
Laboratories Inc., USA), encoding a red-shifted variant of wild-type
green fluorescence protein (GFP), was used to examine the GFP
expression in HEK293 cells. HEK293 cells were seeded onto lab-Tek
4-chambered coverglass (Nalge-Nane international, USA) at density
of 5x10%cellsjwell in 500 ul of complete DMEM. After 24 h,
transfection was undertaken with 2 pug EGFP plasmid. Each
chamber was transfected in 0.3 mL reduced-serum Opti-MEM
media. 20 ul of cationic polyrotaxane 5b/DNA suspension was
added per well. After 4 h, the transfection media were removed and
the cells washed. After 20 h of further incubation in serum-con-
taining media, the wells were washed with phosphate-buffered
saline (PBS) and imaged under a laser scanning confocal micro-
scope (LSM 410, Carl Zeiss, USA). GFP fluorescence was excited at
488 nm and emission was collected using a 515 nm filter.

2.17. AFM

A Digital Instruments D3000 Atomic Force Microscopy in
a tapping mode was employed to image the nanoparticle samples.
Briefly, silicon disks were soaked in 50% acetone for a minimum of
2 h and rinsed with distilled water. When the silicon disks were
completely dry, 20 pl of cationic polyrotaxane 5b/DNA complexes
containing 1 pg of pRL-CMV at N/P ratios 0, 2 and 10 were placed on
the silicon surface for 2 min after which the complexes were
carefully removed with a piece of tissue paper. All the AFM images
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Fig. 4. "H NMR spectra of a-CD (a), and cationic polyrotaxanes 5a (b), 5b (c), 5¢ (d), and 5d (e) in D,0.



1384 C. Yang et al. / Polymer 50 (2009) 1378-1388

were obtained with a scan rate of 0.5 or 1 Hz over a selected area of
5 x5 pum or 2 x 2 um. Image analysis was performed using Nano-
scope software after removing the background slope by flatting
images.

3. Results and discussion
3.1. Synthesis and characterization of cationic polyrotaxanes

Scheme 1 shows the synthesis procedures and the structures of
the cationic polyrotaxanes (5a, 5b, 5¢, and 5d). Firstly, for conver-
sion of both of the terminal hydroxyl groups of the PPO-PEO-PPO
triblock copolymer 1 to amino groups, the hydroxyl groups were
activated with CDI, followed by reaction with large excess of ethyl-
enediamine to give PPO-PEO-PPO bis(amine) 2. These copolymers
were allowed to react with saturated solution of a-CD and large
excess 2,4,6-trinitrobenzene sulfonate (TNBS) in sequence to form
polyrotaxanes 4. Finally, various linear or nonlinear OEls with
different molecular weight were grafted to polyrotaxane 4 to give
the corresponding cationic polyrotaxanes (5a, 5b, 5c¢ and 5d).

Fig.1 shows the "H NMR spectra of polyrotaxane 4 in comparison
with a-CD and PPO-PEO-PPO bis(amine) 2 in DMSO-ds. In Fig. 1c,
the peaks for ¢-CD, EO and PO segments of the triblock copolymer,
and the 2,4,6-trinitrophenyl end groups were all observed, while
they were broadened as compared with the respective free coun-
terparts in Fig. 1a and b. This is due to the restricted molecular

movement of the components in the polyrotaxane. Quantitative
comparisons between the integral intensities of the peaks of a-CD
and those of threading copolymer segments gave the compositions
of the polyrotaxanes. It was found that 8 o-CD rings, on average,
were covered and blocked on the PPO-PEO-PPO triblock copolymer
in one polyrotaxane 4.

Fig. 2 shows the size exclusion chromatograms of the cationic
polyrotaxanes in contrast to free o-CD. o-CD has relative small
molecular size, which was eluted out at the low molecular weight
region of the column, and was detected by refractive index (RI) and
optical rotation (OR) changes. There was no detection by ultraviolet
(UV) absorption at 419 nm because a-CD has no UV absorption. In
contrast, all four cationic polyrotaxanes were detected by RI, UV
(419 nm), and OR at the same time. It is found that they eluted out
at higher molecular weight region of the column due to their large
molecular size. Comparing to the other synthetic polyrotaxanes, 5a
eluted out late, which is in agreement with its smaller molecular
size. Each cationic polyrotaxane showed a nearly unimodal peak
and this peak eluted out at the same position in all three spectra.
This result indicates that these polyrotaxanes are pure and there
are limited intra- or intermolecular crosslinking byproducts.

Fig. 3 shows the 13C NMR spectra of the cationic polyrotaxane 5b
in comparison with free a-CD and pentaethylenehexamine. In
Fig. 3c, all peaks attributed to a-CD and grafting OEI were observed
significantly. The peak at ¢ 158.2 ppm corresponds to the carbon of
carbonyl groups, which conjugated OEI chains to a-CD rings.
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Fig. 5. Binding ability of cationic polyrotaxanes to DNA and the particle size and zeta potential of their complexes with DNA in comparison with PEI (25 K). (a) Electrophoretic
mobility of plasmid DNA in the complexes; (b) Particle size of the complexes; and (c) Zeta potential of the complexes.



C. Yang et al. / Polymer 50 (2009) 1378-1388 1385

Fig. 6. Atomic force microscopy (AFM) images of the supercoiled plasmid DNA (a), and cationic polyrotaxane 5b/DNA complex at N/P =2 (b) and N/P =10 (c).

Additionally, comparing to free a-CD, the peak of C-6 on the a-CD
rings of 5b was shifted from 60.7 ppm to 64.3 ppm. It may be
mainly attributed to the grafting of OEI. In fact, of the three types of
hydroxyl groups of a-CD, those at the 6-position (primary hydroxyl
groups) are the most nucleophilic and are thought to be modified
under the weak basic conditions [43].

Fig. 4 shows the 'H NMR spectra of the cationic polyrotaxanes in
comparison with a-CD. In the spectra of Fig. 4b-e, the signals for
both ¢-CD and grafting OEI were observed, while the peaks were
much broadened due to the restriction of the molecular motion by
the grafting OEI units. From the 'H NMR spectra, the average
number of OEI chains conjugated to each «-CD (y) was estimated.
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Fig. 7. Cell viability of cationic polyrotaxanes in (a) COS7 and (b) HEK293 cells in
comparison with PEI (25 K).

About 5.3 molecules of ethylenediamine were grafted onto each
a-CD in 5a and about 5.0 molecules of pentaethylenehexamine
were grafted onto each «-CD in 5b, near to one OEI chain per
glucose unit of a-CD. About 2.3 molecules of OEI-9 were grafted on
each a-CD in 5¢ and about 3.5 molecules of OEI-14 were grafted on
each o-CD in 5d. From 5a, 5b to 5¢, it is clear that the longer the OEI
chain, the less number of OEI chains could be conjugated to each
a-CD. It can be attributed to the influence of the steric hindrance
of OEI chains on the conjugating reaction. But, for 5d, more primary
amino groups from branched structure of OEI-14 participated in the
conjugating reaction, leading to the increasing number of OEI
chains conjugating to each a-CD.

3.2. Formation of cationic polyrotaxane/DNA complexes

The ability of the cationic polyrotaxanes to condense plasmid
DNA (pDNA) into particulate structures was confirmed by agarose
gel electrophoresis, particle size and zeta potential measurements,
as well as AFM images. It is known that the DNA condensation
capability of cationic polymers is one of the prerequisites to be gene
carriers. To confirm the formation of the synthesized cationic
polyrotaxane/DNA complexes, agarose gel electrophoresis was
performed and retardation of DNA mobility was examined. Fig. 5a
shows the gel retardation results of cationic polyrotaxane/DNA
complexes with increasing N/P ratios in comparison with branched
PEI (25 K). Cationic polyrotaxane 5a could compact pDNA entirely
at the low N/P ratio of 1, while 5b and 5¢ could inhibit the migration
of pDNA at N/P ratio of 2 and above. It indicates that the cationic
polyrotaxanes with linear OEI units have similar or slightly better
DNA condensation ability compared to PEI (25 K). In the mean-
while, 5d could merely complex pDNA completely at N/P ratio of 3
and above, which could probably be attributed to the effect of the
branched OEI units in this cationic polyrotaxane.

Fig. 5b and ¢ shows the particle size and zeta potential of
cationic polyrotaxane/DNA complexes in comparison with PEI
(25 K)/DNA complex at various N/P ratios. In Fig. 5b, all four cationic
polyrotaxanes could efficiently compact pDNA into small nano-
particles. Generally, their mean particle size decreased sharply with
the increase of N/P ratio from 2 to 6. After N/P ratio reached 6, the
particle size varied within 85-165 nm. In the case of the complex
formed by PEI (25K), its hydrodynamic size reached a level of
around 120-160 nm at N/P ratio of 4 and above. Within the range of
N/P ratio 10-30, the particle size of PEI (25 K)/DNA complex was
higher than that of the cationic polyrotaxanes at the same N/P ratio.

Zeta potential measurements are indicative of the surface
charge of polymer/DNA particles, and a positive surface charge of
untargeted polymer is necessary for binding to anionic cell surface,
which consequently facilitates cell uptake [44]. As shown in Fig. 5c,
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the surface net charge of the complexes of pDNA with PEI and 5d
increased abruptly from negative to positive as the N/P ratio
increased from O to 4 and stabilized at N/P ratio of 10 and above.
Also, though the surface net charge of the complex of 5a, 5b, and 5¢
with pDNA was positive and beyond 8 mV at N/P ratio 2, they
stabilized within 20 ~ 28 mV and were lower than that of PEI
(25 K)/DNA complex, which reached an almost constant value
around 33 mV, from N/P ratio of 8-30.

Fig. 6 showed representative taping mode AFM images of naked
DNA and cationic polyrotaxane 5b/DNA complexes at N/P ratio of 2
and 10. Results from the AFM study showed that the complexation
of DNA by 5b led to the formation of compact nanoparticle. In
Fig. 6a, loose, supercoiled structure of pDNA could be found when
the pDNA was not condensed by polymer. At N/P ratio of 2,
supercoiled plasmid DNA could still be identified under AFM while
some of the pDNA was condensed to nanoparticles by 5b.
Compared to this partial condensation at N/P ratio of 2, the same
amount of pDNA could be tightly packed and formed pDNA
complexes at N/P ratio of 10 completely. Moreover, it was found
that the diameter of the nanoparticles in Fig. 5¢ ranged within 110-
160 nm, which is in agreement with the dynamic light scattering
results.

3.3. Cytotoxicity of cationic polyrotaxanes

Cytotoxicity of polymeric gene vector may be an important
factor that affects the transfection efficiency. Fig. 7 showed the
results of in vitro cytotoxicity of the cationic polyrotaxanes
analyzed by MTT method in two cell lines (COS7 and HEK293). As
shown in Fig. 7a, all the synthesized cationic polymers and PEI
(25 K) showed a strong dose-dependent effect on cytotoxicity and
the cytotoxicity of the polymers was much lower than that of PEI
(25 K). For example, at concentration of 62.5 pg/ml, COS7 cells only
showed approximately 7% cell viability when incubated with PEI
(25 K). In the meanwhile, in the case of 5a, 5b, and 5¢, which were
grafted with linear OEI chains, their relative growth rate in COS7

cells showed more than 70% viability under the same condition. 5d,
which was grafted with branched OEI-14, exhibited nearly 50% cell
viability at this concentration. LD5g value was also calculated to
further compare the cytotoxicity of the cationic polymers with PEI
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Fig. 9. In vitro gene transfection efficiency of the complexes of cationic polyrotaxane
5b and 5c¢ in comparison with that of PEI (25 K) at N/P ratio of 10 in the absence (a) and
presence (b) of serum at different expression duration (24 h, 48 h and 72 h) in HEK293
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Fig. 10. The confocal images of transfected HEK293 cells. The transfection was mediated by 5b at N/P ratio of 10 in the absence of serum using green fluorescence protein (GFP) gene
as a reporter gene. The same field of cells was observed with fluorescence microscope (a) to visualize GFP expression and Nomarski optics (b).

(25 K). The LDs5q value of PEI (25 K) in COS7 was 25 pg/ml, while
those of cationic polyrotaxanes 5a, 5b, 5¢, and 5d were 155, 135, 140
and 55 pg/ml, respectively, which were much lower than that of the
PEI (25 K). These results may be attributed to the reduction of
amino density resulted from the supramolecular structure of the
polyrotaxanes since high amino density and the high molecular
weight may be the reasons of the toxicity of PEI (25 K). A similar
trend was also observed in HEK293 cells (Fig. 7b).

3.4. Transfection efficiency of cationic polyrotaxanes

In vitro transfection efficiency of complexes formed between
PDNA and cationic polyrotaxanes was assessed utilizing a transient
expression of luciferase reporter in both HEK293 and COS7 cells.
Fig. 8 shows the gene transfection efficiency of cationic poly-
rotaxanes for DNA delivery compared with those of branched PEI
(25 K) and naked pDNA in the absence and presence of serum (ND),
in both COS7 and HEK293 cells. The structure of polymers plays an
important role in the transfection efficiency. In COS7 cells the
transfection efficiency mediated by cationic polyrotaxanes was
dependent upon the chain length of the OEI conjugated to «-CD.
Among the polymers examined, increased OEI length produced
greater transfection efficiency following the order 5¢ > 5b > 5a, but
the transfection capability of 5d could not follow this rule probably
attributing to its branched OEI chains.

The relationship of transfection efficiency with the chain length
of OEI was not strong in HEK293 cells. The transfection efficiency
mediated by 5b was quite similar to PEI at various N/P ratios in the
absence of serum. Compared with PEI (25 K), 5b and 5c¢ showed
a similar or higher gene delivery capability in the presence of
serum. Especially, when the transfection was conducted at N/P ratio
of 30, the transfection efficiency of 5b and 5c in the presence of
serum was 10-fold and 7-fold more than that of PEI (25K),
respectively.

Kinetics of expression is also important for gene delivery. Fig. 9
shows the time-dependent changes of gene expression of the
cationic polyrotaxane 5b and 5c¢ in comparison with that of PEI
(25 K) at N/P ratio of 10 in HEK293 cells, and the transfection
efficiency was monitored for 3 days. While the transfection effi-
ciency mediated by PEI (25K) decreased with the increasing
expression duration no matter in the absence or in the presence
of serum, 5b and 5c showed a sustained gene delivery capability.
In both serum and serum free condition, increases in transfection
efficiency could be found in HEK293 cells transfected with 5b and

5¢/pRL-CMV when the expression duration increased from 24 h to
48 h, and then to 72 h. These results may be mainly attributed to
the supramolecular structure of these polymers: in these cationic
polyrotaxanes, the OEI-grafted o-CD rings can rotate and/or move
along the polymeric chain freely, and this flexibility may enhance
the interaction of cations with DNA and/or cellular membrane
[41].

Confirmation of the gene delivery capability of the cationic
polyrotaxane 5b was also obtained by fluorescence microscopy
(Fig. 10). Plasmid pEGFP-N1 encoding green fluorescence protein
(GFP) was used to examine the GFP expression in HEK293 cells.
Strong fluorescence signal could be observed when transfection
was mediated by 5b at N/P ratio of 10. GFP expression could not be
detected when the transfection was mediated by naked DNA, which
was used as a negative control.

4. Conclusions

In this study, a series of water soluble cationic polyrotaxanes
containing PPO-PEO-PPO triblock copolymer, a-CD and various OEI
chains were synthesized and investigated for gene delivery. Cyto-
toxicity studies showed that these cationic polyrotaxanes displayed
significantly low cytotoxicity in comparison with branched PEI
(25 K), owing to the low positive charge density resulted from the
supramolecular structure of the polyrotaxanes. For the cationic
polyrotaxanes with linear OEI chains, the increased OEI length
produced greater transfection efficiency in COS7 cells. In HEK293
cells, 5b and 5¢ showed a similar or higher gene delivery capability in
the presence of serum, and even 10-fold and 7-fold more than that of
branched PEI (25 K) at N/P ratio of 30, respectively. More interest-
ingly, in both serum and serum free condition, the cationic poly-
rotaxane 5b and 5c¢ displayed the sustained gene delivery capability
in HEK293 cells, while the transfection efficiency of PEI (25 K)
decreased dramatically with the increasing expression duration.
These transfection results can be attributed to the structure of the
above cationic polyrotaxanes. Such a supramolecular structure
enables the OEI-grafted a-CD rings to rotate and/or move along the
polymeric chain freely, and this flexibility may enhance the inter-
action of the polyrotaxanes with DNA and/or cellular membrane.

Therefore, these cationic polyrotaxanes have a high potential as
novel nonviral gene carriers, possibly for continuous, large dose of
in vivo administration, due to their low cytotoxicity, high and sus-
tained gene delivery capability, which are crucial factors in clinical
uses.
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