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Abstract

Cationic  polyrotaxanes,  obtained  by  temperature  activated  threading  of  cationic 

cyclodextrin  derivatives  onto  water  soluble  cationic  polymers  (ionenes),  form 

metastable nanometric polyplexes with pDNA and combinations of siRNA with pDNA. 

Because of their low toxicity, the polyrotaxane polyplexes constitute a very interesting 
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system  for  the  transfection  of  polynucleotides  into  mammalian  cells.  The 

complexation  of  Cy3-labeled  siRNA  within  the  polyplexes  was  demonstrated  by 

fluorescence  correlation  spectroscopy.  The  uptake  of  the  polyplexes  (red)  was 

imaged by confocal fluorescence microscopy using the A549 cell line as a model 

(blue: nuclei, green: membranes). The results prove the potential of polyrotaxanes for 

further investigations involving knocking down genes of therapeutic interest.

Keywords: siRNA, pDNA, polyrotaxane, polyplex, transfection, fluorescence.

1. Introduction

Therapeutic applications of pDNA (plasmid DNA) as well as siRNA (small interfering 

RNA) are largely hampered by the low transfection efficiencies and severe toxicities 

of  most  of  the  commonly  employed  viral  and  non-viral  carriers.  Therapeutic 

applications  of  viral  vectors  based  on  first  generation  adenoviral  vectors  has 

encountered  difficulties  due  to  their  known  ability  to  induce  massive  immune 

reactions  [1,  2].  Alternatively,  non-viral  synthetic  vectors,  though  generally  non-

immunogenic, show lower transfection efficiencies and significant cytotoxicity at high 

or repetitive doses. Among them polycationic polymers based on polyethylene imine 

(PEI)  [3],  dendrimers  [4],  chitosan  derivatives  [5,  6] and  polylysine  [7] form 
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nanometric  complexes  (polyplexes)  with  pDNA  and  siRNA  have  already 

demonstrated to enhance the uptake of the associated nucleotides  [4]. But despite 

their ability to enhance the cellular uptake of condensed siRNA, they still exhibit low 

knockdown efficiency due to insufficient siRNA release [8]. Recently, high knockdown 

efficiency was  indeed reported  for  branched polyaminoamides,  but  the  employed 

solid-phase  synthesis  is  difficult  to  scale  up  [9].  Commercial  transfection  agents 

based  either  on  cationic  polymers,  cationic  lipids,  cationic  peptides  or  their 

combinations  show  high  transfections  efficiencies  and  low  toxicities  in  cellular 

investigations in vitro; but manufacturers usually discourage their application in vivo, 

as the observed transfection is usually paralleled by some noticeable cytotoxicity. 

Furthermore, bioreducibility of transfection agents is essential for the release of the 

complexed  nucleotides  inside  the  cells  with  subsequent  elimination  of  the 

degradation products  [10]. Amongst several transfection agents explored in clinical 

studies so far [11, 12], the supramolecular cationic cyclodextrin polymers have also 

yielded appreciable results [13].

A  good  transfection  agent  should  form  compact  weakly  cationic  polyplexes  with 

pDNA or siRNA, having sizes d ≤ 200 nm to enable their efficient cellular uptake by 

endocytosis. Shielding of cationic charge of transfection agents by inert hydrophilic 

polymers such as polyethylene glycol (PEG) leads to a reduction of their toxicity [14], 

and  protects  polynucleic  acids  from  degradation  in  the  acidic  milieu  of  the 

endosomes or lysosomes  [15]. Furthermore the degradation products of the carrier 

should be sufficiently small (molecular weight < 20 kDa) to enable rapid removal by 

excretory organs like kidneys. In a successful system, reported by M. Davis et al., 

PEG side chains were mounted on to a polycationic backbone via supramolecular 

cyclodextrin-adamantane interactions, which are stable only for a limited period of 

time sufficient for delivery of siRNA [13, 16].
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Cyclodextrins (CDs), cyclic oligomeres consisting of 6, 7, or 8 glucose units (-,  -, 

CD), and CD derivatives have already been commercially exploited for enhancing 

the  delivery  of  sparingly  water  soluble  drugs  such  as  prostaglandins  [17],  or 

piroxicam  [18],  and  other  non  steroidal  anti-inflammatory  drugs  [19].  CDs  are 

amenable for regioselective or statistical modifications at the hydroxyl groups or the 

primary  carbon  atoms (C-6),  respectively.  The  resulting  CD derivatives,  such  as 

hydroxypropyl-CD, often show higher solubility in water and lower toxicity than the 

corresponding  native  CDs  [20].  Amino  functionalities  have  been  multivalently 

attached to  CDs via  thioether  linkages at  the  primary  positions  leading to  highly 

water-soluble CD derivatives, which show improved binding affinities and aqueous 

solubilities compared to native CDs [21-23]. CDs can complex not only monomeric 

guests but also polymeric ones. For example the smallest CD,  CD, threads onto 

PEG  forming  a  water  insoluble  complex.  Attachment  of  bulky  groups  (so  called 

“stoppers”)  at  both ends of  the PEG chain prevents  the threaded CD rings from 

sliding off. The resulting “molecular necklace”  [24] is referred to as a  polyrotaxane. 

This name is derived from the terms ‘rotation and axis’, since the threaded CD rings 

retain their mobility around the PEG backbone. PEG-based polyrotaxanes have been 

further modified with cationic dimethylaminoethyl groups by a statistic approach [25]. 

The resulting cationic polyrotaxanes were found to deliver pDNA into 3T3 fibroblasts. 

Especially those cationic CD polyrotaxanes, in which stopper groups had been linked 

via bioreducible disulfide bonds, were specifically effective for intracellular delivery of 

pDNA [25, 26].

We assembled CD polyrotaxanes using an ionene backbone, which were temporarily 

stable and did not  require the attachment of  terminal  stoppers.  An  ionene-n is  a 

cationic  water-soluble  polymer  with  repeat  units  consisting  of  a  spacer  with  n 

methylene groups and a dimethylammonium group, shown in Figure 1. Ionenes are 
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only  slowly  complexed  by  CD  at  elevated  temperatures  (70°C),  due  to  steric 

hindrance  from the  bulky  dimethylammonium groups.  At  lower  temperatures,  25-

37°C, they are stable for a limited period of time in aqueous solution (1 - 10 days) 

[27, 28]. 

Figure 1. Chemical structure of the ionenes and CDs used as building blocks for 
polyrotaxane synthesis.

Not only native CDs but also cationic CD derivatives can be threaded onto ionenes. 

This  approach  allowed  the  assembly  of  a  polyrotaxane  with  many cationic  side-

groups from a well-defined molecular construction kit, as shown in Figure 2a. PRx1 

consisted of about 90 hexacationic  CD rings threaded onto the ionene-11 chain 

[29]. The molecular weight per nitrogen, M/N = 250 Da, was much higher than that of 

PEI (M/N = 80 Da for the hydrochloride). Already at  N/P =2 PRx1 formed compact, 

spherical  polyplexes  with  pDNA with  small  diameters  d <  100  nm and exhibited 

higher rates of DNA transfection into various cells types than PEI accompanied with a 

lower  toxicity than PEI.  The lower toxicity of  PRx1 can be attributed to  its lower 

cationic charge density compared to PEI. Transfection efficiency of luciferase pDNA 

into cancer cells (MCF7) was very high and similar to PEI, which was not surprising, 

because  gene delivery  into  cancer  cells  is  known to  be  easier  than  into  normal 
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healthy cells. However, the transfection rate into human alveolar basal epithelia cells 

and  mouse  myoblasts  with  PRx1  was  10-30  times  higher  than  PEI  [29].  This 

significant result may be attributed (a) to the rather flexible and mobile structure due 

to many rotational and translational degrees of freedom within PRx1, and (b) to the 

limited  lifetime  of  PRx1,  which  facilitates  release  of  the  pDNA  after  intracellular 

transport.

Figure 2. Schematic drawing of polyrotaxanes PRx1 and PRx2 obtained by threading 
of cyclodextrins and cationic cyclodextrin derivatives onto ionenes, PRx1 
was from ionene-11 and hexacationic CD derivative [29], PRx2 was from 
heptacationic CD, CD and ionene-6,10, this contribution.

After demonstrating delivery of pDNA we focused on the delivery of siRNA, for its 

implications in the RNA interference (RNAi) therapy of diseases like cancer  [8] and 

tuberculosis  etc.  [30].  Furthermore,  we  synthesized  a  more  labile  polyrotaxane, 

PRx2,  by subsequent threading of heptacationic  CD rings and native  CD rings 

onto ionene-6,10, in which the  CDs acted as supramolecular stoppers. Threaded 

CD  rings  would  otherwise  immediately  dissociate  from  the  ionene  chain  after 

dilution, because their internal diameter is significantly larger than the one of  CD. 
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The even higher mobility of the threaded heptacationic  CD rings was expected to 

further improve transfection efficiency. 

2. Materials and methods

2.1. Materials

CD and βCD (Wacker-Chemie GmbH, München, Germany, pharmaceutical grade, 

99%)  were  dried  for  16  h  at  70°C  under  vacuum.  Dulbecco’s  modified  Eagle’s 

medium  (DMEM)  and  fetal  calf  serum  (FCS)  were  purchased  from  GIBCO 

(Karlsruhe, Germany). Atto647N protein labeling kit was from Jena Bioscience (Jena, 

Germany). Fluorescein wheat germ agglutinin (FITC-WGA) was from Vector (Vector 

Laboratories,  Inc.,  Burlingame,  CA),  4',6-diamidino-2-phenylindole  dihydrochloride 

(DAPI)  was  from Fluka Chemie  GmbH (Buchs,  Switzerland).  All  other  chemicals 

including  PEI  (Mw  25,000  branched,  Cat.  No.  9002-98-6)  were  purchased  from 

Sigma-Aldrich (Munich, Germany), unless otherwise stated.

Ionene-6,10  [31] and  heptakis-[6-deoxy-(2-amino-ethylsulfanyl)]-CD  (HAESCD) 

[21] were synthesized as described previously. 

PRx2 was synthesized by stirring a solution of 51.4 mg (0.134 mmol) of ionene-6,10 

and 483.6 mg (0.268 mmol) of  HAESCD in 5 mL 0.1 M NaCl for 8h at 25°C and 

subsequent addition of a solution of 514 mg CD (0.528 mmol) in 5 mL water stirring 

for further 16 h at 70°C. After cooling to r.t. the solution was subjected to ultrafiltration 

over  a  cellulose  membrane  (UC010,  cut-off  10  kDa,  MICRODYN-NADIR  GmbH, 

Wiesbaden, Germany). The retentate was lyophilized to furnish 93 mg (85 % based 

on ionene-6,10) of  PRx2.  1H NMR /ppm: 5.08 (1.35 H,  HAESCD), 5.02 (0.58 H, 

CD), 3.79, 3.66, 3.44, 3.20, 3.05, 2.96, 2.83, 1.70 (8.0 H, methylene), 1.27-1.34 (16  

H, methylene). Occupancies per polymer repeat unit: CD: 9 %; HAESCD: 20 %.
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PRx2-Atto647N was synthesized by mixing a solution of 10 mg  Prx2 (0.12  mol 

polyrotaxane)  in  1.45 mL  0.1 M  NaHCO3 with  a  solution  of  10 g  (0.12  mol) 

Atto647N-NHS-ester in 10 L DMF and agitation by a shaker for 3 days at r.t. under 

exclusion  of  light.  Afterwards  the  solution  was  subjected  to  ultrafiltration  over  a 

cellulose  membrane  (UC010,  cut-off  10  kDa,  MICRODYN-NADIR  GmbH, 

Wiesbaden, Germany).  The retentate was lyophilized to furnish 9.4 mg (94 %) of 

PRx2-Atto647N. The extinction at  = 641 nm of an aqueous solution (0.47 mg mL-1, 

3.7  M) was E = 0.48, which is equivalent to a degree of substitution of 0.95 per  

polyrotaxane  chain,  based  on  an  extinction  coefficient   =  1.37  105 M-1cm-1 for 

Atto647N.  Occupancies  per  polymer  repeat  unit:  CD:  9  %;  HAESCD:  20  %, 

Atto647N 0.6 %.

pDNA. pUC 18 plasmid DNA was obtained by transfection of E.coli XL-1 cells with  

pUC 18 for propagation and isolated using the QIAGEN Plasmid Mini Kit,  Qiagen 

Inc., CA, USA.

siRNA. Cy3 labeled inactive siRNA (FACS Silencer® Cy™3 labeled negative control 

siRNA) was obtained from invitrogen (cat. No. AM4621). Luciferase specific siRNA 

duplex was purchased from Integrated DNA Technologies (IA, USA). The sequences 

for  this  siRNA  are  sense,  5'-GGUUCCUGGAACAAUUGCUUUUACA-3'  and  anti-

sense, 3'-UGUAAAAGCAAUUGUUCCAGGAACCAG-5.' 

Polyplexes were formulated by mixing same volumes of solutions of PRx2 (3.6-29.4 

g mL-1,  depending  on  N/P)  and  of  pDNA  (8.25  µg mL-1)  and  Cy3-siRNA  (2.75 

µg mL-1) all in HEPES buffer (10 mM, pH 7.0, containing 5 wt.% glucose) at r.t. and 

shaking for 30 min. The N/P ratio is based on all nitrogens of Prx2 including those of 

threaded CD-derivative and ionene backbone.

A549 cells type CCL-185 were purchased from ATCC, Manassas, VA, USA.
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2.2. Methods

1H NMR spectra were measured with an AVANCE 500 MHz spectrometer  (Bruker 

BioSpin  GmbH,  Rheinstetten,  Germany)  and  referenced  to  tetramethyl  silane 

(0.00 ppm). 

DLS. Characterization  of  polyplexes  with  respect  to  their  average  particle  size, 

particle homogeneity (PI) and surface charge in terms of zeta potential was carried 

out using Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UK) equipped 

with a 4 mW He–Ne laser employing a wavelength of 633 nm and a backscattering 

angle of 173° at 25°C. All the samples were analyzed in triplicates after ensuring that 

their light scattering intensity was within the instrument’s sensitivity range.

Fluorescence correlation spectroscopy was performed on a self-made setup [32]: 

The  nanoparticles,  i.e.  the  siRNA,  were  excited  by  a  upconversion  fiber  laser 

operating  at  =546  nm  (Guided  Color  Technologies).  Focussing  as  well  as 

fluorescence light collection was achieved by an objective lens (63x WI, NA 1.2, 

Zeiss). After passing a confocal pinhole with a diameter of 50 µm and a fluorescence 

filter (HQ 590/70, AHF Analysentechnik), the fluorescence photons were detected by 

a pair of avalanche photodiodes (SPCM-14-AQR, Perkin-Elmer Optoelectronics) and 

cross-correlated by a hard-ware correlator (Flex-02-D, correlator.com). The obtained 

autocorrelation  traces  were  analyzed  according  to  the  two-dimensional  diffusion 

model g() = 1 + N-1(1+ /diff)-1 for one particle and g() = 1 + N1
-1(1+ /diff,1)-1 + N2

-

1(1+ /diff,2)-1 for two diffusing particles [33]. The resulting diffusion dwell times tdiff are 

mean values from at least 4 repeated measurements. The hydrodynamic diameter 

was calculated using fluorescein as the reference with a hydrodynamic diameter of 

1.6 nm [34].
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FACS. Cells were seeded in a 24 well plate at a density of 50,000 cells per well in  

1 mL of the growth medium. Once confluent, they were incubated with polyplexes 

(siRNA concentration 100 pmol/well) dispersed in Krebs-Ringer's solution (KRB; pH 

7.4; 1 mL), for a period of 4 h. Afterwards, the polyplex solution was replaced by 

DMEM supplemented with FCS and the cells were incubated for further 18 h. The 

cells were then washed twice with PBS, were collected and centrifuged at 500×g and 

the resulting cell pellet was finally suspended in 500 μL of cell medium. A minimum of 

10,000  individual  cells  per  sample  were  analyzed  using  FACScan  fluorescence-

activated cell  sorter  (Becton-Dickinson,  Heidelberg, Germany).  The percentage of 

cell-associated  fluorescence  was  determined  using  CellQuest  software  (Beckton-

Dickinson, Heidelberg, Germany). All the experiments were conducted in triplicate.

Cell preparation for CLSM. Cellular uptake was conducted in presence of various 

inhibitors, namely 10 μg mL-1 chlorpromazine (CHL), 10 μgmL-1 nystatin (NYS) and 

5 μg mL-1 5-(N-Ethyl-N-isopropyl)amiloride  (EIPA).  Cells  were  seeded  in  24  well 

imaging  plates  FC,  with  Fluorocarbon  Film  Bottom  (PAA  Laboratories  GmbH, 

Pasching, Austria), at a density of 50,000 cells per well,  in 1 mL growth medium. 

Once  confluent,  they  were  incubated  with  the  individual  inhibitors  in  DMEM 

supplemented with FCS, for a period of 3 h. Afterwards, the cells were incubated with 

the  polyplexes  (siRNA  concentration  100  pmoles/well)  in  KRB,  along  with  the 

inhibitors,  for  further  4 h.  Subsequently,  the  polyplex  solution  was  replaced  by 

inhibitor solutions in DMEM supplemented with FCS and the cells were incubated for 

further  18 h.  The  cells  were  washed  twice  with  PBS,  incubated  for  15 min  with 

25 µg mL-1 of  FITC-WGA (emission:  515 nm,  excitation:  495 nm)  followed  by two 

further washings with PBS and fixation with 4 wt. % paraformaldehyde in PBS for 

10 min  at  room temperature.  Once the  cell  membranes were  stained fluorescent 

green by this dye, the cell nuclei were further stained with DAPI (emission: 461 nm, 
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excitation: 374 nm) by additional incubation with this dye for 15 min at r.t. Finally, the 

cells  were  washed  twice  with  PBS  and  mounted  in  the  fluorophor  protector 

FluorSafe® reagent (Calbiochem, San Diego, CA, USA) and observed by CLSM.

CLSM. The  imaging was  performed employing  a  CLSM (LSM 510;  Zeiss,  Jena, 

Germany) equipped with an argon/neon laser and a 63x water immersion objective. 

Images were captured using three channels: 1. DAPI channel (excitation 360 nm, 

band pass filter 390-465 nm), 2. FITC-WGA channel (excitation 488nm, band pass 

filter 500-530 nm), 3. Cy3 channel (excitation 543 nm, band pass filter 560-615 nm). 

The location of nanoparticles with  respect to the green cell  membranes and blue 

nuclei  was determined by acquiring 3D images using a stepper motor and image 

processing  with  the  aid  of  Volocity®  (Improvision,  Tübingen,  Germany)  software. 

Images corresponding to a total of 100 cells were acquired for each inhibitor and 

quantification of number of cells positive for nanoparticle uptake (nanoparticles inside 

the cells) was carried out by a combined multiphoton-pixel analysis method reported 

by Labouta et al. [35].

Live cell imaging was performed using A549 cell monolayer cultures in RPMI-1640 

with  L-glutamine (PAA Laboratories GmbH, Pasching, Austria)  supplemented with 

10 % FBS  (Gibco,  Karlsuhe,  Germany).  The  cells  were  plated  in  ibidi  u-Slide  8 

wellplate (80826, ibidi GmbH, Munich, Germany) at the density of 40,000 cells/well in 

300 μL of growth medium. CellLight™ Early Endosomes-GFP was added for staining 

the  endosomes  as  per  the  manufacturer’s  instructions.  After  24  h,  50  μL  of 

polyplexes formulated from Cy3-siRNA and PRx2-Atto647N, dispersed in KRB, were 

added to each well and the cells were subjected to live cell imaging for a time period 

of  4  h.  For  each  time  point,  images  were  captured  using  three  channels:  1. 

Endosomes-GFP channel (excitation 488 nm, band pass filter 500-550 nm), 2. Cy3 

channel  (excitation  543  nm,  band  pass  filter  560-615  nm),  3.  Atto647N channel 
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(excitation 633 nm, band pass filter 650-710 nm); image processing and analysis was 

conducted with LSM 510 software (Zeiss, Jena, Germany).

In vitro gene silencing efficacy  of anti-Luc siRNA polyplexes was investigated in 

A549 cells. They were seeded in 24 well plates in a density of 50, 000 cells per well.  

After  incubating  overnight,  the  cells  were  transfected  with  pGL3-Control  Vector 

(plasmid  coding for  luciferase  gene)  using  jetPrime™,  as  per  the  manufacturer’s 

protocol. The medium was replaced by medium without serum, containing pGL3 (1 

μg per well + 2 µl jetPrime™ reagent) and incubated for a period of 3h. The medium 

containing pGL3 was then replaced by serum-free medium containing anti-Luc siRNA 

complexed  polyplexes(100  pmol  siRNA  per  well)  and  incubated  for  further  4h. 

Untreated  cells,  cells  treated  with  naked  siRNA  and  siRNA  formulated  with 

jetPrime™ reagent, with the same siRNA concentration in each case, were employed 

as  controls  during  this  study.  The  medium  containing  either  formulated  or  non-

formulated  siRNA  was  then  removed  and  the  cells  were  incubated  with  normal 

growth  medium,  for  a  further  period  of  65  h  (total  time  period  for  Luciferase 

expression = 72 h), with intermittent replacement of medium every 24 h. Luciferase 

gene expression was measured using Luciferase assay kit (Promega, WI, USA) and 

Tecan microplate reader (Tecan Deutschland GmbH, Crailsheim, Germany), as per 

the manufacturer’s protocol. Protein concentration in the cell lysates was determined 

BCA assay as described by the manufacturer (Bicinchinoninic Acid Kit for Protein 

Determination,  Sigma,  Cat.  No.  BCA1-1KT).The  transfection  experiments  were 

conducted in triplicates and transfection efficiency was expressed as mean light units 

per mg of cell protein. 
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3. Results and discussion

Polyrotaxane PRx2 was obtained by subsequent incubation of an aqueous solution 

of  ionene-6,10 with  the  heptacationic  CD derivative,  heptakis-[6-deoxy-(2-amino-

ethylsulfanyl)]-CD, for 8 h at 25°C and for more 16 h at 70°C with CD. Excess free 

CD and  CD derivative  was  removed  by  ultrafitration.  Lyophilized  polyrotaxane 

PRx2  was white  powder,  which  is  stable for  more  than 6  months.  The aqueous 

solution from PRx2 has to be used within 3 d, because it slowly dissociates into its 

components. Solutions frozen at -20°C were stable. The amounts of threaded CD 

und CD derivative was determined from the integrals of the 1HNMR signals of CD 

protons H-1 at 5.02 and 5.08 ppm, respectively, relative to the integral of the signal at  

1.70 ppm of methylene protons (in   position to the nitrogens) of ionene-6,10. We 

found, that 9 % of the polymer repeats are covered by  CD and 20 % by the  CD 

derivative. As a control the amount of threaded CD in PRx2 was also estimated to 

9 % from the known threading kinetics of CD alone, assuming that the slow moving 

CD rings push fast moving threaded CD rings towards to the middle of the chain. 

This assumption should be valid as long as the coverage of the polymer chain is far 

from complete. Finally the structure of PRx2 could be described by the following:

 one ionene-6,10 molecule consisted of ~150 repeat units, contour length 300 

nm [31].

 30 of the repeat units (20 %) are complexed by the cationic CD derivative,

 13 of the repeat units (9 %) are covered by CD located at the chain ends,

 total molecular weight is ~125 kDa, molecular weight per nitrogen of PRx2 is 

M/N = 243 Da.

Polyplexes obtained by complexing PRx2 with plasmid DNA (pDNA) and siRNA (3:1 

w/w) were obtained simply by mixing aqueous solutions of both components under 
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vigorous stirring. Generally no precipitate was formed. The slightly turbid polyplex 

dispersions  were  characterized  by  dynamic  light  scattering  and  zeta  potential 

measurements and these results have been shown in Figure 3. The obtained particle 

sizes ranged from 140 to 220 nm depending on the N/P ratio (calculated from M/N of 

polyrotaxane where all  nitrogens of threaded CD-derivative  and ionene backbone 

were included). The smallest particles with d = 140 nm and with lowest polydispersity 

index PDI = 0.14 were found for N/P = 2. The zeta potential switched from negative 

to  positive  at  an  N/P between  1  and  2.  For  further  investigations  cationic 

nanoparticles  with  N/P =  2  and  anionic  ones  with  N/P =  1  were  used.  AFM 

investigations revealed a nearly spherical structure of the nanoparticles (shown in 

Supplement). 

Figure 3. Particle sizes, polydispersities and zeta-potentials of the polyplexes of 
pDNA/siRNA 3:1 wt./wt. with PRx2 at various N/P ratios.

Contrarily,  siRNA alone did not form stable polyplexes with  PRx2,  because of its 

short, rigid structure (25 nucleotides) leading to weak Coulomb interactions between 
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polyanions and polycations. Therefore, siRNA was mixed with pDNA at 1:3 wt./wt. 

This mixture gave rise to stable polyplexes.

The  Cy3-siRNA  loaded  polyplexes  were  analysed  by  fluorescence  correlation 

spectroscopy of a diluted sample. The  autocorrelation  curve was fitted by using 2 

diffusing particles corresponding to diffusion times tdiff,1 = 0.33±0.15 ms and tdiff,2 = 

6.35±1.6 ms respectively. Stokes diameter  ds were derived from the diffusion times 

after  calibration  with  fluorescein.  The  short  time  (0.33  msec)  equivalent  to  ds  = 

6.7±3.0 nm was attributed to free siRNA supported by control measurements with 

sole siRNA, while the long one (6.35 ms) equivalent to ds  = 127±30 nm was due to 

siRNA  complexed  within  the  nanoparticle.  This  particle  size  determined  by 

fluorescence correlation spectroscopy agreed within the experimental error with the 

particle size d = 140 nm determined by dynamic light scattering. At N/P = 2 a major 

Figure 4: Fluorescence correlation spectroscopy of nanoparticles derived from Cy3-
siRNA, pDNA and PRx2 N/P = 2, excitation at 546 nm, emission 570-590 
nm.

The interaction of the PRx2-siRNA nanoparticles with the alveolar epithelial cell line 

A549  was  investigated  by  fluorescence  methods.  Toxicities  of  the  employed 

polyplexes were very low, much lower than those of PEI, as already observed for 
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PRx1 [29]. The uptake of the PRx2-siRNA nanoparticles in these cells was quantified 

by  fluorescence  activated  cell  sorting  (FACS)  considering  the  emission  of  Cy3 

attached to siRNA, shown in Figure 5. Most of the A549 cells reach a fluorescence 

intensity, which is about tenfold than the one of the original cells. The uptake of non-

complexed siRNA into these cells was found to be much lower. Further comparison 

of  Mean  Fluorescence  Intensity  (MFI)  peaks  of  the  polyplexes  with  N/P = 1  and 

N/P = 2 clearly revealed 36.3 ± 1.2 % for polyplexes with N/P = 2 versus 26.6 ± 0.34 

for polyplexes with N/P = 1, indicating higher uptake of the former cationic particles.

Figure 5. FACS analysis A549 cells: original cells _, cells treated with Cy3-siRNA 
_
, 

same with polyplexes of PRx2 with Cy3-siRNA, N/P = 1 
_, N/P =2 

_.

The cellular uptake of the PRx2-siRNA nanoparticles was further studied by confocal 

fluorescence microscopy to distinguish between nanoparticles attached to the cellular 

membrane  and  those  distinctly  uptaken  into  the  cells.  The  detailed  uptake 

mechanism  of  the  polyplexes  was  evaluated  using  specific  inhibitors  of  various 

endocytic  pathways.  Chlorpromazine,  CHL,  inhibits  clathrin-mediated  endocytosis 

through loss of clathrin and the adaptor protein, AP2, from the cell surface and their 

artificial assembly on endosomal membranes. Nystatin, NYS, the polyene antibiotic, 

acts as a selective inhibitor  of  caveolin mediated endocytosis due to its ability to 

interact  with  the  cholesterol  rich  domains  in  the  cell  membrane  and  alter  their 

properties.  This  inhibitory  agent  sequesters  cholesterol  from  cell  membrane,  by 

forming large aggregates within the membrane, and thereby results in aberration of 
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caveolar  structure  and function,  these being  cholesterol-rich  membrane domains. 

Finally,  5-(N-ethyl-N-isopropyl)amiloride  (EIPA)  has  been  reported  to  block 

macropinocytosis and phagocytosis by inhibiting the Na+/H+ exchange required for 

both these endocytic mechanisms [36]. 

The CLSM images (shown in Figure 6) showed distinct intracellular localization of 

polyplexes (red spots) with respect to the green cell  membranes and blue nuclei, 

when the polyplexes (N/P =2) were incubated in presence of CHL and NYS, thus 

precluding clathrin or caveolin mediated endocytosis appear to play a minor role as 

possible  uptake  mechanisms  for  the  polyplexes.  In  case  of  EIPA,  however,  the 

polyplexes  remained  outside  the  cells,  suggesting  the  involvement  of 

macropinocytosis and phagocytosis in the cellular uptake of our polyplexes despite of 

their small size. This finding was in contrast to previous results where polyplexes of 

cationic carriers (100-200 nm) were taken up by receptor mediated endocytosis [37]. 

One explanation for this discrepancy might be that the polyplexes employed herein 

were quite soft,  demonstrated by the collapse of their  vertical  height during AFM 

sample preparation (described in the Supplement). Such soft polyplexes might better 

adapt  to  the  thermal  fluctuations  of  the  cell  membrane  during  adsorption  and 

internalization. Similar influence of mechanical properties of hydrogel nanoparticles 

on the pathway of their cellular uptake has been reported earlier for RAW 264.7 cells 

[38]. 
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CHL

NYS

EIPA

Figure 6. Uptake of PRx2 polyplexes (N/P =2) into A549 cells after 25 h in presence 
of chlorpromazine (CHL), nystatin (NYS), and 5-(N-ethyl-N-
isopropyl)amiloride (EIPA), green: cell membranes (FITC-WGA); blue: cell 
nuclei (DAPI); red: polyplexes (Cy3-siRNA).

This qualitative observation with  CLSM was quantified by analyzing  the weighted 

number  of  nanoparticles  in  the  cells  by  pixel  analysis  of  the  CLSM  images  as 
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described  by  Labouta  et  al.  [35].  The  advantage  of  this  method,  over  manual 

counting of the number of fluorescent spots, is that it avoids human errors and also 

considers the area of the fluorescent spots which are larger than the resolution limit.  

For  the  inhibitors  CHL  and  NYS  we  found  predominant  internalization  of  the 

nanoparticles (85 % and 81 %, respectively) while for EIPA only a very small uptake 

(6 %) was observed within an incubation time of 4 h.

To investigate the precise interaction of polyplexes with the lung epithelial cells, one 

representative single polyplex particle (N/P =2) was tracked during its uptake into the 

cell and its passage through the early endosome which was selectively stained. The 

polyplex  was  detected  using  two  independent  channels,  making  use  of  the  two 

distinct fluorescence bands of Cy3 linked to siRNA and Atto647N conjugated to the 

cationic PRx2. Co-localization of both fluorescence signals clearly demonstrated that 

the polyrotaxane is transporting the siRNA into the cell. The uptake into the cell took 

about 10 min. After a longer time (1 h) the Cy3 fluorescence of the polyplex was 

nearly  extinguished,  while  the  fluorescence  of  Atto647N  still  remained.  This 

observation  was  attributed  to  the  weaker  binding  siRNA  within  the  polyplex  in 

comparison  to  pDNA,  as  already  observed  with  fluorescence  correlation 

spectroscopy. siRNA appeared to fade out of the polyplexes still leaving them intact. 

a)                                                                   b)
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cationic PRx polyplex, its anionic PRx polyplex and its complex with 
jetPrimeTM.
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4. Conclusion

Polyrotaxanes,  assembled  by  subsequent  threading  of  the  heptacationic  -CD 

derivative HAESCD and CD onto ionenes, are promising carriers for transfection 

of siRNA into mammalian cells, because their limited lifetime allows a timely release 

within  the  cell.  Fluorescent  labeling of  siRNA allows  to  follow its  uptake into  the 

polyplexes by fluorescence correlation spectroscopy and to track its journey within 

the  nanoparticles  into  the  cell  by  confocal  fluorescence  microscopy.  Knockdown 

efficiency might be further improved by optimization of the dose, the structure and the 

composition of the polyplexes. Furthermore PEGylation or attachment of lipids might 

be advantageous as already known for PEI [39, 40] and polyamidoamines [9].
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