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New non-viral gene delivery systems based on linear poly(vinyl alcohol) (PVA) were developed. Firstly, poly(vinyl al-
cohol) was aminated with glycidyl trimethyl ammonium chloride to achieve DNA loading by electrostatic interactions. 
Secondly, pendant β-cyclodextrin units (β-CD) were inserted on the remaining OH groups of the cationic PVA back-
bone with the aim to improve cell transfection. 
The cationic PVA containing pendant β-CD moieties was characterized by FT-IR, and 1H NMR spectroscopy and the 
content of β-CD was determined by tetrazolium blue method. 
The complexation between DFT and cationic PVA with or without β-CD occurred at different charge ratios as proved 
by agarose gel electrophoresis. 

INTRODUCTION∗ 

Cationic polymers that self-assemble with DNA 
to form small complexes (polyplexes) are suitable 
candidates for non-viral gene delivery.1-8 When 
formulated with a positive charge, these complexes 
interact with cell surfaces and are internalized by 
endocytosis.9-11 One limitation of non-viral gene 
delivery systems is their toxicity. Much current 
work is involved in preparing carriers that have 
lower toxicity. For example, recent evidence shows 
that low molecular weight preparations of polyca-
tions such as chitosan,12 polyethyleneimine13 and 
β-cyclodextrin-containing polymers11 are signifi-
cantly less toxic than high molecular weight poly-
cations both in cultured cells and animals.  

Another limitation of non-viral gene delivery 
systems based on cationic polymers is the lack of a 
sustainable and reproductible transfection in vivo. 
Although some success has been achieved with 
these vectors, mainly using in vitro cell culture 
models the challenge to design and synthesize a 
vector with high transfection efficiency in vivo, 
still remains.  
                                                           
∗ Corresponding author: marieta@icmpp.ro 

Thus, to facilitate intracellular delivery of 
DNA, new amine-modified poly(vinyl alcohol)s 
(PVAs) with different degrees of amine substitu-
tion were synthesized.14 Significant enhancement 
of gene expression using interactive polyvinyl-
based delivery systems has been observed. The 
improved tissue dispersion and cellular uptake of 
pDNA using polyvinyl-based systems after direct 
injection into muscle is possibly due to osmotic 
effects.15 Kimura et al.16 have been developed 
PVA-DNA nanoparticles by ultrahigh pressure 
technology. The cell viability (Raw264 cell) was 
not influenced by the presence of the PVA-DNA 
nanoparticles.  

Cyclodextrins (CDs) are well known as inclu-
sion-complexing agents for both small and large 
molecules.17 The main advantages of CDs are their 
monodisperse saccharide structures, relative ease 
of specific chemical modification and favorable 
toxicology. Gene delivery requires complexation 
of oligonucleotides or DNA, and it should there-
fore be noted that CD inclusion of molecules is not 
limited to small guests that fit the host cavity to 
form 1:1 complexes. Large molecules can be  
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complexed through multiple interactions by a 
number of CD units.18,19 In non-viral plasmid-
mediated gene delivery, neutral (uncharged) CDs 
enhanced in vivo transfection in rat lungs relative 
to the DNA alone.20 Ability of β-CD, dimethyl β-
CD and hydroxypropyl β-CD to transfect COS-7 
cellls with pDNA was investigated. Although the 
CDs tested failed to complex the pDNA, signifi-
cant increases in transfection relative to DNA were 
obtained. The enhanced transfection is probably 
due to the ability of CDs to solubilise cholesterol 
from cell membranes, thus aiding permeation.21 

Here, we selected PVA with a molecular weight 
of 65 000 g/mol, which is considered biocompatible 
and can be eliminated from the body by renal excre-
tion.22-24 To this polymer backbone, amine groups 
were introduced by using glycidyl trimethyl ammo-
nium chloride as etherifing agent under the catalytic 
action of sodium hydroxide (used also as HCl accep-
tor). This modification was thought to affect colloidal 
stability of carrier systems by imparting positive sur-
face charges on one hand25 and increasing the protein 
or DNA loading by electrostatic interactions on the 
other hand.26,27 To the cationic PVA backbone we 
introduced the pendant β-CD units with aim to im-
prove transfection relative to DNA. The resulting 
cationic polymers form complexes with DNA at dif-
ferent charge ratios. 

EXPERIMENTAL 

Materials 

Poly(vinyl alcohol) (PVA) with average molecular weight 
of 61 000 g/mol (degree of deacetylation: 98%) was provided 
from Sigma-Aldrich Co. (Germany). Glycidyl trimethyl am-
monium chloride (GTMA), 4-(N,N’-Dimethylamino)pirydine 
(DMAP), Carbonyldiimidazole (CDI), β-cyclodextrin (β-CD) 
and succinic anhydride (SA) were purchased from Fluka 
(Buchs, Switzerland). The single stranded polydesoxyribonu-
cleotide DFT was provided from Crinos, Como, Italy. Di-
methyl sulfoxide (DMSO) was distilled prior the use. All the 
other reagents were from Fluka and were used as such. 

Methods 

Synthesis of cationic poly(vinyl alcohol) (PVAN) 
The synthetic scheme for the preparation of cationized 

poly (vinyl alcohol) is presented in Scheme 1. The quaternary 
ammonium groups were introduced as follows: 

Typically, 1 g of PVA (22.7 mequivalents) was dissolved 
at 80oC in 10 mL of water. 3 mL (22.7 mmol) of glycidyl 
trimethyl ammonium chloride (GTMA) was added to the solu-
tion and 11 ml of 25 %, w/v NaOH aqueous solution (45.4 
mmol) were added dropwise. The mixture was left to react for 
5 h under stirring at 80°C. After cooling at room temperature, 
the reaction mixture was acidified at pH=3 with 3N HCl solu-
tion, filtered and dialyzed against water for 3 days. After di-

alysis, the aqueous solutions were precipitated by adding 
methanol up to a volume ratio of 1: 10 (v/v). The precipitate 
was filtered and dried.  

 

Synthesis of succinyl-β-cyclodextrin (S-CD) 

Typically, 1 g of β-CD (0.88 mmol) was dissolved in  
5 mL of anhydrous pyridine. 0.5 g of succinic anhydride (SA) 
(5 mmol) was solubilized in 3 mL of pyridine. The solutions 
were mixed, the mixture was heated at 45oC and 50 mg of 
DMAP (0.41 mmol) were added. The mixture was kept at this 
temperature for 6 hours. The S-CD was then precipitated by 
addition to 50 mL of isopropyl alcohol. The precipitate was 
washed three times with 10 mL of isopropyl alcohol and fi-
nally dried from acetone. 

Synthesis of cationic poly(vinyl alcohol)-succinyl-β-
cyclodextrin (PVAN-CD) 

Cationic PVA containing cyclodextrin units was prepared 
by coupling reaction between PVAN and S-CD using CDI as a 
condensation agent. Tipically, 0.21 g (1.3 meq.) of CDI were 
added to the solution of 0.5 g of S-CD (3 mequivalents 
COOH/g) in 3 ml DMSO. After the activation of carboxyl 
group at room temperature for 7 hours, the appropriate 
amounts of PVAN (0.275 g) and DMAP (0.05 g) solved in  
6 ml DMSO were added and the reaction continued at 60oC, 
for 48 hours. The reaction mixture was dialyzed against water 
for 72 h to remove the low molecular weight compounds and 
unreacted S-CD, and subsequently was lyophilized. The ratio 
between [COOH]/CDI/DMAP was 1/1.3/0.7. 

Cyclodextrin determination in polymers 
CD determination in polymers was carried out by the 

tetrazolium blue method, using glucose for the calibration 
curve.28 Briefly, 50 mg of PVAN-CD polymers was refluxed 
in 30 mL of 0.5M H2SO4 at 100oC, for 15 h. The solution was 
neutralized with 3M NaOH, filtered and diluted to 100 ml. 
One ml sample was prelevated and added to 4 mL of freshly 
mixed reagent containing 0.1% (w/v) tetrazolium blue. The 
mixture was heated in a boiling water bath for 3 min, then it 
was cooled for other 3 min in running water, and the absorb-
ance was determined at 660 nm.  

Preparation of PVAN/DFT and PVAN-CD/DFT com-
plexes 

For calculation of the charge ratios, an average mass per 
charge of 324 Da was used for DFT. The PVAN/DFT and 
PVAN-CD/DFT (±) charge ratio was expressed as the ratio of 
moles of the amino group of PVAN (PVAN-CD) to moles of 
the phosphate group of DFT. Complexes were allowed to self-
assemble in phosphate-buffered saline (PBS, 10 mM, pH=7.4) 
by mixing DFT (250 µg/mL) with appropriate polymer solu-
tion at the desired charge ratio, and the DFT concentration was 
adjusted to 10 µg/mL with PBS and left standing at room tem-
perature for 24 h before use.  

Complex formation was confirmed by electrophoresis on a  
3 % agarose gel with Tris-acetate (TAE) running buffer at 60 V 
for 40 min. Each sample was loaded in a well for electrophoretic 
separation and DFT was visualized with ethidium bromide. 

Characterization 

The FTIR spectra were recorded for PVA, PVAN and 
PVAN-CD polymers using a VERTEX 7 FT-IR spectropho-
tometer (Bruker, Austria).  
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1H NMR spectra were recorded in D2O and DMSO-d6 so-
lutions, respectively employing a VARIAN Mercury Plus 
400/VARIAN VXR 200 NMR instrument. The chemical shifts 
are quoted in ppm from tetramethylsilane. 

The agarose gel electrophoresis was performed in 3% 
(w/v) agarose gels containing 0.5 µm ethidium bromide for 
visualisation, for 3h at 25 mV constant current. The relative 
band migration was determined, after staining the gels with 
ethidium bromide. 

RESULTS AND DISCUSSION 

The quaternization of PVA using GTMA as 
etherifing agent under the catalytic action of so-
dium hydroxide (used also as HCl acceptor) un-
dergoes two steps reaction. Firstly, the sodium hy-
droxide reacts with the hydroxyl groups of the 
PVA to yield sodium alkoxide groups. Secondly, 
PVAN is formed through reaction between the 
PVA sodium alkoxide and epoxide group of 
GTMA (scheme 1). 

The content of quaternary ammonium cationic 
groups was found 0.65 meq./g. It was determined 
from elemental analysis of nitrogen and calculated 
using the following equation: 

 
PVANM

xDSxCE 1063.151.. =  (meq./g)     (1) 

where: E.C. is the exchange capacity, DS is the 
substitution degree (determined from N analysis), 
MPVAN is the molecular weight of cationic PVA, 
and 151.63 is the molecular weight of the GTMA. 

The degree of substitution with quaternary am-
monium groups (DS) on the structural unit of PVA 
was calculated as follows: 

 
%63.15110014

%44
Nxx

NxDS
−

=  (2) 

FT-IR is a very useful tool for studying the mo-
lecular structure of polymers. Fig. 1 presents the IR 
spectra of PVA and PVAN. In the PVA spectra, 
the broad band at about 3420 cm-1 is relevant to the 
O-H stretching from the intermolecular and in-
tramolecular hydrogen bonds, the band observed 
between 2840 and 3000 cm-1 refers to the stretch-
ing C-H from alkyl groups and the peaks between 
1640 and 1750 cm-1 are due to the stretching C=O 
and C-O from acetate group remaining from PVA 
(saponification reaction of polyvinyl acetate).29-31 

The most striking difference between PVA and 
PVAN spectra was the peak positioned at 1438 cm-1, 
which corresponds to the methyl groups of ammo-
nium.32 The IR spectrum shows evidence of the in-
troduction of the quaternary ammonium salt group on 
PVA backbone.  

The 1H NMR spectrum of cationic PVAN 
shown in fig. 2 evidences the chemical composi-
tion of the polymer. The number of quaternary 
ammonium grafts per PVA structural unit was cal-
culated from the area of the peak at 3 ppm, due to 
the quaternary ammonium N-methyl protons and 
from the area of the peak at 1.5 ppm attributed to 
methylene protons of the main chain of PVA. The 
substitution degree was found 0.017 moles 
grafts/PVA structural unit, corresponding to the 
exchange capacity of 0.55 meq./g, similar to the 
one calculated from the N analysis. 
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Scheme 1 – Reaction scheme for the quaternization of PVA with GTMA. 
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Fig. 1 – The FT-IR spectra of PVA (a) and PVAN (b). 

 

 
Fig. 2 – 1H NMR spectrum of PVAN in D2O. 
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Polymers containing cyclodextrin residues were 
synthesized by the reactions shown in scheme 2. 
First, the S-CD was prepared by reaction between 
hydroxyl group of β-CD and succinic anhydride ac-
cording to the method reported by Wolff et al.33 The 
degree of succinylation, defined as the average num-
ber of succinyl groups per repeating glucosidic unit 
of CD, was calculated from the carboxylic groups 
titration using 0.01 N NaOH and phenolphthalein. 
The degrees of succinylation of the samples are 
shown in table 1. The degree of succinylation of CD 
achieved 3 with Pyridine as solvent and in the pres-
ence of DMAP as catalyst. The S-CD obtained in 
Run C was used in the following experiments. The 
1H NMR spectrum of S-CD presented in fig. 3 proves 
the insertion of the succinyl groups on the CD units 
by the presence of the peak situated at 2.4-2.6 ppm 
attributed to the succinyl protons.  

Cationic polymers with β−CD were obtained 
from the coupling reaction between PVAN and S-
CD in the presence of CDI as condensating agent 
and DMAP, as shown in scheme 2.  

The PVAN-CD polymers were characterized by 
FT-IR and NMR spectroscopy and the content  of  
β−CD in polymer was determined both from 1H 
NMR and from quantitative determination of re-
ducing sugars.34 The NMR analysis of the final 
product were performed in D2O and demonstrated 
that PVAN-CD was free of any by product (Fig. 
4). The rapport between the integral value of the 
NMR signal arising from the methylene protons of 
PVAN (1.5 ppm) and anomeric protons of cyclo-
dextrin gave a substitution degree of appreciatively 
6 mmol %.  
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Scheme 2 – Reaction scheme for the synthesis of PVAN-CD polymers. 

 
Table 1 

Reaction conditions for the synthesis of succinyl-β-cyclodextrin 

Sample β-CD  
(g) 

SA 
(g) 

DMAP (g) Solvent Time 
(h) 

Yield 
(%) 

E.C. 
(meq./g) 

DS 

A 1 0.4 - DMSO 6 50 0.3 0.35 
B 1 0.4 - Py 6 80 1.5 2.5 
C 1 0.5 0.05 Py 6 82 2.1 3 
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Fig. 3 – 1H NMR spectrum of succinyl-β-cyclodextrin.  

 

 
Fig. 4 – 1H NMR spectrum of PVAN-CD polymers. 
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The most reproductible method for the determi-
nation of the amount of β-CD in the CD grafted 
polymers was the determination of reducing sugars 
with tetrazolium blue, using glucose for the cali-
bration curve.28 The degree of substitution is de-
pendent on the ratio of PVAN/S-CD. The best re-
sults are obtained with increasing quantities of S-
CD and with increasing reaction times (data not 
shown). β-CD contents up to 5 mmol% (57 %, 

w/w) were obtained for the linear soluble PVA 
polymer based on tetrazolium bleu method. 

The FT-IR spectrum of PVAN-CD was compared 
with those of S-CD and PVAN (fig. 5). The spectrum 
of PVAN-CD (fig. 5b) showed peaks ascribable  
to both PVAN polymer (see fig. 1b) and the S-CD 
(fig. 5a; O-H, 3400 cm-1, C-O-C, 1030 cm-1). The 
presence of the peak at 1734 cm-1 is assigned to the 
carbonyl C=O bond which is formed in the reaction. 

 

 
Fig. 5 – FT-IR spectra of S-CD (a) and PVAN-CD (b). 

 
Formation of DFT/Polymer complexes 

The complexation between DFT and PVAN or 
PVAN-CD conjugates was studied using agarose 
gel electrophoresis. As shown in Fig. 6, the inten-
sity of the band derived from DFT decreased, with 
increasing the charge ratio of DFT/polymer, and at 

the charge ratio of 1/1 the band disappeared. The 
similar patterns were observed in the PVAN-CD 
conjugate systems (Fig. 6B). β-CD did not change 
the electrophoretic band pattern of DFT (data not 
shown). These results suggested that PVAN-CD 
conjugates form the complex with DFT in a man-
ner similar to the cationic polymer PVAN. 
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Fig. 6 – Agarose gel electrophoretic analysis of DFT/PVAN (A) and DFT/PVAN-CD conjugates (B) at different charge ratios using 
phosphate buffer (pH=7.4). Lane 1: control DFT solution in phosphate buffer (1 µg/mL). 

 
CONCLUSIONS 

New cationic poly(vinyl alcohol) that bind elec-
trostatically DNA was designed and developed. 
The polymer was further modified by attaching 
pendant succinyl β-cyclodextrin with the aim to 
increase cell transfection. 
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