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To evaluate the non-ionic polymer, poly(ethylene glycol) (PEG), as a component in cationic copolymers for
non-viral gene delivery systems, PEG was coupled to polyethylenimine (PEI). We present the effects of differ-
ent degrees and shapes of pegylation of PEI on cytotoxicity, water solubility and transfection efficiency. This
work reports the synthesis and characterization of a series of cationic copolymers on the basis of the conjugates
of PEI with PEG. The modified molecules were significantly less toxic than the original polymer. Moreover,
the chemical modification led to enhancement of their solubility. The comparison of pegylated PEls with dif-
ferent degrees of derivation showed that all the polymers tested reached comparable levels of transgene expres-
sion to that of native PEI. As assessed by agarose gel electrophoresis, even highly substituted PEI derivatives
were still able to form polyionic complexes with DNA. However, aside from an increase in solubility and re-
tention of the ability to condense DNA, methoxy-PEG-modified PEIs resulted in a significant decrease in the
transfection activity of the DNA complexes. In fact, the efficiency of the copolymer was compromised even at

a low degree of modification suggesting that the PEG action resulting from its shape is important for efficient
gene transfer. The mode of PEG grafting and the degree of modification influenced the transfection efficiency
of PEL

Keywords Polyethylenimine, Poly(ethylene glycol), Cytotoxicity, Gene delivery.

Introduction expected to have high gene expression activity. However,
there is relatively little data on the transfection activity of
Genes are attractive candidates for therapeutic agents, apthsmid DNA incorporated into these systamsitro. Fur-

the development of efficient delivery systems for gene therthermore, these systems have not been compared with com-

apy has been a major challenge in the practical application ehercially available transfection agents, such as PEI, dendri-

therapeutic genes. Non-viral gene transfer vectors based aners, or cationic liposomés?

DNA complexes with polycations have recently generated This polyether polymer appears to be worth exploring as a

very significant interest in gene delivery applications. Amongcomponent in cationic copolymers for gene transfer. This

the large number of cationic polymers developed, polyethylenstudy was undertaken to prepare a series of cationic copoly-

imine (PEI) was shown to be a useful carrier capable ofmers by grafting PEI with PEG and in order to investigate

condensing and delivering DNiA vitro andin vivo!=® This  the effects of different degrees and modes of pegylation on

polymer spontaneously forms polyionic complexes with DNA cytotoxicity, water solubility, and transfection efficiency.

as a result of cooperative electrostatic interactions between

the ammonium groups of the polycation and phosphate Experimental Section

groups of the DNA.However, there are still many issues to

be dealt with such as the gene transfer potency, the half-life Materials. Methoxy-PEG (Mn 550), PEG bis(carboxyl

in the blood stream, and the biocompatibility deserving lessnethyl) ether (Mn 600), PEI (25 kDa) and other reagents for

cytotoxicity. Moreover, the polyionic complexes have a sol-copolymer synthesis were purchased from Sigma-Aldrich

ubility problem due to the charge neutralization. Chemical (St. Louis, MO, USA).

To overcome the solubility problem, cationic carriers with  Methods

block or graft copolymer architecture consisting of poly- Synthesis of (M)PEG-grafted PEI General procedure

cationic polymers linked to a non-ionic water-soluble poly-for carboxylic acid formation. The methoxy-PEG-carboxylic

mer PEG have recently been propds€dThe complexes acid was synthesized as follows (Figure 1). In a three-necked

formed with DNA remained in dispersion due to the effect 0of250 mL flask under argon atmosphere was placed 1.20 g (50

the nonionic PEG chains that are soluble in water. Thenmol) of sodium hydride and 50 mL of dry tetrahydrofuran

cationic copolymers were mixed with DNA to produce (THF) and then 2.75 g (5 mmol, 2.52 mL) of methoxy-PEG

stable complexes dispersed in agueous media that can dPEG) was dropped in at room temperature and stirred for
4 h. 8.35 g (75 mmol, 8.31 mL) of ethyl bromoacetate was

"To whom correspondence should be addressed. Tel: +82-2-88@dded to this mixture and stirred at room temperature for 48
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Figure 1. Scheme of the Synthesis of Cationic Copolymer. The ratio of PEG and PEI in the copolymer sample was determitied from
NMR spectra using integral values obtained for the ,@HIO- protons of PEG and -GBH.NH- protons of PEI.

remove almost all of THF and then poured into hexane tin scale. PEG bis(carboxyl methyl) ether was also used to
precipitate ethyl MPEG acetate, which was recovered bwctivate carboxyl group.
centrifuge (3000 rpm). The precipitate was evaporated to General Coupling Procedure.For example, as for 1:1
remove residual ethyl bromoacetate. The ethyl MPEG acavIPEG-grafted PEI, MPEG acid chloride synthesized above
tate was dissolved in 50 mL of 1N sodium hydroxide. After (0.13 mmol) diluted in a small amount of dry DCM and then
overnight in reflux, pH of the mixture was adjusted to 2. Thewas added drop by drop to the solution of 70 mg (0.0028
MPEG carboxylic acid was extracted into chloroform. Themmol) of PEI and 35 mL (0.26 mmol) of triethylamine (TEA)
organic extract was purified by washing with water andin 3 mL of dry DCM at room temperature under Ar atmo-
evaporated to give the MPEG carboxylic acid. sphere. The reaction was allowed overnight to reach comple-
General Procedure for Acid Chloride Formation For  tion. The DCM was evaporated and the yellowish viscous
example, the MPEG acid chloride for 1:1 MPEG-graftedproduct was obtained. Figure 1 represented the synthesis
PEI was obtained as follows. Oxalyl chloride (0.64 mmol)scheme of cationic copolymer.
was added dropwise to a solution of 70.0 mg (0.13 mmol) of Purification of Grafted Copolymers. The polymers were
MPEG and 2 drops of N,N-dimethylformamide (DMF) in 2 purified by dialysis against water using the Spectra/Por dialy-
mL of dichloromethane (DCM) under Ar atmosphere. Thesis membrane (MWCO 3400, Spectrum, Los Angeles, CA).
reaction was allowed to reach completion for 2 h at roomAfter evaporation of DCM, the viscous product was solubi-
temperature. The excess oxalyl chloride was removed on tHized in distilled water. Each product was dialyzed for 1 day
rotary evaporator by a stripping procedure with several porand lyophilized before use for analysis and assay. As the
tions of chloroform to give MPEG acid chloride as yellow PEG derivatives used were small in molecular weight, un-
oil that was used without any further purification. Acid chlo- coupled ones were efficiently removed from the mixture.
rides for other copolymers were synthesized similarly except Ratio of PEG and PEL The ratio of PEG and PEI in the
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copolymer sample was determined frsfNMR spectra using  tional 4 hr at 37 °C in a tissue culture incubator, then MTT-
integral values obtained from the number of ,CH,O- containing medium was aspirated off and 1&0f DMSO
protons of PEG and -GE&H;N- protons of PEI. Prior to was added to dissolve the formazan crystal formed by living
NMR measurements all copolymers were purified from ad-cells. Absorbance was measured at 570 nm using a micro-
mixtures of non-conjugated PEG by dialysis (MWCO 3400)plate reader at the end of 1 hr after adding dimethyl sulfox-
with distilled water and freeze-drying. ide (DMSO). The cell viability (%) was calculated by the
Water Solubility Test. The aqueous solubility of the plas- following equation;
1 AT STl e Sl MY ot )= OBl 100
carrier in 1 mL of HEPES buffer (20 mM, 0.15 M NaCl, pH where the OBy oisampieyrepresents the measurement from the
7.4) with final concentration of 50g/mL in 1.5 centrifuge  wells treated with various plasmid DNA/carrier complexes
tubes. After incubation for 30 min. at room temperature, theand the OBRyocontroy represents the measurement from the
tubes were centrifuged for 5 min. at 10000 rpm. The supemells treated with PBS buffer only.
natant was taken and its absorbance at 260 nm was measured@ransfection Experiments The in vitro transfection
for the determination of the content of DNA remaining in experi- ment was performed as follows. All reagent used in
the solution. The DNA sample without a carrier was used agransfection experiments were sterilized by filtering through
a control. 0.22 um polycarbonate membrane filters, except for gBV-
Agarose Gel Electrophoresis of PolyplexeSolutions of  gal through 0.45um one because of its size over 300 nm.
cationic copolymers and DNA were prepared in distilled wateiPlasmid DNA/carrier complexes were prepared by mixing 2
and mixed each other to obtain a desired N/P ratio (chargeg of plasmid DNA with various amounts of carrier in 100
ratio of total nitrogen in cationic copolymers to phosphateul serum-free cell culture medium, and incubated for 30
groups in DNA). Various amounts of cationic copolymer, min at room temperature. Medium from each well of the 24-
ranging from N/P ratio of 0.1 to 16, were added faglof  well plate was replaced with 6@ of transfection mixture
plasmid DNA and the mixtures were incubated for 30 min.and cell culture medium in the presence of serum. The cells
at room temperature. Polyplexes were formed in 20 mMwere then incubated for 48 h at 37 °C in 5% {DCubator.
Hepes buffer, pH 7.4, containing 0.15 M NaCl. The sample Cell Transfection Assay The 3-galactosidase activity in
buffer for gel electrophoresis was added to each sample, atdinsfected cells was determined spectrophotometrically at
it was electrophoresed on 1% (w/v) agarose gel for 90 min420 nm using-nitrophenyl-D-galactopyranoside (ONPG).
at 100 V. TBE (45 mM Tris-Borate, 1 mM EDTA, pH 8.0) Briefly, the growth medium was removed from the cells in
solution was used as electrophoresis buffer. The gel wa24-well plates to be assayed and the cells were washed twice
stained with ethidium bromide (Ogg/mL) for 30 min. and  with 1 x PBS carefully in order to prevent cell detachment.
illuminated with an ultraviolet (UV) illuminator to show the The cells were lysed by adding 120 of 1 x reporter lysis
location of the DNA. buffer and incubating for 30 min. at room temperature with
Cell Lines and Cell Cultures NIH3T3 cells, a mouse rocking the plate in the middle of the incubation period fol-
embryonic cell line, were maintained in DMEM medium lowed by scraping the cells. Then 100 of ONPG (1.33
supplemented with 4.5 g/L glucose and 10% FBS at 37 °C img/mL) in 2x assay buffer was added to the lysed cells and
a 5% CQ incubator. Cells were normally grown in 25%m the cells were incubated at 37 °C for 4 hr. The reaction was
polystyrene tissue culture flasks until they became approxiterminated by adding 3Q@. of 1 M sodium carbonate solu-
mately 70% confluent as assessed by light microscopy. Thiéoon to each well and the absorbance at 420 nm was read
cells were then trypsinized with appropriate amount ofwith the microplate reader for tiftgalactosidase activity.
0.25% trypsin solution for 5-10 min, followed by addition of
FBS-containing media in order to stop trypsin reaction. Results
The detached cells were collected and then counted by
hemacytometer. For the transfection and cytotoxicity study, Synthesis of Cationic Block CopolymersPolycation grafted
the cells were seeded at a density ok 1@ cells/well, 600  copolymers were synthesized by conjugating PEI with small
yL/well, in 24-well flat-bottomed microassay plates and molecular weight PEG derivatives in different degrees. They
incubated for 24 h before the addition of either the plasmidvere synthesized by grafting PEG chains to the amino groups

DNA/carrier complex or the carrier only. of PEI. The scheme for the synthesis of polycationic graft
Cell Viability Assay. Evaluation of cytotoxicity was per- copolymers is presented in Figure 1.
formed by the MTT assay’®> MTT was dissolved in % According to this scheme, carboxylated-PEG was chosen

PBS at 2 mg/mL, filtered through 0.22n polycarbonate for the preparation of surface charge-masked PEI. All the
membrane filters to sterilize and remove a small amount ofoupling reactions were performed by converting the car-
insoluble residue present in some batches of MTT. At théoxyl group into the corresponding acid chloride. Each acid
end of the transfection experiment, the transfection mixturehloride was prepared using 2 equivalent oxalyl chloride and
was replaced with 100 mL of fresh medium, containing 10a catalytic amount of DMF in DCM. The excess of oxalyl

% FBS. Twenty six microliters of 2 mg/mL MTT solution in chloride was removed on the rotary evaporator by a strip-
1x PBS was then added. Plates were incubated for addping procedure with chloroform. The amide bond was then
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Table 1 Characteristics of the synthesized cationic copolymers

Reacting polymefs Molecular characteristics of the synthesized copolymers
Copolymer nante —
PEG, Da PEIl, kDa PEG Nd PEG:PEf Modification degreb%  Molecular magskDa
1:1 PEG-g-PEI 600 25 40 501 0.97 13.8 49.3
3:1PEG-g-PEI 600 25 133 315 3.20 45.8 105
1:1 MPEG-g-PEI 550 25 45 536 0.99 7.75 49.7
3:1 MPEG-g-PEI 550 25 127 454 2.79 21.9 94.8

3The nomenclature for PEG and PEI copolymers accounts for the ratio of PEGMBIECular masses of the reacting polymers are presented as
provided by the manufacturef@he number of PEGThe number of amino group in PEAs determined byH NMR analysis of the copolymer
samples'Calculated based di NMR data assuming that all polyether chains in the copolymer samples are linked to the PEI.

A. 3:1 PEG-grafted-PEI C. 3:1 MPEG-grafted-PEI

L il

B. 1:1 PEG-grafted-PEI D. 1:1 MPEG-grafted-PEI
- .
T Esme s 2o 4.0 35 3.0

F|gure 2. 1H NMR Spectra of the Synthesized (M)PEG-grafted Figure 3. Electrophoretic Mobility Shift Assay using the Synthe-
PEls.'H NMR spectra was obtained in,@. The relative pda  Sized Cationic Copolymers. Complete retardation in all cationic
intensity of PEG to that of PEI in A and C is much higher than thaipolymers was achieved at and above 4 : 1 charge ratio of cationic
in B and D, respectively. copolymer/pSVB-gal. Various amounts of each cationic copoly-
mer, ranging from N/P ratio 0.1 to 16, were added toglof
plasmid DNA. Lane 1 indicates pS8gal without cationic poly-

: ; : mer as control. Lane 2-8 indicates polyplexes at N/P ratio 0.1, 0.5,
formed by reacting a selected amount of acid chloride W|tr1 0, 2.0, 4.0, 8.0, and 16, respectively. (A) MPEG-PEI 1: 1, (B)

the amino groups in the presence of TEA in dry DCM. MPEG-PEI 3: 1, (C) PEG-PEI 1: 1, and (D) PEG-PEI 3: 1.
The methoxy-PEG was prepared from PEG monomethy
ether by alkoxidation with sodium hydride in THF, followed
by reaction with excess ethyl bromoacetate and then hydrohave the average of 45 and 127 MPEG segments, respec-
ysis with sodium hydroxide. The formation of MPEG car- tively. The averaged values of 40 and 133 PEG chains in
boxylic acid was identified from thi#l NMR spectra. PEG-grafted PEls correspond to the degrees of modification
The nomenclatures and the characteristics of the cationit3.8% and 45.8%, respectively. For MPEG-grafted PEIs,
copolymers synthesized are presented in Table 1. The ratidsese copolymers also have similar degrees of modification
of the PEG and PEI chains in the copolymer samples werearying from 7.75% to 21.9%, which correspond to the aver-
determined fromtH NMR spectra (Figure 2) by comparing age value of 45 and 127 MPEG chains, respectively.
the integral values obtained from the numbers of the-CH Agarose Gel Electrophoresis of Polyplexesvarying
CH.0- protons of PEG and -GHBH:N- protons of PEI. For amounts of each cationic copolymer, ranging from N/P ratios
the copolymer samples used in this work, PEG-grafted PEbf 0.1 to 16, were added tquy of plasmid DNA (Figure 3).
and MPEG-grafted PEI, the molecular masses were calcu-ane 1 indicates pSYs-gal without cationic polymer as
lated using théH NMR analysis of the contents of PEG and control. Lanes 2-8 indicate polyplexes at N/P ratios of 0.1,
PEI in these copolymers. According to the NMR data, PEGO.5, 1.0, 2.0, 4.0, 8.0, and 16, respectively. Complete retarda-
grafted PEIls contain an average of 40 and 133 PEG segion in all cationic polymers was achieved at and above a
ments per polycationic chain, respectively. MPEG-grafted PEI4 : 1 charge ratio of cationic copolymer / pB\ual.
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Figure 6. Transfection efficiency of PEG-PEI into NIH3T3 cells.
120 Each value is the mean + SD of three different experiments.
100 - mately 95% when the amount of DNA increases tou®6
> 4 per well. On the other hand, modified PEI with PEG showed
3 = 80 1 low cytotoxicity compared to the non-modified PEI. When
g = ! the level of pegylation was increased to a 3: 1 ratio, PEG-
) 601 grafted PEI exhibited only very slight cytotoxicity on NIH/
BX 40 3T3 cells even at high concentrations. It showed above 80%
& cell viability for 1 uM of polymer. MPEG-grafted PEI also

20 - showed a comparably low cytotoxicity. This result led us to

conclude that the PEG-modified PEI was significantly less

0 — T toxic and that its biocompatibility increased with increasing

0 0.2 04 06 0.8 1 degree of pegylation.

Concentration (uM) Transfection Efficiency of (M)PEG-grafted PEI The

—&—PEl —&—PEG-PEI 1:1 effect of pegylation of PEI on the level of gene expression

—8— PEG-PEI 3:1 —&— mPEG-PEI 1:1 was investigated. Complexes formed between plasmid DNA
—A— mPEG-PEI 3:1 and cationic copolymers were assessed for theivitro

Figure 5. Comparison of cytotoxicity of (M)PEG-grafted PEls. transfection activity using a transient expression of galac-
The gene carriers were incubated for 4 h with NIH/3T3 cells at 3%psidase reporter gene.
°C in a 5% C@incubator, and cell viability was determined using A geries of experiments were performed in the presence or
MTT assay method. . . L
absence of serum. Following 4 hr incubation in the absence
of serum, the transfection efficiency of PEG-polyplexes de-
Water Solubility. As discussed earlier, an increase in thecreased with an increase in PEG content although the de-
degree of charge neutralization of the DNA often results ircrease was minimal for 1: 1 PEG-polyplexes. On the other
extensive condensation and the separation of the DNA phas$&and, the pegylation did not affect the transfection efficiency
in the form of insoluble compact structures. Figure 4 show®f the complex for 48 hr transfection in the presence of
that complexation between pS¥gal and PEI at a final serum. In addition, the pegylation increased the transfection
DNA concentration of 5Qig/mL led to the formation of fine efficiency of the complex at a higher DNA concentration (4
precipitates that sedimented upon centrifugation. On the otherg DNA). The results are demonstrated in Figure 6. What is
hand, water solubility of the complexes increased 1.5-2 fold
by grafting PEG. When the 3 : 1 PEG-grafted PEI was use

to make a complexe with pSEtgal, nearly 78% of DNA § = 251
remained in the supernatant after centrifugation. So the _attach f £ 201 OHePG2 B NIH3T3
PEG groups on PEI appear to prevent the p)&/carrier 2 2 151
complex from making fine precipitates and becoming insol-@ g 10+
uble. I s 5
Cytotoxicity of PEG-grafted PEIs. This work reports the _it 0 SEl MPEo.  MPEG.  PEG.PEI PEG.PEI
effects of different degrees of pegylation of PEI on cytotoxi- PEI(1:1)  PEI(31)  (1:1) (3:1)

Clt.y by using a tetrazollum-basec_i MTT colorimetric aSsayFigure 7. Transfection efficiency of (M)PEG-grafted PEls. The

(Figure 5). NIH3T3 cells were incubated for 48 h Wwith concentration of pS\B-gal was 2ug per well of 24 well plate. The

increasing amounts of polymers in the presence of serum. polyplexes of each gene carrier were incubated for 48 h in the
With the PEI system, cell survival decreases by approxipresence of serum at 37 °C in a 5%,@©ubator.
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important is that, as for MPEG-grafted PEI, both polymers lysine) dendrimer-b-PEG-b-poly(L-lysine) dendrinfteREG-
1:1 MPEG-grafted PEI and 3:1 MPEG-grafted PEI g-poly(L-lysine)*and lactose-PEG-grafted poly-L-lysitte.
showed no transfection efficiency (Figure 7). This indicatesDispersions of complexes of DNA in aqueous media were
the importance of the PEG action resulting from its shape ofbtained using these copolymé&t8 However, little improve-
graft for efficient gene transfer (see also below). ment in transfection activity of plasmid DNA was reported.
Influence of PEG Coupling Mode on Transfection Effi-  Here, we suggest a good reference point for evaluating the
ciency To study the influence of pegylation on the transfec-effects of cationic polymer modification on gene transfer by
tion efficiency of native PEI, we synthesized several PEG-considering different degrees and shapes of pegylation.
PEI derivatives according to the protocol described above. Pegylated PEI derivatives were synthesized. Above all,
Transfection with polyplexes was performed at N/P ratios 5the modified molecules were significantly less toxic than the
7 and 9. Agarose gel electrophoresis of polyplexes was caoriginal polymer. It can also be seen that their biocompatibil-
ried out in parallel to then vitro assays to verify that DNA ity increased with increasing degree of pegylation. Espe-
was completely retarded by interaction with the polymercially, it should be noted that usingid) of plasmid and
(Figure 3). Figure 7 summarizes the transfection efficiencie®EG-grafted PEI at N/P ratio 7.0, the highest transfection
of the synthetic graft copolymers. It should be noted that aactivity was still obtained with little damage to cells. Owing
for MPEG-grafted PEIs, both 1:1 MPEG-grafted PEI andto the lower toxicity of the modified PEI, it had an effective
3:1 MPEG-grafted PEI showed much reduced transfectiotransfection activity even at higher concentration. On the
efficiency. As assessed by agarose gel retardation assay, tleisntrary, PEI had a decreased transfection activity under the
phenomenon is not considered to result from a partial comsame conditions, #g of plasmid and PEI at N/P ratio 7.4.
plexation of the DNA with highly modified polymer. It may Moreover, this chemical modification led to enhancement of
be due to a decreased affinity of the polyplex for the cell surits solubility. The improved solubility of the complexes

face leading to low transfection efficiency. formed by pegylated PEI is due to the effect of the hydro-
philic PEG chain. In such systems, the ammonium groups of
Discussion the PEI bind to the DNA phosphate groups, resulting in the

formation of micelle-like species with a hydrophobic core

The ultimate goal of designing synthetic gene deliveryfrom neutralized DNA and PEI chains and a hydrophilic
vehicles is to build multimolecular DNA/vector assemblies corona from PEG segmeritsMost likely, in the case of the
that are safe and efficient enough to be used in human thgpegylated PEI, incorporation of an excess of copolymer into
apy. We designed a new series of synthetic vectors using thiee complex is prevented by steric repulsion of the PEG
approach of studying whether appropriate chemical modifichains. In contrast, complexes formed by homopolymer PEI
cation of cytotoxic polymers can reduce their toxicity and, at25 kDa) at high N/P ratios contain a charged polycation
the same time, retain their capability to efficiently condensécorona’ surrounding the neutralized polycation/DNA ‘cdfe’.
DNA rather than synthesizing new types of polymers. Thdnteractions of the low molecular mass electrolytes and
choice of PElI among chemicals from a catalogue (as opposerum proteins with the polycation corona can affect the sta-
ed to the design and synthesis of a new molecule) was basbility of these systems in aqueous dispersion.
on the hypothesis that the surface charge of PEI resulting in It was also found that pegylation retained transfection effi-
cytotoxicity could be masked at the same time as retainingiency comparable to non-maodified PEI in cell transfection
its capability as a protonation reservoir of a molecule belowassaysn vitro. The comparison of pegylated PEls of differ-
neutrality leading to its transfection efficieffySo we  ent degrees of derivation showed that all synthetic polymers
hypothesized that, by reducing the density of primary aminasing PEG bis(carboxyl methyl) ether reached a high level
groups and introducing amphiphilic groups, such polymersf transgene expression, similar to that obtained with the PEI
could be detoxified and their ability to mediate transfectionof 25 kDa. It should be noted that the result was obtained in
of eukaryotic cells could be enhanced. This relationship mayhe presence of serum. Considering the influence of pegyla-
be the basis for the design of new synthetic vectors, althougdion on the transfection efficiency relating to the presence of
the cellular mechanism underlying their action has yet to beerum, PEG modification may protect DNA complex from
analyzed. enzymatic attack. Of course, as assessed by gel retardation,

This work reports the synthesis and characterization of @ven highly substituted PEI (with a ratio of 3 for the
series of cationic copolymers on the basis of the conjugate€H,CH.O- protons of PEG and -GHH:N- protons of PEI)
of PEI with PEG. The initial objective for the development was still able to form complexes with DNA. However, aside
of cationic copolymers, such as PEG-based block or grafirom an increase in solubility and retention of the ability to
copolymers, was to increase solubility of the polycation-condense with DNA, methoxy-PEG modification of PEI
DNA complexes. This approach has been used to produaesults in a significant decrease in the transfection activity of
stable complexes dispersed in aqueous media that revealdte DNA complexes. This result is in line with previous
high activity in regulating gene expressionrirvitro andin reports that the transfection activity of complexes with DNA
vivo studies. Several systems have recently been described the PEG-grafted PEI decreased as the degree of grafting
including PEG-b-polyspermir®, PEG-g-PEl® PEG-b-  with PEG chains was increasttt! Indeed, the activity of
poly(L-lysine)é® PEG-b-poly(L-lysine) dendriméf,poly(L-  the copolymer was eliminated even at a low degree of modi-
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fication® The results show that PEG shape rather than
modification degree is the significant factor that influences 6.
the transfection efficiency. As assessed by agarose gel retar-
dation assay, this phenomenon is not due to a partial com-
plexation of the DNA with highly modified polymer. The
free linear PEG chains in methoxy-PEG grafted PEI are pre-
sumed to hinder the interaction of copolymer/DNA com-
plexes with the cells.

In conclusion, the detoxification of cationic polymers seems
to be a feasible approach to the development of new polyto.
mer-based synthetic gene delivery systems. This detoxifica-
tion is meaningful because of its high water-solubility. How-11.
ever, it must be considered that pegylation of polymers used
for gene transfer has some grafting limits in the mode ofi2.
PEG conjugation and modification degree.

Acknowledgment This work was supported by grants 13.
from the Molecular Therapy Research Center at Sungkyunlﬁ
wan University, Brain Korea 21 program, and the Researc

Fund from the Ministry of Commerce, Industry and Energy. 15

References

1. Boussif, O.; Lezoualch, F.; Zanta, M. A.; Mergny, M. D.; 17.

Scherman, D.; Demeneix, B.; Behr, JPRc. Natl. Acad.
Sci. USAL995 92, 7297.

2. Abdallah, B.; Hassan, A.; Benoist, C.; Goula, D.; Behr, J.
P.; Demeneix, B. AHum. Gene Thefl996 7, 1947.

3. Goula, D.; Benoist, C.; Mantero, S.; Merlo, G.; Levi, G,;
Demeneix, B. AGene Therl998 5, 1291.

4. Nguyen, H. K.; Lemieux, P.; Vinogradov, S. V.; Gebhart,

C. L.; Guerin, N.; Paradis, G.; Bronich, T. K.; Alakhov, V. 19.

Y.; Kabanov, A. VGene Ther200Q 7, 126.
5. Kabanov, A. V.; Vinogradov, S. V.; Suzdaltseva, Y. G.; Ala-

16.

18.

Jin Hee Choi et al.

khov, V. Y.Bioconjugate Cheni995 6, 639.

Wolfert, M. A.; Schaht, E. H.; Tonceva, V.; Ulbrich, K;
Nazarova, O.; Seymour, L. Wlum. Gene Thef99§ 7,
2123.

7. Kataoka, K.; Togawa, H.; Harada, A.; Yasugi, K.; Matsu-

moto, Y.; Katayose, Sdacromoleculed996 29, 8556.

8. Katayose, S.; Kataoka, Bioconjugate Chemnil997, 8,

702.

9. Vinogradov, S. V.; Bronich, T. K.; Kabanov, A.Rlocon-

jugate Chem1998§ 9, 805.

Vinogradov, S.; Batrakova, E.; Li, S.; Kabanov, AB\-
conjugate Chenl999 10, 851.

Vinogradov, S.; Batrakova, E.; Kabanov, A.CGéblloid.
Surface BL999 16, 291.

Choi, J. S.; Lee, E. J.; Choi, Y. H.; Jeong, Y. J.; Park, J. S.
Bioconjugate Chend.999 10, 62.

Choi, J. S.; Joo, D. K.; Kim, C. H.; Kim, K.; Park, JJS.
Am. Chem. So200Q 122, 474.

4. Choi, Y. H.; Liu, F.; Kim, J. S.; Choi, Y. K.; Park, J. S.;

Kim, S. W.J. Control. Releas#998 54, 39.

Choi, Y. H.; Liu, F; Choi, J. S.; Kim, S. W,; Park, J. S.
Hum. Gene Thelt999 10, 2657.

Boussif, O.; Delair, T.; Brua, C.; Veron, L.; Pavirani, A.;
Kolbe, H. V. JBioconjugate Cheni999 10, 877.

Seymour, L. W.; Kataoka, K.; Kabanov, A. V. 8elf-
Assembling Complexes for Gene Delivery. From Labora-
tory to Clinical Triat Kabanov, A. V., Felgner, P. L., Sey-
mour, L. W., Eds.; John Wiley: New York, 1998; p 219.
Kabanov, A. V.; Szoka, F. C.; Seymour, L. W.Salf-
Assembling Complexes for Gene Delivery. From Labora-
tory to Clinical Trial Kabanov, A. V., Felgner, P. L., Sey-
mour, L. W., Eds.; John Wiley: New York, 1998; p 197.
Choi, J. S.; Choi, J. H.; Park, J.ol. Ther 200Q 1,
S118.




