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Abstract

The aim of this study was to improve the colloistability, decrease unspecific interactions withscand blood
components of a novel gene delivery system compokedaprolactone and quaternizedaprolactone. For
this purpose, diblock 50/50 copolymer was usecettegate complexes with DNA by either the solvent
evaporation technique and by dialysis. The sizdasa charge and degree of interaction of the ploaded
formulations were measured. Then, polyplexes wenabined with a poly(CL)-b-PEG copolymer to create a
hydrophilic corona on the surface of the compleXé® cytotoxicity, transfection efficiency and cgdlr uptake
of polyplexes and their association with PEG wera@ated on Hela cells. The dialysis method didatioiw to
reduce the size of complexes as compared to therstodvaporation method. The zeta potential of pleles
became positive from a charge ratio of 4. The degfénteraction of copolymer with plasmid DNA weery
high. Cytotoxicity and transfection efficiency wdorind to be comparable to polyethylenimine 50 kDa.
Association of polyplexes with poly(CL)-b-PEG copmiler led to a small increase in particle size astap
decrease of charge surface. Cytotoxicity, trangfeafficiency and cellular uptake were signifidgmeduced
relative to unshielded copolymer/DNA complexes. PigGylated formulations may be an attractive apgroa
for an in vivo application.
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1. INTRODUCTION

Gene therapy is a promising approach for the treatrof a wide range of diseases. Among non-virakge
delivery systems, "polyplexes" seem to be attractihe polyplexes form spontaneously as a result of
electrostatic interactions between the positivélgrged groups of the polycation and the negatigbirged
phosphate groups of the DNA. This results in DNAdensation, protection from the nuclease digestiah
more efficient delivery of plasmid into the celBg Smedt et al., 2000). Unmodified cationic polysiead to
complexes with DNA displaying a relatively highicaic surface charge. The positive charge of the
polymer/DNA complex facilitates cellular uptaketb&é complex by electrostatic interaction with nagay
charged cell membranes (Lee and Kim, 2005) buessmts a problem when polyplexes are introduc#ukein
blood circulation (Kichler, 2004). Indeed, strorasjtive charge on the polymer/DNA complexes induces
unspecific interactions with the extracellular maand cell surfaces (Davis, 2002). Interactionpaditively
charged polyplexes with blood components suchghrercytes and plasma proteins results in thesatigtion
and aggregation, leading to rapid clearance bydtieuloendothelial system (Merdan et al., 2008)yplexes
dissociation might lead to liberated DNA, whichpléys unfavorable pharmacokinetics, poor cellufaake
and consequently very poor transfection activitg {Dolf et al., 2005).

A frequently applied strategy to stabilize copolyf@NA complexes and neutralize positive chargdse ishield
the outer surface of the complexes with hydropfatid uncharged polymers (Funhoff et al., 2005) oAisdion
of polyplexes with PEG is advantageous: (i) it mekithe cytotoxicity of polymer/DNA complexes; HEG
shields excess positive charges of polymer/DNA dergs, resulting in the reduction of unspecifiemaictions
between polyplexes and blood components and ¢@llS?EG can be used as a spacer between a tagdedt
and and the polymeric carrier, which facilitates #tcess of the ligand to its receptor (Lee and, RD05).

In a previous study, copolymers composeg-oprolactone monomers (CL) angtbromoe-caprolactone
monomers quaternized by reaction with pyridine"(Ry were used to generate DNA nanoparticulate syste
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Copolymers with diblock or random structure, eatthem available with two monomer ratios (50" €y/50
CL and 80 PYCL/20 CL) were investigated. Cytotoxicity and tréaesion efficiency were found to be
comparable to polyethylenimine 50 kDa, a convemtiguolymer used in gene therapy (Vroman et al.,7200
However, the positive charges of the polyplexeshiigad in vivo (i) to unspecific interactions withood
components and cells and (ii) to unstability (flation/aggregation) at high ionic strength. Poly¢(GiPy CL)
50/50 diblock copolymer was chosen for the assiotiatstudies with poly(CL)-b-PEG copolymer accogdiao
three parameters: (i) the diblock structure is naatepted for the association with PEG copolymen tha
random structure, (ii) it was shown that the péatgize of diblock 50/50 copolymer incubated irusemas
smaller than this for other copolymers tested (datasshown) and (iii) poly(CL-b-PZL) 50/50 copolymer was
found to be less cytotoxic than poly(CL-b-Py+CLY&Dcopolymer (Vroman et al., 2007). The plasmiaded
formulations have been characterized by their sizface charge and degree of interaction.

The main aim of this present study was to imprdwedolloidal stability and in vivo biodistributiasf the novel
gene delivery systems basedsecaprolactone and quaternizedaprolactone (Detrembleur et al., 2000a,b;
Vroman et al., 2007) by reducing the size and/tvo@tucing a hydrophilic corona. Firstly, diblock/50
copolymer was used to generate complexes with D)Aither the solvent evaporation technique (Vroman
al., 2007) and by dialysis (Gaucher et al., 200puBing the dialysis technique, it was expectefbtmulate
polyplexes with a reduced size compared to theeslgvaporation technique. In the second parteofibrk,
polyplexes were combined with a poly(CL)-b-PEG dgpwer to create a hydrophilic corona on the surfafce
the complexes. In vitro transfection efficiencytatpxicity and cellular uptake of polyplexes andith
association with PEG were evaluated on HelLa adl. IEhielded polyplexes were formed by mixing pmefed
poly(CL)-b-PEG copolymer with plasmid DNA and padyion during the formation of particles. This methis
an easy and versatile preparation procedure, byhnthie size and the extent of PEG shielding cacobérolled
by modifying the proportions of the components witthe mixture used for polyplex preparation. Mareg
other functionalities, like targeting ligands, daneasily introduced in the outer layer of polygleby using
preformed functionalized PEG copolymer for the piration of particles (Garinot et al., 2007).

2. MATERIALSAND METHODS
2.1. Materials

Plasmid pGL2CMVLuc (6.233 kb) encoding luciferasmg reporter and under the control of a human CMV
promoter was obtained from GiBt8RL (Carlsbad, CA, USA).

7-Oxabicyclo[2.2.1]heptane(Sigma-Aldrich,St.LouiOMUSA), 48% (aqueous) HBr (Sigma-Aldrich, St. Lgui
MO, USA), pyridinium chlorochromate (Sigma-AldridBprnem, Belgium) and 75%m-chloroperoxybenzoic
acid (Sigma-Aldrich, Bornem, Belgium) were usedexzived. Br-CL was synthesized starting from 7-
oxabicyclo[2.2.1]heptane as reported elsewhereréiddileur et al., 2000a) and dried by repeateddttinees)
azeotropic distillation of toluene just before polrization.e-CL (Sigma-Aldrich, Bornem, Belgium) was dried
over calcium hydride for 48 h at room temperature distilled under reduced pressure just before Tiskeiene
(ChemLab, Somme-Leuze, Belgium) was dried by réfignover calcium hydride and distilled under niteog
atmosphere. Aluminium isopropoxide [Alf@);] (Sigma-Aldrich, St. Louis, MO, USA) was twice dimbated
and then dissolved in toluene under nitrogen. fiyiefuminium (Fluka) was diluted in dry toluene ahe
solution concentration was determined by volumdiniation (Vangeyte and Jéréme, 2004). Methylemleride
and pyridine were dried by reflux over calcium hgérfor at least 48 h before distillation. Ethyleméde (EO)
(Messer), triethylene glycol monoethyl ether (Fluiad potassium hydroxyde (Fluka) were used asvete

HelLa (human cervic carcinoma) cells were purch&sed ATCC (American Type Culture Collection,
Manassas, VA, USA).

Ampicillin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphegtetra-zolium bromide (MTT) and PEI 50 kDa polyme
were acquired from Sigma-Aldrich (St. Louis, MO, A)SPEI 50 kDa was used as 10 mM aqueous stock
solution [9mg of the 50% (w/v) commercial solutidituted in 10 ml of water]. The solution was nelized

with HC1 and filtered (Millipore, 0.2 um). Dul-bex's modified Eagle's medium (DMEM), fetal bovinewsa
(FBS), trypsin-EDTA and penicillin-streptomycin rhixes were from Gibco® BRL (Carlsbad, CA, USA).
Spectra/Porl dialysis membranes (MWCO = 6-8000eveequired from Spectrum Laboratories (Breda, The
Netherlands). YOYO-1 iodide was purchased from Molar Probes (Leiden, The Netherlands). The Endofre
plasmid kit was obtained from Qiagen (Hilden, Gemg)athe Picogreéhassay kit from Molecular Probes
(Leiden, The Netherlands), the Micro BCA Proteirs&g Kit from Pierce (Rockford, USA) and the Lucise
Assay System from Promega (Madison, USA). Ultraepuater was used throughout and all other chemicals
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were of analytical grade.
2.2. Preparation of plasmid DNA

Plasmid pGL2CMVLuc was propagatedescherichia coligxtracted by the alkali lysis technique and pudifie
using an Endofree plasmid kit according to the nfecturer's instructions. The quantity and qualityhe
purified plasmid DNA was assessed by optical dgrai®60 and 280 nm and by gel electrophoresisnhith
DNA was resuspended in water and stored at -20ntiCuse.

2.3. Synthesisand characterization of copolymers

Synthesis of diblock 50/50 copolymers€aprolactone and quaternizedaprolactone was performed by ring-
opening polymerization of CL and BrCL initiated Bi(O'Pr); followed by quaternization with pyridine
(Detrembleur et al., 2000a,b; Vroman et al., 2000)y(CL)-b-PEG copolymer was also synthesizedity-r
opening polymerization using triethyla-luminiumaatalyst as previously described (Vangeyte andndérd
2004)."H NMR (250 MHz) spectra were recorded in CP®Ith a Brilker AM 250 apparatus at 25 °C. Size-
exclusion chromatography (SEC) was carried outHifr Tvith a Waters chromatograph equipped with a Vgate
410 differential refrac-tometer and 5 um Watersioois of increasing pore size ¢10C, 10° and 16A).
Polystyrene standards were used for calibration.

2.4. Formulation of copolymer/DNA complexes

Polyplexes were formulated at various charge rai#s copolymer/DNA using the solvent evaporation
technique (Soppimath et al., 2001; Hans and Lowr2@62; Vroman et al., 2007) as well as by dialysis
(Gaucher et al., 2005). Charge ratio N/P copolyDieA was expressed as the ratio between the nunfber o
pyridinium groups on copolymer and the number afgghate groups on plasmid DNA. For biophysicalistid
(size, zeta potential and degree of interactiompmexes were prepared at a plasmid concentrafi6f pg/ml
in water, NaCl 20 mM or NaCl 150 mM. For in vitrp@ications (cytotoxicity, transfection efficieneynd
cellular uptake), polyplexes were formulated atesmid concentration of 10 pg/ml in culture medium.

2.4.1. Solvent evaporation technique

Firstly, diblock copolymer was dissolved in dictdarethane. Then, the copolymer solution was emetkifi
the plasmid DNA solution by homogenization at 890 for 1 min using a high-speed homogenizer Dia& 9
(Heidolph Instruments, Germany). Finally, the oligaolvent was eliminated by stirring of the emaoifsat
room temperature for 2 h (Vroman et al., 2007). FBGylation of polyplexes, copolymer/DNA complexesre
associated with a poly(CL)-b-PEG copolymer at prtipos of 1/9, 1/3 and 1/1 poly(CL)-b-PEG/poly(CE-b
Py"CL) copolymers during the formation of nanopartcle

2.4.2. Dialysis technique

Poly(CL-b-PyCL) copolymer was dissolved in dimethyl-formami®®&A solution was added at once to the
copolymer solution and the mixture was stirredoaim temperature for 15 h. Then the solution wasgmbin a
Spectra/Porl dialysis membrane (MWCO 6000-8000)dialyzed against water for 24 h to remove
dimethylformamide.

2.5. Sizeand zeta potential of copolymer/DNA complexes

The mean hydrodynamic diameter and polydisperditii@complexes were determined by photon corati
spectroscopy using a Malvern NanoZS (Malvern Imstrats, UK). Measurements were performed at a
temperature of 25 °C and at a detection angle af Bl@e instrument was routinely calibrated usirapdard
reference latex particles (Malvern Instruments, UKje particle size of each sample was expressttanean
hydrodynamic particle diameter = standard deviatibthree measurements.

Surface charge of copolymer/DNA complexes was nregsat 25 °C with a Malvern NanoZS after calibmatio
with a polystyrene dispersion (Malvern Instrumettk) of known zeta potential. Given values were the
average of at least five runs.
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2.6. Degree of association copolymer/DNA

The degree of interaction between plasmid DNA amgbtymer was evaluated by measuring the amount of
plasmid DNA that was not associated with particled therefore remained in the supernatant upon
centrifugation of the particle suspension (Peresd.eR001; Vroman et al., 2007). Copolymer/DNAtmdes

were spun down at 15,000 rpm for 60 min. The sugtamt was mixed with Picogreen® reagent and the
fluorescence was measured using a Packard Fluarbbtiaroplate Fluorometer (Packard BioScience
Company, Meriden, USA) with an excitation waveldéngt 485 nm and an emission wavelength of 530 rime. T
amount of plasmid DNA was read from a calibrationve setup with standard DNA solutions in the 25mido

1 pg/ml concentration range (Molecular Probes, ¢ejd he Netherlands) (Vroman et al., 2007).

2.7. Cdl culture

Hela cells (human cervix epithelial carcinoma geNsre cultured in Dulbecco's modified Eagle medium
(DMEM) supplemented with 10% (v/v) fetal bovine werand 100 1U/ml of penicillin G sodium and 100 mb/
of streptomycin sulfate. Cells were maintained&f@ in a humidified 5% C@atmosphere. Cells were sub-
cultured using trypsin/EDTA when almost confluent.

2.8. Transfection efficiency protocol

For transfection studies, HeLa cells were seed@®iwell plates at an initial cell density of*ld®lls/well in 100
ul of culture medium supplemented with 10% FBSeAR4 h, the medium was replaced with 100 ul afireer
free medium containing unshielded polyplexes an@y&ed copolymer/DNA (1 pg) complexes prepared at
N/P charge ratios ranging from 1 to 4. Following @f incubation with the formulations, 100 pl oftcue
medium with 20% of serum was added in each wetker™d h treatment with polyplexes, the transfection
mixtures were removed and the cells overlaid wigisli culture medium containing 10% FBS. Transfectdid
were further incubated for 44 h to allow proteipreession. Polyethyleneimine 50 kDa/DNA complexes
formulated at a N/P charge ratio of 9, accordinBoassif et al. (1995), were used as a positivérobof
transfection. All transfection experiments wereriear out in two identical 96-well plates. One platas tested
for luciferase activity; the other plate was tedfmdcell viability using a MTT colorimetric assayleasurements
were performed in triplicate for the determinatafuciferase activity. Six determinations were ddar
evaluation of cell viability. Two independent exipeents were carried out (Vroman et al., 2007).

2.9. Detection of luciferase activity

Luciferase gene expression was determined 48 htedtesfection by using a commercial luciferaseagdst
according to the manufacturer's instructions. Byjeffter removing culture medium, cells were wakheice
with PBS and permeabilized with 200 pl of lysisfeufPromega). For measurement of samples, 100 pl o
luciferase substrate was automatically injected 2 pl of cell lysate with a Glomax microplate lnometer
(Turner Biosystems, Sunnyvale, USA). Light emittesms measured over 10 s with 2 s delay. Protein
concentration was determined by using a BCA pratesay kit. Thirty microliters of the remainingldgbkate
was transferred in individual wells of a 96-wellomdplate and diluted with 120 ul of PBS pH 7.4. Bf&agent
(150 ul) was added, the mixtures allowed to incellfat 2 h at 37 °C and the absorbance measuretDatrs
with a BioRad microplate reader. A calibration auwith bovine serum albumin standards was usedatuate
the amount of protein present. Transfection agtiwids expressed as relative light units (RLUs)rpiligram
cell protein (Vroman et al., 2007).

2.10. Evaluation of cell viability

Evaluation of cytotoxicity of polyplexes was perfoed 48 h after transfection. The metabolic actioityelLa
cells in each well was measured by using the MTléraoetric assay (Mosmann, 1983). At the end of the
transfection experiment, culture medium was remlagigh 100 pl of sterile filtered MTT (0.5mg/ml)cstk
solution in culture medium and cells were incubdtedL h at 37 °C. MTT containing medium was renchbaad
100 pl of DMSO was added to dissolve the for-mazgstals. Absorbance was measured at 570 nm using a
BioRad microplate reader. Untreated cells werertasecontrol with 100% viability and cells withaddition

of MTT were used as blank to calibrate the spetintgmeter to zero absorbance. Triton X-100 1% veasl &s
positive control of cytotoxicity. The cell viab#it(%) was calculated according to the following &tipn:



Published inInternational Journal of Pharmaceutics (2007), @44, pp. 88-95
Status: Postprint (Author’s version)

oD
cell viability (%) = <M> x 100
ODs79 nm{control)

where OR7onmampleyepresents the measurement from the wells tresitadolyplexes and OB nm(controffOM
the wells treated with culture medium only (Vron&ral., 2007).

2.11. Cellular uptake

Plasmid DNA was labelled with the cell-impermeafilerescent dye YOYO-1 iodide (Molecular Probesphwi
a ratio of 1 dye molecule to 300 bp followed by ih¢ubation in the dark at room temperature. Tweatled
plates were seeded with®clls per well and the cells were incubated at@7Tot 24 h. After 24 h, the medium
was aspirated off from the wells and gently repdaeith unshielded and PEGylated polyplexes prepared
serum-free culture medium at charge ratios N/Pirgnfyjom 1 to 4. At certain time intervals (30, 820 and
240 min, respectively) the complexes were aspiratefiom the wells. The cells were extensively tvag with
ice-cold PBS. They were then harvested by trypation and centrifuged at 1200 rpm for 5 min. Finalhey
were recovered in 0.5 ml of ice-cold PBS and stamreite until analysis was performed. The percenti#g
fluorescent cells in the population and the le¥aladl-associated fluorescence were measured hy flo
cytometry. Flow cytometry analysis was performeisigis FACScan flow cytometer (Bec-ton Dickinson, Le
Pont-De-Claix, France) with an argon laser at wanvgth of 488 nm. The filters used for emission waere
530/30-nm band-pass for YOYO-1 iodide, which wasitex] by the 488-nm laser line. Data were analyzed
using the Cel-IQuest (Becton Dickinson) softward aere expressed as the percentage of cells corgdhre
labelled DNA and the mean fluorescence associaittdcells. The individual fluorescence of 10,000eere
collected for each sample (Deshpande et al., 2004).

2.12. Statigtical analysis

Statistical analysis was performed using Studémést. To compare the mean and standard deviatiomere
than two groups, a Tukey's procedure was usedfféreince between means was considered significame p
value was less than or equal to 0.05. Software SBMRvas used to evaluate the statistical signitieasf the
data.

3. RESULTS AND DISCUSSION

The aim of this study was to improve the colloistability, decrease unspecific interactions withscand
prolong plasma half-life time of poly(CL-b-R@L) 50/50 diblock polyplexes. For this purpose y6L-b-
Py'CL) 50/50 diblock copolymer was used to generatapglexes with DNA and was combined with a
poly(CL)-b-PEG copolymer to create a hydrophilicama on the surface of the polyplexes.

3.1. Characterization of copolymers

The structure and properties of copolymers usehdrstudy are presented in Fig. 1 and Table 1entisely.
Poly(CL-b-PyCL) 50/50 diblock copolymer had an average moleowksight of ~12,500Da and polydispersity
of ~1.25. The quaternization yield was 75%. Theeexpental molar composition of the copolymer isseldo

the expected values, 50 mol% CL. The molecular tedf poly(CL)-b-PEG copolymer was in the range of
19,500 Da with a PEG chain of 4600 Da and with lggispersity index of ~ 1.15.

Fig. 1. Chemical structures of the copolymers. (A) poly{ERy CL) 50/50. (B) poly(CL)-b-PEG.
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Table 1.Physicochemical characteristics of the copolymesesdun the study

Copolymer Molecular weight®  Polydispersit§® Degree of polymerizatién mol% of cationic units
Poly(CL-b-PyCL)50/50 12,300 1.25 69 49
Poly(CL)-b-PEG 14,900 CL/4600 PE(1.15 100 (CL)/105 (PEG) -

@ Apparent molecular weight and polydispersity weeéermined by size exclusion chromatography (ppfgse calibration).

® M, of the PCL block in poly(CL-b-PEG) copolymer wascegated from the intensity of the signal at 2.3ftrpfor PCL and fronM,, of
PEG (4600).

¢ Polydispersity=M/M.

9 Determined by proton NMR.

3.2. Influence of the method of preparation

First, non-PEGylated polyplexes were formulatedaatous N/P charge ratios using the solvent evdjmora
technique as well as dialysis to decrease theodittee particles. The replacement of the solveapevation
method by the dialysis method did not allow a daseecof the size of polyplexes.

The particle sizes of the copolymer/DNA complexeig(2A) show a tendency to decrease with an irsered
charge ratio. In agreement with previous studiesrd et al., 2001; Jeong and Park, 2002; Vromah,e2007),
large aggregates were formed at a charge ratidaf 2olyplexes prepared by the solvent evaporatechnique.
At this charge ratio, the surface charge of theoboper/DNA complexes was near the neutrality, asficmed
by zeta potential data (Fig. 2B). At charge ratibd and 10, particle sizes of approximately 200vnene
produced for the two methods of preparation of plelyes.

At low charge ratios, zeta potential of copolyméicomplexes were negative (Fig. 2B). With increasi
charge ratio, zeta potentials of complexes ragiuttyeased up to charge ratio of 4 whereas theylglmereased
from charge ratios 4 to 10 (39.5 + 1.5 and 26 +iM\2for polyplexes prepared either by the solverdporation
technique and by dialysis, respectively). Compétiielding of negative charges of plasmid DNA ocedrat a
charge ratio of 4 both for solvent evaporation teghe and dialysis method.

To demonstrate the interaction between copolymémpéesmid DNA, a Picogreen® assay was performed. As
shown in Fig. 2C, the interaction between copolyara plasmid DNA progressively increased accorthne
charge ratio and reached a plateau at around gechatio of 2 for the two methods of preparation of
copolymer/DNA complexes. At low charge ratios, ptécs DNA was still accessible for Picogreen® reagent
explaining the negative zeta potential values folamdhe particles at these charge ratios. Fromaage ratio of
2, plasmid DNA is completely bound to the polymed @rotected inside the particles.

The results show that the method of preparatigrobfplexes has no influence on the size and zetngal of
the DNA complexes and on the condensation capatitply(CL-b-PyCL) 50/50 diblock copolymer. Since
similar trends were observed for the two methodsreparation of polyplexes, the solvent evaporation
technique, which was already used in our previooskyVroman et al., 2007), was selected for th@eiasion
studies with poly(CL)-b-PEG copolymer.
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Fig. 2. Comparison of the solvent evaporation technique @frthe dialysis method. (A) Particle size of B0/5
diblock copolymer/DNA complexes with various N/Brgk ratios. Values are the average of three
measurements (xstandard deviation). (B) Zeta padémalues of polyplexes. (C) Degree of associatietween
50/50 diblock copolymer and plasmid DNA, determibgdhe Picogreen® assay (n = 4).
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Table 2. Mean particle size and zeta potential of unstadldnd PEGylated polyplexes (n = 3)

Medium Charge ratio N/P  Proportion poly(CL)-b-PEG/poly Size + S.D. (nm)  PDI Zeta potential + S.D.
(CL-b-Py'CL) copolymers (mvV)
Water 4 0 1302 0.2 37.9+8.1
1/9 164 +4 0.1 149+11.6
1/3 188+3 0.1 19.6+8
11 318+ 22 0.4 23.3+6.9
NaCl(20mM) 4 0 Aggregates 0.9 -
1/9 341 + 27 0.4 16.9+7.8
1/3 378 £ 23 0.4 6.7+4.9
11 519 + 33 0.6 3.3 £43
NaCl(150mM) 1.5 0 Aggregates 1.0 -
1/9 425 + 28 0.3 -0.1+11.5
1/3 344 £19 0.4 0+7.6
11 654 + 42 0.6 -1.2+8.8
Culture 1 0 977 £ 68 0.7 ND
medium 1/3 380 +31 0.4 ND
2 0 1059 + 73 0.6 ND
1/3 627 £ 45 0.6 ND
4 0 1045 * 65 0.8 ND
1/3 921 £50 0.8 ND

PDI: polydispersity index, is a measure of theritistion of the size of the particles; ND: not deteéed.

3.3. PEGylation of polyplexes

To increase the colloidal stability and decreasspanific interactions, polyplexes were PEGylatedhzy
addition of poly(CL)-b-PEG copolymer in the formtitan. The amount of PEG copolymer introduced in the
DNA complexes was optimized keeping the followiagtbrs into consideration: (i) reduction of thefaoe
charge of polyplexes; (ii) limited increase of thaticle size and (iii) stabilization of copolymeNA
complexes in physiological medium. At first, PEGgld copolymer/DNA complexes were formulated at a
charge ratio N/P of 4, at which well-defined angigigely charged non-PEGylated polyplexes were plegk
(Fig. 2B). Poly(CL)-b-PEG copolymer was combinedhaioly(CL-b-PyCL) polyplexes in water at proportions
of 1/9, 1/3 and 1/1 poly(CL)-b-PEG/poly(CL-b-RBL) copolymers. Particle size and zeta potentilasof the
various PEG associations are shown in Table 2.t efficient association seemed to be this with a
proportion of 1/9 poly(CL)-b-PEG/poly(CL-b-P@L) copolymers. Indeed, the surface charge decidage
approximately 22 mV while a slight increase in mdetsize was observed from 130 to 164nm. The mer in
size can be attributed to the presence of PEG shuairthe surface of complexes (Lee et al., 200Dbyelver, to
study the effect of PEGylation on particle sizgolfyplexes in physiological medium, positively ched
polyplexes were formulated in NaCl 20 mM and ndyitdyplexes in NaCl 150mM and combined with PEG
copolymer at previously mentioned proportions. BN20 mM, the particle sizes of the associatioite w
proportions of 1/9 and 1/3 poly(CL)-b-PEG/poly(CtPy CL) copolymers were similar but a lower surface
charge was obtained for the association with agntam of 1/3 poly(CL)-b-PEG/poly(CL-b-P¢L)
copolymers. The particle size in NaCl 150 mM of dissociation with a proportion of 1/3 poly(CL)-b-
PEG/poly(CL-b-PyCL) copolymers was lower than the particle sizpalf/plexes combined with a proportion
of 1/9 poly(CL)-b-PEG/poly(CL-b-P\CL) copolymers. Based on the results of the astoniatudies, a
proportion of 1/3 poly(CL)-b-PEG/poly(CL-b-P@L) copolymers was selected for cytotoxicity, tf@esion and
cellular uptake studies.

3.4. Cytotoxicity, transfection efficiency and cellular uptake

Transfection efficiency of unshielded and PEGylgietyplexes prepared by the solvent evaporationriigcie
was evaluated on Hela cells and compared to pofkgtiimine 50kDa and naked DNA. Among polycationic
carriers, polyethylenimine (PEI) has been extemgiegploited as an effective gene delivery veh{®émesh et
al., 2006). Polyethylenimine/DNA complexes werenfafated at a charge ratio N/P of 9 at which anmogti
transfection efficiency was previously observed ygsif et al., 1995).
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As shown in Fig. 3, transfection efficiency of p@y.-b-Py CL)/DNA complexes was high at charge ratios of 1
and 2. However, at N/P charge ratio of 4, an ireéa cell death (Fig. 4) dramatically decreasedpttotein
expression. Poly(CL-b-PEZL)/DNA complexes formulated at a charge ratio NfR were equally efficient at
transfecting cells in vitro as PEI 50kDa prepared eharge ratio N/P of ©%0.05). The transfection activity of
PEGylated polyplexes was significantly reducedtietato unshielded polyplexes for all N/P charggos(p <
0.0001 at N/P charge ratios of 1 and 2).

Because transfection efficiency of a polymeric iearis influenced by the cytotoxicity of the catiopolymers
(Fischer et al., 1999; Jeong et al., 2001), thetoyicity of the plasmid-loaded formulations usadransfection
experiments with HelLa cell line were investigatedy( 4). It was found that PEGylated polyplexes had
substantially lower cytotoxicity than unshieldedymbexes(p< 0.0001 for all N/P charge ratios tested).
PEGylated polyplexes exhibited good cell viabilibwer 85%) whereas diblock 50/50 copolymer/DNA
complexes were quite toxic for HelLa cells.

As transfection can be promoted by the formatioaggregates in the transfection medium (De Wadl et
2005), size studies were performed in culture nrediliable 2). Size studies performed in the cultasslium
used for the transfection studies showed that peXgs aggregated. The higher transfection effieadybited
by the large aggregated particles could result filoenconjunction of several features: (i) they swit onto the
cell surface more rapidly than the small complekeseby intensifying the contact with the cells evhi
stimulates cellular internalization, (ii) since yheontain a large proportion of free cationic pognsin addition
to those complexed with DNA, they destabilize thenmbrane favoring their entry into cells, and (figir
endosomolytic activity is far higher than that loé tsmall particles (Zaric et al., 2004).

Fig. 3. Transfection efficiency of unshielded and PEGylagelyplexes in HeLa cell line. Transfection was
performed at proportions of 1/3 poly(CL)-b-PEG ctymeer/poly(CL-b-PYCL) copolymer. The quantity of
plasmid DNA was maintained constant at 1 pg fbgadups. The luciferase expression in relativétignits
(RLU) is normalized to mg of protein. Data represtie mean + standard deviation of three measurasen
(***p < 0.0001).
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Fig. 4. Cytotoxicity of the various transfection mixtutedHeLa cells. Transfection was performed at
proportions of 1/3 poly(CL)-b-PEG copolymer/poly@BtPy CL) copolymer. The quantity of plasmid DNA was
maintained constant at 1 ug for all groups. Reswitse compared with the cytotoxicity of PEI 50 kDa
polyplexes formulated at a N/P charge ratio of @ avith naked DNA (n = 6) (***p< 0.0001).
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The reduced transfection activity and lower cytatitx of PEGylated polyplexes relative to unshielde
polyplexes could be due to the formation of comptewith improved colloidal stability and reduceres{as
demonstrated in Table 2) and to a reduced celindaraction and internalization (Kursa et al., 200@rdan et
al., 2003; Deshpande et al., 2004). Hence, thelaeliptake of unshielded and PEGylated polyplevas
evaluated at different time intervals using flowampetry. The percentage of cells that showed arase in
fluorescence compared to the untreated contrcd eeldl the level of cell-associated fluorescencelamgvn in
Fig. 5. At charge ratios N/P of 1 and 2, a decréaseean cell-associated fluorescence was obsdoved
PEGylated polyplexes compared to unshielded pakgs@p<0.05), while the percentage of cell population
showing associated fluorescence was relatively.lAgicharge ratio N/P of 4, the level of cellulgtake was
similar to the level of internalization of naked BNThe percentage of cells showing associated dismence for
unshielded polyplexes formulated at a charge hati® of 1 was comparable to PEI 50 kDa, althougHefel of
fluorescence varied at the various incubation tifoeshe two types of polymers. For poly(CL-b-RY}.) 50/50
diblockpolyplexes, cell-associated fluorescence ngively high at the earliest detection timed declined
thereafter. In contrast, the amount of DNA in te#scgradually increased for PEI 50 kDa polyplexes.

Flow cytometry results show that the introductiéd®P&G reduced the cellular uptake of DNA which cbat
least partially explain their low transfection eféincy and cytotoxicity. However, the low cellufssociation
and low transfection efficiency obtained using PE@ad polyplexes could be beneficial to deliver DA
specific target cells by conjugating a targetimgitid while preventing unspecific cellular interans and
transfection (Lam et al., 2004).
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Fig. 5. FACS analysis of unshielded and PEGylated polgsiefd) Percentage of cells exhibiting associated
fluorescence (YOYO-1 labelled DNA) at differenttimtervals (n = 3). (B) Mean fluorescence assamawith
cells at different time intervals (n = 3). N/P cesponds to the charge ratio polymer/DNA.
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4. CONCLUSION

To increase colloidal stability and decrease unfipéoteractions with cells and blood componemsly(CL-b-
Py'CL)/DNA complexes were PEGylated by adding poly(@LPEGqin the formulation. PEGylation
induced a slight increase in particle size andfcient shielding of surface charge of copolymdi®
complexes. Cytotoxicity, transfection activity arellular uptake of PEGylated polyplexes were sigaiftly
reduced relative to unshielded copolymer/DNA comete The PEGylated formulations may be an attractiv
approach for an in vivo application where non-sfieaiteractions with blood components needs to be
minimized. The conjugation of a targeting ligandhie PEG copolymer used for the formulation of ksled
particles could lead to further improvements oftaeefficiency. The application of this new polynteranimal
studies in vivo is in progress.
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