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Purpose. To optimize oligonucleotide (ODN)-based polyion complex micelles (PICMs) by studying the
effects of polymer composition and length on their properties.

Methods. Atom transfer radical polymerization was used to synthesize copolymers with increasing
hydrophilic nonionic and cationic block lengths. PICMs were prepared by mixing the copolymers and
ODN at various nitrogen-to-phosphate (N/P) ratios and characterized by gel electrophoresis and dynamic
light scattering. The stability of the complexes towards dissociation was tested using a competitive assay
with heparin. Finally, protection of the incorporated ODN against DNAse I degradation was evaluated.
Results. A library of copolymers composed of poly(ethylene glycol) (PEG) and poly(aminoethyl methacrylate)
(PAEMA) and/or poly((dimethylamino)ethylmethacrylate) (PDMAEMA) was synthesized. All polymers
efficiently interacted with the ODN at N/P ratios approaching 1.5. Narrowly distributed but easily dissociable
PICMs were obtained using PEG 5000 and short DMAEMA chains. Shortening the PEG block to 2000, increasing
the number of cationic units and using AEMA produced more stable complexes but at the cost of colloidal
properties. All polymers were able to protect the ODN from nuclease degradation.

Conclusions. PEG 3000-based PICMs possess good colloidal properties, intermediate stability towards
dissociation and adjustable buffering capacity, making them potentially useful for the delivery of nucleic acid drugs.

KEY WORDS: atom transfer radical polymerization; (dimethylamino)ethyl methacrylate;

oligonucleotide; polymeric micelles; polymer composition.

INTRODUCTION

The use of nucleic acids such as plasmid DNA, antisense
oligonucleotides (ODNs) or small interfering RNAs (siR-
NAs) is an elegant approach to treat numerous diseases
spanning from infections (1) to cancer (2) to genetic
anomalies (3,4). Its success, however, is greatly limited by
the inherent physicochemical properties of the genetic
material to be delivered. It is now broadly recognized that
the rapid degradation of these molecules by nucleases (5,6),
their short blood half-life (7) and inadequate entry into cells
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(8) call for the chemical modification of the nucleic acids (9)
and/or the utilization of specialized delivery systems (10-13).

Polyion complex micelles (PICMs) decorated with a
targeting ligand are conceptually one of the best vehicles
available thus far for the delivery of nucleic acid drugs.
PICMs result from cooperative electrostatic interactions
between the genetic material and a cationic copolymer
presenting a water-soluble nonionic segment. Upon complexa-
tion, the charge-compensated nucleic acid/cationic chains self-
assemble into a micellar core while the hydrophilic segments
form a protecting corona (14,15). The corona not only confers
solubility and colloidal stability to the system but also shields
any cationic charges. Complexes with surface cationic charges
are known to unspecifically interact with blood components
and non-target cells, leading to short blood half-life and toxicity
when in vivo applications are sought (16,17).

If a lot of insight on the physicochemical properties of
complexes and transfection efficiency has been gained by studying
the interaction of plasmid DNA with cationic polymers, it appears
that the extrapolation of this knowledge to the various genetic
materials (such as siRNAs, ODN:S, ezc.) does not always hold. For
instance, the effects of poly(ethylene glycol) (PEG) chain length
and density on the physicochemical properties and transfection
efficiency of complexes based on branched poly(ethyleneimine)
(PED)-graft-PEG were shown to vary whether the genetic
material used was plasmid DNA (18), phosphodiester ODN
(19) or siRNA (20). Likewise, the in vitro performance of a
branched PEI of particular molecular weight (MW) was affected
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by the chemistry of the ODN used (phosphodiester vs. phosphor-
othioate) (21). Differences in the interactions between ODNs of
various structures (linear or hairpin structured ODNs) and a
polymer have also been reported (22).

In the same way, all polymers cannot be expected to interact
similarly with the genetic material. For instance, it has been shown
that a single atom modification could greatly influence the strength
of the interactions between a polymer and DNA, thereby affecting
the properties of the complexes and transfection efficiency (23,24).
Variations in the strength of the interaction between polymer and
DNA also arise depending on the substitution on the amino
group (i.e. primary vs. tertiary vs. quaternary) (25,26). Further-
more, the balance between the nonionic hydrophilic and the
cationic chain lengths greatly contributes to the properties of the
complexes and to their transfection efficiency. In a systematic
study, Lam et al. have observed higher condensation of plasmid
DNA and improved transfection efficiency for polymers with
increasing cationic segments (27). However, this was at the cost
of colloidal properties. Clearly, the intrinsic physicochemical
properties (MW, hydrophilic nonionic/cationic balance, aqueous
conformation, density of charges, efc.) of both the nucleic acid
and polymer will promote different interactions and affect the
performance of the complexes. This strongly evidences the need
to optimize a gene delivery system for a specific genetic material/
polymer pair.

In line with the above statement, the aim of this work was to
optimize phosphorothioate ODN-based complexes by studying
the effects of polymer composition and length on their properties.
We selected an ODN with the phosphorothioate chemistry as it
remains one of the most widely employed and successful chemical
modification of ODNSs, conferring high stability to the ODN
without compromising its mechanism of action (9). Derivatives of
2-aminoethyl methacrylate (AEMA) were in turn chosen to
make up the cationic segment because of their facile controlled
polymerization (28-30) and commercial availability as different
order amines. These two aspects are exploited herein to prepare a
33-member block copolymer library in which the chain length and
buffering capacity of the polymers are methodically varied. To the
best of our knowledge, there is only one other study dealing with
the optimization of PICMs of a phosphorothioate ODN and an
AEMA derivative (31). Specifically, Desphande er al. looked at
the effects of the architecture (linear, brush or comb) of
copolymers of PEG and 2-(N,N-dimethylamino)ethyl methacry-
late (DMAEMA) on ODN complexation. Seeing that the work
presented herein focuses on different aspects of PICM self-
assembly, namely on the effects of PEG chain length, number of
cationic repeat units and nature of these units on the interactions
of the polymers with the ODN, both studies nicely complement
one another. Furthermore, this study systematically investigates
for the first time PICMs containing AEMA, a monomer bearing
primary amino groups, which we hypothesize will allow us to
adjust the buffering capacity of the polymers and be beneficial for
complex stability.

MATERIALS AND METHODS
Materials
A 20-mer antisense phosphorothioate oligodeoxyribonu-

cleotide (ODN; 5'-GTTCTCGCTGGTGAGTTTCA) and its
5’-fluorescein-labeled derivative were supplied by Medicorp
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Inc. (Montreal, QC, Canada). AEMA HCI was obtained from
Polysciences Inc. (Warrington, PA) and protected with bis
(tert-butyl)dicarbonate as described previously (28). The
product (AEMABoc) was purified by silica gel chromatogra-
phy (ethyl acetate/hexanes; 50/50 v/v) prior to use. Polyeth-
ylene glycol monomethyl ether (MeO-PEG-OH; M,=3,000)
was provided by Nektar (Huntsville, AL). All other chemicals
were purchased from Sigma-Aldrich (Oakville, ON, Canada)
and used as received, except for the following: tetrahydrofu-
ran (THF) was passed through PureSolv™ drying columns
(Innovative Technologies, Newburyport, MA), triethylamine
was dried over calcium hydride and purified by distillation,
and DMAEMA was vacuum-distilled prior to polymerization.

Techniques

'H NMR spectra were recorded on a Bruker NMR
spectrometer operating at 400 MHz (Milton, ON, Canada).
Solutions were either prepared in deuterated chloroform or in
deuterated water. Gel permeation chromatography (GPC)
measurements were performed in THF using an Alliance
GPCV 2000 system (Waters, Milford, MA) equipped with a
differential refractive index detector. Adequate molecular weight
separation was achieved using three Waters Styragel columns
(HT2, HT3 and HTS) in series at a flow rate of 1.0 ml/min and a
temperature of 40°C. A calibration curve was obtained with near-
monodisperse PEG standards. Elemental analysis was used to
determine the molar content of amino groups per gram of
polymer. The measurements were conducted in an oxidative
atmosphere at 1,021°C using a thermal conductivity probe (Fisons
Instruments EA 1108 C, H, N, S Elemental Analyzer, Beverly,
MA). The mean hydrodynamic diameter, size distribution, and
scattering intensity of the micelles were determined using a
Malvern Autosizer 4800 equipped with a 488-nm uniphase argon-
ion laser (Malvern Instruments, Worcestershire, UK).
Measurements were performed in triplicate at a scattering angle
of 90° and a temperature of 25°C. The CONTIN program was
used to extract size distributions from the auto-correlation
functions. Size measurements falling out of the particle size
range of the instrument (i.e. >5,000 nm) are shown as qualitative
information only.

Synthesis of Atom Transfer Radical Polymerization (ATRP)
Macroinitiators

MeO-PEG-OH (M,,=2,000, 3,000, and 5,000) were converted
to ATRP macroinitiators by reaction with 2-bromoisobutyryl
bromide as reported elsewhere (28,32). Briefly, PEG was dissolved
in anhydrous THF to a final concentration of 100 g/l and stirred
for 15 min in the presence of triethylamine (10 eq). 2-Bromoiso-
butyryl bromide (4 eq) was then added dropwise and the reaction
was carried out for 48 h at room temperature. The crude product
was solubilized in dichloromethane and purified by successive
washings with 10% HCI, 1 N NaOH, and brine. The organic phase
was dried over magnesium sulfate and the ATRP macroinitiator
precipitated in diethyl ether.

Synthesis of Cationic Block Copolymers

The polymerization reactions were carried out as follows:
the PEG macroinitiator (1 eq) was solubilized in THF in one
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flask while the monomers (DMAEMA and/or AEMABoc—
10 to 40 eq), 1,4,7,10,10-hexamethyltriecthylenetetramine
(14 eq), Cu()Br (1 eq), and Cu(Il)Br, (0.25 eq) were
solubilized in THF in a second reactor. Both solutions were
degassed for 20 min with argon. The polymerization was
initiated by transferring the macroinitiator to the monomer
mixture using a two-head syringe. In all cases, the final
monomer concentration was set to 0.8 M. The reactions were
typically conducted for 16 h at 65°C, after which the copper
complexes were removed by filtration through a silica gel
column. All polymer extracts containing AEMABoc were
dissolved in 3 M HCI/EtOAc (50 mg/ml) and reacted for 1 h
in order to cleave the Boc protecting groups. The reaction
was stopped by diluting with water and washing twice with
EtOAc. The aqueous phase (containing the protonated
polymer) was collected, dialyzed for 48 h against water
(molecular weight cut-off 6,000-8,000) and freeze-dried to
afford purified polymer. Copolymers of DMAEMA were
treated in an equivalent fashion whereby they were dissolved
in 1.5 N HCI, washed twice with EtOAc and dialyzed against
water.

Potentiometric Titrations

Apparent pK, values were calculated from the titration
curves of the copolymers as described previously (28). pK,s
were then used to determine the buffering capacity (8) of the
copolymers at pH 5.5 according to Eq. 1.

K,[H;0"]

3=23Cn m

(1)

The pH value of 5.5 was selected to mimic a transfection
experiment wherein the complexes would have been inter-
nalized via endocytosis. The concentration C,, then refers to
the methacrylate monomer concentration (i.e. AEMA +
DMAEMA) that would be found in the endosome. Assuming
that typical transfection experiments are efficiently performed
at 200 nM ODN (i.e. 2.75 pg/ml) (33) and that ideal PICMs
are obtained at a nitrogen-to-phosphate (N/P) ratio of 1.5, Cp,
becomes 1.14x107> M.

Incorporation of ODN (Gel Electrophoresis)

PICMs were prepared in 10 mM Tris, pH 7.4 at N/P
ratios varying from 0.5 to 3 using an ODN solution spiked
with fluorescein-labeled ODN (25 mol%). Samples were
mixed with glycerol and loaded onto a 20% (w/v) acrylamide
gel prepared with a tris-borate-ethylenediaminetetraacetic
acid (EDTA) buffer adjusted to pH 7.4. Following migration,
the ODN was visualized by UV irradiation using a Chem-
ilmager 5500 imaging system (Alpha Innotech Corp., San
Leandro, CA).

Micelle Formation as Ascertained by Dynamic Light
Scattering (DLS)

Effect of N/P Ratio
Specific amounts of a copolymer solution (2-3 mg/ml)

were added to a solution of ODN (0.1 mg/ml) in 10 mM Tris,
pH 7.4 to yield complexes with N/P ratios varying from 0 to 3.
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DLS analyses were performed 45 min after each incremental
addition of polymer. Both the stock polymer and ODN
solutions were passed through 0.22-um nylon filters prior to
experimentation.

Effect of Ionization Degree

PICMs of PEGgs-b-PDMAEMA,s were prepared in
10 mM Tris, pH 6.9 at an N/P ratio of 1.5 (final ODN
concentration of 0.1 mg/ml). Both the stock polymer and
ODN solutions were passed through 0.22-um nylon filters
prior to experimentation. Size measurements were compared
to those obtained above for PEGgg-b-PDMAEMA,s; and
PEGgs-b-PAEMA ¢ at pH 7.4 and N/P ratio of 1.5.

Stability of Micelles by a Displacement Assay

PICMs were prepared in 10 mM Tris, pH 7.4 at an N/P
ratio of 1.5 (final ODN concentration of 2.75 pg/ml) and
incubated at room temperature for 30 min in presence of
ethidium bromide (EtBr) (1 eq per base pair). Increasing
amounts of low molecular weight heparin (sodium salt from
porcine intestinal mucosa, MW of ~3,000 g/mol) were then
added and the complexes incubated for an additional 75 min.
The fluorescence of free EtBr (F;), ODN/EtBr (F,), and
EtBr/PICM after addition of heparin (F;,) was recorded on a
Safire plate reader (Tecan, Medford, MA; Aex=523 nm, Lem=
587 nm). Relative fluorescence values were calculated from
Eq. 2:

. (Fn—F)
Relative fluorescence = ———= x 100 2
(Fo— ) 2)
An increase in relative fluorescence is indicative of the
destabilization of the micelles.

Protection Against DNAse I Degradation

The ability of the PICMs to protect the ODN against
enzymatic degradation was evaluated as described previously
(34). PICMs were prepared at an N/P ratio of 1.5 using an
ODN solution spiked with 50 mol% fluorescein-labeled ODN
(final ODN concentration of 44 pg/ml). The complexes (as

Ho OHO
NH; /N\
Fig. 1. Structure of the copolymers studied where x corresponds to
the number of ethylene oxide (EO) repeat units while y and z
correspond to the number of AEMA and DMAEMA methacrylate
units, respectively. The value x is equal to 45, 68 or 113 for PEG

2,000, 3,000 or 5,000, respectively, while y and z vary between 0 and
40.
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Table I. Characteristics of the Copolymers of the AEMA Series

GpC? '"H NMR Elemental analysis
Nitrogen content® Nitrogen content®
Copolymer” M, M., PI M,¢ (mol/g polymer) x10° Nitrogen weight % (mol/g polymer) x10°
PEGys-b-PAEMA |, 3,100 3,800 1.23 4,200 2.93 4.01 2.86
PEGys-b-PAEMA 3 4,500 5,900 1.31 5,900 3.83 523 3.73
PEGys-b-PAEMA 55 5,300 7,000 1.33 6,800 4.12 5.73 4.09
PEGys-b-PAEMA 35 6,000 8,100 1.35 7,900 4.39 6.07 433
PEGys-b-PAEMA 4, 6,600 8,800 1.33 8,900 4.57 6.29 4.49
PEGgs-b-PAEMA |3 4,400 5,200 1.18 5,200 2.39 3.35 2.39
PEGgs-b-PAEMA 5,200 6,100 1.18 6,500 3.09 4.24 3.03
PEGgg-b-PAEMA 54 6,200 7,000 1.14 7,500 348 4.62 3.30
PEGgs-b-PAEMA, 6,400 7,400 1.17 8,200 3.70 5.01 3.58
PEGgg-b-PAEMA 35 7,100 8,500 1.20 9,500 4.02 5.44 3.88
PEG,3-b-PAEMA |; 6,200 7,300 1.17 7,000 1.59 221 1.58
PEG5-b-PAEMA |, 6,900 8,100 1.17 8,000 2.17 2.92 2.09
PEG3-b-PAEMA,,,; 7,500 9,000 1.20 8,700 2.45 3.44 2.46
PEG5-b-PAEMA;,; 8,000 9,700 1.21 10,300 3.03 4.10 2.93
PEG3-b-PAEMA ;¢ 8,800 10,500 1.19 11,200 3.25 4.36 3.11

“Copolymers are labeled as PEG,-b-PAEMA, where x is the number of EO repeat units based on PEG MW and y is the number of

methacrylate repeat units determined by ! H NMR.

> GPC data is for the protected (Boc) crude copolymers prior to purification.
¢ M, by ' H NMR and nitrogen content (both by ' H NMR and elemental analysis) were calculated assuming full ionization of the monomer (.e.

MW=166.6 g/mol for the hydrochloride salt of AEMA).

well as a control solution of ODN) were incubated with
DNAse I (22,000 kU/mg protein activity, used at a 50 U/ug
ODN concentration) in presence of 5 mM MgCl, at 37°C for
pre-determined periods of time. Degradation was stopped by
addition of EDTA (final concentration of 8.3 mM) and the
ODN freed in presence of an excess heparin. Samples were
then treated with formamide and loaded onto a 20% (w/v)
acrylamide gel. The ODN was visualized by UV irradiation
and the amount of intact ODN quantified relative to the
signal of an intact ODN sample.

RESULTS AND DISCUSSION
Polymer Synthesis

A library of polymers with varying hydrophilic (PEG
MW of 2,000, 3,000 and 5,000) and cationic (10-40 mono-
meric units) block lengths was prepared in order to shed light
on the effects of polymer composition on PICM self-assembly.
The nature of the amino group was also varied using AEMA—
a primary amine, DMAEMA—a tertiary amine, and their

Table II. Characteristics of the Copolymers of the DMAEMA Series

GpC? '"H NMR Elemental analysis
Nitrogen content® Nitrogen content®
Copolymer” M, M, PI M. (mol/g polymer) x10° Nitrogen weight % (mol/g polymer) x103
PEG,s5-b-PDMAEMA 5 2,800 3,400 1.2 4,600 2.76 3.76 2.69
PEGy5-b-PDMAEMA,; 3,600 4,300 1.18 6,500 3.47 4.48 3.20
PEGys5-b-PDMAEMA 55 4,000 4,700 1.18 7,500 3.69 4.69 3.35
PEGys5-b-PDMAEMA 3, 4,400 5,200 1.17 8,700 3.90 5.04 3.59
PEG,s5-b-PDMAEMA,, 4,900 5,900 1.18 9,800 4.04 5.20 3.71
PEGes-b-PDMAEMA 3 4,000 4,700 1.18 5,600 2.25 3.05 2.18
PEGgs-b-PDMAEMA, 4,500 5,200 1.15 6,900 2.82 3.86 2.76
PEGes-b-PDMAEMA,5 4,800 5,600 1.16 8,000 3.12 413 2.95
PEGgs-b-PDMAEMA 3, 5,400 6,300 1.17 9,100 3.37 4.48 3.20
PEGgs-b-PDMAEMA 35 5,600 6,700 1.19 9,800 3.51 4.54 3.24
PEG3-b-PDMAEMA 5,200 5,800 1.12 7,000 1.40 2.06 1.50
PEG,-b-PDMAEMA,; 5800 6,700 115 8,400 2.01 274 1.96
PEG3-b-PDMAEMA ,; 6,500 7,700 1.17 9,600 2.41 3.26 233
PEG3-b-PDMAEMA,, 6,900 8,500 1.22 10,400 2.62 3.48 2.48
PEG3-b-PDMAEMA3; 7,300 8,700 1.19 11,500 2.85 3.83 2.74

“ Copolymers are labeled as PEG,-b-PDMAEMA , where x is the number of EO repeat units based on PEG MW and z is the number of

methacrylate repeat units determined by ' H NMR.
> GPC data is for the crude copolymers prior to purification.

€M, by 'H NMR and nitrogen content (both by ' H NMR and elemental analysis) were calculated assuming full ionization of the monomer

(i.e. MW=193.7 g/mol for the hydrochloride salt of DMAEMA).
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Fig. 2. Gel electrophoresis of PICMs prepared at N/P ratios varying from 0.5 to 3 using PEG,s-b-PAEMA,; (A), PEGes-b-PAEMA, (B),
PEGq5-b-PAEMA,; (C) and PEGgs-b-PDMAEMA,, (E). PICMs prepared at the fixed N/P ratio of 1.75 using polymers of the PEGgg-b-
AEMA series with increasing cationic block lengths are also shown (D).

incorporation of the ODN occurs at an N/P ratio of 1. At this
ratio, however, a smeared band is still observed at high MW,
corresponding to partially neutralized complexes. As the N/P
ratio increases, this band progressively disappears, suggesting
that all negative charges are effectively complexed. Compar-
ison of Fig. 2A-C further indicates that the presence of
increasingly long PEG segments does not hamper ODN
complexation. This is in line with the results of Deshpande
et al. who have shown good ODN binding of all their PEG/
DMAEMA polymers, irrespective of architecture (31).

The effect of the cationic block length on ODN
incorporation was also studied by preparing micelles at the
N/P ratio of 1.75 with polymers of the PEGgs-b-PAEMA
series (Fig. 2D). As can be seen, all polymers were able to
efficiently complex the ODN. However, a smeared band at
high MW was observed for the copolymers with the lowest
number of cationic repeat units. This band eventually
disappeared as the number of cationic units reached 26,
suggesting that increased cooperativity leads to more efficient
interaction with the ODN.

A similar general behavior was observed for the
copolymers of the DMAEMA series (results for PEGgg-
b-PDMAEMA,, are presented in Fig. 2E). For those
polymers, complete ODN incorporation also occurred at the
N/P ratio of 1 despite the differences in pK, and ionization
degree between DMAEMA and AEMA. Rungsardthong et al.
have reported an analogous behavior for calf thymus DNA/
DMAEMA complexes prepared from PDMAEMA of de-
creasing ionization degree (i.e. prepared at pHs 4.0, 6.0, 7.4 and
8.0) (36). It was shown that even at high pH the complexes
interacted stoichiometrically with the DNA. This was attribut-
ed to the fact that the presence of a strong acid like DNA
could induce the protonation of the weak cationic DMAEMA

units. Our results further evidence differences between the
complexes of AEMA and DMAEMA, with smearing still
observed at the high N/P ratio of 3 for DMAEMA (Fig. 2E).
The presence of smeared bands at high N/P ratios suggests that
complexes based on DMAEMA are less stable than those
based on AEMA; the stability of the complexes will be studied
in more details later in the manuscript.

Colloidal Properties

The effect of the N/P ratio on the colloidal properties of
the micelles was also studied and is presented in Fig. 3 for the
copolymer PEGgg-b-PAEMA,4. A first observation (valid for
all polymers) is that the scattering intensity increases as the
N/P ratio reaches 1.5 and then slowly decreases at higher N/P
ratios. For PEGgs-b-PAEMA 4, the increase in scattering
intensity correlates with larger sizes (compare sizes close to
1.5 vs. at low N/P ratios) and probably follows from an
increase in the hydrophobicity of the AEMA segment due to
complete charge compensation. However, for polymers
having high ethylene oxide (EO)/cationic balances, and
therefore greater levels of steric stabilization, this increase
in size is not significant and cannot justify the observed
increase in scattering intensity (data not shown). Another
reasonable explanation is that as more polymer is added to go
from low N/P ratios to ratios closer to neutrality, the number
of micelles increases, leading to higher scattering intensity.
Alternatively, Dautzenberg et al. have shown that the
maximum in scattering intensity was associated with an
increase in the mean polymer weight fraction of individual
PICMs, reflecting an increase in the density or compactness
of the micelles (37). It is therefore suggested that the increase
in scattering intensity observed here at the N/P ratio of 1.5 is
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due to the combined effects of the number of micellar
assemblies and of hydrophobicity on size and density of the
micelles.

Although admittedly not striking in Fig. 3, another
important finding of these experiments is that the evolution
of the PI with N/P ratio follows an opposite trend to that of
scattering intensity, i.e. PI is minimal at N/P ratios of 1-1.5
and slowly increases when departing from that range. This
trend was paralleled with the tendency of micelles prepared
at N/P ratios below and above 1.5 to present multi-modal size
distributions (data not shown). This phenomenon was partic-
ularly significant for polymers having low EO/cationic unit
balances (sterically less stable).

Effect of Polymer Composition and Length on Micelle
Formation

The effects of the PEG chain length, number of cationic
monomeric units and nature of the amino group on micelle
properties were further studied at the N/P ratio of 1.5 and are
summarized in Fig. 4A. By comparing the traces for the
polymers of the PEGys-b-PAEMA, PEGgs-b-PAEMA and
PEG3-b-PAEMA series (filled symbols), it is clearly seen
that the size of the complexes decreases as the PEG chain
length increases. This trend falls in line with what was
observed for other polyelectrolyte complexes (27,38) and
can be attributed to the increased steric hindrance associated
with the longer PEG blocks. The hydrophilic chains indeed
become bulkier as their length increases so that the micelles
are constrained to adopt a conformation that maximizes the
space between the hydrophilic segments. This occurs when
the micelles present a higher radius of curvature, i.e. when the
core of the micelles is smaller. Although not shown here, a
comparable behavior was observed when comparing poly-
mers of the PEGys-b-PDMAEMA, PEGgs-b-PDMAEMA
and PEG,3-b-PDMAEMA series.

A closer look at the data within each polymer series
reveals that the size of the PICMs increases as the number of
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core-forming monomeric units increases (e.g. from 22 to
43 nm for polymers of the PEGy13-b-PAEMA series). This
trend comes as no surprise and was reported previously for
other polyelectrolyte complexes (38-40). Of interest is the
fact that there seems to be a critical EO/cationic unit balance
that needs to be reached in order to achieve colloidal stability.
Indeed, multi-modal size distributions, and in some cases
macroscopic aggregation, were observed for samples of the
PEGys-b-PAEMA series having 23 cationic units and more
and for samples of the PEGgs-b-PAEMA series having 30
cationic units and more. This corresponds to EO/AEMA
ratios of 2.0 and 2.3, respectively (or to nitrogen densities of
3.83x107° and 3.70x107° mol nitrogen/g of polymer,
respectively). This critical ratio is never reached for
polymers of the PEG;y3-b-PAEMA series so that unimodal
and relatively monodisperse (PI of ~0.14) micelles are
obtained throughout. Aggregation of the PICMs as the
cationic block length increases can be rationalized by
an increase in the likelihood of interpolymer bridgings
(chain entanglements) to take place between the micelles.
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Fig. 4. Average diameter (z-average) of PICMs prepared at the N/P
ratio of 1.5. Mean + SD (n=3) is shown (A). Typical size distributions
of micelles of PEGgg-b-PDMAEMA,s and PEGgg-b-PAEMA,¢ are
also presented (B).
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Alternatively, it can be argued that an increase in the number
of cationic units will shift the EO/hydrophobic balance of the
charged-compensated segments such that the PEG chains are
no longer able to impart solubility to the micelles. Aggregated
particles then result from hydrophobic-hydrophobic
interactions between exposed neutral cores.

The effect of the nature of the amino group on the
properties of the PICMs can finally be evidenced from Fig. 4
for PEGgg copolymers (compare traces with filled and empty
circle symbols). It appears that going from the cationic unit
AEMA to the DMAEMA unit leads to a decrease in size
from ~70 to 30 nm and a decrease in PI from 0.20 to 0.10
(compare size distributions in Fig. 4B). This trend could
follow from the different ionization degrees of the polymers
(37% for AEMA vs. 24% for DMAEMA at pH 7.4). To
evaluate the contribution of ionization degree on micelle size,
PICMs of PEGgs-b-PDMAEMA,5 were prepared in 10 mM
Tris pH 6.9 and compared to those of PEGgs-b-PAEMA 4
obtained at pH 7.4. At pH 6.9, the DMAEMA units are
ionized to the same extent as the AEMA units at pH 7.4. The
size of the DMAEMA micelles did not considerably change
from pH 7.4 to pH 6.9 (data not shown), suggesting that such
small variations in ionization degree do not contribute to the
differences observed between AEMA and DMAEMA.
Another explanation could be that the presence of two extra
methyl groups on the amino group of DMAEMA hinders the
fit and the interaction between the cation and the phosphate
groups of the ODN (24). The interactions between the ODN
and the AEMA units would be comparatively stronger,
leading to seemingly more hydrophobic segments and possi-
bly higher aggregation numbers (and micellar diameters).

Effect of Polymer Composition and Length on the Stability
of Micelles Towards Dissociation

In those experiments, the micelles were incubated with
an anionic macromolecule that can typically be found in the
blood stream (heparin). Both the ODN and heparin can
interact with the cationic polymer and a competition for the
cationic sites is therefore set. At high enough concentrations,
heparin will eventually occupy all cationic sites, thereby
expelling the ODN out of the micellar system. If on the basis
of colloidal properties alone it appeared that long PEG chains
and short cationic blocks were advantageous, an opposite
trend was found when studying the stability of the PICMs
towards dissociation. Figure 5A shows that the longer the
PEG chain is, the less stable the micelles. This can be
understood considering that a longer PEG chain results in
polymers with a higher hydrophilic/hydrophobic balance and
expectedly higher critical aggregation concentrations. For
those polymers, the concentration of unmicellized charge-
compensated uni/oligomers, which are more accessible for
displacement by heparin, is higher. Destabilization by another
polyanion therefore becomes easier as the PEG length
increases. This is evidenced with twice as much fluorescence
recovered in the case of PEG 5000 compared to PEG 2000-
based micelles (Fig. 5A). Alternatively, an increase in the
cationic block length results in additional cooperative inter-
actions and in stronger binding (41). The effect on PICM
stability towards dissociation is that the micelles become
more stable as the number of cationic repeat units increases

Dufresne, Elsabahy, Leroux
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(Fig. 5B). Interestingly, a critical EO/cationic unit ratio for
optimal stability is also observed, i.e. decreasing the EO/
cationic unit ratio below 2.6 does not additionally contribute
to the stability of the micelles. This correlates to the situation
where micellar aggregation was observed (Fig. 4A). Finally,
while copolymers of DMAEMA lead to nicely distributed
micelles, they concomitantly produce assemblies vulnerable
to competition and dissociation, with up to 63% fluorescence
recovered compared to 17% for similar copolymers of
AEMA (Fig. 5C). This suggests stronger interactions between
the AEMA segments and the ODN. As postulated above,
increased interactions could follow from a better fit between
the cationic groups of AEMA and the phosphate groups of
the ODN. The results of Fig. 5C further show that it is
possible to adjust the stability of the micelles simply by
varying the relative proportion of the primary vs. tertiary
amines of the polymer. Indeed, intermediate properties are
found for copolymers with both AEMA and DMAEMA.

Effect of Polymer Composition and Length on Protection
of the ODN Against DNAse I Degradation

In the previous section, correlations between polymer
composition, PICM stability and release of ODN from the
assemblies were established. Similar trends were expected to
follow regarding the ability of the micelles to protect the
ODN against enzymatic degradation. Indeed, Elsabahy et al.
have shown that PICMs composed of a PEG-ODN conjugate
and higher generations of polyamidoamine dendrimers were
not only increasingly stable against dissociation but could
protect the ODN more efficiently against enzymatic degrada-
tion (42). Likewise, they showed that decreasing the PEG
chain length from 20,000 to 10,000 helped protecting the
ODN.

In the present manuscript, the DNAse I concentration
was adjusted so that degradation of the naked ODN would
occur in the span of a few hours. As can be seen in Fig. 6 (star
symbols), 62% of the naked ODN was degraded within 6 h of
incubation with DNAse I. As expected, incorporation of the
ODN in the core of micelles prevented the action of the
enzyme. Surprisingly, all micellar systems protected the ODN
to the same extent, regardless of the PEG chain length (panel
A), the number of cationic monomeric units (panel B) and
nature of the amino group (panel C). This could be explained
by the fact that, in all cases, the DNAse I was unable to access
the entrapped ODN, be it through the steric hindrance
provided by the PEG chains or the protection ensured by
complexation with the cationic segment.

CONCLUSION

This work provides a systematic understanding of the
effects of polymer composition on the properties of ODN-
based micelles that should help rationally address the
challenges of ODN delivery. For instance, the results show
that if high stability is required, increased interactions
between the polymer and ODN are desirable. This can be
achieved either by augmenting the number of cationic units
or by using AEMA as the cationic monomer. Alternatively,
control over the size of the particles is possible by varying the
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EO/cationic unit ratio. In this case, an increase in the PEG
chain length and the use of DMAEMA will both lead to
smaller sizes and narrowly distributed micelles. Finally, if high
buffering capacity is critical, the DMAEMA units should be
favoured over the AEMA units.
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With such information at hand, an evaluation of which
copolymers should best address the challenges of ODN delivery
can be attempted. The polymers of the PEGys-b-PAEMA series
show enhanced stability towards dissociation, which could
prove advantageous considering the rapid dilution and expo-
sure to blood components that will follow from intravenous
injection. PICMs composed of PEGys-b-PAEMA, however
present sizes that may not be optimal for long circulating
properties and passive targeting through the enhanced perme-
ation and retention effect (43). Increasing the PEG chain
length of the copolymers could solve this issue, but this will be
at the cost of micelle stability. At the cellular level, the higher
buffering capacity of the DMAEMA copolymers might be
desirable to promote endosomal escape of the ODN via the so-
called proton-sponge mechanism (44). Furthermore, assuming
that their micelles can reach their target site intact, copolymers
of the PEGy,3-b-PDMAEMA series should be preferred since
they present the lowest stability towards dissociation. In this
case, low stability is desirable to increase the cytoplasmic/
nuclear availability of the ODN (26).

Clearly, the physical requirements of a gene delivery
system for overcoming both extracellular and intracellular
barriers can be quite different so that the optimal polymer
properties to fulfill one or another of the challenges of gene
delivery can be opposing. Overall, copolymers of the type
PEGgs-b-P(AEMA-co-DMAEMA) lead to micelles that
present good colloidal properties, intermediate stability
towards dissociation and adjustable buffering capacity, indi-
cating that they are interesting polymers for future in vitro
and in vivo studies.
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