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Block copolymers poly(2-(dimethylamino) ethyl methacrylate)-b-poly(polyethylene glycol methacrylate) (PD-
MAEMA -b-P(PEGMA)) were prepared via reversible addition fragmentation chain transfer polymerization (RAFT).
The polymerization was found to proceed with the expected living behavior resulting in block copolymers with
varying block sizes of low polydispersity (PDI<1.3). The resulting block copolymer was self-assembled in an
aqueous environment, leading to the formation of pH-responsive micelles. Further stabilization of the micellar
system was performed in water using ethylene glycol dimethacrylate and the RAFT process to cross-link the
shell. The cross-linked micelle was found to have properties significantly different from those of the uncross-
linked block copolymer micelle. While a distinct critical micelle concentration (CMC) was observed using block
copolymers, the CMC was absent in the cross-linked system. In addition, a better stability against disintegration
was observed when altering the ionic strength such as the absence of changes of the hydrodynamic diameter with
increasing NaCl concentration. Both cross-linked and uncross-linked micelles displayed good binding ability for
genes. However, the cross-linked system exhibited a slightly superior tendency to bind oligonucleotides. Cytotoxicity
tests confirmed a significant improvement of the biocompatibility of the synthesized cross-linked micelle compared
to that of the highly toxic PDMAEMA. The cross-linked micelles were taken up by cells without causing any
signs of cell damage, while the PDMAEMA homopolymer clearly led to cell death.

Introduction

Oligonucleotides (ONs) are short single strands of DNA,
containing 10-30 nucleotides. Synthetic antisense oligonucle-
otides (ASONs), also called magic bullets, are promising as
clinical therapeutic regimen for genetic, neoplastic, and infec-
tious diseases,1-3 such as human immunodeficiency virus (HIV),
hypertension, cardiovascular disease, and leukemia.4 ASONs
have the ability to specifically inhibit mutated genes or foreign
genes and to permanently replace a missing or deficient gene.1

One major advantage of ASON therapy over conventional
treatments is that synthetic ASONs show a high degree of
specificity to these diseases and do not elicit an immune
response.3

However, several major obstacles still limit the successful
delivery of ASONs. ASONs can easily be damaged by nu-
cleases, which are ubiquitous in the body. Furthermore,
equivalent to conventional drugs, the ultimate goal of drug
treatment is the targeted delivery to a specific site. For ASONs
to convey their full potential, they are required to find particular
targets4 in the human body.

To date, various methods have been studied, for example,
chemical modifications, using viral or non-viral systems. At least
three generations of chemically modified ASONs based on
phosphorothioate DNA have been investigated.5-8 Chemical
modification of ASONs could largely increase the half-life of
ASONs in plasma; however, phosphorothioate ASONs could
then bind to certain proteins, causing cellular toxicity.9

Currently, viral systems are widely used as gene delivery
vectors because of their ability to efficiently promote DNA
delivery and DNA expression.10 However, virus-based vectors
as gene delivery systems can introduce high risks in toxicity
and immunogenicity. Furthermore, the technique is usually not
cost-efficient.

Polymeric gene delivery systems have been widely explored
as a viable alternative to viral systems.11 Polycationic polymers,
such as polyethylenimine, poly-L-lysine and polymethacrylate/
methacrylamide have been largely used because of their ability
to condense DNA for more efficient uptake.10 Poly(2-dimethy-
laminoethyl methacrylate) (PDMAEMA) is now widely utilized
and extensively studied as a gene/drug delivery system.12-14 In
addition, PDMAEMA shows other interesting characteristics
such as pH sensitivity,15 a very attractive property in biomedical
applications.16-21 However, the use of cationic polymers is partly
hampered because of their toxicity. Several efforts have been
undertaken to reduce toxicity while maintaining high transfection
efficiency.22

Amphiphilic copolymers can be considered as suitable gene/
drug delivery carriers.23 In a physiological environment, am-
phiphilic copolymers form aggregates such as micelles, vesicles,
or rods with the hydrophobic blocks as the core and hydrophilic
blocks as the shell. Drugs are usually encapsulated in the
hydrophobic compartment, while the hydrophilic corona ensures
the protection of the complex and increases its solubility and
mobility. The shell-forming polymer is in addition responsible
for the biocompatibility of the system.

High degree of biocompatibility and ease of modification are
attractive features of poly(ethylene glycol) (PEG)-based poly-
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mers. PEG exhibits several unique properties such as creating
stealth conditions, which results in minimized interaction ability
with the components of blood.24 These characteristics enable
PEG-coated particles to circulate in the blood for an extended
period without being recognized by the body’s defenses.3

Therefore, the enhanced circulation time allows for preferential
accumulation in affected areas of the body.25,26

The design of the gene delivery carrier is significant because
the particle must be stable enough to resist extra and intracellular
enzymes as well as allow penetration through the cell membrane.
Several systems such as a block copolymers composed of
DMAEMA and PEG, a random copolymer of DMAEMA and
poly(ethyleneglycol) methacrylate (PEGMA), and DMAEMA-
OligoEGMA have been studied previously.12,27-29 These poly-
mers showed a good ability to encapsulate genes. However, the
micelles based on the above copolymers were reportedly not
stable, with micelles disintegrating into unimers especially at
high salt concentration.27

An easy and promising approach to target a more robust
delivery system consists of cross-linking micelles to stabilize
the aggregates against disintegration upon dilution or changes
in the environment.30-32 A range of pathways has been reported
to achieve further stabilization of self-aggregates. The introduc-
tion of reactive or polymerizable end groups to the hydrophobic
block of an amphiphilic block copolymer enables the fixation
of the micelle within the micelle core.33,34 Furthermore, the
random distribution of functional groups along the hydrophobic
block promotes the stabilization of the structure.35 However,
this approach limits the loading capacity and affects drug release.
Shell-cross-linked micelles, so-called knedels, were first intro-
duced by Wooley et al.36,37 allowing the stabilization of the
micelle without affecting the loading capacity in the core.38,39

Here, we employ the RAFT process40-42 to stabilize self-
assembled structures.43,44,46 In this project, DMAEMA and
PEGMA (Mn ) 360 g mol-1) were used to synthesize the block
copolymer, PDMAEMA-b-P(PEGMA), using the RAFT pro-
cess. Upon dissolution of these block copolymers in water,
stimuli-responsive micelles were formed. The hydrophilic shell
was further stabilized by cross-linking of the shell employing
ethylene glycol dimethacrylate for chain extension via the RAFT
process.43,44

Experimental Procedures

Materials. The RAFT agent 4-cyanopentanoic acid dithiobenzoate
(4-CAD) was prepared according to the procedure described else-
where.45 Sodium hydroxide (Aldrich, 98%), HCl (Aldrich, 32%),
Sodium chloride (Univar, reagent), and methanol (Univar, 99%) were
used without any further purification.

2-(Dimethylamino) ethyl methacrylate (DMAEMA) (Aldrich, 98%),
polyethyleneglycol methacrylate (Mn ) 360 g mol-1) (PEGMA)
(Aldrich, reagent), and ethyleneglycol dimethacrylate (EGDMA) (Al-
drich,98%) were destabilized by passing them over a column of basic
alumina. 2,2-Azobisisobutyronitrile (Fluka, 98%) was purified by
recrystallization from methanol.

The oligonucleotides (ISIS5132, sequence (5′-3′): TCCCGCCT-
GTGACATGCATT; molecular weight, 6363.9 g mol-1) were purchased
from Sigma. Ethidium bromide (Bio-Rad) was used as received.

Polymerization. (a) Synthesis of Poly(2-(dimethylamino) ethyl
methacrylate) (PDMAEMA).2-(Dimethylamino) ethyl methacrylate (35
g, 0.2226 mol), 4-cyanopentanoic acid dithiobenzoate (0.2473 g, 8.85
× 10-4 mol), and AIBN (0.0095 g, 8.85× 10-5 mol) were combined
with methanol (40 mL). The reaction mixture was divided equally into
10 vials. After sealing the reaction flasks, the mixture was purged with
nitrogen for 1 h at 0°C. The flasks were immersed in a water bath at

60 °C, and samples were taken over a period of 24 h. Polymerization
was terminated by placing the sample bottles in an ice bath for 5 min.
The polymer was purified by precipitation in cyclohexane and finally
dried under reduced pressure.

(b) Synthesis of Poly(2-(dimethylamino) ethyl methacrylate-block-
polyethylene glycol methacrylate) PDMAEMA-b-P(PEGMA).Two
PDMAEMA samples with 120 and 150 repeating units were used as
macro-RAFT agents for chain extension with PEGMA. The number
of DMAEMA units was calculated from NMR results in combination
with the theoretical number of repeating units as obtained from
conversion. For PDMAEMA120, 0.8936 g of PDMAEMA (Mn120(theo)
) 19,000 g mol-1; Mn120(SEC)) 9,200 g mol-1, 4.7× 10-5mol (theo)),
PEGMA (8.532 g, 0.0237 mol), and AIBN (0.00077 g, 4.7× 10-6

mol) were dissolved in toluene to obtain a final volume of 20 mL. For
PDMAEMA150, 1.122 g of PDMAEMA150 (Mn150(theo) ) 23,833 g
mol-1; Mn150(SEC)) 12,500 g mol-1, 4.7× 10-5 mol), PEGMA (8.532
g, 0.0237 mol), AIBN (0.00077 g, 4.7× 10-6 mol), and toluene were
mixed. The solution was evenly separated in several Schlenk tubes,
sealed with glass stoppers, and degassed with five freeze-pump-thaw
cycles. Polymerizations were carried out at 60°C in a water bath, and
samples were taken out for different time intervals over a period of 2
h. Copolymers were purified using membrane dialysis for 2 days against
distilled water and then freeze-dried.

(c) Micellization of PDMAEMA-b-P(PEGMA).The amphiphilic
block copolymer PDMAEMA-b-P(PEGMA) was dissolved in distilled
water at a concentration of 1 g L-1. Equimolar amounts of HCl
according to PDMAEMA units were added to PDMAEMA120-b-P-
(PEGMA)15/65and PDMAEMA150-b-P(PEGMA)56/72copolymer solution
to obtain a fully protonated polymer. For other pH values, HCl or NaOH
solutions were prepared to adjust the pH value.

(d) Chain Extension of Poly(2-(dimethylamino) ethyl methacrylate-
block-polyethylene glycol methacrylate) (PDMAEMA-b-P(PEGMA))
with Ethylene Glycol Dimethacrylate (EGDMA) and Additional PEG-
MA. PDMAEMA80-b-P(PEGMA)100 (250 mg) (5.1× 10-6 mol, Mn

(theo)) 49,000 g mol-1) and 15 mg of PEGMA (4.16× 10-5 mol)
were added to 200 mL of distilled water. The mixture was stirred at
0 °C for 1 day and covered with aluminum foil (to avoid UV initiated
polymerization). EGDMA (1.035 mg) (5.15× 10-6 mol) and 0.375
mg of 4,4′-azo-bis(4-cyano-pentanoic acid) (ACPA) (1.33× 10-6 mol)
were dissolved in 50 mL of acetone and then transferred to a 500 mL
Schlenk flask with the solution described above. The mixture was
degassed via five consecutive freeze-pump-thaw cycles, stirred at
0 °C for 2 h, and then immersed in a water bath at 60°C for 48 h.
Finally, the product was purified using membrane dialysis for 2 days
against distilled water and then dried under vacuum using a freeze dryer.

Analysis. Nuclear Magnetic Resonance (NMR) Spectroscopy.All
NMR spectra were recorded using a Bruker 300 MHz spectrometer.
The RAFT agent (4-CAD) and PDMAEMA were analyzed using
CDCl3, and the block copolymer and the cross-linked micelles were
analyzed ind-DMSO or D2O.

Size Exclusion Chromatography (SEC).Molecular weight distribu-
tions of the block copolymers were determined by size-exclusion
chromatography (SEC) using a Shimadzu modular system, comprising
an auto-injector, a Polymer Laboratories 5.0µm bead-size guard column
(50 × 7.5 mm), three linear PL columns (105, 104, and 103 Å), and a
differential refractive index detector. The eluent wasN,N-dimethylac-
etamide (DMAc) (0.03% w/v LiBr, 0.05% w/v BHT) at 40°C with a
flow rate of 1 mL min-1. The system was calibrated using narrow
polystyrene standards ranging from 500 to 106 g mol-1.

The RAFT agent 4-CAD and PDMAEMA were analyzed on a
similar SEC system at 25°C using THF as the mobile phase. Narrow
polystyrene standards ranging from 500 to 106 g mol-1 were employed.

Surface Tensiometer.The critical micelle concentration (CMC) was
determined by analyzing the surface tension using a NIMA DST 9005
Dynamic Surface Tensiometer with a Pt/Ir Nouy ring at 25°C.

Dynamic Light Scattering (DLS).Particle sizes were determined
using a Brookhaven Zetaplus particle size analyzer (laser, 35 mW;λ
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) 632 nm; angle, 90°) and a solution of polymer above CMC in water
at 25 °C. Samples were purified from dust using a microfilter (0.45
µm) before analyzing. The mean diameter was obtained from the
arithmetic mean using the relative intensity of each particle size.

Transmission Electron Microscopy (TEM).The TEM micrographs
were obtained using a Hitachi H7000 transmission electron microscope.
The samples were prepared by casting the solution onto a copper grid.
No additional staining was employed.

Ethidium Bromide Displacement Assay.The ethidium bromide
displacement assay was prepared according to the methods described
earlier.5 Excitation wavelength (λex ) 480 nm) and emission wavelength
(λem ) 605 nm) of ethidium bromide (EtBr) were obtained using a
Perkin-Elmer LS50B scanning instrument employing a slit width at 5
nm at five different concentrations. The fluorescence of EtBr (2µg
mL-1) was initially measured, and 10µg of ON was then added. An
aliquot of block copolymer and cross-linked micelles was then titrated
into the solution corresponding to various polymer/ON molar ratios.
The relative fluorescence was calculated as follows:

Cell Assays.The cytotoxicity of (a) cumyl dithiobenzoate (CDB),
(b) polystyrene prepared using CDB, (c) PDMAEMA prepared using
4-CAD, and (d) the cross-linked micelle was quantified using cell line
L929 (see Supporting Information for details).

Results and Discussion

(a) PDMAEMA -b-P(PEGMA) Block Copolymers: Syn-
thesis and Characterization. Synthesis of PDMAEMA-b-
P(PEGMA) Block Copolymers.RAFT polymerization was
shown to be a suitable method to prepare cross-linked micelles
by utilizing the thiocarbonylthio group attached to each polymer
chain to carry out a chain-extension experiment using a cross-
linker. This technique has been widely employed to cross-link
the core43,46or the nexus between both blocks,44 whereas here,
we attempt to stabilize the shell via cross-linking. It is therefore
essential to have the thiocarbonylthio group located at the
surface of the micelle. Consequently, because of the mechanism
of RAFT polymerization, the first block is required to be the
hydrophobic block. The targeted micelles have specific struc-
tures with DMAEMA block as the core and PEGMA block as
the shell, and therefore, the DMAEMA block was synthesized
first, and the resulting macromolecular RAFT agent was further
chain-extended with PEGMA. After self-assembly in an aqueous
environment, the shell was cross-linked with the addition of
ethyleneglycol dimethacrylate facilitated by further addition of
PEGMA.

PDMAEMA macroRAFT agents were generated using metha-
nol as the solvent. The choice of the solvent has been previously
shown to have a significant influence on transesterification
effects of the monomer.47 However, no detectable amount of
methyl methacrylate units has been obtained during the RAFT
polymerization as confirmed using1H NMR. The polymerization
was found to proceed according to first-order kinetics, indicating
a constant radical concentration while inhibition periods were
absent. SEC profiles (Figure 1) display the evolution trace of
PDMAEMA with conversion. The SEC chromatograms suggest
the absence of noticeable side reactions, while the molecular
weight distribution remains narrow (PDI< 1.2) throughout the
course of the polymerization. A high molecular weight shoulder
appears at high conversions, which may be assigned to unknown
side reactions. Termination by combination is usually of minor

importance in methacrylate polymerizations and cannot be the
cause of high molecular weight products.

The chain extension to form block copolymers has to be
exercised with caution. Loss of RAFT endgroups by UV-light,
peroxides, hydrolysis, or heat has to be avoided.50 In addition,
it has to be considered that radicals generated by AIBN can
result in the formation of homopolymers during block copolymer
synthesis. The initial AIBN concentration was therefore kept
well below the RAFT agent concentration. Taking the slow
decomposition of AIBN at 60°C into account, the amount of
homopolymer can therefore almost be neclegted.

Prior to the chain extension of the PDMAEMA macroRAFT
agent with PEGMA, the RAFT (homo)polymerization of
PEGMA was investigated using 4-cyanopentanoic acid dithioben-
zoate (4-CAD). The polymerization kinetics are best represented
by a first-order kinetic plot (Figure 2) while the molecular
weights increased linearly with conversion. However, the
polymerization could only be carried out to a conversion of
around 20% accompanied by the formation of gel particles. This
cross-linking process is probably caused by transesterification

% relative fluorescence)
fluorescence(Obs) - fluorescence(EtBr)

fluorescence(ON + EtBr) - fluorescence(EtBr)

Figure 1. Molecular weight distribution as obtained from SEC of the
polymerization of DMAEMA in methanol at 60 °C ([DMAEMA] ) 3
mol L-1, [4-CAD] ) 1.2 × 10-2 mol L-1, [AIBN] ) 7.7 × 10-4 mol
L-1); the monomer conversions are 25.9%, 27.6%, 31.1%, 32.4%,
46.2%, 53.8%, 59.6%, 60%, and 64.5% (reaction times 1 to 24 h).

Figure 2. First-order kinetic plot of the polymerization of poly(ethylene
glycol) methacrylate PEGMA at 60 °C in the presence of 4-CAD and
varying PDMAEMA macroRAFT agents ([PEGMA] ) 1.33 mol L-1,
[RAFT groups] ) 2.65 × 10-3 mol L-1, [AIBN] ) 2.65 × 10-4 mol
L-1 in toluene).
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processes, which are typical for these types of monomers. In
addition, the commercially available monomer is known to
contain trace impurities of poly(ethylene glycol) dimethacrylate,
which can undergo cross-linking.48 The molecular weights
measured were considerably smaller than the theoretical mo-
lecular weights as a result of the polystyrene SEC calibration
and noticeably smaller hydrodynamic volumes of branched
polymers. However, high molecular weight byproducts were
clearly absent, and the very narrow molecular weight distribution
with polydispersity indices PDI of 1.15 may suggest a controlled/
living system. A range of PDMAEMA macroRAFT agents with
different molecular weights (15,000 to 24,000 g mol-1) was
further employed for chain extension using PEGMA. The
polymerization was found to proceed noticeably faster in the
presence of a PDMAEMA chains (Figure 2). This phenomenon
has been previously reported showing that the size of the
macroRAFT agent can have a significant influence on the rate
of polymerization.44,49 To date, the origin of this effect is
unknown; however, a reduction of termination events due to
increased viscosity of the large macroRAFT agent can be given
as one possible explanation.50

SEC curves as well as the linear correlation between
molecular weight and PEGMA conversion seem to confirm the
livingness of the system (Figures 3 and 4). Upon closer
inspection of the SEC curves, a slight broadening of the curve
can be observed, which is reflected by the increase in polydis-
persity to 1.3 at higher conversions. The presence of a slight
molecular weight tailing probably reveals some incomplete
PEGMA chain extension. To further investigate this observation,
the intensity of the GPC curves were recalculated to take into
consideration that with increasing PEGMA conversions the
intensity of the original PDMAEMA macroRAFT block was
skewed.49 The intensity of each GPC curve was multiplied with
the theoretical number of repeating units of the block copolymer
NDMAEMA + NPPEGMA and divided by the size of the original
macroRAFT agent NPDMAEMA. (It should be noted that this
technique can only provide an estimate, given that both polymer
blocks deviate in their refractive indices.) It seems that a slightly
delayed consumption of the PDMAEMA macroRAFT agent is
observed indicative of a hybrid behavior. This observation is
quite typical for many complex architectures and is discussed
in detail elsewhere.49,50

However, the molecular weight increased linearly with
conversion. The significant deviation of the theoretical molecular

weight from the value obtained via SEC can be considered to
be a result of the linear polystyrene calibration employed to
determine the molecular weight of the synthesized block
copolymers.

Self-Assembly of PDMAEMA-b-PEGMA.While PDMAEMA
can dissolve readily in water, it still shows some strong
hydrophobic tendencies, especially at high pH values when the
polymer is not protonated. Water as a selective solvent therefore
forces PDMAEMA-b-P(PEGMA) to self-assemble with P(PEG-
MA) forming the water-soluble shell. The size and shape of
the aggregates are typically dependent on block lengths and
ratio, resulting in the formation of aggregates such as vesicles,
micelles, or rods.51-53 Four block copolymers PDMAEMA120-
P(PEGMA)15/65 and PDMAEMA150-P(PEGMA)56/72 were cho-
sen to study the effects of block length on aggregation behavior
and the stability of the self-assembled system.

pH Responsibility.Driven by the reversible protonation of
the DMAEMA block, the size of the self-assembled aggregate
changes according to the pH value of the surrounding environ-
ment. This stimuli-responsive alteration of the particle size of
the aggregate dependent on the pH value can be observed using
dynamic light scattering (DLS) (Figure 5).

Figure 3. Number-average molecular weight Mn as obtained with
SEC and polydispersity index (PDI) vs monomer conversion x of the
polymerization of poly(ethylene glycol) methacrylate at 60 °C in the
presence of PDMAEMA macroRAFT agent (Mn ) 15,000 g mol-1)
([PEGMA] ) 1.33 mol L-1, [RAFT groups] ) 2.65 × 10-3 mol L-1,
[AIBN] ) 2.65 × 10-4 mol L-1 in toluene).

Figure 4. Molecular weight distribution as obtained from SEC of the
polymerization of poly(ethylene glycol) methacrylate at 60 °C in the
presence of PDMAEMA macroRAFT agent (Mn (theo) ) 15,000 g
mol-1) ([PEGMA] ) 1.33 mol L-1, [RAFT groups] ) 2.65 × 10-3 mol
L-1, [AIBN] ) 2.65 × 10-4 mol L-1 in toluene). Above, normalized
distribution; below, intensity of distribution corrected by conversion
of PEGMA.
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Low pH.DMAEMA has weak basic amine end groups, which
are protonated at low pH; thus, a high degree of ionization
occurs. In contrast to earlier reports suggesting the dissolution
into unimers upon protonation,27-29 the self-assembly here was
found to be stable at low pH values. This unexpected stability
was suspected to be the result of having carboxy end groups of
the RAFT agents located within the core, which can potentially
form strong interactions with the DMAEMA amino group. More
details will be introduced later. The size below 100 nm indicates
the formation of micelles. Interestingly, the size of these micelles
(around 80-90 nm) appeared to be independent of the P(PEG-
MA) block length. Ionized DMAEMA blocks exhibit charge-
charge repulsion within each micelle leading to their expansion.

Neutral Region.As the pH increases, the concentration of
[H+] drops subsequently, resulting in the deprotonation of the
amine groups. Consequently, the repulsive forces decline and
lead to the contraction of the micelles as observed by the
decrease of the micelle size. While the pKa of DMAEMA is
reportedly 7.3,54 the point of inflection can vary depending on
the architecture of the polymer.55 A variation of the pKa value
of the self-assembled aggregate can indeed be observed in the
studied system. With increasing PDMAEMA block size, the
pKa value is pushed to higher values (>8.4). With the proto-
nation of PDMAEMA, the charge density along the polymer
increases, preventing further acid-base reaction. However, the
correlation between pH value and particle size can only give

an indication about the protonation of DMAEMA but cannot
be set equivalent to pKa determination via acid-base titration.

High pH. With increasing pH, the amino groups are gradually
deprotonated until complete deionization of the PDMAEMA
blocks. A collapsed conformation is observed in the absence
of charge-charge repulsion. The hydrophobic features of the
PDMAEMA block result in even more compact structures, until
maximum attraction among the hydrophobic blocks is achieved.
It seems that the longer the P(PEGMA) block, the bigger the
differences in hydrodynamic size when comparing low and high
pH values.

The relationship between hydrophobic and hydrophilic block
sizes does not correlate with the obtained hydrodynamic
diameter as predicted by scaling theories as established by
Noolandi and Hong56 or Halperin.57 In contrast to these
mathematical models, the hydrodynamic diameter does not
increase with increasing hydrophobic block length. This be-
havior can probably be assigned to the strong hydrophilic
character of the core-forming DMAEMA, which results in a
weakly segregated block copolymer system.

This interpretation of contraction and expansion is basing on
the assumption that the number of polymer chains per micelle
is constant. However, as the micelles are in equilibrium with
each other, the change in the size can also be due to a change
of number of polymer chains per micelle.

Critical Micelle Concentration (CMC).CMC was determined
via surface tension analysis. At low concentration, the am-
phiphilic block copolymers readily spread on the surface,
affecting the surface activity at the air/water interface; therefore,
the surface tension of the polymer solution decreases im-
mediately. Once the maximum capacity of the surface has been
reached, micelle formation is observed as expressed via the
CMC (critical micelle concentration). The CMC of a range of
amphiphilic block copolymers were determined in water at
25 °C (Figure 6).

The CMC of PDMAEMA120-b-P(PEGMA)15, PDMAEMA120-
b-P(PEGMA)65, PDMAEMA150-b-P(PEGMA)56, and PDMAE-
MA150-b-P(PEGMA)72 were 0.00045 mg mL-1 (1.8× 10-5 mol
mL-1), 0.0024 mg mL-1(5.7 × 10-5 mol mL-1), 0.0011 mg
mL-1(2.5× 10-5 mol mL-1), and 0.0031 mg mL-1(6.2× 10-5

mol mL-1), respectively. It is evident that with increasing
hydrophilic block length, the polymers show a smaller tendency
to aggregate. The effect of the length of the hydrophobic
DMAEMA block is too insignificant here to be discussed, but
there is a slight indication that the CMC declines with increasing
length of PDMAEMA.

As shown in Figure 6, fluctuation of surface tension appeared
even when the concentration was beyond CMC. Instabilities in
the measurements may be assigned to the fact that the time
interval (30 min) is not sufficient for the system to reach
equilibrium. The time required to reach equilibrium in a block
copolymer system can be substantial58 with equilibrium times
of 10 h up to years being reported.59 However, we exclude this
possibility since the changing trend was similar in all studies,
and repeated measurements revealed the reproducibility of these
results independent of the equilibrium time. A possible explana-
tion for the sudden increase of the surface tension after the CMC
has been reached stems from the nature of the basic DMAEMA
block. DMAEMA is a weak polyelectrolyte, and the tertiary
amino groups are partly protonated in an aqueous environment.60

With a further addition of polymer, increasingly repulsive
charges in the PDMAEMA block push the polymer away from
the air/water surface, leading to an increase in surface tension.
At higher polymer concentrations, the change in charge density

Figure 5. Hydrodynamic diameter Dh as obtained using DLS vs pH
value of PDMAMEA-b-P(PEGMA) block copolymers in aqueous
solution at 25 °C on the basis of PDMAEMA120 (above) and
PDMAEMA150 (below) macroRAFT agents.
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becomes negligible. Additional polyelectrolyte cannot enter the
micelles; thus, they assemble together and form new free
micelles. Therefore, the surface tension decreases slightly. This
is a dynamic equilibrium, an interaction between intramolecular
and intermolecular associations.58 On this note, the pH value
with increasing block copolymer was recorded, resulting in vital
information regarding the protonation of the block copolymer.
The deionized water used, obtained using ionic exchange resins,
typically shows a pH value below 7 and is therefore slightly
acidic. Added PDMEAMA does not significantly change the
pH value (Figure 6), keeping the pH value therefore well below
the pKa value of PDMAEMA. The polymer is therefore highly
protonated during the course of the experiment; Figure 6
consequently displays the behavior of the block copolymer in
its charged state. Alternatively, measurements can be carried
out using buffer solutions. It should, however, be considered
that high ionic strength will noticeably interfere with the
aggregation of block copolymers.

It should also be noted that the length of both blocks have a
noticeable influence on surface tension. Longer P(PEGMA)
blocks will increase the surface tension, while longer hydro-
phobic PDMAEMA blocks will result in a significant decrease
(Figure 6). Therefore, block copolymers with a considerable
content of hydrophobic sequences exhibit a higher surface
activity.

TEM Analysis.TEM studies were employed to confirm DLS
results and to obtain information on the shape of these
aggregates. Figure 7 reveals the typical core-shell structure of
a micelle with the PDMAEMA blocks appearing dark even
without additional staining of the sample. As summarized in

Table 1, significant differences in particle size were observed
at high and low pH values. The micelle sizes range between 75
and 90 nm in the protonated state, while the particles size drops
to values around 14 to 56 nm at high pH values and are therefore
in an order of magnitude similar to that of the DLS measure-
ments (Note: a generous error of 20% was given for the analysis
of the diameter of core and shell.) It should, however, be
considered that TEM presents the particle size in the solid state
and not the hydrodynamic diameter as obtained via DLS. The
core of the micelles could clearly be distinguished from the
corona by its darker appearance. The size of the core could
therefore be estimated with values of around 50 nm at low pH
and 25 nm at high pH values. Investigation of the core size
reveals that the core has indeed a significantly higher diameter
in its protonated state (Table 1). As suspected earlier, the
increase in particle size at low pH values can be derived by
repulsive forces within the core on the basis of the high charge
density.

InVestigationVia NMR. So far, it seemed very unusual to
observe the formation of stable micelles at low pH values. While
DLS and TEM studies seemed to indicate that these aggregates
were indeed present, further analysis is required. Additional
information on the chain mobility and thus the micellar structure
was provided by NMR studies. The limited mobility of the core-
forming blocks in aqueous solution results in the broadening
or the complete disappearance of the corresponding peaks.61

Earlier NMR studies on a PDMAEMA based polymer using
varying temperatures and pH values could confirm the formation
of unimers and micelles, respectively, upon external stimuli.62-64

Significant signal shifts of the methyl and methylene groups
directly attached to the nitrogen were observed after protonation.
In addition, the intensity of this signal declined, accompanied
by broadening when the DMAEMA block took on the role of
the hydrophobic core of the micelle. Therefore, a block
copolymer, PDMAEMA80-b-P(PEGMA)100, with a theoretical
ratio between the integrals of the PDMAEMA peak (- N
(CH3)3), δ ≈ 2.32-2,92 ppm) and the PEGMA peak (O-
(CH2)2-O, δ ≈ 3.63 ppm) of 0.43, was investigated at 25°C.
By adjustment of the pH value with hydrochloric acid to 4, the
PDMAEMA peak became very sharp and shifted fromδ ≈ 2.32
ppm to δ ≈ 2.92 ppm because of the protonation of tertiary
amino groups in PDMAEMA in the acidic environment. The
experimental ratio was found to be equal to 0.15 (a significant
ratio reduction from 0.43), indicating the reduced movement
of the PDMAEMA block within the core. As the pH value
increased to pH 7, the protonation effect disappeared, and the
peak assigned to the six dimethylamino protons of PDMAEMA
reappeared atδ ≈ 2.32 ppm. Further increase of the pH value
to 12 does not provoke a further shift, but an additional decrease
of the ratio of the intensity of the area integrals of the
DMAEMA signals from 0.10 (pH 7) to 0.07 (pH 12) is
observed. The deprotonation of the PDMAEMA block leads
therefore to an increased hydrophobicity, thus to a decrease in
chain dynamics.65 The signal at low pH value appears to be
sharp, which is rather unusual for the core-forming block. This
is usually an indication of the hydration of these amino groups
resulting in micelles with a water swollen core.

(b) Why Are These Micelles So Stable at Different pH
Values?In contrast to the stimuli-responsive block copolymers
used in many reports, these block copolymers do not show any
indication of forming unimers atC > CMC, when protonated.
Independent from the pH value, the micelles do only vary in
diameter size, but unimers are fully absent. Typically, block
copolymers consisting of a fully water-soluble block and a pH-

Figure 6. Surface tension vs concentration of PDMAMEA-b-P-
(PEGMA) block copolymers in aqueous solution at 25 °C on the basis
of PDMAEMA120 (above) and PDMAEMA150 (below) macroRAFT
agents. The upper graph includes the evolution of the pH value with
added block copolymer PDMAMEA120-b-P(PEGMA)40 (f).
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responsive block display the full disintegration into unimers in
their protonated state while forming aggregates in their neutral
state. The unusual behavior in this case can potentially only be
explained by the presence of carboxy end groups, which are
introduced by the RAFT agent as a part of the leaving group.
These acid groups are located within the core and can therefore
undergo strong interaction with the DMAEMA amino group.
To test this hypothesis, an additional block copolymer was
synthesized using a nonpolar RAFT agent, cumyl dithiobenzoate
CDB. Since the RAFT agents are of similar structure with
equivalent stabilities of the Z- and R-groups, the observed kinetic
behavior in the synthesis of these block copolymers is compa-
rable. The resulting block copolymer was now processed in a
similar manner. As a consequence of the disappearance of the
carboxy group, the hydrodynamic diameter now indicated the
formation of unimers at low pH value. While this block
copolymer, PDMAEMA80-b-P(PEGMA)55 prepared using CDB,
displayed a hydrodynamic diameter (DLS) of 67 nm at pH 12,
only a single signal corresponding to a size of 7 nm appeared
at pH 2. It seems, therefore, that strong H bonds have led to a
micellar system that can withstand pH changes. To break down
these interactions, a block copolymer, PDMAEMA120-b-P-
(PEGMA)40 prepared using 4-CAD, was dissolved in an aqueous
solution containing varying amounts of urea. Urea is known to
ease the strength of these H bonds, allowing a better dissolution.
Indeed, with increasing amounts of urea, the particle size
declines, leveling off at a urea concentration of 6 mol L-1

(Figure 9) confirming the strong interaction caused by the
functional RAFT agent used.

It seems therefore that the presence of the carboxy group
results in the formation of strong interaction leading to stable
micelles. To further test this hypothesis, a PDMAEMA ho-

mopolymer with 120 repeating units was investigated at varying
pH values. In the unprotonated state at pH 12, PDMAEMA120,
prepared using 4-CAD as RAFT agent, has a particle size of
46 nm, which is significantly larger than that expected for a
single polymer chain. Even at very low pH values (pH< 2),

Figure 7. TEM pictures obtained from two different block copolymers.

Table 1. Particle Sizes Measured by TEM of
PDMAEMA120-b-P(PEGMA)15, PDMAEMA120-b-P(PEGMA)65,
PDMAEMA150-b-P(PEGMA)56, and PDMAEMA150-b-P(PEGMA)72

Cast from Aqueous Medium (1 mg mL-1) at Different pH
Conditions

particle diameter D/core diameter
(nm) ( 20%

block copolymer
at low pH
(<pH 5)

at high pH
(>pH 10)

PDMAEMA150-b-P(PEGMA)72 80/50 50/25
PDMAEMA150-b-P(PEGMA)56 85/50 55/30
PDMAEMA120-b-P(PEGMA)65 85/50 40/25
PDMAEMA120-b-P(PEGMA)15 90/65 50/25

Figure 8. 1H NMR spectra for PDMAEMA80-b-P(PEGMA)100 block
copolymer at 25 °C in D2O at pH 4, 7, and 12.

Figure 9. Hydrodynamic diameter as obtained via DLS of an aqueous
solution of PDMAEMA120-b-P(PEGMA)40 (1 mg mL-1, pH 2) depend-
ent on added urea.
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when all the DMAEMA repeating units are expected to be in
their cationic form, the hydrodynamic diameter was observed
to be around 52 nm. Both values have been confirmed by TEM
studies. PDMAEMA with carboxy end groups is therefore never
found in its unimeric state in contrast to PDMAEMA without
any interactive end groups.

(c) Shell-Cross-Linked Micelles via RAFT Polymeriza-
tion: Synthesis and Characterization.Polymerization.Further
stabilization of the self-assembled core-shell structure can be
achieved via chain extension of the block copolymer employing
a divinyl compound as a cross-linking agent as proposed in
Scheme 1.43,44,66In contrast to earlier studies where cross-linking
was obtained within the micelle, the shell cross-linking is subject
to severe limitations such as the possible covalent cross-linking
between two or more micelles. To prevent such side reactions,
cross-linking was carried out in highly diluted solutions.
Furthermore, the cross-linker, ethylene glycol methacrylate
(EGDMA), was diluted by the addition of a PEGMA monomer.
The conditions were then optimized by variations of the ratio
of EGDMA and PEGMA. The cross-linked products were
investigated using SEC analysis. A known concentration of the
cross-linked polymer was filtered with a 0.45µm filter to
remove any possible gel-like particles, which could have been

formed during intermicellar cross-linking. The molecular weight
(using a system calibrated with polystyrene standards) and the
amount of cross-linked polymer (using the area integral of the
filtered polymer, which indicates the amount of gel from
intermicellar cross-linking) were utilized to draw conclusions
concerning the cross-linking process.

The cross-linking process was attempted in pure water.
However, the limited solubility of EGDMA in water resulted
in a small fraction of cross-linked micelles next to a dominant
amount of uncross-linked block copolymer. This behavior could
not be improved by altering the PEGMA/EGDMA ratio. Organic
solvents were therefore added to the reaction mixture to ensure
good solubility of all components. However, it is essential to
confirm that the formation of the self-assembled structure is
not disturbed by the presence of cosolvents. A solvent composi-
tion with an added 20 vol % of acetone was then employed to
achieve good solubility of all of the components while main-
taining the micellar structure (confirmed using DLS at 60°C).
The chosen reaction conditions afforded the shell cross-linking
of the micelles while preventing the formation of intermicellar
structures. In addition, a molar ratio of EGDMA to PEGMA of
1:8 was sufficient to ensure an efficient cross-linking of the

Scheme 1. Synthetic Approach to the Synthesis of Shell-Cross-linked Micelles
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micelles, while higher concentrations of cross-linker (or less
PEGMA) led to cross-linked gel-like particles.

The cross-linking process was followed in more detail using
NMR, SEC, and DLS studies. Block copolymer, together with
PEGMA and ethylene glycol dimethacrylate (EGDMA), was
dissolved in deionized water and acetone. Prior to polymeriza-
tion, the mixture was stirred at 0°C to allow equilibration of
the system. The polymerization proceeded at 60°C for a preset
time, followed by evaporation of the solvent and the determi-
nation of the monomer conversion via NMR (using tetrameth-
ylsilane as the internal standard). After a reaction time of 1 day,
around 70% of double bonds were consumed (Table 2). Further
polymerization up to 3 days did not significantly increase the
overall conversion of PEGMA and EGDMA. However, inspec-
tion of the evolution of the molecular weights via SEC and the
hydrodynamic diameterDh via DLS in DMAc (a good solvent
for both blocks) with reaction time reveals an interesting effect
during an extended reaction period. A cross-linking time of 17
h resulted in an immediate molecular weight increase. It should
be noted here that the molecular weights are calibrated using
polystyrene standards and can therefore only be used as a
measure for the alteration of the hydrodynamic volume. The
peak intensity was rather weak (compared to a solution of block
copolymer with exactly the same concentration) indicative for
the removal of particles with diameters higher than 0.45µm
(pore size of filter) during the filtration process. At the same
time, the particles size obtained via DLS indicated the formation
of stable particles, while unimers are fully absent. Since DMAc
is a good solvent for both blocks, this behavior can clearly be
assigned to the stabilization of the micelle via cross-linking.
Further cross-linking up to 3 days, however, does result in the
reduction of the measured molecular weight, indicative of a
smaller hydrodynamic volume. The alteration of the hydrody-
namic volume was additionally confirmed using light-scattering
studies with the hydrodynamic diameter declining with increas-
ing reaction time. It seems, therefore, that an increase in cross-
linking time leads to more compact structures.

It is interesting to note that the intensity of the SEC signal
increases dramatically with increasing conversion. More par-
ticles are therefore present in the solution, which were not

removed by filtration. This trend probably stems from a higher
stability of the cross-linked micelles against intermicellar
aggregation with proceeding reaction. The presence of ag-
gregates (around 500 nm) was indeed confirmed by DLS. These
aggregates could easily be eliminated by treatment with ultra-
sound for brief periods, but they tend to form again within a
short time.

Critical Micelle Concentration (CMC).The cross-linking
process is immediately evident when investigating the surface-
active behavior. The block copolymers showed distinctive
critical micelle concentrations depending on the macromolecular
block sizes. The polymer employed in the cross-linking process
PDMAEMA80-b-P (PEGMA)100, showed a sharp drop of surface
activity with a CMC of 0.004 mg mL-1. Beyond this concentra-
tion, the surface tension remained almost stable at a value of
55 mN m-1. The cross-linking process led to the disappearance
of a distinctive CMC value (Figure 10). Similar to earlier results,
the surface tension decreased in an almost linear fashion with
the logarithm of the polymer concentration. A similar relation-
ship has been observed earlier and is indicative for the
enrichment of the polymer along the surface, lowering the free-
surface energy similar to that of low molecular weight com-
pounds.43

pH ResponsiVeness.Both the block copolymer and the cross-
linked micelles demonstrate a decreasing particle size with
increasing pH value with the hydrodynamic diameter suddenly
collapsing around pH 7 (Figure 11). As observed earlier in
DMAc, the diameter of the micelle tends to decrease upon cross-
linking. This effect becomes even more obvious in an aqueous

Table 2. Molecular Weight Analysis via SEC (vs PS Standards)
and Hydrodynamic Diameter Analysis via DLS (1 mg mL-1) of the
Shell-Cross-Linking of PDMAEMA80-b-P(PEGMA)100 via Chain
Extension vs Reaction Timea

SEC results

reaction
time (h)

conversion
(NMR)

Mn

(g mol-1)b PDI
peak
areac

Dh in
DMAc
(nm)

block
copolymer

- - 50000 1.24 100% 7.1

cross-linked
micelles (1)

17 62% 106000 1.44 23% 74

cross-linked
micelles (2)

24 69% 81000 1.68 43% 67

cross-linked
micelles (3)

48 82% 77000 1.99 84% 57

a [PDMAEMA80-b-P(PEGMA)100] ) 2 × 10-5 mol L-1, [PEGMA] ) 1.7
× 10-4 mol L-1, [EGDMA] ) 2 × 10-5 mol L-1, [ACPA] ) 5.3 × 10-6 mol
L-1 in Water/Acetone (4/1 v/v) at 60 °C. b Block copolymer: Mn (NMR) )
48,500 g mol-1; PDMAEMA80-b-P(PEGMA)100. c A solution with a polymer
concentration of 5 mg mL-1 was prepared followed by filtration using a
filter with a pore size of 0.45 µm, which eliminates higher aggregates,
resulting in smaller peak intensity. The area of the SEC signal was then
compared to the block copolymer, which allows us to form conclusions
regarding the formation of insoluble particles.

Figure 10. Surface tension vs concentration of PDMAEMA80-b-P-
(PEGMA)100 and its cross-linked counterpart in aqueous medium at
25 °C; pH 4.5-5.

Figure 11. Comparison of hydrodynamic diameter Dh vs pH value
in aqueous medium of uncross-linked and cross-linked PDMAEMA80-
b-P(PEGMA)100; c ) 1.0 mg mL-1 at 25 °C.
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environment. The hydrodynamic diameter was observed to be
continuously below its uncross-linked counterpart, independent
from the pH value (Figure 11). In addition, the volume change
with the pH value is restricted upon cross-linking. While a high
charge density at low pH value does lead to significant repulsive
forces within the core, shell cross-linking prevents considerable
swelling of the core.

The sizes of the nanoparticles were investigated using TEM
studies, confirming a similar order of magnitude (Table 3).

Stability against Ionic Strength Change.The superior stability
of the cross-linked particle becomes more evident when
analyzing the micelle size at different ionic strengths. The
addition of salt is known to influence the aggregation behavior,
and a transition from micelles to vesicles is frequently observed
when increasing the ionic strength.67 A high stability of the
aggregated system is particularly important in a physiological
environment with a variety of salts, enzymes, and proteins. It
is therefore essential for a drug delivery system such as a micelle
to remain unaffected by these conditions. Earlier studies revealed
that especially high ionic strengths limit the usage of some gene
delivery systems.27 The disintegration at high salt concentration
results in the formation of unimers, hence unprotecting sensitive
oligonucleotides.

To mimic physiological conditions, the uncross-linked and
cross-linked micelles were dissolved in buffer solution to
maintain a pH value similar to that of blood (Tris-HCl buffer,
pH 7.6). At this pH value (which is close to the pKa value of
DMAEMA), a PDMAEMA block is expected to be partly
protonated. The phosphate counterions of DMAEMA, supplied
by the buffer, can be replaced by chloride counterions when
NaCl is added. The replacement of counterions is known to
have dramatic effects on the solubility of polymers or their
hydrodynamic diameter.

The diameter of aggregated uncross-linked block copolymer
increased gradually from 50 to 100 nm and then suddenly
jumped to 250 nm at the highest sodium chloride concentration.
This increase in size could be due to electrostatic shielding at
high salt concentration. Cross-linked micelles have a strongly
contrasting behavior. The cross-linked micelle system remained
unaffected by the alteration of the salt concentration. The size
of the cross-linked micelles changed only from 25 to 35 nm,
indicating excellent stability, even at very high salt concentra-
tions (Figure 12).

(d) Cross-Linked and Uncross-Linked Micelles Based on
PDEMAEMA -b-P(PEGMA) as Gene Carriers. Binding of
Oligonucleotides: Ethidium Bromide Displacement Assay.
Ethidium bromide is known to easily bind to genes such as a
DNA base pair. Gene-bound ethidium bromide exhibits an
increased fluorescence.68 The subsequent addition of cationic
polymers is accompanied by a drastic reduction of measured
fluorescence derived by the preferential binding between genes
and cationic charges.

Experimentally, a gene-ethidium bromide mixture was
titrated with cationic polymer, and the fluorescence intensity
was recorded (Figure 13). Both, the block copolymer and the

cross-linked micelle appear to exhibit good binding properties
with oligonucleotides (as suggested by the drop of fluorescence
with the addition of cross-linked or uncross-linked copolymer
micelles). Fluorescence quenching dropped dramatically from
a 0.1 polymer/gene ratio (0.1:1) to a ratio of 2.5 (2.5:1). With
increasing polymer concentration, the fluorescence remained
approximately stable. For the block copolymer, the lowest
relative fluorescence (25.3%) appeared at a molar ratio between
polymer and oligonucleotide of 4, and then slightly increased
to 35.9% at a ratio of 7. Cross-linked micelles led to an even
lower relative fluorescence (16.9%) at a ratio of 6, indicating a
slightly better replacement of the ethidium bromide by the
polymer.

(e) Cytotoxicity. While the investigations into the transfection
efficiency of this possible gene carrier are essential, they cannot
be part of this polymerization study. However, it is indispensable
to quantify the toxicity of this potential gene carrier. As
mentioned earlier, PDMAEMA was shown to have highly toxic
properties despite its promising effect as a gene carrier. In
addition, it has to be noted that this study employs a dithioben-
zoate ester as RAFT agent, which can introduce potential
toxicity. A dithiobenzoate RAFT agent, CDB, and polystyrene
prepared using CDB were exposed to fibroblast L929 cell lines.
While the RAFT agent resulted in cell death of 72%, the
resulting polystyrene block copolymer was found to affect less
than 10% and can therefore be deemed nontoxic. The incorpora-
tion of the RAFT agent into the polymer does therefore reduce
its toxicity substantially, probably because of the reduced
concentration.

Table 3. TEM Results of PDMAEMA80-b-P(PEGMA)100 and Its
Copolymer Cross-linked by Ethyl Glycol Dimethylacrylate in
Aqueous Medium at Different pH Conditions

diameter (nm) ( 20%

concn
(mg mL-1)

low pH
(1-2)

high pH
(10-11)

block copolymer 1.0 75 30
cross-linked copolymer 1.0 25 15

Figure 12. Hydrodynamic diameter of the gene delivery complex (0,
cross-linked polymer; 9, uncross-linked polymer) against NaCl
concentration in PBS (pH 7.6).

Figure 13. Ethidium bromide displacement by PDMAEMA80-b-P-
(PEGMA)100 and its cross-linked micelles from Et-Br and gene
complexes in PBS (pH 7.6).
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Fluorescence-labeled PDMAEMA prepared using CDB and
the final cross-linked micelle were exposed to the same cell
lines, and the number of cells was counted after 21 and 46 h,
respectively. In addition, the cells were observed using fluo-
rescence and optical microscopy. Fluorescence microscopy was
chosen as a suitable tool to confirm the endocytosis of both
polymers. It can even be employed to investigate the cellular
distribution of nanoparticles to several cytoplasmic organelles.69

Both fluorescence-labeled polymers were found to enter the cell
line after a short period of time as evidenced by the strong
fluorescence of these cells (Figure 14). It became very clear,
however, after 46 h that the cell lines in the case of linear
PDMAEMA did not survive this treatment as evidenced by the
round appearance of these cells. In contrast, the L929 maintains
its usual appearance after taking up the cross-linked carrier
(Figure 14). This observation was quantified by counting the
surviving and dead cells. Figure 15 confirms that the cross-
linked nanoparticles do not show any signs of toxicity, whereas
the linear PDMAEMA clearly limits cell growth.

The cross-linked micelle can therefore be considered nontoxic
despite its remaining RAFT end group. By encapsulating the
highly toxic PDMAEMA block into a stable and cross-linked
PPEGAMA shell, we achieved a significant improvement
regarding cytotoxicity.

Conclusions

Cross-linked micelles prepared via further chain extension
on the shell from the block copolymers PDMAEMA-b-P-
(PEGMA) have proven to be successfully synthesized by RAFT
polymerization. A comparison of NMR, SEC, DLS, TEM, and
surface-tension tests between block copolymers and cross-linked
micelles provides strong evidence to support the conclusion that
the RAFT process is a powerful technique for the stabilization
of micellar systems. Alteration of the ionic strength reveals a
higher stability of the cross-linked micelles, presenting a delivery
system with higher stability. The ethidium bromide displacement
assay confirmed the binding ability of the prepared nanoparticles
with the cross-linked micelles showing a better binding affinity
to ONs. The cross-linked micelles were found to have no toxic
effects on the cell line L929, while PDMAEMA strongly
inhibited cell growth, leading to substantial cell death. In
summary, cross-linked micelle systems were found to be more
promising as gene delivery systems compared to classical
micellar block copolymer systems.
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Supporting Information Available. The cytotoxicity of
cumyl dithiobenzoate (CDB), polystyrene prepared using CDB,
PDMAEMA prepared using 4-CAD, and the cross-linked

Figure 14. Fluorescence and optical microscope photos of cell line L929 after being exposed to PDMEAMA or the cross-linked micelle for a
certain period of time.

Figure 15. Number of living cells after being exposed to a solution
containing PDMEAMA-CDB or the cross-linked micelle (PDMAEMA80-
b-P(PEGMA)100) compared to the control experiment without added
polymer (Null).
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micelle quantified using cell line L929. This material is available
free of charge via the Internet at http://pubs.acs.org.
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