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Abstract

The polymerization of 2-(diisopropylamino)ethyl methacrylate (DPA) by RAFT mechanism in the presence of 4-cyanopentanoic acid dithio-
benzoate in 1,4-dioxane was studied. The DPA homopolymer was employed as a macro chain transfer agent to synthesize pH-sensitive amphi-
philic block copolymers using poly(ethylene glycol) methyl ether methacrylate (PEGMA) as the hydrophilic block. 'H NMR and GPC
measurements confirmed the successful synthesis of these copolymers. Potentiometric titrations and fluorescence experiments proved that the
copolymers underwent a sharp transition from unimers to micelles at a pH of ~6.7 in phosphate buffered saline solutions. It was found that
the hydrophilic/hydrophobic balance of these block copolymers had no apparent effect on their pH-induced micellization behaviors. The
DLS investigation revealed that the micelles have a mean hydrodynamic diameter below 60 nm with a narrow size distribution.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the past decade, amphiphilic block copolymers have
received much attention in many fields, due to their fascinating
property of self-assembling into core—shell structured
polymeric micelles in selective solvents, which have various
potential applications [1—5]. Regarding the drug delivery ap-
plication, such nanosized micelles are of particular importance
by providing the advantages of efficient stabilization and
delivery of poorly water-soluble, hydrophobic, and/or highly
toxic anticancer drugs, with the ability to escape from the cap-
ture of reticuloendothelial systems (RES) and accumulate
preferentially in solid tumor tissue through the enhanced per-
meability and retention (EPR) effect [6]. Furthermore, consid-
ering the lower extracellular pH value of the tumor cells than

* Corresponding author. Tel.: 482 31 290 7282; fax: +82 31 292 8790.
E-mail address: dslee@skku.edu (D.S. Lee).

0032-3861/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2007.04.011

that of the normal tissue, site-specific release of therapeutic
agents could be achieved by the utilization of pH-sensitive
micelles [7,8]. These intelligent systems are usually stable
under physiological pH conditions and could be triggered to
release their contents upon exposure to decreased pH at the
tumor site [9].

It was reported that 2-(diisopropylamino)ethyl methacry-
late (DPA) homopolymer could be a promising pH-sensitive
moiety with a pKj, of around 6.2, which was soluble in acidic
solution as a cationic polyelectrolyte by protonation of its
amine groups but became highly hydrophobic at around neu-
tral pH [10,11]. Armes and co-workers [12] synthesized
well-defined diblock copolymers of 2-methacryloyloxyethyl
phosphorylcholine (MPC) and DPA by atom transfer radical
polymerization (ATRP) and found that these materials were
biocompatible with negligible cytotoxicities.

Recent development of reversible addition—fragmentation
chain transfer (RAFT) polymerization offered a powerful syn-
thetic tool for implementing the precise control of the polymer
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architecture and molecular weight (MW) as well as its distri-
bution [13—18]. Compared with ATRP, RAFT is a metal-free
process and therefore could avoid the contamination of the
product by transition metal catalyst, which is vitally important
for biomedical applications. However, to the best of our
knowledge, there is no published reference available con-
cerning the RAFT polymerization of DPA. In addition, the
influence of the hydrophilic/hydrophobic balance on the pH-
responsivity of this type of copolymers was also not reported
systematically. The lack of such data drove us to investigate
the homopolymerization and block copolymerization of DPA
via RAFT.

In this study, DPA was polymerized by RAFT using 4-
cyanopentanoic acid dithiobenzoate as a chain transfer agent
(CTA) in 1,4-dioxane, and the homopolymer was employed
as a macro-CTA to synthesize diblock copolymers with hydro-
philic poly(ethylene glycol) methyl ether methacrylate
(PEGMA). The controllability of the polymerization and the
pH-sensitive micellization of the obtained copolymers were
studied in detail.

2. Experimental section
2.1. Materials

DPA (98%, Scientific Polymer Products) and PEGMA (M,
~475, Aldrich) were purified by passing through a basic
alumina column to remove the inhibitor. 2,2’-Azobis(isobutyr-
onitrile) (AIBN) was obtained from Junsei Co. (Tokyo) and
recrystallized from methanol twice prior to use. Anhydrous
1,4-dioxane (99.8%) and all the other reagents were obtained
from Aldrich and used as received. 4-Cyanopentanoic acid
dithiobenzoate was synthesized according to a previously de-
scribed procedure [19]. '"H NMR (500 MHz, CDCl5) 6: 1.97
(s, 3H, CHj3), 2.46—2.78 (m, 4H, C—CH,—CH,—C=0),
7.41 (m, 2H, H3 in phenyl), 7.59 (m, 1H, H4 in phenyl),
7.92 (m, 2H, H2 in phenyl).

2.2. Homopolymerization of DPA by RAFT

The homopolymerization of DPA was performed at a fixed
CTA concentration of 0.03 M in 1,4-dioxane using AIBN as an
initiator. The ratios of DPA/CTA and CTA/AIBN were varied
to assess the control of the conversion and molecular weight
by RAFT mechanism. Aliquots (10 mL) of the stock solution
comprising CTA, AIBN, DPA and 1,4-dioxane were trans-
ferred to individual 50-mL Schlenk tubes and sealed with rub-
ber septa. Each tube was degassed with nitrogen for 30 min
and then immersed in a 70 °C oil bath. The polymerization
was conducted under stirring for a predetermined time and
then stopped by cooling in —40 °C acetone. The resulting mix-
ture was analyzed directly by "H NMR spectroscopy in CDCl5
to determine the monomer conversion.

For the preparation of DPA homopolymer-based macro-
CTA for the subsequent block copolymerization, CTA
(0.1675 g, 0.6 mmol), AIBN (0.0197 g, 0.12 mmol), DPA
(6.42 g, 30 mmol) and 1,4-dioxane (20 mL) were introduced

into a 100-mL Schlenk tube. After being bubbled with nitro-
gen for 30 min, the tube was sealed and heated at 70 °C
with stirring for 5 h. The polymerization was terminated by
quenching in liquid nitrogen. The resulting solution was con-
centrated and the product was precipitated into methanol, and
then dried in vacuum.

2.3. RAFT polymerization of the block copolymers

Typically, DPA macro-CTA (0.69 g, 0.1 mmol, PDI=
1.19), AIBN (0.0028 g, 0.0167 mmol) and PEGMA (4.75 g,
10 mmol) were dissolved in 1,4-dioxane (20 mL), and the so-
lution was purged with nitrogen for 30 min. Polymerization
was carried out at 70 °C for 6 h. The resulting mixture was
dialyzed (MWCO 3500) against water and then freeze-dried
to give the final product. The method to investigate the mono-
mer conversion was similar to that described above.

2.4. Measurements

"H NMR spectra were recorded on a Unity Inova 500NB
spectrometer (Varian, USA) using CDCl; as solvent and tetra-
methylsilane (TMS) as the internal reference. The molecular
weight and its distribution were determined by gel permeation
chromatography (GPC) at 45 °C with two columns (KF-802.5,
KF-803L, Shodex, Japan) and a refractive index (RI) detector
(Shodex RI-101), using tetrahydrofuran (THF) as the eluent at
a flow rate of 0.8 mL/min. Narrowly distributed PMMAs
(Shodex) were employed as standards.

The base dissociation constant (pKy,) values of the polymers
were measured by potentiometric titrations with a Denver UB-
10 pH meter (Denver Instrument, USA). First, 40 mL of 1—
3 mg/mL polymer solution was adjusted to pH 3 with 1 M
HCI solution. Then, titration curves were obtained by monitor-
ing the pH increases of the solution with the addition of 0.1 M
NaOH solution in increments of 0.05 mL. The pK,, value was
defined as the midpoint of the plateau in the titration curve.

The pH sensitivity and critical micelle concentration
(CMC) of the copolymers were estimated by fluorescence
spectroscopy using pyrene as a probe. Fluorescence spectra
were recorded by an Aminco-Bowman Series 2 luminescence
spectrometer (SLM-Aminco, USA) at room temperature.
Polymer solutions (1 mg/mL in phosphate buffered saline
(PBS) solution) containing pyrene were prepared with differ-
ent pH values and equilibrated for 6 h to assess the pH-
induced micellization. The CMC was determined using poly-
mer/pyrene solution at pH 7.4 with various concentrations.
The final concentration of pyrene in all solutions was
6.0 x 107" M. The excitation spectra were recorded from
310 to 350 nm with an emission wavelength of 392 nm. The
intensity ratios of I337/I334 were used to evaluate the micelle
formation.

The intensity-average hydrodynamic diameters of the mi-
celles were measured by dynamic light scattering (DLS) on
a Malvern PCS100 instrument equipped with a Brookhaven
BI-9000AT digital correlator and a He—Ne laser at 633 nm.
The concentration of all samples in PBS was 2—3 mg/mL.
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The solution was filtered through a 1.2 um filter. Measure-
ments were performed at 25 °C with a scattering angle of 90°.

3. Results and discussion
3.1. Homo and block copolymerization

RAFT polymerization has proved more versatile with re-
spect to the tolerance for the functional groups of monomers
than other living/controlled free radical polymerization tech-
niques. It could be applied to the controlled polymerization
of a wide range of monomers under mild conditions, yielding
polymers with predetermined molecular weights, low polydis-
persity indices (PDI) and advanced architecture. In this study,
for the investigation of the polymerization kinetics of DPA,
two sets of homopolymerization were conducted with different
target degrees of polymerization (DP = 50 or 80) while keep-
ing the other conditions constant. In Fig. 1(a) (target DP = 80),
the time—conversion relationship and the pseudo-first-order
kinetic plot are quite consistent with the features of living
polymerization, indicating a rapid attainment of the main equi-
librium and a constant number of radical propagating chains.
There seemed no retardation occurring in these systems and
the polymerization proceeded smoothly with a higher mono-
mer conversion of 75% after 6 h. In Fig. 1(b), the livingness
of this system was further confirmed by the linear increase
of MW with the conversion and the narrow polydispersity
(below 1.18) throughout the polymerization. However, slight
positive deviations from the theoretical MWs should be noted
in the initial stage. The positive y-intercept might result from
a higher polymerization rate than that of the addition of grow-
ing radicals to the CTA [20,21]. In spite of this, the PDI of the
resultant polymers were still low, suggesting that the possible
AIBN-derived chains had little effect on the RAFT process.
The evolution of the GPC curves clearly showed a peak shift
to higher MWs with increasing reaction time (Fig. 1(c)). All
the GPC elution curves were unimodal and symmetrical in
the first 4 h. However, after 4 h, some small tailings could
be observed in the GPC chromatograms, which should be
yielded from irreversible termination reactions. Meanwhile,
the corresponding PDI slightly increased. In the case of the
polymerization with a target DP of 50, similar results exhibiting
good controllability were obtained (data not shown).

As expected, the polymerization rate increased with the
decreasing CTA/AIBN ratio from 10/1 to 3/1 (Table 1). Even
at a high CTA/AIBN ratio of 3/1, the polymerization still ex-
hibited a controlled character (PDI < 1.21). The DPA macro-
CTAs with different chain lengths were obtained by adjusting
the monomer/CTA ratio as well as the reaction time according
to the kinetic results. Fig. 2 shows a typical '"H NMR spec-
trum of DPA homopolymer, in which the peaks located at
2.64, 3.00, and 3.84 ppm correspond to the resonance of
—NCH,—, —NCH—, and —COOCH,— in the side chains, re-
spectively. In the '"H NMR spectra, the resonance signals of
the aromatic protons appear at around 7.4—7.9 ppm, indicating
that most of the CTA moiety remained at one end of the
polymer.
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Fig. 1. Homopolymerization of DPA ([M]y/[CTA]¢/[AIBN],=80:1:0.2,

[CTA]p=0.03 M): conversion and In ([M]o/[M]) versus polymerization time
(a), M, and PDI versus conversion (b), and evolution of GPC curves (c)
with the reaction time.

For preparing amphiphilic DPA—PEGMA diblock copoly-
mers, the polymerization of PEGMA was carried out by
RAFT process in the presence of the DPA macro-CTA. Like-
wise, a linear increase was observed in the pseudo-first-order
kinetic plot (Fig. 3), implying the controlled manner of the
copolymerization. The polymerization showed a fast rate and
a monomer conversion of 72% was reached after 6 h. The
formation of the diblock copolymers was then confirmed by
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Table 1
RAFT homopolymerization of DPA in 1,4-dioxane at 70 °C using 4-cyano-
pentanoic acid dithiobenzoate as the CTA ([CTA]o=0.03 M)
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Expt. Target [CTA]y  Time Conv.* M,s" M, PDI°
no. DP [AIBN], (h) (%) (GPC)

hl 50 5/1 6 74.5 8250 7570 113
h2 50 3/1 2 434 4930 4700 1.17
h3 50 3/1 5 84.3 9300 8760  1.18
h4 80 5/1 6 75.0 13,120 11,130  1.18
h5 80 3/1 5 79.3 13,860 12,150 121
h6 80 1011 6 64.1 11,250 9480  1.16
h7 100 5/1 6 65.1 14210 12,690 121

 Determined by "H NMR in CDCls.
® Theoretical M, = [M]/[CTA]y x conv. X MWppa + MWcra.
¢ Determined by GPC in THF using PMMA as standards.

GPC. A significant shift toward higher MWs could be ob-
served in the GPC chromatograms with no obvious coexis-
tence of PEGMA homopolymer, which confirmed that the
majority of the DPA macro-CTA was effectively living. How-
ever, some tailing can be detected, indicative of the existence
of a small number of dead chains. Consequently, the PDI
values of the resulting copolymers were relatively increased
(around 1.4). On the other hand, the substantial difference in
the hydrodynamic volumes between the copolymers and
PMMA standards was also responsible for the higher PDI
values and the obvious deviations of the experimental MWs
from the corresponding theoretical ones (Table 2).

Fig. 4 shows a typical "H NMR spectrum for the block co-
polymer. The molar ratios of these two blocks were calculated
from the 'H NMR spectra using the relative intensities
between the —NCH— signal in DPA (3.00 ppm) and the
CH;— in the PEGMA side chains (3.39 ppm). A series of
block copolymers with various PEGMA sequence lengths
were prepared using the same DPA macro-CTA (DPAj,, where
31 is the number-average DP). The copolymers with different
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Fig. 2. "H NMR spectrum of DPA homopolymer in CDCl;.
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Fig. 3. Kinetics (a) and the GPC curves (b) of the block copolymerization of
PEGMA using DPA homopolymer as the macro-CTA in 1,4-dioxane at 70 °C.

DPA block lengths and similar PEGMA block length were
also obtained.

3.2. Potentiometric titration

The pK, value is a critical parameter of the pH-sensitive
polymers, especially for drug delivery, which has a decisive
influence on the phase transition of the micelle. However, the
relevant reports on the pK}, of DPA-based polymers in the lit-
erature generally give a simple and puzzling result (ranging
from 5.6 to 6.2, depending on the copolymer composition)
[11,22]. It is very important to clarify how the polymer

Table 2
Block copolymerization of DPA with PEGMA using PDPA as the macro-CTA
([CTA], = 0.005 M, [PEGMA]y/[CTA]y/[AIBN], = 600:6:1)

Sample DPof Time Conv.* M’ M. PDI¢
PDPA  (h) (%) (GPC)
DPA3;;—PEGMA,y 31 2 30.6 21,450 18,640 1.42
DPA;;—PEGMA¢, 31 4 61.7 36,220 25,820 1.42
DPA3;;—PEGMA,, 31 6 74.2 42,160 29,960 1.40
DPA4,4—PEGMA,, 44 6 78.8 44,350 31,750 1.46
DPAss—PEGMA,;, 65 5 71.2 48,010 36,830 1.44

 Determined by "H NMR in CDCl,.
® Theoretical M, = [M]o/[CTA]o X conv. X MWpgama + MW nacro.CTA-
¢ Determined by GPC in THF using PMMA as standards.
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Fig. 4. A typical "H NMR spectrum of DPA-b-PEGMA diblock copolymer in
CDCls.

composition influences the pKj, values of these materials for
bio-related applications. The typical potentiometric titration
profiles are shown in Fig. 5. The (co)polymers were first dis-
solved in acidic solution by the protonation of the tertiary
amine groups. As NaOH was gradually added, the solution
pH increased until a plateau was reached, corresponding to
the deprotonation process of the ionized amine residues, in
which the hydrophilicity of the DPA block was progressively
decreased. When the pH was above a critical value, the DPA
blocks became hydrophobic and trended insoluble. The pK,
values of around 6.04 could be obtained for the DPA3; and
DPA,, homopolymer in pure water. However, a slightly lower
pKyp of 5.89 was detected for the DPAgs homopolymer. This
phenomenon might result from the increased steric hindrance
and thus the reduced accessibility of amine groups by hydro-
gen ions with the MW increase. As for the block copolymers,
it was found that the pKj, values shifted to slightly higher
values, which might be due to the notable hydration of the
PEGMA blocks [23]. The pKj, values were found to be around
6.17 for the copolymers DPA;;—PEGMA,, (n =29, 62, or 74)
and DPA44—PEGMA79

It was reported that ionic strength could lead to the confor-
mation changes of polyelectrolyte chains in aqueous solution
[24]. For this reason, NaCl was added to the polymer solution
with a final concentration of 0.15M to mimic the ionic
strength in human body. The subsequent results for all the
samples showed a noticeable rise in the pK} values with an
almost same increment. This phenomenon was consistent with
the findings for weak polyelectrolytes in the literature and
could be explained as follows. The addition of NaCl caused
the shielding of the charges along the DPA chains, thus stabi-
lizing the protonated structures. As a result, the equilibrium
between the protonated and deprotonated amine groups shifted
toward the formation of the former structure and the critical
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Fig. 5. Potentiometric titration curves of DPA homopolymer (a), and DPA3;—
PEGMAg, block copolymer (b) at different ionic strengths (@: ~0; A:
0.15M).

transition pH thus increased [25]. At an ionic strength of
0.15 M, the pK,, values increased to 6.52 for the DPA3; homo-
polymer, around 6.73 for DPA;;—PEGMA,, (n =29, 62, or 74)
copolymers, 6.65 for DPA44—PEGMA 79, and 6.57 for DPAgs—
PEGMA, copolymer, respectively. That is to say, for a given
DPA block length, the pK; values of the copolymers hardly
changed with the variation of the hydrophilic block lengths.
In addition, there was no apparent dependence of the pK, on
the DP of these polymers. This result was similar to that for
the case of polystyrene-based cationic block copolymers using
N,N-dimethylvinylbenzylamine as a pH-sensitive moiety [26],
in which the pKj, decreased from 7.3 to 7.1 as the length of the
core block increased from 11 to 22, but the decrease became
much less pronounced as the DP further increased.

3.3. Micellization behavior

The pH-induced micellization was detected by fluorescence
spectroscopy in PBS solution. Pyrene was used as a probe due
to its high sensitivity to the surrounding polarity. With the
increase of the solution pH, the positively charged DPA units
were progressively deprotonated and hence became hydropho-
bic and shrunk. When the critical micellization pH (pH*) was
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reached, the hydrophobic DPA chains aggregated into coils
and thereby formed hydrophobic microdomains. As shown
in Fig. 6(a), the sharp increase of I337/I334 at pH ~6.7 corre-
sponds to the significant change of the surrounding polarity
encountered by pyrene. However, there seemed no obvious
variation in the pH* values among the copolymers with dif-
ferent compositions, except for a somewhat lower value
(~6.5) of DPA¢s—PEGMA;; copolymer. That is to say, the
hydrophilic/hydrophobic balance of these block copolymers
had little effect on their pH-induced micellization behaviors,
which was consistent with the results of potentiometric
titration.

In general, the pKy, at which half of the ionizable groups
are ionized, is much related to pH*. However, they are not ex-
actly matched in some cases because the conformational tran-
sition of the polymer chains, which occurs at pH*, is governed
by the balance between the electrostatic repulsions and hydro-
phobic interactions. It was established that the introduction of
hydrophobic moiety could regulate the pH*, but the pKj, could
be only slightly influenced [9]. In this study, DPA has larger
hydrophobic groups at the pendent amine atoms and thus
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Fig. 6. I337/1334 intensity ratios obtained from pyrene excitation spectra for
DPA3;;—PEGMA,; (@), and DPA3;;—PEGMAg, (A) in PBS solutions as
a function of pH (a) and polymer concentration (b).

has stronger hydrophobic interactions above its pKy,, which
can cause a stable hydrophobic microenvironment for the
pyrene probe with lower MW. As a result, the pyrene probe
entrapped in the formed compact micellar core is not sensitive
to the MW change of either the hydrophobic or hydrophilic
blocks. Conversely, for the polymers with weaker hydrophobic
interactions, the surrounding polarity of pyrene varies with the
change of the MW and thereby the pH* depends on the poly-
mer chain length, as observed for PEG—poly(f-amino ester)
(PAE) block copolymers reported by our group [8], in which
the relative lengths of the hydrophilic and ionizable blocks
were important factors for pH sensitivity.

CMC is also an important parameter of polymeric micelles
for drug delivery, related to the micelle stability in the blood
stream and even the drug release behavior. The CMC values
for the DPA3;—PEGMA,9 and DPA3; —PEGMAg, were
0.0026 and 0.0058 mg/mL, respectively. The low CMC values
of these polymers could make the micelles thermodynamically
stable after intravenous administration.

The variation in hydrodynamic diameters (Dy,) as a function
of the solution pH is shown in Fig. 7(a). At lower pHs, all the
polymers were molecularly dissolved in the PBS solution and
therefore no micelle could be detected by DLS. As the pH was
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Fig. 7. DLS measurements: (a) average hydrodynamic diameters of the copoly-
mers (@) DPA;;—PEGMA,g and ( A ) DPA3;—PEGMAg; as a function of pH
in PBS solutions, and (b) the size distribution of DPA3;;—PEGMAg,.
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increased, the hydrophobic interaction became predominant in
the competition with the electrostatic repulsion in the DPA
blocks. The formation of micelles occurred at around pH
6.6—6.8, which was consistent with the results obtained by
fluorescence spectroscopy. However, this observation was
different from the report by Biitiin et al. [22], in which they
simply described that as the DPA content of the 2-(dimethyl-
amino)ethyl methacrylate (DMA)—DPA diblock copolymer
was increased, micellization occurred at lower pH.

At pH 7.4, the average hydrodynamic diameters for the
DPA;—PEGMA,y, DPA3;;—PEGMAg,, DPA;—PEGMA,,
DPA44,—PEGMA79 and DPAgs—PEGMA,; copolymers were
found to be 27, 32, 34, 36 and 59 nm, respectively. The notice-
able Dy elevation of DPAgs—PEGMA,, micelle could be
attributed to the increase of the aggregation number with the
increasing core block length. As can be seen, there was a de-
creasing tendency for the micelle size with the solution pH
increasing from 6.8 to 7.2. This should be due to the incom-
plete deprotonation of the DPA blocks at pH 6.8 [27]. Conse-
quently, the residual electrostatic repulsion among the charged
amine groups hindered the dense packing of the DPA core, i.e.,
ill-defined micellar structures were formed at pH 6.8. Upon
further pH increase to pH 7.2, the DPA blocks became com-
pletely deprotonated and micelles with denser cores were
ultimately formed. It should be mentioned that the size distri-
bution of the micelles maintained a narrow and near-mono-
disperse pattern for all samples, even at pH 6.8.

4. Conclusion

RAFT homopolymerization of DPA could proceed
smoothly in a controlled manner using 4-cyanopentanoic
acid dithiobenzoate as the CTA in 1,4-dioxane. Amphiphilic
block copolymers of DPA and PEGMA were synthesized
by employing DPA homopolymer as a macro-CTA. The copoly-
mer showed a pH-induced self-assembly in PBS at pH ~6.7.
The hydrophilic/hydrophobic balance of these copolymers
had no apparent effect on their pH-induced micellization
behaviors. The DLS results showed that the mean size of the
micelles was smaller than 60 nm with narrow and near-
monodisperse size distributions. These pH-sensitive micelles
might be useful for the targeted delivery of anticancer drugs.
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