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ABSTRACT: A diblock copolymer composed of N-(2-
hydroxy propyl) methacrylamide (HPMAm) as hydrophilic
block and N-(2-hydroxy propyl) methacrylamide dilactate
(HPMAm-Lac2) as thermosensitive block was synthesized by
reversible addition−fragmentation chain transfer (RAFT)
polymerization. To this end, HPMAm was first polymerized
with 4-cyano-4-[(dodecylsulfanylthiocarbonyl)-sulfanyl]-
pentanoic acid as the chain transfer agent and azobisisobutyr-
onitrile (AIBN) as the initiator. The polymerization showed a
linear increase in Mn as a function of monomer conversion.
The living p(HPMAm) chain (7 kDa) was subsequently
extended with HPMAm-Lac2 yielding a diblock copolymer
(total Mn of 22 kDa). The copolymer showed reversible thermosensitivity in aqueous solution and self-assembled into micelles
with a size of 58 nm (PDI 0.13) above its critical micelle temperature (CMT, 2.1 °C) and concentration (CMC, 0.044 mg/mL)
and was soluble below the CMT. Paclitaxel, a hydrophobic chemotherapeutic drug, was encapsulated in the micelles with a
loading capacity of 16.1 ± 1.2%. Hydrolysis of the dilactate side groups of the p(HPMAm-Lac2) block converted the copolymer
to the fully hydrophilic p(HPMAm) homopolymer, resulting in dissociation of the micelles. In conclusion, the livingness and
versatility of RAFT polymerization provide possibilities to synthesize block copolymers with HPMAm and derivatives thereof.

Thermosensitive polymers have drawn great attention for
biomedical applications such as drug and gene delivery1−5

and tissue engineering.6−8 Much work has been done regarding
the syntheses and use of thermosensitive block copolymers for
constructing drug delivery systems.9,10 Block copolymers can
turn from fully hydrophilic to amphiphilic when a thermo-
sensitive block is combined in the same polymer chain with a
permanently hydrophilic block and heated above its lower
critical solution temperature (LCST) in aqueous solutions
resulting in the formation of micelles or vesicles.11−15

Polymeric micelles have shown great potential as vectors for
targeted delivery of hydrophobic drugs.16−21 Attractive features
of polymeric micelles for pharmaceutical applications include
(i) size below 150 nm; (ii) a good accommodation for poorly
water-soluble drugs in the micellar core; and (iii) a hydrophilic
corona endowing polymeric micelles with a stealth surface.16,22

Poly(N-(2-hydroxy propyl) methacrylamide) (p(HPMAm))
is a water-soluble polymer used for the development of
polymeric prodrugs that have been clinically tested23−27 as well
as for the design of other functional biopolymers.28,29 Chemical
modifications of the hydroxyl group of N-(2-hydroxy propyl)

methacrylamide (HPMAm) have resulted in various multifunc-
tional monomers. As an example, the mono- and dilactate esters
of HPMAm (HPMAm-Lac and HPMAm-Lac2) were synthe-
sized, and the corresponding homopolymers and their random
copolymers showed reversible thermoresponsiveness in aque-
ous solutions.30 Hydrolysis of the lactate groups of HPMAm-
Lac/HPMAm-Lac2 results in an increased polarity and aqueous
solubility of the corresponding polymers. When the resulting
hydrophilic polymer has a molecular weight lower than 70 kDa,
it will undergo renal excretion.31

Thermosensitive block copolymers based on p(HPMAm-
Lac2) have been used to construct micellar drug delivery
systems.9,11 Their synthesis was done using a polyethylene
glycol (PEG) modified azo-compound which initiates conven-
tional radical polymerization of HPMAm-Lac2. However, this
strategy has some drawbacks including limited control over
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molecular weight and its dispersity as well as limited
possibilities to build various polymer architectures. Reversible
addition−fragmentation chain transfer (RAFT) polymerization
has been utilized to synthesize (micelle-forming) block
polymers.32 RAFT synthesis of block copolymers from PEG-
coupled chain transfer agents for self-assembly into micelles has
been described by several groups.33,34 However, pegylated drug
carriers are reported to have the accelerated blood clearance
(ABC) effect after repeated i.v. injection.35−37 Consequently,
non-PEG hydrophilic polymers have been studied for the
design of stealth nanoparticles.38−42

RAFT polymerization provides possibilities to copolymerize
various monomers in a controlled fashion and build up multiple
blocks.43−45 Therefore, we have investigated the possibility to
synthesize PEG-free thermosensitive block copolymers from
HPMAm and HPMAm-Lac2, by sequential RAFT polymer-
izations. HPMAm was first polymerized by RAFT, and then the
p(HPMAm) chain (macro-CTA) was extended with HPMAm-
Lac2. The block copolymer showed thermosensitivity in the
aqueous environment and formed micelles by heating an
aqueous polymer solution above its LCST. Hydrolysis of the
dilactate ester groups of the thermosensitive block converted
the block copolymer into a fully hydrophilic p(HPMAm)
homopolymer, and therefore the micelles gradually dissociated
at physiological temperature and pH as also observed for PEG-
b-p(HPMA-Lac2) micelles.11

RAFT polymerizations of HPMAm and HPMAm-Lac2 were
done under three conditions adapted from the literature,46−51

namely, using AIBN as an initiator and CDTPA as a CTA in
DMAc (condition A) or ABCPA as an initiator and CDTPA
(condition B) or CPAD (condition C) as a CTA in methanol/
buffer pH 5 (1/1 (v/v)). For HPMAm, the results (Table 1 and
Table S1, Supporting Information) show that the polymers
synthesized under condition C have the lowest PDI (1.14−
1.16), whereas the PDIs of the polymers synthesized under
conditions A and B were slightly higher (1.21−1.39 and 1.19−
1.32, respectively). However, the monomer conversion under
condition C was very low (6% in 6 h) and substantially higher
under conditions A and B (57 and 43%, respectively). For
HPMAm-Lac2, the RAFT polymerization under the three
selected conditions proceeds slower than that of HPMA with
conversions of 4−17%. The polymers synthesized under
conditions A and C had the lowest polydispersity (1.16−1.26
and 1.18−1.21, respectively), whereas that of the polymer
synthesized under condition B had a relatively high PDI (1.45−
1.51). It should be noted that this reaction mixture became
turbid, likely because methanol is a bad solvent for p(HPMAm-

Lac2). Taken together, RAFT polymerization using AIBN as an
initiator and CDTPA as a CTA (condition A) in DMAc (a
good solvent for both polymers) gives an acceptable polymer-
ization rate and relatively narrow molecular weight distribution
of both p(HPMAm) and p(HPMAm-Lac2). So, this condition
was used for the synthesis of p(HPMAm)-b-(HPMAm-Lac2).
Figure 1 (top) shows the kinetics of the RAFT polymer-

ization (condition A) of both HPMAm and HPMAm-. It is

shown that both polymerizations followed pseudofirst-order
kinetics with deviation from linearity at high conversion of
HPMAm (>50%), which can be ascribed to loss of active
propagating radical species and/or a changed propagation rate
constant, kp.

51 A linear increase in Mn with the conversion of
HPMAm and HPMam-Lac2, which is typical for a controlled
radical polymerization,51 was displayed in Figure 1 (bottom).

Table 1. HPMAm and HPMAm-Lac2 Homopolymers Synthesized in DMAc at 70 °C with AIBN as an Initiator and CDTPA as a
CTA

polymer time (h) conversion (%) Mn (theory)
a Mn (GPC) PDI (Mw/Mn)

p(HPMAm) 1 22.1 6700 6900 1.25
2 38.9 11500 11400 1.24
5 56.8 16600 15200 1.39

p(HPMAm-Lac2) 2 3.5 2400 2400 1.16
4 7.2 4500 4600 1.16
6 8.9 5500 6000 1.26

p(HPMAm)-b-p(HPMAm-Lac2) 1 11.5 13600 14700 1.32
2 20.5 18800 19100 1.30
4 25.0 21400 21700 1.37

aMn (theory) = [monomer]/[CTA] × conversion × Mwmonomer + MwCTA/(macro-CTA), where [monomer], [CTA], Mwmonomer, andMwCTA are initial
monomer and CTA concentrations, molecular weights of monomer and CTA/(macro-CTA), respectively.

Figure 1. Plot of ln([M]0/[M]t) versus time for the RAFT
polymerization of HPMA and HPMAm-Lac2 (top) and plot of Mn
(obtained from gel permeation chromatography (GPC)) versus
conversion of HPMAm and HPMAm-Lac2 with theoretical Mn
calculated from the conversion and Mw/Mn (bottom).
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For the synthesis of the block copolymer, we chose first to
prepare a hydrophilic p(HPMAm) macro-CTA with a block
length of 7 kDa, which is in the molecular weight range of
p(HPMAm) used as stealth polymer52−54 and which is close to
the molecular weight of PEG that is frequently used as a
“stealth” polymer.55 Further, we aimed for a block copolymer
with a total molecular weight far below 70 kDa, which allows its
renal filtration in vivo.31 The obtained p(HPMAm) macro-
CTA was isolated by precipitation in diethyl ether (three times)
to remove unreacted HPMAm, and the GPC trace of it is
symmetric (Figure 1, top). Subsequently, the macro-CTA was
extended with HPMAm-Lac2 under the same conditions as for
the synthesis of p(HPMAm) (Figure 2, middle). Different

block lengths of HPMAm-Lac2 were aimed by increasing the
polymerization time. Successful chain extension was proven by
GPC and 1H NMR spectroscopy (Figure 2). Copolymers
obtained with chain extension showed a decreased GPC
retention time (Figure 2, top) giving evidence that the
molecular weight increased. The polymers have relatively low
PDIs (<1.4) which points to a good control over the RAFT
chain extension polymerization of HPMAm-Lac2. The GPC
trace of the polymer after chain extension for 4 h is asymmetric
and shows slight tailing, which can be ascribed by dead chains
forming during the chain extension. Such dead chains are
commonly seen when diblock copolymers via RAFT are
synthesized.57 Table 1 also showed that with increasing reaction
time the molecular weight of the block copolymer and thus that
of the HPMAm-Lac2 block increased. The Mn of the block

copolymer after 4 h of chain extension was 22 kDa (PDI of
1.37) as measured by GPC.56 The copolymer composition was
also studied by 1H NMR spectroscopy. The 1H NMR spectrum
of p(HPMAm)-b-p(HPMAm-Lac2) shows repeating units of
both HPMAm and HPMAm-Lac2 (Figure 2, bottom). The
theoretical Mn of the copolymer calculated from the HPMAm-
Lac2 conversion (25.0% at 4 h) was 21 kDa. By comparing the
integration areas of resonances from the methine protons of
HPMAm at 3.60 ppm and that of the methine protons of
HPMAm-Lac2 at 4.20 ppm, the Mn of the block copolymer can
also be calculated (23 kDa). Overall, the experimental Mn by
GPC measurement and 1H NMR analysis is close to the
theoretical Mn calculated by monomer conversion.
The p(HPMAm)-b-(HPMAm-Lac2) diblock copolymer

showed reversible thermoresponsive behavior in aqueous
solution. The polymer can be dissolved in ammonium acetate
buffer (pH 5.0, 120 mM) at a concentration of 10 mg/mL at 0
°C, while the solution turned opalescent after rapid heating at
50 °C for 1 min (Figure 3, top). The size of the polymeric

micelles was 58 nm with a polydispersity of 0.13 as measured
by dynamic light scattering (DLS). The formation of micelles
composed of the p(HPMAm-Lac2) core and the p(HPMAm)
corona is due to the dehydration of the thermosensitive
p(HPMAm-Lac2) block upon heating above its LCST.

11,30 DLS
analysis showed that when a micellar dispersion was slowly
cooled from 25 to 0.1 °C, the size of the micelles did not
change until the temperature reached around 14 °C and
increased to a maximum value of around 240 nm at 3 °C, which
indicates swelling of the micellar core caused by rehydration of
the p(HPMAm-Lac2) block below its LCST (6−13 °C11,30).

Figure 2. GPC traces of polymers before and after chain extension of
p(HPMAm) macro-CTA with HPMAm-Lac2 for 4 h (top). Reaction
scheme of the copolymerization (middle). 1H NMR spectra of
p(HPMAm) (in blue) and p(HPMAm)-b-p(HPMAm-Lac2) (in dark
red). Figure 3. Photographs of an aqueous solution of p(HPMAm)-b-

p(HPMAm-Lac2) (10 mg/mL) after heating (at 50 °C) or cooling (at
0 °C) (top). Change of Z-average diameter (by DLS) of p(HPMAm)-
b-(HPMAm-Lac2) micelles in an aqueous solution as measured during
cooling (bottom).
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Subsequently, the size decreased to lower than 10 nm at 1 °C
(Figure 3), which means that the micelles dissociated and
converted into unimers. The LCST (or critical micelle
temperature, CMT) of the copolymer is 2.1 °C, similar to
what has been observed for PEG-p(HPMAm-Lac2), i.e., 6 °C.

11

Furthermore, the CMTs of the diblock copolymers slightly
decreased from 2.4 to 2.1 °C with the molecular weights raised
from 15 to 22 kDa (Table 1) which is in agreement of LCST
data of p(OEGMA)-b-p(NIPAm) diblock copolymers of
different molecular weights.58

Above the CMT of p(HPMAm)-b-p(HPMAm-Lac2), the
copolymer can form micelles at concentrations above its critical
micelle concentration (CMC) of 0.044 mg/mL which is close
to that of the PEG-p(HPMAm-Lac2).

11 The micelles were
tested to incorporate a hydrophobic chemotherapeutic drug,
i.e., paclitaxel (PTX), by the “fast heating” method which is
accomplished in one minute and avoids the use of large
amounts of organic solvents.59 PTX was dissolved in ethanol at
a concentration of 20 mg/mL and mixed with ice-cold polymer
aqueous solution (10 mg/mL) at a volume ratio of 1/9 and
then immediately incubated with vigorous shaking in a water
bath at 50 °C for one minute. An opalescent micellar dispersion
was obtained. After filtration of the micellar dispersion through
a 0.45 μm membrane filter, the micelles were characterized by
its size and drug loading capacity. The size of PTX loaded
micelles was 88 nm with a polydispersity of 0.18. The PTX
loading capacity (weight percentage of encapsulated drug to the
sum of encapsulated drug and polymer) of the micelles and
encapsulation efficiency (weight percentage of encapsulated
drug to feed drug) were 16.1 ± 1.2% and 86.4 ± 7.7%,
respectively.
HPMAm-Lac2 is hydrolytically degradable (t1/2 = 15.4 h at

pH 7.5 and 37 °C).60 Consequently, the thermoresponsive
block copolymers will be converted into the fully hydrophilic
homopolymer p(HPMAm) upon incubation in an aqueous
environment. To investigate this, micelles of p(HPMAm)-b-
p(HPMAm-Lac2) were incubated in pH 10.0 buffer (i.e.,
accelerated degradation conditions) at 37 °C; meanwhile, the
size and light scattering intensity were monitored by DLS
(Figure 4, top). The micelles had initially a size of around 60
nm and started to swell after around 50 min of incubation. The
swelling was accompanied with an increase in light scattering
intensity until 140 min. After that, the scattering intensity
dropped during the next 20 min, indicating dissociation of the
micelles. After 3.8 h, only free polymer chains remained in the
solution (hydrodynamic size of 10 nm). This behavior can be
explained as follows. The hydrolysis of the lactate side groups
of the HPMAm-Lac2 units results in an increase of the polarity
of p(HPMAm-Lac2) block, and therefore the LCST of the
polymer gradually raises until above the incubation temperature
of 37 °C. Consequently, the core of micelles becomes more
hydrated and swollen, and eventually the micelles dissociate
when the LCST of the p(HPMAm-Lac2) block passes 37 °C.
As shown by 1H NMR spectroscopy, the dilactate groups of
HPMAm-Lac2 were completely removed after hydrolysis, and
only p(HPMAm) remained (Figure 4, bottom). The GPC
refractive index (RI) trace showed a slightly longer retention
time of the hydrolyzed copolymer (Figure 2, top), which
suggests that the copolymer after hydrolysis of the side groups
has a smaller hydrodynamic size than the copolymer before
hydrolysis. Additionally, it is worth mentioning that the CTA
attached at the copolymer chain end was also substantially
hydrolyzed under the described conditions as the GPC UV

trace of the copolymer at 320 nm (which is specific for the
CTA molecules) initially overlapped with the RI trace, but UV
absorption of the CTA vanished upon hydrolysis. This is also a
sign that the copolymer has an active CTA end group, and
further chain extension with other monomers to synthesize
triblock polymers is possible.
In conclusion, a thermosensitive block copolymer composed

of p(HPMAm) as the hydrophilic block and p(HPMAm-Lac2)
as the thermosensitive hydrophobic block was successfully
synthesized by RAFT. The block copolymer displayed
reversible thermoresponsive behavior in aqueous environment;
i.e., it was soluble under its CMT and formed micelles upon
incubation at high temperature (50 °C). The hydrophobic drug
paclitaxel can be encapsulated into the micellar hydrophobic
core by the “fast heating” method. The micelles were
hydrolytically degradable in aqueous solution, to yield
p(HPMAm) which is hydrophilic and has a molecular weight
lower than 22 kDa. These two aspects allow the degradation
product to be cleared from the circulation in vivo by renal
filtration. The degradability of the copolymer and expected
controlled release behavior favor its biomedical applications,
such as for drug delivery.

Figure 4. Effect of hydrolysis of p(HPMAm)-b-p(HPMAm-Lac2)
micelles at pH 10.0 and 37 °C on Z-average diameter (Zave) and
scattering intensity as studied by DLS (inset: photographs of the
dispersion before and after hydrolysis) (top). Hydrolysis scheme of
p(HPMAm)-b-p(HPMAm-Lac2) (middle). 1H NMR spectra of
p(HPMAm)-b-p(HPMAm-Lac2) before (in dark red) and after
hydrolysis (in blue) (bottom).
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(38) Koňaḱ, Č.; Ganchev, B.; Teodorescu, M.; Matyjaszewski, K.;
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K.; Kopecǩovad́, P.; Kopecěk, J. Polymer 2002, 43, 3735.
(53) Barz, M.; Tarantola, M.; Fischer, K.; Schmidt, M.; Luxenhofer,
R.; Janshoff, A.; Theato, P.; Zentel, R. Biomacromolecules 2008, 9,
3114.
(54) Lele, B. S.; Leroux, J. C. Macromolecules 2002, 35, 6714.
(55) Lukyanov, a. N.; Gao, Z. G.; Mazzola, L.; Torchilin, V. P. Pharm.
Res. 2002, 19, 1424.
(56) Tao, L.; Liu, J.; Xu, J.; Davis, T. P. Org. Biomol. Chem. 2009, 7,
3481.
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