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ABSTRACT: Two graft copolymers comprising acrylic acid (AAc) and 2-methacryloylethyl acrylate (MEA)
units as the backbone and either poly(N-isopropylacrylamide) (PNIPAAm) alone or both PNIPAAm and
monomethoxypoly(ethylene glycol) (mPEG) as the grafts were synthesized. These copolymers in the aqueous
phase (pH 5.0) underwent thermally induced self-assembly into micelles. For the copolymer containing PNIPAAm
grafts only, extensive interactions between un-ionized AAc residues and PNIPAAm segments occurred, thereby
rendering polymer backbones partially embedded within the hydrophobic cores of thermally induced micelles.
This then led to bulk (core/shell) cross-linking of micelles upon radical polymerization of the MEA units within
the micellar assemblies in the aqueous phase. By contrast, with mPEG being incorporated into the copolymer,
association of the backbones with PNIPAAm is greatly retarded. As a result, three-layer onion-like polymeric
micelles consisting of hydrophobic PNIPAAm cores surrounded by AAc-rich shells and hydrophilic mPEG coronas
were achieved. Shell cross-linked micelles were then produced via polymerization of the MEA units confined to
the AAc/MEA-rich shell regions. The presence or absence of mPEG in the PNIPA Am-containing graft copolymer
plays a crucial role in determining the morphological structure of micelles and the structural responses of the
subsequently cross-linked micelles to pH and temperature changes.

Introduction

Micellar assemblies obtained from double hydrophilic block
or graft copolymers containing pH- or thermo-responsive chain
segments are of great fundamental interest and industrial
importance owing to their unique structural characteristics and
potential applications in drug delivery, protein immobilization,
interface mediators and catalysis.' > Growing attention has also
been paid to the processes of formation, disintegration and
structural (core/shell) inversion and transition of polymeric
micelles in response to external stimuli such as temperature,
pH and ionic strength.®”® However, due to fast disintegration
of polymeric micelles upon changes in pH and/or temperature
and dilution in blood circulation after parenteral administration,
their practical applications in drug delivery are severely limited.
In order to attain morphologically stable polymeric micelles
while retaining full reversibility in stimuli-responsive processes,
both the core cross-linking (CCL)°~'* and shell cross-linking
(SCL)'>~% approaches have been explored extensively.

For example, Wooley and co-workers have prepared various
CCL micelles in aqueous phase by a “click” core cross-linking
of polystyrene (PS)-b-PAAc, which contains alkynyl residues
within the hydrophobic PS block with dendrimers of different
generations.'? Zhang et al. proposed a facile approach to attain
CCL micelles from a double hydrophilic block copolymer, PEG-
b-P(NIPA Am-co-N-acryloxysuccinimide (NAS)), which spon-
taneously assembles into micelles in aqueous solution at high
temperature.'* Using cystamine as the cross-linker to react with
NAS residues of the P(NIPAAm-co-NAS) block results in
temperature-responsive CCL micelles.
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The SCL technique provides another pathway for stabilization
of polymeric micelles. Armes and co-workers prepared SCL
micelles by using a diblock copolymer of (2-(N-(morpholino)-
ethylmethacryate) and 2-(dimethylamino)ethylmethacrylate)
(DMA) in aqueous solution at 60 °C. The reagent 1,2-bis(2-
iodoethoxy)ethane was used to selectively cross-link the DMA
residues residing within the inner shells of micelles.'> Another
example for the formation of SCL micelles is the condensation
of ethylenediamine with the reactive NAS residues of PEG-b-
P(N,N-dimethylacrylamide-s-NAS)-b-PNIPAAm) triblock co-
polymer in aqueous media at elevated temperature. The resultant
SCL micelles exhibited the capability of controlling their
swelling behavior via the response to temperature change.?* Dou
et al. prepared micelles from the PAAc grafted hydroxyethyl-
cellulose (HEC) at low pH by the complexation of HEC with
PAAC as hydrophobic cores while free HEC backbone segments
act as hydrophilic shells.”> Upon cross-linking of PAAc seg-
ments in micelles, the stabilized assemblies become capable of
undergoing reversible pH-induced morphological transition from
micelles to hollow spheres.

In this work, two graft copolymers comprising AAc and MEA
residues as the backbone and either PNIPAAm alone or both
PNIPAAm and mPEG as the grafts were synthesized and
characterized. By comparing with the assemblies produced by
the graft copolymer in the absence of mPEG grafts, the effects
of mPEG chains on regulating both the structures of the
thermally induced polymeric micelles and the responses of CL
micelles achieved by free radical polymerization of the MEA
residues to pH and temperature changes were investigated in
this work.

Experimental Section

Materials. Synthesis and characterization of PNAS and aminated
semitelechelic PNIPAAm (PNIPAAm—NH;) (3000 g/mol) and
mPEG (mPEG—NH,) (2000 g/mol) were described in our previous

U 2009 American Chemical Society

Published on Web 04/17/2009



3612 Chiang et al.

Macromolecules, Vol. 42, No. 10, 2009

Scheme 1. Synthetic Route and Chemical Structure of Graft Copolymer B
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work.?®?” Ammonium peroxydisulfate (APS) was obtained from
Showa (Tokyo, Japan). 2-Hydroxyethyl methacrylate (HEMA) and
1-pyrenemethylamine hydrochloride were obtained from Aldrich
(WIS, USA). HEMA was purified by extraction and distillation
under reduced pressure before use.?® Deuterium solvents used in
'"H NMR measurements were obtained from Cambridge Isotope
(MA, USA). Deionized water was produced from Milli-Q Synthesis
(18 MQ, Millipore). All other chemicals are reagent grade and used
as received.

Copolymer Synthesis. Incorporation of vinyl groups into PNAS
was performed by partial transesterification of PNAS with HEMA
and the resultant intermediate product was P(NAS-co-MEA). The
procedure is briefly described as follows. To a solution of PNAS
(10.0 g) in DMF (100 mL) in the presence of triethylamine (TEA)
(600 mg) as the catalyst and 2,6-di-tert-butyl-4-methylphenol (5.0
mg) as the radical polymerization inhibitor, a prescribed amount
of HEMA (10 mol % with respect to the initial NAS residues) was
added and the reaction was conducted at 50 °C for 48 h under
stirring. The product was purified by precipitation twice from excess
tert-butyl alcohol and collected by filtration. The conjugation extent
of HEMA was determined by 'H NMR spectroscopy (Varian Unity
Inova-600, 600 MHz) in DMSO-d; at ambient temperature.

Grafting reactions of P(NAS-co-MEA) (10% w/v) in DMF with
PNIPAAm—NH,; alone (10 mol % with respect to the NAS residues
of PNAS (referred to as copolymer A hereinafter)) and with both
PNIPAAm—NH, and mPEG—NH, (10 mol % each, copolymer B),
respectively, were carried out at 25 °C under stirring for 72 h. TEA
was used as the catalyst. The synthetic route of copolymer B is
illustrated in Scheme 1. In order to examine the micellar structure,
the copolymer backbones were chemically labeled with pyrene by
the reaction of 1-pyrenemethylamine hydrochloride (0.3 mol % with
respect to the original NAS residues) with the NAS residues of
P(NAS-co-MEA) prior to the grafting reactions of the copolymer
with PNIPAAm—NH, and mPEG—NH, (Supporting Information).
The pyrene-labeled copolymers A and B are referred to as
copolymers A (Py) and B (Py), respectively, hereinafter. The
unreacted NAS residues in graft copolymers were thoroughly
hydrolyzed to AAc units by addition of excess tris buffer (pH 7.4)
into the reaction media. The polymer solution was then dialyzed
(Spectra/Por MWCO 6000—8000) against deionized water for 7

days to remove DMF and N-hydroxysuccinimide. This was followed
by diafiltration (Millipore, Labscale TFF System equipped with
Pellicon XL membrane Biomax-30 MWCO 30000) to eliminate,
in a more efficient manner, unreacted PNIPAAm and, in the case
of copolymer B, mPEG as well. The final products were collected
by lyophilization and the compositions determined by 'H NMR in
DMSO-ds at 20 °C. The conjugation extent of pyrene was
quantitzz;tively determined by UV/vis spectrometer (Shimadzu UV-
1601).

CL Micelle Preparation. The graft copolymer (A or B) was
dissolved to a concentration of 10.0 mg/mL in acetate buffer (pH
5.0, 1 0.01 M) at 4 °C. The polymer solution was subsequently
passed through a 0.45 um filter and purged with N, for 30 min. It
was gradually heated to 60 °C and equilibrated at this temperature
with stirring (100 rpm of the reciprocal shaking) for 12 h. Vigorous
agitation is required thus to prevent formation of intermicellar
aggregates. CL micelles were prepared by radical polymerization
of the MEA residues of copolymer A or B in micelle form for
72 h, using APS (0.6 mg/mL) as the initiator. The CL micelle
solution was then subjected to ultrafiltration (Amicon 8200 with a
Millipore PBMK membrane, MWCO 300000) against the acetate
buffer at ambient temperature to remove copolymers that were not
cross-linked.

UV/Vis Transmittance Measurements. Transmittance measure-
ments of the copolymer solutions (10.0 mg/mL) with varying pH
were conducted on a Shimadzu UV-1601 spectrometer at a
wavelength of 600 nm equipped with a temperature-controlled cell
unit. The optical transmittance was recorded with temperature in
the range 20—60 °C. The sample cell was equilibrated at each preset
temperature for 10 min prior to measurements.*°

Fluorescence Measurements. Pyrene, both in free molecule
form and in conjugated form with copolymer backbones, was used
as a nonpolar probe in the fluorescence characterization of aqueous
copolymer solutions. In the latter case, the fluorescence emission
spectra were recorded for the aqueous solutions of copolymers A
(Py) and B (Py) (10.0 mg/mL) of varying pH (/ 0.01, adjusted by
NaCl). In the former case, in which free pyrene was used, aliqouts
(20.0 uL) of the pyrene solution (3.0 x 1073 M) in acetone were
evaporated in vials, followed by addition of the aqueous copolymer
solution (10.0 mg/mL, 1.0 mL; 7 0.01). The resultant sample was
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kept at 4 °C for 12 h, thereby leading to the polymer solution with
a constant pyrene concentration of ca. 6.0 x 1077 M. Fluorescence
characterization was performed by measuring the fluorescence
intensity ratios (/3/I;) of the third vibronic band at 385.5 nm to the
first at 373.5 nm of the fluorescence emission spectra of pyrene in
aqueous copolymer solutions as a function of temperature.®' The
excitation was induced at 336 nm and the emission was recorded
in the range 350—500 nm on a Hitachi F-2500 fluorescence
spectrometer equipped with a thermostat cell unit.

'H NMR Characterization. Graft copolymer (A or B) was
dissolved in D,O (0.01 M NaCl) to a final concentration of 10.0
mg/mL while the pD of the copolymer solutions was adjusted to
5.0 by NaOD. The variable-temperature '"H NMR was conducted
on a Varian Unity Inova-600 at 600 MHz without sample spinning.
The pulse width of 4.9 us with a relaxation delay of 2.0 s was
utilized. During '"H NMR measurements, DMF in a sealed capillary
was coaxially placed in the sample tube as an external standard,
and its signal at 0 8.45 ppm selected as reference resonance for
evaluating the feature signal integrals of the graft copolymers in
response to temperature change in comparison with those in DMSO-
de at ambient temperature.>®>” The sample was equilibrated at each
preset temperature for 30 min prior to measurement.

Dynamic Light Scattering (DLS) Measurements. The mean
hydrodynamic diameters (Dy) of micelles and CL micelles were
determined by a Malvern ZetaSizer Nano Series instrument (He—Ne
laser 4 mW, 4 = 633 nm). The aqueous copolymer solution was
passed through a 0.45 um filter at 20 °C and equilibrated at either
20 or 60 °C for 30 min with stirring prior to measurement. The
measurement at 60 °C was performed immediately to prevent
micelles from aggregating with one another. The mean particle sizes
of the CL micelle systems were determined in the temperature range
20—60 °C at varying pH adjusted by either 0.1 N NaOH or HCI.
The sample was equilibrated at each preset temperature for 30 min.
The results reported herein represent an average of at least triplicate
measurements.

TEM Examination. The sample was prepared by placing a few
drops of the CL micelle solution on a 300-mesh copper grid covered
with carbon and allowed to stand at 25 °C for 20 s. Excess solution
on the grid was gently removed with absorbent paper. This is
followed by negative staining of the sample by using a uranyl
acetate solution (5.0 wt %) for 20 s. The sample was then dried at
25 °C for 2 days. The TEM image was obtained on a JEOL JEM-
1200 CXII microscope operating at an accelerating voltage of 120
kV.

Results and Discussion

Copolymer Composition Characterization. As shown in
the "H NMR spectrum (Figure 1a), the MEA content of P(NAS-
co-MEA) was evaluated to be ca. 9.2 mol % based on the signal
integral ratio x/(x + y/4) x 100%. The parameter x represents
the average integral of the protons attached to the carbon—
carbon double bond of MEA at 6 5.7 and 6.1 ppm and y the
integral of the succinimidyl protons of NAS at ¢ 2.8 ppm. With
the efficiency being greater than 90%, the transesterification
reaction can thus be achieved in a fully controllable manner.
The '"H NMR spectra of copolymers A and B in DMSO-d are
shown in Figure 1, parts b and c, respectively. On the basis of
the assignment of the '"H NMR spectrum shown in Figure Ic,
the composition of copolymer B, for example, can be calculated
as follows:

MEA (9.2 mol %)PNIPAAm (a mol %)mPEG(b mol %) =
P 9 ) r
My pxipann/ 113) % 6 (M, pumpann/44) X 4

where a and b represent the contents in mol % of the PNIPAAm
and mPEG grafts and p, ¢ and r are the feature signal integrals
obtained from MEA (the average integral of protons attached
to the double bond at d 5.7 and 6.1 ppm), PNIPAAm (the methyl
protons at 1.1 ppm) and mPEG (the ethylene protons at 3.8
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Figure 1. '"H NMR spectra of (a) poly(NAS-co-MEA), (b) graft
copolymer A and (c) graft copolymer B in DMSO-d; at 20 °C.

Table 1. Recipes, Compositions, and Average Molecular Weights
of the Graft Copolymers

reaction feed (mol %) composition ratio” M,
NAS/MEA/pyrene/  (mol %) AAc/MEA/pyrene/ (£107°
copolymer  PNIPAAm/mPEG PNIPAAmM/mPEG g/mol)
A 100/10/0/10/0 84.9/9.2/0/6.0/0 0.78
A(Py) 100/10/0.3/10/0 84.54/9.2/0.26/6.0/0 0.78
B 100/10/0/10/10 79.1/9.2/0/5.5/6.9 1.15
B(Py) 100/10/0.3/10/10 78.14/9.2/0.26/5.5/6.9 1.15

“ Determined by '"H NMR measurements in DMSO-ds. © Obtained by
theoretical calculations as follows: backbone M,, 22000 (g/mol) (M, of
PAAc by the GPC measurement after thorough hydrolysis of PNAS)*® +
number of mPEG grafts x 2000 (M,, of mPEG) + number of PNIPAAm
grafts x 3000 (M, of PNIPAAm) + number of MEA residues x 113 (M,
of MEA).

ppm), respectively. The grafting efficiencies for both PNIPAAm
and mPEG were ca. 60%. The recipes, compositions and average
molecular weights of the graft copolymers are summarized in
Table 1. Note that the Michael type addition reaction, which
can presumably occur between primary amines of PNIPAAm—
NH; or mPEG—NH, with vinyl groups of MEA residues during
the grafting reactions, was not observed, as evidenced by the
essentially identical MEA contents in graft copolymers before
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Figure 2. Temperature dependence of the optical transmittance for
aqueous solutions of copolymers A and B (10.0 mg/mL) at pH 5.0 and
7.0. The inset shows the photographs of aqueous solutions of
copolymers A and B (10.0 mg/mL) at pH 5.0 and 20 °C.

and after grafting reactions. The data are shown in Supporting
Information. Obviously, as a result of the facile reactivity and
high concentration of succinimidyl ester, it is much preferable
for both PNIPAAm—NH, and mPEG—NH, to react with the
NAS residues instead of the vinyl groups of MEA units.

Micelle Formation Mechanisms. Owing to the inherent
lower critical solution temperature (LCST) of PNIPAAmM,”'*?*
both copolymers A and B undergo phase transition and
supramolecular assembly into micellar structure in the aqueous
phase upon the thermally induced hydrophobic association of
the PNIPAAm grafts, as illustrated by the optical transmittance
data in Figure 2. Phase transition of the aqueous solutions (10.0
mg/mL) of copolymers A (pH 7.0) and B (pH 5.0 and 7.0)
occurs abruptly in the temperature range 32—35 °C. However,
in the absence of mPEG grafts, copolymer A at pH 5.0
undergoes phase separation in a progressive manner at temper-
ature far below the LCST of PNIPAAm (ca. 32 °C). This is
caused primarily by the enhanced hydrogen-bond induced
hydrophobic association of polymeric segments.*>** Comple-
mentary pairings of AAc with NIPAAm residues via hydrogen
bonds originating from PAAc and PNIPAAm segments, re-
spectively, have been well documented.”-** > These hydrogen
bonds are largely disrupted and, consequently, the hydrophobic
association between PAAc and PNIPAAm segments becomes
markedly reduced as a result of the increased AAc ionization
with pH being increased from 5.0 to 7.0. This will then lead to
a shift of the phase transition temperature to 32—35 °C for
copolymer A, similar to that of PNIPAAm alone in the aqueous
phase. Interestingly enough, copolymer B that differs from A
simply in the presence of mPEG grafts shows a temperature-
evolved, but pH-independent phase transition behavior. The
dramatic difference between the solutions of copolymers A and
B at pH 5.0 and 20 °C is illustrated in Figure 2. Apparently,
the mPEG grafts in copolymer B play a crucial role in
prohibiting the formation of hydrophobic PAAc/PNIPAAm
complexes at low temperature.

In agreement with the optical transmittance data in Figure 2,
the DLS data indicate that both graft copolymers subjected to
heating from 20 to 60 °C at varying pH undergo significant
changes in colloidal particle size (Dy) and size distribution (PDI)
and so does the intensity of light scattering (Table 2). While
copolymers A at pH 7.0 and B at both pH 7.0 and 5.0 were
completely dissolved in aqueous solution at 20 °C, copolymer
A at pH 5.0 existed in aggregate state. The copolymers with
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Table 2. Mean Hydrodynamic Diameters (Dy,) and Polydispersity
Indices (PDI) of Graft Copolymers A and B (10.0 mg/mL) in
Aqueous Solutions at pH 5.0 and 7.0

20 °C 60 °C
pH Dy, (nm) PDI Dy, (nm) PDI
A 50 53.0+£45(27.2)* 043+£0.02 73.1+3.8(674) 0.16+0.01
70 183+24(0.8) 0.53+£0.03 410.2£10.8(4.9) 0.22 £0.02

B 50 155£36(2.1) 041+£0.04 502+2.6(15.0) 0.23+0.01
7.0 17.9 £ 1.5(1.1) 0.43 £0.03 350.3 £10.3(3.4) 0.25£0.02

“ Numeric values in parentheses are the light scattering intensity of DLS
measurements in Mcps.
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Figure 3. Temperature dependence of the fluorescence intensity ratio
I5/1; for aqueous solutions of copolymers A and B (free pyrene was
used) and copolymers A (Py) and B (Py) (10.0 mg/mL) at pH 5.0 (a)
and at varying pH (b). Error bars represent the standard deviation of
triplicate measurements.

the enhanced extents of AAc ionization at pH 7.0 underwent
the thermally induced supramolecular packing into colloidal
assemblies of relatively large size (Dy, = 350—410 nm) due to
extensive multicore structure and intercore connections within
the assemblies.® The TEM images of the assemblies at pH 7.0
and 60 °C are included in Supporting Information. At pH 5.0,
both copolymers A and B, while experiencing a temperature
change from 25 to 60 °C, are transformed into micellar
assemblies, in which the inner core comprises mainly hydro-
phobic PNIPAAm segments, regardless of the very different
colloidal structures of these two copolymers at ambient tem-
perature, as shown in Figure 2 and Table 2.

Fluorescence characterization of the aqueous copolymer
solutions at pH 5.0, using free pyrene as a nonpolar probe,
confirms that the assembly process is driven by thermally
induced hydrophobic association, as illustrated by a substantial
increase in the fluorescence intensity ratios (/3/1;) of pyrene in
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the temperature range 30—35 °C (Figure 3a). The intensity ratio
represents a quantitative measure of the nonpolar nature of the
microenvironments, in which pyrene resides. Because of its
inherent nonpolar nature, pyrene molecules tend to diffuse to
the most hydrophobic regions in aqueous polymer solution. By
contrast, the mobility of pyrene moieties covalently labeled onto
polymeric backbones is severely limited and, thus, the I5/I; value
reflects the hydrophobicity of the environment where polymer
backbones are associated. Several studies also monitored
assembling of amphiphilic copolymers by the transition of
labeled pyrene residues from polar to nonpolar media.*®*” As
expected, only a slightly higher I3/, value of free pyrene in the
aqueous solution of copolymer A at pH 5.0 and 20 °C than that
of the counterpart B was observed (see the solid square and
circular data points in Figure 3a). However, when pyrene was
covalently attached to polymeric AAc/MEA backbones, the
difference that accounts for more precisely the variation in the
hydrophobicity of backbones between copolymers A and B at
ambient temperature becomes significant due to enhanced
pairings of un-ionized AAc with NIPAAm units for copolymer
A (see the open square and circular data points in Figure 3a).
With the temperature being raised beyond the phase transition
of copolymers, insignificant difference in the /5/1; values of free
pyrene between copolymers A and B is observed. This implies
a similar structure of the most hydrophobic regions of micelles
A and B. More importantly, the much higher I3/I; values of
copolymer A (Py) than those of B (Py) at high temperature
strongly suggest that the hydrogen bonds between un-ionized
AAc and NIPAAm residues at pH 5.0 remain intact toward the
temperature rise beyond the phase transition of copolymer,
thereby leading to association of partial polymer backbones
within the hydrophobic PNIPAAm cores of micelles. By
contrast, as shown by the I3/I; profile for copolymer B (Py) in
Figure 3a, polymer backbones comprising mainly AAc and
MEA residues are mostly separated from the hydrophobic cores
of micelles almost entirely consisting of PNIPAAm grafts. This

signifies that mPEG grafts in copolymer B can prevent polymer
backbones from being embedded into hydrophobic PNIPAAm
cores at high temperature and, thereby, confine those polymer-
izable MEA moieties mostly in the AAc-rich interfacial layers
(shells) between inner hydrophobic PNIPAAm cores and outer
hydrated mPEG coronas of micelles.

The above postulation can be further confirmed by the I3/1;
data for copolymers A (Py) and B (Py), at various pH. As shown
in Figure 3b, the I3/I;-temperature profile for copolymer B (Py)
is rather independent of the medium pH (3.0, 5.0 and 7.0)
because pairings of un-ionized PAAc with PNIPAAm can be
greatly prohibited by mPEG grafts. While extensive interactions
occur via hydrogen bonds between un-ionized AAc and
NIPAAm residues at pH 5.0, thereby rendering partial back-
bones embedded within hydrophobic cores of micelles A beyond
the phase transition temperature, these interactions are largely
disrupted by adjusting pH from 5.0 to 7.0 as a result of an
increase in the AAc ionization extent. Note that the data for
copolymer A at pH 3.0 were not included in Figure 3b due to
the precipitation of colloidal particles at high temperature.

The potentiometric titration profiles for copolymers A and B
are almost identical (Supporting Information) and, therefore,
the effect of mPEG grafts on the ionization of the backbone
AAc units is negligible. While the dissociation degrees of AAc
residues for both copolymers at pH 7.0 and 25 °C were ca. 47%,
the ionization extent at pH 5.0 was reduced to only ca. 10%.
Under this circumstance, un-ionized AAc/NIPAAm pairings can
occur appreciably for copolymer A in the absence of mPEG
grafts. PEG is well-known for its unique amphiphilic property
and the steric stabilization available for preventing colloidal
particles from aggregation in the aqueous phase. The consecutive
pairings of un-ionized AAc with NIPAAm residues that greatly
promote the hydrophobic association of polymer chain segments
can be sterically hindered to some extent by the mPEG grafts
attached to polymer backbones. In addition, this steric hindrance
effect can be ascribed in part to the preferred residence of mPEG



3616 Chiang et al.

Scheme 2. Structure and Cross-Linking of Thermally Induced
Micelles from Graft Copolymers A and B (10.0 mg/mL) in
Aqueous Solutions of pH 5.0
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grafts in the aqueous phase for the purpose of retaining its
prominent chain-segmental mobility at the expense of reduced
association of polymer backbones with PNIPAAm grafts. Figure
4 shows mainly '"H NMR spectra of copolymers A and B in
D,O (pD 5.0) at 20 and 60 °C. The fact that remarkable integral
reductions in the methyl proton signals (6 1.1 ppm) of
PNIPAAm segments for both copolymers A and B were
observed when temperature was increased from 20 to 60 °C
verifies the development of micelles with hydrophobic cores
comprising water-insoluble PNIPAAm segments. Upon solidi-
fication of PNIPAAm grafts, their proton spin—lattice relaxation
times become dramatically reduced, rendering themselves
undetectable by 'H NMR. Nevertheless, this feature PNIPAAm
signal does not fully disappear at 60 °C, indicating that the
hydrophobic cores contain most likely both the solid- and liquid-
like PNIPAAm regions.%‘”’w’39 The detectable fraction (40%)
of the PNIPAAm segments of copolymer B is appreciably
enhanced compared to that (29%) of A at 60 °C. This is because
the mPEG coronas of micelles B reduce hydrophobic PAAc/
PNIPAAm association and enhance copolymer hydration,
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Figure 5. (a) DLS colloidal size distribution profiles for CL micelles
A (M) and B (O) in aqueous solutions at pH 5.0 and 20 °C. TEM images
of CL micelles A (b) and B (c) at pH 5.0 and 20 °C.

thereby rendering solidification of PNIPAAm segments more
difficult. As expected, the ethylene proton signal of the mPEG
grafts in copolymer B at 3.6 ppm is fully detectable regardless
of the temperature change. It is noteworthy that, while the
methyl proton signal of the MEA units of copolymer B at 0
1.9 ppm becomes somewhat stronger in its intensity and
sharpened in its shape when temperature is increased from 20
to 60 °C due to the thermally enhanced chain-segmental mobility
and the reduced heterogeneity, an appreciable reduction in the
MEA signal integral for copolymer A is observed. This agrees
with the above postulation that MEA residues are partially
embedded within solidified hydrophobic cores of micelles A,
whereas MEA moieties are apt to reside within the relatively
loose AAc-rich shells of micelles B in the presence of mPEG
grafts. Scheme 2 illustrates the thermally induced micellization
of copolymers A and B, respectively.

CL Micelle Formation Mechanisms. Upon radical polym-
erization of the MEA residues of micelles A or B in aqueous
solution (pH 5.0) using APS as the initiator at 60 °C, CL
micelles were produced. This was accompanied by the full
disappearance of the '"H NMR feature proton signals at 0 6.1
and 5.7 ppm of the MEA residues from CL micelles in D,O at
20 °C (e.g., see the spectrum for CL micelles in Figure 4). Figure
5a shows the particle size distribution profiles for both CL
micelles A and B determined by DLS in aqueous solutions (pH
5.0) at 20 °C. The results indicate that the assemblies after being
covalently stabilized are capable of retaining their integrity
without disintegration into individual macromolecular unimers
in the aqueous phase at ambient temperature. The difference in
the particle size between CL micelles A and B is closely related



Macromolecules, Vol. 42, No. 10, 2009

4.0+

3.5

3.04

254

204

Swelling ratio

pH

Figure 6. Swelling ratio of CL micelles A () and B (O) in aqueous
solutions at 20 °C as a function of pH. The error bar associated with
each data point represents the standard deviation of triplicate measure-
ments.

to that between those two thermally induced micelles prior to
cross-linking (Table 2). The TEM images in Figure 5b and ¢
show that these CL micelles are in spherical shape with dried
particle sizes of ca. 55 and 40 nm in diameter for CL micelles
A and B, respectively. The sizes of CL micelles A and B
observed by TEM are much smaller than those (130 and 60 nm
in D, for A and B, respectively) measured by DLS in the
aqueous phase at pH 5.0 and 20 °C. The difference is a result
of the transition of CL micelles from dried (TEM) to swollen
state (DLS). Similar observations were reported in the litera-
ture.'*> It should be noted that, owing to the tendency of
polymeric particles to spread and flatten on the copper grid in
the sample preparation step, the apparent colloidal particle size
distribution measured by TEM is generally broader compared
to the DLS counterpart, as reported elsewhere.*’

The response of the CL micelle size to pH change at 20 °C
is illustrated in Figure 6. The swelling ratio is defined as the
ratio of the mean hydrodynamic volume of CL micelles at each
preset pH to that at pH 3.0, as shown by the following equation

. . Dy \?
Swelling ratio = D,.
where Dy, is the hydrodynamic diameter of CL micelles at each
pH and Dy, is the reference hydrodynamic diameter at pH 3.0,
determined by DLS. The AAc-containing hydrogel nanoparticles
swell in response to an increase in the ionization of AAc units
primarily due to the accumulation of freely mobile ions within
cross-linked networks that induces the development of an ionic
osmotic gradient and thus water influx.*' For CL micelles B,
the transition occurs mainly in the pH range 4.0—6.0, whereas
the pH range for the volume response of A is slightly wider
(pH 4.0—6.5). This is most likely due to the interactions of
partial PAAc segments with PNIPAAm grafts within CL
micelles A, thereby leading to more retarded AAc ionization.
This will be discussed in more detail below. The DLS data
further confirm the structural stability of these colloidal systems
at pH 7.5 and 20 °C (Supporting Information). Nevertheless,
CL micelles A are more susceptible than B in the volume
transition in terms of the swelling ratio to pH change,
particularly in the high pH range (Figure 6). This is in agreement
with the difference in the volume transition from the dried to
swollen state (pH 5.0, 20 °C) between CL micelles A (from 55
to 160 nm) and B (from 40 to 60 nm). The first and second
numeric values in the parentheses represent the dried particle
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Figure 7. (a) Deswelling ratio of CL micelles A (l) and B (O) in
aqueous solutions of pH 5.0 as a function of temperature. The
deswelling ratio is defined herein as the ratio of the mean hydrodynamic
volume of CL micelles at each temperature to that at 20 °C. (b) DLS
size distribution profiles for CL micelles A (square) and B (circle) in
aqueous solutions of pH 3.0 at 20 (solid) and 40 °C (open).

diameter and mean hydrodynamic diameter determined by TEM
and DLS, respectively.

It has been well recognized that a hydrogel reaches its
equilibrium swelling by a sole counterbalanced retractile force
originating from the elastically effective chain segments within
polymeric network, while the concentration of elastic chains is
virtually governed by the extent of cross-linking along polymer
chains.*! Different responses of CL micelles A and B to pH
change at ambient temperature is thus primarily ascribed to their
varying cross-linking densities, although both copolymers A and
B comprise identical amounts of MEA units. The effect of cross-
linking density on the swelling of CL micelles in a similar
manner was reported in the literature.**~** For micelles B, which
are characterized by confinement of the MEA residues in
relatively loose AAc-rich shells, radical polymerization of MEA
units took place effectively and exclusively in these shell
regions, thereby leading to highly shell cross-linked (SCL)
micelles (Scheme 2). By contrast, owing to the entrapment of
partial AAc/MEA backbones within the solidified hydrophobic
cores of micelles A, polymerization occurs throughout the shell
and core regions. As a consequence, bulk cross-linked (BCL)
micelles were achieved. Comparing with SCL micelles B, the
cross-linking density of BCL micelles A can be reduced to some
extent as a result of the dilution of the MEA residues throughout
the micellar body. The reduction in cross-linking density can
become particularly pronounced in the core regions due to the
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inefficient polymerization caused by the limited solubility of
APS and restricted mobility of MEA units in the solidified
hydrophobic PNIPAAm microdomains.

These two CL micelles also show the volume transition in
response to changes in temperature (Figure 7). At pH 5.0, SCL
micelles B commence the thermally induced volume change at
an onset temperature of ca. 35 °C, indicating that the phase
separation of PNIPAAm grafts occurs without significant
interactions with mPEG and PAAc chain segments (Figure 7a).
Nevertheless, solidification of PNIPAAm grafts in the core areas
of SCL micelles led to a significant reduction in the colloidal
particle size. Detailed structural characterization of SCL micelles
subjected to the thermal treatment at varying pH will appear in
our future report. On the other hand, the temperature-dependent
volume transition profile for BCL micelles A (see the square
data points in Figure 7a) suggests that PNIPAAm grafts, while
undergoing the thermally induced solidification at pH 5.0, retain
interactions with un-ionized AAc residues, rendering the onset
of phase transition at temperature much lower than the LCST
of PNIPAAmM.*** These results strongly indicate that the
morphological difference between thermo-induced micelles A
and B developed by the mPEG effects virtually predominates
in the distinct structural responses of CL micelles to pH and
temperature changes.

It is noteworthy that, at pH 3.0 where the electrostatic
repulsion among colloidal particles is greatly diminished,
aggregation of BCL micelles A occurs by the enhanced
hydrophobic association with the temperature being raised from
20 to 40 °C. This led to an increase in the hydrodynamic size
of the colloidal system as shown by the solid and open square
data points in Figure 7b. Distinct from the aggregation behavior
of BCL micelles A, both the size and PDI of SCL micelles B
decrease in response to the same temperature change at pH 3.0.
This illustrates an additional pronounced effect of mPEG grafts
acting as highly flexible coronas on the surfaces of SCL micelles
to effectively prevent particles from aggregating with one
another.

Conclusion

Two graft copolymers comprising AAc and MEA units as
the backbone and either PNIPAAm alone (copolymer A) or both
PNIPAAmM and mPEG (B) as the grafts were prepared in this
study. While both the graft copolymers in the aqueous phase
(pH 5.0) underwent thermally induced self-assembly into
polymeric micelles, extensive interactions of un-ionized AAc
residues and PNIPAAm segments occurred for copolymer A at
ambient temperature. As a result, polymeric backbones were
partially embedded within the hydrophobic PNIPAAm cores
of the thermally induced micelles A. This then led to bulk
(including both core/shell) cross-linking of micelles upon free
radical polymerization of the MEA units within micellar
assemblies initiated by APS at high temperature. By contrast,
the thermally induced micelles B in the presence of mPEG as
the second graft were characterized by the confinement of AAc/
MEA backbones in the AAc-rich shell regions of micelles at
high temperature. Radical polymerization of the MEA units of
micelles took place exclusively in such shell regions, thereby
leading to highly shell cross-linked micelles. Characterization
of CL micelles A and B showed that their distinct responsive
behaviors to pH and temperature changes were closely related
to the difference in the morphological structures of these two
colloidal systems, primarily as a result of the mPEG effects.
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