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ABSTRACT

Shell cross-linked (SCL) assemblies are prepared from the thermally induced three-layered, onion-like
micelles of graft copolymers comprising acrylic acid (AAc) and 2-methacryloylethyl acrylate (MEA) as the
backbone units and poly(N-isopropylacrylamide) (PNIPAAm) and monomethoxy poly(ethylene glycol)
(mPEG) as the grafts via radical polymerization of the MEA residues within the AAc-rich interfacial layers
in the aqueous phase of pH 5.0 at 60 °C. The resulting nanosized SCL assemblies exhibit versatile
structural regulations in a fully reversible manner in response to changes in pH and temperature. At
20 °C, SCL assemblies retain the morphology of vesicle-like hollow microspheres with pH-controlled
water influx and particle size. At pH 7.0, SCL assemblies remain invariant in both vesicular structure and
size irrespective of the temperature increase beyond the coil-to-globule phase transition of PNIPAAm
grafts occurring primarily in a highly individual manner. When the temperature increases from 20 to
60 °C at pH 5.0, the hollow particle size is greatly reduced, accompanied by the development of
hydrophobic, impermeable PNIPAAm lumens attached to the inside surfaces of the interfacial gel layers.
In addition, SCL assemblies undergo a dramatic thermally induced transformation from the vesicle-like
to micelle-like morphology by virtue of yielding hydrophobic PNIPAAm inner cores at pH 3.0. The
thermally evolved morphology of SCL assemblies is governed by the vesicle structure in response to the

effect of pH on the AAc ionization within the interfacial gel layers at ambient temperature.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Stimuli-responsive colloidal assemblies attained from molecular
packing of block or graft copolymers have shown attractive, unique
characteristics in their supramolecular structures and stimuli-
induced morphologic transformation [1—7]. By incorporating
versatile functions into the well controlled assembly structures,
development of such polymeric colloids mainly in the form of
micelles or vesicles (polymersomes) exhibiting structural response
to external stimuli is thus in great demand for innovative micro-
carriers or microcontainers, which are useful in applications such
as drug delivery and catalysis [8—15]. Taking advantage of recent
advances in living radical polymerization techniques, various self-
assembling colloids produced from block copolymers with tailored
block lengths have been the primary focus of this pioneering
research field [16—19].
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Self-assembly of amphiphilic block copolymers occurring in
aqueous media at concentrations above their critical aggregation
concentrations, however, may disintegrate upon dilution in blood
circulation after parenteral administration. Their prominent appli-
cations in drug delivery can thus be severely limited. Similarly, those
stimulus (such as pH or temperature)-induced polymer assemblies
may become unstable and undergo such structural variations as
disintegration and dissolution upon dramatic changes in environ-
mental conditions of the media [20—22]. To overcome this inherent
problem, both shell cross-linking (SCL) [23—27] and core cross-
linking (CCL) [28—31] of polymer micelles from block copolymers
were proposed to enhance the structural stability during dilution.
However, for stimulus-induced assemblies, the greatly improved
structural stability is often achieved at the expense of the desired
ability to structurally respond to external stimuli. For example, the
reversible micelle/vesicle transition can be significantly impaired by
micelle core cross-linking. While block copolymer chain segments in
the core regions experience the transition from hydrophobic to
hydrophilic state, development of transient hollow particle struc-
ture from SCL micelles evolved from the pH or temperature-induced
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hydrophobic core structure in the aqueous phase was speculated
[20]. There is no doubt thatareversible stimulus-responsive micelle/
vesicle transition of functional assemblies as nanocarrier devices can
effectively control the encapsulation and release of bioactive agents,
either hydrophilic or hydrophobic. Nevertheless, very few studies
demonstrated the self-assembly of copolymers capable of under-
going such dramatic structural rearrangement as reversible micelle/
vesicle inversion in response to changes in either pH or temperature
upon shell cross-linking [25].

It is thus our goal to develop functional SCL assemblies capable
of evolving on demand various morphologies (including micelles
and vesicles) in both structurally reversible and tunable manner. In
this study, a facile and effective strategy employing dual pH/
temperature responsive graft copolymers was proposed, primarily
owing to the greatly enhanced compositional and structural feasi-
bility in regulating assembly morphologies. Graft copolymers
comprising acrylic acid (AAc) and 2-methacryloylethyl acrylate
(MEA) units as the backbone and monomethoxy poly(ethylene
glycol) (mPEG) and poly(N-isopropylacrylamide) (PNIPAAm) as the
grafts were chosen for developing thermally induced micelles.
While, at high temperature, the PNIPAAm chain segments act as the
major component to control the thermally induced hydrophobic
association, the mPEG grafts not only act as the coronae of colloidal
particles to effectively prevent particles from aggregation but also
spatially segregate the AAc-rich interfacial layers and hydrophobic
PNIPAAm inner cores within the three-layered, onion-like micelle
structure prior to shell cross-linking. The effects of mPEG grafts on
prohibiting interactions of PNIPAAm chain segments with union-
ized AAc residues within the thermally induced micelles have been
described in detail in our previous work [32]. The micelles were
shell cross-linked via radical polymerization of the MEA moieties
covalently attached to polymer backbones at high temperature and
the response of the resultant SCL assemblies in structural trans-
formation to external pH and temperature was studied in this work.

2. Experimental section
2.1. Synthesis of graft copolymers

Preparation of graft copolymers comprising AAc and MEA as the
backbones and PNIPAAm and mPEG as the grafts was carried out as
reported previously and described in detail in Supporting
Information [2,32—34]. Two graft copolymers differing mainly in
the MEA contents were employed. The MEA contents are 9.1 mol%
(referred to as copolymer A hereinafter) and 19.1 mol% (B),
respectively. Fig. 1a illustrates a representative 'H NMR spectrum of
copolymer A in CDCl3 at ambient temperature along with the
chemical structure and compositions. Detail structural character-
ization results of the copolymers are summarized in Table S1.

2.2. Preparation of SCL assemblies

The graft copolymer was dissolved to a concentration of 10.0 mg/
mL in acetate buffer (pH 5.0, I 0.01 M) at 4 °C. The copolymer
solution was subsequently passed through a 0.45 pum filter and
purged with Ny 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. The assemblies exhibiting a three-
layered, onion-like micelle structure were then covalently stabilized
by radical polymerization of the MEA residues under N, atmosphere
for 72 h, using ammonium peroxydisulfate (APS) (0.6 mg/mL) as the
initiator [32]. The aqueous solution of SCL assemblies was then
subjected to ultrafiltration (Amicon 8200 with a Millipore PBMK
membrane, MWCO 300000) against the acetate buffer at 4 °C to
remove the copolymers that were not cross-linked.

2.3. Characterization

2.3.1. Dynamic and static light scattering (DLS and SLS)
measurements

The z-average hydrodynamic particle diameters (Dp) and
particle size distributions of the thermally induced polymeric
micelles prior to SCL reaction and the subsequently SCL assemblies
in aqueous solutions were determined mainly by a Malvern Zeta-
sizer Nano-ZS instrument at 173° equipped with a 4 mW He—Ne
laser operating at A = 632.8 nm, using the cumulant analysis
method [35]. The aqueous copolymer solution was passed through
a 0.45 pm filter at 20 °C and equilibrated at 60 °C with stirring for
30 min prior to measurement. The mean particle sizes of SCL
assemblies were determined in the temperature range 20—60 °C at
varying pH adjusted by either 0.1 N NaOH or HCI. The sample was
equilibriated at each preset temperature for 30 min. In degradation
experiments, both the particle size and light scattering intensity of
the SCL assemblies in aqueous solutions of pH 7.4 and [ 0.15 M
(37 °C) with incubation time were monitored by DLS. The data
reported herein represent an average of at least triplicate
measurements.

To assess the morphology of SCL assemblies as a function of
temperature or pH in terms of the ratio of the gyration and hydro-
dynamic radii of the assemblies, the mean hydrodynamic radius (Ry,)
herein was attained by DLS on a Brookhaven BI-200SM goniometer
equipped with a BI-9000 AT digital correlator using a solid-state
laser (35 mW, A = 637 nm) at 90°. The CONTIN algorithm method
was employed for data analysis in order to confirm the absence of
bimodal particle size distribution of the SCL assemblies with much
enhanced reliability [35,36]. For determination of the root-mean-
square radius of gyration (Rg) by SLS (BI-200SM goniometer), the
excess absolute time-averaged scattered light intensity, known as
the Rayleigh ratio Ry, was approximated as

SR

3

where the contrast factor, K, is given as 4w?n?(dn/dc)?/(Naxd) with
Na, n, Ag, and dn/dc being Avogadro’s number, the solvent refractive
index, the wavelength of laser light, and the specific refractive
index increment, respectively. A is the second virial coefficient,
C the polymer concentration (mg/mL) and g the magnitude of the
scattering wave vector given by q = (4wn/Ag)sin(6/2). By measuring
Ry for a set of C (0.025—0.1 mg/mL) and § (30—150°), the apparent
weight-average molar mass M,y and Rg of SCL assemblies under
varying pH and temperature conditions can be estimated from
Zimm plots [37]. Prior to the SLS measurements, the invariance of
Ry, of the SCL assemblies in the entire concentration range at the
preset pH and temperature was confirmed by DLS. The dn/dc values
of the aqueous solutions of SCL assemblies were obtained by a BI-
DNDC differential refractometer (A = 620 nm).

1+ 1 2A,C 1)

2.3.2. TEM structural examination

The sample was prepared by placing a few drops of aqueous
solution of the SCL assemblies at 20 °C on a 300-mesh copper grid
covered with carbon and allowed to stand for 20 s. Excess solution
on the grid was gently removed with absorbent paper. This was
followed by negative staining of the sample for 20 s using a uranyl
acetate solution (5.0 wt%). 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.

2.3.3. Fluorescence measurements
Pyrene was used as a hydrophobic probe in fluorescence
measurements. Aliqouts (20.0 L) of pyrene in acetone (3.0 x 107> M)
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Fig. 1. 'H NMR spectra of (a) graft copolymer A (10.0 mg/mL) in CDCl3 and (b) SCL assemblies A (2.0 mg/mL) in D,0 at 20 °C. The assignment of the feature signals of the graft
copolymers and the external standard (DMF) along with the chemical structure and compositions are also included.

were evaporated in vials, and the aqueous solutions of SCL assem-
blies at the prescribed pH (1.0 mL) were then added, yielding the SCL
particle dispersions with a constant pyrene concentration of ca
6.0 x 1077 M. The fluorescence intensity ratios (I3/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 the SCL particle dispersions at each
preset temperature were determined [38]. The excitation was per-
formed at 336 nm and the emission was recorded in the range from
350 to 500 nm on a Hitachi F-2500 fluorescence spectrometer
equipped with a thermostat cell unit.

2.34. Variable temperature 'H NMR characterization

A prescribed amount of lyophilized SCL assemblies (2.0 mg/mL)
was suspended directly in D0 (0.01 M NacCl). The pD of SCL particle
dispersions was adjusted to the desired value by adding DCI or
NaOD. 'H NMR measurements of the SCL assemblies in D,0 from 20
to 60 °C were performed on a Varian Unity Inova-600 at 600 MHz
without sample spinning. The pulse width of 4.9 s with a relaxation
delay of 2 s was utilized. DMF in a sealed capillary was coaxially
placed in the NMR sample tube as an external standard [2]. The
proton signal of DMF at ¢ 8.45 ppm was employed as the resonance

reference for assigning the feature signal positions and quantifying
the signal integrals of SCL assemblies at different temperatures
compared to the graft copolymer dissolved in CDCl; at ambient
temperature. Prior to measurements, the sample was equilibrated
at each preset temperature for 30 min.

3. Results and discussion

Detailed synthesis procedures used to prepare functional SCL
assemblies from graft copolymers comprising AAc and MEA units
as the backbone and PNIPAAm and mPEG as the grafts were
described in the Supporting Information. It is, however, noteworthy
that the absence of the Michael addition reaction presumably
occurring between the primary amines of PNIPAAm-NH, and
mPEG-NH, with the vinyl groups of MEA moieties has been
confirmed by the essential constant MEA vinyl contents in copol-
ymers before and after the grafting reactions [32]. In addition, the
conjugation efficiencies greater than 90% (Fig. S2) indicate that the
MEA content for the subsequent micelle shell cross-linking can be
fully controlled. The grafting efficiencies for PNIPAAm and mPEG
were ca 55% and 69%, respectively. Due to the presence of PNIPAAm
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grafts, the copolymers that were dissolved completely at ambient
temperature (10.0 mg/mL) underwent hydrophobic association and
supramolecular assembly into micelles with the temperature being
increased beyond the phase transition temperature of PINPAAmM
grafts (~34 °C) in the aqueous phase at pH 5.0. The Dy values of
micelles A and B at 60 °C are ca 30 and 43 nm, respectively. The
onion-like structure of the thermally induced micelles constituting
distinct hydrophobic PNIPAAm inner cores, AAc-rich interfacial
layers and mPEG coronae was clearly elucidated in our previous
work [32].

SCL micelles were attained by radical polymerization of the MEA
moieties residing within the AAc-rich interfacial layers at 60 °C and
pH 5.0. APS was used as the initiator. The SCL reaction was successful,
as evidenced by the complete disappearance of the 'H NMR feature
signals of the MEA vinyl protons at 6 5.7 and 6.5 ppm in D,0 at 20 °C
and pD 5.0 (Fig. 1b and Fig. S7a), accompanied with the DLS single
modal particle size distribution profiles of SCL assemblies A and B at
20 °C in aqueous solutions of both pH 5.0 and 7.0 (Fig. 2a). For
comparison, the hydrodynamic particle sizes of copolymers A and B
and the corresponding SCL assemblies at pH 5.0 and at 20 and 60 °C
are summarized in Table S2. Being covalently stabilized, the assem-
blies fully retain their structural integrity without disintegration and
dissolution below the lower critical solution temperature (LCST) of
PNIPAAm grafts. The particle size of SCL assemblies B is slightly larger
than that of A, irrespective of the external pH. This is primarily
because the thermally induced micelles B are somewhat larger than A
prior to the SCL reaction. Appreciable reductions in the "H NMR signal
intensities of both the ethylene and methyl protons from the MEA
moieties imply their reduced mobility within the SCL polymeric
networks (interfacial gel layers). Note that DMF sealed in a capillary

a —&— SCL assemblies A at pH 5.0

12 4 o

—&— SCL assemblies B at pH 5.0

Y

Intensity (%)

10000
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tube was repeatedly used as the external standard by placing it
coaxially in the sample tube during NMR measurements. The proton
signal from the formyl group of DMF at 6 8.45 ppm was selected as the
reference resonance for evaluating the feature signal integrals in
comparison with those obtained in CDCl3 at ambient temperature.
Fig. 2b shows the TEM images of SCL assemblies A at 20 °C and at pH
3.0, 5.0 and 7.0, respectively. By virtue of the effective radical poly-
merization of the MEA residues taking place exclusively within the
AAc-rich interfacial layers, the SCL assemblies are well dispersed as
individual spherical particles without any covalent interparticle
connections at all three pH values. Similar to those reported previ-
ously [6,25,39], the TEM images seemingly display the SCL assemblies
at 20 °C in hollow structure by the appearance of the clear contrast
between the centers and the negatively stained shells with uranyl
acetate. The assembly morphology was further characterized,
particularly by SLS/DLS and variable temperature '"H NMR measure-
ments, as described below.

The response of SCL assemblies to changes in external pH at
20 °C in terms of the water influx is shown in Fig. 3. The water
influx is defined as the increase of the mean hydrodynamic particle
volume of SCL assemblies at each preset pH at 20 °C with respect to
that of SCL assemblies at pH 3.0 and 60 °C, as shown below.

. Dy \>
Water influx = ( =~ ) —1

Dy, (2)

where Dy, is the reference hydrodynamic diameter of SCL assem-
blies at pH 3.0 and 60 °C determined by DLS. At pH 3.0 and 60 °C,
the SCL assemblies chosen as the reference for this study are
assumed to have a nondraining micelle structure with negligible

—0O— SCL assemblies A at pH 7.0
0,0%—0— SCL assemblies B at pH 7.0

(50 nm, 0.201)
L2k, |

10

Intensity (%)

Fig. 2. (a) DLS colloidal size distribution profiles for SCL assemblies in aqueous solutions at 20 °C and (b) TEM images of SCL assemblies A at 20 °C and at pH 3.0, 5.0 and 7.0,

respectively.
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Fig. 3. pH dependence of water influx of SCL assemblies in aqueous solutions at 20 °C
with respect to those at 60 °C and pH 3.0.

water influx (see the below description). The water influx into SCL
assemblies A or B increases with increasing pH, particularly in the
range from pH 4.0 to 7.0. This is primarily due to the increased
ionization degree of the AAc residues within the cross-linked
interfacial layers. This will enhance the interactions of the ionized
AAc residues with water molecules and, thus, induce the devel-
opment of ionic osmotic gradient via the accumulation of freely
mobile ions within the cross-linked networks [40], thereby
rendering the gel layers swollen and, in part, the particles enlarged.
Due to the higher MEA content (19.1 mol%) and thus the higher SCL
density of copolymer B than that of A (9.1 mol%), the SCL assemblies
B show somewhat reduced water uptake at 20 °C in the pH range
3.0—8.0. However, only a small difference in water influx between
assemblies A and B at pH 8.0 was observed. The variation in cross-
linking densities derived presumably in a proportional manner
from the initial MEA contents of copolymers A and B only shows
a rather limited effect on the water uptake, which amounts to
a total of at least 140% increase in the hydrodynamic particle
volume of the assemblies when pH increases from 3.0 to 8.0. This is
simply because the water influx is not only directed into the very
thin interfacial layers where the cross-linking reaction occurred,
but largely into the core regions in the absence of cross-linking at
20 °C, in which PNIPAAm grafts act as an osmotic attractor. This was
partially verified by the estimation of the structural parameters of
the SCL assemblies at the reference (dry) state based on the cor-
responding hydrodynamic particle size data (Fig. 4a), densities of
PAAC (ppaac; 1.27 g/mL) and PNIPAAm (ppnipaam; 1.08 g/mL) at pH
3.0 and 60 °C, and chemical compositions of copolymers A and B
(Fig. 1a). Based on the assumptions of negligible water uptake by
nondraining assemblies through the shell to core regions along
with mPEG grafts being excluded from the main colloidal body and
volume additivity, the mean radii of the hydrophobic cores and
thicknessess of the interfacial gel layers can be calculated as
follows:

1/3
MpNiPAAmM / PPNIPAAM >

R = Ry X
he = ThA (MPNIPAAm/PPNIPAAm + Mpaac/mEn/ Praac

(3)

dsc. = Rpa —Rnc (4)

where Ry ¢ is the hydrodynamic radius of the solid-like PNIPAAm
core, Ry A the hydrodynamic radius of SCL assemblies and dsci. the

thickness of the cross-linked interfacial gel layer in aqueous solu-
tions at pH 3.0 and 60 °C. The Mpnipaam and Mpaacmea are the
masses of the PNIPAAm grafts and PAAc-co-MEA backbones in graft
copolymers (on the basis of 1.0 mol), respectively. The thickness of
the PAACc shells is only ca 1.6 (or 2.6) nm compared to the inner core
radius (13.5 (or 19.0) nm) of SCL assemblies A (or B). This implies
that the hydration of core accounts significantly for the contribu-
tion of water influx to the particle enlargement, though this
swelling process is initiated by the pH-induced AAc ionization
within the interfacial layers. Accompanied with more ionized AAc
units and concomitant disruption of hydrogen bonds among
themselves within the gel layers and with PNIPAAm grafts on the
inner layer surfaces, the cross-linked gel layers become more
permeable for water influx into the inner core regions at higher pH.
The increased tendency to reduce the curvature of nanoparticles
with increasing charged AAc residues may further facilitate the
enlargement of hydrodynamic particle volumes via water influx.
Fig. 4a shows the distinct responsive behaviors of SCL assem-
blies in the hydrodynamic particle diameter at pH 3.0, 5.0 and 7.0,
respectively, to changes in temperature. Both SCL assemblies A and

60

404

304

T T T T T T T T T
20 30 40 50 60
Temperature (°C)

20 30 40 50 60
Temperature (°C)

Fig. 4. (a) Mean hydrodynamic diameters (D) of SCL assemblies A (solid symbol) and
B (open symbol) in aqueous solutions at pH 3.0 (M,0), 5.0 (®,0) and 7.0 (A,A) as
a function of temperature and (b) temperature dependence of light scattering intensity
ratio (I/I,) of SCL assemblies A in aqueous solutions at pH 3.0 (H), 5.0 (@) and 7.0 (A ).
The I/, value of SCL assemblies was determined by DLS at each preset temperature to
that at 20 °C. Error bars represent the standard deviation of triplicate measurements.
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B show nearly identical temperature evolution profiles of the
hydrodynamic particle size at three pH values. This indicates that
a similar structural transition was achieved for these two assem-
blies in response to changes in temperature. At pH 7.0, D}, remains
essentially unchanged irrespective of the temperature increase
beyond the phase transition of PNIPAAm grafts, strongly implying
the void of the required hydrophobic association in forming the
PNIPAAm solid-like core regions. This is primarily due to the
spatially enlarged internal aqueous compartments and, secondary,
owing to the disruption of hydrogen bonds between the AAc units
and PNIPAAm grafts at pH 7.0 that allows PNIPAAm grafts to reside
within the compartments in a highly individual manner. Thus, the
SCL assemblies retain their morphological structure as hollow
microspheres at pH 7.0, independent of the external temperature
change, though slight increases in the light scattering intensity
ratio (I/l,) determined by DLS at an onset temperature of 40 °C
(Fig. 4b) suggest the coil-to-globule transition of individual PNI-
PAAm graft chain segments.

Nevertheless, SCL assemblies are capable of undergoing temper-
ature-evolved structural transformation at pH 3.0 and 5.0 (Fig. 4a).
The hydrodynamic particle size decreases appreciably with
increasing temperature primarily as a result of the significant
hydrophobic association and interchain aggregation of the PNIPAAm
grafts residing within the enclosed internal aqueous chambers,
thereby leading to water efflux and subsequent particle size reduc-
tion. At pH 3.0, the structural variation commences at an onset
temperature (ca 25 °C) far below the LCST of PNIPAAm homopolymer
in water, whereas a significant particle size reduction was observed
at ca 35 °C with pH being increased from 3.0 to 5.0. This is mainly
caused by the enhanced hydrophobic association of PNIPAAm chain
segments arising from hydrogen bond pairings with unionized AAc
residues on the inner shell surfaces at pH 3.0. It is noteworthy that the
increased I/I, with temperature at pH 3.0, particularly in the range
from 45 to 60 °C, is different markedly from that at pH 5.0 (see Fig. 4b
for SCL assemblies A and Fig. S4 for B). In general, the light scattering
intensity of a colloidal system subjected to DLS measurements at
a fixed angle relies intimately on the particle size, concentration, and
structure. Owing to the fact that the hydrodynamic particle sizes are
smaller and the concentrations are identical, the higher I/, values at
pH 3.0 than those at pH 5.0 in the high temperature regime obviously
reflect the formation of more nonpolar and compact solid-like
structure. These data are in agreement with the results obtained
from the fluorescence measurements of SCL assemblies in the
aqueous phase using pyrene as a nonpolar probe. Fig. 5 shows the

0.80
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0.76 -

0.74 -

L,

0.72 4

0.70 -

0.68 ~

0.66 T T T T T

Temperature (°C)

Fig. 5. Effect of temperature on the fluorescence intensity ratio I5/I; of pyrene in
aqueous solutions of SCL assemblies A at pH 3.0 (W), 5.0 (®) and 7.0 (). Error bars
represent the standard deviation of triplicate measurements.

Table 1
DLS and SLS data for SCL assemblies A in aqueous phase.

pH T(°C) Rh (nm)? Rg (nm) Rg/Rh Mw/106 (g/mol)
3.0 20 26.6 28.1 1.06 8.95
45 235 19.2 0.82 9.23
60 221 20.0 0.90 9.30
5.0 20 27.8 34.6 1.24 9.32
45 25.0 30.0 1.20 8.90
60 23.0 235 1.02 9.12
7.0 20 32.0 40.7 1.27 9.42
45 32.8 42.0 1.28 9.15
60 32.7 385 1.18 9.31

2 Determined by DLS (Brookhaven BI-200SM) at a scattering angle of 90°, using
the CONTIN analysis method.

temperature dependence of I3/I; of SCL assemblies A at pH 3.0, 5.0
and 7.0, respectively (See Fig. S5 for B). The I3/I; ratio represents
a quantitative measure of the nonpolar nature of the microenvi-
ronments, in which pyrene resides [32,41]. The increased I3/l; with
temperature illustrates the enhanced hydrophobicity and phase
transition of PNIPAAm grafts, while the onset temperature depends
largely on their interactions with the pH-regulated unionized AAc
residues. The varying fluorescence intensity ratio with pH, particu-
larly at high temperatures, manifests the pronounced effect of the
pH-controlled morphology of the cross-linked AAc-rich interfacial
layers on the thermally induced hydrophobic association of PNI-
PAAm chain segments. The coil-to-globule phase transition of

Low temperature

High temperature

AAc-rich gel layer

AvA

s mPEG segment

PNIPAAm segment

Scheme 1. Thermally evolved morphologic transformations of SCL assemblies at pH
3.0, 5.0 and 7.0.
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PNIPAAm grafts at pH 7.0 in a highly individual manner arising from
the enlarged internal hollow microcages thus accounts for only
a slight increase in I3/I; when the temperature is raised to 60 °C.

In order to gain a fundamental insight into the structural vari-
ation of colloidal assemblies with changes in pH and temperature,
SCL assemblies A were characterized by laser light scattering (LLS)
at varying pH and temperatures and the results are summarized in
Table 1. Note that the root-mean-square radius of gyration (Rg)
obtained from the Zimm plot as illustrated in Fig S6 is strongly
related to the mean distance of individual atoms (groups) that
constitute the assembly of target to its mass center, while Ry, is the
radius of a hypothetical hard sphere that diffuses with the same
speed as the target colloidal assembly under examination [36].
Based upon the particle form factors inherently associated with Rg
and Ry, the Rg/Ry, ratio is sensitive to assembly topology and thus
useful for its structural justification [36,42—44]. With the pH being
adjusted from 3.0 to 7.0 at ambient temperature, the Rg/Ry, value
varies from 1.06 to 1.27, thereby confirming the presence of
assemblies in the form of vesicle-like hollow microspheres [43,44]
and their capability of undergoing the transformation of the vesicle
wall structure from dehydrated, compact and nondraining (at pH
3.0) to loose and swollen state (pH 7.0) [25]. At pH 7.0, the SCL
assemblies are characterized by retaining the hollow microspher-
ical structure with approximately identical particle size in
the temperature range from 20 to 60 °C, though PNIPAAm grafts
undergo the thermally induced coil-to-globule transition individ-
ually at high temperature.

At pH 5.0, the Rg/Ry, values are reduced from 1.24 to 1.02 when
the temperature increases from 20 to 60 °C, indicating the invariant
morphology as vesicle-like hollow microspheres. However, the
morphology is featured by developing a continuous and dense film
that is closely attached to the inner surface of vesicle wall arising
from the massive collapse of PNIPAAm grafts at high temperature,
thereby rendering the vesicle wall impermeable and the particle
size somewhat reduced. Interestingly enough, the SCL assemblies
attained upon covalent cross-linking of the AAc-rich interfacial
layer within the three-layered, onion-like micelles at 60 °C and pH
5.0 become incapable of re-establishing the micelle-like structure
through the same heating process. Similar observation about the
irreversible transformation of PNIPAAm chain segments from the
micelle core to hydrophobic lumen of hollow spheres attained by
the assembly of oppositely charged block copolymers was reported
elsewhere [45]. This is attributed to a significant reduction in the
chain flexibility and mobility of both PAAc backbones and tethered
PNIPAAm grafts required in compliance with the formation of
hydrophobic cores.

Being subjected to heating from 20 to 45 °C at pH 3.0, SCL
assemblies were transformed from the vesicle-like to micelle-like
structure by virtue of yielding nonpolar cores, thereby leading to
adecrease in Rg/Rp, to 0.82, a typical parameter for describing micelles
[42,44,46]. As expected, upon the thermally induced transformation
of SCL assemblies into the micelle-like structure, both the Ry and Rg
values decrease accordingly. Furthermore, the dramatic decrease of
Rg from 28.1 to 19.2 nm is a strong indication of the development of
the hydrophobic solid-like inner cores. Apparently, the structural
transformation of PNIPAAm grafts into either individual isolated
globules, or continuous inner lumens, or nonpolar solid-like cores
varies, depending largely upon the pH-controlled volume of the
internal aqueous chambers of the hollow microspheres at 20 °C.
With the colloidal particles being heated from 45 to 60 °C at pH 3.0,
the Rg value slightly increases, while the Ry, value decreases, thereby
leading to an Rg/Ry, value of 0.90. This is most likely caused by the
stretch and subsequent dehydration of local mPEG chain segments
spatially adjacent to the thermally induced outer surfaces of the
colloidal particles [47,48]. Besides the geometric effect, the hydrogen

bonding interactions of the partial mPEG chain segments with
unionized AAc units and the hydrophobicity thus induced may also
contribute to the dehydration process (see more related discussion
below). The weight-average molecular weight of SCL assemblies is ca
9.2 x 10° g/mol, equivalent to ca 88 copolymer molecules within an
assembly. In summary, the thermally evolved morphologic trans-
formations of SCL assemblies at pH 3.0, 5.0 and 7.0 are illustrated in
Scheme 1.

Fig. 6 shows the 'H NMR spectra of SCL assemblies A in D,0 at
pD 3.0 and 7.0. The thermally induced variation from 20 to 60 °C in
the signal integrals of the methyl protons from PNIPAAm grafts at
ca 6 1.1 ppm and the ethylene protons from mPEG grafts at 3.8 ppm
changes with pH, as quantitatively illustrated in Fig. 7a and b. The
thermally induced reduction of the feature methyl signal of PNI-
PAAm grafts signifies a quantitative measure of the chain
segmental solidification due to a dramatic decrease in spin-lattice
relaxation times (T;) that renders the corresponding protons
undetectable [2,33,34]. At pH 7.0, PNIPAAm grafts remain almost
fully detectable regardless of the temperature increase beyond the
phase transition region. This reflects the prominent hydration that
allows each single PNIPAAm chain segment to experience the coil-
to-globule transition (Fig. 7a) [49]. The 'H NMR spectra of copol-
ymer A and the corresponding SCL assemblies at pD 5.0 are shown
in Fig. S7. In comparison with the 'H NMR data for copolymer
A without further cross-linking at pD 5.0 and particularly at high
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temperatures (e.g., 60 °C), under which conditions these macro-
molecules were thermally evolved into micelles, the detectable
PNIPAAm fractions of SCL assemblies are appreciably enhanced.
This correlates well with the Rg/Ry, values (Table 1), showing that,
along with the thermal treatment at pH 5.0, PNIPAAm grafts of SCL
assemblies are incapable of forming the hydrophobic core struc-
ture, but instead forming the continuous internal lumens. By
contrast, the comparable detected fractions of PNIPAAm grafts of
SCL assemblies at pH 3.0 and at temperatures higher than 45 °C
with those of the thermally induced micelles in the absence of
cross-linking at pH 5.0 were observed (Fig. 7a). This is in agreement
with the depicted profiles of developing hydrophobic PNIPAAm
inner cores within the SCL assembly structure by LLS character-
ization. In the low temperature region, PNIPAAm grafts were
largely detected by 'H NMR, which confirms the postulation of the
extensive hydration of most PNIPAAm chain segments and the void
of hydrophobic cores. At pH 3.0, the PNIPAAm detectable fraction
was slightly reduced, which was in agreement with the LLS data of
SCL assemblies in the nondraining vesicle-like structure (Table 1)
and caused primarily by the enhanced hydrophobic effect of PNI-
PAAm chain segments complementary pairing with unionized AAc
residues via hydrogen bonds. While serving as mobile coronae of
the vesicle-like hollow assemblies, mPEG grafts remain fully
detectable by 'H NMR at pH 5.0 and 7.0 in the temperature range
investigated in this work (Fig. 7b). The mPEG grafts of the SCL
micelle-like assemblies, however, become partially undetected at
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Fig. 8. Hydrodynamic particle size oscillation of SCL assemblies A (@) and B (O)
between (a) pH 3.0 and 7.0 at 20 °C and between (b) 20 and 60 °C at pH 5.0 as
determined by DLS.

60 °C primarily as a consequence of the aforementioned local chain
segmental stretch and solidification on the contracted particle
surface area.

It is noteworthy that the structural regulation of SCL assemblies
in response to environmental stimuli behaves in a fully reversible
manner. This can be seen by the prominent response of SCL
assemblies to repeated abrupt changes in pH between 3.0 and 7.0 at
20 °C (Fig. 8a) and in the temperature range between 20 and 60 °C at
pH 5.0 (Fig. 8b) with reversible oscillation of the hydrodynamic
particle size in full magnitudes within 1 min. The rapid structural
response of assemblies to external stimuli with either entire micelle/
vesicle-like transformation or a full magnitude of almost 2-fold
particle volume changes permits a precise and effective control
of both the encapsulation and release of hydrophilic and/or hydro-
phobic cargoes. Based upon the chemical structure of SCL assem-
blies, the presence of two labile ester linkages in each of the MEA
residues provides facile sites for the chemical disintegration of
assemblies via hydrolysis. This greatly enhances the degradation
feasibility of assemblies in such applications as pertinent stimuli-
responsive nanocarrier devices for drug delivery. The representative
degradation profiles of SCL assemblies A in aqueous buffer of pH 7.4
at 37 °Cin terms of changes in hydrodynamic particle size with time
are shown in Fig. S8.

Taking advantage of the enhanced compositional and structural
feasibility of graft copolymers, this work demonstrates that,
through the pertinent design of the molecular architecture,
copolymer assemblies attained by shell cross-linking of the ther-
mally evolved three-layered, onion-like micelles can promote not
only the assembly integrity but also the structural susceptibility to
external stimuli. With the unique stimuli-induced morphologic
regulations, including both the dramatic micelle/vesicle inversion
and fine modulation of vesicle wall structures, such a nanosized
assembly system shows great potential as artificially intelligent
biofunctional encapsulants to provide facile controls in both the
encapsulation and release of bioactive target cargoes (either
hydrophilic or hydrophobic) simply by the manipulation of external
pH and temperature.

4. Conclusion

Two SCL assembly systems with different cross-linking densities
originating from graft copolymers comprising AAc and MEA as the
backbone and PNIPAAm and mPEG as the grafts were synthesized
and characterized. Owing to the inherent LCST property of PNI-
PAAm grafts, these copolymers underwent the thermally induced
hydrophobic association into three-layered, onion-like micelles
that were subsequently subjected to covalent structure stabiliza-
tion via radical polymerization of the MEA residues within the AAc-
rich interfacial layers in the aqueous phase of pH 5.0 at 60 °C. The
resultant SCL assemblies showed the capability of undergoing
versatile structural transformation in a fully reversible manner in
response to changes in pH and temperature. At 20 °C, SCL assem-
blies retain the morphology of vesicle-like, hollow microspheres
with varying water influxes and thus particle sizes virtually gov-
erned by the external pH. While the hollow microspheres at pH 3.0
are nondraining, SCL assemblies commence water uptake as the
extent of the pH-controlled AAc ionization within the interfacial gel
layers increases, particularly in the pH range from 4.0 to 7.0. At pH
7.0, SCL assemblies remain unchanged in terms of both the vesic-
ular structure and size irrespective of the temperature increase
beyond the coil-to-globule phase transition of PNIPAAm grafts
occurring primarily in a highly individual manner. With the
temperature being increased from 20 to 60 °C, the vesicle-like
structure at pH 5.0 remains the same but with an appreciable
reduction in the particle size (by water efflux) and the development
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of hydrophobic, impermeable PNIPAAm lumens attached to the
inside surfaces of the AAc-rich interfacial gel layers. While sub-
jected to the thermal treatment at pH 3.0, SCL assemblies undergo
a dramatic transformation from the vesicle-like to micelle-like
morphology by virtue of yielding hydrophobic PNIPAAm inner
cores at an onset temperature far below the LCST of PNIPAAm alone
primarily as a result of the enhanced hydrophobic association
induced by the complementary hydrogen bonding pairings of
PNIPAAm chain segments with unionized AAc residues on the inner
surfaces of the interfacial gel layers. The thermally evolved
morphology of SCL assemblies is essentially governed by the vesicle
structure in response to the effect of external pH on the AAc ioni-
zation within the interfacial gel layers at ambient temperature.
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