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Asymmetric hollow particles were fabricated from the self-assembly of block copolymers poly(N-iso-
propylacrylamide)-block-poly(4-vinylpyridine) (PNIPAM-b-P4VP) and poly(ethylene glycol)-block-poly-
(acrylic acid) (PEG-b-PAA) in water. The shell of the asymmetric hollow particle was a polyion complex
layer which acted as a semipermeable membrane. Outside the shell were PEG hydrophilic layers and
inside were thermo-sensitive PNIPAM chains. When temperature was higher than the lower critical

solution temperature (LCST) of PNIPAM, it became insoluble and collapsed onto the shrinking shell to
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form a hydrophobic lumen. The whole process was characterized by dynamic light scattering (DLS), static
light scattering (SLS), transmission electron microscopy (TEM), atom force microscopy (AFM) and nuclear
magnetic resonance (NMR).

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Hollow particle or vesicle, which consisted of a hollow interior
surrounded by a thin wall and formed from the self-assembly of
block copolymers, has been the focus of intensive studies in recent
years [1-5]. From the first reports on the spontaneous formation of
defined morphologies in (aqueous) dispersion by the self-assembly
of block copolymers [6,7] until present studies, it has been sug-
gested that this cell-like structure possesses the potential of
application in drug delivery systems and artificial cells [8]. Great
efforts were paid for the improvement of hollow particles or vesi-
cles. Jiang et al. developed an approach to prepare vesicles which
was simple without chemical bonds connecting and avoided costly
and time-consuming synthesis of block copolymers [9]. They also
succeeded in obtaining micelles and hollow nanospheres by
a “block-copolymer-free strategy” [10,11]. Weda et al. have reported
the preparation of the hollow particles with larger interiors which
could encapsulate large compounds, such as proteins and DNA
molecules [12]. Kataoka et al. prepared a novel entity of a polymer
vesicle by a simple mixing of a pair of oppositely charged block
copolymers [13]. Meier and coworkers have prepared Poly-
(2-methyloxazoline)-b-poly(dimethylsiloxane)-b-poly(2-methyl-
oxazoline) (PMOXA-b-PDMS-b-PMOXA) vesicle which had
a structure with hydrophilic chains on both sides of the PDMS
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shell in aqueous solution [14]. The hydrophilic blocks from both
the outer and the inner surfaces of the hydrophobic shell
enhanced the stability of hollow particles.

Further works have also been reported from Meier that a new
vesicle having asymmetric, membrane-like superstructure was
fabricated by the self-assembly of the amphiphilic PEO-PDMS-
PMOXA triblock copolymer in aqueous media. In the vesicle the
longer of the two hydrophilic segments PEO or PMOXA was toward
the outside. This asymmetric vesicle had a particular structure
which imitated most membrane proteins: different hydrophilic
blocks tethered to the outside and inside of the shell [15]. Similarly,
Eisenberg and Luo synthesized an asymmetric vesicle by dissolving
PAA-b-PS-b-P4VP triblock copolymers in an acidic aqueous solution
[16]. The same vesicles with asymmetric structure were also
fabricated by directly mixing the PS-b-PAA and PS-b-P4VP diblock
in aqueous solution [17].

Hollow particles or vesicles used as drug carriers, that is loading
and releasing of hydrophilic drugs from hollow particles have been
exploited since a decade ago [18]. Usually, most of drugs were
hydrophilic and loaded by diffusion after the fabrication of the
hollow particles [19]. Ahmed et al. fabricated a vesicle with the
vesicular lumen for a hydrophilic drug doxorubicin and the thick
wall for a hydrophobic drug paclitaxel. Similar work was also
reported that paclitaxel could self-assemble into thicker hydro-
phobic bilayers [20], which was just like the hydrophobic drug
partitions into the micelle core [21]. However, it did not show the
advantage of hollow particles that is they could load molecules in
its lumen. Besides, the shells of the hollow particles mentioned
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Scheme 1. Formation of asymmetric hollow particles with complex CLS and phase transition PNIPAM inside corona.

above formed from the insoluble polymer chains, and this contin-
uous hydrophobic phase layer resulted in the lack of permeability
and blocked the small molecules to pass through [22,23]. In fact,
this situation could be easily changed by a semipermeable
membrane which is prepared through the simple mixing of a pair of
oppositely charged block copolymers in an aqueous medium [13].

Herein, we propose a strategy to prepare asymmetric hollow
particle with a hydrophilic PNIPAM inside corona, a cross-linked
P4VP/PAA shell, and a hydrophilic PEG corona. When temperature
went above the LCST again, the PNIPAM block would collapse onto
the cross-linked shell (CLS) gradually and another asymmetric
structure formed with hydrophilic block outside and hydrophobic
block inside the shell. It is possible for this hydrophobic lumen to
encapsulate the hydrophobic drugs. Besides, the CLS could act as
a semipermeable membrane and the permeability of the CLS can be
controlled by the cross-linking density. The fabrication process is
shown in Scheme 1.

2. Experimental section
2.1. Materials

Polyethylene glycol monomethyl ether (CH30-PEG114-OH)
(Mp = 5000 and the polydispersity index PDI = 1.05) was purchased
from Fluka. N-Isopropylacrylamide (NIPAM, Acros Organics, 99%)
was recrystallized from an n-hexane/benzene mixture and dried
under vacuum prior to use. 4-Vinylpyridine (4VP) and tert-butyl
acrylate (tBA) were purchased from Aldrich and purified by vacuum
distillation before use. CuCl was purchased from Aldrich and
purified according to Ref. [24]. Tris[2-(dimethylamino)-ethyl]amine
(MegTREN) was synthesized according to Ref. [25]. All water used in
this study was purified with a Millipore Mill-Q system, and the
resistivity was above 16 MQ cm. Other reagents were used as-
received.

2.2. Synthesis of PNIPAM-Cl macroinitiator and PNIPAMs3-b-
P4VPig9

PNIPAMs53-b-P4VPo9 was synthesized by atom transfer radical
polymerization (ATRP) according to our previous work [26]. The
details are explained below: PNIPAM-Cl was synthesized by ATRP
of N-isopropylacrylamide using methyl 2-chlorpropionate as the
initiator and CuCl/MegTREN as the catalyst system. 0.200 g of CuCl
and 0.460 g of MegTREN were added into the reaction flask, fol-
lowed by adding 5.00 mL of toluene. Subsequently, 5.00 g of N-
isopropylacrylamide and 0.081 g of methyl 2-chlorpropionate were
added into the flask and degassed with nitrogen. After freeze-
degas-thaw cycles, polymerization was performed at 40 °C for 24 h
and the product PNIPAM-Cl was purified by passing through an
Al;03 column to remove the copper catalyst followed by precipi-
tation in iced diethyl ether. The precipitate of PNIPAM-CI was then
filtered under vacuum and dried in a vacuum oven at room
temperature. The PNIPAM-b-P4VP was synthesized by ATRP using
PNIPAM-CI as macroinitiator. The polymerization procedure was

similar to that described above, except that the solvent used in this
polymerization was a mixture of isopropyl alcohol and 2-butanone
(8:2 by volume).

2.3. Synthesis of PEG114-b-PtBA1s6

PEG114-b-PtBA was synthesized by ATRP using PEG-Br as mac-
roinitiator and the procedure is described as follows: The synthesis
of PEG-Br macroinitiator was presented in Ref. [27]. 2.0g of
PEOq14-Br, 0.04¢g of CuBr and 0.07g of N,N,N',N’,N-pentam-
ethyldiethylenetriamine (PMDETA) were added to a reaction flask
then followed by addition of 6 mL of mixed solution of butanone
and 2-propanol (8:2 by volume). The solution was stirred and then
5.0 g of tBA was added into the flask. The reaction mixture under-
went three times of freeze-degas-thaw cycles and flame-sealed
under vacuum. Polymerization was performed at 110 °C for 8 h. The
solution was dissolved in CH,Cl, followed by passing through an
Al;03 column to remove the copper catalyst. The solution was then
condensed by rotary evaporation and poured into 10-fold excess of
water. The precipitate of PEOj14-b-PtBAis¢ was filtered under
vacuum and dried in a vacuum oven at room temperature to obtain
a canary solid.

2.4. Preparation of PEG114-b-PAA

The block copolymer PEGqi4-b-PtBAis6 was dissolved in
dichloromethane and a 10-fold molar excess trifluoroacetatic acid
(TFA) (with respect to the tert-butyl group) was added. This solu-
tion mixture was then vigorously stirred at room temperature for
a week. The resulting PEG114-b-PAA was precipitated out from the
reaction mixture by n-hexane three times. They were filtered,
washed with dichloromethane, and dried under vacuum to
constant weight.

2.5. Preparation of asymmetric hollow particle

The block copolymer PNIPAMs53-b-P4VP1pg was first dissolved in
de-ionized water at pH = 4.5 to make a stock polymer solution with
a concentration of 0.15 mg mL~L. Then PEGq14-b-PAA156 solutions
with four concentrations 0.1, 0.05, 0.02 and 0.01 mgmL~' were
prepared in the same de-ionized water at pH=4.5 (as shown in
Table 1). Subsequently, the PNIPAM53-b-P4VP1gg solution was kept
in water bath of 65 °C overnight. Then equal volume of prepared
PEG114-b-PAA 56 solutions with different concentrations was added
under vigorous stirring. The solutions were stored at 65 °C for at
least 3 days to make sure the completeness of the interaction

Table 1
Different concentrations of the four samples.

Sample 1  Sample2 Sample3  Sample 4
PEG114-b-PAA;56/mg mL " 0.10 0.05 0.02 0.01
PNIPAM53-b-P4VP1g9/mg mL ! 0.15 0.15 0.15 0.15
Weight ratio 2:3 1:3 2:15 1:15
Unit ratio of PAA/P4VP 1:1 1:2 1:5 1:10
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Fig. 1. H NMR spectra of PNIPAMs3-b-P4VPyqg in CDCl; (1), and PEGy14-b-PtBA;s6 before (in CDCl3) (II) and after (PEG114-b-PAA;s6, in DMSO-dg) hydrolysis (III).

between P4VP and PAA blocks. The solutions then were stored at
4 °C overnight and then at room temperature (25 °C) for another 3
days. When PNIPAM block became fully stretched, the anticipant
asymmetric hollow particle formed.

2.6. Characterization

The 'H NMR spectra were recorded using a Varian UNITY-plus
400 spectrometer and chemical shifts were given in ppm relative to
TMS. GPC was performed on a Waters 600E gel permeation chro-
matography analysis system, CHCl3 and THF were used as eluents
and narrowly distributed polystyrene was used as calibration
standard. Dynamic Light Scattering (DLS) and Static Light Scattering
(SLS) measurements were preformed on a laser light scattering
spectrometer (BI-S200 M) with a digital correlator at 532 nm at
a given temperature. All the samples were obtained by filtering
through a 0.45 um Millipore filter into a clean scintillation vial. The
detailed procedure of LLS measurements can be found in Wu's
paper [28]. Transmission Electron Microscopy (TEM) measurements
were performed with a commercial Jeol 100cii electron microscope
at an acceleration voltage of 100 kV. Atom Force Microscopy (AFM)
images were collected on a Digital Instruments Nanoscope IV
multimode atomic force microscope (Veeco Metrology Group) in
tapping mode.

PEG-Br

PEG-b-PtBA

16 18 20 22 24
Elution Time (min)

Fig. 2. The GPC results of PEG-Br and PEG-b-PtBA.

3. Results and discussions

The number-average molecular weight M, of PNIPAM-b-P4VP
measured by 'H NMR and the polydispersity indices (PDIs)
measured by GPC using CHCl; as the eluent were 1.62 x 10% g mol ™!
and 1.26, respectively. The "H NMR spectra are shown in Fig. 1. The
PDI of PEG-b-PtBA measured by GPC using THF as the eluent was
1.14, which is shown in Fig. 2. PEG-b-PAA was obtained by the
hydrolysis of PEG-b-PtBA and its M, measured by 'H NMR was
1.63 x 10* gmol .

The formation process of the asymmetric hollow particle
underwent three stages: In the beginning at 65 °C, PNIPAM blocks
in PNIPAM-b-P4VP unimers have already completed coil-to-globule
phase transition and core-shell micelle with a PNIPAM core and
a P4VP shell formed. Then, core-shell-corona micelle formed when
PEG-b-PAA solution was added into PNIPAM-b-P4VP micellar
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Fig. 3. The hydrodynamic diameter and distributions f(Dy,) of PNIPAM-b-P4VP micelle
at 65 °C (a), CSC micelle formed when 0.10 mg mL~' PEG-b-PAA water solution was
added into equal volume of 0.15 mg mL~' PNIPAM-b-P4VP water solution at 65 °C (b),
and the formed swollen micelle at 25 °C (c). All DLS measurements were performed at
a scattering angle of 90°.



828 Z. Li et al. / Polymer 50 (2009) 825-831

Table 2
Summary of DLS and SLS results for CSC micelles and swollen micelles.

Rg Ry Rg/Rn
CSC micelle 42.50 64.45 0.66
Swollen micelle 57.90 65.75 0.88

solution. Electrostatic interaction and hydrogen bonding were
generated between P4VP and PAA blocks and resulted in interpoly-
mer complexes [29]. Core-shell micelle turned into core-shell-
corona micelle with a PNIPAM core, a P4VP/PAA complex shell and
a PEG corona. Finally, when temperature was lower than LCST, the
inner PNIPAM became hydrophilic and expanded in volume.

DLS measurements were employed to study the formation
process of the asymmetric hollow particle (Fig. 3). At 65 °C, core-
shell micelles with diameters of 99.0 nm were obtained (Fig. 3a).
After the addition of PEG-b-PAA solution, the diameter increased to
112.0 nm (Fig. 3b), which indicated the formation of the P4VP/PAA
complex shell. Finally at 25 °C, the particles with diameters of about
130.8 nm were collected which illustrated PNIPAM swelled
(Fig. 3¢).

It is well known that the ratio of gyration radius to hydrody-
namic radius (Rg/Ry) reflects the morphology of particles dispersed
in solution [30]. A smaller Rg/Ry value typically hints at a higher
chain segment density. The DLS and SLS data are listed in Table 2.
The Rg/Ry value of swollen micelle is 0.88, which is much larger
than that of the CSC micelles (0.66), suggesting that PNIPAM
became hydrophilic and swollen.

To observe the morphologies of this swollen micelle intuitively,
the same sample was investigated with TEM after transferring the
aqueous solutions to copper grid and removing the water at the
same temperatures. It could be seen in Fig. 4A that the micelles
with an average diameter of about 55.0 nm formed at 65 °C.
Remarkable increase in the particle size from ca. 55.0 to ca. 75.0 nm,
however, was observed when the TEM sample was prepared below
LCST at 25 °C (Fig. 4B). The ca. 20 nm increment was caused by the
swelling of PNIPAM core, which was consistent with the results of
DLS measurements.

In Fig. 4B, the thickness of the swollen micelle walls could hardly
be seen in the images. Besides, this is also a typical feature of soft
(or rubber) hollow particles when observed under TEM. Due to the
rubber-like wall, the deformed hollow particles have an almost
constant thickness from the edge to the center and do not show any

electron contrast, so the structure of this asymmetric hollow
particle could not be viewed under TEM clearly [31]. Hence, AFM
was employed to further observe the microstructures of the CSC
micelles and swollen micelles.

The AFM images were taken from the same sample used in DLS
and TEM with the Tapping mode. All the samples were prepared by
the spin-coating process which is too fast to make samples
restructure themselves during the drying process. The AFM images
at 65 °C (A) and 25 °C (B) with surface profile curves are presented
in Fig. 5. At 65 °C, PNIPAM block was hydrophobic and spherical
micelles with a solid PNIPAM core formed. Fig. 5A shows the
morphology of the core-shell micelles. At 25 °C, apparently, hollow
particle structure existed according to the features of the surface
curves (Fig. 5B). The average diameters of micelles at 65 °C and the
hollow particles at 25 °C were ca. 62.6 nm and 82.2 nm, respec-
tively. An AFM-tip broadening effect may exist [32], which led to
the diameter larger than that of in TEM. Furthermore, the diameters
of the micelles/hollow particles observed by TEM and AFM are
smaller than the D; measured by DLS, possibly because the
micelles/hollow particles collapsed and shrank during the process
of water evaporation [33].

The marked hollow particle in Fig. 5B was enlarged in 3D height
image in Fig. 6. It is clear that the edge was higher than the center.
Such features are observed since the center of the hollow particle is
expected to be softer than the edge due to the existence of a hollow
volume under the curved wall of the deformed hollow particle. The
formation of the hollow volume was generated by the globule-to-
coil phase transition of PNIPAM when the temperature was below
LSCT, but the lumen formed in this way was relatively small.

In order to prove the formation of asymmetric particles,
controlled two-dimensional Nuclear Overhauser Effect (2D NOE)
Spectroscopy experiments were performed. 2D NOE is a two-
dimensional NMR technique probing internuclear distances. When
two protons of chemically different monomers are in close prox-
imity (distance < 0.5 nm) cross peaks will present in the 2D 'H
NMR spectrum, due to the so-called Nuclear Overhauser Effect
(NOE), which scales with r~8 (where r is the internuclear distance
between the protons).

The sample was prepared by following the procedure in Section
2 and its contour plot of a 2D NOE experiment is presented in Fig. 7.
Since in this asymmetric hollow particle, the PNIPAM and PEG
blocks were separated by the P4VP/PAA complex shell (Scheme in

Fig. 4. TEM images of (A) CSC micelles at 65 °C (B) asymmetric hollow particles at 25 °C.
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Fig. 5. Height images with the surface curves showing the features of the (A) micelles at 65 °C and (B) hollow asymmetric hollow particles at 25 °C.

Fig. 7), no cross peaks (arrows indicate positions where cross peaks
should occur in case of close proximity) were observed [34]
between the 'H NMR signals of PEG (3.65 ppm) and PNIPAM
(1.15 ppm (CH3)). Comparative sample was prepared in another
way by just adding PEG-b-PAA block dropwise into vigorously
stirred PNIPAM-b-P4VP solution at room temperature. In this
situation, the two block copolymers self-assembled into micelle
structure with a P4VP/PAA complex core and PEG/PNIPAM coronas.
Fig. 8 clearly shows cross peaks between corona blocks PEG and
PNIPAM. This result indicated that the outside surface was
composed of both PEG and PNIPAM chains, which was different
from the asymmetric hollow particles. The 2D NOE experiments

Fig. 6. 3D height image of the marked hollow particle.

indicated no correlation between the protons in PEG and PNIPAM,
validating the formation of asymmetric hollow particles.

As mentioned in Section 2, four samples with different weight
ratios were prepared to examine the cross-linking density impact
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Fig. 7. 2D NOE contour plot of an asymmetric hollow particle. Arrows indicate where
cross peaks between PNIPAM and PEO should occur in case of close proximity. The
concentrations of PNIPAM-b-P4VP and PEG-b-PAA were 3 mgmL~! and 2 mgmL~",
respectively, keeping the weight ratio of PNIPAM-b-P4VP and PEG-b-PAA to be iden-
tical in Sample 1.
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Fig. 8. 2D NOE contour plot of micelles self-assembled in room temperature. Circles
indicate cross peaks between PNIPAM and PEG blocks.

on size of the asymmetric hollow particles. The hydrodynamic
diameters and swelling ratios are listed in Table 3. Micelles with
almost the same diameters were formed when PEG-b-PAA solution
with different concentrations was added into an equal volume of
PNIPAM-b-P4VP solution at 65 °C. When the weight ratio was 2/3,
that is PNIPAMs3-b-P4VP1g9 with 0.15 mg mL~! and PEGiya-b-
PAAis¢ with 010 mgmL~! were mixed by equal volume, the
number of PAVP units was almost the same as that of PAA units and
the most dense cross-linked shell formed. PNIPAM core was tightly
covered by the P4VP/PAA complex layer. In contrast, when
WPEG]M'b'PAA]ss/WPNIPAMsg‘b'P4VP109 ratios of the hollow pal‘tiCleS
were less than 2/3, the density of cross-linking was not as high as
the completely complex ones and the shells were in a loose state, so
their Dy, were a little larger.

When the solution temperature was 25 °C, as mentioned before,
the temperature-sensitive PNIPAM core became hydrophilic and
swelled. However, the swelling ratio (V,5/Ves) of Sample 1 just
reached 1.60. Obviously, the PNIPAM block was not fully stentering
[29]. In the case of Sample 1, all the pyridyl units in P4VP interacted
with carboxyls in PAA, which resulted in the highly cross-linked
shell. Since a balance exists between the core expansion and the
CLS restriction which was affected by the degree of shell cross-
linking and would limit the expansion, the low swelling ratio of
Sample 1 was due to highly cross-linked shell.

According to the explanation above, the swelling behavior of the
hollow particles was highly dependent on the degree of cross-
linking and can be tuned by the cross-linking density of the shell.

Table 3
Swelling ratios obtained from different cross-linking densities of the shells.

WhEG, 14-b-PAAss / Unit ratio of Dp at65°C Dpat25°C  Swelling

WheNIPAMs;-b-PavP,e  PAA[PAVP (nm) (nm) ratio

(Vas/Ves)
Sample 1 2/3 ca. 1:1 112.0 130.8 1.6
Sample2 1/3 ca. 1:2 1134 149.7 23
Sample 3 2/15 ca.1:5 114.3 199.5 5.3
Sample 4 1/15 ca.1:10 118.7 266.2 11.2
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Fig. 9. The size changing of asymmetric hollow particles when different concentra-

tions of PEG-b-PAA were added into 0.5 mgmL~' PNIPAM-b-P4VP at different
temperatures. (a) Sample 1 (b) Sample 2 (c) Sample 3 (d) Sample 4.

Scheme 2. The swelling and shrinking process of Sample 1.

When the weight ratio of PEG14-b-PAA156/PNIPAM53-b-P4VP1gg
varied from 1/3 to 1/15, the swelling ratios were different and
changed from 2.3 to 11.24 (as shown in Table 3). With decreasing
the concentration of PEG-b-PAA, the number of carboxyls declined,
which led to some pyridyls being free from complexation and the
resultant shells became looser. The restriction of the shells on the
expanding core decreased, so lower degree of cross-linking leaded
to a higher swelling ratio. The same trend was also seen in Li’s
report [35].

In order to fabricate asymmetric hollow particle with a hydro-
phobic lumen, heating process was carried out again and the
change in hydrodynamic diameter is shown in Fig. 9. When the
aqueous solution was heated above LCST again, the diameters of
the four samples decreased. However, they were still larger than
the size at the former 65 °C. Though gel-sol transition happened
and PNIPAM became hydrophobic again, it did not shrink back to
original solid core since they were not dense enough for the over-
lapping at a low temperature. As shown in Scheme 2, PNIPAM
inside corona which was tethered but stretched and had a relatively
low density, showed a non-shrinking behavior at low temperature
[36]. When PNIPAM became hydrophobic, the balance between
swollen PNIPAM and CLS restriction was broken, which resulted in
the shrinkage of the complex shell, so the asymmetric hollow
particles became smaller but still larger than the original CSC
micelles.

4. Conclusion

Asymmetric hollow particle, with PNIPAM as inside corona,
P4VP/PAA complexion as CLS and PEG as corona, was fabricated
from adding PEG114-b-PAA156 aqueous solution into the PNIPAM53-
b-P4VPqp9 micelles aqueous solution at 65 °C followed by PNIPAM
block became hydrophilic and swollen when temperature went
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down. The asymmetric hollow particle has both hydrophilic PNI-
PAM inside and PEG outside the shell respectively. The diameter of
this asymmetric hollow particle increased from 130.8 to 266.2 nm
when the concentration of PEG-b-PAA varied from 0.10 to
0.01 mgmL~! while PNIPAM-b-P4VP is a constant value of
0.15mgmL~'. When temperature was above LCST, the PNIPAM
would collapse onto the shell and the hydrophilic inside corona
transformed into a hydrophobic lumen. The latter asymmetric
hollow particle was smaller in size for the shrinkage of the CLS. The
cross-linked semipermeable shell and the hydrophobic lumen
make this asymmetric hollow particle as an ideal candidate for drug
carrier to load hydrophobic drugs. Nevertheless, in this context,
clearly more information is needed about the loading and releasing
hydrophobic drugs of the asymmetric hollow particles, which is
beyond the goal of this paper and, hence, will be reported in the
future.
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