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A Novel Route to Thermosensitive Polymeric Core±Shell
Aggregates and Hollow Spheres in Aqueous Media**

Poly(e-caprolactone)/poly(N-isopropylacrylamide) (PCL/PNIPAM) core±shell particles are obtained by localizing the polymerization of NIPAM and crosslinker methylene bisacrylamide around the surface of PCL nanoparticles. The resultant particles
are converted to hollow PNIPAM spheres by simply degrading the PCL core with an enzyme. The hollow spheres are thermosensitive and display a reversible swelling and de-swelling at ~ 32 C.

1. Introduction

core±shell aggregates and hollow spheres, as well as their environment-sensitive properties.

Macromolecular assemblies on nanometer or sub-micrometer scales, with either core±shell morphology or cavity-containing structures, have attracted great interest in recent years due
to their broad potential applications.[1±4] Much effort has been
made to prepare hollow spheres because of their potential ability to encapsulate large-sizedÐand a large quantity ofÐguest
molecules. Core±shell micelles[5±11] or vesicles[12±14] of block copolymers are the most commonly used precursors for producing hollow spheres. In addition, methods such as layer-by-layer
deposition on colloidal particle templates[15±20] and emulsion
polymerization[21±24] have been developed for this purpose.
Furthermore, in order to enable the transport and delivery of
guest molecules under particularly demanding conditions,
ªintelligentº micelles and hollow spheres, which are sensitive
to temperature,[18,24±27] pH,[2,12,13,19,28±32] ions,[19,33] and ionic
strength,[17,34] have also been reported. Among the polymer
materials employed for such assemblies, poly(N-isopropylacrylamide) (PNIPAM) has been extensively studied owing to its
thermosensitive phase transition at the lower critical solution
temperature (LCST) around 32 C.[35,36]
In a significant development of our long-term research on
self-assembly following our ªblock-copolymer-freeº strategies,[37±42] herein we report a novel route to thermosensitive
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2. Results and Discussion
The following facts were taken into account when the synthetic route shown in Figure 1 was designed: The initiator, azodiisobutyronitrile (AIBN) is hydrophobic, whereas the monomer (NIPAM) is hydrophilic; PNIPAM becomes hydrophobic
in aqueous media when the temperature is higher than 32 C;
and poly(e-caprolactone) (PCL) is hydrophobic and biodegradable. In the procedure, a solution of PCL in dimethylformamide (DMF) containing AIBN was added dropwise into water,
leading to PCL nanoparticles.[43] NIPAM and methylene bisacrylamide (MBA) as the crosslinker were then introduced to the
PCL dispersion; polymerization was initiated by raising the
temperature to 76 C. The polymerization was expected to take
place at the periphery of the PCL nanoparticles, since it is
more favorable for the hydrophobic initiator to reside in the
hydrophobic PCL particles, whereas the hydrophilic monomer
and crosslinker reside mainly in the water. Once the crosslinked PNIPAM chains form, it was expected that they would
collapse and adhere to the PCL particles as a result of their hydrophobicity at temperatures above 32 C. The first PNIPAM
layer formed would further trap the monomer and crosslinker
from the water phase, so that the polymerization would continue and the shell grow. It is noteworthy that although both
PCL and PNIPAM are hydrophobic in water at 76 C, they construct stable core±shell particles. PNIPAM nanoparticles remain stable above their LCST, as has been reported and discussed in the literature,[44,45] because the polar groups of
PNIPAM preferentially present on the outer surface of the particles. The subsequent degradation of the PCL cores by the
enzyme lipolase results in hollow spheres made of PNIPAM
networks, which are also called nanocages.[8]
Typically, when the concentration of the PCL/DMF solution,
the feed weight ratio of the monomer to PCL, and the target
crosslinking degree of the shell were 10 mg mL±1, 5:1, and
10 mol-%, respectively, the conversion reached about 76 %
after 4.0 h polymerization. Meanwhile, the weight ratio of the
crosslinked PNIPAM around the PCL cores to that in water
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Figure 1. Schematic illustration of the preparation route to thermosensitive hollow spheres of crosslinked PNIPAM.
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A combination of DLS and static light scattering (SLS) measurements giving the ratio of the average gyration radius to the
average hydrodynamic radius, áRgñ/áRhñ, which is sensitive to
particle morphology, was conducted in order to explore the
structural difference of the assemblies caused by degradation.
As shown in Table 1, N10-5 has a áRgñ/áRhñ of 0.75 at 20 C,
which is very close to the 0.77 of uniform spheres,[48,49] reflecting
a small difference in the chain density between the PCL core
and highly crosslinked shell of PNIPAM. After the core is de-
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a)

Table 1. Light-scattering characterization data of the core±shell spheres
N10-5 and the corresponding hollow spheres H10-5 [a].
Sample no.

Temp. [C]

hRhi [nm]

hRgi [nm] [d]

hRgi/hRhi

PDI [e]

N10-5 [b]
N10-5 [b]
H10-5 [c]
H10-5 [c]

20
45
20
45

201.1
119.7
217.0
111.5

151.4
87.0
186.8
83.1

0.753
0.727
0.861
0.745

0.04
0.05
0.01
0.02

b)

[a] An ALV/SP-125 LLS spectrometer was used, and the DLS measurements were performed at 15. [b] The concentration of the N10-5 solution
was 6.410±3 mg mL±1. [c] The concentration of the H10-5 solution was
2.510±3 mg mL±1. [d] SLS studies were performed at a low scattering-angle range, from 15 to 30 at 20 C, and from 15 to 40 at 45 C, the Guinier
model was used for the SLS. [e] PDI: polydispersity index.

graded, a higher áRgñ/áRhñ value of 0.86 was obtained for H10-5
at 20 C, which is in accordance with the calculated value for
thick-layer hollow spheres.[50] In addition, at 45 C, the áRgñ/áRhñ
of H10-5 decreases to 0.75, which is close to the value of a uniform sphere. This indicates that above the LCST, the small cavity
of H10-5 disappears or becomes much smaller due to the collapse of the PNIPAM network. However, the corresponding decrease in áRgñ/áRhñ of the N10-5 spheres is much less pronounced,
that is, from 0.75 to 0.73, which reflects a slight change in its morphology, since the PCL core is inert to a change in temperature.
The data in Table 1 also show that both the core±shell
spheres and the hollow spheres have narrow size distributions.

Figure 4. SEM images of a) N10-5 spheres and b) H10-5 hollow spheres.

Scanning electron microscopy (SEM) observations (Fig. 4)
confirmed this conclusion. The typical hollow structure was not
observed in the SEM image of the hollow spheres H10-5, due
to their fairly thick shells. As reported before, we also did not
see the hollow structure of crosslinked poly(vinyl alcohol),
PVA, hollow spheres by SEM.[40]
The Fourier-transform infrared (FTIR) spectroscopy results
(Fig. 5) provide additional evidence for the core removal: after
the reaction of N10-5 with lipolase, the characteristic peak of

a

b

-1

Wavenumber /cm

Figure 5. FTIR spectra of a) N10-5 spheres and b) H10-5 hollow spheres.
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the ester group of PCL around 1724 cm±1 completely disappeared, while the peaks associated with the crosslinked
PNIPAM remained.
Our major concern in this study is the thermally sensitive behavior of the hollow spheres. As shown in Figure 6, as the temperature increases from 20 C to 45 C, the diameter of the
H10-5 hollow spheres decreases from 432 to 223 nm, corresponding to the ªopenº and ªclosedº states of the crosslinked
PNIPAM shell, respectively. An abrupt change occurs between
27 and 35 C, covering the range for the most pharmaceutical
applications. Compared to its parent N10-5 core±shell spheres,
the hollow spheres display an apparently larger dimensional
change, that is, the PNIPAM nanocage can shrink and swell
over a wider range of volume. Most important is the reversibility of the size dependence of the nanocage. The average hydrodynamic diameter of the nanocage in the heating process completely coincides with that in the cooling process. In other
words, after a cycle of temperature increase and decrease, the
sphere size returns to its starting value. No doubt, this perfect
reversibility is a valuable property if the material is to be used
repeatedly.

The core±shell structure of the resultant assemblies was visualized using TEM. In Figure 7a, an image of N10-5 without
staining, we can see clearly a dark circumference dividing two
bright areas, that is, the core and the shell. We suppose that in
the reaction solutions, NIPAM and MBA may diffuse into, and
be absorbed in, the periphery of the PCL particles. The subsequent polymerization thus leads to a relatively high chain density in the core±shell interface. The apparent size shown in the
microscope images is less than obtained from DLS measurements. This is obviously caused by constriction of the spheres
due to drying in the process of sample preparation. Figure 7b
displays the microimage of N10-5 after negative staining. This
treatment strengthens the contrast between the shell and background, making the particle contour more distinct. In addition,
the inner structure shown in Figure 7b is the same as that
found without staining. The microstructure of H10-5 hollow
spheres after negative staining is shown in Figure 7c. In contrast to Figure 7b, no internal structure is observed in Figure 7c. This is understandable as the degradation destroys the
core as well as the interface, thus the dark circumference
vanishes.
Further experiments proved that this procedure is a
general method for producing core±shell particles and
hollow spheres, provided that the monomer is hydrophilic and the corresponding polymer is hydrophobic under
the polymerization conditions. 2-Hydroxypropyl methyacrylate (HPMA) and vinyl acetate (VAc) were successfully used for this purpose. These results will be reported
elsewhere.

H10-5, heating
H10-5, cooling
N10-5, heating
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3. Conclusions
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Figure 6. Average hydrodynamic diameters of the N10-5 core±shell spheres and
H10-5 hollow spheres as a function of temperature. The measurements were performed at 15.

a

b

We have developed a new and convenient method for
preparing thermally sensitive hollow spheres based on
crosslinked PNIPAM. The polymerization of NIPAM
and crosslinker MBA was initiated around the periphery
of PCL particles, leading to core±shell aggregates. By degrading the PCL core with an enzyme, hollow spheres of
PNIPAM were attained. The size and the shell thickness
of the hollow spheres was easily adjusted. The PNIPAM
nanocages exhibit reversible swelling and de-swelling

c

Figure 7. TEM images of a) N10-5 without staining, b) N10-5, negatively stained, and c) H10-5, negatively stained.
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upon changing the temperature of the medium. Taking advantage of the on±off character around its LCST (about 32 C), it
is expected that the PNIPAM nanocages could be used for the
protective encapsulation and controlled release of various biomacromolecules and drugs.

4. Experimental
Synthesis of N10-5 Spheres: First, initiator (AIBN, 5.63 mg, about
1.5 mol-% of the total monomer) was dissolved in a solution of PCL
(8 mL, weight-average molecular weight, Mw = 33 000, Scientific Polymer Product Inc.) in DMF (10 mg mL±1). The solution was then added
dropwise into stirred water (80 mL), while purging with nitrogen. Stirring was continued for 0.5 h, then NIPAM monomer (352 mg) and
MBA crosslinker (48 mg, molar ratio to NIPAM 10 %) were added.
The reaction was allowed to proceed for about 4 h at 76 C. The PCL/
PNIPAM particles were separated by centrifugation at an acceleration
of about 270 000 g for 5 h. The hollow spheres were prepared by adding
lipolase solution (8 vol.-%, Novozymes Co.) to the solution of the resultant particles, followed by gentle stirring for three days. The clean,
hollow spheres were recovered by repeated dissolution±precipitation in
cold±hot water.
FTIR spectra of the specimen films on aluminum foil, prepared from
the solutions, were recorded on a Nicolet Magna 550 spectrometer.
Malvern Autosizer 4700 and ALV/SP-125 Laser-light-scattering (LLS)
spectrometers were used. The áDhñ and polydispersity index (PDI)
were obtained by a cumulant analysis. The equilibrium time for each
temperature was more than 30 min. SEM observations were performed
using a Philips XL30 scanning electron microscope at an accelerating
voltage of 20 kV. The samples were prepared by placing 5lL of the
sphere solution on a glass substrate, and allowing them to dry freely.
Gold sputtering was performed before the SEM observations. TEM
observations were performed on a Philips CM 120 electron microscope
at an acceleration voltage of 80 kV. The sample preparation for the
TEM observations was similar to that for SEM, except that copper
grids coated with thin films of Formvar and carbon were used as
the substrate. Negative staining was performed by placing the sample
grid on a drop of phosphate±tungstic acid solution (5 %) for about
10 min.
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5. Appendix
For a thick-wall hollow sphere with a radius of R and a wall thickness
of R/3, if we assume that the density of the whole wall is homogeneous,
then we have
RR

< R2g > 2R=3
RR

4pr2 rr2 dr

2R=3

4pr2 rdr

< Rg > = < Rh >

http://www.afm-journal.de



3r5

R
2R=3

5r3

R
2R=3

 0:74R2

q
p
< R2g >= < Rh > 0:74R2 =R  0:86

(1)

(2)
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