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Polymeric nanospheres have potential applications
in technological and biotechnological fields. It is
important to control the nanosphere structures (e.g.,
sizes, size distributions, surface functionalities, and
chemical compositions), followed by the development
of new polymerization system. We have already de-
veloped a synthetic method for polymeric nano-
spheres, based on free radical copolymerization of
hydrophobic monomers (styrene and methyl metha-
crylate) and hydrophilic macromonomers in polar or-
ganic solvents.1–3 During polymerization, amphiphilic
graft polymers assemble in solution to form core-
corona nanospheres, which have hydrophobic cores
and hydrophilic corona layers on their surfaces, result-
ing in excellent aqueous phase dispersion. Surface
functionalities (neutral,1–3 cationic,4,5 anionic,5,6 ther-
moresponsive units7,8) can be readily modified by
changing the macromonomer, and nanosphere size
(e.g., 50 nm to 1 mm) can also be controlled by chang-
ing polymerization conditions.9–17 Furthermore, size
distribution is narrow in all cases. Using functional
groups introduced on corona, proteins,18 peptides,19

saccharides,20 and metal nanoparticles21 were conju-
gated on nanosphere surfaces, and their potential func-
tions were also demonstrated. It is therefore important
to understand surface and internal structures of nano-
spheres on the basis of physicochemical analyses, be-
cause functional molecules conjugated are potentially
located on coronas.
In our previous study, cross-sectional structures of

nanospheres with polystyrene (PSt) cores and poly-
(ethylene glycol) (PEG) coronas were analyzed by

transmission electron microscope (TEM) observa-
tions.22 The core and corona could be visualized by
exposure of nanosphere cross-sections in an osmium
oxide atmosphere, resulting in TEM images with clear
black and white contrasts for respective corona
(increased staining) and core. Although PEG coronas
are representative simply due to well-defined chemi-
cal structures and neutral charges, it is further attrac-
tive to analyze nanosphere structures with other coro-
nas. In the present study, we analyzed the internal
structures of nanospheres with PSt cores and two
types of corona layers. One polymer chain used for
the corona was poly(methacrylic acid) (PMAA) with
chargeable carboxyl groups, and the other was poly-
(N-isopropylacrylamide) (PNIPAAm) with well-
known thermoresponsive properties. Since the former
nanosphere has been well studied in the conjugation
of proteins,18 and particle size of the latter decreases
above a lower critical solution temperature (LCST)
due to deswelling of PNIPAAm chain water mole-
cules,23 the present study furthers our understanding
of these physical properties.

EXPERIMENTAL

Materials
Core-corona nanospheres were prepared by free

radical copolymerization of St and p-chlorometh-
ylstyrene-terminated macromomers of MAA5 or
NIPAAm10 in 5mL of ethanol/water (4/1, v/v) or
(7/3, v/v) in the presence of 2,20-azobisisobutyroni-
trile (1mol% to total monomers) at 60 �C for 24 h
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of polymerization time. The total amount of mono-
mers was fixed to 1 g. After purification by three times
centrifugation using water, PSt nanospheres with both
PMAA and PNIPAAm corona dispersed in water
(respective solution pH of 2 and 6) were obtained.
Preparative conditions and particle size data at 20 �C
are shown in Table I. Particle size was changed by
changing the monomeric ratio for copolymerization
using the same macromonomer. To obtain similar size
using macromonomers with different molecular
weights, monomer ratios were suitably changed.9,10

The size in the nanospheres was analyzed by dynamic
light scattering (DLS) (Coulter model N4SD) or from
conventional TEM images for intact nanospheres
without cutting (diameters were measured with a
ruler). At least ten particles were measured for the
latter analysis, and then mean diameters and size
distribution were obtained. For TEM (Hitachi H700)
observation, nanosphere dispersion was cast on a
copper mesh and dried under reduced pressure, and
subsequently carbon was sputtered with 20–50 nm
thickness.

Analysis of Cross-Sections
The preparation of cross-sections was basically re-

ported in a previous paper.22 Briefly, 0.01 g of lyophi-
lized nanospheres with PMAA corona layers were
quickly dispersed in a mixture of ERL4206 (0.5 g),
Quetol-653 (0.86 g), and NSA (3.3 g), and subsequent-
ly, S-1 (0.05 g) was added to obtain nanosphere-im-
bedded resin. For nanospheres with PNIPAAm coro-
na, S-1 was changed to DER736. All of these
chemicals were purchased from Nisshin EM (Japan).
The dispersed solutions were hardened for 2 d at
60 �C. By setting the nanosphere embedded resin to
a microtome (LKB 8800 ULTROTOME III, Sweden)
with a glass knife, we obtained cross-sections with
less than around 0.1 mm thickness with a cutting rate

of 2mms�1 on a water surface. Sections on a water
surface were put on a copper mesh and dried under re-
duced pressure. Sections were exposed to a vapor of
osmium tetraoxide for 20min at 25 �C. The conditions
for the preparation of stained cross-sections were
optimized. Stained sections were observed by TEM
(Hitachi H700) with an accelerate voltage of 200
kV. To measure the thickness of corona layers from
cross-sections, nanospheres having a similar size to
normal TEM images were selected to obtain appropri-
ate corona thickness (otherwise, the thickness would
be a higher value).

RESULTS AND DISCUSSION

Typical TEM images of cast nanospheres and their
cross-sections are shown in Figure 1. Nanospheres
were spherical in form, and their size distributions
were narrow (Figure 1a). Nanospheres with different
corona compositions, different corona molecular
weights, and with different sizes were prepared, as
shown in Table I. In TEM images of cross-sections
(Figure 1b), well-stained rims, which corresponded
to corona layers, were observed, similar to our previ-
ous study.22 Both the PMAA and PNIPAAm corona
layers were more heavily stained than PSt cores, pos-
sibly due to the fact that osmium tetraoxide favorably
interacts with respective carboxyl and amide groups.
Such rims were not observed for stained cross-sec-
tions of commercially available polystyrene latex par-
ticles. These observations indicate that the present
nanospheres also have core-corona structures. Since
nanospheres were slightly compressed during the cut-
ting process, the corona layer thickness was estimated
by measuring the thickness at a long axis, as cited in
our previous study.22

Figure 2 shows dependence of both corona layer
thickness and particle size (measured from TEM im-
ages) against the feed molar ratio of St and PMAA
macromonomer (Mn 7500) (St/macromonomer, mol/
mol). When the same macromonomer was used, coro-
na layer thickness was almost the same in all cases,

Table I. Preparation and characterization of core-

corona nanospheres

Macromonomer Mn Mw=Mn
St/Macro.
(mol/mol)

Particle sizea

(nm)
C.V.b

(%)

PMAA 2700 1.8 30 740 11

7500 2.4 35 440 17

7500 2.4 85 680 16

7500 2.4 110 760 17

10300 2.5 160 730 11

PNIPAAm 3000 2.8 50 690 13

3000 2.8 80 870 15

3000 2.8 120 1060 17

aParticle size analyzed by DLS. bCoefficient of variation

estimated from [(standard deviation of particle size)/(particle

size)] � 100.

500 nm 500 nm

a b

Figure 1. TEM images of (a) intact PSt nanospheres with

PMAA (Mn 7500) corona layers prepared from St/macromonomer

ratio, 35/1 (mol/mol) and (b) stained nanosphere cross-sections.
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even though particle size increased with increasing
molar ratio. This observation indicates that corona
layer thickness was independent of particle size, and
was dependent on the macromonomer used for co-
polymerization with St. Mean thickness was estimated
to be 7–8 nm. Assuming a fully extended trans-zigzag
macromonomer conformation, length can be calcu-
lated to be approximately 13 nm. This estimation
suggests that corona layers are comprised of monolay-
ers derived from macromonomers, and that the sur-
face polymer component has coiled conformation.
Figure 3 shows the dependence of both corona layer
thickness and particle size (measured from TEM im-
ages) against macromonomer Mn. Although nano-
spheres with similar particle size were used, corona
layer thickness clearly increased with increasing Mn.
Assuming a trans-zigzag conformation, length can
be estimated to be approximately 5, 13, and 18 nm
for macromonomers (Mn 2700, 7500, and 10300).

The corona layer thickness analyzed was slightly
smaller than the estimated length, except for the case
of the macromonomer with Mn 2700, also indicating
monolayer coverage of nanosphere surfaces with hy-
drophilic polymers derived from macromonomers.
Smaller macromonomers seemed to have more ex-
tended conformations on their surfaces. These obser-
vations are similar to cross-sectional analyses of PSt
nanospheres with PEG coronas,22 suggesting that both
macromonomers similarly stabilize the surface of PSt
nanospheres during copolymerization. It is also con-
cluded that core-corona structures can be observed
not only with PEG macromonomers but with PMAA
as well, suggesting that core-corona structures are
generally generated by a macromonomer method. It
is noted that corona layer thickness remained un-
changed, even though pH of the nanosphere solution
was changed to 8 using sodium hydroxide (above
the pKa of PMAA). This observation also suggests
that two-dimensionally well-packed PMAA chains ex-
ist on nanosphere surfaces.
It is well known that PNIAAm has a LCST at ap-

proximately 32 �C, followed by a coil-globule transi-
tion.24 In the case of PSt nanospheres with PNIPAAm
coronas, particle size was decreased above the LCST,
and reversibly increased below this temperature.23

However, change in diameter analyzed by DLS was
much greater than estimated length of PNIPAAm
macromonomers. In fact, � (diameters) were more
than 50 nm even in cases of macromonomers with
several thousands Mn.

23 To interpret the above ther-
moresponsive process, cross-sections were also ana-
lyzed. Figure 4 shows the dependence of both co-
rona layer thickness and particle size (measured from
TEM images) against the feed molar ratio of St and
PNIPAAm macromonomers (Mn 3000) (St/macro-
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Figure 2. PSt nanospheres with PMAA coronas show depend-

ence of both the corona layer thickness and the particle size

against molar ratios of St and macromonomer (Mn 7500).
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Figure 3. PSt nanospheres with PMAA coronas show depend-

ence of both the corona layer thickness and the particle size

against macromonomer Mn.
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Figure 4. PSt nanospheres with PNIPAAm coronas show de-

pendence of both the corona layer thickness and the particle size

against molar ratios of St and macromonomer (Mn 3000).
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monomer, mol/mol). Corona layer thickness was the
same within experimental error, although particle size
increased with increasing ratios. These observations
were consistent with results obtained from other nano-
spheres. However, mean corona layer thickness was
estimated to be approximately 44 nm, and was much
greater than the fully extended length of macromono-
mers and those of other nanospheres (it is noted that
corona layers are possibly comprised of macro-
monomer-rich graft-copolymers). Furthermore, the �
(diameters) of present nanospheres, analyzed between
20 and 38 �C (measured by DLS), were 150–430 nm,
and increased with increasing particle size, similar
to results already reported.23 Accordingly, it was con-
firmed that PNIPAAm corona layers as well as PSt
cores simultaneously shrank above a LCST. This is
possibly due to partial mixing of PSt and PNIPAAm
within the core. These observations also suggest that
surface stabilization of PNIPAAm was clearly differ-
ent from that of other macromonomers. As a conse-
quence, internal structures of nanospheres seem to
be affected by chemical structures of macromono-
mers.
Considering that the feed wt% of macromonomers

was as high as 67wt% for the nanosphere prepared
using PMAA macromonomer (Mn 7500, St/macro-
monomer molar ratio 35) (see Table I), the volume
fraction of corona layers analyzed is much smaller
than expected values. Previous study demonstrated
the sufficient reactivity for copolymerization between
St and p-chloromethylstyrene-terminated macromo-
mers.6,9,10 On the other hand, differential scanning cal-
orimetric study of PSt nanospheres with PEG coronas
demonstrated melting peaks of PEG crystals presented
in nanosphere cores.25 These observations suggest that
PMAA and PNIPAAm segments were also located in
cores. Hydrophilic branches of graft copolymers seem
to be partially incorporated in cores during copoly-
merization.
Cross-sectional morphologies of polymeric nano-

spheres prepared with two macromonomers were ana-
lyzed by TEM. Typical core-corona structures were
clearly observed for all nanospheres, indicating that
the macromonomer method can generally synthesize
nanospheres with unique structures. Corona layers
were basically comprised of polymer monolayers de-
rived from macromonomers, although structures
seemed to be affected by macromonomer chemical
species. The present knowledge is important to further
utilize core-corona nanospheres and to understand
various biomedical nanosphere functions.
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