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Intramicellar crosslinking of the polymer chains within the
shells of polystyrene-b-poly(acrylic acid) micelles by reac-
tion with difunctional poly(ethylene oxide) afforded uni-
molecular amphiphilic core–shell nanospheres (50 nm hy-
drodynamic radius); the resulting surface hydrogel layer
gives an approximate fivefold increase of particle volume
from the dry state to aqueous solution.

The concept of shell crosslinked knedel-like structures (SCKs)1

has been applied to synthesize nanoparticles with core–shell
structures, composed of poly(ethylene oxide) (PEO) chains as
covalent crosslinks binding together the peripheral layer of
polymer micelles. The unique combination of size, structure,
stability and composition of these nanospheres renders them
great potential for drug delivery systems. Extensive efforts have
been undertaken by other researchers to understand the
structurally related drug delivery properties of the sub-
micrometer-sized polymeric particles.2–6 For example, the sub-
100 nm diameter of PEO-adsorbed polystyrene nanoparticles
allowed for evasion of sequestration by the phagocytosis
process,2 and the hydrophilicity of PEO facilitated the trans-
portation of these particles through the interstitum by aqueous
channels.7 Moreover, the surface PEO blocks of polymer
micelles sterically stabilized the nanospheres and prolonged the
circulation lifetime in the blood.3

The shell-crosslinked nanospheres in this study offer some
advantageous features, such as the ability to maintain structural
integrity upon infinite dilution and mechanical stresses, the
stability of covalently bound PEO within the surface domain,
and the potential to attach receptor-recognizing ligands to the
residual carboxylate side groups on the PAA block. SCKs have
previously been prepared with coupling via short difunctional
oligomeric crosslinkers,8 in which the chemical composition of
the crosslinkers resulted in differences in the nature of the shell.
This report demonstrates that PEO can be incorporated into the
SCK shell as a polymeric crosslinker to greatly increase the
shell thickness and to modify the surface properties9 of the
SCKs (e.g. permeability and flexibility), without the evidence
of intermicellar reactions occurring.

SCKs are essentially unimolecular polymer micelles, which
are prepared by stabilization of the basic structure of the
spherical micellar assembly through linking together of the
hydrophilic portions of the chains within the micelle shell.
Therefore, the synthesis of the SCKs involves only three steps:
(i) preparation of an amphiphilic block copolymer; (ii) self-
assembly of the amphiphilic block copolymer into polymer
micelles; (iii) crosslinking through side groups along the blocks
occupying the shell of the polymer micelles.

The preparation of the SCKs began from the diblock
copolymer, polystyrene-b-poly(acrylic acid) (PS-b-PAA),
which was conveniently synthesized by living free radical
polymerization.10 The living free radical polymerization was
accomplished by a stepwise atom transfer radical polymeriza-
tion technique, similar to the procedures reported by Maty-
jaszewski and coworkers.11 Micelles composed of PS-b-PAA
were formed by addition of water to a solution of the polymer in
THF,12 and an aqueous solution of micelles was obtained by

dialyzing against distilled water. The crosslinking was accom-
plished by condensation reactions of diamino linkers with PAA,
facilitated by a carbodiimide coupling agent (Scheme 1).

The carboxylic acid groups on the PAA block were first
activated by reaction with the water soluble carbodiimide,
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide methiodide (1
equiv. based upon the acrylic acid groups). The crosslinker,
poly(ethylene glycol) diamine (Mw = 3400 Da, 0.5 equiv.
based upon the acrylic acid groups), was then added to crosslink
the PAA domain by formation of amide bonds13 and yield SCK
1. For evaluation of the effects of the crosslinker length, SCK 2
was crosslinked via a short tri(ethylene oxide) linker in a similar
fashion using 2,2A-(ethylenedioxy)bis(ethylamine).8 In both
cases, the urea by-product was removed by dialysis against
distilled water.

1H NMR resonance signals could not be detected in D2O
solutions, due to the colloidal nature of 1 and 2. Therefore, solid
samples of the SCKs were obtained by lyophilization, and the
compositions of 1 and 2 were characterized by IR spectroscopy.
Upon formation of 1, absorption bands corresponding to free
carboxylic acid groups (3600–2500 and 1710 cm21) of the
polymer micelles attenuated to 10–30% of their original
intensity, as amide I and II bands appeared at 1650 and 1540
cm21. Solid-state NMR experiments are in progress to
determine the extent of amidation and the effects on the shell
permeability. In contrast, upon formation of 2, the carbonyl
stretch of the carboxylic acid band disappeared in the IR
spectrum, and only the amide carbonyl bands were observed.
Strong absorption from C–O stretching of the ethylene oxide
linkers was observed at 1108 cm21 for both 1 and 2. The
compositions of the SCKs were quantitatively confirmed by
elemental analysis.

Transmission electron microscopy (TEM) provided further
evidence for structural differences between 1 and 2 (Fig. 1). The
cores of 1 and 2 appear to be approximately the same diameter,
however, the shell thicknesses are very different. SCK 1 has a
distinct corona owing to the poly(ethylene oxide) linker [Fig.
1(a), the PEO coronas are the gray areas surrounding the
brighter center cores], whereas SCK 2 has a sharp edge [Fig.
1(b)]. The average diameters of the nanospheres were deter-
mined in aqueous solution by dynamic light scattering (DLS)8

Scheme 1 Amidation chemistry used for crosslinking of poly(acrylic acid)
groups located in the shell of Ps-b-PAA polymer micelles to form the SCK
nanospheres. 1, CH3CH2NNCNN(CH2)3N(CH3)3I; 2, H2N(CH2CH2O)n-
CH2CH2NH2.
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to be 100 ± 3 nm for 1 and 37 ± 2 nm for 2. Based on the size
of the precursor polymer micelles in the dry state (average
diameter is 26 nm, core diameter is 22 nm and shell thickness is
2 nm, determined by TEM and AFM)8 and the increment of
volume added from the linkers, the theoretical14 diameters of
SCKs 1 and 2 in the compact dry state were calculated to be 56
and 29 nm, respectively. Because both 1 and 2 result from the
same polymer micelle, with an average core diameter of 22 nm,
the shell thicknesses in the compact dry state are calculated as
17 and 3.5 nm, respectively. The extent of swelling of the
crosslinked hydrogel peripheral layer when placed within water
was determined to be about twofold in thickness, corresponding
to an approximate eightfold increase in shell volume. Consider-
ing the differences in shell thickness 1 experiences a fivefold
increase in overall SCK volume, whereas only a twofold total
volume increase occurs for 2.

Differential scanning calorimetry (DSC) experiments were
performed to deduce structural information for the dried
samples of 1 and 2. SCK 1 exhibits a melting transition (Tm) at
45 °C, which corresponds to the Tm of PEO,15 however no Tg is
observable for the PS core. This indicates that PEO in the shell
exists as a phase separated crystalline domain, and that the PS
content may be too low for detection by our DSC instrumenta-
tion. In contrast, a glass transition (Tg) for the PS core at 105 °C
is evident for SCK 2, but no detectable Tm or Tg corresponding
to PEO is observed. These results support the compositional and
structural differences between 1 and 2.

The ethylene oxide surface layer covalently attached
throughout the SCK shell provides a stable, steric barrier
between the hydrophobic core and aqueous media. Poly(ethyl-
ene glycol)diamine incorporates a higher degree of ethylene
oxide units than 2,2A-(ethylenedioxy)bis(ethylamine), which
allows phase separation of the PEO, demonstration of behavior
characteristic of pure PEO, formation of a thicker hydrogel-like
exterior layer, and greater extents of overall nanoparticle
swelling in water. The SCKs thus prepared have many enhanced
features that should serve well when applied as artificial drug
carriers. Investigations into protein binding for early in vitro
screening of potential biocompatibility are in progress.

This work was funded by a National Science Foundation
National Young Investigator Award (DMR 9458025) and

Monsanto Company. The authors are grateful to Mr Michael
Veith for TEM experiments.

Notes and References

† E-mail: klwooley@artsci.wustl.edu

1 K. B. Thurmond II, T. Kowalewski and K. L. Wooley, J. Am. Chem.
Soc., 1997, 119, 6656; 1996, 118, 7239; K. L. Wooley, Chem. Eur. J.,
1997, 3, 1397.

2 S. E. Dunn, A. G. A. Coombes, M. C. Garnett, S. S. Davis, M. C. Davies
and L. Illum, J. Controlled Release, 1997, 44, 65.

3 M. T. Peracchia, R. Gref, Y. Minamitake, A. Domb, N. Lotan and R.
Langer, J. Controlled Release, 1997, 46, 223.

4 A. Rolland, J. O’Mullane, P. Goddard, L. Brookman and K. Petrak,
J. Appl. Polym. Sci., 1992, 44, 1195.

5 K. Kataoka, in Controlled Drug Delivery: the Next Generation, ed. K.
Park, American Chemical Society, Washington, DC, 1997, ch. 4.

6 E. Mathiowitz, J. S. Jacob, Y. S. Jong, G. P. Carino, D. E. Chickering,
P. Chaturvedi, C. A. Santos, K. Vijayaraghavan, S. Montgomery, M.
Bassett and C. Morrell, Nature, 1997, 386, 410.

7 S. M.Moghim, A. E. Hawley, N. M. Christy, T. Gray, L. Illum and S. S.
Davis, FEBS Lett., 1994, 344, 25.

8 (a) H. Huang, K. L. Wooley, R. Gertzmann and T. Kowalewski, ACS
Polym. Prepr., 1997, 38, 119; (b) H. Huang, T. Kowalewski, E. E.
Remsen, R. Gertzmann and K. L. Wooley, J. Am. Chem. Soc., 1997,
119, 11 653.

9 S. I. Jeon, J. H. Lee, J. D. Andrade and P. G. de Gennes, J. Colloid
Interface Sci., 1991, 142, 149.

10 C. J. Hawker, J. Am. Chem. Soc., 1994, 116, 11 185; J.-S. Wang and K.
Matyjaszewski, J. Am. Chem. Soc., 1995, 117, 5614.

11 The PS-b-PAA was prepared by living atom transfer radical polymeriza-
tion of styrene and then methyl acrylate, followed by HCl catalyzed
hydrolysis of the methyl ester functionalities. The polystyrene block
was prepared by polymerization of styrene, using a mixture of copper(i)
bromide (0.8 mol%), 4,4A-di(5-nonyl)-2,2-bipyridine (1.5 mol%) and
1-bromoethylbenzene (0.8 mol%). This bromo-terminated polystyrene
(0.8 mol%) was isolated by precipitation into methanol. The dried
bromo-terminated polystyrene was then used to initiate the polymeriza-
tion of methyl acrylate, in the presence of copper(i) bromide (0.8 mol%)
and 4,4A-di(5-nonyl)-2,2A-bipyridine (1.7 mol%). The diblock copoly-
mer was made amphiphilic by hydrolysis of the methyl ester
functionalities along the poly(methyl acrylate) block in HCl–dioxane.
The PS block was of Mn = 12 500, determined from GPC calibrated
with polystyrene standards. Based on the ratio of integration values for
resonances of respective protons in the 1H NMR spectrum, the average
numbers of styrene units and acrylic acid units in the PS-b-PAA
copolymer were determined to both be approximately 120. J. S. Wang,
D. Greszta and K. Matyjaszewski, ACS Polym. Mater. Sci. Eng., 1995,
73, 416.

12 The SCK syntheses were performed on up to 200 mg scales, with the
formation of the polymer micelles following similar procedure to that
found in ref 8(b) as well as L. Zhang and A. Eisenburg, Science, 1995,
268, 1728; Y. Yu and A. Eisenburg, J. Am. Chem. Soc., 1997, 119,
8383.

13 The single alkyl bromide located at the chain end of each polymer chain
resulting from the ATRP chemistry may also undergo reaction with the
diamino crosslinkers.

14 The sizes of SCK particles of 1 shown by TEM cannot be taken as the
compact dry-state diameters, owing to distortion of the PEO-containing
corona of the nanospheres upon drying on the carbon-coated copper grid
substrate. Therefore, the SCK size was predicted by adding the volume
of the precursor micelle to the additional volume from the linkers
(calculated from the product of moles of linker, linker molecular mass
and linker density), followed by conversion to the diameter for a
spherical SCK. The 29 nm calculated diameter of 2 agrees with the
particle sizes observed in the TEM image.

15 Tm of PEO–(NH2)2 (Mw = 3400) is 45 °C.

Received in Columbia, MO, USA; 1st December 1997; 7/08686E

Fig. 1 Negatively stained transmission electron microscopy (TEM) images
at 300 K magnification of the SCKs crosslinked by (a) PEO linkers to yield
a thick hydrogel-like crosslinked shell surrounding and covalently bound to
the PS core, and (b) tri(ethylene oxide) linkers to yield SCKs possessing a
relatively thin shell of oligo(ethylene oxide)-crosslinked polyacrylamide.
The TEM samples were prepared by dropping 1 : 1 mixtures of aqueous
solutions of the SCK sample and uranyl acetate (2.5% solution), upon a
carbon-coated copper grid and allowing to dry.
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