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ABSTRACT: A series of monodisperse amphiphilic diblock copolymers containing a high-density of
covalently linked indomethacin as the hydrophobic block and pendant hexaethylene glycol monomethyl
ether as the hydrophilic block have been synthesized from ring-opening metathesis polymerization (ROMP)
using Cl2(PCy3)2RudCHPh. Dynamic light scattering (DLS), transmission electron microscopy (TEM),
and 1H NMR spectroscopy have been used to investigate the directed-assembly of these polynorbornene-
based copolymers into polymeric nanoparticles in aqueous media as a function of copolymer composition,
concentration, and degree of polymerization. The block copolymers formed micelle-like aggregates in the
aqueous phase with mean diameters ranging from 993 ( 270 nm to 94 ( 14 nm by TEM. In general, the
aggregate size decreased as the overall copolymer length decreased. After incubation in an acidic
environment (pH ) 3) at 37 °C for 48 h, 20% of the indomethacin was released from the nanoparticles.

Introduction

The formation of core-shell polymeric nanoparticles
through the association of amphiphilic macromolecules
has been an intense field of research over the last few
decades. It is well known that, in the presence of a
solvent or solvent mixture that is selective for one block,
amphiphilic block copolymers have the ability to as-
semble into colloidal aggregates of various morpholo-
gies.1 In particular, significant interest has been focused
on the formation of polymeric micelles and nanoparticles
from amphiphilic block copolymers in aqueous media.2-4

This organized association occurs as polymer chains
reorganize to minimize interactions between the in-
soluble hydrophobic blocks and water. The resulting
nanoparticles presumably possess cores composed of
hydrophobic block segments surrounded by outer shells
of hydrophilic block segments. Numerous realized or
potential technological applications for the solubilization
of various hydrophobic materials are based on this
structural property. For example, the core-shell struc-
tures of amphiphilic micellar assemblies have been
utilized as novel carrier systems in the field of drug
delivery.5-7 The use of these systems is motivated
predominantly by the problematic properties of some
low-molecular-weight drug candidates, such as side
effects and toxicity associated with poor specificity, poor
water solubility, low bioavailability, as well as rapid
elimination.8

The concept of micelle-forming block copolymer-drug
conjugates was introduced by Pratten et al.9 in which
one block is conjugated with hydrophobic drug molecules
and the other block remains unmodified and water-
soluble. The resulting copolymer-drug conjugates were
found to form micelles with a core comprised of drug-
modified segments protected by a shell comprised of
poly(ethylene oxide) (PEO) in an aqueous environment.
More recently, significant advancements to this ap-
proach have been reported for the preparation of
polymeric micelles exhibiting antitumor activity.10-12

The enhanced permeability and retention (EPR effect)13

of solid tumors toward macromolecules have made them
attractive targets for such nanoparticle drug carriers.
In addition, the proliferation of some solid tumors under
hypoxic conditions results in acidic extracellular envi-
ronments,14 suggesting that drug release rates from the
nanoparticles can be controlled by the choice of linker.

The aim of this study was to prepare polynorbornene-
based nanoparticles from amphiphilic drug-containing
block copolymers and to evaluate their potential ap-
plication as novel drug delivery vehicles. With the
advent of well-defined, functional-group-tolerant metal
alkylidene initiators such as Cl2(PCy3)2RudCHPh,15,16

ring-opening metathesis polymerization (ROMP) has
emerged as an attractive approach for the preparation
of synthetic polymers with biological activity.17 Recently,
we demonstrated that norbornene-modified antitumor
drugs are amenable to the synthesis of well-defined
drug-containing polymers via ROMP.18 Herein, we
describe the synthesis and micelle-like aggregation of
a series of monodisperse ROMP-based amphiphilic block
copolymers composed of hydrophobic indomethacin-
containing monomers and hydrophilic hexa(ethylene
oxide)-containing monomers. The copolymers were char-
acterized by GPC, 1H NMR, and 13C NMR spectroscopy.
The aggregation of these AB-type copolymers into core-
shell nanoparticles in aqueous media provides an ap-
proach for protecting a high-density of drug molecules
from premature degradation with a dense palisade of
tethered ethylene oxide segments known to produce a
stealth effect for in vivo applications.19 Physicochemical
properties of the micelle-like aggregates were character-
ized by transmission electron microscopy, dynamic light
scattering, and 1H NMR spectroscopy. In addition, the
release behavior of indomethacin from the copolymeric
nanoparticles in acidic media was investigated.

Experimental Section

General Considerations and Materials. All manipula-
tions were performed under a dry nitrogen atmosphere using
either standard Schlenk techniques or an inert-atmosphere
glovebox, unless otherwise noted. Methylene chloride was
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dried over calcium hydride. THF was dried over Na/benzophe-
none. All solvents were distilled under nitrogen and saturated
with nitrogen prior to use. Dimethyl sulfoxide (DMSO) (99.9%,
HPLC grade) was purchased from Aldrich and used as
received. Catalyst Ru(PCy3)2dCHPh was purchased from
Strem Chemicals and used as received. Deuterated solvents
were purchased from Cambridge Isotope Laboratories and
used without further purification, except for CDCl3, which was
distilled over calcium hydride and vacuum transferred into
an airtight solvent bulb followed by transfer to an inert-
atmosphere glovebox. Spectra/Por RC (MWCO ) 3500) dialysis
membranes were purchased from Spectrum Laboratories.
Formvar/Carbon, 400-mesh copper TEM grids were purchased
from Ted Pella, Inc. Indomethacin was purchased from Sigma,
and hexaethylene glycol monomethyl ether was purchased
from TCI America. All other reagents were purchased from
Aldrich and used without further purification. R-Bromo-R′-(exo-
5-norbornene-2-ol)-p-xlyene20 and [1-(4-chloro-benzoyl)-5-meth-
oxy-2-methyl-1H-indol-3-yl]-acetic acid 2,5-dioxo-pyrrolidin-1-
yl ester (indomethacin-NHS)21 were prepared following
literature procedures. All flash chromatography was carried
out using a 56-mm inner-diameter column containing 200-mm
length of silica gel under a positive pressure of lab air.

Instrumentation. 1H and 13C NMR spectra were recorded
on a Varian INOVA 500 FT-NMR spectrometer (499.6 MHz
for 1H NMR, 125.6 MHz for 13C NMR). 1H NMR data are
reported as follows: chemical shift {multiplicity (b ) broad, s
) singlet, d ) doublet, t ) triplet, q ) quartet, qn ) quintet,
and m ) multiplet), integration, and peak assignments}. 1H
and 13C chemical shifts are reported in ppm downfield from
tetramethylsilane (TMS). High-resolution electron-impact mass
spectrometric data (HREIMS) were obtained on a VG 70SE
instrument. Elemental analyses were provided by Atlantic
Microlab, Inc. (Norcoss, GA). Polymer molecular weights were
measured on a Waters gel-permeation chromatograph (GPC)
equipped with Breeze software, a 717 autosampler, Shodex
KF-803L and Shodex KF-806L GPC columns in series with a
Shodex KF-G guard column; THF was used as the eluent at a
flow rate of 1.0 mL per min, and the instrument was calibrated
with 15 polystyrene standards from Aldrich (Mn ) 760-
1 880 000 Da).

Synthesis of 2-{[4-(Bicyclo[2.2.1]hept-5-en-2-exo-yloxy)-
methyl]benzyl}-1H-isoindole-1,3(2H )-dione (2). Into a 50-
mL Schlenk flask were added potassium phthalimide (696 mg,
3.76 mmol) and R-bromo-R′-(exo-5-norbornene-2-ol)-p-xlyene
(1.00 g, 3.41 mmol). The flask was placed under nitrogen,
degassed DMF (20 mL) was added, and the mixture was
heated at 100 °C for 12 h. Upon cooling to room temperature,
the mixture was transferred to a 500-mL separatory funnel
and diluted with ethyl acetate (200 mL). The mixture was
washed with 10% aqueous sodium bicarbonate (2 × 100 mL),
10% sodium citrate (100 mL), and brine (2 × 100 mL). The
organic layer was dried over Na2SO4 and filtered. The solvent
was removed on the rotary evaporator. The residue was
purified by flash chromatography (30% EtOAc/hexanes) to give
a white solid (1.15 g, 3.20 mmol, 94%). 1H NMR (CDCl3): δ
1.39-1.72 (m, 4H, 3- and 7-norbornenyl-H2), 2.79 (b, 1H,
1-norbornenyl-H), 2.91 (b, 1H, 4-norbornenyl-H), 3.55 (m, 1H,
2-norbornenyl-H), 4.49 (m, 2H, CH2-O), 4.83 (b, 2H, CH2-
N), 5.89 (m, 1H, 6-norbornenyl-H), 6.16 (m, 1H, 5-norbornenyl-
H), 7.30 (m, 2H, aromatic-H), 7.41 (m, 2H, aromatic-H), 7.70
(m, 2H, aromatic-H), 7.83 (m, 2H, aromatic-H). 13C NMR
(CDCl3): δ 34.6 (3-norbornenyl-C), 40.6 (CH2-N), 41.5 (4-
norbornenyl-C), 46.2 (7-norbornenyl-C), 46.6 (1-norbornenyl-
C), 71.0 (O-CH2-Ph), 80.2 (2-norbornenyl-C), 123.5 (aromatic-
C), 128.1 (aromatic-C), 128.9 (aromatic-C), 132.3 (aromatic-
C), 133.3 (6-norbornenyl-C), 134.2 (aromatic-C), 135.7 (aromatic-
C), 138.8 (aromatic-C), 140.9 (5-norbornenyl-C), 168.2 (CO-
NCH2). HREIMS: calcd for C23H21NO3, 359.1521; found,
359.1523.

Synthesis of 4-[(Bicyclo[2.2.1.]hept-5-en-2-exo-yloxy)-
methyl]benzylamine (3). Into a 50-mL Schlenk flask was
added 2 (1.00 g, 2.78 mmol). The flask was placed under
nitrogen, and degassed ethanol (25 mL) was added via can-
nula, followed by the injection of hydrazine hydrate (0.40 mL).

The flask was capped with a reflux condenser connected to a
nitrogen bubbler, and the reaction mixture was heated at 80
°C for 12 h. Upon cooling to room temperature, the mixture
was poured into water (200 mL) and extracted with ether (3
× 100 mL). The organic fragments were dried over Na2SO4

and filtered. The solvent from the filtrate was removed on the
rotary evaporator, yielding the desired product as a colorless
oil (638 mg, 2.53 mmol, 91%). 1H NMR (CDCl3): δ 1.40-1.75
(m, 4H, 3- and 7-norbornenyl-H2), 1.89 (b, 2H, NH2), 2.81 (b,
1H, 1-norbornenyl-H), 2.94 (b, 1H, 4-norbornenyl-H), 3.58 (m,
1H, 2-norbornenyl-H), 3.85 (b, 2H, CH2-N), 4.50 (m, 2H, CH2-
O), 5.91 (m, 1H, 6-norbornenyl-H), 6.17 (m, 1H, 5-norbornenyl-
H), 7.29 (m, 4H, aromatic-H). 13C NMR (CDCl3): δ 34.7 (3-
norbornenyl-C), 40.6 (4-norbornenyl-C), 46.2 (7-norbornenyl-
C), 46.3 (CH2-NH2), 46.6 (1-norbornenyl-C), 71.1 (O-CH2-
Ph), 80.2 (2-norbornenyl-C), 127.4 (aromatic-C), 128.1 (aromatic-
C), 133.3 (6-norbornenyl-C), 137.7 (aromatic-C), 140.9 (5-
norbornenyl-C), 142.3 (aromatic-C). HREIMS: calcd for
C15H19NO, 229.1467; found, 229.1466.

Synthesis of N-[4-(Bicyclo[2.2.1]hept-5-en-2-exo-yloxy-
methyl)-benzyl]-2-[1-(4-chlorobenzoyl)-5-methoxy-2-meth-
yl-1H-indol-3-yl]-acetamide (4). Into a 50-mL Schlenk flask
were added 3 (400 mg, 1.74 mmol) and indomethacin-NHS
(800 mg, 1.76 mmol). The flask was placed under nitrogen,
and degassed DMF (30 mL) was added via cannula. The
mixture was stirred for 12 h at room temperature and
transferred to a 500-mL separatory funnel with ethyl acetate
(200 mL). The mixture was washed with 10% aqueous sodium
bicarbonate (2 × 100 mL), 10% aqueous sodium citrate (100
mL), and saturated brine (2 × 100 mL). The organic layer was
collected and dried over Na2SO4 and filtered. The solvent was
removed on the rotary evaporator, and the residue was purified
by flash chromatography (10% EtOAc/CH2Cl2) to give a light
yellow solid (962 mg, 1.69 mmol, 97%). 1H NMR (CDCl3): δ
1.40-1.75 (m, 4H, 3- and 7-norbornenyl-H2), 2.37 (b, 3H,
indole-CH3), 2.81 (b, 1H, 1-norbornenyl-H), 2.94 (b, 1H, 4-nor-
bornenyl-H), 3.58 (m, 1H, 2-norbornenyl-H), 3.70 (s, 2H,
NHCdOCH2), 3.79 (s, 3H, OCH3), 4.40 (d, 2H, CH2NH), 4.48
(m, 2H, OCH2), 5.88 (b, 1H, NH), 5.91 (m, 1H, 6-norbornenyl-
H), 6.17 (m, 1H, 5-norbornenyl-H), 6.69 (m, 1H, aromatic-H),
6.86 (m, 2H, aromatic-H), 7.12 (m, 2H, aromatic-H), 7.24 (m,
2H, aromatic-H), 7.47 (m, 2H, aromatic-H), 7.63 (m, 2H,
aromatic-H). 13C NMR (CDCl3): δ 13.5 (CH3-indole), 32.4
(NHCOCH2), 34.7 (3-norbornenyl-C), 40.6 (4-norbornenyl-C),
43.5 (PhCH2NH), 46.2 (7-norbornenyl-C), 46.6 (1-norbornenyl-
C), 55.9 (O-CH3), 70.9 (O-CH2-Ph), 80.3 (2-norbornenyl-C),
100.8 (indole-C), 112.7 (indole-C), 112.9 (indole-C), 115.4
(indole-C), 127.7 (indole-C), 128.1 (aromatic-C), 129.4 (aromatic-
C), 130.4 (aromatic-C), 131.0 (aromatic-C), 131.3 (aromatic-
C), 133.3 (6-norbornenyl-C), 133.7 (indole-C), 136.5 (indole-
C), 137.4 (aromatic-C), 138.4 (aromatic-C), 139.7 (aromatic-
C), 140.9 (5-norbornenyl-C), 156.5 (indole-C), 168.4 (indole-
CO), 170.0 (NH-CO-CH2). HREIMS: calcd for C34H33ClN2O4,
568.2129; found, 568.2129. Anal. Calcd for C34H33ClN2O4: C,
71.76; H, 5.84; N, 4.92; Cl, 6.23. Found: C, 71.53; H, 5.84; N,
4.82; Cl, 6.33.

Synthesis of 5-(4-{2-exo-[2-(2-{2-[2-(2-Methoxy-ethoxy)-
ethoxy]-ethoxy}-ethoxy)-ethoxy]-ethoxymethyl}benzyl-
oxy)-bicyclo[2.2.1]hept-2-ene (5). Dried and oil-free Na
metal spheres (58.6 mg, 2.56 mmol) were added to hexaeth-
ylene glycol monomethyl ether (506 mg, 1.71 mmol) in a 50-
mL Schlenk flask. The flask was placed under nitrogen, and
THF (10 mL) was added via cannula. The flask was capped
with a reflux condenser connected to a nitrogen bubbler, and
the reaction mixture was heated at 70 °C for 12 h and then
cooled to room temperature. In a separate 50-mL Schlenk
flask, R-bromo-R′-(exo-5-norbornene-2-ol)-p-xlyene (500 mg,
1.71 mmol) was added and placed under nitrogen followed by
the addition of THF (10 mL). To this flask was added the Na
alkoxide solution via cannula, and the mixture was refluxed
at 70 °C for an additional 12 h. Upon cooling to room
temperature, the mixture was concentrated, poured into CH2-
Cl2 (100 mL), and filtered to remove NaBr. The solvent was
removed on the rotary evaporator, and the remaining residue
was purified by flash chromatography (5% MeOH/CH2Cl2) to
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give a clear oil (825 mg, 1.62 mmol, 95%). 1H NMR (CDCl3):
δ 1.41-1.77 (m, 4H, 3- and 7-norbornenyl-H2), 2.82 (b, 1H,
1-norbornenyl-H), 2.94 (b, 1H, 4-norbornenyl-H), 3.38 (s, 3H,
OCH3), 3.53-3.70 (m, 24H, OCH2CH2O), 4.51-4.55 (m, 5H,
CH2-C6H4-CH2 and 2-norbornenyl-H), 5.91 (m, 1H, 6-nor-
bornenyl-H), 6.19 (m, 1H, 5-norbornenyl-H), 7.32 (b, 4H,
aromatic-H). 13C NMR (CDCl3): δ 34.6 (3-norbornenyl-C), 40.6
(4-norbornenyl-C), 46.2 (7-norbornenyl-C), 46.6 (1-norbornenyl-
C), 59.2 (O-CH3), 69.5-71.1 (m, OCH2-CH2O), 72.1 (O-CH2-
Ph), 73.2 (Ph-CH2-O), 80.1 (2-norbornenyl-C), 127.8 (aromatic-
C), 128.0 (aromatic-C), 133.3 (6-norbornenyl-C), 137.6 (aromatic-
C), 138.5 (aromatic-C), 140.9 (5-norbornenyl-C). HREIMS:
calcd for C28H44O8, 508.3036; found, 508.3034. Anal. Calcd for
C28H44O8: C, 66.12; H, 8.72. Found: C, 66.28; H, 8.79.

General Procedure for the Synthesis of 4m-b-5n Block
Copolymers. Control over copolymer chain length and block
composition was achieved by varying monomer-to-catalyst
ratios. An example procedure is presented for the synthesis
of 435-b-515. In an inert atmosphere glovebox, monomer 4 (100.0
mg, 0.176 mmol) was weighed into a 20-mL scintillation vial
equipped with a magnetic stirring bar. Dry CH2Cl2 (3 mL) was
added, followed by a solution of catalyst 6 (4.1 mg, 0.0050
mmol) in dry CH2Cl2 (1.0 mL). The mixture was stirred for 30
min at room temperature. After 30 min, a solution of monomer
5 (38.3 mg, 0.075 mmol) in dry CH2Cl2 (1.0 mL) was added
and stirred for an additional 30 min. The polymerization was
terminated with the addition of ethyl vinyl ether (0.5 mL). The
copolymer 435-b-515 (120 mg, 96%) was isolated by pouring the
mixture into an Erlenmeyer flask containing rapidly stirred
hexanes (150 mL), filtering, and repeatedly washing the off-
white precipitate with fresh hexanes (4 × 50 mL). GPC
(THF): Mn ) 23 400; PDI ) 1.22. 1H NMR (CDCl3): see Figure
2, δ 1.10-1.26 (bm), 1.58 (bm), 1.92 (bm), 2.32 (bs), 2.57-2.68
(bm), 2.94-3.15 (bm), 3.37 (bs), 3.54 (bs), 3.64 (bm), 3.76 (bs),
4.28-4.53 (bm), 5.21-5.49 (bm), 6.65-7.53 (bm). 13C NMR
(CDCl3): δ 13.6, 32.4, 39.1-40.9 (m), 43.4, 50.2, 55.9, 59.3,
69.6-72.1 (m), 73.2, 85.5, 101.0, 112.6, 113.1, 115.4, 127.7-
128.0 (m), 129.4, 131.1, 133.0, 133.8, 136.5, 137.6, 138.2, 139.6,
156.5, 168.4, 170.1. 1H NMR and 13C NMR spectra for the
remaining copolymers have identical peak assignments with
varying intensities for each block (see Table 1).

General Procedure for the Preparation of Nanopar-
ticle Solutions. Aqueous solutions of the block copolymers
listed in Table 1 were prepared by dialysis. Stock solutions of
copolymers (0.1 wt %) in DMSO were stirred for 4 h at room
temperature to ensure complete polymer solubilization. The
stock solutions were diluted for the preparation of nanopar-
ticles from 0.01 and 0.001 wt % copolymer. Ultrapure water
(Millipore 18.2 MΩ cm resistivity) was added to the stirring
copolymer solutions at a rate of 1 drop (10 µL, 0.35 wt %) per
every 10 s using a micropipet until the solution contained 15
wt % water. The resulting aggregate solutions were placed in
dialysis tubes (Spectra/Por RC, 3-mL Float-a-Lyzer, MWCO
) 3500) and dialyzed against ultrapure water in 500-mL
Erlenmeyer flasks with the dialysis solution changed every
2-3 h. Complete removal of DMSO from the filtrate after 48
h was verified by UV-vis spectroscopy as indicated by the
disappearance of the UV cutoff for DMSO at 268 nm.

Transmission Electron Microscopy. Transmission elec-
tron microscopy (TEM) was performed on a Hitachi H8100
microscope operating at an accelerating voltage of 200 kV. For
the observation of the size and distribution of the copolymer

nanoparticles, samples (5 µL) were deposited from aqueous
solutions of the copolymers, immediately after dialysis, onto
copper EM grids (400 mesh, Formvar/carbon-coated). Water
was allowed to evaporate from the grids at atmospheric
pressure and room temperature. Negative staining was per-
formed by exposing the grids to a solution of 2-wt % uranyl
acetate (5 µL) for 2 min. The grids were tapped dry with filter
paper to remove the excess stain. The samples were air-dried
before TEM measurement. Average diameters (and standard
deviations) were obtained directly from the negative TEM
images over a sample of 100 particles.

Light-Scattering Measurements. Dynamic light-scatter-
ing (DLS) measurements were performed on a Brookhaven
Instruments Corp. photon correlation spectrometer (BI-200 SM
goniometer) fitted with a Brookhaven Instruments BI-9000AT
digital correlator and a 300-mW argon ion laser at 514 nm.
The scattering angle used was 90°. A refractive index-matching
bath of filtered decalin (0.2 µm) surrounded the scattering cell,
and the temperature was fixed at 25 °C. Correlation data were
fitted, using the method of cumulants,22 to the logarithm of
the correlation function, yielding the diffusion coefficient, D.
The hydrodynamic diameters (d) of the nanoparticles were
calculated using D and the Stokes-Einstein equation (D )
kBT/3πηd, where kB is the Boltzmann constant, T is the
absolute temperature, η is the solvent viscosity, and d is the
diameter of the particle). The polydispersity factor of the
nanoparticles, represented as µ2/Γ2, where µ2 is the second
cumulant of the decay function and Γ is the average charac-
teristic line width, was calculated by the cumulant method.
CONTIN algorithms23 were used in the Laplace inversion of
the autocorrelation functions to confirm particle size distribu-
tions. All analyses were performed with the supplied instru-
ment software.

Static light-scattering experiments were performed on a
DAWN-EOS multi-angle laser photometer (Wyatt Technology,
Santa Barbara, CA) equipped with a He-Ne laser (632.8 nm).
Measurements were recorded in batch mode at room temper-
ature, and the copolymer solutions were prepared by dissolving
the copolymers in DMSO. Different concentrations were
obtained by stepwise dilution of the concentrated samples. The
solutions were filtered through membrane filters (0.45 µm).
Ultrapure water (Millipore 18.2 MΩ cm resistivity) was added
to the copolymer/DMSO solutions with a micropipet. The
scattered light intensity was recorded 5 min after the addition
of water and stirring of the solution.

In Vitro Indomethacin Release Experiments. Nano-
particle solutions (3.0 mL, 15 wt % H2O in DMSO) containing
0.1 wt % of the copolymer were prepared as stated above. The
solutions were transferred to prewashed dialysis tubes (Spectra/
Por RC, 3-mL Float-a-Lyzer, MWCO ) 3500) and incubated
in an HCl-buffered DMSO/H2O (4:1, v/v) mixture (pH ) 3.0)
(42 mL) with rapid stirring in a temperature-controlled oil bath
at (a) 25 °C and (b) 37 °C. The release of indomethacin was
monitored after 48 h by measuring the absorbance at 320 nm
of the solution in the outer chamber.

Results and Discussion

Monomer Synthesis. Norbornene-based monomers
incorporating indomethacin, a nonsteroidal antiinflam-
matory24 and antitumor agent25 (4, Scheme 1A), and
hexaethylene glycol monomethyl ether (5, Scheme 1B)
were selected as pendant hydrophobic and hydrophilic
moieties, respectively, for the generation of amphiphilic
drug-containing block copolymers. Both compounds
were synthesized from R-bromo-R′-(exo-5-norbornene-2-
ol)-p-xylene (1).20 Treatment of 1 with potassium
phthalimide in DMF resulted in the phthalimide adduct
2 which was then treated with hydrazine to yield the
amine derivative 3, all in high yields. Condensation of
3 with N-hydroxysuccinimide-activated indomethacin21

gave the amide-linked norbornenyl-modified indometha-
cin 4. The water-soluble monomer 5 was obtained in one

Table 1. Properties of Copolymers from 4 and 5

entry copolymer
yield
(%) Mn

a PDIa 4/5NMR 4/5theor
b trans/cis

1 489-b-511 93 37 900 1.34 8.1 8.1 2.8
2 475-b-525 94 35 800 1.16 3.2 3.0 2.5
3 450-b-550 91 34 700 1.30 1.2 1.0 2.4
4 435-b-535 92 31 500 1.08 1.2 1.0 2.1
5 435-b-515 96 23 400 1.22 2.6 2.3 2.4
6 435-b-57 94 19 600 1.16 5.6 5.0 2.0

a Estimated by GPC with linear polystyrene standards. b Cal-
culated on the basis of the reaction stoichiometry.
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step by treatment of 1 with the sodium salt of hexaeth-
ylene glycol monomethyl ether.

Polymerization Studies. To test the ROMP activity
of 4 and 5 with Cl2(PCy3)2RudCHPh (Grubbs catalyst)
(6), NMR-scale polymerization experiments were moni-
tored by 1H NMR spectroscopy. As expected, both 4 and
5 were susceptible to ROMP as evidenced by the loss of
resonances associated with the olefinic protons of the
norbornene unit in each monomer (at 5.9 and 6.2 ppm,
respectively) after 20 min and the simultaneous growth
of broad olefinic resonances associated with the result-
ing polymers (from 5.2 to 5.5 ppm).

Upon verification of the polymerization reactivity of
4 and 5, larger scale polymerization experiments were
carried out at the same concentration as that of the
NMR-scale experiments to yield a series of amphiphilic
block copolymers (Scheme 2). Control over copolymer
chain length and block composition was demonstrated
by varying monomer/catalyst ([M]0/[C]0) ratios. In each
experiment, monomer 4 was treated with catalyst 6 and
polymerized to completion, at which time the desired
equivalents of monomer 5 were added and allowed to
stir until all monomer was consumed. The reactions
were quenched by the addition of ethyl vinyl ether,26

and the resulting AB block copolymers (denoted 4m-b-
5n, where m and n are the number of repeat units of
the 4 and 5 blocks, respectively) were isolated by
precipitation from hexanes. In all cases, quantitative
yields of copolymer were obtained. The resulting co-
polymers (entries 1-6, Table 1) were characterized by
GPC, 1H NMR, and 13C NMR.

Figure 1 shows the stepwise block polymerization
profile monitored by GPC for copolymer 435-b-535, as a
representative example. After polymerization of 4 is
initiated with 6, the number-average molecular weight
(Mn) and polydispersity index (PDI ) Mw/Mn) were

Scheme 1. Synthesis of Monomers 4 and 5a

a (a) Potassium phthalimide, DMF, 92%; (b) H2NNH2, EtOH, 95%; (c) indomethacin-NHS,21 DMF, 93%; (d) PEG-ONa, THF,
96%.

Scheme 2. Synthesis of Amphiphilic Block Copolymers 4m-b-5n

Figure 1. Gel-permeation chromatograms of (a) block 435 and
(b) final diblock copolymer 435-b-535.
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17 100 and 1.21, respectively. The Mn of the block
containing monomer 4 is consistent with the initial [M]0/
[C]0 ratio. Upon block copolymerization of monomer 5,
the Mn increases to 35 100 without broadening of the
molecular weight distribution (PDI ) 1.08), which is in
accordance with the [M]0/[C]0 ratio. Similar results were
obtained for all of the block copolymers investigated in
this study.

The 1H NMR spectra of the block copolymers also
provide information on copolymer composition. As a
representative example, the 1H NMR spectrum for 435-
b-515 is shown in Figure 2. Besides the major resonances
arising from the polymer backbone and the benzyl ether
spacing groups for each block, distinct signals assignable
to the indomethacin moiety in 4 (c, f) and the ethylene
oxide and terminal methoxy units in 5 (d, e) are
observed. A trans-to-cis ratio of 2.4/1 was determined
by integrating the peaks of the corresponding olefinic
protons (a, b) of the polynorbornene backbone. The other
copolymers investigated had trans-to-cis ratios ranging
from 2.8/1 to 2.0/1 (Table 1). On the basis of relative
peak integration between the methyl protons from
monomer 4 (f) and the methoxy protons from monomer
5 (e), the ratio of 4 to 5 in the copolymer chain was
estimated to be 2.6/1, which is consistent with the
reaction stoichiometry of 2.3/1. The ratios of repeating
unit 4 to repeating unit 5 for the other copolymers, listed
in Table 1, are each consistent with the respective
reaction stoichiometry.

Aggregation of Block Copolymers. To develop a
nanoparticle system with potential therapeutic applica-
tions, it is necessary to exhibit control over the size and
morphology of the polymeric aggregates. In a previous
study, Yaun et al. reported the size cutoff for tumor
vascular permeability of macromolecular aggregates to
be approximately 400 nm27 with the ideal size to be
about 100 nm. Thus, we sought to reliably control the
aggregation morphology and size distribution of our
drug-containing copolymers to meet this criterion. The
impact of copolymer chain length, the molar composition
ratio of repeating units of block 4 to 5, and the initial
copolymer loading in DMSO on the aggregation mor-
phology and size distribution of the nanoparticles were
investigated.

The copolymer samples listed in Table 1 were not
directly soluble in water, even at elevated temperature,
presumably due to the large weight fraction of the
hydrophobic blocks and the inherent hydrophobicity of
the aliphatic backbones in each sample. Hence, it was
impossible to prepare polymeric aggregates from them
via direct dissolution in water. An alternate strategy,
developed by Eisenberg and co-workers for the prepara-
tion of “crew-cut” micelles,28,29 was adopted to induce
aggregation of our amphiphilic block copolymers. To
form stable aggregates in an aqueous environment, it
was necessary to first dissolve the copolymers in DMSO,
which is a common solvent for both blocks. Subse-
quently, ultrapure water (Millipore, 18.2 MΩ cm resis-
tivity) was added to each stirring copolymer solution at
room temperature to induce aggregation of the blocks
containing the hydrophobic monomer 4. Copolymer
aggregation, as indicated by static light-scattering
experiments, typically occurred at ca. 3-5 wt % water
addition depending on copolymer composition. The
water content was gradually increased at the same rate
until the solutions contained 15 wt % water. The
resulting solutions were then dialyzed against ultrapure
water. DMSO can be completely removed from the
solution after 24-48 h, as verified by UV-vis spectros-
copy. After dialysis, aliquots of each of the aqueous
aggregate solutions were redissolved in DMSO, and the
copolymer concentrations were determined from UV-
vis spectroscopy. Complete mass conservation of copoly-
mer after dialysis was found for all samples. The
resulting polymeric aggregates were characterized by
TEM, DLS, and 1H NMR.

The transmission electron micrographs of a represen-
tative selection of the copolymer nanoparticles are
shown in Figure 3. All of the copolymers assembled in
aqueous media to form spherical particles with varying
size distributions. Mean hydrodynamic diameters (d)
and the corresponding polydispersity factors (µ2/Γ2) were
determined by DLS measurements performed at 90°.
Upon confirming the spherical nature of the aggregates
by TEM, the angular dependence of the average char-
acteristic line widths (Γ/K2) was assumed to be negli-
gible.

The aggregates prepared from the copolymers with
chain lengths of 100 repeat units were rather large. The
mean diameters (d) of the particles obtained from
copolymers 489-b-511, 475-b-525, and 450-b-550, measured
by DLS, were 1600, 780, and 1000 nm, respectively
(entries 1-3, Table 2). The corresponding polydispersity
factors (µ2/Γ2), estimated by the cumulant method, of
0.13, 0.22, and 0.26, respectively, suggested broad size
distributions that were further confirmed by CONTIN
analysis. The spherical shape and broad size distribu-

Figure 2. The 1H NMR spectrum of block copolymer 435-b-
515 in CDCl3.

Table 2. Properties of Polymeric Nanoparticles

entry copolymer wt %a
db (TEM),

nm
d (DLS),

nm µ2/Γ2 c
cwc

(wt %)

1 489-b-511 0.1 993 ( 270 1600 0.13
2 475-b-525 0.1 755 ( 420 780 0.22
3 450-b-550 0.1 830 ( 420 1000 0.26
4 435-b-535 0.1 504 ( 120 600 0.20 3.15
5 435-b-515 0.1 407 ( 47 480 0.08 2.90
6 435-b-57 0.1 390 ( 50 450 0.22 2.80
7 435-b-57 0.01 168 ( 20 180 0.05 3.50
8 435-b-57 0.001 94 ( 14 130 0.07 4.61
a Initial copolymer loading in DMSO prior to water addition.

b Number-average diameter and standard deviation by TEM.
d Polydispersity factor (see Experimental Section).
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tion of these polymeric aggregates were also confirmed
by TEM (Figure 3a, for 489-b-511). The particle diameters
and size distributions calculated by TEM are in agree-
ment with the DLS results. The larger diameters
obtained by light scattering may be attributed to a
swelling of the shell-forming blocks in aqueous solution.
That the sizes of the aggregates are larger than would
be expected, based on the average copolymer chain
length, for copolymer micelles suggests the existence of
multicore-type micellar structures30,31 or colloidal mi-
celle-like aggregates of insoluble copolymer self-stabi-
lized by hydrophilic 5 blocks on the surface (vide infra).
Previous reports have indicated that amphiphillic block
copolymers with short poly(ethylene oxide) (PEO) blocks
frequently form large aggregates in aqueous solu-
tion.32,33

Reducing the overall copolymer chain length signifi-
cantly decreased the mean diameters of the resulting
nanoparticles (cf. entries 3 and 4, Table 2). In addition,
maintaining a constant block length of monomer 4 while
reducing the block length of monomer 5 resulted in a
regular decrease in mean diameter from 600 to 450 nm
(entries 4-6, Table 2). Again, a good agreement exists
between the average diameters obtained by microscopy
and light scattering. Interestingly, for copolymer 435-b-
515, the DLS polydispersity factor of the 0.1-wt %
nanoparticles is 0.08, indicating a very narrow size
distribution.34 The preserved spherical aggregation
morphology and uniform size distribution of the ag-
gregates from copolymer 435-b-515 were again confirmed
by TEM (Figure 3b).

The initial copolymer loading in DMSO prior to water
addition also affected the size and distribution of the
nanoparticles as illustrated for copolymer 435-b-57 (en-
tries 6-8, Table 2). Decreasing the copolymer loading
from 0.1 to 0.001 wt % resulted in a steady decrease in
mean hydrodynamic diameter from 450 to 130 nm
accompanied by a narrowing of the size distributions
as determined by DLS. The corresponding average
diameters obtained by TEM also decreased from 390 to
94 nm (entries 6-8, Table 2). Figure 3c displays a
representative TEM image of the nanoparticles formed
from a 0.01 wt % solution of copolymer 435-b-57 (entry
7, Table 2). Dilution of the copolymer aggregate solu-
tions obtained after dialysis had no effect on the
diameters and size distributions of the nanoparticles as
measured by DLS, indicating that the aggregates are
quite stable with respect to Ostwald ripening. Further,
a continuous monitoring of copolymer aggregation by
TEM during the water addition process suggests that
the composition of each nanoparticle is set upon 3-5
wt % water addition (vide infra).

To verify the envisaged core-shell structure of the
copolymeric nanoparticles, sample solutions of the
nanoparticles were lyophilized and redispersed in D2O.
1H NMR studies were then conducted on the D2O
dispersion with solvent suppression. Figure 4 shows the
spectrum obtained from a D2O-redispersed solution of
the nanoparticles made from copolymer 435-b-515 (entry
5, Table 2). As compared to the 1H NMR spectrum of
the same lyophilized materials redissolved in CDCl3
(exact same spectrum as that shown in Figure 2),
resonances associated with the indomethacin moiety in
monomer 4 are suppressed, indicating that the protons
associated with the block 4 segments are in solid, glassy
environment.35 In contrast, protons associated with the
monomer 5 blocks could be clearly assigned. Peaks
corresponding to the ethylene oxide units were observed
at 3.64 ppm (d) as were those associated with the
terminal methoxy group at 3.37 ppm (e). From the
benzyl ether spacing group, the peak at 4.63 ppm was
assigned to the methylene protons and the peaks at 7.45
and 7.84 ppm to the aromatic protons. Hence, for these
systems, monomer 5 blocks must be in a solvated state.
From these observations, it was concluded that our
copolymer nanospheres existed as core-shell type struc-
tures composed of hydrophobic 4 blocks in a glassy state
stabilized by outer shells of hydrophilic 5 blocks in
water.

To gain a further understanding of the effects of
copolymer concentration and composition on the ag-
gregation process, critical water content (cwc) values of
copolymers 435-b-535, 435-b-515, and 435-b-57 in DMSO
were determined by static light-scattering (Table 2). The
cwc of a copolymer solution, defined as the water content

Figure 3. TEM images of nanoparticles from copolymers (a) 489-b-511 (entry 1, Table 2), (b) 435-b-515 (entry 5, Table 2), and (c)
435-b-57 (entry 7, Table 2).

Figure 4. The 1H NMR spectrum of block copolymer 435-b-
515 in D2O after micellization (entry 5, Table 2).

Macromolecules, Vol. 37, No. 22, 2004 Drug-Containing Nanoparticles Derived from ROMP 8369



at which copolymer aggregation begins, is obtained from
the intercept of the horizontal and vertical line segments
of the static light-scattering curve.36 Below a critical
value, the water content in a copolymer solution has
relatively little effect on the scattered light intensity,
implying that the dimensions of the copolymer chains
do not change appreciably. However, upon reaching the
cwc, the scattered light intensity increases significantly,
indicating the onset of phase separation and aggrega-
tion. As a representative example, a plot of the scattered
light intensity as a function of copolymer concentration
for 435-b-57 is given in Figure 5. The cwc shifts to higher
water contents as the initial copolymer concentration
in DMSO decreases (entries 6-8, Table 2). A similar
trend was observed for copolymers 435-b-515 and 435-b-
535.

Figure 6 shows the cwc values as a function of
copolymer concentration for 435-b-535, 435-b-515, and 435-
b-57. A linear relationship is found between the cwc for
each copolymer and the base-10 logarithm of the co-
polymer concentration. It is interesting to note that, for
a specific concentration of copolymers, the cwc increases
as the molecular weight of the copolymer increases
(entries 4-6, Table 2). This indicates that, for a fixed
hydrophobic block length, increasing the length of the
hydrophilic block (from 435-b-57 to 435-b-535) allows the
copolymers to remain soluble at higher water contents
despite the increase in molecular weight.

It has been shown in a previous reportsin which
polystyrene-b-poly(acrylic acid) (PS-b-PAA) micelles
were prepared by the addition of water to the respective
copolymer solutions in N,N-dimethylformamide (DMF)s
that at the cwc, the initial copolymer concentration, C0,
actually represents the critical micelle concentration
(Ccmc, the concentration of the unassociated polymer

chains).36 As water is added to copolymer solutions
beyond the cwc, more and more copolymer chains
associate to form micelles, and the concentration of
single-chain copolymers decreases. From this relation-
ship, the micelle fraction, defined as the ratio of associ-
ated copolymer chain to the total number of chains, can
be calculated using the following expression:36

where C0 represents the initial copolymer concentration,
Ccmc represents the critical micelle concentration, ∆H2O
is the increment of the water content beyond the cwc,
and A is obtained from the slope d[cwc]/d[log C0] (Figure
6). If the water content in solution is below the cwc
(∆H2O is zero or less), the micelle fraction is zero and
all of the copolymer chains in solution are unassociated.

A plot of the micelle fraction as a function of the
increment of water in solution above the cwc for
copolymers 435-b-535, 435-b-515, and 435-b-57 is shown in
Figure 7. For each copolymer, the micelle fraction
increases dramatically within a very narrow range of
water contents after the onset of phase separation at
the cwc. Indeed, complete micellization (>99.5%) is
achieved at an increment of 1.75 wt % beyond the cwc
for copolymer 435-b-535 and 2.10 wt % for copolymers
435-b-515 and 435-b-57. These results confirm that co-
polymer aggregation is complete at water contents below
15 wt %, the point at which our copolymer solutions are
subjected to dialysis and the indomethacin release
experiments were carried out (see Experimental Sec-
tion).

In Vitro Indomethacin Release. The release of
indomethacin from 435-b-57 nanoparticles upon exposure
to acidic conditions was investigated via a dialysis
experiment. The results are shown in Figure 8. Nano-
particles were prepared from a 0.1-wt % copolymer
solution and incubated in a HCl-adjusted mixture of
H2O/DMSO (pH ) 3.0, 20 wt % H2O) in a dialysis tube
located within a magnetically stirred dialysis chamber
for 48 h. The amount of indomethacin released from the
particles was determined by measuring the UV absor-
bance (at λ ) 320 nm) of the outer chamber solution.
The total weight of the copolymer and the percentage
of indomethacin-susbtituted monomer was used to
calculate the concentration of indomethacin at 100%
release from the copolymer. As a control experiment,
indomethacin (at the theoretical 100%-release concen-
tration) was incubated at room temperature. After 48
h, the absorbance of the solution in the outer chamber
of the dialysis setup matched the calculated value,
indicating free diffusion of indomethacin through the
membrane and complete equilibration of the solution.

Figure 5. Scattered light intensity as a function of added
water content for different concentrations of copolymer 435-b-
57 in DMSO.

Figure 6. Critical water content versus logarithm of copoly-
mer concentration in DMSO for 435-b-57, 435-b-515, and 435-b-
535.

Figure 7. Micelle fraction as a function of water increment
beyond the critical water content for copolymers 435-b-57, 435-
b-515, and 435-b-535.

(C0 - Ccmc)/C0 ) 1 - exp(-2.303∆H2O/A)
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For nanoparticles prepared from copolymer 435-b-57,
12% of the indomethacin was released after 48 h at 25
°C. Increasing the temperature of the surrounding
medium to 37 °C resulted in 20% release after 48 h. The
copolymer solutions were removed from the dialysis
tubes after 48 h and characterized by GPC. As shown
in Figure 9, degradation of the copolymer has occurred
consistent with the release of indomethacin. These
results are comparable to those reported for the release
of physically entrapped indomethacin from block-
copolymer nanospheres composed of poly(ethylene glycol)/
DL-lactide37 and poly(ethylene glycol)/ε-caprolactone,38

suggesting that the release of our covalently linked
indomethacin is actually quite facile.

In summary, we have demonstrated that well-defined
amphiphilic block copolymers composed of indomethacin
and hexa(ethylene oxide) norbornene-based monomers
may be used to form core-shell polymeric nanoparticles
in aqueous media. Average particle diameters were in
the range of 90-1000 nm (TEM) and 130-1600 nm
(DLS), the smallest values obtained from the shortest
copolymers in the most dilute solutions. For nanopar-
ticles prepared from copolymer 435-b-57, 20% of the
indomethacin was released after 48 h at 37 °C in an
acidic environment. Significantly, our work represents

a unique example of the construction of ROMP-based
drug-containing polymeric nanoparticles with a high-
density of drugs that exhibit well-defined morphologies
and size distributions relevant to therapeutic applica-
tions. Although we only illustrate the formation of
nanoparticles from diblock copolymers in this work, the
incorporation of a multiblock copolymer containing
several drugs in the hydrophobic segment is possible18

and should be applicable to multi-agent chemothera-
peutic regimes. The ability to design and synthesize
complex architectures from readily available easily
modified polymer subunits from ROMP makes this
approach accessible and facile. The generality of this
unique approach to the assembly of drug-containing
polymeric nanoparticles from functionalized copolymers
is currently under investigation.
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