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The release kinetics of small molecules from dendritic graft copolymer micelles incorporating an arbo-
rescent polystyrene (PS) core and a poly(2-vinylpyridine) (P2VP) shell were investigated in dilute HCl
solutions by fluorescence and UV spectroscopies. The redistribution of pyrene and perylene among
arborescent micelles was studied by the fluorescence resonance energy transfer (FRET) technique, and
was characterized by an initial burst in exchange followed by gradual equilibration of the probes.
Fluorescence quenching experiments demonstrated that the diffusion coefficient of pyrene increased for
copolymer micelles of higher generations, suggesting a more porous shell structure for the higher
generation arborescent PS-g-P2VP copolymers. In vitro release tests for indomethacin and lidocaine
monitored by UV spectroscopy showed that sustained release characteristics were achieved, the release
rate being higher for lidocaine due to its higher water solubility at low pH. The release rate of indo-
methacin increased for lower generation micelles and for higher micelle loadings, in agreement with
a diffusion-controlled release mechanism. An increasing fraction of the indomethacin molecules loaded
in the micelles remained trapped for higher generation copolymers. The diffusion coefficient and the
release rate of indomethacin were calculated by fitting the solution of Fick’s second law of diffusion to
the experimental data. While the initial release rate decreased for higher generations, the trends
observed for the diffusion coefficients were similar to those determined for pyrene in the fluorescence
quenching experiments. This result is again consistent with a more diffuse shell structure for higher
generation micelles, possibly due to the enhanced electrostatic repulsions between the charged P2VP
chains.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Polymeric micelles have attracted much attention as controlled
release devices, particularly for hydrophobic compounds [1–5].
Biocompatible amphiphilic block copolymers, for example, have
been investigated for the controlled release of hydrophobic drugs
[5]. These micelles are able to solubilize large quantities of active
molecules in their hydrophobic core and to gradually release them
in a controllable manner. The use of unimolecular micelles as
controlled release vehicles is particularly interesting because of
their stable, covalently bonded structure [6,7]. For example, indo-
methacin molecules were encapsulated in unimolecular micelles
incorporating a hydrophobic dendrimer core and a hydrophilic
shell [8]. In contrast to the rapid equilibration time (4 h) observed
when free indomethacin dissolved in phosphate buffer solution
þ1 519 746 0435.
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was dialyzed against phosphate buffer solution at 37 �C, equili-
bration was observed only after about 25 h for the encapsulated
molecules.

Arborescent polystyrene-graft-poly(2-vinylpyridine) (PS-g-P2-
VP) copolymers are dendritic unimolecular micelles composed of
a glassy branched PS core grafted with hydrophilic P2VP chains for-
ming a shell (Fig. 1). The PS core is synthesized from polymeric
chains according to a generation-based scheme consisting of
functionalization and grafting reaction cycles. Grafting PS chains
(Mw z 5000) onto a randomly functionalized linear PS backbone
(Mw z 5000) yields a comb-branched or generation G0 PS core.
Subsequent functionalization and grafting reactions lead to higher
generation (G1, G2.) PS cores with a dendritic architecture.
Coupling living P2VP chains (Mw z 5000) with PS cores randomly
functionalized with grafting sites yields amphiphilic macromole-
cules expected to encapsulate and slowly release hydrophobic
molecules in a sustained fashion, in analogy to block copolymer
micelles. The advantages of the arborescent micelles relatively to
block copolymer micelles include enhanced structural stability
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Fig. 1. Three generations of arborescent PS-g-P2VP copolymers.
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through covalent bonding, and potentially the ability to control the
release process through variations in the structure (e.g. the
branching density) of the micelles.

It is clear that the polystyrene and poly(2-vinylpyridine)
components of arborescent PS-g-P2VP copolymers are not
biocompatible and that the testing conditions (0.05 M HCl
solutions), necessary to solubilize the copolymers in water, are far
from those typically used for controlled delivery systems. The main
goal of this study was to examine the release of small molecules
from arborescent copolymers as model highly branched micelles, to
improve the understanding of the influence of branching on the
release process. Fluorescence techniques were first applied to
obtain information on the release of pyrene, a highly hydrophobic
probe molecule, from arborescent PS-g-P2VP copolymers of
generations G1–G3 (Fig. 1). In the second part of the investigation,
the in vitro release of indomethacin was monitored by UV
spectroscopy. The release kinetics were analyzed using the power
law model and Fick’s second law of diffusion. Release experiments
for lidocaine from a G1 copolymer were also carried out to study
the influence of probe structure on the release process.

2. Experimental

2.1. Materials

Pyrene (99.9%), perylene (sublimed, 99.5þ%), and thallium (I)
nitrate (99.9%) were purchased from Aldrich. Indomethacin (99%)
and lidocaine were obtained from Sigma, while chloroform (HPLC
grade) and methylene chloride (HPLC grade) were supplied by
Merck. All chemicals were used as-received. Milli-Q water
(18 MU cm) was used to prepare all sample solutions. The synthesis
of the arborescent PS-g-P2VP copolymers used for this work was
achieved [9] by grafting ‘living’ P2VP chains onto acetylated PS
substrates of generations G0–G2. All copolymers had narrow
molecular weight distributions (Mw/Mn< 1.1) and PS contents of at
most 18% by weight.

2.2. Sample preparation

Micellar solutions were prepared by dissolving 250 mg of
arborescent PS-g-P2VP copolymer in 50 mL of 0.05 M aqueous HCl.
The micelles were loaded either with pyrene or perylene, by adding
approximately 10 mg of the dyes to 5 mL of the copolymer solu-
tions. The mixtures were stirred for three days and filtered through
0.22 mm mixed-ester membrane filters to remove solid dye resi-
dues. Loading of lidocaine and indomethacin in the copolymer was
achieved by dissolving 50 mg of a drug and 50 mg of the copolymer
in 1 mL of chloroform (lidocaine) or methylene chloride (indo-
methacin). The copolymer solutions were then precipitated in
hexane. Non-encapsulated drug molecules were removed by
washing the precipitates several times in hexane until no traces of
the drugs were detected in the solvent with UV measurements.
2.3. Fluorescence studies

Steady-state fluorescence spectra for the pyrene/perylene FRET
and pyrene quenching experiments were acquired on a Photon
Technology International LS-100 spectrometer using 1.0�1.0 cm2

Hellma quartz cells. The slit widths on the excitation and emission
monochromators were set at 2 and 1 nm, respectively. For both the
energy transfer and the quenching measurements, the excitation
wavelength for the emission spectra was set at 344 nm and before
each measurement, a 1-pyrenemethanol standard was run to
minimize inconsistencies resulting from lamp intensity variations.
Time-resolved fluorescence decay curves were obtained by the
time-correlated single photon counting technique using the IBH
5000U System from HORIBA Jobin Yvon Inc., with a nanosecond
xenon flash lamp. The excitation wavelength used was 344 nm and
the emission fluorescence decay was monitored at 372 nm. A
371 nm cut-off filter was used to prevent scattered light interfer-
ence in the detector. To obtain quantitative information from the
decays, the curves were fitted with a sum of exponentials using the
Marquardt–Levenberg nonlinear least squares method [10]. To
obtain good quality fits as estimated from the c2 values, the
distribution and auto-correlation functions of the residuals, a sum
of 4 exponentials was used. To minimize inner filter effects, the
solutions for the fluorescence studies were diluted to obtain optical
density values below 0.3. The FRET measurements were started
immediately after mixing 1.5 mL each of the micellar solutions
loaded with pyrene and perylene. The emission intensity of the
acceptor (perylene) was monitored at 475 nm to minimize any
contributions from the emission of the donor (pyrene). For the
quenching experiments, 20–40 mL of a 0.2 M TlNO3 solution were
added to 3 mL of micellar solution loaded with pyrene. The
fluorescence measurements were started after 10 min of
equilibration.

2.4. Loading and release of indomethacin and lidocaine

A known amount of drug-loaded arborescent PS-g-P2VP
micelles (10 mg of lidocaine- or 2 mg of indomethacin-loaded
micelles) was dissolved in 10 mL of 0.05 M HCl. The amounts of
drugs used in the experiments were adjusted so that the final
concentrations of lidocaine and indomethacin in solution were
similar. The micellar solutions were then transferred to
a SPECTRA/POR� 7 dialysis bag (MWCO¼ 1000) and dialyzed
against 100 mL of 0.05 M HCl. At predetermined time intervals
3 mL aliquots of the dialysate were removed for UV measure-
ments. To maintain suitable sink conditions and a constant
dialysate volume, 3 mL of fresh 0.05 M HCl were added to the
dialysate after each withdrawal. The UV measurements were
performed on a Hewlett-Packard 8452A Diode Array Spectro-
photometer, after dilution of the samples to obtain absorbance
readings <1.5.

3. Results and discussion

The characteristics of the arborescent PS-g-P2VP copolymers
used in the experiments are reported in Table 1. The copolymers are
based on PS cores of different generations, but all have P2VP
segments of similar molecular weight (Mw z 5000). The loading
capacities in Table 1 are expressed both as the number of moles of
probe solubilized per gram of micelles and as the number of probe
molecules per arborescent micelle. The latter values range from 6 to
530 for pyrene and from 0.5 to 21 for perylene, following the
expected increasing capacity trend in the order G1<G2<G3 for
both pyrene and perylene. It was shown in a recent investigation
[11] that highly hydrophobic probes (such as pyrene, and likely
also perylene) partition strictly into the hydrophobic core of



Table 1
Characteristics of PS-g-P2VP arborescent copolymers used in the study.

Overall generation G1 G2 G3

Mw (g/mol) 4.7� 105 3.7� 106 2.2� 107

PS weight fraction (%) 12 13 18
fw(core) 11 84 690
fw(copolymer) 82 630 3400

Pyrene loading
mol/g micelles 1.32� 10�5 1.0� 10�5 2.4� 10�5

Molecules/micelle 6.2 37 530

Perylene loading
mol/g micelles 1.1� 10�6 4.2� 10�7 9.6� 10�7

Molecules/micelle 0.52 1.6 21

fw is the branching functionality, defined as the number of side chains added in the
last grafting cycle.

Fig. 2. Emission spectrum for pyrene excited at 344 nm (a), overlaps with absorption
spectrum for perylene (b), and resulting emission spectrum for perylene (c). All spectra
were recorded in toluene, and normalized to be on the same scale.
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arborescent micelles. Thus for the G1 micelles, 6 pyrene molecules
are effectively dissolved in a core having a mass representing only
12% (Mw¼ 5.6�104) of the total molecular mass (Mw¼ 4.7�105).
Considering that the copolymers investigated had low polystyrene
contents (12–18% by weight), it is therefore not surprising that their
hydrophobic absorption capacity is also low. The relatively small
number of probe molecules solubilized per micelle likely simply
reflects the low solubility of the probe molecules in polystyrene, the
lower loadings attained for perylene as compared to pyrene being
explained by its larger size [11].
Fig. 3. Normalized perylene intensity ratios RA for G1 (>), G2 (-) and G3 (C)
arborescent copolymers. The initial portion of the plot is expanded in the inset.
3.1. Nonradiative energy transfer

Fluorescence resonance energy transfer (FRET) is based on
a dipole–dipole coupling process allowing the transfer of energy
from an excited fluorescence donor molecule to a ground state
acceptor molecule without emission of a photon [12]. The rate
constant for the FRET process, kT, depends among others on the
donor-to-acceptor distance r, according to the equation

kT ¼
1
sD

�
R0

r

�6

(1)

where sD is the decay constant for the donor in the absence of the
acceptor, and R0 is the Förster radius, a parameter depending on
the photophysical properties of the donor–acceptor pair including
the extent of overlap of the donor emission and the acceptor
absorbance spectra [13]. It also represents the distance at which the
energy transfer efficiency is 50%. Time-dependent FRET measure-
ments upon mixing two separate solutions of identical micellar
concentrations, one loaded with donor molecules and the other one
with acceptor molecules, have been used to characterize the release
kinetics of hydrophobic probes from block copolymer micelles
[14,15]. In the current study, the donor molecule selected is pyrene
and the acceptor is perylene. The emission spectrum of pyrene
partly overlaps with the absorption spectrum of perylene, as shown
in Fig. 2 with the corresponding emission spectrum for perylene,
and the pair has an R0 value of 33.32 nm [16]. Mixing of the loaded
micelles initiates the redistribution of the fluorophores among the
micelles, and the time-dependent increase in the steady state
perylene emission is monitored at 475 nm upon excitation of
pyrene. Since the efficiency of FRET depends on diffusion, it is
possible to use this method to investigate the influence of the
arborescent PS-g-P2VP branching functionality on the probe
release kinetics, as the branching functionality increases with the
generation number.

The normalized experimental time-dependent fluorescence
intensity ratio for perylene, RA, used to express the FRET results
shown in Fig. 3, is defined by the equation
RA ¼
IAðtÞ � IAð0Þ

IAðNÞ � IAð0Þ
(2)

where IA(t) and IA(0) are the perylene emission intensities at time t
at the beginning of the measurements, respectively, and IA(N) is
the intensity at equilibrium. A rapid initial increase in RA is
observed during the first 300 min, and is followed by more gradual
equilibration at longer times (Fig. 3). This corresponds to an initial
burst in release followed by slow equilibration. While the overall
release profile is very similar for all copolymers, there is a small
influence of copolymer structure on the initial burst release.

It is seen (Fig. 3 inset) that the initial release rate is higher for
the G1 copolymer than for the G2 and G3 molecules. This is
attributed to the lower branching functionality of the G1 sample
(Table 1). As discussed in a former investigation [11], pyrene and
perylene are highly hydrophobic and should therefore be located
in the PS core of the micelle. The diffusion of the probes in the
core should be influenced by their branching functionality, the
copolymer with a higher core branching functionality (G3)
presumably having a lower initial release rate than the G2 and
the G1 copolymers. However, the initial release rate of the G2 and
G3 copolymers is essentially identical. Because of its higher PS
content, sample G3 has a higher probe loading than sample G2
(Table 1). The influence of branching functionality on the initial



Table 2
Lifetimes (ns) and preexponential factors obtained from fluorescence decays.

G1 G2 G3

s1 (A1) 4.94 (0.41) 3.54 (0.64) 4.59 (0.59)
s2 (A2) 23.99 (0.30) 27.87 (0.08) 28.16 (0.14)
s3 (A3) 83.42 (0.22) 116.64 (0.24) 103.97 (0.20)
s4 (A4) 224.59 (0.07) 184.81 (0.04) 193.81 (0.07)
CsD0 43.59 40.12 40.95
c2 1.128 1.024 1.136
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release rate for this sample may be counterbalanced by its higher
initial probe concentration, as the flux of solute should increase
with the initial concentration of the probes in the micelles.

3.2. Fluorescence quenching experiments

To clarify the influence of branching functionality on the initial
release process, it is important to understand how easily small
molecules can penetrate in the micelles. With fluorescence colli-
sion quenching experiments, it is possible not only to quantify the
diffusion rate for small molecules but also to obtain information
on the distribution of the probe molecules within the micelles
[17]. In a series of quenching experiments, 20–40 mL aliquots of
0.2 M TlNO3 solutions were added to a 3-mL sample of micellar
solution loaded with pyrene. As an ionic quencher, thallium
nitrate is expected to quench only pyrene molecules located
within the P2VP shell or at the PS core–P2VP interface, since Tlþ

ions cannot penetrate inside the hydrophobic PS core [14,18]. It is
therefore possible to quantify the fraction of pyrene molecules
accessible to the quencher and the fraction buried within the PS
core.

The kinetics of collisional fluorescence quenching in homoge-
neous solutions are best described by the Stern–Volmer equation,

I0
I
¼ 1þ kqs0½Q � (3)

where I0 and s0 represent the unquenched fluorescence intensity
and the lifetime of the fluorophore, respectively, I is the fluores-
cence intensity observed at a quencher concentration [Q], and kq is
the bimolecular quenching constant. The intensity of pyrene
emission was determined by integration of the spectrum from 370
to 374 nm, and the number-average fluorescence lifetime CsD0,
determined from tetraexponential fitting of the decay curves, was
substituted for s0 in Eq. (3). A plot of I0/I against [Q] is expected to be
linear, but a plateau may be present at high quencher concentra-
tions if protective quenching is present [17,19]. The curves in Fig. 4a
clearly indicate that only a fraction of the pyrene molecules in the
micelles was accessible to the ionic quencher, as the I0/I ratio rea-
ches a plateau at high quencher concentrations for all pyrene-
loaded arborescent copolymers. Under these conditions, the data
can be analyzed using the modified Stern–Volmer equation

I0
I0 � I

¼ 1
fa
þ 1

fakqs0½Q �
(4)

to determine the fraction of pyrene molecules, fa, accessible to
thallium nitrate.
Fig. 4. (a) Stern–Volmer and (b) modified Stern–Volmer plots for pyr
To proceed with the analysis using the Stern–Volmer equations
it was necessary to determine CsD0 from the time-resolved decay
curves. All the samples exhibited multiexponential decay behavior,
indicating that the pyrene molecules were located in different
environments of the micelles. In all the cases, the best fit (lowest c2

value) was obtained with four exponentials. The lifetimes and
preexponential factors obtained from the fits are listed in Table 2.
Theoretically, thorough analysis of the decay profiles could provide
quantitative information on each pyrene population probing
a given micellar environment [19]. However, considering the
complex nature of the decays possibly resulting from inherent
quenching by preassociated pyrene molecules [20] and by the
protonated P2VP shell [21,22], the analysis was limited to the
calculation of the number-average lifetimes in the present case.

The data from Fig. 4b were combined with the CsD0 values in
Table 2 to estimate the fraction fa of pyrene accessible to the
quencher and the bimolecular quenching constant kq. All the curves
in Fig. 4b had correlation coefficients greater than 0.99. The
quenching constant kq can be represented by the Smoluchowski
equation

kq ¼ 4pRDNA (5)

where D is the sum of the diffusion coefficients for the fluorophore
and the quencher, and R is the sum of the molecular radii of the
fluorophore and the quencher. The value R¼ 8.6 Å was calculated
from the van der Waals radii of pyrene and thallium nitrate, using
the molecular modeling software Hyperchem 7.5.

The results obtained from the analysis of the quenching
experiments are summarized in Table 3. The very low average
fluorescence lifetime values obtained are attributed to the large
fraction of species quenched by protonated P2VP chains or by
other pyrene molecules. In a previous quenching study involving
pyrene-labeled arborescent PS homopolymer solutions in THF, the
bimolecular quenching constant was found to decrease for higher
generations when nitromethane was used as quencher [23]. The
ene-loaded G1 (,), G2 (6), and G3 (A) PS-g-P2VP copolymers.



Table 3
Quenching data for pyrene-loaded arborescent PS-g-P2VP.

fa (%) CsD0 (ns) kq (1010 M�1 s�1) D (10�5 cm2 s�1)

G0a 45� 1 53.83 0.58� 0.02 0.89� 0.03
G1 53� 2 43.59 1.27� 0.03 1.94� 0.01
G2 63� 2 40.12 2.93� 0.02 4.48� 0.02
G3 55� 1 40.95 1.48� 0.01 2.26� 0.02

a While the G0 arborescent PS-g-P2VP copolymers have been found to aggregate
in 0.1 M HCl aqueous solutions [9], it is assumed that the microporosity of the
copolymer molecules is not affected by the formation of aggregates.

Fig. 5. Structures of indomethacin (a) and lidocaine (b).
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quencher molecules must diffuse into the highly branched arbo-
rescent PS to encounter the pyrene molecules. Since the
segmental density of arborescent polymers increases with the
generation number, kq would be expected to decrease for higher
generations. In the present study, the pyrene molecules in the PS
core are not polymer-bound and TlNO3 is an aqueous quencher.
Encounters between the quencher and probe molecules are
therefore likely limited to the interfacial and the shell regions of
the micelles. Consequently, the bimolecular collision constant
(and hence the diffusion coefficient) should depend on the
porosity of these regions. Segmental electrostatic repulsions are
known to influence the structure of polyelectrolytes in solution
[24,25]. For example, the hydrodynamic diameter of PS-b-P2VP-b-
PEO triblock copolymer micelles in aqueous solutions was found
to increase from 75 to 135 nm as the pH dropped below 5 [25].
The behavior of arborescent PS-g-P2VP copolymers should be
likewise influenced by the polyelectrolyte character of the
protonated P2VP segments in the shell.

The bimolecular quenching constant actually increases from
samples G0–G2, leading to an increase in diffusion coefficient D,
as it is directly related to kq through Eq. (5). This trend is opposite
to the results obtained for nitrobenzene quenching of (neutral)
pyrene-labeled arborescent polystyrenes [23]. The increase in kq

and D observed from the generations G0–G2 copolymers is
attributed to the large number of protonated P2VP segments
increasing the electrostatic repulsions in the copolymer mole-
cules. The increase in D from 0.89�10�8 cm2 s�1 for the G0 or
comb-branched copolymer (fw¼ 12) to D¼ 4.48� 108 cm2 s�1 for
the G2 copolymers (fw¼ 690) is consistent with increased elec-
trostatic repulsions in the interfacial and P2VP shell regions
facilitating the penetration of quencher molecules into the
micelles. For the same reason, it is not surprising that the fraction
of pyrene molecules accessible to thallium nitrate (fa) increases
from G0 to G2. The kq and D values determined for the G3
copolymer sample are unexpectedly low. While the cause of this
deviation is not very clear, it could be due to the dominating
influence of the high branching functionality of the copolymer
(fw¼ 3400) on its structural rigidity.

It would have been interesting to analyze the time-dependent
energy transfer curves using known release kinetic models,
however the complex nature of the FRET process renders such an
analysis extremely difficult [15]. The distribution of fluorophores
among micelles is a multi-step process that comprises the release
from one set of micelles, diffusion through the aqueous medium,
and uptake by the other micelles. Furthermore, there is difficulty in
relating fluorescence intensities to the amount of probe released
because the pyrene fluorescence is quenched by preassociated
species, and both probes can be quenched by protonated P2VP
chains [26]. To avoid these problems, indomethacin was selected to
study the release kinetics from arborescent PS-g-P2VP copolymers
by dialysis, for comparison with the results obtained in the fluo-
rescence studies. Release studies for lidocaine were also performed
with the G1 copolymers, to study the influence of probe structure
on the release process.
3.3. In vitro release kinetics of indomethacin and lidocaine

Indomethacin and lidocaine were selected as model drugs for
the release experiments on the basis of their ready availability and
of the large body of literature available on that topic. Total drug
loading was determined by dissolving the loaded micelles in
ethanol and measuring the UV absorption of the solution at
lmax¼ 232 nm for indomethacin and lmax¼ 262 nm for lidocaine.
Loadings of 46, 42, and 43% indomethacin by weight were obtained
for the G1–G3 copolymers, respectively. For lidocaine, a loading of
8% by weight was obtained for the G1 copolymer. The low encap-
sulation efficiency observed for lidocaine (Fig. 5b) is presumably
due to its high solubility in hexane and weak interactions with the
micelles. In contrast, indomethacin (Fig. 5a) is sparingly soluble in
hexane and is expected to interact strongly with the P2VP segments
of the micelles. The encapsulation efficiency has indeed been found
to increase with decreasing solubility of the small molecules in the
recovery medium [27,28].

The release profiles obtained in 0.05 M HCl for indomethacin-
and lidocaine-loaded G1 arborescent PS-g-P2VP copolymers are
compared in Fig. 6. In contrast to the rapid release observed for the
free probes from dialysis tubing (100% release in less than 5 h), the
release from the dendritic micelles is slow, corresponding to sus-
tained characteristics. Each release experiment was performed
twice. Values of t tests obtained from the release data did not show
any statistical difference between the results at a confidence level
of 95%. For both indomethacin and lidocaine, an initial burst in
release is observed for the first 5 h but is followed by more gradual
release until equilibration is attained over 1–2 days. Furthermore,
while roughly 80% of the loaded lidocaine is released at equilib-
rium, only about 40% of the indomethacin is released from the
micelles (Fig. 7). Lidocaine is less hydrophobic (Log P¼ 2.4� 0.3),
a large fraction of the probe is presumably located in the unpro-
tonated P2VP shell after encapsulation. This fraction is completely
released within the time frame of the release experiment.

The incomplete release of indomethacin from the micelles
cannot be attributed simply to reservoir (dialysate) saturation, as
a similar mass fraction versus time profile was obtained in
a preliminary experiment with a doubled dialysate volume. The
incomplete release is more likely related to physical entrapment of
the drug in the hydrophobic core and/or the palisade (interfacial)
regions of the micelles, due to the moderately hydrophobic char-
acter (Log P¼ 3.1�0.4) of indomethacin. A similar explanation was
suggested for the incomplete release of indomethacin from block
copolymer micelles incorporating a hydrophobic poly(3-capro-
lactone) core and a hydrophilic poly(ethylene glycol) shell [29].
Another possibility could be hydrogen bonding interactions
between the pyridine ring of P2VP chain segments and the
carboxylate group of indomethacin. The formation of hydrogen
bonds between indomethacin and poly(vinyl pyrrolidone) units has
been reported [30,31], and determined to involve the carboxylic
acid group of indomethacin and the carbonyl group of the pyrrole
ring. The lack of hydrogen bond formation with the nitrogen atom
in the pyrrole ring was attributed to steric hindrance. In the PS-g-
P2VP micelles, nitrogen in the pyridine ring is not sterically
hindered and should be capable of forming hydrogen bonds, since



Fig. 6. Release profile for (a) indomethacin and (b) lidocaine in 0.05 M HCl in the free state (A) and from G1 PS-g-P2VP copolymer (,). Mt is the cumulative weight released at time
t, and Meq is at equilibrium.
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indomethacin was loaded in the micelles before dissolution in the
HCl solution. There are no strong interactions between lidocaine
and the micelles, which would likewise explain why a larger frac-
tion of the encapsulated drug was released.

The influence of the micelle generation number on the release of
indomethacin (Fig. 7) is similar to that observed in the FRET studies
using the fluorescent probes. The release profile for the G1 micelles
shows an initial burst in release, which decreases in magnitude for
higher generations, the G3 copolymer having a more linear profile.
While the G1–G3 copolymers had comparable micellar loadings,
the amount of probe released at equilibrium decreased for higher
generations. At equilibrium more than 40% of the indomethacin
loaded in the G1 micelles was released (Fig. 7), while about 30% and
less than 20% were released from the G2 and G3 samples, respec-
tively. This result suggests that the number of probe molecules
encapsulated in the highly branched glassy PS core/palisade
regions of the micelles increases with the size of the micelles, and
therefore the fraction of drug molecules release within the time
frame of the experiment decreases.

The influence of indomethacin loading (controlled by varying
the weight fraction of copolymer and drug during encapsulation)
on the release process for G1 micelles is illustrated in Fig. 8. The
initial release rate and the mass fraction of indomethacin released
at equilibrium both increase with loading. For loadings of 29, 33,
Fig. 7. Percentage mass fraction of indomethacin released from G1 (>), G2 (-), and
G3 (6) copolymers, and lidocaine released from the G1 (,) copolymer.
and 46% w/w, for instance, the fraction of indomethacin released
from the G1 arborescent PS-g-P2VP copolymers after 20 h was 18,
30, and 33%, respectively. The dependence of the indomethacin
release on its concentration in the micelles is consistent with
a diffusion-controlled release mechanism. As the concentration of
indomethacin in the micelles is increased the fraction of molecules
in the P2VP shell presumably increases, leading to faster release of
the probe.

The release data were analyzed using a power law model [32],
the semi-empirical equation

Mt

Meq
¼ ktn (6)

formerly used to describe the release from polymeric systems for
up to 55% of the equilibration level [33]. In the power law model, k
is a constant dependent upon the structural and geometric char-
acteristics of the device. Its magnitude is usually indicative of
solvent–solute or device–solute interactions, high values reflecting
strong solvent–solute or weak device–solute interactions. The
release exponent n depends on the release mechanism, n¼ 1.0
representing a release rate independent of time or zeroth-order
release kinetics. This type of release mechanism is also known as
case-II transport and typically involves time-dependent swelling of
the delivery device. A value of n< 0.43 is indicative of Fickian
Fig. 8. Influence of initial indomethacin loading (w/w) on release from G1 micelles:
29% loading (-); 33% loading (,); 46% loading (A).



Table 4
Parameters k and n of the power law model for the release of indomethacin from PS-
g-P2VP copolymers.

G1 G2 G3

n 0.60� 0.04 0.48� 0.01 0.39� 0.06
k 0.21� 0.03 0.14� 0.02 0.15� 0.04

Table 5
Diffusion coefficients of indomethacin in arborescent PS-g-P2VP copolymers.

G1 G2 G3

Radiusa (nm) 12.5 22.5 39.5
Di

b (cm2 s�1) 2.54� 10�18 (0.03) 2.81� 10�18 (0.01) 7.08� 10�18 (0.13)
Average Dc (cm2 s�1) 1.25� 10�18 (0.18) 4.67� 10�18 (0.07) 4.33� 10�18 (0.08)
Rated (s�1) at 2 h 2.06� 10�5 1.31� 10�5 1.19� 10�5

a Determined from dynamic light scattering measurements.
b Early time diffusion coefficient obtained from Eq. (8).
c Obtained by fitting Eq. (7) to experimental data.
d Initial release rate obtained from Eq. (9). The values within parentheses are the

c2 parameters for the fits.
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diffusion control of the release process. Intermediate n values
(0.43–1.0), corresponding to anomalous transport, may be regarded
as a combination of both mechanisms. The values of n quoted here
are only valid for release devices with a spherical geometry, and
actually vary with the shape of the device.

Experimental values of k and n were determined for the PS-g-
P2VP micelles by the linear least squares method. It can be seen
from Table 4 that for approximately 40% loading, the release
mechanism for indomethacin changes from anomalous transport to
Fickian (diffusion-controlled) as the generation number of the
arborescent PS-g-P2VP copolymers increases. No clear trend can be
observed among the k values, although the G1 copolymers had
a significantly higher value suggesting the most favorable interac-
tions between the probe and solvent. For comparison lidocaine,
which is more soluble in 0.05 M HCl, had n¼ 0.34 and k¼ 0.34 in
the G1 micelles.

Considering that the release of indomethacin from arborescent
PS-g-P2VP copolymers is apparently dominated by diffusion, Fick’s
second law of diffusion was used to estimate the diffusion coeffi-
cient of indomethacin in the micelles and the initial burst release
rate from the micelles to their immediate surroundings (i.e. 0.05 M
HCl). The amount of material diffusing out of a homogeneous
sphere at time t can be calculated from the exact solution to Fick’s
second law of diffusion given by [34]

Mt

MN
¼ 1� 6

p2

XN
n¼1

1
n2

exp
�
� Dn2p2t=r2

�
(7)

where D is the average diffusion coefficient of the substance within
the sphere, n is the number of iterations used for the calculations,
and r is the radius of the sphere. To calculate the initial burst release
rate, the early time approximation of Eq. (7) [35]

Mt

MN
¼ 6

�
Dit
r2p

�1=2

� 3Dit
r2 (8)

can be derived with respect to time to give the early time release
rate

dðMt=MNÞ
dt

¼ 3
�

Di

r2pt

�1=2

� 3Di

r2 : (9)

Eqs. (8) and (9) are typically valid over the first 40% of the release
process. The early time diffusion coefficient (Di), the average
diffusion coefficient (D), and the early time release rate were
determined by fitting Eqs. (7)–(9), respectively, to the experimental
data and by minimizing the c2 value obtained using Mathcad 2000
Professional software.

The diffusion coefficients for indomethacin in arborescent PS-g-
P2VP copolymers (Table 5) are much lower than those reported in
the literature for the same probe in other controlled release
devices. For example, D z 3.5�10�10 cm2 s�1 was reported for
pressure sensitive-adhesive devices made from polystyrene-block-
polyisoprene copolymers [36], and D z 2.7�10�16 cm2 s�1 was
reported for poly(L-lactic acid)-block-poly(ethylene glycol) micelles
[4]. The low D values obtained herein, on the order of 10�18 cm2 s�1,
could be related to the highly branched structure of the arborescent
copolymers.
The trend among the diffusion coefficients D for indomethacin
in Table 5 is consistent with that determined for pyrene (Table 3).
While a decrease in the diffusion coefficient might have been
expected for higher generation copolymers due to their increased
branching functionality, Di generally increases. This is again
attributed to the increased electrostatic repulsions between P2VP
segments for higher generation copolymers upon protonation, as
discussed earlier. After dissolution in dilute HCl, protonation leads
to electrostatic repulsions causing the P2VP chains to stretch, and
to an increase in the volume of the hydrophilic shell [9,24,25].
While the resulting volume expansion tends to be less significant
for higher generation arborescent PS-g-P2VP copolymers [24], it
appears that the electrostatic repulsions still suffice to increase
the microporosity and the diffusion coefficients for the micelles.
The lower D value obtained for the G3 copolymer, though not
very significant, is again consistent with increased structural
rigidity for the G3 molecules as discussed earlier. In contrast, the
initial diffusion coefficient Di increases continuously from G1 to
G3 copolymers, presumably because the indomethacin molecules
diffuse predominantly out of the corona initially. While Di

increases with the generation number, the initial release rate
decreases (Table 5). Theses two trends may sound contradictory,
but they simply arise because the initial release rate varies
inversely with the radius of a sphere (Eq. (9)), and the size of
arborescent PS-g-P2VP copolymer micelles increases with the
generation number (Table 5).
4. Conclusions

The release of small molecules from arborescent copolymer
micelles incorporating a branched polystyrene core and poly(2-
vinylpyridine) segments in the shell was investigated. The release
profiles obtained display sustained release characteristics with an
initial burst, followed by slow approach to equilibrium. The diffu-
sion coefficients for pyrene determined from fluorescence
quenching experiments, and the average diffusion coefficients for
indomethacin estimated by fitting an exact solution of Fick’s second
law of diffusion for a spherical device to the experimental data
displayed the same increasing trend from G1 to G2, while
a decrease was observed for the G3 micelles. In spite of the
increasing branching functionality of the copolymer micelles with
the generation number, the results obtained from the fluorescence
and the in vitro release studies are consistent with a more porous
microstructure in acidified media for higher generation arborescent
PS-g-P2VP copolymers up to G2. The increased number of P2VP
chains per micelle for higher generation micelles presumably leads
to enhanced electrostatic repulsions between the charged P2VP
chains of higher generation arborescent PS-g-P2VP copolymers.
Despite increased electrostatic repulsions, the average diffusion
coefficient decreased for the G3 copolymers, hinting at the domi-
nating influence of branching functionality (branching density) on
the structural rigidity of the molecules.
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