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Targeted delivery and controlled release of a drug to specific
organs or cells would potentially maximize its therapeutic
efficacy while minimizing the side effects. This is of particular
importance for insoluble drugs, as there is a lack of means to
transport them in a biological system. Many insoluble drug
candidates failed clinical trials because of poor pharmacoki-
netics. With an effective delivery system, these drugs could be
reexplored to unleash their potential. So far, a variety of
micro- and nanoscale materials have been developed as drug
carriers.[1] Of paramount significance for biological applica-
tion is an understanding of the pathway and the rate of drug
release from these new materials.

A model system for the study of kinetics entails the
delivery of a model drug, typically an organic dye, from a
carrier to an acceptor through a solvent. In contrast to the
focus on nanocarriers, though, few systems in the literature
included nanoscale acceptors to model biological acceptors
such as proteins and lipid membranes. A practical concern is
the lack of means to distinguish the drug molecules in carriers
from those in acceptors. Dialysis-based methods separated
nanocarriers from water by a semipermeable membrane, so
the drug content on each side could be analyzed by methods
such as UV/Vis spectroscopy,[2] fluorescence,[3] or chromatog-
raphy.[4] Alternatively, a bulk organic phase was used to
extract the released drug in water away from the nano-
carriers.[5] In these examples, the released drug molecules
have to diffuse through a bulk phase (water and/or an organic
solvent) before being characterized. In a different approach,
paramagnetic ions (Tl+)[5d] were used to quench the fluores-
cence of released drug, and Au nanoparticles (NPs) were used
as quenchers for the loaded drugs in nanocarriers.[5c] Thus, the

fluorescence change of the model drugs in the different media
(solvent versus carriers) allowed real-time monitoring of the
drug release without disrupting the delivery system.

For drug release in a cellular environment, the nano-
carriers would be intimately mixed with the nanoscale
bioacceptors. Hence, short-distance diffusion (ca. 1 mm)
would dominate, and the use of bulk-phase acceptors could
not fully mimic this process. Recently, an enlightening work
by Chen et al. used dual-labeled polymer micelles as nano-
carriers,[6] so that the drug release could be studied in the
presence of nanoacceptors.

Herein, we report a new model delivery system, in which
pyrene was incorporated in the polymer shells of AuNPs and
then released to nanoacceptors (Figure 1). The fluorescence
of pyrene was quenched in the vicinity of the AuNPs but

reemerged upon its release, thus allowing in situ kinetics study
by optical measurements. To mimic cell components, bovine
serum albumin (BSA), l-a-phosphatidylcholine (a phospho-
lipid) micelles, sodium dodecyl sulfate (SDS) micelles, and
polystyrene-block-poly(acrylic acid) (PSPAA) micelles were
used as nanoacceptors. The intimate mixing of the nano-
carriers with the nanoacceptors creates a realistic model for

Figure 1. A new kinetics model for drug release. a) Release of pyrene
from the polymer shells of AuNPs: in the absence of nanoacceptors,
the system quickly reaches equilibrium without significant material
transfer; in the presence of excess free PSPAA micelles, the short-
distance transfer of pyrene is fast. b,c) Transmission electron micros-
copy (TEM) images of pyrene-loaded AuNP@PSPAA (b) and free
PSPAA micelles (c).
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short-distance drug release. Using pyrene as a limiting model
for hydrophobic drugs, the critical role of nanoacceptors in
the kinetics of drug release was demonstrated.

To prepare drug carriers, AuNPs were encapsulated by
PSPAA shells (AuNP@PSPAA, Figure 1b) following previ-
ously reported methods.[7] The uniform micellar shells on
AuNPs are similar in nature to empty micelles of PSPAA
(Figure 1c), which have been shown to incorporate hydro-
phobic molecules such as pyrene.[8] Pyrene could be directly
loaded in AuNP@PSPAA during the AuNP encapsulation,[9]

but an alternative method was used here that is compatible
with other molecular payloads. Pyrene was transferred from
“free” PSPAA micelles (with no AuNPs) to AuNP@PSPAA.
It was first incubated with PSPAA in a DMF-rich solvent
(VH2O=VDMF = 2:1); its enhanced solubility in this solution
indicated its incorporation in the polymer micelles. Purified
AuNP@PSPAA (dAu = (16� 1.8) nm; doverall = (43� 2.6) nm)
were then added and the mixture was incubated at 80 8C for
4 hours. The concentration of pyrene in the free PSPAA
micelles was higher than that in the AuNP@PSPAA, and this
concentration gradient drove the transfer of pyrene to the
AuNP@PSPAA. The high DMF content of the solution
swelled the polymer micelles, thus facilitating the equilibra-
tion of pyrene in the system.

After pyrene incorporation, the heavy AuNP@PSPAA
were readily isolated by centrifugation, and the product was
diluted with water to reduce the DMF content, thus
deswelling the PSPAA micelles and trapping pyrene inside.
In the collected solution of pyrene-loaded AuNP@PSPAA,
there were still small amounts of residual DMF and free
PSPAA micelles. To completely remove these impurities, the
concentrated samples (ca. 10 mL) were diluted with NaOH
(0.1 mm, 1.5 mL) and further purified by centrifugation
(typically five cycles in total). The NaOH solution was used
to increase the charge repulsion and minimize the aggregation
of AuNP@PSPAA during the multiple steps of centrifuga-
tion.[10a]

TEM characterization of the resulting AuNP@PSPAA
(Figure 1b) showed that they were structurally identical to
those before pyrene incorporation. In particular, there was no
apparent change in the thickness of the polymer shells. UV/
Vis spectra of the sample after each cycle of purification
showed the characteristic absorption peaks of pyrene at 323
and 339 nm, and the plasmon absorption peak of AuNPs at
530 nm (Figure 2a). The fact that pyrene was co-separated
with the AuNP@PSPAA strongly supported its residence in
the polymer shells.

The fluorescence signal of pyrene is affected by three
main factors. AuNPs have strong absorbance at 200–600 nm,
and it attenuates both the excitation beam and the fluores-
cence signal (inner filter effect). Although metal NPs quench
the fluorescence of pyrene at close proximity, molecules at a
distance from the Au surface could be enhanced by surface-
enhanced fluorescence (SEF).[11] In kinetics experiments, the
fluorescence intensity was measured in situ with an invariant
AuNP concentration. Thus, the inner filter effect reduces all
signals by a constant ratio. Furthermore, pyrene was probably
distributed uniformly inside the polymer shells, and thus the
combined effects of quenching and SEF affected the fluores-

cence signals in proportion to the number of incorporated
pyrene molecules. Since the signal of pyrene-loaded
AuNP@PSPAA (Figure 2b) was weaker than that of the
same sample after release (63 versus 215), SEF should be less
significant than the quenching effect.

Nevertheless, these factors make it difficult to quantify the
incorporated pyrene. To overcome this problem, the pyrene-
loaded AuNP@PSPAA were disassembled in a hot DMF
solution: the polymer shells were dissolved and the stripped
AuNPs were removed by centrifugation. The resulting
solution showed pyrene absorption peaks at 307, 323, and
339 nm, and emission peaks at 373, 384, 395, and 415 nm
(Figure 2c). The fluorescence of pyrene was not used, as it is
different in water and DMF. Based on UV/Vis spectra of
standard samples, pyrene in this solution was quantified. It
was further estimated that there was an average 2019� 42
pyrene molecules per AuNP@PSPAA, which is equivalent to
about 0.06 molecules/nm�3 in the polymer shell.[9]

In an aqueous solution and in the absence of nano-
acceptors, pyrene is stable in AuNP@PSPAA. The fluores-
cence of the loaded nanocarriers in 2 mL water did not show
any obvious change in 2 hours (Figure 3a). The minimal
pyrene release could be attributed to its very low solubility in
water (7 � 10�7

m) and also to the lack of organic solvent (e.g.,
DMF) to swell the polymer shells. While the former limits the
pyrene release thermodynamically, the latter controls the rate
of release kinetically. The slow release allowed the purifica-
tion of the pyrene-loaded AuNP@PSPAA without losing a
significant amount of the payload.

With the development and characterization of nano-
carriers, the next step is to find suitable nanoacceptors. A

Figure 2. Evidence for the loading of pyrene in AuNP@PSPAA. a) UV/
Vis absorption spectra of the pyrene-impregnated AuNP@PSPAA in
water after five cycles of purification; lines 2–5 (inset) are for samples
after the respective centrifugation cycle. b) Emission spectrum of
pyrene-loaded AuNP@PSPAA in water (* indicates the emission peak
at 395 nm that was followed in all kinetic traces). c) Absorption and
emission spectra of the released pyrene, after disassembling the
pyrene-loaded AuNP@PSPAA in DMF and removing the AuNPs.
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biological system is abundant in nanoacceptors such as
proteins and cell membranes, which could readily take up
hydrophobic molecules by recognition, adsorption, or simple
dissolution. Hence, the drug transfer among the various hosts
could be nonspecific and difficult to study, particularly with
the unknown concentrations of the bioacceptors. In a model
system, we were able to introduce nanoacceptors in known
concentrations, so that the drug release kinetics could be
studied in detail. BSA is the main plasma protein in bovine
blood circulation, and it is known to absorb hydrophobic
molecules such as pyrene.[12] Thus, it represents a general
protein that could recognize or absorb a specific drug.

In a kinetic experiment, BSA was added to a solution of
pyrene-loaded AuNP@PSPAA in water, so that the nano-
acceptors were homogeneously mixed with the nanocarriers.
As pyrene dissociated from the AuNP@PSPAA, its fluores-
cence intensity increased because of the increased distance
from pyrene to an Au surface. Therefore, the concentration of
the released pyrene is directly related to the fluorescence
intensity, thus allowing in situ and real-time monitoring of the
drug release by fluorescence measurement. Fast increase of
the pyrene emission at 395 nm was observed (Figure 3 b).
Based on the fluorescence intensity, over 60 % of the
incorporated pyrene was released within 2 hours.

In addition to BSA, we also used micelles of small
molecules to mimic cell membranes, which are primarily
made of proteins and lipids. l-a-Phosphatidylcholine is a type
of naturally occurring lipid. We prepared micelles of this
molecule by following literature procedures,[13a] and then
added them to an aqueous solution of pyrene-loaded
AuNP@PSPAA. As shown in Figure 3c, the release of
pyrene was also fast. A similar result was obtained when
SDS micelles were used as the nanoacceptors (Figure 3d).
The similarity in the kinetic behavior of the drug release when

three different nanoacceptors were used (Figure 3 b–d) is a
strong indication for a common mechanism.

However, exactly how pyrene was transferred from the
nanocarriers to the nanoacceptors is still unknown. There are
at least three different possible pathways. Pyrene could be
first released to the aqueous phase and then diffuse into the
nanoacceptors, or it could be directly transferred when a
transient bridge is formed between a nanocarrier and a
nanoacceptor during their collision. The latter scenario was
previously suggested to explain the fast drug transfer in the
presence of nanoacceptors.[6] Alternatively, the micelles of
nanocarriers and nanoacceptors could dynamically disassem-
ble and re-form in solution, thus facilitating material transfer
among them. This is particularly likely when the nano-
acceptors are made of small molecules such as BSA, SDS, and
lipid, which are known to rapidly dissolve and re-form in
aqueous solution.

In contrast to the dynamic behavior of small-molecule
micelles, PSPAA micelles have been shown to be kinetically
frozen with low liquidity.[13b] A vivid demonstration can be
found in our recent report,[10d] in which hollow PSPAA
micelles were shown to maintain their structure in aqueous
solution until they were heated beyond the glass transition
temperature of polystyrene. Thus, under the conditions of our
experiments, the PSPAA molecules in the micelles could not
exchange and the micelles could not split or fuse with each
other. Moreover, it is known that the PSPAA micelles are
highly charged and do not aggregate even in saturated CsCl
solutions.[10a–c] Given the long PAA chains (ca. 60 acrylic acid
repeating units) on the surface of the micelles, it is unlikely
that hydrophobic channels could form between two micelles
during a collision. Therefore, the use of PSPAA in both
nanocarriers and nanoacceptors minimizes the mechanistic
ambiguities.

To prepare empty PSPAA micelles as nanoacceptors,
PSPAA was heated in a H2O/DMF (4.5:1, v/v) mixture to
induce its self-assembly; the resulting free micelles (Fig-
ure 1c, d = (24� 3.0) nm) were diluted with water and further
dialyzed against water to completely remove DMF. Then, the
pyrene-loaded AuNP@PSPAA were added to this solution to
initiate the drug transfer. A fast increase of emission intensity
at 395 nm was observed (Figure 4 a), which indicated the
efficient release of pyrene. In this system, the free PSPAA
micelles were in large excess to the AuNP@PSPAA and the
ratio was estimated to be 149:1 in number of particles ([free
micelle] = 0.4 mgmL�1).[9] On average, each AuNP@PSPAA
occupies a cube of width 1.5 mm with these acceptors. Hence,
the distance of pyrene diffusion in water should be in the
range of a few hundred nanometers, and the fast Brownian
motion of both the nanocarriers and the nanoacceptors is
expected to facilitate pyrene transfer.

Since the average diffusion distance between nanocarriers
and nanoacceptors is determined by their concentrations, the
kinetic experiments were carried out at varying concentra-
tions of the nanoacceptors. In Figure 4a, the rate of pyrene
release barely changed when the concentration of free
PSPAA micelles changed from 0.4 to 0.2 (not shown) and
0.1 mgmL�1, thus indicating that the “perfect sink” condition
was attained for the pyrene released from nanocarriers. The

Figure 3. Nanoacceptor-assisted pyrene release. a) Fluorescence inten-
sity trace (at 395 nm) of pyrene-loaded AuNP@PSPAA upon incuba-
tion in water. b–d) Fluorescence intensity traces showing the kinetics
of pyrene release when BSA, l-a-phosphatidylcholine micelles, and
SDS micelles, respectively, were used as nanoacceptors; the red lines
were fitted to the Fickian diffusion model.
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“perfect sink” refers to the condition where excess acceptors
are present for absorbing the released drug. In cases where no
acceptor is used, it could also mean that the solubilizing
capacity of the solvent is significantly greater than that of the
released drug. However, further reducing the concentration
of nanoacceptors (to 0.05 mgmL�1) led to a lower plateau of
emission intensity (Figure 4a). This can be attributed to the
reduced amount of pyrene released at equilibrium (10 h)[9]

because of the lack of acceptors. The level of decrease in the
fluorescence intensity at the plateau is also consistent with the
decrease in the estimated volume ratio of nanocarriers to
nanoacceptors,[9] which supports the attainment of equilibri-
um at the end of pyrene release.

Importantly, after normalization, the four traces with
different nanoacceptor concentrations exactly overlapped
each other (Figure 4b). Since the average distance from
AuNP@PSPAA to free PSPAA micelles changed in these
experiments, this observation indicated that the diffusion of
pyrene through water was not the rate-determining step. The
same conclusions can be reached when other types of
nanoacceptors are used (Figure 4c,d). Therefore, the kinetic
model of our system is virtually equivalent to the direct
diffusion of pyrene from AuNP@PSPAA to the surrounding
nanoacceptors. Indeed, the fluorescence intensity traces of
pyrene in Figures 3 and 4 fit well to the Fickian diffusion
model[14] (correlation coefficient R> 0.98) [Eq. (1)]:

Y ¼ P1 þ P2 t1=2�P3 t ð1Þ

where Y is the fluorescence intensity, which is proportional to
the concentration of the released pyrene, t is time, and P1, P2,
and P3 are coefficients (values are given in Table S3 in the
Supporting Information). The Fickian diffusion model was

previously used to describe the diffusion-controlled release of
a substance from a sphere, assuming a constant diffusion
coefficient. It best describes purely radial diffusion in the
initial (< 70 %) release stage. The fact that all of our data fit
well to this simple diffusion model supports a common
mechanism when the diffusion of pyrene through water is
efficient.

Therefore, the use of nanoscale acceptors has an impor-
tant consequence on the kinetics of drug release. By removing
the released pyrene from the aqueous phase, the presence of
nanoacceptors greatly enhanced the rate of release from the
nanocarriers. Similar results have been observed in a recent
report using dual-labeled polymer micelles as nanocarriers.[6]

Importantly, the short-distance diffusion of a hydrophobic
molecule such as pyrene through an aqueous phase is actually
not the rate-determining step. Thus, the release kinetics can
be solely described by the radial diffusion through the
hydrophobic phases of both the carriers and acceptors,
which reduces mechanistic complexity. This feature is inde-
pendent of the nature of the nanoacceptors, so long as there is
excess of them around. But it is distinctively different from
other model systems that involve drug diffusion through a
bulk phase. Most hydrophobic drugs are conceivably more
soluble than pyrene in an aqueous phase, and hence their
diffusion through water is expected to be faster. The
abundance of nanoscale bioacceptors in a cellular environ-
ment makes it imperative to include nanoacceptors in model
delivery systems. Otherwise, the rate of drug release or
diffusion could be misinterpreted. For example, drug mole-
cules incorporated in a delivery vehicle could be quickly and
nonspecifically lost to the bioacceptors in a cell, even though
they may be stable in the vehicle in the absence of nano-
acceptors.

In conclusion, we have developed a new kinetic system
that allows the use of both nanocarriers and nanoacceptors.
The intimate mixing of the two at the nanoscale realistically
mimics drug delivery in a cellular environment. In the model
system, the carrier/acceptor concentrations could be readily
controlled and the drug transfer could be monitored in real
time. Using this unique system, pyrene was shown to quickly
transfer (ca. 2 h) from the nanocarriers to the nanoacceptors.
This nanoacceptor-induced fast release of pyrene follows the
Fickian spherical diffusion model, and could be explained by
the short-distance diffusion of pyrene through water. For its
low solubility in water, pyrene was used as a limiting model
for hydrophobic drugs with higher solubility. Biologically
relevant nanoacceptors, such as BSA and lipid micelles, were
used in our delivery system to model bioacceptors. The use of
PSPAA micelles as both nanocarriers and nanoacceptors
provided unique advantages in understanding the pathway of
pyrene release. We have presented evidence to show that
pyrene probably did transfer through water and that the
transfer was not assisted by dynamic reassembly or fusion
splitting of the polymer micelles.
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Figure 4. Understanding the kinetics of pyrene release. a) Fluorescence
intensity traces showing the kinetics of pyrene release when free
PSPAA micelles were used as nanoacceptors; [free micelle] (in
mgmL�1): & 0.4; * 0.1; ^ 0.05. The solid lines were fitted to the
Fickian diffusion model. b–d) Normalized traces in (a), Figure 3b, and
Figure 3c, respectively. b) [Free micelle] (in mgmL�1): & 0.4; ~ 0.2; *

0.1; ^ 0.05. c) [BSA] (in mgmL�1): & 20; * 10; ^ 5. d) [Lipid] (in
mgmL�1): & 0.333; * 0.167; ^ 0.083.
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