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It is generally assumed that polymeric micelles, upon administra-
tion into the blood stream, carry drug molecules until they are
taken up into cells followed by intracellular release. The current
work revisits this conventional wisdom. The study using dual-
labeled micelles containing fluorescently labeled copolymers and
hydrophobic fluorescent probes entrapped in the polymeric micelle
core showed that cellular uptake of hydrophobic probes was much
faster than that of labeled copolymers. This result implies that the
hydrophobic probes in the core are released from micelles in the
extracellular space. Forster resonance energy transfer (FRET) im-
aging and spectroscopy were used to monitor this process in real
time. A FRET pair, DilCyg3) and DiOCqg(3), was loaded into mono-
methoxy poly(ethylene glycol)-block-poly(p,L-lactic acid) micelles.
By monitoring the FRET efficiency, release of the core-loaded
probes to model membranes was demonstrated. During adminis-
tration of polymeric micelles to tumor cells, a decrease of FRET was
observed both on the cell membrane and inside of cells, indicating
the release of core-loaded probes to the cell membrane before
internalization. The decrease of FRET on the plasma membrane was
also observed during administration of paclitaxel-loaded micelles.
Taken together, our results suggest a membrane-mediated path-
way for cellular uptake of hydrophobic molecules preloaded in
polymeric micelles. The plasma membrane provides a temporal
residence for micelle-released hydrophobic molecules before their
delivery to target intracellular destinations. A putative role of the
PEG shell in the molecular transport from micelle to membrane is
discussed.

lock copolymer micelles (1-4) have attracted growing in-

terest as carriers to deliver drugs including antitumor re-
agents to the target site via the enhanced permeability and
retention effect (5). Hydrophobic molecules, such as paclitaxel
(PTX), can be incorporated into the core of polymeric micelles
by physical entrapment. The core composed of hydrophobic
chains is expected to regulate the retention and the release of
loaded drug molecules on an appropriate time scale (6—8). With
micelle-based drug formulations reaching clinical trials (9, 10),
the impetus for understanding the pathways involved in micellar
drug delivery starts to emerge. It is thought that intact polymeric
micelles are taken into cells, followed by intracellular release of
drug molecules (8). Kabanov’s group (11) reported that pluronic
copolymer micelles could be internalized by an endocytic path-
way and increase drug absorption by inhibition of P-glycoprotein
drug efflux system in cancer cells. Allen et al. (12) suggested that
poly(ethylene oxide)-poly(e-caprolactone) (PEO-PCL) micelles
enter PC12 cells via endocytosis. To directly monitor the mi-
celles, Luo et al. (13) and Savic et al. (14) chemically conjugated
a rthodamine molecule to the end of the PCL block and inves-
tigated the internalization of PEO-PCL micelles into P19 and
PC12 cells. In their study, micelles were reported to enter the cell
by endocytosis after nonspecific association with the cell mem-
brane (8). It was argued later that these observations were not
indicative of the intracellular distribution of the nonionic mi-
celles because the modification with a cationic marker could
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change the property of copolymer (15). At present, the pathway
for cellular internalization of polymeric micelles and incorpo-
rated drug molecules remains unclear.

In this study, we investigated the cellular uptake of hydro-
phobic molecules preloaded in PEG-polyester micelles. Mono-
methoxy poly(ethylene glycol)-b-poly(D,L-lactic acid) (PEG-
PDLLA) micelles were studied because they have been widely
used as carriers of PTX (10). PEG-PDLLA was labeled with
fluorescein isothiocyanate (FITC) to monitor the micelle itself,
and DilCg.3), a hydrophobic fluorescence probe, was used to
represent a hydrophobic drug loaded in the micelle cores. It was
found that cellular uptake of DilC;g(3) was much faster than that
of FITC-labeled copolymers, indicating two separate cell entry
pathways for DilC;g3) and the copolymers. To clarify this
process, we used Forster resonance energy transfer (FRET) to
monitor the release of core-loaded molecules from micelles in
real time. A FRET pair of hydrophobic dyes, DilCygy as
acceptor and DiOCg3) as donor (referred to as Dil and DiO,
respectively), was physically loaded into the micelle cores. FRET
between DiO and Dil was recently used to detect plasma
membrane heterogeneity (16). In our case, FRET occurred in
intact micelles because of intimate Dil/DiO contacts in the cores,
whereas the decomposition of micelles by acetone or the release
of Dil and DiO from micelles caused a loss of the FRET effect.
The results of this study show that during micelle—-membrane
interactions, the core-loaded molecules are effectively trans-
ferred to the plasma membrane, from which they can either be
endocytosed or diffuse to the targets; i.e., specific intracellular
structures.

Results

Dual-labeled PEG-PDLLA micelles (Fig. 14 Inset; containing
10% FITC-PEG-PDLLA and 0.15% Dil) with an average di-
ameter of 52 nm were prepared by dialysis at the 2 mg/ml
administration dose and used for the study of cellular uptake of
copolymers and core-loaded hydrophobic molecules. KB cells
were imaged after a 24-h incubation with 0.2 mg/ml dual-labeled
micelles at 37°C. Almost no FITC-labeled copolymers (green in
Fig. 14) were found inside of cells, whereas the Dil (red in Fig.
1B) initially loaded in the micelle core was significantly inter-
nalized into cells. Moreover, the Dil delivered by micelles (Fig.

Author contributions: K.P.and J.-X.C. designed research; H.C., S.K., L.L., and S.W. performed
research; and H.C. wrote the paper.

The authors declare no conflict of interest.
This article isa PNAS Direct Submission. M.M. is a guest editor invited by the Editorial Board.

SPermanent address: College of Medical Device Engineering, University of Shanghai for
Science and Technology, Shanghai 200093, China.

TTo whom correspondence may be addressed. E-mail: kpark@purdue.edu or
jcheng@purdue.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0707046105/DCSupplemental.

© 2008 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0707046105


http://www.pnas.org/cgi/content/full/0707046105/DCSupplemental
http://www.pnas.org/cgi/content/full/0707046105/DCSupplemental

7|

Fig. 1. Cellular internalization of fluorescently labeled micelles and core-
loaded hydrophobic probes inspected by confocal fluorescence microscopy. (A
and B) KB cells treated with 0.2 mg/ml dual-labeled micelles for 24 h. The green
color represents the FITC signal from labeled micelles, and the red color
represents the Dil signal. (Inset) Diagram of a micelle labeled with FITC and
loaded with Dil. (C) KB cells incubated with free Dil in DMSO at the final
concentration of 0.1 ug/ml for 24 h. (D) Hela cells incubated with 0.2 mg/ml
micelles (physically loaded with 0.15% Dil) for 2 h. Dil was accumulated in the
microtubule organizing center area. (Scale bars: 10 um.)

1B) and the free Dil delivered by DMSO (Fig. 1C) exhibited the
same pattern of perinuclear accumulation. These observations
imply that Dil escaped from micelles and entered the cells
separately. The intracellular distribution of Dil was further
examined by using HeLa cells stably transfected with GFP-
tubulin. After a 2-h incubation at 37°C with 0.2 mg/ml micelles
loaded with 0.15% Dil, vesicles containing Dil were found to be
accumulated in the microtubule organizing center area (Fig.
1D), indicative of endosomal localization of Dil. The same
pattern was observed in HeLa cells incubated with free Dil (data
not shown). Taken together, these results suggest that Dil could
escape from the micelles and internalize into cells via
endocytosis.

To monitor the release of the core-loaded molecules in real
time, we physically loaded a FRET pair into micelles (referred
to as FRET micelles), as shown in Fig. 24. The FRET micelles
containing 0.75% Dil and 0.75% DiO were prepared by dialysis
at an initial concentration of 2 mg/ml copolymer. The micelles
were stable for >3 months with an average diameter of 60 nm
measured by dynamic light scattering (DLS) and a zeta potential
of —6.19 (*0.06) mV. To verify the occurrence of FRET,
fluorescence spectra of 0.2 mg/ml micelles in deionized water or
acetone were measured on a spectrometer with 484-nm excita-
tion. For micelles in deionized water, a strong Dil signal was
observed (red curve in Fig. 2B) due to the close proximity of Dil
and DiO in the micelle core, with a FRET ratio Ir/(Ig + Ir) of
0.90, where Ir and I are fluorescence intensities at 565 nm and
501 nm, respectively. After micelle decomposition by acetone,
FRET disappeared (green curve in Fig. 2B) because Dil and
DiO could not be closely retained anymore, resulting in a FRET
ratio Ir/(Ic + Ir) of 0.17. Fluorescence spectra of micelles
loaded with 0.75% Dil alone or 0.75% DiO alone [supporting
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Fig. 2. PEG-PDLLA FRET micelles. (A) Diagram of a FRET micelle prepared
with 0.75% DiO and 0.75% Dil at 2 mg/ml polymer concentration. (B) Spectra
of micelles diluted by 10X water (red curve) and 10X acetone (green curve),
respectively.

information (SI) Fig. S1] excited at 484 nm show that cross-talk
and direct acceptor excitation are minor effects in comparison
with the FRET inside of the micelle core. We have also
determined the homo-FRET by measuring the fluorescence
anisotropy from micelles loaded with different amounts of Dil
or DiO. The result shows self-quenching of DiO and Dil
fluorescence increased with the loading concentration (Fig. S2).
With these characterizations, it is possible to monitor the
liberation of Dil and DiO from micelles or decomposition of
micelles by measuring the FRET effects, as described below.

The FRET micelles were first applied to model membranes to
examine the release of the core-loaded hydrophobic probes to
lipid bilayers. Homogeneous supported bilayer and small unila-
mellar vesicle (SUV) samples were prepared as described in ref.
17. A supported bilayer composed of dioleoyl phosphatidylcho-
line (DOPC) was incubated with 0.2 mg/ml FRET micelles at
room temperature for 2 h. The bilayer was then washed with
deionized water. Two-color fluorescence imaging was pre-
formed with 488-nm excitation on a confocal microscope. Both
DiO fluorescence (Fig. 34) and Dil fluorescence (Fig. 3B) from
the bilayer were observed, with a ratio Inii/(Ipir + Ipio) of 0.37.
As acontrol, 0.2 mg/ml FRET micelles in water were also imaged
(Fig. 3 C and D), and a higher ratio Ipi/(Ipir + Ipio) of 0.89 was
obtained. These results indicate that Dil and DiO were effec-
tively relocated to the lipid bilayer during the micelle-bilayer
interaction.

To monitor the dynamics of such transfer, 5 ul of 2 mg/ml
FRET micelles were mixed with 2 ml of DOPC SUYV solution (4
mM), resulting in a final micelle concentration of 5 wg/ml. The
time-resolved spectra measured every 15 min over a 2-h period
are shown in Fig. 3E. A burst decrease of Dil signal was found
in the first 15 min, followed by very small changes. On the
contrary, the DiO signal increased gradually during the 2-h
period. The increase of DiO intensity and decrease of Dil
intensity indicate a reduction of FRET due to release of the
probes from micelles. To explain the different patterns of
intensity change between Dil and DiO, a time-resolved fluores-
cence study of micelles loaded with Dil or DiO alone was carried
out. The results are shown in Fig. 3 F and G. For DiO-loaded
micelles at 484-nm excitation, mixing with SUVs caused a
decrease of DiO fluorescence in the first 15 min, followed by a
substantial increase. The initial stage (i.e., within 15 min) can be
attributed to the burst release of probes located at the hydro-
phobic-hydrophilic interface inside of the micelle (18, 19), in
which the intensity drop shows the effect of local environment
(micelle versus lipid membrane) on the probe fluorescence. The
later stage can be attributed to the release of high-density probes
from the micelle core. Because the release also reduced the
probe density inside of the core, the self-quench was effectively
attenuated, resulting in an increase of total DiO intensity as
shown in Fig. 3G. The Dil-loaded micelles displayed the similar
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Fig.3. Transfer of core-loaded probesto model membranes. (A and B) Fluorescence images of core-loaded DiO (A) and Dil (B) transferred to the DOPC supported
bilayer. Ipi/(Ipii + Ipio) = 0.37. (C and D) Fluorescence images of DiO (C) and Dil (D) FRET micelles in water with 0.2 mg/ml concentration. Ipi/(Ipii + Ipio) = 0.89.
(Scale bars: 5 um.) (E) Time-resolved spectra of 5-ul FRET micelles mixed with 2 ml of SUV solution (DOPC, 4 mM). (F) Time-resolved spectra of Dil- and DiO-loaded
micelles mixed with the DOPC SUV solution under the same condition. The excitation was 484 nm. To ensure the same probe density in the core, the micelles
were loaded with 1.5% Dil or 1.5% DiO alone. The Dil fluorescence was magnified by six times for easy comparison. (G) Change of total DiO and Dil fluorescence
intensity after mixing the DiO- and Dil-loaded micelles with the DOPC SUV solution. The intensity at each time point was normalized by the intensity at 0 min.

behavior in the SUV solution, but the fluorescence level was
much lower than for DiO-loaded micelles at 484-nm excitation.
The Dil fluorescence is magnified by six times in Fig. 3F for easy
comparison. The change of total DiO or Dil fluorescence after
mixing micelles with SUV is summarized in Fig. 3G, where the
intensity at each time point is normalized by the intensity at 0
min. These results provide insight into the FRET measurement
shown in Fig. 3E. During the release of the probes, both
reduction of FRET from DiO to Dil and relaxation of DiO
self-quench increased the DiO signal. For Dil fluorescence, the
initial burst release of probes located at the edge of the core
caused a reduction of FRET, which effectively decreased the Dil
signal. After that, the release of probes from the micelle core not
only reduced the energy transfer from DiO to Dil, but also
diminished the Dil self-quench (i.e., homo-FRET, as shown in
Fig. S2). The reduction of homo-FRET, together with the
cross-talk of increased DiO signal, could counterbalance the
reduction of hetero-FRET, leading to a small change of Dil

intensity, as shown in Fig. 3E. D
The above model membrane studies suggest that hydrophobic 2
molecules could be efficiently transferred to lipid bilayers within 3
minutes, where the lipid bilayer served as a sink to accommodate :_E
these molecules preloaded into the core of micelles. We have R
further explored the effect of the membrane—micelle interaction £

on micelle-based drug delivery to tumor cells. By incubating KB
cells with 0.2 mg/ml FRET micelles at 37°C for 2 h, we observed
a strong DiO (green in Fig. 44) signal on the plasma membrane
and an overlay of DiO and Dil (yellow in Fig. 44) inside of cells.
The presence of DiO but lack of Dil fluorescence from the
plasma membrane indicated a release of the probes from the
micelle core to the membrane where the FRET effect was
significantly diminished. After the internalization, DiO and Dil
could be concentrated in endocytic vesicles as a result of
intracellular sorting, resulting in partial recovery of FRET and
an increase of Dil intensity accordingly. The FRET efficiencies
were quantified by the spectra recorded from a fluorescent area
inside of cells and in the extracellular space (Fig. 4B). Whereas
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a high FRET ratio (0.73) was retained outside of the cells (green
curve), alower FRET ratio (0.33) was obtained inside of the cells
(red curve). In a dose-dependent study, KB cells were incubated
with 0.1 and 0.02 mg/ml FRET micelles for 0.5 and 2 h before
imaging. It was found that Dil and DiO were released to the
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Fig. 4. Transfer of core-loaded probes to plasma membrane. (A) Confocal
fluorescence image of KB cells incubated with 0.2 mg/ml FRET micelles. After
2 h incubation, image shows that FRET disappeared on cell surface and in
intracellular space. (Scale bars: 10 um.) (B) Spectra measured outside (green)
and inside (red) of cells. lr/(/g + Ir) were 0.73 and 0.33, respectively. The green
curve was rescaled to match the red curve, because accumulation of Dil and
DiO inside of cells led to a much stronger signal inside of cells than outside of
cells. (C) Confocal fluorescence image of KB cells incubated with FRET micelles
at 4°C for 2 h. (D) Spectrum of the extracellular space after 4°C incubation.
Ir/(Ig + Ir) was 0.70.
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Fig.5. Transfer of core-loaded molecules to cells from PTX-containing FRET
micelles. (A) Emission spectra of micelles in water and in acetone with 10X
dilution. (B) KB cells treated with 0.2 mg/ml micelles for 2 h. High FRET was
observed outside of cells, and low FRET was observed on plasma membrane
and inside of cells. (Scale bars: 10 um.) (C) Spectra measured outside (green)
and inside (red) of cells. Ig/(lg + Ir) are 0.85 and 0.33, respectively. (D) KB cells
after two washes. DiO signal (green) was found on the cell membrane.

plasma membrane at all micelle concentrations (Fig. S3). To-
gether with the model membrane studies shown in Fig. 3, our
results indicate an effective release of Dil and DiO to the plasma
membrane and internalization of those molecules afterward. To
examine the pathway involved in the internalization of Dil and
DiO, cytochalasin D, which disrupts the actin filaments, and
sodium azide, which depletes the energy required for endocy-
tosis, were used to suppress endocytosis. As shown in Fig. S4,
with cytochalasin D or NaNj3 treatment, the transfer of probes
from micelle core to plasma membrane was observed. However,
no DiO or Dil signal was detected inside of the cells.
These results confirm that Dil and DiO entered the cells via
endocytosis.

A temperature-control experiment was carried out to further
examine the transfer of Dil and DiO from micelles to cell
membranes. After a 2-h incubation at 4°C, no Dil or DiO
fluorescent intensity was probed at the plasma membrane (Fig.
4C). Moreover, the spectrum of the extracellular micelles (Fig.
4D) was similar to that in Fig. 4B. These results confirm the
integrity of micelles with Dil and DiO molecules in the cores.
Because the glass transition temperature of PDLLA ranges from
26°C to 39°C depending on the molecular weight (20, 21), it is

reasonable to assume that transfer of Dil/DiO from the micelle
core to the membrane can be inhibited at 4°C.

The same FRET method was used to evaluate PTX-loaded
micelles. PTX is a hydrophobic molecule with broad anticancer
activity because of its capability of stabilizing the microtubule
network (22). Despite the wide use of polymeric micelles for
delivery of PTX to cells (23, 24), the pathway is not yet clarified.
Previous studies suggested that membranes could provide a lipid
sink for limited amount of PTX (25, 26). Thus, PTX could be
transferred from the micelles into the plasma membrane and
then diffused to microtubules. To examine such a pathway, we
prepared PTX-loaded FRET micelles by coloading 10% PTX,
0.75% DiO, and 0.75% Dil during dialysis. These micelles had
an average diameter of 80 nm measured by DLS and a zeta
potential of —4.68 (%£0.74) mV. The fluorescence spectra of
micelles in water and acetone shown in Fig. 54 demonstrated
that FRET occurred in the PTX-loaded FRET micelles. When
incubating KB cells with 0.2 mg/ml micelles at 37°C for 2 h, a
strong Dil signal (red in Fig. 5B) was observed outside of the
cells, whereas an overlay of DiO and Dil (yellow in Fig. 5B) was
found inside of the cells. This observation indicates the release
of Dil and DiO. The microspectroscopy analysis in Fig. 5C
confirms a strong FRET in the extracellular space and a weak
FRET inside of the cells. The fluorescent endosomes were
scattered into the whole cytosol (Fig. 5B and Fig. S5), in contrast
to the perinuclear accumulation in cells administrated with
normal FRET micelle (Fig. 44). Such difference proves the
release of PTX molecules that stabilized the microtubule and
hence changed the distribution of endosomes associated with
microtubules (27). Importantly, after washing with fresh medium
to remove the micelles, the DiO signal was observed on the
plasma membrane of the cell (Fig. 5D), indicating the release of
fluorescent probes and presumably PTX to the plasma mem-
brane before their internalization. An MTT assay was carried out
to characterize the cytotoxicity of various PEG-PDLLA micelles
under the current study. The results (Fig. S6) demonstrate no
cytotoxicity of the FRET micelles and unloaded micelles. How-
ever, the PTX coloaded FRET micelles significantly reduced the
absorbance at 540 nm, indicating an effective delivery of PTX to
cells during the 2-h incubation.

With high hydrophobicity, PCL was used to increase the
retention of the hydrophobic molecules in the core of micelles
(28, 29). To study the release of Dil and DiO from PEG-PCL
micelles, we prepared FRET micelles using PEG-PCL
(5,000:2,000) at 2 mg/ml loaded with 0.75% Dil and 0.75% DiO.
By incubating 0.2 mg/ml micelles with KB cells at 37°C for 2 h,
we observed a strong Dil signal (red in Fig. 64) in the extra-
cellular space, a strong DiO signal (green in Fig. 6A4) on the
plasma membrane, and an overlay of DiO and Dil (yellow in Fig.
6A) in the intracellular space. Microspectroscopic analysis
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Fig. 6. Uncontrolled release of FRET probes from PEG-PCL micelles. (A) Confocal fluorescence image of KB cells incubated with 0.2 mg/ml FRET micelles. (Scale
bar: 10 um.) (B) Spectra of FRET micelles in the extracellular space (red) and intracellular space (green). (C) Time-resolved spectra of 5-ul FRET micelles mixed with

2 ml of SUV solution (DOPC, 4 mM).
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shown in Fig. 6B confirms a strong FRET outside of the cell (red
curve) and a weak FRET inside of the cell (green curve),
consistent with the case of PEG-PDLLA FRET micelles shown
in Fig. 4 A and B. These results suggest that release of hydro-
phobic molecules from self-assembled PEG-PCL micelles to
cells occurred in a way similar to that for PEG-PDLLA micelles.
We also used DOPC SUYV solution to monitor the dynamics of
Dil and DiO release from micelles to lipid bilayers. The time-
resolved emission spectra measured for a 2-h period with 5 pug/ml
micelles are shown in Fig. 6C. A gradual increase of the DiO
fluorescence and simultaneous diminution of the Dil fluores-
cence were observed. Accordingly, the FRET ratio decreased
from 0.68 at 0 h to 0.59 at 2 h. It is notable that no burst release
was observed, implying an enhanced retention of hydrophobic
molecules in the PCL core.

Discussion

Understanding the mechanisms underlying the drug delivery by
micelles to cellular and subcellular targets is critical for the
design of micelles as effective drug carriers (30, 31). Although
internalization of micelles was reported previously (14, 32, 33),
the current work showed that internalization of micelles was
much slower than that of core-loaded hydrophobic molecules
(Fig. 1 A and B). By FRET experiments in model membranes
(Fig. 3) and in cells (Figs. 4-6), we found that core-loaded Dil
and DiO were released to plasma membranes and internalized
by cells afterward. These results show that micelles exhibit
membrane-mediated transportation of hydrophobic agents to
cells.

The dynamic instability of polymeric micelles provides a
possible mechanism for the release of hydrophobic molecules
from micelle core to lipid bilayers. However, it was shown that
dynamic exchange between micelles requires days (34, 35), much
more time than the release observed in our experiments. We
propose that the fast release is facilitated by the PEG shell in
micelles. PEG-induced fusion of model membranes has been
well studied (36, 37). It is hypothesized that PEG can force very
close contact between vesicle membranes by lowering the activity
of water adjacent to the membrane (38). In addition, PEG can
dehydrate the lipid bilayer, leading to the formation of nonla-
mellar structures, raising the gel-to-fluid phase transition tem-
perature (39, 40), and enhancing membrane permeability (41).
It was also reported that lipid-soluble probes on the membrane
of labeled cells could diffuse to the membrane of unlabeled cells
at a high PEG concentration, indicating a PEG bridge between
the phospholipid membranes of adjacent cells (42). In our study,
although the overall PEG concentration in the solution is low
with 0.1 mg/ml, the PEG density at the micelle surface is locally
high because of the self-assembly of copolymers—e.g., assuming
1,000 copolymer molecules in a micelle of 60 nm diameter, the
average PEG density would be 73 mg/ml. The high-density PEG
could bridge the transfer of hydrophobic molecules from micelle
core to lipid membrane.

Our observation of the fast release of drug molecules from
micelles to lipid sinks explains the previous study by Burt et al.
(43), who observed that PTX rapidly dissociated from the
micelle in the blood. Such dissociation is likely due to the transfer
of PTX to the abundant lipid components and carriers in the
blood. This uncontrolled drug release limits the applications of
micelles as a drug delivery system. Although the targeting
efficiency can be enhanced by functionalizing micelles with
ligands that have selective affinity for recognizing and interact-
ing with a specific cell, tissue, or organ in the body (44), it cannot
avoid the drug release during in vivo transportation. Shell-cross-
linked biodegradable micelles would be a practical method for
overcoming the uncontrolled release of drug to lipid environ-
ment. Physically incorporated drug molecules can be shielded
tightly by the cross-linked corona, and biodegradable cross-
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linking can allow the release of the drug from micelles in a
controlled manner.

Materials and Methods

Materials. Unless stated otherwise, all of the reagents and solvents were used
as originally procured. a-Amino-methoxy PEG (MPEG-NH,; MW 5,000) was
purchased from Nektar. p,L-lactide (LA), 10-hydroxydecanoic acid (HDA), di-
cyclohexyl carbodiimide (DCC), N-hydroxysuccinimide (NHS), triethylamine
(TEA), stannous 2-ethyl-hexanoate [Sn(Oct);], dibutyltin dilaurate (DBDL),
bis-amino-PEG (H,N-PEG-NH,), cytochalasin D, and sodium azide were pur-
chased from Sigma-Aldrich. PTX was supplied by Samyang Genex. Dil, DiO,
FITC, and the MTT assay kit were purchased from Invitrogen. DOPC was
purchased from Avanti Polar Lipids.

Polymer Synthesis and Micelle Preparation. Details on synthesis of copolymers
and their fluorescent conjugates can be found in S/ Methods. Dual-labeled
PEG-PDLLA micelles were prepared by the precipitation and membrane
dialysis method. Block copolymers (90 mg of PEG-PDLLA, 10 mg of FITC-
PEG-PDLLA) were dissolved in 5 ml of acetone with 0.15 mg of Dil. After
stirring for 30 min, the solution was dropped to 50 ml of deionized water
at 2 ml/min speed and followed by 3 h of stirring to vaporize acetone. Block
copolymer aqueous solution was then dialyzed against 2 liters of deionized
water (Spectra/Por MWCO 3500) for 2 days. Water was changed after 1 day.
Finally, the solution was filtered through a 0.45-um filter to remove
undesirable aggregates, and stored at 4°C. The administration concentra-
tion of 2 mg/ml was calculated according to the copolymer and deionized
water used.

A similar procedure was used to prepare PEG-PDLLA micelles with 0.15%
Dil, PEG-PDLLA FRET micelles, PTX-loaded FRET micelles, and PEG-PCL
(5,000:2,000) FRET micelles. In the FRET micelle preparation, Dil and DiO were
mixed with 100 mg of copolymer at a 0.75% weight ratio in 5 ml of acetone
solution. In the PTX-loaded FRET micelle preparation, 10 mg of PTX was
supplied to this 5-ml acetone solution.

The average size of block copolymer micelles were measured by DLS at
23°C. DLS measurement was carried out using a DynaPro99 molecular-sizing
instrument equipped with a microsampler (Protein Solutions). The intensity
autocorrelation was measured at a scattering angle of 90°. The program
CORAN was used for data analysis to obtain the size distribution of micelles.
The zeta potential was measured by using the ZetaPALS (Brookhaven Instru-
ments). The anisotropy was measured by using the SpectraMax M5 (Molecular
Devices).

Cell Culture. KB cells, a tumor cell line, were obtained from American Type
Culture Collection (ATCC CCL-17). A GFP-tubulin stably transfected Hela
was a kind gift from Xiaoqi Liu (Purdue University). Cells were cultured at
37°Cin a humidified atmosphere containing 5% CO; and grown continu-
ously in RPMI medium 1640 supplemented with 10% FBS, 100 unit/ml
penicillin, and 100 ug/ml streptomycin. Coverslip-bottomed Petri dishes
(MatTek) were used for high-resolution imaging. Before each experiment,
6 X 104 cellsin 1 ml of growth medium were deposited into a Petri dish and
incubated for 3-4 days to encourage adherence and cell confluence. The
cells in 0.9 ml of culture medium containing 10% FBS were supplemented
with 100 ul of micelles and incubated at 37°C or 4°C for the desired lengths
of time before imaging.

FRET Imaging, Microspectroscopy, and Spectroscopy. Imaging was performed
by using a FV1000 confocal system (Olympus). A 543-nm HeNe laser was
used to excite Dil. An Ar™" laser was used to excite DiO, FITC, and GFP. A
405/488 nm excitation dichroic mirror was used to reflect the 488-nm beam
to the sample. FRET images were acquired with 488-nm excitation, spectral
filter of 555-655 nm for Dil detection, and spectral filter of 500-530 nm for
DiO detection. All of the images were obtained and processed with Fluo-
View software (Olympus). Raw images in OIB format were converted to
8-bit tiff files with pseudocolors for display. Only brightness and contrast
were optimized, and no other image processing was used. Microspectros-
copy at pixels of interest was carried out by using a spectral detector, with
emission scan from 490 to 590 nm. Fluorescence spectra of FRET micelles
were measured by using the AMINCO-Bowman series 2 luminescence
spectrometer (SLM Aminco Bowman) with 484-nm excitation and emission
scan from 490 to 590 nm.
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