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ABSTRACT: Although nanocarriers hold promise for cancer chemotherapy, their intracellular drug delivery pathways are not fully understood.
In particular, the inﬂuence of nanocarrier stability on cellular uptake is still
uncertain. By physically loading hydrophobic FRET probes, we revealed
diﬀerent intracellular drug delivery routes of self-assembled and disulﬁde
bonded micelles. The self-assembled micelles were structurally dissociated by
micelle−membrane interactions, and the hydrophobic probes were
distributed on the plasma membrane. Alternatively, intact disulﬁde bonded
micelles carrying hydrophobic probes were internalized into cancer cells via
multiple endocytic pathways. Following internalization, disulﬁde bonded
micelles were decomposed in early endosomes by glutathione-mediated
disulﬁde bond reduction, exposing the probes to intracellular organelles.
KEYWORDS: disulﬁde bonded micelles, ﬂuorescence resonance energy transfer (FRET), intracellular drug delivery, glutathione, cancer,
nanomedicine
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INTRODUCTION
Nanocarrier-based chemotherapy has been studied not only for
maximizing the therapeutic eﬀect of chemodrugs, but also for
minimizing nonselective toxicity to normal tissue.1−4 In order
to achieve such goals, the nanocarrier must eﬀectively deliver a
chemoagent to the intracellular pharmacological target
organelle in a cancer cell.5,6 For instance, paclitaxel and
doxorubicin, as representative chemotherapeutics, can provide
anticancer eﬀects only by acting on microtubules and the
nucleus, respectively.7,8 Thus, a comprehensive understanding
of the cellular uptake and intracellular traﬃcking of a drugloaded nanocarrier is essential for successful chemotherapy.9−12
To date, the inﬂuences of physiochemical properties (e.g., size,
shape, and surface charge) of nanocarriers on cellular uptake
have been studied using various formulation and surface
modiﬁcation methods.13−16
The size of a nanocarrier is one of the key parameters
determining its cellular entry rate and route. For example,
spherical gold and silica nanoparticles with a 50 nm diameter
have shown higher cellular uptake kinetics and intracellular
concentration than smaller or larger nanoparticles because their
wrapping time and, thus, the free energy required to drive the
nanoparticles into the cells are minimized.17−19 In another
study, larger carboxyl-modiﬁed polystyrene nanoparticles (>42
nm) were taken up by HeLa cells through clathrin-mediated
endocytosis, while smaller particles (<25 nm) were internalized
via nondegradative/nonacidic pathway.20,21 To give another
example, cellular accumulation of 20 and 40 nm BSA-coated
nanoparticles through caveolae-mediated endocytosis was 5−10
times greater than that of 100 nm BSA-coated nanoparticles.22
© 2013 American Chemical Society

Size is not the only important factor; the shape of a nanocarrier
also directly inﬂuences cellular internalization. Cylindrical
PRINT particles with a high aspect ratio (3, diameter = 150
nm, height = 450 nm) used broad internalization pathways and
rapidly accumulated in HeLa cells, compared to symmetric
particles with a low aspect ratio (1, diameter = 200 nm, height
= 200 nm).23 Conversely, the internalization of Au rods in
MCF-7 cells decreased as the aspect ratio of the Au rods
increased from 1.1 (diameter = 30 nm, length = 33 nm) to 4.0
(diameter = 14 nm, length = 55 nm).24 Spherical nanoparticles
that have a low aspect ratio (2.3, polar axis ∼191 nm, equatorial
axis ∼84 nm) also demonstrated higher internalization in HeLa
cells than quasi-ellipsoid nanoparticles that have a higher aspect
ratio (5.9, polar axis ∼381 nm, equatorial axis ∼65 nm) because
their small average curvature radius favorably interacts with the
surface of the cells.25 The surface charge of a nanocarrier also
indirectly aﬀects cellular uptake through protein opsonization.
Cerium oxide nanoparticles with a positive zeta potential
adsorb more BSA and thus have a lower cellular internalization
into A549 cells compared to nanoparticles with a negative zeta
potential.26 However, greater adsorption of serum protein to
positively charged, PDDAC-coated Au rods triggered preferential internalization into MCF-7 cells relative to negatively
charged, CTAB or PSS-coated Au rods.24
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In spite of these extensive eﬀorts to ﬁnd the factors that
inﬂuence cellular internalization of nanocarriers, there still
remain unknown and missing parameters, such as nanocarrier
stability. In order to precisely control the physiochemical
properties of nanocarriers, the studies mentioned above have
used nondissociative and nondegradative nanoparticles (e.g.,
Au, iron oxide, and polystyrene nanoparticles) without drug
encapsulation. Thus, these studies could not consider the
inﬂuence of nanocarrier stability on cellular uptake. However,
the majority of drug delivery system tested for cancer therapy
are hydrophobically self-assembled nanocarriers, such as
micelles,27 liposomes,28 polymersomes,29 and multilayer
polymeric nanoparticles,30 which are readily dissociated by
interactions with serum proteins in physiological environments.31−35 Recent reports on cellular uptake of hydrophobic
ﬂuorescent dye-loaded PEG-PDLLA micelles,36 PLGA nanoparticles,37 and DOPE/DOTAP liposomes38 have demonstrated that instability of the nanocarriers triggered not only
nanocarrier-plasma membrane fusion but also premature
release of the ﬂuorescent dye to the cell membrane. Therefore,
it is necessary to elucidate the inﬂuence of nanocarrier stability
on cellular uptake to achieve successful intracellular drug
delivery.
We performed comparative studies between self-assembled
and disulﬁde bonded micelles, representing unstable and stable
nanocarriers respectively, to understand the role of stability in
their cellular internalization. The incorporation of disulﬁde
bonds into self-assembled micelles improves not only the
stability of the micelles in physiological conditions but also the
cancer targeting eﬃcacy of chemotherapeutics by using highly
concentrated glutathione (GSH)-mediated reduction for drug
release.39,40 Li et al.41,42 demonstrated that disulﬁde crosslinked, PEG5k-Cys4-CA8 micelles could better retain their
structural integrity and payload in serum protein solutions
compared to non-cross-linked PEG5k-CA8 micelles. Furthermore, in the presence of a reduction agent which cleaves the
disulﬁde bonds, the micelles exhibit rapid release of the
payload. Herlambang et al.43 reported that the introduction of
disulﬁde cross-linking in a dendrimer phthalocyanine-loaded
polyion micelles (DPc/m) enhanced the production of reactive
oxygen species (ROS) by preventing the invasion of serum
protein to the micelle core, resulting in an increase of
photocytotoxicity in A549 cells. Kim et al.44 established
disulﬁde bonds into the ionic core of PEO-b-PMA micelles
which then exhibited higher loading eﬃciency of doxorubicin
(50% w/w) and more potent cytotoxicity against A2780 cells as
compared to non-cross-linked micelles. Also, in our recent
study, disulﬁde bonded mPEG-(Cys)4-PDLLA micelles stably
retained doxorubicin in blood circulation and increased the
drug concentration in tumors up to 7 times greater than that of
tumors treated with non-cross-linked, self-assembled mPEGPDLLA micelles.45 While it is clear that disulﬁde bonded
micelles have great potential in drug delivery, the intracellular
uptake mechanism is still unclear. To address this, we prepared
disulﬁde bonded methoxypoly(ethylene glycol)-(cysteine)4poly(D,L-lactic acid) (mPEG-(Cys)4-PDLLA) and self-assembled mPEG-PDLLA micelles. By using ﬂuorescence
resonance energy transfer (FRET) imaging, we characterized
the cellular entry routes and intracellular fates of the selfassembled (SA) and disulﬁde (DS) bonded micelles.
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EXPERIMENTAL SECTION

Polymer Synthesis and Micelle Preparation. The
micelles were prepared and characterized as described
previously.45 In brief, mPEG-PDLLA copolymer was synthesized by ring-opening polymerization of lactide in the presence
of mPEG-OH (MW 5kDa). Also, mPEG-(Cys)4-PDLLA
copolymer was synthesized by sequential linking of methoxy
poly(ethylene glycol) amine (mPEG-NH2, MW 5kDa), oligocysteine4 (Fmoc·NH-CCCC-COOH), and carboxyl poly(D,Llactic acid) (PDLLA-COOH). SA micelles made of mPEGPDLLA and DS micelles made of mPEG-(Cys)4-PDLLA were
prepared using the membrane dialysis method. Both micelles
were loaded with a FRET pair, DiO and DiI.
Cell Culture. LNCaP, MCF-7, and M109 cells were
cultured at 37 °C in a humidiﬁed atmosphere containing 5%
CO2 and grown continuously in RPMI 1640 or DMEM
medium supplemented with 10% FBS, 100 unit/mL penicillin,
and 100 μg/mL streptomycin. Coverslip-bottomed Petri dishes
(MatTek, Ashland, MA) were used for high-resolution imaging.
Prior to each experiment, 6 × 104 cells in 1 mL of growth
medium were deposited into a Petri dish and incubated for 1 to
2 days to encourage adherence and cell conﬂuence.
Cellular FRET Imaging. LNCaP, MCF-7, and M109 cells
were incubated with FRET micelles at 500 μg/mL (in the
culture medium with 10% FBS) at 37 °C for 2 h. Cellular FRET
imaging was performed using FV1000 confocal system
(Olympus, Tokyo, Japan) equipped with Argon (488 nm)
and HeNe (543, 633 nm) lasers and a 60×/1.2 NA water
objective. FRET images were acquired with 488 nm excitation
and spectral ﬁlters of 500−530 nm and 555−655 nm for DiO
and DiI detections. Microspectroscopy at pixels of interest was
performed using a spectral detector, with emission scanning
from 490 to 590 nm. FLUOVIEW software (Olympus) was
utilized for image processing. The FRET ratio was calculated as
follows:
FRET ratio = IDiI/(IDiI + IDiO)

where IDiI and IDiO were the ﬂuorescence intensities of DiI at
570 nm and DiO at 508 nm.
Endocytic Traﬃcking. After LNCaP cells were incubated
with Dil-loaded SA or DS micelles (50 μg/mL in the culture
medium with 10% FBS) at 4 or 37 °C, the endocytic
internalization of core-loaded hydrophobic probe (DiI) in the
micelles was examined using confocal imaging. TransferrinAlexa Fluor 633 (Tf) and ﬂuorescein dextran (MW 70 kDa,
Dex) were used as tracers for clathrin-mediated endocytosis
and macropinocytosis, respectively. DiI-loaded micelles at 100
μg/mL (in the culture medium with 10% FBS) were treated to
LNCaP cells and incubated with Tf (25 μg/mL) or Dex (100
μg/mL) for 2 h at 37 °C before imaging. The cells were washed
twice with cold PBS (pH 7.4), ﬁxed with 4% paraformaldehyde
for 15 min at room temperature, and mounted with
Fluoromount-G (SouthernBiotech, Birmingham, AL). A
Nikon C1+ confocal system (Nikon, Tokyo, Japan) equipped
with argon (488 nm) and diode (405, 561, 639 nm) lasers and
60×/1.4 NA oil objective was used for ﬂuorescence imaging.
The imaging analysis was carried out using EZ-C1 software
(Nikon). The ﬁlter sets (Dex (Ex488/Em500−530), DiI
(Ex561/Em568−643), and Tf (Ex639/Em660−720)) were
utilized. Colocalization ratios of core-loaded hydrophobic
molecule (DiI) with the endocytic tracers were derived as
follows:
3498
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(Figure 1, Table S1 in the Supporting Information). The
cellular uptake of SA and DS micelles was visualized by FRET

colocalization ratio (%)
= (DiI FL pixelscolocalization /DiI FL pixels total) × 100

where DiI FL pixelscolocalization indicates the number of DiI
ﬂuorescence pixels colocalizing with Tf or Dex pixels, and DiI
FL pixelstotal represents the number of total DiI ﬂuorescence
pixels in the confocal images. ImageJ software (NIH) was used
for the image analysis.
Exploring Entry Routes Using Endocytic Inhibitors.
LNCaP cells were pretreated with chlorpromazine (CPZ, 10
μg/mL) to inhibit clathrin-mediated endocytosis or amiloride
(Amil, 50 μM) to inhibit macropinocytosis for 1 h at 37 °C.
Then, DiI-loaded SA and DS micelles (100 μg/mL) were
treated to the cells for 2 h at 37 °C. Confocal imaging was
performed using FV1000 confocal system (Olympus, Tokyo,
Japan). ImageJ software (NIH) was used for quantitative
analysis of DiI accumulation in the cells.
Intracellular Glutathione (GSH) and Disulﬁde Bond
Reduction. In order to reduce intracellular glutathione (GSH),
buthionine sulfoximine (BSO, 10 mM) was pretreated to
LNCaP cells for 24 h at 37 °C. DS FRET micelle (500 μg/mL)
then was added and incubated for 2 h. FRET imaging was
performed using an FV1000 confocal system with the same
conditions as mentioned above. The content of intracellular
GSH was determined according to a modiﬁed Ellman assay.
Brieﬂy, LNCaPs cells (∼5 × 106 cells) were incubated without
or with 10 mM BSO for 24 h. The cells were then washed in
fresh RPMI 1640 to remove the BSO, trypsinized, and
harvested by centrifugation. The cells were resuspended in
100 μL of PBS (10 mM, pH 7.4) and lysed by sonication.
Proteins were precipitated in metaphoshoric acid (2%) at 4 °C
for 15 min and removed by centrifugation (10000g, 10 min).
Supernatants were stored at −80 °C until the time of analysis.
The concentration of intracellular GSH was determined by
Ellman assay (λ = 412 nm). A linear standard curve of reduced
L-glutathione (GSH) ranging from 5 to 0.04 mM was created.
Cell viability for the treatment of 10 mM BSO was evaluated by
MTT assay.
Endocytic Cleavage of Disulﬁde Bonds. To investigate
subcellular reduction of disulﬁde bonds, DS FRET micelles
(100 μg/mL in the culture medium with 10% FBS) were
treated to LNCaP cells with transferrin-Alexa Fluor 633 (Tf)
(25 μg/mL) and LysoSensor Blue DND-167 (Lyso) (30 μM)
as organelle markers for early endosome and lysosome together
for 2 h at 37 °C. The endocytic cleavage of disulﬁde bonds in
DS micelles was visualized using the Nikon C1+ confocal
system as described above. The ﬁlter sets (DiO (Ex488/
Em500−530), DiI (Ex561/Em568−643), Lyso (Ex405/
Em435−465), Tf (Ex639/Em660−720)) were used. Colocalization ratios of DiO with the organelle markers were
determined by following the same method as explained above.
Data Analysis. Values are expressed as mean ± SD,
statistical comparisons between groups were made using
Student’s t test, and a P value of <0.05 was considered
signiﬁcant.

Figure 1. Schematic illustrations of SA and DS micelles with FRET
dyes (DiO and DiI).

microscopy. MCF-7 (human breast cancer), M109 (mouse
lung cancer), and LNCaP (human prostate cancer) cells were
incubated with SA or DS FRET micelles for 2 h, and the
cellular distribution of FRET probes (DiO and DiI) was
visualized via excitation at 488 nm. Unlike cells treated with DS
micelles, a strong green ﬂuorescence (DiO signal) was observed
on the plasma membrane for the cells incubated with SA
micelles (Figure 2A). For both SA and DS micelle treatments, a
red ﬂuorescence (DiI signal) was observed outside the cells,
and a yellow ﬂuorescence from overlaid green (DiO signal) and
red (DiI signal) was visualized inside the cells. The spectra
outside and inside LNCaP cells is consistent with these
observations (Figure 2B). Intact SA micelles in media produced
high FRET eﬃciency, resulting in the red ﬂuorescence (DiI
signal) outside the cells. However, the translocation of
hydrophobic probes from the micelle core to plasma membrane
by micelle polymer−plasma membrane fusion caused low
FRET eﬃciency, resulting in notable green ﬂuorescence (DiO
signal) on the plasma membrane.36,38 Released FRET probes
(DiO and DiI) easily attached to the cell membrane because of
the direct interaction between their hydrocarbon chains and the
membrane lipid bilayer.46 The probes were then internalized
into the cells by endocytic vesicles, in which DiO and DiI were
adjacent to each other. Condensation of the probes in
endocytic vesicles partially recovered FRET eﬃciency and
created a yellow ﬂuorescence (by merging DiO (green) and DiI
(red) signals) inside the cells.36 After 2 h of incubation with SA
micelles, the FRET ratio (=IDiI/(IDiI + IDiO)) outside and inside
LNCaP cells was 0.72 and 0.32, respectively. In contrast to cells
incubated with SA micelles, there was no detectable
ﬂuorescence on the cell membrane for cells treated with DS
micelles, indicating no structural decomposition of DS micelles
during cellular internalization. After the internalization, DS
micelles may be dissociated by cellular reducing agents, such as
glutathione, which caused a lower FRET eﬃciency as well as a
yellow ﬂuorescence inside the cells. The FRET ratio (=IDiI/(IDiI
+ IDiO)) decreased from 0.76 to 0.49 after uptake of the DS
micelles by LNCaP cells. These results demonstrate that DS
micelles stably retain payloads during cellular entry, whereas SA
micelles lose their payloads as their structure is decomposed
upon interaction with the plasma membrane.
Payloads in SA and DS Micelles Enter Cells via
Diﬀerent Endocytic Pathways. We next evaluated the
inﬂuence of micelle stability on the cellular uptake of a
payload. During 2 h of incubation at 37 °C, the payloads (DiI)
in SA and DS micelles were internalized into LNCaP cells with
diﬀerent rates (Figure 3A,B). The cellular uptake rate of DiI
(red ﬂuorescence) in DS micelles was much slower than the

■

RESULTS
DS Micelles Retain Payloads during Cellular Entry
Whereas SA Micelles Lose Payloads at Plasma Membrane. Self-assembled (SA) and disulﬁde (DS) bonded FRET
micelles were prepared by physically loading the hydrophobic
FRET probes (DiO and DiI) into the cores of both micelles
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Figure 2. Diﬀerent cellular internalizations of SA and DS micelles. (A) Confocal FRET images of MCF7, M109, and LNCaP cells after 2 h
incubation with SA and DS FRET micelles. The green and red colors represent DiO and DiI signals, respectively, and the yellow color indicates
overlapped signals of the both FRET dyes. The concentration of each FRET micelle was 500 μg/mL, and the excitation wavelength was 488 nm.
(Scale bars: 10 μm.) (B) Spectra measured outside (red) and inside (green) of LNCaP cells treated with SA and DS FRET micelles.

with Tf or Dex for 2 h at 37 °C. Confocal imaging
demonstrated the colocalization of DiI (red) with Tf (left
column, green) or Dex (right column, green) (Figure 4A).
High colocalization of red (DiI signal) and green (tracer signal)
ﬂuorescence is represented by yellow ﬂuorescence over the
cells. The cells treated with the DiI-loaded SA micelles and Dex
showed low colocalization of red (DiI signal) and green (Dex
signal) (white arrows indicates the unoverlaid spots in the right
upper image). The colocalization was quantitatively analyzed
and demonstrates the diﬀerent endocytic pathways of a payload
in the SA and DS micelles (Figure 4B). The colocalization
ratios show that the payload in SA micelles was mainly
internalized by clathrin-mediated endocytosis, whereas the
payload in DS micelles was taken up simultaneously by both
clathrin-mediated endocytosis and macropinocytosis. Additionally, we conﬁrmed the diﬀerent cellular entry routes between
SA and DS micelle payloads using endocytic inhibitors. We
employed chlorpromazine (CPZ), inhibiting clathrin-mediated
endocytosis, and amiloride (Amil), inhibiting macropinocytosis.49,50 After pretreating LNCaP cells with the inhibitors for 1
h, the cells were subsequently treated with DiI-loaded SA and
DS micelles for 2 h at 37 °C. The ﬂuorescence signal (red) of
DiI in the cells was observed by confocal imaging (Figure 4C).
The relative ﬂuorescence intensity was determined by
comparison with cells not treated with endocytic inhibitors
(Figure 4D). For the SA micelles, the intensities of DiI in the
cells pretreated with CPZ and Amil were decreased up to 70%
and 15%, respectively, compared to the control. This indicates
that the cellular uptake of payload in the SA micelles
signiﬁcantly relies on clathrin-mediated endocytosis. On the
other hand, for the DS micelles, the ﬂuorescence intensities in
both the cells pretreated with CPZ and Amil were similarly
reduced by 45%. This suggests that both clathrin-mediated
endocytosis and macropinocytosis are equally involved in the
cellular uptake of DS micelle payloads. These data were

Figure 3. Diﬀerent cellular uptake rates of hydrophobic probes in SA
and DS micelles. (A) Time-dependent cellular uptake of DiI (red)
loaded in SA and DS micelles to LNCaP cells (scale bar: 20 μm). (B)
Quantiﬁcation of intracellular accumulation of DiI in a single cell, as a
function of incubation time. Data are expressed as means ± SD (n =
20).

uptake rate in SA micelles. This diﬀerence may be attributed to
diﬀerent cellular uptake pathways for payloads (DiI) in SA and
DS micelles. In order to characterize the endocytic pathways,
transferrin-Alexa Fluor 633 (Tf) and ﬂuorescein dextran (MW
70 kDa, Dex) were employed as a clathrin-mediated endocytic
tracer47 and a macropinocytic tracer,48 respectively. DiI-loaded
SA or DS micelles were applied to LNCaP cells and incubated
3500
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Figure 4. Diﬀerent cellular entry routes of hydrophobic probes in SA and DS micelles (A) Colocalization of DiI (red) encapsulated in the micelles
with Tf (left column, green) or Dex (right column, green) in LNCaP cells after 2 h incubation. The yellow color shows the colocalized signals, and
white arrows (in upper right image) indicate representative non-colocalizations of DiI with Dex. (Scale bar: 10 μm.) (B) Colocalization percentage
(%) of DiI in SA and DS micelles with Tf or Dex. Data are expressed as means ± SD (n = 20). (C, D) The eﬀect of endocytic inhibitors on the
cellular entry of DiI in SA and DS micelles. LNCaP cells were either untreated or pretreated with CPZ and Amil for 1 h. Subsequently, the cells were
incubated with DiI-loaded SA and DS micelles for 2 h. (C) Fluorescence images of DiI (red) in the LNCaP cells. (Scale bar: 10 μm.) (D)
Quantiﬁcation of intracellular accumulation of DiI in a single cell. Data are expressed as means ± SD (n = 20).

for the normal LNCaP cells (Figure 5B). After internalization
of the DS micelles into the normal LNCaP cells, the FRET
ratio decreased from 0.69 (outside, red curve) to 0.33 (inside,
green curve). This is opposite of the GSH-reduced LNCaP
cells, in which the FRET ratios increased from 0.72 (outside,
red curve) to 0.79 (inside, green curve). This is likely due to the
accumulation of intact DS micelles in the GSH-reduced cells.
Treating LNCaP cells with 10 mM BSO for 24 h reduced the
concentration of intracellular GSH without any cytotoxicity
(Figure 5C,D). These observations evidenced that intracellular
GSH is primarily responsible for cleaving the disulﬁde bonds
and leads the structural disintegrity of internalized DS micelles
in a cancer cell, allowing payload release.
Intracellular Disintegration of DS Micelles Occurs in
Early Endosomes. We next investigated the organelle where
DS micelle disulﬁde bond cleavage takes place using transferrinAlexa Fluor 633 (Tf) and LysoSensor Blue DND-167 (Lyso) as
early endosome and lysosome makers, respectively. LNCaP
cells were incubated with DS FRET micelles (with DiO and
DiI), Tf, and Lyso for 2 h, after which confocal ﬂuorescence
images were acquired (Figure 6A,B). The DiO (green) and DiI
(red) signals in the same location were visualized with distinct
excitation for each probe. Notably, a higher degree of DiO
(green) and Tf (purple) colocalization was observed than DiO
and Lyso (blue) colocalization. This was further conﬁrmed by
calculating the colocalization ratio of DiI and either Tf or Lyso

consistent with the endocytic traﬃcking study using endocytic
tracers described above. Together, these results indicate that
the introduction of disulﬁde bonds allows the cellular
internalization of micelles without structural dissociation, and
thus redirects the cellular entry routes of the payloads.
DS Micelles Are Intracellularly Decomposed via
Glutathione. We further tracked the fate of DS micelles
beyond cellular uptake using FRET imaging. After internalization in LNCaP cells, the FRET eﬃciency of DS micelles
diminished (Figure 2B). This might be due to the structural
disintegration of the DS micelles by an intracellular redox
component, such as glutathione (GSH). To prove this
hypothesis, we used buthionine sulfoximine (BSO) to reduce
the concentration of intracellular GSH, which prevents GSH
synthesis by inhibiting γ-glutamylcysteine synthetase.51−53
Before incubation with the DS micelles, LNCaP cells were
pretreated with 10 mM BSO for 24 h to reduce intracellular
GSH. After 2 h incubation with DS FRET micelles, LNCaP
cells with or without pretreatment of BSO were observed by
FRET imaging (Figure 5A). In contrast to the FRET image of
the LNCaP cells without BSO pretreatment, the green
ﬂuorescence (DiO signal) in the GSH-reduced cells was
faded, resulting in predominant red ﬂuorescence (DiI signal)
throughout the cells. The spectral measurement for the GSHreduced LNCaP cells showed a similar spectrum inside (green
curve) and outside (red curve) of the cells, unlike the spectra
3501
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Figure 5. Intracellular GSH-mediated disulﬁde bond cleavage of DS micelles. (A) Confocal FRET images of normal and GSH-reduced LNCaP cells
after 2 h incubation with DS FRET micelles. Intracellular GSH in LNCaP cells was decreased by pretreatment with 10 mM BSO for 24 h. (Scale
bars: 10 μm.) The green and red colors represent DiO and DiI signals, respectively, and the yellow color indicates overlapped signals of the both
FRET dyes. (B) Spectra measured outside (red) and inside (green) of the cells in the images. (C) Quantitative analysis of Intracellular GSH in
LNCaP cells after treatment of 10 mM BSO for 24 h (mean ± SD (n = 3)). (D) Cell viability test after treatment of 10 mM BSO for 24 h (mean ±
SD (n = 8)).

(Figure 6C). These results reveal that the disulﬁde bonds in DS
micelles were predominantly cleaved in early endosomes after
cellular internalization.
The results gleaned from these studies were summarized and
illustrated (Figure 7). To summarize intracellular delivery of
our hydrophobic molecules, SA micelles lost their structural
integrity on the cell membrane due to micelle−plasma
membrane fusion. The hydrophobic molecules were disseminated on the plasma membrane after dissociation of the SA
micelles and were rapidly taken up through clathrin-mediated
endocytosis. In contrast, whole intact DS micelles with
hydrophobic probes were internalized slowly through both
macropinocytosis and clathrin-mediated endocytosis. Immediately following internalization, the DS micelles were decomposed in early endosomes by intracellular GSH-mediated
cleavage of disulﬁde bonds. Finally, the hydrophobic probes
were released from the DS micelles and exposed to the cell
organelles. This redirection in internalization route of the
hydrophobic probes was ultimately attributed to the improvement of micelle stability by disulﬁde linkage.

Figure 6. Endosomal degradation of DS FRET micelles. (A) Confocal
ﬂuorescence images of DiO (green) and DiI (red) escaped from DS
micelles in LNCaP cells after 2 h incubation. The yellow color (in right
merged image) represents overlapped signals of the both FRET dyes.
(B) Colocalization of DiO (green) with Tf (purple) or Lyso (blue).
The white arrows (in left image) indicate representative colocalization
spots of DiO with Tf. (Scale bar: 5 μm.) (C) Colocalization
percentage (%) of DiO with Tf or Lyso. Data are expressed as means
± SD (n = 20).

■

DISCUSSION
In spite of the great potential for nanocarrier-based intracellular
drug delivery to achieve suﬃcient eﬀects for cancer therapy, the
mechanism and key parameters remain elusive.54−56 Selfassembled (SA) micelles composed of amphiphilic block
copolymers have been widely used as a nanodrug carrier for
cancer therapy, owing to their high drug loading capacity and
3502

dx.doi.org/10.1021/mp4003333 | Mol. Pharmaceutics 2013, 10, 3497−3506

Molecular Pharmaceutics

Article

Figure 7. Schematic diagram of cellular entry routes and intracellular fates of SA and DS micelles.

readily modiﬁable chemical structure.57−60 However, the
instability of SA micelles in physiological conditions has been
an issue.61,62 To solve this problem, disulﬁde (DS) bonded
micelles have recently been introduced for eﬃcient intracellular
drug delivery, utilizing their high stability and structural
decomposition in response to highly concentrated glutathione
(GSH) in cancer cells.63−66 Here we described how SA and DS
micelles carry a hydrophobic molecule into a cancer cell, and
also how the hydrophobic molecule is released from DS
micelles inside the cancer cell using FRET imaging. The
diﬀerent cellular entry routes of hydrophobic probes loaded in
SA and DS micelles were demonstrated (Figure 2, 3, and 4).
The intracellular cleavage of disulﬁde bonds in DS micelles by
GSH in the early endosome was also conﬁrmed (Figure 5 and
6).
For the SA micelles, the apparent green ﬂuorescence on the
plasma membrane indicates that the hydrophobic molecules
(DiO and DiI) have been transmitted from the micelle core to
the cell membrane due to the micelle-membrane fusion.
Although the PEG polymer on the micelle surface helps to
prevent opsonization and extend the blood-circulation
time,67,68 the PEG layer on unstable micelles can provide
adverse eﬀects, such as PEG−plasma membrane interaction,
which triggers structural decomposition of the SA micelles and
subsequent loss of encapsulated drug molecules.36,69 The
hydrophobic drug molecules are dispersed on the plasma
membrane after this dissociation of the SA micelles, and
internalized into the cells by endocytosis. However, DS micelles
stabilized by disulﬁde bonding can steadily hold the hydrophobic molecules inside of the core, overcome the PEG−
membrane interactions, and directly deliver them into cancer
cells.
We also observed a higher cellular uptake rate for
hydrophobic probes in SA micelles compared to that in DS
micelles. Clathrin-mediated endocytosis was dominant in

cellular uptake of the hydrophobic probes in SA micelles,
whereas the hydrophobic probes in DS micelles used
simultaneously clathrin-mediated endocytosis and macropinocytosis to enter the cancer cells. It has been well-known that
nanocarriers employ multiple endocytic pathways with diﬀerent
recycling times of endocytic vesicles for cellular internalization.9,11,70 Endocytic vesicles in clathrin-dependent endocytosis have a rapid recycling time as compared to that in clathrinindependent endocytosis such as macropinocytosis, due to its
short recycling route that requires Rab4 and Rab35.71 The
cellular uptake of transferrin by clathrin-mediated endocytosis
was faster than that of dextran by macropinocytosis.48
Therefore, the hydrophobic probes distributed on plasma
membrane by dissociation of the SA micelles could be rapidly
internalized by clathrin-mediated endocytosis. On the other
hand, intact DS micelles with probes were nonspeciﬁcally taken
up by both clathrin-mediated endocytosis and macropinocytosis due to their large-sized endocytic vesicles (clathrinmediated endocytosis ∼120 nm and macropinocytosis >1
μm).5,11 Since slower macropinocytosis contributes to a larger
percentage of payload uptake in DS micelles compared to SA
micelles, the overall uptake rate of the DS micelle payload is
slower. We did not consider caveolae-mediated endocytosis and
phagocytosis for the following reasons. First, caveolae-mediated
endocytosis generally allows cellular internalization of small
molecules (less than 50−60 nm)5 that are much smaller than
our micelles (about 110−150 nm); second, phagocytosis
normally occurs in macrophages, but does not commonly
occur in cancer cells.
Lysosomes have been believed to be a main organelle
involved in reduction of disulﬁde bonds because they contains
free cysteine and gamma-interferon inducible lysosomal thiol
reductase (GILT).72 Thus, it has been speculated that disulﬁde
cross-linked nanocarriers might stably hold drugs after the
cellular entry, and then speciﬁcally release the drugs by
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reduction of disulﬁde bonds in lysosomes.39,73 Our results,
however, demonstrate that the DS micelle disulﬁde bonds were
cleaved in the early endosome. This observation is consistent
with our previous report where, using a disulﬁde-linked folateFRET reporter, we showed reduction of the disulﬁde bonds in
the early endosome.74 Other recent work also has exhibited that
degradation of disulﬁde cross-linked PEO-b-PMA micelles
began at the early stage of endocytosis.44 We also identiﬁed that
intracellular glutathione (GSH) is the main redox component
reducing disulﬁde bonds using a γ-glutamylcysteine synthetase
inhibitor, buthionine sulfoximine (BSO). Since GSH/glutathione disulﬁde (GSSG) is a major redox couple in animal cells
and determines the antioxidative capacity of the cells, GSH at
around 2−10 mM exists in cytosol.75,76 Although the actual
concentration of GSH in endocytic vesicles has not yet been
determined, our results evidence the existence of suﬃcient
GSH for reduction of disulﬁde bonds in early endosomes.
In summary, we have demonstrated the inﬂuence of
nanocarrier stability on intracellular drug delivery; the improvement of micelle stability by incorporation of disulﬁde bonds
altered the cellular entry route of a hydrophobic molecule. We
also investigated the fate of disulﬁde bonded micelles after the
cellular uptake; internalized DS micelles in cancer cells were
structurally decomposed by GSH-mediated reduction of
disulﬁde bonds in early endosome. Our studies provide a
new understanding of not only the inﬂuence of nanocarrier
stability on cellular entry route of a drug but also the
mechanism of intracellular drug delivery using disulﬁde bonded
nanocarriers.
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