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Rapamycin has been developed as a potential anticancer drug for treatment in rapamycin-sensitive
cancer models, but its poor water solubility greatly hampers the application to cancer therapy. This
study investigated the preparation, release profiles, uptake and in vitro/in vivo study of a dual-responsive
micellar formulation of rapamycin. Rapamycin-loaded micelles (rapa-micelles) measured approximately
ca. 150 nm with narrow size distribution and high stability in bovine serum albumin solution. It was
shown that rapamycin could be loaded efficiently in mixed micelles up to a concentration of 1.8 mg/mL
by a hot shock protocol. Rapamycin release kinetic studies demonstrated that this type of micellar system
could be applied in physiological conditions under varied pH environments. Confocal and pH-topography
imaging revealed a clear distribution of rapa-micelles, and visible intracellular pH changes which
induced encapsulated rapamycin to be released and then induced autophagolysosome formation. In vivo
tumor growth inhibition showed that rapa-micelles exhibited excellent antitumor activity and a high
rate of apoptosis in HCT116 cancer cells. These results indicated that dual-responsive mixed micelles
provided a suitable delivery system for the parenteral administration of drugs with poor water solubility,
such as rapamycin, in cancer therapy.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Rapamycin is a carboxylic lactone-lactam macrolide derived
from the bacterium Streptomyces hygroscopicus [1]. Rapamycin was
originally used as an antifungal agent [1] and was later developed
as an approved immunosuppressant [2] and potential anticancer
drug [3]. Preclinical data show inhibition of tumor growth in
a number of cell lines, including lung [4], cervix [5], colon [6] and
breast [7] cell carcinomas. In addition, rapamycin is the most
commonly used chemical to induce autophagy. Autophagy is
a lysosome-based pathway that describes the degradation and
recycling of proteins and intracellular components for maintaining
cellular homeostasis. During autophagy, cytoplasm sequestered
and then formed double-membraned vesicles which is termed as
autophagosomes. Autophagosomes then fuse with lysosomes,
containing acid hydrolases, which is called an autophagolysosome
[8]. However, autophagy also protects some cancer cells against
anticancer treatments by blocking the apoptotic pathway [9]. For
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cancer therapy, autophagy is associated with functions primarily in
tumor suppression by removing possibly growth factors and
reduces chromosome instability. Rapamycin is one of the few
mammalian Target of Rapamycin (mTOR) inhibitors that specifi-
cally target an autophagy-regulatory protein. Autophagy could be
a therapeutic target for rapamycin treatment of cancer. A growing
volume of evidence supports the hypothesis that mTOR is a kinase
that functions as a master switch between catabolic and anabolic
metabolism [10]. Consequently, the mTOR pathway determines
whether cellsdparticularly tumor cellsdwill grow and proliferate.
Inhibitor of mTOR, rapamycin, induces cell cycle arrest at the
transition from G1-S phase [11,12]. Recent studies have reported
a sensitivity of cancer cell lines to the mTOR signaling pathway
[5,10,13]. The mechanism behind this anticancer effect is based on
the anti-angiogenic properties of rapamycin, which relate to
blocking vascular endothelial growth factor (VEGF) production and
stimulation of endothelial cells [14,15].

Despite the potency of rapamycin demonstrated in the above
studies, the systemic delivery of rapamycin to tumor sites consti-
tutes a major challenge in the field of cancer therapy. Delivery is
impeded by rapamycin’s poor solubility in water (2.6 mg/mL) [16],
and by its low bioavailability [17] and dose-limiting toxicity. To fully
exploit the therapeutic potential of rapamycin in systemic admin-
istration, the drug carriers should provide a suitable intravenous
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(iv) formulation, and should be non-cytotoxic, stimuli-responsive,
and stable in the circulation. Various investigations have demon-
strated that an efficient delivery system stabilizes rapamycin and
achieves controlled drug distribution, despite its poor water-
solubility. Approaches like successful local drug delivery systems
of rapamycin have been used on immunosuppression of the
immune system [18,19]. Anticancer therapy using rapamycin has
been made possible by advances in the delivery system designed to
control the release rate for drugs administered either by injection
[20,21] or orally [22,23]. For iv injection, Forrest et al. reported
a formulation of rapamycin prepared using poly(ethylene glycol)-b-
poly(ε-caprolactone) micelles [20]. Lu et al. demonstrated that
poly(ethylene glycol)-b-poly(2-methyl-2-benzoxycarbonyl-
propylene carbonate) copolymer could be used to prepare
rapamycin-loaded micelles [21]. However, the carriers did not
optimize for the iv formulations of rapamycin because the encap-
sulated drug was rapidly or sustained released in a neutral envi-
ronment. After iv injection, a long-circulating drug carrier (10e
200 nm) demonstrated significant selective targeting of tumors of
a specific size range, and the particle accumulated in solid tumors
because of an enhanced permeability and retention effect (EPR
effect) [24]. For tumor-specific drug release, carriers can be
designed to stabilize under physiological condition and to selec-
tively respond to stimuli near tumor sites, such as minor increases
in local temperature [25] or decreases in extracellular pH [26].
Thus, for most anti-cancer drug particulate carriers, the triggering
mechanism must occur in the tumor extracellular microenviron-
ment and/or acidic organelles to release the drug into the cyto-
plasm. The properties of stimuli response for carriers of rapamycin
could be designed to favor extracellular or intracellular pH-
triggered drug release.

As our previous polymeric micelle systems, dual-responsive
micelles frommPEG-b-P(HPMA-Lac-co-His) (poly(ethylene glycol)-
b-poly(N-(2-hydroxypropyl) methacrylamide dilactate)-co-(N-(2-
hydroxypropyl) methacrylamide-co-histidine)) and mPEG-b-PLA
(poly(ethylene glycol)-b-poly(D,L-lactide)) diblock copolymers
exhibited a simple, non-toxic property as well as excellent tumor
targeting in vivo [27]. The current study describes the formulation
to improve the solubility of rapamycin for enhanced intracellular
delivery and improved antitumor efficacy (Schematic representa-
tion in Scheme 1). Hydrophobic interactions of the system are
Scheme 1. Schematic representation of mixed micelle composed of the diblock copolym
rapamycin. The dual-responsive drug carrier is designed for the intracellular delivery. The
trigger the release of enclosed drug molecules.
temperature-dependent, thus the efficient use of temperature
might provide one method for incorporating drugs with poor
water-solubility. This system offers a pH-sensitive structural
feature and stability under the neutral serum albumin environ-
ment. Rapa-micelles disintegrate because of structural changes in
intracellular pH, allowing for the rapid release of the drug from
their hydrophobic regions, thus preventing or decreasing leakage of
the anticancer drug into systemic circulation, and enhancing the
effective concentration of rapamycin. The PEG modified particles
are taken up extremely efficiently by a number of different routes
[28]. Caveolae represent the main non-clathrin-dependent route
from the cell surface to endosomes [29]. This study investigated the
encapsulation of rapamycin in dual-responsive micelles by a heat
shock protocol, and the stability and pH-dependent release
behavior. Intracellular pH topography and cytotoxicity were
investigated in human colon cancer HCT116 cells lines and the
results were compared with those of free rapamycin. Finally, anti-
tumor therapeutic efficacy and tumor apoptosis of the rapa-
micelles and free drug were evaluated in a HCT116 cancer xeno-
graft model.
2. Materials and methods

2.1. Materials

Methoxy poly(ethylene glycol) with Mw 5000 (mPEG) and a-t-butyloxy-car-
bonylamino-u-hydroxy-poly(ethylene glycol) (BoceNHePEG-OH) with Mw 3000
were purchased from Iris Biotech. D,L-lactide and palladium were purchased from
Lancaster. Cy5.5 mono NHS ester was purchased from GE Healthcare, and N-(2-
hydroxypropyl) methacrylamide (HPMA) was purchased from Polysciences. 4,40-
Azobis(4-cyanovaleric acid) (ABCPA) and stannous octoate (Sn(Oct)2) were
purchased from Aldrich. Sodium hydroxide (NaOH), bovine serum albumin (BSA),
potassium chloride (KCl), 2-(N-morpholino)ethanesulfonic acid (MES), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), calcium chloride (CaCl2),
and magnesium chloride (MgCl2) were purchased from Sigma. 4-(dimethylamino)
pyridine (DMAP), N-(tert-butoxycarbonyl)-L-histidine, and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide (EDC) were purchased from TCI.
Acetonitrile (ACN), dichloromethane (DCM), and ethanol (EtOH) were purchased
from TEDIA. Rapamycin (99%) was purchased from LC Laboratories. LysoSensor Blue
DND-167, anti-LC3B (against isoform B of human microtubule-associated protein 1
light chain 3) antibody, Alexa Fluor 488, and Carboxyl-seminaphthorhodafluor-1
acetoxymethylester (SNARF-1-AM) was purchased from Invitrogen. Dulbecco’s
modified Eagle’s medium (DMEM) was purchased from GIBCO.

The cell lines of human cervical cancer HeLa, human colon cancer HCT116, and
normal human foreskin fibroblast HS68 cells were obtained from the Bioresource
ers mPEG-b-P(HPMA-Lac-co-His), mPEG-b-PLA and Cy5.5-PEG-PLA and loaded with
acidic lysosomal compartments could induce the deformation of the rapa-micelles to
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Collection and Research Center, Hsinchu, Taiwan. The HeLa, HS68, and HCT116 cells
weremaintained in DMEM andMcCoy’s 5Amedium containing L-glutamine (Gibco),
1% penicillin-streptomycin (Gibco), and 10% fetal bovine serum (FBS) (Invitrogen) at
37 �C and 5% CO2. A viable cell kit based on the compound 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) was
purchased from Promega.

2.2. Preparation of empty and rapamycin-loaded micelle (rapa-micelle)

We synthesized mPEG-b-PLA, Cy5.5-PEG-b-PLA, and mPEG-b-P(HPMA-Lac-co-
His) by ring-opening polymerization, and characterized the compounds as previ-
ously described [27]. Micelles were prepared by the temperature-dependent phase
transition behavior using a modified heat shock protocol. Rapa-micelles were
formed by the same procedure as described previously [27]. Rapamycin was dis-
solved in ethanol in concentrations ranging from 1 to 20 mg/mL. 1 unit of rapamycin
solution (0.2 mL) was added slowly to 10 units of a solution comprising mPEG-b-
P(HPMA-Lac-co-His) andmPEG-b-PLA (75:25 wt, 2 mL), and stirred at 0 �C. Then the
mixture was heated rapidly to 60 �C while being stirred for 1 min, and the ethanol
was removed by rotary evaporation at 40 �C. Free rapamycin was removed by
filtration through a sterile, surfactant-free, 0.45 mm cellulose acetate filter (Sartorius
Stedim). The loading capacity (LC) was calculated using the following formula:

Drug contentð%w=wÞ ¼ ðmass of encapsulated drugÞ=ðmass of encapsulated drug

þmass of polymer in micelleÞ � 100%

The encapsulation efficiency (EE) of the rapa-micelles was calculated using the
following formula:

Encapsulation efficiencyð%w=wÞ ¼ ðmass of encapsulated drugÞ=
ðmass of initial drugÞ � 100%

2.3. Characterization of rapa-micelles

Dynamic light scattering (DLS) was used to determine the size and size distri-
bution of themicelles. For DLSmeasurements, themicellar solutions were incubated
at 37 �C for 1 h. The average particle size and size distribution of the micelles were
determined using a Zetasizer (Malvern-zetasizer 3000HS, Malvern, UK) at an angle
of 90� and at 37 �C. The pH of the rapa-micelles solutions was altered by adding
7.5 mM HCl. The correlations among DLS data were analyzed by the constrained
regularized CONTINmethod. The CONTINmethod is particularly useful for analyzing
multicomponent systems for DLS data.

To perform transmission electron microscopy (TEM) observations of the micelle
size and morphology, we employed a Hitachi H-7650 microscope at an accelerating
voltage of 120 kV. A drop of sample solution (ca. 7 mL) with a 2 mg/mL concentration
was placed onto a copper grid coated with carbon, tapped with filter paper to
remove surface water, and air-dried for 5 min. Then the grid was negatively stained
with 2 wt% uranyl acetate solution, tapped with filter paper to remove surface water,
and vacuum-dried for 24 h.

2.4. Stability and pH stimulation of rapa-micelles

The stability of the loaded-drug micelles was studied using PBS buffer and
serum albumins. In pH 7.4 PBS buffer, the micellar solutions (1 mg/mL) were
prepared as described in previous section. The stability of the micelles in the pres-
ence of proteins was assessed as described in the followings. Rapa-micelles in pH 7.4
PBS buffer (2 mg/mL) were mixed with an equal volume of 10 wt% BSA dissolved in
PBS buffer. The mixture was incubated at 37 �C. The average diameter and poly-
dispersity index (PDI) of the resulting samples were measured by DLS at 37 �C over
time, as described in previous section. The average diameter of micelles before
treatment with PBS buffer of pH 7.4, 6.5, 6.0, 5.5 or 4.5 was measured to identify pH
stimulation.

2.5. Drug release assay

Rapamycin release assay was based on the methodology of Bisht et al. with
slight modification [22]. Lyophilized rapa-micelles (100 mg) encapsulating 25 mg of
rapamycinwere dispersed in 50 mL PBS under three different pH conditions (pH 7.4,
6.0, 5.0), and the solution was divided among microfuge tubes (1 mL/tube). The
microfuge tubes were kept in an oven at 37 �C. Free rapamycin is almost insoluble in
water (2.6 mg/mL). Thus at predetermined time intervals, the solution was centri-
fuged at 3000 rpm for 5 min to separate the released rapamycin from the rapa-
micelles. Next, the released rapamycin was dissolved in 1 mL of ethanol and the
absorbance was measured spectrophotometrically at 273 nm. The concentration of
the released rapamycin was then calculated.

2.6. Method of internalization and immunofluorescence

To facilitate cell adhesion, 35 mm glass-bottom culture dishes (MatTek Corpo-
ration) were pre-coated with poly-D-lysine. Cell suspensions of HCT116 and HeLa
cells (2 � 105 cells in 2 mL) were added to the dishes and incubated overnight at
37 �C under a 5% CO2 atmosphere. The medium was removed and we then added
a Cy5.5-tagged rapa-micellar solution, diluted in medium (ca. 1 mM rapamycin) and
supplemented with FBS. The cells were incubated for 1 and 3 h at 37 �C. Each dish
was washed with PBS (pH 7.4) three times and loaded with LysoSensor Blue DND-
167 for 30 min. After triple washing with PBS, each dish was treated with 1 mL of
4% paraformaldehyde solution for 10 min to fix the cells. The fixed cells were per-
meabilized with 0.2% Triton X-100 in PBS, then were incubated with anti-LC3B
antibody and then labeled with secondary antibodies conjugated with Alexa Fluor
488. and then mounted on a slide for observation. Confocal laser scanning micros-
copy (CLSM) was performed with a Leica TCS SP5 Confocal Spectral Microscope
Imaging System, using excitation wavelengths of 373, 488 and 633 nm and LP filters
of 425 � 10, 520 � 10 and 695 � 10 nm to detect LysoSensor, AutophagySensor and
Cy5.5, respectively.

2.7. pH topography

Intracellular pH was measured by ratiometric analysis of SNARF-1 fluores-
cence. We used a modified method based on intracellular pH distribution [30,31].
The HCT116 cells were loaded onto the dishes by the previous description. To
measure the intracellular pH, the medium was removed and sample solutions
(rapamycin and rapa-micelles) were added; the test solutions were diluted in
medium (ca. 1 mM rapamycin) and supplemented with FBS. The cells were incu-
bated for 3 and 24 h at 37 �C under a 5% CO2 atmosphere. Each dish was washed
three times with PBS (pH 7.4) and loaded with pH probe SNARF-1-AM solution
(5 mM, 2 mL) for 2 h. The dish was then washed and treated with 1 mL of 4%
paraformaldehyde solution for 10 min to fix the cells, then mounted on a slide. The
fluorescence ratio of SNARF-1 to intracellular pH was determined by incubating
the cells for 5 min with the Hþ/Kþ exchange ionophore nigericin (5 mg/mL). Cali-
bration buffers contained in the presence of Kþ-containing solutions to equilibrate
the endomembrane pH with that of the external medium [32] (125 mM KCl, 10 mM

Mes, 10 mM Hepes, 1 mM CaCl2, 1 mM MgCl2). The pH range of calibration buffers
was 6.0e7.4 by adding 7.5 mM HCl or NaOH. The ratio of fluorescence intensity of
SNARF-1 at 585/640 nm was calibrated in HCT116 cells using calibration buffer
adjusted to the desired pH. Fluorescence was observed under a CLSM with an
excitation wavelength of 514 nm and two LP filters of 585 � 10 (channel 1) and
640 � 10 nm (channel 2), respectively. Signals were scanned simultaneously in
both channels and the intensity ratio for channel 1: channel 2 was calculated for
each pixel. The intensity ratios were color coded according to a generic color bar, to
illustrate the pH topography.

2.8. Cytotoxicity evaluation

The cytotoxicity of each sample was determined by measuring the inhibition of
cell growth using a tetrazolium dye (MTS) assay [33]. The HCT116 and HS-68/HeLa
cells (5 � 103 cell/mL) harvested in the logarithmic growth phase were seeded on
a 96-well plate in McCoy’s 5A and DMEM medium with 10% FBS, in a humidified
atmosphere of 5% CO2 at 37 �C. After the cells had been incubated in the logarithmic
growth phase, various concentrations of rapamycin were added to samples for 24
and 72 h of co-culturing. At the end of the experiment, MTS assay was conducted
and the percentage of viable cells was calculated. In addition, the cytotoxicities of
materials were measured using cancer cells and normal human foreskin fibroblast
HS68 cells (5 � 103 cell/mL).

2.9. In vivo antitumor activity [26,30]

The tumor model was established as described above. When the transplanted
tumor volume reached approximately 50 mm3 (7 days after inoculation), animals
were randomly divided into two groups (experimental and control groups, six
animals per group). Free rapamycin was dosed in 4% ethanol/5% PEG 400/5% Tween
80 in water for injection solution [13]. Animals were treated intravenous via the tail
vein at 4 different time points with an interval of 7 days (days 0, 7, 14 and 21). Mice
were injected with 0.2 mL of different formulations of rapamycin solutions (rapa-
micelles and free rapamycin at a dose of 15 mg/kg) or neat saline/empty micelles
(negative control). Follow-up was performed for 24 days following the adminis-
tration experiments were performed. During the course of the follow-up, tumor size
was measured three times a week using a Vernier’s caliper. Tumor volume was
calculated as follows: V ¼ (ab2)/2 (where a and b indicate the major and minor axes
of the tumor, respectively). Mice body weight (as an indirect indicator of general
animal wellness) and clinical status were carefully recorded. To evaluate the anti-
tumor activity, the relative tumor volume was calculated as the ratio of tumor
volume on that day to its value at the start of therapy. To evaluate toxicity, we
assessedmortality and relative bodyweight (calculated as the ratio of tumor volume
on that day to its value at the start of therapy).

2.10. TUNEL assay

Excised tumors were immediately embedded into OCT medium and snap frozen
in dry ice. 4 mm thick sections were prepared with a cryostat and fixed in 4%
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paraformaldehyde (EMS, Hatfield, PA) for 20 min at room temperature. After the
sections were washed with PBS-Tw (0.3% Tween 20 in PBS at pH ¼ 7.4) three times
for 10 min each, the apoptosis cells were stained with ApopTag� Fluorescein In Situ
Apoptosis Detection Kit S7110 from Chemicon (Billerica, MA) according to the
manufacturer’s instruction and the nucleus were labeled with DAPI.
3. Results and discussion

3.1. Rapa-micelle preparation

We recently reported on a biodegradable mixed micelle system
using poly(ethylene glycol)-b-poly(N-(2-hydroxypropyl) meth-
acrylamide dilactate)-co-(N-(2-hydroxypropyl) methacrylamide-
co-histidine) (mPEG-b-P(HPMA-Lac-co-His)) diblock copolymer
together with a temperature- and pH-responsive, poly(ethylene
glycol)-b-poly(D,L-lactide) (mPEG-b-PLA) diblock copolymer with
a low critical micelle concentration (CMC) value [27]. This drug
carrier system has been successfully applied to solubilize the
hydrophobic anticancer drug doxorubicin. The PEG segment acts as
a highly hydrophilic block with excellent biocompatibility that
offers stability to the drug carrier, and allows the micelles to avoid
recognition by monocytes [34]. The mPEG-b-P(HPMA-Lac-co-His)
copolymer was soluble in aqueous solution below the cloud point
(CP), but precipitated at higher temperatures because of
temperature-dependent hydrophobic interactions. N-(2-
hydroxypropyl) methacrylamide-co-histidine was used to provide
the pH and hydrophobic moiety. The buffering capacity of histidine
(pKb ¼ w6.0) [35]and therefore its imidazole ring of P(HPMA-Lac-
co-His) segment was protonated in a slightly acidic environment.

Previous research has shown that mPEG-b-P(HPMA-Lac-co-His)
and mPEG-b-PLA formed mixed micelles in an aqueous solution,
above the solution’s CP, and that two copolymers were completely
miscible in homogenous cores [27]. The results demonstrated that
a 75/25 mass ratio for mPEG-b-P(HPMA-Lac-co-His) to mPEG-b-
PLA produced micelles of optimal size and PDI. The mixed micelle
system showed an amphiphilic character with a hydrophobic inner
core and a hydrophilic outer shell, and displayed a good loading
capacity for doxorubicin. In the current study, rapa-micelles were
prepared by dissolving rapamycin in ethanol and adding the
mixture to an aqueous copolymer solution at 0 �C, then quickly
heating it above the CP (60 �C). After filtration through a 0.45 mm
filter (to remove rapamycin precipitates), a clear white dispersion
was obtained (Fig. S1C and D), demonstrating that rapamycin had
been completely dispersed in the aqueous media by the polymeric
micelle system. In contrast, when free rapamycin in ethanol was
suspended in water, rapid and large precipitation of the hydro-
phobic rapamycin was observed (Fig. S1A and B). In free rapamycin
solution, the concentration of rapamycin (2.8 mg/mL) was almost
equal to the solubility of rapamycin inwater after 0.45 mm filtration.
This simple loading method successfully encapsulated rapamycin
and did not make use of large amounts of organic solvents (e.g.
tetrahydrofuran [18], acetone [19,20], dichloromethane [21] or
chloroform [22]) which are toxic and must be totally removed. The
older loading method relies on the use of such solvents.

Fig. 1A shows the loading capacity (LC) and the encapsulation
efficiency (EE) of rapa-micelles containing 0.1e2 mg/mL rapamycin
and 2mg/mL copolymers, plotted against rapamycin concentration.
We observed that LC increased rapidly from 4.5% (drug
concentration 0.1 mg/mL) to approximately 26.0% (drug
concentration 1 mg/mL) and then leveled off. The results
suggested that not enough copolymers had been added to
saturate the rapamycin, resulting in the formation of rapamycin
aggregates at high drug concentrations. The EE results indicated
that when low amounts of rapamycin were added (0.1e0.5 mg/
mL), most drug retained in the micellar solution (81.8e90.2%).
With increasing drug concentrations (up to 2 mg/mL), the EE
decreased to 26.1%, once again because not enough copolymers
were present to solubilize the high concentration of rapamycin;
this deficiency resulted in the formation of rapamycin aggregates
which could be removed by filtration. Fig. 1B shows a plot of the
average diameter and PDI of rapa-micelles against rapamycin
concentration. As initial drug concentration was increased, the
average rapa-micelle size increased from 77.9 to 257.8 nm and PDI
range from 0.41 to 0.21. The PDI of the first three drug concentra-
tions (0.1, 0.2 and 0.4 mg/mL) is between 0.41 and 0.31, we suggest
the hydrophobic drug rapamycin can help to be solidified micelles
because of the relatively strong physical interactions between
copolymer and drug. Moreover, presumably free copolymers
rapidly precipitated at low drug concentrations. The PDI data
showed a wide range in size distribution at drug concentrations of
1.5 and 2.0 mg/mL; presumably the rest rapidly precipitated at
higher concentrations. The results indicated that more rapamycin
was encapsulated in mixed micelles (rapamycin concentration
lower than 1 mg/mL), resulting in loaded micelles containing more
drug per micelle.

Fig. 1C shows the LC and EE of rapa-micelles containing 1.0 mg/
mL rapamycin and between 1.0 and 10.0 mg/mL of copolymers,
plotted against the copolymer concentration. At this fixed rapa-
mycin concentration (1.0 mg/mL), the LC decreased from 53.1 to
5.2% and the EE leveled off at ca. 52.0% in various copolymer
concentrations. The results demonstrated that the maximum
concentration of encapsulated rapamycin was ca. 0.5 mg/mL,
regardless of polymer concentration. The LC was expected at a fixed
drug concentration, therefore, quantitatively solubilized by the
copolymers at the initial rapamycin concentration 1 mg/mL. In
Fig. 1D, the average diameter and PDI of rapa-micelles are plotted
against the copolymer concentration. At lower polymer concen-
trations (1.0 mg/mL), the average size of rapa-micelles was smaller
but the distribution was wide, because not enough copolymers
were added to saturate the rapamycin. At higher polymer concen-
trations (>5.0 mg/mL), the same trend was observed for average
size and PDI. Copolymer concentrations of 10.0 mg/mL produced
unloadedmicelles averaging 98.7 nm in size, and PDIs of 0.273 [27].
The PDI results thus suggested that excess polymer probably
formed unloaded micelles. Moreover, the EE was constant because
the formation of empty micelles occurred at higher concentrations
of copolymers.

To increase rapamycin concentration in drug carrier system, the
rapa-micelles (copolymer concentration 2 mg/mL) were concen-
trated by membrane filtration (Sartorius VIVACON 500,
50,000 MW). After 10 min of 10,000 rpm centrifugation, a rapa-
mycin concentration of 1.8 mg/mL was obtained, which was far
higher than rapamycin’s water solubility [16]. DLS analysis showed
the same average size and PDI as for the initial solution, demon-
strating that this method of condensation maintained particle
dispersion and controlled rapamycin concentration.

3.2. Stability of rapa-micelles

Previous research demonstrated that the stability of
doxorubicin-loaded micelles (Dox-micelles) depended on pH and
passage of time [27]. After 24 h under physiological conditions (pH
7.4, 37 �C), the size of Dox-micelles progressively increased from
43.2 to 815.3 nm. Clear changes were observed in the average
diameter of rapa-micelles, indicating significant aggregation. As
shown in Fig. 2A, the average size of rapa-micelles (mixed micelles)
was more stable than that of single componential micelles, but
formation of rapamycin precipitates was not observed, indicating
that rapamycin was stably incorporated in micelles at 37 �C and at
pH 7.4. The high stability might have resulted from the hydrogen
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bonding and hydrophobic interactions between rapamycin and the
lactate side chain of P(HPMA-Lac-co-His)/PLA segments [36]. In
addition, mixed micelles with low-CMC copolymer prevented
dissociation of any copolymer from micelles and improved the
mixture’s stability [37].

Previous research has evaluated certain plasma proteins using
serum pharmacokinetic modeling and analyzing the efficacy data
for drug-loaded micelles, to test the stability of micelles or drug-
loaded micelles in the presence of serum albumins [38]. As
shown in Fig. 2A, the current study found that rapamycin-loaded
mixed micelles were stable in BSA solution after 72 h. Conversely,
rapamycin-loaded mPEG-b-P(HPMA-Lac-co-His) micelles adsorbed
BSA, because rapamycin or hydrophobic segments exposed on
micelles, and interacted hydrophobically with BSA. These results
indicated that low-CMC diblock copolymers helped to prevent the
adsorption of albumin on micelles [37]. Mixed micelles were more
stable than single componential micelles in a rapamycin delivery
system because of the stronger physical interactions at the core of
mixed micelles.

3.3. pH-sensitivity

This study investigated the pH and temperature sensitivity of
micelles, and elucidated the application of temperatureesensitive
copolymer to load rapamycin into mixed micellar structures.
Rapa-micelles have been found to be highly stable after 72 h under
physiological conditions. In mPEG-b-P(HPMA-Lac-co-His) diblock
copolymers, the N-(2-hydroxypropyl) methacrylamide dilactate
molecules not only increased the CPs, but also caused the copoly-
mers to be prone to changes in pH associated with the
protonationedeprotonation of the imidazole group of histidine.
Most anti-cancer drug nanocarriers are internalized through
endocytosis upon contact with the cell membrane. The triggering
mechanism for these endocytosed nanomaterials must generally
occur in acidic organelles to release the drug into the cytoplasm
[39]. During endocytosis, pH is known to drop significantly from
the physiological value (7.4e7.2) to pH 6.5e5.0 in the endosomes,
and to roughly pH 5.0 in primary and secondary lysosomes. In
addition, the extracellular pH of tumors (ranging from 6.8 to 6.5) is
slightly more acidic than that of blood and normal tissues [40].

Empty mixed micelles displayed a pH response of less than pH
7.0 at 37 �C, and the pH-sensitive moiety (histidine) in the coree
shell micelles was affected by lactic acid from the hydrophobic
segment and environmental pH. Therefore, an electrostatic repul-
sive force apparently dissociated the empty mixed micelle struc-
ture, releasing the encapsulated drug. Fig. 2B shows the effects of
pH on the average diameter of rapamycin-loaded mixed micelles
and the single componential micelles in buffer solutions, as deter-
mined by DLS at 37 �C. When the pH was less than 6.5, the average
Fig. 3. Transmission electron microscopy (TEM) images of rapa-m
diameter of mPEG-b-P(HPMA-Lac-co-His) micelles increased
rapidly because the acidic environment triggered the imidazole
ring and hydrolysis of lactic acid. This process caused the repulsion
force of the P(HPMA-Lac-co-His) segments to dissociate the
micellar structure. Conversely, the particle size of rapamycin-
loaded mixed micelles slightly increased in the pH range 7.4 to
6.0, and below pH 6.0 the average diameter increased sharply,
indicating that mPEG-b-PLA copolymer restricted the mPEG-b-
P(HPMA-Lac-co-His) copolymer to reduce the mobility and repul-
sion force of histidine.

Morphological analysis by TEM was also applied to identify the
structural dissociation of rapa-micelles under different pH condi-
tions. Fig. 3 shows the coreeshell structure of rapamycin-loaded
mixed micelles under three different pH conditions, observed
using 2% uranyl acetate as the contrast agent. At pH 7.4, the dark
region of the hydrophobic segments and rapamycin represent the
inner core, and hydrophilic segments of mPEG extend outside the
core. In acidic media, micellar cores were protonized and we
observed structural dissociation, irregular multilayering (Fig. 4B,
arrowhead), and drug aggregation to form fragments. The acidic
buffer solution was diffused into the inner core to change the
structure. These results illustrated the pH-sensitivity and coree
shell structure of the rapa-micelles.

3.4. pH-dependent drug release

Because the structure of rapamycin has no ionizable functional
grouping, pH adjustment does not affect its aqueous solubility [16].
As mentioned above, rapa-micelles were pH-responsive and
encapsulated rapamycin stably. A relatively high temperature
(37 �C) was found to facilitate the release of the drug frommicelles
because the hydrolysis rate of lactic acid side groups increased at
higher temperatures [41]. To verify the effectiveness of rapa-
micelles for intracellular drug delivery, we compared the perfor-
mance of micelles under physiological conditions (pH 7.4) versus an
endosomal (pH 6.5) or lysosomal (pH 5.0) environment. Fig. 4A
plots the drug release profile of rapa-micelles at 37 �C. At pH 7.4, no
significant release of rapamycin from the micelles was initially
observed. The encapsulated rapamycin reduced the initial drug
release burst because of the relatively strong physical interactions
between copolymer and drug. However, at a pH of 6.5 or 5.0, much
of the drug was released within 5 h, namely 35.2% and 57.6%,
respectively. Under acidic conditions, the imidazole group proton-
ation and hydrolysis of lactic acid side groups deformed the
micellar structure, releasing rapamycin from the mixed micelles.
The pH-sensitive release profile corroborated the claim that
micelles are pH sensitive, because changes in pH deformed their
core structure and released the rapamycin. The rapamycin release
profile of mixed micelles at 25 �C was shown in Fig. 4B, pHs of 5.4,
icelles in PBS buffer at pH (A) 7.4, (B) 6.5 and (C) 5.4 for 1 h.
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6.5 and 7.4, 0, 0 and 12.5% of the drug was released within 5 h,
respectively. Fig. 4B demonstrated the high stability of rapamycin-
loaded micelles and no burst release in the neutral and slight acidic
(pH 6.5) environment at 25 �C. At either temperature, release speed
at pH 5.4 was higher than at pH 7.4. From comparison of Fig. 4A and
B, a higher temperature was found to be helpful for drug release
because the hydrolysis rate of lactic acid side groups increased at
higher temperature [37], which makes hydrophobic drug move-
ment within the hydrophobic core easier. Notably, the release
behavior of mixedmicelles in room temperature could help to store
rapamycin and be less pH-dependent.

3.5. Intracellular localization of micelles

The current study used CLSM to monitor the HCT116, which
were incubated with Cy5.5-tagged rapa-micelles at 37 �C for 1 and
6 h, and thereafter showed a spotted red fluorescence pattern
Fig. 5. Confocal images of HCT116 incubated wit
(Fig. 5). Colocalization of the micelles with cell nuclei (DAPI, blue
fluorescence) and endo-lysosome (lysotracter, green fluorescence)
revealed that micelles were internalized closed to nuclei and
observed in the cytoplasm, wherein the LysoTracker molecules
were also located indicating that the mixed micelles were taken up
from extracellular fluid into cells by endocytosis. The triggering
mechanisms occur in the acidic intracellular endo-lysosomal
compartment after endocytosis. After 6 h, Cy5.5-tagged rapa-
micelles more obvious with increasing time also localized in
endo-lysosome. Fig. 5 has demonstrated that PEG modified
micelles were trapped in the endocytic vesicles because PEG
modified particles with caveolae are absorbed efficiently through
a number of routes [28]. Caveolae illustrate the major non-clathrin
dependent route from the cell surface to endosomes [29]. This
result was similar to our previous studies [27,42,43]. Moreover,
released rapamycin could use to induce autophagolysosome and
help to increase the fluorescence intensity of lysosomal marker
h Cy5.5as tagged rapa-micelle and at 37 �C.



Fig. 6. Confocal images of HCT116 incubated with rapamycin and at 37 �C after 1 and 6 h.

Fig. 7. False-color ratiometric imaging of pH of HCT116 cells incubated with rapamycin and rapa-micelle at 37 �C after 1 and 6 h.
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LysoTracker. On the other hand, HCT116 cells incubated with free
rapamycin for 1 h showed the weak fluorescence intensity of
lysosomal marker LysoTracker (Fig. 6). After 6 h, free rapamycin
more obvious with increasing time also increased the fluorescence
intensity of lysosomal marker. The result ascribed that free rapa-
mycin was passive diffusion into HCT116 cells and induced auto-
phagosomes than fuse with lysosomes.

The pH monitoring technique offers an advantage over
currently available natural and synthetic fluorescent probe mole-
cules. Fluorescent indicators that exhibit pH-driven wavelength
alterations in their emission spectra allow for reliable detection of,
for example, SNARF-1-AM and 2,7-bis(2-Carboxyethyl)-5(6)-car-
boxyfluorescein acetoxymethyl ester [44]. SNARF-1 enters cells in
the diacetate form (SNARF-1-AM), and is then hydrolyzed by
cellular esterase and trapped as SNARF-1. SNARF-1 is a single-
excitation dual-emission fluorescent probe and its optical prop-
erties make it appropriate for ratiometric imaging by CLSM, so
that intracellular pH changes can be quantitatively measured [45].
To clarify the intracellular pH precisely and promptly, pH topog-
raphy was determined by loading cells with the ratiometric fluo-
rescent probe SNARF-1. The HCT116 cells incubated with
rapamycin and rapa-micelles at 37 �C showed false-color ratio-
metric imaging (Fig. 7). After 1 h, ratiometric imaging of the
HCT116 cells incubated with rapa-micelles showed the low pH of
the lysosomal compartment could be exploited by generating
acid-labile rapa-micelles that would be activated in the lysosomal
compartment. Following rapa-micelle uptake, the particles were
monitored and found to reside in intracellular compartments with
pH values below 6.5. Rapa-micelles are disintegrated through
structural changes below pH 6.5, the hydrophobic drug can be
Fig. 8. LC3 immunofluorescence of HCT116 cells incubated w
released into cell effectively and in an initially more controlled
manner in acidic endocytic compartments (Scheme 1). Moreover,
released rapamycin induced autophagosomes then fuse with
lysosomes, containing acid hydrolases. After 6 h, ratiometric
imaging of the HCT116 cells incubated with rapa-micelles also
showed the low pH range. Conversely, the pH of HCT116 cells
incubated with free rapamycin did not decrease significantly after
1 h. This results also demonstrated that the drug merely diffused
passively into the cells, therefore, the cells did not occurs through
endocytosis. After 6 h, ratiometric imaging of the HCT116 cells
incubated with rapamycin showed the low pH range because of
the autophagolysosome. Therefore, this observation complied with
the expected pattern and demonstrated the pH values ranging
after internalization of the micelles by endocytosis, through which
the micelles end up in the acidic environment.

3.6. Immunofluorescence assay

The induction of autophagy was evaluated by detecting an
increase of the autophagosomal membrane form of microtubule-
associated protein 1 light chain 3 (LC3). Microscopic analysis of
the formation of LC3 punctate structures is widely used to monitor
autophagosome formation. Immunofluorescence analysis employ-
ing the anti-human microtubule-associatedprotein 1 light chain 3
isoform B (anti-LC3B) antibody has been shown to be useful in
monitoring autophagy in HCT116 cell line, which were incubated
with rapa-micelles and rapamycin at 37 �C for 1 and 6 h (Fig. 8).
After 1 and 6 h, rapa-micelles can induce more accumulation
of LC3-positive punctuate than rapamycin. Several reasons
may explain rapa-micelles enhance autophagy. We suggest rapa-
ith rapamycin and rapa-micelle at 37 �C after 1 and 6 h.



Table 1
IC50 values of rapamycin and rapa-micelles in cancer cells after 24 h and 72 h drug
exposure.

Cell lines IC50 (mg/mL)

Rapamycin Rapa-micelle

24 h 72 h 24 h 72 h

HCT116 10.22 2.40 7.81 0.70
HeLa 118.57 20.44 95.39 9.23
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micelles entered the cells via endocytosis pathway, nanoparticle
induced the adaptive cellular response [46] and/or released rapa-
mycin induced autophagy.

3.7. Cytotoxicity

For the in vitro experiments, micellar integrity was determined
from the final copolymer concentration of 1.6 mg/mL, which is
much higher than CMC. To compare cytotoxic activity of the loaded
versus free drug, HCT116 and HeLa cells were exposed to a series of
equivalent concentrations of free rapamycin or rapamycin encap-
sulated in micelles for 24 and 72 h. The percentage of viable cells
was quantified using a tetrazolium dye (MTS) assay. As a negative
control, emptymicelles were added to equivalent concentrations as
that of prepared rapa-micelles (i.e. the same concentration of
mixed micelle-forming material). Empty micelles displayed no
significant cytotoxicity, either towards the two cancer cell lines or
towards the normal human foreskin fibroblast HS68 cell, as tested
after 24 or 72 h in vitro. These results indicated that the empty
micelles were not cytotoxic (Fig. 9A). In contrast, the viability of the
two cancer cell lines was strongly influenced by rapamycin
concentration (Fig. 9B and C).
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Table 1 shows the inhibition concentration (IC50) of free drug
and rapa-micelles. Both the free drug and the rapa-micelles were
more cytotoxic at lower concentrations after 72 h of incubation
compared with 24 h. Notably, comparisons of the cytotoxic potency
of rapa-micelles versus free drug showed that rapa-micelles
exhibited a considerably superior cytotoxic potency against
HCT661 and HeLa cells. We concluded that the enhanced uptake of
rapa-micelles occurred because of their assisted clathrin-
dependent endocytosis, relative to the passive diffusion of rapa-
mycin through the cell membrane in the free drug condition. The
increased uptake of micelles occurred by a fluid-phase endocytosis
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mechanism because no specific affinity existed between the outer
PEG chains of the micelles and negatively charged plasma
membrane of the cells [47,48]. The results indicated that the use of
polymeric micelles enhances cytotoxic efficiency in a similar
manner to that of other particulate [47], and which we had previ-
ously also reported [27].
Fig. 11. TUNEL apoptotic cell detection of tumor cell in tumor-bearing mice after intraven
micelles. Green: apoptotic cells; blue: DAPI. (For interpretation of the references to colour
3.8. In vivo antitumor activity

The delivery of drugs with poor water-solubility remains
a crucial problem in the clinical development of anticancer therapy.
A recent study found that 75% of candidates for drug development
have low solubility [49]. Various conventional excipients have been
ous administration of (A) saline (B) empty micelles (C) free rapamycin and (D) rapa-
in this figure legend, the reader is referred to the web version of this article.)
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designated as Class II (low solubility and high permeability)
compounds in the Biopharmaceutics Classification System (BCS),
rendering aqueous solubility the limiting factor regarding
bioavailability [50]. Common techniques to improve drug solubility
include the use of co-solvents or surface-active agents. Many
formulation production processes used for poorly water-soluble
drugs, such as spray drying, rotary evaporation, precipitation
methods, and freeze-drying methods, require the use of solvents;
these solvents may be organic or inorganic and many are highly
toxic. Thus they must be present only at extremely low levels in the
final product, if at all, to reduce the risk to the patient [51]. More-
over, certain ingredients in traditional excipients that are used to
disperse the substrate (eg. Cremophor EL and Tween 80) run the
risk of precipitation and incidental adverse effects, including acute
hypersensitivity reactions, edema, and peripheral neuropathy
[52,53].

To examine in vivo antitumor efficacy of rapa-micelles, Balb-c/
nude mice bearing human colon tumor were treated with saline,
empty micelles, rapamycin or rapa-micelles. All the treatment
modalities were administered by intravenous injection with
a frequency of four times at a 7 day interval when the tumors
reached a volume of 50 mm3. The growth of subcutaneously-
implanted tumors was assessed over a 24-day time frame.
Tumor volumes of the untreated (control) increased very rapidly
(ca. 22.2-fold increase) (Fig. 10A). In addition, tumor volumes of
the empty micelles and saline showed the same trend as control.
Empty micelles displayed no antitumor activity and were non-
effect on the treatment. Mice treated with free rapamycin and
rapa-micelles showed slow increase (8.8- and 3.4-fold, respec-
tively) after 24 days. Clearly the results suggest that rapa-
micelles showed a considerably higher antitumor activity
compared with free rapamycin. The traditional formation of
rapamycin is associated with some acute side effects. Body
weight loss is one of indicators to evaluate free drug- and
excipients-induced toxicity. Mice treated with free rapamycin in
4% ethanol/5% PEG 400/5% Tween 80 aqueous solution exhibited
a 15% decrease of body weight within 22 days (4 injections), and
appeared to be weak after treatment (Fig. 10B). Treatment with
rapa-micelles resulted in a minimal weight loss (approximately
5%), suggesting that this drug carrier could phenomenal reduce
rapamycin and excipients-induced toxicity to normal tissues.
Untreated and treated with saline and empty micelles showed
the mice kept weight because the tumor volumes increased
rapidly. Therefore, the therapeutic efficiency could be maximized
while minimizing unwanted side effects from excipients such as
toxicity. This better in vivo antitumor activity suggests that rapa-
micelles incorporated with the selective targeting, tumor-specific
accumulation and effective release in the both endocytosis and
autophagy pathway.

3.9. Tumor apoptosis

Evidence suggests that rapamycin could induce G1eS cell cycle
arrest and eventually apoptosis depending on cellular characteris-
tics of tumor cells [54e56]. Tumor apoptosis (from biopsy speci-
mens obtained from the middle of the lesion) revealed by TUNEL
staining [26] after 22 days of treatment with saline, empty micelles,
rapamycin or rapa-micelles (Fig. 11). In addition, DAPI was used to
stain nuclei of tumor cells. Results showed that both controlled
treatment and free rapamycin did not induce significant apoptosis
of tumor cells above the control level. On the other hand, rapa-
micelles induced higher rates of apoptosis in tumor cells as
measured by TUNEL assay. These confocal images clearly indicate
that rapa-micelles provide a higher therapeutic efficacy compared
with the free rapamycin.
4. Conclusions

In this study, we demonstrated that our previously described
performance enabled temperature- and pH-sensitive micelles to
efficiently encapsulate the hydrophobic drug rapamycin. Our heat
shock protocol did not require toxic co-solvents or harsh surfac-
tants to stabilize the hydrophobic drug. The encapsulated rapa-
mycin showed excellent size stability in the presence of aqueous
and BSA serum media. All materials used in this study were rela-
tively safe and were highly sensitive to intracellular pH changes.
The uptake studies indicated that micelles delivered the drug effi-
ciently to the cells through endocytosis. The size and structure of
micelles could enhance the delivery of the drug to a tumor through
the EPR effect and the release of the drug into the extracellular
tumor microenvironment. Moreover, the carrier is non-cytotoxic
and enhanced the cytotoxicity of the rapamycin in vitro and
in vivo. All these features point to a system that is a promising
candidate in the clinical treatment of rapamycin-sensitive tumors.
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