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Abstract: The second generation of pH-sensitive micelles composed of poly(L-histidine-co-L-
phenlyalanine(16 mol %))(MW:5K)-b-PEG(MW:2K) and poly(L-lactic acid)(MW:3K)-b-PEG(MW:
2K)-folate (80/20 wt/wt %) was previously optimized by physicochemical and in vitro tests for
both folate receptor and early endosomal pH targeting (pH ∼6.0). In this study, the therapeutic
efficacy of the doxorubicin (DOX)-loaded micelles (DOX loading content: 20 wt %) was evaluated
using in vivo tests. Multidrug-resistant (MDR) ovarian tumor-xenografted mouse models were
employed. The skin-fold dorsal window chamber model was applied for visualization of
extravasation and drug retention for the initial one hour after iv injection. Noninvasive imaging
followed, providing evidence of drug accumulation in the tumor after the first hour. The
biodistribution study further supported the long circulation of the drug carrier, tumor-selective
accumulation and intracellular drug delivery. Comprehensive tumor growth inhibition experiments
examined the collective efficacy of the pH-sensitive micelles. The micelle formulation effectively
suppressed the growth of existing MDR tumors in mice for at least 50 days by three iv injections
at a 3-day interval at a dose of 10 mg of DOX/kg. The body weight of the animals treated with
the test micelle formulation gradually increased over the experimental time period, rather than
decreasing. The micelle formulation was superior to its first generation, which targeted pH 6.8
and folate receptor.

Keywords: Multidrug-resistance (MDR); pH-sensitive micelle; endosomal pH targeting; folate
receptor targeting; ovarian cancer

Introduction
In order for chemotherapy to be effective, chemothera-

peutic agents must be active against cancer cells while having
minimal toxic effects on healthy cells, tissues and organs.1-3

Once carriers loaded with anticancer agents are systemically
introduced, their uptake by the reticuloendothelial system
(RES) must be minimized. This contributes to prolonged
circulation of the carriers in the blood.4,5 The longer the drug
circulates in the blood, the more likely it is to encounter the
tumor as a result of the enhanced permeability of leaky tumor
blood vessels. The enhanced permeability and retention
(EPR) effect6-8 is regarded as the primary mechanism of
preferential accumulation of long-circulating nanoparticulates
in solid tumors.
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Multidrug resistance (MDR) in tumors is defined by a
decreased sensitivity of cells to not only a chemotherapeutic
test drug but also a broad spectrum of drugs irrelevant to
the test drug in terms of structural homology and/or common
targets. The nature of inherited or acquired MDR tumors
significantly limits the bioavailability of the delivered
anticancer agents to cancer cells.9-12 One of major MDR
mechanisms involves drug efflux operated by P-glycoprotein
(Pgp) located on the cell membrane.8,13,14 To overcome this,
co-delivery of Pgp inhibitors (or modulators), such as
verapamil and its analogues, with anticancer agents has been
attempted.15,16 However, this approach is seldom used
because of the toxicity of Pgp inhibitors against healthy cells
(causing, for example, hypotension, ataxia, and immuno-
suppression)16 and the reduced systemic clearance of anti-
cancer drug by Pgp inhibitors, leading to adverse effects
related to the anticancer drugs.17 Conversely, even substrate
drugs to Pgp, when utilizing active endocytosis routes, often
bypass Pgp.18,19 There exist other MDR mechanisms that

can expel even cytosolic drugs, which include various
molecular pumps, drug sequestration and exocytosis.20-23

Basic drugs in particular, such as doxorubicin, can be trapped
in acidic intracellular organelles of endosomes or lysosomes
and are then consequently degraded by the acidic environ-
ment (pH 4-5) and by various lysosomal enzymes.11,20-24

Exocytosis involves the recycling of drug sequestrating
endosomes, consequently removing the drug from the cells.
Due to multifactorial MDR mechanisms, anticancer agents
have little effectiveness against MDR cancer cells.

Polymeric drug carrier systems that use various approaches
to address these challenges have been intensively devel-
oped.18,19,25-29 Their nanoscale size and hydrophilic surface,
often endowed by PEG, allow long circulation in the blood
and accumulation in the tumor sites via the EPR effect.30,31

Adding a targeting moiety, such as a ligand or an antibody,
helps the cellular uptake while avoiding Pgp.1,19,32-34 The
endosomolytic property, if one exists, of polymeric carriers
can prevent the drug carriers or drugs from sequestration
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and exocytosis.19,29,35,36 Various environmentally (e.g.,
pH-,19,29 enzyme-37,38 and temperature-39,40) sensitive drug
carriers have been utilized for effective cytosolic delivery
of the drugs.

Previously, we developed a poly(L-histidine (His))-based
pH-sensitive micellelar drug formulation to treat tumors.19,41,42

The pK value of His (∼6.5) and its known membrane
disruption property make it an optimal drug delivery system
for solid tumors for the following reasons.41 PolyHis has
transitions from hydrophobic properties at high pH (>7.0)
to hydrophilic properties at low pH (<7.0) due to the
ionization of the imidazole group at lower pH.41 The
polyHis(MW:5K)-b-PEG(MW:2K) diblock copolymer forms
the micelle and encapsulates hydrophobic drugs at high pH
(∼8.0). The micelle can be destabilized into unimer diblock
copolymers at relatively acidic pH (<7.0). The extracellular
tumor pH is known to be more acidic than normal tissue
pH, which suggests that the drug encapsulated in the micelles
can be released at a higher rate at pH 7.0 than at pH 7.4.
However, its relative instability at pH 7.4 forced us to use a
mixed micelle approach.42 The mixed micelles composed
of PLLA(MW:3K)-b-PEG(MW:2K)-folate and PolyHis(5K)-
b-PEG(2K) showed improved micelle stability at pH 7.4 due

to the enhanced hydrophobicity by the PLLA block in the
micelle cores and folate receptor-mediated endocytosis.42 The
mixed micelle systems were destabilized at a pH range of
6.5-7.0, depending on the polymer blending ratio in the
mixed micelles. Consequently, the drug-encapsulated micelle
system delivered the drug more effectively to acidic tumor
sites with minimal loss at physiological blood pH (∼7.4). A
fraction of loaded drug was released in the extracellular
space, and another fraction was released inside the tumor
cells after active endocytosis. This mixed micelle system
worked properly for wild-type sensitive as well as MDR
tumors19 to a certain extent. However, the fraction of the
drug in the extracellular space seemed unavailable for MDR
cells due to the activity of Pgp, reducing its efficacy.
Blending PLLA-b-PEG at higher than 40% caused the loss
of the pH sensitivity of the micelles, and the blending
approach failed to make micelles sensitive to endosomal pH.
To overcome this limit, L-phenylalanine was introduced to
the histidine block by copolymerization of His N-carboxyl-
anhydride (NCA) and Phe NCA with different feeding
ratios.29 The Phe content in the copolymers significantly
dropped the pK values, providing a rough tuning to the target
pH. The mixed micelle system composed of poly(His-co-
Phe)-b-PEG, where poly(His-co-Phe) block contained 16 mol
% of Phe, and PLLA-b-PEG-folate was then optimized in
terms of the composition of the copolymer and blending ratio
to achieve optimal physicochemical properties to target early
endosomal pH, resulting in the second generation of pH-
sensitive micelles.29

This study evaluated the in vivo anticancer efficacy of the
endosomal pH-sensitive mixed micelles against MDR tumors.
Tumor growth inhibition, in vivo noninvasive imaging, and
tumor accumulation and retention studies were investigated.

Materials and Methods

Materials. Doxorubicin ·HCl (DOX ·HCl), triethylamine,
potassium tetraborate, and dimethyl sulfoxide (DMSO) were
purchased from Sigma Chemical Co. (St. Louis, MO). RPMI
1640 medium, penicillin-streptomycin, fetal bovine serum
(FBS), and phosphate buffer solution (PBS) were purchased
from Gibco Co. (New York, NY). Cy5.5 bis-reactive NHS
ester was purchased from VWR Scientific Inc. (Denver, CO).
Fluorescein DHPE (N-(fluorescein-5-thiocarbamoyl)-1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanoamine, triethyl
ammonium salt) was purchased from Invitrogen Co. (San
Diego, CA). Poly(L-histidine(His)-co-L-phenylalanine(Phe:
16 mol %))-b-PEG block copolymer was synthesized in
house as previously described in our report.29 Briefly, the
synthesis steps include the ring-opening polymerization of
the comonomers of benzyl His N-carboxyanhydride (NCA)
and Phe NCA and the subsequent conjugation with PEG.
The deprotection of the benzyl group produced the final block
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copolymer. The syntheses of poly(L-lactide)(PLLA)-b-PEG
and PLLA-b-PEG-folate were described elsewhere.43

Preparation of Doxorubicin-Loaded Mixed pH-Sensi-
tive Micelle (DOX/m-PHSM(20%)-f). DOX-loaded micelle
formulations were prepared as described before.42 Before
loading DOX into the polymeric micelle, DOX ·HCl was
stirred with 2 molar equiv of triethylamine in DMSO
overnight to remove HCl from DOX ·HCl. The polymers and
base DOX were dissolved in DMSO and were dialyzed
(MWCO 15,000) for 24 h against HCl-Na2B4O7 buffer
solution (pH 9.0), and the buffer solution was replaced with
fresh solution every 2 h. The drug-loaded mixed micelles
were ready to use after filtration using a 0.45 µm syringe
filter. To measure the amount of entrapped DOX, the micelle
solution was lyophilized, and the micelle powder was
dissolved in DMSO. The UV absorbance of the DMSO
solution was measured at 481 nm to determine the amount
of DOX. The particle size of the micelle was determined by
dynamic light scattering. The test endosomal pH sensitive
micelle was prepared from poly(His-co-Phe)-b-PEG (80 wt
%) and PLLA-b-PEG-folate (20 wt %), and control pH-
insensitive micelles (PHIM-f) were prepared from PLLA-
b-PEG (80 wt %) and PLLA-b-PEG-folate (20 wt %).

Cells Lines and Animals. The human ovarian A2780
DOX-resistant tumor (A2780/DOXR) cell line was kindly
provided by Dr. Kopecek’s group (University of Utah), and
human epidermoid tumor KB cells were purchased from the
American Type Culture Collection (ATCC). Both cell lines
were maintained in RPMI 1640 medium with 5% penicillin-
streptomycin and 10% fetal bovine serum (FBS) in a
humidified incubator at 37 °C and a 5% CO2 atmosphere.
Four- to six-week-old female nude mice (BALB/c nu/nu
mice) were purchased from Charles River Laboratories
(Wilmington, MA). Nude mice were maintained under the
guidelines of an approved protocol from the University of
Utah Institutional Animal Care and Use Committee.

In Vivo Tumor Growth Test. Mice were accommodated
in autoclaved microisolator cages that were housed in a
positive pressure containment rack and maintained under the
guidelines of an approved protocol from the University of
Utah Institutional Animal Care and Use Committee. They
were randomly assigned to experimental and control groups
of 5 or 7 animals each. The xenografts of human ovarian
A2780/DOXR MDR carcinoma were developed by subcu-
taneously implanting 2 × 106 A2780/DOXR cells in the right
rare flanks of the nude mice, as described previously.44 When
the tumor volume reached 50-100 mm3, the mice were
treated 3 times (days 0, 3, and 6) at a 3-day interval with
DOX-dissolved PBS, DOX-encapsulated m-PHSM-f (DOX/
m-PHSM(20%)-f) or PHIM-f (DOX/PHIM-f) micelles. All
formulations were injected intravenously via the tail vein at

a dose of 10 mg/kg through 25G5/8 needles. The tumor
inhibition activity was assessed with the tumor volume,
which was calculated by the following equation: V ) w2l/2,
where w and l are the width and length of the tumor as
measured by a caliper. The body weight was measured
simultaneously.

Skin Fold Window Chamber Study. To investigate the
in situ delivery of polymeric micelles to solid tumors, a
noninvasive visualization method using a “dorsal skin-fold
window chamber model” was employed.45 To establish the
window chamber model,46 a flap of skin measuring 1 cm in
diameter was dissected away from opposing surfaces of the
dorsal skin flap of an anesthetized mouse, leaving a facial
plane with its associated vasculature. The flaps were held
vertically away from the body with a titanium saddle, which
was sutured to both sides of the flap. A2780/DOXR tumor
cells or small tumor pieces (∼1 mm3) that were extracted
from xenografted mice bearing the A2780/DOXR tumor were
implanted into the window chamber. Glass windows were
then attached to the center of the saddle to cover the surgical
site. After surgery, the skin surfaces that were adjacent to
the window assembly were covered with neomycin sulfate
ointment to prevent infection.45 DOX was incorporated into
the polymeric micellar core, and DOX fluorescent imaging
was captured in the skin dorsal window. For serial observa-
tion of the window, nude mice that were intravenously
administered with DOX-loaded micelles (pH-sensitive mi-
celles and pH-insensitive micelles) (60 mg micelles per kg
body) were anesthetized with a mixture of 90 mg/kg
ketamine (Abbott, IL) and 10 mg/kg xylazine (Bayer, KS).
Nude mice were placed on a glass stage with an adjustable
restrainer and kept warm using a temperature-controlled
heating blanket (homeothermic system, Harvard Apparatus)
at 37 °C on the microscope stage. Nude mice were positioned
so that the mammary window was aligned with the hole of
the restraining bar. Observation was made using intravital
fluorescence microscopy (Olympus BX51WI Microscope,
Leeds Precision Instruments, Inc. MN) over time.

Noninvasive Imaging. Cy5.5 (a fluorescent probe for in
vivo imaging) bis-NHS ester (2 mol) was reacted with
primary amines of poly(benzyl-His)(MW:5K) (1 mol) in a
water/DMSO (1 mL/5 mL) mixture solution for 8 h. After
the reaction, unconjugated Cy5.5 bis-NHS ester was removed
by dialysis (molecular cutoff: 8000) for 2 days. Cy5.5 labeled
poly(benyzl-His) was lyophilized by freeze-drying. The
conjugation of Cy5.5 to the polymer was determined by
measuring the extinction coefficient at 675 nm, according
to the manufacturer’s instructions (Amersham Biosciences
Co., Piscataway, NJ). Preparation of Cy5.5 labeled m-
PHSM-f was performed with Cy5.5 labeled poly(benzyl-His),
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PLLA-b-PEG-folate, poly(His-co-Phe)-b-PEG (10/20/70 wt/
wt/wt%), and DOX ·NaCl (0.9 M) was conducted as previ-
ously described. Using a similar ratio between polymers,
PHIM-f was prepared with Cy5.5 labeled poly(benzyl-His),
PLLA-b-PEG-folate, PLLA-b-PEG (10/20/70 wt/wt/wt%),
and DOX. For in vivo animal experiments, KB tumor cells
were inoculated into female nude mice by subcutaneous
injection of 1 × 106 cells suspended in cell culture media
(RPMI-1640, 10% fetal bovine serum). When the tumor
volume in the two injection sites reached 50-70 mm3, 10
mg/kg of an equivalent DOX concentration of Cy5.5-labeled
micelles was intravenously injected into KB tumor-bearing
nude mice through a tail vein. After intravenous administra-
tion of Cy5.5 labeled micellar solutions, the time-dependent
tissue distribution in tumor-bearing nude mice was imaged
by positioning the mice on an animal plate that was heated
to 37 °C using the Explore Optix System (ART Advanced
Research Technologies Inc., Montreal, Canada). Nude mice
were moved to the imaging chamber for scanning. Laser
power and count time settings were optimized at 25 mW
and 0.3 s per point. Excitation and emission spots were raster-
scanned in 1 mm steps over the selected region of interest
to generate emission wavelength scans. A 670 nm pulsed
laser diode was used to excite Cy5.5 molecules. Near infrared
(NIR) fluorescence emission at 700 nm was detected with a
fast photo multiplier tube (Hamamatsu, Japan) and a time-
correlated single photon counting system (Becker and
HicklGmbH, Berlin, Germany).47

Biodistribution and Drug Disposition into Organs. The
first experiment was accomplished by using a hydrophobic
DHPE dye encapsulated mixed micelle system (DHPE/
micelle ) 1/10 wt/wt% and micelle concentration ) 20 µg/
mL). This formulation was injected intravenously via the tail
vein (60 mg of micelles per kg of body) of mice bearing
large tumors (>4000 mm3). At 4 h post-treatment, the tissues
of each organ and the tumor were collected and homogenized
into monolayer cell samples. The confocal measurement of
each sample was taken. The second experiment included
DOX disposition into each organ, including the tumor, and
the concentration of drug in the blood. Ovarian A2780/DOXR

MDR tumor xenografts were established in athymic BALB/c
nu/nu mice. When the tumors grew larger than 4000 mm3,
DOX/m-PHSM(20%)-f, DOX/PHIM-f, or free DOX dis-
solved in PBS was injected into the tail vein at an equivalent
dose of 10 mg DOX per kg of body. Mice were anesthetized
at a given time point (1 h, 4 h, and 24 h) after treatment.
Tissue samples were harvested and suspended in 70% ethanol
with 0.3 N HCl and then homogenized to extract doxorubicin.
Following centrifugation, doxorubicin fluorescence (excita-
tion at 470 nm, emission at 590 nm) in the supernatant was
measured with a fluorescence plate reader (SpectraMax M2,

Molecular Devices, Sunnyvale, CA).48 Blood was collected
via cardiac puncture, kept in microtainer tubes with EDTA,
and centrifuged to obtain plasma. After freeze-drying the
plasma sample, it was dissolved into 70% ethanol with 0.3
N HCl to extract doxorubicin. The doxorubicin fluorescence
in the supernatant was measured as mentioned above. At
both measurements, doxorubicin concentrations were derived
by a premeasured doxorubicin standard curve. In order to
remove the original organ cell fluorescence at the same
wavelength, each organ and blood fluorescence were mea-
sured without treatment with DOX, and the results were used
to normalize the drug disposition results.

Results
Micelle Responsive to Early Endosomal pH. The aver-

age size of a DOX-loaded endosomal pH-sensitive mixed
micelle was ∼150 nm, which is in a typical size range of
secondary micelles formed by the dialysis method. DOX
loading content was approximately 20 wt %, and the loading
efficiency was ∼80 wt %. As a control, a pH-insensitive
micelle system composed of PLLA-b-PEG/PLLA-b-PEG-
folate (80/20 wt/wt%) was used. A previous study optimized
the endosomal pH-sensitive micelle in terms of polymer
composition and blending ratio judged from pH-dependent
physicochemical properties, folate receptor mediated en-
docytosis, endosomal membrane disruption and cytotoxic-
ity.29

In Vivo Tumor Growth Inhibition. To test in vivo tumor
growth inhibition, DOX-resistant ovarian carcinoma cells
(A2780/DOXR) were xenografted in nude mice. The animals
were divided into three groups and treated with free DOX,
DOX-loaded pH-sensitive micelles (a test micelle formula-
tion), and pH-insensitive micelles (a control micelle formula-
tion), respectively, by intravenous injections three times. The
first treatment was conducted on day 0, and following
treatments were on day 3 and day 6. All animals received the
same dose of DOX (10 mg/kg). Figure 1(a) shows the tu-
mor growth rates of all groups. While the animals were
treated for 6 days, the average sizes of tumors of all groups
are not noticeably distinguishable from each other. However,
the growth rate of the test group was significantly reduced
after this induction period. The growth apparently stopped
until day 20, followed by slow growth up to day 30. On day
49, the tumor size reached about 300 mm3. The group treated
with free DOX showed an exponential curve in growth, and
all animals in this group were sacrificed on day 27 due to
discomfort tumor burden to animals. The growth rate of the
control micelle group was delayed when compared with the
free DOX group, but the growth was accelerated after
treatments, and the average tumor size on day 49 was about
9 times bigger than in the test group.

Figure 1(b) presents the changes in the body weight of
each group over time as an indication of overall systemic

(47) Park, K.; Kim, J. H.; Nam, Y. S.; Lee, S.; Nam, H. Y.; Kim, K.;
Park, J. H.; Kim, I. S.; Choi, K.; Kim, S. Y.; Kwon, I. C. Effect
of polymer molecular weight on the tumor targeting characteristics
of self-assembled glycol chitosan nanoparticles. J. Controlled
Release 2007, 122, 305–314.

(48) Cheong, I.; Huang, X.; Bettegowda, C.; Diaz, Jr.; L, A.; Kinzler,
K. W.; Zhou, S.; Vogelstein, B. A bacterial protein enhances the
release and efficacy of liposomal cancer drugs. Science 2006, 314,
1308–1311.
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toxicity of the formulations. The free DOX group demon-
strated a sharp decrease in the body weight for the initial
time period of 9 days and recovery after this period. This
strongly suggests serious toxicity of free DOX at the given
dose, with losses of more than 20% of the mice’s body
weight while the tumor was growing. For the control micelle
group, the weight loss was minimal during treatments
followed by rapid gain, which seems due to the growth of
the tumor for the next two weeks. When tumors grew further,
the weight gain slowed, probably owing to ill conditions.
On the other hand, the test group showed a slow but steady
gain of body weight with minimal growth of tumors for 7
weeks.

Skin Fold Window Chamber Study. To directly explore
the extent of drug extravasation from the blood vessels and
accumulation of DOX in the tumor, the time-dependent

fluorescence intensity of DOX in the tumor sight was
measured by using a noninvasive skin fold window chamber
model, which allows real-time measurements. In Figure 2,
the DOX fluorescence images from each formulation were
taken at given time intervals (0, 7, 10, 20, and 60 min). The
intensity started to appear at 10 min for both DOX-loaded
pH-sensitive micelles and pH-insensitive micelles, indicating
that extravasation from the blood vessels to the tumor cells
occurred, while the fluorescence intensity from the free DOX
started to appear at 7 min or before. An important observation
in this study was the accumulation of DOX in the tumor.
The fluorescence intensity of the pH-sensitive micelle group
was maintained up to 60 min. However, the pH-insensitive
micelle group started to show decreased fluorescence inten-
sity at 60 min. The intensity from free DOX formulation
declined after 20 min and became dark at 60 min, indicating
the clearance of free drug from the tumor.

Noninvasive Imaging Test. To estimate in vivo tumor
accumulation beyond the time frame of the window
chamber model, a noninvasive and real time imaging
method was applied. It assisted us in visualizing biodis-
tribution of drug carriers after one hour postinjection.
Using near-infrared (NIR) fluorophore (Cy5.5)-labeled
drug carriers, the NIR fluorescence imaging system
showed the fate of drug carriers. The in vivo model was
tumor cell xenografted nude mice. Figure 3 is the NIR
fluorescence images obtained by Cy5.5-labeled pH-sensi-
tive micelles. Compared to the result from Cy5.5-labeled
pH-insensitive micelles as a control group previously
published elsewhere,49 at one hour after injection, pH-
sensitive micelles gave higher fluorescence intensity in
tumors than the intensities from the whole body. This
distinct fluorescence intensity of tumors was maintained

Figure 1. In vivo tumor growth inhibition test and body
weight change of sc ovarian A2780/DOXR xenografted
BALB/c nude mice (n ) 7). Ten mg/kg of DOX
equivalent dose was injected as several formulations
including free DOX in PBS (9), DOX-loaded pH-i
nsensitive micelles (DOX/PHIM-f) (b), and DOX-loaded
pH-sensitive micelles (DOX/m-PHSM(20%)-f) ([). Three
iv injections on days 0, 3, and 6 were made. Values are
the mean ( standard deviation (SD). (a) Tumor volume
change; (b) body weight changes.

Figure 2. In vivo skin fold window chamber model study:
(a) DOX extravasation from A2780/DOXR ovarian tumor
blood vessel into the tumor using DOX-loaded pH-
sensitive micelles (DOX/m-PHSM(20%)-f), (b) DOX-
loaded pH-insensitive micelles (DOX/PHIM-f), and (c)
free DOX in PBS according to time frames (0, 7, 10, 20,
and 60 min).
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up to 12 h. No significant fluorescence intensity difference
between the tumor and other tissues was observed during
the entire time frame. The window model illustrated that
the significant drug fluorescence intensity was maintained
for the initial one hour from pH-sensitive micelles, which
coincides with the tumor accumulation result from Figure
3. In the case of pH-insensitive micelles, the decreased
drug fluorescence intensity after one hour from the window
chamber model study corresponds to the weak intensities
in previous results.49

Biodistribution and Drug Disposition into Organs. To
monitor the biodistribution of the formulations in the mice,
we carried out 2 independent studies. One was to take
confocal images of cellular samples of each organ and the
tumor after iv injection of DHPE fluorescence dye encap-
sulated pH-sensitive micelles into tumor bearing nude mice.
At 4 h postinjection, the animal was sacrificed, and each
organ tissue and tumor tissue were collected. The homog-
enization of the tissues provided cellular samples to obtain

confocal images. Figure 4 distinctively illustrates the dif-
ference between DHPE fluorescence intensity from each
organ and the tumor. The significantly increased intensity
of tumor indirectly indicated the tumor targeting capability
of the pH-sensitive micelle.

In another set of experiments, the animals were treated
with each drug formulation (DOX encapsulated pH-
sensitive micelles, pH-insensitive micelles, or free drug),
and the organs and blood were collected at certain time
intervals (4, 8, and 12 h). The DOX fluorescence intensity
of each sample was measured by fluorometry.47 In Figure
5(a), the drug distribution into the tumor using the pH-
sensitive micelle formulation exhibited a higher amount
than other organs in all time frames. Figure 5 indicates
that the tumor drug distribution amount of the pH-sensitive

(49) Kim, D.; Lee, E. S.; Park, K.; Kwon, I. C.; Bae, Y. H. Doxorubicin
Loaded pH-sensitive Micelle: Antitumoral Efficacy against Ova-
rian A2780/DOXR Tumor. Pharm. Res. 2008, 25, 2074–2082.

Figure 3. In vivo optical fluorescence imaging of KB tumor xenografted BALB/c nude mice after DOX encapsulated
and Cy5.5 fluorescent dye labeled pH-sensitive micelles. Arrows indicate the location of the tumor.

Figure 4. Biodistribution of DHPE dye encapsulated pH-sensitive micelles injected through the tail vein of ovarian
A2780/DOXR tumor xenografted nude mice. The confocal images of each organ, including the tumor, were prepared
as monolayer cellular samples from tissues after sacrifice of animals 4 h post-treatment.
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micelle formulation represented 4-fold and 10-fold in-
creases over the pH-insensitive micelles and free DOX,
respectively, even up to 24 h after treatment. In the case
of the pH-insensitive micelle formulation and free DOX
shown in Figures 5(b) and 5(c), respectively, the liver is
the organ that had the highest drug amount among all
organs. Interesting results from Figure 5 also point out
that both micelle formulations reduced significant amounts
of drug distribution into the heart compared with free
DOX. In addition, free DOX represented a 3- to 4-fold
lower drug concentration in the blood at 1 and 4 h time
points than both micelle formulations.

Discussion
Simultaneously targeting tumor extracellular pH and the

folate receptor using pH-sensitive micelles composed of
polyHis-b-PEG and PLLA-b-PEG-folate was effective in
treating drug-sensitive and MDR counterparts of MCF-7
breast19 and A2780 ovarian29 tumors in mice. The proposed
mechanisms for treating MDR tumors include active en-
docytosis, accelerated drug release, and endosomolytic
function of polyHis. The combined mechanisms maximize
the cytosolic delivery of incorporated drugs. The pH of
physical destabilization of the micelles was manipulated by
the blending ratio of two block copolymers,29,42 which are

miscible by demonstrating a single glass transition temper-
ature (Tg) located between the two separate Tgs of polyHis
and PLLA.50 However, shifting the destabilizing pH below
6.6 by the blending approach while preserving pH sensitivity
at a target pH was not feasible. As the content of PLLA in
the micelle core increased, the sensitivity declined and was
eventually lost above 40 wt % of PLLA. It was hypothesized
that any drug fraction released in the extracellular space from
carriers is not bioavailable for MDR cancer cells, which are
equipped with Pgp on the plasma surface. To maximize the
bioavailability of the drug to the cytosolic compartment, the
pH-induced destabilization should occur after active endocy-
tosis, while maintaining minimal release in the tumor
extracellular space (pH 6.5-7.2). It was found that the
incorporation of a hydrophobic amino acid monomer, such
as Phe in this study, effectively shifted the pK of polyHis to
a lower pH region. To precisely target early endosomal pH
(pH 6.0), the combined approaches of copolymerization and
blending were employed. A copolymer composition was
selected while keeping a PLLA-b-PEG-f content at 20
wt %, which provided folate on the surface of the micelle
for the second generation of PHSM-f fabrication. The
resulting micelle surface had an optimal folate surface density
for folate receptor-mediated endocytosis.49

Figure 5. DOX levels in tissues after iv administration (10 mg/kg DOX equivalent dose) of (a) pH-sensitive micelles
(DOX/m-PHSM(20%)-f), (b) pH-insensitive micelles (DOX/PHIM-f), and (c) free DOX in PBS against sc human ovarian
A2780/DOXR tumor xenografts. DOX levels in blood (d) of 3 formulations (free DOX, DOX-loaded pH-insensitive
micelles (DOX/PHIM-f), and DOX-loaded pH-sensitive micelles(DOX/m-PHSM(20%)-f). Animals were sacrificed at 1,
4, and 24 h postinjection (n ) 4). Values are the mean ( the standard deviations (SD).
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The PHSM-f targeting pH 6.0 effectively suppressed the
growth rate of MDR ovarian tumors for a long term by three
injections in the initial 6 days. The average tumor size
reached only 250-300 mm3 after 50 days. When the tumors
were treated with the first generation of PHSM-f, which
targets pH 6.8, the tumor grew after 50 days to 1,300 mm3

(data not shown). This clearly suggests that the second
generation of the micelles is more effective in treating MDR
cancer cells.

The MDR mechanisms, especially in clinical settings, are
multifaceted: they include unicellular mechanisms and ex-
tracellular mechanisms associated with the interactions with
extracellular matrices, other cells, and soluble factors. A Pgp
pump is one of numerous unicellular mechanisms. The use
of Pgp inhibitors has yet to be approved in clinical application
even after significant research and investment for the last
decades. Costly systemic high dose therapy while saving
patients’ bone marrow has also been challenged to better
treat resistant tumors.17 However, at present, the approach
has been concluded to be ineffective.51 The alternative
approach that we have taken is the cytosolic high dose
therapy in order to address such limitations as the high
systemic toxicity of high dose therapy and to challenge
multifactorial MDR mechanisms. The hypothesis is that
although MDR cancer cells develop various defense mech-
anisms against cytotoxic agents, the defense by an individual
mechanism or combined mechanisms might have limited
capacity if the cells have not previously experienced high
cytosolic concentrations, which cannot be encountered under
ordinary environmental conditions. Thus, a high cytosolic
drug concentration that exceeds the limited defense capacity
is expected to treat MDR cancer cells.

To support the hypothesis at least in part, the rest of the
experimental design was centered on demonstrating the ac-
cumulation of doxorubicin in the tumor site and the cytosol.
The initial deposition for one hour of DOX immediately after
iv injection was visualized by using the dorsal window

chamber model. Because the observation was made under a
microscope while maintaining an anesthetic condition of
mice, its observation time is limited but provides the dy-
namics of accumulation. It is interesting to note that the
fluorescence intensity of DOX carried by PHIM-f at the
tumor site reached the maximum between 7 and 20 min
postinjection, while the highest DOX intensity carried by
PHSM-f was obtained at or after 60 min, even though both
systems had folate conjugated on their surfaces. The reasons
for this observation are not clearly understood. Because two
micelle systems share a common endocytosis pathway, the
different kinetics at the tumor sites seem to be attributable
to the intracellular events of accelerated drug release rates
and endosomolysis. Such events may minimize drug efflux
and endosomal recycling, increase diffusion spreading of the
drug, and provide room for particles arriving later. Cy5.5
imaging results (Figure 3) coincide well with the observation
from the window model, showing that the highest accumula-
tion of DOX carried by PHSM-f at the tumor site occurred
around one hour postinjection, while the drug concentration
in the tumor delivered by PHIM-f was already in the
declining phase at one hour,49 although a different tumor
was used in this imaging study.

Figure 4 shows the green fluorescence of cells harvested
from each organ 4 h postinjection and clearly demonstrates
that a significant fraction of DHPE dye carried by PHSM-f
resides inside cells. The result supports the highest uptake
of the micelles by cancer cells compared to cells in other
organs. More quantitative analysis of DOX accumulation in
each organ is presented in Figure 5. The DOX accumulation
in the tumor was higher than in all other organs when
PHSM-f was used, as shown in Figure 4; however, the liver
uptake became dominant for PHIM-f and free DOX. Despite
similar blood concentration profiles over time (Figure 5(d))
between two micelle formulations, the large difference (∼3/1
for PHSM-f and ∼1/3 for PHIM-f) in tumor/liver ratios of

Figure 6. Schematic picture of the mechanism of pH-sensitive micelle targeting endosomal pH after IV injection.
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drug accumulation is an interesting feature but a subject for
further investigation.

In summary, PHSM-f, which simultaneously targets the
folate receptor and early endosomal pH (Figure 6), has
proven its efficacy in treating ovarian multidrug resistant
tumor without weight loss. The growth rate of already formed
MDR ovarian solid tumor was well suppressed for the whole

experimental time period (49 days) after three injections (10
mg DOX/kg each injection) on days 0, 3, and 6. The system
was more effective than the first generation micelles targeting
extracellular pH and the folate receptor. The biodistribution
results provided from the dorsal window chamber model,
noninvasive imaging, and organ extraction method were
consistent and strongly supported high accumulation of DOX
at tumor sites and cytosolic delivery.
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