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Purpose. The purpose of this work was to demonstrate the advantage of using pH-sensitive polymeric

mixed micelles (PHSM) composed of poly(L-histidine) (polyHis)/poly(ethylene glycol) (PEG) and

poly(L-lactic acid) (pLLA)/PEG block copolymers with folate conjugation to increase drug retention in

wild-type and MDR tumor cells.

Materials and Methods. Both wild-type and multidrug resistant (MDR) human breast adenocarcinoma

(MCF-7) cell lines were used to investigate the accumulation and elimination of doxorubicin (DOX),

PHSM with folate (PHSM/f), and pH-insensitive micelles composed of pLLA/PEG block copolymer

with folate (PHIM/f).

Results. Cells treated with PHSM/f showed decelerated elimination kinetics compared to cells treated

with PHIM/f. MDR cells treated with drug-containing PHSM/f for 30 min retained 80% of doxorubicin

(DOX) even after incubation for 24 h in the absence of drug. On the other hand, cells treated with drug-

containing PHIM/f retained only 40% of DOX within the same period of time. Flow cytometry and

confocal microscopy confirmed these results.

Conclusions. Cellular entry of the micelles occurred via receptor-mediated endocytosis using folate

receptors. The pH-induced destabilization of PHSM/f led to rapid distribution of drug and polymer

throughout the cells, most likely due to polyHis-mediated endosomal disruption. This reduced the

likelihood of drug efflux via exocytosis from resistant tumor cells.

KEY WORDS: exocytosis; folate; multidrug resistance; pH-sensitive polymeric micelle; poly(L-
histidine).

INTRODUCTION

Treatment of tumors with chemotherapeutic agents is
often complicated by the phenomenon of multidrug resis-
tance (MDR). MDR is the resistance of tumor cells to
several anti-tumor drugs of unrelated structural classes and
mechanisms of action (1), due to increased efflux activity. In
addition to P-glycoprotein (Pgp) on the plasma membrane of
MDR tumor cells, an increasing number of ATP-driven
efflux pump families have been identified that confer MDR,
the most well-known being the multidrug resistance proteins
MRP1, MRP2, MRP3, etc., which are all highly over-
expressed in MDR tumor cells (2–5).

One efflux mechanism in MDR tumor cells is character-
ized by increased exocytosis of anti-tumor drugs via endo-
somal vesicle recycling (6–9). It seems that the intracellular
pH shift in the MDR tumor cells affects the rates of vesicular
transport and exocytosis (10, 11). The presence of the MDR-
related protein, Pgp, may lead to increased exocytosis (12).
The MRP family of proteins, found predominantly on

intracellular organelles, is expected to play a significant role
in the exocytosis process (7, 12–16). However, the exact
mechanism of exocytosis of anti-tumor drugs in MDR tumor
cells is still unclear, and the exocytosis of drug-encapsulated
nano-carriers in MDR tumor cells is relatively unknown.

A few studies have been published that investigated the
exocytosis of nano-carriers in wild-type tumor cells. Panyam
and Labhasetwar (17) reported that nanoparticles were
rapidly taken up within 1 min of incubation but 65% of the
internalized fraction was exocytosed in 30 min. Cells in
serum-free medium showed inhibition of nanoparticle exo-
cytosis, suggesting that proteins in the medium probably
interact with the vesicle-recycling pathway and induce
increased exocytosis of nanoparticles. Park et al. (18) found
that active exocytosis of nanoparticles in HeLa cells
depended on the pre-incubation time. The quantity of
nanoparticles that were removed through exocytosis de-
creased with increased pre-incubation time. Sahoo and
Labhasetwar (19) investigated cellular efflux behavior of
paclitaxel-loaded nanoparticles with the specific ligand,
transferrin. They reported that transferrin-conjugated nano-
particles showed relatively reduced exocytosis compared to
transferrin-unconjugated nanoparticles. However, this result
may not be consistent with other various ligand/receptor
mediated endocytosed nanoparticles. In one study, the
accumulation of folate-PEG-liposomal DOX by KB cells

0724-8741/07/0900-1618/0 # 2007 Springer Science + Business Media, LLC 1618

Pharmaceutical Research, Vol. 24, No. 9, September 2007 (# 2007)
DOI: 10.1007/s11095-007-9277-5

1 Department of Pharmaceutics and Pharmaceutical Chemistry,

University of Utah, 421 Wakara Way, Suite 315, Salt Lake City,

UT 84108, USA.
2 To whom correspondence should be addressed. (e-mail: you.bae@

utah.edu)



was 45-fold higher than for non-targeted liposomal DOX (20,
21). Nevertheless, the MDR families may mediate transport
of folate-conjugate from intracellular organelles such as
endosomes to the extracellular space (9, 13, 14, 22).

In order to maximize ligand/receptor mediated drug
carrier delivery and drug accumulation in tumor cells, the
kinetics of drug delivery must exceed the efflux kinetics. One
approach towards increasing drug accumulation is suppress-
ing the efflux mechanism.

The probable endosomal disruption or fusogenic activity
of polyHis has recently served as a tool in advancing systems
for non-viral gene delivery (23–25). Previous experimenta-
tion showed that polyHis caused membrane disruption of
endosomes and lysosomes. Endosomal membrane destabili-
zation occurs due to the proton-sponge effect of polyHis that
is caused by the protonation of its imidazole groups, which in
turn interact with negatively-charged membrane phospholi-
pids (26–30). This interaction facilitates the entry of DNA/
polymer complexes into the cytoplasm of the cell, thereby
increasing gene transfection efficacy.

Our group recently prepared and used polyHis/PEG to
construct polymeric micelles that responded to slight acidity
(pH 7.0–6.4) and resulted in micelle destabilization (26–29,
31, 32). This accelerated drug release and widespread cellular
distribution of DOX. In this study, we demonstrate the
advantage of using PHSM/f to increase drug retention in
MDR tumor cells. Folate was selected as the specific ligand
for effective internalization of micelles into tumor cells.
Overexpression of the folate receptor in a large number of
cancers has led to the use of folate-mediated tumor cell
targeting of anti-tumor drugs (20, 21, 26, 27).

MATERIALS AND METHODS

Materials

L-glutamine, n-propyl galate, glycerol, bovine serum
albumin (BSA), HEPES, DOXIHCl, and CellLyticiM Cell
Lysis Reagent were purchased from Sigma Chemical Com-
pany Inc. (St. Louis, USA). Formaldehyde, fluorescence
isothiocyanate (FITC), HCl, NaOH, and Na2B4O7 were
purchased from Aldrich Chemical Company, Inc. (Milwau-
kee, USA). Dimethylsulfoxide (DMSO) was purchased from
J. T. Baker (Deventer, Netherlands). Penicillin-streptomycin,
Tris–HCl (pH 8.4), fetal bovine serum (FBS), 0.25% (w/v)
Trypsin-0.03% (w/v) EDTA solution, Dulbecco_s phosphate-
buffered saline, phosphate buffered saline (PBS, pH 7.4), and
RPMI1640 medium were purchased from Gibco Co.
(Uxbridge, U.K). PolyHis/PEG and pLLA/PEG block
copolymers were synthesized as previously reported (26–29,
31, 32). The molecular weight of synthesized polyHis/PEG
was 7 kDa, composed of 5 kDa polyHis block and 2 kDa
PEG block; molecular weight for pLLA/PEG was 5 kDa
(pLLA 3 kDa and PEG 2 kDa).

Methods

Preparation of FITC-labeled Polymeric Micelles

All polymer molecules used in this study were conjugated
to folate. The FITC-labeled, PHSM/f and PHIM/f were

prepared using polyHis/PEG with folate (polyHis/PEG-fo-
late) and FITC-pLLA/PEG with folate (FITC-pLLA/PEG-
folate) (26–28). The weight ratio of polyHis/PEG-folate to
FITC-pLLA/PEG-folate for the micelles was 60/40 for
PHSM/f and 0/100 for PHIM/f. Preparation of the FITC-
labeled micelles was achieved by dissolving the appropriate
weight ratios of polymer constituents in DMSO solvent;
subsequent steps identical to the preparation of DOX-loaded
micelles.

Preparation of DOX-loaded Polymeric Micelles

DOX-loaded PHSM/f (average particle size=73 nm by
dynamic light scattering) or PHIM/f (average particle size=82
nm by dynamic light scattering) were prepared as previously
reported (26, 27). DOX was loaded by dissolving DOX (10
mg) and the appropriate weight ratio of the polymeric
constituents (50 mg) in DMSO. This solution was transferred
to a preswollen dialysis membrane (Spectra/Por molecular
weight cut-off 15,000). The product was dialyzed against
HCl-Na2B4O7 buffer solution (pH 9.0) for 24 h at 4-C and
the medium was exchanged several times. The product was
subsequently lyophilized until further use. The amount of
DOX loaded was determined by measuring the UV absor-
bance of the drug-loaded polymeric micelles in DMSO at 481
nm. In preliminary release studies with DOX-loaded
micelles, there was no noticeable burst effect and less than
40% of loaded drug was released after exposure to pH 6.8
buffer media for 24 h. The drug release pattern followed first
order kinetics. As the pH dropped from pH 6.8 to pH 6.0
(endosomal pH) the amount of DOX released from the
micelles rose to 80% in 24 h. These results were consistent
with our previous reports (26–29, 31, 32).

Accumulation of FITC-labeled Polymer

The human breast adenocarcinoma (MCF-7) cell line
(from ATCC) was used in the following experiments. DOX-
resistant MCF-7 cells (MCF-7/DOXR) were created by
selecting live MCF-7 cells following stepwise exposure to
free DOX at 0.001–10 mg/ml (26). Wild-type and DOX-
resistant cells were maintained in RPMI-1640 medium with 2
mM L-glutamine, 5% penicillin-streptomycin and 10% FBS
in a humidified incubator at 37-C and 5% CO2 atmosphere.

To test FITC-labeled PHSM/f or PHIM/f against wild
MCF-7 or MCF-7/DOXR cells, confluent cells were harvested
and seeded at 5�104 cells/ml in a 96-well plate in 100 ml of
RPMI-1640 medium for at least 24 h prior to
experimentation to allow cells to adhere to the plate
surface. FITC-labeled PHSM/f or PHIM/f in RPMI-1640
medium (in PBS at pH 7.4, 6.8 or 6.2) were prepared
immediately before use. The micelle solutions (polymer
concentration=5 mg/ml) were added to the cell samples and
incubated at 37-C for 0.5, 2, 4, 6, 8, 18, and 24 h. The cellular
accumulation of the micelles was assessed by fluorometry.
After removing the medium, cells were lysed using
CellLyticiM Cell Lysis Reagent (125 mL), and the
fluorescein content was measured by assaying the cell lysate
using static fluorescence measurements (excitation and
emission wavelengths of 488 and 520 nm, respectively). The
accumulation of polymeric micelles was assessed as the mean
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fluorescence ratio (MFR) using the formula MFR(%)=[(fs/
fc)/ft]�100, where fs is the mean fluorescence of treated cells,
fc is the mean fluorescence of control cells (untreated), and ft

is the mean fluorescence of total FITC-labeled polymer.

Confocal Microscopy

The intracellular distribution of FITC-labeled polymers
in PHSM/f or PHIM/f was carried out using MCF-7/DOXR

cells (26) grown on a Lab-TekR II chamber slide (Nalge Nunc
International, Napevillem, IL). Cells maintained at pH 6.8
(this pH was used throughout these experiments to mimic the
acidic tumor environment) were incubated with each
polymeric micelle type for 30 min (and potentially
incubated for 1 to 2 h in fresh medium with no micelles),
washed three times with PBS pH 6.8 and then fixed with 1%
formaldehyde in PBS for 10 min. A coverslip was mounted
on a glass microscope slide with a drop of anti-fade mounting
medium (5% N-propyl galate, 47.5% glycerol and 47.5%
Tris–HCl at pH 8.4). The specimens for fluorescein detection
were examined under a confocal microscope (Leica TCS NT,
Leica, Germany) with excitation and emission wavelengths of
488 and 510 nm, respectively.

Flow Cytometry Analysis

MCF-7/DOXR cells (1�106 cells/ml) were harvested,
pelleted by centrifugation (1,000 rpm for 3 min) and
resuspended in RPMI-1640 solution at pH 6.8. Cells were
incubated at pH 6.8 for 30 min in RPMI-1640 solution
containing FITC-labeled polymeric micelles (polymer
concentration=5 mg/ml). Unbound micelles were removed
by gentle pipetting, and cells were rinsed with PBS pH 6.8
supplemented with 0.5% BSA and 20 mM HEPES. Cells
were then incubated for 0.5, 1 or 2 h with fresh RPMI-1640
solution (without polymeric micelles). Cells were collected,
pelleted by centrifugation, resuspended in 1 ml of PBS
solution supplemented with 0.5% BSA, and analyzed using
a flow cytometer (Becton Dickenson FacScan).

Pulse-chase Experiments with DOX and FITC-labeled
Polymer

Cells were prepared and seeded as described in Section
2.6. DOX-loaded polymeric micelles (PHSM/f or PHIM/f)
and free DOX (DOX concentration=0.5 mg/ml) were added
to the cells and incubated at 37-C for 30 min. Initial DOX
levels in wild tumor cells were 0.36T0.03 mg/ml (PHSM/f),
0.34T0.02 mg/ml (PHIM/f), and 0.22T0.04 mg/ml (free DOX).
Initial DOX levels in MCF-7/DOXR cells were 0.35T0.02 mg/
ml (PHSM/f), 0.33T0.03 mg/ml (PHIM/f), and 0.04T0.02 mg/ml
(free DOX).

To study elimination kinetics, buffer containing any
residual DOX-loaded polymeric micelles or free DOX was
replaced with fresh buffer. Cells were exposed to the fresh
buffer for 0.5, 2, 4, 6, 8, 18, and 24 h. The fresh buffer was
promptly removed and the remaining (treated) cells were
lysed. The cell lysate was analyzed by fluorescence measure-
ments as described above.

The elimination of the FITC-conjugates in the cells was
measured in the same manner that DOX accumulation was
measured as described above. Initial polymer concentrations
in the cells after treatment for 30 min were 2.6T0.3 mg/ml
(PHSM/f), 2.4T0.3 mg/ml (PHIM/f) in wild tumor cells, and
2.5T0.2 mg/ml (PHSM/f), 2.3T0.4 mg/ml (PHIM/f) in MCF-7/
DOXR cells. The excitation and emission wavelengths used
were the same as for FITC.

Statistical Analysis

All results were analyzed by student t-test or ANOVA
test with p<0.05 significance.

RESULTS AND DISCUSSION

Our group recently reported the creation and use of novel
pH-sensitive polymeric mixed micelles composed of polyHis/
PEG and pLLA/PEG block copolymers with or without folate
conjugation (26, 27). Micelles were investigated for folate
receptor-mediated internalization and pH-dependent drug
release of loaded DOX. Micelles showed accelerated DOX
release with decreasing pH. Further studies compared
PHSM/f with PHIM/f using confocal microscopy. There was
significant localization of DOX in the endosomal compart-
ments for PHIM/f, compared to broad cytosolic distribution
for PHSM/f (26–28). This difference is attributed to endo-
somal disruption following the destabilization of PHSM/f.
This observation prompted a study to compare the delivery
of DOX using PHSM/f and PHIM/f in MDR tumor cells. As
shown in Fig. 1, we hypothesized that PHSM/f may induce
broad cytosolic distribution of drug or polymer following
endosomal disruption and triggered drug release, thereby
reducing exocytosis of micelles.

Cellular Retention of Micelles

The accumulation kinetics of FITC-labeled, PHSM/f and
PHIM/f were similar for both wild-type MCF-7 and MCF-7/
DOXR cells at pH 6.8. As shown in Fig. 2, the differences in
the uptake of the two micelle types in either resistant (Fig.
2a) or wild-type (Fig. 2b) tumor cells was negligible. This
suggests that both PHSM/f and PHIM/f employ the same
method of entry into the cells, which in this case should be
folate-mediated endocytosis (21). Since both tumor cell types
contain a similarly high number of folate receptors, neither
presented a significant advantage for entry (or uptake) over
the other (20, 21).

Further investigations showed that decreasing the ap-
plied pH resulted in slightly decreased accumulation of DOX
(data not shown), similar to relationships already reported in
the literature (33). However, these effects were not signifi-
cant.

The intracellular distribution of PHSM/f or PHIM/f in
MCF-7/DOXR cells was determined through confocal
microscopy. As shown in Fig. 3, the confocal images
demonstrate that pH-induced micelle destabilization (26–29,
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31, 32) led to widespread distribution of DOX in the cytosol
of tumor cells, as opposed to sequestration of PHIM/f
counterparts in intracellular compartments (such as
lysosomes). These results are consistent with several other

studies where the combined effects of pH-sensitivity and
endosomal disruption ability of a polymeric system (34–36)
have been applied to tumor cell recognition and gene therapy
studies.

Fig. 1. The proposed design concept of PHSM/f for effective anti-tumor drug delivery to MDR tumor cells. Carriers are constructed so that

cellular entry is through receptor-mediated endocytosis, and the polymeric components allow changes in release rate through a pH-activated

switching mechanism and also contain fusogenic activity.

Fig. 2. The percentage of fluorescein content from accumulation experiments measured in samples exposed to FITC-labeled PHSM/f (filled

circle) or PHIM/f (filled square) (p>0.1 compared to FITC-labeled PHSM/f) as a function of time against a MCF-7/DOXR cells and b wild

MCF-7 cells (n=7).
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The elimination of FITC-labeled polymer from MCF-7/
DOXR cells over time is shown in Fig. 4. By measuring the
fluorescence intensity in a sample at three time points, the
amount of FITC-labeled polymer remaining over time was
quantified by flow cytometry.

Fig. 4a shows the exposure of three resistant cell samples
to PHSM/f. The relative intensities showed decreased
fluorescence with increased incubation time. Fig. 4b shows
the exposure of three resistant cell samples to PHIM/f. It is
evident that the relative intensity peaks of the PHIM/f
samples vary more in relation to one another than for the
PHSM/f. While the intensity peak for PHIM/f at 30 min is
similar to the intensity peak for PHSM/f at 30 min, at the 1
h time point it becomes evident that the fluorescence
intensity for PHIM/f has sharply decreased, and dropped
even further after 2 h. This decrease is due to high
elimination (exocytosis) rates which are characteristic of cells
exposed to PHIM/f. Fig. 4c shows the fluorescence of the
control.

Flow cytometry analysis confirmed that PHIM/f demon-
strated more rapid efflux than their PHSM/f counterparts.
Thus, PHSM/f showed higher cellular retention compared to
PHIM/f. The pH-induced destabilization and endosomal
escape activity of PHSM/f can be credited for the remarkable
difference in drug retention evident between the two micelle
types. Upon the pH-triggered destabilization of micelles in
the endosome, the likelihood of efflux is substantially
lowered, as demonstrated by both confocal microscopy and
flow cytometry. These results are consistent with studies of
the endosomal disruption effects of novel liposomes carrying
therapeutic anti-tumor drugs carried out by Mastrobattista et
al. (37) using a similar flow cytometry technique.

Despite the fact that MDR tumor cells over-express
MDR proteins (3, 9, 13, 14), it is expected that the novel
PHSM/f can kinetically overcome this difficulty by triggering
endosomal membrane destabilization.

FITC-labeled Polymer and DOX Elimination Kinetics

Accumulation kinetics are affected by both uptake and
elimination rates. Since the uptake rates of ligand-conjugated
micelles appear similar in our studies regardless of micelle
type or drug resistance, we focused on the elimination
kinetics of FITC-labeled polymer and DOX after incubating
cells for 30 min.

Fig. 5 compares the FITC-labeled polymer fluorescence
over time for PHSM/f and PHIM/f using both wild-type
MCF-7 cells and MCF-7/DOXR cells. In wild-type MCF-7
cells, PHSM/f and PHIM/f showed negligible differences in
cellular polymer (FITC-labeled) concentration. However,
elimination kinetics in resistant tumor cells showed
dramatic differences between the two micelle types (Fig. 5).
The cellular polymer concentration of PHSM/f in MCF-7/
DOXR cells was significantly higher than in PHIM/f in MCF-
7/DOXR cells after the 24-h period. The measured PHIM/f
content (the FITC-labeled polymer of the micelles) in
resistant tumor cells was nearly half of its initial fluorescein
content by the end of the 24 h. However, the measured
PHSM/f content in resistant tumor cells was approximately
90% of its initial fluorescein content after the same period of
time.

As mentioned earlier, resistant cells have higher elimi-
nation rates of micelles when compared with wild-type cells
and this phenomenon can be attributed to the more highly
advanced efflux mechanisms of resistant cells (9–12, 38).
Rapid efflux by possible folate-efflux mechanisms (22) of
tumor cells was avoided in the cells treated with PHSM/f in
this case because of the pH-induced destabilization of the
polyHis component of the PHSM/f, which led to endosomal
disruption. This mechanism was confirmed through confocal
microscopy as demonstrated in Fig. 6. This figure portrays the
intracellular fluorescence intensity of FITC-labeled PHSM/f
or PHIM/f internalized in MCF-7/DOXR cells after 30 min

Fig. 3. Confocal microscopic pictures revealing MCF-7/DOXR cells marked with FITC-labeled polymer after cellular exposure to PHSM/f (a)

or PHIM/f (b) for 30 min and washing.
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incubation, and after washing and incubating the cells for 1–2
h in fresh medium lacking micelles. The fluorescence
intensity peak of PHIM/f showed more pronounced
decrease than in PHSM/f as incubation time passed. This
behavior is consistent with results discussed regarding Fig. 5.

Endosome recycling appears to be the major efflux
mechanisms in resistant tumor cells (2–8, 13–19), thereby
allowing increased exocytosis of nanoparticles entrapped in
endosomes. PHIM/f are mostly sequestered in sub-organelles
such as endosomes (see Fig. 3), and are then transferred out
of cells by advanced exocytosis mechanisms characteristic of
resistant tumor cells, where the elimination of PHIM/f in
resistant cells was higher than in wild tumor cells. The
kinetics of pH-induced micelle destabilization and endosomal
escape activity of PHSM/f exceeded the efflux mechanisms of
resistant tumor cells.

The elimination of DOX was assumed to be more
complex since it was either in a free form or within the
micelle core, but its collective elimination kinetics highly
imitated the elimination of FITC-labeled polymers (Fig. 7).
The elimination of DOX from both MCF-7/DOXR cells and

wild MCF-7 cells was measured after initial exposure with
free DOX, DOX-loaded PHSM/f, or DOX-loaded PHIM/f in
seven controlled experiments. The data presented in Fig. 7 is
the total fluorescence intensity of DOX regardless of its
cellular location (endosomes, cytosol, and nucleus) and its
micelle location (inside or outside of micelles).

In Fig. 7, elimination was slower when wild-type MCF-7
cells were exposed to PHIM/f, and slowest when wild-type
MCF-7 cells were exposed to PHSM/f, a pattern that was
expected when comparing drug-carriers versus free DOX,
and also consistent with studies in the literature (21, 39, 40).
The elimination of DOX in MCF-7/DOXR cells most
accurately demonstrated the unique properties of PHSM/f,
as seen in Fig. 7a. The efflux mechanisms for anti-tumor
drugs in resistant tumor cells were exceeded by the kinetics
of pH-induced micelle destruction and endosomal disruption
activity of PHSM/f. The results clearly demonstrate that after
24 h DOX content in cells treated with PHSM/f exceeded the
DOX content of cells treated with PHIM/f by a factor of 2,
and exceeded the DOX content in cells treated with free
DOX even more.

Fig. 4. Flow cytometry study revealing the fluorescence intensity of MCF-7/DOXR cells marked with FITC-labeled polymer, at 30 min, 1 h,

and 2 h, at pH 6.8 after exposing the cells to a PHSM/f or b PHIM/f for 30 min and washing. Flow cytometry result of the untreated MCF-7/

DOXR cells is shown in (c).
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Fig. 5. The relative fluorescein content (percentage) remaining in cells in elimination trials as a function of time using FITC-labeled PHSM/f

(filled circle) and PHIM/f (filled square) (p<0.001 compared to FITC-labeled PHSM/f) against MCF-7/DOXR cells, and PHSM/f (open circle)

(p>0.1 compared to FITC-labeled PHSM/f) or PHIM/f (open square) (p>0.1 compared to FITC-labeled PHSM/f) using wild MCF-7 cells, as a

function of time (n=7). The fluorescein content in cells immediately following 30 min incubation was counted as 100%.

Fig. 6. Confocal microscopic pictures revealing MCF-7/DOXR cells marked with FITC-labeled polymer after exposing the cells to a PHSM/f

or b PHIM/f for 30 min and then incubation for 1 and 2 h in fresh medium without micelles.
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In the case of wild MCF-7 cells, as shown in Fig. 7b,
elimination followed the same pattern. Both PHSM/f and
PHIM/f had an advantage over free DOX because of their
folate-mediated targeting (20, 21, 26, 27, 41). Furthermore,
PHSM/f had the additional advantages of pH-induced
micelle destabilization and endosomal release capability over
PHIM/f as described above. Consequently, PHSM/f in the
endosomes abruptly released DOX within the cells and
outside the endosomes, and this DOX retention was main-
tained over time.

DOX release rates from PHIM/f entrapped in endo-
somes were not significantly influenced by pH (data not
shown) and the fraction of released DOX appeared to be
sequestered in the endosomes. This sequestration of DOX
results in its difficulty in crossing across the endosomal
membrane. The elimination kinetics may be attributed to
exocytosis or the recycling of endosomes containing PHIM/f
and released fraction of DOX.

PHSM/f demonstrated accelerated DOX release and
micelle destabilization in the endosome. This destabilization
process disturbed endosomal membranes by the proton-
sponge effects of polyHis and interaction with the endosomal
membrane, resulting in the diffuse spread of DOX and
polymers inside the cells. This process highly avoided drug
elimination via endosome recycling. Of course proving this

hypothesis would require further investigation through cellu-
lar pharmacokinetics studies.

CONCLUSIONS

Polymeric PHSM/f synthesized from polyHis/PEG and
pLLA/PEG block copolymers with folate conjugation were
investigated for their ability to enhance drug retention in
MDR cells. PolyHis promoted pH-induced destabilization
and endosomal drug release, reducing rapid drug efflux from
MDR cells. PHSM/f exhibited accumulation patterns for
FITC-labeled polymer similar to PHIM/f (lacking polyHis).
However, elimination kinetics for FITC-labeled polymers
and DOX varied significantly for the two-micelle types. Over
a 24-h period, there was nearly 2-fold higher retention of
polymer and drug using PHSM/f compared to PHIM/f
counterparts. PHSM/f achieved higher drug retention at the
tumor site by virtue of the possible endosomal disruption
activity of the polyHis component within the micelles.
Overall, this novel pH-sensitive polymeric micelle can
provide not only for the targeting of tumor cells by folate-
receptor recognition, but also for preserving high intracellu-
lar drug concentrations in both wild-type and resistant tumor
cells.Uncited references: (4, 15, 24, 35)

Fig. 7. The relative DOX content (percentage) remaining in cells in elimination trials using PHSM/f (filled circle) (p<0.001 compared to free

DOX), PHIM/f (filled square) (p<0.01 compared to free DOX), and free DOX (filled triangle) against a MCF-7/DOXR cells or b wild MCF-7

cells, as a function of time (n=7). The DOX content in cells right after 30 min incubation was counted as 100%.
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