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Abstract
Polymeric micelles with cross-linked ionic cores of poly(methacrylic acid) and nonionic shell of
poly(ethylene oxide) (cl-micelles) are shown here to readily internalize in epithelial cancer cells
but not in normal epithelial cells that form tight junctions (TJ). The internalization of such cl-
micelles in the cancer cells proceeded mainly through caveolae-mediated endocytosis. In confluent
normal epithelial cells this endocytosis route was absent at the apical side and the cl-micelles
sequestered in TJ regions of the cell membrane without entering the cells for at least 24 hours.
Disruption of the TJ by calcium deprivation resulted in redistribution of cl-micelles inside the
cells. In cancer cells following initial cellular entry the cl-micelles bypassed the early endosomes
and reached the lysosomes within 30 minutes. This allowed designing cl-micelles with cytotoxic
drug, doxorubicin, linked via pH-sensitive hydrazone bonds, which were cleaved in the acidic
environment of lysosomes resulting in accumulation of the drug in the nucleus after 5 hours. Such
pH-sensitive cl-micelles displayed selective toxicity to cancer cells but were nontoxic to normal
epithelial cells. In conclusion, we describe major difference in interactions of cl-micelles with
cancer and normal cells that can lead to development of novel drug delivery system with reduced
side effects and higher efficacy in cancer chemotherapy.

INTRODUCTION
Recent years saw rapid emergence of polymeric nanoparticulate materials (NMs) for
delivery of drugs, genes and imaging agents [1–5]. Examples of materials under
development include liposomes, polymer-drug conjugates, nanogels, polymeric micelles,
and the like. The precise delivery of these materials to the sites of the disease, such as tumor
cells, is central for successful therapies. For example, passive targeting of nanoparticles, also
termed as “Enhanced Permeation and Retention (EPR)” effect, has attracted great attention
in delivery of drugs and imaging agents [6, 7]. EPR stems from an intrinsic property of
certain tumors to accumulate NMs due to leaky vasculature and poor lymphatic drainage.
The mechanisms of subsequent entry of NMs into target cells have also attracted great
attention. The size, shape, charge and aggregation state of NMs were most recently revealed
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as critical determinants for their cellular entry and sub-cellular targeting [8, 9]. Specifically,
different NMs employ different endocytosis mechanisms to gain cellular entry. These
mechanisms are classified as clathrin dependent (clathrin mediated endocytosis) and clathrin
independent pathways (caveolae mediated endocytosis, clathrin-and caveolae-independent
pathways and macropinocytosis) [9]. After exploitation of these entry pathways, NMs are
processed through complex sorting mechanisms and are driven to specific intracellular
compartments. In the field of drug delivery the mechanisms of cellular entry of NMs and
their final sub-cellular distribution, could greatly affect the performance of the drugs.
Therefore, understanding these mechanisms is of significance.

The purpose of this work was to evaluate cellular entry of core-cross linked polymeric
micelles (cl-micelles) of poly(ethylene oxide)-b-poly(methacrylic acid) (PEO-b-PMA)
copolymer, that were recently proposed for delivery of anticancer drugs [10]. In an aqueous
environment such micelles behave as nanoscale ionic gels, capable of swelling and changing
charge in response to environmental changes (pH or ionic strength). Unexpectedly we found
here that such micelles in confluent epithelial cells selectively bind with the tight junctions
(TJ) and do not enter the cells. However, disruption of the TJ abolishes such localization and
promotes entry of the micelles into the cells. In cancer cells with absent or dysfunctional TJ
the cellular entry of such micelles is not restricted by the level of cell confluency. The
micelles enter the cells selectively through caveolae-mediated endocytosis, bypass early
endosomes and reach lysosomes. This suggests that observed control of the delivery of the
synthetic NM through formation of TJ in normal epithelial cells, and enhanced entry into
cancer cells and can be exploited for design of cancer-specific drug carriers.

MATERIAL AND METHODS
Materials

PEO-b-PMA diblock copolymer (Mw/Mn = 1.45) was purchased from Polymer Source Inc.,
Canada. The block lengths were 170 and 180 repeating units for PEO and PMA,
respectively. The concentration of carboxylate groups in the copolymer samples was
determined by potentiometric titration. Dox hydrochloride is a kind gift from Dong-A
Pharmaceutical Company, South Korea. Calcium chloride, 1,2-ethylenediamine (ED),
cystamine (Cys), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), triethylamine (TEA), methanol and dimethylformamide (DMF)
were obtained from Sigma-Aldrich (St Louis, MO). DOXIL™ was purchased from Ortho
Biotech (Horsham, PA) and SP1049C was a kind gift from Supratek Pharma Inc. (Montreal,
Canada). Alexa 488-labeled cholera toxin subunit B (Alexa 488-CTB), Alexa 488-labeled
transferrin (Alexa 488-Tf), WGA (Wheat Germ agglutinin), DiD (Vybrant® DiD cell-
labeling solution), Lysotracker™ (red or green), rab-5 GFP (Organelle lights™ Endosome-
GFP), Polystyrene beads (FluoSpheres® carboxylate modified microspheres, blue
fluorescent 365/415 and FluoSpheres® amine modified microspheres, red fluorescent
580/605)), fetal bovine serum (FBS) (both dialyzed and heat inactivated), Dulbecco’s
Modified Eagle’s Medium (DMEM), were purchased from Invitrogen Inc (Carlsbad, CA).
Bovine serum albumin (BSA) and NUNC™ chambered glass coverslips for live cell
imaging was purchased from (Fisher Scientific, Waltham, MA). MTT reagent (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was purchased from Research
Products International (Prospect, IL). All other chemicals were of reagent grade and used
without further purification.

Cell Lines
Madin-Darby Canine Kidney epithelial (MDCK) cells, Caco-2 (human epithelial colorectal
adenocarcinoma) cells, MCF-7/ADR (Dox resistant human breast adenocarcinoma) cells,
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3T3 mouse embryonic fibroblasts (MEFs), KO (knock out) cell line (homozygous for a
disruption of the caveolin-1 gene Cav-1 −/−, ATCC CRL-2753) and 3T3 MEFs WT (wild
type, Cav-1 +/+) cell line (ATCC CRL-2752) were maintained in DMEM, containing 10%
heat inactivated FBS and 0.01% penicillin/streptomycin. Primary mouse micro-vessel lung
microvasculature endothelial cells (MVEC) were kind gift from Dr. Joseph Vetro
(University of Nebraska Medical Center). MVEC cells were incubated in RPMI-media with
0.1% penicillin/streptomycin in the presence of MEM vitamins and sodium pyruvate.
Primary BBMEC were maintained as previously described [11].

Synthesis of Dox-conjugated PEO-b-PMA
NHS (2.34 mg, 0.02 mmol) and EDC (6.0 mg, 0.03 mmol) in CH2Cl2 (1.0 ml) were added
to a solution of 100 mg PEO-b-PMA in 20 ml DMF/methanol (1:1 v/v) and stirred for 2 hr
at R.T. The Dox (9.1 mg, 0.016 mmol) and TEA (4.5 µl, 0.032 mmol) in methanol were
added to this solution and the reaction mixture was stirred continuously for additional 24 hr.
Organic solvents were evaporated in vacuum, and resulting mixture was dialyzed against
distilled water for 2 days using a dialysis membrane (MW cutoff 3,500 Da). Dox-conjugated
PEO-b-PMA was further purified using size exclusion chromatography and lyophilized. The
degree of conjugation was 2.7 Dox per copolymer chain as determined by 1H-NMR
spectroscopy.

Synthesis of fluoresceinthiocarbamyl ethylenediamine (FITC-ED)
FITC-ED was synthesized using previously reported procedure [12]. Briefly, ED (200 mg,
1.5 mM) was dissolved in the mixture of 50 ml methanol and 0.5 ml TEA. Solution of FITC
(117 mg, 0.3 mmol) in 10 ml methanol containing 100 µl TEA was added dropwise to ED
solution over a 30 min period followed by stirring for additional 1 hr. The resulting solution
was filtered and ED-FITC was recovered by precipitation in 10 ml of methanol. The
precipitate was dried in air, and used without further purification.

Synthesis of FITC-labeled PEO-b-PMA
NHS (2 mg, 0.0174 mmol) and EDC (4.8 mg, 0.025 mmol) were dissolved in 1 ml CH2Cl2
and added to a solution of 100 mg PEO-b-PMA (0.78 mmol carboxylic groups) in 2.5 ml
DMF. The reaction mixture was stirred overnight at R.T. After that, 4 mg of FITC-ED in
200 µl DMF and 20 µl TEA were added to the mixture and stirred for additional 12 hr.
Organic solvents were evaporated in vacuum, and resulting mixture was dialyzed against
distilled water for 2 days using a dialysis membrane (MW cutoff 3,500 Da). FITC-labeled
PEO-b-PMA was further purified by size exclusion chromatography and lyophilized.

Synthesis of pH-sensitive Dox-conjugated PEO-b-PMA
Dox was conjugated to PEO-b-PMA copolymer through an acid-sensitive hydrazone bond.
EDC (6.0 mg, 0.03 mmol) dissolved in CH2Cl2 (1.0 mL), hydrazine hydrate (1.6 mg, 0.03
mmol) were added to a solution of 100 mg PEO-b-PMA (0.78 mmol carboxylic groups) in
20 ml DMF/methanol (1:1 v/v) and stirred for 24 hr at R.T. Organic solvents were
evaporated in vacuum, resulting mixture was dialyzed against deionized water for 2 days,
and hydrazine-modified PEO-b-PMA was isolated by lyophilization. 10 mg Dox in 2 ml of
methanol containing 5 µl TEA were mixed with hydrazine-modified PEO-b-PMA dissolved
in 20 ml DMF/Methanol (1:1 v/v) and reacted for 24 hr. Organic solvents were evaporated
in vacuum, and the mixture was dialyzed against distilled water for 2 days using a dialysis
membrane (MW cutoff 3,500 Da). The pH was adjusted and maintained at 8–9 during the
dialysis. The resulting conjugate was further purified using PD-10 columns and lyophilized.
The degree of conjugation was 1.3 Dox per copolymer chain as determined by 1H-NMR
spectroscopy.
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General procedure for the synthesis of cl-micelles
cl-Micelles were prepared by the previously described method [10]. In brief, Dox-
conjugated PEO-b-PMA/Ca2+ or FITC-labeled PEO-b-PMA/Ca2+ complexes were prepared
by mixing an aqueous solution of corresponding of PEO-b-PMA with a solution of CaCl2 at
a molar ratio of [Ca2+]/[COO−]=1.3. EDC was added into solution of PEO-b-PMA/Ca2+

complexes to create an active-ester intermediate with carboxylic groups of PMA segments
followed by addition of the solution of ED or Cys as bifunctional cross-linkers. The extent
of cross-linking was controlled by the ratio of the amine functional groups to carboxylic acid
groups. The reaction mixture was allowed to stir overnight at R.T. After completion of the
reaction, ethylenediaminetetraacetic acid (EDTA) (1.5 molar equivalent) was added
followed by dialysis, first, against 0.5% aqueous ammonia, and, second, against distilled
water to remove metal ions and byproducts of the cross-linking reaction.

Electrokinetic mobility and size measurements
Electrophoretic mobility measurements were performed using a “ZetaPlus" analyzer
(Brookhaven Instrument Co.) with a 30 mW solid-state laser operating at a wavelength of
635 nm. ζ-potential of the particles was calculated from the electrophoretic mobility values
using Smoluchowski equation [13]. Effective hydrodynamic diameters of the particles were
measured by photon correlation spectroscopy (DLS) in a thermostatic cell at a scattering
angle of 90° using the same instrument equipped with a Multi Angle Sizing Option (BI-
MAS). All measurements were performed at 25°C. Software provided by the manufacturer
was used to calculate the size of the particles and polydispersity indices. The diameters
mean values were calculated from the measurements performed at least in triplicate.

Atomic force microscopy (AFM)
Samples for AFM imaging were prepared by depositing 5 µl of an aqueous dispersion of cl-
micelles (ca. 0.2 mg/ml) onto positively charged 1-(3-aminopropyl) silatrane mica surface
(APS-mica) for 10 min. followed by surface washing with deionized water and drying under
argon atmosphere. The AFM imaging in air was performed with regular etched silicon
probes (TESP) with a spring constant of 42 N/m using a Multimode NanoScope IV system
(Veeco, Santa Barbara, CA) operated in a tapping mode. The images were processed and the
widths and heights of the particles were measured using Femtoscan software (Advanced
Technologies Center, Moscow, Russia).

FACS analysis
MDCK or MCF-7/ADR (5×104 cell/well in 24 well plates) cells were plated and
experiments were performed on either confluent or non-confluent cells. Cells were exposed
to various concentrations of different NMs that include i) Dox-labeled PEO-b-PMA
copolymer, ii) Dox-labeled cl-micelles, iii) FITC-labeled cl-micelles, iv) carboxylate
modified polystyrene beads, v) amine modified polystyrene beads. Cells were then washed
and trypsinized, centrifuged, re-suspended in PBS (pH7.4, 1% BSA) and followed by FACS
analysis. In select experiments, 3T3 MEF Cav KO or WT cells were exposed to i) Dox-
labeled cl-micelles, ii) Dox-labeled PEO-b-PMA copolymer, iii) DOXIL™. The cells
positive for fluorescence were termed as the % gated cells and the mean fluorescence
intensity was analyzed using Becton Dickinson FACStarPlus flow cytometer operating
under Lysis II (San Jose, CA) equipped with an argon ion laser. The normalized mean
fluorescence was calculated by multiplying the % gated cells to the mean fluorescence. Data
were acquired in linear mode and visualized in logarithmic mode. Data from 10,000 events
were gated using forward and side scatter parameters to exclude debris and dead cells. All
experiments were conducted thrice and measurements were conducted in triplicates. The
data presented as means ± SEM.
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Confocal analysis on live cells
5×104 MDCK cells/well were grown in chambered glass coverslips for 2–3 days till they
reach confluence. Confluent cells were then exposed to different NMs, which include i)
Dox-labeled PEO-b-PMA copolymer, ii) cl-micelles (Dox or FITC-labeled, Cys or ED
attached cross linker, pH labile or stable bound Dox), iii) carboxylate modified or amine
modified polystyrene beads, iv) DOXIL™, and v) SP1049C for 1 hr (or longer periods as
indicated in legends) followed by washing with PBS. Cells were then visualized utilizing
live cell confocal imaging (Carl Zeiss LSM 510 Meta, Peabody, MA). In select experiments,
confluent cells were exposed to Dox labeled cl-micelles for 1 hr and in the final 10 min.,
WGA (10µg/ml) and DiD (10 µg/ml) were added. Cells were then washed and live cell
confocal microscopy was performed. For endocytosis studies, confluent MCF-7/ADR cells
were plated in the chambered coverslips and were exposed for 30 min to either FITC or Dox
labeled cl-micelles in the presence or absence of 5 g/ml Alexa 488-CTB or 5 µg/ml Alexa
488-Tf. Similarly, non-confluent MDCK and MCF-7/ADR cells were treated with 100 nM
of Lysotracker™ for 10 min. Cells were finally washed and kept in complete media for
imaging. In select experiments, 3T3MEF Cav WT and KO (1 × 106 cells) were plated in live
cell chambered coverslips and exposed to cl-micelles, followed by washing and
visualization under the confocal microscope. Confluent MCF-7/ADR cells were exposed to
pH-sensitive cl-micelles for 1 hr followed by washing with PBS. Live cell based time lapse
studies were performed for 5 hrs and changes in localization were visualized using confocal
microscope with pictures taken every 1 hr. cl-micelles (pH stable) were used as a positive
control.

Immunocytochemistry on fixed MDCK cells
MDCK cells (confluent or non-confluent) were washed with PBS and fixed with 4%
paraformaldehyde. Cells were incubated with rabbit anti-caveolin-1-Cy3 antibody (Sigma
Aldrich, St Louis, MO) (1:100) in blocking buffer overnight at 4°C. Cells were washed and
examined under confocal microscope.

MTT assay
Cytotoxicity of cl-micelles was assessed in MDCK and MCF-7/ADR cells by MTT assay as
described previously [14]. Briefly, cells were seeded in a 96-well microtiter plates and
allowed to adhere for 24 hrs or to reach confluency. Cells were treated with free Dox or Dox
incorporated in different NMs at various doses (0–100 µg/ml on doxorubicin basis) for 24 h
at 37 °C, followed by washing with PBS, and maintaining in DMEM medium (10% FBS)
for additional 72 h. 25 µl of MTT indicator dye (5 mg/ml) was added to each well and the
cells were incubated for 2 h at 37 °C in the dark. 100 µl of 50% DMF-20% SDS solution
was added to each well and kept overnight at 37 °C. Absorption was measured at 570 nm in
a microplate reader (SpectraMax M5, Molecular Devices Co., USA) using wells without
cells as blanks. The reading taken from the wells with cells cultured with control medium
was used as 100% viability value. The cell viability was calculated as Asample/Acontrol ×
100%. Based on the results of the test, the IC50 values (the concentration which kills 50% of
cells) were calculated by using GraphPad Prism Software (GraphPad Software, San Diego
California, USA).

Cell transfection
Cells were transfected using Organelle Lights™ Endosome-GFP kit. This kit contains a
Organelle Lights™ reagent which is baculovirus, a efficient delivery system that contains a
gene sequence which encodes for Rab5a (targeting sequence, an early endosome marker)
fused to a GFP (fluorescent protein) already incorporated into the viral genome and the kit
also has an enhancer solution for increased expression of the chimera. Briefly, cells were
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plated, allowed to attach, and treated with Organelle Lights reagent at R.T. in the dark for 2–
4 hrs. The reagent was aspirated and cells were incubated in DMEM medium containing 1X
enhancer for 2 hrs followed by washing and addition of complete medium. The transfected
cells were treated with Dox labeled cl-micelles for 1 hr, washed and imaged using confocal
microscopy

Calcium depletion
MDCK cells were grown in cell culture media containing dialyzed FBS and low content of
calcium ions (5 µM Ca2+) for 2 days in 24-well plates. Confluent cells were then exposed to
cl-micelles or PEO-b-PMA copolymer and the experiments were performed by FACS or
confocal microscopy as discussed above.

Transepithelial electrical resistance (TEER) measurements
MDCK cells were seeded at the density of 5×104 cell per well in HTS Transwell-24 System
(Corning Inc., Corning, NY) and TEER was measured by using Epithelial Voltohmmeter
(EVOM™, World Precision Instruments, Inc., FL). TEER values (Ω × cm2) were calculated
by multiplying the effective membrane area of Transwell-24 System and TEER
measurement. TEER values were recorded for five consecutive days after plating the MDCK
cells. On each day the apical side of the cells was exposed to cl-micelles for 1 hr. Cells were
washed, trypsinized, and resuspended in PBS containing 1% BSA. Uptake of cl-micelles
was determined by FACS as described above.

RESULTS
Preparation of cl-micelles

PEO-b-PMA micelles with cross-linked ionic cores were synthesized using a two-step
process shown schematically in Fig. 1a. Briefly, the PEO-b-PMA block copolymer was first
condensed by CaCl2 resulting in the micelles with PEO shell and PMA/Ca2+ complex core.
Second, the core was chemically cross-linked by ethylenediamine and Ca2+ ions were
removed by ethylenediaminetetraacetic acid (EDTA). The resulting cl-micelles represent
hydrogel-like soft NMs, which have swollen cores of a cross-linked PMA network
surrounded by a shell composed of PEO blocks [10]. These micelles swelled considerably as
pH increased due to ionization of the PMA chains in the micelles core (Fig. 1b). The
swelling was accompanied by an increase in the net negative charge of the particles (Fig. 1c)
and was completely reversible. At extracellular pH 7.4 the micelles had a strong net negative
charge (zeta potential of about −18 mV) and were ca. 150–160 nm in diameter. At pH 5.0
the zeta-potential increased to about −7 mV and the micelles size decreased to ca. 110 nm.
Since the cores were cross-linked the particle sizes did not change even upon 100-fold
dilution. Based on the AFM images the cl-micelles had a spherical morphology (Fig. 1c) and
were practically uniform (polydispersity index 0.1; such narrow polydispersity was also
confirmed by DLS). The carboxylic groups in the micelle cores were used to attach
fluorescent moieties such as Doxorubicin (Dox) and fluorescein isothiocyanate (FITC), to
track cl-micelles in the cells. This was achieved by, first, labeling the PEO-b-PMA with Dox
or FITC and, second, preparing cl-micelles as described above. At relatively low degrees of
labeling (1 Dox or FITC per ca. 60 to 90 carboxyl groups) the size, charge or swelling
behavior of cl-micelles was not affected by the presence of the labels.

Effect of TJ formation on cl-micelles entry into epithelial cells
In most experiments cells were exposed to the labeled cl-micelles for 60 min., which
allowed accumulating sufficient amounts of the fluorescence to be visualized by different
methods in all cell types. Interestingly, there was a drastic difference in cl-micelles
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internalization in normal epithelial and cancer cell lines. Specifically, in MDCK cells the
entry and cellular localization of the cl-micelles was drastically dependent on the cell
confluence. The cl-micelles were readily internalized into the sub-confluent MDCK cells but
were excluded from internalization and localized at the periphery in the confluent cells (Fig.
2a, 2b1, 2b2). This peripheral staining of the confluent cells by cl-micelles was seen even
after 12 hrs exposure (see Supplementary Movie S1). Interestingly, the observed localization
pattern for the cl-micelles had a striking resemblance to ZO-1 staining of the TJs in the
confluent cells (see Supplementary Fig. S1). Furthermore, this localization pattern of the cl-
micelles was abolished upon calcium deprivation (Fig. 2b3), which dysfunctions the TJs.
The z-stack suggested that the cl-micelles were localized at the apical sides of the cell-cell
contacts (Fig. 2c1). Furthermore, little co-localization of the cl-micelles was observed with
the membrane probes, which were either evenly distributed throughout the membrane (DiD)
or localized mainly in the basolateral regions of the membranes (WGA) (Fig. 2c2, 2c3).

The apparent TJ localization of the cl-micelles appeared to be an intrinsic property of the
block copolymer material used for the micelle preparation. First, the same localization
pattern was observed independent on which fluorescent group, Dox or FITC, was used to
visualize the cl-micelles (Fig. 2b4), or whether this group (Dox) was attached to the micelles
via stable amide or pH-labile hydrazone bonds (Fig. 2b5). Second, no difference in
localization was observed for micelles containing ethylene diamine or cystamine linker
connecting the block copolymer molecules (Fig. 2b6). Third, the same localization was
observed for non cross-linked PEO-b-PMA block copolymer (Fig. 3c4). However, the free
fluorescent molecule, Dox, was localized in the nucleus (Fig. 2b7).

Quite different behavior was observed in the breast cancer MCF-7/ADR cells, which did not
form the TJs [15]. In this case the same localization pattern of cl-micelles was observed
independently of the extent of the cell confluence (Fig. 3a). The confocal microscopy
suggested that the cl-micelles readily internalized in sub-confluent or confluent MCF-7/
ADR cells. Therefore, we quantified the uptake of cl-micelles labeled by Dox or FITC in
both cell lines using flow cytometery (Fig. 3b1, 3b2). As already mentioned above, the
micelle entry was inhibited in confluent MDCK cells with unaffected TJs. In contrast,
substantial uptake was observed in sub-confluent MDCK cells, Ca2+ deprived confluent
MDCK cells or MCF-7/ADR cells independently of their confluence. Similar results were
obtained with the PEO-b-PMA copolymer alone (without cross-linking) (Fig. 3c, 3d).

Next we examined a very different set of NMs using negatively charged (carboxylate
coated) or positively charged (amino coated) polystyrene beads (approximately 200 nm, see
Fig. S2a, S2b). Both materials in contrast to cl-micelles or PEO-b-PMA copolymer
internalized efficiently (approx. 100% gated cells) in all cell types independently of the cell
confluency (Fig. S2c, S2d). Furthermore, the localization pattern of such NMs revealed no
apparent TJ staining and suggested that they were entering the confluent MDCK cells (Fig.
S2e, S2f). However, the measurements of the normalized mean fluorescence indicated that
internalization of these materials was nevertheless decreased in the confluent MDCK cells,
while in the cancer cells the internalization was independent on the confluence (Table S1).
Generally, this result was consistent with some literature data suggesting the formation of
the TJs is accompanied with the decrease in the cell endocytosis [16, 17]. However, in the
case of the cl-micelles the inhibition of the internalization in the confluent cells was nearly
complete.

Internalization and intracellular routing of cl-micelles
We hypothesized that the unusual behavior of cl-micelles was due to a pathway of their
entry into cells, which is affected in confluent MDCK cells but not in the non-confluent or
cancer cells. Therefore, we characterized the trafficking of cl-micelles in different cells
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using cholera toxin B (CTB) or transferrin (Tf) as markers of the caveolae- and clathrin-
mediated endocytosis respectively [9]. In the initial experiment, the cl-micelles were pulsed
to MCF-7/ADR cells in the presence of CTB for 30 min., followed by a chase of 5 min or 30
min. At 5 min we observed co-localization of the cl-micelles and CTB in vesicular
structures, which suggested a caveolae-mediated uptake for the cl-micelles (Fig. 4a). We
confirmed that the caveolae indeed was a major pathway for the cl-micelles by comparing
the internalization of the cl-micelles in wild type (WT) and caveolae knock out (KO) 3T3
mouse fibroblasts. Interestingly, the cl-micelles internalization in KO cells was negligible
compared to the WT cells. This was further reinforced using flow cytometery demonstrating
over 20-times difference in the uptake of cl-micelles in these cells (Fig. 4d). Such drastic
inhibition of the internalization of cl-micelles in the cells with abolished caveolae pathway
suggests that the cl-micelles were highly selective for this pathway. This was reinforced
using Tf as a marker for clathrin-mediated endocytosis. In contrast to CTB after 5 min. there
was little if any co-localization of Tf with cl-micelles in MCF-7/ADR cells (Fig. 4b).
Furthermore, 10 min. post incubation we found little co-localization of cl-micelles with rab
5-GFP, which was transfected in these cells to serve as marker for early endosomes (Fig. 4c,
and Movie S2). The co-localization with early endosomes was also not observed at earlier
time points, such as 5 min. and 20 min after the onset of incubation (Fig. S3). Altogether,
the initial stages of entry of cl-micelles into cancer cells appeared to be restricted to the
caveola-emediated endocytosis pathway and do not involve early endosomes.

However, at the later stages of 30 min. the co-localization of the cl-micelles and CTB in
MCF-7/ADR cells was significantly decreased (Fig. 4a). To the contrary, the co-localization
of cl-micelles with Tf was increased (Fig. 4b). At this time point Tf is known to reach the
lysosomes, while CTB is routed to Golgi and ER [18]. Therefore, we suggested that the cl-
micelles following the initial caveolae-mediated entry into cells after 30 min. were routed to
the lysosomes. This was directly confirmed by co-localization of cl-micelles with
LysoTracker™ in both cancer and non-confluent MDCK cells (Fig 4e, and Movie S3).

Interestingly, we noticed that in the confluent MDCK cells the uptake of CTB was decreased
although not completely abolished. Indeed, using the antibodies to caveolin-1 we
demonstrated that in the confluent MDCK cells the intracellular caveolin-1 staining was
diminished and located at the lateral regions of the plasma membrane (Fig. 5a). This appears
to be exactly the same localization pattern as was observed for the cl-micelles (Fig. 2). In
contrast, in non-confluent MDCK cells and in MCF-7/ADR cells caveolin-1 was present in
the intracellular compartments as well as membranes (Fig. 5b).

Therefore, we believe that the cl-micelles cannot enter the confluent MDCK cells because
these cells have altered caveolae-mediated pathway, which is necessary for these micelles
entry. The selectivity of the cl-micelles to the caveolae-mediated pathway stands out
compared to other materials. For example, CTB is known to exploit caveolae and non-
caveolae pathways, which may explain some internalization of this marker in confluent
MDCK cells discussed above. Moreover, we also saw decreased but still present
internalization of CTB in caveolae-deficient KO fibroblasts. Likewise, we found that both
types of polystyrene beads used in this study easily entered the KO fibroblasts. Thus even
though the entry of such nanoparticles was somewhat decreased in confluent MDCK cells,
their internalization and localization was different than those of the cl-micelles. To the
contrary the free PEO-b-PMA block copolymer revealed exactly the same behavior as the
cross-linked micelles in KO fibroblast and co-localized with CTB at the initial stages (5
min) of the entry in MCF-7/ADR (Fig. S4).

Finally, we examined a different epithelial cell line, Caco-2, which forms TJ. In these
confluent cells the cl-micelles exhibited a similar pattern of peripheral localization as in
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confluent MDCK cells (Fig. S5a). There, however, existed few vesicular structures with cl-
micelles within the intracellular compartments, which could be due to enhanced endocytic
activity of Caco-2 cells since they were derived from a tumor cell line. The non-multidrug
resistant breast carcinoma MCF-7 cells, which are capable of formation of TJ [19],
demonstrated both the peripheral localization and decreased intracellular vesicular structures
(Fig. S5b). At the same time in the ovarian carcinoma cells A2780 with impaired TJ [15],
the cl-micelles were readily internalized and did not show the TJ localization pattern (Fig.
S5c). Interestingly, the cl-micelles also internalized in the primary bovine brain microvessel
endothelial cells, BBMEC, and mouse lung microvasculature endothelial cells (Fig. S5d,
S5e). This suggests that the relationship between formation of TJ and inhibition of cellular
entry of cl-micelles might be a distinctive property of epithelial cells.

Lysosomes-specific delivery of Dox with cl-micelles
Since our analysis concluded that in the cancer cells following the caveolae-mediated uptake
the cl-micelles are transported to the lysosomes, we decided to exploit this property for the
organelle-specific delivery of the cytotoxic drug. To achieve this goal we conjugated Dox to
the micelle core via a pH-sensitive hydrazone linker, which is stable at extracellular pH 7.4
but degrades upon acidification. Since the loading degree may affect the physicochemical
properties and internalization behavior of the cl-micelles, in this experiment the Dox loading
was kept the same as in the internalization studies. After 1 hr incubation of such pH-
sensitive micelles with MCF7/ADR cells the Dox fluorescence was mainly constrained to
the vesicular structures (Fig. 6a). However, after 5 hrs this localization pattern was changed
and Dox entered the nucleus (Fig. 6b). In contrast, in cl-micelles with stably conjugated Dox
no nuclear fluorescence was observed for at least 5 hrs (Fig. 6c). Importantly, the pH-
sensitive micelles exhibited significant toxicity in MCF-7/ADR cells, while the pH-stable
micelles were non-toxic (Fig. 6d).

Furthermore, since the pH-sensitive cl-micelles showed impaired entry in confluent MDCK
cells (Fig. 2b5), we evaluated whether their cytotoxicity also depended on the cell
confluence. Indeed, such micelles were cytotoxic to the non-confluent cells and totally non-
toxic to the confluent cells (Fig. 6e). We interpreted this by the inability of cl-micelles to
internalize and reach the acidic compartments of the confluent cells, which is necessary to
release the drug. Even after 24 hrs of incubation with confluent MDCK cells Dox linked to
the cl-micelles via hydrazone bonds was not released and remained at the cell periphery
(Fig. S6a). In contrast the free Dox was cytotoxic to both non-confluent and confluent cells,
although its IC50 was considerably higher in confluent cells (Table 1). Furthermore, we
compared the pH-sensitive cl-micelles with two different NMs - a liposomal Dox
formulation, DOXIL™ and a Pluronic-based micellar Dox formulation, SP1049C, which are
clinically approved (DOXIL™) or in clinical development (SP1049C). Surprisingly, in non-
confluent and confluent MDCK cells DOXIL™ exhibited similar cytotoxicity pattern as the
cl-micelles, while SP1049C behaved more like the free Dox (Table 1, Fig. S6b, S6c).

Interestingly, the cellular entry of DOXIL™ nanoparticles (effective diameter 85.8 nm and
zeta potential −2.6 mV in PBS, pH 7.4) was caveolae-mediated (co-localization with CTB)
and it was routed to the lysosomes in cancer cells similarly to cl-micelles (co-localization
with LysoTracker™ Green) (Fig. S7a, S7b). Furthermore, DOXIL™ exhibited the same
localization pattern as the cl-micelles in the confluent MDCK cells (Fig. S7c) and was
unable to enter caveolae-deficient KO cells (Fig. S7e). In contrast, Dox delivered with
SP1049C in the confluent MDCK cells was able to enter cells and reach the nucleus like the
free drug (Fig. S7d).

Sahay et al. Page 9

Biomaterials. Author manuscript; available in PMC 2011 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DISCUSSION
Polymeric nanocarriers have gained significant interest for chemotherapy of cancer, which
remains one of the most deadly diseases with nearly 12 million new cases reported
worldwide each year [2, 20]. Nearly 90% of all cancers including breast, lung, prostrate and
colon cancer originate from the epithelial cells [15]. The epithelial cells function as a
boundary between the external environment and the tissue. They form TJ on the apical side,
which hold cells together, prevent passage of integral membrane proteins from apical to
basolateral side and restrict transfer of molecules and ions between cells. These functions
contribute to the apical-basolateral polarity of the epithelial cells [15, 21]. Normal epithelial
cells are sealed by TJ, which serve as a molecular sieve that excludes molecules and ions of
a radius exceeding 15 Å (ca. 3.5 kDa) [22]. Most macromolecules and NMs are above this
size limit. Therefore, they cannot transport into normal epithelium through paracellular route
and have to utilize transcellular routes of internalization. The one notable exception is
charged dendrimers and chitosan nanoparticles, which were reported to open TJs and
facilitate trans- and para-cellular transport [23–25]. However, neither the copolymer nor the
cl-micelles appear to perturb TJs as shown by ZO-1 staining (Fig. S8). This suggests that
such NMs are more likely to engage transcellular routes. Such routes include (i) clathrin-
mediated endocytosis, (ii) caveolae-mediated endocytosis, (iii) clathrin- and caveolae-
independent endocytosis, and (iv) micropinocytosis [16, 26, 27]. Notably, loss of TJs has
been widely reported as one of the contributing factors for transition of normal epithelia to a
cancerous phenotype [28]. It has been proposed that overactive endocytic rate, derailed
endocytic trafficking and dissolution of cell-cell contacts potentiate metastasis and serve as a
hallmark of cancer [28]. Hence, the transport of macromolecules and NMs can also
drastically change in cancer.

Remarkably, we demonstrate here for the that there is one type of NMs, cl-micelles that
enter cells selectively through caveolae-mediated endocytosis and exhibit drastic difference
in transport in TJ forming and non-forming epithelial cells. The cl-micelles belong to a
broader class of polymeric micelles, which have core-shell architecture. For example,
polymeric micelles formed by amphiphilic block copolymers have hydrophobic core capable
of incorporating water-insoluble drugs and hydrophilic shell surrounding the core and
preventing aggregation of the micelles [1]. Several such polymeric micelle formulations for
cancer chemotherapy are in Phase I and Phase II clinical trials and one of them, SP1049C,
already reached the Phase III stage [29, 30]. The cl-micelles are a distinct class of NMs
formed by doubly hydrophilic block copolymers containing ionic and nonionic water-
soluble blocks [10, 31]. They are soft, hydrogel-like structures that have cross-linked PMA
polyanion cores and nonionic PEO shell. Surprisingly, such cl-micelles display peripheral
localization and little entry in TJ-forming epithelial cells but unrestricted entry in the sub-
confluent cells or cancer epithelial cells that do not form TJ. A characteristic property of
such cl-micelles is the negative charge of the PMA chains of the copolymer. However, the
particle charge alone cannot account for their unusual behavior, since both positively- and
negatively charged polystyrene-based nanoparticles were able to internalize and had
different localization in the TJ-forming cells. Nevertheless, another NM, DOXIL™, based
on negatively charged PEGylated (i.e. covered by PEO) liposomes loaded with Dox
displayed a similar behavior as the cl-micelles. Thus, we conclude that TJ forming epithelial
cells can restrict the entry of selected NMs, such as negatively charged PEO-covered cl-
micelles and DOXIL™ liposomes. In contrast, the sub-confluent cells and cancer cells with
impaired TJ readily internalize such materials.

We present data suggesting that striking differences in localization and intracellular
trafficking of cl-micelles in epithelial cells with and without TJ are due to the differences in
endocytosis pathways displayed in these cells. Surprisingly, the initial stages of endocytosis
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of cl-micelles were strongly restricted to the caveolae-mediated pathway. Caveolae are flask
shaped cholesterol-rich micro-domains that are employed by viruses to internalize [18]. In
the TJ forming MDCK cells the caveolae are absent at the apical side of the plasma
membrane and localize either in the lateral regions (Fig. 5) or the basolateral membrane
[32]. In fact, the peripheral localization of caveolae marker, caveolin-1, in confluent MDCK
cells was very similar to that of the cl-micelles. In contrast, in sub-confluent MDCK cells
and MCF-7/ADR cells caveolin-1 appeared to be partially internalized. Interestingly, it was
shown that over-expression of a member of the apoptosis-regulating protein family, Bcl-2,
in MDCK and MCF-7 cells, results in disruption of junctional complexes concurrent with
intracellular redistribution of their components [19]. Furthermore, in confluent MDCK cells
internalization of CTB was considerably decreased, while in MCF-7 cells the CTB readily
internalized and, at the early time point, co-localized with the cl-micelles. Thus, the lack of
internalization of cl-micelles in TJ forming epithelial cells appears to be tied to the
alterations of caveolae at the apical side of such cells. Disruption of TJ is accompanied by
loss of polarity, concomitant redistribution of caveolae from the basolateral to the apical side
and increase in the caveolae mediated endocytosis. We believe that the latter is one reason
for the increased cellular entry of cl-micelles in sub-confluent normal epithelial cells or
cancer cells that lack TJ. Interestingly, the relationship between TJ and caveolae has been
discussed in literature already. For example, it was demonstrated that disruption of TJ in
mouse brain endothelial cells by proinflammatory cytokine CCL2 involves caveolae-
dependent internalization of transmembrane TJ proteins [33]. However, we present evidence
that disruption of TJ in epithelial cells results in enhanced caveolae-mediated transport of a
man-made NM. This conclusion is reinforced using DOXIL™, another NM characterized by
caveolae-mediated cellular transport. As mentioned both materials are modified with PEO
chain, however, PEGylation alone cannot explain the observed behavior since other
materials, such Pluronic micelles, were shown to enter cells through different routes [9].
Notably, contrary to epithelial cells, endothelial cells express caveolae at both apical and
basolateral sides even after TJ-formation [34]. This may explain why the entry of cl-micelles
in endothelial cells was not restricted to the same extent as in the epithelial cells.

We further demonstrate that in epithelial cancer cells following the initial entry the cl-
micelles bypass the early endosomes and are transported to the lysosomes. This result
appears to contradict the general belief that the materials that are internalized via caveolae
route usually avoid the lysosomal compartments [35]. However, some studies already
suggested that caveolae-mediated route may communicate at later stages of entry with the
classical clathrin route, which in most cases delivers its cargo to lysosomes [36]. Even more
importantly, it has been recently proposed that during cancer progression the endocytic
trafficking becomes deregulated and caveolae directs its cargo towards lysosomes. In
particular, the TJ proteins, which use caveolae for internalization and recycling in normal
epithelia, in cancerous cells are routed to lysosomes for degradation [28]. This initiates the
loss of cell-cell contacts and increases metastatic potential of cancer. Therefore, the delivery
of the cl-micelles to the lysosomes may be characteristic for cancers derived from epithelial
cells.

Based on this it was of interest to evaluate whether such property can be useful and
translated to the design of anti-cancer nanomedicines. For this purpose we synthesized pH-
sensitive cl-micelles that can release the drug in acidic environment of lysosomes.
Consistent with this design Dox was initially delivered with cl-micelles to the lysosomes but
then after 5 hrs was released and accumulated in the nucleus of the MCF-7/ADR cells. This
resulted in significant toxicity of such pH-sensitive cl-micelles with respect to the cancer
cells. However, the growth of confluent MDCK cells was practically unaffected upon
treatment with such micelles, because these cells lack the mechanism for the micelles
internalization and delivery to the lysosomes. Interestingly, a similar cytotoxicity pattern
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was observed with DOXIL™ liposomes, which are also known to stably incorporate Dox in
extracellular media but enhance drug release in lysosomes environment [37]. In contrast,
free Dox as well as SP1049C, which rapidly releases Dox outside of the cells, were highly
toxic to confluent MDCK cells. Therefore, we have shown that pH-sensitive cl-micelles can
deliver and release Dox in cancer but not in normal kidney cells.

CONCLUSIONS
This study describes cl-micelles that display a selectivity of cellular entry via caveolae-
mediated endocytosis. We also show that the entry of such cl-micelles is inhibited in TJ-
forming epithelial cells but permitted in cancer cells that do not form TJ. This difference is
due to lack of caveolae-mediated endocytosis at the apical side of TJ-forming epithelial
cells. In cancer cells, following initial stages of cellular entry cl-micelles avoid early
endosomes but are ultimately routed to lysosomes. A possibility of creating cl-micelles
containing a drug linked to the micelles via pH sensitive bond, which is stable at
extracellular pH but cleavable in lysosomes, is further demonstrated. Such pH-sensitive drug
loaded cl-micelles can release drug in lysosomes compartments and exhibit selective toxicity
to cancer cells but are not toxic to normal epithelial cells that form TJ. Overall this work
demonstrates that cellular trafficking of selected NMs can be very different in cancer and
normal cells and reinforces the need of investigation of peculiarities of such interactions for
design of safe and efficient nanomedicines.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PEO-b-PMA cl-micelles
a. Synthesis of the cl-micelles. First, PEO-b-PMA is reacted in aqueous solution with CaCl2
to form the polyion-metal core micelles. Second, the micelle cores are cross-linked by
ethylenediamine in the presence of a water-soluble carbodiimide, EDC. Finally, Ca2+ ions
are removed by EDTA followed by dialysis. b. Effect of pH on effective diameter (Deff) and
ζ-potential of the cl-micelles. c. Typical AFM images of the cl-micelles.
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Fig. 2. Cellular uptake of cl-micelles is regulated by formation of TJ
a. Uptake of cl-micelles in MDCK cells was measured as a function of time. b. Live cell
confocal imaging of MDCK cells exposed to cl-micelles with non-degradable cross-links
(b1–b4), pH-sensitive cl-micelles (b5), cl-micelles with a cystamine linker (b6), or Dox
alone (b7). The experiments used non confluent cells (b1) or confluent cells without (b2,
b4–b7) or with (b3) calcium depleted medium. The cl-micelles were labeled with Dox (b1–
b3, b5–b7) or FITC (b4). C. Fluorescence confocal microscopy z stacks made after
exposure of confluent cells exposed to Dox-labeled cl-micelles (c1) alone and in the
presence DiD (c2) or WGA (c3). (An orthogonal section of the z-stack image is presented).
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In all experiments, cells were exposed to 200 µg/ml of cl-micelles on copolymer basis or
100 µg/ml of Dox (b7) for 1 hr.
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Fig. 3. Cellular uptake of cl-micelles and PEO-b-PMA based copolymer is restricted by
formation of tight junctions
a. Confocal microscope was performed on (a1) Non-confluent or (a2) confluent MCF-7/
ADR cells exposed to cl-micelles (200 µg/ml) for 1hr followed by imaging. b. Flow
cytometery was performed on cells exposed to DOX-labeled cl-micelle (b1), FITC-labeled
cl-micelles (b2) for 1 hr. C. Live cell confocal imaging was performed on MCF-7/ADR (c1,
c2) and MDCK cells (c3, c4) exposed to PEO-b-PMA-Dox for 1 hr at 37°C. The localization
of copolymer was imaged as function of confluency of these cells: (c1, c3) non confluent
and (c2, c4) confluent. d. Flow cytometery was performed after cells were exposed to
different concentrations of copolymer was treated for 1 hr. The symbols depict the
following: (□) non-confluent or (■) confluent MDCK cells, (◆) confluent MDCK cells
deprived of calcium and (△) non-confluent or (▲) confluent MCF-7/ADR cells. Data are
mean ± S.E.M. (n = 3).
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Fig. 4. The cl-micelles utilize caveolae mediated endocytosis to enter cells bypass the early
endosomes and are delivered to the lysosomes
MCF-7/ADR cells were pulsed for 30 min. with cl-micelles in the presence of (a) Alexa 488
labeled CTB or (b) Alexa 488 labeled Tf and then chased from 5 to 30 min. c. Cells were
transfected with Rab-5 GFP and after 16 hrs, exposed to cl-micelles for 30 min. followed by
live cell imaging with a 10 min. pulse. d. Confocal microscopy and flow cytometery
analysis on KO and WT mouse 3T3 fibroblasts exposed to Dox-labeled cl-micelles for 1hr.
(data are mean ± SEM, *** p<0.001). e. Cells (MDCK or MCF-7/ADR) were exposed to
FITC-labeled cl-micelles for 1hr. and to LysoTracker™ red (red) for 10 min. at 37°C
followed by live cell imaging. Inset shows localization of polymer within the vesicular
compartment of the lysosomes. In all experiments cells were exposed to 200 µg/ml of cl-
micelles.
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Fig. 5. Caveolin-1 localization in non-confluent and confluent MDCK and MCF7/ADR cells
a. The z-stack image of confluent MDCK cells. b. Comparison of localization of caveolin-1
in non-confluent and confluent in MDCK and MCF-7/ADR cells. Immunocytochemistry
was performed using caveolin-1-cy3 antibody.
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Fig. 6. The pH-sensitive cl-micelles release Dox which reach the nucleus within 5 hrs and leads to
significant toxicity in MCF-7/ADR cells but toxicity in case of MDCK cells is dependent on
confluence
a–c. MCF-7/ADR cells were exposed for 1 hr. to cl-micelles containing Dox conjugated via
pH-sensitive hydrazone link (a, b) or non-sensitive link (c). Then cells were washed and
visualized immediately (a), or after additional 4 hrs. incubation in the fresh media (b, c). d.
MCF-7/ADR were exposed to cl-micelles with pH-sensitive or stably conjugated Dox (100
µg/ml) and cytotoxicity studies were performed. e. The confluent (□) or non-confluent (△)
MDCK cells were exposed to the cl-micelles and cell viability was assessed using MTT
assay.
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Table 1

IC50 values (µg/ml) of Dox-loaded polymeric nanoformulations in different cell types (the cytotoxicity curves
are provided in Fig. S5b and S5c).

Sample MDCKa MDCKb MCF-7/ADR

Free DOX 0.049 ± 0.33 6.93 ± 1.14 15.4 ± 1.16

pH-sensitive DOX cl-micelles 2.76 ± 0.31 NT 60.4 ± 1.79

SP1049C 0.046 ± 0.011 1.55 ± 0.13 12.6 ± 1.20

DOXIL™ 13.6 ± 1.44 NT ca. 200

a
non confluent;

b
confluent, NT stands for non-toxic up to 100 µg/ml.
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