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Purpose: The aim of this study was to show enhanced anticancer activity of paclitaxel (Ptx)
incorporated into solid lipid nanoparticles (SLNs) and reveal reversal of multidrug resistance
(MDR) by SLNs mediated by increased uptake through different entry mechanisms from that
in drug-sensitive cells.

Methods: Anticancer activity of Ptx incorporated in SLNs (Ptx-SLNs) was measured in the drug-
sensitive human breast cancer cell line MCF7 and its MDR variant MCF7/ADR. Cellular uptake of
cargo molecules in SLNs was compared using Ptx-SLNs and rhodamine 123-loaded SLNs (Rho-
SLNs) in both cell lines. In addition, endocytic uptake was evaluated using genistein (Gen) and chlo-
rpromazine (Cpz) as inhibitors of clathrin- and caveola-mediated endocytosis, respectively.
Results: Ptx-SLNs showed remarkably enhanced anticancer activity in MCF7/ADR compared
to Ptx delivered in dimethyl sulfoxide (DMSO) and Cremophor EL-based vehicles. SLNs sig-
nificantly increased intracellular uptake of Ptx and Rho in MCF7/ADR. Western blotting demon-
strated that clathrin was expressed in both cell lines, while caveolin 1 was expressed only in MCF7/
ADR. In MCF7/ADR, uptake of Ptx-SLNs and Rho-SLNs was reduced by Gen, while there was
no change by Cpz, suggesting the involvement of caveola-mediated endocytosis. Size reduction
of Rho-SLNs through high-pressure homogenization (Rho-SLNs) appeared to cause a shift of
the endocytosis mechanism from a clathrin-independent pathway to a clathrin-dependent one. In
contrast to MCF7/ADR, the uptake of SLNs into MCF7 was not changed by Gen or Cpz, suggesting
involvement of clathrin- and caveola-independent mechanism for the entry of SLNS.
Conclusion: MDR was reversed by incorporating drug into SLNs, and the reversal was medi-
ated by increased uptake of SLNs evading efflux pumps in MDR cells. The enhanced uptake
could also be due to the use of different endocytosis pathways by SLNs in MDR cells from
drug-sensitive cancer cells.
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Introduction

According to the American Cancer Society (ACS), breast cancer makes up 25% of
all new cancer diagnoses in women worldwide, and 14% of deaths are reported to be
due to breast cancer in the US. Although mortality rates have been declining in recent
decades, relapse after the first 5 years is a major cause of breast cancer mortality.!
The major reason for the relapse has been known to be multidrug resistance (MDR)
acquired during chemotherapy.>* Therefore, overcoming MDR has been an important
goal in breast cancer therapy and drug-delivery fields.

submit your manuscript
e
in

Dove

http:

International Journal of Nanomedicine 2018:13 7549-7563 7549
© 2018 Xu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

T2 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S182621
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:leemk@woosuk.ac.kr

Xu et al

Dove

Broadly, MDR is known to be developed by mechanisms
decreasing intracellular drug concentration and altering intra-
cellular pathways, enabling evasion from apoptosis.> Among
various specific mechanisms, expression of drug-efflux pumps
has been considered one of the major reasons for MDR.53
In particular, Pgp, a 170 kDa ATP-dependent membrane
efflux pump, has drawn attention for its universality in vari-
ous cancers and tissues. Pgp pumps out substrate molecules
that are generally hydrophobic in nature and hence partition
into a lipid bilayer. For this reason, Pgp is considered a
“molecular vacuum cleaner”, dragging substrates from the
membrane and expelling them outside cells.” To overcome
MDR, researchers have tried to inhibit Pgp-efflux using
chemical inhibitors or by evading the efflux pump by incor-
porating drugs into nanoparticles.!*!> The expulsion of drug
molecules occurs following detention of them within bilay-
ers of cellular membrane and subsequent discharge by Pgp.
Incorporation of drug molecules into nanoparticles hampers
the direct interaction between drug and membrane, disguising
them to enter cells using an endocytosis uptake mechanism
that bypasses efflux transporters.'?

Paclitaxel (Ptx) has been a widely used anticancer agent
for several cancers, including breast cancer.!* Unfortunately,
Ptx is a Pgp substrate and inactive in MDR cancer cells, due
to the efflux mediated by Pgp. In an effort to overcome MDR
in breast cancer, we loaded Ptx into solid lipid nanoparticles
(SLNs) and tried to show enhanced anticancer activity in
the MDR human breast cancer cell line MCF7/ADR by
comparison with the drug-sensitive human breast cancer cell
line MCF7. In addition, we tried to show that MDR reversal
was associated with increased uptake of drug due to escape
from efflux pump by SLNs and that internalization of SLNs
into MDR cells was mediated by different entry pathways
from those into drug-sensitive cancer cells.

Methods

Materials

Ptx, trimyristin (Tm), verapamil (Ver), genistein (Gen),
chlorpromazine (Cpz), and n-hexyl-hydroxybenzoate
were purchased from Sigma-Aldrich Co. (St Louis, MO,
USA). Egg L-a-phosphatidylcholine (PC) and DSPE-
methyl(polyethylene glycol)-2000 (mPEG, ) were purchased
from Avanti Polar Lipids (Alabaster, AL, USA). Rhodamine
123 (Rho), DAPI, Bodipy FL C-lactosylceramide complexed
with BSA (LacCer), human serum transferrin (hTf), Alexa
Fluor 488 conjugate, PBS, and other cell-culture reagents,
including RPMI 1640 media, were from Thermo Fisher
Scientific (Waltham, MA, USA). Acetonitrile, fert-butyl

methyl ether, and methanol were of high-performance
liquid chromatography (HPLC) grade and purchased
from Thermo Fisher Scientific. All other reagents were of
analytical grade and used without further purification.

Cell culture

The MCF7 human breast cancer cell line and MDCK cell
line were purchased from the Korean Cell Line Bank (Seoul,
South Korea). The MCF7/ADR (ADR) cell line, which is
an MDR variant of MCF7, was obtained from the National
Cancer Institute (Rockville, MD, USA). Cells were cultured
in RPMI 1640 medium containing 10% FBS (HyClone,
Logan, UT, USA), 100 units/mL penicillin, and 100 pg/mL
streptomycin at 37°C under 5% CO, environments.

Preparation of SLNs

SLNs were prepared as described in a previous study, with
slight modification." Ptx (5 mg) was dissolved in a chloro-
form solution containing 50 mg egg PC and 5 mg DSPE-
mPEG, .
using nitrogen gas at 40°C. Tm (100 mg) was added to a dried

The chloroform solution was dried completely

phospholipid mixture containing Ptx and then incubated at
65°C for 1 hour to allow Ptx dissolution in a melted Tm and
phospholipid mixture. The hot oily mixture was dispersed in
1 mL prewarmed water by sonication for 5 hours at 65°C to
obtain a milky and homogeneous dispersion using bath-type
sonication (Branson Ultrasonics, Danbury, CT, USA). The
resultant hot dispersion was frozen by dipping into liquid
nitrogen and thawed at room temperature to make SLNs.
Rho-SLNs were prepared with the same composition, except
that 1 mg Rho was incorporated instead of Ptx. In addition, a
sonicated Rho-SLN dispersion was homogenized further for
five cycles at 100 MPa using high-pressure homogenization
(HPH; Emulsiflex B15; Avestin, Ottawa, ON, Canada). As a
preliminary experiment to measure incorporation efficiency,
the resultant SLNs were subjected to Amicon Ultra 0.5 cen-
trifugal filter unit (3 kDa cutoff; Merck, Darmstadt, Germany)
at 14,000xg for 10 minutes to separate unincorporated Ptx
or Rho into filtrate from SLN-associated ones. The amount
of Ptx and Rho in filtrate was measured by HPLC" and
spectrofluorometry, respectively. Less than 5% of loaded
Ptx or Rho was detected in the filtrate, suggesting most
had incorporated in SLNs, and hence resultant SLNs were
used without further separation using the centrifugal filter
unit. SLN size was measured by dynamic light scattering
using a Zetasizer (Malvern Instruments, Malvern, UK). All
SLN dispersions were kept in a 4°C chamber for not more
than 4 weeks until use.

submit your manuscript

7550

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Enhanced activity and uptake of SLNs in MDR cells

Western blotting assay

MDCK, MCF7, and MCF7/ADR cells were cultured in 75 cm?
flasks and grown to 80% confluence. After incubation, cells
were washed with PBS and solubilized with ice-cold lysis buf-
fer containing 150 mM NaCl, 50 mM Tris-HCI (pH 7.4), 5 mM
EDTA, 0.5% sodium deoxycholate, NP40, 10% SDS, 100 mM
phenylmethylsulfonyl fluoride, and a protease inhibitor. Insol-
uble materials were removed by centrifugation at 12,000 rpm
for 5 minutes. Extracted proteins were determined using a
Thermo Fisher Scientific micro-BCA protein-assay kit. For
caveolin and clathrin analysis, proteins were loaded onto 12%
SDS-PAGE and 7.5% SDS-PAGE, respectively, and then
electrotransferred to polyvinylidene difluoride membrane. For
blocking of aspecific binding, the membrane was incubated
with 5% BSA for | hour at room temperature. The membrane
was washed three times with PBST and incubated with mouse
monoclonal anticaveolin antibody and monoclonal anticlathrin
antibody. After blotting with a primary antibody, the mem-
brane was washed three times with PBST, followed by incu-
bation with HRP-conjugated antimouse at room temperature
for 1 hour. Visualization of the blots was carried out using an
electrogenerated chemiluminescence-detection system.

In vitro anticancer activity

In vitro anticancer activity of Ptx-SLNs was evaluated as
cell viability measured by MTT assay. MCF7 or MCF7/
ADR cells were inoculated into a 96-well plate at a density
of 10* and 0.5x10* cells/well, respectively. After incubation
at 37°C overnight, the culture medium was replaced with
fresh medium and treated with Ptx in SLNs. After 24, 48,
or 72 hours, the medium containing Ptx was replaced with
180 uL fresh culture medium and 20 uL MTT solution
(5 mg/mL in PBS). Cells were incubated for another 3 hours,
the medium removed, and 200 uL dimethyl sulfoxide
(DMSO) added to each well to dissolve the MTT formazan
crystals. Finally, absorbance of dissolved formazan was
measured after incubation for 20 minutes under agitation at
room temperature at 560 nm with an ELISA reader (Sunrise;
Tecan, Méannedorf, Switzerland). Survival rates of the treated
cells were calculated by comparing the absorbance with that
of untreated control ones. IC, values were calculated by
nonlinear regression-curve fitting of log concentration vs
percentage cell survival using GraphPad Prism 5.

Intracellular uptake of Ptx in various

vehicles
MCF7 and MCF7/ADR cells were seeded in 100 mm plates at
a density of 10* cells/mL in 10 mL medium and cultured for

5 days to reach 80% confluence. The medium was changed for
a fresh one the night before treatment. Cells were pretreated
with 20 uM Ver for 30 minutes and subsequently incubated
with Ptx in various vehicles at a dose of 1 UM Ptx for 2 hours.
After incubation, cells were washed with PBS three times,
detached with trypsin, and resuspended in 1 mL PBS after col-
lection by centrifugation. Cellular proteins were determined
with 100 pL cell suspension using the micro-BCA protein-
assay kit. The rest of the cell suspension was centrifuged
and the precipitated cell pellet used for analysis of Ptx taken
up into cells. Methyl zert-butyl ether (1 mL) was added into
the cell pellet with n-hexyl-hydroxybenzoate as internal
standard and vortexed for 1 minute to extract Ptx. The upper
organic layer was collected, dried using a nitrogen gas stream
at 40°C, and dissolved in 80 UL mobile phase consisting
of acetonitrile, methanol, and 10 mM ammonium acetate,
pH 5.0 (485:165:350 as volume ratio). Ptx was determined
after injection of 50 UL reconstituted extract onto a Cadenza
CD-C,, column (ODS 3 um, pore size 12 nm, 150x4.6 mm;
Imtakt, Kyoto, Japan), elution with mobile phase at a flow
rate of 500 uL/min, and detection of absorbance at 227 nm
using a Shiseido NanoSpace Si2 HPLC system. To evaluate
the effect of endocytosis inhibitors, MCF7 and MCF7/ADR
cells grown in 100 mm plates were preincubated with 200 uM
Gen or 10 pg/mL Cpz for 1 hour and then treated with Ver for
30 minutes before being treated with 1 uM Ptx in SLNs for
2 hours. Ptx and cellular protein in collected cell pellets after
washing with PBS were determined as the aforementioned.

Confocal laser-scanning microscopy
(CLSM) for Rho-SLN uptake

Cells were seeded on glass coverslips in six-well plates at a
density of 3x10° cells/well and incubated overnight. Cells
were treated with Rho in DMSO or SLNs at a concentra-
tion of 0.4 uM Rho for 2 hours. For endocytosis inhibition,
cells were pretreated with 200 uM Gen or 10 pug/mL Cpz
for 1 hour, then treated with Ver for 30 minutes prior to
treatment with Rho for 2 hours. Then, cells were washed
five times with PBS and fixed with 4% paraformaldehyde
solution for 10 minutes at room temperature. After cells had
been washed three times with PBS, cell nuclei were stained
with DAPI for 5 minutes at room temperature. A drop of
mounting solution was added on the center of a slide, and
a coverslip was put on the small spot of mounting media
with the cells down after wicking off any excess buffer.
CLSM measurement and analysis were carried out using
confocal microscopy (TCS SP8; Leica, Wetzlar, Germany).
CLSM for uptake of endocytic markers was processed the
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same, except that cells were treated with16.7 pg/mL hTfand
0.81 uM LacCer for 2 hours instead of Rho-SLNs.

Effect of endocytosis inhibitors on uptake
of Rho-SLNs

As a supplemental way to reveal endocytic pathways utilized
by SLNs, we prepared Rho-SLNs and evaluated changes in
cellular uptake of Rho depending on endocytosis inhibitors.
MCF7 or MCF7/ADR cells were seeded in six-well plates
at a density of 2x10° cells/well. After overnight incubation,
the old medium was replaced by 1 mL medium containing
200 uM Gen or 10 ug/mL Cpz, incubated for 1 hour, and
20 uM Rho in SLNs added. After incubation for 2 hours,
the medium was removed and cells washed three times
with cold PBS. Washed cells were collected and cellular
fluorescence measured using cytometry (Tali; Thermo Fisher
Scientific).
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Statistical analysis

For statistical analysis, GraphPad Prism was used. Data
are presented as mean  SD. Comparison of two groups
was performed with unpaired #-tests, while comparison of
more than two groups was done using one-way ANOVA
with Turkey’s multiple-comparison test. Differences were
considered significant at P<<0.05.

Results

In vitro anticancer activity of Ptx loaded
in SLNs

In the cytotoxicity assay at 1 UM Ptx, 24 hour’s treatment
was sufficient to observe significant Ptx cytotoxicity, and
prolonged treatment >24 hours showed no further notable
increase in cytotoxicity in MCF7 cells (Figure 1A). In the
case of SLNs, longer treatment for 48 hours showed higher
cytotoxicity (24 vs 48 hours), while extending duration to
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Figure | Effect of treatment duration and Ver on cytotoxicity of | UM Ptx delivered in various vehicles in MCF7 and MCF7/ADR (ADR) cells.
Notes: (A) MCF7 without Ver; (B) MCF7/ADR without Ver; (C) MCF7 with Ver; and (D) MCF7/ADR with Ver.
Abbreviations: Ver, verapamil; Ptx, paclitaxel; DMSO, dimethyl sulfoxide; Cre, Cremophor EL; E, ethanol; SLNs, solid lipid nanoparticles.
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72 hours did not show additional benefit in cytotoxicity in
MCF7 cells. In MCF7/ADR cells, we did not observe any fur-
ther increase in cytotoxicity from extending treatment duration
(Figure 1B). Similar patterns were observed when the cells
were cotreated with Ver, a Pgp inhibitor (Figure 1C and D).
Overall, prolonged treatment >24 hours did not exhibit
significant benefit in terms of cytotoxicity, which led us to
treat cells for 24 hours for further experiments. In addition,
cotreatment with Ver did not affect Ptx cytotoxicity in MCF7
cells that did not express Pgp (Figure 1C).

As shown in Figure 1B and D, drug resistance in
MCF7/ADR was reversed by cotreatment with Ver in all
vehicles. The reversal effect by Ver was stronger in Cre-
mophor EL (Cre) + ethanol (E) and SLNs than DMSO,
which proposed that there would be additional advantages
in escaping Pgp-mediated efflux by Cre + E and SLN
vehicles. At 1 uM Ptx, there were no significant differences
in cytotoxicity among vehicles. However, the superior
effect of SLNs against MCF7/ADR was observed clearly in

A
120 1
100 -
80

60 A

% survival

40 -

20 1

0 1 T 1
0.0001 0.001  0.01 0.1 1 10
Concentration (um)

concentration-dependent cytotoxicity experiments (Figure 2
and Table 1). In MCF7 cells, Ptx in SLNs showed higher IC, |
values compared to the other vehicles, regardless of cotreat-
ment with Ver (Table 1). On the other hand, in MCF7/ADR
cells, Ptx in SLNs showed remarkably improved IC, values
compared to DMSO and Cre + E vehicles. Ptx dissolved in
DMSO did not exert cytotoxic effects in MCF7/ADR, an
MDR cancer cell line, as expected, whereas, Cre + E vehicle
increased Ptx cytotoxicity in MCF7/ADR, likely due to the
Pgp-inhibitory effect of Cre.'* Based on IC, values, SLNs
were likely to evade the Pgp-efflux system in MCF7/ADR.
In addition, similar IC, values in the absence and presence
of Ver suggested that Ptx loaded in SLNs was likely to be
taken up in incorporated form into cells in SLNs, rather than
released free form from SLNs.

Cellular uptake of Ptx loaded in SLNs
Figure 3A shows the amounts of Ptx taken up into MCF7
cells. These amounts seemed to be substantial and showed
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Figure 2 Concentration-dependent cytotoxicity of Ptx delivered using various vehicles in MCF7 and MCF7/ADR (ADR) cells in the absence (A and B) and presence (C and D) of Ver.
Abbreviations: Ptx, paclitaxel; Ver, verapamil; DMSO, dimethyl sulfoxide; Cre, Cremophor EL; E, ethanol; SLNs, solid lipid nanoparticles.
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Table I IC,  (nM) values of Ptx loaded in various vehicles against
MCF7 and MCF7/ADR with and without Ver

MCF7 MCF7/ADR

—Ver +Ver —Ver +Ver
DMSO | 3.6%1.0 3.1£0.9 >10,000 88.1+24.2
Cre+E |6.7%l.6 5.4+1.2 1,332.7+116.0° | 79.3+12.9
SLNs 19.4+11.2 | 15545.12° | [12.9+44.4> 127.8+19.1°

Note: Significantly different from DMSO (P<<0.05); ®significantly different from
Cre + E (P<0.05).

Abbreviations: Ptx, paclitaxel; Ver, verapamil; DMSO, dimethyl sulfoxide; Cre,
Cremophor EL; E, ethanol; SLNS, solid lipid nanoparticles.

40%—60% cell-survival rates at 1 uM Ptx in various vehi-
cles, as shown in Figure 1A. The uptake was not affected
significantly by Ver in MCF7 cells, even though mean uptake
values seemed to be slightly reduced by Ver in the case
of Ptx in DMSO and SLN vehicles. However, negligible
amounts of Ptx were taken up into MCF7/ADR cells when
delivered in DMSO. Ver increased the uptake of Ptx by
2.8-fold into MCF7/ADR cells when delivered in DMSO,
even though the amount was still minimal (Figure 1B).
Cre + E also significantly increased uptake into MCF7/
ADR —approximately 23 times that of DMSO —and the effect
of Ver was not as much as DMSO, as uptake was increased
by only 1.2-fold compared to that in the absence of Ver. In
contrast, SLNs showed remarkable increase in Ptx uptake into
MCEF7/ADR cells up to a comparable level of that in MCF7
cells, even though the enhanced uptake was not reflected in
the cytotoxicity as much as expected (Figures 1B and 3B).
Ver increased the uptake of Ptx loaded in SLNs into
MCF7/ADR further by 1.3-fold compared to that without Ver

(statistically significant), although the enhancement was not
as much as that of DMSO and similar to that of Cre + E.

Enhancement of uptake by SLNs was also observed with
Rho, which is a known Pgp substrate (Figure 4). Confocal
microscopy showed that the uptake of Rho in SLNs into
MCFT7 cells was similar to that of Rho in DMSO. Similar to
Ptx uptake, MCF7/ADR cells took up Rho much less than
MCF7 cells, as shown in Figure 4. The fluorescence intensity
of Rho in MCF7/ADR cells was slightly enhanced in SLNs
compared to that in DMSO. Ver intensified Rho fluorescence
in MCF7/ADR cells further, while it appeared not to affect
that in MCF7 cells (Figure 5).

Effects of endocytosis inhibitors on uptake

of SLNs

Unlike MCF7 cells, MCF7/ADR cells have been known to
express Pgp, which contributes to the MDR of MCF7/ADR
cells.'” Western blotting confirmed the expression of Pgp
in MCF7/ADR cells used in the present study (Figure 6).
In addition, MCF7 and MCF7/ADR cells exhibited dif-
ferent expressions of clathrin and caveolin 1, which are
known to contribute to endocytosis pathways, as shown in
Figure 6. Clathrin was expressed in both cell lines, whereas
caveolin 1 was expressed only in MCF7/ADR cells. The
different expression of clathrin and caveolin 1 in both cell
lines suggested that SLNs might be taken up by MCF7 and
MCF7/ADR cells using different endocytosis pathways. In
further studies on SLN endocytosis, Cpz and Gen were used
as inhibitors of clathrin- and caveolin-mediated endocytosis
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Figure 3 Intracellular uptake of Ptx delivered using various vehicles in MCF7 (A) and MCF7/ADR (B) cells in the absence or presence of Ver.

Note: *Significantly different compared to control (P<<0.05).

Abbreviations: Ptx, paclitaxel; Ver, verapamil; DMSO, dimethyl sulfoxide; Cre, Cremophor EL; E, ethanol; SLNSs, solid lipid nanoparticles.
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>

Rho/DMSO Control

Rho-SLNs

W

Control

Rho/DMSO

Rho-SLNs

Figure 4 Confocal laser-scanning microscopy of internalization of Rho (red) in MCF7 (A) and MCF7/ADR (B) cells.
Notes: Cells were treated with 0.4 UM Rho in DMSO (Rho/DMSO) or SLNs (Rho-SLNs) for 2 hours. Controls were untreated cells. Cell nuclei were stained with DAPI (blue).
Abbreviations: Rho, rhodamine 123; DMSO, dimethyl sulfoxide; SLNs, solid lipid nanoparticles.

pathways, respectively. As shown in Figure 7, Gen reduced
Rho uptake by 22% and Cpz increased it by 22% in MCF7/
ADR cells. However, the effects of Gen and Cpz seemed
insignificant compared to that of Ver, which increased Rho
uptake =244% in MCF7/ADR cells (Figure 7). For further
endocytosis studies, Gen and Cpz were used concomitantly
with Ver to eliminate the Pgp effect on Rho uptake.

As shown in Figure 8, lower temperature reduced Ptx-
SLN uptake remarkably in both cell lines, indicating that
energy-dependent endocytosis pathways could be involved in
SLN uptake. In MCF7 cells, Gen did not change Ptx uptake,
suggesting that caveolin-mediated endocytosis was not

A

Rho-SLNs Control

Rho-SLNs +
Ver

involved in SLN uptake (Figure 8). In MCF7/ADR cells, Gen
reduced the uptake of Ptx loaded in SLNs by 18% compared
to that without Gen (P<<0.05). This result appeared to indi-
cate that caveolin-mediated endocytosis could be involved
in the uptake of SLNs into MCF7/ADR, unlike with MCF7.
However, the effect seemed to be too marginal to draw such
a conclusion with confidence.

It was expected that Cpz would reduce Ptx-SLN uptake,
because clathrin was expressed in both cell lines. However,
MCEF7 cells did not show significant changes in Ptx-SLN
uptake following inhibition of clathrin-mediated endocytosis
by Cpz (Figure 8). In addition, Cpz even showed a tendency to

Control

Rho-SLNs

Rho-SLNs +
Ver

Figure 5 Effect of Ver, a Pgp inhibitor, on cellular uptake of Rho-SLNs (red) in MCF7 (A) and MCF7/ADR (B) cells.
Notes: Cells were pretreated with 20 UM Ver for 30 minutes and then treated with 0.4 UM Rho incorporated in SLNs (Rho-SLNs) for 2 hours. Controls were untreated

cells. Cell nuclei were stained with DAPI (blue).

Abbreviations: Ver, verapamil; Rho, rhodamine 123; SLNSs, solid lipid nanoparticles.
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Caveolin 1 .- l
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Figure 6 Western blot for expression of Pgp, clathrin, and caveolin | in MCF7 and
MCF7/ADR cells.
Note: MDCK cell line was used as a positive control for caveolin | expression.

increase Ptx-SLN uptake in MCF7/ADR cells, although there
was no statistical significance because of high variations.
We tried to confirm the effects of Gen and Cpz on SLN
uptake using Rho instead of Ptx. Rho-SLNs and Ptx-SLNs
exhibited similar mean particle size and polydispersity-index
(PI) values, as shown in Table 2. Similar to the results for
Ptx-SLNs, Gen and Cpz did not change the fluorescence
of Rho-SLNs in MCF7 cells, while Gen reduced Rho-SLN
uptake by 15% in MCF7/ADR cells (Figure 9). Cpz still
caused no change in Rho-SLN uptake in MCF7/ADR cells.
The uptake of SLNs into MCF7/ADR was reduced by Gen
in the same manner, regardless of the incorporated agents.

300

250 4 ko

200 4

150 4

% of control

100 4

50 4

0 - T L]
Control Ver Gen Cpz

Figure 7 Effects of endocytosis inhibitors on the Pgp-mediated efflux of Rho in
MCF7/ADR cells.

Notes: Intracellular Rho level expressed as percentage of fluorescence intensity
compared to control cells, which were treated only with Rho in the absence of
other agents. *Significantly different compared to control (P<<0.05).
Abbreviations: Rho, rhodamine 123; Ver, verapamil; Gen, genistein; Cpz, chlorpro-
mazine.

However, the effect of Gen was still marginal, and this
caused speculation that endocytosis pathways might be
influenced by other factors, such as particle size and surface
charge, and thus we could not pinpoint the effect of Gen on
internalization pathways.

To address the additional effect of particle size on SLN
uptake, Rho-SLN size was diminished further by HPH.
The homogenized Rho-SLNs (HPH Rho-SLNs) presented
much smaller mean particles and PI values compared
to unhomogenized ones (Table 2). In MCF7 cells, HPH
Rho-SLN uptake showed no change by Gen or Cpz, which
was consistent with results for Rho-SLNs and Ptx-SLNs
(Figure 10A). On the other hand, HPH Rho-SLN uptake
into MCF7/ADR cells was significantly inhibited by both
Gen and Cpz, as shown in Figure 10B. The inhibited uptake
in MCF7/ADR was also observed in confocal microscopy
(Figure 11B). Confocal microscopy also confirmed that no
change of uptake was caused by Gen and Cpz in MCF7 cells
(Figure 11A).

The unchanged uptake by Cpz in MCF7 cells brought
about a doubt that Cpz was an effective inhibitor for clathrin-
mediated endocytosis in MCF7 cells, because clathrin is
known to contribute to universal endocytosis machinery,
although there was a possibility that SLNs were endocy-
tosed through routes other than clathrin-mediated pathways
in MCF7 cells. Based on this doubt, we checked the effect
of Cpz on the uptake of hTf, which has been known to
enter cells using clathrin-mediated endocytosis.'® As shown
in confocal microscopy images in Figure 12, the inhibi-
tion effect of Cpz appeared very weak in both MCF7 and
MCEF7/ADR cells. However, Cpz caused slight reduction in
fluorescence intensity in MCF7 cells and perinuclear areas
of MCF7/ADR cells (Figure 12A). In MCF7/ADR, fluo-
rescence tended to be confined to a certain area when cells
were treated with Cpz compared to cells without Cpz, for
which fluorescence seemed to be dispersed throughout the
cytosol (Figure 12B).

Gen was also checked for its endocytosis inhibition
using LacCer as a marker for caveola-mediated endocytosis.
In MCF7 cells, Gen did not change LacCer uptake sig-
nificantly (Figure 13A). On the contrary, in MCF7/ADR
cells, the inhibition effect of Gen was significant, showing
recognizable reduction in fluorescence intensity in cells, as
shown in Figure 13B.

Overall, SLNs seemed to use different endocytosis path-
ways to enter MCF7/ADR cells from that to enter MCF7
cells. SLNs used caveola-mediated endocytosis to enter
MCF7/ADR cells, even though SLNs with larger particles
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Figure 8 Effects of endocytosis inhibition by lowered temperature.

Notes: (A) 37°C vs 4°C, (B) Gen, and (C) Cpz on uptake of Ptx-SLNs in MCF7 and MCF7/ADR cells. All cells were treated concomitantly with Ver to eliminate the effect
of Pgp-mediated efflux on Ptx uptake. *Significantly different compared to without endocytosis inhibitor in each cell line (P<0.05).
Abbreviations: Gen, genistein; Cpz, chlorpromazine; Ptx, paclitaxel; Ver, verapamil; SLNSs, solid lipid nanoparticles.

appeared to use other alternative routes dominantly. In
MCFT7 cells, SLNs did not predominantly use either caveola-
mediated or clathrin-mediated pathways.

Discussion

Ptx loaded into SLNs with Tm solid core has been shown
to have comparable cytotoxicity to a Cre-based formulation
against ovarian and breast cancer cells in our previous study.!®
In this study, a similar composition was used to prepare
Tm-based SLNs, except that more egg PC and PEGylated
phospholipid were utilized to stabilize SLNs compared to the
previous study.'> As shown in the previous study, Ptx-free
SLN vehicles did not cause significant cytotoxicity in MCF7
cells, and thus the effects of empty vehicles were not evalu-
ated in this study. In contrast to the results in MCF7 cells,
which showed comparable Ptx cytotoxicity among vehicles,
Ptx-SLNs showed far more enhanced cytotoxicity compared
to the Cre-based formulation in MCF7/ADR cells expressing
Pgp. The Cre-based formulation also improved cytotoxicity in
MDR cells compared to Ptx dissolved in DMSO, and this can
be due to inhibition of Pgp by Cre.'¢ However, the inhibition of
Pgp by Cre was likely suboptimal in the concentration range
used to deliver the necessary amount of Ptx in the present study
when considering IC,  values in MCF7/ADR cells were further
reduced by Ver. Meanwhile, incorporation of Ptx into SLNs

seemed to evade Pgp-mediated efflux fully in MCF7/ADR in
consideration of remarkably enhanced IC,  values compared to
free Ptx in DMSO and no further improvement in IC_ by Ver.
Nanoparticles have been suggested to act as “stealth” carriers
for cargos to evade discharge by Pgp-efflux pumps by imped-
ing direct interaction of cargos with membrane and by being
internalized through endocytosis in nanoparticle-associated
form, rather than through diffusion across cellular membrane
in free form.>!*?° Based on the highest uptake of Ptx-SLNs into
MCF7/ADR compared to Ptx in the other two vehicles, SLNs
seemed to be able to enter MDR cells efficiently by bypassing
efflux pumps. Consistently with our results, other researchers
have also reported that SLNs reversed MDR in drug-resistant
MCF7/ADR breast and SKOV3-TR30 ovarian cancer cells by
increasing cellular uptake of Ptx and doxorubicin.”!

Ver further increased the cellular uptake of Ptx-SLNs into
MCF7/ADR by 29.7% (81.8+£12.8 vs 106.1£3.8), suggest-
ing that some fraction of Ptx was released extracellularly or
intracellularly that resulted in its being susceptible to efflux
pump, even though the amounts released appeared to be
minimal due to the solidity of the SLN core, judging from
results in the previous study.'

Increased uptake of cargo molecules of nanoparticles can
be ascribed mainly to endocytosis-mediated Pgp circumven-
tion and various types of endocytosis pathways can serve in

Table 2 Mean particle size and Pl of SLNs prepared using sonication and HPH

Composition of SLNs (mg) Particle size (nm) Pl
Tm Egg PC PEG, ,,, DSPE Ptx | Rho | Dispersion method
Ptx-SLNs 100 50 5 5 - Sonication 210.5+86.3 1.23
Rho-SLNs 100 50 5 - | Sonication 223.6+138.2 1.33
HPH Rho-SLNs | 100 50 5 - | Sonication + HPH 150.8+0.2 0.01

Abbreviations: Pl, polydispersity index; SLNs, solid lipid nanoparticles; HPH, high-pressure homogenization; Ptx, paclitaxel; Rho, rhodamine 123; Tm, trimyristin; PC, phos-

phatidylcholine.
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Figure 9 Effects of endocytosis inhibition by Gen and Cpz on uptake of Rho-SLNs in MCF7 (A) and MCF7/ADR (B) cells.
Notes: All cells treated concomitantly with Ver to eliminate the effect of Pgp-mediated efflux on Rho uptake. *Significantly different compared to endocytosis inhibitor in

each cell line (P<0.05).

Abbreviations: Gen, genistein; Cpz, chlorpromazine; Rho, rhodamine 123; SLNSs, solid lipid nanoparticles; Ver, verapamil.

the internalization of nanoparticles based on size and surface
properties.'$?>2* Endocytosis mechanisms are classified into
pinocytosis and phagocytosis based on the size of the cargo,
and then depending on the protein machinery involved, pino-
cytosis is divided into macropinocytosis, clathrin-mediated,
caveola-mediated, and clathrin- and caveola-independent
endocytosis.™'*** Different routes of endocytosis result in
varied fates of cargos following internalization: nanoparticles
internalized through phagocytosis, macropinocytosis, and

A
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80 4

60 4

% control

40 -

20 4

Control

Gen + Ver +
Rho-SLNs/
HPH

Cpz + Ver +
Rho-SLNs/
HPH

clathrin-mediated endocytosis usually end up in lysosomes,
while those going through caveola-mediated endocytosis can
evade lysosomes, leading cargos to the nucleus.®?* In the pres-
ent study, SLNs did not show any superiority compared with
unincorporated free form in intracellular delivery of cargo
molecules, such as Ptx and Rho, into drug-sensitive MCF7
cells that did not express Pgp. However, SLNs delivered much
more cargo molecules into MCF7/ADR cells, which are MDR
cells expressing Pgp, suggesting that MCF7/ADR cells might

B
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Figure 10 Effects of endocytosis inhibition by Gen and Cpz on Rho-SLN uptake with smaller mean particle size after HPH in MCF7 (A) and MCF7/ADR (B) cells.
Notes: All cells were treated concomitantly with Ver to eliminate the effect of Pgp-mediated efflux on Rho uptake. *Significantly different compared to without endocytosis

inhibitor in each cell line (P<0.05).

Abbreviations: Gen, genistein; Cpz, chlorpromazine; Ver, verapamil; Rho, rhodamine 123; SLNs, solid lipid nanoparticles; HPH, high-pressure homogenization.
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Figure 11 Confocal laser-scanning microscopy micrographs of internalization of Rho-SLNs (red) in MCF7 (A) and MCF7/ADR (B) cells.
Notes: Endocytosis of cells was inhibited by 200 uM Gen or 10 pg/mL Cpz. All cells were treated concomitantly with Ver to eliminate the effect of Pgp-mediated efflux on

Rho uptake. Cell nuclei were stained with DAPI (blue).

Abbreviations: Rho, rhodamine 123; SLNs, solid lipid nanoparticles; Gen, genistein; Cpz, chlorpromazine; Ver, verapamil.

take up SLNs using different endocytosis pathways from
those that MCF7 cells utilize. This hypothesis was supported
by the distinctive expression patterns of caveolin 1 molecule
between MCF7 and MCF7/ADR cells, as shown in Figure 6.
Both cell lines expressed clathrin, which is known as an
essential component for constructing clathrin-coated pits in
clathrin-mediated endocytosis.?* Unlike clathrin, caveolin 1
was detected only in MCF7/ADR cells, and not in MCF7 cells.

A

hTf Control

hTf + Cpz

Caveolin 1 is known as one of the characteristic elements of
caveolae that are small (50-80 nm) flask-shaped invagina-
tions of plasma membrane formed in caveola-mediated
endocytosis.”® Caveola-mediated endocytosis is probably
the best-known clathrin-independent pathway, and unlike
clathrin-coated pits, caveolae are present in most but not all
types of cells.® Each endocytosis route has been known to be
used preferentially by certain macromolecules, eg, hTf has

Control

hTf

hTf + Cpz

Figure 12 Effect of Cpz on intracellular uptake of hTf (green), known as a ligand for clathrin-mediated endocytosis in MCF7 (A) and MCF7/ADR (B) cells.

Note: Cell nuclei were stained with DAPI (blue).
Abbreviations: Cpz, chlorpromazine; hTf, human serum transferrin.
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Figure 13 Effect of Gen on intracellular uptake of LacCer (green), known as a ligand for caveola-mediated endocytosis in MCF7 (A) and MCF7/ADR (B) cells.

Note: Cell nuclei were stained with DAPI (blue).
Abbreviation: Gen, genistein.

been considered a representative marker of clathrin-mediated
endocytosis, because it binds to Tf receptors in iron-bound
form to be internalized by clathrin-mediated endocytosis.?®?’
Meanwhile, LacCer has been used as a marker for caveola-
mediated endocytosis.?®? LacCer is a glycosphingolipid that
resides preferably in lipid rafts and is known to be internalized
through clathrin-independent pathways that are dependent
on dynamin and caveolin 1.3°32 With specific endocytosis
markers, endocytosis inhibitors have been used to reveal
endocytosis mechanisms for various macromolecules and
nanoparticles. Cpz is a cationic amphiphilic drug and known
to inhibit the formation of clathrin-coated pits by a reversible
translocation of clathrin and its adaptor proteins from plasma
membrane to intracellular vesicles.** Gen has been used to
inhibit caveola-mediated endocytosis, because it causes
disruption in the actin network at the site of endocytosis and
blocks recruitment of dynamin II, both known as dispensable
events in caveola-mediated endocytosis.*** In the present
study, we tried to confirm that Gen and Cpz had no effect
on Pgp pumps by measuring Rho efflux by Pgp in MCF7/
ADR cells. Unfortunately, Gen decreased Rho uptake by
22% in MCF7/ADR cells, suggesting the possibility that Gen
induced Pgp in MCF7/ADR. However, Xue et al reported
that Gen did not influence Pgp function and showed no effect
on the expression of Pgp at both mRNA and protein levels at
doses =330 uM in MCF7/ADR cells.* On the other hand,
there have been studies that showed contradictory results
where Gen increased Pgp expression and function at 1 and
10 uM in the hepatocellular carcinoma-derived HepG2
cell line,’” and 14 days’ administration of Gen reduced oral
bioavailability of talinolol, a Pgp substrate, in healthy human

participants.®® At any rate, Gen showed a modest induction of
Pgp activity at 200 uM in the present study, and this should
be considered in the interpretation of the results obtained
using Gen. In the case of Cpz, Rho uptake was increased by
22%, suggesting modest inhibition of Pgp by Cpz. Consistent
results have been presented by other researchers using other
cell lines, such as the Caco2 intestinal epithelial cell line and
LLC-PK1 and LMDRI1 cells.***! However, the effect of Cpz
was not as significant as Ver, a well-known Pgp inhibitor,
which showed much greater increase of Rho accumulation
in MCF7/ADR cells. In further studies, Ver was cotreated
with Gen and Cpz, which can cover up the effects of Gen and
Cpz on Pgp. However, the moderate effects of Gen and Cpz
on Pgp caused difficulties in the interpretation of Ptx-SLN
uptake in MCF7/ADR cells, resulting in a slight reduction
and increase in uptake by treatment with Gen and Cpz,
respectively, as shown in Figure 8. We expected the uptake
reduction of Ptx-SLNs was due to the specific inhibition of
caveola-mediated endocytosis by Gen. Unfortunately, the
degree of decrease was not enough to distinguish the effects
from Pgp induction and endocytosis inhibition. It was also
similar in the case of Cpz. The increase in Ptx-SLN uptake
was not clear enough to discern whether it was due to inhibi-
tion of clathrin-mediated endocytosis or inhibition of Pgp in
addition to Ver.

In spite of all the doubts, the inhibition of Ptx-SLN uptake
by Gen was likely due to suppression of caveola-mediated
endocytosis because the effect on Pgp was covered up by Ver,
and thus we concluded that caveola-mediated endocytosis
was involved in Ptx-SLN and Rho-SLN uptake into MCF7/
ADR cells.
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In the experiment using Gen, it was predicted that SLN
uptake into MCF7 cells would not be affected, because MCF7
cells did not express caveolin 1. In contrast, using Cpz, we
expected SLN uptake to be inhibited in both MCF7 and
MCF7/ADR cells, because clathrin-mediated endocytosis
is a common endocytosis route that is present and inher-
ently active in all mammalian cells.* However, in MCF7
cells, neither Gen nor Cpz caused any changes in Ptx-SLN
or Rho-SLN uptake in our study. There was concern that
broad particle-size distribution would hide the effects of
endocytosis inhibitors, because nanoparticles might use
multiple endocytosis routes depending on the particle size. To
check this possibility, Rho-SLNs were prepared using HPH
to obtain smaller particles with lower PI values (HPH Rho-
SLNs). Even with the smaller HPH Rho-SLNs, there was no
change induced by Gen or Cpz in uptake into MCF7 cells, as
shown in Figure 10A. Rejman et al showed that internaliza-
tion of polystyrene latex particles of diameter <200 nm into
B16 cells involved clathrin-coated pits and increasing size
shifted the endocytosis mechanism to the caveola-mediated
pathway, which became the predominant one for particles
500 nm in size.”® It has been reported that Rho-loaded
SLNs with mean size <200 nm were internalized by human
glioma cell lines through clathrin-mediated endocytosis.*
Although our HPH Rho-SLNs presented mean particle sizes
<200 nm, which was expected to utilize clathrin-mediated
endocytosis, Rho-SLNs/HPH likely used clathrin-indepen-
dent routes, judging from no change in uptake by Cpz in
MCF7 cells. Further studies will be required to examine
the internalization mechanisms involved in MCF7 cells
fully.

In contrast to MCF7 cells, caveola-mediated pathways
appeared to be involved in the uptake of Ptx-SLNs into
MCF7/ADR cells, based on the modest but statistically
significant reduction in uptake by Gen, even though the
contribution of the caveola-mediated process did not seem
to be strong. In the same manner as uptake into MCF7 cells,
uptake of Ptx-SLNs into MCF7/ADR cells was not affected
by Cpz, suggesting that mechanisms other than clathrin-
mediated endocytosis were involved in Ptx-SLN internaliza-
tion. Likewise, uptake of Rho-SLNs of similar particle size
and PI values to Ptx-SLNs was affected by Gen and Cpz. As
mentioned, a size effect could not be excluded for switching
endocytosis mechanisms in both cell lines, which prompted
us to compare the uptake of Rho-SLNs (223.6+138.2 nm)
with that of HPH Rho-SLNs (150.84+0.2 nm). Surprisingly,
the reduction in HPH Rho-SLN uptake by both Gen and
Cpz in MCF7/ADR cells was more noticeable than for

Rho-SLNs, indicating that decreasing particle size switched
the internalization mechanism from clathrin-independent
endocytosis to a clathrin-dependent one. In addition, the
contribution of caveola-mediated endocytosis appeared to
be augmented in MCF7/ADR cells by reducing the particle
size of SLNSs. Size-dependent switching to clathrin-mediated
endocytosis was consistent with another study in which the
researchers proposed that internalization of microspheres of
diameter <200 nm involved clathrin-mediated endocytosis
and increasing size shifted to caveola-mediated endocytosis,
which became the predominant pathway for particles 500 nm
in size.®

Unlike MCF7/ADR cells, there were still no changes
observed with Gen or Cpz in MCF7 cells for HPH Rho-SLN
uptake, which proposed that even smaller SLNs did not utilize
clathrin-mediated endocytosis in MCF7 cells. On the other
hand, there was a possibility that Cpz was not a specific
inhibitor for clathrin-mediated endocytosis, as proposed in
another study that showed poor specificity of Gen and Cpz
for inhibiting distinctive endocytic pathways by analyzing
the uptake of LacCer and hTf.* The effects of Gen and Cpz
on the uptake of corresponding markers, such as LacCer
and hTf, were cell-dependent, which prompted us to test
the specificity of Gen and Cpz in MCF7 and MCF7/ADR.*#
Confocal images for LacCer and hTf uptake showed that the
inhibitory effects of both Gen and Cpz were weak in MCF7
cells, but more clearly observed in MCF7/ADR cells. Due to
poor specificity, further study will be required to reveal pre-
cise mechanisms utilized by SLNs in MCF7 cells. However,
in spite of the pitfalls of inhibitors, it was clearly shown
that MCF7 and MCF7/ADR used different endocytosis
mechanisms to take up SLNs in the present study.

Conclusion

Ptx-SLNs showed remarkably enhanced anticancer activity
in MCF7/ADR compared to Ptx delivered in DMSO and
Cre-based vehicles. SLNs significantly increased intracel-
lular Ptx and Rho uptake. Western blotting demonstrated that
clathrin was expressed in both cell lines, while caveolin 1
was expressed only in MCF7/ADR. In MCF7/ADR, Ptx-
SLN and Rho-SLN uptake was reduced by Gen, with no
change by Cpz, proposing involvement of caveola-mediated
endocytosis. Size reduction of Rho-SLNs by HPH appeared
to cause a shift of endocytosis mechanism from a clathrin-
independent pathway to clathrin-dependent one. In contrast
to MCF7/ADR, the uptake of SLNs into MCF7 was not
changed by Gen or Cpz, suggesting involvement of clathrin-
and caveola-independent mechanisms for the entry of SLNs.
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In conclusion, MDR was reversed by incorporating drug into
SLNs and the reversal mediated by increased SLN uptake,
evading efflux pumps in MDR cells. The enhanced uptake
could also have been due to the use of different endocyto-
sis pathways by SLNs in MDR cells from drug-sensitive
cancer cells.
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