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ARTICLE INFO ABSTRACT

To overcome low therapeutic efficacy of chemotherapy against multidrug resistance (MDR) breast cancer, a
combination therapy system based upon functionalized polymer nanoparticles comprising poly(y-glutamic acid)-
g-poly(lactic-co-glycolic acid) (y-PGA-g-PLGA) as the major component was developed. The NPs were loaded
with doxorubicin (DOX) and indocyanine green (ICG) for dual modality cancer treatment and coated with
cholesterol-PEG (C-PEG) for MDR abrogation in treatment of human MDR breast cancer. The in vitro cellular
uptake of the DOX/ICG loaded nanoparticles (DI-NPs) by MDR cancer cells was significantly enhanced owing to
effective inhibition of the P-gp activity by C-PEG and y-PGA receptor-mediated endocytosis. DOX localization in
cytoplasm and nucleus was observed particularly with the photo-thermal effect that facilitated intracellular drug
release. As a result, the C-PEG coated DI-NPs after photo-irradiation exhibited a synergistic effect of combination
(chemo/thermal) therapy to depress the proliferation of MDR cancer calls. The ex vivo biodistribution study
revealed an enhanced tumor accumulation of C-PEG (2000) coated DI-NPs in MCF-7/MDR tumor-bearing nude
mice due to the excellent EPR effects by the NP surface PEGylation. The MDR tumor growth was almost entirely
inhibited in the group receiving combination therapy from CP2k-DI-NPs and photo-irradiation along with
substantial cell apoptosis of tumor tissues examined by immunohistochemical staining. The results demonstrate
a promising dual modality therapy system, CP2k-DI-NPs, developed in this work for effective combination
therapy of human MDR breast cancer.
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1. Introduction sabotaged agents to tumor sites are essential either to retain structural

integrity (activity) and enhance cellular uptake (siRNA) or reduce un-

Overcoming multidrug resistance (MDR) in chemotherapeutic
treatments of malignant tumors remains a major challenge. The de-
velopment of MDR in cancer cells often associates with the over-
expression of ATP-binding cassette (ABC) transporter proteins [1,2].
For example, the permeability glycoprotein (P-gp), responsible for
modulating ATP-driven drug efflux from the cytoplasm of MDR cancer
cells, encoded by MDR1 gene was often overexpressed on cell mem-
branes [2,3]. Approaches to effectively impairing MDR with P-gp in-
hibitors, such as verapamil and disulfiram [4,5], and interfering RNAs
capable of reducing P-gp expression [6] have been studied. Non-ionic
surfactants, such as Pluronic, Tweens, p-alpha tocopheryl polyethylene
glycol 1000 succinate (TPGS), PEG/cholesterol adducts, and Brij were
also found to reduce drug resistance by disturbing and destabilizing
membrane structures [7-11]. Successful deliveries of these MDR-
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desired side effects (P-gp inhibitors and non-ionic membrane-disrupting
surfactants) [12-17].

Among various delivery strategies, nanoparticles (NPs)-based car-
rier systems provide a facile approach for co-delivery of MDR-sabo-
taged agents with therapeutics as the NP accumulation in tumor sites
can be improved via the enhanced permeability and retention (EPR)
effects owing to tumor angiogenesis [18,19]. In addition to improved
aqueous solubilization of hydrophobic therapeutics by entrapment
within dispersible colloids, the NP-based therapy systems can be further
functionalized to increase therapeutic efficacy, for example, by dec-
orating with biorecognizable ligands that simultaneously enhances se-
lective delivery to tumors and cellular uptake via receptor-mediated
endocytosis. The drug release can be modulated by disrupting/altering
NP structure in response to either simple particle degradation or
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external/internal stimuli [20-22]. For instances, hyaluronic acid (HA)
coating on NP surface has been found capable of complementary as-
sociation with CD44, a cell surface glycoprotein, thus enabling the
coated NPs targetable to CD44-overexpressed cells, including macro-
phages and several cancer cells [23,24]. Similarly, poly(y-glutamic
acid) (y-PGA) elaborated on NP surfaces was reported to enhance cel-
lular uptake via the binding with y-glutamyl transferase expressed on
cell membranes [25]. Hydrophobic and biodegradable (co)polymers
such as ploy(r-lactic acid), poly(r -lactic-co-glycolic acid) (PLGA) and
ploy(caprolactone) have also been widely employed as the hydrophobic
constituents of polymer micelle-like colloids in the development of
polymer NP-based therapeutics delivery systems [23,26,27]. A slow
release of nonpolar therapeutics can be attained upon surface de-
gradation (hydrolysis) of these polyesters as the major components of
NP. While amphiphilic HA-g-PLGA has been adopted as a CD44 tar-
geted delivery system of therapeutics, the use of copolymers of y-PGA
with PLGA or other similar biodegradable polyesters as functionalized
drug carriers for enhanced cellular uptake was barely reported.

Owing to the remarkable progress of various therapeutic modalities,
increased attentions have been paid to the combination therapy (such
as dual-chemotherapy [28-32] or combined chemo/thermotherapy
[33]) and advanced theranostic (therapy + diagnosis [34,35]) strate-
gies in particular in association with the NP-based delivery systems for
effective cancer treatments [36]. It has been adopted to combine che-
motherapy with either photothermal therapy (PTT) or photodynamic
therapy (PDT) for the desired synergistic cancer treatment [21,33].
While the therapeutic effects of both PDT and PTT upon photo-irra-
diation could lead to a cooperative action with chemotherapy on MDR
cancer treatment, the hyperthermia effect may further impair the P-gp
activity by thermal ablation of the glycoprotein structure. Photothermal
materials such as gold nanorods and indocyanine green (ICG) have been
frequently adopted in PTT applications [37-39]. These PTT materials
usually exhibit low intrinsic cytotoxicity and are readily induced to
produce hyperthermia effect with NIR irradiation. In particular, ICG, an
FDA approved fluorescence dye, has been shown to exhibit impressing
therapeutic effect in combination with chemotherapy as NP-based dual
modality therapy systems to inhibit MDR cancer growth [22,40].

In this work, y-PGA-g-PLGA and cholesterol-PEG conjugate (C-PEG)
were employed to prepare the functionalized NP-based delivery system
loaded with DOX and ICG for dual modality treatment of MDR cancers.
The loading efficiencies of the active compounds in NPs were de-
termined and the colloidal stability was evaluated by dynamic light
scattering (DLS). The in vitro cellular uptake of the DOX/ICG loaded
NPs (DI-NPs) by MCF-7/MDR breast cancer cells was examined by laser
scanning confocal microscopy. The cell viability of the chemotherapy,
the photothermal therapy and the combination therapy was in-
vestigated in vitro against MCF-7/MDR cancer cells. The ex vivo bio-
distribution of C-PEG coated DI-NPs administered intravenously in
nude mice bearing MDR breast cancer was examined and the in vivo
therapeutic efficacy in terms of the tumor growth inhibition was eval-
uated.

2. Materials and methods
2.1. Chemicals, drugs and cell lines

PLGA (LA/GA 75/25, Mw 10000 g/mol), monomethoxy-poly-
ethylene glycols (mPEG), N-hydroxysuccinimide (NHS), N,N’-dicyclo-
hexylcarbodiimide (DCC), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-
tetrazolium bromide (MTT), (-estradiol, Hoechst 33258, and DMSO-d
were obtained from Sigma-Aldrich (USA). y-PGA was purchased from
VEDAN (Taiwan). DOX was acquired from Seedchem (Australia). All
organic reagents were of analytical grade. Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), and 0.25% trypsin~-EDTA
and penicillin-streptomycin solutions were purchased from Thermo
Fisher Scientific (USA). Rabbit anti-mouse caspase-3 antibody and
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Alexa Fluor 488°® goat anti-rabbit antibody were obtained from Abcam
(USA). MCF-7 and MCF-7/MDR were obtained from Food Industry
Research and Development Institute (Taiwan) and courtesy of Dr. San-
Yuan Chen of Department of Materials Science and Engineering at
National Chiao Tung University, Taiwan, respectively. Balb/c C57B
nude mice were purchased from the National Laboratory Animal Center
(Taiwan).

2.2. Synthesis and characterization of cholesterol-PEG derivatives and vy-
PGA-g-PLGA

Cholesterol-PEG conjugate (C-PEG) was prepared by dissolution of
mPEGs (Mw 2,000, 5,000, or 10,000 g/mol) and cholesteryl chlor-
oformate in a molar ratio of 1:1.1 in dichloromethane in the presence of
4-(dimethylamino) pyridine as the catalyst and the acylation reaction
proceed at room temperature for 3 days [41]. The C-PEG was obtained
by precipitation from dry ethyl ether. The composition of C-PEG was
confirmed by 'H-NMR (Bruker Avance-850NMR Spectrometer) in
CDCl; at ambient temperature. To prepare y-PGA-g-PLGA, y-PGA,
PLGA, DCC, NHS and DMAP in the molar ratio of 1.0: 0.15:0.5: 0.2 :
0.5 were mixed in anhydrous DMSO and the reaction was conducted at
room temperature for 5 days, as illustrated in Figure S1. After the re-
action, N, N'-dicyclohexylurea was removed by repeated filtration. y-
PGA-g-PLGA was purified by dialysis with Cellu-Sep T4 membrane
(MWCO 50,000, Membrane Filtration Products, USA) against deionized
water for 1 week and collected by lyophilization. The chemical struc-
ture and the calculated conversion yield of y-PGA-g-PLGA were con-
firmed and determined by 1H-NMR in DMSO-dg [42]. The purity was
confirmed by gel permeation chromatography (GPC; Agilent 1100
series equipped with PLgel 5 mm, 7.5 mm x 300 mm, Agilent 79911GP-
503) using DMSO as the eluent at a flow rate of 1.0 mL/min under RI
detection.

2.3. Preparation and characterization of DOX/ICG-loaded nanoparticles
(DI-NPs)

DOX in base form was produced by mixing doxorubicin hydro-
chloride (DOX-HCI) and TEA in a molar ratio of 1:2 in DMSO overnight
[43]. The solution thus obtained was used as the stock solution. DOX/
ICG-loaded nanoparticles (DI-NPs) were prepared by mixing y-PGA-g-
PLGA (6 mg), C-PEG (C-PEG2k, C-PEG5k, or C-PEG10k, 1.2 mg), DOX
base (0.6 mg) and ICG (0.6 mg) in DMSO (0.5 mL) as the organic phase,
which was then added dropwise into the phosphate buffer (pH 7.4,
ionic strength 10 mM, 3.5 mL) and stirred at room temperature for 1 h.
The organic solvent and unencapsulated drugs were subsequently re-
moved from the DI-NPs by dialysis against pH 7.4 phosphate buffer
using Cellu-Sep T4 membrane (MWCO 12,000-14,000) at 4°C for 5
days.

The encapsulation efficiency was determined by the measurements
of the fluorescence intensity of DOX and ICG from the DI-NP solution in
DMSO using a microplate reader (FLUOstar, OPTIMA, BGM Labtech,
Germany) with the excitation wavelength of 480 (780) nm and the
emission wavelength of 560 (830) nm for DOX (ICG). The encapsulation
efficiency herein was defined as the percentage of DOX/ICG remained
in DI-NPs upon dialysis with respect to the amount of DOX/ICG in feed
during NP preparation. The loading content was calculated as the ratio
of the weight of DOX/ICG in freeze-dried DI-NPs to the weight of
freeze-dried DI-NPs. The particle size, polydispersity index (PDI), and
zeta potential of the DI-NPs were characterized by dynamic light scat-
tering (DLS, Malvern ZetaSizer Nano Series instrument, USA) with He-
Ne laser 4 mW, A = 633 nm. The morphology of the DI-NPs was ex-
amined by transmission electronic microscopy (TEM) conducted on a
JEOL JEM-1200 CXII microscope operating at an accelerating voltage of
120 kV. The colloidal stability of DI-NPs was evaluated in terms of the
variation of hydrodynamic particle size in DMEM containing 10% FBS
over the time periods of 3 and 24 h.
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2.4. Drug release of DI-NPs

The drug release profiles of DI-NPs were studied in buffered saline
solutions of pH 4.7 (succinate) and 7.4 (phosphate) at 37 °C. DI-NP
solution (1 mL) containing 0.5 mg DOX/ICG was subjected to dialysis
(Cellu-sep MWCO 12,000-14,000) against 40 mL buffer saline solution
(pH 4.7 or 7.4). At the prescribed time intervals, 1 mL outer buffer was
withdrawn and the amount of DOX released was quantified by the
fluorescence measurements. With each sampling, 1 mL fresh buffered
saline was added to the outer aqueous phase. The cumulative DOX
release was determined as the ratio of the amount of DOX released to
the original amount of DOX encapsulated in the DI-NPs. After 48 h, the
ICG in dialysis bag was harvested by lyophilization. The cumulative ICG
release was determined as the ratio of the amount of released ICG at
48h to the initial amount of ICG at O h.

2.5. In vitro photothermal effects

To examine the photothermal effect, DI-NPs containing ICG at
concentrations of 10 and 20 pM were irradiated with 808 nm laser
(0.75W) for 10 min A thermal camera (Thermo Shot F30) was em-
ployed to monitor the temperature of each sample under irradiation.

2.6. Invitro cellular uptake study

MCF-7, MCF-7/MDR, A549 and Hela cancer cells in DMEM con-
taining 10% FBS and 1% penicillin were seeded on a 6-well cell culture
plate, at 2 X 10° cancer cells per well, and incubated at 37 °C under 5%
CO,, overnight. Each well was then treated with free DOX-HCI/ICG, free
DOX base/ICG, or DI-NPs, with the DOX/ICG concentration of 20/20
uM, for 6 h. The cancer cells were subsequently washed with PBS three
times and harvested with trypsin-EDTA. After centrifugation, the DOX
fluorescence of cancer cells were determined by flow cytometry
(Calibur ).

To evaluate the cellular uptake by laser scanning confocal micro-
scopy (LSCM), cancer cells were seeded on 22 mm glass coverslips
placed in a 6-well plate at 5 x 10° cells/well and incubated at 37 °C
under 5% CO, overnight. The cells were treated with free DOX/ICG or
DI-NPs at the DOX/ICG concentration of 20/20 uM for 6 h, and then
washed with PBS twice. Cancer cells on the glass coverslips were fixed
with 4% PFA and then washed with PBS twice. Nuclei of cancer cells
were stained with Hoechst 33258 at 37 °C for 5min and washed with
PBS twice. Cancer cells were then fixed with mounting gel, and the
coverslips were covered with microslides. The distribution of DOX
within cancer cells were examined by LSCM (ZEISS LSM-780) with an
excitation wavelength of 488nm and an emission wavelength of
560 nm. Hoechst was monitored with an excitation wavelength of
350 nm and an emission wavelength of 480 nm.

To further examine the hyperthermia effect on intracellular dis-
tribution and accumulation of DOX within cancer cells by LSCM, MCF-
7/MDR cancer cells were treated with free DOX/ICG, DI-NPs (DOX/ICG
concentration = 20/20 uM) at 37 °C for 6 h as aforementioned and then
irradiated with 808 nm laser (0.75 W/cm?) for 10 min After irradiation
treatment, the cancer cells were re-incubated at 37 °C for extended 6 h.
The cancer cells treated only with free DOX/ICG and DI-NPs, respec-
tively, for 12h without photo-irradiation were employed as the pho-
tothermal negative control. With the nuclei being stained with Hoechst
33258, the distribution of DOX within cancer cells was directly visua-
lized by LSCM.

2.7. Cytotoxicity analysis of DI-NPs for combination therapy

MCF-7/MDR cells were seeded into 6-well plates at 2 x 10° cells/
well in DMEM (2.0 mL) containing 10% FBS and 1% penicillin, and
incubated at 37 °C overnight under 5% CO,. The cancer cells were
treated with free DOX/ICG and DI-NPs at the DOX/ICG concentration of
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20/20, 10/10, and 5/5 uM for 6 h. After washing with saline twice, the
cancer cells were harvested with trypsin-EDTA and then treated with
808 nm laser (0.75 W/cm?) for 10 min. The cancer cells were reseeded
on 96-well plates at a concentration of 1 X 10* cells in 0.2 mL DMEM
per well and incubated at 37 °C under 5% CO, for 48 h. To determine
the cell viability of cancer cells, MTT (250 pg/mL) in DMEM was added
into each well, followed by re-incubation at 37 °C for 2h. The absor-
bance of each well at 570 nm was determined by the microplate reader.
The MTT assay for the cell viability evaluation was performed based
upon the measurement of the cellular metabolic activity, in particular
in terms of the activity of mitochondria reductase (dehydrogenase) by
colorimetric determination [44]. The cytotoxicity was calculated as %
Cytotoxicity = (100 x (Control - Sample))/Control and the cell via-
bility as % Viability = 100% - % Cytotoxicity. For chemotherapy alone,
the cancer cells were treated only with free DOX/ICG and DI-NPs, re-
spectively, at the DOX/ICG concentration of 20/20, 10/10, and 5/5 uM
for 6h without further photo-irradiation. After washing with saline
twice, the cancer cells were incubated for 48 h and the cell viability was
evaluated by MTT assay. To evaluate the in vitro efficacy of PTT alone,
the cancer cells were treated with free ICG and I-NPs at the ICG con-
centration of 20, 10, and 5 uM for 6 h. After washing with saline twice,
the cancer cells were harvested with trypsin-EDTA and then irradiated
with 808 nm laser (0.75 W) for 10 min. The cancer cells were further
incubated for 48 h and the cell viability was determined.

2.8. Biodistribution of DI-NPs

The 7-week-old Balb/c nude mice were purchased from National
Laboratory Animal Center, Taiwan. The approved guides for the care
and use of laboratory animals by the Institutional Animal Care and Use
Committee (IACUC) of National Tsing Hua University, Taiwan (ap-
proved number: IACUC:10244) were followed at all times. All surgeries
were performed under Zoletil/Rompun anesthesia, and all eff ;orts were
made to minimize suff ;ering. Tumors were produced by subcutaneous
inoculation of 1 X 10° viable MCF-7/MDR cells in PBS containing 50%
matrigel into the right thigh of the mice while being fed with B-estra-
diol at a concentration of 2 mg/L in daily drinking water to induce the
growth of the hormone-dependent MCF-7/MDR cells [45]. The feeding
of B-estradiol was terminated 1 week before the DI-NPs administration.
The nude mice bearing tumor of the size 100 mm? were injected with
free DOX/ICG or DI-NPs at the doses of DOX and ICG of 2.0 and 3.0 mg/
kg via the tail vein. The nude mice were sacrificed one day after in-
jection. Tumor and major organs, including heart, liver, spleen, lung,
and kidney, were collected for ex vivo ICG distribution examination
with an in vivo imaging system (Caliper IVIS Spectrum) with excitation
and emission wavelengths at 780 and 830 nm. The organs and tumor
harvested were sliced, lyophilized and immersed in anhydrous DMSO
for 5h under stirring. The ICG amount in each organ and tumor was
determined by the fluorescence spectrometer in DMSO solution. The
size of the tumor herein was evaluated as 0.52x length X width x
height [26].

2.9. Tumor inhibition

The MDR tumor model protocol of nude mice was described earlier.
In the tumor growth inhibition study, the MDR tumor size of nude mice
was allowed to grow to 100 mm?®, The nude mice were treated with free
ICG/DOX, DI-NPs, DI-NPs and CP2k-DI-NPs, respectively, at the DOX/
ICG dose of 2.0/3.0 mg/kg via intravenous injection. The photothermal
activation was performed by NIR irradiation at the wavelength of
808 nm (0.75 W/cm?) for 10 min at 6 h post-injection. Each group was
treated with a total of 5 doses at day 0, 2, 4, 6, and 8. The tumor size
and body weight of nude mice were recorded every day to estimate the
therapeutic efficacy and side effects of the DI-NPs for a month.
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2.10. Immunohistochemistry of Caspase-3

The nude mice bearing MCF-7/MDR tumor were injected in-
travenously with free DOX/ICG, DI-NPs, or CP2k-DI-NPs. Six hours
post-administration, the mice were irradiated with 808 nm laser for
10 min After 48 h, the tumors on the nude mice were harvested for cryo-
section. Primary antibody (rabbit anti-mouse caspase-3 antibody) and
fluorescence-labeled secondary antibody (Alexa Fluor 488® goat anti-
rabbit antibody) were employed for the immunohistochemical (IHC)
identification of the apoptosis regions of tumor in the cryo-sections. The
cell nuclei were stained with DAPI. All of the stained tumor sections
were examined by LSCM with the fluorescence channels for DAPI and
Alexa Fluor 488.

2.11. Hematoxylin and eosin staining

Major organs (heart, liver, spleen, lung, and kidney) and tumors
were collected on day 30 after the first IV injection treatment, sliced
into 5 pm-thick sections on slide, and H&E stained [46]. The tissues
were examined using optical microscopy (Olymplus IX70) to estimate
the side effect of major organs and therapeutic efficiency.

2.12. Statistical analysis

All experiments were performed in triplets, and data were reported
as mean * standard deviation. Statistical significance was determined
using Student’s t-test. Significant differences were defined as (*)
P < 0.05 and (**) P < 0.01. Not significant differences were dis-
played as NS (P > 0.05).

3. Results and discussion

3.1. Preparation and characterization of y-PGA-g-PLGA and cholesterol/
PEG adducts

The conjugation of cholesterol to PEG with molecular weights
ranging from 2,000 to 10,000, via acylation was conducted as reported
previously [41]. Based on "H-NMR spectrum shown in Figure S2, the
conversion efficiency of C-PEG, calculated with the areas of PEG
(3.30 ppm) and cholesterol (5.37 ppm), was 89.9%. The y-PGA-g-PLGA
was synthesized via the DCC coupling reaction of y-PGA with PLGA.
The 'H-NMR spectrum is shown in Figure S3. The extent of PLGA
grafted to y-PGA with respect to 100 y-GA residues, calculated with the
areas of PLGA (1.45 ppm) and y-PGA (4.12 ppm), was 12.0%.

To prepare the self-assembly nanoparticles via nanoprecipitation,
the amphiphilic y-PGA-g-PLGA polymer, containing hydrophilic y-PGA
main chain and hydrophobic PLGA grafts, was mixed with C-PEG, DOX
and ICG in DMSO, which was then added into the aqueous phase
dropwise. Owing to the difference in hydrophilic/hydrophobic nature
between DOX-HCI and the micellar core of DI-NPs consisting mainly of
PLGA, the relatively hydrophilic DOX-HCl was not effectively en-
capsulated, with the loading efficiencies < 20%. In addition, the sig-
nificant burst release behavior of encapsulated DOX-HCI from DI-NPs
was observed (Figure S4), implying the high possibility to induce side
effects to the normal organs and tissues and thus limiting the clinical
application of DOX for the treatment of cancers. To enhance the DOX
loading efficiency of DI-NPs and reduce the premature release of DOX
in blood circulation, DOX in free base form was employed to prepare
DI-NPs. The major characteristics of the DI-NPs thus prepared are
summarized in Table 1. The particle sizes of DI-NPs with C-PEG coating,
ranging from 52 to 58 nm, were slightly larger than that without C-PEG
coating (ca 51 nm), because C-PEG coatings have been shown to in-
crease the hydrodynamic diameters of nanoparticles in the aqua phase
[47]. Nevertheless, the particle sizes of all the NPs with and without C-
PEG coating are within the favored range for the EPR effect, allowing
the preferential accumulation of drug in tumor sites [48]. The particle
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sizes of the DI-NPs under TEM examination (Figure S5) were slightly
smaller than 50 nm due to the dehydration of DI-NPs on the TEM
carbon support films. The drug loading efficiencies for DOX and ICG
were 63.8% to 66.8% and 83.4% to 86.8%, respectively. Taking mo-
lecular weights, 543.52 for DOX and 774.96 for ICG, into account, the
molar ratios of the DOX to ICG encapsulated in the DI-NPs were es-
sentially equal to 1.0. As shown in Table 1, the drug loading contents of
the bare DI-NPs were higher than that of C-PEG-DI-NPs, because the
particle mass of DI-NPs was smaller without PEG coating. All the DI-NPs
exhibited negative surface charges, which could reduce the interaction
with the negatively charged cell membrane and thus the cytotoxicity to
normal cells [49]. The particle size distributions of the DI-NPs sus-
pended in DMEM containing 10% FBS are shown in Figure S6. The
profiles of the DI-NPs remained unchanged, with a minor peak corre-
sponding to that of FBS proteins, indicating that the DI-NPs did not
severely interact with plasma proteins. No aggregation of DI-NPs and
plasma proteins was observed for 24 h, indicating that the DI-NPs ex-
hibited high colloidal stability and were suited for clinical applications.

3.2. Drug release behavior

The drug release behaviors of the DI-NPs were studied at pH char-
acteristic of the blood circulation (pH 7.4) with PBS and of the sub-
cellular acidic organelles (4.7) with succinate buffered saline [50]. As
shown in Fig. 1, unlike those reported in the literature [51,52], the 48 h
cumulative releases of DOX base from the DI-NPs at pH 4.7 were only
marginally higher than that at pH 7.4, indicating that the DI-NPs ex-
hibited poor pH-response. This could be attributed to the entrapment of
DOX base in the dense hydrophobic core consisting of the PLGA seg-
ments of y-PGA-g-PLGA. As a consequence, slow drug release profiles of
the DI-NPs at either pH 7.4 or 4.7 were attained (Fig. 1). Nevertheless,
this would not affect the potential clinical applications of the DI-NPs, as
the biodegradable materials would be readily disrupted in cancer cells,
allowing the release of DOX base.

Although ICG has been approved by FDA (USA) as the diagnostics
agent for determining cardiac output, hepatic function, and liver blood
flow [53,54], it has a short circulation half-life of ca 3-4 min [55]. To
delay the clearance of ICG from blood circulation and enhance its
transport to tumor sites via EPR effects, ICG was encapsulated in the DI-
NPs. The 48 h accumulated release percentages were relatively low,
25.1% to 31.1% at pH 7.4 over 48 h, demonstrating a significantly re-
duced premature leakage from the DI-NPs in blood stream (Figure S7).
At pH 4.7, a slow ICG release from the DI-NPs, 32.3% to 36.4% for 48 h,
was also observed, implying that a better photothermal effect of ICG
can be plausibly attained intracellularly by being entrapped within the
NPs as shown below.

3.3. In vitro photothermal effect study

To evaluate the photothermal efficiency of ICG, the DI-NPs were
irradiated with 808 nm laser (0.75W/cm?). The temperature of the
solutions of free ICG and DI-NPs at an ICG concentration of 10 uM in-
creased for the first 6 min under 808 nm irradiation (Figure S8A). After
that, the solution temperature decreased slowly due to the irreversible
decomposition of ICG under the irradiation. While the temperature
profiles of the DI-NP groups were essentially identical, the extent of
temperature change for the free ICG solution was lower. The maximum
temperature rises for the solutions of free ICG and DI-NPs at the ICG
concentration of 10 uM were 9.3 + 0.1°C and 12.0 *= 0.3°C, respec-
tively. Similar results were observed with the ICG concentration being
increased to 20 uM (Figure S8B), in which the maximum temperature
changes of solutions with free ICG and DI-NPs were 14.9 = 0.2°C and
19.0 += 0.3°C, respectively. The higher temperature changes exhibited
by the DI-NPs systems can be attributed mainly to the red-shift in
visible light absorption. As shown in Figure S8C, upon encapsulation in
nanoparticles, the absorbance peak of ICG was appreciably shifted from
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Table 1
Characteristics of DOX/ICG-loaded Nanoparticles.

Colloids and Surfaces B: Biointerfaces 177 (2019) 294-305

Sample Code Dy, (nm) PDI* ZP" (mV) E.E.S (wt. %) L.C.Y (wt. %)
DOX ICG DOX ICG
Bare DI-NPs 50.8 = 1.0 0.188 = 0.035 -169 = 1.6 66.7 = 4.0 83.4 = 7.0 5.6 £ 0.3 6.9 = 0.6
CP2k-DI-NPs 52.0 + 1.8 0.154 + 0.057 -17.7 £ 1.5 63.8 + 5.7 86.8 + 3.6 46 = 0.4 6.2 = 0.3
CP5k-DI-NPs 541 = 1.3 0.148 + 0.030 -16.6 = 0.2 66.8 = 3.8 86.8 = 3.5 4.8 + 0.3 6.2 = 0.3
CP10k-DI-NPs 57.7 = 1.2 0.163 = 0.012 —-14.2 = 0.3 66.6 = 4.6 849 = 7.8 4.7 £ 0.3 6.1 = 0.6
@ polydispersity index.
b Zeta potential.
¢ Loading efficiency.
4 Loading content.
779 to 792 nm, resulting in higher photothermal efficiency than free 3000
ICG under 808 nm irradiation. Similar results have been reported > 25004
elsewhere [56,57]. In addition, the ICG encapsulated in DI-NPs could %
form high ICG concentraion region, wihich upon irradiation colud lead = 2000+
to appreciable temperature increase due to low heat dissipation g 15004
[57,58]. 3
g 1000
£
3.4. Cellular uptake (§ 5001
0_

The cellular uptake of DI-NPs in MCF-7 and MCF-7/MDR cells was
characterized by flow cytometry. Contrary to the data shown in Figure
S9A in which MCF-7 cells treated with free DOX-HCI exhibited higher
mean fluorescence intensity, the signal intensity of MCF-7/MDR cells
treated with free DOX base was higher than that with free DOX-HCI
(Fig. 2). This is attributed to the hydrophobic nature of DOX base that
allows it to better associate with the cholesterol-rich lipid raft of MCF-
7/MDR cells after being pumped out by lipid raft-bound P-gp [59,60]. It
was also found that the mean DOX fluorescence intensities of the
MCF7/MDR cell treated with DI-NPs were significantly higher than that
with free DOX base. This phenomenon has been attributed to the
binding of y-PGA side chains on the surface of the nanoparticles to y-

—=— pH7.4
—e— pH4.7

Cumulative drug release (%)

0+ T T T T )
30

Time (hour)

30+
201
10

0 T T T T )
0 10 20 30 40 50

Time (hour)

Cumulative drug release (%)

\ (o o

S B oF
5\ ) 3

& o0 90\

o
RS
o

PP SR
&

Fig. 2. Intracellular DOX fluorescence intensity in MCF-7/MDR cells incubated
respectively with DOX-HCI, DOX base, bare DI-NPs, CP2k-DI-NPs, CP5k-DI-NPs,
and CP10k-DI-NPs. (DOX concentration = 20 uM) for 6 h (n = 3).

glutamyl transpeptidase (y-GGT), a membrane glycoprotein which
modulates several physiological and pathological conditions for various
cancer cell lines [61,62], leading to the enhanced endocytosis of DI-NPs
[25]. The similar results were also observed for MCF-7 cells and other
cancer cells (Figure S9), implying that the y-PGA-based nanoparticles
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Fig. 1. Cumulative drug release profiles of DOX (base)-loaded (A) bare DI-NPs, (B) CP2k-DI-NPs, (C) CP5k-DI-NPs, and (D) CP10k-DI-NPs in buffered saline solutions

of pH 7.4 (phosphate) and 4.7 (succinate) at 37 °C. (n = 3).
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Free ICG

Free DOX Base Free DOX-HCI
Free ICG

Bare DI-NPs

CP5k-DI-NPs ~ CP2k-DI-NPs

CP10k-DI-NPs

Fig. 3. LSCM images of MCF-7/MDR cells co-incubated respectively with free
DOX-HCI/ICG, free DOX base/ICG, bare DI-NPs, CP2k-DI-NPs, CP5k-DI-NPs and
CP10k-DI-NPs at 37 °C for 6 h with the DOX/ICG concentration of 20/20 pM.
Cell nuclei were stained with Hoechst 33258.

developed in this study are well suited for the delivery of anticancer
drugs to a variety of cancers.

To study the intracellular distribution of DOX in cancer cells after
the NP uptake, MCF-7 and MDF-7/MDR cells were co-incubated, re-
spectively, with DI-NPs for 6 h at 37 °C. Free DOX was also used as a
control for comparison. As shown in Figure S10, significant accumu-
lation of DOX in cell nuclei was observed for MCF-7 cells treated with
free DOX-HCI and DI-NPs, consistent with the results of the flow cyto-
metry study shown in Figure S9A. By contrast, the DOX signal in MCF-7
cells treated with DOX base was relatively low, most probably because
the DOX while being in free base form could not effectively diffuse into
cytoplasm or nuclei of cancer cells due to its low solubility in cell
culture medium. For the DOX distribution in MCF-7/MDR cells, as
shown in Fig. 3, both free DOX-HCI and DOX base barely accumulated
within the nuclei of the MDR cells due to the drug resistance me-
chanism mediated by P-gp. Although the DOX species was found in the
cytoplasm of MCF-7/MDR cells treated with bare DI-NPs, it was not
observed in the nuclei, suggesting that DOX was effectively pumped out
by the P-gp expressed on the nuclear membranes, leading to the de-
creased accumulation of DOX in the nuclei [63,64]. By contrast, DOX
was found in both cytoplasm and nuclei of MCF-7/MDR cells treated
with CP-DI-NPs, implying that the C-PEG could inhibit the activity of P-
gp on cell membranes and nuclear membranes as reported by virtue of
the change of membrane composition with the C-PEG being associated
with the membranes [65]. It has been reported that the inhibitory ef-
fects of amphiphilic PEG adducts on the P-gp activity of MDR cancer
cells can be ascribed to two different intracellular actions. Pluronic, a
kind of PEG derived amphiphiles, acts on the reduction of drug efflux in
close association with the ATP depletion by disturbance of
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mitochondria membranes and interference of ATP production [10]. By
contrast, the inhibition of the membrane P-gp activity operated by
lipid/PEG conjugates, such as TPGS and C-PEG, relies strongly on the
association of the PEG adducts with cell membranes that alters both the
membrane fluidity and the lipid composition of lipid rafts intimately
related to the function of P-gp [7,66,67].

The photothermal effect of DI-NPs was assessed with the DI-NPs
engulfed MCF-7/MDR cells being irradiated (808 nm, 10 min, 0.75 W/
cm?). As shown in Fig. 4, the appreciably enhanced DOX intensity was
observed in the MCF-7/MDR cells receiving laser irradiation following
DI-NP treatment than that without irradiation, indicating that laser ir-
radiation could substantially promote the DOX release from DI-NPs
internalized within MCF-7/MDR cells, and thus improve the ther-
apeutic efficacy of chemotherapy.

3.5. Synergistic effect study

To estimate the synergistic therapeutic efficacy of the ICG-based
photothermal therapy combined with DOX chemotherapy, the viability
of MCF-7/MDR cells receiving DI-NPs-mediated single- and dual-mod-
ality therapy was determined by MTT assay. As shown in Fig. 5A, al-
though statistically there is no significant difference in cell viability
among all groups by chemotherapy treatment alone, the cell viability of
MCF-7/MDR cells treated with C-PEG-DI-NPs at the DOX/ICG con-
centrations of 20/20 uM, ranging from 62.6% to 79.7%, was lower than
those treated with free DOX/ICG and with bare DI-NPs, implying that
the C-PEG-DI-NPs could reduce the MDR of cancer cells. The high cell
viability of MCF-7/MDR cells after being treated, respectively, with free
drug and various DI-NPs was partly ascribed to the low cytotoxicity of
DOX base as compared to DOX-HCI (Figure S11A) due to the strong
hydrophobic association with cell or nucleus membranes. Nevertheless,
with the MCF-7 cancer cells (without MDR) being treated, the cell cy-
totoxicity was appreciable enhanced (Figure S11B) in comparison with
the resistant cancer cells (Fig. 5A), elucidating the drug efflux effect of
MCF-7/MDR cells that considerably reduced the chemotherapeutic ef-
ficacy.

In the in vitro photothermal therapy study, no significant difference
in cell viability was observed for MCF-7/MDR cells treated with free
ICG in concentration range 5720 uM (Fig. 5B). This was attributed to
low cellular uptake of free ICG by MCF-7/MDR cells and low photo-
thermal effect of free ICG, with a maximum absorbance at 779 nm, yet
irradiated at 808 nm, as described above. Besides, it has been reported
that free ICG could be pumped out by the P-gp in MDR cells [68]. In
contrast, the low cell viability of MCF-7/MDR cells treated with I-NPs at
the ICG concentrations of 10 and 20 puM indicated profound thermal
ablation against MCF-7/MDR cells by virtue of the efficient cellular
internalization and accumulation of the y-PGA-based nanoparticles in
the MDR cells. Furthermore, the encapsulation of ICG in the I-NPs re-
sulted in a red shift in the wavelength of maximum absorbance from
779 to 798 nm, leading to higher temperature elevation and thus higher
photothermal therapeutic efficiency for MCF-7/MDR cells. Compared to
the chemotherapy, the photothermal therapy exhibited superior ther-
apeutic efficiency for MCF-7/MDR cells.

The cell viability of MCF-7/MDR cells treated with free DOX/ICG or
DI-NPs under laser irradiation in combination therapy study is shown in
Fig. 5C. Low cytotoxicity was observed for the groups treated with free
ICG/DOX. In contrast, high cytotoxicity against MCF-7/MDR cells was
observed for the groups treated with DI-NPs under irradiation. At the
DOX/ICG concentrations of 10/10 pM and 20/20 pM, the cell viability
for the groups treated with DI-NPs under irradiation, ranging from
4.7% to 13.9%, was significant lower than the groups treated with I-NPs
under irradiation, ranging from 23.7% to 40.7%. This results indicated
that photo-activation of the DI-NPs could not only induce hyperthermia
ablation in cancer cells, but also prompt the release of DOX from na-
noparticles due to the temperature increase in the microenvironment,
demonstrating the therapeutic efficacy of the combination therapy
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Fig. 4. LSCM images of MCF-7/MDR cells co-incubated with (A) free DOX/ICG, bare DI-NPs, CP2k-DI-NPs, CP5k-DI-NPs, or CP10k-DI-NPs at 37 °C for 6 h, then
treated with 808 nm laser irradiation for 10 min and re-incubated at 37 °C for 6 h and (B) only DOX base/ICG, bare DI-NPs, CP2k-DI-NPs, CP5k-DI-NPs, or CP10k-DI-
NPs at 37 °C for 12 h without laser irradiation. The final DOX/ICG concentrations are 20/20 pM. Cell nuclei were stained with Hoechst 33258.

against MDR cells with the DI-NPs.

The data of single therapy and combination therapy were analyzed
with Compusyn using method [69,70]. The results are shown in Figure
S12. The combination index (CI) of the group treated with free DOX/
ICG was higher than 1, indicating that the dual free drug treatment
exhibited an antagonistic effect. The CI of the group treated with DI-
NPs was lower than 1, indicating that the DI-NPs under 808 nm irra-
diation displayed synergistic therapeutic efficacy, resulting from heat
induced hyperthermia and DOX release, especially for CP2k-DI-NPs
with high DOX/ICG concentrations.

3.6. Biodistribution

To examine the biodistribution of free drugs or DI-NPs by IVIS, ICG
was used as a fluorescence probe in living bodies. As shown in Fig. 6A,
the groups treated with free drugs exhibited low ICG intensity in the
main organs and tumor most probably because the free ICG/DOX was
easily metabolized and/or excreted, leading to a rapid clearance from
living body. Slightly higher ICG signals at tumor site were observed in
the group treated with bare DI-NPs, suggesting the enhanced metabolic
stability and angiogenesis-induced tumor accumulation of the drugs-
loaded NP delivery system. The groups treated with CP2k- and CP5k-DI-
NPs displayed higher ICG intensity in the tumor sites than the groups
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treated with bare DI-NPs and CP10k-DI-NPs, implying that the C-PEG
coating of the DI-NPs could promote the tumor EPR effects presumably
by prolonging the NP residence in blood circulation [71,72] and inhibit
the activity of P-gp of MCF-7/MDR cells and thus enhance drug accu-
mulation with the appropriate lengths of PEG chain segments being
employed. The low drug accumulation in tumor site for the group
treated with CP10k-DI-NPs was probably caused by the reduced in-
hibitory activity of C-PEG10k on P-pg in association with the decreased
aqueous mobility of the PEG chain segments with MW 10,000 g/mol. It
should also be pointed out that the group treated with C-PEG-DI-NPs
displayed lower ICG intensity in liver than the group treated with bare
DI-NPs, except for the group treated with CP2k-DI-NPs. Since the ac-
cumulation of nanoparticles in liver has been attributed to the re-
cognition of nanoparticles by liver’s reticuloendothelial system (RES)
[73], the reduced accumulation of C-PEG-DI-NPs in liver was caused
primarily by the stealth effect provided by the hydrophilic PEG seg-
ments on the NP surfaces [74,75].

The amounts of ICG in major organs and tumor were quantitated. As
shown in Fig. 6B, the amount of ICG accumulated in tumor for the
group treated with CP2k-DI-NPs, 49.9 + 20.6ng, was at least twofold
higher than those with CP5k-DI-NPs and CP10k-DI-NPs,
25.6 = 21.5ng and 4.6 * 3.1 ng, respectively. Although the amount
of ICG accumulated in liver for the group treated with CP2k-DI-NPs was
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Fig. 5. Cell viability of MCF-7/MDR cells treated with (A) free DOX/ICG and
DI-NPs, respectively, at 37 °C for 6 h and re-incubated at 37 °C for 48 h, (B) free
ICG, I-NPs, respectively at 37 °C for 6 h, followed by laser irradiation at 808 nm
for 10 min and re-incubated at 37 °C for 48 h, and (C) free DOX/ICG and DI-NPs
and laser irradiation as described above. The DOX and ICG concentrations were
in the range 5720 uM. (n = 3).

also the highest among all the groups, the side effect of DI-NP accu-
mulation in liver could be marginal as we have shown that DOX and
ICG exhibited low cytotoxicity without irradiation in Fig. 5. The high
tumor accumulation and synergistic therapeutic efficacy indicate that
the CP2k-DI-NPs is a promising candidate for combination cancer
therapy.
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3.7. Tumor inhibition

To evaluate the in vivo antitumor efficacy of the proposed combi-
nation therapy, the mice bearing MCF-7/MDR tumor were administered
intravenously with PBS, bare DI-NPs, and CP2k-DI-NPs. The tumor of
mice was irradiated with 808 nm laser and the temperature change of
tumor region was monitored by thermal camera. As shown in Figure
S13A, the group treated with free dual drugs showed the lowest tem-
perature increase duo to the low ICG accumulation in tumor sites. The
mice treated with bare DI-NPs exhibited a limited temperature rise,
only slightly higher than that treated with free dual drugs, because of
the limited accumulation of bare DI-NPs in tumor due to its low col-
loidal stability and enhanced capture by the RES system. The highest
temperature increase, from 37.4 + 0.1 to 53.6 * 5.9 °C, was observed
in the group treated with CP2k-DI-NPs, indicating that CP2k-DI-NPs not
only effectively extended the circulation half-life of ICG but also con-
siderably increased its tumor accumulation compared to free drugs and
bare DI-NPs, most likely due to its superior colloidal stability in blood
stream. Higher temperature increase was observed for the tumor region
under laser irradiation than the normal region in the infrared thermo-
graphic map as shown in Figure S13B. These results suggest that the
thermal therapy can be performed selectively on tumor sites without
the undesired thermal damage to normal tissues or organs, and is
promising for clinical applications.

The cell apoptosis of tumors receiving various therapeutic for-
mulations was identified by IHC staining of caspase-3 protein, an in-
dicator for apoptosis pathway, in tumor sections. Fig. 7A shows that the
DI-NPs groups without laser treatment exhibited a slight fluorescence
signal, indicating that the NPs, CP2k-DI-NPs in particular, could induce
the apoptosis of cancer cells by chemotherapy. Furthermore, the CP2k-
DI-NPs groups with laser irradiation displayed an appreciably increase
in cell apoptosis in tumor sites by combination therapy, which can be
attributed to the facile accumulation of CP2k-DI-NPs in the tumor sites
via EPR effects due to its colloid stability. Moreover, it has been re-
ported that, with hyperthermia ablation, the local damages (including
cell necrosis and apoptosis) of tumor tissues could result in expanded
blood flow that further enhances accumulation and penetration of
therapeutic nanoparticles into deep tumor tissues [76,77].

To estimate the antitumor efficiency of the combination therapy,
the MCF-7/MDR tumor-bearing nude mice were treated with various
formulations via tail vein injection. As shown in Fig. 7B and C and
Figure S14, similar to the control group receiving only PBS, no reduc-
tion in tumor volume was observed for the group treated with free
drugs and laser irradiation, indicating that the dual free drugs were
effectively eliminated by liver or kidneys from blood stream and be
excluded by P-gp on MCF-7/MDR cancer cells. While the tumor volume
of the group treated with bare DI-NPs without laser irradiation,
507.6 *+ 78.7 mm?>, was essentially identical to that of the PBS group,
the tumor size of the group treated with bare DI-NPs and laser irra-
diation was reduced to 371.6 * 30.8 mm?>. It can thus be postulated
that the bare DI-NPs could slightly accumulate to tumor sites by EPR
effects, leading to effective hyperthermia ablation against tumor by
means of the photo-irradiation of ICG at 808 nm, even though the DOX
base was pumped out by the MDR tumor cells. In the absence of photo-
irradiation, the tumor volume of the group treated with CP2k-DI-NPs,
476.3 + 54.1 mm>, was slightly smaller than that of the group re-
ceiving bare DI-NPs, implying that the coating with C-PEG renders the
NPs of improved colloid stability and thus increased tumor accumula-
tion via EPR effects in comparison with bare DI-NPs. The C-PEG chain
segments released from C-PEG-DI-NPs can inhibit the activity of P-gp on
MDR cancer cells and further increase the chemotherapy efficacy of
CP2k-DI-NPs. Upon laser irradiation, the tumor volume of the group
treated with CP2k-DI-NPs was further reduced to 124.4 + 22.1 mm?,
attesting to the efficacy of the proposed combination therapy against
MDR cancer cells. In contrast with that of the groups treated with free
drug and bare DI-NPs with laser, the H&E stained tumor sections of the
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Fig. 6. ICG accumulation in major organs and tumors after the administration of free DOX base/ICG or DI-NPs. (A) The IVIS images of ex vivo organs and tumors. (B)
ICG amounts in the organs and tumors. The images were taken 24 h post-DOX/ICG administration via tail vein injection. (n = 3).

group treated with CP2k-DI-NPs and laser irradiation exhibited sig-
nificant reduction in the number of nuclei with enlarged apoptosis re-
gion (Figure S15).

To assess the side effects of the combination therapy, body weight of
each mouse was also recorded after the administration of various for-
mulations. As shown in Figure S16, no significant variation in body
weight during the study was observed for all formulations, indicating
that the DI-NPs did not induce specific toxicity for living bodies.
Furthermore, as shown in Figure S15, no damage in the normal tissues
of major organs was observed in the H & E staining for all formulations.
These results indicate that photothermal/chemo combination therapy
of CP2k-DI-NPs has superior anti-MDR tumor capability for clinical
application with reduced side effects for normal organs.

4. Conclusions

To improve the efficacy of MDR tumor treatment by combination
(photothermal/chemo) therapy, the polymeric nanoparticles based
upon y-PGA-g-PLGA coated with C-PEG were developed in this work to
enhance the intracellular DOX/ICG level in the MDR breast tumor. The
C-PEG-coated DI-NPs exhibited the high colloidal stability in cell cul-
ture medium and had an ideal particles size for tumor accumulation via
EPR effects. The CP2k-DI-NPs showed the best cellular uptake by MCF-
7/MDR cancer cells among other DI-NP formulations, confirming that
C-PEG with an appropriate PEG chain length (2000 g/mol) can inhibit
the activity of P-gp on the MCF-7/MDR cells meanwhile y-PGA shells
located on NP surfaces induced the cellular uptake via y-PGA receptor-
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mediated endocytosis. With the combination therapy being applied, the
photothermal therapy of DI-NPs can not only induce cancer cell death
by thermal ablation but also enhance DOX release from the NPs,
achieving synergistic therapeutic efficacy for cancer therapy in de-
pressing the proliferation of MCF-7/MDR cells in vitro. The ex vivo
biodistribution study indicated an enhanced accumulation of CP2k-DI-
NPs in tumor owing to the profound EPR effects by prolonging the NP
residence in blood circulation. The in vivo tumor inhibition evaluation
also clearly demonstrated superior anti-MDR tumor efficacy with neg-
ligible tissue damage to major organs by the combination treatment of
CP2k-DI-NPs and laser irradiation. It can be concluded that CP2k-DI-
NPs are a promising drug delivery system for improving the efficacy of
combination therapy against MDR tumors.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the

online version, at doi:https://doi.org/10.1016/j.colsurfb.2019.02.001.
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