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ABSTRACT Chemotherapeutic drugs frequently encounter mul-
tiple drug resistance in the field of cancer therapy. The strategy has

been explored with limited success for the ablation of drug-resistant

tumor via intravenous administration. In this work, the rationally A?’g’; '\:_-_-: 5 ;
VAL~ e Y A\
designed light-triggered nanoparticles with multipronged physico- %“:\A} 4 MRP1 Y, ’Téﬁs,ﬁ'tian\\m
chemical and biological features are developed to overcome cisplatin Sl @ Em‘}r P atd s
resistance via the assembly of Pt(IV) prodrug and cyanine dye 4 GS*,'. .
p ' 4 \
(Cypate) within the copolymer for efficient ablation of cisplatin- Photothermal Chemo- 7o
Therapy Therapy

resistant tumor. The micelles exhibit good photostability, sustained

release, preferable tumor accumulation, and enhanced cellular uptake with reduced efflux on both A549 cells and resistant A549R cells. Moreover, near-
infrared light not only triggers the photothermal effect of the micelles for remarkable photothermal cytotoxicity, but also leads to the intracellular
translocation of the micelles and reduction-activable Pt(IV) prodrug into cytoplasm through the lysosomal disruption, as well as the remarkable inhibition
on the expression of a drug-efflux transporter, multidrug resistance-associated protein 1 (MRP1) for further reversal of drug resistance of A549R cells.
Consequently, the multipronged effects of light-triggered micelles cause synergistic cytotoxicity against both A549 cells and A549R cells, and thus efficient
ablation of cisplatin-resistant tumor without regrowth. The multipronged features of light-triggered micelles represent a versatile synergistic approach for
the ablation of resistant tumor in the field of cancer therapy.
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hemotherapeutic compounds are
C extensively used in the field of can-

cer therapy during past decades.
However, small molecular compounds of-
ten have limited capacity for cancer therapy
owing to their poor pharmacokinetics, un-
desirable biodistribution, insufficient intra-
cellular delivery, and severe adverse side
effects. Moreover, cancer cells frequently
generate multiple drug resistance (MDR)
upon chemotherapy, and thus cause che-
motherapeutic failure owing to their survi-
val from cytotoxic damage of anticancer
compounds.! For instance, cisplatin often
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encounters poor therapeutic efficiency
against cisplatin-resistant cancer cells, ow-
ing to insufficient accumulation at tumors,
decreased cellular uptake, increased drug
efflux, DNA repair, as well as metabolic
modification and detoxification, resulting
from the disorder of membrane protein
transporters and cytoplasmic enzymes.?*

To date, nanoparticles as drug vehicles
have been considered as a promising plat-
form for cancer therapy due to multiple
advantages including sustained release,
prolonged circulation time, enhanced per-
meation and retention (EPR) effect, and
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Figure 1. Schematic illustration of the micelles encapsulating Pt(IV) prodrug and Cypate (P/C-Micelles) as a multipronged

nanoparticle platform for efficient ablation of resistant tumor.

superior cellular uptake, which have already facilitated
the clinical development of several nanoparticles such
as Genexol-PM,> Abraxane,® and SN-38.7 In particular,
various nanoparticles such as micelles, vesicles, and
inorganic nanomaterials are also designed to inhibit
the resistance of cancer cells to cisplatin through
enhanced biodistribution and cell internalization, inhi-
bition of drug efflux, stimuli-responsive drug release, or
combinational treatments (e.g., siRNA and radiation),
resulting in the enhanced accessibility of cisplatin to tar-
get site or susceptibility of cancer cells.**~'2 Although
these nanoparticles can improve physicochemical or
intracellular behaviors of cisplatin including chemical
stability, sustained release, cellular uptake, drug efflux,
and intracellular drug translocation for inhibiting the
resistance, the existing nanoparticles have limited
routes to remarkably inhibit the resistance of cancer
cells, resulting in the failure to ablate resistant tumor
via intravenous administration. Consequently, it is still a
major challenge to explore highly efficient nanoparti-
cles to achieve effective therapy on the resistant tumor.

Hyperthermia as a noninvasive modality to treat
cancer has been explored clinically over the past
decades due to its simplicity, good efficiency, and
low adverse side effects.'>~'® The hyperthermia is able
to reduce cellular drug resistance through cytoplasmic
protein denaturation, inhibition of DNA repair, and
disturbance of signal transduction.'”~'® For instance,
the hyperthermia might inhibit the overexpression
of efflux transporters such as multidrug resistance-
associated protein 1 (MRP1) for improving the sensi-
tivity of resistant cancer cells to chemotherapeutic
drugs.® Thus, the hyperthermia may potentially act
as an effective approach to improve anticancer effi-
ciency of drug against resistant cancer cells.?'~2
Recently, photothermal therapy (PTT) as an emerging
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strategy can achieve efficient hyperthermia by photo-
irradiating exogenous photoabsorbing agents such
as near-infrared (NIR) cyanine dyes (e.g., Cypate),?*?*
inorganic nanomaterials (e.g., graphene oxide)>%%’
and gold nanoparticles,®® 3" which can effectively
convert NIR light to hyperthermia for triggering cell
necrosis and thus PTT efficacy. Particularly, the nano-
particles are found to improve the hyperthermia of
clinically applicable cyanine dyes through enhanced
biodistribution and cellular uptakes, and also facilitate
the translocation of anticancer compounds into cyto-
plasma via lysosomal disruption, thereby generating
enhanced photothermal or thermo-chemotherapeutic
efficacy on cancer cells in our previous studies.>*2>32
Therefore, PTT may potentially reduce the resistance of
cancer cells to anticancer drug through the inhibtion
of efflux transporter in addition to its photothermal
damage on cancer cells owing to its hyperthermia,?
and thus, the good photothermal conversion efficiency
of photothermal agent is essential to achieve an ideal
hyperthermia for desired efficacy of cisplatin on resi-
tant tumor. Consequently, it is highly desired to con-
stitute a nanoparticle platform integrating enhanced
photothermal and chemotherapeutic features for
achieving the ablation of resistant tumor.

Herein, a multipronged nanoparticle platform was
rationally developed via the incoporation of cisplatin
prodrug and cyanine dye (Cypate) into a micellar
system (P/C-Micelles) for efficient ablation of cisplatin-
resistant tumor (Figure 1). The micelles as an efficient
vehicle exhibited the sustained release, enhanced
cellular uptake, and reduced efflux of Pt(IV) prodrug
and Cypate on both A549 and resistant A549R cells,
as well as enhanced tumor accumulation. Meanwhile,
the near-infrared light triggered an enhanced photo-
thermal effect at pH 5.0 as compared to that at pH 7.4
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owing to the enhanced nonradiative transition, which
induced remarkable photothermal cytotoxicity. More-
over, the light irradiation further caused the intracellular
translocation of the micelles and reduction-activable
Pt(IV) prodrug into cytoplasm via the lysosomal dis-
ruption, as well as the inhibition on the expression of
MRP1 for further reversal of drug resistance to A549R
cells.® Consequently, the multipronged effects of light-
triggered micelles generated synergistic cyototxicity
against A549R cells, and thus efficient ablation of
cisplatin-resistant tumor without regrowth.

RESULTS AND DISCUSSION

Synthesis and Characterization of P/C-Micelles. To prepare
P/C-Micelles, the copolymer consisting of mono-
methoxy poly(ethylene glycol) and decylamine-
grafted poly(L-aspartic acid) (mPEG-b-PAsp) without
hemolytic activity was synthesized via ring-opening
polymerization of [(-benzyl L-aspartate N-carboxy-
anhydride (BLA-NCA) with mPEG (12 kDa) and subse-
quent aminolysis of decylamine as our previous
studies.>*** ¢t,c-[Pt(NH5)»(CO,CH,CH,CH,CH, CH5),Cly]
(Pt(IV) prodrug) as a cisplatin prodrug9 and photothermal
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Cypate were encapsulated within mPEG-b-PAsp to
generate micellar nanoparticles for cancer-targeted
delivery. The entrapment efficiencies of Pt(IV) prodrug
and Cypate in P/C-Micelles were evaluated using
inductively coupled plasma emission spectrometry
(ICP-ES) and UV—vis spectrophotometer, respectively,
indicating that 80.6 + 3.8 wt % of Pt(IV) prodrug and
94.3 £ 1.6 wt % of Cypate were encapsulated in the
micelles at the loading levels of 16.0 and 18.9% (w/w),
respectively. The high loading levels might result from
the good compatibility between the micellar cores
with alkyl chains and the hydrophobic segments of
Pt(IV) prodrug and Cypate.>>*%3” Subsequently, P/C-
Micelles were observed using transmission electron
microscopy (TEM), indicating an uniform spherical mor-
phology with diameters ranging from 60 to 100 nm
(Figure 2A). Dynamic light scattering (DLS) further
validated that P/C-Micelles had an average size of
81.6 £ 5.1 nm (Figure 2B), implying that the micelles
with suitable size have good potential to achieve tar-
geting capacity via EPR effect. Moreover, P/C-Micelles
also exhibited good size stability in aqueous solutions
during 9 days (Figure S1). In addition, Cypate in the
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Figure 2. (A) TEM image of P/C-Micelles; (B) size distribution of P/C-Micelles; (C) normalized absorbances of P/C-Micelles and
free Cypate at different time under 785 nm irradiation (1.5 W/cm?); (D) accumulative release profiles of Cypate and Pt(IV)
prodrug (Pt) from P/C-Micelles at pH 7.4; (E) temperature change of P/C-Micelles containing various concentrations of Cypate
under 785 nm irradiation (1.5 W/cm?); (F) temperature elevation of P/C-Micelles containing 10 xg/mL Cypate at various

pH values.
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micelles exhibited good chemical stability as com-
pared to free Cypate (Figure S2), indicating that the
micelles are able to maintain a stable nanostructure in
agueous environment.

Photostability, Drug Release, and Photothermal Effect. The
photostability of P/C-Micelles was evaluated since it
plays an important factor for PTT. UV—vis spectra
showed that free Cypate exhibited quick decrease at
absorbance upon 785 nm irradiation within 3 min, pos-
sibly owing to the rapid photobleaching (Figure 2Q).
However, P/C-Micelles exhibited much slower de-
crease in the absorbance under the same 785 nm
irradiation during 15 min, indicating that the micelles
can provide more efficient PTT treatment as compared
to free Cypate during longer irradiation time.

Drug release plays a key prerequisite for cancer
targeting. The release profiles of both Pt(IV) prodrug
and Cypate in P/C-Micelles with or without 785 nm
irradiation were evaluated using dialysis in PBS at pH 7.4
and 37 °C. The micelles exhibited the releases of about
18.6% Pt(IV) prodrug and 17.9% Cypate in 2 h, while
free Pt(IV) prodrug (Free Pt) and free Cypate had the
quick releases of 65.0 and 73.7% at pH 7.4, respectively
(Figure 2D), indicating that P/C-Micelles are able to
avoid burst drug release. Subsequently, P/C-Micelles
exhibited continuous sustained releases of Pt(IV) pro-
drug and Cypate during 48 h, implying that the micelles
consisting of mMPEG-b-PAsp could significantly reduce
undesirable drug release. Moreover, the micelles still
exhibited the sustained releases of Pt(IV) prodrug and
Cypate in fetal bovine serum as shown in Figure S3.
Additionally, the acidic environment (pH 4.5) and light
irradiation also had no significant influence on their
sustained releases from the micelles (Figure S4).

The photothermal effects of P/C-Micelles were
further evaluated by monitoring the temperature of
micelles atan interval of 30 s under 785 nm irradiation at
1.5 W/cm? (Figure 2E). The micelles exhibited remark-
able temperature increase (AT) ranging from 12.2 to
35.2 °Ciin the concentration range of 1.0—100.0 xg/mL
Cypate, which is similar to that of free Cypate (Figure S5),
while there was only a negligible increase in dis-
tilled water. Remarkably, P/C-Micelles as an efficient
photothermal agent had a concentration-dependent
photothermal effect, and easily generated the hyper-
thermia (above 42 °C) at relatively low concentrations,®
which can potentially trigger photothermal damage
against tumor cells. In particular, P/C-Micelles exhibited
a pH-responsive photothermal effect in the range of
pH 5.0—7.4 (Figure 2F). Micelles containing 10 ug/mL
Cypate exhibited a remarkable increase of temperature
(AT = 23.6 °C) at pH 5.0 during 180 s, which is much
higher than that (AT=13.1 °C) at pH 7.4. The enhanced
photothermal effect might result from their enhanced
nonradiative transition at acidic environment.>° Reason-
ably, P/C-Micelles are able to induce enhanced photo-
thermal effect at acidic environment (e.g., lysosomal pH)
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as compared to that at pH 7.4, possibly generating
stronger hyperthermia upon endocytosis into lysosomal
compartments.

Cellular Uptake and Efflux. The reduced susceptibility
of resistant cancer cells to anticancer compound is
highly associated with several factors including defec-
tive endocytosis and down-regulation of small GTPases
regulating endocytosis,>*° which can generally trigger
a reduced internalization of cisplatin owing to de-
creased cellular uptake and enhanced efflux.>*"*? To
demonstrate whether micellar nanoparticles could
contribute to the internalization of Pt(IV) prodrug and
Cypate by cancer cells, their cellular uptakes were eval-
uated in A549R and A549 cells, respectively. Figure 3A
shows that the internalization of Pt(IV) prodrug
from the mixture of free Pt(IV) prodrug and Cypate
(free Pt/Cypate) in A549R was much less than that in
A549, indicating the cellular uptake of Pt(IV) prodrug
was remarkably inhibited in cisplatin-resistant cells.
Interestingly, P/C-Micelles could remarkably improve
cellular uptakes of Pt(IV) prodrug in both A549 and
A549R cells, and there is no significant difference of
cellular uptakes between A549 and A549 cells, sug-
gesting that the micellar structure can facilitate the
accumulation of Pt(IV) prodrug even in A549R cells, and
impair the capacity of A549R cells to inhibit the cellular
uptake of Pt(IV) prodrug. On the other hand, A549R
cells exhibited no resistance to Cypate, and P/C-Mi-
celles also improved the cellular uptakes of Cypate in
both A549 and A549R cells as compared to free Cypate
from free Pt/Cypate (Figure 3B). Thus, P/C-Micelles are
able to facilitate the cellular uptakes of Pt(IV) prodrug
and Cypate into cisplatin-resistant cancer cells for
subsequent intracellular delivery.

Drug efflux plays a key role in drug resistance, and
thus, the efflux of Pt(IV) prodrug within the micelles
from cancer cells was further assessed as well. When
A549 and A549R cells were incubated with free
Pt/Cypate, the amount of excreted Pt(IV) prodrug from
A549R cells was much higher than that in A549 cells,
indicating the resistance of A549R cells was related to
drug efflux (Figure 3Q). In contrast, P/C-Micelles exhib-
ited no significant difference of the exocytosis of Pt(IV)
prodrug between A549 and A549R cells (Figure 3Q),
indicating the micelles as an efficient vehicle can sig-
nificantly reduce drug efflux. Consequently, the micelles
play a key role for enhanced internalization of Pt(IV)
prodrug by the cisplatin-resistant cancer cells through
their enhanced cellular uptake and reduced efflux.

Western Blotting. MDR generally involves the over-
expression of efflux transporters such as MRP1. Thus,
we detected the MRP1 expression levels of A549 and
A5409R cells treated with P/C-Micelles, free Pt/Cypate,
and PBS in the presence or absence of irradiation using
western blotting. After treatment with free Pt/Cypate,
the expression of MRP1 in A549R cells was maintained
atahigh level, indicating that A549R cells remained the
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Figure 3. (A) Cellular uptakes of Pt(IV) prodrug by A549 and A549R cells after 24 h incubation with P/C-Micelles and Free Pt/
Cypate, respectively; (B) cellular uptakes of Cypate by A549 and A549R cells after 24 h incubation with P/C-Micelles and Free
Pt/Cypate; (C) efflux amounts of Pt(IV) prodrug from A549 and A549R cells after incubation with P/C-Micelles and Free Pt/
Cypate; (D) Western blotting analysis of the MRP1 levels in A549 and A549R cells after different treatments including PBS, free
Pt/Cypate, and P/C-Micelles in the presence or absence of irradiation; (E) confocal images of A549R cells treated with P/C-
Micelles in the presence or absence of 3 min of irradiation (785 nm, 1.5 W/cm?).

resistance to cisplatin (Figure 3D). However, both free
Pt/Cypate and P/C-Micelles remarkably inhibited the
expression levels of MRP1 under light irradiation,
suggesting that hyperthermia generated from photo-
thermal effect of Cypate upon light irradiation could
further improve the susceptibility of A549R cells to drug
by suppressing the resistance pathway. Reasonably, the
light irradiation can remarkably inhibit the expression
level of MRP1 in A549R cells via photothermal effect
of Cypate regardless of the presence of the micelles.
Therefore, the light-triggered micelles can synergisti-
cally contribute to the inhibition of drug resistance
through enhanced cell internalization and reduced
expression of efflux transporter.

Subcellular Distribution of P/C-Micelles. The intracellular
distribution of P/C-Micelles was further evaluated using
confocal laser scanning microscopy (CLSM). The lyso-
somes in A549R cells were stained by LysoTracker Green
DND-26. As shown in Figure 3E, most of P/C-Micelles
with red fluorescence from Cypate were colocalized
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with lysosomes when no light irradiation was carried
out, indicating that P/C-Micelles can be internalized into
the lysosomal compartments. However, after 3 min of
irradiation, the lysosomes were mostly destructed and
the red fluorescence from P/C-Micelles was mainly
distributed outside lysosomes, revealing that P/C-Mi-
celles might trigger the lysosomal disruption under light
irradiation, which may potentially facilitate the translo-
cation of drug from lysosomes into cytoplasm.
Endocytic Pathways. The endocytic pathways of P/C-
Micelles were further investigated using several inhib-
itors of endocytosis including chlorpromazine, filipin,
and amiloride (Figure 4A). It shows that chlorproma-
zine as an inhibitor of clathrin-mediated endocytosis
resulted in the decrease of 40% cellular uptake of Pt(IV)
prodrug. Obviously, P/C-Micelles possessed a clathrin-
mediated endocytotic pathway in both A549 and
A549R cells, which is reported to play a major role in
the endocytosis of nanoparticles into cancer cells.*®
In addition, low temperature (4 °C) also induced a
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DHE staining (scale bar, 100 um); (C) confocal images of lysosomal disruption of A549R cells treated with P/C-Micelles in the
presence or absence of 3 min of irradiation (1.5 W/cm?) using AO staining (scale bar, 100 zm); (D) cell viability of A549 and
A549R cells treated with P/C-Micelles and free Pt/Cypate at various concentrations in the presence or absence of 1.5 W/cm? of

irradiation (3 min).

significant decrease of cellular uptake of P/C-Micelles,
indicating that the cellular uptake is also energy-
dependent. The clathrin-mediated pathway allows
P/C-Micelles to undergo lysosomal translocation for
their intracellular delivery.

Disruption of Lysosomal Membranes through Singlet Oxygen.
To validate the generation of singlet oxygen from
Cypate in P/C-Micelles via photodynamic effect, 1,
3-diphenyliso-benzofuran (DPBF) was used as a probe
to evaluate the generation of singlet oxygen from P/C-
Micelles in aqueous solution, since the fluorescence of
DPBF can be quenched in the presence of singlet
oxygen. Figure S6 shows that P/C-Micelles began to
generate detectable singlet oxygen from Cypate at a
concentration of as low as 0.1 ug/mL under irradiation,
and higher concentrations generated more singlet
oxygen in aqueous solution, indicating a similar beha-
vior to that of free Pt/Cypate. Obviously, the micelles
avoided remarkable quenching of singlet oxygen from
Cypate, possibly owing to the quick release of singlet
oxygen from micellar cores into aqueous solution.**
Next, the generation of singlet oxygen from P/C-Mi-
celles in A549R cancer cells was observed using dihy-
droethidium (DHE) staining, which is able to generate
red fluorescence through singlet oxygen-mediated
oxidation into 2-hydroxyehtidium.*® Figure 4B shows
that the red fluorescence was generated from cancer
cells treated with P/C-Micelles containing 0.2 ug/mL
Cypate after irradiation, while no fluorescence was
observed in the cells in the absence of irradiation.

LI ET AL.

Moreover, the red fluorescence intensities were further
improved when the cells suffered from P/C-Micelles
containing higher Cypate concentrations, indicating
that micelles possess the concentration-dependent
production of intracellular singlet oxygen. The intra-
cellular singlet oxygen from P/C-Micelles is highly
potential to disrupt subcellular organelles such as lyso-
s0mes'24,25,32

We further observed the disruption of lysosomal
membranes triggered by singlet oxygen from P/C-
Micelles under irradiation using acridine orange (AO)
as an intracellular indicator, which can emit red fluo-
rescence in acidic lysosomes, and generate green
fluorescence in neutralized cytosol and nuclei. The
result shows that the lysosomes in A549R and A549
cells treated with PBS exhibited red fluorescence with-
out irradiation, which was similar to those suffering
from the light irradiation (Figure 4C and Figure S7).
Obviously, the lysosomes remained intact in the ab-
sence of P/C-Micelles whether irradiation was present
or not. However, the red fluorescence from AO was
remarkably decreased in the presence of P/C-Micelles
containing 0.5 ug/mL Cypate upon irradiation, and
mostly disappeared at 1.0 ug/mL Cypate (Figure 4C
and Figure S7). Obviously, P/C-Micelles can effectively
disrupt lysosomal membranes of A549R cells even at a
low concentration of Cypate under irradiation, which
are able to facilitate the cytoplasmic release of both
Pt(IV) prodrug and Cypate for efficient subcellular
translocation in cisplatin-resistant cancer cells.

AR
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Figure 5. (A) In vivo NIRF imaging and (B) average NIRF intensities of the mice bearing A549R tumor injected with P/C-Micelles
at the dose of 7.5 mg/kg Pt/Cypate at 0, 24, 48, 72, 96 h postinjection, (C) ex vivo NIRF imaging of Cypate and (D) amounts of
Pt(IV) prodrug from P/C-Micelles compared to free Pt/Cypate in heart, liver, spleen, lung, kidney, and tumor of the A549R

tumor bearing mice at 24 h postinjection.

Synergistic Thermo-Chemotherapeutic Cytotoxicity. The
thermo-chemotherapeutic cytotoxicity of P/C-Micelles
was evaluated against both A549 and A549R cells using
MTT assay (Figure 4D). In our previous studies, Cypate
without irradiation was found to act as a nontoxic
agent without irradiation, and might not contribute
to the cytotoxicity of free Pt/Cypate against the A549R
and A549 cells in the absence of irradiation.?*** Free
Pt/Cypate had an ICsy value of 24.7 ug/mL against
A549R cells, which had a 4.7-fold increase (resistant
factor, RF) as compared to that (5.2 ug/mL) against
A549 cells. It indicates that A549R cells exhibit remark-
able resistance to free Pt(IV) prodrug compared to
A549 cells. Moreover, free Pt/Cypate exhibited the
ICso values of 3.0 and 2.0 ug/mL against A549R and
A549 cells under irradiation, respectively, indicating a
RF value of 1.50. Remarkably, free Pt/Cypate resulted in
more severe cytotoxicity against both the cells via their
thermo-chemotherapeutic effect, and the photother-
mal effect plays an important role in decreasing their
RF value, possibly resulting from the light-triggered
inhibition of MRP1.'” =23 Interestingly, P/C-Micelles ex-
hibited more cytotoxic against both A549R cells (ICsg,
1.4 ug/mL) and A549 cells (ICsg, 1.1 ug/mL), and their RF
was further decreased to as low as 1.30. The result
indicates that the micelles as a nanocarrier effectively
delivered Pt(IV) prodrug into the cells, which was
reduced to cisplatin in cytoplasma for damaging cis-
platin-resistant cells owing to its enhanced cell inter-
nalization through the enhanced cellular uptake and
reduced drug efflux.’ Most importantly, P/C-Micelles
exhibited strongest cytotoxicity against both A549R
cells (ICso, 0.27 ug/mL) and A549 cells (ICsp, 0.23 ug/mL)
under irradiation. Obviously, P/C-Micelles generate an
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effective thermo-chemotherapeutic synergy against
both cancer cells under irradiation, and also resulted
in the ideal RF value of 1.17, implying that the micelles
could effectively overcome drug resistance via the
synergistic cytotoxicity, possibly owing to the multi-
pronged effects of P/C-Micelles including enhanced
photostability, sustained release, pH-responsive photo-
thermal effect, enhanced cell internalization, and che-
motherapeutic damage from the micelles, as well as
light-triggered hyperthermia, subcellular drug translo-
cation, and inhibition on MRP1.

In Vivo NIRF Imaging and Biodistribution. The in vivo NIRF
cancer imaging capacity of P/C-Micelles was evaluated
using the mice bearing A549R and A549 tumors. P/C-
Micelles exhibited significant NIRF signals at 24 h
postinjection (Figure 5A and Figure S8), indicating a
good targeting capacity of P/C-Micelles. In particular,
P/C-Micelles exhibited the relatively long-term reten-
tion of NIRF signals at tumors with low noises from
normal tissues during the imaging period of 4 days
(Figure 5B and Figure S8). The enhanced accumula-
tions of P/C-Micelles at tumors and their quick elimina-
tion at normal tissues might provide good tumor
localization with high signal-to-noise level for guiding
subsequent photothermal treatment. Next, the biodis-
tribution behavior of P/C-Micelles at 24 h postinjection
was further evaluated using the mice bearing A549R
and A549 tumors (Figure 5C,D, and Figure S9). P/C-
Micelles exhibited 1.4-fold increase of Cypate and 2.9-
fold increase of Pt(IV) prodrug in the A549R tumors
as compared to free Pt/Cypate, respectively, which
might result from the EPR effect of micelles. In addition,
P/C-Micelles also exhibited the similar increases of accu-
mulations of Cypate and Pt(IV) prodrug at the tumors on
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Figure 6. (A) Tumor growth profiles of the mice bearing A549R and A549 tumors treated with PBS, free Pt, and P/C-Micelles in
the presence or absence of irradiation; (B) photos of the tumors extracted from the mice at the end of the experiments;
(C) images of H&E-stained A549R tumor sections harvested from the mice treated with PBS and P/C-Micelles in the presence or

absence of irradiation (scale bar, 50 um).

the mice bearing A549 tumors (Figure S10). Obviously,
the enhanced accumulations of P/C-Micelles at A549R tu-
mors might facilitate synergistic thermo-chemotherapy
to overcome the resistance of cancer cells.

In Vivo Thermo-Chemotherapeutic Synergy and Ex Vivo
Histological Staining. To elucidate the in vivo synergistic
therapeutic efficacy of P/C-Micelles against cisplatin-
resistant tumors under irradiation, P/C-Micelles and
free Pt were intravenously injected into the mice
bearing A549R tumor and A549 tumor, and then the
tumors suffered from 785 nm irradiation at 24 h
postinjection. Subsequently, the tumor volumes were
measured for up to 26 days (Figure 6A,B). Both A549R
and A549 tumors in PBS groups exhibited more than
5.7-fold increase of average tumor volumes compared
to their original volumes regardless of irradiation,
demonstrating that irradiation itself has a negligible
influence on tumor growth. Free Pt exhibited 5.4-fold
and 4.8-fold increases of tumor volumes on A549R and
A549 tumors, respectively, indicating that free Pt(IV)
prodrug had a slight therapeutic efficacy on both
tumors, and also showed lower inhibition effect on
A549R tumor owing to the drug resistance. Interest-
ingly, P/C-Micelles without irradiation resulted in
slower tumor growth behaviors on both A549R (4.0-
fold increase) and A549 tumors (3.4-fold increase)
compared to free Pt(IV) prodrug, respectively, reveal-
ing that their chemotherapeutic efficacy alone agrees
with their enhanced cytotoxicity against A549R and
A549 cells, and the micelles also play an important
role in intracellular delivery of Pt(IV) prodrug for che-
motherapy alone.’ This result is also in accordance with
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the existing strategies to achieve enhanced therapeu-
tic efficacy of cisplatin on resistant tumors using
nanocarriers.*® Although P/C-Micelles can exhibit the
inhibition effect on A549R tumor through enhanced
cellular uptake and reduced efflux, these micelles still
exhibited a lower inhibition effect on A549R tumor as
compared to that on A549 tumor. Remarkably, P/C-
Micelles are not able to remove the whole residual
resistant cancer cells surviving from chemotherapy
since the tumor retains some drug resistance. Most
importantly, P/C-Micelles could ablate both A549R and
A549 tumors without regrowth after 8 days postirra-
diation, displaying a negligible difference of efficacy
between A549R and A549 tumors. Remarkably, the
thermo-chemotherapy of P/C-Micelles possesses syner-
gistic effect on both tumors, and is able to ablate drug-
resistant tumor through a multipronged effect from
the combination of micelles and light irradiation in-
cluding enhanced photostability, sustained release,
pH-responsive photothermal effect, enhanced cell in-
ternalizatio, and drug accumulations at tumors, light-
triggered subcellular translocation, and inhibition on
the expression of MRP1, as well as simultaneous thermo-
chemotherapeutic effect.** Thus, the multipronged
effects might act as an effective strategy to ablate
resistant tumor without regrowth. To the best of our
knowledge, this is the first report on the ablation
strategy of cisplatin-resistant tumor using nanoparti-
cles via the intravenous administration.

Hematoxylin and eosin (H&E) staining of resistant
A549R tumor and A549 tumor sections at 6 h postirra-
diation (30 h postinjection) indicates that P/C-Micelles
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resulted in more severe cancer necrosis with strong
hemorrhagic inflammation at both tumors under
thermo-chemotherapeutic treatment (Figure 6C and
Figure S11), while chemotherapy alone only caused
hemorrhagic inflammation and sporadic necrotic region.
PBS as a control showed no obvious tumor necrosis
with or without irradiation. In addition, it also demon-
strates that the micelles had no remarkable damage
on heart, liver, spleen, lung, and kidney of both A549R
and A549 tumor-bearing mice (Figures S12 and S13),
indicating that the multipronged effects of the light-
triggered micelles on tumors have low side effect on
normal tissues, making it a promising strategy for the
ablation of drug-resistant tumor.

CONCLUSION

In summary, P/C-Micelles were constructed via the
encapsulation of Pt(IV) prodrug and Cypate within the

METHODS

Preparation. mPEG-b-PAsp(DA) and Cypate were synthesized
via a same procedure in our previous work.242> ¢t,c-[Pt(NHs),-
(CO,CH,CH,CH,CH,CH3),Cl,] as Pt(IV) prodrug was synthesized
according to the reported method.® For micelle preparation,
mPEG-b-PAsp(DA) (1.2 mg), Cypate (0.4 mg), and Pt(IV) prodrug
(0.4 mg) were mixed in 5 mL of methanol, and then the mixture
was evaporated to generate a thin film using a rotary evapora-
tor, followed by being dispersed using double distilled water
(5.0 mL) under ultrasonication. Then, Pt(IV) prodrug/Cypate-
loaded micelles (P/C-Micelles) were obtained after centrifuge
separation via ultrafiltration (Cut-off 100 kDa). Free Pt/Cypate
was obtained by simple mixing of Pt(IV) prodrug and Cypate in
PBS solution.

Characterization. TEM imaging was performed using a
JEOL2010 high contrast digital TEM. Particle size was measured
using dynamic light scattering (Nicomp Zetasizer). The physical
stability of P/C-Micelles was evaluated by monitoring their
particle size during 9 days. The UV—vis absorbance and fluo-
rescence spectra were obtained using UV—vis spectrophotome-
ter (UV2600, Shimadzu) and fluorescence spectrophotometer
(LS 55, PerkinElmer), respectively. The inductively coupled
plasma emission spectrometry was used to measure the con-
centration of Pt(IV) prodrug. The chemical stability of P/C-
Micelles was evaluated using the UV—vis assay, in which the
absorbances of Cypate from the micelles and free Cypate in
aqueous solutions were measured at various time.

Photostability. P/C-Micelles and free Cypate (0.5 mL, 10 #g/mL
Cypate in PBS) were irradiated using a laser at 1.5 W/cm?
(785 nm) for 0, 1, 2, 3, 5, 7, 10, and 15 min. The UV—vis
absorbance spectra were measured to evaluate the absor-
bances of Cypate in the solutions.

Drug Release. The drug release behaviors of P/C-Micelles with
or without 3 min irradiation were evaluated in the buffers at pH
7.4 and 4.5, and fetal bovine serum using dialysis method. Free
Pt and free Cypate in PBS solution were used as control. The
drug release was performed in a Constant Temperature Oscil-
lator shaker at 37 °C using PBS as release medium. After the P/C-
Micelles (1.0 mL) were subjected to the absence or presence of
irradiation at 1.5 W/cm? (785 nm, 3 min), the release media were
taken after 0, 1, 2, 4, 8, 12, 24, and 48 h with the replacement of
an equal volume of fresh medium. UV—vis spectra and ICP-ES
(ICP, Optima 8000) were performed to measure the amounts of
Cypate and Pt(IV) prodrug in the samples, respectively.

Photothermal Effect. Photothermal effect was determined
through the measurement of temperature under irradiation.
P/C-Micelles and free Cypate in PBS (0.5 mL each) at the Cypate
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copolymer of mPEG-b-PAsp for efficient ablation of
resistant tumor. P/C-Micelles exhibited enhanced
physicochemical and biological features including en-
hanced photostability, sustained release, pH-responsive
photothermal effect, enhanced cell internalization, and
tumor accumulation of the micelles, as well as light-
triggered hyperthermia, subcellular drug translocation,
and inhibition on expression of MRP1, which resulted
in the synergistic cytotoxicity against both A549 and
A549R cells. Particularly, the integration of enhanced
cell internalization of the micelles and light-triggered
inhibition on the expression of MRP1 plays a key role
for reversing the drug resistance of A549R cells in the
synergistic thermo-chemotherapy with the ablation
of resistant tumor. Our strategy provides a multi-
pronged approach to overcome the drug resistance
for the ablation of resistant tumors in the field of cancer
therapy.

concentrations of 0, 1, 2, 5, 10, 25, 50, and 100 ug/mL in the
plastic vials were placed under irradiation (785 nm, 1.5 W/cm?).
The temperature of solution was monitored using a thermo-
couple at an interval of 30 s during 300 s irradiation. The
photothermal profiles of P/C-Micelles (0.5 mL, 10.0 ug/mL
Cypate) were also obtained using the same procedure in various
solutions including water and buffers at pH 5.0, 6.5, and 7.4.

Cellular Uptake and Efflux. A549 cells and A549R cells were
seeded on 24-well culture plates (3 x 10° cells/well) and
incubated overnight in DMEM containing 10% FBS. P/C-Micelles
and free Pt/Cypate (4.0 ug/mL Cypate in PBS) were added for
24 h incubation, and then the cells were washed 3 times, treated
with 0.5 mL of trypsin for 3 min at 37 °C, and centrifuged for cell
collection and counting. Finally, the cells suffered from ultrasonica-
tion, and were treated with methanol and 1% HNO; to extract
Cypate and Pt(IV) prodrug, followed by the analysis using UV—vis
spectra and ICP-ES. In the efflux study, after 12 h incubation with
P/C-Micelles and free Pt/Cypate, the A549R and A549 cells were
washed three times with PBS. A half of A549R or A549 cells were
harvested to measure the initial amount of Pt(IV) prodrug in the
cells using ICP-ES. The other half of A549R or A549 cells were further
incubated with fresh medium for additional 12 h incubation. Then,
the cells were washed and further harvested to measure the final
concentration of Pt(IV) prodrug using ICP-ES. The amount of efflux
Pt(IV) prodrug was obtained by subtracting final amount of Pt(IV)
prodrug from the initial amount of Pt(IV) prodrug.

Western Blotting. The cells were washed three times using PBS
and lysed using RIPA lysis buffer supplemented with complete
protease inhibitor cocktail tablets (Roche). BCA protein assay
(Thermo Fisher Scientific) was used to determine protein con-
centration. Proteins were separated by SDS—polyacrylamide gel
electrophoresis (SDS—PAGE) and transferred onto a polyvinyli-
dene difluoride membrane (Bio-Rad). After a blocking step of
60 min with 2% BSA, the membrane was incubated with the
primary antibody anti-MRP1 (Abcam) overnight at 4 °C, followed
by the incubation with secondary antibody for 60 min at room
temperature. The membrane was visualized using an ECL-plus
detection system (GE Healthcare).

Subcellular Distribution of P/C-Micelles. Intracellular localization
of P/C-Micelles in A549 cells was observed using CLSM (PE
UltraView). The cells were seeded on glass slides in 35 mm
dishes. Subsequently, P/C-Micelles were added into the medi-
um for 24 h incubation. Then, Hoechst 33342 and Lysotracker
Green DND-26 were coincubated for 10 min to stain the nucleus
and lysosomes. Finally, the cells were observed using CLSM
after 3 min in the absence or presence of irradiation (785 nm,
1.5 W/cm?).
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Endocytotic Pathways. A549 cells and A549R cells (1.2 x 10°
cells/well) were seeded in 6-well plates and treated with PBS
(control), and the different inhibitors including chlorpromazine
(clathrin-mediated uptake, 10.0 ug/mL), amiloride (macro-
pinocytosis, 100.0 ug/mL), and filipin (caveolae-mediated up-
take, 5.0 ug/mL) in serum-free DMEM for 1 h at 37 or 4 °C,
respectively. Then, P/C-Micelles (4.0 ug/mL Pt(IV) prodrug) were
further added to the medium for 1 h incubation. Then, the cells
were washed 3 times with PBS, treated with trypsin, centrifuged,
and finally dispersed in 0.5 mL of PBS to measure Pt(IV) prodrug
in the samples.

Monitoring of Singlet Oxygen. Free Cypate and P/C-Micelles
containing various concentrations of Cypate in PBS (1.0 mL)
containing 1, 3-diphenyliso-benzofuran (DPBF, 32 ug/mL) were
irradiated for 3 min at 1.5 W/cm? for singlet oxygen measure-
ment. The fluorescence spectra were measured from 450 to
565 nm at excitation wavelength of 403 nm. The DPBF solution
without Cypate in the darkness was used as a control.

DHE Staining. Dihydroethidium (DHE) was used as an indica-
tor of reactive oxygen species (ROS) formation. A549 and A549R
cells were seeded on 24-well plates at the density of 3 x 10° per
well and incubated with P/C-Micelles containing 0.2, 0.5, and
1.0 ug/mL Cypate for 6 h. The cells were washed 3 times using
PBS, and 0.2 mL of DHE solution (5 uM in PBS) was added to the
wells for 30 min incubation at 37 °C, followed by treatment with
or without irradiation (3 min, 785 nm, 1.5 W/cm?). Subsequently,
the cells were washed and imaged using an inverted fluores-
cent microscope with the excitation of green light.

Disruption of Lysosomal Membranes. Acridine orange (AO) was
used as an intracellular indicator of acidic organelle integrity in
A549 and A549R cells. A549 and A549R cells were seeded
overnight in 24-well plates and treated with PBS and P/C-
Micelles at Cypate concentrations of 0, 0.5, 1.0, and 2.0 ug/mL
for 6 h. Then, fresh medium was added, followed by 3 min
irradiation at 1.5 W/cm?. After another 1 h incubation, A549 and
A549R cells were washed using PBS and further incubated with
AO (1.0 mL, 6 uM) for 15 min. Subsequently, the cells were
washed 3 times using PBS and then were observed using
fluorescence microscopy (IX 51, Olympus) with the excitation
wavelength of 488 nm, and emission wavelengths ranging from
515 to 545 nm (green) and from 610 to 640 nm (red).

MTT Assay. A549 cells and A549R cells were incubated in
96-well plates at 37 °C for 24 h. Free Pt/Cypate and P/C-Micelles
were incubated with cells for 24 h at different doses including 0,
0.005, 0.1,0.2,0.5, 0.8, 1.0, 2.0, and 4.0 ug/mL Cypate. Then, the
cells were washed using PBS, irradiated at 785 nm for 3 min at
1.5 W/cm?. After another incubation of 24 h, the cell viabilities
were determined using MTT assay.

Biodistribution. A549 cellsand A549R cells (1 x 107 cells) were
subcutaneously injected into the flanks of female BALB/c nude
mice (16—18 g) to obtain the tumor-bearing mice. Free
Pt/Cypate and P/C-Micelles were intravenously injected at the
dose of 7.5 mg/kg Cypate. Then, the tissues including heart,
liver, spleen, lung, kidney, and tumor were extracted from the
mice at 24 h postinjection. The extracted tissues were imaged
using IVIS Lumina Il with the excitation wavelength of 785 nm.
The NIRF signals in the tissues were calculated to describe the
ex vivo biodistribution of Cypate at 24 h postinjection. Subse-
quently, the tissues were further homogenized, centrifuged,
and extracted using 2.0 mL of HNOs for the measurement of
Pt(IV) prodrug using ICP-ES.

In Vivo Imaging. A549 and A549R cells (1 x 107 cells) were
separately subcutaneously injected into the flanks of female
BALB/c nude mice (16—18 g) to obtain the A549 and A549R
tumor-bearing mice. Free Cypate and P/C-Micelles were intra-
venously injected into the mice at the dose of 7.5 mg/kg Cypate.
Then, the mice were imaged through IVIS Lumina Il with the
excitation wavelength of 785 nm at 24, 48, 72, and 96 h
postinjection. The average NIRF intensities of the tumors were
calculated to describe the photon signals at tumor at different
time.

In Vivo Efficacy. A549 cells and A549R cells (1 x 107 cells) were
subcutaneously transplanted into the flanks of female mice
until the tumor size reaches approximately 50—70 mm? (about
10 days after transplantation). Tumor volumes were measured
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using a caliper according to the equation of V = 0.5 x a x b?
(where a and b are the long and short diameters of tumor,
respectively). Various formulations including PBS, free Pt, and P/
C-Micelles were injected intravenously into the mice at the dose
of 7.5 mg/kg Cypate or 7.5 mg/kg Pt(IV) prodrug on day 0, 2, and
4. Subsequently, the tumors treated with PBS and P/C-Micelles
were irradiated for 3 min (785 nm, 1.5 W/cm?) or not at 24 h
postinjection. Then, the tumor volumes were measured and
normalized against the original volumes (0 day). Finally, the
mice were sacrificed by cervical dislocation under an anesthetic
status after the experiments.

Ex Vivo Histological Staining. The A549 tumor-bearing mice
were injected with PBS and P/C-Micelles at the dose of 7.5
mg/kg Cypate or 7.5 mg/kg Pt(IV) prodrug, and then the tumors
(~60 mm?) were irradiated for 3 min (785 nm, 1.5 W/cm?) at 24 h
postinjection. Next, the tissues including heart, liver, spleen,
lung, kidney, and tumor were dissected from mice at 6 h
postirradiation (30 h postinjection), and then fixed in a 4%
formaldehyde solution for 24 h at room temperature. The sec-
tions of 10 um in thickness were obtained after the tissues were
frozen. Finally, H&E staining was performed, and the sections
were observed using an Olympus IX73 bright field microscope.
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