Single-Step Assembly of DOX/ICG
Loaded Lipid—Polymer Nanoparticles
for Highly Effective Chemo-photothermal
Combination Therapy

Mingbin Zheng,*# Caixia Yue,™® Yifan Ma,"® Ping Gong, Pengfei Zhao," Cuifang Zheng, Zonghai Sheng,"
Pengfei Zhang," Zhaohui Wang," and Lintao Cai™*

"Guangdong Key Laboratory of Nanomedicine, Shenzhen Key Laboratory of Cancer Nanotechnology, Institute of Biomedicine and Biotechnology, Shenzhen
Institutes of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, P.R. China and *Department of Chemistry, Guangdong Medical College,
Dongguan 523808, P.R. China' *Mingbin Zheng, Caixia Yue, and Yifan Ma equally contributed to this work.

ABSTRACT A combination of chemotherapy and photothermal & L Z{ Chemotherapy
therapy has emerged as a promising strategy for cancer therapy. To Ll Py

B oy < -
ensure the chemotherapeutic drug and photothermal agent could be = ot B 4 Combination

: . . . L eog oy = A Add @ Therapy
simultaneously delivered to a tumor region to exert their synergistic jor APl T .
. 5 . . . . o/ < Sonicate > min

effect, a safe and efficient delivery system is highly desirable. Herein, e, - £ \

s Therapy

we fabricated doxorubicin (DOX) and indocyanine green (ICG) loaded
poly(lactic-co-glycolic acid) (PLGA)—lecithin—polyethylene glycol ~ D% ® 1CG: © Lecithin: P DEMEREGO ELGES W
(PEG) nanoparticles (DINPs) using a single-step sonication method. The DINPs exhibited good monodispersity, excellent fluorescence/size stability, and
consistent spectra characteristics compared with free ICG or DOX. Moreover, the DINPs showed higher temperature response, faster DOX release under laser
irradiation, and longer retention time in tumor. In the meantime, the fluorescence of DOX and ICG in DINPs was also visualized for the process of subcellular
location in vitro and metabolic distribution in vivo. In comparison with chemo or photothermal treatment alone, the combined treatment of DINPs with
laser irradiation synergistically induced the apoptosis and death of DOX-sensitive MCF-7 and DOX-resistant MCF-7/ADR cells, and suppressed MCF-7 and MCF-

7/ADR tumor growth in vivo. Notably, no tumor recurrence was observed after only a single dose of DINPs with laser irradiation. Hence, the well-defined

DINPs exhibited great potential in targeting cancer imaging and chemo-photothermal therapy.
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ancer therapy currently relying on a
C single therapeutic treatment remains

unsatisfying. Combination therapy
has been considered as a promising strat-
egy to improve therapeutic efficiency and
minimize side effects."? The combination of
therapeutic approaches with different drugs
and mechanisms may cooperatively sup-
press cancer development with potential
advantages (e.g., synergistic effects and re-
versal of drug resistance).' > It had been
reported that the delivery system loaded
with a vascular shutdown combretastatin
and an apoptosis-inducing doxorubicin (DOX)
significantly suppressed the growth of mel-
anoma and lung carcinoma as compared to
either single-agent regimen.? The codelivery
strategy that utilized siRNA to silence the
expression of efflux transporter together with

ZHENG ET AL.

appropriate anticancer drugs had been
used to overcome multiple drug resistance.’
There also has been a great interest in
developing combined treatment of near-
infrared (NIR) thermotherapy and chemo-
therapy to augment the cytotoxicity of che-
motherapeutic agents.®’ Thermotherapy
based on photothermal agents that strongly
absorb NIR light and convert it into cytotoxic
heat for tumor treatment, such as indocyanine
green (ICG), gold nanomaterials, or carbon
nanotubes, has been demonstrated as a non-
invasive, harmless, and highly efficient thera-
peutic technique® ' Nevertheless, to exert
their maximal cooperation effect, it is ex-
pected that the accurate doses of chemother-
aputic drug and photothermal agent should
be simultaneously delivered to the same
tumor cells after systemic administration.
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Figure 1. Synthesis and charecterization of DINPs. (A) Schematicillustration of the single-step sonication to synthesize DINPs.
Photograph of mixture containing DOX, ICG, lecithin, and DSPE-PEG was before (left) and after (right) sonication. (B) Size
stability test of DINPs, INPs, and DNPs. (C) ICG FL stability of DINPs and free ICG. (D) Maximum temperature profiles of DINPs,
INPs, free ICG, and PBS as a function of the irradiation time under continuous laser irradiation at a power intensity of 1 W/cm?.
(E) Infrared thermographic maps of centrifuge tubes with DINPs, INPs, free ICG, or PBS were measured at 5 min with an
infrared thermal imaging camera after continuous laser irradiation. (F) DOX release profiles from DINPs with and without laser
irradiation. The data are shown as mean =+ SD (n = 3); (x) P < 0.05, (xx) P < 0.01. (G) TEM images of DINPs with or without
continuous laser irradiation. After laser irradiation DINPs were broken up into smaller pieces with heat-induced disruption. It
was consistent with the in vitro release experiments that the DOX release of DINPs could be accelerated by laser irradiation.

A variety of nanoparticle-based delivery systems
capable of delivering dual or multiple drugs have been
established'®'" and can be divided into two major
categories, that is, the lipid-based and polymer-based
with liposomes and polymeric nanoparticles (NPs) as
their typical representatives, respectively.'' ~'* To date,
a great deal of antitumor drugs based on liposomes
and polymer NPs such as Doxil (DOX liposomes) and
Genexol-PM (Taxol methoxy-polyethylene glycol (PEG)
poly(p,L-lactide) NPs) have been approved by the Food
and Drug Administration (FDA) for clinical use.'® The
lipid-polymer hybrid NPs can take the unique advan-
tages of polymeric NPs and liposomes and become a
robust drug delivery platform with high drug encap-
sulating, tunable, and sustained drug release, excellent
serum stability, and potential for differential targeting
of cells or tissues.'>~'® Docetaxel and yttrium°-loaded
lipid-polymer NPs have been developed and show
much higher therapeutic efficacy than the respective
chemotherapy or radiotherapy treatment.'®

We recently reported ICG-loaded biodegradable
folate-lipid-poly(lactic-co-glycolic acid) (PLGA) NPs for
in vitro/in vivo tumor targeting imaging.'® A PLGA NPs
drug delivery system with simultaneous incorporation
of chemotherapeutic (DOX) and thermo-optical agents
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(ICG) was developed.?® On the basis of the encoura-
ging results, the PLGA-lecithin-PEG NPs containing
DOX and ICG (DINPs) were synthesized using a sin-
gle-step sonication method. The ICG (DOX) could serve
as a dual-functional agent with integrated photother-
mal therapy (chemotherapy) and optical imaging
probes capabilities. The fluorescence (FL) of ICG or
DOX in DINPs can be monitored to demonstrate sub-
cellular localization and metabolic distribution. The
cytotoxic effects of DINPs by combining therapeutic
modalities of chemotherapy and hyperthermia in DOX-
sensitive MCF-7 and DOX-resistant MCF-7/ADR cells
were investigated. Moreover, the synergistic effect of
combined treatment of DINPs was evaluated in com-
parison with chemo- or photothermal treatment alone,
and also the suppression and remission for the MCF-7
and MCF-7/ADR xenograft tumors were investigated
after a single dose treatment in vivo.

RESULTS AND DISCUSSION

Characterization of the DINPs. The synthesized process
was described in Figure 1A. The DINPs were self-
assembled from DOX, ICG, PLGA, lecithin, and DSPE-
PEG through a single-step sonication method. In the
mixture containing DOX, ICG, lecithin and DSPE-PEG,
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green ICG would quickly aggregate and sedimentate.
After PLGA added dropwise under sonication, the
resulting mixture solution turned into clear dark
green. Specifically, PLGA polymer coencapsulated
DOX and ICG to form a core. Lecithin and DSPE-PEG
self-assembled around the PLGA core to form a lipid
monolayer covered by a PEG shell for the stabilization
of the core.

The transmission electron microscopy (TEM) image
of DINPs showed that the NPs were generally spherical
in shape with good monodispersity (Supporting Infor-
mation, Figure S1). The particle size, zeta potential, and
size distribution were shown in Supporting Informa-
tion, Table S1 and Figure S1. The zeta potential of
DINPs, ICG loaded PLGA-lecithin-PEG NPs (INPs), and
DOX loaded PLGA-lecithin-PEG NPs (DNPs) were be-
tween —21.71 and —26.22 mV. The hydrodynamic sizes
of the DINPs, INPs, and DNPs were respectively 86.3,
97.6,and 90.1 nm with a polydispersity of 0.100—0.180;
99% DINPs in number distribution were all less than
100 nm, which will be suitable for passive tumor
targeting of drug delivery through the enhanced
permeability and retention effect (EPR).' The drug
encapsulation efficiency (EE) and drug loading effi-
ciency (LE) of the NPs are crucial for their clinical
application. Supporting Information, Table S1 showed
the EE or LE of the three types of NPs formulations. The
EE or LE of DOX was observed at 43.75% or 6.91% for
DNPs, and the EE or LE of ICG was 47.82% or 7.47% for
INPs. The data demonstrated that DINPs encapsulated
with the EE of 35.75% DOX and 32.73% ICG (loaded
with the LE of 5.36% DOX and 4.91% ICG). Clearly, both
the EE and LE of DINPs for DOX or ICG had slightly lower
values compared with those of DNPs or INPs.

The absorption or FL spectra of encapsulated
DOX and ICG were shown in Supporting Information,
Figure S2. Compared with free ICG, the absorption or
emission peak of DINPs was only red-shifted 1 nm to
778 nm or 6 nm to 815 nm. Absorption and emission
peak corresponding DOX in DINPs was located at 480
and 591 nm, consistent with the spectra of free DOX.
These data indicated that both the ICG and DOX
maintained their optical properties after encapsulation
with lipid-PLGA NPs. The particle sizes of DINPs, INPs,
and DNPs remained around the initial particle size
without aggregation and precipitation over one month
(Figure 1B), suggesting a great stability of DINPs, DNPs,
and INPs.

ICG is a FDA-approved dual-functional agent and
has been applied in optically mediated diagnostic and
photothermal therapy. However, application of ICG
is limited by its numerous disadvantageous proper-
ties in aqueous solution, including its concentration-
dependent aggregation and poor aqueous stability
in vitro."®** Additionally, ICG is highly bound to non-
specific plasma proteins, leading to rapid elimination
from the body."®?> A number of nanometer-sized
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encapsulation systems, including PLGA NPs, phospho-
lipid emulsions, and copolymer micelles, have been
developed to protect ICG from degradation.'®?%%* FL
measurement illustrated that, after 1 day, FL intensity
of ICG in DINPs remained nearly 90%, while FL intensity
of free ICG decreased to 65.73% of initially intensity.
Moreover, the FL intensity of free ICG was degraded to
5.80% within 30 days, while the FL intensity of ICG in
DINPs remained above 44% (Figure 1C). These data
suggested that the FL stability of ICG was significantly
improved by encapsulation of NPs. The protective
effect of NPs seemed to be due to the polymeric-
envelope which protected the entrapped ICG by iso-
lating it from the surrounding environment.?*

To evaluate the photothermal efficiency of DINPs,
we monitored the temperature changes under laser
irradiation in vitro using an infrared thermal imaging
camera. With the laser irradiation at 1 W/cm? for 8 min,
the temperature of DINPs, INPs, and free ICG maximally
increased to 53.2, 53.1, and 49.5 °C, while the PBS only
increased by 5.1 °C (Figure 1D). Such a variation of
DINPs, INPs, or free ICG could increase temperature
over 43 °C, leading to an irreversible damage to tumor
cells.***> DINPs and INPs formulation had a higher
temperature response than free ICG under laser irra-
diation, similar to that of previously reported ICG-
containing lipid NPs which was more efficient in
producing a laser-dependent temperature increase
than ICG alone.?® The possible reasons were that ICG
encapsulated in DINPs or INPs had higher condensed
concentration than free ICG, and the excitation thermal
radiation was also entrapped in the enclosure of NPs,
resulting in the higher energy efficiency and lower heat
dissipation in the DINPs or INPs after laser irradiation.
The infrared thermographics showed that the max-
imum temperature (T,hax) Of DINPs, INPs, free ICG, and
PBS at 5 min after laser irradiation reached 51.5, 52.1,
48.4, and 32.3 °C (Figure 1E). Furthermore, laser irradia-
tion accelerated DOX releasing from the DINPs, as
shown in Figure 1F; the NPs without laser irradiation
showed DOX release of 39.13% by 8 h and the total
release reaching 69.86% by 72 h. The laser irradiation
significantly increased the release rate of DOX from
DINPs to 53.20% over the first 8 h. After laser irradiation,
the total release of DOX by 72 h was significantly
enhanced to 97.00%, indicating that the drug release
of DINPs could be controllable by laser irradiation. We
further studied the morphology of DINPs irradiated by
1 W/cm? 808 nm laser for 5 min using TEM. Figure 1G
showed that DINPs were broken up into smaller pieces
with heat-induced disruption. It was consistent with
the in vitro release experiments that the DOX release of
DINPs could be accelerated by laser irradiation.

In Vitro Cellular Uptake. The subcellular localization of
free DOX, free ICG, and DINPs in MCF-7 and MCF-7/ADR
cells was investigated using confocal microscopy.
After 4 h incubation, free DOX mainly localized in the
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Figure 2. Endocytosis of DINPs by MCF-7 and MCF-7/ADR cells. (A) MCF-7 subcellular localization of free DOX, free ICG, and
DINPs after 4 h incubation. Green represented FL of DOX, red represented FL of ICG. (B) MCF-7/ADR subcellular localization of
free DOX, free ICG, and DINPs after 4 h incubation. (C) MCF-7 and MCF-7/ADR subcellular localization of DINPs after laser

irradiation and 4 h incubation (scale bar, 15 um).

cell nucleus in MCF-7 cells, consistent with a previous
report?” (Figure 2A). In contrast, only a very little
amount of DOX was observed in the nucleus of MCF-
7/ADR cells (Figure 2B). The decreased nuclear localiza-
tion of DOX in MCF-7/ADR cells could be due to the
presence of the P-glycoprotein efflux pump, which
decreased drug accumulation in the cells.”” On the
other hand, ICG was homogenously distributed in
the cytoplasm in both MCF-7 and MCF-7/ADR cells,
which was consistent with a previous report that
ICG mainly bonded to intracellular protein (glutathione
S-transferase) (Figure 2A,B).2” DINPs without laser radia-
tion significantly increased the FL signals of DOX and
ICG in both MCF-7 and MCF-7/ADR cells, indicating
enhanced internalization of drugs by NP formula-
tion (Figure 2AB). Interestingly, DINPs-encapsulated
DOX could be detected both in the cytosol and the
nucleus of MCF-7 cells (Figure 2A). The possible reason
could be that DOX molecules released from the
NPs entered into the cell nucleus, while DOX en-
trapped in NPs was still in the cytosol because of size
limitation, which prevented the NPs from traversing
the nuclear pore complex. Although DINPs increased
the uptake of DOX and ICG in MCF-7/ADR cells,
DOX was mainly localized in the cytosol rather than
in the nuclear and the amount of intracellular DOX
was much less than that in MCF-7 cells (Figure 2A,B).
Hence, DINPs formulation without laser radiation

ZHENG ET AL.

failed to overcome the P-glycoprotein efflux pump
mechanisms.

Notably, DINPs formulation with laser radiation not
only significantly increased the FL signals of DOX and
ICG in MCF-7 and MCF-7/ADR cells, but also facilitated
them entry into the nuclei (Figure 2C). These phenom-
ena could be due to the laser-caused hyperthermia,
which increased cell permeability and fluidity, thereby
enhancing the drug accumulation inside cancer cells.?’”
Moreover, the hyperthermia also severely resulted in
damaged cells including loss of nucleus, cell shrin-
kages, or coagulation.? Also, the heat caused by laser
radiation could disrupt DINPs into smaller pieces,
which would be easier to enter into the cells and
nuclei. Taking these factors into consideration, it is
not surprising that hyperthermia significantly in-
creased the uptake of ICG and DOX in MCF-7 and
MCF-7/ADR cells.

In Vitro Chemothermal, Photothermal, and Chemo-photo-
thermal Treatments. MCF-7 cells and MCF-7/ADR cells
demonstrated different sensitivity to DINPs without
laser radiation (Figure 3A,B). After 24 h incubation, DINPs
containing 6 ug/mL DOX killed 87.70 or 13.23% of cells
in MCF-7 or MCF-7/ADR cells, respectively. These results
were in accordance with previous observation that
DINPs enhanced the uptake of DOX more effectively
in MCF-7 cells than in MCF-7/ADR cells.”” The MCF-7/
ADR cells were more resistant to DOX compared with
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Figure 3. The chemothermal and photothermal treatments in MCF-7 and MCF-7/ADR cells. (A) Quantitative evaluation of cell
survival for MCF-7 cells treated with free DOX and DINPs for 24 h. (B) Quantitative evaluation of cell survival for MCF-7/ADR
cells treated with free DOX and DINPs for 24 h. (C) Survival of MCF-7 cells versus ICG concentration in INPs and laser irradiation
time. (D) Survival of MCF-7/ADR cells versus ICG concentration in INPs/free ICG and laser irradiation time.

the drug-sensitive MCF-7 cells, and DINPs encapsula-
tion did not affect the anticancer effect of DOX in the
MCF-7 and MCF-7/ADR cells (Figure 3A,B). Intracellular
DOX concentration of DINPs could be enhanced by
DINPs-mediated cellular uptake, but reduced by the
sustained release of DOX. All of these eventually led
to similar DOX concentration in cells and very close
cytotoxicity of DINPs, compared with free DOX. No
cytotoxicity was observed in the MCF-7 and MCF-7/
ADR cells treated with 200 ug/mL empty NPs locat-
ing at the zero position of DINPs, indicating that
empty NPs were biocompatible at this concentration
(Figure 3 AB).

We further quantitatively investigated the effect of
irradiation time and ICG concentration in INPs on cell
death at 1.6 W/cm? (Figure 3C,D). Without irradiation,
treatment of INPs containing different amount of ICG
did not affect growth of MCF-7 or MCF-7/ADR cells,
suggesting their great biocompatibility (Figure 3C,D).
The results also showed that the MCF-7 cells treated
with INPs containing 1.1 ug/mL ICG were killed 12.45
and 14.56% under 5 and 10 min laser irradiation,
respectively (Figure 3C). While treated with INPs con-
taining 5.5 #g/mLICG, the death rate of MCF-7 cells was
significantly increased to 53.54 and 58.12% after 5 and
10 min laser irradiation (Figure 3C). Concentrations of
5.5 ug/mL ICG were not significantly different from the
INPs containing the same concentration of ICG, possi-
bly stemming from the little temperature differences
of free ICG and INPs after irradiation (Figure 3C).

ZHENG ET AL.

The viability of MCF-7/ADR cells versus ICG concentra-
tion in INPs and laser irradiation time was very similar
to those of MCF-7 cells, indicating MCF-7/ADR cells had
similar sensitivity to heat (Figure 3C,D).

To visually evaluating the efficiency of the DINPs,
the MCF-7 cells in the presence of DINPs were treated
with or without laser irradiation of 1.6 W/cm?. The cells
were stained with calcein-AM and Pl to identify live and
dead/late apoptotic cells, respectively. Figure 4A and
Supporting Information, Figure S3 showed that laser
irradiation alone without DINPs did not affect cell
viability, suggesting laser irradiation at the power
density of 1.6 W/cm? was safe for MCF-7 cells. Incuba-
tion with DINPs for 24 h caused about 80% of cell death
as demonstrated by significantly reduced cell density.
Moreover, the combination of DINPs with laser irradia-
tion further induced cell death up to 96.90%, suggest-
ing the amount of ICG was sufficient for photothermal
therapy. The cytotoxic effect of chemo-photothermal
treatment on MCF-7 cells was further quantified by
flow cytometry (Figure 4B). MCF-7 cells were treated
with DINPs for 6 h with or without laser irradiation,
and then labeled with Pl and Annexin V. The PI*
Annexin V' cells were defined as late apoptotic/
necrotic cells. The results showed that DINPs plus laser
more significantly induced cell late apoptosis/necrosis
(86.9%) as compared with those treated by laser (0.7%) or
DINPs (15.3%). The results suggested that the cytotoxic
effect of DINPs on MCF-7 cells could be boosted by the
laser irradiation.
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Figure 4. Cell survivals of MCF-7 or MCF-7/ADR cells after chemo-photothermal treatment. (A) FL images of MCF-7 cells after
chemo-photothermal treatment. Viable cells were stained green with calcein-AM, and dead/later apoptosis cells were floating
and eluted, or stained red with PI. (scale bar, 35 um). (B) Flow cytometry analysis of MCF-7 cells after chemo-photothermal
treatment. (C) Quantitative comparison of MCF-7 cells viability following chemo (DNPs), photothermal (INPs + laser), and
chemo-photothermal treatments (DINPs -+ laser) for 24 h. (D) Quantitative comparison of MCF-7/ADR cells viability following
chemo (DNPs), photothermal (INPs + laser) and chemo-photothermal treatments (DINPs + laser) for 72 h. The data are shown

as mean + SD (n = 3); (x) P < 0.05, (xx) P < 0.01.

As expected from the quantitative results, the chemo-
photothermal treatments resulted in significantly
lower viabilities than chemo or photothermal treat-
ment alone (Figure 4C,D). The survival at 24 h of MCF-7
cells treated with INPs containing 5.5 mg/mL ICG plus
laser irradiation was 13.88%, and the survival of cells
treated with DNPs containing 6.0 mg/mL DOX was
59.65%. However, when the cells were treated with
DINPs containing ICG and DOX with the same concen-
trations plus laser irradiation, the survival of cells was
significantly reduced to 4.09%. With the treatments of
INPs (5.5 mg/mL of ICG), DNPs (6.0 mg/mL of DOX), and
DINPs (5.5 mg/mL of ICG and 6.0 mg/mL of DOX) plus
laser radiation, the survival of MCF/ADR cells at 72 h
was 30.53%, 66.43%, and 5.26%, respectively. The
combination of DINPs and laser irradiation was more
effective than either treatment alone to induce cell
death in both MCF-7 and MCF-7/ADR cell cultures.

In Vivo Imaging and Biodistribution. To deliver drugs
into tumor tissues, the NPs-based drug must enter into
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the tumor vasculature and interstitium. The NPs could
be retained there and diffuse drug into the cells.?®*°
Xenograft tumors in nude mice have been reported to
be more invasive than in situ carcinoma and can form
the construction of a capillary network.3° It would allow
the enrichment of nanomedicines in tumors due to the
EPR effect. One of the important concerns after intra-
tumoral injection is whether the DINPs would accumu-
late in xenograft tumor or organs or clear out of the
body. By utilizing the intrinsic and sensitive laser FL of
ICG, the amounts of DINPs accumulated in tumor and
organs were measured without additional radio- or
fluorescent labeling. Figure 5A,B showed the ICG FL
signal and intensity distribution around the tumor after
intratumoral injections of free ICG and DINPs. The FL
signals in whole bodies of mice, except for the peritu-
mor, were relatively weak because of a relatively low
dose of ICG in other areas. The ICG FL intensity around
the tumor at 6, 12, and 24 h postinjection for DINPs
reduced to 87.10%, 59.84%, and 42.97% of initial FL
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intensity. For free ICG, the corresponding results were
47.73%, 15.49%, and 10.70%. In contrast, the DINPs
were significantly retained around the tumor even
after 24 h. These results could be attributable to the
prolonged retention time of ICG in the tumor caused
by the tumor passive targeting of EPR effects, and
reduced ICG degradation by DINPs encapsulation. The
relatively faster FL decrease of free ICG is also attrib-
uted to FL quenching of free ICG in physiological
environments with rapid aggregation and clearance
from the body.?'

The comparative major organs and tumors distribu-
tion of free ICG and DINPs were shown in Figure 6C,D.
The results demonstrated that most of ICG accumu-
lated in the liver and tumor 24 h after intratumoral
injection of free ICG. DINPs formulation dramatically
increased the accumulation of ICG in the tumor, fol-
lowed by liver, lung, and kidneys. The averaged FL

intensity in tumor was more than 13 times than that of
free ICG formulation. Considering the liver-specific
distribution of ICG itself and reticuloendothelial system
(RES) uptake of particulates in circulation, these data
were in accordance with the reported pharmacoki-

netics assay.>?

In Vivo Chemothermal, Photothermal and Chemo-photother-
mal Treatments. We measured the intratumoral tem-

perature while the tumor

intratumoral

injected with PBS, free ICG, and DINPs was irradiated
by 1 W/cm? NIR laser for 8 min (Figure 6A). After the
8 min of laser irradiation, the tumors treated with free
ICG, INPs, and DINPs had a maximum temperature
of 52.8, 57.0, and 56.9 °C, which exceeds the
damage threshold needed to induce irreversible
tissue damage.®®* The maximum temperature of
DINPs, INPs, free ICG at 5 min after laser irradiation
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Figure 6. Temperature increase in MCF-7 tumor tissues and
histologic assessments after photothermal therapy or che-
motherapy. (A) Maximum temperature profiles of the irra-
diated area of nude mice bearing tumors injected with
DINPs, INPs, free ICG, or PBS as a function of the irradiation
time. (B) Infrared thermographic maps of mice intratumoral
injected with DINPs, INPs, free ICG, or PBS were measured at
5 min after laser irradiation. (C) Histological staining of
the excised tumors at 12 h after injection of PBS, free ICG,
INPs, and DINPs under laser irradiation. Common features
of thermal damage were identified in tumors treated with
free ICG, INPs, and DINPs, such as coagulative necrosis
(black arrow), abundant pykonosis (blue arrow), and
considerable regions of karyolysis (red arrow). (Scale
bar, 50 um). (D) Cellular apoptosis of MCF-7 cells in tumor
tissues induced by PBS plus laser, free ICG plus laser, free
DOX and DINPs plus laser. The apoptotic cells labeled
green FL were evidently identified by TUNEL assay. The
tumor cells treated with ICG plus laser or DOX exhibited a
great number of apoptosis signals because both hy-
perthermia and DOX could cause cell apoptosis. The
degree of apoptosis was significantly higher in the DINPs
plus laser group.
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higher synergistic therapy effect and no tumor recurrence was noted over a course of 17 days. (B) MCF-7 tumor growth curves
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growth curves of different groups after treatments. (E) Survival rates of mice bearing MCF-7/ADR tumors after treatments; ()

P < 0.05, (xx) P < 0.01.

reached 55.8, 55.6, 52.8 °C at the irradiated area;
however, the PBS-treated tumor for the same laser
irradiation resulted in a temperature increase of
5.2 °C (Figure 6B), that is insufficient to irreversibly
damage the tumor.>%3*

To further determine the antitumor effect of DINPs
mediated chemo-photothermal therapy in vivo, MCF-7
tumor tissues were stained with hematoxylin and eosin
or were detected by the TUNEL assay. As shown in
Figure 6C, the tumors treated with free ICG, INPs, and
DINPs plus laser irradiation demonstrated typical fea-
tures of thermal damage, such as coagulative necro-
sis, abundant pykonosis, and considerable regions of
karyolysis in tumors as described previously.?%°

ZHENG ET AL.

According to the results of TUNEL assay in which
apoptosis cells were labeled green FL (Figure 6D),
both ICG plus laser and DOX led to a significant
number of apoptotic cells, and the combination of
DINPs plus laser group further promoted apoptosis
in MCF-7 tumor tissues.

We firstinvestigated the anticancer effect of chemo-
photothermal therapy in nude mice bearing MCF-7
tumors. The results showed that the tumors treated
with PBS or PBS plus laser irradiation grew rapidly,
suggesting the MCF-7 tumor growth was not affected
by laser irradiation (Figure 7A,B). The growth of MCF-7
tumors was slightly inhibited by DNPs or by free DOX
without significant difference (Figure 7B). Although
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DOX is a well-known chemotherapeutic agent to a
MCF-7 tumor, it usually requires multiple and high
dosages to achieve a satisfying anticancer effect.
In the present study, mice were treated with only a
single dose of DOX, which was certainly not sufficient
to suppress tumor growth in vivo. For mice treated
with INPs or ICG plus laser irradiation, although no
tumor recurrence was seen in the tumor site with
black scar, tumor surrounding the scar grew rapidly
afterward, and the survival rate of these two groups
was 33.3% on day 30 post-treatment (Figure 7A—C).
Surprisingly, a single injection of DINPs plus laser
irradiation led to a complete remission of MCF-7
tumors, leaving the original tumor site with black
scars which fell off about 2 weeks later (Figure 7A,B).
No tumor recurrence was observed in this group
over a course of 30 days (Figure 7A—C). Notably, the
treatment of free ICG/DOX plus laser irradiation
inhibited tumor growth less effectively than DINPs
plus laser with 50% of the survival rate on day 30,
which could be attributable to the shorter retention
time of DOX and lower temperature increase
(Figure 7A—C).

The anticancer effect of the chemo-photothermal
treatment was also investigated in the mice bear-
ing MCF-7/ADR tumors. The administration of free
DOX or DNPs did not significantly inhibit the
growth of MCF-7/ADR tumors (Figure 7D). The
combination of laser irradiation with ICG, INPs,
or ICG/DOX significantly suppressed the tumor
growth, of which the survival rate was 33.33%,
50%, and 50% on day 30 (Figure 7D,E). The combi-
nation of DINPs with laser irradiation led to com-
plete remission of tumors with 100% of survival
rate on day 30, confirming their synergistic effect
on tumor regression and the capability of over-
coming multidrug resistance (Figure 7D,E). The
potent anticancer effect of DINPs with laser irradia-
tion could be attributable to efficient cooperation
of 1CG-mediated thermal toxicity and DOX-
mediated cytotoxicity as well as extended reten-
tion time of NPs in tumors. Overall, the combina-
tion treatment of DINPs with laser irradiation
demonstrated remarkable anticancer efficacy in
both DOX-sensitive and DOX—resistant breast can-
cers, and gave a satisfying survival rate with sig-
nificant elongation of life span for mice.

By seeing the synergistic anticancer effect of NPs-
based chemotherapy and photothermal therapy, it
would be interesting to determine whether photother-
mal therapy could enhance the anticancer effect of
commercialized Caelyx (pegylated liposomal doxoru-
bicin hydrochloride). The results showed that Caelyx
alone failed to inhibit MCF-7/ADR tumor growth
in vivo, which is possibly due to its insensitivity to
DOX and a single injection of the drug (Supporting
Information, Figure S4A). On the other hand, the
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coinjection of Caelyx and ICG combined with laser
irradiation significantly inhibited tumor growth with
the survival rate at 50% on day 30, which was similar
to that of the ICG/DOX plus laser group (Supporting
Information, Figure S4A,B). These data further con-
firmed the NPs-mediated chemo-photothermal ther-
apy as a promising therapeutic strategy for cancer
therapy.

The potential adverse effect of anticancer therapy
remains a big concern for future clinical applications. In
the present study, the loss of body weight was ana-
lyzed as an indicator for treatments-induced toxicity
(Supporting Information, Figure S5A,B). On day 17, the
control groups treated with PBS or PBS plus laser in
nude mice bearing MCF-7 or MCF-7/ADR increased
their body weights by 6—11%, and those treated with
the ICG, INPs, or DINPs plus laser in nude mice bearing
MCF-7 or MCF-7/ADR increased by 6—12%. These
groups were not significantly different from the control
group, which suggested that these treatments were
well tolerated. Mice treated with DOX, ICG/DOX plus
laser, DNPs, Caelyx, or Caelyx/ICG plus laser had body
weights growth of 2—8% at day 17 in nude mice
bearing MCF-7 or MCF-7/ADR. The weight growths
were not significantly different from the control
groups, indicating that DOX concentration of these
groups injected with a single dose was well tolerant
in nude mice bearing MCF-7 or MCF-7/ADR. Cardiac
injury is a major complication of the oxidative stress-
generating DOX.>*> We further investigated the po-
tential cardiotoxicity of DOX or DINPs in MCF-7
tumor bearing mice. Mice were treated with free
DOX, ICG plus laser, and DINPs plus laser. On day 17,
hearts were removed and subjected to H&E staining.
We did not observe any abnormality in heart tissues,
suggesting no significant cardiotoxicity of current
treatments, which can be due to only one dosage
rather than multiple dosages (Supporting Informa-
tion, Figure S6). These data suggested that the
combined chemo-photothermal therapy with a sin-
gle-dose treatment did not cause significant adverse
effect in vivo.

CONCLUSIONS

We successfully fabricated the well-defined DINPs
using a single-step sonication method, which could
simultaneously deliver DOX and ICG to tumor re-
gions for combined chemo-photothermal therapy.
The DINPs remarkably enhanced ICG stability, pro-
duced higher localized temperature than free ICG
after laser irradiation, and effectively promoted
cellular uptake of DOX and ICG. The combination
of chemo-photothermal therapies not only syner-
gistically induced DOX-sensitive MCF-7 or DOX-
resistant MCF-7/ADR cell death in vitro, but also
suppressed MCF-7 or MCF-7/ADR tumor growth
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and prevented tumor recurrence in vivo. Hence, the
combination treatment of DINPs plus laser could be

MATERIALS AND METHODS

Materials. ICG, PLGA (MW, 5000—15000; lactide, glycoli-de
(50:50)), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), hematoxylin and eosin were purchased from
Sigma-Aldrich (USA). Doxorubicin was purchased from Jinhe
(China). Soybean lecithin, (1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-maleimide (polyethylene glycol 2000)
(DSPE-PEG) were obtained from Avanti (USA). Calcein-AM and
Alexa Fluor 488 Annexin V/Propidium lodide (PI) Cell Apoptosis
Kit were obtained from Invitrogen (USA). Caelyx pegylated
liposomal doxorubicin hydrochloride was purchased from
Schering-Plough (USA). Fetal bovine serum, RMPI 1640, DMEM,
trypsin-EDTA and penicillin-streptomycin were purchased from
Gibco Life Technologies (USA). One Step TUNEL apoptosis Assay
Kit was obtained from KeyGEN (China). Amicon ultra-4 centri-
fugal filter with a molecular weight cutoff of 10 kDa was bought
from Millipore (USA).

Formulation of DINPs. DINPs were synthesized from PLGA,
soybean lecithin, DOX, ICG, and DSPE-PEG using a previously
reported single-step sonication method.>® PLGA was dissolved
in 80% acetonitrile aqueous solution at a concentration of
2 mg/mL. To generate DINPs, (lecithin)/(DSPE-PEG) (mass ratio
was 2:3) with a total mass ratio of 15% to the PLGA polymer,
750 ug DOX, and 750 ug ICG were added in 3 mL of 4% ethanol
aqueous solution, and PLGA solution was added dropwise
under sonication using an ultrasonics processor (VCX130, USA)
at a frequency of 20k Hz and power of 130 W for 5 min. Finally
the DINPs were washed three times using an Amicon ultra-4
centrifugal filter. The same procedures were used to prepare the
INPs or DNPs in the absence of DOX or ICG.

Characterization of the DINPs. Size, surface charge, polydisper-
sity, and size distribution of the NPs were obtained using
Beckman Coulter DelsaTM Nano C (Beckman, USA) at room
temperature. The morphologic and particle size examination of
NPs were further performed by TEM (JEM-100XIl) with negative
stain method. Before analysis, the samples were stained with
2% (w/v) phosphotungstic acid, and then placed on copper grid
with films and air-dried prior to imaging.

The EE and LE of DOX or ICG loaded in NPs was determined
as follows: before ultrafiltration, the fresh NPs were isolated
from the aqueous suspension medium by Beckman OptimaTM
MAX-XP Ultracentrifuge (25 000 r/min, 30 min) (Beckman, USA).
The nonentrapped DOX and ICG in the supernatant was deter-
mined by fluorescence spectroscopy (F900, Edinburgh Instru-
ments Ltd.,, UK) with emission at 593 nm and excitation at
480 nm to monitor DOX, and emission at 815 nm and excitation
at 740 nm to monitor ICG. The EE and LE are expressed
according to the following formula: EE (%) = ((weight of loaded
drug)/(weight of initially added drug)) x 100; LE (%) = ((weight
of loaded drug)/(total weight of NPs)) x 100.

In vitro drug release profile of DINPs were determined by
loading 1 mL of DINPs samples into dialysis tubing (MW, 12 000),
which was submerged into 2 L of phosphate-buffered saline
(PBS, pH = 7.4) as dissolution media. The release experiments
were performed with and without 1 W/cm? 808 nm laser
irradiation (5W, Leimai, China) for 5 min at initial time of
experiment at 37 °C. The morphologic changes of NPs with
and without laser irradiation were also performed by TEM. The
mixture was then incubated in a water bath at 37 °C under
continuous shaking. At predetermined time points, the dialy-
sate was taken out to estimate the amount of drug released,
while the same amount of fresh PBS was added back and kept in
a shaker for further study. The DOX concentration in the
samples was measured by fluorescence spectroscopy, as de-
scribed above.

The absorption spectra of free DOX, ICG, and DINPs were
obtained using Perkin-Elmer Lambda25 UV/vis spectrometer
(USA). Fluorescence spectra were obtained using fluorescence

ZHENG ET AL.

a promising strategy for chemo-photothermal can-
cer therapy.

spectroscopy with excitation at 480 nm to monitor DOX and at
740 nm to monitor ICG. Fluorescent intensity at 815 nm of ICG
and DINPs at different times was measured to identify ICG
concentration at different times in ultrapure water. The ICG
concentration was adjusted to 0.01 mg/mL.

Tumor Cells. DOX-sensitive (MCF-7) and DOX-resistant (MCF-
7/ADR) human breast adenocarcinoma cells were used for the
cell studies. Cells were grown in RMPI 1640 (for MCF-7) and
DMEM (for MCF-7/ADR) culture medium containing 10% fetal
bovine serum and 1% penicillin and 1% streptomycin at 37 °C
under 5% CO,. The MCF-7/ADR cells were maintained continu-
ously in 0.5 uM of DOX.

In Vitro Cellular Uptake. MCF-7 or MCF-7/ADR cells (2 x 10*
cells/well) were seeded into 8-well chambered coverglasses
(Lab-Tek, Nunc, USA) in 200 uL of medium, respectively. After
24 h, the medium was replaced by the medium containing DOX
(18.00 ug/mL), ICG (16.48 ug/mL), or DINPs (18.00 xg/mL DOX
and 16.48 ug/mL of ICG). After 4 h incubation, the cells were
washed thrice with PBS and fixed with 4% paraformaldehyde
solution for 20 min, then washed thrice with PBS, finally the
fixed cells were observed by confocal laser scanning micro-
scope (Leica TCS SP5, GER). The FL was imaged at Agy (488 nm)
for DOX and at Agx (633 nm) for ICG. The MCF-7 or MCF-7/ADR
cells incubated with DINPs (18.00 ug/mL DOX and 16.48 ug/mL
of ICG) for 2 h were exposed to 1.6 W/cm? 808 nm laser
irradiation for 5 min, and the cells were incubated for another
2 h and further investigated the photothermal influence on
cellular uptake.

In Vitro Chemothermal Photothermal, and Chemo-photothermal Treat-
ments. The MCF-7 cells were seeded into 96-well plate (1 x 10*
cells/well) in 100 uL of medium. To directly observe the chemo-
photothermal therapeutic efficacy, the medium was replaced
by the medium with DINPs containing 6.0 ug/mL DOX and
5.5 ug/mL of ICG, and the medium without NPs as control. After
24 h incubation, the plate was placed on the Labnet Accu-
blockTM digital dry bath incubator so that the wells remained at
37 °C prior to the application of the laser. The cells were
irradiated with a 1.6 W/cm? 808 nm laser for 5 min for chemo-
photothermal treatments, whereas for chemotherapy alone,
the cells were not exposed to laser. After another 2 h incubation
cells were washed with PBS and stained with calcein-AM for
visualization of live cells and with PI for visualization of dead/
late apoptotic cells, according to the manufacture's suggested
protocol (Invitrogen). The cells were examined by eliminating
the interference of background FL of DOX and ICG with
biological inverted microscope (Olympus IX71, JPN).

The cytotoxicity of chemo-photothermal treatment was also
evaluated by quantification of apoptotic MCF-7 cells. MCF-7
cells were seeded at a density of 4 x 10° cells/well in 24-well
plate and cultured overnight. Cells were treated with/without
DINPs containing 6.0 #g/mL DOX and 5.5 #g/mL of ICG for 6 h or
combined laser irradiation for 5 min. The cells were harvested,
and the Alexa Fluor 488 Annexin V/PI Cell Apoptosis Kit was
used to detect and quantify apoptosis by BD Accuri C6 flow
cytometer (USA). Annexin V-positive, Pl-negative cells were
scored as apoptotic. Double-stained cells were considered as
necrotic/late apoptotic cells.

For more quantitative evaluation of chemotherapeutic effi-
cacy of DINPs, MCF-7 or MCF-7/ADR cells (1 x 10* cells/well)
were seeded into 96-well plate and were incubated in 100 uL of
medium with free DOX and DINPs containing the same con-
centration of DOX. The cells incubated with different concen-
trations of INPs or free ICG for 2 h were exposed to 1.6 W/cm?
laser irradiation for different times, and the cells were incubated
for another 24 h and quantified to investigate the photothermal
therapeutic efficacy. To evaluate the chemo-photothermal
treatments of DINPs, we treated MCF-7 or MCF-7/ADR cells with
DINPs, DNPs, and INPs. The cells incubated for 2 h were treated
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with or without 1.6 W/cm? laser for 5 min, and were incubated
for another 24 h for MCF-7 cells or another 72 h for MCF-7/ADR
cells, and quantified to investigate therapeutic efficacy. The cell
viability was quantified by the MTT assay.

Animals and Tumor Model. Female BALB/c nude mice (4—6
weeks old) were purchased from Vital River Laboratory Animal
Technology Co. Ltd. (China). Animals received care in accor-
dance with the Guidance Suggestions for the Care and Use of
Laboratory Animals. The procedures were approved by Shenz-
hen Institutes of Advanced Technology, Chinese Academy of
Sciences Animal Care and Use Committee. MCF-7 cells (1 x 10°)
or MCF-7/ADR cells (1 x 107) were administered by subcuta-
neous injection into the flank region of the mice. Tumor volume
was calculated as (tumor length) x (tumor width)?/2.

Temperature Measurements during Laser Irradiation. PBS (500 uL),
free ICG (500 ul, containing 55 ug/mL ICG), INPs (500 uL,
containing 55 ug/mL ICG), and DINPs (500 uL, containing 55
ug/mL ICG) was added to centrifuge tubes. The nude mice
bearing MCF-7 tumors were intratumoral injected with 150 ulL
of free ICG, INPs, and DINPs (all containing 55 xg/mL ICG). Mice
bearing the MCF-7 tumor were also injected with 150 uL of PBS
as control. The tubes and tumors were irradiated by the 808 nm
laser at 1 W/cm? for 8 min. Region maximum temperatures and
infrared thermographic maps were obtained with an infrared
thermal imaging camera (Ti27, Fluke, USA).

In Vivo Imaging and Biodistribution Analysis. The nude mice were
randomly divided into three groups (three per group). Mice in
group 1 as control were intratumoral injected with 150 ulL of
PBS. Mice in group 2 and group 3 were intratumoral injected
with 150 uL of free ICG and DINPs (both containing 55 ug/mL
ICG). Images and FL semiquatitative analysis of ICG were taken
at 0, 6, 12, and 24 h after injection using the ex/in vivo imaging
system (CRi maestro, USA) with a 704 nm excitation wavelength
and a 735 nm filter to collect the FL signals of ICG. DOX of DINPs
was not considered as an optional dye because the EX 480 nm
of DOX was not suitable for NIR FL imaging. The mice after
injection at 24 h were sacrificed and the organs including heart,
liver, spleen, lung, kidneys and tumor were collected for ima-
ging and semiquatitative biodistribution analysis.

In Vivo Chemothermal, Photothermal and Chemo-photothermal Treat-
ments. The mice were divided into groups (six per group) that
were intratumoral injected with 150 ulL of PBS, free DOX
(containing 60 xg/mL DOX), DNPs (containing 60 ug/mL DOX),
ICG (containing 55 #g/mL ICG), INPs (containing 55 #g/mL ICG),
free ICG and DOX in order (containing 60 xg/mL DOX and 55 ug/
mL ICG), DINPs (containing 60 #g/mL DOX and 55 ug/mL ICG),
Caelyx (containing 60 «g/mL DOX), and Caelyx plus free ICG
(containing 60 ug/mL DOX and 55 ug/mL ICG) . For the laser
treatment groups, the tumors of mice were irradiated by the
808 nm laser at 1 W/cm? for 5 min. The tumor volumes and
changes in body weight of each mouse were recorded. Mice
with tumor sizes exceeding 1000 m® were euthanatized accord-
ing to the animal protocol. To further detect the effect of
mediated chemo-photothermal therapy in vivo, cell apoptosis
of tumors at 48 h after treatment was detected by One Step
TUNEL apoptosis Assay Kit, and tumors at 12 hand heartsat 17 d
after treatment were stained with hematoxylin and eosin.

Statistical Analysis. Data are reported as mean + SD. The
differences among groups were determined using one-way
ANOVA analysis followed by Tukey' s post-test; (x) P < 0.05,
(*) P < 0.01.
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