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Deep Tumor-Penetrated Nanocages Improve Accessibility
to Cancer Stem Cells for Photothermal-Chemotherapy

of Breast Cancer Metastasis

Tao Tan, Hong Wang, Haigiang Cao, Lijuan Zeng, Yuqi Wang, Zhiwan Wang, Jing Wang,

Jie Li, Siling Wang,* Zhiwen Zhang,* and Yaping Li*

Cancer stem cells (CSCs) are proposed to account for the initiation of cancer
metastasis, but their accessibility remains a great challenge. This study
reports deep tumor-penetrated biomimetic nanocages to augment the acces-
sibility to CSCs fractions in tumor for anti-metastasis therapy. The nanocages
can load photothermal agent of 1,1-dioctadecyl-3,3,3,3-tetramethylindotri-
carbocyanine iodide (DBN) and chemotherapeutic epirubicin (EBN) to
eradicate CSCs for photothermal-chemotherapy of breast cancer metastasis.
In metastatic 4T1-indcued tumor model, both DBN and EBN can efficiently
accumulate in tumor sites and feasibly permeate throughout the tumor
mass. These biomimetic nanosystems can be preferentially internalized by
cancer cells and effectively accessed to CSCs fractions in tumor. The
DBN-+laser/EBN treatment produces considerable depression of primary
tumor growth, drastically eradicates around 80% of CSCs fractions in primary
tumor, and results in 95.2% inhibition of lung metastasis. Thus, the biomi-
metic nanocages can be a promising delivery nanovehicle with preferential

cells capable of establishing metastatic
tumors in distant organs.’*l Rationally,
eradicating CSCs in dormant tumor can
be a conceivable strategy to prevent their
metastasis to distant organs.

To date, only a few therapeutic agents
are used alone or their combinations to
eradicate the CSCs,>>7] but their appli-
cations largely suffer from the poor
delivery efficiency to CSCs. It is worth
noting that breast CSCs are the only
minor subset of cancer cells in the het-
erogeneous solid tumor.?® In addition
to the perivascular niche, the aldehyde
dehydrogenase (ALDH) expressing breast
CSCs can reside in hypoxic niche distal
from tumor vasculature and locate more
centrally in the tumor internal zones.)

CSCs-accessibility for effective anti-metastasis therapy.

1. Introduction

Cancer stem cells (CSCs), also known as tumor-initiating cells,
have been proposed to account for the tumor origin, long-term
growth, metastasis, and relapse after therapy."?l Especially for
cancer metastasis, compelling evidences suggest that CSCs are
responsible for the initiation of metastasis and may be the only
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Moreover, the breast CSCs are supported
by tumor-associated macrophages (TAM)
and cancer-associated fibroblasts (CAF)
as well as multiple extracellular matrix
(ECM) components, forming an abominable barrier hampering
drug accessibility to CSCs.1%! Unarguably, it is highly desired
to find novel substantial strategies to improve the accessibility
of therapeutic agents to CSCs for anti-metastasis therapy.
Nanosystems can effectively deliver various therapeutic
agents to tumor sites, providing an essential prerequisite to
augment their accessibility to CSCs.[*1213] However, due to
the rarity of CSCs, high heterogeneity of tumor mass, and
dense network of ECM, many current nanosystems are usu-
ally trapped in the matrix just outside tumor vessels and largely
inadequate to permeate into the deep interior region of tumor
mass.'%1415] The electron microscopy results suggest that
the openings in ECM are generally less than 40 nm, which
would inevitably hinder the diffusion of large nanoparticles
in tumor.'%! The smaller-sized nanoparticles display superior
penetrating capability in tumor mass, but they may be exten-
sively hijacked by TAM and CAF upon their intratumoral trans-
port,[17:18] thereby significantly compromising their accessibility
to CSCs in deep tumor regions. To circumvent this dilemma,
nanosystems should be endowed with outstanding capabilities
of tumor accumulations, deep tumor penetration, specific
recognition, and effective accessibility to CSCs.[2%1215.19]
Intriguingly, bioinspired strategies have attracted increasing
attentions for deep tumor-penetrated drug delivery and unique
accessibility to cancer cells owing to their tumor-homing ability
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and biomimetic biological properties.?®2!l Ferritin is a ubiq-
uitous endogenous iron storage protein nanoparticles and
presents as a cage-like nanostructure with the outer diameter of
12 nm and inner cavity of 8 nm, which can load a large variety
of therapeutic agents for tumor imaging and therapy.?%2%l
Moreover, ferritin can specifically bind to the highly expressed
transferritin receptor 1 (TfR1) and scavenger receptor class A
membrane 5 (Scara5), potentiating it an encouraging nanoplat-
form for efficient targeting and deep penetration in tumor.23-26l
Recently, Rich and co-workers demonstrate that ferritin can
be preferentially required by CSCs in brain tumor to facilitate
the propagation and tumorigenicity in vivo.?% Based on this
rationale, the ferritin nanocages could be an ideal biomimetic
nanovehicle to deliver various therapeutic agents to CSCs in
tumor masses for effective anti-metastasis therapy.

For this perspectives, we herein explored the Dbiomi-
metic nanocages of apoferritin as a nanovehicle loading a
near-infrared (NIR) dye of 1,1-dioctadecyl-3,3,3,3-tetramethyl-
indotricarbocyanine iodide (DiR) and cytotoxic epirubicin to
improve their accessibility to CSCs in tumor for combinational
therapy of breast cancer metastasis (Scheme 1). The specific
recognition of DiR-loaded biomimetic nanocages (DBN) by
CSCs were investigated in a CSCs-enriched 3D tumorsphere
model. Importantly, the in vivo deep tumor penetration of
DBN and epirubicin-loaded biomimetic nanocages (EBN) as
well as their preferential accessibility to CSCs in tumor were
underscored in a metastatic 4T1-induced breast cancer model.
Moreover, the therapeutic effects on eradiating CSCs and sup-
pressing lung metastasis were examined to validate the feasi-
bility of this CSCs-assessing strategy on treating breast cancer
metastasis.

Nanocages DBN or EBN

DiR or epirubicin
NIR

—————— —

O )

CAF 8 TAM

@ Cancer cells O CSCs

Scheme 1. Schematic illustration of deep tumor penetrated biomimetic
nanocages with preferential CSCs-accessibility for effective anti-metas-
tasis therapy. The biomimetic nanocages can effectively deliver photo-
thermal agents of DiR and cytotoxic epirubicin to CSCs in tumor mass for
photothermal-chemotherapy of breast cancer metastasis.
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2. Results and Discussion

2.1. Characterization of DBN and EBN

Initially, the biomimetic nanocages of DBN and EBN were
respectively prepared by a disassembly—assembly process using
the pH variations of the solution from 2 to 7.4. The nanocages
would disassemble into subunits in acidic environments (pH 2),
and intactly restore into nanocages upon the pH value back to
7.4, allowing the flexible encapsulation of various therapeutic
agents into the nanocages. Additionally, the ferritin protein
nanocages are heat-stable, even when the temperature is up
to 85 °C,I”] which could be used to load DiR for photothermal
therapy. The morphologies of DBN and EBN were using
biology transmission electronic microscope (TEM), while the
particle size was determined by dynamic light scattering (DLS)
analysis. The TEM images showed that DBN presented as cage-
like nanoparticles with the mean diameter of 12.22 + 2.77 nm,
while EBN were homogeneous spherical particles with the
mean diameter of 26.03 £ 5.03 nm (Figure 1A,B). Accumu-
lating data have evidenced the superior ability of small-sized
nanoparticles for deep tumor-penetrated drug delivery.['8282]
The small-sized biomimetic nanocages of DBN and EBN would
provide a feasible necessity to improving their accessibility to
CSCs in tumor interior regions.

The quantified results showed the loading capacity in nano-
cages was 1.04% for DiR in DBN and 13.34% for epirubicin in
EBN. The difference in morphology and particle size between
DBN and EBN could be presumably ascribed to their distinct
loading capacity in the nanocages. Then, the heat-generating
ability of DBN upon laser irradiation was monitored using
a thermal camera (Figure 1C,D). Upon their exposure to an
808 nm laser at 2.0 W cm™ for 3 min, the temperature could be
significantly increased to 51.2 + 2.8 °C in DBN and moderately
enhanced to 42.8 + 1.1 °C in free DiR. These results confirmed
the dramatic enhancement of DiR-mediated photothermal
effects after their incorporation into DBN. Afterward, the in
vitro release profiles of epirubicin from EBN were investigated
in phosphate buffered solutions (PBS) at different pH values
or in PBS (pH 7.4) containing 10% fetal bovine serum (FBS)
(Figure 1E,F). In PBS at different pH values, epirubicin was
released from EBN in a pH-responsive manner (Figure 1E).
The drug release of EBN in PBS at pH 5.5 and 4.7 could rapidly
increase to about 40% within 24 h, which was much higher than
that in PBS at pH 6.3 and 7.4 at certain time intervals. Addi-
tionally, there was no significant difference between the release
profiles of EBN in PBS (pH 7.4) and PBS (pH 7.4) + 10% FBS
(Figure 1 F). The in vitro release profiles indicated that EBN
would be stable in blood circulation and responsively release
the cytotoxic epirubicin in intracellular acidic environments,
which could be beneficial to exerting the therapeutic effects.

2.2. In Vitro Accessibility to CSCs and Therapeutic Effects
The 3D tumorsphere model has been identified as a reliable
platform to enrich the CSCs and to evaluate the self-renewal

capability of CSCs.’% The highly metastatic 4T1 breast cancer
cells were used to develop the CSCs-enriched 3D tumorsphere
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Figure 1. Characterization of DBN and EBN. A) Typical TEM images of DBN and EBN, scale bar = 50 nm. B) The particle size distribution of DBN and
EBN measured by DLS analysis. C) The thermal images of water, free DiR, and DBN upon their exposure to an 808 nm laser. D) The in vitro temperature
variations of water, free DiR, and DBN upon 808 nm laser irradiation. E) The in vitro release profiles of EBN in PBS at different pH values. F) The in

vitro release profiles of EBN in PBS (pH 7.4) and PBS (pH 7.4)+10% FBS.

model, which was induced by culturing 4T1 cells in ultralow
attachment plates. The CD44*CD24- and ALDH1 markers,
that have been conventionally identified as CSCs markers of
breast cancer,V2! were used to characterize the stemness of
4T1-induced tumorsphere cells. The expressions of ALDH1,
CD44, and CD24 in tumorsphere cells were determined by flow
cytometer assays. Our data suggested that the CD447CD24~
cells were highly detected in 67.69% of tumorsphere cells,
but rarely detected in parent 4T1 cancer cells (2D cultured by
default) (less than 1%) (Figure 2A). Meanwhile, the percentage
of ALDH"eh cells was only 5.9% in parent 4T1 cells but obvi-
ously increased to 20.33% in tumorsphere cells (Figure 2B).
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Therefore, compared to the parent 4T1 cells, the typical CSCs-
like CD44*CD24~ cells or ALDH"g" cells could be largely
enriched in 3D tumorsphere models.

Preferential CSCs-accessibility is the essential prerequi-
site to eradicating the CSCs for anti-metastasis therapy. The
preferential access of DBN to CSCs was evaluated in the CSCs-
enriched 3D tumorsphere model and parent 4T1 cancer cells.
With regards to the enrichment of CSCs in 3D tumorsphere, the
potential of CSCs-accessibility can be expressed by the enhanced
uptake in tumorsphere cells compared to that in parent 4T1
cells. The internalization of DBN in tumorsphere and parent 4T1
cells were examined using laser confocal scanning microscopy

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. In vitro preferential accessibility to CSCs in 3D tumorsphere. A) The expression of CD44*CD24~ markers in 3D tumorsphere and parent 4T1
cells. B) The proportion of ALDH"&" fractions in 3D tumorsphere and parent 4T1 cells. C) The uptake of DBN in CSCs-enriched 3D tumorsphere cells
and parent 4T1 cells under LCSM. By contrast, the nuclei were stained with Hoechst 33 342 for visualization. D) The mean fluorescence intensity of
DBN in CSCs-enriched tumorsphere cells and parent 4T1 cells, **p < 0.01. E) The relative uptake of DBN in ALDH"g" and ALDH'*" fractions of 3D
tumorsphere cells. F) The expression of Scara5 and TfR in parent 4T1 cells and CSCs-enriched 3D tumorsphere cells. G) The quantified cellular uptake
of DBN in CSCs-enriched 3D tumorsphere cells in the presence and absence of anti-Scara5, *p < 0.05.
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(LCSM), which displayed as red fluorescence signals in the cap-
tured images. As depicted in Figure 2C, the fluorescence signals
of DBN could be extensively detected in the 3D tumorsphere
cells with strong intensity, but slightly observed in parent 4T1
cells. The flow cytometry analysis showed that the fluorescence
intensity of DBN in CSCs-enriched tumorsphere cells was
5.9-fold higher than that in parent 4T1 cells (Figure 2D), revealing
the preferential accessibility of DBN to CSCs-enriched tum-
orsphere cells. Moreover, the mean fluorescence intensity of
DBN in ALDHMe" fractions of tumorsphere cells was 2.14-fold
higher than that in ALDH"Y fractions (Figure 2E; Figure S1,
Supporting Information). Therefore, these results effectively
verified the efficient internalization of DBN in CSCs-enriched
tumorsphere and its preferential accessibility to the ALDHMsh
CSCs fractions.

Then, we attempted to elucidate the possible mechanism
for the preferential CSCs-accessibility of DBN. Previous
reports indicated that ferritin could bind to the specific
receptors of TfR1 and Scara5 to facilitate their internalization
into cancer cells.*>2% We characterized the expression of these
typical receptors in 4T1-mammosphere and parent 4T1 cells
by flow cytometry (Figure 2F). Our data suggested that the
Scara5 receptors were largely upregulated in 3D tumorsphere
cells versus parent 4T1 cancer cells, whereas the expression of
TfR1 was rarely changed between them. It has been evidenced
that Scara5 was the specific receptors of L-ferritin.[?>3! Horse
apoferritin was composed of 24 subunits polypeptides with
nearly 92% of light (L-) chains (22/24), which was typically
regarded as L-Ferritin.?? In view of the high upregulation of
Scara5 receptors in tumorsphere cells over parent 4T1 cells,
it was rational to envision that the Scara5 receptors would
be responsible for the CSCs-specific accessibility of DBN. To
confirm this deduction, we blocked the Scara5 receptors with
specific monoclonal antibody (PA5-20 766, Invitrogen) and
retested their internalization in tumorsphere cells. The fluo-
rescence intensity of DBN in tumorsphere cells was signifi-
cantly reduced by 45% upon the blockage of Scara5 receptors
(Figure 2G). As a result, DBN would be preferentially inter-
nalized by CSCs-enriched tumorsphere cells via the Scara5-
mediated pathway.

Thereafter, the in vitro therapeutic effects of DBN and EBN
were evaluated in metastatic 4T1 cancer cells. Both epirubicin
and EBN presented significant inhibition on the viability of
these two cell lines in a concentration-dependent manner
(Figure 3A), and the average half-inhibitory concentration (ICs)
was 0.42 ug mL! for EBN and 1.26 ug mL™ for free epirubicin.
Then, cells were respectively treated with laser alone, DBN+L,
epirubicin, EBN, and DBN+L/EBN to evaluate the inhibitory
effects on cell viability. The DBN+L/EBN treatment resulted
in an 82% inhibition of cell viability, which was significant
higher than that of DBN+L or EBN (Figure 3B). Afterward, the
residual cells were performed tumor-sphere forming assays to
characterize the self-renewal capacity (Figure 3C). At day 4 after
the incubation, plenty of cell-spheres were readily detected in
DBN+L group, but only small cell clusters or single cells were
detected in epirubicin, EBN, and DBN+L/EBN groups, sug-
gesting the effective inhibition on the self-renewal ability of
residual cells. In light of the efficient accessibility to CSCs, we
examined the therapeutic effects on destroying already existing
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tumorspheres and eradicating the proportion of ALDHMsh
CSCs fractions. At 8 days of incubation after this treatment
(Figure 3D; Figure S2, Supporting Information), the existing
tumorsphere was not significantly changed in DBN+L group,
but obviously destroyed in EBN and DBN+L/EBN groups.
Moreover, the proportions of ALDH"#" cells from each group
were determined by flow cytometry after their staining with
the Aldefluor fluorescent reagent (Figure 3E). When com-
pared to the negative control, the ALDHMeh CSCs fractions
were unexpectedly increased in DBN+L and free epirubicin
groups, but significantly reduced by the EBN or DBN+L/EBN
treatment (Figure 3E). Similarly, the therapeutic effects of the
DBN+L/EBN and EBN treatments on cell viability, inhibiting
tumorsphere forming, and destroying already existing tum-
orspheres were also validated in human MDA-MB-231 cells
(Figures S3 and S4, Supporting Information).

2.3. In Vivo Tumor Targeting, Deep Penetration,
and CSCs Accessibility of DBN

The specific accumulation of DBN in tumor was examined in
an orthotopic breast cancer model, which was monitored by in
vivo imaging system (Spectrum, Perkin-Elmer, USA). DBN and
free DiR were respectively injected to the tumor bearing mice
via tail vein for the imaging. In Figure 4A, the fluorescence sig-
nals of DBN were obviously detected in the tumor sites at 1 h
after injection and gradually increased with time. The signals
of DBN peaked at 12 h and maintained at a high level even at
24 h after injection, which was significantly higher than that of
free DiR. The whole body distribution of DBN in mice could
be owing to the long blood circulating ability of the biomimetic
nanocages. The ex vivo images indicated that the fluorescent
signals of DBN were largely detected in liver, tumor, and lung
(Figure 4B). Typically in tumor, the DBN treatment resulted
in a 3.4-fold enhancement of tumor accumulation than free
DiR (Figure 4C). Moreover, the penetration of DBN in tumor
mass was determined by photoacoustic imaging system
(Vevo 2100 LAZR, VisualSonic FujiFilm), wherein DBN was
denoted as green signals in the captured images. As shown in
Figure 4D and Figure S5 (Supporting Information), DBN could
be extensively detected in the exterior and interior sides of
tumor mass. In the reconstructed 3D profiles, the extensive dis-
tribution of DBN in whole tumor mass was feasibly validated
(Figure 4E). The measured results effectively verified the supe-
rior tumor targeting and deep penetrating capabilities of DBN
in the orthotopic metastatic breast cancer model, which could
mainly be ascribed to innate tumor-targeting potential of the
biomimetic nanocages and the small particle size of the DBN
system. Conceivably, the efficient tumor accumulation and
penetration capacity of DBN would significantly increase the
possibility of DBN to be exposed to CSCs in tumor mass.

CSCs are the rare sub-population of cancer cells in the het-
erogeneous tumor tissues.214 Recently, it was reported that
the ALDH"s8? CSCs in hypoxic niche were more proliferative
and located more centrally in the tumor mass.** Accord-
ingly, the improved tumor accumulation and deep penetra-
tion of DBN in tumor mass would rationally increase their
accessibility to the CSCs. To distinguish the accessibility to

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. The in vitro therapeutic efficacy of DBN+L/EBN combination therapy on the viability, sphere-forming, and ALDH"g" CSCs fractions of tum-
orsphere cells. A) The inhibitory effects of EBN on the viability of parent 4T1 cells. B) The inhibitory effects of various groups on the viability of parent
4T1 cells, **p < 0.01. C) The inhibition of various groups on the tumorsphere forming ability of 4T1 cells, scale bar = 200 um. D) The inhibition of
various groups on destroying the already existing tumorspheres, scale bar = 200 um. E) The effects on eliminating ALDH"&" CSCs fractions in 3D

tumorsphere model from each treatment.

CSCs in tumor, the in vivo internalization of DBN by various
cells in tumor mass was determined by LCSM. Besides the
initial insults of cancer cells in tumor mass, CAF and TAM
are the most abundant accessary cells limiting the acces-
sibility of therapeutic agents to cancer cells and CSCs in
tumor regions.[*#1034 To distinguish their internalization into
specific cells in tumor mass, the sections were stained with
specific antibodies of a-smooth muscle actin (0-SMA) and
F4/80 to outline the phenotype of CAF and TAM in tumor
regions (green signals). As shown in Figure 5A, DBN could
be effectively internalized by some but not all cells in tumor

Adv. Sci. 2018, 5, 1801012 1801012 (6 of 15)

regions. The red signals of DBN were barely colocalized with
the green signals of o-SMA and slightly merged with those
of F4/80, suggesting their limited internalization into CAF
and TAM in tumor regions. Moreover, to clarify the specific
accessibility to cancer cells, the colocalization of DBN with
4T1 cancer cells with stable expression of green fluorescence
protein (4T1-GFP) was measured. In the captured mages, the
red signals of DBN were largely distributed in the regions of
4T1-GFP cell clusters, indicating their specific accessibility to
cancer cells in tumor mass. These observations suggested that
the DBN could flexibly avoid the unexpected internalization

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. The in vivo distribution of DBN in 4T1-induced orthotopic breast cancer model. A) The in vivo imaging of DBN and free DiR in tumor bearing
mice at different time points after injection. B) The ex vivo imaging of DBN and free DiR in the major organs at 4 h of injection. C) The quantified dis-
tribution of DBN and free DiR in major organs at 4 h postinjection, **p < 0.01. D) The photoacoustic imaging of DBN in tumor at 4 h after injection.

E) The reconstructed 3D distribution profiles of DBN in tumor.

by stromal cells and be specifically accessed to cancer cells in
tumor regions.

The aforementioned results have evidenced that DBN could
be largely internalized by CSCs-enriched tumorsphere cells,
especially the ALDHMe? CSCs fractions (Figure 2). Moreover,
ferritin can be specifically recruited by CSCs in vivo to facilitate
the tumor progression.[l Based on this rationale, the highly
accumulated DBN in tumor can significantly improve the
specific recognition and selective internalization by CSCs. To
determine the preferential accessibility to CSCs, the sections
were respectively labeled with specific CSCs biomarkers of
ALDH]1, SOX-2, and OCT-4 by immunofluorescence staining
(Figure 5B). In the captured images, the red fluorescence
signals of nanocages were largely colocated with the green
signals of various CSCs markers, which effectively suggested
the selective internalization by cancer cells with high expres-
sion of CSCs markers in tumor mass. Thus, the biomimetic
nanocages could be rationally considered as an encouraging
nanoplatform to promote the preferential drug accessibility to
CSCs in tumor.
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2.4. In Vivo Tumor Penetration and CSCs Accessibility
of EBN after DBN+L Treatment

To facilitate the combinational therapy of DBN-mediated
photothermal effects and chemotherapeutic effects of EBN,
EBN was given to the tumor bearing mice after laser irra-
diation. The fluorescence signals of EBN were detected using
the imaging system and LCSM to monitor their tumor accu-
mulation, penetration, and specific accessibility to ALDH"eh
CSCs in tumor (Figure 6). The epirubicin alone could be
used as a fluorescence probe to detect the in vivo localiza-
tion of EBN in tumor regions, which would not be interfered
with the fluorescence signal of DBN. In the ex vivo profiles,
the fluorescence signals of EBN were mainly observed in
kidney and tumor, but minimally detected in other organs,
suggesting their superior accumulation in tumor mass
(Figure 6A). Afterward, the tumor mass was sectioned and
the fluorescence signals of EBN were recorded using LCSM.
By contrast, the nuclei and F-actin were counterstained as
control. In the whole tumor profiles, the red fluorescence
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Figure 5. The in vivo cellular internalization and preferential CSCs-accessibility in tumor sites. A) The in vivo internalization of DBN by various cells
of CAF, TAM, and 4T1-GFP cancer cells at tumor sites. By contrast, the nuclei were stained with DAPI for visualization, scale bar = 25 um. B) The in
vivo preferential CSCs-accessibility of nanocages, wherein CSCs were denoted as cells with high expression of ALDH, SOX-2, and OCT-4 markers in

tumor mass, scale bar =20 um.

signals of EBN could be extensively detected with high inten-
sity, wherever in the exterior tumor regions or in the interior
zones of tumor mass (Figure 6B). In the enlarged profiles,
the cellular internalization of EBN could be readily visual-
ized (Figure 6C). Moreover, the red signals of EBN could be
considerably colocalized with the ALDH1 markers of CSCs,
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suggesting the efficient in vivo accessibility of EBN to CSCs
in tumor (Figure 6D). As a result, EBN could flexibly per-
meate throughout the whole tumor mass and be effectively
assessed to the ALDHM8" CSCs fractions in tumor, thereby
holding great premise to eradicate tumor CSCs for anti-
metastasis therapy.
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Figure 6. The in vivo distribution, deep penetration, and CSCs-accessibility of EBN in tumor mass after DBN+L treatment. A) The ex vivo distribution
of EBN by recording the fluorescence signals of epirubicin. B) The permeation of EBN in the whole tumor mass, wherein the actin and nuclei were
respectively stained with phalloidin-FITC and DAPI for visualization under LCSM, scale bar = 1.0 mm. C) The enlarged in vivo cellular uptake of EBN
in tumor sites, scale bar = 25 um. D) The in vivo accessibility of EBN to ALDH"8" CSCs cells in tumor sites, which was denoted as yellow arrows,

scale bar = 25 um.

2.5. In Vivo Therapeutic Efficacy on Tumor Progression
and Lung Metastasis

CSCs have been evidenced as the roots of tumor initiation
and metastasis.?”] To determine the merit of the preferen-
tial accessibility of DBN and EBN to tumor CSCs, the in vivo
therapeutic effects were measured in an orthotopic meta-
static breast cancer model. In our previous results and pre-
liminary experiments, we have found that the free DiR plus
laser irradiation and DBN without laser irradiation had no
inhibitory effects on tumor growth and lung metastasis of
breast cancer (Figure S6, Supporting Information).?! In this
study, the tumor-bearing mice were respectively treated with
saline control, laser alone, DBN+L, free epirubicin, EBN, and
DBN+L/EBN at 1.25 mg kg™! of DiR and/or 5 mg kg™! of epi-
rubicin. Upon NIR laser irradiation, the surface temperature at
tumor sites in DBN+L and DBN+L/EBN could be significantly
increased over 52 °C, which was much higher than that in laser
alone (Figure 7A,B). In the tumor growth profiles (Figure 7C),
free epirubicin and EBN treatment showed a moderate inhibi-
tion on tumor growth with the inhibitory rates of 29.1% and
60.4% versus saline control, respectively. The single treatment
of DBN+L resulted in a notable shrinkage of tumor size within
the first 4 days, but then unexpectedly presented an obvious
tumor regrowth thereafter, ultimately leading to a 44.1%
reduction of tumor growth. By contrast, the laser alone had no
inhibition on tumor growth. In particular, in the DBN+L/EBN
group, the tumor size was notably shrunk at first 9 days and
then showed a slight regrowth with the ultimate inhibition rate
of 82.4%, which was significantly higher than other groups.
The effective inhibition of DBN+L/EBN on tumor growth was
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also confirmed by measuring the tumor weight (Figure 7D;
Figure S7, Supporting Information). Thereby, the DBN+L/EBN
mediated combinational therapy could result in a considerable
depression of tumor growth, which was much more effective
than other single treatment of DBN+L or EBN.

Of note, the effectiveness of DBN+L/EBN mediated com-
binational therapy on suppressing tumor metastasis was also
evaluated. Lungs are one of the most frequent sites of metas-
tasis in both preclinical models and patients.*"*! At the end
time of treatment, the lung tissues from each group were col-
lected and the visually detected metastatic nodules in each lung
were recorded to evaluate the therapeutic effects on suppressing
the incidence of lung metastasis (Figure 7E-G; Figure S8, Sup-
porting Information). Compared to the saline control, the
DBN+L treatment showed a 42.2% inhibition on the incidence
of lung metastasis while the laser alone had no inhibitory
effects. By contrast, the free epirubicin treatment depicted a
moderate suppression of lung metastasis with the inhibitor rate
of 54.2%. Particularly in EBN or DBN+L/EBN group, the inci-
dence of lung metastasis was only observed in only 1 of 4 mice.
The average number of lung metastasis was only about 0.5 £ 1
in EBN group and 1 + 2 in DBN+L/EBN group, which respec-
tively produced a 97.6% and 95.2% inhibition of lung metas-
tasis. The efficient suppression of lung metastasis was also
verified by histological examinations using the hematoxylin and
eosin (H&E) staining kit (Figure 7G), in which the metastatic
lesions were denoted as cell clusters of darkly stained nuclei.
In the whole images of lung tissue, the metastatic foci were
barely detected in EBN and DBN+L/EBN groups, but evidently
observed in other groups. In addition, the good compatibility of
these treatments was determined by histological examinations

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. The in vivo therapeutic effects on tumor growth and lung metastasis of metastatic breast cancer model. A) The typical thermal images of tumor
bearing mice. B) The temperature changes in tumor from each laser-irradiated group. C) The tumor growth profiles from each group. D) The relative tumor
weight from each group, *p < 0.05, **p < 0.01. E) The number of lung metastatic nodules from each group, *p <0.05, **p < 0.01. F) The inhibition on the inci-
dence of lung metastasis from each treatment, *p < 0.05, **p < 0.01. G) The histological examination of lung tissues from each group, scale bar = 5000 um.
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Figure 8. The in vivo suppression on the proportion of ALDH"&" CSCs
in tumor mass. A) Expression of ALDHM" markers in tumor mass from
each group, which was denoted as green fluorescence signals in the cap-
tured images, scale bar = 200 um. B) The quantified results of ALDH"ih
CSCs expressions in tumor from each group, **p < 0.01.

and detections of body weight variations (Figures S9 and S10,
Supporting Information). Therefore, the EBN and DBN+L/EBN
treatments depicted remarkable inhibition on the incidence of
lung metastasis.

In view of the crucial role of CSCs fractions in tumor metas-
tasis, the CSCs-eliminating effects of these treatments were
evaluated. The proportions of ALDHM8" CSCs in tumor mass
from each group were determined by immunofluorescence
assays, which were denoted as green fluorescence signals in the
captured images. The fractions of ALDHMsh CSCs were unex-
pectedly increased in free epirubicin and DBN+L treatment,
but remained at a low level in EBN and DBN+L/EBN groups
(Figure 8A). Compared to the negative control, the population
of ALDHMs" CSCs in tumor mass was obviously increased
2.0- and 2.9-folds in free epirubicin and DBN+L group, indi-
cating the enrichment of ALDH"g" CSCs fractions in tumor
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mass after these treatments (Figure 8B). However, the EBN and
DBN+L/EBN treatments produced 81.5% and 80.0% reduction
of ALDHMeM CSCs fractions in tumor, respectively, suggesting
their considerable elimination on ALDHM¢" CSCs fractions
in tumor. In addition, no significant difference was detected
between EBN and DBN+L/EBN treatments. As a result, the
ALDH"g! CSCs fractions in tumors could be significantly
enriched by the DBN+L mediated photothermal treatment or
free epirubicin-mediated chemotherapy, but drastically eradi-
cated by the EBN and DBN+L/EBN treatments, which could be
largely ascribed to the biomimetic nanocages mediated remark-
able augment of CSCs-accessibility. CSCs are more resistant to
the damages of temperature, radiation therapy, and chemother-
apeutic agents than normal cancer cells.l®l These therapeutic
modalities can cause extensive death of normal cancer cells, but
are usually invalid when eliminating the CSCs, thereby unex-
pectedly leading to the enrichment of CSCs in tumor mass.!>7]
The DBN+L and free epirubicin treatments led to significant
increase of CSCs fractions in tumor and were incompetent to
prevent distant metastasis in lungs. However, in the DBN+L/
EBN and EBN groups, the treatments eradicated over 80% of
CSCs fractions in tumor versus negative control and resulted
in efficient inhibition of lung metastasis. Thereby, the consider-
able elimination of ALDH"&" CSCs fractions in tumor would
play a crucial role for their efficient anti-metastasis therapy.

3. Conclusions

In summary, we successfully developed a deep tumor-
penetrated biomimetic nanocages loading photothermal agent
of DiR and chemotherapeutic epirubicin to improve their
accessibility to CSCs for effective photo-chemotherapy of
breast cancer metastasis. The biomimetic nanocages of DBN
and EBN depicted superior accumulation in tumor and flex-
ible permeation throughout the tumor mass. Moreover, they
can be largely internalized by cancer cells and preferentially
accessed to ALDHMeh CSCs fractions, but less taken up by
stromal cells of CAF and TAM in tumor regions. Of note, the
CSCs-assessing nanocages of EBN and DBN+L/EBN produced
considerable inhibition of primary tumor growth with notable
eradication of ALDHMe&" CSCs in tumor mass, and resulted in
remarkable inhibition of lung metastasis. Thus, the deep tumor
penetrated biomimetic nanocages can provide an encouraging
nanoplatform to ameliorate their accessibility to CSCs for
effective anti-metastasis therapy.

4. Experimental Sections

Materials: Apoferritin was provided by Sigma-Aldrich (Shanghai,
China). The NIR dye of DiR iodide was supplied by AAT Bioquest Inc
(Sunnyvale, USA). The cytotoxic epirubicin and cyanine5 (Cy5) NHS
ester were provided by Dalian Meilun Biological Co Ltd. (Liaoning,
China). Other reagents were of analytic grade provided by Sinopharm
Chemical Reagent Co. Ltd (Shanghai, China). Water was prepared from
the Milli-Q water purification system (Millipore, USA).

Preparation and Characterization of DBN and EBN: The loading of DiR
or epirubicin into nanocages was prepared by a disassembly—assembly
process using the pH changes of the solution from 2 to 7.4. In brief,
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apoferritin (10 mg mL™") broken down into subunits by adjusting the
pH to 2 with hydrochloric acid (HCI, 1 m). For preparing DBN, 120 ug
of DiR in 12 puL methanol was mixed with 1 mL of apoferritin solution
(10 mg mL™") and incubated at room temperature for 15 min. Then,
the pH of the mixed solution was turned back to pH 7.4 with sodium
hydroxide solution (NaOH, 1 m) and agitated at room temperature
for 2 h. Afterward, the DBN solution was purified using AKTA Purifier
UPC10 with a desalting column (HiTrap, 5 mL) to remove the unloaded
free DiR, and concentrated using an ultrafiltration method. The DiR
amount in DBN was determined with a fluorescence spectrophotometer
(Thermo Fisher Scientific Oy Ratastie2, FI-0 1620 Vantaa, Finland).
For preparing EBN, 2 mg of epirubicin in 100 uL deionized water was
mixed with 1 mL of apoferritin solution (10 mg mL™") and prepared as
described above. Afterward, the epirubicin concentration in EBN was
measured on a microplate reader (Enspire, Perkin-Elmer, Singapore) for
subsequent calculations.

The morphology of DBN and EBN was measured under the TEM
(Tecnai G2 Spirit Biotwin, FEI) after negative staining with uranyl
acetate. Meanwhile, the particle size distributions of DBN and EBN
were measured by DLS analysis on a Malvern Zetasizer Nano ZS
90 instrument (Malvern, UK).

The in vitro heat-generating ability of DBN was determined using
an infrared thermal camera (A150-15-M, Irtech Ltd). In brief, 200 pL of
water, free DiR in water, and DBN (100 pg mL™" of DiR) were exposed to
an 808 nm laser irradiation at 2.0 W cm™2 for 3 min. The thermal images
and the temperature changes were recorded.

To evaluate the in vitro release profiles of epirubicin from EBN in
physiological environments, the release behavior was respectively
determined in PBS at different pH values or in PBS with 10% of FBS. In
brief, 200 pL of EBN was sealed in dialysis bags and then respectively
incubated with 5.0 mL of PBS at pH values of 7.4, 6.3, 5.5, and 4.7, or
with PBS (pH 7.4) containing 10% FBS at 37 °C. At predetermined time
intervals, the drug amount in the dissolution media was determined
using the microplate reader for quantification.

Formation and Characterization of 4T1 Induced 3D Tumorsphere: The
murine 4T1 and human MDA-MB-231 breast cancer cells were provided
by Shanghai Cell Bank, Chinese Academy of Sciences. The 4T1 cells were
cultured in the default RPMI 1640 media with 10% FBS (Gibco), and kept
at 37 °C and 5% CO, in a humidified incubator. The 3D tumorsphere
was developed by culturing metastatic 4T1 cells in 6-well ultralow
attachment plates (40 000 cells per well) with serum free Dulbecco’s
modified eagle medium (DMEM)/F12 culture media supplemented with
5 ug mL™" of insulin, 20 ng mL™" of epidermal growth factor, 20 ng mL™
of basic fibroblast growth factor, 1 x B27 (Invitrogen, USA), 0.4% (w/v)
bovine serum albumin, 100 U mL™" of penicillin, and 100 pg mL™" of
streptomycin. After 5 days of culture, the 3D tumorsphere model could
be formed and used for further detections. Likewise, MDA-MB-231cells
were cultured in DMEM with 10% FBS and cultured as described above
for in vitro assessments. The 3D tumorspheres from MDA-MB-231 cells
were developed by the aforementioned methods.

To characterize the stemness of 4T1-induced 3D tumorspheres, they
were collected and enzymatically dissociated with trypsin at 37 °C for
15 min to form single tumorsphere cells. The expressions of typical
CSCs markers including CD44, CD24, and ALDH were determined by
flow cytometry analysis (FACSCalibur system, BD, USA). Cells were
stained with primary antibody of CD44 (701 406, Invitrogen, USA) and
CD24 (14-0242-82, Invitrogen, USA), followed with incubation with
secondary antibody of Alexa Fluor 488 labeled goat anti-rabbit IgG (H+L)
and Cyanine3 (Cy3) labeled goat anti-rat IgG (H+L) (Beyotime, Jiangsu,
China) for the analysis. Likewise, the dissociated tumorsphere cells were
also stained with Aldefluor fluorescent reagent to detect the proportion
of ALDHMe" fractions. By contrast, the expressions of CD44, CD24, and
ALDH markers in parent 4T1 cells were determined.

In Vitro Preferential Accessibility to CSCs Fractions: To determine the
CSCs-accessibility of DBN, the internalization of DBN by CSCs-enriched
3D tumorsphere model and parent 4T1 cancer cells was evaluated using
LCSM (Olympus, Japan) and flow cytometry (FACSCalibur, BD). DBN
was incubated with 3D tumorsphere cells or 4T1 cells for 4 h for the
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measurements. As control, the nuclei were stained with Hoechst 33 342
(Beyotime, Jiangsu, China). The uptake of DBN in 3D tumorsphere cells
and parent 4T1 cells was visualized under LCSM, which was denoted
as red fluorescence signals in the captured images. Moreover, the
internalization was quantified by flow cytometer analysis.

Then, the preferential accessibility of DBN to ALDH"e" CSCs fractions
in 3D tumorsphere was determined. DBN was incubated with 3D
tumorspheres for 4 h and dissociated into single tumorsphere cells with
trypsin as described above. After staining with the Aldefluor fluorescent
reagent, the fluorescence signals in ALDH"g" CSCs or ALDH'¥ cells
were determined by flow cytometry.

Possible Mechanism for the Preferential CSCs-Accessibility of DBN: To
elucidate the mechanism for the preferential CSCs-accessibility of DBN,
the specific expressions of TfR1 and Scara5 receptors in 3D tumorsphere
cells and parent 4T1 cells were characterized by flow cytometry. To
confirm the expressions of TfR1 and Scara5 receptors, the tumorsphere
cells and parent 4T1 cells were respectively treated with primary antibody
against TfR (ab60344, Abcam, UK) and Scara5 (Invitrogen, USA), and
respectively incubated with the secondary antibody of Cy3-labeled
goat anti-rat IgG (H+L) and Alexa Fluor 488 labeled goat anti-rabbit
1gG (H+L) (Beyotime, Jiangsu, China). Cells without any staining were
performed as negative control. Afterward, the expressions of TfR1 and
Scara5 in tumorsphere cells and parent 4T1 cells were analyzed by flow
cytometry (FACSCalibur, BD, USA).

To detect whether Scara5 was responsible for the preferential
CSCs-accessibility of DBN, the Scara5 receptors were masked in 3D
tumorsphere using specific antibody against Scara5 (Invitrogen, USA),
and the internalization in the CSCs-enriched tumorsphere model was
retested. In brief, the 3D tumorspheres in a 6-well plate were pretreated
with the specific antibody of Scara5 for 1 h and then incubated with DBN
for 4 h. By contrast, the untreated 3D tumorspheres were incubated with
DBN for 4 h as control. Afterward, the fluorescence intensities of DBN in
these two groups were quantified by flow cytometry analysis.

Cytotoxicity in 4T1 Cells: The cytotoxicity of EBN and free epirubicin
was evaluated in parent 4T1 cells. Cells were seeded into normal 96-well
culture plate at 4000 cells per well and incubated in the RPMI 1640 media
overnight for the attachment. Then, free epirubicin and EBN were added
to each well at concentrations ranging from 1.6 ng mL™" to 5 ug mL~! and
incubated for further 24 h. Thereafter, the cell viability in each group was
analyzed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays (Enspire, Perkin-Elmer, Singapore). For the cytotoxicity
in MDA-MB-231 cells, cells were seeded into 96 well pate at 5000 cells
per well and cultured overnight, and then incubated with EBN or free
epirubicin with the concentration within 3.2 ng mL™" to 10 ug mL™". After
24 h incubation, the cell viability was determined using MTT assays.
Cells without any treatment were performed as negative control.

Then, to determine the combinational effects of DBN plus laser
irradiation and EBN on cell viability, the seeded cells in 96-well culture
plate (4000 cells per well) were respectively treated with laser alone,
DBN+L, free epirubicin, EBN, and DBN+L/EBN at 0.25 pug mL™" of
DiR or 1 ug mL™" of epirubicin. For laser irradiated groups, cells were
exposed to the 808 nm laser at 2.0 W for 3 min. After 24 h of incubation,
the cell viability in each group was measured by MTT assays. Cells
without any treatment were performed as negative control. In MDA-
MB-231 cells, the seeded cells in 96-well plate were respectively treated
with control, Control+L, DiR+L/epirubicin, DBN+L, epirubicin, EBN,
DBN/EBN, and DBN+L/EBN at 0.25 ug mL™" of DiR or 1 ug mL™" of
epirubicin. After 24 h of incubation, the cell viability in each group was
determined by MTT assays.

Thereafter, to evaluate their effects on self-renewal capacity of cancer
cells, these residual cells from each group were seeded to 6-well ultralow
attachment plate at 40 000 cells per well, and cultured in the serum free
culture media for 4 days. The formation of 3D tumorsphere from each
treatment was monitored and imaged under the inverted microscope.
Cells without any treatment were performed as negative control. In
MDA-MB-231 cells, the residual cells from each group were seeded to
6-well ultralow attachment plate at 120 000 cells per well, cultured in the
serum free media and then measured as described above.
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Eliminating ALDH"&" CSCs in Tumorsphere: The effects of the
combinational therapy on destroying existing tumorsphere and
eliminating ALDH"eh CSCs were measured using the CSCs-enriched 3D
tumorsphere models, which were developed from 40 000 cells per well in
ultralow attachment 6-well plates (Figure S2, Supporting Information).
The 3D tumorsphere models were respectively treated with laser alone,
DBN-+L, free epirubicin, EBN, and DBN+L/EBN at 0.25 ug mL™" of DiR or
1 ug mL™" of epirubicin. For laser irradiated groups, cells were exposed
to the 808 nm laser at 2.0 W for 4 min. After 8 days of incubation, the
morphology of the tumorsphere from each treatment was monitored and
imaged under the inverted microscope. Cells without any treatment were
performed as negative control. For MDA-MB-231 cells, the existing 3D
tumorspheres were respectively treated with control, Control+L, DiR+L/
epirubicin, DBN+L, epirubicin, EBN, DBN/EBN, and DBN+L/EBN at
0.25 pg mL™" of DiR or 1 pug mL™" of epirubicin, and then monitored
as described above. Afterward, the tumorspheres from each group
were dissociated into single cells, stained with the Aldefluor fluorescent
reagent, and analyzed using the flow cytometer system (FACSCalibur,
BD, USA) to determine the proportion of ALDH"e" cells in each group.

In Vivo Tumor Accumulation and Deep Tumor Penetration of DBN in
Metastatic Breast Cancer Model: Female nude mice (18-22 g, BALB/c)
were ordered from Shanghai Experimental Animal Center, Chinese
Academy of Sciences (Shanghai, China) and used to induce the
orthotopic breast cancer model, which was developed by subcutaneous
injection of 4T1 cells to the mammary pad of nude mice at 1 x 106 cells
per mouse. The experiments were performed according to the protocols
approved by the Institutional Animal Care and Use Committee of
Shanghai Institute of Materia Medica, Chinese Academy of Sciences.

When the tumor volume reached about 100-150 mm3, DBN and
free DiR solutions were respectively given to the tumor bearing mice via
tail injection. At predetermined time points after injection, mice were
anesthetized and the fluorescence signals at tumor sites were recorded
using the in vivo imaging system (IVIS Spectrum, PerkinElmer). At 4 h,
the major organs including heart, liver, spleen, lung, kidney, and tumor
tissues were carefully removed and analyzed using the imaging system.
The intensity of fluorescence signals in each organ was recorded for
quantification.

Then, the deep penetration of DBN in tumor was measured by
photoacoustic imaging (Vevo 2100 LAZR, VisualSonic FUJIFILM).
DBN was injected to the tumor bearing mice via tail vein. At 2, 4, and
8 h after injection, mice were anesthetized and the tumor tissues were
scanned using the photoacoustic imaging system, wherein the signals
of DBN were denoted as green fluorescence spots. Typically at 4 h, the
3D profiles of DBN in tumor mass were scanned and reconstructed by
the accompanied software to clarify the penetration in tumor mass. The
photoacoustic signals of tumor prior to the injection were recorded as
negative control and the ultrasound signals were documented to provide
the anatomical images of tumor mass.

In Vivo CSCs Accessibility in Metastatic Breast Cancer Model: The
in vivo cellular uptake of DBN by various cells in tumor sites were
determined using LCSM. At 4.0 h injection of DBN, the tumor tissues
were carefully removed and embedded into tissues freezing media for
cryostat section at 10 um (CM1950, Leica). To clarify the internalization
by various cells in tumor sites, the sections were respectively stained
with specific antibodies of o-SMA (Abcam, ab5694), F4/80 (Abcam,
ab6640), and then incubated with the secondary antibody of Alexa Fluor
488 labeled IgG (H+L) (Beyotime, Jiangsu, China). By contrast, the
nuclei were stained with 4’,6-diamidino-2-phenylindole, dihydrochloride
(DAPI) for the observations. To detect the accessibility of DBN to cancer
cells, the tumor bearing mice were developed with 4T1-GFP cancer cells
and performed as described above. The tumor sections were stained
with DAPI for visualization under LCSM. The uptake of DBN in cancer
cells was denoted as the colocalization of red fluorescence signals with
green colors of 4T1-GFP cells.

Most importantly, to determine the preferential accessibility to CSCs
fractions in tumor mass, the Cy5-labeled nanocages were used for the
detections. At 4.0 h postinjection, the tumor tissues were collected and
sectioned for the measurements. The tumor sections were respectively
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stained with the specific antibody against the specific CSCs markers
of ALDH1, SOX-2, and OCT-4, and then incubated with the secondary
antibody of Alexa Fluor 488 labeled goat anti-rabbit IgG(H+L) (green,
Beyotime). By contrast, the sections were stained with DAPI (blue,
Beyotime). In the captured images, the accessibility to CSCs was
depicted as the overlay of red fluorescence signals from nanocages and
the green colors of CSCs markers.

In Vivo Deep Tumor Penetration and CSCs Accessibility of EBN in
Metastatic Breast Cancer Model: The in vivo penetration effects and
CSCs-assessing ability of EBN were also measured in the 4T1 induced
metastatic breast cancer model. EBN was given to the tumor bearing
mice after they were treated with DBN plus NIR laser irradiation
(3.5 W cm~2 for 5 min). Four hours later, the tumor tissues were carefully
removed and embedded into tissues freezing media for cryostat section
at 10 um (CM1950, Leica). By contrast, the sections were stained with
Actin-Tracker Green and DAPI (Beyotime, China) for visualizing under
LCSM. The fluorescence signals in whole tumor area and typical regions
were recorded. Moreover, to clarify the CSCs-accessing ability of EBN
in tumor sites, the tumor sections were stained with specific antibody
against ALDH1, followed with the secondary antibody of Alexa Fluor
488 labeled 1gG (H+L) (Beyotime, Jiangsu, China). By contrast, the
nuclei were stained with DAPI for the observations. The accessibility of
EBN to CSCs was denoted as the colocalization of red signals from EBN
and the green colors of ALDH"g" CSCs fractions in tumor mass.

In Vivo Suppression of Tumor Growth, CSCs Fractions in Tumor,
and Lung Metastasis of Breast Cancer: The in vivo therapeutic effects
were determined in an orthotopic metastatic breast cancer model.
When the tumor volume reached 100-150 mm? in volume, the tumor
bearing mice were respectively treated with saline control, laser alone,
DBN+L, free epirubicin, EBN, and DBN+L/EBN at 1.25 mg kg™
of DiR or 5 mg kg™ of epirubicin. For laser irradiated group, mice
were anaesthetized and tumors were exposed to an 808 nm laser at
3.5 W cm~2 for 5 min for a single treatment. The thermal images and the
surface temperature of tumor were monitored using the infrared thermal
camera. In DBN+L and DBN+L/EBN groups, the laser irradiation was
performed at 4 h after tail injection of DBN. In DBN+L/EBN group, EBN
was injected to the tumor model after the laser irradiation, and then
administered 5 days later for a total of 2 injections. By contrast, mice
in EBN group without laser irradiation were treated at day 0 and 5 for a
total 2 injections. The body weight in each group was measured and the
tumor size was monitored using a digital caliper twice a week. At day
17 after the first treatment, mice were autopsied and the major organs
were collected for further measurements. The tumor mass in each group
was photographed and weighed to evaluate the inhibition of tumor
growth. To evaluate their possible toxicity to the major organs of heart,
liver, and kidney, these tissues were embedded in paraffin, sectioned at
5 um, and then stained with H&E kit for histopathological analysis.

To determine the elimination on CSCs fractions, the tumor mass
from each group were embedded in paraffin and sectioned at 5 um. The
sections were incubated with specific antibody against ALDH1 (Abcam,
ab52492) and followed with incubation with the secondary antibody of
Alexa Fluor 488 labeled goat anti-rabbit IgG(H+L) (green, Beyotime).
By contrast, the nuclei were stained with DAPI for the observations.
Then, samples were visualized under fluorescence microscope (Nikon
Eclipse TI-SR) and the images were analyzed using the Image-pro plus
6.0 software for quantification.

Meanwhile, the lungs from each group were collected and
photographed. The visually detected metastatic nodules in each lung
was carefully counted to calculate the inhibitory rate on the incidence
of lung metastasis. The inhibition of lung metastasis was defined as the
average number of metastatic nodules in each group comparing to that
in saline control. Afterward, the lung tissues were performed histological
examinations. The metastatic lesions in lung were depicted as cell
clusters with darkly stained nuclei.

Statistical Analysis: Data were expressed as mean values + standard
deviation (SD). The statistical significance between two groups
was determined by a two-tailed Student’s t-test. The difference was
considered as significant when the p value was less than 0.05.

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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