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Abstract

Wnt/B-catenin signaling cascade is highly associated with tumorigenesis
and progression of various cancers. Targeting Wnt/B-catenin signaling exhibits
a promising way for cancer treatment. Herein, dual-stimuli responsive
nanotheranostics was synthesized, which was composed of melanin coated
magnetic nanoparticles (MMNs) and Wnt signaling inhibitor obatoclax (OBX)
for multimodality imaging guided mild hyperthermia-enhanced chemotherapy.

The MMNSs could be used as contrast agents for magnetic resonance imaging



(MRI) and photoacoustic imaging (PAI) guided photothermal therapy. In
addition, OBX-loaded MMNs (OBX-MMNSs) were specific response to both pH
changes and near-infrared (NIR) light illumination,which could trigger OBX
release. Most intriguingly, tumor tissue accumulation and cellular
internalization of this nanotheranostics could be dramatically enhanced
through mild hyperthermia generated by laser-irradiated MMNs. Laser
irradiation exhibited efficient chemotherapeutic outcome through enhancing
OBX-mediated inhibition of the Wnt/B-catenin signaling. Our results indicated
the as-prepared OBX-MMNs hold great potential for MR/PA dual-modal

imaging guided mild hyperthermia-enhanced chemotherapy.

Introduction

Wnt/B-catenin signaling as a crucial pathway regulates a wide range of
physiological processes, including embryonic development, cell proliferation
and migration, and cell fate specification [1-3]. Dysregulation of Wnt/3-catenin
signaling could induce development and progression of a variety of cancers,
including of breast cancer and colorectal cancer [4-7]. Therefore, the critical
roles of Wnt/B-catenin signaling pathway in cancers make it a promising target
for pharmacological research [1, 8, 9]. Currently, attempts have been made for
therapeutic intervention of the Wnt signaling pathway regarding the tumor
inhibition [10]. Recently, the antitumor compound obatoclax (OBX) was used
for a novel Wnt/B-catenin signaling inhibitor [4-6]. How to enhance
OBX-mediated inhibition efficiency of Wnt/B-catenin signaling is a tough
challenge.

Although several types of inhibitors have been developed and presented
potent efficacy in cancer treatment, the intrinsic drawback of
chemotherapeutics in damaging normal cells cannot be avoided [11-16]. One
possible solution is the delivery of chemotherapeutic drugs by nanocarriers to
achieve the enhanced and selective accumulation of drugs at the tumor

location via the enhanced permeability and retention (EPR) effect [15, 17-24].



Moreover, additional benefits of nanocarriers include the prolong half-life of
drugs in circulation and the controllable release kinetics [25, 26]. Till now,
many nanocarriers have not only been effectively delivered at tumor sites, but
their inherent physical properties have also made them promising theranostic
agents [27-30].

Recently, mild hyperthermia (39~42<) has been empl oyed to increase the
permeability of cell membrane and blood vessels, thus improving the cellular
uptake and therapeutic efficacy of chemotherapeutic drugs [31-33]. To date,
many kinds of photothermal agents for hyperthermia (e.g. gold nanoshells,
copper sulfide, black phosphorus (BP)) have been prepared [34-38]. For
example, Lu et al. explored copper sulfide doped periodic mesoporous
organosilica  nanoparticles loaded  with  doxorubicin  for  mild
hyperthermia-enhanced chemotherapy [31]. Wang et al. reported
paclitaxel-loaded human modified BP for mild hyperthermia-enhanced
chemotherapy and chemo-photothermal combination therapy [39]. Among
these photo-activated nanomaterials, melanin, as a natural bio-pigment
existing in the human body, stands out not only for its good biodegradability
and biocompatibility, but also for its strong absorbance in the near-infrared
(NIR) region, promising for photoacoustic imaging (PAI) and photothermal
therapy (PTT) [40-43]. Based on these properties, melanin coated magnetic
nanoparticles (MMNSs) were designed and synthesized for multimodal imaging
guided PTT [40, 41, 44, 45].

In this study, we developed a multifunctional nanoplatform, which was
composed of MMNs and the Wnt signaling inhibitor obatoclax (OBX), denoted
as OBX-MMNs, for magnetic resonance imaging (MRIl)and PAI guided mild
hyperthermia-enhanced chemotherapy (Scheme 1). MMNs were prepared by
one-pot biomimetic synthesis method [46]. OBX was loaded into MMNSs via
-1 stacking and hydrophobic interaction. OBX-MMNs have the following
features: i) MR/PA dual-modal imaging of MMNs holds more accurate

diagnosis and imaging than single mode; i) MMNs could generate



hyperthermia upon laser irradiation to increase the accumulation of OBX in
tumor cells/tissues; iii) pH-/NIR-induced drug release can greatly improve the
therapeutic effect while reducing side effects on healthy tissues [21, 47]. More
intriguingly, detailed studies revealed that mouse mammary tumor virus
(MMTV)-Wntl transgenic tumor could be effectively suppressed by blocking
the Wnt signaling pathway.

OBX for Chemotherapy

Fe,O,for MRI

Melaninfor PAI

Scheme 1. Schematic illustration of the OBX loaded MMNs (OBX-MMNSs) for
PA/MR  multimodality imaging guided mild hyperthermia-enhanced
chemotherapy, through enhancing OBX-mediated inhibition of the

Wnt/B-catenin signaling pathway.

Results and Discussions
Preparation and Characterization of OBX-MMNSs.

Biomimetic synthesis method was used to prepare MMNs through the



co-precipitation of melanin with Fe®** and Fe?* ions (molar ratio 2:1) under
nitrogen protection and alkaline conditions. As shown in Fig. 1a, transmission
electron microscopy (TEM) image indicated MMNs are spherical with 15 nm
in diameter. OBX was loaded into MMNs via 11-11 stacking and hydrophobic
interaction. OBX-MMNs showedthe absorption peak of OBX at 540 nm,
suggesting the OBX was successfully loaded (Fig. 1b and Fig. Sla,
Supporting information). The color of MMNs aqueous solution was changed
from black to brownish black after OBX loading (Fig. S1b). The maximal
loading efficiency of OBX was determined around 40%, demonstrating high
loading capability of MMNs (Fig. S2a). To evaluate the photothermal property
of OBX-MMNSs, different concentrations of OBX-MMNs solutions were
exposed to an 808 nm laser (5 min, 1.0 W cm™). As shown in Fig. S2b-c, the
temperature of solutions displayed an OBX-MMNs concentration-dependent
increase. Even at the low concentration of MMNs (equivalent OBX dose:120
MM), the temperature of OBX-MMNs solution still increased rapidly, and the
temperature change (AT) was 27.3 T within 5 min. The temperature change
of OBX-MMNSs solution was monitored by several on-off cycles of laser
irradiation to evaluate the photothermal stability. As indicated by Fig. S2d, the
temperature could rise to the same level even after six cycles, suggesting the

good photothermal stability of MMNSs.
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Fig. 1. (a) TEM image of MMNSs. (b) UV-Vis-NIR absorption spectra of OBX,
MMNs and OBX-MMNs aqueous solutions. (c) OBX release profiles of
OBX-MMNs from OBX-MMNSs at different pH values. (d) OBX release profiles
from OBX-MMNs at different pH values with an 808 nm laser (5 min, 1.0 W
cm™) irradiation (equivalent OBX dose:120 pM). All data are expressed as

mean = SD (n = 3).

Next, to verify pH-responsive feature of OBX-MMNSs, the released amount
of OBX from OBX-MMNs was monitored under different pH conditions. At pH
7.4, OBX-MMNs could generally maintain its stability with ~32% OBX released
after 24 h incubation. However, about 51% cumulative release was observed
under the condition of pH 6.0, which is contributed to the enhanced
hydrophilicity of protonated OBX (Fig. 1c). In addition to pH, mild hyperthermia
was reported to accelerate the drug release [31]. Thus, the OBX release upon
laser irradiation was also investigated. As shown in Fig. 1d, laser irradiation

could promote the OBX release to some extent at pH7.4 while significantly



enhanced after laser irradiation at pH 6.0. After three cycles of laser irradiation,
the release percentage of OBX at pH 6.0 reached around 43% within 2 h,
which was much higher than pH7.4 group (25%), and higher than 35.7% at pH
6.0 but without laser irradiation. Therefore, the OBX released from OBX-MMNs

could be triggered by both pH changes and light illumination.

Cellular Uptake and Cytotoxicity in Vitro.

To explore in vitro hyperthermia effect, we investigated the cellular uptake
of OBX on MDA-MB-231 and MDA-MB-468 human breast cancer cells
respectively. Compared to free OBX group, cells incubated with OBX-MMNs
displayed higher fluorescence intensity (Fig.S3a-b). Then we investigated the
cellular uptake of free OBX and OBX-MMNSs in the condition of with or without
NIR laser irradiation. In the OBX-MMNs group without laser irradiation, OBX
was released from OBX-MMNs in the intracellular acidic environment, resulting
in red fluorescence signals in the cytoplasm (Fig.2a and Fig. S4a). After 5 min
laser irradiation, stronger red fluorescence signals of OBX were observed in
the cytoplasm. Subsequentlyy, FACS analysis was used to quantify
fluorescence intensities of intracellular OBX. In MDA-MB-231 cells, it was
observed that the fluorescence intensities of OBX-MMNs treated cells plus
laser irradiation was 1.7 times stronger than OBX-MMNs treated cells and 2.7
times stronger than free OBX treated cells (Fig. 2b-c and Fig. S4b-c). These
results consolidated that mild hyperthermia could promote the cellular

internalization of OBX-MMNSs.
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Fig. 2. (a) Confocal laser scanning microscopy (CLSM) images of
MDA-MB-231 cells incubated with free OBX or OBX-MMNSs (equivalent OBX
dose: 500 nM) with/without an 808 nm laser (5 min, 1.0 W cm™). (b) Flow
cytometry analyses and (c) corresponding mean fluorescence intensity (MFI)
of MDA-MB-231 cells incubated with free OBX or OBX-MMNSs (equivalent OBX
dose: 500 nM) with/without an 808 nm laser (5 min, 1.0 W cm™). (d) Relative
MDA-MB-231 cells viability incubated with free OBX or OBX-MMNs
(equivalent OBX dose: 1000 nM) with or without an 808 nm laser (5 min, 1.0 W
cm™). All data are expressed as mean + SD (n = 5). NS: not significant, ***P <

0.001.

The cell cytotoxicity of OBX-MMNs was then evaluated by MTT assay. The
MMNs only caused negligible toxicity to both MDA-MB-231 and MDA-MB-468



cells after 24 h incubation even at a high concentration (equivalent OBX dose:
5000 nM L™). After OBX loading, the effect of chemotherapy was increased
with the concentration of OBX, and stronger than that of free OBX group (Fig.
S5). Upon 808 nm laser irradiation (1.0 W cm™, 5 min), the cell viability of
MMNs group did not change, indicating that mild hyperthermia did not Kill cells,
whereas the cell viability of OBX-MMNs with laser group was lower than OBX
(Fig. 2d and Fig. S4d). These results illustrated that mild hyperthermia could
remarkably strengthen the chemotherapeutic effect of OBX-MMNs, while no
obvious photothermal therapeutic effect due to the limited increase of

temperature.

Wnt/B-Catenin Signaling Inhibition in Breast Cancer Cells.

The transcriptional coactivator 3-catenin is a core component of the Wnt
signaling pathway and its activity is tightly controlled by degradation
complexes that phosphorylate 3-catenin by casein kinase 1 (CK1) and GSK3[3,
resulting in B-catenin degradation via the ubiquitination-proteasome pathway.
Upon Wnt stimulation, B-catenin rapidly gathered in the cytoplasm and entered
the nucleus, then interacted with the TCF/LEF transcription factor, thus
activating transcription of the Wnt target genes. Then we assessed the effect
of OBX-MMNs on Wnt/B-catenin signaling in two breast cancer cell lines:
MDA-MB-231 and MDA-MB-468, respectively. As shown in Fig. 3a-c and Fig.
S6-8, both free OBX and OBX-MMNs with/without laser irradiation could
efficiently decrease the protein levels of phosphorylated LRP6 (Ser1490), total
LRP6, phosphorylated DVL2 (upper band), phosphorylated GSK3B (Ser9),
active and total B-catenin. Moreover, the treatment also increased the
expression of cleaved caspase-3, which suggested the inducing apoptosis by
both free OBX and OBX-MMNs with/without laser irradiation (Fig. S9).

However, OBX-MMNSs plus laser irradiation had an enhanced inhibitory effect



due to the higher cellular uptake, closely followed by OBX-MMNs. Laser
irradiation only did not promote the inhibitory capability of free OBX. These
results indicated that mild hyperthermia mediated by MMNs upon laser
irradiation could efficiently induce the apoptotic effect, thus further inhibiting

the Wnt/B-catenin signaling cascade.

8 In order to validate the

Obatoclax is a well-known Bcl2 inhibito
importance of Wnt and Bcl2 signaling in the anticancer activity of obatoclax,
we knocked down B-catenin (Fig. S10a) or Bcl2 (Fig. S10b) using
lentivirus-mediated shRNA in MDA-MB-231 and MDA-MB-468 cells. Our
results showed that the inhibitory effect of obatoclax on cell viability could be
rescued by either B-catenin or Bcl2 knockdown (Fig. S10c-d), while the
inhibitory effect of Bcl2 specific inhibitor ABT199 on cell viability was reversed
by Bcl2 knockdown, but not by B-catenin knockdown (Fig. S10e-f). Western
blot results revealed that obatoclax could still reduce the protein levels of
phosphorylated LRP6 (Serl1490), total LRP6, phosphorylated DVL2 (upper
band), phosphorylated GSK3B (Ser9), active and total p-catenin after Bcl2
knockdown in MDA-MB-231 and MDA-MB-468 cells (Fig. S10g-h).
Furthermore, obatoclax had little effects on the expression of Wnt target genes
cyclin D, LEF1 and fibronetin after B—catenin knockdown (Fig. S10i-j). In
addition, the MDA-MB-231 or MDA-MB-468 cells were treated with Wnt3A
conditioned medium (Wnt3ACM) to activate the Wnt signaling pathway. As
expected, Wnt3ACM treatment markedly increased the mRNA level of Wnt
target genes, and obatoclax strongly repressed the Wnt3A-induced expression
of Wnt target genes (Fig. S10k-m). These results indicated that obatoclax

exerted its biological effect through targeting Wnt and Bcl2 signaling.
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Fig. 3. OBX-MMNs inhibits the Wnt/B-catenin signaling pathway in
MDA-MB-231 cells. (a) Phosphorylated LRP6 (Ser1490), total LRP6, DVL2,
phosphorylated GSK3B (Ser9), total GSK3B, active [B-catenin, and total
B-catenin in MDA-MB-231 cells incubated with free OBX or OBX-MMNs
without or with an 808 nm laser (5 min, 1.0 W cm™) were detected by
immunoblotting. Among them, in the DVL band, upper band represents
phosphorylated DVL2. (b) The corresponding expression levels of total
B-catenin and (c) active B-catenin (ABC) in MDA-MB-231 cells incubated with
free OBX or OBX-MMNSs without or with an 808 nm laser (5 min, 1.0 W cm™).

All data are expressed as mean £ SD (n = 5). NS: not significant, ** P < 0.01.

In vitro and in vivo multimodal imaging of OBX-MMNSs.

The multimodal imaging capacity of OBX-MMNs was studied both in vitro
and in vivo. As shown in Fig. 4a-b, the PA intensity of OBX-MMNs was linearly
correlated with the concentration of OBX-MMNs.The PA signals of tumor

tissues gradually augmented and peaked at 24 h, demonstrating high tumor



accumulation of OBX-MMNs (Fig. 4c-d). After mild hyperthermia treatment, the
PA signals of tumor tissues were increased from 0.59 to 0.88, suggesting the
enhanced tumor accumulation of OBX-MMNs. The T,-weighted MR signals of
OBX-MMNs exhibited a negative correlation with concentrations (Fig. 4e).
After intratumoral injection of OBX-MMNSs, it can be clearly observed that the

tumor tissue area is darkened (Fig. S11a-b). As shown in Fig. 4f, tumor tissues
also had a strong darkness at 24 h post-injection , which decreased to 70.9%

compared with 0 h (Fig. 4g). After mild hyperthermia treatment, the MR signals
further decreased to 46.2%. These results demonstrated that OBX-MMNs
have excellent PA/MR imaging capability and mild hyperthermia can improve

the tumor accumulation of OBX-MMNSs.
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Fig. 4. In vitro and in vivo multimodal imaging. (a) PA images and (b) the
corresponding PA amplitude of OBX-MMNs with different concentrations under
700 and 808 nm excitation, respectively. (c) PA images and (d) the relatively
PA amplitudes at tumor sites of xenograft model of MMTV-Wntl-derived
tumors pre- and post-intravenous injection of OBX-MMNs under 808 nm
excitation. (e) Te-weighted MR images of OBX-MMNs with different
concentrations. (f) T,-weighted MR images and g) the corresponding

signal-to-noise ratios (SNR) of xenograft model of MMTV-Wntl1-derived tumors



pre- and post-intravenous injection of OBX-MMNs. All data are expressed as

mean £SD (n=3)

Antitumor Activity in Wntl Transgenic Mouse.

Finally, the chemotherapeutic effects of OBX-MMNs were evaluated in
xenograft model of MMTV-Wntl-derived breast tumors. First, in vivo tumor
temperature changes of mice treated with PBS or OBX-MMNs were monitored
by an infrared (IR) thermal camera. As shown in Fig. 5a-b, the temperature of
tumor tissues was maintained at 40-42 °C during the 20 min laser irradiation in
OBX-MMNs group while PBS group showed a negligible rise. Complete tumor
elimination was achieved in the OBX-MMNs plus Laser group, the OBX-MMNs
group showed a moderate tumor inhibition, but more efficient than free OBX
group (Fig. 5¢c and Fig. S12). For OBX-MMNSs plus laser group, both the tumor
growth rate and tumor size were significantly suppressed, 80% mice exhibited
a obviously longer survival span (> 42 days) than other four groups (Fig. 5d).
Hematoxylin & eosin (H&E) staining of tumors with different treatments
showed reduction in proliferation while increased the apoptosis of tumor cells,
which further confirmed the improved therapeutic effect (Fig. 5e). Additionally,
H&E staining images of major organs from all groups validated good
biocampability of MMNs (Fig. S13). To confirm the change of Wnt signaling
pathway in tumor tissues, we built another batch of same animal model, and
the same way of administration, mice were uniformly sacrificed on the 18th day.
As shown in Fig. S14a, treatments with free OBX, OBX-MMNSs, or OBX -MMNs
plus laser irradiation all reduced the tumor weight, with OBX -MMNSs plus laser
irradiation having the best effect. Meanwhile, the systemic toxicity of
OBX-MMNs was investigated by the measurement of mouse body weight
change. As shown in Fig. S14b, all treatments did no reduce the body weight
of mice. The acute toxicity of OBX-MMNs was investigated by blood
biochemical analysis. Compared with the control group, main parameters

(serum  glutamic-pyruvic  transaminase (ALT), glutamic oxalacetic



transaminase (AST), creatinine (CREA) and blood urea nitrogen (BUN)) in
healthy mice treated with OBX-MMNs were normal (Fig. S15), suggesting that
no influence of OBX-MMNs on blood chemistry or functions of the liver and
kidney in the treated mice. These results indicated that OBX-MMNs have good

biocompatibility.
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Fig. 5. In vivo anti-tumor effects of OBX-MMNs on xenograft model of
MMTV-Wntl-derived tumors. (a) Photothermal images of tumor-bearing mice
injected with PBS or OBX-MMNSs upon exposure to 20 min laser stimulation.
(b)Relative temperature changes of tumor regions. (c) Tumor growth curve and
(d) survival curves of tumor-bearing mice in different groups. (e) Hematoxylin &
eosin (H&E) staining staining images of tumor tissues from different groups at
day 18. Scale bar = 100 um. All data are expressed as mean =+ SD (n =5).

NS: not significant, **P < 0.001.
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Fig. 6. Immunohistochemistry (IHC) shows OBX-MMNs significantly

decrease proliferation marker and key factor in Wnt/B-catenin signaling.

IHC of ABC, B-catenin and Ki-67. Scale bar: 100 um.

. As shown in Fig. 6, immunohistochemical staining images confirmed that
OBX-MMNSs plus laser treatment reduced the expression of Ki-67, ABC and
total B-catenin in xenograft mice. In addition, compared with other groups,
OBX-MMNs plus laser irradiation  obviously reducedprotein levels of
phospho-LRP6 (Serl1490), total LRP6, phosphorylated and unphosphorylated
DVL2, phospho-GSK3pB (Ser9), ABC and total B-catenin (Fig. 7a-c and S16).
These results indicated that OBX-MMNs plus laser irradiation exhibited
efficient chemotherapeutic outcome through enhancing OBX-mediated

inhibition of the Wnt/B-catenin signaling pathway.
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Fig. 7. OBX-MMNs inhibits the Wnt/B-catenin signaling pathway in vivo.
(@) Phosphorylated LRP6 (Serl490), total LRP6, DVL2, phosphorylated
GSK3B (Ser9), total GSK3B, active [B-catenin, and total [B-catenin in
MDA-MB-231 cells incubated with free OBX or OBX-MMNSs without or with an
808 nm laser (5 min, 1.0 W cm™) were detected by immunoblotting. Among
them, in the DVL band, upper band represents phosphorylated DVL2. (b) The
corresponding expression levels of total p-catenin and c) active B-catenin
(ABC) in MDA-MB-231 cells incubated with free OBX or OBX-MMNSs without or
with an 808 nm laser (5 min, 1.0 W cm®). All data are expressed as mean + SD

(n =5). NS: not significant, ** P < 0.01, **P < 0.001.

Conclusions
In summary, OBX loaded melanin coated magnetic nanoparticles
(OBX-MMNSs) as pH/laser dual-stimuli responsive nanotheranostics for drug

release and mild hyperthermia enhanced OBX-induced suppression of the



Wnt/B-catenin signaling pathway. The as-prepared OBX-MMNs had excellent
drug loading capability, photothermal stability and biocompatibility. Whole
experiments verified that mild hyperthermia could dramatically enhance drug
accumulation in tumor cells/tissues. Using laser as an exogenous stimulus to
promote drug release and tumor uptake allows temporal and spatial precise
control of therapeutic effects, and significantly decreases the systemic toxicity
of chemotherapy drugs. Under the guidance of MR and PA dual-modal imaging,
tumors treated with OBX-MMNs plus laser irradiation were completely
eliminated with combined photothermal-chemo therapy. These results indicate
that OBX-MMNs have great potential for cancer theranostics. In essence, our
design strategy may open up a new way for OBX-mediated Wnt signaling

suppression.

Materials and Methods
Reagents. Melanin was obtained from Sigma-Aldrich. OBX was obtained from

Selleck. Iron (ll) sulfate heptahydrate (FeSO4+7H,0) was obtained from JK
Chemical. Iron (lll) chloride hexahydrate (FeCl;*6H,O) was obtained from

Mecklin.  Methyl thiazolyl tetrazolium (MTT) was purchased from

Sigma-Aldrich.

Synthesis of melanin coated magnetic nanoparticles (MMNSs)

Biomimetic synthesis method was used to prepare MMNs through the
co-precipitation of melanin with Fe** and Fe?" ions (molar ratio 2:1) under
nitrogen protection and alkaline conditions. Firstly, FeClz*6H,0O (0.9 mM) and
FeSO4+7H,0 (0.45 mM) were co-dissolved in the three-neck flask with 10 mL
deionized water. Then the system was stirred vigorously at 80C under N
protection for 10 min. Afterwards, 4 mL melanin ammonia (2.5 mg mL™?, 1.5 M
NH3*H,0) solution was immediately added to the flask, and kept stirring for 30

min. MMNs were separated by centrifugation at 210000 rpm for 15 minutes and



washed three times with deionized water.

Characterization of MMNs

Transmission electron microscopy (TEM) images were measured on a Tecnai
TF30 (FEI, Hillsboro, OR). UV-Vis absorption spectra were taken on a Cary 60
UV-vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).
T2-weighted images of MMNs were measured by Magnetom Trio Tim 3.0 T
(Siemens). PA images of the MMNs with different concentrations were

captured on a Vevo 2100 LAZR system (VisualSonics).

Preparation of OBX-MMNs

OBX was dissolved in dimethyl sulfoxide (DMSO), and then added to MMNs
solution (1 mg mL™). The mixture was sonicated for 5 min and then incubated
for 12 h in a shaker (darkness, 40C, 100 rpm). The product was then purified
by centrifugation (8000 rpm, 10 min) for further use.

In Vitro Photothermal Property

To detect the photothermal capability of OBX-MMNs, 200 yL OBX-MMNs of
different concentrations (i.e. 30, 60, 120 and 240 nM) in Eppendorf tubes were
exposed to an 808 nm laser (1 W cm™, 5 min). An infrared thermal camera

(SC300, Arlington) was used to record the temperature changes.

Drug Loading and Release

OBX-MMNs were dissolved in 15% ethanol solution (500 uL) at pH 7.4 or 6.0
and shaked at 37 € (100 rpm). At the corresponding time points, OBX-MMNs
were centrifuged by using ultrafiltration tube (Cut-off molecular weight:
300KDa) to collect the supernatant. The amount of OBX in the supernatant
was calculated by UV-vis spectrometer using an established absorbance
curve at 540 nm. The loading efficiency (LE) = (initial amount of feeding drugs -

free drugs)/ (amount of OBX-MMNSs). To measure the NIR-triggered drug



release, the solutions were exposed to NIR laser illumination for 5 min (808 nm,

1.0 W cm®) at the corresponding time points.

In Vitro Cell Experiments

The cytotoxicity, cellular uptake and chemotherapeutic effect of OBX-MMNs
were investigated in MDA-MB-231 and MDA-MB-468 cells. Tumor cells were
seeded into 96-well plates at a density of 5 x 10° cells per well. After 24 h
incubation, the samples were added and incubated for 24 h at the same
condition. Then the standard MTT assays were performed to assess cell
viability. To evaluate the influence of NIR illunation to the cellular uptake,
MDA-MB-231 and MDA-MB-468 cells were seeded into 12-well plates. After
24 h incubation, the free OBX and OBX-MMNs groups (equivalent OBX
dose:1000 nM) were treated with/without an 808 nm laser (5 min, 1.0 W cm™).
After irradiation, the cells were incubated for 1 h before replaced with fresh cell
medium. The cellular uptake of OBX-MMNs was determined by confocal
imaging and flow cytometer. To exert chemotherapy, MDA-MB-231 and
MDA-MB-468 cells were seeded into 96-well plates and incubated with free
OBX, MMNs and OBX-MMN:s for 1 h, followed by exposure to an 808 nm laser
with (5 min, 1.0 W cm™ ), and then incubation for up to 4 hours. Then the cell
medium was replaced with the fresh medium and incubated for 20 h. The

relative cell viability was detected by the standard MTT assay.

Lentivirus preparation and infection

To generate Bcl2 and [B-catenin knockdown cells, oligonucleotides were
inserted into pLKO.1 vector by Agel/EcoRIl digestion. The sequences of
oligonucleotides are as follows: shcontrol-sense,
5-CCGGTTCTCCGAACGTGTCACGTCTCGAGACGTGACACGTTCGGAGA
ATTTTTG-3; shcontrol-antisense,
S5-AATTCAAAAATTCTCCGAACGTGTCACGTCTCGAGACGTGACACGTTC
GGAGAA-3’; shBcl2-1-sense,



5'-CCGGGTGATGAAGTACATCCATTATCTCGAGATAATGGATGTACTTCATC
ACTTTTTG-3; shBcl2-1-antisense,
S5-AATTCAAAAAGTGATGAAGTACATCCATTATCTCGAGATAATGGATGTAC

TTCATCAC-3’; shBcl2-2-sense,
5'-CCGGCCGGGAGATAGTGATGAAGTACTCGAGTACTTCATCACTATCTCC
CGGTTTTTG-3’; shBcl2-2-antisense,
5-AATTCAAAAACCGGGAGATAGTGATGAAGTACTCGAGTACTTCATCACT

ATCTCCCGG-3;; shB-catenin-1-sense,
5-CCGGGCTTGGAATGAGACTGCTGATCTCGAGATCAGCAGTCTCATTCC

AAGCTTTTTG-3; shB-catenin-1-antisense,
5-AATTCAAAAAGCTTGGAATGAGACTGCTGATCTCGAGATCAGCAGTCTC
ATTCCAAGC-3; shB-catenin-2-sense,
5'-CCGGCAGATGGTGTCTGCTATTGTACTCGAGTACAATAGCAGACACCAT
CTGTTTTTG-3; shB-catenin-2-antisense,
5-AATTCAAAAACAGATGGTGTCTGCTATTGTACTCGAGTACAATAGCAGA

CACCATCTG-3'. The cloned pLKO.1 plasmid was transfected into HEK293T

cells with psPAX2 and PMD2.G. The cells were infected with lentivirus and

selected with 2 ug/mL puromycin.

RNA isolation and Real-time PCR analyses

Total RNA was extracted by RNAiso Plus according to the manufacturer’s
instructions (TaKaRa). First strand cDNA was synthesized by the Primescript
RT Reagent Kit according to the manufacturer’s instructions (TaKaRa). Then
prepared cDNA was subjected to the real-time PCR analysis using ABI Prism
7300 Real-Time PCR System with Eastep gPCR Master Mix and primer
mixtures. The primer sequences are as follows: cyclin Dl-sense:
5-AATGACCCCGCACGATTTC-3 cyclin Dl-antisense:
5-TCAGGTTCAGGCCTTGCAC-3', LEF1-sense:
5'-AGGAACATCCCCACACTGAC-3 LEF1-antisense:



5-AGGTCTTTTTGGCTCCTGCT-3" fibronectin-sense:

5'-ACCTACGGATGACTCGTGCTTT-3"; fibronectin-antisense,
5'-TTCAGACATTCGTTCCCACTCA-3"; GAPDH-sense:
5'-CCAGAACATCATCCCTGCCTCTACT-3" GAPDH-antisense,

5-GGTTTTTCTAGACGGCAGGTCAGGT-3'. The comparative Ct method was

used to analyze relative expression of genes.

Immunoblot Analysis

Protein samples were extracted from cells or tumor tissues using RIPA lysis
buffer, followed by sonication. Western blotting was performed with
phospho-LRP6 (Ser1490) (2568, CST), LRP6 (2560, CST), DVL2 (3216, CST),
-phospho-GSK3B (Ser9) (9322, CST), GSK3B (9315, CST), cleaved
caspase-3 (AB3623, Merck Millipor), nonphospho (active) B-catenin (8814,
CST),B-catenin (sc-7963, Santa Cruz) and B-actin (HC-201, TransGen Biotech)

antibodies.

Animal Model Study

Animal experiments were carried out in accordance with the protocol approved
by the Animal Research Management Committee of Shenzhen University. For
the Wntl-driven mouse mammary tumor model, MMTV-Wntl transgenic mice
were obtained from Jackson Laboratories. After breast tumors reached ~500
mm?>, MMTV-Wnt1 mice were sacrificed and tumor fragments were implanted
s.c. into BALB/c nude mice. When the tumor reached ~50 mm?, the mice were
randomly divided into 5 groups (n =5 per group): (a) saline group; (b) MMNs +
laser group; (c) free OBX group; (d) OBX-MMNSs group; (e) OBX-MMNs+ laser
group. 200 pL of OBX, OBX-MMNSs or saline were i.v. injected every 3 days. 24
h after each injection, the tumor of mice in group (b) and (e) were exposed to
an 808 nm laser (20 min, 1.0 W cm™). Subsequently, tumor size and body

weight were measured using a vernier calliper every 4 days after the



treatments. Tumor volume was calculated by the formula: V = Width? x

length/2.

In Vivo MRI

The in vivo MRI was measured on Magnetom Trio Tim 3.0 T (Siemens). The
mice were i.v. injected with OBX-MMNs (5 mg/kg, 200 pL) when the tumor size
reached ~50 mm?®. 24 h later, the tumor sites were irradiated with an 808 nm
laser (20 min, 1.0 W cm™). MRI was performed at 4 h, 24 h after irradiation and
immediately after laser irradiation. The conditions of MRI remained unchanged
throughout the experiment. Signal strength was measured with an Image J

software.

In vivo Photoacoustic and Photothermal Imaging

The mice were i.v. injected with OBX-MMNs (5 mg/kg, 200 uL) when the tumor
size reached ~50 mm?®. 24 h later, the tumor sites were irradiated with an 808
nm laser (20 min, 1.0 W cm™). PAl was performed at 4 h, 24 h after irradiation
and immediately after laser irradiation.The conditions of PAI remain
unchanged throughout the experiment. PA imaging was accomplished by a
Vevo 2100 LAZR system. PTT imaging was accomplished by an infrared

thermal imager.

Histological Analysis

Five groups of tumors were collected at 18th day after treatment. Analysis was
performed using hematoxylin & eosin (H&E) staining and
immunohistochemistry. IHC was performed by using Ki-67 (12202, CST),
B-catenin (8480, CST) and nonphospho (active) B-catenin (8814, CST)

antibodies.
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