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Abstract

Thermosensitive liposomes have demonstrated great potential for tumor-specific chemotherapy. Near
infrared (NIR) dyes loaded liposomes have also shown improved photothermal effect in cancer theranostics.
However, the instability of liposomes often causes premature release of drugs or dyes, impeding their
antitumor efficacy. Herein, we fabricated a highly stable thermo-responsive bubble-generating liposomal
nanohybrid cerasome with a silicate framework, combined with a NIR dye to achieve NIR light stimulated,
tumor-specific, chemo-photothermal synergistic therapy.

Methods: In this system, NIR dye of 1,I’-Dioctadecyl-3,3,3’,3’- Tetramethylindotricarbocyanine iodide (DiR)
with long carbon chains was self-assembled with a cerasome-forming lipid (CFL) to encapsulate ammonium
bicarbonate (ABC), which was further used for actively loading doxorubicin (DOX), affording a
thermosensitive and photosensitive DOX-DiR@cerasome (ABC).

Results: The resulting cerasome could disperse well in different media. Upon NIR light mediated thermal
effect, ABC was decomposed to generate CO> bubbles, resulting in a permeable channel in the cerasome
bilayer that significantly enhanced DOX release. After intravenous injection into tumor-bearing mice,
DOX-DiR@cerasome (ABC) could be efficiently accumulated at the tumor tissue, as monitored by DiR
fluorescence, lasting for more than 5 days. NIR light irradiation was then performed at 36h to locally heat the
tumors, resulting in immediate CO; bubble generation, which could be clearly detected by ultrasound imaging,
facilitating the monitoring process of controlled release of the drug. Significant antitumor efficacy could be
obtained for the DOX-DiR@cerasome (ABC) + laser group, which was further confirmed by tumor tissue
histological analysis.
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1. Introduction

Liposomes have a nanostructure resembling a
cell membrane with both a lipid bilayer and an
aqueous core and therefore, hydrophobic and
hydrophilic drugs can be efficiently loaded in the
lipid bilayer and the aqueous core, respectively [1].
Liposomal drugs with improved pharmacokinetics
and biodistribution often show good biocompatibility
and improved drug delivery to the target tissue [2-4],
and thus have received widespread attention since
their development as drug carriers in 1970 [5]. Since

then, many liposomal drugs have been developed and
are commercially available after being approved by
the FDA for cancer treatment, such as Abraxane,
Marigbo, Doxil and DaunoXome [6, 7]. However,
poor bioavailability and limited drug efficacy still
limits their clinical application [8, 9]. Therefore,
liposomes with an actively triggered drug release
function have been desired to improve their
therapeutic effect.

A thermo-responsive liposomal formulation
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(ThermoDox), consisting of  three
components — dipalmitoylphosphatidylcholine
(DPPC) with phase transition temperature of about
41°C, lysolipid of monostearoylphosphatidylcholine
(MSPC) which enhances the thermosensitive
capability, and poly (ethylene glycol)
2000-distearoylphosphatidylethanolamine
(DSPE-PEG 2000) —at a molar ratio of 90: 10: 4, has
been successfully developed. The permeability of this
liposome can be greatly enhanced when the
temperature reaches 40-42°C, resulting in rapid
release of the encapsulated DOX in the target [2, 10,
11]. ThermoDox has been demonstrated to be superior
to the Doxil formulation in releasing encapsulated
DOX [12, 13] and has begun with hepatocellular
carcinoma treatment in phase III clinical trials [10, 13].
Although a significant tumor therapeutic effect has
been observed [12, 13], plasma proteins in the blood
often interact with liposomes via electrostatic,
hydrophobic, and van der Waals interactions,
resulting in lysolipid dissociation from the carrier,
causing about 50% of encapsulated DOX being
released within 1h [14, 15]. Later, another
thermo-responsive liposomal formulation without
lysolipid was developed, which consisted of DPPC,
cholesterol, and DSPE-PEG 2000 at a molar ratio of 60:
40: 5. Its thermosensitive component relies on the core
ammonium bicarbonate (ABC, NH;HCO3), which can
not only greatly enhance the DOX encapsulation
efficiency by the remote transmembrane gradient
loading method, but can also decompose to generate
CO, bubbles when heated to 40°C and above.
Permeable defects can thus be created in the lipid
bilayer to induce a rapid DOX release and further
locally increase the drug concentration, showing
improved therapeutic results [16-18]. However,
encapsulated drugs or ABC leakage or burst release in
these liposome systems may occur during storage or
blood circulation, which would compromise the
therapeutic efficacy and inevitably increase adverse
side effects [19-21]. Therefore, it is still highly
challenging and desirable to construct drug delivery
systems (DDSs) capable of stably retaining a drug
during blood circulation while releasing the drug
precisely and in a controlled manner in the target
tissues.

To resolve the instability problem of liposomes,
we recently developed a liposomal nanohybrid
formulation called cerasome [22-28]. It has a bilayer
nanostructure similar to liposomes and has an atomic
layer of polyorganosiloxane surface resembling silica,
which combines the advantages of both liposomes
and silica, showing good biocompatibility and high
morphological stability [22-28]. When anticancer
drugs are loaded into such a system, premature

lipid

release can be greatly avoided, plus prolonged blood
circulation time, and more chemotherapeutic drugs
can be delivered to the tumor while having fewer side
effects on healthy tissues [22-28]. However, cancer
drug resistance may occur due to the slow drug
release rate from this highly stable system. Therefore,
a blood-stable cerasome with a controlled drug
release property may address this issue, but that is
still a great challenge since it is difficult to
simultaneously achieve good stability and effective
controlled drug release in the desired tissues [29].

In order to develop a controlled drug delivery
system into tumor cells, many multifunctional
nanoparticles with environmentally sensitive (pH
[30-35], temperature [16, 17, 29, 36], enzymes [37], etc.)
capabilities have been developed [38-41]. Among
these, the NIR mediated photothermal effect has
showed great promise in nanomedicine, which should
be attributed to the non-invasiveness, deep tissue
penetration, and spatiotemporal controlled behavior
of NIR light [42-48]. Photo induced hyperthermia
alone can directly cook and kill cancer cells, while NIR
photothermal-triggered release of chemotherapeutic
agents upon NIR irradiation can well realize the
combinational photothermal therapy and
chemotherapy in a precisely controllable manner,
achieving a more efficient tumor killing effect [49-55].
Many conventional NIR resonant nanomaterials such
as gold nanostructure and carbon nanomaterials have
been developed in recent years [56-64]. However,
these systems still face some challenges: 1) The
non-biodegradability of these inorganic materials
causes concerns of long-term toxicity. 2) They lack a
probe for monitoring drug distribution in a real-time
and a non-invasive manner, which plays an important
role in determining the time and site of performing
NIR irradiation. 3) Drugs loaded with a non-covalent
force often lead to undesirable premature release in
circulation. In contrast, biodegradable NIR dyes such
as indocyanine green (ICG) [51], cypate [56], IR780
[57], and DiR [47, 65, 66] with excellent photothermal
conversion efficiency and real-time fluorescence
imaging capability are more promising candidates for
photothermal therapy. However, when performing
direct systematic administration, seriously premature
release still occurs when dyes are encapsulated in the
liposomes, which often restricts their application in
photothermal therapy [67, 68]. Therefore, the
combination of NIR fluorescence dyes with a highly
stable cerasome may construct a novel drug delivery
system to improve therapeutic outcomes.

In this work, a photo and thermal sensitive
cerasome was constructed by co-assembly of a
cerasome-forming lipid (CFL) with a photothermal
agent of DiR, while encapsulating both
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hyperthermia-responsive ABC salt and
chemotherapeutic agent DOX, affording a
bubble-generating DOX-DiR@cerasome (ABC) to
develop a NIR photothermal-responsive drug release
for combinational tumor therapy (Scheme 1). In this
system, the highly stable cerasome can well retain
drugs and DiR inside this carrier at body temperature,
attributed to its silicate framework surface, greatly
avoiding any undesirable premature release during
blood circulation, thus reducing side effects on
healthy tissues and organs. Furthermore, the NIR
fluorescence dye of DiR can be used to guide laser
irradiation for achieving precise hyperthermia in
tumor sites, which would further decompose ABC
locally to generate CO. bubbles, creating permeable
channels to facilitate rapid DOX release through the
cerasomal bilayer. The generated CO, bubbles could
be easily detected by ultrasound imaging because of
their hyper echogenicity, providing an indirect way
for real-time monitoring of the drug release process.
Such a strategy was very important for achieving
localized drug release at tumor sites with less
premature release, combined with a DiR induced
photothermal effect, holding a great promise for
cancer theranostics.

2. Results and Discussion

2.1. Preparation and characterization of
DOX-DiR@cerasome (ABC)

In this study, to achieve both high stability and
efficient photothermal conversion, a lipid formulation
of CFL with silicate precursor, DiR, and DSPE-PEG
2000 with a molar ratio of 10 : 2.7 : 1 were selected

based on our previous studies [47]. Then, these lipids
were dissolved in ethanol and injected into an
aqueous saturated ABC solution (2.7 M) to start the
self-assembly of the cerasomal bilayer, followed by
in-situ  surface silanol groups condensation
(5i-OCH>CH; + HoO—Si-OH + CH3CH>OH, followed
by 25i-OH—S5i-O-5i + H»0), affording a nanohybrid of
DiR@cerasome (ABC) with a surface silicate
framework (Scheme 1). In order to maximize the
generation of CO; bubbles, the concentration of ABC
solution used here was at its saturation concentration
[16, 69]. As a lipophilic molecule, DiR with two long
carbon chains could easily be integrated into the
hydrophobic cerasome membrane via hydrophobic
interactions with an encapsulation efficiency above
98% [70]. DOX was subsequently loaded into the
DiR@cerasome (ABC) by a remote active-loading
technique based on the transmembrane ABC gradient
to obtain the final DOX-DiR@cerasome (ABC) (Figure
S1) [16]. The control cerasome formulated in
citric acid buffer (CA) (DOX-DiR@cerasome (CA))
and conventional liposomes (DOX-DiR@liposome
(ABC)) were both prepared by the same procedure.
The characteristics data of these three nanoparticles
were summarized in Table 1. DOX-DiR@cerasome
(CA) and DOX-DiR@cerasome (ABC) showed similar
particle sizes, smaller than DOX-DiR@liposome
(ABC). Both of them showed similar polydispersity
and zeta potential. Similar DOX encapsulation
efficiency (> 90%) and loading content (~ 10%) were
also achieved by the remote loading method, which
were beneficial for subsequent comparison.
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Scheme 1. Schematic illustrations showing the structure of thermo-responsive bubble-generating cerasome system and its process of controlled drug release, NIR florescence
(NIRF) imaging and ultrasound (US) imaging guided chemo-photothermal Therapy. DiR was assembled in the hydrophobic membrane, while ammonium bicarbonate (ABC) and
chemotherapeutic agent DOX were encapsulated in the hydrophilic inner cavity. DiR can be used to guide laser irradiation time and site for achieving precise hyperthermia in
tumor site. Under the 760nm laser irradiation, strong thermal energy generated from DiR resulted in decomposed ABC which generated CO; bubbles, resulting in triggering of

rapid drug release.
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Table 1. Characteristics of DOX-DiR@cerasome (ABC), DOX-DiR@cerasome (CA) and DOX-DiR@liposome (ABC), the data were

presented as means * SD (n = 3)

Diameter (nm)

Polydispersity ~ Zeta-potential (mV) Encapsulation efficiency (%) DOX Loading content (%)

DiR Loading content (%)

DOX-DiR@cerasome (ABC) 45.9+4.3 0.228+0.015 -41.87+0.24
DOX-DiR@cerasome (CA)  42.7+5.3 0.19440.012 -42.38+0.03
DOX-DiR@lipsome (ABC)  147.8+7.9 0.325+0.009 -41.94+0.1

97.70£1.35% 9.40£0.12% 16.03£0.03%
96.58+0.96 % 9.64+0.09% 16.05£0.02%
93.19+4.62% 9.34+0.42% 19.46+0.12%

As shown in Figure 1A, DOX-DiR@cerasome
(ABC) exhibited spherical morphology with uniform
size distribution (39.748.4 nm), consistent with the
dynamic light-scattering (DLS) measurements,
showing a remarkably narrow distribution (459 *
4.3nm). The content of NH;HCOs in one cerasome
with a diameter of ~40nm was calculated to be about
7.2 x 102ng. The zeta potential of DOX-DiR@cera-
some (ABC) was negatively charged (-41.87 + 0.24
mV) attributed to the surface silanol groups on the
DOX-DiR@cerasome (ABC), making the resulting
nanoparticles disperse well in different media (Figure
S2). The morphological stability of cerasome is
inherent for excellent in vivo therapeutic application.
A simple surfactant solubilization method was used
to compare the morphological stability of the
cerasome and liposome in an aqueous media [29, 71].
As shown in Figure S3A, the conventional liposomes
of DOX-DiR@liposome (ABC) when mixed with the
nearly 5 equivalent molar ratios of nonionic surfactant
Triton X-100 (TX-100) resulted in the drastic change in
diameter, indicating a collapse of the liposome. In
contrast, the DOX-DiR@cerasome (ABC) were
significantly resistant against the TX-100, indicating
relatively higher stability as compared to the
conventional liposomes at similar experimental

condition. The higher stability of cerasome could be
mainly due to the formation of siloxane networks
surrounding the cerasome surface.

The silicate framework on the
DOX-DiR@cerasome (ABC) surface was further
examined by Fourier transform infrared (FT-IR)
spectroscopy [72], showing absorption peaks at
1100cm and 950cm, belonging to Si-O-Si and Si-OH
groups respectively. In addition, the intensity of the
former peak was significantly higher than the latter
one, further confirming the dense Si-O-Si network
formation on the surface of DOX-DiR@cerasome
(ABC) (Figure 1B). The presence of Si in the
DOX-DiR@cerasome (ABC) was also confirmed by
SEM-EDS analysis (Figure S5B). The absorption
spectra of DOX-DiR@cerasome (ABC) showed two
characteristic peaks of DOX and DiR at about 488nm
and 760nm (Figure 1C), consistent with the absorption
spectra of free DOX and free DiR, respectively,
indicating the successful loading of DOX and DiR. In
contrast to free DiR (748 nm in ethanol), the slightly
red shift in the absorption spectra of DiR after the
formation of DOX-DiR@cerasome (ABC) may be due
to its aggregation in the encapsulated state. To
investigate the photothermal effect of
DOX-DiR@cerasome (ABC), the aqueous samples
with different concentrations were
irradiated by 760nm laser for 5min

.m

(Figure 1D), exhibiting temperature
elevation of 9.7°C, 16.9°C, and 25.5°C for
different concentrations of 12.5pg/mlL,
25pg/mlL, and 50pg/mL, respectively. In
contrast, the deionized water group
showed no significant temperature
change, further confirming the high

photothermal conversion capability of
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DOX-DiR@cerasome (ABC), showing a
great potential for cancer
chemo-photothermol therapy.

2.2. Bubble-generating capability
and in vitro controlled drug release

ABC encapsulated in the core of

Wavelength (nm)

Figure 1. A) Size distributions and TEM micrograph of DOX-DiR@cerasome (ABC). B) FT-IR
spectroscopy of CFL, cerasome and DOX-DiR@cerasome (ABC); C) UV-vis—NIR absorbance spectra of
DOX-DiR@cerasome (ABC), DiR@cerasome, Free DiR, Free DOX, and cerasome; D) Photothermal
elevation curve of DOX-DiR@cerasome (ABC) at different concentrations when irradiated with 760 nm

laser for 5 min (1 W/cm?). Data shown as means + SD (n = 3).

Time (s)

DOX-DiR@cerasome (ABC) can be
decomposed into water, ammonia, and
COz bubbles, which can not only create
permeable channels in the bilayer
membranes to enable drug release, but
also provide a way for monitoring the
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drug release process since the CO, bubbles are
hyperechogenic and can serve as an enhancer for
ultrasound imaging [16, 17, 73]. To investigate the
bubble-generating potential in vitro, DOX-DiR@cera-
some (ABC) solution was placed in a latex tube, then
immersed into a water bath at different temperatures,
and the generation of CO; bubbles was evaluated by
an ultrasound imaging system. As shown in Figure
2A, there was no ultrasound contrast effect in the latex
tube with DOX-DiR@cerasome (ABC) at 37°C. In
contrast, a significant ultrasound imaging signal was
observed when the temperature was elevated to 42°C,
which should be attributed to the generated CO»
bubbles. In addition, the higher of the temperatures
(50°C) induced stronger ultrasound imaging signal
intensity, indicating more CO; bubbles were
generated. The imaging stability of the generated CO;
bubbles was further investigated, demonstrating that
obvious ultrasound imaging signal can last about
10min (Figure S4). Meanwhile, for the control groups
of saline and DOX-DiR@cerasome (CA), no
ultrasound contrast effect was detected at all tested
temperatures, indicating no bubbles were generated
in these systems. The ultrasound imaging signal
intensity was further quantitatively analyzed using
Image] Analysis System (Figure 2B). The relative signal
intensity of DOX-DiR@cerasome (ABC) was much
higher than that of saline and DOX-DiR@cerasome
(CA) at 42°C and 50°C. These studies demonstrated
that the  ABC decomposition  in  the
DOX-DiR@cerasome (ABC) could enable immediate
CO: bubble formation through thermal activation,
which was very important for stimulating and
monitoring drug release.

A li DOX-DiR
saline @cerasome(CA)

DOX-DiR
@cerasome(ABC)

37°C

42°C

50°C

B-mode C-mode B-mode C-mode B-mode C-mode

B e B saline
—~ 350 |l DOX-DiR@cerasome(CA)
S 300 | Il DOX-DiR@cerasome(ABC)
©

dek

S 250 **

50C

37C 42°C

Figure 2. A) In vitro US imaging of saline, DOX-DiR@cerasome (CA) and
DOX-DiR@cerasome (ABC) in a test tube at different temperature; B) Quantitative
analysis of US imaging signal in different groups. Data shown as mean + SD (n = 3), **P
<0.01.

An ideal stimuli-sensitive drug delivery system
should be stable enough but also rapidly respond to
certain stimuli. Thus, the drug release profiles of
DOX-DiR@cerasome (ABC) with or without heating
were performed to investigate the influence of heat or
generated bubbles on the drug release. As shown in
Figure 3A, both DOX-DiR@cerasome (ABC) and
DOX-DiR@cerasome (CA) were stable at 37°C in PBS
(pH 7.4), showing a cumulative DOX release of only
about 20% over 24h, while conventional
DOX-DiR@liposome (ABC) release about 60% under
the same conditions, indicating the higher stability of
the cerasome system attributed to its silicate
framework surface. The release of DOX was
significantly accelerated when the samples were
placed at constant mild hyperthermia of 42°C and
55°C, showing 19.9% and 28.9% DOX release for
DOX-DiR@cerasome (CA) in 120min, and 41.3% and
48% DOX release for DOX-DiR@cerasome (ABC),
greatly higher than the data of about 8.0% DOX
release at 37°C (Figure 3B). Therefore, without
heating, the cerasome system was stable, and with
hyperthermia, the permeability of the bilayer
membranes was increased and CO» bubbles generated
by the heat induced ABC decomposition created
further drug release channels, thus accelerating drug
release even more. To further evaluate the
NIR-triggered DOX release, laser irradiation (760nm,
1W/cm?, 20min) was applied to stimulate the drug
release, exhibiting significantly enhanced DOX release
of about 83.7% in 120min for DOX-DiR@cerasome
(ABC), which was about 10 times higher than
DOX-DiR@cerasome (ABC) without NIR laser
treatment (~8.0%) (Figure 3C). The likely mechanism
should be because DiR can transfer NIR energy to
thermal energy, improving the permeability of the
cerasome membrane and leading to the
decomposition of ABC to generate CO. bubbles,
subsequently triggering rapid DOX release. In
contrast, the DOX release was much slower from
DOX-DiR@cerasome (CA), which should be due to
the lack of bubble generation. To investigate the
stability of DOX-DiR@cerasome (ABC) under NIR
laser irradiation, TEM images of the tested cerasome
after laser irradiation were investigated. As shown in
Figure S5A, DOX-DiR@cerasome (ABC) still
maintained its morphology integrity, indicating its
stability under NIR laser irradiation, which should be
attributed to its surface siloxane framework (Figure
1B & Figure S5B) [22, 29, 72]. Overall, the good
stability of DOX-DiR@cerasome (ABC), together with
its rapidly accelerated drug release under
hyperthermia, made it possible for effective
anticancer drug delivery with reduced undesirable
premature leakage and on-demand site specific
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release, thus enhancing
combination therapy.

chemo-photothermal

2.3. In vitro cellular uptake and cellular drug
release

The cellular uptake and distribution of
DOX-DiR@cerasome (ABC) in 4T1 cells were
investigated by confocal laser scanning microscope
(CLSM) and fluorescence microscope, that showed a
homogeneously aggregated fluorescence of DOX and
DiR mainly distributed in the cytoplasm (Figure
4A&C). Without laser stimulus, DOX was restrained
in the aqueous core of DOX-DiR@cerasome (ABC)
with less premature release, and the DOX
fluorescence was self-quenched in an aggregated state
at different incubation time (Figure 4A and Figure S6),
indicating stability of this system at 37°C. However, it
was difficult for DOX-DiR@cerasome (ABC) with a
large particle size to get into the nuclei [46, 74].
Therefore, controlled drug release in the cell was
further investigated. NIR-laser irradiation was then
performed on the DOX-DiR@cerasome (ABC) treated
cells for 5min (760nm, 1W/cm?). Then, the cells
underwent another 1h incubation at 37°C. As shown
in Figure 4A, a significantly stronger DOX
fluorescence signal homogenously distributed in the
cytoplasm was observed, indicating the DOX release

8143
fluorescence was obviously recovered. When
increasing the incubation time for 8h, DOX

fluorescence was observed to be homogenously
distributed in both the cell cytoplasm and nuclei,
demonstrating effective NIR stimulated drug release
and followed by subsequent drug translocation into
the nuclei. The semi-quantitative analysis revealed
there was 3.1-fold higher DOX fluorescence intensity
in the nuclei after these cells received laser irradiation
and incubated for 8h (Figure 4B), further verifying the
NIR photothermal-triggered drug release from the
highly stable DOX-DiR@cerasome (ABC), consistent
with the extracellular drug release results (Figure 3C).
It was worth mentioning that the final distribution of
DOX in the nuclei (Figure 4A) and DiR in the

cytoplasm (Figure 4Q) showed that
DOX-DiR@cerasome (ABC) had a promising
chemotherapeutic and photothermal therapeutic
effect.

2.4. In vitro photothermal cytotoxicity of
DiR@cerasome

To avoid unnecessary damage to healthy tissues
in photothermal therapy, biocompatibility of
DiR@cerasome and safety parameters of the laser
were first investigated in cells by MTT assay. As
Figure S7A & S7B in the supporting information

from DOX-DiR@cerasome (ABC) and DOX  showed, DiR@cerasome exhibited little cytotoxicity to
both HUVEC cells and 4T1 cells,
A - B = 80 with more than 90% of cells
i o DR | o vl when e
2 e N 8 60— 2<. DOXDR@eerasame (CA) PlR@cerasome Concentrathn
& o Rdcermane ) | @ so]—arc. DoxDR@oaasomg, A, increased to  384pg/mL  (DiR
€ 60 —* i S a0l concentration), demonstrating its
g 40 fE: 30 excellent biocompatibility.
E - o £ 20/ Similarly, the 4T1 cells showed
= < 10 high cell viability when treated
§ ° g 0/ with a 760nm laser at different
© 0 200 400 600 800 100012001400  © 0 20 60 80 100 120  power densities (0-1.5W/cm?) and
Time (min) Time (min) for different irradiation times
C Fap e (0-20min), exhibiting excellent
3 —a— Laser 37°C., DOX-DiR@cerasome (CA) biosafety (Figure S7C & S7D). To
§100 1T N e, DOXOIRGowmsoms (GA) further evaluate the therapeutic
% 80 function of DiR, DiR@cerasome
E 6. (DiR:40pg/mL) without DOX
™ loading was then incubated with
z prd—faf— 4T1 cells for 4h, followed by NIR
Hi i p— light exposure (760nm, 1W/cm?)
E ) B e for different durations. The cells
P R SO treated with or without laser for

Time (min)

Figure 3. In vitro release behavior of DOX from the vesicular composition at different temperature. A) DOX release
profiles from DOX-DiR@liposome (ABC), DOX-DiR@cerasome (CA) and DOX- DiR@cerasome (ABC) in 37 °C
water bath for 24 h, free DOX was used as a control; B) DOX release profiles from DOX-DiR@cerasome (CA) and
DOX-DiR@cerasome (ABC) in 37 °C, 42 °C and 55 °C water bath for 120 min, respectively; C) DOX release
profiles from DOX-DiR@cerasome (CA) and DOX-DiR@cerasome (ABC) in 37 °C water bath for 2h with or

without laser irradiation for 20 min. Data shown as mean * SD (n = 3).

different time intervals were
further analyzed using calcein
acetoxymethylester (calcein-AM)
and propidium iodide (PI)
staining agents. As shown in
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Figure 5A, the cells treated with phosphate-buffered
saline (PBS) (Figure 5Aa), or only laser (Figure 5Ab),
or only DiR@cerasome (Figure 5Ac) showed no
obvious change in cell viability and density,
consistent with the results shown in Figure S7. When
treated with both DiR@cerasome and 3 min of laser
irradiation (Figure 5Ad), the temperature increased to
about 42 °C within 3min of laser irradiation, which
was not high and long enough to kill the tumor cells,
resulting in no significant cell death (Figure S8). In
contrast, cell death could be observed when the
irradiation time increased to 5min (Figure 5Ae).
Further prolonging the irradiation time to 10min
resulted in nearly all cells dying in the laser exposure
area. These results indicated that the combination of
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DiR@cerasome and laser could significantly induce
localized cellular death in a time-dependent manner.

2.5. In vitro chemotherapy and
chemo-photothermal treatments

The in wvitro chemotherapeutic effect of
DOX-DiR@cerasome (ABC) was analyzed by MTT
assay. 4T1 cells were incubated  with
DOX-DiR@cerasome (ABC), DOX-DiR@liposome

(ABC) or free DOX for 32h and 52h, respectively. As
shown in Figure 5B & 5C, all groups exhibited
cytotoxicity in a dose and time-dependent manner.
The free DOX treated group showed the strongest
cytotoxicity, mainly because free DOX was small
molecules, easily entering cells and generating strong
toxicity. When DOX was
encapsulated into liposomes,
which needed time to release
drugs, it exhibited lower
anti-tumor activities than free
DOX. DOX-DiR@cerasome
(ABC) displayed the lowest
cytotoxicity due to its high
stability, resulting in the
slowest drug release in the
same period of time.

Figure 4. In vitro cellular uptake of
DOX-DiR@cerasome (ABC). A)
Representative CLSM fluorescence images of
4T1 tumor cell internalization of free DOX and
DOX-DiR@cerasome (ABC) for 4h without or
with 760 nm laser irradiation, followed by
incubation for another 1h or 8h, scale bar = 25
um. B) Relative fluorescence intensities of DOX
in the 4T1 cell nucleus in different groups were
semi-quantified. Data were presented as mean *
SD (n = 5). ¥P < 0.0l1. C) Fluorescence
microscope images of DiR in 4T1 cells treated
with  DOX-DiR@cerasome (ABC)  after
incubation for 4 h. Scale bar = 25 ym. (DDC:
DOX-DiR@cerasome (ABC)).
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Figure 5. A) Photothermal destruction of 4T1 cells. (a) PBS; (b) DiR@cerasome only; (c) NIR laser (760 nm, 1W/cm?2) only; (d) DiR@cerasome combined NIR laser for 3 min;
(e) DiR@cerasome combined NIR laser for 5 min; (f) DiR@cerasome combined NIR laser for 10 min. B) In vitro chemotherapy and synergetic chemo-photothermal therapy of
DOX-DiR@cerasome (ABC) in 4T1 cells after different treatments for 32h. C) In vitro chemotherapy and synergetic chemo-photothermal therapy of DOX-DiR@cerasome
(ABC) in 4TI cells after different treatments for 52h, DOX-DiR@liposome (ABC) and free DOX were used as controls. D) The cell viability of 4T1 cells after different
treatments for 32h: DiR@cerasome + laser, DOX-DiR@cerasome (ABC), DOX- DiR@cerasome (ABC) + laser. E) Combination index (Cl) of chemo- and photothermal dual

therapy.

For investigating the therapeutic effect of
chemo-photothermal combined treatments, cells
treated with DOX-DiR@cerasome (ABC) were
incubated for 4h and irradiated with 760nm laser
(IW/cm?, 10 min), then followed by another
incubation for 28h. Groups of DiR@cerasome + laser,
and DOX-DiR@cerasome (ABC) without laser
irradiation were tested for comparison. As shown in
Figure 5D, all groups exhibited obvious cytotoxicity to

the 4T1 cells in a concentration dependent manner.
After treatment with the DiR@cerasome (containing
6pg/mL DiR) in combination with laser irradiation,
the cell viability was evaluated to be 753 + 2.1%,
while DOX-DiR@cerasome (ABC) (containing
3.17pg/mL DOX and 6pg/mL DiR) treated group
showed much more toxicity to the cells with viability
of 335 + 1.8 %. In stark contrast, when treated with
both DOX-DiR@cerasome (ABC) and laser, the cell
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viability was significantly decreased to 3.6 = 4.8%,
showing the best Kkilling capability. These data
indicated the great synergistic anticancer activity of
chemo-photothermal therapy of DOX-DiR@cerasome
(ABC). Combination index (CI) was further calculated
to analyze the combination effect of chemo- and
photothermal  dual  therapy  mediated by
DOX-DiR@cerasome (ABC). Figure 5E showed the CI
values of 4T1 cells plotted against the therapy effect
levels at 32h incubation after therapy. All data points
were below the line of CI = 1, confirming the great
synergistic anticancer activity of chemo-photothermal
therapy. The mechanism of this synergistic effect
should be due to the enhanced release of DOX from
the bubble-generating DOX-DiR@cerasome (ABC) by
the local hyperthermia and subsequent increased
cytotoxicity to the tumor cells, with cells exposed to
DOX showing increasing heat sensitivity [75, 76].
Therefore, the cytotoxic effect of DOX-DiR@cerasome
(ABC) on tumor cells could be greatly enhanced by
the NIR light stimulated chemo-photothermal
therapy. However, it should be noted that the
ABC-containing liposomes without drug loading had
been investigated to induce cell necrosis through a
bubble mediated transient cavitation by thermal
activation[73], thus the great synergistic anticancer
activity of DOX-DiR@cerasome (ABC) should be due
to the combination of chemotherapy, photothermal
therapy, and bubble mediated transient cavitation.

2.6. In vivo near-infrared fluorescence imaging
and ultrasound imaging

The in vitro results encouraged us to further
investigate the in vivo behavior of
DOX-DiR@cerasome (ABC). After intravenous (IV)
administration to 4T1 tumor-bearing mice, the in vivo
distribution =~ and  tumor  accumulation  of
DOX-DiR@cerasome (ABC) were evaluated by both
fluorescence imaging originating from the intrinsic
fluorescence of DiR and ultrasound imaging derived
from the bubbles decomposed by ABC. As shown in
Figure 6A, the DiR fluorescence at the tumor site
gradually increased during the first 10h and reached a
maximum at 36h post injection (Figure 6A & 6D),
showing effective passive tumor accumulation
through the enhanced permeability and retention
(EPR) effect. In addition, this fluorescence imaging
can last for more than 5 days, with a little fluorescence
decrease at 129h post injection. Such longer
fluorescence imaging ability was extremely beneficial
for guiding laser to the tumor site and monitoring
tumor homing properties of particles in real time
(Figure 6D). The distribution of DOX-DiR@cerasome
(ABC) in the main organs and tumors was then
investigated by detecting the excised tissues’

fluorescence at 12%9h (Figure 6B). The tumor
fluorescence was much more obvious than the other
main organs, further confirming the remarkable
tumor accumulation property of this nanosystem
(Figure 6B&C). To investigate the blood circulation
dynamics of the drug carrier, a fluorescent probe of
porphyrin-grafted lipid (PGL) [77-80] was used to
label DOX-DiR@cerasome (ABC) and then the blood
fluorescence intensity of PGL was investigated. As
shown in Figure S9, the blood PGL signals decreased
to ~52.9% at 4h post injection and further reduced to
only ~7.4% at 24h. The elimination half-life (ti/2) of
DOX-DiR@cerasome (ABC) was calculated to be 5.06
+0.39h.

When DOX-DiR@cerasome (ABC) reached the
tumor at 36h post-injection, NIR light irradiation
guided by fluorescence imaging was performed to
transform light energy into heat as mediated by the
DiR dyes on the particles. The generated heat
promoted the decomposition of ABC to produce
bubbles in the carrier, thus enabling rapid drug
release and efficiently killing the tumor cells. The
generated CO, bubbles were then detected by
ultrasound imaging. As shown in Figure 6E, all
groups showed no ultrasound contrast enhancement
without laser irradiation, indicating no bubble
generation. In contrast, significantly positive contrast
enhancement of the tumor was observed for the
DOX-DiR@cerasome (ABC) + laser treated group,
while the tumors of mice treated with saline + laser
and DOX-DiR@cerasome (CA) + laser showed no
ultrasound contrast effect. In addition, the ultrasound
contrast enhancement was maintained in a stable state
after prolonging the imaging time to 5min, which
should be long enough for the accurate diagnosis in
clinic application (Figure S10). Then, tumor sections
were examined histologically to investigate the
intratumoral release of DOX from
DOX-DiR@cerasome (ABC). As shown in Figure 6F,
minimal fluorescence signals existed in the tumor
section before laser irradiation, indicating the limited
release of their encapsulated DOX. After exposure to
laser, a significantly stronger DOX fluorescence signal
was observed, indicating the DOX release from
DOX-DiR@cerasome (ABC) and DOX fluorescence
was recovered. These results provided an indirect
proof that highly stable DOX-DiR@cerasome (ABC)
can retain ABC and DOX encapsulated in the carrier
during blood circulation, and thus maximized the
enrichment and controlled the release of therapeutic
drugs in tumor tissues. The sustained strong
fluorescence of DOX-DiR@cerasome (ABC) together
with its capability of ultrasound imaging enabled the
real-time monitoring of the in vivo delivery and drug
release process of this system [47, 66, 81, 82].
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Figure 6. In vivo imaging and biodistribution of 4T1 tumor-bearing mice. A) Whole body NIR fluorescence images at different time after IV injection of DOX-DiR@cerasome
(ABC). B) Ex vivo NIR fluorescence images of major organs and tumor at 129h post-injection. C) The quantification of fluorescence intensities of major organs and tumor. Data
were presented as mean  SD (n = 3). D) The quantification of fluorescence intensity of tumor obtained after tail vein injection of DOX-DiR@cerasome (ABC). E) In vivo
ultrasound imaging of 4T1 tumor after IV injected with saline, DOX-DiR@cerasome (CA) and DOX-DiR@cerasome (ABC) before and after NIR laser irradiation at 36h
post-injection. F) Fluorescent images of DOX of the frozen tumor sections following IV injection of the DOX-DiR@cerasome (ABC) before and after NIR laser irradiation at
36h post-injection.

accumulation of DOX-DiR@cerasome (ABC) inspired
us to further investigate its in vivo combined
chemo-photothermal therapeutic effects on a 4T1

The prominent properties of high stability,  tumor model. Mice bearing tumors of ~100 mm3were
photothermal conversion, bubble generation induced  randomly divided into six groups, including saline,
triggered drug release and excellent tumor

2.7. In vivo chemo-photothermal therapeutic
assay
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saline + laser, free DOX, DiR@cerasome + laser,
DOX-DiR@cerasome (ABC), and DOX-DiR@cerasome
(ABC) + laser (DOX dose: 5mg/kg; DiR dose: 9.4
mg/kg). The laser irradiation time was selected as 36h
post-injection, as it showed the best tumor
accumulation of the cerasome, which was revealed by
the in vivo fluorescence imaging (Figure 6A & 6D).
Laser irradiation was then performed (760 nm, 15min,
1W/cm?), and the surface temperature of the tumor

was monitored using an infra-red (IR) thermal camera.

For those mice treated with DOX-DiR@cerasome
(ABC) + laser or DiR@cerasome + laser, their tumor
surface temperature showed a rapid increase to =55°C,
while saline + laser treated mice showed minimal
change under the same conditions (Figure 7A & 7B),
suggesting the good tumor accumulation of these
cerasome nanoparticles and effective photothermal
conversion mediated by the DiR, which was very
important to ablate the tumor tissue and facilitate the
bubble generation from ABC to trigger the drug
release and subsequent translocation into the tumor
cell nucleus. Then, the tumor volume of each group
was recorded for 18 days. As shown in Figure 7C, a
sharp increase in tumor volume was clearly observed
for the mice treated with saline only or saline + laser,
changing from 100mm? to approximately 1800mm3
(18-folds) or 2000 mm? (20-folds) within 18 days,
respectively. These results indicated that laser
irradiation alone cannot cause potentially destructive
effects. The chemotherapy treated groups of free DOX
and DOX-DiR@cerasome (ABC) only achieved partial
tumor inhibition, which should be due to the limited
tumor accumulation of free DOX and the slow drug
release rate of DOX-DiR@cerasome (ABC) without
laser irradiation, respectively. In stark contrast, both
the DiR@cerasome + laser and DOX-DiR@cerasome
(ABC) + laser treated groups exhibited remarkably
high tumor inhibition, with almost complete tumor
eradication during the first 12-day assay period.
However, tumor recurrence was observed at 14 days
for the DiR@cerasome + laser treated group, while no
tumor recurrence occurred for the
DOX-DiR@cerasome (ABC) + laser treated groups
within the entire experimental period, which should
be attributed to the synergistic effect of DiR mediated
photothermal  therapy and DOX  mediated
chemotherapy. Upon laser irradiation, the DiR on the
cerasome bilayer can efficiently convert light to heat,
which would further decompose the ABC in the
cerasome core to generate CO bubbles, resulting in
rapid-release of DOX with a local high concentration
to kill the tumor cells via chemotherapy. In addition,
the DiR induced hyperthermia further evoked the
apoptosis of tumor cells via thermal therapy, thus

leading to the best therapeutic effects.

To further investigate the therapeutic
mechanism, the histological analysis of tumor tissues
by H&E staining and TUNEL assay after different
treatments was carried out (Figure 7E). The saline and
saline + laser group displayed an intact nucleus
morphology, indicating negligible cell apoptosis or

necrosis, suggesting safety of the NIR laser
irradiation. Both  the free DOX and
DOX-DiR@cerasome  (ABC) only  mediating

chemotherapy exhibited a little cell apoptosis or
necrosis, which should be due to the low DOX
accumulation of free DOX and the slow drug release
of DOX-DiR@cerasome (ABC) at the tumor site. In
contrast, based on the photothermal effect of DiR,
both DOX-DiR@cerasome (ABC) + laser and
DiR@cerasome + laser groups displayed extensive
nuclear shrinkage and fragmentation. From the
fluorescence TUNEL assay, the areas without cell
damage exhibited only blue color for saline and saline
+ laser groups. In contrast, the free DOX and
DOX-DiR@cerasome (ABC) groups showed slightly
higher intensity of green fluorescence, while the
tumor tissues treated with DOX-DiR@cerasome
(ABC) + laser and DiR@cerasome + laser showed
obviously more green fluorescence, indicating serious
cellular apoptosis, consistent with the H&E staining
results. The histology examination of the tissue near
the tumor was carried out, showing that the skin
tissue near the tumor maintained in a healthy state
(Figure S11C). During the whole experimental
process, the six groups of mice showed insignificant
body weight loss (Figure 7D), indicating that no
obvious toxicity was caused by all the treatments.
These  results  further = demonstrated  that
DOX-DiR@cerasome (ABC) with both functions of
photothermal and bubble triggered chemotherapeutic

effects could produce significant synergistic
therapeutic effect, holding great promise in inhibiting
tumor recurrence and maintaining long-term
therapeutic efficacy.

For assessing the in wvivo toxicity of

DOX-DiR@cerasome (ABC) to healthy tissues, the
major organs such as heart, liver, spleen, lung, and
kidney of the DOX-DiR@cerasome (ABC) treated mice
without laser treatment were collected at 3, 7 and 30
days post treatment and the histological examination
was further performed. As shown in Figure S11A,
neither noticeable organ damage nor inflammation
could be observed from the hematoxylin and eosin
(H&E) stained images of the above major organs.
Meanwhile, all groups showed insignificant body
weight loss (Figure S11B), exhibiting good
biocompatibility of DOX-DiR@cerasome (ABC).

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 26

8149

B Omin 3min 6min 9min

>

12min 15min

- —=— DOX-DiR@cerasome(ABC)+laser o
O 60{ —*— DiR@cerasome+laser =
~ —— Saline+laser o
2 55,
E 5
© 50- 2
[+ 3
Q Q
= 45 4 (=]
@ -
F 401 @
K]
+
35 a
: - T . : : - . : o
0 2 4 6 8 10 12 14 16
C Time (min) D
3000
. —a— Saline l T
—e— Saline +laser e .. S
E 2500 Free DOX 201 iiigi T T; 1= i i
- —v— DOX-DiR@cerasome — e e A —f 0
@ 2000 - DOX-DiR@cerasome + laser © T T r T s 11
£ —<— DiR@cerasome + laser :15 -
= 1500 S
(=] — .
> D 104 —a— Saline
». 1000+ ; —e— Saline + laser
= —a— Free DOX
E 500 5 —v— DOX-DIiR @cerasome
E !/]l/ /E/i DOX-DiR@cerasome + laser
o == '—"!—-—-—q—a-f“ <+— DiR@cerasome + laser
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Time (days) Time (days)
E salme saline +laser Free DOX DDC DC +laser DDC+laser

Tunel

Figure 7. In vivo chemo-photothermal therapy of DOX-DiR@cerasome (ABC) on 4T1 tumor-bearing mice. A) The temperature change curves after IV injection of saline,
DiR@cerasome, and DOX-DiR@cerasome(ABC) under NIR laser irradiation and B) In vivo IR thermal imaging. C) Tumor volume changes with increasing time. Error bars were
based on seven mice in each group (*P<0.05, **P<0.01). D) Changes of body weight with increasing time. E) Histological analysis of tumor tissues with H&E staining and TUNEL
assay after different treatments. Scale bar = 200 ym. (DC: DiR@cerasame; DDC: DOX-DiR@cerasame (ABC)).

3. Experimental Section

3.1. Materials and reagents

The cerasome forming lipid (CFL) of
N-[N-(3-triethoxysilyl)
propylsuccinamoyl]-dihexadecylamine was

synthesized according to the procedures in the
literature [28, 83]. DSPE-PEG 2000 was the product of
Lipoid (Ludwigshafen, Germany). 1,1'-Dioctadecyl-

3,3,3',3'-tetramethylindotricarbocyanine iodide (DiR)
and DOX were obtained from Biotium and TCI
(Shanghai, China), respectively. DiR solution was
prepared by dissolving it into ethanol. Roswell Park
Memorial Institute (RPMI) 1640 Medium,
3-[4,5-dimethylthiazol-2-yl]2,5-diphenyltetrazoliumbr
omide (MTT), phosphate-buffered saline (PBS) were
the products of Invitrogen. Calcein-AM, propidium
iodide (PI) were purchased from Biorj. Deionized
water (DI water) was obtained by purification of
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house-distilled water with a Milli-Q Gradient System.
All of the other reagents and solvents were used as
received.

3.2. Fabrication of DOX-DiR@cerasome
(ABC)

DOX-unloaded  thermosensitive  cerasome
(DiR@cerasome) was prepared using an ethanol
injection method. Briefly, the mixture of CFL,
DSPE-PEG2000, and DiR with certain molar ratios
(10:1:2.7) was co-dissolved in ethanol, followed by
rapid dispersion into an aqueous NHsHCO; solution
(ABC, 2.7 M) with water bath ultrasound sonication at
room temperature, obtaining a homogeneous and
opalescent suspension. Afterwards, the suspension
was further homogenized by probe sonication for 3
min in an ice-water bath (Sonifier, 10% output
amplitude). Then, dialysis method was performed to
remove the unencapsulated ABC with a dialysis bag
(MWCO 8000-14000) for 1h at room temperature.
DOX was then loaded into the DiR@cerasome using
the transmembrane ammonium bicarbonate gradient
loading procedure [16]. Briefly, aqueous DOX
solution (10mg/mL) was added to the DiR@cerasome
suspension with water bath ultrasound sonication at
room temperature, then the sample was placed in a
37°C isothermal shaker for 24 hours, which benefited
the formation of the silicate network on the cerasome
surface. The whole procedure was performed in the
dark and the obtained DOX-DiR@cerasome (ABC)
was stored at 4°C before use. DOX-DiR@liposome
(ABC) with the same DiR molar percentage was
prepared as a control, consisting of DSPC,
DSPE-PEG-2000, cholesterol, DiR with molar ratio of
11:1.5:10:4.5. The DOX-DiR@cerasome (CA) was
prepared in citric acid buffer (300mM, pH 4.0) (CA)
instead of ABC according to the similar procedure.
The encapsulation efficiency (EE) and drug loading
content (DLC) were calculated according to the
following equations: EE(%) = (Weight of encapsulated
DOX)/ (Initial weight of DOX)*100; DLC(%) = (Weight
of encapsulated DOX )/(Total weight of
DOX-DiR@cerasome)*100.

3.3. Characterization of DOX-DiR@cerasome
(ABC)

The morphology of DOX-DiR@cerasome (ABC)
was detected by transmission electron microscopy
(TEM, JEM-1400). Briefly, a 300-mesh Formvar-coated
copper grid was first immersed into the particle
suspension for 10 min to obtain the TEM sample,
followed by negative staining with freshly prepared
uranyl acetate aqueous solution (2wt%, 5 min), then
washed with distilled water twice and air-dried for
imaging. Data of both particle size distribution and

zeta potential were examined and analyzed in
automatic mode with a 90Plus/BI-MAS dynamic light
scattering (DLS) analyzer (Brookhaven Instruments Co.).
Vesicle size was expressed as intensity mean diameter
1 SD of values. The absorption spectra were obtained
by a UV-vis spectrophotometer (Varian 4000).

Fourier transform infrared spectroscopy (FT-IR)
was performed on a PerkinElmer spectrophotometer
(USA). All samples were pressed using potassium
bromide (KBr) before measurement. CFL compound
was directly mixed with KBr powder, and then
grinded in a mortar, mixed evenly until there was no
obvious particle in the powder, and then pressed. For
the cerasome, the aqueous solution was first
freeze-dried into solid powder, and then followed a
similar procedure. Scanning wavenumber range was
400-4000 cm™ with resolution of 4 cm™. For in vitro
ultrasound imaging, 1 ml of saline,
DOX-DiR@cerasome (CA) and DOX-DiR@cerasome
(ABC) was injected into a latex tube, and harmonic
images were captured by a clinical ultrasound system
(VINNOYO0, Feino Technology (Suzhou) Co., Ltd.).

3.4. Photothermal effect and in vitro drug
release

For detecting temperature elevation of the
samples induced by NIR light irradiation, the
DOX-DiR@cerasome (ABC) with different
concentrations (0, 12.5, 25, and 50pg/mL) were placed
into a quartz cuvette with final volume of 0.5mL, then
light irradiation was performed using a NIR laser (760
nm, 1W/cm?, 5 min, Optoelectronics Tech. Co., Ltd.,
China), and the solution temperature was measured
every 30s by a digital thermometer.

The in vitro drug release experiment of
DOX-DiR@cerasome (ABC) with or without laser
irradiation was carried out by the dialysis method in
triplicate with irradiation time of 20min from the
initial time at a certain temperature. Briefly, 0.45mL of
DOX-DiR@liposome (ABC), DOX-DiR@cerasome
(CA), DOX-DiR@cerasome (ABC) containing 90nug
DOX was added into the dialysis bag (MWCO
8000-14000) and  submerged into  90mL
phosphate-buffered saline containing 0.1% Tween 80
(PBS, pH 7.4) at 37°C, 42°C and 55°C under horizontal
shaking at 150 rpm for different durations. At
scheduled time intervals, released medium (1 mL)
was taken out and fresh medium of equal volume was
replenished. The DOX released amount was
determined by fluorescence measurements with
excitation at 480nm and emission at 590nm.

3.5. Cell culture

The murine mammary carcinoma 4T1 cells were
purchased from American Type Culture Collection. The
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human umbilical vein endothelial cells (HUVEC)
were provided by the Central Laboratory of Peking
University Third Hospital. Both 4T1 cells and HUVEC
cells were cultured in RPMI-1640 medium
supplemented with 500U/mL penicillin, 10% fetal
bovine serum (FBS), and 50pg/mL streptomycin at
37°C in a humidified atmosphere containing 5% CO..

3.6. Cellular uptake of DOX-DiR@cerasome
(ABC)

The 4T1 cells were cultured in a confocal dish (5
x 105 cells) with 2mL complete 1640 medium and
incubated for 24h, followed by replacing with 0.5mL
of fresh medium containing DOX-DiR@cerasome
(ABC) or Free DOX (DOX: 12.5 png/mL). Afterwards,
the cells were further incubated for another 4h. To
evaluate the photothermal influence on drug release,
cells treated with DOX-DiR@cerasome (ABC) were
then irradiated by NIR light (760nm, 1W/cm?) for
5min, then continued to be cultured for 1h or 8h. The
culture media were removed and washed with PBS
and then re-cultured in fresh medium containing
Lyso-tracker red 100 x 10 M for 30min. The cell
nuclei were stained with Hoechst 33342. Finally, the
cells were imaged by confocal laser scanning
microscopy (CLSM, TCS-SPS, Leica).

3.7. In vitro photothermal, chemotherapy,
chemo-photothermal therapy

To avoid unnecessary damage to healthy tissues
during photothermal therapy, biocompatibility of
DiR@cerasome and safety parameters of the laser
were investigated in cells by MTT assay. Briefly,
HUVEC cells and 4T1 cells were plated at a density of
3 x 103 cells/well in 96-well plates at 37°C in a 5% CO»
atmosphere. Wells without cells were used as the
blank control. At 24h, the medium was replaced with
fresh medium containing DiR@cerasome with
different concentrations of 24, 48, 96, 192, and
384pg/mL (DiR concentration) and incubated for
another 72h, then mixed with the MTT solution (10pL,
5mg/mL). Following incubation at 37°C for 4h in the
dark, the medium was then removed and the
formazan crystals in each well were dissolved by
adding 150pL DMSO, followed by measurement with
a Bio-Rad model 680 plate reader to obtain the
absorbance data in each well at 570nm. To study the
safety of the laser, the 4T1 cells were irradiated by
760nm laser for different durations (1W/cm?,
0-20min) and different power densities (0-1.5W/cm?,
10min), then cultured overnight, and cell viability was
tested by MTT assay.

To further investigate the photothermal therapy
induced cell cytotoxicity, 4T1 cells were incubated in
24-well plates overnight (2 x 105 cells/well, 37°C,

humidified atmosphere, 5% CO,). DiR@cerasome
(0.5mL/well, 40pg/mL) was then added in and
incubated for 4h, the 24-well plate was fixed on the
iron stand and the laser illuminated the bottom of
pates from below to top for 10min at the same spot.
The diameter of the laser spot was about 0.7cm,
similar to the diameter of a well in 96-well plate. The
cells were irradiated by the NIR light (760nm, 1
W/cm?) for 0, 3, 5, and 10min, the photothermal effect
of DiR@cerasome on cancer cells was examined by
calcein acetoxymethyl ester (calcein-AM) and
propidium iodide (PI) staining.

Cell cytotoxicity of chemotherapy and
chemo-photothermal  treatment  was  further
investigated with 4T1 cells seeded in 96-well plates (5
x 103 cells/well). After incubating overnight, the
medium was removed and replaced by fresh media
containing determined concentrations of free DOX,
DOX-DiR@liposome (ABC), DOX-DiR@cerasome
(ABC) and DiR@cerasome. For DiR@cerasome + laser
and DOX-DiR@cerasome (ABC) + laser group, cells
were irradiated with 760nm laser for 10min after 4h of
incubation. After 32h or 52h of incubation, the
medium was removed and the formazan crystals in
each well were dissolved by 150pL DMSO. The
absorbance at 570nm in each well was measured by a
Bio-Rad model 680 plate reader.

3.8. In vivo imaging and biodistribution of
DOX-DiR@cerasome (ABC)

Female Balb/c mice (18-20g) were obtained from
Beijing Vital River Laboratory Animal Technology Co.,
Ltd. The animal experimental protocols were
approved by Peking University Institutional Animal
Care and Use Committee (IACUC). NIR fluorescence
imaging analysis was conducted to investigate the in
vivo biodistribution of DOX-DiR@cerasome (ABC) on
an I VIS Imaging Spectrum System fixed with IVIS Living
Imaging 3.0 software (PerkinElmer, Aex = 740nm, Aem =
800nm, exposure time = 0.1s). Firstly, tumor
implantation was carried out by injecting 100pL of
4T1 cell suspension (5 x 10¢ cells) in the right back of
mice. When the tumor volume reached ~100mmb3,
DOX-DiR@cerasome (ABC) (100pL, 0.487mg/mL
DiR) was injected into the tumor-bearing mice via the
tail vein, followed by NIR fluorescence imaging at
predetermined time points.

To investigate the acoustic behavior of
DOX-DiR@cerasome (ABC) after laser irradiation,
ultrasound imaging was performed on female Balb/c
tumor-bearing mice using a contrast-enhanced
ultrasound imaging mode (VINNO7Y0, Feino
Technology (Suzhou) Co., Ltd.). The mice were divided
into three groups, which were injected via tail vein
with  saline, DOX-DiR@cerasome (CA) and
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DOX-DiR@cerasome (ABC). At 36h after injection, the
tumors were irradiated by the 760nm laser at 1IW/cm?
for 10min, followed by wultrasound imaging
observation. To observe fluorescence images of DOX
in tumor sections, the mice were killed and their
tumors were separated and frozen at -80°C, then
cryo-sectioned in 5~7pm thicknesses. The frozen
sections were digitally scanned (Pannoramic MIDI)
and visualized by the software Case Viewer.

3.9. In vivo combined anticancer activity and
histology analysis

For the tumor therapeutic experiment, 4T1
tumors bearing mice were randomly divided into six
groups (n =7). 4T1 cell suspension (100pL, 5x10° cells)
were injected into the right back of mice before the
experiment. After the tumor volume reached
~100mm3, mice were treated with saline, saline +
laser, free DOX, DiR@cerasome + laser, DOX-DiR@
cerasome (ABC), and DOX-DiR@cerasome (ABC) +
laser, respectively. At 36h after injection, for the laser
groups, tumors were irradiated by the 760nm laser at
1W/cm? for 15min. An infra-red (IR) thermal camera
was used to measure the temperature variation of the
tumors. During the experiment, the tumor size and
mice body weight were recorded at predetermined
time. Tumor volume (V) was calculated according to
the following formula: V (mm3) = 1/2 x length (mm) x
width (mm)?2. For determining the blood clearance of
DOX-DiR@cerasome (ABC), healthy Balb/c mice
were administrated =~ with  PGL labelled
DOX-DiR@cerasome (ABC) via the tail vein. The PGL
levels in mice plasma were determined by a
multiplate microreader. Briefly, blood samples were
collected at certain time intervals from the mice with a
heparin-coated syringe. Then centrifugation (3000 g,
10 min) was performed to separate the plasma and the
supernatant absorbance at 650 nm was examined to
measure the PGL fluorescence intensity by a
multiplate microreader (Synergy, Bio Tek). The
elimination half-life (ti2) was determined by a
pharmacokinetic analysis using Origin (9.1) by fitting
the curve with an ExpDecl exponential function. At
the end of different treatments, the mice were killed
and the tumors were collected, fixed in 10% formalin,
and embedded in paraffin, then TUNEL assay was
conducted to measure the intratumoral late apoptosis
and hematoxylin and eosin (H&E) staining was
carried out for the apoptosis and necrosis evaluation.
For toxicology evaluations, healthy Balb/c mice were
administrated with DOX-DiR@cerasome (ABC)
(5mg/kg DOX, 9.4mg/kg DiR), which was equal to
the therapeutic dose. Major organs of liver, heart,
spleen, lung and kidney were collected for
investigation of the histopathology changes after H&E

staining at 3, 7 and 30 days post injection.

3.10.

Related data was presented as mean + standard
deviation (SD). The significance of the difference was
tested by One-way analysis of variance (ANOVA),
*P< 0.05 and **P< 0.01 were considered to be
significant.

Statistical analysis

4. Conclusions

In this study, a highly stable cerasome-based
drug delivery system was fabricated for NIR light
triggered drug release through bubble generating,
thus inducing combined chemo-photothermal
therapy. By self-assembly with NIR dye of DiR and
co-encapsulating bubble generating ABC and
chemotherapeutic drug of DOX, we obtained a
promising local triggering drug delivery system
DOX-DiR@cerasome (ABC) with a silicate framework,
which endowed the nanosystem with high stability
during blood circulation, efficient tumor
accumulation, and rapid drug release upon laser
irradiation. Interestingly, the DiR fluorescence at the
tumor site could last for more than 5 days, facilitating
the in vivo real-time monitoring distribution and
location of DOX-DiR@cerasome (ABC). Upon NIR
irradiation guided by DiR fluorescence, significant
bubble generation could be detected by ultrasound
imaging, supplying an indirect way to monitor the
drug release process. The CO bubbles created
channels in the DOX-DiR@cerasome (ABC) bilayer,
triggering rapid DOX release. In addition, the DiR on
DOX-DiR@cerasome (ABC) showed high light-to-heat
conversion in the tumor cell cytoplasm for effective
photothermal therapy. Thus, the rapid thermal
stimulated quick release of DOX initiated by efficient
photothermal therapy both in vitro and in vivo
together with dual modal real-time imaging make this
drug delivery system promising for programmed
multimode cancer theranostics.
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