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Introduction: As high cholesterol level has been reported to be associated with cancer cell
growth and cholesterol is vulnerable to oxidation, the conventional liposomes including
cholesterol in the formulation seem to be challenged. Timosaponin AIIl (TAIII), as
a steroid saponin from Anemarrhena asphodeloides Bunge, possesses a similar structure
with cholesterol and exhibits a wide range of antitumor activities, making it possible to
develop a TAlll-based liposome where TAIIl could potentially stabilize the phospholipid
bilayer as a substitution of cholesterol and work as a chemotherapeutic drug as well.
Meanwhile, TAIIl could enhance the uptake of doxorubicin hydrochloride (DOX) in
human hepatocellular carcinoma (HCC) cells and exhibit synergistic effect. Thus, we
designed a novel thermally sensitive multifunctional liposomal system composed of TAIIL
and lipids to deliver DOX for enhanced HCC treatment.

Methods: The synergistic effects of DOX and TAIII were explored on HCC cells and the
tumor inhibition rate of TAlll-based liposomes carrying DOX was evaluated on both
subcutaneous and orthotopic transplantation tumor models. TAIll-based multifunctional
liposomes were characterized.

Results: Synergistic HCC cytotoxicity was achieved at molar ratios of 1:1, 1:2 and 1:4 of
DOX/TAIIIL. TAlll-based liposomes carrying a low DOX dose of 2 mg/kg exhibited sig-
nificantly enhanced antitumor activity than 5 mg/kg of DOX without detected cardiotoxicity
on both subcutaneous and orthotopic transplantation tumor models. TAIIl-based liposomes
were characterized with smaller size than cholesterol liposomes but exhibited favorable
stability. Mild hyperthermia generated by laser irradiation accelerated the release of DOX
and TAIII from liposomes at tumor site, and cell permeability of TAIII enhanced uptake of
DOX in HCC cells.

Conclusion: The innovative application of TAIIl working as bilayer stabilizer and che-
motherapeutic drug affords a stable multifunctional liposomal delivery system for synergistic
therapy against HCC, which may be referred for the development of other types of saponins
with similar property.
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Introduction

Liposomes are the first nano drug delivery systems to be successfully transferred
into real-time clinical applications and a number of liposome-based products are
available for human use to treat cancers (eg, Doxil®, DaunoXome®, Myocet™).'
The mentioned liposomal drugs approved for clinical application all contain
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cholesterol in the formulations because cholesterol was
found to reduce the fluidity, stabilize the bilayer and
decrease the leakage of contents.” * The presence of rigid
steroid polycycle skeleton in cholesterol structure provides
optimum strength to the bilayer and up to 50% of choles-
terol (in molar) with respect to total lipid excipients is
often included in the preparation of liposomes. However,
cholesterol is vulnerable to oxidation, leading to a variety
of cholesterol oxidation products (COPs), which can be
generated during liposome manufacturing and/or storage.’
COPs, as the major impurities present in liposomal drug
products will have a different orientation between the
phospholipid molecules due to the more polar property
than cholesterol and may influence the quality and the
safety of liposomes. On the other hand, increasing studies
have reported that high cholesterol level is involved in the
development of cancers such as liver, breast, prostate and
colorectal cancer.®” Clinical and experimental evidence
supports that changes in cholesterol metabolism are asso-
ciated with a higher cancer incidence, and cholesterol-
lowering drugs (eg, statins) exhibit beneficial effects by
reducing the risk and mortality of cancer.'®'? Thus, the
presence of cholesterol in conventional liposome-based
products may be not friendly to the anti-tumor effect,
even counterproductive, once the liposomes degrade in
tumor cells. In addition, cancers are complex diseases
involving multiple pathways. Chemotherapy with
a single chemotherapeutic agent often insufficiently sup-
presses tumors and even causes drug resistance and side
effect. For example, doxorubicin exhibits serious adverse
effects, such as lethal cardiotoxicity and dose-limiting
myelosuppression, and sorafenib is associated with serious
adverse side effects and drug resistance.'*'* As combina-
tion chemotherapy with two or more agents targeting
different or similar pathways in the cancer process has
been typically used to increase the chances of eliminating

CEII'ICGI'S,15

it is expected to design a novel and stable
liposomal delivery system with high loading capacity to
resolve these challenges.

Small molecule natural products have become one of
the most important resources of novel leading compounds
especially for the cancers.'®"'® The steroidal saponin com-
pounds, widely distributed in traditional Chinese medicine
(TCM) have attracted much attention especially for the
prevention and treatment of tumors with low toxicity and
high 2021 AIIl  (TAIII), as

a steroidal saponin from Anemarrhena asphodeloides

efficiency. Timsaponin

Bunge, possess a wide range of antitumor activities, such

as inhibiting proliferation, inducing apoptosis and autop-
hagy, and regulating the tumor microenvironment, through
multiple related signaling pathways.”> > In our lab,
in vitro studies have shown that TAIII resulted in apoptosis
in HepG2 and HCC-LM3 cells and synergistically inhib-
ited human hepatocellular carcinoma (HCC) cells when
combined with Doxorubicin hydrochloride (DOX). But
because of the hydrophobicity of TAIIL>*?" it is challen-
ging to deliver TAIIl and DOX simultaneously to the
tumor site in vivo and achieve improved tumor inhibiting
effects. The key to successful combination therapy is
designing a simple codelivery system, which is easy to
prepare and can load hydrophobic TAIIl and hydrophilic
DOX simultaneously to minimize dose amounts and side
effects.

Few studies indicate that some saponins are able to
insert into bilayers composed of phospholipids in the
absence of cholesterol.”® For example, digitonin can be
bound by equilibrium binding (no full insertion) to mem-
branes composed solely of egg yolk phosphatidylcholine
and a-hederin is able to bind to the membrane composed
of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC).
Furthermore, Hong reported ginsenoside Rh2 could
improve physical and chemical properties of phospholipid
bilayer.”” But the aforementioned compounds are triterpe-
noid pentacyclic saponin. The interaction of steroid penta-
cyclic saponin with lipid membranes remains to be
investigated. Like other steroidal saponins, TAIII contains
a core structure of hydrophobic steroid backbone (as
shown in Figure 1) that is similar to the structure of
cholesterol. The structure shows huge adjuvant potential
as the substitution of cholesterol and may be used in the
formulation of liposomes. In our previous work,>® TAIII
1,2-
Dioctadecanoyl-sn-glycero-3-phophocholine (DSPC) and

was entrapped in liposomes composed of
1, 2-distearoyl-sn-glycero-3- phosphoethanolamine-N-
[methoxy (polyethylene glycol)-2000] (DSPE-PEG2000)
and the liposome system has been stable in the absence
of cholesterol, indicating the possibility of TAIIl as
adjuvant.

Therefore, taking advantage of the adjuvant potential
and anti-tumor activity of TAIIL, a novel thermally sensi-
tive liposomal delivery system composed of TAIIL, 1,
2-distearoyl-rac-glycero-3-phosphocholine (DPPC) and
DSPE-PEG2000 has been developed to encapsulate dox-
orubicin hydrochloride. As presented in Figure 1, choles-
terol was substituted by TAIII in the liposome and TAIII

works as membrane stabilizer and chemotherapy drug.
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Figure | Schematic design of novel TAlll-based multifunctional liposomal delivery system. Novel TAlll-based multifunctional liposomal delivery system was designed in which
the membrane stabilizer cholesterol was substituted by TAlll and thermo-sensitive release of DOX and TAlll was induced by NIR irradiation for synergistic therapy against

HCC.

Moreover, TAIII is expected to exert anti-tumor activity in
HCC cells and induce apoptosis synergistically with DOX.

To enhance the local release of drugs at tumor sites,
hyperthermia generated by light or heat cooperating with
thermally sensitive liposomes appears the most advanced
application and has been used in increasing amounts of
research.’' ** However, hyperthermia generated by exter-
nal heat or photothermal therapy (PTT) at disease sites
often leads to burning of normal tissues under efficient
therapies, as observed in the photos of tumor-bearing
mice in some studies.***> To overcome this drawback,
administering mild hyperthermia (40-45°C) which would
not only avoid normal tissue damage but also can pro-
mote thermally sensitive carriers for releasing drugs is
anticipated. Mild hyperthermia can be realized by adjust-
ing the photosensitizer dosage, irradiation time and inten-
sity in our previous work. Among commonly used
photosensitizers, indocyanine green (ICG), a safe and
well-tolerated near-infrared (NIR) dye approved by the
United States Food and Drug Administration,*® was cho-
sen in this study to help thermally sensitive liposomes
rapidly release encapsulated TAIIl and DOX under mild
thermal warming (40-45°C) after appropriate irradiation,
as presented in Figure 1. Thus, a TAIll-based thermally
sensitive liposomes to deliver DOX was designed to
achieve a synergistic therapeutic effect and burst drug
release at the tumor site was realized by the photothermal

conversion effect of ICG, contributing to improved anti-
tumor efficacy.

Methods
Materials
DPPC and DSPE-PEG2000 were
Shanghai Advanced Vehicle Technology Pharmaceutical
Co., Ltd (Shanghai, China). DOX was purchased from
Shanghai Yuanye Biotechnology co., Ltd (Shanghai,

purchased from

China). TAIIl was prepared according to the previous
report.®” The structure was confirmed to be TAIIl. Near
infrared dye Indocyanine green (ICG) were purchased
from Sigma-Aldrich (St Louis, USA). Cell-culture mini-
mum essential media (MEM), Dulbecco’s modified
Eagle’s medium (high glucose, DMEM) and fetal bovine
serum (FBS) were purchased from Gibco Thermo Fisher
Scientific (USA).

Cells Culture

HepG2 cell line was kindly provided by Stem Cell Bank,
Chinese Academy of Sciences (Shanghai, China). HCC-
LM3 hepatic cancer cell line stably expressing firefly
luciferase gene was purchased from Nanjing cobioer
Biotech Co., Ltd. HepG2 cells were cultured with MEM
and HCC-LM3 cells were cultured with DMEM contain-
ing 10% FBS, 100U/mL penicillin, and 100pg/mL strep-
tomycin in 5% CO, and 95% relative humidity at 37°C.
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Animals

BALB (Bagg Albino)/c nude mice weighing 20-25 g (5-6
weeks old) were supplied by Shanghai Sippr-BK labora-
tory animal Co., Ltd. (Shanghai, China). All care and
handling of the animals was performed in accordance
with the requirements of the animal care of Shanghai
University of Traditional Chinese Medicine. All experi-
mental protocols have been reviewed and approved by the
Institutional Animal Experimental Ethics Committee of
Shanghai University of Traditional Chinese Medicine
(Approval file No. SZY20170006).

Preparation of TAlll-Based Thermally

Sensitive Liposomes
TAIll-based thermally sensitive liposomes (TAIII-LPs)
were prepared through thin-film evaporation and an ultra-
sonic technique. Briefly, DPPC and DSPE-PEG2000 were
dissolved in chloroform at a molar ratio of 5:1, and TAIII
was dissolved in methanol. The solutions were mixed and
evaporated using a rotary evaporator at 60°C for approxi-
mately 20 min to form a solid film. The resulting thin film
was hydrated in phosphate-buffered saline (PBS) at 60°C
to create a suspension followed by incubation for 1h. Next,
the suspension was sonicated with an ultrasound probe (2
s sonication followed by 3 s rest) in ice bath for 30 min.
To load DOX, the DOX solution in PBS (1 mg/mL)
was added to the mentioned suspension at a molar ratio of
1:4 (DOX: TAIIl) followed by incubation for 1h and
sonication for 30 min to form DOX loaded liposomes
(TAIII-DOX-LPs). To
a photosensitizer, ICG was incorporated in the lipid layer

additionally encapsulate
of liposome by being dissolved in the methanol and mixed
with the lipid and TAIIl solutions followed by rotary
evaporation, hydration with DOX solution, and an ultra-
sonic process. The molar ratio of ICG in MLPs was 1.2%
to prepare multifunctional liposomes (MLPs).

Liposome Characterization

The particle size and zeta potential of TAIll-based lipo-
somes were measured using a Malvern Zetasizer ZEN3600
Nano ZS (Malvern Instruments, Malvern, UK) at 25°C.
The surface morphology of TAIlll-based liposomes was
observed using a JEM-2100 transmission electron micro-
scope (JEOL Ltd., Japan) with a negative stain method. To
determine the entrapment efficiency, free DOX, TAIII and
ICG in the supernatant was removed using a Sephadex

G-50 gel minicolumn. Briefly, 0.2 mL liposomes were
placed on a Sephadex G-50 gel minicolumn with 0.6 mL
distilled water as the eluent. The eluent was collected after
being centrifuged at 4000 rpm for 10 min and considered
as encapsulated drug, which was determined after de-
DOX was determined
through  high-performance  liquid chromatography
(HPLC) and TAIII was measured through HPLC equipped
with an evaporative light-scattering detector (HPLC-

emulsification with methanol.

ELSD) as described in the Supplementary material. ICG

was determined through a fluorescence spectrophotometer.
Drug loading efficiency (DL) was calculated: DL (%) =
molar weight of encapsulated drug/molar weight of lipo-
some X 100%. Entrapment efficiency (EE) was calculated:
EE (%) = molar weight of encapsulated drug/molar weight
of feeding drug x 100%.

Stability of TAlll-Based Liposomes

To evaluate the stability of TAIIl-based liposomes,
changes in size were observed at 4°C for 1 week. To
further determine the stability in blood, TAIlIl-based
liposomes were incubated with 10% fetal bovine
serum, and changes in the average size and polydisper-
sity index (PDI) were measured for 48 h. DOX leakage
from the liposomes was also monitored for 48 h at
37°C. Each sample had three replications.

Thermo-Sensitive Release of DOX and

TAlll from MLPs

The release of DOX and TAIIl from MLPs was investi-
gated through dialysis. Briefly, 1 mL of MLPs was loaded
into a dialysis bag (molecular-weight cutoff of 6000—-8000
Da; Spectra/Por, USA). The dialysis bags were immersed
into PBS and agitated using a magnetic stirrer at 37°C and
42°C for 48 h. Because of the poor solubility of TAIIL, the
release medium for TAIIl used PBS containing 0.5%
Tween 80 (v:v). Given that the concentration of TAIII in
the release medium was lower than the detectable limit,
liposomes in the dialysis bag were measured using HPLC—
ELSD at a predetermined time.

Temperature Changes Induced by NIR
Irradiation

TAIII-DOX-LPs and MLPs were firstly irradiated by NIR
at 808 nm (2W/cm?) to confirm the photothermal property
of ICG. Temperature increments from NIR irradiation in
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each sample were measured using a probe thermometer.
Based on the temperature increments result, the release
rate of DOX and TAIIl from MLPs was measured after
MLPs were exposed to NIR light at 0.8 W/cm? for 5 min.

In vitro Cellular Uptake

The cellular uptake of the MLPs was evaluated in HepG2
cells using a confocal laser scanning microscope (CLSM).
Cells were seeded onto glass-bottomed culture dishes at
a cell density of 2x10* cells/well and incubated for 24 h at
37°C. Free DOX, TAIIl, ICG, the mixture of the three
drugs and MLPs (final DOX concentration = 0.5 uM;
TAII concentration = 2 puM; ICG concentration = 0.5
uM) were then added to each dish and incubated for 6
h and 24 h. After the culture medium was removed, the
cells on microscope plates were washed three times with
PBS and then fixed with 4% paraformaldehyde solution
for 20 min. The cell nuclei were stained with 4’, 6-diami-
dino-2-phenylindole (DAPI, blue) for 3 min. The cells
were then rinsed three times with PBS. The fluorescence
images were obtained using CLSM (Leica TCS SPg).

In vitro Cytotoxicity

Synergistic Effect of DOX and TAlll

The combination index (CI) value was applied to evaluate
the synergistic effect of DOX and TAIIl and was calcu-
lated using the following equation: CI = [(D),/(Dx);] +
[(D),/(Dx),], where D; and D, represent the doses of
Drugs 1 and 2 used in combination to induce a defined
effect (eg, 90% cell death). (Dx); and (Dx), represent the
doses of Drugs 1 and 2 used alone, which induce the same
effect as does multiple drugs. The CI equation is based on
the multiple drug effect equation from the Chou-Talalay

method,*8

which offers a quantitative definition of addi-
tive effect (CI = 1), synergism (CI < 1), and antagonism
(CI > 1) in drug combinations.

For cell viability studies, HepG2 and HCC-LM3 cells
were, respectively, seeded in 96-well plates at a density of
9x10° cells/well and incubated for 24 h. The medium was
replaced by different concentrations of DOX and TAIII
and a range of fixed molar ratios of the two drugs for 48
h. Then, cells were treated using the cell counting kit-8
assay (CCK-8, Beyotime Biotechnology, China) at 37°C
for 1 h. Absorbance was determined at 450 nm by using
a microplate reader (Shanghai Bio Gene Biotech Co., Ltd,
Shanghai, China), and cell viability was calculated by cell
viability (%) = (A treated ~ A blank)/(A control = A blank) %
100%, where A plank, A treated> aNd A conror TEpresent the

absorbance for the well with no cells, cells treated with
different drug solutions and controlled cells, respectively.
The half-maximal inhibitory concentration (ICso) values
were calculated and CI values were analyzed using
CalcuSyn*® (v2, Cambridge, UK).

In vitro Cytotoxicity of TAlll-Based Liposomes

The toxicity of DOX, TAIII, ICG, TAIII-DOX-LPs and
MLPs against HepG2 and HCC-LM3 cells was investi-
gated using the CCK-8-based assay. HepG2 and HCC-
LM3 cells were, respectively, seeded in 96-well plates at
a density of 9x10° cells/well and incubated for 24 h. The
medium was replaced by different concentrations of DOX,
TAIIl, DOX/TAIII (at a molar ratio of 1:4), DOX/TAIII/
ICG (at a molar ratio of 1:4:1), TAIII-DOX-LPs and MLPs
solution for 48 h. Cells were then treated with the CCK-
8-based assay at 37°C for 1 h. Absorbance was determined
at 450 nm by using a microplate reader, and cell viability
was calculated through the aforementioned method. Half-
maximal inhibitory concentration (ICsg) values were
calculated.

Effect of NIR Irradiation on MLPs Cytotoxicity

The effects of NIR irradiation on the cytotoxicity of TAIII-
DOX-LPs and MLPs against HepG2 and HCC-LM3 cells
were investigated using the CCK-8-based assay. HepG2
and HCC-LM3 cells were prepared and then treated with
TAIII-DOX-LPs and MLPs. They then remained in the
incubator for 2 h, followed by irradiation with an NIR
808-nm laser at 2 W/cm?® for 2 min. The CCK-8-based
assay was then used to evaluate cell viability by using the
aforementioned method.

In vivo Near-Infrared Imaging and

Biodistribution

The tumor-bearing BALB/c nude mice model was pre-
pared through the subcutaneous injection of 0.1 mL
HepG2 cell suspension (5 x 107 cells/mL) into the right
sides of their backs. For the in vivo distribution, tumor-
bearing mice were randomly assigned to two groups with
three mice per group: ICG and MLPs. ICG and MLPs
were administered in amounts of 200 pL through the tail
vein. In vivo near-infrared imaging was taken using an
IVIS Lumina XR Imaging System (Caliper Life Sciences,
PerkinElmer, Inc.). To further monitor tumor accumula-
tion, mice were anesthetized with 1.5% isoflurane at 1:2
0,/N,; the IVIS imaging system (excitation of 745 nm)
was used to view the tumor accumulation profile. Mice
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were sacrificed after 24 h and the tumor, heart, liver,
kidney, lung, and spleen were excised. These organs
were also imaged at the aforementioned excitation
wavelength.

In vivo Photothermal Imaging

Tumor-bearing mice (3 mice per group) were prepared as
aforementioned and treated with PBS, ICG (1mg/kg),
TAIII-DOX-LPs (DOX 2 mg/kg, TAIIl 10 mg/kg), and
MLPs (DOX 2 mg/kg, TAIIl 10 mg/kg, ICG 1mg/kg).
Thermal images of tumor-bearing mice were recorded by
an infrared thermal camera (FLIR Systems, Wilsonville,
OR, USA) before and after tumors were exposed to an
808-nm laser (1.5 W/ecm?) for a 10-min postinjection.
Mice receiving PBS were used as the control.

In vivo Antitumor Activity on the
Subcutaneous Transplantation Tumor
Model

The tumor-bearing BALB/c nude mice model was pre-
pared as aforementioned. When the tumor volume reached
approximately 100 mm®, tumor-bearing mice were ran-
domly assigned to seven groups (n = 6 per group): control
group, control group combined with laser irradiation,
DOX-treated group (2 and 5 mg/kg, respectively), TAIII-
LPs-treated group (10 mg/kg), MLPs-treated group (DOX
dose = 2 mg/kg, TAIIl dose = 10 mg/kg, ICG = 1mg/kg),
and the group treated with MLPs combined with laser
irradiation. The control group and control group combined
with laser irradiation were intravenously injected with
PBS, and the other groups were intravenously injected
with a drug solution or liposomes 3 times per week. For
laser irradiation, tumors were exposed to an 808-nm laser
for a 10-min postinjection lasting for 5 min at a power
density of 1.5 W/ecm®. The weight of mice and tumor
volumes were measured 3 times per week throughout the
study. Tumor volumes (mm?) were calculated as length x
(width)?/2. After 3 weeks, mice were sacrificed and tumors
were collected and weighed. The tumor inhibitory rate was
calculated as (We — Wo)/We x 100%, where W and Wy
are the mean weight of tumors in the control and drug-
treated groups, respectively. In addition, the tumor, heart,
liver, kidney, lung, and spleen were excised from the
sacrificed mice of each group and fixed with 4% parafor-
maldehyde solution, followed by paraffin embedding. The
sliced organ tissues were then stained with hematoxylin
and eosin (H&E) to assess histological alterations through

a digital microscope. Meanwhile, tumor tissue apoptosis
was observed using a digital microscope through terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining.

In vivo Antitumor Activity on the
Orthotopic Transplantation Tumor Model

The orthotopic transplantation tumor model was success-
fully established in our labs,*' which was similar to the
reported method** and prepared as described in the
Successful

Supplementary material. orthotopic hepa-

toma—bearing mice were randomly assigned into five
groups (n = 5 per group). One group was intravenously
injected PBS as the control, and the other four groups were
intravenously injected DOX solution (2 mg/kg), DOX
solution (5 mg/kg), TAIII-LPs (10 mg/kg), and TAIII-
DOX-LPs (DOX dose = 2 mg/kg, TAIIl dose = 10 mg/
kg). The weight of mice was measured 3 times per week
throughout the study. Tumor growth was assessed by mea-
suring luminescence from HCC-LM3 cells using the IVIS
Lumina XR Imaging System. After 4 weeks, mice were
sacrificed and tumors were collected and weighed. The
tumor inhibitory rate was calculated as (Ve — Vp)/ Ve X
100%, where V and V, are the mean volume of tumors in
the control group and each drug-treated group, respec-
tively. TUNEL staining of tumors and H&E staining of
other organs were performed.

Statistical Analysis

All data are shown as mean + standard deviation. One-way
analysis of variance (ANOVA) was performed using SPSS
software to determine the significance of differences
among groups. Statistical significance was set at P < 0.05.

Results and Discussion

Characterization of TAlll Liposomes

The optimal formulation of TAIII liposomes was assessed
from the molar ratio between lipids and drugs. As presented
in Figures 2A and B, when the molar ratio of DPPC, DSPE-
PEG2000, and TAIII was set at 5:1:4, 5:1:2, 5:1:1, and
10:2:1, DOX could be efficiently encapsulated in an internal
aqueous environment, with EE ranging from 30.0% to
88.7% and DL ranging from 0.9% to 2.2%. Although
TAIII has affinity to the phospholipid bilayer and works as
a substitute for cholesterol, it also works as
a chemotherapeutic drug. Therefore, the EE and DL of

TAIIl was determined. EE of TAIII ranges from 20.6% to
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Figure 2 Characteristics of TAlll-based liposomes. (A) DL of TAIll-DOX-LPs at various molar ratios of lipid and drugs (n = 3). (B) EE of TAIlI-DOX-LPs at various molar
ratios of lipid and drugs (n = 3). (C) TAIlI-DOX-LPs size and zeta potential at different molar ratios of lipid and drugs (n = 3). FI, F2, F3 and F4 represent 5:1:4, 5:1:2, 5:1:1
and 10:2:1 of DPPC, DSPE-PEG2000 and TAlll, respectively (n = 3). (D) Stability of cholesterol and TAlll liposomal formulations kept in 4°C conditions. (E) Stability of
cholesterol and TAIll liposomal formulations kept in 10%FBS. (F) DOX leakage of the two liposomal formulations stored at 4°C conditions. (G) Cumulative release profile of
DOX and TAIIl from MLPs in PBS at 37°C and 42°C. (H) TEM image of MLPs. (I) Size distribution by intensity of MLPs. (J) Zeta potential distribution of MLPs. (K)
Temperature change of TAIlI-DOX-LPs and MLPs induced by NIR at 660mW. (L) Temperature increment of MLPs induced by NIR at 660, 450 and 236mWV, respectively. All
values are represented as mean + SD (n = 3).* P < 0.05.
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88.7% and DL of TAIII ranges from 4.1% to 15.2%. High
feed amounts of lipids caused the increased EE of DOX and
TAIIL. However, the highest DL (2.2% + 0.2%) of DOX was
obtained at F1 (5:1:4), and the highest DL (15.2% % 0.7%)
of TAIIl was obtained at F2 (10:2:1). In addition, the size
and zeta potential of TAIII-DOX-LPs ranged from 36.6 to
79.7 nm and —7.2 to —22.8 mV, respectively, depending on
different molar ratios (Figure 2C). To achieve a high DL and
EE with both DOX and TAIII, the molar ratio of DPPC,
DSPE-PEG2000 and TAIII was fixed at 5:1:1, with a high
EE (78.6% + 5.9%) and an appropriate DL (1.9% = 0.3%)
for DOX.

The conventional cholesterol liposomes (Chol-LPs)
were easily prepared following the procedures for the
manufacture of TAIIl liposomes. The particle size, PDI
and zeta potential of different formulations are presented
in Table 1. TAIII liposomes were smaller than cholesterol
liposomes and the zeta potential of TAIII liposomes was
much lower than cholesterol liposomes. EE of DOX was
similar in TAIII liposomes and cholesterol liposomes. The
stability of the liposomes was determined by evaluating
the changes in their size over time when the liposomes
were stored at 4°C for 7 days and in 10% FBS for 48
h. TAII liposomes and cholesterol liposomes were stable
during the test period with negligible changes in size and
PDI (Figure 2D and E). However, size and PDI of DOX-
LPs in the absence of TAIII or cholesterol fluctuated over
time when DOX-LPs were stored in 10% FBS for 48h, and
PDI of DOX-LPs stored at 4°C changed clearly, indicating
the necessary of membrane stabilizer. Moreover, DOX
leakage test (Figure 2F) indicated that TAIII-DOX-LPs
exhibited a less DOX leakage compared with that in
Chol-DOX- LPs at 24h and 48h, indicating the potential
of TAIII as bilayer stabilizer.

Based on the optimal liposomal formulation, MLPs
were prepared containing 1.2% (in molar) ICG. In MLPs,
the DL of DOX and TAIII was 1.4% + 0.1% and 8.2% =+
0.4%, respectively, and the EE of DOX and TAIIl was

75.4% + 7.4% and 87.5% £ 4.5%, respectively.
Meanwhile, the DL and EE of ICG was 1.9% + 0.2%
and 74.9% + 6.4%, respectively. Additive encapsulation
of ICG produced little effect on the DL and EE of DOX
and TAIII, and this indicated the desired multiple drug
loading capacity of TAIll-based liposomal formulation.
Transmission electron microscopy (TEM) verified that
MLPs had a well-defined spherical shape and were homo-
geneously distributed (Figure 2H). The average diameters
of MLPs were 55.4 = 0.4 nm, with a polydispersity index
of 0.23 £ 0.02 (Figure 2I), and a suitable particle size and
distribution for targeted drug delivery.** The zeta potential
of MLPs was determined to be —17.4 + 0.6 mV
(Figure 2J). Small nanoparticles with a size of 10-100
nm have been considered to be beneficial for a rapid
cellular internalization and lower clearance by reticuloen-
dothelial system (RES) in comparison to larger particles
(>200 nm), and a previous study showed that negatively
charged quantum dots were internalized much faster than
neutral or positively charged quantum dots.** Therefore,
the small particle size and weak negative charge of MLPs
might permit the favorable in vivo tumor accumulation
and transport of nanoparticles through enhanced perme-
ability and retention (EPR) effect.

In vitro Release of DOX and TAIll from

MLPs

The effect of temperature on release of DOX and TAIII
from the thermosensitive liposomes was evaluated at 37°C
and 42°C, respectively. As illustrated in Figure 2G, the
extents of DOX and TAIII released from MLPs at 37°C
were comparatively less than that at 42°C. After 12 h, only
64.6% of DOX and 35.4% of TAIIl were released from
MLPs at 37°C whereas 80.0% of DOX and 50.7% of
TAIII were released at 42°C. After 24 h, MLPs exhibited
an approximately 77.1% and 39.6% cumulative release for
DOX and TAIIl at 37°C, respectively. The cumulative

Table | Basic Characterization of Cholesterol Liposomes and TAlll-Based Liposomes

Size (nm) PDI Zeta Potential (mV) EE (%)
DOX TAIll
Chol-LPs 55.5%0.1 0.086+0.007 —9.6+0.3 / /
Chol-DOX- LPs 68.8+0.2 0.189+0.008 —8.610.6 73.8+5.3 /
TAIll-LPs 32.0+0.2 0.073+0.011 —16.2+0.5 / 90.4+4.3
TAIIl-DOX-LPs 554+ 04 0.147 £ 0.024 —17.4 £ 0.6 763 £ 39 889 £ 5.5
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Figure 3 The cellular uptake of free drugs and MLPs in HepG2 cells. (A) CLSM images of HepG2 cells after incubation with DOX; ICG; a mixture of DOX, TAlll, and ICG;
and MLPs. For each panel, images from the top down present nuclei stained by DAPI (blue), DOX fluorescence in cells (red), ICG fluorescence in cells (green), and overlays
of the three images. (B) The quantitative fluorescence intensity of DOX and ICG in the mixture and MLPs in HepG2 cells. (C) Cellular uptake of DOX detected using a flow
cytometry in DOX, mixture of DOX and TAlll, and MLPs groups. The images were obtained at 630% magnification. *P < 0.05. **P < 0.01.

release at 42°C was 94.3% for DOX and 65.0% for TAIII,
which was 1.2 and 1.6-fold greater than that at 37°C,
respectively. The results suggested that a temperature of
42°C accelerated the release rate of DOX and TAIII from
MLPs.

Temperature Increment Induced by NIR

Irradiation

Figure 2K indicates that the temperature of MLPs after
exposure to 808-nm NIR laser irradiation for 10min could
increase to 60°C. By contrast, the temperature of TAIII-
DOX-LPs without ICG remained at approximately 25°C
after NIR laser irradiation for 10min, which suggested that
heat induced by laser irradiation was ICG-dependent.
Figure 2L illustrates that the MLPs temperature increment
induced by NIR laser irradiation was related to the radiation
intensity. When MLPs were exposed to 808-nm NIR laser

irradiation for 2 min at 236, 450, and 660mW, the tempera-
ture was 39.2+1.0°C, 45.2+1.4°C and 59.5+2.6°C, respec-
tively. In vitro photothermal imaging photos are displayed in
Figure S1 in the Supplementary material. Furthermore,
photothermal stability of ICG in MLPs was assessed and
results was shown in Figure S2. The photothermal conver-

sion effect of ICG in MLPs was relatively stable in 30 days.

Given that 45.2°C can accelerate the release rate of
DOX and TAIII from MLPs while remaining harmless to
normal tissues, 450mW (0.8 W/cm?) was selected as the
optimal radiation intensity for drug release study. To eval-
uate the NIR irradiation triggered release of DOX and
TAIIl from MLPs, MLPs were exposed to NIR light for
5 min and the release rate of drugs were determined. The
release rate of DOX and TAIIl was 56.3% and 50.6%,
respectively. The released molar ratio of DOX and TAIII
was close to 1:4, within the range of synergistic ratios. The
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results indicated that NIR laser irradiation could effec-
tively induce burst release of DOX and TAIII due to the
efficient photothermal conversion effect of ICG, which is
beneficial to enhance the antitumor efficacy.

In vitro Cellular Uptake

The cellular uptake of free drugs and MLPs in HepG2 cells
after 6 and 24 h of incubation is illustrated in Figure 3.
Fluorescence in all groups greatly increased as incubation
time increased to 24 h (Figure 3A and B). HepG2 cells
treated with the mixture of DOX and ICG (shown as
DOX/ICG in Figure 3A) for 24 h exhibited equal fluores-
cence with the two drugs used alone, which indicated that no
enhanced uptake was mutually induced by DOX and ICG.
When DOX was incubated with TAIII (shown as DOX/
TAIIl in Figure 3A), the red fluorescence of DOX in
HepG2 cells was stronger than when used alone
(Figure 3A). Moreover, the cellular uptake of DOX detected
by the flow cytometer when incubated with TAIII for 6h was
75.2%%6.8%, higher than that of DOX alone (58.1%=+3.7%),
as presented in Figure 3C. The results indicated that TAIII
enhanced DOX uptake, likely because of the membrane-

214546 which have

permeabilizing properties of saponins,
been reported to interact with cholesterol in lipid membrane,
change the organization of membrane phospholipids, thus
leading to enhanced drug transmission.”® This may have
contributed to the enhanced anti-tumor effect of DOX and
TAIII combination therapy. As expected, cells treated with
MLPs presented stronger fluorescence than did DOX, TAIII,
and ICG used together (a mixture), and this was further
verified through flow cytometry. The cellular uptake of
MLPs detected by DOX fluorescence was 96.9% +1.8%,
which was higher than that of the mixture (75.2%+6.8%).
The results revealed that MLPs could better enhance cellular
uptake than free drugs.

Synergistic Effects of DOX and TAlll

The synergistic effects of DOX and TAIII were evaluated
against HepG2 and HCC-LM3 cells, respectively, which
have not yet been explored. DOX and TAIII were exposed
to cells alone or combined for 48 h, and CI values were
calculated based on cell survival inhibition. As illustrated
in Figure 4A and C, when the DOX-TAIII ratio was set at
1:1, 1:2, and 1:4, the cell viability of combination medica-
tion on HepG2 and HCC-LM3 cells was lower than that of
single DOX and TAIIl. Meanwhile, CI values calculated
by 50%, 75% and 90% cell survival inhibition were all
below 1 in HepG2 and HCC-LM3 cells (Figure 4B and D).

The results suggested that combined DOX and TAIII at
molar ratios of 1:1, 1:2, and 1:4 provided satisfactory
synergistic effects against HepG2 and HCC-LM3 cells
with a lower concentration of drugs than with DOX and
TAIII alone. However, CI values obtained at a molar ratio
of 2:1 against the two cell lines were equal to or higher
than 1, which denoted additivity or antagonism. This result
was reasonable because when the molar ratio of DOX and
TAIII was set at 2:1, the concentration of TAIIl was much
lower than the effective concentration and could not cause
synergistic or additive cytotoxic activity. In addition,
Figure 4A and C showed that TAIII barely affected the
cell inhibition of DOX at the ratio of 2:1 (DOX/TAIII).
Among molar ratios with strong synergistic effects, the
molar ratio of 1:4 (DOX/TAIII) was selected for further
study. First, the effective dosage of DOX typically used in
in vivo antitumor research is 2-5 mg/kg, and 2 mg/kg was
applied in this study to prevent DOX from causing cardi-
otoxicity. Second, in our previous study,’® a 7.5-mg/kg
TAIIl liposome dose inhibited tumors by 40.9% on
HepG2 tumor—bearing mice. When the dose of TAIII
liposomes improved to 10 mg/kg, the molar ratio of
DOX and TAIII precisely became 1:4.

Synergistic Therapy of DOX and TAlll
Caused Apoptosis in HCC Cells

Previous studies suggested that TAIII could induce apop-
tosis in various different cancers including colon cancer
cells, breast carcinoma cells and human hepatocellular
carcinoma cells. Therefore, the apoptosis-inducing effect
of DOX and TAIIl was further confirmed by flow cyt-
ometer in this study. The method and data of apoptosis
assay and Western blot analysis were presented in the
Supplementary material. As shown in Figure S3A and B,

the combination of DOX and TAIII caused more apoptosis
in both the two cell lines, especially in TAIII-DOX-LPs
treated groups. For HepG2 cells, the apoptosis rate of
TAII-DOX-LPs was 77.2%+1.5%, which is 2.0-fold
than that of DOX (38.1%+2.4%) and 3.4-fold than TAIII
(22.4%=+3.8%), respectively. The apoptosis rate of DOX/
TAIIl against HepG2 cells was 71.1%+0.6%, which is
lower than that of TAIII-DOX-LPs (Figure S3C). The
percentages of HCC-LM3 cell apoptosis were 59.6%
+0.4%, 55.3%=+1.4%, 65.1%+5.0% and 87.0%=+2.7% for
DOX, TAIll, DOX/TAIIl and TAII-DOX-LPs, respec-
tively (Figure S3D), and the apoptosis rate of TAIII-
DOX-LPs was 1.5- and 1.6-fold than that of DOX and
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Figure 4 Synergistic effects of DOX and TAlll against HepG2 and HCC-LM3 cells. (A) Cell viability of combination of DOX and TAIll at different molar ratios against HepG2
cells. (B) Cl values calculated by 50%, 75% and 90% cell survival inhibition at different molar ratios of DOX/TAIIl against HepG2 cells. (C) Cell viability of combination of
DOX and TAlll at different molar ratios against HCC-LM3 cells. (D) Cl values calculated by 50%, 75% and 90% cell survival inhibition at different molar ratios of DOX/TAIII

against HCC-LM3 cells.

TAIIL. The results suggested that DOX and TAIII co-
delivery liposomes significantly enhanced the apoptosis
against HepG2 cells and HCC-LM3 cells.

The expression of apoptosis related protein, cleaved
forms of caspase-3, caspase-9, caspase-8, Bax and Bcl-2
were evaluated with Western blotting. As shown in
Figure S3E and F, the results revealed that remarkable

increase of Bax protein, a promoter protein regulating
apoptosis, was observed in DOX/TAIII and TAIII-DOX-
LPs treated HepG2 cells and TAIII-DOX-LPs treated
HCC-LM3 cells. Meanwhile, apoptosis inhibitory pro-
tein Bel-2 in both HepG2 cells and HCC-LM3 cells was
decreased by DOX/TAIIl and TAII-DOX-LPs treat-
ment. Furthermore, the activity of caspase family mem-
bers was studied to evaluate the mechanisms of
apoptotic pathways. The active cleaved forms of cas-
pase-9 and caspase-3 protein level were upregulated in
DOX/TAIIl and TAIII-DOX-LPs group
but minute increase was observed in TAIIl and DOX

treatment

treatment groups. In addition, HepG2 cells and HCC-
LM3 cells treated with DOX/TAIIl and TAIII-DOX-LPs

demonstrated a declining trend in the total expression of
caspase-8. The results suggested that DOX/TAIIl and
TAIII-DOX-LPs induced apoptosis in HepG2 cells by
both intrinsic and extrinsic pathways and were consis-
tent with previous studies in which TAIII induced mito-
chondria-mediated apoptosis in many tumor cell lines
such as in HCC cells, acute myeloid leukemia cells,*’
human cervical carcinoma Hela cells,48 human mela-
noma A375-S2 cells®® and human colorectal cancer
HCT-15 cells.*” Although DOX results in intercalation
between the base pairs of DNA strands, inhibits DNA
and RNA synthesis in rapidly growing cells, and causes
oxidative damage to cellular membranes, proteins, and
DNA, the additive apoptosis rate was achieved by com-
bining DOX and TAIII. A high level of cleaved caspase-
9 and caspase-3 proteins were obtained from DOX/
TAIIl and TAIII-DOX-LPs treatment against HCC cells
than from a single drug, which suggested an intrinsic
apoptotic pathway. However, further in vivo or ex vivo
studies are required to explore possible mechanisms for
synergistic therapeutic effects.
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In vitro Cytotoxicity of TAlll-Based

Liposomes

The cytotoxicity of DOX, TAIIl, DOX/TAIII (at a molar ratio
of 1:4), DOX/TAII/ICG (at a molar ratio of 1:4:1), and
TAIII-DOX-LPs and MLPs solution against HepG2 and
HCC-LM3 cells was assessed using a CCK-8-based assay.
As indicated in Figure S4, blank-LP and free ICG (04 uM)
were nontoxic to HepG2 and HCC-LM3 cells, which indi-
cated the safe and well-tolerated property of the lipid and
ICG. DOX combined with TAIII, TAIII-DOX-LPs and MLPs
was significantly more cytotoxic at low concentrations than
single DOX and TAIII (Figure 5A and B). After 48-h incuba-
tion, TAIII-DOX-LPs and MLPs presented lower ICs values
(Tables 2 and 3) for DOX and TAIII than with DOX/TAIII
and a single drug, which indicated significantly enhanced
antitumor activity against HepG2 and HCC-LM3 cells. The
results suggest that DOX and TAIIl could be efficiently
released from TAIII-DOX-LPs and MLPs in HepG2 and
HCC-LM3 cells, and liposome codelivery could effectively
enhance cytotoxicity, which was presumably attributable to
the enhanced cellular uptake of liposomes through nonspeci-
fic endocytosis. The cytotoxicity of DOX/TAIIl and DOX/
TAIII/ICG treatment had no significant difference, which was
the same as that between TAIII-DOX-LPs and MLPs. This
suggests that ICG did not affect the synergy between DOX
and TAIII, and no additive or antagonistic effects induced by
ICG, which can be used as a safe and well-tolerated NIR dye
for causing mild hyperthermia in future experiments.

As revealed in previous work (Figure 2K), MLPs tem-
perature increments were induced by NIR laser irradiation
with the current ICG; therefore, the heat effect may trigger
burst release of DOX and TAIII from MLPs and enhance
the proliferation inhibitory rate. HepG2 and HCC-LM3
cells were treated with TAIII-DOX-LPs and MLPs at
different concentrations for 2 h and then exposed to NIR
laser irradiation. Figure 5C and 5D indicate that NIR laser
irradiation did not affect control cells and cells treated with
TAII-DOX-LPs without ICG, whereas enhanced cytotoxi-
city was induced by laser irradiation in MLPs and ICG-
LP-treated cells (Figure SE and F). The cell viability of
MLPs (10.0%+2.6%) was equivalent to that of TAIII-
DOX-LPs (11.1% =+ 2.2%) treating HepG2 cells without
NIR laser irradiation, as presented in Figure 5C and
Table 4. But after NIR laser irradiation, the cell viability
of the MLPs treated group greatly decreased, and only
1.7%+0.5% of cells survived. However, the cell viability
of TAIII-DOX-LPs (11.1% + 2.2%) and TAIII-DOX-LPs

combined with NIR laser irradiation (8.6% + 1.6%) pre-
sented no significant difference. A similar result was pro-
duced with HCC-LM3 cells (Figure 5D). The ICs, value
of ICG-LP against HepG2 and HCC-LM3 cells was above
10 uM. The result also revealed that the ICG included in
MLPs of no more than 2 uM do not generate cytotoxic
heat but mild hyperthermia to help trigger the release of
DOX and TAIIl from MLPs. The significant difference
between MLPs treatments with/without NIR exposure at
all evaluated concentrations against both cell lines sug-
gested that combined chemotherapy and hyperthermia
enhanced therapeutic effects.

In vivo NIR Imaging and Biodistribution

In vivo NIR imaging was performed using an IVIS Lumina
XR Imaging System to evaluate MLPs biodistribution. As
presented in Figure 6A, the ICG fluorescence signal in
tumors gradually increased in mice treated with MLPs from
0.2- to 24-h time points, whereas weaker fluorescence signals
were observed at the tumor site in the free ICG-treated group.
In addition, stronger fluorescence at the tumor site was
detected in the MLPs-treated group than in the free ICG-
treated group at all observed time points. Furthermore, ex
vivo fluorescence (Figure 6B) in tumors in the MLPs-treated
group was strong, whereas negligible ICG fluorescence was
detected in other major organs in the MLPs-treated group and
in all tissues including tumors in the free ICG-treated group.
This indicated that TAIll-based liposomes could alter the
biodistribution of free ICG and improve drug accumulation
at the tumor site, possibly caused by the EPR effect, thus
presenting passive targeting activity.

In vivo Photothermal Imaging

An infrared thermal camera was used to record the tem-
perature of tumor sites before and after tumors were
exposed to an 808-nm laser (1.5 W/ecm?) with a 10-min
postinjection. As displayed in Figure 6C and D, the initial
temperature of tumors in all groups was approximately
35°C. After NIR laser irradiation for 10 min, the tempera-
ture at tumor sites in PBS- and TAIII-DOX-LPs-treated
groups slightly increased to approximately 39°C. The
temperature at tumor sites in the ICG-treated group was
42.0 + 2.2°C and it was 45.1 £ 2.4°C in the MLPs-treated
group. The results indicated that ICG could efficiently
induce temperature increment at tumor sites through NIR
laser irradiation, which would accelerate the release of
DOX and TAINI from MLPs in tumors. Accordingly,
MLPs combined with NIR laser irradiation may have
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Figure 5 In vitro cytotoxicity of TAlll-based liposomes against HepG2 and HCC-LM3 cells. (A) In vitro cytotoxicity of DOX, TAlll, DOX/TAIIl, DOX/TAII/ICG, TAIll-DOX-
LPs, and MLPs against HepG2 cells after 48-h incubation. (B) In vitro cytotoxicity of DOX, TAIll, DOX/TAIIl, DOX/TAII/ICG, TAIlI-DOX-LPs, and MLPs against HCC-LM3
cells after 48-h incubation. (C) Effects of laser irradiation on in vitro cytotoxicity of TAIll-DOX-LPs and MLPs against HepG2 cells. (D) Effects of laser irradiation on in vitro
cytotoxicity of TAIll-DOX-LPs and MLPs against HCC-LM3 cells. (E) Effects of laser irradiation on in vitro cytotoxicity of ICG-LP against HepG2 cells. (F) Effects of laser

irradiation on in vitro cytotoxicity of ICG-LP against HCC-LM3 cells. **P < 0.01.

enhanced antitumor efficacy from the pharmacological
activity of DOX and TAIIL

In vivo Antitumor Activity
An in vivo antitumor study was evaluated on HepG2 sub-
cutaneous transplantation tumor-bearing mouse models and

HCC-LM3 orthotopic transplantation tumor models. Mice
treated with PBS were used as the control. As illustrated in
Figure 7A, no serious reduction in body weight was
observed in all groups except in the 5-mg/kg DOX-treated
group, which indicated fine biological compatibility and
innocuity of liposomes. Figure 7B presents the changes in
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Table 2 In vitro Cytotoxicity of DOX, TAlll, DOX/TAIll, DOX/TAII/ICG, TAIII-DOX-LPs and MLPs Against HepG2 Cells (n = 3)

ICso (UM) DOX TAIN DOX/TAIII DOX/TAIIICG TAII-DOX-LPs MLPs
DOX 1.42+0.02 - 1.000. 0% 1.000. | 4* 0.77+0.03%* 0.680.09°*
TAII - 7.88 + 1.08 3.80 + 0.38% 3.79+0.55%% 1.70+0.42%# 1.67 + 0.63%

Notes: *P < 0.05. **P < 0.01, compared to DOX. ##P < 0.01, compared to TAlIl.

Table 3 In vitro Cytotoxicity of DOX, TAlll, DOX/TAIIl, DOX/TAII/ICG, TAIll-DOX-LPs and MLPs Against HCC-LM3 Cells (n = 3)

1Cso (UM) DOX TAIl DOX/TAIl DOX/TAII/ICG TAIlI-DOX-LPs MLPs
DOX 6.60+1.06 - 3.65+0.55%* 2.9540.67+* 2.51£0.36%* 2.3740.29%
TAIl - 14.20 + 2.51 12.56 + 1.06 11.24+2.53% 9.93+1.43% 9.30 £ I.18%

Notes: **P < 0.0, compared to DOX. #P < 0.05, compared to TAlll.

tumor volume among all groups during the study. NIR laser
irradiation had no impact on the tumor growth compared
with the control group. As expected, MLPs effectively inhib-
ited tumor growth better than did DOX alone and TAIII-LP
on Day 21 (Figure 7B). Images of tumors (Figure 7C)
excised from mice on Day 21 presented the enhanced anti-
tumor efficiency of MLPs and a combination therapy of
MLPs and NIR laser irradiation. The tumor inhibitory rate
of MLPs was calculated to be 61.6% =+ 21.4%, which was
1.9- and 1.5-fold higher than that of 2 mg/kg DOX (33.3% +
17.1%) and TAIII-LP (39.5% =+ 26.9%) (Figure 7D), which
indicated that TAIIl-based liposomes carrying DOX signifi-
cantly enhanced the antitumor activity of the two drugs with
synergistic effects. Notably, MLPs with 2 mg/kg of DOX
even exhibited more favorable tumor inhibition than did
5 mg/kg of DOX (53.7% + 25.4%) without causing loss of
body weight and cardiotoxicity (Figures 7A and F).
Furthermore, when tumors were exposed to laser irradiation
after MLPs injection, tumors grew slowly throughout the
experimental period and tumors even disappeared in two
mice (Figure 7C). MLPs combined with laser irradiation
presented stronger therapeutic efficacy with a tumor inhibi-
tory rate of 85.8% + 14.5%, which was 1.4-fold that of
MLPs alone. The result suggested that 1.2 mol% of ICG in

MLPs efficiently accelerated drug release and contributed to

synergistic therapy of DOX and TAIIIl without unexpected
normal tissue damage.

The orthotopic hepatoma-bearing mice model was
thought to be similar to clinical hepatic carcinoma. The
photothermal conversion effect of ICG relies on appropriate
near-infrared irradiation. However, the penetrating power of
infrared light is weak and it is difficult to stimulate deep
tissue.”>”' In the orthotopic transplantation tumor model,
near-infrared irradiation is unlikely to penetrate skin and
reach HCC cells in liver. Therefore, ICG and MLPs contain-
ing ICG were not given to mice and we just evaluated the
synergistic therapeutic effect of TAIIl and DOX on the
orthotopic transplantation tumor model. No serious reduc-
tion in body weight was observed in all groups (Figure 8A).
To visually monitor tumor growth, the HCC-LM3 cell line
stably expressing the firefly luciferase gene was applied
taking advantage of its extremely sensitive detection signals
and real-time bioluminescence measurement. An IVIS
Lumina XR imaging system was used to evaluate tumor
growth in orthotopic hepatoma-bearing mice by measuring
bioluminescence from HCC-LM3 cells (Figure 8B and C).
Tumors were confirmed to be successfully implanted in the
livers by detecting bioluminescence after 2 d, as displayed in
Figure 8B. TAIII-DOX-LPs significantly inhibited the
in vivo growth of HCC-LM3 cells as measured by the

Table 4 Effect of Laser Irradiation on Cell Viability (%) Treated with TAIll-DOX-LPs and MLPs

Concentration TAII-DOX-LPs Concentration MLPs

Laser- Laser+ Laser- Laser+
C, (DOX=1uM, TAlll=4uM) 67.312.6 70.3+5.0 C, (DOX=1uM, TAllI=4uM, ICG=1uM) 64.7+2.1 32.9+6.2%*
C,(DOX=2uM, TAIllI=8uM) 11.1+£2.2 8.6t1.6 C,(DOX=2uM, TAllI=8uM, ICG=2uM) 10.0+2.6 1.74£2.5%*

Notes: **P < 0.0, compared to laser-.
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0.2, I, 3, 6, and 24 h. (B) Ex vivo fluorescence images of major organs and tumors obtained after 24h-injection. (C) Thermal images of HepG2 tumor-bearing mice recorded
by an infrared thermal camera before and after tumors were exposed to an 808-nm laser with a 10-min postinjection. (D) Temperature of tumor site before and after

tumors were exposed to an 808-nm laser with a 10-min postinjection. *P < 0.05.

IVIS (Figure 8D) and tumor volume (Figure 8E). The
growth inhibitory rates of TAIII-DOX-LPs were 48.2% =+
9.2% as calculated by tumor volume and 56.4% + 20.7% as
calculated by bioluminescence intensity (Table 5). The dif-
ference was reasonable because bioluminescence could only
be detected in HCC-LM3 cells while the tumor comprised
HCC-LM3 cells and interstitium such as the fibrillar con-
nective tissue. Bioluminescence intensity was thought to
accurately reflect the actual proliferation of HCC-LM3
cells, and tumor volume was suitable for evaluating tumor
growth in vivo. The growth inhibitory rates of TAIII-DOX-
LPs calculated by the two methods were higher than that of
DOX and TAIII-LPs used alone. The growth inhibitory rate
of TAIII-DOX-LPs was 2.6-fold that of DOX (18.3% =+
7.0%) and 3.5-fold that of TAIII-LP (13.8% + 4.4%) as
calculated by tumor volume, and it was 1.9-fold that of
DOX (29.3% + 15.7%) and 1.2-fold that of TAIII-LP
(45.4% + 14.2%) as calculated by bioluminescence intensity.
In addition, TAIII-DOX-LPs with 2 mg/kg of DOX exhib-
ited more favorable tumor inhibition than did 5 mg/kg of
DOX (27.9% =£21.7%) as calculated by bioluminescence
intensity. The results were consistent with the in vivo growth
inhibitory activity of MLPs on HepG2 tumor-bearing mice
and revealed that DOX and TAIIl codelivery liposomes
could efficiently improve antitumor activity with synergistic
effects on subcutaneous and orthotopic transplantation

tumor models.

The TUNEL assay was used to evaluate apoptosis by
detecting DNA fragmentation in the nucleus of tumor
tissues. As displayed in Figures 7E and 8F, apoptotic
tumor cells with brown were observed in HepG2-bearing
mice treated with MLPs combined with NIR laser irradia-
tion and HCC-LM3-bearing mice treated with TAIII-
DOX-LPs, along with a high inhibitory effect on tumor
growth. Treatments with 2 mg/kg, and 5 mg/kg of free
DOX and TAIII-LP showed less tumor necrosis signals in
subcutaneous and orthotopic transplantation tumor models.
Furthermore, H&E staining images of tumors (Figure S5)
in the control group were observed with large, irregularly
shaped nuclei, with some even being binucleolate, which
indicated cell proliferation in tumors. By contrast, tumors
treated with MLPs and DOX (5 mg/kg), particularly in the
MLPs and NIR laser irradiation group, presented scattered
nuclei, clear nuclear shrinkage, and cytoplasmic vacuola-
tion, which indicated tumor tissue necrosis. H&E staining
images of the hearts from different treatment groups are
displayed in Figures 7F and 8G. As marked by the arrow,
obvious histopathologic changes in the cardiac muscle of
DOX (5 mg/kg) treated mice (both HepG2 and HCC-LM3
tumor-bearing mice), such as eosinophilic cytoplasm, atro-
phy cardiac myocytes, inflammatory infiltration, edema,
and necrosis were observed. In addition, none of the
other treatment groups exhibited significant toxicity in
the hearts in contrast to the control group. Other major
organs such as the liver, spleen, lung, and kidney in all
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groups did not exhibit significant toxicity (Figures S5 and
S6). These results revealed that TAIlI-based liposomes not
only enhanced antitumor effects from the synergies of
DOX and TAIII but also reduced side effects from DOX
with a lower dosage.

Conclusion
In summary, a novel TAIll-based thermally sensitive lipo-
some formulation to deliver DOX was introduced to

achieve synergistic therapeutic effects from TAIIl and
DOX. Additional ICG loading in MLPs helps induce
mild hyperthermia (40-45°C) and initiate burst drug
release at tumor sites, which significantly improved the
antitumor efficacy of MLPs. TAIll-based multifunctional
liposomes not only overcome the limitation of poor solu-
bility and low bioavailability, but also result the signifi-
cantly enhanced antitumor activity with a low DOX dose
and nontoxicity. The innovative application of TAIII
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Table 5 The Growth Inhibitory Rates of Each Group on the Orthotopic Transplantation Tumor Model. (n = 6)

Groups Calculated by Tumor Volume Calculated by Bioluminescence Intensity
DOX 2 mg/kg 18.3% + 7.0% 29.3% = 15.7%
TAIll-LPs 13.8% + 4.4% 45.4% + 14.2%
DOX 5 mg/kg 49.7% + 10.2% 27.9% *21.7%
TAII-DOX-LPs 48.2% + 9.2%+* 56.4% + 20.7%*

Notes: *P < 0.05, compared to DOX 2mg/kg. #P < 0.05, compared to TAIlI-LPs.

working as bilayer stabilizer has never been explored
before, which may be referred for the development of
other types of saponins with similar structure.
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DOX, doxorubicin hydrochloride; TAIII, timosaponin AlI;
ICG, indocyanine green; PTT, photothermal therapy; NIR,
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kit-8 assay; TAIII-DOX-LPs, TAIII based thermally sensi-
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ICG; DL, drug loading efficiency; EE, entrapment effi-
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