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Purpose: A near-infrared (NIR)-triggered trans-activating transcriptional activator (TAT)-
based targeted drug delivery system for the combined chemo/photothermal therapy of
melanoma, namely, TAT-TSL-TMZ (temozolomide)/IR820, was developed for the first time.
Methods: TAT-TSL-TMZ/IR820 liposomes were synthesized via thin-film dispersion and
sonication. IR820 and TMZ were encased in the inner layer and lipid bilayer of the
liposomes, respectively.

Results: Dynamic light scattering results showed that the liposomes had an average hydro-
dynamic size of 166.9 nm and a zeta potential of —2.55 mV. The encapsulation rates of TMZ
and IR820 were 35.4% and 28.6%, respectively. The heating curve obtained under near-
infrared (NIR) laser irradiation showed that TAT-TSL-TMZ/IR820 liposomes had good
photothermal conversion efficiency. The in vitro drug release curve revealed that NIR laser
irradiation could accelerate drug release from TAT-TSL-TMZ/IR820 liposomes. The results
of inverted fluorescence microscopy and flow cytometry proved that the uptake of TAT-TSL-
TMZ/IR820 liposomes by human melanoma cells (MV3 cells) was concentration-dependent
and that the liposomes modified with membrane peptides were more likely to be ingested by
cells than unmodified liposomes. Confocal laser scanning microscopy indicated that TAT-
TSL-TMZ/IR820 liposomes entered MV 3 cells via endocytosis and was stored in lysosomes.
In addition, TAT-TSL-TMZ/IR820 liposomes exposed to NIR laser showed 89.73% reduc-
tion in cell viability.

Conclusion: This study investigated the photothermal conversion, cell uptake, colocation
and chemo/photothermal effect of TAT-TSL-TMZ/IR820 liposomes.

Keywords: melanoma, liposome, TAT, photothermal therapy, temozolomide, IR820

Introduction

Melanoma is a malignant tumor that originates from deep melanocytes in the
epidermis and develops through benign dysfunction.' Although the incidence of
many other types of cancer is declining, that of melanoma is continually
increasing.’ Melanoma is an aggressive, fatal, unpredictable skin tumor that tends
to affect younger people.* Chemotherapy plays a crucial role in melanoma treat-
ment. Temozolomide (TMZ) is a novel antitumor alkylating agent that is similar to
dacarbazine (DTIC), a clinically administered oral drug. TMZ is highly bioavail-
able, well-tolerated by patients, and widely distributed in tissues. Moreover, it can
cross the blood-brain barrier, and it improves the quality of life of patients with

metastatic melanoma. Hence, many countries recommend TMZ as an oral
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alternative to DTIC. However, TMZ has limited therapeu-
tic efficacy in melanoma because of drug resistance and
instability. Thus, developing an effective drug delivery
system for improving the sensitivity of chemotherapy has
attracted increasing research attention.

Drug delivery systems based on nanotechnology have
caught the attention of scholars. In recent years, great
progress has been made in the development of nanoparti-
cles for use as smart devices for diagnostics and targeted
therapeutics.” Nanoparticles have unique biological struc-
tures and physicochemical properties, such as their nanos-
effect,

and

surface
effect,
properties.® Many nanoscale drug delivery systems

cale size, good biocompatibility,

multifunctional optical and magnetic
(NDDSs) for prolonging the circulation time of che-
motherapeutics and maximizing their tumor uptake via
the enhanced permeability and retention (EPR) effect
and/or active targeting mechanisms have been rationally
designed. Moreover, NDDSs promise to alleviate the
severe systemic or organ-specific toxicities of anticancer
drugs.” Nanoparticles exhibit passive targeting and slow
release and can thus be used as carriers to deliver drugs
specifically to target sites, achieve continuous drug release
in tumors, effectively prolong the half-life of drugs, and
reduce the cytotoxicity of drugs to normal tissues. Early
clinical trials have demonstrated that polymer-drug con-
jugates have several advantages, including enhanced anti-
effects,
administration, and improved patient compliance and

tumor efficacy, reduced side facile drug
long-term prognosis, over their corresponding antitumor
drugs.® Although the use of nanodelivery systems loaded
with chemotherapeutic drugs have made great progress in
antitumor therapy in recent years, the single treatment
model is not ideal. Photothermal therapy (PTT) is a new
and effective tumor treatment technology wherein near-
infrared (NIR) dye is used to mediate the conversion of
near-infrared (NIR) light into heat energy to inflict irre-
versible damage to tumor tissues. PTT has unique advan-
such as increased and reduced

tages, specificity

invasiveness and adverse reactions, over traditional
therapy.’ Indocyanine green (ICG) is the only NIR dye
that has been approved by the US Food and Drug
Authority that can improve local temperature and perform
photothermal functions after NIR irradiation.'®"'" TR820 is
a derivative of ICG with a similar structure and perfor-
mance as ICG. It has a molecular structure of C4Hs5oCIN,
NaOgS,. This molecule is water-soluble and can be encap-

sulated within the inner cavities of liposomes. IR820 is

more stable at different temperatures and has longer tissue
retention time and better biosecurity than ICG.'? PTT can
kill primary tumor cells but cannot eradicate metastatic
tumor cells, whereas chemotherapy, as a systemic treat-
ment, can kill primary and metastatic tumor cells.'?
Therefore, the combination of chemotherapy and PTT in
the treatment of cancer has attracted considerable attention
in basic research and clinical practice.'* "¢

Over the past few decades, scholars have studied many
nanodrug delivery carriers, including liposomes, poly-
meric micelles, polymer-drug conjugates, and dendritic
macromolecular nucleic acid nanoparticles, among which
liposomes and polymer-drug conjugates are the dominant
nanoparticles in clinical applications.'” A unique feature
of liposomes is that they can encapsulate a variety of
lipophilic and hydrophilic substances. Hydrophilic mole-
cules are encapsulated in the internal water phase, whereas
hydrophobic molecules are contained in the lipid bilayer.
The phospholipid membranes of thermosensitive lipo-
somes are characterized by their sensitivity to temperature.
The liposome membrane changes from the colloidal state
into the liquid crystal state at temperatures above the phase
transition temperature; this change results in the release of
a large amount of drugs by increasing the permeability of
the liposome bilayer membrane.'® The introduction
of cholesterol into liposomes can improve serum
stability.'” Polyethylene glycol (PEG) can extend the
blood circulation time of liposomes, reduce the clearance
of liposomes by the reticuloendothelial system, and pre-
vent the nonspecific biological distribution of drugs.?*!
Dipalmitoyl phosphatidylcholine (DPPC), a major compo-
nent of thermosensitive liposomes, has the properties and
biocompatibility of mature vesicles. DPPC can be trans-
formed into a liquid crystal when the local hyperthermia
temperature is slightly higher than the body temperature
(41.5 °C —41.9 °C) and is thus a good liposome candidate
for the hyperthermia-induced controlled release of drugs.**

Drug delivery to the targeted cell is useful for the phar-
macological action of most anticancer drugs. Cell mem-
brane-penetrating peptides, which are short peptides that
are composed of 10-30 amino acids with special functions,
are expected to overcome the obstacles of drug delivery in
cells. Trans-activating transcriptional activators (TATs) are
one of the most commonly used membrane peptides in cells
and have been successfully used to transport all kinds of
materials, such as small particles, proteins, and even drugs,

in vivo and in vitro without remarkable side effects on host
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cells.”® TAT ligands can improve cell penetration efficiency
through nonspecific endocytosis.>*

In this study, a NIR-triggered TAT-based targeted drug
delivery system for the combined chemo/photothermal
therapy of melanoma, namely, TAT-TSL-TMZ/IR820,
was developed for the first time via self-assembly. First,
liposomes containing TMZ and IR820-modified TAT were
prepared. Subsequently, the particle size, morphology,
heating capacity, and drug release capacity of the lipo-
somes were measured. Finally, the uptake and intracellular
distribution of TAT-TSL-TMZ/IR820 liposomes in human
melanoma cells (MV3 cells) were detected in vitro. In
addition, the results of CCKS8 indicated that TAT-TSL-
TMZ/IR820 liposomes had chemo/photothermal effect.

Materials and Methods

Materials

DPPC was purchased from Avanti Polar Lipids Co. Ltd.
DSPE-PEG2000 and DSPE-PEG2000-Mal were pur-
chased from Xian Ruixi Biotechnology Co., Ltd. TAT
peptide with terminal cysteine (Cys-AY GRKKRRQRRR)
was synthesized by GL Biochem Co., Ltd. (Shanghai,
China). IR820 was purchased from Sigma-Aldrich
(Merck KGaA). TMZ was
Chemical Industry Co., Ltd. 4-6-Diamidino-2-phenylin-

obtained from Tokyo

dole (DAPI) and coumarin 6 were purchased from
Beijing Soleboard Biotechnology Co., Ltd. LysoTracker
Red
Biotechnology Co., Ltd. Other solvents and reagents

was purchased from Shanghai Biyuntian

were purchased from Beijing Chemical Works.

Synthesis of DSPE-PEG2000-TAT

Liposomes

DSPE-PEG2000-TAT was synthesized as described
previously.*** Briefly, 20 mg of DSPE-PEG2000-Mal
and 15 mg of Cys-TAT were reacted in 5 mL of water
with gentle stirring at room temperature for approxi-
mately 24 h. The solvent was then dialyzed for 48
h against deionized water by using a membrane with
the molecular weight cut-off of 8000-14,000 Da. The
product was then lyophilized for further use. An infrared
spectrometer was used to characterize and analyze the
infrared spectrum of DSPE-PEG2000-TAT liposomes.
Appropriate amounts of TAT, DSPE-PEG2000-Mal,
and DSPE-PEG2000-TAT liposomes were collected for
the KBr tablet test.

Preparation of Liposomes

DPPC, cholesterol, DSPE-PEG2000, and DSPE-PEG2000
-TAT were formulated at the mass ratio of 16:4:1:1 for
liposome preparation. Liposomes were passively loaded
with TMZ and IR820 for therapeutic application. Briefly,
5 mg of TMZ and 0.5 mg of IR820 along with the lipid
mixture were dissolved in methanol and chloroform
(volume ratio 1:5) and dried in a round-bottomed flask to
form a homogeneous lipid film. Then, an appropriate
amount of PBS was added, and ultrasonic hydration was
performed to form a uniform suspension. The liposomes
were then ultrasonicated with an ultrasonic cell fragmenta-
tion apparatus and centrifuged at 10,000 r/min for 20 min
by using a high-speed refrigerated centrifuge at 4 °C to
remove unencapsulated drugs and free lipids. The suspen-
sion precipitate was mixed with PBS and then passed
through 220 nm polyethersulfone filters. The final TAT-
TSL-TMZ/IR820 liposome solution was thus obtained and
stored in a refrigerator at 4 °C.

TSL-TMZ/IR820 liposomes were prepared through the
same steps, except that DSPE-PEG2000-TAT liposomes
was excluded from the preparation process. Coumarin
6-labeled TAT-TSL-TMZ/IR820 liposomes were prepared,
and 1 mg/mL coumarin 6 was added to dimethyl sulfoxide.

Characterization of Liposomes

The hydrodynamic size, polydispersity index (PDI), and
zeta potential of the TAT-TSL-TMZ/IR820 liposomes
were measured via dynamic light scattering (DLS) by
using a Zetasizer apparatus (Zetasizer Nano ZS, Malvern
Instruments, Ltd.). The morphology of the liposomes was
observed through TEM. One drop of the TAT-TSL-TMZ
/IR820 liposomes suspension was dripped onto a special
copper grid, dried at room temperature, and observed
via TEM.

Encapsulation Efficiency
TMZ and IR820 were used to prepare standard solutions,
and standard solutions with different concentrations of
TMZ and IR820 were set. The standard solutions were
subjected to UV—visible spectroscopy to detect their max-
imum absorption wavelengths. A standard curve was
drawn by measuring the absorbance of the standard at
the maximum absorption wavelength.

The unencapsulated drugs were separated from the
precipitate via ultraspeed centrifugation at 10,000 r/min
for 20 min at 4 °C, and the supernatant was collected and
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demulsified after each centrifugation. The centrifuged
supernatant was collected and diluted several times, and
the absorbance of the diluted supernatant was measured
with an UV spectrophotometer. The corresponding stan-
dard curve was established on the basis of the concentra-
tion of the unencapsulated drug in the supernatant.

The quality of the unencapsulated drug = the concen-
tration X the dilution X the volume.

Encapsulation efficiency = (weight of drug initially
added — unencapsulated drug quality)/weight of drug initi-
ally added x 100%.

Temperature Increase Curve Under NIR

Laser Irradiation
A NIR laser (808 nm, 4 W/cm?) was used to irradiate the
PBS solution (pH 7.4) containing TAT-TSL-TMZ/IR820
liposomes (0, 5, 10, 15, and 20 ug/mL IR820) for 5 min at
25 °C. The temperature increments shown by the TAT-TSL
-TMZ/IR820 solution at different time points were
recorded by using an infrared thermal imaging camera.
PBS solutions (pH 7.4) with or without free IR820
(20 pg/mL) or TAT-TSL-TMZ/IR820 liposomes
(20 ug/mL IR820) were irradiated with a NIR laser at 4
W/em? for 5 min. The temperature was recorded by using
an infrared thermal imaging camera and used to construct
the temperature increase curve.

Determination of Drug Release in vitro

The release of TMZ from the TAT-TSL-TMZ/IR820 lipo-
somes was studied in PBS (pH 5.4) by using an 8.4-35k
dialysis bag. Drug release was measured through the fol-
lowing steps: TAT-TSL-TMZ/IR820 liposome solution
(1 mL) was placed into the dialysis bag. The two ends of
the dialysis bag were tied tightly with a thin wire, and the
drug was released into 20 mL of PBS (pH 5.4). The
kept at 37 °C in
a thermostatic oscillator for 30 min. Then, the liposome

dialytic release device was
solution was treated under laser irradiation (4 W/cm?) for
5 min and placed in the thermostatic oscillator to simulate
drug release again. The released liquid (1 mL) was
absorbed over a certain time interval. Then, 1 mL of
PBS (pH 5.4) was added, and the dialysis bag was placed
back into the thermostatic oscillator for further oscillation.
The cumulative release amount of the drug in each time
period was calculated, and the cumulative release curve
was drawn in accordance with the concentration of each

sample.

Cell Culture

MV3 cells were acquired from the Type Culture Collection
of the Chinese Academy of Science (Shanghai, China).
The cells were routinely incubated in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum, 100 U/mL penicillin, and 100 ug/mL strep-
tomycin at 37 °C with 5% CO, and saturated humidity.

Cytotoxicity

MV3 cells in the logarithmic growth stage were digested
with trypsin. The cells (4 x 10* cells/well) were seeded in
96-well plates and cultured overnight at 37 °C with 5%
CO,. Then, the medium was replaced with a complete
medium containing TAT-TSL-TMZ/IR820 liposomes (1,
2, 4,8, 16, and 32 pg/mL). The control group was con-
tinuously cultured in an incubator. CCK-8 solution (10 pL)
was added to each well, and the plates were incubated at
37 °C for 2 h. The absorbance of each well was measured
at the wavelength of 450 nm with an enzyme marker, and
the experimental results were recorded.

Cellular Uptake Analysis

The cellular uptake behavior of TAT-TSL-TMZ/IR820
detected
through inverted fluorescence microscopy and flow cyto-

liposomes at different concentrations was
metry. MV3 cells were seeded in six-well plates at
a density of 2 x 10° cells/well for 24 h. Subsequently,
TAT-TSL-TMZ/IR820 liposomes (0, 4, 8, and 16 pg/mL)
labeled with coumarin 6 and TSL-TMZ/IR820 liposomes
(16 pg/mL) were separately added into the culture med-
ium and coincubated with the cells for 3 h. The medium
was aspirated out, and the cells were washed with PBS.
Subsequently, the cells were fixed by adding 4% parafor-
maldehyde at room temperature for 15 min. The cells were
stained with DAPI (nucleus, blue color) for 15 min and
observed immediately with an inverted fluorescence
microscope. Flow cytometry was further performed to
measure cell uptake. In brief, MV3 cells were cultured
with DMEM in a six-well culture plate for
24 h. Subsequently, TAT-TSL-TMZ/IR820 liposomes (0,
4, 8, and 16 pg/mL) labeled with coumarin 6 and TSL-
TMZ/IR820 liposomes (16 pg/mL) were separately added
to the medium and coincubated with the cells for 3 h. The
cells were washed with PBS, digested with trypsin, and
collected through centrifugation (1500 r/min, 5 min).
Finally, the cells were resuscitated with PBS and analyzed
via flow cytometry.
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Intracellular Localization Analysis

Confocal laser scanning microscopy (CLSM) was used
to observe the distribution of TAT-TSL-TMZ/IR820
liposomes in MV3 cells. MV3 cells in the logarithmic
growth stage were inoculated overnight in a confocal
glass plate at a cell density of 1 x 10°. TAT-TSL-TMZ
/IR820 liposomes (16 pg/mL) were added to the cul-
ture medium and coincubated for 3 h. Then, the cells
treated with 1 mL of
LysoTracker Red dye (50 nm) medium, and incubated

were washed with PBS,

at 37 °C for 1 h. Finally, the images of liposome
distribution were collected

CLSM.

immediately through

Detection of the Cytotoxicity of
TAT-TSL-TMZ/IR820 Liposomes
Combined with NIR to MV3 Cells by the
Cell Counting Kit 8 Assay

MV3 cells were seeded in 24 well plates at a cell
density of 50,000 well and cultured overnight in an
incubator.

The following experimental groups were established:

a. Ctr; b. NIR; c. TAT-TSL-TMZ/IR820; d. IR820
+NIR; e.TAT-TSL-TMZ+NIR; f. TAT-TSL-IR820+NIR;
and g. TAT-TSL-TMZ/IR820+NIR.

The corresponding drug culture medium was added
according to the groups for 24 h at 37°C.The laser
group was irradiated with 808 nm NIR of 4 W/cm2
for Smin. After exposure, we returned plates to
the incubator for 24h,then cck-8 solution was
added to each well in the dark for 2 h at 37°C.The
liquid in the corresponding hole was transferred to 96-
well plates and detected the optical density (OD) value.

Statistical Analysis

Statistical analyses were performed by using either
unpaired Student’s #-test or one-way ANOVA. P < 0.05
was considered as statistically significant.

Results

Synthesis and Characterization of

DSPE-PEG2000-TAT Liposomes

The chemical structure of DSPE-PEG2000-TAT liposomes
was confirmed through infrared spectrometry. Figure 1
shows that the formation of DSPE-PEG2000-TAT liposomes
was accompanied by the disappearance of the DSPE-
PEG2000-Mal spot after the reaction. The peak at
2525 cm ' in the spectrum of TAT was the characteristic
absorption peak of —SH (Figure 1A). Figure 1B shows that
the spectrum of DSPE-PEG2000-Mal lacked interference
from the absorption peak at this position, whereas the
absorption peak disappeared in the spectrum of DSPE-
PEG2000-TAT liposomes. This occurrence indicated that —
SH in the TAT peptide had successfully connected with the
maleimide group in DSPE-PEG2000-Mal (Figure 1C).

Preparation and Characterization of

TAT-TSL-TMZ/IR820 Liposomes

The schematic of the thermosensitive TAT-TSL-TMZ/IR820
liposomes is shown in Figure 2. The liposomes self-
assembled from DPPC, cholesterol, DSPE-PEG2000,
DSPE-PEG2000-TAT, TMZ, and IR820 through thin-film
dispersion and sonication. First, DSPE-PEG2000-TAT was
synthesized, and homogenous lipid membranes were then
prepared by using the membrane dispersion method. The
hydrophilic IR820 was dispersed in the inner layer of the
liposomes, and the lipophilic TMZ was dispersed in the lipid
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Figure | Infrared spectra of (A)TAT and (B)DSPE-PEG2000-Mal before TAT reaction, (C)DSPE-PEG2000-TAT after TAT reaction.
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Figure 2 Schematic of the preparation of TAT-TSL-TMZ/IR820 liposomes.

bilayer. The presence of IR820 rendered the lipid shell of the
liposomes vulnerable to laser damage and enabled the drug

to escape from the nanocarrier effectively. DLS was per-

formed to describe particle size, PDI, and zeta potential. The

A

-

-
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results are summarized in Figure 3. The liposomes had an

average hydrodynamic size of approximately 166.9 nm,
a PDI of 0.167, and a zeta potential of —2.55 mV. The
particle size results suggested that the liposomes could
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Figure 3 Characterization of TAT-TSL-TMZ/IR820 liposomes. (A) Hydrodynamic size distribution in water, (B) zeta potential, and (C and D) TEM image.
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undergo tumor aggregation through the EPR effect. The
increased vascular permeability of tumor tissues and lym-
phatic dysfunction (systemic lymph reflux) resulted in EPR,
which then resulted in the accumulation of nanoparticles
(10-500 nm) at the tumor site. This phenomenon was the
passive targeting effect of nanoparticles. The morphological
structure of the liposomes was observed via transmission
electron microscopy (TEM). The results showed that TAT-
TSL-TMZ/IR820 was spherical with a uniform size and
without obvious agglomeration. The size measured through
TEM was smaller than that measured through DLS likely
because of the hydration of the PEG chain of the nanopar-
ticles and the contraction of the nanoparticles caused by the
vacuum in TEM.

Second, the UV absorption method was used to determine
the TMZ and IR820 contents. The maximum UV absorbance

peaks of TMZ and IR820 were approximately 329 and 690
nm, respectively (Figure 4A and B). The standard curves of
TMZ and IR820 are shown in Figure 4C and D, respectively.
In melanoma cells, IT-CSTNPS acted as the nanometer
transfer system in the Core-shell type thermo-nanoparticles
loaded with temozolomide combined with photothermal ther-
apy in melanoma cells. The encapsulation rate of TMZ in this
nanosystem was 35.4% and and that in IT-CSTNPS was
6.04%. In contrast, nanometer transfer system in this paper
is more effective. The vitro drug release experiment per-
formed in this work revealed that the TMZ release rates of
the TAT-TSL-TMZ/IR820 liposomes and IT-CSTNPS were
25.47% and 34.1%, respectively, indicating that the nanopar-
ticles prepared in this work had superior stability. Moreover,
the nanometer transfer system in this work was more effec-

tive than previously reported systems.”> The loss of excess
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Figure 4 UV absorption spectra of (A) TMZ and (B) IR820. Standard curves of (C) TMZ and (D) IR820.
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lipids, which could adsorb the drug and form vesicles, during
the hydration and extrusion processes of liposome synthesis
affected the drug encapsulation rate.

Temperature Increase Curve of TAT-TSL-
TMZ/IR820 Liposomes

Temperature changes under laser irradiation were studied
in vitro by using an infrared thermal imaging camera to
evaluate the photothermal efficiency of TAT-TSL-TMZ
/IR820 liposomes. The temperature rise curve collected
in this study showed that TAT-TSL-TMZ/IR820 liposomes

A
30
-o- PBS
. . & Spg/mL
8 - 10pg/mL
g 20 + 15ug/mL
® ] -~ 20pg/mL
[}
£
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604 - -NIRR
3 501
T
®
2 40-
®
S
% 30-
3
£
O 204
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0 r T r T r T r T r
0 5 10 15 20 25
Times(h)

could reach the maximum temperature within approxi-
mately 2 min under laser irradiation at 4 W/cm?® for
5 min (Figure 5A). The temperature gradually increased
with liposome concentration. The temperature difference
reached 13.9 °C when the concentration of IR820 in the
nanoparticles was 20 pug/mL. By contrast, the temperature
in the PBS control group increased only by 2.4 °C and
finally reached approximately 27.4 °C when the initial
temperature was 25 °C. A temperature difference of
6.8 °C was obtained at the concentration of 10 pg/mL.

The maximum temperature could reach 43.8 °C if the
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Figure 5 Temperature increase curve measurement. (A) Temperature increase curves of different concentrations of TAT-TSL-TMZ/IR820 liposomes (0, 5, 10, 15, and 20 pg/
mL) under NIR laser irradiation. (B) Temperature increase curves of PBS, IR820 (20 pg/mL), and TAT-TSL-TMZ/IR820 liposomes (20 pg/mL IR820) under NIR laser
irradiation. (C) In vitro drug release profile of TAT-TSL-TMZ/IR820 liposomes under NIR irradiation. (D) The survival rate of MV3 cells after treatment with 0-32 pg/mL

TAT-TSL-TMZ/IR820 liposomes for 24 h.
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initial temperature was 37 °C. This temperature could
increase vascular permeability and drug convection at the
disease site and could thus destroy tumor cells without
exerting a considerable influence on normal tissues. In
addition, TAT-TSL-TMZ/IR820 liposomes had better heat-
ing performance under NIR irradiation than free IR820
liposomes (Figure 5B) likely because compared with
IR820 nanoparticles, TAT-TSL-TMZ/IR820 liposomes
had a higher IR820 concentration and exhibited higher
energy efficiency and lower heat dissipation under laser
irradiation.

In vitro Drug Release Profile

The TMZ release rate of TAT-TSL-TMZ/IR820 liposomes
reached 25.47% within 24 h in the absence of NIR irradia-
tion and 25.03% under 4 h of irradiation (Figure 5C). The
total released amount of TMZ reached 56.32% within
24 h after laser irradiation. Thus, NIR irradiation could
elevate the solution temperature to the phase transition
temperature. This effect induced DPPC to transition from
an orderly gelatin state into a disordered liquid crystal
state. The liquid crystal state caused the sudden release
of the drug by increasing the permeability of the liposome.
These results indicated that TAT-TSL-TMZ/IR820 lipo-
somes could release increased amounts of drugs at the
high temperatures induced by NIR laser irradiation.

Cytotoxicity of TAT-TSL-TMZ/IR820
Liposomes to MV3 Cells as Determined
Through the CCK8 Assay

The biosecurity of nanomaterials is one of the important
issues for consideration in the drug development process.
The cytotoxicity of TAT-TSL-TMZ/IR820 liposomes to
MV3 cells was detected under light-resistant conditions
to test the biosecurity of the synthesized drug-loaded lipo-
somes. The experimental results showed that the survival
rate of MV3 cells continued to exceed 90% after 24 h of
treatment with 0-32 pg/mL TAT-TSL-TMZ/IR820 lipo-
somes (Figure 5D). This result indicated that the synthe-
sized liposomes had good biosecurity.

Cellular Uptake

The cellular uptake of liposomes was observed via fluores-
cence microscopy and flow cytometry. The fluorescent probe
coumarin 6, which was encapsulated in the thermosensitive
liposomes, was used to label whole liposomes to track their
absorption and intracellular localization. The results of

inverted fluorescence microscopy are provided in Figure
6A and showed that the green fluorescence present in MV3
cells was absent from the control group. Green fluorescence
was observed in the MV3 cells incubated for 3 h with cou-
6-labeled  TAT-TSL-TMZ/IR820
Fluorescence intensity in the MV3 cells was positively cor-
related with the concentration of TAT-TSL-TMZ/IR820 lipo-
somes. The passage of cell internalization was dependent on

marin liposomes.

concentration within the selected range. Cell uptake was
further quantified via flow cytometry. The cell fluorescence
signal enhanced with the increase in TAT-TSL-TMZ/IR820
liposomes concentration (Figure 6B). The results of flow
cytometry were consistent with those of fluorescence
microscopy.

The uptake of TAT-TSL-TMZ/IR820 and TSL-TMZ
/IR820 by MV3 cells at the same concentration was inves-
tigated to determine the effect of the membrane-
penetrating peptide-modified liposomes on cell uptake.
As shown in Figure 6C, the fluorescence intensity of the
TAT-TSL-TMZ/IR820 group was stronger than that of the
TSL-TMZ/IR820 group. Hence, the addition of TAT could
accelerate the cellular uptake of liposomes. Flow cytome-
try also showed that the TAT-TSL-TMZ/IR820 group had
a stronger fluorescence signal than the TSL-TMZ/IR820
group (Figure 6D).

Intracellular Localization Profile

As shown in Figure 7, the colocalization of lysosomes and
liposomes was observed through CLSM. The yellow area in
the merged image represented coumarin 6-labeled lipo-
somes (green fluorescence) that colocalized with lysosomes
(red fluorescence). The colocalization of the liposomes with
lysosomes indicated that TAT-TSL-TMZ/IR820 liposomes
could enter cells via endocytosis and then further enter
lysosomes via endocytosis vesicles.

Effects of TAT-TSL-TMZ/IR820 Liposomes
on Melanoma MV3 Cells Under NIR
Irradiation as Determined by CCK-8 and

513/5000 Killing Effect

The temperature rise curve indicated that TAT-TSL-TMZ
/IR820 liposomes had good photothermal conversion perfor-
mance. The antitumor effect of TAT-TSL-TMZ/IR820 lipo-
somes under NIR irradiation was studied by using the CCK8
method to detect whether the nanoparticles had synergistic
chemotherapy and PTT effects. As shown in Figure 8, no
significant differences were observed between the cell
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Figure 6 Dose-dependent cellular uptake of TAT-TSL-TMZ/IR820 liposomes by MV3 melanoma cells as measured by (A) inverted fluorescence microscopy (magnification,
x200) and (B) flow cytometry. Cellular uptake of TAT-TSL-TMZ/IR820 and TSL-TMZ/IR820 liposomes of the same concentration as measured by (C) inverted fluorescence
microscopy (magnification, x200) and (D) flow cytometry.

Abbreviation: FITC, fluorescein isothiocyanate.
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Figure 7 Intracellular localization measurement of TAT-TSL-TMZ/IR820 liposomes in MV3 cells. Scale bar, 20 um.

survival rates of the NIR and TAT-TSL-TMZ/IR820 groups  71.3%. The cell survival rates of the TAT-TSL-TMZ+NIR

(P > 0.05). Under NIR irradiation, the cell survival rate of and TAT-TSL-TR820 +NIR groups were 63.84% and

the IR820+NIR treatment group decreased slightly to  50.85%, respectively, and were not significantly different
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Figure 8 The killing effect of nanoparticles combined with NIR on MV3 cells was
detected by CCK8 method. Compared with CTRL group, *P < 0.05; 4P < 0.05
compared with IR820+NIR group;’P < 0.05 compared with TAT-TSL-TMZ+NIR
and TAT-TSL-IR820+NIR groups.

(P > 0.05). Meanwhile, the cell survival rate of the TAT-TSL
-IR820+NIR group was statistically significantly different
from that of the IR820+NIR group (P < 0.05). The cell
survival rate of the TAT-TSL-TMZ/IR820+NIR group sig-
nificantly decreased to 10.27%, which was significantly
lower than that of the TAT-TSL-TMZ+NIR and TAT-TSL-
IR820+NIR groups (P < 0.05). These results indicated that
TAT-TSL-TMZ/IR820 liposomes had combined chemother-
apy and photothermal effects.

Discussion
TMZ is a new second-generation oral alkylating agent
with high bioavailability, wide tissue distribution, and the
capability to pass through the blood—brain barrier. It exerts
a certain therapeutic effect on the brain metastasis of
melanoma.”® This drug has a positive effect in patients
with melanoma, especially in those with central system
metastasis, and exhibits a 21% effective rate; the low
effective rate of chemotherapy in patients with melanoma
is related to tumor resistance and affects prognosis.?’
Traditional chemotherapy lacks specificity for tumor cells
and can kill tumor cells and normal tissues.

Nanometer drug delivery systems have been applied in
tumor treatment. These systems can accumulate at the tumor
site to release drugs and reduce toxic and side effects.

Moreover, they have good biocompatibility. Although photo-
dynamic therapy (PDT) is a promising minimally invasive
approach, traditional photosensitizers are not targeted, poorly
soluble, unstable, and easily affected by the internal environ-
ment. The combined use of nanotechnology bypasses these
limitations and opens up new prospects for the application of
PDT in the treatment of different types of diseases.
Nanoparticle-mediated PTT has been widely used in NIR
irradiation hyperthermia.”® Gorgizadeh’s team® studied and
synthesized new photothermal nanomaterials, namely, car-
bon dry gel nanoparticles, and combined the use of these
materials with NIR for the treatment of melanoma. In vivo
and in vitro experiments showed that their system has con-
siderable antitumor effects. Combination therapy not only
enhances therapeutic effects but also avoids the emergence of
drug resistance. Thus, combination therapy shows great
potential in the treatment of melanoma.

Therefore, we hoped to improve the efficacy of TMZ
and reduce side effects by designing a NDDS that could
activate or trigger the release of high concentrations of free
drugs at the lesion site. We designed and successfully con-
structed a new nanodrug release system, TI-NP, with
a hydration particle size of 167 nm and a charge of —1.37
mV. DLS results verified that the liposomes prepared in this
study were TAT-TSL-IR820-TMZ liposomes with uniform
particle sizes. TEM results revealed that the liposomes
presented a single distribution state, which might facilitate
reaching the tumor site through the EPR effect. The EE
values of TMZ and IR820 measured via the UV absorption
method were 35.4% and 28.6%, respectively. The heating
curve indicated that TAT-TSL-TMZ/IR820 liposomes had
good heating performance. The adsorption of TAT-TSL-
TMZ/IR820 liposomes by MV3 cells exceeded that of TSL-
TMZ/IR820 liposomes. This result verified that TATs could
well assist liposomes to enter cells through the cell mem-
brane. Laser confocal microscopy illustrated that TAT-TSL-
TMZ/IR820 liposomes (green) fused with lysosomes (red)
signals, suggesting that liposomes colocalized with lyso-
somes and that TAT-TSL-TMZ/IR820 liposomes entered
cells through endocytosis and concentrated in lysosomes.
The experimental results revealed that the survival rate of
MV3 cells remained at 90% after 24 h of treatment with
0-32 g/mL TAT-TSL-TMZ/IR820 liposomes (Figure 5D).
Therefore, the synthesized liposomes had good biosafety.
Our results further indicated that ITNP and TITNP com-
bined with NIR had better antitumor effect than TINP and
TTNP alone. The cell activity of the ITNP group decreased
slightly (P < 0.05), whereas that of the TITNP group
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decreased significantly (P < 0.05). Our experiments
revealed that combination therapy was more effective than
chemotherapy and light therapy alone.

TITNP nanoparticles had good photothermal conver-
sion and drug release performance. They could be ingested
in large quantities by melanoma cells and localize in lyso-
somes after cell entry. CCK-8 experiments demonstrated
that TITNP nanoparticles showed better efficacy and
safety against MV3 cells under NIR irradiation than the
nontargeted treatment (ITNP) and other single chemother-
apy or photothermal treatments.

In summary, we successfully designed a new multifunc-
tional nanoliposome drug delivery system that combined
PTT and chemotherapy. Through NIR irradiation, TMZ
carried by liposomes could be released effectively and loca-
lize in cell lysosomes after cell entry. Through continuous
in-depth research and exploration, this new targeted drug
delivery system might help improve the specificity of che-
motherapy drugs for tumor cells and reduce toxicity, side
effects, and drug resistance in future clinical practice.

Conclusions

A NIR-triggered TAT-based targeted drug delivery system
called TAT-TSL-TMZ/IR820 liposomes was successfully
developed. The photothermal conversion capability, cellu-
lar uptake, and intracellular localization of this system
were investigated. This system is expected to provide
new directions for the combined chemo/PTT of melanoma.
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