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melanin-based nanoliposomes for
combined chemotherapy and photothermal
therapy of pancreatic cancer

Jian Wang,†abcd Jiasui Chai,†e Lei Liu,†bcdf Zilin Cui,abcd Dongming Duan,abcd

Rui Shiabcd and Yamin Zhang *abcd

Pancreatic cancer, one of the most common gastrointestinal tract cancers, leads to a high mortality rate of

over 80% among patients. Conventional chemotherapy with gemcitabine (GEM) is undesirable due to the

lack of effective tumor accumulation. To improve the survival of pancreatic cancer patients and the

therapeutic efficiency of chemotherapy, dual-functional melanin-based nanoliposomes loaded with GEM

were synthesized in our study, which combined chemotherapy and photothermal therapy (PTT).

Hypothermia caused by melanin under near-infrared (NIR) laser exerted detrimental damage on pancreatic

cancer cells after the passive accumulation of nanoliposomes in the tumor sites. Besides, the temperature

increase could enhance the release of GEM from the nanoliposomes by changing the structural integrity of

the nanoliposomes. Therefore, a synergistic antitumor effect was achieved by loading the chemotherapy

agent GEM and the photothermal agent melanin into the nanoliposomes. The findings in this study strongly

support that melanin-based nanoliposomes could be a desirable strategy against pancreatic carcinoma.
Introduction

As one of the most common gastrointestinal tract cancers,
pancreatic cancer is likely the second-leading cause of cancer-
related deaths.1 In 2017, there was an above 80% mortality
rate among patients with pancreatic cancer in the United
States.2 Surgical resection is applied clinically to improve the
survival of pancreatic cancer patients,3 but the 5 year survival
rate with tumor resection alone is under 10%.4,5 Gemcitabine
(GEM) chemotherapy can be an alternative treatment to
pancreatic cancer treatment.6–8 However, the 1 year survival rate
of patients with advanced pancreatic cancer experienced
a slight improvement.3 This may due to the lack of effective
tumor accumulation of chemotherapeutic drug molecules in
the pancreatic tumor tissue.9 Therefore, innovative nanocarriers
are urgently needed to improve the therapeutic effect of
chemotherapy towards pancreatic cancer.

Nanoliposomes have been widely used as a desirable drug
carrier for clinically effective anticancer chemotherapy.10–12

Nanoliposomes can passively accumulate in tumor sites based
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on the enhanced permeability and retention (EPR) effect,
leading to a high concentration of antitumor agents remaining
in the tumor sites.13 Nanoliposomes have great advantages of
controllable drug encapsulation, good biocompatibility and
prolonged circulation cycle.14,15 To pursue higher therapeutic
efficiency against tumors and higher biosafety, responsive-
released nanoliposome systems have been synthesized in the
last few years. Various types of smart-responsive systems have
been studied with triggers for controllable release in the tumor
including pH,16 light,17 enzymes,18 ultrasonic,19 magnetism,20

and heat.21 Among them, thermosensitive nanoliposomes were
prepared on the basis of the hyperthermia-triggered mecha-
nism. It should be mentioned that the typical characteristics of
the microenvironment are mostly hypovascular.22,23 Hyper-
thermia caused by a photothermal agent can be a desirable
method to increase tumor blood ow and microvascular
permeability,24,25 which may facilitate the penetration of
chemotherapeutic agents like GEM into the tumor tissue.
Besides, hyperthermia produced under near-infrared (NIR) light
can trigger apoptosis and coagulative necrosis in tumor
cells.26,27

Melanin mainly exists in many parts of human beings,
including in the skin, hair, and eyes.28 Recent studies have
shown that melanin-based drug carrier systems can serve as
a promising form of photothermal therapy because of the
optical absorption capability and native biocompatibility.29–31

To improve its therapeutic efficiency against pancreatic cancer,
a novel melanin-based nanoliposome was constructed via
a thin-lm evaporation method in this study. The
This journal is © The Royal Society of Chemistry 2019
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Table 1 Characterization results of the blank Lip, GEM-Lip, Mel-Lip,
and GEM-Mel-Lip

Nanoliposomes Diameter (mm) PDI EE (%)

Blank Lip 215.2 � 2.2 0.22 � 0.08 —
GEM-Lip 218.5 � 2.9 0.16 � 0.06 81.7 � 4.8
Mel-Lip 221.2 � 3.1 0.12 � 0.09 —
GEM-Mel-Lip 220.2 � 3.4 0.17 � 0.01 82.2 � 5.2
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nanoliposome achieved combined chemo- and photothermal
therapy by entrapping the chemotherapeutic agent GEM in the
hydrophobic phase and photothermal agent melanin in the
hydrophilic phase. Under NIR irradiation, hyperthermia and
the controlled release of GEM from the nanoliposome exerted
a synergistic antitumor effect on pancreatic cells. With great
biocompatibility, the melanin-based nanoliposome had been
proven as a desirable nanoplatform for treating pancreatic
cancer.

In our study, novel nanoliposomes co-encapsulated with
GEM, which was a therapeutic agent for advanced pancreatic
cancer, and melanin, which exhibited a photothermal effect
under NIR light, were synthesized. The as-prepared GEM-Mel-
Lip was capable of accumulating into the tumor site selec-
tively owing to the enhanced EPR effect. Aer entering the
tumor cells, melanin in the nanoliposomes converted absorbed
light energy into heat upon NIR laser radiation, which led to
apoptosis and the coagulative necrosis of the tumor cells. In
addition, the phospholipid uidity of GEM-Mel-Lip increased
under hyperthermia generated by the melanin, resulting in the
release of GEM and the following cancer cells killing effect.
GEM-Mel-Lip provided dual-functional treatment combining
chemotherapy and photothermal therapy for pancreatic carci-
noma (Scheme 1).
Fig. 1 Size change of GEM-Mel-Lip during a two-week period.
Results and discussion
Design, synthesis, and characterization of GEM-Mel-Lip

The characterization of the tested nanoliposomes was shown in
Table 1. The diameters of tested nanoliposomes were about
220 nm, which indicated that both melanin and GEM loading
exerted no effect on the size of nanoliposomes. It should be
mentioned that larger particles were more feasible to permeate
into the vessels in tumors than that in normal tissues. The as-
prepared nanoliposomes with sizes of about 220 nm in this
study tend to accumulate in the tumor sites. Both GEM-Lip and
GEM-Mel-Lip achieved high encapsulation efficiency (EE >
80%). The size change of GEM-Mel-Lip over a two-week period
was shown in Fig. 1. It was found that the size remained almost
unchanged during the two-week period, which illustrated the
high stability of GEM-Mel-Lip.
Scheme 1 Schematic of the antitumor effect of the as-synthesized
GEM-Mel-Lip.

This journal is © The Royal Society of Chemistry 2019
The absorption spectra of GEM-Mel-Lip, GEM, and melanin
were presented in Fig. 2. As shown in Fig. 2, melanin exhibited
broad and strong absorption in the NIR region from 300 nm to
900 nm. A broad absorption curve was monitored for GEM-Mel-
Lip, which was attributed to the loading of melanin onto the
nanoliposomes. GEM showed an absorbance spectrum peak at
268 nm. Compared to melanin, GEM-Mel-Lip induced a new
absorbance peak at 268 nm, which corresponded well to that of
GEM, suggesting the successful loading of GEM onto the
nanoliposomes. The above results supported the successful
encapsulation of GEM and melanin onto the nanoliposomes.

The zeta potentials of melanin, blank Lip, and GEM-Mel-Lip
were investigated in this study. According to Fig. 3, melanin was
negatively charged. It was found that blank Lip showed a nega-
tively charged surface, which may be because DSPE-PEG 2000
didn't fully cover the surface of the nanoliposomes. GEM-Mel-
Lip presented a more negative zeta potential, which may due
to the slightly slow diffusion of melanin onto the surface of the
Fig. 2 The UV-vis absorption spectra of GEM-Mel-Lip, GEM, and
melanin.

RSC Adv., 2019, 9, 3012–3019 | 3013
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Fig. 3 Zeta potential of melanin, blank Lip, and GEM-Mel-Lip.
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nanoliposomes. It also proved the successful loading of
melanin.

The TEM images of blank Lip and GEM-Mel-Lip were shown
in Fig. 4. Both represented uniform spherical morphology,
indicating that loading with GEM and Mel in the nano-
liposomes had no signicant inuence on the morphology.

In vitro photothermal properties of the tested nanoliposomes

The photothermal conversion effect of melanin in the NIR range
endowed the GEM-Mel-Lip with higher therapeutic efficiency
compared to GEM-Lip. As shown in Fig. 5, the temperature of
GEM-Mel-Lip could increase up to 58.5 �C within 5 min of NIR
irradiation at a power density of 1.50 W cm�2. No signicant
temperature change was observed in the GEM-Lip group. This
indicated that the presence of melanin could efficiently convert
NIR light into thermal energy. The photothermal transduction
Fig. 4 TEM image of blank Lip (A) and GEM-Mel-Lip (B) (scale bar ¼
200 nm).

Fig. 5 Plot of temperature change of blank Lip, GEM-Lip (GEM
concentration: 20 mg mL�1), Mel-Lip (melanin concentration: 180 mg
mL�1), and GEM-Mel-Lip (GEM concentration: 20 mg mL�1, melanin
concentration: 180 mg mL�1) under NIR irradiation (808 nm) for 5 min
at a power density of 1.50 W cm�2.

3014 | RSC Adv., 2019, 9, 3012–3019
of melanin showed no signicant difference with Mel-Lip or
GEM-Mel-Lip, which meant that encapsulation by nano-
liposomes exerted no effect on the photothermal properties of
melanin. We also compared the photothermal conversion
capabilities of GEM-Mel-Lip with that of Mel-Lip and blank Lip.
It was found that the temperature increase of GEM-Mel-Lip was
much higher than that of blank Lip but showed no signicant
difference fromMel-Lip, suggesting the loading of GEM exerted
no negative inuence on the photothermal conversion effi-
ciency of melanin.
In vitro GEM release proles

GEM release proles of GEM-Lip and GEM-Mel-Lip with or
without NIR treatment were investigated in this study (Fig. 6).
Slow drug release was observed for GEM-Lip and GEM-Mel-Lip
when incubated for 24 h without NIR irradiation, suggesting the
minor drug leakage from both nanoliposomes without the
appropriate stimulating factor. Then, the nanoliposomes were
exposed to NIR irradiation for 5 min. Aer irradiation, the
release prole of GEM-Mel-Lip was distinctively different from
that of GEM-Lip. The released amounts of GEM in GEM-Mel-Lip
reached nearly 80% within 24 h. The rapid release of GEM in
GEM-Mel-Lip under NIR irradiation was probably because the
generated hyperthermia destroyed the structural integrity of
nanoliposomes, which led to the rapid leakage of the loaded
drug. Moreover, the majority of GEM in GEM-Lip still remained
inside the matrix, which suggested that the slower release
prole was due to the lack of a drug release mechanism. It had
been reported that tumor cells should be exposed to
a maximum concentration of the therapeutic agent when
maximum therapeutic effects were expected.32 The rapid release
of GEM-Mel-Lip under NIR irradiation would lead to a high
concentration of GEM accumulating in the tumor sites,
achieving a desirable antitumor effect.
In vitro cytotoxicity and cellular uptake studies

The cytotoxicity to the pancreatic cancer cells of GEM-Lip, Mel-
Lip, and GEM-Mel-Lip with or without NIR irradiation was
evaluated by a typical CCK-8 assay in this study. As is shown in
Fig. 7A, cell viability decreased as the concentration of nano-
liposomes increased. However, without NIR irradiation, all
Fig. 6 Release profiles of GEM from GEM-Lip and GEM-Mel-Lip with
or without NIR treatment (808 nm, 5 min, 1.50 W cm�2).

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Cell cytotoxicity of GEM-Lip, Mel-Lip, GEM-Mel-Lip, and
melanin after co-incubation with BxPC-3 cells for 24 h without (A) and
with (B) NIR irradiation at different concentrations.

Fig. 8 Intracellular uptake profiles of BxPC-3 cells incubated with
GEM-Mel-Lip with or without NIR irradiation (808 nm, 5 min, 1.50 W
cm�2), as observed by CLSM.
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tested nanoliposomes indicated limited cytotoxicity to BxPC-3
cells with more than 70% cell viability even when nano-
liposomes were administered at a concentration of 200 mg
mL�1. The high survival rate in the Mel-Lip group proved that
no photothermal damage occurred in the BxPC-3 cells in the
absence of NIR irradiation. It had been reported that free
melanin exerted hypotoxicity towards cancer cells.33 We also
found that free melanin showedminor toxic effect with elevated
concentration. The encapsulation of melanin in the nano-
liposomes could reduce hypotoxicity. The high cell viability of
Mel-Lip in this study demonstrated that encapsulating melanin
into the nanoliposomes could largely reduce the cytotoxicity of
melanin, which suggested the minor leakage of melanin from
the liposomes. Similar behavior was observed when it came to
GEM-Lip and GEM-Mel-Lip. This suggested that the release of
GEM from the matrix was limited under physiological
conditions.

The cytotoxicity of the tested nanoliposomes under NIR
irradiation was shown in Fig. 7B. The distinctive behavior of
cytotoxicity was described when Mel-Lip and GEM-Mel-Lip were
exposed to NIR irradiation, while the cell viability of the GEM-
Lip group did not experience any signicant change. Fewer
cancer cells incubated with Mel-Lip (<40%) and GEM-Mel-Lip
(<20%) survived when compared with the no NIR irradiation
case. The low survival rate in the Mel-Lip group signied that
the photothermal effect of melanin under NIR irradiation
showed a detrimental effect on BxPC-3 cells. GEM-Mel-Lip
showed higher cytotoxicity than Mel-Lip, indicating that the
loaded GEM from the carrier could be controllably released by
hyperthermia, which was generated by melanin. Therefore, the
combination of GEM and melanin would signicantly improve
the antitumor effect on pancreatic cancer cells.
This journal is © The Royal Society of Chemistry 2019
Cellular uptake studies with or without NIR irradiation were
taken to investigate the targeting capability of GEM-Mel-Lip.
Fig. 8 shows representative photomicrographs of uorescence
images of BxPC-3 cells incubated with GEM-Mel-Lip. Red uo-
rescence was observed in the cytoplasm of the BxPC-3 cells
despite the presence of NIR irradiation, suggesting that GEM-
Mel-Lip had good targeting capability toward pancreatic
cancer cells. Compared to the no NIR group, a higher red
uorescence intensity was observed in the NIR group. The
enhancement of uorescence intensity may be because more
DiO was released from GEM-Mel-Lip owing to the generated
hyperthermia under NIR irradiation. Therefore, GEM-Mel-Lip
could be efficiently endocytosed into BxPC-3 cells, ensuring
high photothermal efficiency and the effective release of loaded
GEM for killing BXPC-3 cells.
In vivo therapeutic efficacy of GEM-Mel-Lip

To assess the antitumor efficacy of GEM-Mel-Lip in vivo, BxPC-3
tumor-bearing mice were randomly separated into 7 groups:
saline (control), GEM-Lip (�NIR), Mel-Lip (�NIR), and GEM-
Mel-Lip (�NIR). Mice were intravenously injected with the
above drug formulations when the tumor volumes reached
�100 mm3. The tumors were irradiated with an 808 nm laser at
1.5 W cm�2 for 5 min (1 min � 5 times, 1 min intervals). The
tumor volume changes of the 7 groups were monitored, and the
weight of each mouse was recorded every three days.

As is shown in Fig. 9A, the tumor volume of the control group
reached 2634 � 336 mm3 aer treatment for 21 days. In the no
NIR irradiation case, a certain tumor inhibition was achieved
for the GEM-Lip (�NIR) group, Mel-Lip (�NIR) group, and
GEM-Mel-Lip (�NIR) group. No signicant differences between
the GEM-Lip (�NIR) group and the GEM-Mel-Lip (�NIR) group
were observed, indicating that the release of GEM in nano-
liposomes was limited owing to the integrity of the structure.
When exposed to NIR irradiation, the tumor volume in GEM-Lip
(+NIR) group was much higher than that in the GEM-Mel-Lip
(+NIR) group, which was about 234 � 132 mm3. The Mel-Lip
(+NIR) group showed a higher tumor inhibition rate than the
Mel-Lip (�NIR) group, which proved the high photothermal
effect on pancreatic cancer cells. The GEM-Mel-Lip (+NIR)
group was much smaller in size than the Mel-Lip (+NIR) group.
The above results proved the advantage of combinational
RSC Adv., 2019, 9, 3012–3019 | 3015
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Fig. 9 In vivo antitumor effects of various treatments on BxPC-3
tumor-bearing mice. (A) Tumor growth curve following different
treatments (n ¼ 5) (B) body weight as a function of days post-treat-
ment for the indicated treatment groups. **P < 0.01.

Fig. 11 H&E staining of the major organs (heart, liver, spleen, lung, and
kidney) of BxPC-3 tumor-bearing nude mice in the control group and
the GEM-Mel-Lip group.

Fig. 12 Hematological assay of BxPC-3 tumor-bearing nude mice
from the control group and the GEM-Mel-Lip group every 1 day, 3
days, 7 days, and 14 days post intravenous injection of GEM-Mel-Lip.
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thermal therapy and chemotherapy over monotherapy, which
relied on single GEM or photothermal therapy.

To further study the antitumor effect of tested nano-
liposomes, H&E staining tests of tumor sections were taken. As
shown in Fig. 10, when compared between the GEM-Lip (�NIR)
group, Mel-Lip (�NIR) group, and GEM-Mel-Lip (�NIR) group,
more deformed nuclei were observed in the H&E-stained tumor
section of the GEM-Mel-Lip (+NIR) group and the Mel-Lip
(+NIR) group. This indicated that hyperthermia generated in
the tumor sites aer NIR irradiation could lead to high
apoptosis and coagulative necrosis of the cancer cells.
In vivo safety of GEM-Mel-Lip

The safety of a promising treatment combined with photo-
thermal therapy and chemotherapy should be evaluated in vivo.
Fig. 10 H&E staining on tumor sections after various treatments. (A)
GEM-Lip (�NIR) group, (B) GEM-Lip (�NIR) group, (C) Mel-Lip (�NIR)
group, (D) Mel-Lip (+NIR) group, (E) GEM-Mel-Lip (�NIR) group, (F)
GEM-Mel-Lip (+NIR) group.

3016 | RSC Adv., 2019, 9, 3012–3019
Fig. 9B showed that the weight of mice in the GEM-Mel-Lip
groups did not bear signicant loss, indicating that GEM-Mel-
Lip exerted no systemic toxicity to BxPC-3 tumor-bearing mice.

H&E staining of the main organs from the GEM-Mel-Lip
group was performed to further detect the toxicity of GEM-
Mel-Lip. As shown in Fig. 11, no irregularities were observed
in the heart, liver, spleen, lung, and kidney tissues. Considering
nanocarriers with sizes of about 200 nm were cleared by liver
and kidney, a high concentration of GEM-Mel-Lip loaded with
chemotherapy agent andmelanin would accumulate in the liver
and kidney. Hepatic and renal function was also inspected by
analyzing the liver functional marker (ALT, AST) and kidney
functional markers (BUN, CR) aer treatment with GEM-Mel-
Lip. It turned out that treatment with GEM-Mel-Lip showed
no damage to the liver or kidney (Fig. 12), suggesting the effi-
cient attenuation of GEM-Mel-Lip to the side effects of chemo-
therapy. In summary, the results above proved that GEM-Mel-
Lip possessed good biocompatibility.
Conclusions

In this study, we successfully designed dual-functional nano-
liposomes (GEM-Mel-Lip) with high photothermal therapy and
chemotherapy efficiency to treat pancreatic cancer, which was
systematically demonstrated both in vitro and in vivo. Besides,
This journal is © The Royal Society of Chemistry 2019
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GEM-Mel-Lip was proven to be highly safe for pancreatic treat-
ment. GEM-Mel-Lip was prepared by encapsulating GEM in the
hydrophobic phase andmelanin in the hydrophilic phase of the
nanoliposomes. Under NIR irradiation, following two aspects of
therapeutic effect worked: (1) hyperthermia generated from
melanin had an antitumor efficacy on the pancreatic tumor
cells, (2) the release of GEM from the nanoliposomes were
controlled and enhanced in the tumor sites via hyperthermia. It
proved to be a desirable strategy against pancreatic carcinoma
through the synergistic effect of the photothermal effect and
combination therapy.

Experimental
Materials

Cholesterol (Chol) was purchased from New Probe (Beijing,
China). 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and 1,2-distearoylsn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethyleneglycol)-2000] (DSPE-PEG2000) were
purchased from Meilun Biotechnology Co., LTD (Dalian,
China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was purchased from Sigma Aldrich (St. Louis,
MO, USA). Melanin and GEM were also purchased from Sigma
Aldrich (St. Louis, Mo, USA). 3,30-Dioctadecyloxacarbocyanine
perchlorate (DiO) was purchased fromHeowns (Tianjin, China).
Cell Counting Kit-8 (CCK-8) was purchased from Dojindo
(Kyushu, Japan). All chemicals mentioned above were of
analytical grade and used without further purication. All other
solvents were of analytical or chromatographic grade.

Preparation of GEM-Lip, Mel-Lip, and GEM-Mel-Lip

The GEM-Mel-Lip was synthesized by the following procedure:
lipid solution was prepared by dissolving a certain amount of
lipid mixture with DPPC, DSPE-mPEG 2000, and cholesterol
(55 : 5 : 40) into 15 mL of trichloromethane. GEM was dissolved
in DMSO solution, and was then mixed with the lipid solution.
The mixture was volatized in a rotary evaporator under reduced
pressure at 60 �C. Melanin solution was prepared by dissolving
melanin granule in 5 mL of ammonium hydroxide. Then, the
obtained lipid lm was hydrated with 5 mL of melanin solution
to prepare the GEM-Mel-Lip by sonication at room temperature.
GEM-Lip and Mel-Lip were prepared in a similar method.
Subsequently, the formed GEM-Lip, Mel-Lip, and GEM-Mel-Lip
were all extruded through 400 nm and 200 nm pore size poly-
carbonate membrane lters at room temperature. Finally,
nanoliposomes with uniform particle size in nanoscale were
achieved.

Characterization of GEM-Mel-Lip

Diameters of blank Lip, GEM-Lip, Mel-Lip, and GEM-Mel-Lip
were measured by dynamic light scattering (DLS) at 25 �C
using a Zetasizer Nano ZS (Malvern Instruments, UK). Poly-
dispersity index (PDI) was calculated using soware. The
stability of GEM-Mel-Lip was also investigated by monitoring
the size change of GEM-Mel-Lip for a two-week period. The UV-
vis spectra and zeta potential of GEM-Mel-Lip were investigated.
This journal is © The Royal Society of Chemistry 2019
The morphology of GEM-Mel-Lip was observed by a trans-
mission electron microscope (TEM, JEM-200CX, Jeol Ltd.,
Tokyo, Japan) aer depositing the nanoliposomes on a carbon-
coated copper mesh grid. The content of GEM in the nano-
liposomes was calculated by UV-vis spectrophotometer at
274 nm. The encapsulation efficiency was calculated from the
following formula: encapsulation efficiency (EE, %)¼ (weight of
drug loaded/total weight of drug put in GEM-Mel-Lip) � 100%

In vitro photothermal properties of the nanoliposomes

The photothermal properties of blank Lip, Melanin, GEM-Lip,
Mel-Lip and GEM-Mel-Lip were investigated by NIR irradia-
tion at 808 nm (1.50 W cm�2). The temperature changes were
recorded every 30 seconds by a thermocouple in vitro.

In vitro GEM release proles

The release proles of GEM from GEM-Mel-Lip with or without
NIR irradiation were evaluated by the dialysis method. Briey,
GEM-Mel-Lip were dispersed in PBS (pH ¼ 7.4) and transferred
to dialysis bags (MWCO: 2000 Da). In the NIR group, GEM-Mel-
Lip was irradiated by an 808 nm laser (1.50 W cm�2) for 5 min
before transferring to dialysis bags. Subsequently, the dialysis
bags were immersed in centrifuge tubes containing 100 mL of
PBS and incubated with continuous stirring for 30 min at 37 �C.
The PBS outside the dialysis bags was replaced with fresh PBS.
The ultraviolet absorption peak wavelength of GEM was
274 nm. The concentration of the released GEM was measured,
and then the release curve was obtained with time as the x-axis.

In vitro cytotoxicity of melanin, GEM-Lip, Mel-Lip, and GEM-
Mel-Lip

The BxPC-3 cell line (human pancreatic cancer) was purchased
from the Shanghai Branch of the Chinese Academy of Sciences
(Shanghai, China) and cultured in RPMI-1640 substrate with
1.5 g L�1 NaHCO3, 2.5 g L�1 glucose and 0.11 g L�1 pyruvate in
a humidied atmosphere of 5% CO2 at 37 �C. To study the
cytotoxicity of Melanin, GEM-Lip, Mel-Lip, and GEM-Mel-Lip,
BxPC-3 cells were rstly inoculated at a density of 5 � 104

cells into a 96-well plate and incubated for 48 h. Subsequently,
tested nanoliposomes with various concentrations were added
immediately to the cells for another 24 h. Cell viabilities were
determined by CCK-8 assay. Five replicates were conducted for
each group. The cytotoxicity of GEM-Lip, Mel-Lip, and GEM-
Mel-Lip was also investigated under NIR irradiation (808 nm,
1.50 W cm�2).

In vitro cellular uptake studies of GEM-Mel-Lip

Proles of cellular uptake of GEM-Mel-Lip were observed using
confocal laser scanning microscopy (DMI 4000B, Leica Micro-
systems, Wetzlar, Germany). BxPC-3 cells were seeded on glass-
bottomed dishes for 24 h to form a conuent monolayer at
37 �C. GEM-Mel-Lip was put in the dishes followed by different
treatments and incubated for another 4 h. Then, the glass-
bottomed dishes were viewed. In our study, DiO, a lipophilic
uorescent dye (Ex 484 nm and Em 501 nm), was entrapped into
RSC Adv., 2019, 9, 3012–3019 | 3017
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lipid bilayers to indicate the localization of the nanoliposomes.
The nuclei of the BxPC-3 cells were stained by blue DAPI (Ex
340 nm and Em 488 nm).

BxPC-3 tumor-bearing mice model

All experiments were in accordance with the National Institute
of Health Guide for the Care and Use of Laboratory Animals and
conducted in line with protocols approved by the Tianjin First
Center Hospital. To establish BxPC-3 tumor-bearing mice
models, 2 � 106 BxPC-3 cells were subcutaneously injected into
the right lateral hind hip of BALB/C nude mice, which were
purchased from Beijing Huafukang Biological Technology Co.
Ltd. The size of the tumor was measured, and the volume of the
tumor was calculated as V ¼ AB2/2, in which A represents the
maximum diameter and B represents the minimum diameter of
the tumor.

In vivo antitumor efficacy of GEM-Mel-Lip

To evaluate the antitumor efficacy of GEM-Mel-Lip, BxPC-3
tumor-bearing mice were treated with saline (control), GEM-
Lip, Mel-Lip, and GEM-Mel-Lip (�NIR) via tail vein injection
when the tumor volume reached�100 mm3 (GEM or equivalent
dosage: 50 mg kg�1 body weight). In NIR groups, the tumor area
was irradiated with a laser (808 nm, 1.50W cm�2, 1 min � 3
times, 1 min interval). Each therapeutic group had four mice.
Tumor size was measured by traceable digital vernier calipers
every 3 days during a treatment cycle for 3 weeks. Subsequently,
the mice were sacriced, and the tumors were excised and
weighed. Body weights of each group of mice were also moni-
tored every 3 days. Finally, the tumor tissues in all of the above
groups were stained by hematoxylin/eosin (H&E) for histopa-
thology analysis.

Safety evaluation of GEM-Mel-Lip

The mice were intravenously injected with saline and GEM-Mel-
Lip. The mice were killed aer 1 day; the blood samples and
major organs (heart, liver, spleen, lung, and kidney) were then
collected. The serum biochemical index included AST, ALT,
BUN, and CR was analyzed with the blood samples. Major
organs were stained by H&E for pathological observation.

Statistical analysis

Data were presented as the mean � standard deviation (SD),
and the resulting values from each experiment were subjected
to the paired two-tailed Student's t-test. The level of signicance
was dened at p < 0.01.

Conflicts of interest

The authors declare no conicts of interest.

Acknowledgements

This work was supported by the Chinese Foundation for
Hepatitis Prevention and Control-TianQing Liver Disease
3018 | RSC Adv., 2019, 9, 3012–3019
Research Foundation [grant number TQGB20170123] and the
Tianjin Clinical Research Center for the Organ Transplantation
Project [grant number 15ZXLCSY00070].

References

1 J. P. Neoptolemos, D. H. Palmer, P. Ghaneh, E. E. Psarelli,
J. W. Valle, P. Hammel, T. Hackert, R. Jackson and
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