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Antilung cancer effect of ergosterol and cisplatin-
loaded liposomes modified with cyclic arginine-
glycine-aspartic acid and octa-arginine peptides
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Abstract
Background: Lung cancer is one of the most important diseases threatening human health, and targeted therapy has become the
main research direction. This work, therefore, aimed to develop cyclic arginine-glycine-aspartic (RGD) and octa-arginine (R8) peptide-
modified ergosterol (ERG)-combined cisplatin (diamminedichloridoplatinum(II) [DDP]) liposomes (LIP) as a drug delivery system.

Methods:Soybean phospholipids (SPC) and cholesterol (Chol) were selected to prepare different LIPs: ERG-loaded LIP (ERG-LIP),
DDP and ERG-LIP (DDP/ERG-LIP), R8 peptide-modified DDP and ERG-LIP (R8-DDP/ERG-LIP), and cyclic RGD and R8-DDP/ERG-
LIP (RGD/R8-DDP/ERG-LIP). The quality, tumor sphere penetrating ability, in vitro cellular uptake, mechanism of cellular uptake, and
in vitro cytotoxicity of RGD/R8-DDP/ERG-LIP were evaluated.

Results: The LIP quality evaluation revealed that RGD/R8-DDP/ERG-LIP is round with a double-layer structure. The average
particle size, dispersion coefficient of the polydispersity index (PDI), and zeta potential of RGD/R8-DDP/ERG-LIP were 155.2±8.7
nm, 0.102, and 4.74±0.7mV, respectively. Furthermore, the LIPs were stable in the serum, and obviously inhibited the growth of
A549 lung cancer cells with RGD/R8-DDP/ERG-LIP exhibiting the strongest inhibitory effect. The highest cellular uptake rate, which
was at 4hours, was exhibited by RGD/R8-DDP/ERG-LIP in a concentration-dependent manner.

Conclusion: The results showed that LIP uptake by A549 cells was mainly by the clathrin-mediated endocytosis pathway
(chlorpromazine). The results also suggest that RGD/R8-DDP/ERG-LIP might be a promising drug delivery system to improve
antilung cancer drug effect and tumor-targeting in vitro.

Abbreviations: ANOVA = analysis of variance, BFGF = basic fibroblast growth factor, Chol = cholesterol, DAPI = 40,6-diamidino-
2-phenylindole, DDP = cisplatin (diamminedichloridoplatinum(II)), DL = drug load, DSPE = 1,2-Distearoyl-sn-glycero-3-
phosphoethanolamine, EE = encapsulation efficienc, EGF = epidermal growth factor, EPR = enhanced permeability and retention,
ERG = ergosterol, FITC = fluorescein isothiocyanate, LIP = liposomes, MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, NSCLC = nonsmall cell lung cancer, OD = absorbance value (optical density), PBS = phosphate-buffered saline, PDI =
polydispersity index, PEG = poly ethylene glycol, R8 = octa-arginine, RGD = cyclic arginine-glycine-aspartic, RPMI = Roswell Park
Memorial Institute, SD = standard deviation, SPC = soybean phospholipids.
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1. Introduction wall, incomplete structure, and lack of lymphatic drainage in the
Malignant tumor is one of the most important diseases
threatening human health. The wide gap between the vessel
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tumor tissue cause large molecular substances and nano-drug
delivery systems in the tumor site to exhibit a strong enhanced
permeability and retention (EPR) effect.[1–3] Studies have
exploited this feature of the tumor tissue by encapsulating drugs
in microparticle carriers, which effectively target the tumor site to
induce therapeutic effect via the EPR effect.[4–6]

Recently, medicinal fungi have shown promise in the treatment
of nonsmall cell lung cancer (NSCLC) with a reliable curative
effect.[7–9] Ergosterol (ERG) is one of the triterpene constituents
of Taiwan’s unique Antrodia camphorata formulation. The
antitumor activity of ERGwas first reported in 1994.[10] In 2003,
a study showed that ERG in yeast has a strong inhibitory effect on
the growth of breast cancer cells in vitro.[11] Lin et al[12] found
that ERG combined with amphotericin B can effectively induce
necrosis of human hepatoma cells. Currently, the antilung cancer
effect of ERG has not been reported. Cisplatin (DDP) is the most
commonly used drug to treat lung cancer; a combination of DDP
and ERG can be used to achieve an improved therapeutic effect.
Liposomes have good biocompatibility and targeting and can be

used as a delivery vehicle for various types of drugs.[13–16]

Furthermore, liposomes can simultaneously load lipophilic (ERG)
and hydrophilic (DDP) drugs.[17–19] Liposomes are easily
eliminated from the body, and polyethylene glycol (PEG)-modified
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liposomes can increase the circulation time in vivo, leading to a
high accumulation in the tumor tissue.[20,21]

The transmembrane peptides can efficiently transport proteins,
nucleic acids, and nanomaterials into the cell.[22] Typical
transmembrane peptides include TAT (AYGRKKRRQRRR)
and octa-arginine (R8, RRRRRRRR). However, the membrane
peptides generally lack tissue selectivity. In addition, TAT and R8
are positively charged and can combine with the plasma proteins
to reduce their stability. These properties significantly limit the
applicability of transmembrane peptides in vivo.[23] Integrin is a
class of cell adhesion receptor molecule that is widely expressed
on the surface of nuclear cells. Integrin avb3 is highly expressed
in glioma, melanoma, and lung cancer cells, as well as tumor-
associated endothelial cells. Therefore, integrin avb3 is frequent-
ly used for targeting specific tumors.[24,25] A study showed that
tripeptide sequences of arginine-glycine-aspartic acid (Arg-Gly-
Asp, RGD) can specifically recognize integrins containing av
subunit with high affinity.[26] The introduction of cyclic RGD
peptide effectively avoids the drawbacks of the R8 peptide.
In this study, an ERG-loaded liposome (ERG-LIP) was prepared

by thefilmdispersionmethod, and the entrapment efficiency of ERG
was used as the evaluation index. Subsequently,DDPwas combined
with the ERG liposome, and DDP was encapsulated by the
ammonium chloride gradient method. The entrapment efficiency of
DDPwas used as the evaluation index. 1,2-Distearoyl-sn-glycero-3-
phosphoethanolamine-conjugated PEG3400 (DSPE-PEG3400-c,
RGDfk) and DSPE-PEG1000-R8 were embedded into DDP and
ERG-LIP (DDP/ERG-LIP) membranes by the post-insertion
method. Further, cyclic RGD and R8 peptide-modified ERG-
DDP-LIP (RGD/R8-DDP/ERG-LIP) was prepared.
In this study, RGD/R8-DDP/ERG-LIP was characterized for

morphology, particle size distribution, and zeta potential. The
serum stability, tumor penetrability, in vitro cytotoxicity, uptake
by A549, and the mechanism of uptake were also investigated.

2. Methods

2.1. Materials and cells

A549 human NSCLC cells were purchased from the Shanghai
Institutes for Biological Sciences, Chinese Academy of Sciences.
The reference standards of ERG and DDP were purchased from
the National Institutes for Food and Drug Control. Furthermore,
ERG, DDP, and fluorescein isothiocyanate (FITC) were pur-
chased from Sigma-Aldrich Corporation, St. Louis. Soybean
phospholipids were purchased from the Shanghai Aladdin
Biochemical Technology Co., Ltd, Shanghai, China Injections
of high-purity cholesterol was purchased from the Shanghai
Yiweite Pharmaceutical Technology Co., Ltd, Shanghai, China
DSPE-PEG3400-COOH and DSPE-PEG1000-COOH were pur-
chased from the US Nanocs Inc., New York. The polycarbonate
track-etched membrane was purchased from Whatman, UK.
PEG400 used was of pharmaceutical grade, and it was purchased
from the American DOW Chemical company. All other
chemicals were of reagent grade.
The study protocol was approved by the institutional review

board of Zhejiang Chinese Medical University. All of the
procedures were performed in accordance with the Declaration
of Helsinki and relevant policies in China.

2.2. Preparation of RGD/R8-DDP/ERG-LIP

First, we used a membrane dispersion method to prepare the ERG-
LIP.[27] Soybean phospholipids (SPC), cholesterol (Chole), and ERG
2

were completely dissolved in chloroform, and thenplaced in a rotary
evaporator at 40 °C water bath, and 300 mmolL�1 ammonium
chloride was added to the horizontal rocking bed at 25 °C for 30
minutes. After hydration, the membranes were removed by
ultrasound. The probe was subjected to ultrasonography for 20
minutes.Weused0.8, 0.45, and0.22mmfilters forfiltration. Finally,
the samplewas extruded through a polycarbonatemembrane (0.1m
m) at high pressure. As DDP is weakly alkaline, we used the
ammoniumchloride gradientmethod toprepare theDDP/ERG-LIP.
To the prepared ERG-LIP solution, DDP solution was added and
incubated at 50°C for 10minutes. Subsequently, using the post-
insertion method,[28] R8-DDP/ERG-LIP, RGD-DDP/ERG-LIP, and
RGD/R8-DDP/ERG-LIP were prepared by incubating DDP/ERG-
LIP with the modified peptides for 1hour in a 55°C water bath. In
addition, the FITC-labeled LIPwas prepared by adding appropriate
amount of FITC methanol solution to the lipid material to form a
thin film by rotary evaporation.
2.3. Characterization of RGD/R8-DDP/ERG-LIP

The characteristic shape of DDP/ERG-LIP, RGD-DDP/ERG-LIP,
R8-DDP/ERG-LIP, and RGD/R8-DDP/ERG-LIP were deter-
mined by transmission electron microscopy (TEM). The particle
distribution and zeta potential of samples diluted 20 times were
measured using a laser particle size analyzer/zeta potentiometer.
The serum stability of DDP/ERG-LIP and RGD/R8-DDP/ERG-
LIP was investigated to simulate in vivo conditions.
2.4. Tumor sphere penetrability

In vivo tumor tissue is composed of multiple layers of cells, and
therefore, we examined the tumor sphere penetrability of RGD/
R8-DDP/ERG-LIP under different pH conditions to simulate the
in vivo microenvironment. Furthermore, 20mgmL�1 B27 serum-
free medium, 20ngmL�1 epidermal growth factor (EGF), and
basic fibroblast growth factor (bFGF) were added to the culture
medium, half of which was changed every 3 days. A mixed
solution of RGD/R8-DDP/ERG-LIP and culture medium at pH
6.0 and 7.4 was added to six-well plates and incubated with
tumor spheres for 2h. The tumor spheres were aspirated,
collected by centrifugation, rinsed thrice with phosphate-buffered
saline (PBS), and then Lyso-Tracker Red was added to a final
concentration of 1mg mL�1, followed by incubation for 30
minutes. The culture medium was discarded, and then the cells
were rinsed thrice with PBS, and then fixed with 4%
paraformaldehyde for 30minutes. Subsequently, the supernatant
was discarded after centrifugation, the cells were rinsed thrice
with PBS, stained with 1mgmL�1 40,6-diamidino-2-phenylindole
(DAPI) solution for 5minutes, the supernatant was discarded,
and the spheres were rinsed thrice with PBS. The tumor spheres
were plated on polylysine-treated slides and blocked with 10%
glycerol-PBS. The penetrability of RGD/R8-DDP/ERG-LIP was
observed using an FV1000 confocal laser scanning microscope.
2.5. In vitro cellular uptake

The cellular uptake rate of liposomes at different concentrations
was determined at varying times by flow cytometry with laser
confocal microscopy. Quantitatively prepared FITC-labeled
DDP/ERG-LIP, RGD-DDP/ERG-LIP, R8-DDP/ERG-LIP, and
RGD/R8-DDP/ERG-LIP samples were mixed with Roswell Park
Memorial Institute (RPMI) 1640 culture medium at pH 7.4.
A549 cells were seeded in six-well plates containing mediumwith
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10% serum and incubated at 37°C in a 5% CO2 incubator until
cell fusion reached approximately 80%. After aspirating the
culture medium, DDP/ERG-LIP, RGD-DDP/ERG-LIP, R8-DDP/
ERG-LIP, and RGD/R8-DDP/ERG-LIP with different concen-
trations were added, followed by incubation for 2hours, and then
the culture medium was aspirated, the cells were rinsed thrice
with PBS, and digested with trypsin. After centrifugation, the cells
were resuspended in 0.5mL PBS. The uptake intensity of RGD/
R8-DDP/ERG-LIP at different concentrations was determined by
BD flow cytometry. The same method was repeated at different
time points: 0, 30, 60, 90, 120, 150, 180, 210, and 240minutes.
The uptake intensity of RGD/R8-DDP/ERG-LIP at different time
points was determined by BD flow cytometry.
A549 cells were seeded in small, specific dishes of diameter of

35mm containing medium with 10% serum for laser confocal
microscopy and incubated in 37 °C in a 5% CO2 incubator until
cell fusion reached approximately 80%. After aspirating the
culture medium, 128-fold diluted DDP/ERG-LIP, RGD-DDP/
ERG-LIP, R8-DDP/ERG-LIP, and RGD/R8-DDP/ERG-LIP sam-
ples were added. After 2hours, the culturemediumwas aspirated,
the cells were rinsed thrice with PBS, and then Lyso-Tracker Red
was added to a final concentration of 1mgmL�1. After incubating
the cells for 30min, the culture medium was discarded, the cells
were rinsed thrice with PBS, 4% paraformaldehyde was added,
and incubated for 30min. Subsequently, the cells were rinsed
thrice with PBS and stained with 1mgmL�1 DAPI solution for 5
minutes. Finally, the cells were rinsed thrice with PBS and the
infiltrating cells were collected with 600mL of PBS. The uptake of
DDP/ERG-LIP, RGD-DDP/ERG-LIP, R8-DDP/ERG-LIP, and
RGD/R8-DDP/ERG-LIP was observed using an FV1000 laser
confocal microscope.
2.6. Mechanism of cellular uptake

A549 cells were seeded in six-well plates containing medium
with 10% serum and incubated at 37 °C in a 5% CO2 incubator
until cell fusion reached approximately 80%. Subsequently,
500mgmL�1 of cellular uptake inhibitors chlorpromazine
hydrochloride (clathrin-mediated endocytosis pathway inhibi-
tor), clozapine (caveolin-mediated endocytosis pathway inhibi-
tor), colchicine (macropinocytosis inhibitor), and sodium azide
(energy-dependent endocytosis pathway inhibitor) were incu-
bated with A549 cells for 30minutes, followed by the addition
of RGD/R8-DDP/ERG-LIP. After 2hours, the culture medium
was aspirated, the cells were rinsed thrice with PBS, and
digested with trypsin. After centrifugation, the cells were
resuspended in 0.5mL of PBS, and the uptake of RGD/R8-DDP/
ERG-LIP by A549 cells was detected in the presence of various
inhibitors by flow cytometry. Furthermore, the uptake mecha-
nism was investigated.
2.7. In vitro cytotoxicity assay

The cytotoxicity of DDP/ERG-LIP, RGD-DDP/ERG-LIP, R8-
DDP/ERG-LIP, and RGD/R8-DDP/ERG-LIP was tested on A549
cells by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Each well of the 96-well plates containing
medium with 10% serum was seeded with 104 cells in the
logarithmic growth phase and incubated at 37 °C in a 5% CO2

incubator. When the cells had fused to 80%, they were treated
with various concentrations of DDP/ERG-LIP, RGD-DDP/ERG-
LIP, R8-DDP/ERG-LIP, and RGD/R8-DDP/ERG-LIP. Five wells
were allocated for each concentration, and the MTT assay was
3

performed at 2 and 24hours after treatment by the addition of 5
mgmL�1 MTT solution to each well, followed by incubation for
4hours at 37°C in a 5% CO2 incubator. The absorbance value
(optical density [OD]) of each well was measured at 492nm using
a microplate reader.
2.8. Statistical analyses

All experiments were performed in triplicates, and the data are
expressed as mean ± standard deviation (SD). The statistical
analysis of the differences between treatments was performed by
the student’s t-test for pairs of groups and one-way analysis of
variance (ANOVA) for multiple groups. All statistical analyses
were carried out using the statistical package for the social
sciences (SPSS) software (v17.0, Chicago, IL). Furthermore, the
results with P values < .05 and < .01 were considered significant
and very significant, respectively.
3. Results

3.1. Preparation of RGD/R8-DDP/ERG-LIP

Figure 1 is a schematic diagram of the synthesis of various LIPs.
The conditions for the optimal preparation of ERG-LIP were:
SPC and Chol molar ratio, 5:1; ERG drug load (DL), 10%; and
probe ultrasound time, 20minutes. The percent DL (DL%) and
the encapsulation efficiency (EE%) of ERG were 10±1.26% and
90.49±1.98%, respectively.
The conditions for the optimal preparation of DDP/ERG-LIP

were: DDP, 0.150mgmL�1; incubation temperature, and 50°C,
and incubation time, 10minutes. The DL% and EE% of DDP
were 2.44±0.54% and 52.24±1.83%, respectively.
DDP and ERG were loaded in the internal aqueous phase and

lipid bilayer of liposomes, respectively. Based on that of DDP/
ERG-LIP, R8-DDP/ERG-LIP was prepared with SPC, Chole,
and DSPE-PEG1000-R8 at a molar ratio of 5:1:0.07. RGD-
DDP/ERG-LIP was prepared with SPC, Chole, and DSPE-
PEG3400-c(RGDfk) at a molar ratio of 5:1:0.07. Further, RGD/
R8-DDP/ERG-LIP was prepared using SPC, Chole, DSPE-
PEG1000-R8, and DSPE-PEG3400-c(RGDfk) at a molar ratio
of 5:1:0.07:0.07.

3.2. Characterization of RGD/R8-DDP/ERG-LIP

RGD/R8-DDP/ERG-LIP was obtained as a milky white solid
with uniform color. The results of microscopy are presented in
Figure 2A. Morphologically, the LIPs were round, with a double-
layer structure, and uniform particle size distribution. The
average particle size, polydispersity index (PDI), and zeta
potential of DDP/ERG-LIP were 153.4±5.3nm, 0.156, and
�10.9±0.4mV, respectively, whereas, the corresponding values
for RGD-DDP/ERG-LIP were 156.7±7.5nm, 0.164 (< 0.3), and
�1.29±0.2mV, respectively. The average particle size, PDI, and
zeta potential of R8-DDP/ERG-LIP were 154.3±9.8nm, 0.178
(< 0.3), and 0.661±0.08mV, respectively, whereas, those of
RGD/R8-DDP/ERG-LIP were 155.2±8.7nm, 0.102 (< 0.3), and
4.74±0.7mV, respectively (Fig. 2B and C). The results showed
that the particle size distribution of each liposome was
concentrated. To investigate the stability of the LIPs in a
simulated in vivo environment, their serum stability was
determined. The LIPs were incubated with fetal bovine serum
for 0.5, 1, 2, 4, 8 and 24hours and the particle size and zeta
potential were measured to investigate their serum stability.
Fig. 2D shows that the particle size of the LIPs was approximately
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Figure 1. Schematic representation of the synthesis of various liposomes (LIPs). LIPs= liposomes.

Figure 2. Characterization of liposomes (LIPs). (A) Transmission electron microscopic (TEM) image of LIPs. (B). Size distribution of LIPs. (C) Zeta potential of LIPs.
(D) Serological stability of LIPs. The LIPs were incubated with fetal bovine serum for 0.5, 1, 2, 4, 8, and 24hours. LIPs= liposomes, TEM= transmission electron
microscopic.

Wu et al. Medicine (2018) 97:33 Medicine
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Figure 3. Confocal microscopy imaging results. (A) Schematic representation of the fusion of cyclic arginine-glycine-aspartic (RGD) and octa-arginine (R8) peptide-
modified ergosterol (ERG)-combined cisplatin (diamminedichloridoplatinum(II) [DDP]) targeting liposome (LIP, RGD/R8-DDP/ERG-LIP) with A549 tumor cells under
different pH conditions. (B) Confocal imaging of co-localized RGD/R8-DDP/ERG-LIP, cell nuclei, and lysosomes under different pH conditions. The cell nuclei were
stained with nuclear-specific dye 40,6-diamidino-2-phenylindole (DAPI), RGD/R8-DDP/ERG-LIP was labeled with fluorescein isothiocyanate (FITC), and lysosomes
were labeled with Lyso-Tracker Red (blue, green, and red fluorescence, respectively). DAPI=40,6- diamidino-2-phenylindole, DDP=cisplatin (diamminedi-
chloridoplatinum(II)), ERG=ergosterol , FITC=fluorescein isothiocyanate, LIPs= liposomes.

Wu et al. Medicine (2018) 97:33 www.md-journal.com
140nm at different time points and that the LIPs remained stable.
The results indicate that RGD/R8-DDP/ERG-LIP had good
serum stability.

3.3. RGD/R8-DDP/ERG-LIP has enhanced tumor cell
penetration

The pH of RGD/R8-DDP/ERG-LIP determined using an acidity
meter was 6.64. Figure 3 shows that the penetrability of the
tumor sphere was significantly pH-dependent. The treatment
with RGD/R8-DDP/ERG-LIP for 2hours significantly enhanced
the tumor cell penetration at pH 6.0 compared with that at pH
7.4. Furthermore, RGD/R8-DDP/ERG-LIP and the lysosomes
were markedly co-localized in treated cells. The color of the
lysosomes changed from red to orange, indicating that RGD/R8-
DDP/ERG-LIPs were specifically distributed in lysosomes during
cell incubation.

3.4. In vitro cellular uptake of the prepared LIPs is
affected by LIP concentrations and incubation times

The cellular uptake rate of LIPs was determined by flow
cytometry and observed by laser confocal microscopy at different
5

LIP concentrations and uptake times. The results shown in
Figure 4A indicate that the uptake fluorescent intensity of RGD/
R8-DDP/ERG-LIP was significantly higher than that of both
DDP/ERG-LIP and RGD-DDP/ERG-LIP when the concentration
of ERG + DDP was 1.09±1.08mgmL�1 (P< .01). Furthermore,
the uptake fluorescent intensity of RGD/R8-DDP/ERG-LIP was
significantly higher than that of DDP/ERG-LIP when the
concentration of ERG + DDP was 2.19+2.16mgmL�1 and
1.46+1.44mgmL�1 (P< .01). Figure 4B shows that the uptake
rate of RGD/R8-DDP/ERG-LIP at all other time points was
significantly lower than that at 4hours (P< .01). The results of
the confocal laser scanning microscopy were consistent with the
flow cytometry data. As shown in Figure 4C, the FITC
fluorescence intensity of RGD/R8-DDP/ERG-LIP was higher
than that of DDP/ERG-LIP, R8-DDP/ERG-LIP, and RGD-DDP/
ERG-LIP.

3.5. Cellular uptake of the prepared LIPs occurs via
various routes

The LIP uptake rate of each group is shown in Figure 5A. The
results showed that when the concentration was 40mgmL�1, the
4 cellular uptake inhibitors could significantly reduce the uptake

http://www.md-journal.com


Figure 4. In vitro cellular uptake. (A). Cellular uptake of liposomes (LIPs) at different concentrations.
∗∗
P< .01, compared with cyclic arginine-glycine-aspartic (RGD)

and octaarginine (R8) peptide-modified ergosterol (ERG)-combined cisplatin (diamminedichloridoplatinum(II) [DDP]) targeting liposome (RGD/R8-DDP/ERG-LIP,
(2.19+2.16mgmL�1); DDP < .01, compared with RGD/R8-DDP/ERG-LIP (1.46+1.44mgmL�1); and ##P< .01, compared with RGD/R8-DDP/ERG-LIP (1.09+
1.08mgmL�1) (n=3). (B) Cellular uptake of RGD/R8-DDP/ERG-LIP at different times. ##P< .01 (n=3), compared with cell uptake time of 240minutes. (C) Cellular
uptake was observed by confocal laser scanning microscopy. DDP=cisplatin (diamminedichloridoplatinum(II)), ERG=ergosterol , LIPs= liposomes, RGD=cyclic
arginine-glycine-aspartic.
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rate of RGD/R8-DDP/ERG-LIP compared with that of the
negative control group. Among them, chlorpromazine hydro-
chloride presented the highest inhibition rate on liposome uptake
(down to 40%). The high concentration of inhibitors used might
have inhibited cell proliferation, resulting in changes in the cell
membrane permeability, which likely affected the uptake rate. To
eliminate this interference, the MTT test was performed using
various concentrations of uptake inhibitors (Fig. 5B). The results
Figure 5. Mechanism of cellular uptake. (A) Flow cytometry results with differen
Inhibitor concentration, 40mgmL�1; ##P< .01 (n=3), compared with chlorproma
(incubation time 30minutes).

6

showed that chlorpromazine hydrochloride and clozapine at a
concentration of 250 and 100mgmL�1 potently inhibited cell
proliferation, whereas the inhibition of various other groups
treated with different concentrations was low. The inhibitors at a
concentration of 40mgmL�1 did not inhibit cell proliferation,
and therefore, antiproliferation effect had no role in the uptake of
LIP by A549 cells. Therefore, when comparing the data in
Fig. 5A, the concentration of inhibitors (40mgmL�1) resulting in
t cellular uptake inhibitors.
∗∗
P< .01 (n=3), compared with negative control.

zine hydrochloride. (B) In vitro cytotoxicity of different cellular uptake inhibitors



Figure 6. In vitro cytotoxicity assay. In vitro cytotoxicity of liposomes (LIPs) at (a) 2hours and (b) 24hours. LIPs= liposomes.
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a high cell viability was selected as the reference to identify the
uptake mechanism that was dominant. Based on the above
results, RGD/R8-DDP/ERG-LIP can be introduced into the cell
via a variety of routes.

3.6. R8-DDP/ERG-LIP and RGD/R8-DDP/ERG-LIP have
high antiproliferation activity

Following a 2-h treatment, the tumor cell proliferation inhibition
rate of R8-DDP/ERG-LIP and RGD/R8-DDP/ERG-LIP was
higher than those of DDP/ERG-LIP and RGD-DDP/ERG-LIP
when the concentration of ERG+DDPwas 70.05+69.10, 35.03+
34.55, 17.51+17.28, 8.76+8.64, and 4.38+4.32mgmL�1

(Fig. 6A).When the timewas prolonged to 24hours, the inhibition
rate of each group showed almost no difference when the
concentration of ERG + DDP was 70.05+69.10, 35.03+34.55,
and 17.51+17.28mgmL�1, which was above 90% (Fig. 6B).
When the concentration of ERG+DDPwas 8.76+8.64 and 4.38+
4.32mgmL�1, the inhibition rate was the same as that at 2hours.
The results showed that the transmembrane peptide R8 efficiently
mediated the release of ERG and DDP by co-modified LIPs into
cells, thus achieving a high proliferation inhibition rate.

4. Discussion

Lung cancer is one of the most malignant tumors with the highest
morbidity and mortality worldwide, and NSCLC is the most
common subtype.[29] Owing to their strong anticancer activity,
platinum drugs have become the most important class of drugs
for the treatment of malignant tumor.[30] Statistics indicate that
70%–80% of the drugs used for single combination chemother-
apy of malignant tumors are platinum based.[31] Although
platinum-based anticancer drugs have achieved great success,
there are many obstacles to their clinical applications, such as low
targeting ability, low side effect threshold, and drug resistance.[32]

Furthermore, we found that the alcohol extracts of Antrodia
camphorata showed good inhibitory effects on the proliferation
of A549 cells [Supplementary Material: Figure S1, http://links.
lww.com/MD/C405]. The alcohol extracts were separated to
identify the components and their effects. The results showed that
the ERG component strongly inhibited the proliferation of A549
cells. Therefore, we considered that the combination of DDP and
ERG would exhibit enhanced antiproliferative effects. We then
formulated a targeting LIP drug delivery system with cyclic RGD
and R8 peptide modifications to achieve collaborative delivery
and reduce the toxicity of DDP.
The in vitro serum stability test showed that RGD/R8-DDP/

ERG-LIP was stable for 24hours. The mixture of LIP and serum
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exhibited good stability, mainly because the PEG content shielded
the positive charge of membrane peptide R8, reduced the plasma
protein level, and improved the stability. These findings lay a
foundation for further research on in vivo and in vitro drug
targeting. Furthermore, the stability of LIP requires follow-up
investigations for longer time points to ensure the quality of the
prepared LIP.
Tumor tissues consist of multilayer cells in vivo, and to

simulate this microenvironment to evaluate the effect of the
formulations, the penetrability of RGD/R8-DDP/ERG-LIP across
tumor spheres was investigated in different pHmedia. The tumor
sites are generally acidic, and the results showed that the
penetrability was significantly enhanced at pH 6 (Fig. 3), which
further indicated the adequate targeting of RGD/R8-DDP/ERG-
LIP.Moreover, the staining analysis revealed that lysosomes were
co-localized with RGD/R8-DDP/ERG-LIP, which confirmed the
hypothesis that the drug is released in these digestive organelles
following the degradation of lipid matrix.
In addition, transmembrane peptide-mediated LIP delivery has

a variety of endocytosis pathways including energy-dependent
endocytosis, charge-dependent endocytosis, macropinocytosis,
clathrin-mediated endocytosis, and caveolin-mediated endocyto-
sis pathways.[33–35] However, sodium azide and colchicine
induced no change in cell viability (Fig. 5B) at concentrations
of 40, 100, and 250mgmL�1, but the liposome uptake still
increased with concentration. Therefore, considering the data in
Fig. 5A, cell uptake inhibitors were incubated for 30minutes and
RGD/R8-DDP/ERG-LIP was incubated for 2hours. However,
the cell uptake inhibitor was incubated for 30minutes in theMTT
assay (Fig. 5B). We conjecture that the proliferation inhibition
effect of sodium azide and colchicine at 30minutes was not
obvious, but after 2hours of incubation (although there was
RGD/R8-DDP/ERG-LIP), the inhibition of cell proliferation
increased. Alternatively, RGD/R8-DDP/ERG-LIP, sodium azide,
and colchicine might affect cell uptake via another mechanism,
which needs further exploration.
The aim of this study was to develop a cyclic RGD/R8-DDP/

ERG-LIP drug delivery system with a strong inhibitory effect on
tumor cell proliferation, cell uptake abilities, and tumor tissue
penetrability. The results suggest that RGD/R8-DDP/ERG-LIP
might be a promising drug delivery system as it exhibited certain
degree of in vitro targeting. Furthermore, it can improve antilung
cancer effect and tumor targeting properties of drugs in vitro.
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