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Abstract: Prostate cancer (PCa) is a leading cause of cancer-related deaths among men. The anthracycline doxoru-
bicin (DOX) is used for the treatment of this disease, but its considerable side effects and non-selectivity are major
drawbacks. Simvastatin (Sim), a lipid-lowering agent, holds great promise as a cancer therapeutic, and thus could
be used in combination with DOX. Targeted drug-loaded nano-carriers with antibodies for receptors that are overex-
pressed on tumor cells are promising strategies for decreasing toxicity to normal tissues and enhancing the efficacy
of chemotherapies in cancer treatment. Specifically, human epidermal growth factor 2 is overexpressed and consti-
tutively activated in the PC-3 cell line. Within this context, we designed a co-delivery system coated with Herceptin
for PCa, performed physicochemical characterizations, and tested the formulations for cytotoxicity and uptake. The
targeted liposomes had a mean particle size of 134 nm, and the drug encapsulation efficiency of both Sim and DOX
were greater than 80%. We discovered that the drug combination led to the strong inhibition of PCa both in vitro and
in vivo, with inhibitory rates of tumor volumes corresponding to 80.36% and 68.77% of Herceptin-coated liposomes
and non-targeted liposomes, respectively. We also found that the anti-tumor mechanisms of the DOX and Sim com-
bination were possibly attributed to synergistic anti-angiogenesis. These results reveal that Herceptin-conjugated
liposomes co-loaded with DOX and Sim are a potential novel therapeutic strategy for overcoming PCa.
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Introduction tion-resistant and metastatic PCa, the effec-
tiveness of normal therapies is limited.

Prostate cancer (PCa) is a complex and mul-
tifactorial disease, and its occurrence increas-
es rapidly with age [1, 2]. It is the second most
recurrently diagnosed cancer and a leading
cause of cancer-related deaths among males
worldwide [3]. PCa can be treated by various
therapies, such as radiotherapy and/or prosta-
tectomy, which have led to major advances in
the control of localized and early-stage disease
[4-6]. In addition, androgen suppression is a
well-established treatment for metastatic PCa
[7]. However, patients not cured by these thera-
pies will ultimately develop resistance, result-
ing in the development of castration-resistant

In such a situation, chemotherapeutics, one of
the most important cancer treatments, gener-
ally includes docetaxel, enzalutamide, abria-
terone, and sipuleucel [10]. Nonetheless, these
survival-enhancing drugs only slightly extend
the life span, as they are often restricted by
serious adverse effects or lack of efficacy.
Moreover, PCa is moderately resistant to cyto-
toxic therapy, possibly by limiting the drug con-
centration in cancer cells. Accordingly, novel
drugs and drug delivery systems are necessary
for patients with advanced castration-resistant
PCa [11].

and highly aggressive PCa [8]. Castration-re-
sistant PCa usually has a poor prognosis with a
median survival of 9-30 months [9]. For castra-

Recent studies have shown that Simvastatin
(Sim), a lipid-lowering agent, can affect cancer
cell survival and inhibit the growth of multiple
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solid tumors, such as breast, colon, lung, ovar-
ian, and prostate cancers, as well as blood can-
cer, including leukemia [12, 13]. In line with
these retrospective studies, Sim was shown to
have good potential as a PCa therapeutic [14].
However, the mechanisms of its anticancer
effect remain unclear. Some previous studies
have reported that statins arrest the cell cycle,
induce apoptosis, inhibit tumor metastasis [15,
16], and decrease intracellular cholesterol lev-
els in androgen-independent PCa cells [17]. In
this study, we determined whether the new
combination therapy of statins and DOX altered
the expression of vascular endothelial growth
factor (VEGF) and cluster of differentiation 31
(CD-31) in the PC-3 PCa cell line. The key obsta-
cle to achieving the ideal therapeutic effects of
conventional chemotherapy is the lack of tar-
geted drug delivery to cancers, as drugs cannot
be effective until they are delivered to the tar-
get site. In this context, nanotechnology, (e.g.,
nanoparticles and liposomes) has emerged as
a novel approach for delivering drugs to select-
ed cells [18]. Although nanoparticles have the
potential to improve the diagnosis and thera-
peutic efficacy of anticancer agents [19], after
surveying the literature from the past 10
years, a survey review showed that only 0.7%
(median data) of the nanoparticle dose was
delivered to the targeted solid tumors [20]. This
drawback may contribute to the low enhanced
permeation and retention effects in human
tumors, and passive targeting cannot achieve
ideal effects. However, these hurdles could be
circumvented through surface modification
with ligands that target the cancer cells by
active targeting [21]. Among the different kinds
of targeting ligands, antibodies are one of the
most efficacious moieties for specificity and
variability.

A prior investigation reported higher expression
levels of the human epidermal growth factor
receptor-2 (HER-2) in some cancers, including
PCa, which were significantly less expressed in
normal tissue [22]. Herceptin, a recombinant
humanized monoclonal antibody, can target
cellular drug delivery as a homing ligand by
binding to the HER-2 receptor [23], thereby
serving as an important target for antibody-
drug-conjugated therapy [24], as well as immu-
noliposomes [25] and chemo-photothermal
therapy [26].

In this study, a Herceptin-liposome for achiev-
ing the co-delivery of DOX and Sim was con-
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structed. Then the subsequent specific cellular
targeting of this nanosystem and the possible
therapeutic effects in vitro and in vivo were
investigated using a HER-2-expressing human
PCa cell line (PC-3) as a model (Scheme 1).

Materials and methods
Materials

Doxorubicin (DOX) and Simvastatin (Sim) we-
re purchased from Dalian Meilun Biotechno-
logy Co., Ltd. (Dalian, China), 1,1-Dioctadecyl-
3,3,3,3'-tetramethylindotricarbocyanine iodi-
de (DiR) was obtained from AAT Bioquest Inc
(Sunnyvale, CA, USA). The Micro BCA protein
assay kit was obtained from the Beyotime
Institute of Biotechnology (Haimen, China). The
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), and cocktail protease
inhibitor were purchased from Sigma Aldrich
Co., Ltd (St. Louis, USA). Coumarin-6 was ob-
tained from J&K Scientific Ltd (Shanghai, Ch-
ina). Soybean phosphatidylcholine (SPC), chole-
sterol, and DSPE-PEG,, -NHS were purchas-
ed from Advanced Vehicle Technology Co., LTD
(Shanghai, China). Annexin V-FITC Apoptosis
Detection Kit was acquired from Invitrogen.
Fetal bovine serum (FBS) and F12K medium
were purchased from Thermo Fisher Scientific
(Waltham, USA). Anti-VEGF antibody, anti-VEG-
FR2, B-Actin antibody, anti-caspase3 antibody,
anti-LC3 antibody and anti-GAPDH antibody
were purchased from CST Co., Ltd. (Boston,
USA). All other reagents were of analytical
grade from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China).

Cell lines and animals

The PCa cell line PC3 and HUVEC (Human
Umbilical Vein Endothelial Cells) were obtained
from the Center for Cell Line Resources,
Chinese Academy of Sciences (Beijing, China).
Male BALB/c nude mice (4 weeks old) were pur-
chased from Shanghai SLAC Laboratory Animal
Co., Ltd. (Shanghai, China).

Preparation of liposomes

Liposomes were prepared by the thin-film
hydration method. The ratio of the lipid mixture
of SPC, cholesterol, and DSPE-PEG,, -NHS
was 35:2.5:2 (w/w/w), and the drug ratio of
DOX and Sim was 0.5:1 (w/w). All reagents were

dissolved in chloroform. The organic solvents

Am J Transl Res 2019;11(3):1255-1269



Herceptin-lip co-loaded with Dox and Sim in targeted PCa therapy

were removed using a rotary evaporator in a
42°C water bath. The lipid film was hydrated
with a 5% glucose solution, followed by ultra-
sonic treatment in water bath. Then suspen-
sions were extruded through a 200 nm polycar-
bonate membrane with a liposome extruder
(Avanti Polar Lipids, Alabaster, AL, USA). The
un-encapsulated DOX and Sim were removed
using a Sephadex G-50 column. The Herceptin-
modified liposomes (termed H-Lip) were
obtained by adding Herceptin to the liposomes
at a molar ratio of 1:1, with incubation for 24 h
at 4°C. The PEGylated liposomes without
Herceptin (termed Lip) were used as the
control.

Characterization of liposomes and drug load-
ing

Particle size was measured by the Zeta Size
Nanoparticle Analyzer (Malvern, UK). The mor-
phology of the liposomes was investigated by
transmission electron microscopy (TEM) after
the samples were deposited on a copper grid
and stained with 1% uranyl acetate. The DOX
concentration in liposomes was determined by
a fluorometer (Aex 485 nm and Aem 590 nm).
Meanwhile, the concentration of Sim was
detected by high-performance liquid chroma-
tography (HPLC) equipped with the Diamonsil
C18 column (250 mm x 4.6 mm, 5 ym). The
mobile phase was 0.025 mol/L sodium dihydro-
gen phosphate solution (adjust pH value to 4.5
with phosphoric acid or sodium hydroxide test
solution) - acetonitrile (35:65) with a flow rate of
1 mL/min, and detection A of 238 nm. The drug
loading capacity (LC) was calculated using the
following equation: LC = Weight of encapsulat-
ed drugs/Weight of equivalent dried liposomes
x 100% (1). The drug encapsulation efficiency
(EE) was calculated by the following equation:
EE = Weight of encapsulated drugs/Weight of
total amount drugs x 100% (2).

In vitro stability and drug release assay of lipo-
somes

Liposome stability was evaluated for 12 d at
4°C by measuring the changes in particle size.
The in vitro drug release was conducted using a
dialysis method. The free drug and liposomes
were placed into a dialysis tube (MWCO 14
kDa), and dialyzed in phosphate-buffered saline
(pH 7.4 containing 0.5% Tween 80 at 37°Cin a
shaker [120 rpm]). Drug concentrations were
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measured at varying time points. Experiments
were performed in triplicate.

In vitro cellular uptake assays

The cells were seeded in a 12-well plate and
cultured for 24 h. Then cells were treated with
Coumarin-6-labeled Lip and H-Lip for 1 h incu-
bation at the same concentration. The cells
were thoroughly washed with PBS three times.
Fluorescent images were obtained using the
Zeiss Axio Observer Z1 fluorescence micro-
scope. For quantitative measurement, the cel-
lular uptake efficiency was determined using a
flow cytometer (BD Pharmingen, San Jose, CA,
USA).

In vitro cytotoxicity and apoptosis

Cell viability was measured using the standard
Cell Counting Kit-8 (CCK-8) assay. Briefly, the
PC3 cells were plated into 96-well plates at a
density of 6 x 10° cells per well for overnight
incubation. The blank liposomes, free DOX/Sim
combination, Lip, and H-Lip were added to the
cells and cultured for 48 h. CCK-8 solution (10
pL) was added to each well, and the cells were
incubated for another 2 h. The absorbance was
measured at 450 nm with a microplate reader.
The cell viability was calculated using the fol-
lowing formula:

Cell viability (%) = OB " ODbiaic ¢ 45 3)
OD ontrot ~ ODblank

The cell apoptosis activity was measured by
flow cytometry. The cells were seeded in a
12-well plate and cultured for 24 h. Then the
cells were exposed to the drugs (DOX 0.2 pg/
mL, Sim 0.4 pg/mL, free DOX/Sim combina-
tion, and the liposomes at a dose equal to 0.2
pg/mL DOX and 0.4 pg/mL Sim), with subs-
equent incubation for 24 h. The cells were co-
llected and washed with PBS three times and
stained with the Annexin V-FITC Apoptosis
Detection Kit according to the manufacturer’s
protocol. After transfection, cells were harve-
sted, washed with PBS, and stained with Anne-
xin V-FITC and propidium iodide according to
the manufacturer’s protocol. Fluorescence was
analyzed by a flow cytometer.

Measurement of intracellular levels of reactive
oxygen species

The PC3 cells were seeded in a 12-well plate at
a density of 5 x 10° cells per well and cultured
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for 24 h. The cells were treated with free dru-
gs or the liposomes (equal to 0.2 yg/mL DOX
or/and 0.4 pg/mL Sim) for 24 h. Then the ce-
lls were collected and stained with the Reac-
tive Oxygen Species Detection Kit (Beyotime,
Beijing, China) according to the manufacturer’s
protocol, and measured by flow cytometry.

Preliminary mechanisms underlying the com-
bination therapy

Neovessels are significant factors for tumor
growth because they can supply nutrients for
tumors. In angiogenic signaling, VEGF is an
angiogenic factor and its receptor, VEGFR2, is
the predominant mediator [27]. To investigate
the anti-tumor mechanisms of the combination
therapy, the endothelial cell tube formation
assay was conducted. Human umbilical vein
endothelia cells (HUVECs) were seeded at a
density of 5 x 10* cells per well onto a 24-well
plate pre-treated with 60 uL 1% (w/v) Matrigel
Matrix (Corning, NY, USA), and treated with free
drugs or the liposomes (equal to 0.2 ug/mL
DOXor/and 0.4 pg/mL Sim) for 16 h. Endothelial
cell tube formation was observed by the Zeiss
Axio Observer Z1 fluorescence microscope in
the bright field. The cells were seeded in a
12-well plate, treated with drugs as above, and
incubated for 24 h. Then the expression of
VEGFR2 on HUVEC cells and VEGF on PC3 cells
was analyzed by Western blotting. The tumor
expression of CD-31, a marker of neovessels,
was analyzed by immunohistochemistry.

Detection of autophagy levels

The PC3 cells were seeded in a 12-well plate at
a density of 5 x 10° cells per well and cultured
for 24 h. The cells were treated with free drugs
or the liposomes (equal to 0.2 ug/mL DOX or/
and 0.4 pg/mL Sim) for 24 h. Then the cells
were collected and incubated with RIPA lysis
buffer (Beyotime). Microtubule-associated pro-
tein 1A/1B-light chain 3 (LC-3) levels were
determined by Western blotting with an anti-
LC3 antibody. After staining with detection
reagent (Thermo Fisher Scientific, Waltham,
MA, USA) gel imaging analysis (ChemiDoc
MPTM Imaging System; Bio-Rad, Hercules, CA,
USA) was performed.

In vivo imaging

The subcutaneous PC3 tumor model was devel-
oped by injection of 3 x 10° cells into the backs
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of the nude mice. The subcutaneous tumor-
bearing mice were injected with Lip@DiRs or
H-Lip@DiRs via the tail vein. The biodistribution
of nanoparticles was monitored using the IVIS
imaging system (Caliper PerkinElmer, Hopkin-
ton, MA, USA) at different time points. At the
end of the experiment, mice were sacrificed,
and the tumors and major organs (heart, liver,
spleen, lung, kidney) were harvested for ex vivo
imaging. Images and regions of interest (ROI)
were processed using Spectrum Living Image
4.0 software.

In vivo treatment

The tumor sizes in subcutaneous PC3 tumor-
bearing mice were approximately 100 mms3;
mice were randomly assigned to six groups (n =
5). Saline, free DOX/Sim combination, Lip, or
H-Lip (at a same dose of 1 mg/kg DOX and 2
mg/kg Sim) were injected via the tail vein every
2 d over a period of 20 d. The body weight and
tumor volume were monitored throughout the
study, and the latter was estimated using the
following formula: V = L x W2/2 (L-tumor’s length
W-tumor’s width) (4).

At the experimental endpoint, the tumors and
the main organs were dissected and weighed.
The tumor inhibition rates were calculated by
tumor weight. The main organs were fixed for
48 h in 4% paraformaldehyde for histopatho-
logical examination to assess any side effects.
To assess the in vivo induction of apoptosis,
TdT-mediated dUTP nick end labeling technique
(TUNEL) staining was performed.

Statistical data analysis

Data are presented as the mean + standard
deviation (SD) for results obtained from three
independent trials unless otherwise indicated.
Statistical analysis was performed using Origin
9.0. Statistical significance was evaluated
using Student’s t-test. Differences were consid-
ered significant at P < 0.05.

Results and discussion
Physical characterization of liposomes

Herceptin is a promising targeting ligand, as it
is @ monoclonal antibody used to treat cancers
and is easily conjugated to DSPE-PEG,,, -NHS.
The mean hydrodynamic diameter of Lip and

H-Lip in PBS buffer at pH 7.4 was 129 + 4 nm
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Figure 1. Characterization of liposomes. A. Size of Lip. B. Size of H-Lip. C. Transmission electron microscopy image
of H-Lip. Scale bar: 100 nm. D. Changes in liposome size at PBS (pH = 7.4). E. In vitro release of profiles of DOX at

various intervals.

Table 1. The LC% and EE% of Lips and H-Lips

Lip H-Lip
EE of DOX (%) 8148 +255 84.32+4.21
EE of Sim (%) 80.14 + 3.75 81.7 £1.53
LC of DOX (%) 0.96 + 0.03 1.0 £ 0.05
LC of Sim (%) 1.81+0.18 1.89 + 0.08

(polydisperity index PDI: 0.07 £ 0.02), 134 + 5
nm (PDI: 0.08 £ 0.01), respectively (Figure 1A,
1B), suggesting that there was a slight increa-
se in size with treatment of Herceptin. Trans-
mission electron microscopy was also used to
visualize the morphology of H-Lip, which disp-
layed a spherical shape with a diameter of
about 130 nm (Figure 1C). Moreover, prior
experiments showed that the spherical shape
of the nanoparticles could enhance cellular
uptake via endocytosis compared to the needle
shape [26]. The stability of drug-liposomes at
different storage times was tested by measur-
ing the changes in size and PDI. Within a stor-
age period of 12 days in PBS (pH 7.4), the par-
ticle size of the liposomes only underwent
minor changes, increasing from about 135 nm
to almost 144 nm (Figure 1D). This result dem-
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onstrated the stability of Lip and H-Lip in physi-
ological conditions within 12 days. Drug load-
ing content plays an important role in the for-
mulation of drug delivery system and directly
affects the therapeutic effects of the system.
The drug loading content (LC%) and encapsula-
tion efficiency (EE%) of Sim in H-Lip was almost
1.81% and 81.7%, respectively. The DOX load-
ing content herein is lower, the LC% was 1%,
and the EE% was around 84.32%. The EE% and
LC% of the Lip, H-Lip were similar (Table 1).

To increase the affinity between liposomes and
PC3 cells, the DSPE-PEG,, -NHS that used in
H-Lip was modified by Herceptin. To evaluate
the amount of DOX released from Lip and H-Lip
at different time intervals in vitro, PBS with
0.5% (w/v) Tween 80 at pH 7.4 was selected as
the release media to simulate the pH values of
the physiological environment. The release pro-
files of DOX in vitro were represented by the
percentage of DOX release with respect to the
amount of DOX loading in the liposomes (Figure
1E). Both liposomes underwent burst release
from 0.25 to 0.5 h, due to the release of drug
molecules near the interface [28]. Sustained
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and controlled drug release
could be beneficial to antican-
cer therapy by preventing can-
cer cells from acquiring drug
resistance [29].

Cellular uptake of liposomes

To investigate the cellular up-
take ability of liposomes, co-
umarin-6 labeled liposomes
were incubated with the PC3
cells for 1 h, after which co-
umarin-6 (green) could be cl-
early observed in the cells.
Fluorescent imaging showed
more intense cellular uptake
when cells were treated with
H-Lip than with Lip (Figure
2A). In accordance with the
confocal microscopy results, a
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Figure 4. Apoptosis assay of the liposomes.

flow cytometry curve of H-Lip showed an obvi-
ous right shift, indicating the clear increase of
cell fluorescence after incubation with H-Lip
compared to Lip (Figure 2B). Meanwhile, H-Lips
resulted in a significant increase (3.5-fold) of
cellular uptake compared to non-targeted lipo-
somes, indicative of the targeting effects of
Herceptin in vitro. To assess the role of
Herceptin in the cellular uptake of H-Lip, uptake
was also tested in Herceptin (+) containing
medium. As shown in Figure 2D, when the HER-
2 receptor was pre-incubated with free Hercep-
tin, the uptake of H-Lip was inhibited (> 41%).
Western blot analysis showed that the expres-
sion level of HER-2 was increased in PC3 cells
(Figure 2C), thereby revealing that modification
with Herceptin was an effective approach for
delivering liposomes to PC3 cells via Herceptin-
HER-2 affinity. This PC3 targeting property may
reduce the cytotoxicity of drugs in normal cells.

In vitro antitumor activity of liposomes

To investigate the chemotherapeutic effects of
liposomes and the DOX-Sim combination in
vitro, PC3 cell viability was measured using the
Cell Counting Kit-8 (CCK-8) after drug treat-
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ment for 48 h in the presence and absence of
DOX and/or Sim. As can be seen in Figure 3A,
blank liposomes had no obvious cytotoxicity in
PC3 cells. In case of free drugs, the IC,, value
of free single DOX and free single Sim were
0.74 pg/mL, 1.21 pg/mL respectively, while in
the case of drug combination, the IC_ value of
free DOX/Sim combination group, Lips, H-Lips
were 0.67 pg/mL, 0.46 ug/mL, 0.22 ug/mL,
respectively. This is the concentration of doxo-
rubicin, because the concentration of the Sim
is fixed. This was mainly due to the synergistic
anti-proliferative effects between these two
components. Notably, the cytotoxicity assay
showed that both liposomes had higher cyto-
toxicity than the free DOX-Sim combination
(Figure 3). The H-Lip targeting co-delivery sys-
tem showed enhanced induction of cell prolif-
eration (cell viability of 53.3%), which was most
likely due to the efficient cellular uptake. The
results were in agreement with our cellular
uptake experiments. The results of the cell via-
bility test demonstrated that H-Lip had clear
inhibition effects on PC3 cells; thus, we decid-
ed to determine if the designed liposomes
would lead to the induction of apoptosis. In the
following, the apoptosis results show a similar

Am J Transl Res 2019;11(3):1255-1269
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trend. Cell apoptosis was analyzed using the
Annexin V-FITC Apoptosis Detection Kit. As
shown in Figure 4, the apoptotic rates (early
and late) were 7.17%, 12.02%, 20.28%, 30.7%,
and 51.5% for free Sim, free DOX, free DOX-Sim
combination, Lip, and H-Lip, respectively. More
apoptotic cells were detected in H-Lip than in
the other groups. ROS production is a major
mechanism for apoptosis induced by antineo-
plastic drugs [30]. The intracellular ROS levels
were measured by an ROS detection kit. As
shown in Figure 5A and 5B, drug combination
significantly increased intracellular ROS levels.
H-Lip had the highest levels of ROS compared
to other groups with statistical significance. To
evaluate the effects of liposomes on apoptosis,
the expression of pro-apoptotic markers was
determined by Western blotting. The expres-
sion level of procaspase-3 is widely accepted to
play a key role in the caspase family-related
apoptotic cascade [30-32]. After treatment
with H-Lip, the expression level of procaspa-
se-3 was dramatically decreased, while there
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were much higher levels of cleaved caspase 3,
representing early apoptosis (Figure 5C). These
data indicated the activation of caspase-3,
which catalyze the hydrolysis of many protein
substrates for cell apoptosis. Some studies
have shown that chemotherapy drugs are able
to induce autophagic cell death, and the
autophagosome-associated protein LC3 is the
most commonly monitored autophagy-related
biomarker [33]. Western blot analysis showed
that the combination of DOX and Sim induced
obvious autophagy in PC3 cells, and the high-
est level of LC3 was seen in the group treated
with H-Lip (Figure 5D). These results were con-
sistent with those from the CCK-8 assay, indi-
cating the synergistic effects between DOX and
Sim.

Biodistribution of liposomes

The use of Herceptin as target receptor for the
delivery of DOX and Sim to prostate cancer
cells is a promising approach, as demonstrated
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by the cellular uptake results. Next, the tumor
targeting efficiency of the liposomes in vivo was
investigated. The nude mice bearing PC3 hu-
man prostate cancer xenografts were estab-
lished to estimate the biodistribution and tumor
selectivity characteristics of liposomes with or
without Herceptin modification. DIR was used
as the model drug. After being injected intrave-
nously via the tail vein of mice, the fluorescence
at the tumor site was observed within 1 h.
Subsequently, the fluorescent intensity at the
tumor site was gradually increased, and peaked
at 8 h. Real-time in vivo imaging showed higher
fluorescent intensity at the tumor site in the
H-Lip group compared to the Lip group (Figure
6A, 6B) e.g., the tumor uptake of H-Lip was 8.5
x 10° at 8 h and 6.6 x 10° at 24 h, which was
comparable with that of Lip (7.1 x 10%°at 8 h
and 5.25 x 10° at 24 h) within experimental
error. In contrast, the tumor uptake of free DIR
was only 2.2 x 10° at 8 h and was 1.3 x 10° at
24 h in the same model. PEG-modified lip-
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osomes can stay in tumors for a long time due
to their long half-life and mean residence time.
Immediately at the end of the in vivo imaging,
the animals were sacrificed, and the major
organs and tumors were harvested and imag-
ed. Imaging of the dissected tissues showed
higher tumor accumulation in the H-Lip group
(Figure 6C, 6D). Although tumors treated with
targeting or non-targeting liposomes had str-
ong fluorescence, for comparison purposes, we
evaluated the ROl in the H-Lip group and found
that it was greater that of Lip and free DIR.
These data reveal the enhanced tumor delivery
in PC3 tumors in vivo, as aided by Herceptin-
mediated targeting.

In vivo anti-tumor efficacy

To determine the therapeutic effects of H-Lip
on prostate cancer in vivo, nude mice were
implanted with PC3 cells and used for thera-
peutic efficacy evaluation. The DOX/Sim combi-
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Figure 7. Antitumor efficacy. Anti-tumor effects of nude mice bearing PC3 cancer cells xenografts. Groups were
treated every 2 days (total 10 doses). Free DS = DOX-Sim solution, Lip = non-targeting liposome with the two drugs,
H-Lip = targeting liposome with the two drugs. A. Photographs of tumor tissues obtained at the end of pharmacologj-
cal experiment. B. Tumor growth curve. C. Tumor weight at the endpoint. D. Tumor inhibition rate. E. TUNEL assay
of apoptosis in tumors. The statistically significant difference was analysised by student t-test and defined as *P <

0.05, **P < 0.01, and ***P < 0.001.

nation in solution, liposomes, and targeting
liposomes were evaluated. As expected, at the
experimental endpoint, the dissected tumors
were weighed and displayed a similar trend as
the tumor volume. The targeting liposomes con-
taining co-loaded DOX and Sim efficiently inhib-
ited tumor growth and displayed the best anti-
tumor activity among all of the treatment
groups with statistical significance. Treatment
with Lip and H-Lip at a dose of DOX 1 mg/kg
and Sim 2 mg/kg resulted in significant tumor
shrinking with an inhibition rate of 68.77% and
80.36%, respectively, while that of the gro-
up receiving free DOX/Sim combination was
43.82% (Figure 7A-D). The H-Lip group was mo-
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re effective in controlling tumor growth com-
pared to the non-targeting Lip due to HER-2
receptor expression in the prostate tumors,
causing Herceptin-modified liposomes to tar-
get PC3 cells. These data were in agreement
with the results of the cell viability study, which
showed synergistic efficacy of DOX/Sim co-
delivery, as well as the enhanced cellular up-
take in PC3 cells. The TUNEL results showed
that H-Lip had the highest apoptosis rate in the
tumor, and that Lips displayed superiority over
the free DOX/Sim combination (Figure 7E). The
body weight of the animals was recorded th-
roughout the experiment (Figure 8A), and no
obvious weight loss was observed, indicating
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Figure 8. Evaluation of toxic and side effects. A. Changes in body weight during the course of treatment. B. Organ
coefficients. C. H&E staining of major organs after treatment.

minor toxicity. Hematoxylin and eosin staining
showed that there were no visible lesions in the
major organs, suggesting that there were no
significant toxic side effects caused by drug
treatment (Figure 8C). Moreover, treatment did
not cause significant changes in organ weight
coefficient (Figure 8B). Therefore, liposomal
drug delivery of DOX and Sim is a bio-safe co-
delivery system for the treatment of prostate
cancer.

Preliminary study of related synergistic mecha-
nisms

To gain deeper insights into the anti-cancer
mechanisms, angiogenesis-related experime-
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nts were conducted to monitor the possible
mechanisms. Angiogenesis is a key driving fac-
tor for tumor proliferation. VEGF-A (also referred
to as VEGF) is the most potent angiogenic fac-
tor, and its receptor, VEGFR2, is the predomi-
nant mediator of angiogenic signaling [34]. Our
results demonstrated that HUVEC tube forma-
tion on the Matrigel Matrix was obviously in-
hibited with different treatments (Figure 9A),
and as shown in Figure 9B, Vascular Endoth-
elial Growth Factor Receptor 2 (VEGFR2) ex-
pression was downregulated after drug trea-
tment compared. We also found that H-Lip
could decrease the expression of VEGF in tumor
cells (Figure 9C). Thus, the combination of DOX
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Figure 9. Mechanistic study. A. Vascular endothelial cell tube formation on the Matrigel Matrix. Scale bar, 100 pm.
B. VEGFR2 protein expression in HUVECs after treatment with different liposomes. C. VEGF protein expression in
tumor tissues measured by Western blotting. D. Investigation of tumor-associated blood vessels using anti-CD31

immunohistochemical staining (brown).

and Sim was effective in targeting VEGF and
reducing angiogenesis. To further investigate
the anti-angiogenesis effects, we performed
immunohistochemistry staining using anti-CD-
31 on sections of tumor tissue that received
different treatments. The vessel number in the
H-Lip group was clearly less than that in the
other groups (Figure 9D). The combination ther-
apy led to synergistic anti-angiogenesis, dem-
onstrating that inhibition of angiogenesis was
an anti-tumor mechanism of this combination
therapy.

Statistical analyses
All data were analyzed by GraphPad Prism 6

software. The results were shown as mean *
SD (n > 3). The statistical analysis was per-
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formed by Student’s t-test and one-way ANOVA.
The statistically significant difference was
defined as *P < 0.05, **P < 0.01, and ***P <
0.001.

Conclusions

In this study, we successfully formulated Her-
ceptin-modified liposomes containing co-en-
trapped Sim and DOX as chemotherapeutic
agents. This co-delivery system may provide a
possible adjuvant therapy for prostate cancer.
The physiochemical properties, release behav-
iors, bio-distribution, possible mechanisms of
this co-delivery system, the interaction between
this delivery system and targeted PC-3 cells,
and their toxicity to tumors were explored. First,
we demonstrated that the Herceptin ligand
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could bind to prostate cancer cells via HER-2
receptors, and the delivery vectors were effec-
tively taken up by the cancer cells. Moreover,
pre-cubed Herceptin inhibited binding of the
targeted liposomes, confirming the involve-
ment of Herceptin in the process of liposome
targeting. Second, the combination therapy
against cancer, via multiple mechanisms of
enhanced intracellular ROS levels, apoptosis
induction, cell autophagy promotion, and anti-
angiogenesis demonstrated that the H-Lip sig-
nificantly arrested the tumor growth. Thus,
H-Lip may be a potential nanomedicine for con-
trolling prostate cancer with the strategy of
combination therapy using Sim and DOX. Our
results show that this targeted drug delivery
system has good potential for clinical transla-
tion due to its easy preparation process and
therapeutic efficacy. Furthermore, extending
carboxylic groups on the surface may link the
delivery system to other targeting antibodies,
resulting in selected targets and enhanced bio-
availability. This strategy will facilitate the fur-
ther development for multi-functional targeted
drug delivery to augment therapeutic efficacy.
Herceptin targeting may also be applicable to
other HER-2-expressing tumors besides pros-
tate cancer.
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