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Aim: The aim of this study was to characterize curcumin (CUR)-loaded CD133 aptamer
A15 liposomes for their antitumor activity in vitro and in vivo.

Methods: The modified CUR liposomes were prepared by the thin-film hydration technique.
Results: The particles showed spherical shape under electron microscopy with sizes <100
nm. Initial drug burst release was observed within 2 hrs and then the drug was continuously
released over 48 hrs. No aggregation or precipitation of liposomes was observed during
storage for 3 months. In vitro results showed that blank LPs had lower cellular cytotoxicity.
Both liposomes of CUR (with or without A15 modified) exhibited a similar trend of cellular
cytotoxicity at the same concentration. With the extension of incubation time, A15-CUR LPs
showed a greater inhibitory effect on cells. Cell internalization in DU145 cells was higher for
A15-CUR LPs than others. An in vivo study using DU145 prostate carcinoma bearing mice
showed that A15-CUR LPs reduced tumor growth more than other forms of CUR.
Conclusion: These results indicate that A15 modified CUR liposomes are a promising
candidate for antitumor drug delivery.

Keywords: CD133 aptamers, curcumin, prostate cancer, liposomes, cell viability, cellular
internalization, in vivo evaluation

Introduction

Prostate cancer is the most common cancer in Chinese men and the second leading
cause of death. The annual incidence of prostate cancer in China has been on the
rise, with 1,500,000 new cases predicted for 2016.' Advanced prostate cancer is
treated with anti-androgens therapy, but after 2 to 3 years of treatment, the tumor
usually becomes hormone-resistant and no longer responds to conventional che-
motherapy. Traditional chemotherapy leads to nontarget effects where anticancer
drugs cause damage to healthy and fast split cells, so patients usually undergo
normal organ toxicity.” As a result, many prostate cancer patients need to seek
alternative therapies.>* In fact, most of the major medical centers are now combin-
ing their traditional therapies with some form of alternative and complementary
drugs, the most popular of which is the use of nutritional modification as well as
herbal and other micronutrients.”

Epidemiological reports show that natural polyphenols used in daily diets can
reduce the risk and incidence of various cancers.”® These compounds are beneficial
to overall health and longevity. The use of natural anticancer compounds is very
suitable for prostate cancer because of the disease’s high incidence rate and long
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latency.” Of many natural anticancer drugs, curcumin
(CUR) is a favorable phytochemical, showing a significant
potential for the treatment of prostate cancer.'® CUR has
been used for hundreds of years in traditional medicine in
India and China.'" It is yellow polyphenol in chemistry,
diallyl

(Curcuma longa). It has low intrinsic toxicity and a wide

methane extracted from turmeric rhizomes
range of pharmacological functions, including antitumor,
anti-amyloid, antioxidant and anti-inflammatory effects.
Previous studies have shown that free CUR can induce
cell cycle arrest and/or apoptosis, and inhibit the activation
of nuclear factor kappa B (NF-kB) in different tumor cell
lines.'*'* CUR was associated with the regression of pre-
cancerous lesions in bladder, soft palate, gastrointestinal
tract, cervix and skin, and with treatment responses in
established malignancy.'*'> The only factor limiting the
use of free CUR in cancer treatment is its poor solubility in
water, which also limits its oral bioavailability.

Prostate cancer stem cells (CSCs) are considered an
important factor in tumorigenesis, metastasis, prolifera-
tion, and resistance to radio and chemotherapy.'® CSCs
enter asymmetric cell division and produce a daughter cell
to become a committed progenitor cell. As a result, hier-
archies of actively proliferating, as well as progressively
differentiating, cancer cells are formed and lead to cell
heterogeneity in human cancers.'’

CD133 is a membrane glycoprotein with an N-terminal
extracellular domain, five transmembrane loops with two
large extracellular loops containing eight putative N-linked
glycosylation sites, and a cytoplasmic tail. CD133 expres-
sion in adult human prostate has been documented to mark
normal prostate epithelial stem cells and rare malignant
tumor stem/initiating cells. Functional studies have
demonstrated that human prostate cancer cell lines do
contain a rare population (~5.0%) of CDI133+ cells
which bear the defining characteristics of tumor stem/initi-
ating cells including low incidence, self-renewability,
unlimited proliferative capacity, and ability to give rise to
phenotypically different progenies. Our previous studies
showed that when CD133+ prostate CSCs constituted a
complex and organized structure, cell signal transduction
would be different in their surrounding tissues.'®'? CD44+
is a member of the cell adhesion protein family and the
expression of several CD44 proteins has been related to
the invasive stage of various types of human cancers (21).
One obvious function of CD44 family members is selec-

tive splicing.

Over the past few decades, different strategies, such as

liposomes, solid dispersions, complexes, emulsions,
micelles, nanogels, and microspheres have been used to
overcome poor absorption and other limitations of CUR.
The ligand-receptor binding strategy is the classic method
for targeting drug delivery.”® Aptamer oligonucleotides are
ideal target ligands because of their low immunogenicity,
low molecular weight, and easy production.?' The aptamer
AL1S5 has been proved to be a promising ligand for targeting
CD44+/CD133+ cells.”*?’

In this study, we formulated a delivery system where
CUR was encapsulated in aptamer Al5 modified lipo-
somes by the thin-film hydration technique. The modified
CUR liposomes were then characterized for drug loading
and encapsulation efficiency, particle size, and surface
morphology. Furthermore, the release characteristics, cell
uptake, and the effect on cell viability in prostate cancer

cell lines of CRU liposomes in vitro were evaluated.

Materials And Methods

Materials

CUR was purchased from Puripharm Co., Ltd. (Huzhou,
China). The primers and thiolated CD133 aptamer A1S5
with a sequence of 5'-SH-CCCUCCUACAUAGGG-3'
were bought from Ruibo Co., Ltd. (Guangzhou, China).
Egg phosphatidylcholine (EPC), DSPE-PEG2000. (1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[malei-
mide(polyethylene glycol)-2000]) and cholesterol (CHOL)
were obtained from Sinopharm Chemical Reagent
(Shanghai, China). The DU145 human prostate cancer
cell line was supplied by American Type Culture
Collection and was grown in monolayer culture in
Dulbecco’s modified Eagle’s medium-F12 supplemented
with 10% heat-inactivated fetal calf serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin. Methanol, etha-
nol, ammonium acetate, and ethyl acetate were purchased
from Suzhou Chemical Reagent Factory (Suzhou, China)
and were of at least analytical grade. Watsons’ water was
used in all experiments.

Preparation Of Aptamer Al5 Modified

CUR Liposomes

Aptamer A15 modified CUR liposomes (A15-CUR LPs)
were prepared using the thin-film dispersion method. In
brief, CUR, EPC, CHOL, and DSPE-PEG2000-MAL
(weighted 4, 25, 6.5, and 1.5 mg, respectively) were dis-
solved in 5 mL of chloroform to form a mixed solution;
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then the organic solvent was removed under reduced pres-
sure at 36-38°C by rotary evaporation to form a thin film
on the inner walls of the flask. Vacuum was applied for 1
hr to ensure that all solvent traces are completely removed.

Glucose and mannitol (1:1, w/w) were dissolved in PBS
(pH=7.4). The lipid film was then hydrated with 5 mL of
PBS (pH=7.4) at 55°C by rotation (180 rpm x 0.5 hr) to
form CUR-LPs. The targeted modified CUR LPs with
Aptamer A15 were fabricated by conjugating aptamers to
LPs by thiol-maleimide reaction.”**> Briefly, CUR LPs
were prepared as described earlier, and then the CUR LPs
suspension was incubated with Aptamer A15 (1% m/m) for
8 hrs under stirring. After ultrafiltration with PBS, the
aptamers modified CUR liposomes (A15-CUR LPs) were
resuspended in PBS for use. Then, the liposomes were
freeze-dried for 72 hrs.

Characterization Of A15-CUR LPs

Characterization of the LPs was needed to ascertain their
reproducibility in terms of in vitro and in vivo perfor-
mances. In order to determine the optimal formulation
parameters relative to the formulation of the A15-CUR
LPs, drug-loading (DL%), encapsulation ratio (ER%), par-
ticle size, and surface morphology of the LPs were mea-
sured. DL% and ER% were calculated as described
earlier.”® Firstly, CUR was extracted from LPs (20 mg)
with 2 mL 5% glacial acetic acid and acetonitrile at a ratio
of 55 to 45 v/v, and then the extracted solution was
properly diluted prior to HPLC analysis.

The content of CUR in LPs was determined by the
HPLC method. DL% and ER% were calculated according
to Equations (1) and (2):

DL% = Wy /(Wp+ W) x 100% (1)

ER% = Wy /Wr x 100% )

where Wp is the weight of the initial feeding polymer, Wy,
is the weight of drug incorporated in LPs, and Wk is the
weight of initial feeding drug.

Particle size analysis of A15-CUR LPs was carried out
using dynamic light scattering (Nicomp' ™380ZLS,
Particle Sizing Systems, Santa Barbara, CA, USA). The
freeze-dried LPs were dispersed in aqueous solution for 2
mins by ultrasonic bath before the particle size was deter-
mined. The surface morphology of LPs was studied by
transmission electron microscopy (TEM). A small amount
of lyophilized solution LPs (1 mg/mL) was placed on a
TEM grid surface with filter paper (Whatman No. 1). A

drop of 1% uranyl acetate was added to the carbon-coated
grid surface. After incubation for 1 min, the excess liquid
was removed and the mesh surface was air-dried at room
temperature. It was then loaded into the transmission elec-
tron microscope (JEM-1200 EX, Japan).

In Vitro Release

A15-CUR LPs (containing 10 mg CUR) were added into
2 mL of release buffer in dialysis bags (Mol=10,000),
and then placed in a tube containing 50 mL of phosphate
buffer with a pH value of 7.4 (containing 2% ethanol as
cosolvent). All the samples were under the sink condition
and kept in a constantly shaking bath at 100 rpm at 37°C.
At designated time intervals (0.5, 1, 2, 4, 8, 12, 16, 24,
32, and 48 hrs), 2 mL of dialysate was taken for analysis
and replaced by 2 mL of fresh medium. The concentra-
tion of CUR in release medium was determined by HPLC
after filtration and proper dilution. At the same time, the
release of CUR solution and unmodified LPs (2 mL,
5 mg/mL) was monitored as a control. The accumulative
release was analyzed, and the results were shown as
mean £ SD (n=3).

Stability

According to the guidelines provided by the International
Conference on Harmonisation, experiments on the stability
of CUR LPs and A15-CUR LPs were carried out at a tem-
perature of 25°C+2°C and a relative humidity of 60%+5%
for 1-3 months. DL%, ER%, and particle size of the stored
samples were determined.

Hemolysis Testing

This method of safe drug carriers has been reported.”’
The hemolysis effect of free CUR, CUR LPs, and Al5-
CUR LPs in the blood of New Zealand white rabbits
was studied. Blood samples (10 mL) were collected in
heparinized test tubes and, after saline (10 mL) was
added, vortexed for 1 min. The mixture was then cen-
trifuged at 1500 rpm for 15 mins. The collected red
blood cells were washed with three times of normal
saline (10 mL) and centrifugated repeatedly until the
supernatant was no longer red.”®?° Erythrocyte pellets
(2 mL) were transferred to saline (98 mL) to prepare a
2% erythrocyte standard suspension.

Free CUR, CUR LPs, and A15-CUR LPs were dissolved
in physiologic saline at a concentration of 5 mg/mL. After
blending, all the tubes were incubated at 37°C. After 1 hr, the
samples were centrifuged at 3000 rpm for 5 mins. The
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absorbance (A) of the supernatant was determined at 545 nm
by UV visible spectrophotometry. A total of 0.5 mL RBC
suspension with 2 mL of normal saline was used as the
negative control (0% lysis), while water was used as the
positive control (100% lysis).

The positive absorbance value should be 0.8 + 0.3,
while the negative less than 0.03. The hemolytic rates of
the samples were calculated as follows:

Hemolytic rate (%)= [(Ar-Anc)/(Apc-Anc)] X 100%

where A, represents the absorbance value of the test
sample, and A,. and A, respectively, represent the
absorption value of negative and positive control.

Cell Viability

The in vitro anticancer efficacy of CUR formulations was
measured using a Cell Counting Kit-8 (CCKS8, Dojindo
Molecular Technologies). DU145 cells were seeded in 96-
well plates (1x10° cells/mL) and maintained in Dulbecco’s
Modified Eagle Medium (DMEM) with 10% fetal bovine
serum (FBS) at 37°C and 5% CO,. The cells were incu-
bated for 48 hrs with 5 different concentrations of CUR
dissolved in dimethyl sulfoxide (DMSO, 0.1% v/v) or
blank LPs, CUR LPs, and A15-CUR LPs (0.1, 0.5, 2.5,
5.0, 20 mM). The CCKS assay was performed according
to the manufacturer’s instructions.

Cellular Internalization

The cellular internalization of free CUR, CUR LPs, and
A15-CUR LPs was visualized by confocal microscopy
using coumarin-6 as a fluorescent probe. DU145 human
prostate cancer cells were grown in DMEM medium sup-
plemented with 10% (v/v) FBS and 5% antibiotics. DU145
cells were inoculated in a cell culture dish at 1x107 cells
per dish for initial density. Cells were then incubated with
coumarin-6-adsorbed free CUR, CUR LPs, and A15-CUR
LPs (equivalent to 0.1 pg/mL of coumarin-6) for 2 hrs at
37°C+0.5°C.

Subsequently, the cells were washed with PBS several
times and fixed with 4% paraformaldehyde for 10 mins
before observed under the confocal microscopy. For the
quantitative estimation of CUR uptake, the density of cells
inoculated on 24-well plates was 3x10*. When they
reached 70-80% confluence, cells were incubated with
coumarin-6-adsorbed free CUR, CUR LPs, and Al5-
CUR LPs (equivalent to 0.1 pg/mL of coumarin-6). After
2 hrs of culturing, cells were washed several times with
cold PBS and then dissolved by addition of Triton X-100
(0.1%). Fluorescence intensities were measured by a

multimode microplate reader at an excitation wavelength
of 440 nm and an emission wavelength of 520 nm.

Flow cytometry assays for the CD133+ cells were
performed as previously described.>® In brief, following
their respective treatments, the DU145 cells were collected
and rinsed with PBS. The number of dissociated cells was
counted and 1x107 cells were subsequently transferred to
100 pL buffer containing phycoerythrin (PE)-conjugated
CD133/2 antibody (Miltenyi Biotec Inc., Auburn, CA,
USA) for 30 mins and protected from light. The cells
were then washed and analyzed using a flow cytometer
(BD FACSCalibur; BD Biosciences, Franklin Lakes,
NIJ, USA).

Tumor Targeting

The in vivo tumor targeting ability of A15-CUR LPs was
evaluated by non-invasive optical imaging systems.
Tumor-bearing mice models were built according to the
previous report. Briefly, 1x10” DU145 cells were sus-
pended in 200 uL. DMEM medium and injected into the
left hindlimb flank of mice. DiD (NIRF dye, 50 nM) were
co-loaded into A15-CUR LPs as described earlier. When
tumor volume reached ~100-150 mm?, DiD-CUR, DiD-
CUR LPs and DiD-A15-CUR LPs in 100 uL. PBS were
injected intravenously via the tail vein into tumor-bearing
mice. At different time points (6 and 12 hrs), mice were
anesthetized by intraperitoneal injection of pentobarbital
(35 mg/kg) and scanned using the imaging system
IS4000MM (Kodak) with an excitation bandpass filter at
625 nm and an emission at 700 nm. Exposure time was 30
$ per image.

In Vivo Evaluation
In this study, a DU145 xenograft mouse model was
established by subcutaneous injection of 5x10° cells in
100 pL Matrigel. Cells were implanted in the left or
right flank of male athymic nude (nu/nu) mice. The
animals had free access to pathogen-free food and acid-
ified water. Potassium sorbate was added to the drinking
water to prevent bacterial or fungal contamination. Mice
developed tumors sized at least ~100 mm® within 3
weeks. In vivo studies were conducted using xenograft
mice in compliance with the principles and procedures
approved by the local Institutional Animal Care and Use
Committee.?'+*?

Briefly, mice bearing tumors were randomly divided
into four groups (n=6): (1) free CUR (25 pg in
DMSO); (2) CUR LPs (25 pg CUR equivalent in
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PBS); (3) A15-CUR LPs (25 ug CUR equivalent in
PBS); and (4) Blank LPs. All treatments were intrave-
nously applied and the size of tumor was measured
with digital vernier caliper. The mice were euthanized
after 7 days following treatment. Tumor volume (V)
was calculated according to the formula: (W?xL)/2, in
which W was the widest point of tumor measurement
and L the longest point tumor dimension. Relative
tumor volume (R) was calculated by the formula: Vy/
Vy, in which V, was the tumor volume of day 0 and V;
the volume of tumor at the point of measuring. The
antitumor activity was determined by relative tumor
inhibitory rate (IR, %), which could be calculated
with the formula [1-[R(treatment group)/R(negative
control group)]]x100%.

Tissue Distribution Studies

Mice bearing tumors (above) were randomly divided
into three groups (n=54): (1) free CUR; (2) CUR LPs;
and (3) A15-CUR LPs, which were administered in the
same dose via the tail vein (10 mg/kg). At predeter-
mined time points (at 0.5, 3, 6, and 12 hrs post i.v.
administration), three animals from each group were
given anesthesia, and their blood was collected from
the postorbital vein and centrifugated to obtain the
serum. Tissues of interest (heart, liver, spleen, lung,
kidney, and tumor) were collected immediately after
rinsed with normal saline and dried with tissue paper.
Serum and tissue samples were frozen at —20°C until

0 O
AARNTRANNIND
’10/\"'// \._,/)\ OH
OCH, OCH,
Structure of Curcumin

Hydrophilic polar head
Aqueous layer
Lipid layer
Hydrocarbon tail

Aptamer A15

Figure | The basic structure of aptamer Al5 modified CUR liposomes.

analysis. After treatment, the mice were sacrificed with
their
collected.

main organs weighed and tissue sections

Statistical Analysis

All values were presented as mean and standard deviation
(mean + SD), and the significance of differences was
investigated using ANOVA or unpaired Student’s #-test at
p<0.05.

Result And Discussion
Characterization Of AI5-CUR LPs

To our knowledge, this study was the first to demon-
strate the role of CUR in the stem cells of the prostate,
and the drug was considered to be very suitable as a
potential new treatment of prostate cancer. The results
showed that CUR induced the growth inhibition and
apoptosis effects in prostate stem cells in a dose-depen-
dent manner. In this study, phospholipids, cholesterol,
and other lipids and CUR were mixed in an organic
solvent and rotary evaporated in a vacuum. When a
uniform membrane was developed, aqueous buffer was
added to make the
(Figure 1) in the form of yellow powder. When water

lipid hydrate into liposomes
was gently added for injection, the powder quickly dis-
persed and formed yellow semitransparent colloidal sus-
pensions. The results suggested that the average particle

size was 86.6 nm, the zeta potential was —26.2 mV, the
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Table | The Characteristics Of Aptamer Al5 Modified CUR LPs
(n=3)

Parameters CUR LPs AI15-CUR LPs
Particle size (nm) 82.8+6.3 86.6+4.5
Drug-loading (%) 5.1£0.3 6.2+0.4
Encapsulation efficiency (%) 91.6x1.5 92.3%1.2
Polydispersity index 0.23 0.21

Zeta potentials (mV) —23.5+29 —26.2+3.2

entrapment efficiency was 92.3% + 1.2%, and the drug
loading was 6.2% + 0.4%. Compared with the conven-
tional injection, there was no significant changes in the
indexes of the accelerated test. Therefore, liposomes
effectively improved the stability of the drug. In addi-
tion, there was no significant change in physical and
chemical properties compared with ordinary CUR lipo-
somes (Table 1). The surface morphology of LPs

encapsulating CUR, prepared by the thin-film dispersion
technique, was studied by TEM. Figure 2 is a TEM scan
showing the formation of spherical and smooth LPs.
Scanning also showed that the particles had a uniform

size distribution and low dispersion, as shown in
Table 1.

In Vitro Release

The release kinetics of CUR from aptamer A15 mod-
ified LPs was studied for 48 hrs. Drug release from LPs
occurred in a biphasic manner, with an initial burst
phase followed by a diffusion-controlled drug release
phase featured at a slower pace. In our studies, due to
the drug desorption and release from the surface of LPs,
an initial burst phase (20-25%) was observed within 2
hrs. As shown in Figure 3, during the entire study
period, a sustained CUR release to a total of about
68% was found. There was no significant difference in

()

Size Distribution by Intensity

Intensity (Percent)

0.1 1 10 100
Size (d.nm)
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Zeta Potential Distribution

4000007

300000+

200000
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D Size Distribution by Intensity

Intensity (Percent)

Size (d.nm)

Zeta Potential Distribution

K S Rl :

:
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:

-100 0 100 200
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Figure 2 Transmission electron microscopy of aptamer A5 modified CUR liposomes. (A) Initial stage. (B) After 3 months of stability observation. Magnification x100,000.

Size and zeta potential distribution (C) A15-CUR LPs and (D) CUR LPs.
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Figure 3 The release profile of free CUR (blue line), CUR LPs (green line), and A15-CUR LPs (red line) (n=6). *p < 0.05, compared with free CUR.

the release behavior of the two kinds of liposomes
(p>0.05). (Higuchi;  Weibull;
Neibergull; zero-order; first-order) were used to describe

Several = models
drug release from LPs, the best being the Higuchi equa-
tion, expressed as Y=6.598T;,,-1.265, r=0.9993, indicat-
ing that CUR could be controlled released from the LPs.

Stability

The stability data of CUR LPs and A15-CUR LPs are
summarized in Table 2. In the stability test, LPs main-
tained a good round shape and the data showed no sig-
nificant change in AI15-CUR LPs.
aggregation or precipitation of LPs was observed during

In addition, no

storage for 3 months. The stability study indicated that a
suitable formulation (lyophilized liposomes) increased the
storage time of the drug.

Table 2 Physical Stability Of CUR LPs And AI5-CUR LPs At 25°C
12°C, Relative Humidity (60%+5%) (n=3)

CUR LPs AI15-CUR LPs
0 Day 3rd 0 Day 3rd
Month Month

Particle size (nm) | 82.8+6.3 83.415.1 86.6+4.5 84.7£2.9
Zeta potential —23.5%29 | —22.6x1.5 | —26.2£3.2 | —23.4+14
(mV)
DL (%) 5.1£0.3 4.840.5 6.2+0.4 5.8+0.3
ER (%) 91.6x1.5 89.4%1.3 92312 89.8+1.5

Hemolysis Testing

Hemolysis study was conducted to study the potential
toxicity after the intravenous injection of free CUR,
CUR LPs, and A15-CUR LPs in vivo. The leakage of
hemoglobin was used to quantitatively compare the
membrane-damaging properties of test formulations.
The results suggested that free CUR showed much
higher hemolysis rate than CUR LPs and A15-CUR
LPs (10.8% vs 4.6%/3.9%, p > 0.05). But there was
two LPs.
Therefore, the aptamer Al5-modified liposome was a

no significant difference between the

safe formulation for injection.

Cell Viability

To evaluate the differential effects of free CUR, blank
LPs, CUR LPs, and A15-CUR LPs on cell viability, a
CCK-8 assay for viability was utilized. Cellular viability
of different formulations during incubation is shown in
Figure 4. Even after incubation for 48 hrs with 20 mM
blank LPs, the cellular viability was above 80%. This
result showed that blank LPs had lower cellular cyto-
toxicity. By contrast, under the same incubation condi-
tion (concentration), the cellular cytotoxicity of CUR
LPs increased significantly, which might be caused by
the increase of intracellular drug concentration through
the transportation of liposomes. In addition, at the same
concentration, the two LPs of CUR (with or without
A15 modified) exhibited a similar trend of cellular
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Figure 4 The cellular viability of DU145 cells cultured with free CUR, blank LPs, CUR LPs, and AI5-CUR LPs in the incubation time of 24 or 48 hrs at the 5 different
concentrations (n=6). Data = mean + SD. At 24 hrs: *p < 0.05, compared with blank LPs; bp < 0.05, compared with free CUR; “p < 0.05, compared with CUR LPs. At 48 hrs:
9p < 0.05, compared with blank LPs; °p < 0.05, compared with free CUR; p < 0.05, compared with CUR LPs.

cytotoxicity. With the extension of incubation time,
A15-CUR LPs showed a greater inhibitory effect on
cells.

Cellular Internalization

The cellular internalization of free CUR, CUR LPs, and
A15-CUR LPs in DU145 cells was observed by confocal
microscopy. As shown in Figure 5, a strong green

D o0%
80% |
70% |
60% |
50% |
40% |

fluorescence was observed in the cytoplasmic region
after the incubation of A15-CUR LPs for 2 hrs. Cell
internalization in DU145 cells was higher for A15-CUR
LPs than others. The results showed that surface modifica-
tion enabled cells to internalize and more drugs to enter
cells successfully. In quantitative cell uptake studies, cou-

marin-6 on the three formulations was quantified by reco-

from cells

vering drug LPs and measuring their

Fluorescence intensity

[

30% |
20%

10% ¢t I—I—l
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free CUR

CUR LPs

Al5-CUR LPs

Figure 5 Confocal images of cellular uptake of free CUR (A), CUR LPs (B), and Al5-CUR LPs (C) by DU145 cells. Incubation time was 2 hrs. (D) Fluorescence intensity of the three

groups.
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Figure 6 Flow cytometry analysis of the CD |33+ population. The CD133+ population in DUI45 cells was analyzed by flow cytometry with PE-CD133+ antibody. (A)
5.12% CDI133+ cells were detected among untreated DU145 cells. (B) 4.31% CDI33+ cells were detected in free CUR treated cells. (C) 3.23% CD133+ cells were
detected in DUI45 cells treated with CUR LPs. (D) 1.33% CD133+ cells were detected in DUI45 cells treated with AI5-CUR LPs.

fluorescence (normalization to the total cell protein content
per milligram). Mean fluorescence intensities (Figure 5D)
for A15-CUR LPs were approximately 2-folds higher than
those for CUR LPs. The uptake of A15-CUR LPs poten-
tially involved specific interactions of the A15 group with
its receptor. Hence, the overexpression of CDI133+ on
DU145 cells could promote cellular entry of liposomes
with the A15 modification.

In the study of flow cytometry assays, an average of
5.12% CD133+ cells were detected in untreated DU145
cells and the CD133+ population was reduced to 4.31%

and 3.23% with free CUR and CUR LPs treatment, respec-
tively. However, when CUR LPs were modified with A15,
the CD133+ population was markedly reduced to 1.33%
(Figure 6).

Tumor Targeting

The tumor-targeting efficiency of DiD fluorescence-labeled
A15-CUR LPs in mice bearing s.c. DU145 cancer xenograft
was monitored by non-invasive fluorescence optical ima-
ging. Equivalent amounts of DiD-CUR, DiD-CUR LPs,
and DiD-A15-CUR LPs were injected into mice through

Drug Design, Development and Therapy 2019:13
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Figure 7 Fluorescence images of subcutaneous DU 145 tumor-bearing nude mice after intravenous injection of free CUR, CUR LPs and AI5-CUR LPs, 6 h and 12 h after

injection.

the tail vein. The entire animal became fluorescent immedi-
ately after liposome administration, and substantial contrast
between subcutaneous tumor and normal tissue was observed
from 0 to 12 hrs (Figure 7). According to the imaging results,
the uptake of DiD-A15-CUR LPs in tumors increased gra-
dually compared to normal tissue following injection, peak-
ing at 6 hrs, and maintaining a strong fluorescence signal for
12 hrs. This suggested that DiD-A15-CUR LPs were more
likely to accumulate in tumors preferentially than normal
tissues, which may be due to prolonged circulation and
enhanced permeability and retention (EPR) effects.
Compared with the DiD-A15-CUR LPs group, DiD-CUR
and DiD-CUR LPs had faint fluorescence intensity in tumor
of mice at any time, indicating that ordinary LPs and drugs
had weak tumor-targeting function.

In Vivo Evaluation

A problem with the current treatment of prostate cancer
was that although chemotherapeutic drugs killed the
majority of cancer cells, the cancer stem cells could still
lead to drug resistance and tumor recurrence. Therefore, in
this study, we designed A15 modified CUR LPs for pros-
tate cancer CSCs. As shown in Figure 8, compared with
the control group, both LPs groups resulted in growth
inhibition of DU145 cells transplanted solid tumors and
the obvious decrease of tumor size. Compared with blank
LPs, the volume of tumor treated with A15 CUR-LPs
decreased significantly, while that of animals treated with
CUR-LPs and free CUR decreased not as much. The
average weight and volume of the tumor are provided in
Table 3. The appearance of the tumors was in agreement

submit your manuscript

4030

Dove

Drug Design, Development and Therapy 2019:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Ma et al

blank LPs

A15-CUR LPs

CUR LPs

free CUR

Figure 8 Changes of tumor volume in nude mice transplanted with human adenocarcinoma cell line DU145 on 7th day.

with the statistical analysis of the tumor volume data,
which showed that compared with the control group, all
the treatment groups significantly inhibited the growth of
tumor volume (P<0.05), with the A15-CUR LPs group
showing the highest effectiveness. All the results indicated
that A15-CUR LPs had better antitumor effect in vivo than
unmodified liposomes. Pathological studies showed that
there were no obvious pathological changes in the tissues
of the treatment groups (data not shown).

Biodistribution Studies
Figure 9 presents the mean concentration-time profiles
of CUR in a unit mass of each mice organ. Drug

concentration in tissues indicated that A15-CUR LPs
could deliver CUR mainly to tumor after intravenous
administration. The concentration of CUR in tumor was
significantly higher than that in other tissues and the
plasma. The total amount of drug accumulated in each
organ within 24 hrs (AUCO-t) was calculated, and the
results are shown in Table 4. The classical Gupta
method was usually used to evaluate the targeting effi-
ciency (Target Index, TI). As shown in Table 4, Al5-
CUR LPs had higher AUC inside tumor and the spleen
than the injection group. TI was 3.12 and 1.12, but there
was no significant difference in the increase of the
spleen. The reasons could be that both mediated

Table 3 The Effect Of Free CUR, CUR LPs, Or AI5-CUR LPs On Nude Mice Of DUI45 Cells

Formulation TV (mm?) Tumor Weight (g) R IR
(%)
d; djo
Blank LPs 129 + 26 659 + 136 0.625 + 0.167 511+ 1.39
Free CUR 131 £22 365 £ 156° 0.325 £ 0.119° 279 + 1.13* 45.4%
CUR LPs 126 + 28 275 £ 135 0.219 £ 0.107* 2.18 £ 0.95% 57.3%
AI5-CUR LPs 131 £ 31 121 + 72%< 0.116 + 0.049*< 0.92 + 0.39°* 82.0%
Notes: *p < 0.05, compared with blank LPs; ®p < 0.05, compared with free CUR; °p < 0.05, compared with CUR LPs.
Abbreviations: TV, tumor volume; R, relative tumor volume.
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Figure 9 The research results of tissue distribution.

Table 4 The AUC,_j,, Of CUR In Plasma And Tissues After I.V. Administration Of Injection And Liposomes To Mice (n=6)

Formulation Heart Liver Spleen Lung Kidney Plasma Tumor
Free CUR (ng h/g) 1328.5 2031.0 31135 2625.3 2987.3 2305.5 1032.3*
CUR LPs (ng h/g) 1291.5 2322.5 2894.3 2072.5 2655.5 1833.5 1484.3*
AI15-CUR LPs (ng h/g) 1126.3 2674.5 2630.0 2449.8 2419.0 1475.0 4356.3
Ratio® 0.8 1.3 0.8 0.9 0.8 0.6 42
Ratio® 0.9 1.2 0.9 1.2 0.9 0.8 29

Notes: *The ratio was AUC (A15-CUR LPs)/AUC (Free CUR). ®The ratio was AUC (A15-CUR LPs)/AUC (CUR LPs). *P<0.05: vs AUC (AI5-CUR LPs).

receptors and the reticuloendothelial system (RES) were
in the spleen. As a result, drugs are more easily dis-
tributed to these organs.
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