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Therapeutic Effects of Hybrid Liposomes Against
Xenograft Mouse Model of Colorectal Cancer
In Vivo Due to Long-term Accumulation
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Abstract. Aim: To examine therapeutic effects of hybrid
liposomes (HL) composed of L-a-dimyristylphospha-
tidylcholine (DMPC) and polyoxyethylene (25) dodecyl ether
(C12(EO);s) against human colorectal cancer (WiDr) cells in
vitro and in vivo. Materials and Methods: HL composed of 90
mol% DMPC and 10 mol% C,(EO),s were prepared by the
sonication method. Therapeutic effects of HL in the
subcutaneous xenograft model mice of colorectal cancer were
examined in vivo. Results: Inhibitory effects of HL on the
growth of WiDr cells were obtained along with apoptosis
measurement. Selective accumulation of HL, including a
fluorescence probe (indocyanine green; (ICG)), was observed
for WiDr cells using a fluorescence microscope. Remarkable
reduction of tumor volume in xenograft model of mice topically
HL-treated without drugs after the subcutaneous inoculation
of WiDr cells was verified in vivo. Induction of apoptosis in
tumor cells of xenograft mice topically administered with HL
was observed in micrographs on the basis of terminal
deoxynucleotidyl tranferase-mediated dUTP-biotin nick end
labeling (TUNEL) method. Accumulation of HL, including
ICG, for long-term into the tumor was obtained in the
xenograft model. Conclusion: Therapeutic effects of HL
without any drugs in the murine xenograft model after
subcutaneous inoculation of human colorectal cancer were
revealed for the first time in vivo due to long-term
accumulation.

It is well known that the colorectal cancer is one of the
cancers having high mortality worldwide. The number of
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patients having colorectal cancer is increasing each year in
accordance with the increase of cancer risks, such as smoking,
alcohol and obesity. Surgical resection of the tumor is most
effective for achieving a complete cure for patients with
colorectal cancer on the early stages. Chemotherapy is
selected for postoperative advanced colorectal cancer since the
surgical resection is not effective for advanced stages of the
disease. Combination chemotherapy is often used for
advanced colorectal However, combination
chemotherapy has severe side-effects (1-4). Therefore, the
development of chemotherapeutic regiments without side-
effects is desired. The diagnosis of colorectal cancer is
performed based on an examination, such as colonoscopy,
biopsy, tumor marker, magnetic resonance imaging (MRI) and
positron emission tomography (PET). Studies of less invasive
diagnostic procedures without the physical burden for the
patients are being conducted to improve patient satisfaction
and quality of life.

Hybrid liposomes (HL) (5, 6) can simply be prepared by
sonication of vesicular and micellar molecules in a buffer
solution, unlike general liposomal preparation method.
Effective drug delivery systems using HL as drug carrier has
been obtained in the treatment of brain tumors (7) and
duchenne muscular dystrophy (8). High inhibitory effects of
HL on the growth of various tumor cells in vitro along with
the induction of apoptosis have been obtained without using
drugs (9-11). Remarkable therapeutic effects of HL were
demonstrated on the growth of tumor cells in vivo (12-15). No
toxicity of HL was observed in normal rats in vivo nor were
there any side-effects (12-13). After receiving the approval of
the Bioethics Committee, successful clinical chemotherapy
with drug-free HL to patients with lymphoma has been
reported (12). In addition, fusion and accumulation of HL,
including a fluorescence probe for human hepatoma (Hep-G2)
cells, has also been reported (16).

In this study, we examined the antitumor effects of HL
composed of L-a-dimyristoylphosphatidylcholine (DMPC) and
polyoxyethylene (25) dodecyl ether (C;,(EO),5) for human
colorectal cancer (WiDr) cells along with apoptosis in vitro.

cancer.
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We investigated the therapeutic effects of HL on a murine
xenograft model after the subcutaneous inoculation of WiDr
cells in vivo.

Materials and Methods

Preparation of HL. HL. were prepared by sonication of a mixture
containing 90 mol% L-o-dimyristoylphosphatidylcholine (DMPC;
NOF, Tokyo, Japan) and 10 mol% polyoxyethylene (25) dodecyl ether
(C1,(EO),5; Nikko Chemicals, Tokyo, Japan) in 5% glucose solution
using bath-type sonicator (VS-N300; VELVO-CLEAR, Tokyo, Japan)
at 45°C with 300W and filtered with a 0.20 um cellulose acetate filter
(Advantec, Tokyo, Japan).

Dynamic light scattering measurement. The diameter of HL was
measured with a light scattering spectrometer (ELSZ-0; Otsuka
Electronics, Osaka, Japan) using a He-Ne laser (633 nm) at a 90°
scattering angle. The hydrodynamic diameter (dj,,) was calculated
using the Stokes-Einstein formula (Equation 1), where k is the
Boltzmann constant, 7 is the absolute temperature, 1) is the viscosity
and D is the diffusion coefficient:

dy,=xT/37mD (Equation 1)

Cell culture. Human colorectal cancer (WiDr) cell line was
purchased from the American Type Culture Collection (Manassa,
VA, USA). WiDr cells were maintained in minimum essential
medium (MEM; Gibco BRL, Rockville, MD, USA) supplemented
with 1% non-essential amino acids (NEAA), penicillin 100 U/ml,
streptomycin 50 pg/ml and 10% fetal bovine serum (FBS; HyClone,
Omaha, NE, USA). The cells were cultured in a 5% CO, humidified
incubator at 37°C.

Assessment of 50% inhibitory concentration (ICs) in vitro. The 1Cs,
on the growth of tumor cells was determined on the basis of WST-8
[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2 4-disulfophenyl)-
2H tetrazolium, monosodium salt] assay (Cell Counting Kit-8; Dojindo
Laboratories, Kumamoto, Japan) (17-18). Cells (5.0x104 cells/ml)
were seeded in 96-well plates and cultured in a 5% CO, humidified
incubator at 37 °C for 24 h. Cells were cultured for a further 48 h after
adding DMPC (0.01-1.0 mM) and HL (0.01-0.5 mM) on the basis of
DMPC concentration. WST-8 solution was added and the cells were
incubated for 3 h. The absorbance at a wavelength of 450 nm was
measured by spectrophotometer (Emax; Molecular Devices Co.,
Sunnyvale, CA, USA). The inhibitory effects of HL on the growth of
tumor cells were evaluated by A .../Aconiwor Where A, and Ao
denote the absorbance of water-soluble formazan, in the presence and
absence of HL, respectively.

Terminal deoxynucleotidyl tranferase-mediated dUTP-biotin nick end
labeling (TUNEL) method in vitro. Detection of apoptotic cells was
performed by the TUNEL method using an In Situ Cell Death
Detection Kit (Roche Diagnostics, Basel, Switzerland). The WiDr cells
(5%10% cells/ml) were seeded in dishes and cultured for 24 h. HL
([DMPC]=0.1 mM, [C{,(EO),5]=0.011 mM) or DMPC liposomes
were added and cells were cultured for 48 h. Four %
paraformaldehyde solution was added for fixation purposes. After
formalin was removed, the cells were washed in Hank's Balanced Salt
Solution (HBSS). The impregnated solution was added and the cells
were stored in shade at 4 °C for 2 min. After the cells were washed,
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TUNEL reaction mixed-solution was added and cells were incubated
at 37°C for 60 min within humectant box. TOPRO-3 (Molecular
Probes, Inc., Sunnyvale, OR, USA) was added and the cells were
stored in room temperature for 20 min under the shade condition. The
stained cells were observed using a confocal laser microscope (TCS-
SP; Leica Microsystems, Wetzlar, Germany) with a 488 nm Ar laser
line for TUNEL (detection at 515-565 nm) and 633 nm He/Ne laser
line for TOPRO-3 (detection at 640-700 nm).

Fusion and accumulation of HL into the tumor cell membrane. The
fusion and accumulation of HL, including a fluorescence probe
(indocyanine green (ICG); Tokyo Chemical Industry Co., Ltd., Tokyo,
Japan) into the membrane of WiDr cells, was performed using
fluorescence cell imaging system (EVOS; Thermo Fisher Scientific
Inc., Waltham, MA, USA). Cells (5.0x105 cells/ml) were cultured in
a 5% CO, humidified incubator at 37°C for 24 h. The cells were
treated with HL ([DMPC]=0.1 mM, [C,(EO),5]=0.012 mM,
[ICG]=0.0047 mM), including fluorescence probe for 3h, and
observed using fluorescence cell imaging system (710/40 nm
Excitation; 775/46 nm Emission).

Assessment of therapeutic effects in vivo. The mice were handled in
accordance with the guidelines for animal experimentation set out in
Japanese law. The animal studies were approved by the Committee on
Animal Research of Sojo University. BALB/c-R/J mice were kindly
provided by Prof. Okada (Kumamoto University, Japan). (19) The mice
were bred in ventilator with 14 fresh-air changes per hour at room
temperature (25+1°C), humidity 50+10% and under a 12-h light:12-h
dark illumination cycle. The mice were randomly grouped on the basis
of body weight by the stratified randomization method. The number of
mice was seven in each group. The WiDr cells (5.0x100 cells) were
subcutaneously transplanted into the BALB/c-R/J mice. HL (34 mg/kg
for DMPC) was topically administered once each day for 14 days from
2days after the inoculation of WiDr cells. The tumor volume was
measured using vernier caliper and calculated using the equation of
V=0.5%a?xb, where a and b denote the smallest and longest superficial
diameter, respectively (13, 20-21). Then, the subcutaneous tumors were
isolated from mouse under anesthesia and weighed.

TUNEL method in vivo. Detection of apoptotic cells was performed
on the basis of the TUNEL method using an in situ apoptosis detection
kit (ApopTag Plus Peroxidase; Intergen, Burlington, MA, USA)
according to manufacturer’s directions. WiDr cells (5.0x10° cells) in
suspension were subcutaneously inoculated into BALB/c-R/J mice.
HL was topically administered into mice once each day for 14 days
starting 2 days after the WiDr cells were subcutaneously inoculated to
mice. The subcutaneous tumors were removed from mice under
anesthesia after the treatment with HL and fixed in 10 % formalin
solution. Paraffin-embedded sections were made and detection of
apoptosis was performed using the TUNEL assay according to
conventional procedures.

Assessment of accumulation of HL into tumor of the murine xenograft
model in vivo. The accumulation of fluorescence-labeled HL (HL/ICG)
to the tumor in mice of xenograft model was observed using
fluorescence macroscopic in vivo imaging system (Excitation: 725-825
nm, Emission: 790-900 nm; AEQUORIA; Hamamatsu Photonics
K K., Hamamatsu, Shizuoka, Japan). BALB/c-R/J were randomly
grouped on the basis of body weight using the stratified randomization
method. The number of mice was three in each group. The WiDr cells
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Figure 1. Time course of dhy change for HL composed of 90 mol%
DMPC and 10 mol% C;y(EO),5 in 5% glucose solution at 25°C,
[DMPC]=20 mM, [C;5(EO),5]=2.22 mM.

(5.0x100 cells) were subcutaneously inoculated into the mice. HL/ICG
(34 mg/kg for DMPC) was topically injected 17 days after the
inoculation of WiDr cells. After the injection, the tumors were non-
invasively investigated at each time point (0.5, 24,48, 72, 97 h) using
fluorescence macroscopic in vivo imaging system.

Statistical analysis. Results are presented as meanzstandard error
(S.E.). Data were statistically analyzed using Student’s -test and the
log-rank test. A p-value of less than 0.05 was considered to represent
a statistically significant difference.

Results

Physical properties of HL. The physical properties of HL
composed of DMPC and 10 mol% C;,(EO),5 were examined.
The diameter of HL was measured by dynamic light scattering
measurement. The results are shown in Figure 1. DMPC
liposomes were unstable and precipitated after 14 days. In
contrast, hydrodynamic diameter under 100 nm of HL was kept
for over one month.

Inhibitory effects of HL on the growth of WiDr cells in vitro. We
examined the inhibitory effects of HL on the growth of human
colorectal cancer WiDr cells on the basis of WST-8 assay. The
results are shown in Figure 2. Half-maximal inhibitory
concentration (ICs) values of HL and DMPC liposomes on the
growth of WiDr cells were 205 +10 uM, whereas that of HL
was 109+10 uM. There was a significant difference (p<0.05)
in ICs(, values between the DMPC liposomes and HL. These
results indicate that higher inhibitory effects of HL were
obtained as compared with DMPC liposomes.

Induction of apoptosis for WiDr cells treated with HL-25 in
vitro. Detection of apoptotic cells was performed by the
TUNEL method. The results are shown in Figure 3. A green
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Figure 2. Half maximal inhibitory concentration (ICs,) of DMPC and
HL on the growth of WiDr cells for 48h. Data presented are mean+SE.

color, indicating induction of apoptosis, was observed in a
fluorescence micrograph of WiDr cells using the TUNEL
method after a 48-h treatment with HL. However, a much lower
intensity of green color was observed in fluorescence
micrograph of WiDr cells treated with DMPC liposomes. These
results indicate that the HL induces apoptosis in WiDr cells.

Fusion and accumulation of HL into cell membranes of WiDr
cells. We examined fusion and accumulation of HL. (HL/ICG),
including ICG as a fluorescence probe into WiDr cells, using
a fluorescence cell imaging system. The results are shown in
Figure 4. A significant accumulation of HL/ICG into WiDr
cells was observed. Little accumulation was detected in the
case of DMPC liposomes. In contrast, no accumulation of ICG
was observed in WiDr cells. These results suggest that HL
could selectively fuse and accumulate into WiDr cells.

Therapeutic effects of HL for the murine subcutaneous
xenograft model in vivo. We examined the inhibitory effects
of HL on the growth of tumors in the mouse xenograft model
that was subcutaneously inoculated with WiDr cells. HL
topically administered once each day for 14 days starting 2
days after the subcutaneous inoculation of WiDr cells to
mice. We examined the time course of tumor volume for the
HL-treated xenograft murine model. The results are shown
in Figure 5. The median tumor volumes were 758.46+91.41
mm?> and 274.25+30.17 (p<0.05 vs. control) mm? in the
control group and HL group, respectively. A notable
reduction of tumor volume (60%) was obtained in the
xenograft model that was topically treated with HL without
drugs after subcutaneously inoculating WiDr cells. Next, we
observed the therapeutic effects of HL on this xenograft
model by performing autopsy. As shown in Figure 6,
reduction of tumor in HL-treated group was observed,
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Figure 3. Fluorescence micrographs of cancer WiDr cells after treatment with HL using the TUNEL methodology for 48h. Scale bar: 20 um,
[DMPC]=0.1mM, [C5(EO),5]=0.011 mM.
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Figure 4. Selective fusion and accumulation of HL, including ICG, into the plasma membranes of WiDr cells. Scale bar: 50 um, reaction time: 3 h,
[DMPC]=0.1 mM, [C;5(EO),5]=0.012 mM, [ICG]=0.0047 mM.

although enlargement of tumor in the control group was  control) had a significantly lower weight of tumor compared
confirmed. We next examined the tumor weight in the HL-  with the animals in control group (0.39+0.05 g). These
treated xenograft murine model. The results are shown in  results indicate that HL could be effective in the xenograft
Figure 7. Mice treated with HL (0.20+0.08 g, p<0.05 vs.  model in vivo.
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Induction of apoptosis by HL in the mouse xenograft model.
We examined the mechanism(s) of the therapeutic effects of
HL on the subcutaneously-inoculated mice in vivo using the
TUNEL method. HL was topically administered once each
day for 14 days from 2days after the WiDr cells were
subcutaneously inoculated to mice. The tumor was removed
from anaesthetized mice immediately after treatment. As
opposed to few apoptotic cells observed in the control group,
intense apoptosis was recorded in the HL-treated group
(Figure 8). These results indicate that HL exerts therapeutic
effects, in terms of apoptosis in vivo when using this
particular murine xenograft model.

Accumulation of HL into tumor of the xenograft model in
vivo. A non-invasive the accumulation of HL (HL/ICG),
including fluorescence probe, was observed into the tumor
of the xenograft model as assessed by fluorescence
macroscopic in vivo imaging system. HL/ICG was topically
administered when tumor volume reached 200-300 mm? at
12 days after the inoculation of WiDr cells. The results
shown in Figure 9 demonstrate a decrease of green
fluorescence within 48 h in the xenograft model treated with
ICG. On the other hand, accumulation of HL, including ICG,
into the tumor of xenograft model was observed at 97 h.
These results indicate that HL could accumulate for a
prolonged period of time into tumor cells in the tumor of
mouse xenograft model and inhibit the growth of WiDr cells.

Discussion

Endoscopic surgery, in the case of an early stage of
colorectal cancer, is performed. Abdominal operation for
advanced spread colorectal cancer is widely used. Adjuvant
therapies with radiation and anticancer drug(s) may be
selected after surgical treatment. Combination chemotherapy
is selected for advanced colorectal cancer with metastasis in
cases of unresectable metastatic tissues. A metastatic lesion
is identified using an imaging technique, such as PET and
the MRI, since advanced colorectal cancer may be
associated with metastases to lung, liver, lymph nodes.
Combination chemotherapy is one of the standard treatments
for advanced colorectal cancer (1-4). However, combination
chemotherapy has more severe side-effects compared to
chemotherapy alone due to the lack of tumor-specific
treatments (1-4). Generally, combination chemotherapy has
very little or no specificity, thus causing side-effects, such
as hair loss and damage to the liver, kidney and bone
marrow.

Fluctuation of the surface components of the cell
membrane is very different from that of normal cells. The
membranes of tumor cells are generally more fluid compared
to normal ones. HL showed remarkably higher inhibitory
effects on the growth of human colorectal cancer cells
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Figure 5. Suppression of tumor volume in the murine xenograft model
topically treated with HL after subcutaneous inoculation of WiDr cells.
Data represent the mean+SE (n=7). Dose for DMPC=34 mglkg,
*Significant difference from (p<0.05) from control as calculated by the
Student’s t-test.

compared to DMPC liposomes in which membrane fluidity
was smaller than that of HL (22). Fusion and accumulation
of HL into tumor WiDr cells without affecting the normal
colon CCD33Co cells using total reflection fluorescence
microscopy have been reported (22). These results suggest
that HL should be distinguished between normal and tumor
cells on the basis of fluidity of cell membrane.

According to the morphology of HL, HL under 100 nm in
diameter could avoid the reticular endothelial system (RES)
(23) and be appropriate for intravenous administration in
vivo and clinical applications.

Most animal cells can also be suicidal. One such
physiological cell suicide process is termed apoptosis or
programmed cell death. It is well-known that apoptosis plays
an important role in many aspects of normal development
and is required for maintaining homeostasis in tissues.
Therefore, control of apoptosis is an important potential
target for cancer chemotherapy.

We examined the antitumor effects of HL without any
drug on the growth of human colorectal cancer WiDr cells
in vitro. 1Cs values of HL on the growth of WiDr cells were
remarkably lower than that of DMPC liposomes. The
induction of apoptosis by HL was verified in vitro for WiDr
by the TUNEL method. The pathways of apoptosis induced
by HL of DMPC/10 mol% C{,(EO);y in the human
promyelocytic leukemia HL-60 has already been reported
(11). HL fused and accumulated in HL-60 cell membranes.
There are two pathways of apoptosis induced by HL: (i) The
apoptotic signal first passes through the mitochondria, then
caspase-9 and caspase-3 and, finally, reaches the nucleus. (ii)
The apoptotic signal first passes through FAS, then caspase-
8 and caspase-3 and, ultimately, reaches the nucleus. The
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Figure 6. Photographs of tumor in mice topically treated with HL after subcutaneous inoculation of WiDr cells. Scale bar: 5 mm.

apoptotic signal by HL for WiDr cells could pass through
mitochondria and activation of caspase-9, -8 and -3 and,
then, reach the nucleus following these two pathways. On
the other hand, no induction of apoptosis was observed in
WiDr cells treated with DMPC liposomes.

We investigated fusion and accumulation of HL
(HL/ICG), including ICG as a fluorescence probe into WiDr
cells, using a fluorescence cell imaging system. A significant
accumulation of HL/ICG into WiDr cells was obtained. In
contrast, little accumulation was detected in the case of
DMPC liposomes, suggesting that HL could selectively fuse
and accumulate into WiDr cells.

Next, we examined the therapeutic effects of HL using
subcutaneously-inoculated colorectal cancer cells in vivo into
the mouse xenograft model used in this study. Reduction of
tumor in the HL-treated group was observed, although
enlargement of tumor in control and DMPC groups was
confirmed on the basis of volume, weight and autopsy. Many
apoptotic cells were observed in the tumor section of the HL-
treated group as assessed by the TUNEL method.

We, finally, examined the accumulation of HL (HL/ICG),
including a fluorescence probe into the tumor of the murine
xenograft model, using a fluorescence macroscopic in vivo
imaging system. Interestingly, long-term accumulation of
HL, including ICG into the tumor of the subcutaneously
inoculated xenograft model, was obtained. The
aforementioned results suggest that, by employing the mouse
xenograft model, HL could selectively accumulate into WiDr
cells in the subcutaneously inoculated colorectal cancer cells
and inhibit the growth of these cells.

No side-effects of HL in chronic toxicity test using healthy
rats have been reported in vivo (12). We have already
reported the pharmacokinetics of HL using normal mice and
rats (12, 24-25), where HL circulated in blood for 3 h after
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Figure 7. Suppression of tumor weight in the xenograft model topically
treated with HL after subcutaneous inoculation of WiDr cells. Data
represent the mean+SE (n=7), *Significant difference from (p<0.05)
from control as assessed by the Student’s t-test.

intravenous administration to normal mice and, then,
metabolized in the liver (24, 25).

In clinical application, a prolonged survival of more than
one year was attained in one patient with late-stage
lymphoma after an intravenous injection of HL without any
side-effects. In addition, a remarkable reduction of the lymph
node neoplasm (solid tumor) was observed after local
administration (2 times/week) of HL (12). These results
suggest that HL could be a novel agent without severe side-
effects as a chemotherapy regimen in colorectal cancer.

Conclusion
We clearly demonstrated, for the first time, that noteworthy

therapeutic effects along with apoptosis can be obtained in
vivo concerning HL treatment of a murine xenograft model
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Control

Figure 8. Micrographs of tumor in the murine xenograft model after treatment with HL using the TUNEL method. Arrows and circles indicate

apoptotic cells.

Transmission

ICG
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Figure 9. Accumulation of HL, including ICG, for a prolonged period into the tumor of the murine xenograft model.

with colorectal cancer cells. The important aspects of this
issue are as follows: (a) HL having hydrodynamic diameter
under 100 nm was successfully preserved over 4 weeks. (b)
High inhibitory effects of HL on the growth of WiDr cells
were obtained as compared with that of DMPC in vitro. (c)
HL induced apoptosis in WiDr cells in vitro. (d) Remarkably
high therapeutic effects of HL were obtained in the
aforementioned model system as demonstrated by autopsy,
tumor volume and tumor weight in vivo. (e) Induction of
apoptosis was observed in the herein employed xenograft
model with colorectal cancer cells after HL administration
as shown by the TUNEL method. (f) Accumulation of HL,

including ICG, for a prolonged time period into the tumor
of xenograft model was obtained, thus suggesting that HL
could provide a promising therapy and diagnosis for cancer.
The results of this study can contribute to the development
of chemotherapeutic regimes for patients with colorectal
cancer in future clinical applications.
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