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In our previous studies using combined radioisotopes with che-
motherapeutic liposomal drugs (i.e., 111In-labeled polyethylene
glycol (PEG)ylated liposomal vinorelbine) we have reported pos-
sible therapeutic efficiency in tumor growth suppression. Never-
theless, the challenge remains as to whether this chemotherapy
has a therapeutic effect as good as that of combination therapy.
The goal of this study was to investigate the real therapeutic ef-
fectiveness of 6 mol% PEG 111In-vinorelbine liposomes via the
elevation of the radiation dosage and reduction in the concentra-
tion of chemotherapeutic agents. Methods: Murine colon carci-
noma cells transfected with dual-reporter genes (CT-26/tk-luc)
were xenografted into BALB/c mice. The biodistribution was es-
timated to determine the drug profile and targeting efficiency of
111In-vinorelbine liposomes. Bioluminescence imaging and 18F-
FDG small-animal PET were applied to monitor the therapeutic
response after drug administration. The survival in vivo was esti-
mated and linked with the toxicologic and histopathologic anal-
yses to determine the preclinical safety and feasibility of the
nanomedicine. Results: Effective long-term circulation of radio-
activity in the plasma was achieved by 6 mol% PEG 111In-vinor-
elbine liposomes, and this dose showed significantly lower
uptake in the reticuloendothelial system than that of 0.9 mol%
PEG 111In-vinorelbine liposomes. Selective tumor uptake was
represented by cumulative deposition, and the maximum accu-
mulation was at 48 h after injection. The combination therapy
exhibited an additive effect for tumor growth suppression as
tracked by caliper measurement, bioluminescence imaging,
and small-animal PET. Furthermore, an improved survival rate
and reduced tissue toxicity were closely correlated with the tox-
icologic and histopathologic results. Conclusion: The results
demonstrated that the use of 6 mol% PEG 111In-vinorelbine lipo-
somes for passively targeted tumor therapy displayed an addi-
tive effect with combined therapy, not only by prolonging the
circulation rate because of a reduction in the phagocytic effect

of the reticuloendothelial system but also by enhancing tumor
uptake. Thus, this preclinical study suggests that 6 mol% PEG
111In-vinorelbine liposomes have the potential to increase the
therapeutic index and reduce the toxicity of the passively nano-
targeted chemoradiotherapies.
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Liposomes are polymeric nanoparticles that consist of
phospholipid bilayers and generate an aqueous cavity in the
inner phase, which can be a stable shelter for pharmaco-
logic agents that include chemotherapeutic drugs used in
cancer therapy, antisense oligonucleotides used in gene
therapy, peptides used in infectious disease treatments,
antigens that stimulate an immune response, and radio-
pharmaceuticals used for targeting diagnosis and therapy
(1–3). These encapsulated agents exhibit stable pharmaco-
kinetics, a better distribution in human bodies, and reduced
tissue toxicity and are mainly delivered to the regions of
interest (ROIs)—all or which are characteristics that
improve therapeutic effectiveness (4,5).

One defect of traditional liposomes is that they are easily
taken up by cells of the mononuclear phagocyte system,
primarily those located in the reticuloendothelial system
(RES) (6). Polyethylene glycol (PEG) modification of the
liposomes (PEGylated liposomes) was initially developed
to resist opsonization, evade rapid clearance by the RES,
and allow the liposomes to remain in the circulation for
a prolonged period after systemic administration (6,7). The
PEGylated liposomal formulation of doxorubicin has been
applied as a treatment for AIDS-related Kaposi sarcoma
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(8,9), ovarian carcinoma (10,11), breast carcinoma (12,13),
mullerian carcinoma (14), and prostate cancer (15,16).
Furthermore, this approach has gained regulatory approval
for use as a clinical therapy (8–13).

Recently, we have reported that the intravenous admin-
istration of 6 mol% PEGylated liposomes was able to not
only prolong the circulating rate of the liposomes but also
reduce the amount of radioactivity accumulating in the RES
(17). Furthermore, the increase in the tumor-targeting
efficiency of this treatment, compared with the 0.9 mol%
treatment, suggests that the concentration of PEGylation
influences the spatial and temporal distribution of liposo-
mal drugs. In addition, we have further demonstrated that
6 mol% PEGylated liposomes encapsulated with an 111In
radionuclide and the anticancer drug vinorelbine have
a potent therapeutic effect in tumor growth inhibition (3).
These results provide important information with regard to
the formulation of 6 mol% PEG 111In-vinorelbine lipo-
somes that may be a suitable drug delivery system for
cancer diagnosis using g-rays and for cancer therapy using
vinorelbine and Auger electrons.

In our previous study, vinorelbine liposomes displayed
a therapeutic effect similar to that of 111In-vinorelbine
liposomes (3). Therefore, to clarify whether the combined
therapy of 111In-vinorelbine liposomes gave either an
additive or a synergistic effect, compared with 111In-
liposomes or vinorelbine liposomes alone, the radiation
dosage of 111In was increased to 37 MBq and the
concentration of vinorelbine was decreased to 3 mg/kg in
this therapeutic trial.

MATERIALS AND METHODS

Tumor Cell Preparation
CT-26/tk-luc tumor cells were maintained in RPMI 1640

medium (Gibco-BRL), with 10% heat-inactivated fetal bovine
serum (Hyclone) supplemented with L-glutamine, sodium bicar-
bonate, 100 units of penicillin per milliliter, and 100 mg of
streptomycin per milliliter at 37�C with 5% CO2 in the presence of
500 mg of G418 per milliliter (Merck), to maintain stable
expression of the reporter genes.

Tumor-Xenografted Animal Model
Tumor cells (2 · 106 cells/200 mL) were transplanted sub-

cutaneously into the dorsal region of the right thigh of BALB/c
mice (purchased from the National Laboratory Animal Center).
Subcutaneous transplantation was followed by daily digital caliper
measurement of tumor growth once the bulge caused by the tumor
cells at the injection site was visible 14 d after inoculation (tumor
size, ;50 6 5 mm3). The tumor volume was calculated using the
formula 0.523 · (length · width · thickness) and assessed twice
per week for 1 mo.

Preparation of PEGylated Liposomes
The PEGylated liposomes were prepared as previously de-

scribed by Tseng et al. (18). Briefly, PEG-distearoylphosphatidy-
lethanolamine (DSPE) (0.9 and 6 mol%) was prepared using the
following ratios: distearoylphosphatidylcholine:cholesterol:DSPE
covalently linked PEG of 2:1:0.027 for the 0.9 mol% and of

2:1:0.18 for the 6 mol% PEG-DSPE. Small unilamellar vesicles
(standardized uptake value [SUV], ;100-nm diameter) were
produced by a combination of the standard thin-film hydration
method, the freeze-and-thaw method, and repeated extrusion. The
extraliposomal salt was removed by a Sephadex G-50 column
(Bio-Rad) and elution with histidine-sucrose buffer (pH 6.0).

Anticancer Drug Encapsulation
After the extraliposomal salt was removed by a Sephadex G-50

column, the anticancer agent vinorelbine was added immediately
into the solution at a concentration of 3.5 mg of vinorelbine per
10 mmol of phospholipid and incubated at 60�C for 30 min with
agitation (100 rpm). After loading, the liposomal vinorelbine was
sterilized by 0.2-mm filtration and stored at 4�C26�C until use.
The PEGylated liposomes (NanoVNB; Taiwan Liposome Com-
pany) were characterized as follows: pH, 6.1; osmolarity, 361
mmol/kg; mean particle size, 95.2 nm; phospholipids, 6.19 mmol/
mL; and vinorelbine, 2.08 mg/mL.

Radiolabeling of 111In-Oxine
Oxine was labeled with 111In as previously described by Chow

et al. (3). Briefly, 15 mL of 68 mM 8-hydroxyquinoline (oxine;
Sigma-Aldrich Co.) in ethanol were added to 10 mL of 111In
(indium chloride in 0.05 M HCl; 3.7–74 MBq) (Perkin Elmer) in
400 mL of 0.1 M sodium acetate buffer (pH 5.5) and then
incubated at 50�C for 20 min. The lipophilic components were
extracted with chloroform and then evaporated. The labeling
efficiency of 111In-oxine was determined by an instant thin-layer
chromatography method. The radiochemical yield was generally
greater than 90% 111In-oxine.

Preparation of PEGylated 111In-Vinorelbine Liposomes
The extracted 111In-oxine residue was dissolved in 20 mL of

ethanol and added to 80 mL of distilled water. The mixture was
incubated with 1.5 mL of liposomes for 30 min at 37�C. Ethyl-
enediaminetetraacetic acid (2 mg) was then added to chelate any
residual free 111In and to promote prompt excretion after in-
travenous injection. The labeling of 111In within the liposomes
(0.9 and 6 mol% PEG) was assayed by loading a 100-mL sample
onto a column (40 · 8 mm) (Bio-Rad) containing Sephadex G-50
fine gel (Amersham Biosciences) and elution was with normal
saline. The labeling efficiency was determined by dividing the
radioactivity from vinorelbine liposome fractions by the total
amount loaded. The radioactivity of each fraction was measured
using either a dose calibrator (CRC-15R, Capintec; Bioscan) or
a g-scintillation counter (Cobra II Auto-g-counter; Packard). The
entrapment of 111In was more than 90% (3).

Biodistribution of 111In-Vinorelbine Liposomes in
CT-26/tk-luc Tumor–Bearing Mice

The tumor-bearing mice (tumor size, ;70 6 10 mm3) were
randomly divided into 3 groups; each mouse received an in-
travenous administration of 3.7 MBq of 0.9 mol% PEG 111In-
vinorelbine liposomes, 6 mol% PEG 111In-vinorelbine liposomes,
or unencapsulated 111In-1,4,7,10-tetraazacyclododecane-N,N9,N$,
N9$-tetraacetic acid (DOTA). For the biodistribution studies (n 5 4
per time point), mice were sacrificed at 1, 4, 24, 48, and 72 h after
injection. Anatomization was performed, and tissues and organs of
interest—including the blood, heart, lungs, liver, stomach, spleen,
pancreas, large and small intestines, bladder, urine, kidneys, muscle,
bone marrow, and tumor—were excised. The net tissue weights were
obtained, and the level of radioactivity in each tissue was measured
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using a g-scintillation counter at 72 h after injection. The results were
expressed as counts per minute with decay correction standards and
were normalized as percentage of the injected dose per gram of tissue
(%ID/g) (19).

Bioluminescence Imaging (BLI)
BLI was performed using an IVIS50 animal imaging system

(Xenogen Corp.). The photons emitted from the target site
penetrated through the mammalian tissue and could be externally
detected and quantified using a sensitive light-imaging system (3).
On day 17 after inoculation (tumor size, 70 6 5 mm3), the mice
were anesthetized with 1%23% isoflurane using a vaporizer
system and intraperitoneally injected with 150 mg of D-luciferin
per kilogram at 15 min before imaging. The image acquisition
time was 1 min. The displayed images of the tumor sites were
drawn around and quantified in photons per second using Living
Image software (Xenogen Corp.).

18F-FDG Small-Animal PET
18F-FDG was provided by the National PET and Cyclotron

Center at Taipei Veterans General Hospital. On day 17 after
inoculation (tumor size, ;70 6 5 mm3), the conscious mice were
intravenously injected with 6.29 6 0.37 MBq of 18F-FDG, and 30
min was allowed for systemic uptake. Fully 3-dimensional list-
mode emission data were obtained using a microPET R4 scanner
(Concorde Microsystems) and collected from 30 to 60 min after
radiotracer injection. The 3-dimensional whole-body images of
mice were obtained using a system that produced 63 image slices
over 10.5 cm of x and y and 7.8 cm of z axial fields of view. The
spatial resolution was 4.6 mm in the central axis using the
2-dimensional mode. No attenuation correction was performed
in this research. Finally, a cylinder calibration method was used to
convert the units of the small-animal PET images from counts per
second per voxel to nanocuries per cubic centimeter. The
radioactivity (37 Bq/cm3), %ID/g, and SUV of the ROIs of the
tumor were drawn and calculated at various times from all images.

Body Weight and Survival Assessment
The body weight losses and surviving fractions were estimated

after a single dose of drug was administered. The body weight
change of each mouse was measured twice per week for 1 mo.
Survival was monitored daily and continued until all mice were
dead after injection. The results then underwent Kaplan–Meier
survival analysis.

Biochemistry and Hematology Analyses
At the completion of the experiments (at the fifth week after

drug administration), the mice were sacrificed. Blood samples
were collected and tested for levels of white blood cells, red blood
cells, hemoglobin, hematocrit, and platelets. Serum was collected
and analyzed for levels of alkaline phosphatase (ALP), albumin,
alanine aminotransferase (ALT), aspartate aminotransferase, cre-
atinine, and blood urea nitrogen (BUN). These measurements
were performed on a Beckman CX-5 PRO.

Tissue Preparation for Histopathology
At the end of the experiments, samples of the tumor mass and

the major organs including the lungs, liver, spleen, and kidneys
were fixed in cold 4% paraformaldehyde, embedded in paraffin,
sectioned at 5 mm, and stained with hematoxylin and eosin.

Statistical Analysis
The Student t test was used to analyze for significant differ-

ences between the control and drug-treated mice. P values of less
than 0.05 and 0.01 were defined as the significance levels.

RESULTS

Biodistribution of 111In-Vinorelbine Liposomes
in CT-26/tk-luc Tumor–Bearing Mice

The accumulation of radioactivity in the tissues of the
CT-26/tk-luc tumor–bearing BALB/c mice (n 5 4) was
measured at the times described after a 3.7 MBq/100 mL
intravenous administration of 0.9 or 6 mol% PEG 111In-
vinorelbine liposomes or unencapsulated 111In-DOTA. In
Figure 1, the concentration of radioactivity in the blood
decreased rapidly from 34.74 6 9.15 %ID/g to 0.25 6 0.07
%ID/g after treatment with 0.9 mol% PEG 111In-vinorel-
bine liposomes, compared with 6 mol% (from 27.91 6 0.98
%ID/g to 7.67 6 0.13 %ID/g). However, 6 mol% PEG
111In-vinorelbine liposomes significantly decreased the
radioactivity accumulation in the liver, spleen, and bone
marrow and gave a better retention in the tumor than did
0.9 mol%. There was no significant difference in renal uptake
between the groups. Selective tumor uptake was measured
either by the cumulative deposition and the maximum
accumulation (14.92 6 3.96 %ID/g) or by the tumor-to-
muscle ratio (16.76) at 48 h after injection (Table 1). In
addition, a rapid clearance of radioactivity was found with the
111In-DOTA treatment, with most radioactivity being ex-
creted through the urinary system (Table 2). These results
suggest that circulation time and tumor-targeting capability
were enhanced, and the RES phagocytic function was
reduced when 6 mol% PEGylated liposomes were used.

BLI for Monitoring Therapeutic Response

Therapeutic responses were monitored by BLI (Fig. 2A)
and digital caliper measurement (Fig. 3) before and twice
a week after drug treatment. The greatest suppression of
tumor growth was found with the combination therapy using
111In-vinorelbine liposomes. A moderate inhibition was
found with the chemotherapy using vinorelbine liposomes,
and this was followed by radiotherapy with 111In-liposomes.
In this study, both the 111In-DOTA (without liposomal
encapsulation) and NanoX liposome groups (empty lipo-
somes without 111In and vinorelbine) were used as controls
for the comparison. The photon counts from the BLI were
collected and measured from the ROIs of the tumor sites.
The mean photon flux of all the treatments correlated with
tumor size (Fig. 2B). The results showed that mean photon
flux rapidly increased with tumor volume up to about 800–
1,000 mm3, then gradually decreased. The latter effect may
be because the larger tumors tended to have significant
necrosis, which does not emit bioluminescence and affects
the results relative to smaller tumors. In these circumstances,
fewer photon counts would be present for the same ROI.
This possibility was later confirmed by examination of the
pathology of the tumors. The mean photon fluxes, as
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a function of time after initiation of the various treatments,
are shown in Figure 2C, which uses the BLI data from before
day 40. These results confirm that among all the treatments,
the greatest tumor control was given by combination therapy,
followed by chemotherapy and then radiotherapy.

18F-FDG Small-Animal PET for Monitoring
Therapeutic Response

18F-FDG small-animal PET was performed before and
once per week after the various treatments. The coronal
views of the small-animal PET images in Supplemental

FIGURE 1. Biodistribution of 111In-labeled 0.9 mol% and 6 mol% PEG 111In-vinorelbine liposomes in CT-26/tk-luc tumor–
bearing BALB/c mice. Tissue uptake is expressed as %ID/g (mean 6 SE, n 5 4). Experiments were repeated 4 times. *P , 0.05
and **P , 0.01 are significantly different between both groups by Student t test.

TABLE 1. Biodistribution of CT-26/tk-luc Tumor–Bearing BALB/c Mice After Intravenous Administration
of 111In-Vinorelbine Liposomes (6 mol% PEG)

Time after intravenous administration (h)

Organ 1 4 24 48 72

Blood 27.91 6 0.98 24.48 6 2.04 18.23 6 0.67 11.41 6 0.23 7.67 6 0.13

Heart 5.91 6 0.73 4.22 6 0.13 3.29 6 0.16 3.12 6 0.33 3.46 6 0.40

Lungs 12.50 6 1.45 13.79 6 1.30 11.92 6 1.49 10.25 6 1.27 6.31 6 0.79
Liver 4.02 6 0.25 3.67 6 0.28 3.99 6 0.25 5.00 6 0.20 5.92 6 0.71

Stomach 2.27 6 0.31 2.17 6 0.27 3.99 6 0.96 3.80 6 0.36 2.15 6 0.25

Spleen 8.73 6 0.40 12.45 6 0.72 18.34 6 2.21 27.52 6 2.94 44.92 6 2.60

Pancreas 2.12 6 0.17 2.36 6 0.31 1.89 6 0.13 1.76 6 0.08 1.38 6 0.11
Large intestine 2.08 6 0.31 2.63 6 0.71 5.57 6 1.38 7.20 6 1.51 6.93 6 1.87

Small intestine 5.43 6 0.83 7.68 6 1.10 9.26 6 0.99 12.84 6 0.30 8.60 6 1.68

Bladder 2.18 6 0.12 2.43 6 0.77 1.29 6 0.15 1.09 6 0.09 1.50 6 0.16

Urine 1.74 6 0.15 0.86 6 0.10 0.74 6 0.04 0.69 6 0.09 0.80 6 0.08
Kidneys 7.81 6 0.67 8.27 6 0.37 9.26 6 0.99 9.03 6 0.55 8.56 6 0.38

Muscle 1.15 6 0.14 0.79 6 0.07 0.87 6 0.04 0.89 6 0.07 1.30 6 0.19

Bone marrow 8.55 6 0.95 7.94 6 0.35 5.43 6 0.47 4.38 6 0.19 3.05 6 0.19

Tumor 1.97 6 0.31 2.88 6 0.14 9.55 6 0.20 14.92 6 3.96 9.60 6 1.21
Tumor/muscle 1.71 3.65 10.98 16.76 7.38

Values are represented as %ID/g, mean 6 SE (n 5 4 at each time).
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Figure 1A (supplemental materials are available online
only at http://jnm.snmjournals.org) show a clear tumor
uptake despite the large amounts of radioactivity that had
accumulated in the circulatory and urinary systems. The
calibration of the 18F-FDG metabolism (Supplemental Fig.
1B) showed a linear correlation with tumor size (R2 5

0.881). The quantified results of tumor metabolic activity
for all treatments (Supplemental Fig. 1C) were correlated
with the BLI and caliper measurement, which implies that
a significant therapeutic response was observed with the
combination therapy, followed by chemotherapy and then
radiotherapy. The results suggest that a conspicuous anti-
tumor effect of 111In-vinorelbine liposomes was achieved
via the reduction of the 18F-FDG metabolic activity of the
tumor. The decreased uptake of 18F-FDG may be due to the
killing effect of the metabolically viable cells or treatment-
induced necrosis within the tumor.

Body Weight and Survival Assay

The body weight loss results (Supplemental Fig. 2A)
were within the 20% margin that indicates minimal toxicity
of the drug after treatment. The survivals (Supplemental
Fig. 2B) were calculated until all mice were dead after
injection. The therapeutic response, survival time, and
related parameters are summarized in Table 3. The ex-
pected growth inhibition rate of the 111In-vinorelbine
liposomes was 67%. The calculated combination index
was 1.06 (P , 0.01). The 111In-vinorelbine liposomes
increased the median survival time by 35 d and lengthened
the life span by 46% (log rank, P 5 0.0045). No significant
difference in the overall survival times between the vinor-
elbine liposomes and the 111In-liposomes was found. The
results suggest that the 111In-vinorelbine liposomes could
display an additive effect for tumor growth suppression,

and thus, the results support a possible improvement in
overall survival of the treated mice.

Toxicology Studies

In Table 4, the levels of blood cells of the experimental
mice were found to have remained within their reference
ranges. The liver and renal function parameters, including
ALP, albumin, and BUN of the treated mice, were within or
close to their expected reference ranges, even though they
were significantly lower than those of the control mice. In
addition, the 111In-DOTA–treated mice showed a signifi-
cantly higher serum level of ALT and BUN, suggesting that
the liposomal drugs, compared with the unencapsulated
form, cause no increase in toxicity.

Histopathologic Examination After Various Treatments

To investigate the possible toxicities of various treat-
ments, histopathologic examinations of the lungs, liver,
spleen, and kidneys, which are the organs found to have
higher drug uptake, are shown in Supplemental Figure 3. In
addition, the tumor pathologies of various treatments are
shown in Supplemental Figure 4. The results show that no
significant morphologic damage to most tissues could be
detected, except for the kidneys (which had scattered but
minimal mononuclear inflammatory cells infiltrated into the
interstitium after 111In-DOTA treatment). Moreover, the
tumor pathology illustrates that the combination therapy had
a better therapeutic response in volume control (957 mm3)
and displayed a regional necrotic pattern. The larger the tumor
size (1,426–2,546 mm3), the greater the level of inherent
necrosis observed, which correlates with the BLI results.

DISCUSSION

PEGylation of the nanoparticle has been reported to play
an important role in the stability of nanoparticles. High

TABLE 2. Biodistribution of CT-26/tk-luc Tumor–Bearing BALB/c Mice After Intravenous Administration of 111In-DOTA

Time after intravenous administration (h)

Organ 1 4 24 48 72

Blood 0.29 6 0.05 0.03 6 0.01 0.004 6 0.0002 0.004 6 0.0004 0.003 6 0.0001

Heart 0.08 6 0.01 0.04 6 0.01 0.02 6 0.006 0.02 6 0.006 0.02 6 0.005
Lungs 0.36 6 0.05 0.15 6 0.05 0.09 6 0.03 0.12 6 0.007 0.04 6 0.004

Liver 0.37 6 0.03 0.30 6 0.01 0.27 6 0.04 0.21 6 0.01 0.25 6 0.01

Stomach 0.13 6 0.02 0.06 6 0.01 0.02 6 0.002 0.02 6 0.001 0.01 6 0.001

Spleen 0.26 6 0.02 0.18 6 0.03 0.22 6 0.01 0.18 6 0.002 0.13 6 0.01
Pancreas 0.09 6 0.02 0.03 6 0.007 0.01 6 0.001 0.01 6 0.001 0.01 6 0.001

Large intestine 0.21 6 0.10 0.07 6 0.009 0.07 6 0.02 0.03 6 0.002 0.02 6 0.004

Small intestine 0.21 6 0.06 0.15 6 0.03 0.04 6 0.01 0.03 6 0.004 0.02 6 0.003

Bladder 137.03 6 28.12 4.14 6 1.95 0.21 6 0.06 0.29 6 0.06 0.30 6 0.09
Urine 467.27 6 38.80 131.97 6 81.36 0.63 6 0.28 0.09 6 0.02 0.11 6 0.03

Kidneys 2.58 6 0.50 1.21 6 0.18 0.58 6 0.03 0.28 6 0.05 0.21 6 0.02

Muscle 0.09 6 0.03 0.11 6 0.06 0.01 6 0.001 0.01 6 0.001 0.01 6 0.001

Bone marrow 0.40 6 0.14 0.58 6 0.20 0.18 6 0.10 0.19 6 0.08 0.19 6 0.04
Tumor 0.25 6 0.02 0.17 6 0.03 0.06 6 0.01 0.02 6 0.002 0.02 6 0.001

Tumor/muscle 2.78 1.55 6 2 2

Values are represented as %ID/g, mean 6 SE (n 5 4 at each time).

THERAPEUTIC EFFECT OF 111IN-VINORELBINE LIPOSOME • Chow et al. 2077



concentration of PEGylation is more able to disturb the
balance of both hydrophilicity and hydrophobicity by
disrupting the surface integrity of lipid bilayer (7,20). In
contrast, a lower concentration of PEGylation increases
both the drug uptake level by the RES and the renal
elimination rate (17,21). Li and Huang reported that 5
mol% PEGylated liposome was optimal as a nanocarrier,
judged by the reduction of RES uptake level while the
stability of the liposomal structure was maintained (7).
Therefore, a suitable level of PEGylation needs to be
determined to pinpoint an ideal nanocarrier for the thera-
peutic efficacy evaluation.

The size of nanoparticle, on the other hand, is directly
involved in the drug deposition in tumors. Nanoparticles
with a diameter between 100 and 200 nm have been shown
to have a 4-fold higher rate of uptake than do those with
diameters greater than 300 or less than 50 nm (22). The
charge status of the nanoliposome also influences its tumor-

targeting capability. Negatively charged nanoliposomes
(z-potential, ;240 mV) showed a significantly higher
blood clearance rate than that of the neutral nanoliposomes
(z-potential, ;610 mV) because of an acceleration of
mononuclear phagocyte system uptake by the liver (23).
Positively charged nanoliposomes could cause aggregation
with negatively charged serum proteins and result in
induced transient embolism of the lung capillaries (24).
The PEGylation of nanoliposomes shields the positive or
negative charge, turns it to near-neutrality, and results in
decreased liver accumulation and prolonged blood circula-
tion (25). To meet these criteria, 6 mol% PEGylated
liposomes with a diameter of 100 nm and a z-potential of
5.06 mV were used in this study.

The circulation rate was prolonged, and the phagocytic
activity of the RES was decreased when 6 mol% PEG
111In-vinorelbine liposomes were used, as shown in Figure 1
and Tables 1 and 2. In addition, the drug uptake in tumor was

FIGURE 2. (A) In vivo BLI of CT-26/tk-luc tumor–bearing BALB/c mice after various treatments. (B) Mean photon fluxes from
ROIs of tumor were correlated with tumor size in all treatments. (C) Mean photon flux as function of time after initiation of drug
treatment. Combination therapy (i.e., 111In-vinorelbine liposomes) had lowest photon collection, which represented best tumor
growth suppression. All images were acquired under same experimental conditions and are displayed at same absolute scale.
Data are expressed as mean 6 SE. Black arrow indicates time of drug injection. Experiments were repeated twice. **P , 0.01 is
significantly different from control by Student t test. VNB 5 vinorelbine.
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also improved. The combination effect of 111In-vinorelbine
liposomes (37 MBq) displayed an additive effect for tumor
growth inhibition and overall survival in this preclinical
study (Table 3). The toxicologic and histopathologic analy-
ses also revealed that the formulated drug was less toxic to
mice (Table 4; Supplemental Fig. 3).

18F-FDG PET is well accepted as a gold standard for
tumor imaging. Because the oxygen and the nutrient are
required for tumor growth, the uptake rate of 18F-FDG,
a radiopharmaceutical of glucose analog, into tissues is
proportional to the tumor growth. As such, 18F-FDG is

a useful indicator for the tumor viability (26). In this study,
the uptake of 18F-FDG by the CT-26/tk-luc solid tumor was
linearly correlated with tumor size (R2 5 0.881) (Supple-
mental Fig. 1B). 18F-FDG uptake as a function of tumor
volume showed a tendency to increase (tumor size, ,700
mm3) before reaching a plateau (tumor size, 700–1,200
mm3), then increased rapidly (tumor size, .1,400 mm3).
The result is similar to that of mean photon flux versus the
mean tumor volume obtained from BLI when the tumor
size was less than 1,000 mm3 (Fig. 2B); only the SUV curve
continued to increase rapidly (tumor size, .1,400 mm3). The
difference between the 2 modalities may be due to the
characteristics of 18F-FDG PET tumor imaging, which is not
capable of thoroughly reflecting the tumor necrosis rate.
Alternatively, the tendency of SUV to increase at the later
phase of tumor growth may also be due to 18F-FDG uptake
by peritumor inflammatory cells (27). Because the diameter
of the necrosis center enlarges in parallel with tumor growth,
the thickness of the metabolically viable tumor sheath is also
increased, as shown in Figure 2A.

Studies using 18F-FDG PET suggest that a decrease in
SUV could be a predictive assay for therapeutic response in
malignant lymphoma and a variety of solid tumors (28).
Metabolic activities using 18F-FDG PET for all treatments
in this study were also shown to increase continuously as
tumors grew (Supplemental Fig. 1C). The combination
therapy with 111In-vinorelbine liposomes displayed a de-
tectable effect for tumor growth inhibition via the reduction
of 18F-FDG metabolism. This result is similar to the one
reported in the study by Oya et al.: that a marked decrease
in 18F-FDG uptake corresponded to a reduced number of
tumor cells (29). For tumor pathologic response, no
quantitative correlation between decreased SUV and the
tumor necrosis rate was found at the end of the treatments.
In summary, the application of 18F-FDG PET in monitoring
tumor therapeutic response in preclinical studies should
take into account the possible effects of treatment-induced
inflammation and tumor necrosis.

TABLE 3. Tumor Growth Inhibition and Survival Time of CT-26/tk-luc Tumor–Bearing BALB/c Mice (n 5 12) After
Intravenous Administration of Different Treatments

Tumor growth inhibition Survival time

Treatment

Mean growth
inhibition

rate (%)

Expected growth
inhibition

rate (%)

Combination

index P

Median
survival

time (d)

Increase
in life

span (%)* P
111In-vinorelbine liposomes 69 67 1.06 ,0.01 35 146 0.0045

Vinorelbine liposomes 51 – – ,0.01 31 129 0.0136
111In-liposomes 33 – – ,0.01 31 129 0.0083
111In-DOTA 3 – – NS 28 117 NS
NanoX liposomes – – – – 24 – –

*% increase in life span was expressed as (T/C-1) · 100%, where T is median survival time of treated mice, and C is median survival
time of control mice.

NS 5 not significant.

Tumor growth tracing was measured twice per week using digital caliper. P values of survival time were determined by log-rank test.

FIGURE 3. Therapeutic responses of CT-26/tk-luc tumor–
bearing BALB/c mice after various treatments. Greatest
tumor growth suppression was found in combination
therapy using 111In-vinorelbine liposomes, followed by
chemotherapy with vinorelbine liposomes, then by radio-
therapy with 111In-liposomes. Both groups of 111In-DOTA
and NanoX liposomes are presented as controls for
comparison. Data are expressed as mean 6 SE. Experi-
ments were repeated 3 times. **P , 0.01, Student t test.
Black arrow indicates time of drug injection. VNB 5

vinorelbine.
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CONCLUSION

Liposomes modified with 6 mol% PEGylation were
shown to have higher tumor uptake but lower accumulation
in the RES than those modified with 0.9 mol% PEGylation.
The passive nanotargeted 6 mol% PEG 111In-vinorelbine
liposomes displayed an additive effect for tumor growth
suppression, not only reducing tissue toxicity but also
improving survivability during these therapeutic trials.
The results suggest that this formulation of the nanomedicine
may have potential, when combined with noninvasive mo-
lecular imaging, for the study of tumor targeting, localization,
and bioavailability in preclinical studies.
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