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a b s t r a c t

The focus of this study is to investigate the retention and biodistribution of technetium-99m (99mTc)
labeled liposomes in a human head and neck squamous cell carcinoma (HNSCC) positive surgical mar-
gin animal xenograft model. Positive surgical margin (with margin < 1 mm) in HNSCC is associated with
significant higher mortality and recurrence rate when compared to clear margin. An immediate intraoper-
ative application of liposome-carried therapeutic agents may treat the residual disease intraoperatively
and improve long term survival in these patients. To understand the feasibility of this intraoperative
therapy in HNSCC, the in vivo behavior of liposomes after intraoperative administration of 99mTc-labeled
liposomes using non-invasive nuclear imaging was investigated in an animal xenograft model. Neutral
and cationic 99mTc-labeled liposomes of 100 nm, 1 �m and 2 �m in diameter (6 study groups with 4 rats
per study group) were injected into a nude rat HNSCC positive surgical margin xenograft model. Intra-
tumoral, locoregional, and systemic retention and distribution of the 99mTc-liposomes were determined

99m
using non-invasive nuclear imaging and post-mortem organ distribution. The Tc-liposomes demon-
strated high locoregional retention rate of 55.9 ± 3.7% to 72.9 ± 2.4% at 44 h after intraoperative injection
to allow significant radiation to the surgical cavity if therapeutic radionuclides were used. Overall, the
cationic liposomes demonstrated higher intratumoral retention rate, and the neutral liposomes showed
greater retention in the paratumoral cavity (p < 0.05 respectively). In conclusion, intraoperative therapy
with liposome carried radionuclide drug delivery system carries great potential in treating unresectable

usin
HNSCC, and further study

. Introduction

Liposomes are a versatile and effective nanometer-scale drug
elivery system in modern pharmaceutics (Torchilin, 2007). They
inimize drug degradation, increase drug bioavailability, and result

n decreased drug toxicity (Torchilin, 2005, 2007). Therapeutic
gents encapsulated in liposomes have demonstrated improved
harmacokinetics, greater tumor localization, enhanced therapeu-

ic efficacy, and attenuated side effect profile after intravascular
dministration (Gabizon et al., 1994; Klibanov et al., 1990; Huang
t al., 1992a,b, 1993; Siegal et al., 1995; Vaage et al., 1994). In solid
umors, liposomes are capable of spontaneous intratumoral accu-
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g therapeutic radionuclide should be explored.
© 2009 Elsevier B.V. All rights reserved.

mulation via the enhanced permeability and retention (EPR) effect
(Maeda, 2001; Maeda et al., 2001). This passive accumulation effect
is due to the leaky vasculature of the solid tumors and is further
reinforced by the lack of lymphatic system in the tumor, which
mainly is responsible for the drainage of macromolecules.

Local administration of liposomal drug delivery has demon-
strated a few order increase in sustained retention of liposomes in
the tumor (Bao et al., 2006a; Harrington et al., 2000). Liposomes had
intratumoral retention of 15.0 ± 12.3% of injection dose in a head
and neck squamous cell carcinoma (HNSCC) xenograft model at
96 h following intratumoral injection studied with 111In-labeleing
(Harrington et al., 2000). Another study with 99mTc-labeling has
shown a locoregional retention rate of 39.2 ± 10.6% in tumor
xenografts at 20 h after intratumoral injection with better intra-
tumoral distribution than unencapsulated 99mTc-compound (Bao

et al., 2006a).

These properties of liposomes may be applicable to the therapy
of HNSCC, a solid tumor that carries poor prognosis upon discov-
ery. More than half of the patients with HNSCC are discovered
with locally advanced disease, and less than 50% of the patients

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:bao@uthscsa.edu
dx.doi.org/10.1016/j.ijpharm.2009.02.009
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ith advanced disease will be cured with combination of surgery,
adiation, and/or chemotherapy (Grimard et al., 2006). Complete
esection in these patients is often impractical due to the prox-
mity to vital organs such as the carotid artery and the airway
eaving them with positive surgical margin that, nevertheless, lead
o locoregional recurrence (a major prognostic factor) (Winquist
t al., 2007). Traditionally, patients with positive margin receive
ostoperative radiotherapy and/or chemotherapy; however, the
rognosis for these patients remains poor (Jesse and Sugarbaker,
976). Approximately 75% of patients with positive surgical margin
evelop local recurrence according to one study (Jones et al., 1996).
retrospective study of 270 patients demonstrated that having a

ositive margin decreased 5-year disease-free survival from 39% to
% (Chen et al., 1987). Two major challenges in treating advanced
NSCC are the anatomical limitations of the head and neck and

he severe complications associated with large resections and high
ose radiation and/or chemotherapy (Freeman et al., 1990; Nag et
l., 1998).

To meet the above therapeutic challenges, we focused on intra-
perative delivery of therapeutic agents into the tumor or locally
round the surgical cavity to treat the areas of the head and neck
hat are inaccessible or unsafe for complete surgical resection while

aintaining tolerable side effect profile. Liposome carried thera-
eutic agents may be particularly suited for such application.

Recently, a method for directly labeling pH or glutathione
GSH) gradient liposomes with technetium-99m (99mTc)
adioactivity using 99mTc-N,N-bis(2-mercaptoethyl)-N′, N′-diethyl-
thylenediamine (BMEDA) compound without the necessity of
urther liposome modification was reported (Bao et al., 2003a,b,
004). 99mTc is the most commonly used diagnostic radionuclide
ith 6.02 h physical half life, which emits 141 keV �-ray for non-

nvasive nuclear imaging of in vivo distribution at various times.
HNSCC positive surgical margin model in nude rats bearing

he HNSCC xenografts was created. In this model, majority of the
enografts were surgically resected followed by intraoperative
njection of 99mTc-liposomes into the remnant tumor and surgical
avity. Non-invasive nuclear imaging and post-mortem organ
istribution were used to obtain liposome in vivo distribution and
etention at various time points. In this study, we report the biodis-
ribution and retention of two different liposome formulations
neutral and positive surface charges) in three different particle
izes (100 nm, 1 �m and 2 �m in diameter) for a total of 6 nude rat
tudy groups (n = 4). We will use the significant findings from this
tudy to discuss the potential application of intraoperative therapy
n advanced HNSCC using liposomal therapeutic agents.

. Materials and methods

.1. Nude rats and xenograft preparation

The animal experiments reported in the present paper were
erformed according to the NIH Animal Use Guidelines and were
pproved by the University of Texas Health Science Center at San
ntonio (UTHSCSA) Institutional Animal Care Committee. Dur-

ng all invasive and restrained animal-handling procedures, i.e.
umor cell inoculation, radiotracer injection and animal imaging,
he animals were anesthetized with 1–3% of isoflurane (Vedco, St
oseph, MO) in 100% oxygen using an anesthesia inhalation machine
Bickford, Wales Center, NY). The head and neck squamous cell car-
inoma cell line, SCC-4, used for HNSCC tumor model is obtained

rom American Type Culture Collection (ATCC, Manassas, VA). The
NSCC tumor model described in the current research had pre-
iously been characterized as a typical squamous cell carcinoma
ia hematoxylin–eosin (HE) staining and immunohistochemistry
f epidermal growth factor receptor (EGFR) (Bao et al., 2006b).
harmaceutics 373 (2009) 156–164 157

SCC-4 Cells were cultured in Dulbecco’s Modified Eagle’s
Medium (Invitrogen, San Diego, CA) containing 10% fetal bovine
serum, 2 mM glutamine, and antibiotics (penicillin and strepto-
mycin) in 100 mm × 20 mm Corning cell culture dishes (Corning
Inc., Corning, NY) at 37 ◦C in a 5% CO2 atmosphere. When near
confluence, cells were trypsinized and collected to determine the
number of cells and viability by Trypan Blue dye exclusion assay.
The appropriate volume of cell suspension was transferred to a
new tube and centrifuged at 800 rpm in an Allegra 21R Centrifuge
(Beckman Coulter, Fullerton, CA) at 4 ◦C for 5 min. Following aspira-
tion of the supernatant, the cell pellets were diluted with saline for
injection (Abbott Laboratories, Abbott Park, IL) to a concentration
of 5 × 106 cells in 0.2 ml saline. Aliquots of 0.2 ml cell suspension
were drawn into tuberculin syringes in preparation for the tumor
cell inoculation.

To grow the HNSCC xenografts, each male rnu/rnu athymic nude
rat (Harlan, Indianapolis, IN) at 4–5 weeks age (75–100 g) was inoc-
ulated subcutaneously with 5 × 106 of SCC-4 tumor cells in 0.20 ml
of saline on the dorsum at the level of the scapulae. The animals
were fed and housed following the protocol for the nude rat living
environment at the animal facility at UTHSCSA, and were checked
daily after tumor cell inoculation. When the tumor growth in each
animal was palpable and of sufficient size to be measured using
calipers, the tumor size was obtained by measuring the length (l),
width (w) and thickness (t) of each tumor. The tumor volumes
were subsequently calculated using the ellipsoid volume formula,
V = (�/6)lwt. When the tumor volume reached approximately 3 cm3,
which typically occurred between 15 and 17 days after tumor
cell inoculation, the tumor-bearing animals were then used for
study.

2.2. Liposome preparation

Neutrally charged, distearoylphosphatidylcholine (DSPC) lipo-
somes, were comprised of DSPC (Avanti Polar Lipids, Pelham, AL),
cholesterol (Calbiochem, San Diego, CA), and Vitamin E (used
as an antioxidant) having a molar ratio of 54:44:2. Positively
charged 1,2-distearyltrimethyl ammoniumpropane (DSTAP) lipo-
somes were comprised of DSPC, DSTAP (Avanti Polar Lipids, Pelham,
AL), cholesterol, and Vitamin E with the molar ratio of 49:5:44:2.
Both liposome formulations were prepared as previously described
by Bao et al. with modification (2003a). Lipid ingredients were co-
dried from chloroform to form a lipid film and desiccated overnight.
The dried lipid film was rehydrated with 300 mM sucrose in ster-
ile water at a lipid concentration of 60 mM, warmed to 55 ◦C
and lyophilized overnight. The dried lipid-sucrose mixture was
rehydrated with 200 mM glutathione (Sigma, St. Louis, MO) and
300 mM ammonium sulfate (Sigma, St. Louis, MO) in sterile water
at 60 mM, subjected to 5 freeze–thaw cycles, and then extruded
through a series of polycarbonate filters (2 �m, 2 passes; 1 �m,
2 passes; 400 nm, 2 passes; 200 nm, 2 passes; 100 nm, 5 passes)
at 55 ◦C (Lipex Extruder, Northern Lipids, Canada). The addition of
ammonium and GSH was to set up two mechanisms of stably incor-
porating 99mTc into liposomes, where ammonium sulfate acted as
a pH gradient buffer to increase hydrophilicity of 99mTc-BMEDA via
protonization and GSH could react with 99mTc-BMEDA resulting in
hydrophilic 99mTc-BMEDA/GSH.

At each desired particle size an aliquot was removed and passed
at least 5 times through the filter. The remaining liposomes were
extruded through the next filter size. After extrusion, the liposomes
at the various sizes were repeatedly washed in 300 mM ammonium

sulfate in sterile water and centrifuged at 41,000 rpm for 50 min
to remove any unencapsulated glutathione. Liposome pellets were
resuspended in 300 mM ammonium sulfate containing 300 mM
sucrose in sterile water at a total lipid concentration of 60 mM and
stored at 4 ◦C until needed.
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Table 1
The average %IA at 44 h after intraoperative injection (average ± S.D., n = 4 for each).

Liposome Formulation Diameter (nm) 99mTc-Labeling Efficiency Average Tumor Size (cm3) Residual Tumor Size (g) % Injected Activity

100 nm Cationic 130.5 ± 18.1 66.1 1.6 ± 0.5 0.5 ± 0.1 55.9 ± 3.7
100 nm Neutral 109 ± 11.1 66.9 5.1 ± 0.3 0.8 ± 0.6 62.1 ± 2.6
1 6
1 3
2 4
2 3
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�m Cationic 1196 ± 153.6 54.3
�m Neutral 868.0 ± 74.9 51.9
�m Cationic 2026.7 ± 297.5 51.0
�m Neutral 1398.5 ± 104.1 72.6

Following manufacture, liposome size was measured using a
88 nm laser light scattering instrument (Brookhaven Instruments,
oltsville, NY) and are shown in Table 1. Phospholipid content was
easured using Stewart assay (Stewart, 1980). Liposomes were also

hecked for endotoxin levels and bacterial growth. No growth of
acteria was detected in 14-day culture and endotoxin levels were
2.5 EU/ml.

.3. Preparation of 99mTc-BMEDA

The method used to prepare the 99mTc-BMEDA was the same
s previously described by Bao et al. with minor modifications
2006a). In brief, the process was as follows: 50 mg of sodium
lucoheptonate (GH) (Sigma, St. Louis, MO) and 3.5 �l of BMEDA
synthesized in house) were combined in the same vial, followed
y the addition of 5.0 ml of normal saline for injection (nitrogen
as-flushed in advance). Following 20 min of magnetic stir mix-
ng, 60 �l of freshly prepared degassed stannous chloride (Aldrich,

ilwaukee, WI) solution (15 mg/ml) was added to the GH–BMEDA
olution, followed by pH adjustment using 0.05 M sodium hydrox-
de to achieve a pH ranging between 7 and 8. At that point, 1.0 ml
f the resulting solution was transferred to a glass vial containing
.60 ml of 2.22 GBq (60 mCi) 99mTc-pertechnetate (GE Healthcare,
an Antonio, TX). The mixed solution was incubated at 25 ◦C for
0 min with intermittent gentle shaking. The labeling efficiency of
he 99mTc-BMEDA was found to be over 80% employing paper chro-

atography eluted with methanol or saline. The 99mTc-BMEDA was
hen used immediately for liposome labeling.

.4. Preparation of 99mTc-liposomes

For a typical labeling study, 1.0 ml of liposomes (60 mM of total
ipids) prepared as described above were separated to remove
ree ammonium sulfate from liposomes by elution with phosphate
uffered saline (PBS), pH 7.4 via disposable Sephadex G-25 col-
mn chromatography (Amersham Biosciences, Uppsala, Sweden).
he product was added to the 99mTc-BMEDA solution and incu-
ated at 37 ◦C for 1 h. Again, the 99mTc-liposomes were separated
rom any unencapsulated 99mTc-BMEDA via disposable Sephadex
-25 column chromatography eluted with PBS buffer, pH 7.4. The

adiolabeling efficiencies are shown in Table 1.

.5. Positive surgical margin model and 99mTc-liposomes injection

At approximately 2 weeks after SCC-4 cells injection, the nude
ats were prepared for partial surgical resection of the xenograft.
he average tumor size at 2 weeks for the 100 nm, 1 �m, and
�m neutral liposome rats were 5.1 ± 0.3 cm3, 3.2 ± 0.3 cm3, and
.3 ± 1.3 cm3 respectively. The average tumor size for 100 nm, 1 �m,
nd 2 �m cationic liposome rats were 1.6 ± 0.5 cm3, 6.1 ± 1.2 cm3,
nd 4.8 ± 0.3 cm3 respectively. All instruments were autoclaved,

nd the operating area was maintained in a sterile environment.
transverse incision directly superior to the tumor was used to

pen the skin. To create the positive margin model, 0.5–1.0 g of
esidual tumor was maintained and injected with 99mTc-liposomes.
he residual tumor sizes for the 100 nm, 1 �m, and 2 �m 99mTc-
.1 ± 1.2 1.3 ± 0.5 63.0 ± 4.2
.2 ± 0.3 0.8 ± 0.3 67.1 ± 3.5
.8 ± 0.3 1.5 ± 0.2 71.5 ± 5.6
.3 ± 1.3 0.7 ± 0.4 72.9 ± 2.4

neutral liposome groups were 0.8 ± 0.6 g, 0.8 ± 0.3 g, and 0.7 ± 0.4 g
respectively, and for the 100 nm, 1 �m, and 2 �m 99mTc-cationic
liposome group, the remaining tumor weight were 0.5 ± 0.1 g,
1.3 ± 0.5 g, and 1.5 ± 0.2 g respectively. After tumor resection, 0.5 ml
of 99mTc-liposomes with average activity of 577.2 ± 59.2 MBq/kg
(15.6 ± 1.6 mCi/kg) body weight were injected using 1-ml tuber-
culin syringe with skin retracted. The skin was closed immediately
using interrupted sutures (3-O silk).

2.6. Retention and distribution of the 99mTc-liposomes

Planar gamma camera images, SPECT images, and CT images
were acquired using a dual head microSPECT/CT scanner (XSPECT,
Gamma Medica, Northridge, CA). Static images in lateral view were
acquired at baseline (2 min acquisition), 4 h (2 min acquisition),
20 h (10 min acquisition), and 44 h (30 min acquisition) using a low
energy high resolution parallel hole collimator. During each static
image acquisition, a standard (average activity of 11.1 ± 0.0 MBq
(0.3 ± 0.0 mCi)) 99mTc-source was positioned outside the animal but
still within the field of view for image quantification.

At 4-h following the intraoperative injection into the residual
tumor and, immediately following static image acquisition, 1-mm
pinhole collimator SPECT images were acquired, with the center
of the field of view (FOV) focused on the tumor of each animal.
The radius of rotation (ROR) was maintained around 5.30 cm with a
FOV approximately 5.00 cm. This was accomplished using 60 s per
projection for a total of 64 projections around the rat (dual head 32
projections each; 180◦ rotation).

The SPECT imaging was followed by CT image acquisition (X-ray
source: 80 kVp, 280 mA; 256 projections) while precisely main-
taining the positioning of the animal. The software provided with
microSPECT/CT was used for the SPECT and CT image reconstruc-
tion including the SPECT/CT image fusion. The SPECT images were
reconstructed to produce image sizes of 56 × 56 × 56 with an image
resolution of 0.95 mm. The CT images were also reconstructed,
resulting in image sizes of 512 × 512 × 512 with a 0.15 mm image
resolution. The percentage of 99mTc activity retained in the tumor
and the surrounding tissues across time was calculated from static
images created by drawing the region of interest (ROI) using the
standard source as a point of reference.

Forty-four hours following intraoperative injection, each animal
was euthanized by cervical dislocation under deep isoflurane anes-
thesia. The major organs including the liver, spleen, kidneys, heart
and lungs were collected. The tumor itself, the fluid within the sur-
gical cavity, the skin immediately superior to the tumor, and the
musculature inferior to the tumor were also collected. Activity at
each of these sites was measured with a Wallac 1480 Wizard 3′′

automatic well gamma counter (Perkin-Elmer Life Sciences, Boston,
MA). The percent of injected activity per gram of tissue and percent
of injected activity per organ was calculated as described by Bao et
al. (2003b).
2.7. Intracavitary 99mTc-liposome injection groups

In order to study the effect of the electrostatic charge on the
99mTc-liposome in vivo distribution without being skewed by injec-
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ion technique, two additional groups of rats, 100 nm 99mTc-neutral
iposome and 100 nm 99mTc-cationic liposome, were studied by
njecting the 99mTc-liposomes directly into the surgical cavity. To
nsure that the study methods were comparable, all procedures,
oth ante- and post-mortem, were duplicates of those carried out
ith the six groups that were intratumorally injected except for the

ollowing differences: (1) the two intracavitary injected rats were
acrificed at 20 h, and (2) an additional planar image at 20 h and
PECT/CT at 20 h were taken for selected rats after the tumor was
ompletely resected from the body. After tumor was resected, the
at was placed back on the microSPECT/CT scanner with a foam
nserted between the resected tumor and the muscle to allow com-
lete visualization of the activity distribution within the tumor.

.8. Statistical analysis

The data are presented as the mean value ± one standard devi-
tion (S.D.). Origin statistical software (Version 7.5) (Origin Lab,
orthampton, MA) was used for the calculation of the means, stan-
ard deviations, and statistical analysis. The data with regard to
ifferent experiment groups were tested with 2-sample Student-t
est. Statistical significance uses a 95% confidence interval (p < 0.05).

. Results

.1. Locoregional retention by planar imaging

The locoregional (tumor, skin superior to the tumor, fluid
ithin the surgical cavity, and muscle inferior to the tumor) per-

ent injected activity (%IA) at baseline, 4 h, 20 h and 44 h were
erived from planar images by drawing ROI. The planar images
ere acquired laterally, and the locoregional, kidney, liver, and

tandard can be clearly differentiated. Fig. 1 shows the average
ocoregional %IA for the 6 different nude rat groups from base-
ine to 44 h. The activity cleared from the initial injection site in

stages. All groups displayed the greatest decrease in activity
ithin the first 4 h (10.0 ± 4.2%). Between 4 h and 44 h, an average of

1.0 ± 4.2%IA was lost. The rate of activity dissipation was not signif-

cant between different groups. Overall, the locoregional retention
f the 99mTc-liposomes followed a second order exponential decay
odel (R2 = 0.999) with the following general formula:

= y0 + A1e−x/t1 + A2e−x/t2

ig. 1. The locoregional (tumor, fluid, skin, and muscle) percent of administered
ctivity up to 44 h calculated using ROI analysis of planar gamma camera images
f tumor-bearing rats in a lateral position. The DSPC liposomes have higher locore-
ional retention rates compared to their DSTAP counter parts.
harmaceutics 373 (2009) 156–164 159

where y0 represents the Y offset (i.e. the constant retention activ-
ity other than the cleared components following the exponential
decay mechanism), A1 and A2 represent the percentage of activity
which were cleared with decay constants of t1 and t2 respectively
for 99mTc-liposomes. Subsequently, the half clearance times corre-
lated with the radioactivity components of A1 and A2 are t1 × 0.693
and t2 × 0.693 correspondingly. At any given point, the locoregional
retention for the 99mTc-neutral liposome groups was consistently
higher than the 99mTc-cationic liposome groups of the same parti-
cle size. Table 1 lists the average locoregional %IA for each of the 6
liposome groups at 44 h. The overall mean for all rats at 44 h was
65.1 ± 6.8%, and the retention rate ranged from 55.9 ± 3.7% (100 nm
cationic liposomes) to 72.9 ± 2.4% (2 �m neutral liposome). The
100 nm 99mTc-neutral liposome group had significantly higher
locoregional retention compared to the 100 nm 99mTc-cationic lipo-
some group (p < 0.05), and the larger 99mTc-liposomes had higher
retention rate than smaller 99mTc-liposomes of the same charge.

3.2. Organ retention by gamma counter

After the rats were sacrificed at 44 h, the organs were resected,
and their activity was recorded using a gamma counter. The activ-
ity measured from the counter was used to calculate (based on the
activity in the standard) the %IA per organ (Fig. 2) and the percent
injected activity per gram (%IA/g) of tissue for the locoregional tis-
sues (Fig. 3). When the individual organs were analyzed, the tumors
of the 99mTc-cationic liposome groups had higher %IA per organ
and %IA/g of tissue than the 99mTc-neutral liposome groups of the
same size (Fig. 2). The average %IA per organ for the tumors ranged
from 6.9 ± 2.1%, for the 100 nm 99mTc-neutral liposome group, to
52.2 ± 15.4%, for 2 �m cationic liposome group. In contrast to the
tumor %IA, the 100 nm and 1 �m 99mTc-neutral liposome groups
had higher activity in the intracavitary fluid than the 100 nm and
1 �m 99mTc-cationic liposome groups respectively. The fluid of the
100 nm and 1 �m 99mTc-neutral liposome groups had 9.1 ± 6.5%
and 8.0 ± 8.7%IA per organ respectively compared to 0.2 ± 0.3% and
0.8 ± 0.5% respectively for the 100 nm and 1 �m 99mTc-cationic lipo-
some groups. The fluid activity for the 2 �m 99mTc-neutral liposome

group (1.3 ± 0.9%) was not significantly different compared to the
2 �m 99mTc-cationic liposome group (1.6 ± 0.9%). The difference
between the %IA per organ for the various liposome formulations
was less well defined for the muscle inferior to the tumor and the
skin superior to the tumor.

Fig. 2. Average %IA/organ for each group (4 rats within each group) of rats. Skin
was taken above the tumor, and muscle was taken below the tumor. Fluids were
suctioned during tumor dissection. The tumor activity/organ value was higher for the
DSTAP group compared to DSPC group of the same liposome size. The two smallest
100 nm groups had the largest activity/organ discrepancy.
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Fig. 3. Average %IA/g tumor and intracavitary fluid for each 99mTc-liposome rat group
(n = 6). The 100 nm DSTAP 99mTc-liposome rats have the highest %/g value indicating
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Fig. 4. When radionuclide liposomes were injected directly into the cavity, the
rats injected with DSTAP 99mTc-liposomes had both higher %IA/organ (A) and
%IA/g of tissue (B) in the tumor compared to DSPC 99mTc-liposome. However, the

99m 99m
igh retention rates and potentially greater therapeutic effect. The 100 nm DSPC
9mTc-liposome rats have higher %/g value compared to the 100 nm DSTAP 99mTc-
iposome rats demonstrates neutrally charged liposomes have greater tendency to
eak out of the tumor.

The tumor %IA/g of tissue (Fig. 3) ranged from 10.2 ± 4.4%, for the
00 nm neutral liposome, to 59.8 ± 25.7%, for the 100 nm cationic
iposomes (the mean postoperative tumor size was not significantly
ifferent for the 2 groups (p > 0.05)). The 100 nm 99mTc-cationic

iposome group had significantly higher tumor (p < 0.05) %IA/g
f tissue compared to the 100 nm 99mTc-neutral liposome group.
he cationic and neutral 1 �m and 2 �m 99mTc-liposome groups
ad insignificant difference in their average %IA/g of tissue value
hen compared to each other (Fig. 3). When the %IA/g of tissue
as calculated for the intracavitary fluid, a similar relationship to

he percent per organ value was found. The 100 nm (14.6 ± 9.4%)
nd 1 �m (28.3 ± 23.8%) 99mTc-neutral liposome groups had sig-
ificantly higher (p < 0.05) value than the 100 nm (1.0 ± 1.0%) and
�m (1.3 ± 1.1%) 99mTc-cationic liposome groups respectively. The
�m 99mTc-neutral liposome group and the 2 �m 99mTc-cationic

iposome group were not significantly different at 2.9 ± 2.8% and
.8 ± 2.6% respectively.

Based on the percent per organ and percent per gram of tissue
ata, the 99mTc-cationic liposomes appear to have better intratu-
oral retention, and the 99mTc-neutral liposomes seem to leak

ut of the tumor into the surrounding surgical cavity more read-
ly. However, we were not sure if our injection technique could
ave contributed to this difference. To verify this assumption, two
dditional experimental groups (100 nm 99mTc-cationic and 100 nm
9mTc-neutral liposomes) were created to directly inject the 99mTc-
iposomes into the surgical cavity after tumor was resected instead
f intratumoral injection, removing the human errors during injec-
ion that could alter the distribution pattern.

.3. Organ retention in two groups receiving intracavitary
njection

The %IA per organ (Fig. 4A) and %IA/g of tissue (Fig. 4B) were
erived from the gamma counter for the 100 nm 99mTc-cationic

iposome group and the 100 nm 99mTc-neutral liposome group via
njection into the surgical cavity. The average tumor %IA per organ
or the 99mTc-cationic liposome group and 99mTc-neutral liposome

roup were 18.6 ± 4.3% and 2.9 ± 2.5% respectively at 20 h with the
ationic group having a significantly higher (p < 0.05) retention rate,
nd the tumor %IA/g of tissue were 16.2 ± 3.5% and 2.0 ± 1.1% respec-
ively. Fig. 5 shows the MicroSPECT/CT fusion images comparing the
DSPC Tc-liposome had higher %IA/organ and %IA/g of tissue than DSTAP Tc-
liposome. These results indicated that the positive charged DSTAP 99mTc-liposomes
had a greater affinity toward tumor tissue than the neutrally charged DSPC 99mTc-
liposome.

activity distribution of the 100 nm 99mTc-neutral liposome group
and the 100 nm 99mTc-cationic liposome group at 20 h. The tumor
was resected from the rat and placed on top of a foam to sepa-
rate the tumor from the tissue beneath. The fusion image clearly
demonstrates a greater amount of activity within the tumor of
the 99mTc-cationic liposome rat versus the 99mTc-neutral liposome
rat.

The average fluid %IA per organ for the 100 nm 99mTc-
neutral liposome and 100 nm 99mTc-cationic liposome group were
6.9 ± 7.2% and 5.1 ± 2.2% respectively, and the %IA/g of tissue val-
ues were 14.7 ± 11.4% and 5.4 ± 0.3% respectively. In contrary to the
tumor retention rate, the neutral group had higher fluid injected
activity.

3.4. Systemic organ distribution by planar imaging

The systemic distribution of %IA in the kidney and the liver at
major time points (baseline, 4 h, 20 h, and 44 h) were determined
in the same fashion as the tumor using planar imaging. The aver-

age %IA in the kidney (Fig. 6A) at baseline, 4 h, 20 h and 44 h for
all six groups were 0.9 ± 0.6%, 1.8 ± 0.8%, 2.2 ± 0.7%, and 2.2 ± 0.8%
respectively. The highest value at any time point was 3.3 ± 1.3% at
44 h for the 100 nm 99mTc-cationic liposome group. Fig. 6A shows
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Fig. 5. Micro-CT, pinhole collimator SPECT, and fusion images (axial) of tumor-bearing rats acquired at 20 h post-intracavitary injection of the 100 nm 99mTc-neutral liposomes
(upper panel) and 100 nm 99mTc-cationic liposome (lower panel). The images were taken immediately after rats were sacrificed with a foam placed inferior to the resected
tumor to delineate the tumor from rest of the animal. The pinhole collimator SPECT imag
CT values from 0% to maximum expressed with an arbitrary 100%. The SPECT pixel values
group demonstrated higher intratumoral activity compared to the 99mTc-neutral liposome
tumor.

Fig. 6. The kidney %IA per organ (A) and liver %IA per organ (B) based on lateral
planar gamma imaging are plotted from baseline to 44 h post injection. At any given
point, the average amount of activity in kidneys does not exceed 5% total activity. The
liver had even less activity. This shows that liposomal radionuclides have minimal
systemic distribution.
es were focused on the tumor in each animal. The color scale shows the SPECT and
beyond the color range of the map are shown in white. The 99mTc-cationic liposome
s group even though the activity was injected into the surgical cavity instead of the

that the %IA increased quickly from baseline to 4 h, and then the
activity leveled off from 4 h to 44 h.

The average %IA in the liver (Fig. 6B) at baseline, 4 h, 20 h and
44 h for all six groups were 0.9 ± 0.7%, 1.3 ± 0.7%, 1.3 ± 0.5%, and
1.4 ± 0.4% respectively. The highest value at any time point was
1.7 ± 0.5% at 44 h for the 100 nm 99mTc-cationic liposome group.
The liver, similar to the kidney, demonstrated an initial rise in %IA
within the first 4 h, and then most groups stabilized.

3.5. Systemic distribution by gamma counter

Activity for all systemic organs was acquired by a gamma counter
at 44 h after the animals were euthanized, and the %IA per organ
(Table 2) and the %IA/g of tissue were derived from the activity
count. The kidney values were similar to the %IA derived from planar
imaging with an overall average of 2.1 ± 1.0%. The 100 nm 99mTc-
cationic liposome group was the highest at 3.8 ± 0.5%, and the 2 �m
99mTc-cationic liposome group was the lowest at 1.1 ± 0.0%. The
liver showed overall average of 1.5 ± 0.4% injected activity per organ
similar to the value from planar image. The 100 nm 99mTc-cationic
liposome group had the highest %IA per organ value for liver at
2.0 ± 0.1%, and the 2 �m 99mTc-cationic liposome group was the
lowest at 1.2 ± 0.5%. The percent per organ activity for the whole
gastrointestinal tract was calculated by summing the values for
intestine, stomach, and cecum. The average gastrointestinal tract
%IA per organ for all rats was 1.2 ± 0.5%. Again the 100 nm 99mTc-
cationic liposome group had the highest %IA with 2.1 ± 0.1%, and
the 2 �m 99mTc-cationic liposome group had the lowest value of
0.8 ± 0.1%. The activities in other organs were significantly lower
compared to kidney, liver, and gastrointestinal tract (Table 3).

4. Discussion

The interior of liposome has the versatility to house a vari-
ety of therapeutic agents, including chemotherapeutic agents and
therapeutic radionuclides (Torchilin, 2005). The 99mTc-BMEDA radi-

olabeling method for liposomes (Bao et al., 2003a, 2004), based on
pH or GSH gradient, can reliably track in vivo liposome activity.
Since pH gradient is a commonly used method to load therapeu-
tic agents into liposomes with high capacity and high efficiency,
this radiolabeling method has a significant advantage for the direct
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Table 2
Major normal organ distribution at 44 h after intraoperative injection (average ± S.D., n = 4 for each). When the %IA per organ was measured using the gamma counter at
44 h, overall activity was low in all the major systemic organs. Kidney had the highest activity. The low systemic organ retention predicts minimal normal organ toxicity for
intraoperative injection of liposomal radionuclide.

Organs 100 nm Cationic (%IA) 100 nm Neutral (%IA) 1 �m Cationic (%IA) 1 �m Neutral (%IA) 2 �m Cationic (%IA) 2 �m Neutral (%IA)

Intestine 0.7 ± 0.1 0.5 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.5 ± 0.2
Stomach 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Cecum 1.4 ± 0.1 0.8 ± 0.2 0.6 ± 0.1 0.6 ± 0.3 0.6 ± 0.1 0.6 ± 0.1
Kidney 3.8 ± 0.5 2.4 ± 0.3 2.1 ± 0.3 1.6 ± 0.1 1.1 ± 0.0 1.4 ± 0.1
Spleen 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.1 0.0 ± 0.0
Liver 2.0 ± 0.1 1.7 ± 0.4 1.2 ± 0.2 1.6 ± 0.5 1.2 ± 0.5 1.3 ± 0.1

Table 3
Major normal organ %IA/g of tissue at 44 h after intraoperative injection (average ± S.D., n = 4 for each). Percent per gram of tissue may be a better predicator of systemic organ
side effect in clinical setting since it is not skewed by the size of the organ. The %IA/g for all the systemic organs is less than 0.5 except for kidney. In humans, the kidney size
is 100 times the size of a rat’s kidney thus less activity is expected.

Organs 100 nm Cationic (%IA/g) 100 nm Neutral (%IA/g) 1 �m Cationic (%IA/g) 1 �m Neutral (%IA) 2 �m Cationic (%IA) 2 �m Neutral (%IA)

Intestines 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Stomach 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
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abeling of drug carrying liposomes without the necessity of addi-
ional modification to the drug delivery liposomes (Bao et al., 2004),
hich avoids the influence of in vivo behavior by liposome formula-

ion/surface modification. In addition, this method can also be used
o encapsulate therapeutic radionuclides, 186Re and 188Re, into lipo-
omes for cancer radionuclide therapy with liposome drug delivery
Bao et al., 2003b; Wang et al., 2008).

In advanced HNSCC, positive surgical margin is associated with
arkedly higher mortality compared to those with negative mar-

ins (54% versus 29%) (Haque et al., 2006). One of the major
roblems with positive margin is that it inevitably predicates cancer
ecurrence, a major prognostic factor in HNSCC (Jones et al., 1996).
tudies have shown that gross margin has significantly higher local
ecurrence rate compared to clear or microscopic margins (Nag et
l., 2005). In such cases, salvage therapy with radiation therapy
nd/or systemic chemotherapy is often associated with unaccept-
ble complications and is further limited in the head and neck
natomy. Therefore, intratumoral injection has an obvious appeal
n the treatment of HNSCC by achieving high drug concentration at
he site of action thus improving therapeutic efficacy and reducing
ormal tissue toxicity.

However, the direct intratumoral injection of a therapeutic agent
as yet to establish a role in the standard treatment of HNSCC.
his paradox can be explained by the inability to achieve adequate
ocoregional retention of the agent at the site and the concern
or normal-tissue toxicity both locally and systemically. Various
ttempts, including the use of vasoconstrictors, have been made to
mprove local retention of chemotherapeutic agents (Castro et al.,
003; Duvillard et al., 1999; Wenig et al., 2002) and to use liposomal
rug delivery to intratumorally deliver gene therapy (Mattijssen et
l., 1994; Nemunaitis et al., 2001; Villaret et al., 2002; Wollenberg
t al., 1999; Yoo et al., 2001). In animal studies, epinephrine has
een shown to increase intratumoral concentration of cisplatin up
o 12 times (Duvillard et al., 1999). In a phase III study of intra-
umoral cisplatin/epinephrine injectable gel in advanced head and
eck cancer, an objective response rate of 34% (21 of 62 patients)
as reported, and the side effects were limited to mostly local pain
nd cutaneous reactions (Castro et al., 2003). Phase I and phase II
rials using liposome E1A gene therapy to inhibit the HER-2/neu
xpression in HNSCC has shown zero dose-limiting toxicities and
bjective response in clinical studies (Villaret et al., 2002; Yoo et al.,
001).
0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
0.8 ± 0.1 0.5 ± 0.1 0.7 ± 0.0
0.1 ± 0.0 0.1 ± 0.1 0.1 ± 0.0
0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0

In this distribution study, we confirm the ability of liposomes
to maintain high locoregional retention (mean locoregional reten-
tion rate of 65.1 ± 6.8% at 44 h for all rats by planar imaging)
in a HNSCC xenograft positive surgical margin model via intra-
operative injection. In the actual clinical setting, we expect to
deliver high concentration of liposomal therapeutic agents into
the tumor following intraoperatively resection, which should pro-
vide sustained perioperative treatment. One interesting difference
between intraoperative injection of liposomal therapeutic agents
versus intratumoral injection without surgery is the absence of
the immediate clearance following injection (Bao et al., 2006a;
Ning et al., 1999; Rowlinson-Busza et al., 1991). This improved
immediate retention can be explained by the inflammation trig-
gered by the surgical resection of the tumor which is known to
improve liposome retention and disrupt vascular system by altering
the normal intravascular circulation of the liposomes (Jain, 2001).
The high locoregional retention rate derived from planar imaging
has the advantage of allowing us to acquire information about the
99mTc-liposome distribution chronologically without euthanizing
the rat.

The gamma counter provides the luxury of acquiring accurate
quantitative information about individual tissues post-mortem.
When the individual tissues (tumor, skin superior to the tumor,
muscle inferior, and intracavitary fluid) were counted, the tumor
%IA was higher in the cationic liposome groups compared to the
neutral liposome groups of the same size. For different liposome
groups of the same charge, the intratumoral retention rate was posi-
tively correlated with liposome size. When we compared the tumor
percent per gram of tissue across the six groups, the 100 nm 99mTc-
cationic liposome group had the highest value. The higher percent
per organ and percent per gram of tissue values demonstrated by
the 99mTc-cationic liposomes indicate that they may achieve supe-
rior therapeutic efficacy in clinical setting. The improved retention
effect of the cationic liposomes may be due to the over-expression
of negatively charged groups in the cell membrane of tumor cells
thus facilitating their endocytosis (Utsugi et al., 1991; Yang et al.,
2004). Moreover, the size of the liposome may influence intratu-

moral retention on two levels. The larger liposomes are expected
to have slower intravascular clearance due to their size; however,
we postulate that the smaller liposomes may accelerate intracel-
lular uptake due to more surface to surface contact with the cell
membrane.
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One weakness with intratumoral injection is that tumor volume
nd injection technique may influence retention and distribution
f liposomes in the tumor tissue. Therefore, the 100 nm 99mTc-
eutral liposome and 100 nm 99mTc-cationic liposome intracavitary

njection groups were studied to demonstrate the passive targeting
roperty of the cationic liposomes without the influence of tumor
ize or injection technique. The gamma counter data verified that
he 100 nm 99mTc-cationic liposome group had significantly higher
p < 0.05) percent per organ and percent per gram of tissue val-
es than the neutrally charged counterpart. The MicroSPECT/CT
usion images (Fig. 5) reinforce the results from gamma counter and
llustrate that the 99mTc-cationic liposome rat had higher intratu-

oral activity. Furthermore, 99mTc-cationic liposome rat displayed
more uniform distribution pattern of activity around the tumor.
he cold area for the 100 nm 99mTc-cationic liposome group lies
n the inferior aspects of the tumor where the tumor is attached
o the musculature. The 99mTc-neutral liposome rat had only two
mall hot spots of activity on the superior, left lateral aspect of
he tumor, and the remaining activity was distributed around the
orsum and forelimbs area. The 99mTc-cationic liposome’s passive
argeting property provides significant therapeutic advantages in
reating HNSCC with positive surgical margin. If the tumor is visi-
le and can be injected, the physician could be fairly confident that
he cationic liposomes would deliver excellent retention for pro-
onged treatment. If the margin cannot be reached via injection,
ationic liposome could be injected into the surrounding cavity
o allow passive targeting property to take effect. The cationic
iposomes’ superior intratumoral retention ability may benefit the
rimary tumor; however, in advanced HNSCC, patients often have
icroscopic disease surrounding the primary tumor (Nag et al.,

005).
The above concern with microscopic disease could be addressed

y injection of liposomal therapeutic agents in the intracavitary
uid. For this purpose, the neutral liposomes may be particu-

arly helpful in achieving higher activity in the fluid covering the
urgical cavity. This study showed that the 100 nm and 1 �m 99mTc-
eutral liposomes had significantly higher (p < 0.05) %IA in the
uid compared to the 100 nm and 1 �m 99mTc-neutral liposomes
espectively. A logical step in handling a case of advanced, unre-
ectable HNSCC would be to inject cationic liposomal therapeutic
gents into the tumor to treat the positive margin and inject neu-
ral liposomal therapeutic agents into the surgical cavity to treat

icroscopic disease. In areas such as the oral cavity and deep neck,
erioperative locoregional treatment using fluid filled with lipo-
omal therapeutic agents would require adequate containment of
he fluid to prevent tracking outside the treatment area. How-
ver, adequate containment could be achieved by trapping the
uid with graft tissues and further limit the patient’s movement
ostoperatively.

Since systemic distribution of activity in major organs was low,
he side effects are projected to be very low. The average %IA from
lanar ROI image analysis in kidney (Fig. 6A) at baseline, 4 h, 20 h
nd 44 h for all six groups were 0.9 ± 0.6%, 1.8 ± 0.8%, 2.2 ± 0.7%, and
.2 ± 0.8% respectively. The 100 nm 99mTc-cationic liposome group
ad the highest %IA at any time point (3.3 ± 1.3% by planar imaging
nd 3.8 ± 0.5% by gamma counter at 44 h). The liver and gastroin-
estinal tract had even lower activity compared to the kidneys.
rgan distribution data highlights the superiority of local admin-

stration in minimizing normal tissue toxicity caused by systemic
bsorption.

One of other possible toxicities in the various anatomical sites

round the tumor would be postoperative wound healing. Other
ommon side effects of conventional radiation therapy of the head
nd neck include mucositis, neuropathy, and bone pain (Pinheiro et
l., 2002). Even with the high intratumoral retention rate achieved
hrough intraoperative injection, we still anticipate minor side
harmaceutics 373 (2009) 156–164 163

effects to occur. With regards to the adverse effect profile on local
normal tissues, an intratumoral study using cisplatin/epinephrine
gel in advanced head and neck cancer demonstrated that the most
frequent local toxicities were local pain around injection site and
cutaneous reactions (Castro et al., 2003). Most adverse reaction can
be managed using appropriate analgesics and conservative wound
healing. Furthermore, the typical side effects related to systemic
chemotherapy such as emesis and myelotoxicity were rare and lim-
ited. We anticipate similar side effect profile for the radionuclide
therapy study.

In conclusion, the results from this intraoperative distribution
study using 99mTc-liposomes in an animal HNSCC positive surgi-
cal margin indicate that liposomal drug delivery could potentially
achieve high intratumoral retention rate and deliver prolonged
therapy perioperatively. The side effect profile is projected to be low
with minimal systemic spread of the liposomal therapeutic agents
from the tumor site. The application of this intratumoral injection
method could extend beyond adjuvant therapy; if it demonstrates
high efficacy, we could potentially use it as primary therapy for
unresectable, advanced HNSCC.
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