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The frequent overexpression of the hyaluronan receptors
CD44 and RHAMM in cancer cells opens the door for target-
ing by the naturally-occurring high-Mr hyaluronan. This is the
first time effective in vivo tumor targeting is reported for
mitomycin C (MMC) loaded inside nano-sized hyaluronan-
liposomes (denoted tHA-LIP). The severe adverse effects of
free MMC made it a rational candidate for an effective tar-
geted carrier. In vitro, loading MMC inside tHA-LIP increased
drug potency 100-fold, in cells overexpressing, but not in cells
underexpressing, hyaluronan receptors. Both types of lipo-
somes were non-toxic and reduced MMC-related toxicity in
healthy C57BL/6 mice. In 3 tumor models, BALB/c bearing
C-26 solid tumors; C57BL/6 bearing B16F10.9 or (separately)
D122 lung metastasis, tHA-LIP were long-circulating, 7-fold
and 70-fold longer than nt-LIP and free MMC, respectively.
tHA-LIP-mediated MMC accumulation in tumor-bearing
lungs was 20% of injected dose, compared to 0.6% and 4%
with free drug and nt-LIP, respectively. Tumor-free lungs
showed low accumulation, irrespective of drug formulation.
Key indicators of therapeutic responses, tumor progression,
metastatic burden and survival, were superior (p < 0.001) in
animals receiving MMC-loaded tHA-LIP, no treatment,
MMC-loaded nt-LIP and free drug. In conclusion, tHA-LIP
perform as tumor-targeted carriers, with promising pros-
pects for treatment of tumors overexpressing hyaluronan
receptors.
© 2003 Wiley-Liss, Inc.
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Hyaluronan (HA) is a naturally-occurring high Mr (�106 Da)
glycosaminoglycan composed of the repeating disaccharide
�1,3N-acetyl glycosaminyl-�1,4 glucuronide. It exists in living
systems in both free and complexed forms.1–4 The hyaluronan-
specific receptors CD44 and RHAMM are found at low levels on
epithelial, hematopoietic and neuronal cells, and are overexpressed
(one or both) in roughly all cancer types.5–17

CD44 appear to regulate lymphocyte adhesion to cells of high
endothelial venules during lymphocyte migration,6,10,14,17 a pro-
cess that has many similarities to the metastatic dissemination of
solid tumors18 and is also implicated in regulating the proliferation
of cancer cells.19 A vital role has been suggested for CD44 in
determining the fate of hematogenously disseminated melanoma
cells.19 Although hyaluronan receptors are expressed on a number
of cell types in normal tissues, it seems that these cell types are
either not in direct contact with the blood or require activation
before they bind HA.8,21 Perturbing the interaction of HA with its
receptors was reported to reduce tumor formation, as was shown in
animals bearing lung tumors established from CD44-expressing
tumor cell lines.20,22 Among agents found capable of such pertur-
bation are an anti-CD44 mAb23 and a CD44-receptor globulin.23,24

The relationships between tumor cells and hyaluronan receptors
indicate that it may be possible to recruit hyaluronan for active
targeting of carrier-loaded anticancer drugs, to tumors that are
outside the RES. Positioned on the surface of a carrier, hyaluronan
can endow the system with a critical trait for successful targeting:
high affinity to recognition sites at the tumor. This provides for
binding and retention of the drug-loaded carrier at the tumor, over
a sufficient time span to deliver enough drug for efficacious
therapy. Yet the forces driving carrier binding to recognition sites

operate at short range and cannot, on their own, pull particles out
of the circulation into the tumor. To reach the close proximity at
which such binding can take place, the particles have to extrava-
sate. To make the most of the extravasation, recognition and
binding, to deliver efficacious drug doses to the tumor, requires the
carriers to also be long-circulating.

The rather leaky vascular system reported for many tumors25,26

allows particulate carriers, such as liposomes, some measure of
extravasation from the circulation into the tumor. For liposomes it
was shown that a small size, especially if combined with a hydro-
philic coat such as PEG, provides long retention in circulation.25–30

Yet the hydrophilic coat does not endow liposomes with high
affinity to tumor-localized recognition sites. Efforts are underway
to modify the liposomal surface with 2 agents, either bound indi-
vidually or linked to one another, one responsible for long-term
circulation and the other for high affinity to tumor sites.31,32 Future
prospects of this approach depend on whether the risks of mutual
interferences can be satisfactorily resolved.

To endow liposomes with high affinity to recognition sites at
designated therapeutic targets, we have previously developed “bio-
adhesive liposomes.” These liposomes are surface-modified by
covalent anchoring of bioadhesive macromolecules, selected from
collagen, gelatin, EGF and hyaluronan, to their surface.33–38 It was
shown, in vitro, that the bioadhesive systems, especially the hya-
luronan-liposomes, bind with high affinity to cells and to extra-
cellular matrices carrying the appropriate recognition sites.33–38

Designed originally for local (topical or regional) administration,
we hypothesized that the particular species in which the bioadhe-
sive ligand is the high-Mr naturally-occurring hyaluronan, may
also be suitable for systemic administration, in particular for tumor
chemotherapy. This was based on the rationale that surface-bound
hyaluronan, although a single agent, may act in 2 roles: as the
hydrophilic coat promoting long circulation, and as a targeting
agent, docking the liposomes (through high affinity binding) at the
membranes of tumor cells that overexpress hyaluronan receptors.
Tumor regions are often also richer in ECM,1 which may provide
additional recognition sites for hyaluronan-liposomes. To test this
hypothesis we set out to study the anti-tumor activity of mitomycin
C (MMC), encapsulated in small unilamellar liposomes, with
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hyaluronan bound to their surface (denoted targeted hyaluronan-
liposomes, abbreviated to tHA-LIP).

MMC is frequently first choice treatment for superficial-bladder
and lung cancers, and a key component in combination chemo-
therapy for the treatment of breast, colorectal and prostate can-
cers.39–42 In another therapeutic indication, it is applied as an
antiproliferative agent to prevent abnormal healing of surgical
wounds by slowing down excessive fibroblast proliferation, as in
the case of glaucoma filtration surgery.43 Despite its therapeutic
advantages, treatment with MMC is severely hindered by undesir-
able side effects such as bone marrow suppression and gastroin-
testinal damage, which occur when the drug is administered (or
allowed to gain access) into the circulation.41,44 Efforts were made
to formulate MMC and lipophilic MMC derivatives in soluble and
in microparticulate carriers, such as liposomes and micro-
spheres.45–50 Unfortunately, these endeavors have met with limited
therapeutic success in vitro and in vivo, and were often associated
with decreased drug potency.45–50 The major limitation to liposo-
mal MMC being poor encapsulation (�5%),47,48 we set out to try
anew formulation of this drug in liposomes, employing our re-
cently developed new procedure.51,52

We report here the results of our molecular, in vitro and in vivo
studies of MMC-loaded tHA-LIP. In both in vitro and in vivo
studies, performance of this test formulation, was compared to free
MMC and to MMC encapsulated in non-targeted (i.e., regular)
liposomes (abbreviated to nt-LIP). The latter were similar in all
respects to the targeted systems, except absence of the hyaluronan
coating. The in vitro studies were conducted in cell lines that
overexpress activated, and that express low or non-activated, HA
receptors. The in vivo studies were conducted in several mouse
tumor models, C-26 solid tumors, B16F10.9, and D122 lung
metastasis and lung tumors, investigating pharmacokinetics, bio-
distribution, therapeutic responses and survival. We also evaluated
subacute toxicity of drug-loaded and drug-free tHA-LIP in healthy
mice, and compared those to equivalent systems of nt-LIP and free
drug. This is the first time hyaluronan-liposomes were evaluated in
vivo and shown to have high potential in cancer therapeutics.

MATERIAL AND METHODS

Chemicals
High-purity soybean phosphatidylcholine (PC) (Phospholipon

100) was a kind gift of Nattermann Phospholipid GMBH (Ger-
many). All other high-purity lipids, ethyl-dimethyl-aminopropyl-
carbodiimide (EDC), 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) and Trypan Blue, were purchased
from Sigma (St. Louis, MO). Mitomycin C (MMC) was a kind gift
from Dexon Ltd. (Israel). Hyaluronan (from bovine trachea) was a
kind gift from Hyal Pharmaceutical Corporation (Canada). Fluo-
rescein-labeled hyaluronan (from bovine trachea) was from Cal-
biochem (USA). Cell culture plates and dishes were from Corning
(Corning, NY). Materials for cell cultures (specified below) were
from Biological Industries (Beit Haemek, Israel). Dialysis tubing
(molecular weight cutoff of 12,000–14,000) was from Spectrum
Medical Industries (Los Angeles, CA). Polycarbonate membranes
were from Nucleopore (Pleasanton, CA). All other reagents were
of analytical grade.

Instruments
Centrifugation was carried out using a Beckman Optima TLX,

Tabletop ultracentrifugation. Absorbance spectra were measured
using a Cary UV-Visible spectrophotometer and a Thermomax
microplate reader. Lyophilization was carried out with an Alpha
1-4 freeze drier (CHRIST, Germany). Liposome extrusion was
carried out with the Lipex extrusion device (Vancouver, Canada).
Liposomes were sized by dynamic light scattering using the ALV-
NIBS High Performance Particle Sizer (Berlin, Germany). The net
surface potential was determined with a Malvern Zetasizer IV
(Malvern Instruments, Southborough, MA). HPLC was carried out
with a Waters 717 auto sampler instrument with a PDA 996

detector. Confocal microscopy was done with a Zeiss LSM 510
instrument.

Preparation of drug-free and of MMC-loaded liposomes
(nt-LIP and tHA-LIP)

nt-LIP. MLV were the raw material for the ULV used in our
study. MLV composed of PC:PE:CH at mole ratios of 3:1:1, were
prepared by the traditional lipid-film method.33–38,51,52 Briefly, the
lipids were dissolved in chloroform-methanol (3:1 vol/vol), evap-
orated to dryness under reduced pressure in a rotary evaporator and
hydrated by the swelling solution that consisted of buffer alone
(PBS) at the pH of 7.2. This was followed by extensive agitation
using a vortex device and a 2-hr incubation in a shaker bath at
37°C. The MLV were extruded through the Lipex device, operated
at room temperature and under nitrogen pressures of 200–500 psi.
The extrusion was carried out in stages using progressively smaller
pore-size membranes, with several cycles per pore-size, to achieve
ULV in a final size range of �100 nm.

tHA-LIP. The surface modification was carried out on the nt-
LIP, according to our procedures reported previously.33–38,51,52

Briefly, HA was dissolved in water to a final concentration in the
range of 2–5 mg/ml and preactivated by incubation with EDC, at
pH 4 (controlled by titration with HCl) for 2 hr at 37°C. At the end
of this step, the activated HA was added to a suspension of the
drug-free nt-LIP, buffering by 0.1 M borate buffer to the final pH
of 8.6. Incubation with the liposomes was continued for 24 hr at
37°C. At the end of the incubation, the liposomes were separated
from excess reagents and by-products by centrifugation (1.3 �
105g, 4°C, 40 min) and repeated washings with PBS, reducing the
pH back to physiological level. For the present studies the final
product contained 57 �g HA/�mol lipid. A batch of nt-LIP un-
derwent the same processes, except water at pH 4 were added
instead of the activated HA. The tHA-LIP were lyophilized and
kept at �18°C until further use. The lyophilization was carried out
on 1.0 ml aliquots. Samples were frozen for 2–4 hr at �80°C and
lyophilized for 48 hr.

Drug encapsulation
MMC-encapsulating nt-LIP were prepared as described above,

except the swelling solution consisted of MMC dissolved in the
PBS. MMC-encapsulating tHA-LIP were prepared by rehydration
of the dried powder with an aqueous (pure water) solution of
MMC.51,52 The MMC concentrations in the swelling and in the
rehydration solutions were in the range of 10 ng/ml–500 �g/ml.
Rehydration was to the original pre-lyophilization liposome con-
centration, to retain original buffering and salinity status. Final
liposome diameters were 75 � 8 and 55 � 6 nm, for the tHA-LIP
and the nt-LIP, respectively.

Drug diffusion
Kinetics of drug efflux from the liposomal formulations were

studied according to our procedures reported previously.33–38,51,52

Briefly, a suspension of liposomes (0.5–1.0 ml) was placed in a
dialysis sac and the sac was immersed in a constantly-stirred
receiver vessel filled with drug-free buffer (PBS at pH 7.2), at vol
10- to 16-fold that of the sac. At designated periods, the dialysis
sac was transferred from one receiver vessel to another, containing
fresh (i.e., drug-free) buffer. Drug concentration was assayed in
each dialysate and in the sac (at the beginning and end of each
experiment). To obtain a quantitative evaluation of drug release,
experimental data were analyzed according to a previously-derived
multi-pool kinetic model,33–38,51,52 in which drug efflux from the
sac into the reservoir occurs from a series of independent drug
pools, one corresponding to free (i.e., unencapsulated) drug, and
all others to liposome-associated drug. The overall drug release
corresponds to the following equation:

f(t) � �
j	1

n

fj
1 � exp�kjt� (1)
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where f(t) is the cumulative drug that diffuses from the sac into the
reservoir at time 	 t, normalized to the total drug in the system at
time 	 0, fj is the fraction of the total drug in the system occupying
the j’th pool at time 	 0, and kj is the rate constant for drug
diffusion from the j’th pool.

Encapsulation efficiency
Defined as the ratio of entrapped drug to the total drug in the

system, encapsulation efficiency can be determined by 2 indepen-
dent methods. Method 1 is by centrifugation. Samples of complete
liposome preparation (i.e., containing both encapsulated and un-
encapsulated drug) are centrifuged as described above. The super-
natant, containing the unencapsulated drug, is removed and the
pellet, containing the encapsulated drug, is resuspended in drug-
free buffer. Drug is assayed in the supernatant and in the pellet, as
well as in the complete preparation. The results of these assays
serve to calculate encapsulation efficiency as well as to verify
conservation of matter. Method 2 uses data analysis of efflux
kinetics. As discussed above, magnitudes of the parameter fj are
obtained through data analysis. When the efflux experiment is
carried out on samples from the complete liposome preparation,
the sum of fj(s) for the pool(s) of encapsulated drug is also the
efficiency of encapsulation.

Cell culture growth and maintenance
Monolayers of C-26, B16F10.9, D122, PANC-1, U2OS and

CV-1 cells were grown in 100 � 20 mm dishes (Corning) as
described previously.34–37 The B16F10.9, PANC-1, and U2OS
cells were cultured in DMEM. The CV-1 cells were maintained in
DMEM H-21 (high glucose, 4.5 g/l) medium containing 10% FBS,
0.01 DMEM non-essential amino acids, 1% HEPES buffer (1 M)
and 0.01 penicillin-streptomycin, 0.1 �m sterile filtered. C-26 and
D122 cells were cultured in RPMI 1640. All cultures were main-
tained at 37°C in 5% CO2 supplemented with 10% FCS, penicillin
(10,000 U/ml), streptomycin (10 mg/ml) and L-glutamine (200
mM). Cells were transferred twice a week and were free of
Mycoplasma contamination as determined by a Mycoplasma
ELISA test (Boehringer Mannheim GmbH, Mannheim, Germany)
carried out every 3 months. For all of the experiments, cells were
harvested from subconfluent cultures using trypsin and were re-
suspended in fresh complete medium before plating. Viability of
cultures used in the experiments were �90%, as determined by the
Trypan blue method.

Liposome binding to cell monolayers
The experiments were carried out as described previously.34–37

Briefly, cells were seeded onto 24-multiwell culture plates at
densities in the range of 5 � 104–5 � 105 cells/ml and the
experiments were carried out when the monolayers reached con-
fluency. The cells, after washing with serum-free media, were
incubated with the reaction mixture (triplicates for each data
point), tHA-LIP or nt-LIP suspended in serum-free medium, for 60
min at room temperature. Upon termination, the reaction mixture
in each well was diluted and aspirated, and the wells subjected to
repeated extensive washings. After the last wash, the cells from
each well were detached by trypsinization or lysed with 1 N
NaOH. The well content was collected and assayed for cell-
associated liposomes. Several wells in each plate served as con-
trols, receiving binding buffer alone. The number of cells/well was
quantitated for each experiment. The results were analyzed accord-
ing to a Langmuir equation.33–38

Confocal microscopy
Cells were grown on cover slides. The formulations studied

consisted of free fluorescein and fluorescein entrapped in each of
the 2 liposome types, and of drug-free tHA-LIP containing fluo-
rescein-labeled HA. Unencapsulated fluorescein was removed
from the liposomal samples, and the fluorescein concentration was
set equal, 15 �M, in all 3 formulations. Each formulation was
incubated with the cells at room temperature for 1 hr. At the end
of the incubation the cells were subjected to 6 washes with PBS

and were fixed with mounting medium (Mounting medium with
anti-fading agents, Biomeda Corp., CA). Excitation was at 488 nm
and emission was measured using a band pass filter of 505–550
nm.

In vitro cytotoxicity
Twenty-four hours before an experiment, cells of the desired

line were seeded onto 96-well multiwell culture plates at densities
in the range of 1 � 104 cells/ml. The experiments were initiated on
sub-confluent monolayers. The treatment media was selected from
the following MMC formulations: (i) the test system, MMC-
loaded tHA-LIP, (ii) MMC-loaded nt-LIP, (iii) free MMC, (iv) free
MMC dissolved in a suspension of empty tHA-LIP and (v) free
MMC dissolved in a suspension of empty nt-LIP. In addition, there
were 3 drug-free controls, consisting of: (vi) no addition (i.e., only
the serum-supplemented growth medium), (vii) empty tHA-LIP
and (viii) empty nt-LIP. In all formulations, the solvent was
serum-supplemented cell growth medium.

The cells were incubated (under the usual growth conditions)
with the selected treatment media for 4 hr, at the end of which the
media was removed and the cells washed and fed with drug-free
serum-supplemented growth media. The experiment was termi-
nated 20 hr later and the quantity of viable cells was determined
for each well.

In vivo studies
Animals were obtained from the animal breeding center, Tel

Aviv University, Tel Aviv, Israel. Animals were maintained and
treated according to NIH guidelines. All animal protocols were
approved by the Tel-Aviv Institutional Animal Care and Use
Committee.

Subacute toxicity evaluation.Tumor-free C57BL/6 male mice
(5/group) were given a bolus injection of saline or of selected
MMC formulations at the dose of 10 mg/kg body to the tail vein,
on Days 0, 7, 14, 21 and 28 of the experiment, and the animals
were weighed on a regular basis. The MMC formulations were
those listed above under (i) to (iii) and (vii) to (viii). For histolog-
ical changes, the mice were sacrificed on Day 30, 2 days after the
last injection. The organs were fixed in 10% formalin and pro-
cessed for light microscopy examination with H&E-phosphomo-
lybdic acid light green stain. The following organs were examined:
liver, spleen, kidney and stomach.

FIGURE 1 – Kinetics of MMC efflux from non-targeted liposomes
(nt-LIP), and from hyaluronan targeted- liposomes (tHA-LIP). The
points are experimental, each an average of duplicates, with SD (not
shown) smaller than the symbol size. The solid curves are the theo-
retical expectations, the results of data processing according to equa-
tion (1) in the text (see Material and Methods) for the case of n 	 2.
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Tumor models

Solid tumor model. The protocol was adapted from53 with minor
changes. C-26 cells were implanted into the footpad of 8 weeks old
female BALB/c mice (5 � 105 cells/mouse in 30 �l of Hank’s
buffer).

Lung metastasis models. The models and protocols were
adapted from54,55 with some minor changes. The selected cells, the
B16F10.9 or D122, were administered i.v. into the tail vein of
12-week-old male C57BL/6 mice (5 � 105 cells /mouse in 50 �l

PBS). Treatments (detailed below) were initiated on Day 1 post-
tumor inoculation to maintain conditions of metastatic disease.

Lung tumor model. Same as the lung metastatic model with the
B16F10.9 line, but treatment was initiated on Day 10, to allow for
development of tumors.

Pharmacokinetics
Plasma clearance studies were carried out with the C-26 and the

B16F10.9 tumor models (10 mice/group). The administered for-

FIGURE 2 – confocal microscopy of B16F10.9 cells, incubated for one hour at room temperature with the following selected formulations (see
Material and Methods for further details). (a) Cells incubated the following fluorescein formulations: (i) free fluorescein, (ii) fluorescein
encapsulated in nt-LIP, (iii) fluorescein encapsulated in tHA-LIP. Unencapsulated fluorescein was removed from each of the liposomal
formulations before incubation with the cells, and all formulations were equal in fluorescein concentration, 15 �M. Incubation was. (b)
Fluorescence (top panel) and Namarsky (bottom panel) views of cells incubated with tHA-LIP. (i) Drug-free tHA-LIP containing fluorescein-
labeled HA, (ii) fluorescein encapsulated in non-labeled tHA-LIP, as in (a,iii) above.
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mulations were the test system MMC-loaded tHA-LIP, MMC-
loaded nt-LIP and free MMC. Administration was by i.v. injection
of 100 �l of the selected formulation to the lateral tail vein, using
26-gauge needles. All formulations were equal in the injected drug
dose (10 mg/kg body). Blood samples were collected over a time
span of 70 hr post-injection via retrobulbar puncture. The blood
samples were immediately mixed with 250 �l of 0.5 mM EDTA-
PBS, followed by a 5-min centrifugation at 200g. MMC was
assayed in both cell and supernatant fractions. The pelleted cells
and the supernatant from the first centrifugation were separated,
and the cells were subjected to a wash (including re-centrifugation)
in the EDTA-PBS solution. The supernatants from both runs were
combined and assayed for MMC. Mitomycin C was extracted from
the cells by incubation with 2.5 ml acidic isopropanol (81 mM HCl
in isopropanol) for 4 hr at 4°C, followed by centrifugation under
the same conditions specified above. The supernatants, containing
the extracted MMC, were also subjected to assay and found to
contain negligible amounts of MMC (�0.001% of injected dose).
Calculation of area under the concentration versus time curve
(AUC) values was carried out using the WinNonlin program
(version 1.1; Pharsight Corporation, Mountain View, CA) by
means of the noncompartmental analysis method.

Drug biodistribution
The experiment included 2 groups of C57BL/6 mice (15/group).

One group was inoculated with B16F10.9 cells to bear lung tu-
mors, the other group was of healthy mice. Each group was
divided into 3 sub-groups (5/group), receiving a single i.v. dose of
the following formulations on Day 10 from tumor inoculation: free
MMC, MMC-loaded nt-LIP, and MMC-loaded tHA-LIP. Drug
dose in all cases was 10 mg/kg body and details of administration
are as listed above for the pharmacokinetics. Six hours post-
injection the mice were anesthetized and sacrificed. Liver, spleen,
kidneys and lungs were removed and each organ was examined by
a pathologist blinded to the experimental groups involved. Each
organ was then homogenized, MMC was extracted from it as
described above for pharmacokinetics and assayed.

Lung metastasis Model I
C57BL/6 mice, inoculated with B16F10.9 cells, were divided

into 4 groups (5/group), according to the following treatment
formulations: saline, free MMC, MMC-loaded nt-LIP and MMC-
loaded tHA-LIP. All drug-containing formulations were equal in
dose, 10 mg/Kg body, and administration details were as described
above under pharmacokinetics. Treatments were on Days 1, 5 and
9 from tumor inoculation. An additional group of untreated tumor-
free mice served as control for normal lung weight and absence of
lung metastasis. Twenty-one days post-tumor injection, all surviv-
ing animals were sacrificed. The lungs of all animals in the
experiment (whether diseased or sacrificed) were removed,
weighted and fixed in Bouin’s solution. Lung weight increase was
calculated by using the formula:54 lung weight increase (%) 	
(tumor lung weight � normal lung weight)/normal lung weight �
100. Surface metastases were counted, using a dissecting micro-
scope by a technician blinded to the experimental groups involved.
Survival experiments were done according to the same protocol in
a separate experiment.

Lung metastasis Model II
Studies with this model were similar in all to Model I above,

except the animals were inoculated with D122 cells, and monitor-
ing of therapeutic effects was through following animal survival.

Primary tumor growth
Animal groups (5/group), treatment formulations, drug doses

and method of administration were as described above for the lung
metastatic Model I. Treatments were initiated after the develop-
ment of an easily palpable tumor (5 days), and given on Days 5,
12, 19 and 26 days post tumor inoculation. Tumor size was
measured, using an electronic caliper, every other day for the next
30 days. Tumor volume was calculated by using the following

formula:53 tumor volume 	 1/2(width)2 � length. Animal survival
was monitored continuously, and the experiment was terminated
on Day 115.

Quantitative determinations
For the molecular and in vitro experiments MMC was assayed

by its absorption at 365 nm, in a 96-well plate, using a plate reader.
For the pharmacokinetic studies MMC was assayed by HPLC with
a PDA detector (365 nm).51 Absorption coefficients for the drug in
buffer and in 5% DOC were 0.0127 ml/�g and 0.0153 ml/�g,
respectively. MMC absorption was linear in the range of 0–100
�g/ml. Assay samples in which the MMC concentrations were
below detection limit were concentrated by lyophilization and
redissolution in a final volume smaller than the original. The
liposomes were quantitated by including a trace of 3H-CH in the
formulation. The quantity of viable cells was determined by: (i) the
MTT test, recording the absorbencies in a plate reader, at 2
wavelengths, 550 and 650 nm,56 (ii) total cell protein by the
Bradford assay and (iii) the Trypan Blue method.

Statistics
The results are reported as mean � SD for each group. Statis-

tical significance was evaluated from two-tailed Student’s t-tests.

RESULTS

Formulation properties: physicochemical, structural and in vitro
characterization

MMC efflux from the liposomal formulations (Fig. 1) was
processed according to equation (1) and found to fit the case of 2
drug pools (i.e., n 	 2) with a rather fast dissipation of unencap-
sulated MMC and significantly slower efflux of the encapsulated
drug. The rate constants determined for the efflux of encapsulated
MMC from nt-LIP and from tHA-LIP, 19.8(�0.3) � 10�3

hours�1 and 13.3(�0.5) � 10�3 hours�1, correspond to half-lives
of 35 and of 50 hr, respectively. The MMC encapsulation efficien-
cies, in good agreement between the two independent determina-
tion methods, were 38(�4)% and 53(�3)%, for the nt-LIP and the
tHA-LIP, respectively. These results indicate that it is possible to
achieve appreciable MMC encapsulation through elevation, at the
stage of drug encapsulation, of liposome concentration. The latter
was identified long ago as a key element in controlling encapsu-
lation efficiencies.33–38,51,52

Zeta potentials of 0.3 mV and �12.5 mV were determined for
nt-LIP and tHA-LIP, respectively. These magnitudes and direc-
tions fit with the lipid composition of the non-targeted particles
and with the surface modification by the negatively charged hya-
luronan in the case of the targeted systems. Anchoring hyaluronan
to the liposomal surface did not impair its ability to bind to its
receptors. This was verified by previous and by current thermo-
dynamic binding studies to monolayers of cells carrying HA
receptors, that yielded Kd magnitudes within the range of 0.05–0.6
nM HA,34–38 quite similar to those reported for free HA.57,58

Retention of receptor affinity by liposome-anchored HA is also
illustrated by the confocal microscopy results with B16F10.9 cells,

TABLE I – IN VITRO CYTOTOXICITY OF MITOMYCIN C AS FUNCTION OF
FORMULATION1

Cell line Free MMC MMC/nt-LIP2 MMC/tHA-LIP3

CV-1 105 180 200
U2OS 70 150 160
B16F10.9 210 300 1.1
C26 105 270 1.8
D122 210 300 1.4
PANC-1 180 300 1.4
1IC50 (�m) was determined for each cell line after exposure to a

series of drug concentrations using the transient protocol. SD values
were �5% of the IC50 value (n 	 5).–2nt-LIP, regular, non-targeted
liposomes.–3tHA-Liposomes, targeted hyaluronan-liposomes.
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known to have receptors for HA22,23 (Fig. 2). Free fluorescein was
used as a liposome-encapsulated marker. Unencapsulated fluores-
cein was removed from the tested liposomal formulations and it
was also verified that efflux of encapsulated fluorescein was neg-
ligible during the time span of these experiments (data not shown).
Fluorescein-labeled HA, a marker sensitive to HA receptors, was
positioned on the surface of the targeted liposomes and, for these
experiments, the liposomes encapsulated buffer alone. Fluorescein
was hardly detectable when incubated with cells either in free form

(Fig. 2a,i) or encapsulated in nt-LIP (Fig. 2a,ii), whereas incuba-
tion with fluorescein-encapsulating tHA-LIP resulted in significant
fluorescence at the cell membrane (Fig. 2a,iii), clearly indicative of
binding. Further support that tHA-LIP bind to HA-receptors on the
cell membranes can be seen in Figure 2b, from the side by side
views of tHA-LIP carrying a liposomal surface marker (2b,i) and
an internal aqueous marker (2b,ii).

Cellular cytotoxicity of MMC formulated in tHA-LIP
The studies were conducted with 6 cell lines, that fall into 2

categories with respect to expression of hyaluronan receptors. Four
overexpress HA receptors: C-26 (mouse colon carcinoma57);
B16F10.9 (mouse melanoma22); D122 (highly metastatic clone of
Lewis lung carcinoma59); PANC-1 (human adenocarcinoma15).
Two underexpress HA receptors: CV-1 (African green monkey
kidney cells60); U2OS (human osteosarcoma). Normal cell growth
and viability were unaffected by drug-free nt-LIP or tHA-LIP, and
cellular response to free MMC was the same whether “empty”
liposomes of either type were, or were not, suspended in the
treatment media (data not shown). Irrespective of whether hyalu-
ronan receptors were over- or underexpressed, treatment with free
MMC had a slight advantage over treatment with MMC-loaded
nt-LIP (Table I). Moreover, cells poor in hyaluronan receptors
were insensitive to whether the liposomes were targeted or not
(Table I). The situation changed markedly when cells that over-
express the hyaluronan receptor were treated with MMC- loaded
tHA-LIP, the IC50 values dropped-down by 50–200-fold (Table I).
These observations indicate the specificity of the tHA-LIP to
hyaluronan receptors and demonstrate the advantages of tHA-LIP,
over free drug and drug encapsulated in nt-LIP.

In vivo subacute toxicity
Mice injected with free drug lost weight, as expected (Fig. 3a).

Animals injected with drug-free nt-LIP (Fig. 3b) or tHA-LIP (Fig.
3c) did not lose weight over the entire duration of the experiment
and over the span of 5 injections, strongly indicating that both
types of liposomes are not toxic to the animals. Encapsulation in
liposomes modulated drug toxicity (Fig. 3b,c) compared to free

FIGURE 3 – The change in body weight of healthy mice over time (n 	 5 per group) as function of injected material. (a) Free MMC vs. saline.
(b) MMC encapsulated in nt-LIP vs. same, but drug-free, liposomes. (c) MMC encapsulated in tHA-LIP vs. same, but drug-free, liposomes. Each
animal received 5 injections of the selected formulation into the tail vein, on Days 0, 7, 14, 21 and 28. The MMC dose in each injected
formulation was 10 mg/Kg body. The points are the experimental data (each an average of 5 animals), the error bars represent the SD and the
solid curves are non-theoretical, drawn to emphasize the trends in the data.

FIGURE 4 – MMC plasma concentration (�g/ml) as function of time
from dosing, in C57BL/6 mice inoculated (by i.v. injection) with
B16F10.9 cells (n 	 10 per group). �, free MMC; ƒ, MMC in nt-LIP;
E, MMC in tHA-LIP. A single dose of the selected formulation was
injected to the tail vein and the MMC dose in each injected formula-
tion was 10 mg/Kg body. The points are experimental, each an average
from all animals in the group and the error bars represent the SD. The
solid curves are non-theoretical, drawn to emphasize the trends in the
data.
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MMC (Fig. 3a), tHA-LIP better than nt-LIP. Pathology examina-
tion of the selected organs fit with these findings.

Pharmacokinetics and biodistribution of free and of liposomal
MMC in tumor-bearing C57BL/6 mice

Free MMC was rapidly eliminated from the circulation (Fig. 4).
Formulating MMC in liposomes extended its retention in circula-
tion, modestly by the nt-LIP and substantially by the tHA-LIP
(Fig. 4). The AUC ratios tHA-LIP/nt-LIP and tHA-LIP/free MMC,
were 9 and 91, respectively.

Pathology examination found tumors in the lungs of the animals
injected with B16F10.9 cells, whereas their spleens, kidneys and
livers were found to be tumor-free. The sequence of MMC uptake
in the tumor-free organs was: free drug � nt-LIP � tHA-LIP (Fig.
5a). In liver and spleen, encapsulation in the tHA-LIP lowered
MMC uptake significantly, compared to free drug (p � 0.01 and
p � 0.05, respectively) and to MMC in the nt-LIP (p 	 0.047 and
p 	 0.045, respectively). This sequence was reversed, tHA-LIP �
nt-LIP � free drug, for MMC uptake into the tumor (Fig. 5b).
Mediated by the tHA-LIP, drug uptake into tumor was 4-fold and
30-fold higher compared to nt-LIP (p 	 0.018) and to free drug
(p � 0.001), respectively. In contrast, drug uptake into the lungs of
healthy animals was negligible (Fig. 5c) irrespective of whether
the drug was free or formulated in liposomes (both types).

Therapeutic responses of mice bearing B16F10.9-originating
lung metastatic disease. At 21 days, the average lungs weight of
the normal healthy mice was 0.21(�0.03) g. All mice inoculated
with the tumor cells were found to have increased lung weights
compared to the normal mice, but to different extent, depending on
the treatment received. The metastatic burden was highest for the
saline group by both measures of lung metastatic burden (Fig. 6a),
the increase in lung weight over that of normal lungs (see above)
and the number of lung metastasis. The burden remained high
upon treatments with free drug or drug-encapsulating nt-LIP (Fig.
6a). Only treatment with the MMC-loaded tHA-LIP reduced the
metastatic burden significantly (p � 0.001) (Fig. 6b): increase in
lung weight was only 25% over normal lungs, with a concomitant
small number (�10) of lung metastasis. These encouraging results
were mirrored by the survival data (Fig. 6b). Treatment with

MMC-loaded tHA-LIP generated a substantial and significant in-
crease in survival (p � 0.0007 and p � 0.001) compared to free
drug and to MMC-loaded nt-LIP, respectively.

Therapeutic responses of BALB/c mice bearing C-26 solid
tumors

The pharmacokinetics were quite similar (data not shown) to
those of the B16F10.9 model (Fig. 4). The AUC ratios tHA-LIP/
nt-LIP and tHA-LIP/free MMC were 12 and 105, respectively.

Tumor volumes increased rapidly and exponentially when ani-
mals were treated with saline alone, free MMC or MMC-loaded
nt-LIP (Fig. 7a), with little difference among these 3 treatment
groups. Tumor was detectable in all these groups at Day 7 post-
inoculation. Treatment with MMC-loaded tHA-LIP slowed tumor
growth rate significantly. The tumors in these animals were small-
est among all four groups, and were first detected on Day 13, close
to 2-fold delay compared to all other groups. These results were
also mirrored by the survival data (Fig. 7b). Treatment with
MMC-loaded tHA-LIP was distinctly different that the other 3
groups, resulting in highly prolonged survival (p � 0.0007 and
p � 0.001) compared to free drug and to drug-loaded nt-LIP,
respectively.

Survival of C57BL/6 mice bearing D122-originating lung
metastasis

The effects of the 4 treatment groups on the survival of animals
bearing this highly aggressive Lewis Lung Carcinoma, which
overexpresses hyaluronan receptors,59 were similar to trends ob-
served in the 2 other tumor models (Fig. 8). Survival rates of
animals treated with saline, free MMC or MMC-loaded nt-LIP
were quite poor, with slight differences from one treatment group
to the other. Treatment with MMC-loaded tHA-LIP was quite
effective in prolonging survival (Fig. 8) (p � 0.0007 and p �
0.001) compared to the other 2 drug formulations, respectively.

DISCUSSION

The therapeutic potential of MMC led us to use it as the drug of
choice with which to pursue our working hypothesis that hyalu-

FIGURE 5 – Drug biodistribution (% of injected dose/gram tissue) in healthy and in B16F10.9 tumor-bearing C57BL/6 mice (n 	 5 per group).
Inoculation of tumor cells, MMC administration and dose were as listed under Figure 4. Dotted bars, free MMC; diagonal-stripe bars, MMC
encapsulated in nt-LIP; dark-shaded bars, MMC encapsulated in tHA-LIP. Each bar is an average from all animals in the group and the error
bars represent the SD. (a) Biodistribution in selected non-tumor bearing organs of B16F10.9 inoculated animals. (b) Biodistribution in the
tumor-bearing lungs of B16F10.9 inoculated animals. (c) Biodistribution in the lungs of healthy animals. Statistical significance evaluations
represented on the figure by stars are comparisons of selected formulation to free MMC. *p � 0.05; **p � 0.01; ***p � 0.001.

786 PEER AND MARGALIT



ronan, positioned covalently at the surface of small liposomes
allows for long-term circulation and for targeting to tumors. Using,
as we have chosen, the naturally occurring high Mr (�106 Da)
hyaluronan, rather than hyaluronan fragments, provided 2 critical
advantages. The complete macromolecule binds to hyaluronan
receptors with higher affinity than hyaluronan fragments,61 and
provides long-term circulation through its many hydroxyl residues.
A further advantage of hyaluronan-liposomes is our recent findings
that hyaluronan also acts as a cryoprotectant.52

The low encapsulation levels (�5%) reported previously for
liposomal MMC formulations,48,49 dictated that our first task
would center on efforts to improve this property. Using relatively
high liposome concentrations at the stage of drug encapsulation,
and our novel method of encapsulation,51,52 resulted in a generous
increase (up to 50%) of MMC encapsulation efficiency.

A major motivation to pursue carrier-mediated MMC formula-
tions was the potential to reduce the toxicity of free MMC, but
without introducing new, carrier-derived, risks of toxicity. The
positive results for both drug-free and drug-loaded carrier formu-

lations, using subacute MMC doses, obtained from the subacute
toxicity studies in healthy mice (Fig. 3), made it feasible to
proceed to the tumor-bearing mice.

MMC pharmacokinetics, as function of formulation species,
was followed in vivo to evaluate one part of the working hypoth-
esis, that the many hydroxyl residues present in hyaluronan would
provide the liposomes with the hydrophilic coat needed for long-
term retention in circulation. Encapsulation in the nt-LIP already
enhanced retention in circulation compared to free drug (Fig. 4),
probably due to the small size of these liposomes. Adding the
hyaluronan coat was, however, the critical factor. It turned these
small particles into long-circulating species, over a time frame
similar to (or better than) was reported for PEG-coated lipo-
somes.25–30,53 Similar pharmacokinetics obtained in the C-26 bear-
ing animals (data not shown) indicates that long-term circulation
of hyaluronan-liposomes is not restricted to a single tumor model.

MMC biodistribution studies were carried out to test the second
part of the working hypothesis, that the hyaluronan positioned
covalently on the liposomal surface would endow these liposomes

FIGURE 6 – Therapeutic responses of mice bearing B16F10.9-originating lung metastatic disease. The 4 treatment groups were: saline, free
MMC, MMC encapsulated in nt-LIP and MMC encapsulated in tHA-LIP. Drug dose in all formulations was 10 mg/Kg body and treatments were
on Days 1, 5, and 9, by injection of the selected formulation to the tail vein. (a) Lung metastatic burden. Light-shaded bars are the data for the
increase in lung weight, dark-shaded bars are the data for the number of lung metastasis. Each bar is an average of all animals in the group (n 	
5) and the SD are represented by the error bars. ***p � 0.001 compared to free drug. (b) Survival (n 	 7). Each line connects the symbols
representing the daily survival state of the group, the symbols themselves were omitted to avoid a cluttered figure.

FIGURE 7 – Therapeutic responses of (BALB/c) mice inoculated with C-26 cells injected to the right-hind footpad. (a) Increase in tumor
volume (n 	 20 per group). Treatment groups, MMC formulations, doses, and administration route were as listed under Figure 6a. Treatments
were on Days 5, 12 and 19 (indicated by the arrows). ‚, Saline; ƒ, free MMC; �, MMC encapsulated in nt-LIP; E, MMC encapsulated in
tHA-LIP. The points are the experimental data, each an average of all animals in the group and the SEM are represented by the error bars. The
solid curves are non-theoretical, drawn to emphasize the trends in the data. (b) Survival (n 	 10 per group). Treatments were on Days 5, 12,
19 and 26. Lines representations are as defined under 6B.
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with the ability to truly mediate drug targeting to tumors. These
expectations, affirming the working hypothesis, were clearly met.
When delivered via tHA-LIP, MMC accumulation in the tumor
was 30-fold higher than when the drug was administered in free
form, and 4-fold higher than when delivered via nt-LIP (Fig. 5a,b).
That the tumor, rather than the anatomic location, makes the
difference, can be appreciated from the selectivity, defined as the
ratio of drug uptake into the lungs of tumor-bearing mice, com-
pared to the same organ in healthy (tumor-free) animals. We
obtained a selectivity of 20 (Fig. 5b,c), which is higher than
reported for doxorubicin encapsulating sterically stabilized regular
and immunoliposomes.62 Tumor-selectivity is also seen from the
distribution to other organs in the tumor-bearing mice. MMC
uptake into spleen and kidneys was not very sensitive to the nature
of drug formulation, and liver uptake was significantly reduced
when the drug was delivered via the tHA-LIP (Fig. 5a). These
findings fits well with ability of these targeted liposomes to reduce
the MMC-dependent subacute toxicity (Fig. 3).

The next rational step was to evaluate whether the long circu-
lation and the targeting give rise to improved therapeutic re-
sponses. The in vitro studies already showed that loading into the
tHA-LIP generates a 100-fold increase in MMC potency in tumor
cells that overexpress hyaluronan receptors, but not in cells with
poor expression of these receptors (Table I). These results made it

obvious that in vivo studies should focus only on tumor models
based on cells overexpressing hyaluronan receptors.

Similar to the in vitro results but, much more relevant trends,
were found when the systems were subjected to in vivo testing.
Taking together the measures of tumor response to treatment (Figs.
6–8), tumor size, metastatic burden and survival, treatments with
free MMC were not much different than no treatment. The re-
sponses to treatment with MMC-loaded nt-LIP were only a slight
improvement over free drug or no treatment. On this low back-
ground, we find the highly positive responses to treatment with
MMC-loaded tHA-LIP, quite striking.

Although the time span of long circulation we achieved is in the
range reported for other long-circulating liposomes, our tHA-LIP
slowed-down tumor progression with concomitant smaller tumors,
and increased life span (compared to treatment with free drug),
better than sterically-stabilized liposomes in similar and in other
mouse tumor models but with other anticancer drugs.53,63–65

We suggest that the encouraging results reported here stem from
combination of all attributes of this formulation: good encapsula-
tion, sustained release, long retention in circulation and high-
affinity binding to the tumor, allowing the liposomes to act there as
sustained-release drug depots. Another factor that may have con-
tributed to the positive outcome, could come from the hyaluronan
itself. It has been suggested that hyaluronan receptors in tumor
cells are involved in tumor progression, allowing tumor cells to
interact with hyaluronan in the extracellular matrix.5,7,8,10–12,14–17

For example, administration of hyaluronan fragments to block the
hyaluronan receptors of tumor cells was shown to slow down
tumor progression.22 It can be speculated that when the tHA-LIP
bind to the hyaluronan receptors at the tumor, they perform 2 roles:
act as a depot of the chemotherapeutic drug and at the same time
slow down tumor progression by blocking the receptors.

In conclusion, formulation of MMC in the tHA-LIP may make it
possible to salvage the therapeutic potential of this drug, thereby
increasing the arsenal of anticancer drugs available for the patient.
The tHA-LIP emerge as a valid option for tumor chemotherapy,
worthy of further pursuit, with a distinct advantages: cryoprotection,52

long circulation and high affinity to the target, provided by the same
single (naturally-occurring) agent, anchored to the liposomal surface.
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