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Mitoxantrone (MIT) was encapsulated into 60, 80 and 100 nm pegylated hydrogenated soy phosphatidyl-
choline/cholesterol (HSPC/chol) vesicles using a transmembrane (NH4),SO4 gradient. In-vitro release
studies revealed that small-sized formulation had fast drug-release rate. Acute toxicity studies performed
in c57 mice proved that all pegylated liposomal MIT (plm) formulations could be well-tolerated at a dose
of 9 mg/kg, significantly compared to severe toxicity induced by free mitoxantrone (f-M). In KM mice,

ff/le}’ W"rds': plm60 was at least 2- to 3-fold less toxic than f-M. After intravenous injection, plm60 was slowly elim-
litoxantrone inated from plasma relative to f-M, resulting in about 6459-fold increase in AUC and its plasma kinetics

Liposomes . . . . .

Vesicle size exhibited dose dependence. In S-180 bearing KM mice, plm60 preferentially accumulated into tumor

zone, with a ~12-fold increase in AUC and ~10-fold increase in C,,x Furthermore, the accumulation of
plm60 in almost all normal tissues markedly decreased. The antitumor efficacy of plm60 was also con-
siderably enhanced. In L1210 ascitic tumor model, plm60 was the most efficacious which led to a
~70% long-term survival, significantly compared to 16-33% survival rate in plm80, plm100 and f-M
groups at the same dose level (4 mg/kg). The antitumor efficacy of plm60 was more encouraging in
L1210 liver metastasis model. At a dose of 6 mg/kg, ~90% animals receiving plm60 treatment could sur-
vive 60 days; however, in f-M group at the same dose, all the mice died at ~14 days post inoculation.
Similarly, plm60 could effectively inhibit the growth of RM-1 tumor in BDF1 mice, resulting in marked
increase in tumor doubling time at different dose levels relative to f-M. The improved antineoplastic
effects could be ascribed to its small vesicle size, which allowed more drug release after the accumulation
into tumor zone. Theoretical considerations revealed that the reduction of vesicle size could increase the
specific area of MIT/sulfate precipitate inside the vesicle and the release constant K, which is inversely
proportional to vesicle volume (K = pA,kxk, /(HT2Vi)).

Drug release
Antitumor efficacy
Toxicity
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1. Introduction into tumors due to enhanced permeability and retention effects

[8]. MIT has two physiologically dissociated -NH- groups (Fig. 1),

MIT is a synthetic antineoplastic anthracenedione that can inhi-
bit the activity of topoisomerase II, interfere with RNA and cause
the crosslink of DNA and strand breaks [1]. MIT has a cytocidal ef-
fect on both proliferating and non-proliferating cells, suggesting
the lack of cell cycle phase specificity [2-3]. Similar to other anth-
racyclines, the main toxicity of MIT is cardiotoxicity [4-6]. Other
toxicities such as primary neutropenia, bone marrow suppression
and secondary acute myelogenous leukemia have also been re-
ported in patients treated with MIT [7].

Encapsulation of MIT within liposomes might improve its ther-
apeutic index because liposomes could preferentially accumulate
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thus it could be loaded within liposomes via pH gradient or inter-
calated into lipid bilayers by the formation of complexes with neg-
atively charged lipids [9-21]. The latter encapsulation method
always leads to unstable formulations that cannot effectively re-
tain MIT, especially in blood circulation. Following i.v. injection,
MIT rapidly dissociates from lipid bilayers due to the dilution effect
and the interaction with plasma components, thus exhibiting no
clinical advantages [15-16]. Provided that active loading method
such as pH gradient method is employed, the resulting LUV (large
unilamellar vesicle) formulations usually have slow drug-release
rate even after accumulation in local tumor and are less therapeu-
tically effective than unentrapped MIT [18,20-21].

In the previous study, it was found that the release kinetics of
doxorubicin from pegylated SUVs is much faster than that from
LUVs, in which case, doxorubicin was encapsulated into liposomes
via pH gradient method that relies on the transmembrane ammo-
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Fig. 1. The structure of mitoxantrone.

nium sulfate gradient [22]. Because MIT can also form precipitates
with sulfate inside liposomes, we suspect that the reduction of ves-
icle size could also accelerate the release rate of MIT and lead to
efficacious liposomal formulation. In this paper, we describe a no-
vel liposomal MIT formulation, in which MIT was encapsulated in
pegylated SUVs (with a size of ~60 nm) via ammonium sulfate gra-
dient method. This formulation had accelerated drug-release rate
and enhanced antineoplastic effects in RM-1, L1210 ascitic and li-
ver metastasis tumor models.

2. Materials and methods
2.1. Materials

Mitoxantrone hydrochloride was provided by Chongqing Kailin
Pharmaceutical Co., Ltd. (Chongqing, China). Hydrogenated soybean
phosphatidylcholine (HSPC) was a kind gift from Degussa (Freising,
Germany). N-(Carbonyl-methoxypolyethyleneglycol,ggo)-1,2-
distearoyl-sn-glycero-3-phosphoethanolamine, sodium salt
(MPEG3000-DSPE), was obtained from Genzyme Pharmaceuticals
(Liestal, Switzerland). Cholesterol (chol) and Sephadex G-75 (med-
ium) were obtained from the Sigma Chemical Company (St. Louis,
MO). 1-Palmitoyl-2-stearoyl-sn-glycero-phosphocholine (PSPC),
1,2-stearoyl-sn-glycero-phosphocholine (DSPC), 1-palmitoyl-2-hy-
droxy-sn-glycero-3-phosphocholine (MPPC) and 1-stearoyl-2-hy-
droxy-sn-glycero-3-phosphocholine (MSPC) were purchased from
Avanti Polar Lipids, Inc. (USA). Nucleopore polycarbonate filters
(47-mm, 0.1- and 0.08-pm pore sizes) were obtained from North-
ernlipids, Inc. (Canada). All other chemicals used in this study were
of analytical or high-performance liquid chromatography (HPLC)
grade.

L1210 and RM-1 tumor cell lines were originally purchased
from the Institute of Biochemistry and Cell Biology, Chinese Acad-
emy of Sciences (Shanghai, China). KM mice (8-10 weeks old) were
obtained from Hebei Medical University. BDF1 and c57 mice were
purchased from Vitalriver (Beijing, China).

2.2. Preparation of liposomes

Liposomes were prepared according to the following procedure.
Briefly, the mixtures of HSPC, mPEG,q0o-DSPE and chol (3:1:1,
mass ratio) were solubilized in chloroform and dried to a thin lipid
film under a stream of N, gas, followed by overnight incubation
under vacuum to remove residual solvent. The dried lipid films
were subsequently hydrated with 300 mM ammonium sulfate.
The hydration process was performed at 60 °C for 1 h. The disper-
sion was extruded 8 times through polycarbonate filters of
0.10 um (or 0.08 pm) at 60 °C employing a LiposoFast-100 jacketed
extruder obtained from Avestin (Ottawa, Canada). This procedure
formed unilamellar vesicles of 100 or 80 nm, and the resulting for-
mulations were named plm100 and plm80. For the preparation of
60 nm vesicles, after hydration the dispersion was homogenized in
M-110EH Microfluidizer® Processor (Microfluidics, USA) at

1500 bar. The resulting vesicles were ~60 nm in diameter and
named plm60. The zeta average size of vesicles was analyzed using
quasi-elastic light scattering (Zetasizer Nano ZS; Malvern Instru-
ments, UK). Before analysis, the samples were diluted in 0.9% NaCl
with a volume ratio of 1/200. The zeta potential of vesicles was also
determined using Nano ZS, but the measurement was carried out
in water after a 100-fold dilution. In both cases, DTS4.0 software
was used to collect the data that were analyzed using “multinar-
row modes”.

2.3. Remote loading of liposomes

A transmembrane ammonium sulfate gradient was generated
across the vesicles by exchanging the extraliposomal buffer using
Sephadex G-75 columns. The buffer employed in the experiments
was sucrose (300 mM)-histidine (10 mM) buffer (pH 7.5). Upon
buffer exchange, empty liposomes with transmembrane ammo-
nium sulfate gradient (total lipid concentration: 16 mg/mL) were
mixed with 10 mg/mL MIT (10:1, v/v), resulting in a mass ratio of
1:16. The resulting mixture was incubated at 60 °C for 40 min to
realize drug loading. After loading, the liposomal preparations
were concentrated to a MIT concentration of 1 mg/mL using a Mil-
lipore Labscale TFF System (with 50,000 nominal molecular weight
limit polysulfone filters).

For determining the loading efficiency, samples of the mixtures
were taken and unentrapped MIT was removed by size-exclusion
chromatography. Briefly, 100 pL samples were loaded onto Sepha-
dex G-75 mini-column (56 mm x 8 mm i.d.) and then eluted using
0.9% NaCl solution.

2.4. Determination of lipid compositions and lyso PCs

A Waters HPLC system was used to determine lipid contents
(HSPC, peg-lipid and cholesterol) and their degradation products,
lyso PCs. The system was composed of 2690 liquid chromatograph
and 410 RI detector and controlled by Millennium 32 software. For
the measurement of lipid content, a zobax c18 (25 cm x 4.6 mm
i.d,, 5 um particle size) was employed, which was maintained at
35 °C during the analysis. The mobile phase was a mixture of meth-
anol, tetrahydrofuran (THF) and 0.17 mol/L ammonium acetate
(94:5:1), running at a flow rate of 1 mL/min. The retention times
for different components were 4.8 min (MPEG-DSPE), 8.6 min
(cholesterol), and 10.1 min for the first peak of HSPC (PSPC) and
15.3 min for the second peak of HSPC (DSPC).

To detect the content of lyso PCs, the separation was carried out
on a zobax NH; column (25 cm x 4.6 mm i.d., 5 pm particle size) at
30 °C at a flow rate of 1 mL/min. The mobile phase used consisted
of acetonitrile, methanol and 8 mmol/L ammonium dihydrogen-
phosphate solution (pH 4.5, 69:26:5). Under these conditions, lyso-
phospholipid standards (MSPC and MPPC) were consistently eluted
as two peaks, which corresponded to two positional isomers of
lysophospholipids. Since HSPC consisted of both PSPC and DSPC,
its degradation products contained MSPC and MPPC, and their
positional isomers. Using this method, these four lyso PCs could
be effectively separated with retention times ranging from 9.5 to
15.6 min.

In both cases, 2 mL of samples was diluted to 10 mL using chlo-
roform-methanol (1:2) mixture and then the resulting solutions
were injected into HPLC with injection volume of 10 pL for the
analysis of lipid compositions and 100 pL for the detection of lyso
PCs.

2.5. In-vitro release studies

Method I. Liposomal MIT formulations, at a concentration of
0.46 mM HSPC, were diluted in release buffer I (50% isotonic glu-
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cose solution buffered with 10 mM histidine to pH 7.5 and 50% hu-
man plasma). Then 2 mL of diluted liposomes was placed in the
dialysis tubing with a molecular weight cutoff of 10 kDa and dia-
lyzed against 50 mL of release buffer I containing penicillin and
streptomycin (100 pg/mL for each antibiotic).

Method Il. Liposome-entrapped MIT was diluted to similar HSPC
concentration with release buffer I, which had the same composi-
tion as buffer I except that buffer II contained 20 mM NH,4Cl. Then
2 mL of diluted liposomes was placed in the dialysis tubing and
dialyzed against 50 mL release buffer Il supplemented with two
antibiotics.

The dialysis process was performed at 37 °C. At various time
points, aliquots were withdrawn and stored at —20 °C until analy-
sis. The samples were treated and analyzed using the method men-
tioned in PK studies.

2.6. Acute toxicity evaluation

The maximum tolerated dose of different plm formulations fol-
lowing i.v. administration was first sought in healthy male ¢57
mice. Briefly, the drug was administrated via tail vein in groups
of two mice, beginning with the dose of 10 mg/kg MIT and contin-
uing with the dose escalation factor of 1.19 until a dose level of
20 mg/kg was achieved (dose levels: 10.0, 11.9, 14.2, 16.9 and
20.0 mg/kg). If during the observation period, there was no mortal-
ity, irreversible morbidity, or severe body weight loss (consistent
loss in excess of 20% of original weight maintained for 72 h), the
highest administrated dose was considered as the acute single
injection maximum tolerated dose. Based on the results from the
dose-seeking step, plm formulations and f-M were administrated
to male c57 mice at a dose of 9 mg/kg (n=5). The inclusion of f-
M group was just for the purpose of comparison.

To further test plm60 and f-M mediated acute toxicity, tumor-
free KM mice were employed. PIm60 and f-M were injected into
mice at a dose of 7.2, 12 and 20 mg/kg (5/sex/group).

In all cases, qualified animal-care technicians monitored the
mice for weight loss and other signs of stress/toxicity for a period
of 21 days. Because death cannot be used as an end point, mice
were sacrificed at the first sign of distress for humane consider-
ation. After 21 days, all remaining animals were terminated and
necropsies were conducted to identify any additional drug toxici-
ties. The difference in body weights was examined by a series of
Independent Samples T-test and p < 0.05 was considered to be sta-
tistically significant.

2.7. Pharmacokinetic and biodistribution studies

Plasma pharmacokinetic analysis was performed in normal KM
mice and KM mice bearing a s.c. S-180 tumor (0.5-0.6 cm?®) were
used in tissue distribution studies.

For PK studies, KM mice received injections of 1, 2 and 4 mg/kg
single i.v. bolus dose of plm60 and 2 mg/kg f-M via tail vein. Blood
samples were obtained via cardiac puncture under anesthesia and
collected in Eppendorf tubes containing sodium heparin as an anti-
coagulant. For tumor-bearing mice, plm60 and f-M were adminis-
trated at a dose of 4 mg/kg. At the indicated time points, mice were
euthanized. Liver, spleen, kidney, lung, heart, intestine and tumor
were rapidly excised, rinsed in ice-cold normal saline and snap-fro-
zen. Blood samples were centrifuged at 2500 rpm for 10 min to
separate the plasma. The plasma and tissue samples were stored
at —20 °C until additional analysis.

MIT concentrations in plasma and in normal and tumor tissue
samples were determined using HPLC method. Before analysis,
mouse tissues were firstly homogenized using a tissue tearor
equipped with a 7-mm probe (Biospec Products, Inc., USA). A 10%
(w/v) homogenate was prepared in 20% ascorbic acid solutions.

For 150-pL plasma or tissue homogenate, 150-LL extraction solu-
tion (methanol containing 0.5 M HCI: acetonitrile (90/10, v/v))
was added. The resulting mixture was vortexed and permitted to
precipitate at —20°C for at least 1h and then centrifuged at
20,000g for 10 min. The supernatant was collected for analysis.
The injection volume for samples was 20 pL.

A Waters HPLC system controlled by Millennium 32 software
was used for chromatographic analysis, which was composed of
2690 liquid chromatograph and 996 diode array detector. The HPLC
separations were achieved using a Zorbax C18, 150 mm x 4 mm
i.d., 5 um particle-size column. The isocratic mobile phase was a
mixture of acetonitrile and a solution containing 6.0 g/L of sodium
1-heptanesulfonate and 9.0 mL/L of glacial acetic acid (30:70, v/v),
running at a flow rate of 1 mL/min. Detection was accomplished
at 650 nm. MIT was eluted at ~10 min. The recovery of drug was
>95% and the standard curve with an r-value of 0.999.

The pharmacokinetic variables, tissue AUC, Cypa.x were calcu-
lated using DAS 2.0 software (the net for drug evaluation of China).

2.8. Antitumor efficacy study

Male BDF1 mice were inoculated i.p. with 5 x 10° (or i.v. with
5 x 10*) L1210 murine tumor cells, derived from the ascitic fluid
of a previously infected BDF1 mouse. Free MIT or liposome-encap-
sulated MITs were administrated via a lateral tail vein, 24 h after
tumor cell inoculation. Animal weights were monitored daily and
mortality was determined up to 60 days. Because death cannot
be used as an end point, mice were sacrificed at the first sign of dis-
tress. The data were analyzed with SPSS 11.5 version software (sur-
vival analysis).

RM-1 prostate tumor cells were injected s.c. (5 x 10° cells/
mouse) in the right flank region of BDF1 mice. Tumors were allowed
to grow to a mean tumor volume of 0.2 cm® before initiation of
treatment. Tumor-bearing mice were randomly divided into 5
groups (n = 11). The treatment groups were given a single i.v. injec-
tion of plm60 and f-M (4 and 6 mg MIT/kg), respectively. Control
mice were treated with an isotonic sucrose-histidine solution. The
tumor volume (V) was calculated according to the equation (m/
6) x width? x length. Animal weight and tumor sizes were moni-
tored every 2 (or 3) days. For statistical analysis, the tumor volumes
of treatment group and control mice at each time point were exam-
ined using one-way analysis of variance. Post-hoc comparison of the
means of individual groups was performed using LSD test. In all
cases, p < 0.05 was considered to be statistically significant.

3. Results
3.1. The characterization of plm formulations

MIT was loaded into pegylated liposomes exhibiting a trans-
membrane ammonium sulfate gradient. Prior to loading, empty
vesicles with entrapped ammonium sulfate were exchanged into
a pH 7.5 sucrose/histidine buffer. For all the formulations, the%
encapsulation value was ~100% and the drug/lipid mass ratio
was 1:16. Despite the vesicles having been prepared using a differ-
ent size-reduction technology (extrusion or microfluidization), all
the formulations had a narrow size distribution, with a polydisper-
sion index ranging from 0.05 to 0.09 (Table 1). Zeta potential mea-
surement showed that the difference in the vesicle size might exert
an influence on the charges carried by the vesicles. Although these
formulations had the same bilayer composition, small vesicles
were more negatively charged than the large vesicles, indicating
that more peg-lipids redistributed in the outer layer during the
preparation procedure (under physiological pH values, HSPC is
neutral, but peg-DSPE is negatively charged).
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Table 1

The characterization of plm formulations

Formulations  Size (nm) PDI Zeta potential (—mV) Loading efficiency (%) Lyso PC (mg/mL) HSPC (mg/mL) Peg-lipid (mg/mL) Chol (mg/mL)
PIm60 62.27+£0.34 0.092 £0.005 —42.58+1.70 99.00 0.06 9.58 3.14 3.22

PIm80 85.17+0.23 0.066 +0.007 —36.30+1.65 99.01 0.07 9.49 3.08 3.18

PIm100 102.38+0.68 0.047£0.024 —33.41%1.43 99.33 0.06 9.64 3.29 324

For the determination of vesicle size and zeta potential, the samples were diluted with 0.9% NaCl or water for injection, respectively. The measurement was performed at
25 °C using Zetasizer Nano ZS (Malvern Instruments, UK). DTS software (version 4.0) was employed to collect the data that were analyzed using “multinarrow modes”. The
loading efficiency was determined using size-exclusion chromatography. To assay the lipid content and lyso PC, two HPLC methods based on refractive index detector were
employed. In all the cases, the data are presented as means from at least three repeated experiments. All the RSD (relative standard deviations) for loading efficiency, lipid

composition and lyso PC were <2% and not given. PDI, polydispersion index.

For all the formulations, the HSPC, chol, and peg-DSPE contents
were very close to the theoretical values (9.60, 3.20 and 3.20 mg/
mL) and lyso PC was only 0.06-0.07 mg/mL, accounting for ~0.9%
HSPC hydrolysis. It was not surprising that the use of Microfluidiz-
er did not induce the increase of lyso PC in plm60, because the
homogenization time was short and the interactive and auxiliary
chambers had been cooled during the homogenization process
(not larger than 65 °C).

3.2. In-vitro release

Drug-release experiments were first performed in ammonium
chloride/histidine/glucose medium (isotonic, pH 7.5) using dialy-
sis method. For all formulations, no obvious drug release was ob-
served even when the NH4Cl concentration was elevated to
40 mM. In contrast, under the same release conditions, ammo-
nium could effectively trigger the release of doxorubicin from
small pegylated vesicles with the same formulation composition
[22]. To compare the release kinetics of different formulations,
50% plasma was employed as release medium. Overall the exper-
iment period, plm80 and plm100 still could not release MIT, but
plm60 exhibited a release t;, value of 56.4 h. If the 50% plasma
was supplemented with 20 mM NH4CI, the release t;), values of
MIT from plm80 and plm60 were 36.7 and 26.2 h, respectively.
These results clearly revealed the difference in the release kinet-
ics, indicating that small-sized formulations had fast drug-release
rates (Fig. 2).

3.3. Acute toxicity

Dose-seeking studies using a small number of mice revealed
that decreased vesicle size resulted in increased acute toxicity.
The highest dose levels at which we could not observe mortality,
irreversible morbidity, or severe body weight loss were 16.9
(plm100), 14.2 (plm80) and 14.2 (pIm60) mg/kg. Using this meth-
od, the obtained maximum tolerated doses for plm80 and plm60
were roughly equivalent, but plm60 was still a little more toxic
than plm80, comparing body weight versus time curves. All plm
formulations, when administrated at a dose of >12 mg/kg, in-
duced visible accumulation of MIT into paws of animals. The paws
of animals became blue in a dose-dependent manner (MIT has a
blue black color). The degree of MIT deposited into paws was as
follows: pm100 > plm80 > pIm60.

Since the accumulation of pegylated liposomes (especially
when they encapsulated cytotoxic drugs) into skin might induce
foot-hand syndromes, which are the dose-limiting toxicities of
Doxil/Caelyx in the clinical practice [8], the toxicities of plm formu-
lations and free MIT were compared at a reduced dose level (9 mg/
kg) in c57 mice. At this dose level, the accumulation of MIT into
skin was not evident besides plm100 group. All plm formulations
exerted no effects on body weight for 21 days. But for f-M, a
~30% body weight loss was observed at 10 days post injection in
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Fig. 2. In-vitro release of plm formulations with different vesicle sizes. The release
experiments were performed in (a) 50% human plasma and 50% isotonic glucose
solution buffered with 10 mM histidine to pH 7.5 (GHS) and (b) 50% plasma and 50%
GHS supplemented with 20 mM NH4Cl. In both cases, the plm formulation was
diluted to a HSPC concentration of 0.46 mM and 2 mL sample was dialyzed against
50 mM release medium at 37 °C. Data points represent the mean values calculated
from three samples.

one mice. Furthermore, three mice were sacrificed at days 7, 8
and 9 for humane consideration.

Subsequent experiments further proved the low toxicity of
plm60 compared to f-M. PIm60 and f-M were administrated to
KM mice at a dose ranging from 7.2 mg to 20 mg/kg. At high dose
levels (20 and 12 mg/kg), median survival time of plm60 group
was significantly longer than that of f-M group (p<0.05)
(Table 2). When the animals received i.v. injection of plm60 and
f-M at a dose of 7.2 mg/kg, all the animals could survive 21 days.
In plm60 group the body weight continuously increased, but a
~23% (and 9%) body weight loss occurred in female (and male)
mice receiving f-M injection.

Based on our observation, the toxicities of free MIT in mice in-
cluded significant white blood-cell decrease, gastrointestinal mu-
cosa necrosis, and acute hepatic injury revealed by increased ALT
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Table 2
Acute toxicity of plm60 and f-M in KM mice

Treatment Dose No. of survivors Mean survival Median survival

group (mg/kg) (day 21) time? time?

f-M 20 0/10 830+1.36 7.00 £0.29
f-M 12 2/10 13.70+1.44 12.00 £ 0.52
f-M 7.2 10/10 n.a. n.a.

PIm60 20 8/10 19.50 £ 1.01 n.a.

PIm60 12 10/10 n.a. n.a.

PIm60 7.2 10/10 n.a. n.a.

PIm60 and f-M were injected into KM mice via tail vein at doses of 7.2, 12 and
20 mg/kg. The mice were monitored for a period of 21 days by qualified animal-care
technicians. Because death cannot be used as end point, mice were evaluated twice
daily and sacrificed at the first sign of distress.

@ To calculate mean and median survival times, survivors after 21 days were
assigned survival times of 21 days. n.a., not applicable.

and AST, toxic effects on hematopoietic and lymphoid tissues of
spleen and bone marrow. At the same dose, the toxicities of plm
were much lower than those of free MIT. For plm groups, the main
toxicities were gastrointestinal mucosa necrosis, acute hepatic in-
jury and skin toxicity. However, even at high dose, we did not ob-
serve the signs of heart toxicity in free MIT and plm groups,
probably because of the low cumulative doses and relatively brief
duration of each study.

3.4. Plasma pharmacokinetics and biodistribution

Since plm60 had reduced toxicity, the least skin toxicity and a
fast drug-release rate, it was selected to perform PK and BD stud-
ies. As shown in Fig. 3, the encapsulation of MIT into pegylated
small vesicles markedly altered the PK of MIT. In comparison with
f-M, the AUC value of pIm60 at the same dose level (2 mg/kg) was
775.1 pg h/mL, accounting for 6459-folds higher than that of f-M.
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—— plm60-1
0.1 —a— plm60-2
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=
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Fig. 3. (a) Plasma pharmacokinetics of plm60 and f-M in normal KM mice. PIm60
was administrated to KM mice at 1, 2 and 4 mg/kg and f-M at 2 mg/kg via tail vein
(n=5). (b) Dose dependence of plm60. The plasma AUC following i.v. administra-
tion of plm60 was plotted versus dose level.

Correspondingly, the half-life of plm60 was also considerably in-
creased, with a t;, of 16.2-19.0 h. In contrast, f-M was rapidly
cleared from circulation with a t;;; value smaller than 5 min. An-
other phenomenon that should be noted was that plm60 exhibited
linear kinetics and the regression equation of AUC versus dose had
an r-value of 0.999. The PK of plm60 was similar to that of pld
(pegylated liposomal doxorubicin), both with prolonged ¢, and
increased AUC, which is the characteristic of pegylated liposomes
provided that the drug could be effectively retained by vesicles
in circulation [22-23]. Previous studies have proved that in blood,
~96% doxorubicin was in the form of liposomal encapsulation [24].
Taking into account the fact that in in-vitro release study, plm60
was hard to release drug relative to pld, one might suggest that
the leakage of MIT from plm60 was negligible.

Tissue level of MIT was determined in S-180 bearing mice. Com-
pared to f-M, pIm60 preferentially accumulated into tumor zones,
instead of normal tissues (Table 3). Tumor AUC in plm60-treated
animals was ~12-folds higher than in mice treated with the same
dose of f-M. Peak MIT concentration in tumor was higher and oc-
curred later than after f-M treatment.

Exceptinliver, the Cy,.x in all normal tissues following injection of
plm60 significantly decreased. The C.x in heart, a primary target or-
gan for MIT-associated toxicity, was 26% lower in plm60 group than
in f-M group. Because cardiotoxicity is related to C,ax but not to AUC,
this result might imply the reduced cardiotoxicity of plm60 [4-6].
Furthermore, the assay in this study could not distinguish between
liposome-entrapped (non-bioavailable) and free MIT (bioavailable),
and the increased AUC and C,,ax in liver following plm60 administra-
tion might not mean the increased liver toxicity of plm60. Acute tox-
icity study also supported the low toxicity of plm60.

3.5. Antineoplastic activity

Based on the above experiments, liposome formulations with
different sizes exhibited different drug-release kinetics. To explore
the size effects on antineoplastic activity, L1210 ascitic tumor
model was employed. As revealed by Table 4, all formulations
could markedly prolong the survival time (mean and median) of
tumor-bearing mice, relative to control group. It is interesting to
note that the survival time of mice increased when the animal
was treated with small-sized vesicles. This phenomenon might
be ascribed to the fast drug-release rate of small-sized formula-
tions. Previous studies have pointed out that MIT was hard to be
released from 100 nm DSPC vesicles and the resulting liposomal
formulation exhibited no therapeutic advantages in comparison
with f-M [18,20-21]. Fast-release formulations might overcome
this difficulty because more drugs would become available in tu-
mor zone after the accumulation of vesicles. The results also re-
vealed that plm60 was more efficacious than f-M at 4 mg/kg and
that the activity of f-M was equivalent to that of plm80.

The antineoplastic effect of plm60 was examined in L1210 liver
metastasis model, too. The data are presented in Table 5. The i.v.
inoculation of L1210 cells resulted in rapid death in control group
with a mean (or median) survival time of ~11 days. The adminis-
tration of plm60 (or f-M) could significantly prolong the survival
time of mice relative to the control group, and the antitumor ef-
fects were dose-dependent. As observed in other tumor models,
plm60 showed superior activity to the f-M. The antitumor effect
of 2 mg/kg plm60 was a little stronger than that of 6 mg/kg f-M.
When plm60 was administrated at a dose of 8 mg/kg, all the trea-
ted mice survived 60 days.

The growth rate of RM-1 tumor in BDF1 mice was slow com-
pared to other allograft tumor models (e.g. S-180 in KM mice).
The tumor reached to a volume of ~200 mm> two weeks after
inoculation, and then plm60 and f-M were administrated to ani-
mals at a dose of 4 (or 6) mg MIT/kg. Regression analysis revealed
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Table 3
Comparison of tissue and tumor pharmacokinetics of plm60 and f-M

Tissues PIm60 AUCy;; (pg/gh) (1-24 h) f-M AUCwic (pg/g h) (1-24 h) Ratio of AUC? PIm60 C range (ug/g) f-M C range (ug/g) % Change in Cpax”
Heart 69.64 75.90 0.92 4.01-2.06 5.39-2.94 —25.60
Liver 136.84 61.69 2.22 6.78-4.52 4.77-1.94 42.14
Spleen 135.05 121.43 1.11 7.56-4.36 7.75-3.77 —2.45
Lung 119.19 178.23 0.67 8.44-2.89 10.21-7.02 ~17.34
Kidney ™™ 155.08 281.33 0.55 7.12-5.82 18.24-7.46 —60.96
Intestine” 53.05 66.79 0.79 2.42-1.66 3.94-1.53 —38.58
Tumor 247.04 19.43 12.71 14.75-2.96 1.26-0.63 1070.63

Tissue and tumor levels of MIT were determined in S-180 bearing KM mice following i.v. administration of 4 mg/kg plm60 and f-M. All variables were calculated using DAS2.0
software.

* AUCpimeo/AUCt .

° Coimso — Cr-m/Crm-

" p<0.05.

“ p<0.01.
" p<0.001.
Table 4
Antitumor efficacy of liposome-entrapped MIT formulations with different vesicle sizes in L1210 ascitic tumor model
Treatment group Dose (mg/kg) No. of survivors (day 60) Mean survival time® Median survival time?® % ILSP LIP°
Control 0 0/12 9.08 £0.19 9.00 £ 0.21
f-M 4 4/12 38.67 £3.54 36.00 + 6.06 300
PIm60 4 8/12 47.00 +2.88 n.a. n.a. n.a.
PIm80 4 4/12 39.17 £4.1 38.00+11.26 322 1.06
PIm100 4 2/12 30.08 +3.59 23.00 +2.89 156 0.64
BDF1 mouse was inoculated with 5 x 10° cells i.p. on day 0 and treated on day1.

2 To calculate mean and median survival times, survivors after 60 days were assigned survival time of 60 days.

b Values for ILS (increased life span) and liposomal/free (L/F) were calculated using median survival data. n.a., not applicable.
Table 5
Antitumor efficacy of MIT formulations against L1210 leukemia cell line in BDF1mice
Treatment group Dose (mg/kg) No. of survivors (day 60) Mean survival time® Median survival time?® % ILS? LIP°
Control 0 0/6 11.83+£0.48 11.00
f-M 2 0/8 12.13+0.61 11.00 0
f-M 4 0/8 13.25+0.53 13.00 £ 0.46 18.2
f-M 6 0/8 14.50+0.71 14.00 £ 0.91 27.3
PIm60 2 0/8 19.13+1.57 18.00 £ 1.41 63.6 1.64
PIm60 4 3/8 36.50+6.51 22.00 + 5.66 100 1.69
PIm60 6 7/8 57.38 +2.46 n.a. n.a. n.a.
PIm60 8 8/8 n.a. n.a. n.a.

Mice were inoculated with 5 x 10 cells i.v. on day 0 and treated on day 1.

2 To calculate mean and median survival times, survivors after 60 days were assigned survival time of 60 days.
b Values for ILS (increased life span) and liposomal/free (L/F) were calculated using median survival data. n.a., not applicable.

that in all animals (control or treated), the tumor growth was gov-

erned by exponential equation (V, = VoeX’, wherein, V is tumor vol- 10000
ume, t is time and k is growth constant.). Both plm60 and f-M could o control
effectively inhibit the tumor growth, but at the same dose plm60 8000 O £M-4
was more therapeutically active than f-M (p <0.01) (Fig. 4). For E A £-M-6
example, the tumor doubling time in animals treated with 6 mg/ % 6000 1 X plm60-4
kg plm60 was 4.9 days, about 1.6-folds higher than that of f-M E X pim60-6
S
group (Table 6). ; 4000
£
=
i i =
4. Discussion 20001
Most of chemotherapeutic agents are administrated to humans
via intravenous injection. Due to their poor selectivity for malig- 0 0 5 4 6 N 10 12 14 1'6

nant cells and non-specific distribution, these agents usually in-
duce severe toxicity after intravenous administration. Liposome
encapsulation has been proved to be an effective means to improv-
ing the therapeutic indexes of antineoplastic agents, which might
be attributed to enhanced permeability and retention effects [8].
It should be noted, though, that only when liposomes could effec-

Days after treatment

Fig. 4. The antineoplastic effect of plm60 and f-M in Rm-1 tumor model. When the
tumor volume reached to ~0.2 cm?, MIT formulations were injected into BDF1 mice
via tail vein at 4 or 6 mg/kg (n = 11). To reveal the exponential growth of tumor, the
tumor volume was plotted as a function of time and the exponential trend lines
were also added.
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Table 6

The exponential growth of RM-1 tumor in BDF1 mice

Treatment Dose level T2 D Vo k Doubling
group (mg/kg) time
Control 0 0.988 0.001 198 0.2608 2.66

f-M 4 0.992 0.000 156 0.2547 2.72

f-M 6 0.993 0.000 186 0.2256 3.07
PIm60 4 0.973 0.002 167 0.1645 4.21
PIm60 6 0.981 0.001 172 0.1416 4.90

RM-1 was inoculated into BDF1 with 5 x 10° cells/mouse. Fourteen days post
inoculation, plm60 and f-M were administrated to BDF1 mice via tail vein at a dose
of 4 or 6 mg/kg (11 mice/group). The mean tumor volume values were used to
calculate the kinetic parameters (V =V, x e). The doubling time was calculated
with LN(2)/k.

tively retain entrapped drugs in circulation and release drug at an
optimum rate after accumulation into local tumors, could the ther-
apeutic index be improved.

Accordingly, the manipulation of drug loading, retention and re-
lease characteristics is very important in the development of lipo-
somal drugs. It is well known that weakly basic drugs could be
loaded into liposomes in response to transmembrane pH gradient,
in which method, after accumulation within vesicles, neutral drug
molecules become protonated in acidic intraliposomal medium
and are precipitated by anions such as sulfate or citrate [25-26].
The anions play an important role in the drug retention inside ves-
icles and the release from vesicles because they could form specific
aggregation status with basic bioamines such as anthracyclines
[27].

To date, three liposomal anthracyclines have been approved by
regulatory authorities for the treatment of malignant tumors
which include Doxil/Caelyx, Daunoxome and Myocet. Although
there are no reports about the physical status of daunorubicin/cit-
rate inside liposomes (Daunoxome), the aggregation forms of
doxorubicin sulfate (Doxil/Caelyx) and doxorubicin citrate (Myo-
cet) have been resolved using cryoelectronic technology [28-
30]. Inside vesicles, doxorubicin could self-stack into fibers
through hydrophobic interactions of anthracyclines and then
interweave into bundles, which are bridged by anions such as sul-
fate and citrate. The release of doxorubicin from vesicles involves
a series of steps including the dissipation of pH gradient, the
deprotonation of doxorubicin, the dissolution of doxorubicin pre-
cipitate and the transmembrane movement of neutral doxorubi-
cin molecules. Obviously, the aggregation status of doxorubicin
inside vesicles strongly affects the drug-release kinetics. Despite
that MIT is also a synthetic anthracenedione, it is different from
doxorubicin because it has two physiologically dissociated groups
(-NH-, pK, =8.13 [10]). Therefore, it is easy to understand that
MIT would exhibit more complicated aggregation status with sul-
fate inside vesicles because not only one sulfate could interact
with two different MIT, but also one MIT could combine with dif-
ferent sulfates, which is apparently compared to the case of
doxorubicin.

Although the physical status of MIT/sulfate inside vesicles has
not been resolved, the authors still believe that the complicated
interactions of MIT with sulfate would preclude the dissociation
of MIT from aggregates, thus affecting the release kinetics of MIT.
The possession of multiple dissociated groups may affect not only
the aggregation status of MIT/sulfate, but also the deprotonation
and subsequent transmembrane transport of MIT.

Under the assumption that all the MITs inside vesicles become
soluble, which might occur at the late stage of release studies and
the transport of MIT across bilayers is governed by Fick’s law, one
could obtain

d[DJi**/dt = —pAn([D]; - [D],)/Vi (1)

wherein, [D]:*" is the total concentration of MIT inside vesicles, p is

permeability parameter, A, is membrane area, and [D];, [D], are the
neutral form of MIT inside or outside vesicles.

Let ky, K}, k, and Kk, refer to the dissociation constants of MIT
and [H']; is the interior proton concentration, [D]; could be ex-
pressed as

D], = DI /(1 + [H'];/ks + [H']? kK + H ] /kakika

1

+ HTH kK koK) (2)

We assume that [H']; ~ k; and k} >> k2 and k). This is reason-
able for MIT, for which k; and k; = 10> and k, and k, = 107%"
[10]. Moreover, the intraliposomal pH might be slightly acidic
[31]. Then we could obtain

D], = [DJ* (kaky/[H']?) (3)

1

Taking into account the fact that [D]; >> [D],, and substituting
(3) into (1), we could then obtain

d[DJi*/dt = —[DJi* pAkak, /(H ] Vi) (4)

Therefore, the release constant K = pA, k2K, /([H)?V).

Based on final equation, one should understand that even if the
aggregation status is not considered, MIT is also hard to be released
from vesicles compared to doxorubicin, because kK, /[H*]?(ky, k) =
107313 is much smaller than k/[H"];(k = 10"" [32]), which has
been proved by in-vitro release studies. Here, pA, k/([H"],Vi) is
the release constant of doxorubicin, which could be achieved using
the similar formula deduction steps.

In this study, the small-sized vesicles were employed to accel-
erate the release rate of MIT from vesicles. The size reduction has
at least two advantages. First, provided that MIT/lipid mass ratio
is constant, small-sized formulations will contain more particles
and each particle contains a small-sized MIT/sulfate precipitate.
Quick calculation has revealed that the amount of vesicles is inver-
sely proportional to the square of vesicle diameter. Accordingly,
the precipitate inside small-sized formulations has a larger specific
area than that inside large-sized formulations, which might facili-
tate the precipitate dissolution and subsequent drug release in
accordance with the Ostwald-Freundlich equation

Ln(S/S,) = 2My/pRT(1/r — 1/r)

where r is precipitate particle radius, p is density, y is interfacial
tension, T is temperature, M is molecular weight, R is gas constant,
and S and S, are the solubility of precipitate particles with radii r
and r,, respectively.

The second advantage lies in the fact that the reduction of size
would increase the release constant K since K is inversely propor-
tional to V;. Because the release kinetics was governed by exponen-
tial equation,

[D]imt([) = [D]itOt(O) EXP(-Kt) )

tot
i ©
time ¢, and [D];* , is the total concentration of MIT inside vesicles

at time O.

The slight increase in K will lead to marked increase in drug re-
lease from vesicles. Perhaps, it is just because of these two effects,
the release rate of MIT from small vesicles is significantly increased.

Besides these two effects, there are still other effects, which
might affect drug release and need careful discussion. As shown
in Table 1, small-sized vesicles are more negatively charged than
large-sized vesicles, revealing that more peg-lipids redistributed
in the outer layer during the preparation procedure. The higher
peg-lipid content on the outer monolayer of SUVs might lead to
packing defects in the bilayer and more rapid drug release. To test
the effect of asymmetric distribution of peg-lipid on drug-release
kinetics, we used an extreme example.

wherein, [D] is the total concentration of MIT inside vesicles at
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A formulation named pi-plm60 was prepared using “post inser-
tion” technology [33]. It has the same components as plm60, but
contained only half the amount of peg-lipids. Moreover, all the
peg-lipids were grafted into the outer monolayer of the vesicles.
The preparation of pi-pIm60 was as follows. Briefly, we first pre-
pared “non-stealth” version of plm60 (Im60), which was done in
accordance with the procedure for the preparation of plm60, but
contained no peg-lipids in the formulation. And then, 50% amount
of peg-lipids was incubated with Im60 at 60 °C for 1 h, resulting in
the pegylation of the outer monolayer of Im60. Under the above
conditions, the insertion efficiency of peg-lipids into outer layer
of Im 60 was ~100%, and we have proved this via Sepharose 4B
separation and HPLC analysis.

In-vitro release studies revealed that the overall release kinetics
of plm60 and pi-plm60 exhibited no difference (p > 0.05, two-way
ANOVA). Therefore, the effects of asymmetric distribution of peg-
lipids in small-sized formulations might be negligible.

As for lipid bilayer compositions, they were almost similar in
different vesicles even after sample preparation based on HPLC
analysis. The homogenization with Microfluidizer did not increase
the amount of lyso PC compared to extrusion. Since only ~0.9%
HPLC was hydrolyzed during the preparation, it should not affect
the drug-release rate.

Because the small-sized pegylated MIT formulation has the fas-
ter drug-release rate, more MIT will be released from vesicle and
become bioavailable after the accumulation within tumor, thus
leading to enhanced antitumor efficacy in all tumor models.

Fortunately, the fast-release formulation (plm60) is only a little
more toxic than the other two formulations (pIm80 and plm100)
and its skin toxicity is less severe. In addition, plm60 is at least
2-3 times less toxic than f-M in KM mice. The improved therapeu-
tic index of plm60 should be attributed to changed biodistribution
and different drug-release rate of plm60 in tumor and normal tis-
sues. As proved in previous studies, tumor microenvironment
might facilitate drug release relative to normal tissue [34]. There-
fore, the acute toxicity of plm60 is similar to plm80 and plm100,
but it is more efficacious. If the HSPC in plm60 is replaced by DPPC
or DMPC, the drug-release rate will be further increased, leading to
more toxic formulations. For example, when plm60-DMPC (a for-
mulation similar to plm60, but DMPC was employed instead of
HSPC) was injected into balb/c at a dose of 6 mg/kg, 100% mice died
in ~3days, and at this dose level f-M and plm60 could be well-tol-
erated by balb/c mice. The example clearly proved that plm60
might be an optimum formulation (unpublished data). Size reduc-
tion could also enhance the antitumor efficacy of liposomal MIT
formulations when MIT was loaded with transitional metal gradi-
ent method (unpublished data).

In all, MIT possesses multiple physiologically dissociated
groups, and could form complicated aggregation status with
polyanions inside liposomes, thus precluding the dissociation of
MIT from MIT/sulfate precipitates. Moreover, even in the case
that intraliposomal precipitate becomes soluble, the release con-
stant of MIT is still low relative to other anthracyclines such as
doxorubicin due to the presence of multiple dissociated groups
in MIT. The reduction of vesicle size could increase the specific
area of MIT/sulfate precipitate inside vesicle and the release con-
stant K, which is inversely proportional to vesicle volume
(K = pAnkaky / ([H']?V1)). Therefore, the employment of small-
sized formulations could accelerate drug release and then en-
hance antitumor effects of MIT in RM-1, L1210 ascitic and liver
metastasis models.
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