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a b s t r a c t

The solvent-assisted active loading technology (SALT) was developed for encapsulating a water insoluble
weak base into the liposomal core in the presence of 5% DMSO. In this study, we further examined the
effect of various water miscible solvents in promoting active loading of other types of drugs into lipo-
somes. To achieve complete drug loading, the amount of solvent required must result in complete drug
solubilization and membrane permeability enhancement, but must be below the threshold that induces
liposomal aggregation or causes bilayer disruption. We then used the SALT to load gambogic acid (GA, an
insoluble model drug that shows promising anticancer effect) into liposomes, and optimized the loading
gradient and lipid composition to prepare a stable formulation (Lipo-GA) that displayed >95% drug
retention after incubation with serum for 3 days. Lipo-GA contained a high drug-to-lipid ratio of 1/5 (w/
w) with a mean particle size of ~75 nm. It also displayed a prolonged circulation half-life (1.5 h vs. 18.6 h)
and enhanced antitumor activity in two syngeneic mice models compared to free GA. Particularly,
complete tumor regression was observed in the EMT6 tumor model for 14 d with significant inhibition of
multiple oncogenes including HIF-1a, VEGF-A, STAT3, BCL-2, and NF-kB.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Doxil® was the first FDA approved liposomal formulation. Since
then, a number of liposomal formulations, such as Marqibo®

(vincristine liposome), Onivyde® (irinotecan liposome), and Vyx-
eos® (cytarabine and daunorubicin co-encapsulated liposome),
have been approved for cancer treatment [1e4]. These liposomal
products are prepared by active loading, for which the solubilized
amphiphilic drug can diffuse through the lipid membrane to form
impermeable complexes with the counter ions inside the aqueous
core of liposomes. This method provides high drug encapsulation
efficiency, minimal drug loss (<5%) during manufacturing, and
increased stability for storage and in blood circulation. However,
this technology can only be used for amphipathic drugs that exhibit
both good aqueous solubility and membrane permeability, such as
doxorubicin. Poorly water soluble drugs are normally loaded into
the lipid bilayer with limited capacity and poor drug retention,
leading to burst drug release and little improvements in efficacy

and safety [5,6]. We have previously showed that a water insoluble
weak base drug (staurosporine, STS) could be actively loaded into
the liposomal aqueous core via an ammonium gradient in the
presence of 5% DMSO [7]. It was hypothesized that DMSO could
solubilize STS in the loading mixture (STS and liposomes in buffer)
and promote the drug permeation into the liposomal core for active
loading. This drug loading method was named Solvent-assisted
Active Loading Technology (SALT). To the best of our knowledge,
this was the first report disclosing a technology allowing active and
complete loading of an insoluble compound into the inner aqueous
core of liposomes at a high drug-to-lipid ratio (0.2, w/w). This
liposomal STS (Lipo-STS) displayed prolonged pharmacokinetics
(PK), enhanced safety, and increased efficacy against the tumor in
mice compared to free STS (dissolved in Tween80/ethanol/saline).
However, it remains unclear whether the SALT can be applied to
loading of different types of drugs, whether various solvents can be
used in this system, and what the roles of the solvents are in pro-
moting the drug loading (solubilization vs. liposomal membrane
permeability). These fundamental questions need to be systemi-
cally studied to better understand the SALT system, tailor the
loading for each drug and develop a solid platform technology for
active loading of insoluble drugs. To study the first question, we
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selected gambogic acid (GA, weak acid, water solubility <5 mg/mL)
as the model compound to test whether the SALT can be applied to
loading of different types of drugs. We also took the advantage that
GA is soluble in a variety of water miscible solvents to examine the
range of solvents that can be used for liposomal drug loading.
Finally, we examined the solvent effect on solubilization of GA,
aggregation/disruption of liposomes, and GA loading efficiency. The
results were compared and analyzed to delineate the solvent effect
in promoting GA loading into liposomes, and the optimal range of
solvent content in the loading mixture was identified for each
solvent to achieve complete loading of GA.

GA, a natural product extracted from the Garcinia hanburryi
tree, has been demonstrated to exhibit potent anticancer activity
against a wide range of cancers both in vitro and in vivo [8e10]. GA
inhibits cancer cells through multiple mechanisms, including cell
cycle arrest, apoptosis, anti-angiogenesis, anti-metastasis, and anti-
inflammation [11e16]. GA can also synergistically enhance efficacy
of other chemotherapeutic agents [17e19]. However, the clinical
application of GA has been limited by its poor water solubility
(<5 mg/mL) and short half-life (<4 h) [20,21]. Strategies, including
PEG conjugation and passive encapsulation of GA into the hydro-
phobic compartment of nanoparticles, have been developed to in-
crease the drug solubility, but the improvements in PK and efficacy
were only minimal to moderate, probably due to in vivo instability
of the formulations with burst drug release [22e26]. In general,
liposomes have been utilized to increase drug solubility by loading
insoluble drugs in the lipid bilayer. However, the bilayer loading is
often unstable with limited capacity, leading to instability of the
formulation and/or burst drug release in blood circulation. The
SALT might offer a solution to this challenge by forming stable drug
complexes in the liposomal core. To advance this technology, the
second part of this study was focused on optimizing the loading
gradient and lipid composition for preparing stable Lipo-GA that
retained the drug when incubated with serum. Finally, the optimal
Lipo-GAwas comparedwith free GA for their hemolytic activity, PK,
and antitumor efficacy to demonstrate the utility of the SALT.

2. Methods and materials

2.1. Materials

GA was purchased from Guangzhou Boji Medical Biotechno-
logical Co. (Tianhe District, Guangzhou, China). Phospholipids were
obtained from Avanti Polar Lipids (Alabaster, AL). Sepharose CL-4B,
and Sephadex G-50 were purchased from Fisher Scientific (Ottawa,
ON, Canada). Human and sheep red blood cells (RBCs) for hemolysis
test were purchased from Innovative Research (Novi, MI).
DiIC18(5); 1,10-dioctadecyl-3,3,30,30- tetramethylindodicarbocya-
nine (DiD) & SuperScript III reverse transcriptase were purchased
from ThermoFisher Scientific (Mississauga, ON, Canada). Primers
for RT-PCR were purchased from Integrated DNA Technologies
(Toronto, Ontario, Canada). All other chemical reagents and organic
solvents were of analytical grade and obtained from Sigma-Aldrich
(Oakville, ON, Canada).

2.2. Maintenance of cell lines

B16F10 murine melanoma and EMT6 murine breast cancer cells
were purchased from Cedarlane (Burlington, ON, Canada), and
cultured in DMEMmedia supplemented with 10% FBS in T75 flasks
in an incubator maintained at 37 �C with 5% CO2.

2.3. Instrumentation and experimental analysis for GA analysis

A Waters ACQUITY Ultra Performance Liquid Chromatography

(UPLC) H-Class System equipped with a photodiode array (PDA)
detector was used to determine the solubility of GA and the con-
centrations of GA in liposomal formulations. GA solutions and
Liposomal GA formulations were diluted with acidified methanol
(3 vol% acetic acid) prior to sample injection. Two mL of the diluted
samplewas injected and then separated through a BEH-C18 column
(2.1� 50mm) using a gradient mobile phase. The mobile phase
consisted of solvent A: acetonitrile with 0.1 vol% formic acid and
solvent B: MilliQ water with 0.1 vol% formic acid. The flow rate was
0.4mL/min with the following gradient: 0min: A/B (10/90),
1.8min: A/B (85/15), 2.7min: A/B (15/85), 4min: A/B (10/90). The
concentration of GA was determined by integrating the chro-
matographic peak area detected at a wavelength of 360 nm using
the Empower 3.0 software. The mobile phase was sterile filtered.
The U(H)PLC-MS/MS system used for measuring GA in biological
samples was composed of an Agilent 1290 Infinity Binary Pump, a
1290 Infinity Sampler, a 1290 Infinity Thermostat, and a 1290 In-
finity Thermostatted Column Compartment (Agilent, Mississauga,
ON, Canada). The U(H)PLC system was connected to an AB Sciex
QTrap® 5500 hybrid linear ion-trap triple quadrupole mass spec-
trometer equipped with a Turbo Spray source (AB Sciex, Concord,
ON, Canada). The mass spectrometer was operated in negative
ionization mode. Chromatographic analysis was conducted using a
Waters Acquity UPLC BEH-C18,1.7 mm2.1� 100mm column, which
was protected by a Waters Acquity UPLC BEH-C18 VanGuard guard
column (1.7 mm, 2.1� 5mm) (Waters Corp., Milford, MA). The
mobile phase consisted of Solvent A: water with 2.5mM ammo-
nium formate (AF), and solvent B: acetonitrile with 2.5mM AF. The
mobile phase initial conditionswere solvent A (10 vol%) and solvent
B (90 vol%), which was ramped to solvent A (5 vol%) by 1.3min and
held until 3.0min followed by an equilibration with solvent A
(10 vol%) and solvent B (90 vol%) for 2min. The flow rate was
0.2mL/min, and the injection volume was 15 mL with a total run
time of 6.0min. The mobile phase flow was diverted to the waste
before 1.4min and after 4.1min during the chromatographic run.
GA was quantified using a daughter ion (m/z 628.17/ 583.1) and
the internal standard (IS; ursolic acid, m/z 455.5), and GA concen-
tration in biological samples was determined by comparing the
results from the standard samples containing known concentra-
tions of GA (dissolved in 12mM arginine solution) or liposomal GA
(Lipo-GA) (25e750 ng/mL). The chromatographic retention time for
GA and the I.S. were 2.49min and 2.41min, respectively. Data were
acquired using the Analyst 1.5.2. software.

2.4. Liposome preparation and drug loading

All liposomal formulations were composed of phospholipids
(DSPC or DOPC) and cholesterol with or without DSPE-mPEG2K
with various ratios, and were prepared with the thin film hydra-
tion method. Briefly, technique lipid film was hydrated with one of
the internal phases listed in Table 1, and extruded through a series
of polycarbonate filters with pore sizes ranging from 0.2 to 0.08 mm,
using a Lipex Extruder (Transferra, Vancouver, BC, Canada) to
obtain small unilamellar vesicles with amean diameter between 70
and 120 nm. Basified copper acetate (250mM) or copper sulfate
(250mM) was prepared by titrating the pH to 9.5 using 28e30%
(vol) ammonium hydroxide solution.

The temperature applied during the extrusion depended on the
phase transition temperature of the phospholipid component.
DOPC liposomes were extruded at room temperature, whereas
DSPC liposomes were extrude at 65 �C. Particle size and zeta po-
tential were measured with a Zetasizer (Nano-ZS, Malvern In-
struments, Malvern, UK). The external phase was exchanged by
passing the liposomes through a Sephadex G-50 column pre-
equilibrated with one of the external phases listed in Table 1
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