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Controlling initial burst release remains one of the greatest challenges in developing in situ-forming

parenteral depot formulations. Here an injectable lipid phase transition system (LPTS) was fabricated to

provide sustained release of dabigatran exilate (DABE) with low burst release. LPTS was prepared in

a low-viscosity injectable state by simple mixing of sorbitan monooleate and phospholipids with ethanol.

After subcutaneous injection, the liquid LPTS underwent a phase transition in situ and formed a semi-

solid mesophase, creating a drug-release depot. The physicochemical properties of DABE–LPTS were

investigated using rheological techniques. Release profiles in vitro indicated that DABE–LPTS has suitable

controlled release properties. Pharmacokinetic studies showed that DABE–LPTS significantly reduced the

initial burst release after subcutaneous injection in rats. Pharmacodynamic studies showed that single

administration of DABE–LPTS exerted anticoagulant effects in rats lasting 1 week. DABE–LPTS showed

good biocompatibility in vitro and in vivo. Thus, the LPTS-based depot system shows promise for

sustained DABE delivery with low burst release.
1. Introduction

Dabigatran exilate (DABE) is a novel oral reversible anticoagu-
lant that offers potential advantages over existing anticoagu-
lants such as warfarin for prophylaxis and treatment of
thromboembolic disease.1,2 By inhibiting thrombin directly,
DABE prevents the conversion of brinogen into brin and thus
prevents thrombus formation.1,2 Given its low potential for
drug–drug interactions, DABE shows great promise in anti-
coagulation therapy; in fact, it may change current practices
in anticoagulation.3,4

DABE is administered orally in capsules.5 Despite its
commercial success, this formulation of DABE is associated
with bioavailability below 7%,6 which can result in non-
proportional and highly variable increases in drug plasma
concentrations.7–9 Since DABE efficacy is strong, high inter-
individual variability in DABE concentrations can lead to an
unacceptably high risk of bleeding.10–12 The current oral
formulation must be taken daily, which makes it less effective
in patients who show poor compliance. This is a particular
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01
concern for patients who require long-term antithrombotic
therapy, in whom accidental withdrawal of DABE may
increase the risk of myocardial infarction and stroke.10–12 In
addition, the oral formulation is unsuitable for patients with
dysphagia.

The ideal DABE delivery system would avoid the disadvan-
tages of the current oral formulation and maintain plasma
concentrations of the drug for a long time aer a single
administration. Sustained release injection could meet these
requirements, but it would cause an initial burst release leading
to high plasma concentration of DABE, which may increase risk
of bleeding.11,12 This may help explain why, to the best of our
knowledge, DABE delivery by sustained release injection has not
been reported.

Such release may become possible using an injectable lipid
phase transition system (LPTS).13–18 Aer subcutaneous injec-
tion, the aqueous body uids penetrate into the LPTS, which
leads to phase transition and precipitation of the lipid matrix,
forming a depot at the injection site.13–16 LPTS can incorporate
and control release of drugs of varying size and polar charac-
teristics, and the lipids in LPTS are biodegradable.13–16 The
purpose of the present study was to develop a DABE-loaded
LPTS system to provide sustained release with low burst
release. This study appears to be the rst report of sustained-
release DABE injection. The rheological behavior and in vitro
release of DABE-loaded LPTS were evaluated. Subsequently, the
pharmacokinetic and pharmacodynamic properties as well as
toxicity of DABE-loaded LPTS aer subcutaneous injection were
investigated in animals.
This journal is © The Royal Society of Chemistry 2017
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2. Materials and methods
2.1. Materials, cells and animals

DABE was obtained from JianFeng Chemical Company
(Guangzhou, China). Puried yolk lecithin (Lipoid E80) was
purchased from Lipoid (Ludwigshafen, Germany). Sorbitan
monooleate (SMO) was obtained from Yuxiang Chemical
(Guangzhou, China). Enoxaparin sodium was obtained from
Hangzhou Jiuyuan Gene Engineering Co., Ltd. (Hangzhou,
China). Platinum wires and pentobarbital sodium were ob-
tained from Seebio Biotech Co., Ltd. (Shanghai, China).
Pierce™ Coomassie Plus (Bradford) Assay Kit was obtained
from Thermo Fisher Scientic (USA). Other chemicals and
reagents were of analytical grade and obtained commercially.
CRL-1213 rat dermal broblasts were obtained from the
American Type Culture Collection (USA). Sprague-Dawley rats
were purchased from Dashuo Biotechnology (China). All animal
procedures were performed in accordance with the Guidelines
for Care and Use of Laboratory Animals of Sichuan University
and approved by the Animal Experiment Administrative
Committee of Sichuan University.
2.2. Preparation of dabigatran exilate-loaded lipid phase
transition system (DABE–LPTS)

Lipoid E80 (500 mg) and SMO (400 mg) were mixed with 100 mg
of ethanol to form lipid matrix. Then, 20 mg of DABE was added
to the lipid matrix in a ask. The resultant mixture was stirred at
40 �C for 20 min to form DABE–LPTS.
2.3. Rheological study

The rheological behaviors of DABE–LPTS before and aer
gelation were determined at 25 �C using a Haake Mars III
Rheometer (Thermo Scientic, USA) equipped with a parallel-
geometry plate. In the case of DABE–LPTS in the sol state, the
samples were directly subjected to viscosity measurement. In
the case of DABE–LPTS in the gel state, a dialysis method was
used to accomplish gel transition in vitro. DABE–LPTS solution
was placed in the dialysis bag with a molecular weight cut-off of
5000 Da and immersed in phosphate-buffered saline (PBS) at
pH 7.4 at 37 �C. Aer gelation, the DABE–LPTS was obtained
and subjected to rheometry analysis.

First, a test was performed by measuring the viscosity as
a function of shear rate. Second, the linear viscoelastic region
(LVR) was determined in the amplitude sweep test at a constant
frequency of 1.0 Hz. Analysis of the LVR provided information
about the appropriate strain required in the oscillation
frequency sweep test. The oscillation frequency sweep test was
then carried out by measuring the storage modulus G0 and loss
modulus G00 as a function of frequency ranging 0.01–100 Hz at
a constant strain in LVR. This test was carried out to investigate
sample behavior under constant strain and changing frequency.
2.4. Water diffusion test

To investigate the transition from the oil phase to the gel-like
mesophase aer DABE–LPTS came into contact with aqueous
This journal is © The Royal Society of Chemistry 2017
solution, 0.3 mL of DABE–LPTS was incubated in 10 mL of PBS
(pH 7.4) at room temperature. The water content of the DABE–
LPTS was measured by Karl Fischer titration (787 KF Titrino,
Metrohm, Switzerland) aer incubation for 1, 3, 12, 36, 72, 168
and 240 h.

2.5. In vitro drug release

The in vitro release of DABE from DABE–LPTS was investigated
using the dialysis method. Initially, 0.2 mL of DABE–LPTS was
placed into dialysis bags with a molecular weight cut-off of
5000 Da. Then the dialysis bags were immersed in 50 mL of the
release medium (PBS, pH 7.4, containing varying percentages of
ethanol) and incubated at 37 �C with constant shaking at
120 rpm. At xed time intervals, 1 mL of release medium was
sampled and replaced with 1 mL of fresh medium. Then the
concentrations of DABE in the samples were determined by LC-
MS/MS (Agilent 1200 HPLC/Agilent 6410B MS).

The diamonsil C18 column (50 � 4.6 mm, 1.8 mm) was used
for separation at 30 �C. Themobile phase consisted of methanol
and deionized water containing 0.1% formic acid (25 : 75, v/v),
and the ow rate was 0.4 mL min�1. The mass spectrometer
was operated using an electrospray source congured to nega-
tive ion mode and nitrogen was used as the nebulizer gas. The
quantication analysis was performed using multiple reaction
monitoring involving the transitions between m/z 472.2 (parent
ion) and m/z 289.0 (gas temperature: 350 �C; nebulizer: 35 psi;
capillary: 4000 V).

2.6. Pharmacokinetics study in rats

The DABE–LPTS (80 mg kg�1) was subcutaneously injected into
the back of each rat (six animals per group). Control animals
were subcutaneously injected with DABE solution
(11.4 mg kg�1) as a seventh dose of DABE–LPTS group, since
DABE–LPTS was hypothesized to deliver DABE for approxi-
mately one week. Blood samples were collected at different
times and centrifuged at 6000 rpm for 5 min. Then, 500 mL of
acetonitrile was added to 100 mL of the plasma sample. The
mixture was subjected to vortex-mixing for 10 min and centri-
fuged at 13 500 rpm for 10 min. The supernatant was taken for
further analysis. The prepared samples were analyzed by LC-
MS/MS (Agilent 1200 HPLC/Agilent 6410B MS).

2.7. In vivo anticoagulation effect

The anticoagulation effect of DABE–LPTS was analyzed by
measuring activated partial thromboplastin time (aPTT) as
described.19 Sprague-Dawley rats were randomly divided into
four groups (n ¼ 6) and treated with one of the following
formulations via subcutaneous injection: (1) DABE–LPTS
(80 mg kg�1), (2) DABE solution (11.4 mg kg�1), (3) blank LPTS,
or (4) physiological saline. Blood samples were collected from
the orbit of each rat before treatment and at pre-determined
time intervals aer treatment. Samples were mixed with
0.109 mol L�1 trisodium citrate (9 : 1, v/v) for anticoagulation,
then centrifuged at 4500 rpm for 10 min to separate the plasma,
which was stored at�80 �C until assay. The aPTT was measured
using commercially available kits (Union Biotech, Chengdu,
RSC Adv., 2017, 7, 56594–56601 | 56595
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Fig. 1 The phase transition of DABE–LPTS. (A) Appearance of DABE–
LPTS in the sol state before phase transition. (B) Appearance of DABE–
LPTS in the gel state after injection into PBS.
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China) according to the manufacturer's instructions. The anti-
coagulation effect was dened as longer aPTT aer treatment
than before.

2.8. Antithrombotic efficacy of DABE–LPTS in a rat model of
venous thrombosis

Sprague-Dawley rats were randomly divided into ve groups (n
¼ 12) and treated with one of the following formulations via
subcutaneous injection: (1) physiological saline (0.3 mL kg�1

per day for continuous 7 days), (2) DABE–LPTS (80 mg kg�1), (3)
DABE solution (11.4 mg kg�1), (4) enoxaparin injection (400 IU
per kg per day for continuous 7 days), or (5) enoxaparin injec-
tion (1200 IU per kg per day for continuous 7 days). At 3 and 7
days aer injection of DABE–LPTS, thrombosis was induced in
six rats from each group using a platinum wire as described.20,21

Rats were anesthetized with pentobarbital sodium (60 mg kg�1,
intraperitoneal injection), and the inferior vena cava was
exposed through a midline incision. Thrombus was induced by
insertion of a platinum wire (2 cm long) into the inferior vena
cava of rats just caudal to the le renal vein, and the wire
remained in place for 60 min. Immediately before removing the
thrombus, 1 mL of 1% glutaraldehyde was injected into the
inferior vena cava to x the thrombus in situ. The wire with the
thrombus was immediately dissected free and washed with
saline. The protein content of the thrombus was measured
using the Pierce™ Coomassie Plus (Bradford) Assay Kit
(Thermo Scientic, USA) according to the manufacturer's
instructions. Bovine serum albumin was used as a standard.

2.9. Cytotoxicity assay

The Cell Counting Kit-8 assay was used to evaluate the cytotox-
icity of DABE–LPTS. Initially, 0.5 mL of DABE–LPTS was added to
5 mL of DMEM culture media (Hyclone, USA) with 10% fetal
bovine serum (Hyclone, USA), and incubated at 37 �C for 12 h.
Aer centrifugation, the supernatant of the mixture was taken as
medium extract and diluted serially using DMEM with 10% fetal
bovine serum to achieve nal relative DABE–LPTS concentrations
of 12.5, 25, 50 and 100%. Fibroblasts (CRL-1213, ATCC, USA)
were seeded in 96-well plates at 2 � 104 cells per well and
cultured in DMEM containing 10% fetal bovine serum in a CO2

incubator (37 �C, 5% CO2) for 24 h. Then the medium was dis-
carded and replaced with medium containing different relative
concentrations of DABE–LPTS (100%, 50%, 25%, 12.5%), with
0.1% phenol as positive control. Cells were then incubated for
24 h. Aerward, cytotoxicity was determined using the Cell
Counting Kit-8 (Beyotime Institute of Biotechnology, China)
according to the manufacturer's instructions. Briey, 10 mL of
CCK-8 solution containing WST-8 dye was added into each well
and cells were incubated for another 1 h at 37 �C. WST-8 dye was
reduced to soluble orange formazan by dehydrogenase in mito-
chondria during incubation. The optical density of soluble
orange formazan at 450 nm was measured using a microplate
reader. Cell viability (%) was calculated according to the
following equation: (Atest/Acontrol)� 100%, where Atest and AControl
represent the absorbance of cells treated with, respectively,
diluted medium extract or blank culture medium.
56596 | RSC Adv., 2017, 7, 56594–56601
2.10. Histological analysis

Sprague-Dawley rats were subcutaneously injected with DABE–
LPTS or physiological saline, then skin was collected from the
injection site of each rat at 1, 14 and 21 days post-injection. In
addition, rats were subcutaneously injected with DABE solution
as positive control and the skin was collected from the injection
site of each rat at 1 day post-injection. Skin was analyzed for
pathology using hematoxylin–eosin (HE) staining.
2.11. Statistical analysis

Statistical comparisons were made using Student's t test. P <
0.05 was considered statistically different and P < 0.01 was
considered signicantly different. All data reported are mean �
standard deviation, unless otherwise noted.
3. Results
3.1. Preparation and characterization of DABE–LPTS

Here we prepared SMO and phospholipid solution in ethanol
for the sustained delivery of DABE as an in situ-forming release
depot. As shown in Fig. 1, phase transition occurred easily in
DABE–LPTS in the presence of PBS. Initially, DABE–LPTS in the
absence of a water phase was clear and transparent yellow in
appearance, suggesting that the SMO, phospholipids and DABE
formed a homogeneous mixture (Fig. 1A). LPTS transformed
into a gel-like mesophase aer coming into contact with PBS. As
soon as LPTS was injected into PBS, it lost the ow properties of
a liquid and changed into a spherical semi-solid form to
minimize the contact surface with water, exhibiting a light
yellow, semi-transparent appearance (Fig. 1B).
3.2. Rheology

Fig. 2A shows the evolution of shear viscosity against shear rate.
DABE–LPTS before and aer gelation both exhibited typical
shear thinning behaviors, which implied that DABE–LPTS
before and aer gelation were non-Newtonian uids. More
information on the rheological behaviors of DABE–LPTS was
obtained from dynamic strain sweep measurements and oscil-
latory shear frequency sweep measurements. Fig. 2B shows the
relationship between moduli and strain in a dynamic strain
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Rheological behaviors of DABE–LPTS. (A) Steady shear viscosity
as a function of shear rates for DABE–LPTS before and after gelation.
(B) Relationship between moduli and strain for DABE–LPTS before and
after gelation. (C) Moduli as a function of frequency for DABE–LPTS
before and after gelation.

Fig. 3 Water content of DABE–LPTS and in vitro release of DABE. (A)
Water content of DABE–LPTS after incubation in PBS (pH 7.4). Data are
mean � SD (n ¼ 3). (B) In vitro release profiles of DABE from DABE–
LPTS in release media containing 10, 30 or 50% of ethanol (v/v) in PBS
(pH 7.4). Data are mean � SD (n ¼ 3).
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sweep experiment. Each sample showed a distinct LVR. The
storage modulus G0 and loss modulus G00 showed linear visco-
elasticity before falling off steeply. G0 was larger than G00 in the
This journal is © The Royal Society of Chemistry 2017
LVR, indicating that elasticity was greater than viscidity. Based
on the LVR acquired for each sample, we selected an appro-
priate strain value and performed oscillatory shear frequency
sweep measurements, which allowed determination of the
internal alteration in sample structure. The frequency depen-
dence of G0 and G00 for DABE–LPTS is shown in Fig. 2C. Aer
gelation, the G0 and G00 of DABE–LPTS increased. G0 increased
much faster than G00, indicating that DABE–LPTS became highly
elastic during phase separation.
3.3. Water diffusion test

DABE–LPTS was incubated in PBS, and its water content was
measured at different time points. Water content increased up
to 23.6% at 168 h and remained constant thereaer (Fig. 3A),
indicating that water content probably cannot exceed 24% for
successful formation of a gel-like mesophase.
3.4. In vitro drug release prole

The release proles of DABE from DABE–LPTS showed
a signicant delayed pattern under all conditions for over 2
days. The presence of ethanol in the release medium resulted in
faster DABE release and higher cumulative release percentage.
Negligible DABE was released from DABE–LPTS even aer 2
days in PBS containing 10% (v/v) ethanol, whereas nearly 40% of
DABE was released from DABE–LPTS in PBS containing 30%
RSC Adv., 2017, 7, 56594–56601 | 56597
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Table 1 Fitting equations and correlation coefficients resulting from the application of different mathematical models to data on the release of
DABE from DABE–LPTS in vitro in different release media

Release media First order kinetics Higuchi Weibull Ritger–Peppas

PBS containing
10% ethanol

ln(1 � Q) ¼ �0.001t � 0.015,
R2 ¼ 0.774

Q ¼ 0.002t1/2 � 0.011,
R2 ¼ 0.91

lnln[1/(1�Q)]¼�0.045 ln(t)
+ 1.484, R2 ¼ 0.926

ln Q ¼ 0.183 ln t � 4.401,
R2 ¼ 0.929

PBS containing
30% ethanol

ln(1 � Q) ¼ �0.013t � 0.078,
R2 ¼ 0.958

Q ¼ 0.077t1/2 � 0.038,
R2 ¼ 0.993

lnln[1/(1�Q)]¼�0.391 ln(t)
+ 1.294, R2 ¼ 0.983

ln Q ¼ 0.681 ln t � 3.193,
R2 ¼ 0.985

PBS containing
50% ethanol

ln(1 � Q) ¼ �0.035t � 0.501,
R2 ¼ 0.76

Q ¼ 0.124t1/2 + 0.161,
R2 ¼ 0.751

lnln[1/(1�Q)]¼�0.756 ln(t)
+ 0.885, R2 ¼ 0.988

ln Q ¼ 0.616 ln t � 2.018,
R2 ¼ 0.782

Fig. 4 Concentration–time profiles of DABE in plasma after subcu-
taneous injection of DABE–LPTS and DABE solution in rats. Data are
mean � SD (n ¼ 6).
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(v/v) ethanol (Fig. 3B). The kinetics of DABE release from DABE–
LPTS was tted to several classical mathematical models; the R2

of most models was above 0.9, with the Higuchi and Weibull
model showing the best t to the data (Table 1). These ndings
suggest that LPTS helps control and sustain the release of
DABE.

3.5. Pharmacokinetics in rats

The pharmacokinetic properties of DABE–LPTS and DABE
solution were assessed aer a single subcutaneous injection in
rats. Fig. 4 shows concentration vs. time proles of DABE in
plasma. DABE–LPTS showed lower Cmax than the control, even
though DABE–LPTS contained 7-fold more DABE.

Following the initial release phase, DABE–LPTS maintained
a stable DABE concentration between 20 and 168 h. In fact,
Table 2 Pharmacokinetic parameters of DABE in plasma after subcutane
mean � SD (n ¼ 6)

Group Tmax (h) Cmax (ng mL�1)

DABE solution 3.18 � 0.21 243.86 � 31.47
DABE–LPTS 48.21 � 3.56a 131.95 � 22.56a

a P < 0.01 vs. DABE solution.

56598 | RSC Adv., 2017, 7, 56594–56601
DABE release from DABE–LPTS lasted for several days. These
results demonstrate that DABE–LPTS can release DABE in
a sustained manner, with low initial burst release and stable
control of DABE concentration. This implies that LPTS func-
tions as a reservoir for controlled DABE release. The plasma
kinetics of DABE solution and DABE–LPTS are shown in Table 2.
DABE–LPTS can signicantly lengthen DABE half-life compared
with its half-life in DABE solution.
3.6. In vivo anticoagulation effect of DABE–LPTS

The coagulation marker aPTT is used to evaluate the ability of
DABE to prolong clotting time.22 Animals that received physio-
logical saline or blank LPTS showed aPTT near baseline (data
not shown), suggesting that the biomaterials did not alter the
drug's anticoagulant efficacy. The anticoagulation effect lasted
fewer than 20 h aer a single administration of DABE solution
but 1 week aer a single administration of DABE–LPTS (Fig. 5).
Injection with DABE–LPTS was associated with increasing aPTT
at initial time points, beyond which aPTT remained relatively
constant and then decreased to baseline aer 7 days.
3.7. Antithrombotic effects of DABE–LPTS

In the rat model of venous thrombosis, thrombus formation
was induced on the surface of the platinum wire in the inferior
vena cava. As shown in Fig. 6, no signicant antithrombotic
efficacy was observed on day 3 or 7 aer injection with DABE
solution, whereas signicant thrombus inhibition was observed
at the same time points aer injection with DABE–LPTS. Next,
the antithrombotic efficacy of DABE–LPTS was compared with
that of enoxaparin, a classical antithrombotic agent that is
effective with daily subcutaneous injection.33 As shown in Fig. 6,
DABE–LPTS showed antithrombotic efficacy comparable to that
of enoxaparin. This provides further evidence that DABE–LPTS
supports sustained release of DABE.
ous administration of DABE solution or DABE–LPTS in rats. Values are

t1/2 (h) MRT0–t (h) AUC0–t (ng mL�1 h�1)

5.21 � 0.83 7.86 � 1.14 1966.75 � 473.82
96.14 � 8.72a 138.42 � 26.93a 10774.2 � 869.24a

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Time course of aPTT after subcutaneous administration of
DABE solution or DABE–LPTS in Sprague-Dawley rats. Data are mean
� SD (n ¼ 6). No anticoagulation effects were observed in control
animals treated with physiological saline or blank LPTS (data not
shown).

Fig. 6 Thrombus protein content in a rat model of platinum wire-
induced venous thrombosis on day 3 (A) and day 7 (B) after injection of
DABE–LPTS. Data are mean � SD (n ¼ 6). **P < 0.01 vs. saline.

Fig. 7 Cytotoxicity of DABE–LPTS extracts of different concentrations
on rat dermal fibroblasts. Unexposed cells served as a negative control,
and cells exposed to 0.1% phenol served as a positive control. Data are
mean � SD (n ¼ 6).
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3.8. Preliminary safety evaluation

In vitro cytotoxicity of DABE–LPTS is illustrated in Fig. 7. No
signicant differences were observed among cultures treated
with various concentrations of DABE–LPTS, and over 90% of
cells survived aer 24 h treatment, in contrast to the positive
control cells treated with 0.1% phenol. These results indicate
This journal is © The Royal Society of Chemistry 2017
that DABE–LPTS did not induce signicant cytotoxicity in vitro
at the concentrations tested.

Next the biocompatibility of DABE–LPTS was assessed by
examining local dermal irritation caused by a single subcuta-
neous injection of DABE–LPTS. Injection did not alter normal
behavior or feeding of any animals. As shown in Fig. 8, DABE–
LPTS did not induce signicant pathological changes at the
injection site during the experiment. These results demonstrate
that DABE–LPTS was well tolerated in vivo.
4. Discussions

An LPTS based on SMO, phospholipid and ethanol was devel-
oped for the sustained delivery of DABE. In this system, SMO
and phospholipid constitute the main components that
modulate drug release. A low percentage of ethanol serves as
water-miscible organic solvent to keep the LPTS in a low-
viscosity injectable state before the phase transition.
Preparing the LPTS is simple: the components need only be
mixed with stirring, giving rise to a sol state before injection.
Aer contact with aqueous uids, the amphiphilic SMO and
phospholipid in the LPTS realign and a mesophase forms
spontaneously, creating a drug release depot at the injection
site.

Despite extensive research with LPTS, no such system has
been clinically approved for subcutaneous delivery. Key to
clinical translation of such systems are the safety and parenteral
acceptability of excipients used in the LPTS.23 Our system uses
phospholipid and SMO, which show low toxicity and good
biological tolerance. SMO is an injectable emulsier that is
already in use in various pharmaceutical formulations, unlike
other amphiphilic lipids such as glycerol monooleate or glycerol
monolinoleate.16

Key to commercialization of an injectable sustained release
drug delivery system is the feasibility of industrial scale-up. The
RSC Adv., 2017, 7, 56594–56601 | 56599
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Fig. 8 Preliminary safety evaluation of LPTS formulations through hematoxylin–eosin staining of rat skin samples taken on days 1, 14 and 21 after
subcutaneous injection of DABE–LPTS or physiological saline. Rats treated with DABE solution served as positive control (magnification, 100�).
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simple preparation of DABE–LPTS by mixing and stirring
should lend well to scale-up, and the formulation can be lter-
sterilized without compromising phase behavior or sustained
drug release.

Cumulative release of DABE in our in vitro experiments
increased with ethanol concentration in the release medium,
which may reect the fact that both excipients, phospholipid
and SMO, are soluble in ethanol. Thus, increasing ethanol
content in the release medium may facilitate diffusion of
phospholipid and SMO out of the gel matrix, accelerating
matrix degradation and drug release.

A major challenge to developing delivery systems for sus-
tained DABE release is the need to avoid an initial burst release
that could increase risk of adverse events, particularly
bleeding.24,25 With an LPTS, the initial burst of drug release can
occur during the lag period between injection and depot
formation.26 Our DABE–LPTS showed a signicantly reduced
initial burst of DABE release, suggesting promise for clinical
use.

Antithrombotic drugs, which include antiplatelet and anti-
coagulant agents, are widely used to prevent and treat venous
thromboembolism as well as prevent stroke in patients with
atrial brillation.27 Antithrombotic therapy has long been
dominated by warfarin, clopidogrel, parenteral unfractionated
heparin, and low-molecular-weight heparin.28 New treatment
options include antiplatelet drugs (prasugrel, ticagrelor) and
inhibitors that directly target factor IIa (dabigatran) or Xa
(rivaroxaban, apixaban, edoxaban).27 The efficacy of all of these
drugs is limited by inadequate pharmacokinetics,29,30 including
short half-life that necessitates daily administration. This
makes drug efficacy strongly dependent on patient compliance,
and it increases risk of bleeding.29 On the other hand, spacing
the doses increases the risk of complications such as myocar-
dial infarction and stroke.27 This highlights the need to develop
drug delivery systems that can maintain antithrombotic activity
high enough to avoid new clot formation but not high enough to
trigger drug-related toxicity.29
56600 | RSC Adv., 2017, 7, 56594–56601
In the present study, we provide a potentially superior
alternative to various drug delivery systems that can improve
the pharmacokinetic properties of antithrombotic drugs and
prolong their pharmacological effects.31–33 Our DABE–LPTS
showed good antithrombotic effects lasting 1 week aer a single
injection. This presents much less of a patient compliance
problem than the current DABE formulation as an oral capsule,
and it facilitates long-term antithrombotic therapy, such as for
patients with cancer or with prosthetic heart valves.29

5. Conclusions

Our results suggest that LPTS can be used for sustained delivery
of DABE with low burst release. The LPTS was formulated using
phospholipid and SMO as core components and ethanol as
solvent. Preliminary safety evaluation showed that LPTS did not
cause signicant pathology, such as inammation at the
injection site. DABE–LPTS showed suitable controlled drug
release proles in vitro and in vivo. Single administration of
DABE–LPTS in rats led to anticoagulation effects lasting 1 week.
Thus, LPTS-based depot technology represents a promising
local drug delivery strategy for sustained release of DABE with
long-term anticoagulation effects and low toxicity.
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