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Purpose: This study aimed to develop a novel methoxy poly(ethylene glycol)-poly(lactide)
(mPEG-PLA)/D-a-tocopherol polyethylene glycol 1000 succinate (TPGS) mixed micelle drug
delivery system to improve lamotrigine (LTG) distribution in the hippocampus.

Methods: LTG-loaded mPEG-PLA/TPGS mixed micelles and LTG-loaded mPEG-PLA
micelles were formulated, and their characteristics, particle size, surface morphology, and
release behavior in vitro were researched. Then, a microdialysis sampling technique coupled
with two validated chromatographic systems was developed for the continuous measurement
of the protein-unbound form of LTG in the rat plasma and hippocampus after administering
two kinds of micelles and LTG solution intranasally.

Results: The drug loading and mean size of LTG-loaded micelles and LTG-loaded mixed
micelles prepared with optimal formulation were 36.44%20.14%, 39.28%10.26%, 122.9, and
183.5 nm, respectively, with a core—shell structure. The cumulative release rate in vivo of LTG-
loaded mixed micelles was 84.21% at 24 hours and showed more sustained release while that of
LTG-loaded micelles was 80.61% at 6 hours. The 7 and area under concentration-time curve
from zero to time of last quantifiable concentration of LTG solution, LTG-loaded micelles, and
LTG-loaded mixed micelles were 55, 35, and 15 minutes and about 5,384, 16,500, and 25,245
(min-pg)/L in the hippocampus, respectively.

Conclusion: The results revealed that LTG-loaded mPEG-PLA/TPGS mixed micelles enhanced
the absorption of LTG at the nasal cavity and reduced the efflux of LTG in the brain, suggesting
that the function of TPGS inhibited P-glycoprotein and LTG-loaded mPEG-PLA/TPGS mixed
micelles had the potential to overcome refractory epilepsy.

Keywords: epilepsy, intranasal administration, lamotrigine, P-glycoprotein, blood brain
barrier, TPGS

Introduction
Central neurological diseases seriously affect the health of people at all ages. Epilepsy
is a common chronic central neurological disease with a high incidence, affecting about
65 million people worldwide,"? of which refractory epilepsy (RE) accounts for 30%.>
Appropriate antiepileptic drugs (AEDs) are used for reasonable and regular treatment of RE
under the premise of a clear diagnosis. Although plasma concentration reaches an effective
therapeutic value, the drug concentration in the pathogenic site of epilepsy remains lower
than the effective therapeutic concentration, failing to satisfactorily control RE.3

The reason is that the distribution of the drug in the brain tissue is strictly con-
trolled because the drug has to pass through the blood-brain barrier (BBB).* Fur-
thermore, the adenosine triphosphate (ATP)-dependent transporter protein produced
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by the endothelial cells of the BBB can exhaust the drugs
outside the brain tissue against the concentration gradient,’
serving as a “second barrier” in the brain. According to the
multidrug resistance gene theory, the main reason for the
resistance of RE is that when the AEDs enter the brain, they
are pumped out by these transporter proteins so that the
concentration of the drugs in the brain decreases and fails to
effectively suppress seizures.? Terrell-Hall et al® proved that
the rate of permeability of rhodamine 123 across the BBB
model increased 14-fold in the presence of P-glycoprotein
(P-gp) inhibitor verapamil and 8-fold with the addition of
cyclosporine A, indicating that P-gp limited the movement
of the drug into the brain.

Intranasal administration has drawn much attention on
account of the efficacy of nasal delivery of drugs to the cen-
tral nervous system, as reported by many studies. After nasal
delivery, drugs are taken up by the olfactory cell through the
olfactory mucosa and transported into the brain, including the
olfactory bulb, nucleus, amygdale, and hippocampus, along
the olfactory beam, avoiding the obstruction of BBB and
making it relatively easier to enter the brain.”* Serralheiro
et al’ found that the bioavailability of lamotrigine (LTG) in
brain was 116.5% comparing intranasal administration with
intravenous administration in mice. Through the nasal route,
drugs can avoid the obstruction of the BBB and enter the
brain relatively easily.

Tocopherol polyethylene glycol 1000 succinate (TPGS)
could inhibit the efflux effect of P-gp and promote drug per-
meation into the biofilm. Since P-gp is an ATP-dependent
efflux pump, TPGS can directly affect the excretive function
of P-gp by inhibiting the activity of ATP.'® TPGS not only
inhibits the efflux of the brain drug but can also increase
drug absorption through nasal administration because the
efflux protein, such as P-gp, localized in the epithelial cells,
glands, and vascular endothelial cells of nasal mucosa can
decrease the drug transport from the nose to the brain.!!
A study by Cho et al'> demonstrated that the speed of move-
ment of drug lyophilized particles connected with TPGS into
the nasal epithelial cells was nine times the speed of movement
of particles not connected with TPGS. Therefore, suppressing
P-gp in the nasal membrane to promote the transport of drugs
into the brain has become an important research topic.

One of the most common REs is mesial temporal lobe epi-
lepsy which is frequently accompanied by neurodegeneration
in the hippocampus resulting in hippocampal sclerosis.!>!*
LTG has been initially approved for the add-on treatment of
patients with RE, but only a modest or no significant improve-
ment has been effectively demonstrated on seizure control.

Recently, several reports have identified LTG as a P-gp
substrate, which may explain its limited access to the brain
throughout the treatment.’

This study aimed to prepare LTG-loaded methoxy
poly(ethylene glycol)-poly(lactide) (mPEG-PLA)/TPGS
mixed micelles, taking advantage of TPGS to inhibit the
exocytosis of P-gp and enhance the efficacy of drugs through
nasal mucosa and prolong the residence time of the drug in the
brain. The nasal administration route was used in this study
to allow the mixed micelles to avoid BBB and enter the hip-
pocampus and achieve effective therapeutic concentration.

Materials and methods

Drugs and reagents

LTG (with =99% purity) was purchased from Guangzhou
Eastbang Pharmaceutical Technology Co, Ltd (Guangzhou,
China). Jinan Daigang Co, Ltd (Jinan, China) provided
monomethoxy-poly(ethylene glycol)-b-poly(D,L-lactide)
(mPEG,,—PLA, ). TPGS was purchased from Melone
Pharmaceutical Co, Ltd (Dalian, China). High-performance
liquid chromatography (HPLC) grade acetonitrile and
methanol were obtained from Merck KGaA (Darmstadt,
Germany). An anticoagulant citrate dextrose'> (ACD) solu-
tion was prepared in the laboratory, containing 3.5 mM citric
acid, 7.5 mM sodium citrate, and 13.6 mM glucose. Artificial
cerebrospinal fluid'® (ACSF) consisted of 147 mM sodium
chloride, 2.7 mM potassium chloride, 1.2 mM calcium
chloride, and 0.85 mM magnesium chloride, and was also
prepared in the laboratory. Other reagents mentioned in this
study were all of analytical grade.

Experimental animals

Sprague Dawley rats, weighing 180-220 g, were of specific
pathogen-free grade and obtained from Guangdong Medical
Laboratory Animal Center (Guangzhou, China). The license
number was SCXK (Yue) 2013-0002. The rats fasted for
12 hours before the experiment but had free access to water.
All animal experiments complied with the requirements of
the National Act on Experimental Animals (China) and were
approved by Guangdong Pharmaceutical University Animal
Ethics Committee.

Analytical method validation

The concentration of protein-unbound LTG in the blood and
hippocampus dialysate was quantified accurately, and full
validation of the analytical method was carried out accord-
ing to the US Food and Drug Administration guidelines for
the validation of bioanalytical methods,'” including limit of
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detection, lower limit of quantification (LLOQ), calibration
curves, precision, accuracy, specificity, and stability. The
specificity of LTG was evaluated by the contrast between
blank dialysate, blank dialysate spiked with LTG, and
samples collected after drug administration. The intraday and
interday assay precisions were evaluated using samples of
three different concentrations. The precisions were calculated
in terms of their relative standard deviation after quantify-
ing five replicates on the same day (intraday assay) or three
consecutive days (interday assay). Accuracy was calculated
by comparing the average measured concentration with the
nominal concentration.

Preparation of LTG-loaded mPEG-PLA/

TPGS mixed micelles

The preparation of LTG-loaded mPEG-PLA/TPGS mixed
micelles was carried out by the solvent evaporation method.'®
Eight factors of preparation, including stirring rate, stirring
time, stirring temperature, evaporation temperature, ratio
between methanol and water, ratio between mPEG-PLA
and TPGS, concentration of mPEG-PLA, and drug dos-
age, were taken into consideration. The preparation of
LTG-loaded mPEG-PLA micelles was similar to that of the
mixed micelles.

Orthogonal experiment was conducted to optimize
the formulation of LTG-loaded mPEG-PLA/TPGS mixed
micelles according to the standard [L16(4°)] table (Table 1).
The drug-loading efficiency was used as an indicator to mea-
sure the quality of the preparation. Based on the results of the
single-factor analysis (data not shown), five major factors,
including drug dosage, concentration of mPEG-PLA, ratio
of mPEG-PLA to TPGS, ratio of methanol to water, and
stirring rate, and four levels for each factor were selected
and arranged.

Characterization of micelles

Particle size determination

Dynamic light scattering'® (Delsa Nano C; Beckman Coulter,
Inc, Brea, CA, USA) was used to measure the mean particle

Table | Design of orthogonal test for LTG-loaded mixed micelles

size and polydispersity index (PDI) of two kinds of micelles.
The micelle solution was diluted with distilled water to
have an appropriate intensity according to the limit of the
instrument.

Surface morphology

The morphological detection of the two kinds of micelles was
performed using a transmission electron microscope (TEM;
JEM-100CXII; JEOL, Tokyo, Japan) after negative staining
with a phosphotungstic acid solution (2.0% w/v).

Release in vitro

The in vitro release behavior of LTG-loaded micelles and
LTG-loaded mixed micelles was monitored by the dialysis
method. An appropriate amount of LTG-loaded micelles and
LTG-loaded mixed micelles solution was introduced in a
dialysis bag (molecular weight cutoff 500) that was tightened
and immersed fully into the release medium at 37°C. Accord-
ing to the guidelines of the in vitro release of sustained release
drug of Chinese pharmacopoeia, phosphate-buffered saline
(pH =6.5) including 0.1% Tween 80 was chosen as the dis-
solution medium to reach the sink condition and sequentially
stirred at 100 rpm for 24 hours. In a predetermined interval,
1 mL of the dissolution medium was taken out and replaced
with an equal volume of fresh medium. An LTG stock solu-
tion was prepared under the same condition as control. The
fit tests of five models, including zero-order equation, first-
order equation, Higuchi equation, Ritger—Peppas equation,
and biexponential and biphase equation, were performed
using the data of release in vitro.

The concentration of LTG in the release medium was
measured by HPLC. The HPLC system (Agilent 1260;
Agilent Technologies, Santa Clara, CA, USA) consisted of
a quaternary pump and an ultraviolet (UV) detector. LTG
in the samples was separated using a Phenomenex C18
column (Phenomenex, Torrance, CA, USA; 25%4.6 mm
internal diameter; particle size 5 wm) maintained at a
temperature of 40°C. The mobile phase was composed of
acetonitrile —20 mM ammonium acetate (pH 6.5) (28:72, v/v)

Levels Factors
Drug dosage Concentration of TPGS:mPEG-PLA Stirring speed Methanol:water
(mg) mPEG-PLA (mg-mL™') (rpm) (V:v)

| 13 5 8:20 600 1:4

2 14 6.67 10:20 800 1:5

3 15 8 12:20 1,000 1:6

4 16 10 14:20 1,250 1:6.5

Note: Each factor has 4 levels.

Abbreviations: LTG, lamotrigine; mPEG-PLA, methoxy poly(ethylene glycol)-poly(lactide); TPGS, tocopherol polyethylene glycol 1000 succinate.
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and the flow rate was set at 0.8 mL/min. The UV detector was
set at 310 nm and the injection volume at 20 pL.

LTG concentration in plasma sampled
by microdialysis
Microdialysis is a neoteric sampling technique designed
based on the principle of diffusion and permeability of the
semipermeable membrane.?® The most important advantage
of microdialysis for sampling and studying drug delivery
into the brain is its ability to measure the unbound drug
concentration in a single experimental animal over a period
of time.?! Microdialysis could reduce the experimental errors
caused by individual differences and be widely used in drug
pharmacokinetic studies of blood, brain, and other tissues.
After anesthetizing the rats with 20% (g/mL) urethane
(7 mL/kg) intraperitoneally, the blood microdialysis probe
was implanted into the jugular vein toward the right atrium
of rats and then perfused with ACD solution at a flow rate
of 2 uL/min for 1.5 hours to stabilize. Then, LTG-loaded
mPEG-PLA/TPGS mixed micelles, LTG-loaded mPEG-PLA
micelles, and LTG solution (2 mg/kg) were administered
intranasally. The sampling interval was 15 minutes, and the
samples were preserved at 4°C before HPLC analysis. The
analytical method for assessing drug concentration in plasma
samples was the same as that of in vitro release analysis and
the midpoints of the sampling times were used for plasma
LTG concentration—time profiles.

LTG concentration in the hippocampus
sampled by microdialysis
A probe with a dialyzing membrane of 2 mm was used for
brain sampling. The rats were anesthetized with an intra-
peritoneal dose of 20% (g/mL) urethane (7 mL/kg) and then
mounted on a stereotactic frame. An incision was made in the
scalp, and a small hole was drilled for implanting the brain
microdialysis probe. A guide cannula was implanted into the
hippocampus according to the Paxinos and Watson atlas?
(coordinates: 5.1 mm posterior to bregma, 5.0 mm lateral to
midline, and 7.0 mm lower to tip). A microdialysis probe
was slowly implanted via the guiding cannula into the hip-
pocampus of the rat. The brain microdialysis probe was then
flushed with ACSF solution at a flow rate of 2.0 uL./min and
continued for the duration of the experiment. Brain samples
were drawn every 10 minutes after administration of LTG,
until 8 hours. The midpoints of the sampling times were used
for hippocampus LTG concentration—time profiles.
Hippocampus dialysate analysis was then performed on an
ACQUITY Ultra Performance Liquid Chromatography (UPLC)

System (Waters Corporation, Milford, MA, USA). Separation
was carried out at 40°C on an ACQUITY UPLC C,; column
(100x2.1 mm internal diameter, 1.8 pum; Waters Corporation)
with gradient elution water (containing 5 mM ammonium
acetate) and acetonitrile as the mobile phase. The flow rate was
set at 0.3 uL/min. The injection volume was 2 L.

Recovery assessment of blood and

hippocampus microdialysis probes

The microdialysis system consisted of a microdialysis
syringe (1 mL, MDN-0100; BASi, Mt Vernon, IN, USA),
a Bee syringe pump, and a fraction collector (CULEX frac-
tion collector; BASi). Commercially available microdialysis
probes (MD-2200; BASi) with membrane lengths of 5 and
2 mm were used for plasma and hippocampus sampling,
respectively.

In vivo recovery was evaluated using a retrodialysis
method, which measured the loss (extraction ratio) of LTG
via the probe.”® Microdialysis probes were implanted for
plasma and hippocampus sampling as described in the “LTG
concentration in plasma sampled by microdialysis” and “LTG
concentration in the hippocampus sampled by microdialysis”
sections; 1 pg/mL and 25 ng/mL of LTG were flushed via
the blood probe and brain probe, respectively. The perfusate
(Cperf) and dialysate (Cdial) concentrations of LTG were
determined using HPLC and UPLC-mass spectrometry
(MS). In vivo relative recovery (Rdial) of LTG across the
microdialysis probe was calculated by the following equa-
tion: Rdial = (Cperf — Cdial)/Cperf.

Pharmacokinetic data and statistical
analysis

Curves of various dialysate concentration data versus
sampling time for LTG (Cm) were converted into protein-
unbound concentrations (Cu) using the following equation:
Cu = Cn/Rdial. The pharmacokinetic parameters of LTG
were calculated by a non-compartmental method using Drug
Analysis System 3.1.1 software package.

Results

Preparation of LTG-loaded mixed
micelles and LTG-loaded micelles

The optimized formulation of LTG-loaded mixed micelles
was determined by the result of the orthogonal test in
Table 2. A total of 20 mg of mMPEG-PLA and 15 mg of LTG
were dissolved in 3 mL of methanol. Then, 8 mg of TPGS
was dissolved in 18 mL of water. The organic mixture
was then added to the TPGS solution dropwise and stirred
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Table 2 Results of orthogonal test for LTG-loaded mixed micelles

No. Factors Drug
Concentration of Drug dosage = mPEG-PLA:TPGS  Stirring Methanol:water  l0ading (%)
mPEG-PLA (mgmL"') (mg) speed (rpm)  (V:V)

| 5 12 20:8 700 1:4 34.75

2 5 13 20:20 900 1:5 34.74

3 5 14 20:12 1,000 1:6 37.73

4 5 15 20:16 1,200 1:7 38.86

5 6.67 12 20:10 1,000 1:7 34.17

6 6.67 13 20:8 1,200 1:6 3581

7 6.67 14 20:16 700 1:5 37.26

8 6.67 15 20:12 900 1:4 37.87

9 8 12 20:12 1,200 1:5 3336

10 8 13 20:16 1,000 1:4 35.04

Il 8 14 20:8 900 1:7 36.71

12 8 15 20:10 700 1:6 37.97

13 10 12 20:16 900 1:6 33.75

14 10 13 20:12 700 1:7 34.23

15 10 14 20:10 1,200 1:4 3691

16 10 15 20:8 1,000 1:5 37.75

Mean value | 35.520 34.008 36.255 36.052 36.142

Mean value 2 36.278 34.955 35.947 35.767 35.778

Mean value 3 35.770 37.152 35.797 36.172 36.315

Mean value 4 35.660 38.112 36.227 36.235 35.992

Range 0.860 4.104 0.458 0.468 0.537

Optimal formulation ABCD,E,

Note: A, concentration of mPEG-PLA; B, drug dosage; C, mPEG-PLA:TPGS; D, stirring speed; E, methano:water. The highest value of each mean value is shown in bold.
Abbreviations: LTG, lamotrigine; mPEG-PLA, methoxy poly(ethylene glycol)-poly(lactide); TPGS, tocopherol polyethylene glycol 1000 succinate.

at 1,200 rpm for 0.5 hours. Based on the results of variance
analysis, the most significant factors were stirring speed,
the ratio of methanol and water, mnPEG-PLA concentration,
drug dosage, the ratio of TPGS and mPEG-PLA, and there
were significant differences among the five factors. The drug
loadings of the optimal formulation of LTG-loaded mixed
micelles and LTG-loaded micelles were 39.28%10.26% and
36.44%10.14%, respectively.

Characterization of the micelles
As shown in Figure 1, the average particle size of the optimal
formulation of LTG-loaded micelles and LTG-loaded mixed
micelles were 122.9 and 183.5 nm, respectively. Their PDIs
were 0.168 and 0.238, respectively, with a single-peak distri-
bution, indicating a uniform particle size distribution.

The morphology of the micelle was observed by a TEM.
The TEM diagrams of the blank micelle, LTG-loaded

A B
= 100 = = (B e e =
= S = 2
> s 2 il s e z
® S 7 o 7]
5 55 5
E - s0 E E - E
S > S >
= = - S
S [} s ©
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Q o e 0 Q) Q o -0 O
1.0 6.7 453 304.7 1,900.0 1.0 7.7 59.8 463.0 1,900.0
Diameter (nm) Diameter (nm)

Figure | Particle size and the distribution of LTG-loaded micelles: (A) LTG-loaded micelles, (B) LTG-loaded mixed micelles.

Abbreviation: LTG, lamotrigine.
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100 nm

100 nm

Figure 2 TEM images: (A) blank micelle, (B) LTG-loaded micelle, (C) blank mixed micelle, (D) LTG-loaded mixed micelle.

Abbreviations: LTG, lamotrigine; TEM, transmission electron microscope.

micelle, blank mixed micelle, and LTG-loaded mixed micelle
are shown in Figure 2. Whether it was a blank micelle or a
drug-loaded micelle, a clear core—shell structure was formed.
The black disk was the hydrophobic core of the micelle that
acted as a container for the insoluble drug.

The release behavior of LTG-loaded micelles and LTG-
loaded mixed micelles is shown in Table 3 and Figure 3, which
were most similar to the kinetic charateristics of biexponential
and biphase equation, indicating that the release of LTG from
micelles could be divided into two stages: the drug released
rapidly in the first stage and then slowly in the second stage.
The cumulative release rate of LTG-loaded micelles reached
80.61% at 6 hours, while that of the LTG-loaded mixed

100 nm

micelles was 84.21% at 24 hours. Both of them had some
bursts, but the release of LTG-loaded micelles was faster
than that of LTG-loaded mixed micelles. The reason for
the burst release phenomenon was that some drugs were
not distributed in the core of the micelle but in the palisade
layer. The sustained release of LTG-loaded mixed micelle
could decrease the fluctuation of plasma concentration and

the side effect of drugs.

Pharmacokinetics of LTG in plasma
The HPLC-UV detection method was employed to separate

LTG from blood dialysate. The linearity of each calibra-

tion curve, ranging from 0.1 to 10 pg/mL, was verified in

Table 3 Fit test of five models based on the data of release in vitro

Model Equation R?
LTG-loaded Zero order Q =3.54817t + 35.33643 0.53388
micelles First order In(100-Q) =0.261 It + 4.509438 0.97197
Higuchi Q = 19.08007t** + 5.52698 0.79583
Ritger—Peppas InQ = 0.307Int + 1.136589 0.87679
Biexponential and biphase Q=91.85239 — 79.55072e7031%% — |2.31575e 784147t 0.99711
LTG-loaded Zero order Q =3.48337t +22.85292 0.71984
mixed micelles First order In(100—Q) =0.1213t +4.509567 0.96519
Higuchi Q = 18.4728t>° + 7.31353 0.93198
Ritger—Peppas InQ =0.3921Int + 1.292143 0.95643
Biexponential and biphase Q =87.24278 — 14.0686e32228 — 73.30| 35053 0.99772

Note: Bold data show the maximum value of fitting coefficient in four kinds of equations for each micelle formulation.

Abbreviations: LTG, lamotrigine; R%, correlation coefficient.
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—=— LTG solution
*— LTG micelle
LTG mixed micelle

Release percentage (%)

0 5 10 15 20 25
Time (hours)

Figure 3 In vitro release profiles of LTG-loaded micelles and LTG solution.
Abbreviation: LTG, lamotrigine.

every trial, and the correlation coefficient (R*) was >0.995.
For blood analysis, the overall precisions (reflex sympathetic
dystrophy [RSD], %) ranged from 0.14% to 3.29% and
accuracies (bias, %) from 2.2% to 8.34%. Accuracy and
precision values within £15% were acceptable. The LLOQ
of LTG was determined to be 50 ng/mL.

The concentration—time curves of free form LTG in
plasma after the administration of LTG (2 mg/kg, intranasal)
in various groups, including the groups of LTG solution,
LTG-loaded micelles, and LTG-loaded mixed micelles, are
shown in Figure 4. The plasma concentration arrived at a peak
of 0.75 ug/mL after intranasal administration of LTG solution
for 7.5 minutes, followed by a sharp decline to about 0.17
pg/mL. The plasma concentration fluctuated at about 0.36
pg/mL 22.5-52.5 minutes after intranasal administration of
LTG-loaded micelles, and the concentration did not appear to
have a downward trend until 67.5 minutes. The plasma con-
centration fluctuated at about 0.45 pug/mL 15-55 minutes after
intranasal administration of LTG-loaded mixed micelles.
The concentration appeared to have a downward trend in
60 minutes, but it still remained higher than that of the LTG-
loaded micelles. The pharmacokinetic parameters of LTG

—— LTG solution
—=—LTG micelle
= LTG mixed micelle

Concentration (ng-mL™")

0 30 60 90 120 150 180 210 240
Time (min)

Figure 4 Concentration—time profile of LTG in plasma after nasal administration.
Abbreviation: LTG, lamotrigine.

in the plasma of different groups are presented in Table 4.
The area under the concentration-time curve (AUC, ) of
the groups of LTG solution, LTG-loaded micelles, and
LTG-loaded mixed micelles was 23.04%1.42, 50.7303%0.86,
and 62.5140.84 (min-ug)/L and the terminal elimination
half-life (¢,,) was 52.84354£30.52, 106.7317+33.66, and
108.994+56 minutes, respectively.

Pharmacokinetics of LTG in the
hippocampus

The UPLC-MS detection method was adopted to separate
LTG from brain samples. The linearity of each calibration
curve, ranging from 1 to 100 ng/mL, was verified, and the
coefficient of determination (R*) was found to be >0.995.
For brain analysis, overall precisions (RSD, %) ranged
from 0.28% to 5.91% and accuracies (bias, %) from
0.29% to 6.93%. The LLOQ of LTG was determined to be
0.5 ng/mL.

Figure 5 shows the concentration—time profiles of protein-
unbound LTG in the hippocampus after LTG administration
(2 mg/kg, intranasal) in various groups, including the groups
of LTG solution, LTG-loaded micelles, and LTG-loaded
mixed micelles. The curves showed that the concentration
in the hippocampus reached a peak of 197.3 ng/mL after
administering the LTG solution for 55 minutes, followed
by a sharp decline to about 20 ng/mL. The concentration
of LTG-loaded micelles in the hippocampus fluctuated at
about 50 ng/mL 35-310 minutes after drug administration.
The concentration in the hippocampus fluctuated at about
60 ng/mL 15-440 minutes after administering LTG-loaded
mixed micelles. The pharmacokinetic parameters of LTG in
the hippocampus of different groups are presented in Table 5.
AUC_ , of the groups of LTG solution, LTG-loaded micelles,
and LTG-loaded mixed micelles was 5,383.578, 16,500.479,
and 25,245.019 (min-ug)/L, respectively.

In vivo recovery of LTG from
microdialysis probes

The average in vivo recoveries (%) of microdialysis probes of
LTG were 58.27%20.62% in the blood and 15.79%10.38%
in the hippocampus (n=3).

Discussion

Intranasal administration can directly transport LTG from the
nose to the brain by circumventing the BBB and TPGS in the
nasal membrane could promote the transport of drugs into
the brain, and in the endothelial cells of BBB, could inhibit
the efflux of brain drug. Therefore, LTG-loaded micelles
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Table 4 Pharmacokinetic parameters of LTG solution, LTG-loaded micelles, and LTG-loaded mixed micelles after intranasal
administration to rats

Parameters Plasma

LTG solution LTG-loaded LTG-loaded

micelles mixed micelles

t,,, (min) 52.8435%30.52 106.7317+33.66 108.99+56
AUC_, ([min-ug]/L) 23.04t1.42 50.730310.86 62.51+0.84
AUC_ _ ([min-ug]/L) 28.51+3.87 69.8543316.96 88.29£14.6
T . (min) 7.5£0 42.5+7.07 25+14.14
C... (uglL) 0.74769+0.038 0.398303+0.004 0.4326+0.016
MRT_, (min) 35.419+0.672 99.077+2.17 99.44+0.755
MRT, _ (min) 65.18t15.46 180.3567+36.08 188.66162.97
CLz/F (L/[min-kg]) 71.34618.966 28.941£3.1 23.223£3.45
Vz/F (L/kg) 5169£11,52 4,306.595+1,034 3,373.53£1,152

Note: Data presented as mean = standard deviation.

Abbreviations: AUC, _, area under concentration-time curve from zero to infinity; AUC_, area under concentration-time curve from zero to time of last quantifiable

concentration; C_, peak concentration; CLz/F, apparent clearance; LTG, lamotrigine; MRT, mean residence time; t

apparent volume of distribution.

could be successfully prepared and delivered to the hip-
pocampus by intranasal administration in this study. The
result showed that mPEG-PLA/TPGS mixed micelles could
improve the bioavailability of LTG in the hippocampus by
increasing nasal drug absorption and decreasing brain drug
efflux. The major findings of this study are as follows.

1. Some differences existed between the LTG-loaded
mPEG-PLA mixed micelles and the LTG-loaded mPEG-
PLA micelles in terms of particle size and morphology.
The reason why the particle size of the mixed micelles
was larger than that of the micelles might be as follows.
In the shell of the micelles, mPEG-PLA and TPGS were
intertwined with each other to form a relatively thick
shell layer. Moreover, TPGS contained aromatic rings
that increased the volume of the nucleus. The difference
between the blank micelles and the drug-loaded micelles
lay in the shape of the core; when the micelle contained
drugs, the interaction between drugs and polymers made

200
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—E' —e— LTG micelle
o 150 ~— LTG mixed micelle
£
c
.© 100
=)
©
=
% 2 J A x .
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Figure 5 Concentration—time profile of LTG in the hippocampus after nasal admin-

istration.
Abbreviation: LTG, lamotrigine.

terminal elimination half-life; T

max’

peak time; Vz/F,

122"

the kernel more compact. The difference between micelles
and mixed micelles was the boundary of the shell, and
the shell of the mixed micelle was formed by the inter-
action of TPGS and mPEG-PLA, which made the shell
compact and regular. Some LTG distribution was seen
in the barrier layer of the micelle using TEM, which was
because the solubility of LTG in water was 170 pug/mL.
Compared with other highly lipid soluble drugs, such
as nimodipine and curcumin, LTG was also soluble in
water. Therefore, part of the drugs would be distributed
between the micelle core and the shell. This phenomenon
might also be a good interpretation for the reason why the
release of drugs from the core of the micelle was faster
than that in the case of the mixed micelle.

The plasma and hippocampus concentrations showed that
LTG-loaded mPEG-PLA/TPGS mixed micelles exhibited
a rapid and enhanced penetration efficiency compared
with the LTG-loaded mPEG-PLA micelles and free LTG.
On comparing free LTG and LTG-loaded mPEG-PLA
micelles, the micelle served as a sustained-release prepa-
ration. The drug concentration was stable for a certain
period of time, followed by a slow decline. This action
could reduce the production of side effects on one hand,
and prolong the control of epilepsy on the other hand. On
comparing LTG-loaded mPEG-PLA micelles and LTG-
loaded mPEG-PLA/TPGS mixed micelles, mixed micelles
showed a more profound effect. LTG could be absorbed
faster by means of the mixed micelles. In the hippocampus
of'the brain, the concentration of LTG was stable for a rela-
tively longer period of time with no downward trend.
The increased blood and brain penetration of LTG might
partially be attributed to the inhibition of efflux of LTG by
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Improved lamotrigine bioavailability in the hippocampus

Table 5 Pharmacokinetic parameters of LTG solution, LTG-loaded micelles, and LTG-loaded mixed micelles after intranasal

administration to rats

Parameters Hippocampus

LTG solution LTG-loaded LTG-loaded

micelles mixed micelles

t,,, (min) 122.21 55.044 135.032
AUC,  ([min-ug]/L) 5,383.578 16,500.479 25,245.019
AUC_ _ ([min-ug]/L) 7,594.23 17,446.067 30,991.168
T . (min) 55 35 15
C... (uglh) 197.3 52.37002 63.51875
MRT, , (min) 97.493 205.552 259.093
MRT, _ (min) 188.855 224.19 347.305
CLz/F (L/[min-kg]) 0.263 0.115 0.065
Vz/F (L/kg) 46.443 9.106 12.575

Abbreviations: AUCM, area under concentration-time curve from zero to infinity; AUC(H, area under concentration-time curve from zero to time of last quantifiable

concentration; C_ .
apparent volume of distribution.

P-gp located on the membrane of the BBB and the blood—
cerebrospinal fluid barrier. Recently, the crucial role of
efflux transporters in drug absorption and disposition has
gained considerable attention.>**? P-gp, the most exten-
sively studied ATP-binding cassette transporter, serves as
a biological barrier by eliminating toxic substances and
xenobiotics out of the cells.>? The hypothesis that inhibi-
tion of P-gp improved the bioavailability of drugs, which
were the substrates of this efflux transporter, has gained
widespread recognition.>?” The results indicated that
intranasal administration of LTG-loaded mPEG-PLA/
TPGS mixed micelles might serve as a promising drug
delivery system to promote the brain delivery of AEDs.

Conclusion

AEDs could not achieve an effective therapeutic concentra-
tion in the hippocampus because of the presence of the BBB
and the efflux of P-gp. Micelles could efficiently solubilize
poorly soluble LTG and deliver it by intranasal administra-
tion, helping drugs to pass through the BBB. The results of
the present study indicated that mPEG-PLA/TPGS mixed
micelle exhibited significantly enhanced and rapid delivery
of LTG to the brain. Testing data indicated that 7 and
the MRT,_ , of mPEG-PLA/TPGS mixed micelle were the
smallest and the largest, respectively, compared with those of
the mPEG-PLA micelle and solution. Also, the bioavailabil-
ity of mPEG-PLA/TPGS mixed micelle in the hippocampus
was four times that of the solution, suggesting that TPGS
could inhibit P-gp in the epithelial cells of nasal mucosa
and the BBB to improve the absorption of LTG in the nasal
cavity and reduce the excretion of LTG in the hippocampus.
In conclusion, the mPEG-PLA/TPGS mixed micelle is a
promising vehicle for targeting delivery of AEDs and other

, peak concentration; CLz/F, apparent clearance; LTG, lamotrigine; MRT, mean residence time; t

terminal elimination half-life; T

max’

, peak time; Vz/F,

12"

drugs to the brain, thereby having implications in treating
central neurological diseases, especially RE.
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