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Purpose: This study aimed to prepare solid self-nanoemulsified drug delivery system
(S-SNEDDS) of lamotrigine (LMQG) for enhancing its dissolution and oral bioavailability
(BA).

Methods: Nineteen liquid SNEDDS were prepared (R1-R19) using D-optimal design with
different ratios of oil, surfactant (S), and cosurfactant (Cos). The formulations were char-
acterized regarding robustness to dilution, droplet size, thermodynamic stability testing, self-
emulsification time, in-vitro release in 0.1 N HCI and phosphate buffer (PB; pH 6.8). Design
Expert™ 11 software was used to select the optimum formulations. Eight S-SNEDDS were
prepared (S1-S8) using 2° factorial design, and characterized by differential scanning
calorimetry (DSC), powder x-ray diffraction (PXRD), and scanning electron microscopy
(SEM). The optimum formulation was chosen regarding in-vitro drug released in 0.1 N HCI
and PB, compared to pure LMG and commercial tablet (Lamictal®™). The BA of LMG from
the optimized S-SNEDDS formulation was evaluated in rabbits compared to pure LMG and
Lamictal®.

Results: The optimized S-SNEDDS was S2, consisting of R9 adsorbed on Aeroperl® 300 in
a ratio of 1:1, with the best results regarding in-vitro drug released in 0.1 N HCI at 15 min
(100%) compared to pure LMG (73.40%) and Lamictal® (79.43%), and in-vitro drug
released in PB at 45 min (100%) compared to pure LMG (30.46%) and Lamictal®
(92.08%). DSC, PXRD, and SEM indicated that LMG was molecularly dispersed within
the solid nano-system. The BA of S2 was increased 2.03 and 1.605 folds compared to pure
LMG, and Lamictal®, respectively.

Conclusion: S2 is a promising S-SNEDDS formulation. It can be a potential carrier for
improving dissolution, and BA of LMG.

Keywords: antiepileptic drug, lipid-based formulation, porous carriers, Aeroper]l® 300, oral
bioavailability

Introduction

Lamotrigine is a novel antiepileptic drug of the phenyltriazine class which is used
widely in epilepsy, simple and complex seizures, generalized tonic-clonic seizures,
and bipolar disorder."” Its chemical name is 3, 5-diamino-6-(2,3-dichlorophenyl)-
1,2,4-triazine.® It acts by regeneration and modification of neurons function and
Schwann cells by reducing glutamate release from nerve terminals in addition to
a protective effect against cytotoxicity resulting from inhibition of mitochondrial
respiratory complex 1.*7® It exerts a neuroprotective effect in experimental ischemia

and cerebroprotective effect after focal ischemia.” LMG is very slightly soluble in
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water (0.17 mg/mL at 25 °C) and slightly soluble in 0.1
N HCI (4.1 mg/mL at 25 °C).% It is a weak base with a pka
of 5.7, melting point of 218°C, and classified as a BCS
class II-b drug. It exhibits high solubility and dissolution
rate at the stomach acidic pH and may precipitate in the
intestine in a

manner.” !

small complex poorly understood

To ensure the presence of the drug in the dissolved
form in the gastrointestinal tract, lipid microemulsion for-
mulations, especially SNEDDS, are one of the promising
formulations. SNEDDS is isotropic mixture of oil, surfac-
tants, and cosurfactants that produce oil in water nanoe-
mulsion in aqueous media upon mild agitation. SNEDDS
spreads rapidly in the gastrointestinal tract with the aid of
peristaltic movement producing droplets <100 nm contain-
ing the drug in a soluble form thus enhancing drug dis-
solution and bioavailability.'>'> The improvement of drug
absorption by SNEDDS may be due to facilitating trans-
cellular absorption by increasing membrane fluidity,
allowing paracellular transport by opening tight junction,
and bypassing the hepatic first-pass effect, reducing cyto-
chrome P-450 metabolism, and protecting the drug from
enzymatic degradation thus promoting highly lipophilic
drug absorption by lymphatic transport.'®'® Liquid
SNEDDS can be inserted in soft or hard gelatin capsules,
but this may lead to some drawbacks as high production
cost, excipients incompatibility with the capsule shell lead-
ing to either shell shrinkage or swelling, formulation leak-
age, and drug precipitation if stored at lower
temperatures.'” To overcome these problems, converting
liquid SNEDDS into solid dosage form will gain both
advantages of enhancement of drug solubility and bioa-
vailability properties of liquid SNEDDS with enhanced
stability of solid dosage forms.”° Many techniques are
used for converting liquid SNEDDS into S-SNEDDS
such as spray drying, adsorption onto solid carriers, melt
granulation, melt extrusion, and melt granulation.”' The
simplest way is the physical adsorption onto solid carriers
as it involves the adsorption of liquid SNEDDS onto solid
carriers by physical mixing to form free-flowing powders
which can be filled into hard gelatin capsule or com-
after the addition of suitable

excipients.'>'>*? In recent years, porous carriers with

pressed into tablets
large surface area as Aerosil® 200 Pharma and Aeroperl®
300 Pharma are used as solid carriers for the solidification
of SNEDDS.”* Aecrosil® 200 Pharma is a high-purity
amorphous anhydrous colloidal silicon dioxide with aver-
age particle size of 12 nm (primary particles) and

a specific surface area of 200 m%/g.** Aeroperl® 300
Pharma is a granulated colloidal silicon dioxide with par-
ticle size ranging from 30 to 40 um, has a pore volume of
1.6 mL/g and a specific surface area of 300 m?*/g.*>

Therefore, this study aimed to improve the solubility
and oral BA of LMG through the preparation of SNEDDS
by using a D-optimal factorial design for the optimization
of the prepared LMG-loaded SNEDDS, then converting
the optimized liquid SNEDDS to S-SNEDDS by solid
adsorption using Aerosil® 200 and Aeroperl® 300 as
solid carriers.

Materials and Methods

Materials

Lamotrigine was a gift sample from Global Napi pharma-
ceutical Company (6th October city, Giza, Egypt). Rose
oil (RO) was purchased from alpha chemika™ Company
(Mumbai, India). Almond oil, soybean oil, corn oil, lin-
seed oil, isopropyl myristate (IPM), olive oil, castor oil,
peanut oil, Cremophor® El (CR-EL), propylene glycol
(PG), and polyethylene glycol 400 (PEG 400) were pur-
chased from Sigma-Aldrich Co. (St Louis, MO, USA).
Lauroglycol™ FCC, Lauroglycol™ 90, Capryol™
PGMC, Caprol® ET, Labrasol®, Acconon® CC-6,
Acconon® MC8-2, Labrafil® M 1944 CS, Labrafil®
M 2125 CS, and Transcutol® P (Trans P) were generously
donated by Gattefosse (Saint-Priest,
Tween® 80 (T80) and methanol were purchased from

Lyon, France).

Merck (Darmstadt, Germany). Potassium dihydrogen
phosphate, hydrochloric acid, and sodium hydroxide
were purchased from El-Nasr Pharmaceutical Chemicals
Co. (Cairo, Egypt). Aerosil® 200 and Aeroperl® 300
Pharma were kindly gifted by Evonik Industries (Essen,
Germany). Lamictal® tablets containing 25 mg LMG
(GlaxoSmithKline pharmaceuticals S.A. Poznan, Poland,
Batch No. SX6X). All other reagents and chemicals used
were of analytical reagent grade and used without further
purification.

Methods

Solubility Studies of Lamotrigine

The solubility of LMG in different oils, surfactants, and
cosurfactants were performed by adding an excess amount
of LMG powder into a screw capped glass vial containing
2 mL of each vehicle, i.e., oil, surfactant, or cosurfactant.
Oils employed were almond oil, soybean oil, corn oil,
linseed oil, rose oil, IPM, olive oil, castor oil, peanut oil,
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Lauroglycol™ FCC, Lauroglycol™ 90, Capryol™ PGMC,
and Caprol® ET. Surfactants and cosurfactants used were
Labrasol®, Cremoph0r® EL, Acconon® CC-6, Acconon®
MCS8-2, Labrafil® M 1944 CS, T80, PEG 400, Trans P, and
PG. The mixtures were vortexed for 5 min to aid the
proper mixing of LMG with the vehicles, shaken for 72
h at 25 £ 1°C in an incubated shaker (Lab Companion,
Jeio Tech, Korea) to reach equilibrium, followed by cen-
trifugation at 10,000 rpm for 10 min by Eppendorf
Centrifuge 5415 R (Eppendorf AG, 22,331 Hamburg,
Germany). The supernatant was then diluted appropriately
with methanol or with benzene: methanol (7:3) for oils
immiscible with methanol. The concentration of LMG in
each solvent was determined by UV spectroscopy
(Shimadzu UV1601, Shimadzu Corp, Japan) at A max
307 nm. The experiment was performed in triplicate.?*’
Preliminary Screening of Surfactants

The surfactants were screened for their ability to emulsify
RO. RO was mixed in 1:1 w/w ratio with each surfactant
and vortexed for 5 min for proper mixing. Aliquots
equivalent to 25 pL from each mixture was diluted to
25 mL with double-distilled water to obtain an emulsion.
The emulsions were observed for physical appearance,
clarity, and phase separation. The emulsions were left
undisturbed for 2 hours and analyzed for transmittance at
638.2 nm on UV-VIS spectrophotometer using ultrapure
water as a blank. The experiment was performed in
triplicate.' ">

Preliminary Screening of Cosurfactants

The turbidimetric method described under preliminary
screening of surfactants was used to screen the cosurfac-
tants. Selected oil/selected surfactant/cosurfactant ratio
was kept constant at 3:2:1 w/w during screening. The
experiment was performed in triplicate.

Construction of Pseudo-Ternary Phase Diagrams

Based on the data of solubility studies and preliminary
screening of surfactants and cosurfactants, rose oil was
selected as oil phase. CR-EL as a surfactant, PEG 400
and T80 as cosurfactants. Pseudo-ternary phase diagrams
were constructed using water titration method. Water is
added dropwise with agitation (by vortex) to the mixture
of oil and S/Cos at certain weight ratios (1:1, 2:1, 4:1 w/w)
till end point (turbidity).”*~° Six pseudo-ternary phase
diagrams were drawn using OriginPro 8.1 program
(OriginLab  Corporation, One Roundhouse Plaza,
Northampton, MA 01060 USA). After identification of

microemulsion region, systems of desired component
ratios were selected to prepare SNEDDS that forms nanoe-
mulsion upon dilution based on remaining clear even after
infinite dilution.”'

Preparation of SNEDDS Formulations

To prepare drug loaded SNEDDS, the selected oil, surfac-
tant, and cosurfactant were accurately weighed into glass
vials according to their ratios, vortexed, then the amount
of LMG (5% w/w) was added. The components were
sonicated at 40°C in an ultrasonic bath (Elma Transsonic,
460/H, Germany) until complete dissolution of LMG. The
formulation was stored at room temperature for at least 48
hours and examined for any signs of turbidity or phase
separation.”

Design of Experiments

D-optimal factorial design was used for the optimization
of the preparation of LMG-loaded self-nanoemulsifying
formulations. The study involved 3 independent factors
namely: concentration of oil (X;), type of Cos (X;), and
ratio of S/Cos (X3). Droplet size (DpS; Y}), the percentage
of in-vitro drug released after 5 min in 0.1N HCI (Y,), %
in-vitro drug released after 15 min in 0.1N HCI (Y3), % in-
vitro drug released after 5 min in PB (Y}), and % in-vitro
drug released after 15 min in PB (Ys) were selected as
dependent variables (Table 1). A total of 19 randomized
experimental runs were conducted (R1-R19) as shown in
Table 2 using Design Expert™ 11 software (Stat-Ease, Inc.,
Minneapolis, MN, USA). CR-EL was used as a surfactant
in all formulations. The Design Expert® was then analyzed

Table | D-optimal Factorial Design Used for Optimization of
SNEDDS Formulations

Factors (Independent Variables) Levels

X;: % conc. of oil 10, 20, 30
X,: Type of Cos T80, PEG 400
X3: Ratio of S/Cos I:1, 2:1, 4:1
Responses (dependent variables) Desirability

constraints

YI: DpS

Y2: % released after 5 min in 0.1 N HCI
Y3: % released after |5 minin 0.1 N HCI
Y4: % released after 5 min in PB (pH 6.8)
Y5: % released after 15 min in PB (pH 6.8)

Minimize

Maximize (75-100%)
Maximize (85—100%)
Maximize (75-86.27%)
Maximize (85-98.83%)

Abbreviations: SNEDDS, self-nanoemulsifying drug delivery system; Conc., con-
centration; Cos, cosurfactant; S, surfactant; T80, Tween® 80; PEG, polyethylene
glycol; DpS, droplet size; HCI, hydrochloric acid; PB, phosphate buffer.

Drug Design, Development and Therapy 2020:14

submit your manuscript

4345

Dove


http://www.dovepress.com
http://www.dovepress.com

Abdelmonem et al

Dove

Table 2 Experimental Runs, Independent Variables, and Droplet
Size Response of D-Optimal Factorial Design of LMG-Loaded
SNEDDS Formulations

SNEDDS X, X, ) & Y,
Formulation

Rose Oil cos S/ Droplet Size

Conc. (%) | Type COs (nm) £ SD

Ratio

RI 20 PEG 400 | 2:I 18.30 £ 0.2
R2 30 T80 I:1 13.50 £ 0.20
R3 10 T80 I:1 12.60 + 0.25
R4 10 T80 4:1 13.50 £ 0.18
R5 20 PEG 400 | 2:1 18.00 + 0.28
R6 30 T80 4:1 13.70 £ 0.22
R7 20 T80 I:1 14.50 £ 0.17
R8 30 PEG 400 | 4:1 84.50 + 0.35
R9 30 T80 2:1 16.30 £ 0.15
R10 20 PEG 400 | 4:1 18.60 + 0.18
RI1 10 T80 2:1 13.00 £ 0.12
R12 20 T80 4:1 16.70 £ 0.21
R13 30 PEG 400 | 2:I 83.76 £ 0.31
R14 30 PEG 400 | I:I 82.80 + 0.36
R15 20 PEG 400 | I:I 19.10 £ 0.22
R16 10 PEG 400 | I:I 14.85 £ 0.17
R17 20 T80 2:1 1520 £ 0.14
R18 10 PEG 400 | 2:I 15.30 £ 0.12
R19 10 PEG 400 | 4:| 14.60 + 0.20

Abbreviations: SNEDDS, self-nanoemulsifying drug delivery system; Conc., con-
centration; Cos, cosurfactant; S, surfactant; T80, Tween® 80; PEG, polyethylene
glycol; SD, standard deviation.

the dependent variables by using ANOVA to determine the
significance of each factor (p < 0.05).

Optimization of LMG-Loaded SNEDDS

The optimum formulations, to be used for further investi-
gations, were selected using the desirability function for
optimization in Design Expert®. The criteria set for select-
ing the optimum formulations was achieving the least DpS
and the highest % drug released.

In-vitro Characterization of SNEDDS

Robustness to Dilution

Liquid SNEDDS formulations were diluted 500 times with
ultrapure water and 0.1 N HCI. The diluted nanoemulsions
were stored for 24 hours and observed for any signs of

phase separation or drug precipitation.*?

Thermodynamic Stability Studies

Heating Cooling Cycle

Liquid SNEDDS formulations were subjected to six cycles
between cooling (4°C) and heating (45°C) with 24 hours

storage at each temperature. The stable formulations were
subjected to centrifugation test.'

Centrifugation Test

Liquid SNEDDS that passed heating cooling cycles were
centrifuged for 30 min at 3500 rpm. The stable formula-
tions were subjected to freeze thaw stress test.>

Freeze Thaw Stress Test
Liquid SNEDDS were subjected to three cycles between
—21°C and +25°C for 48 hours for each temperature.'®

Dispersibility Studies and Self-Emulsification Time
The efficiency of self-emulsification of SNEDDS was
evaluated using USP standard dissolution apparatus type
II. One mL of each SNEDDS formula was added to
500 mL of distilled water kept at 37°C £+ 0.5°C. The
paddle was rotating at a speed of 50 rpm. The prepared
formulations were examined in terms of rate of emulsifica-
tion and the final appearance of the nanoemulsion accord-
ing to the following grading system:*”

Grade A
Rapidly forming emulsion having a clear or bluish appear-
ance (within 1 min).

Grade B
Rapidly forming, slightly less clear emulsion, having
a bluish white appearance (within 1 min).

Grade C
Fine milky emulsion formed within 2 min.

Grade D
Dull, grayish white emulsion having slightly oily appear-
ance that is slow to emulsify (longer than 2 min).

Turbidimetric Evaluation
Nephelo-turbidimetric evaluation is performed to monitor
the growth of the emulsification. However, because the
time required for complete emulsification is too short, it
is not possible to monitor the rate of change of turbidity
(rate of emulsification). Fifty microliters of SNEDDS for-
mulations were diluted to 25 mL with ultrapure water and
then the studied using 2100N IS
Turbidimeter (Hach Company,

turbidity was
Loveland, Colorado,
USA). Results were given as nephelometric turbidity unit
(NTU) 36,37
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Optical Clarity Determination

The optical clarity determination was done using %
Transmittance. Fifty microliters of SNEDDS were diluted
to 25 mL with ultrapure water. The % transmittance of the
system was measured at 638.2 nm using UV spectrophot-

. 38,39
ometer using ultrapure water as a blank.”™

Measurement of Droplet Size

Droplet size of LMG-loaded SNEDDS diluted with water
was determined using COULTER® N4 PLUS Submicron
Particle Sizer (Coulter Corporation, Miami, Florida, USA),
a photon correlation spectrometer which determines parti-
cle size by measuring the rate of fluctuations in laser light
intensity scattered by particles as they diffuse through
a fluid. Fifty microliters of SNEDDS formulations were
diluted to 25 mL with ultrapure water and then the droplet
size was determined, each determination was done in

triplicate.

In-vitro Drug Release Studies

Drug release studies of the plain drug (LMG), liquid
SNEDDS formulations, and commercially available tablet
(Lamictal®) were performed using USP dissolution appa-
ratus II. Each liquid SNEDDS formulation, equivalent to
25 mg LMG, was accurately weighed, filled into size (0)
hard gelatin capsule and introduced into a dissolution
apparatus containing 900 mL of 0.1 N HCI, or PB (pH
6.8) at 37 + 0.5°C. Capsule sinkers were used to avoid the
capsule floating in the medium. The speed of the paddle
was adjusted to 50 rpm. At predetermined time intervals,
aliquots of a 5 mL were withdrawn and replaced with an
equal volume of fresh medium to maintain a constant
volume. Samples were then properly diluted if needed.
The concentration of the drug was measured by UV spec-
trophotometrically at 264 nm for 0.1 N HCI samples, or at
307 nm for PB samples. All experiments were run in
triplicate.*>*' A cumulative correction factor was applied
to compensate for the dilution of withdrawn samples in the
release studies, according to the following equation.*?

n—1

¢n = Chmeas + (v X Z Csmeas)
S=1
Where:
A: Aliquot volume
V: Release medium volume
The

Ch  meas spectrophotometrically measured

concentration.

C,: The concentration of the nth sampling expected in
the medium, if the previous sample had not been removed.

n-1: The total number of all samples removed prior to
the sample being measured.

Cs meas: The total of all spectrophotometrically mea-
sured concentration at n-1 sample.

Preparation of LMG-Loaded S-SNEDDS

The surface adsorption method was used for transforming
the optimized SNEDDS formulations into free-flowing
S-SNEDDS powder. Eight S-SNEDDS were prepared,
according to 2° factorial design, by physical adsorption
of the optimized SNEDDS formulations (R9 and R14),
using 2 solid carriers (Aerosil® 200 and Aeroperl® 300),
and using 2 different SNEDDS: Solid Carrier ratios
(1:0.75 and 1:1), by thoroughly mixing in a glass mortar
and a pestle. The resultant mass was passed through sieve
no. 60 to obtain homogenous free-flowing powder and
then stored in tightly closed containers in a desiccator till
further use. The 2° factorial design involved 3 independent
variables with 2 levels namely: X;: SNEDDS formulation,
X,: solid carrier type, X5: SNEDDS: Solid Carrier ratio.
The percentage of in-vitro drug released after 5 min in
0.IN HCI (Y}), % in-vitro drug released after 15 min in
0.1N HCI (Y»), % in-vitro drug released after 5 min in PB
(Y3), % in-vitro drug released after 15 min in PB (Y},), and
% in-vitro drug released after 30 min in PB pH 6.8 (Y5)
were selected as dependent variables. Eight formulations
were designed (S1-S8) using Design Expert®™ 11 software
as tabulated in Table 3. The Design Expert® then analyzed

Table 3 Experimental Runs, Independent Variables of 23
Factorial Design of LMG-Loaded S-SNEDDS Formulations

S-SNEDDS | XI X2 X3

Formulation
SNEDDS Solid Carrier | SNEDDS:
Formulation | Type Solid Carrier

Ratio

| R9 Aeroper!® 300 | 1:0.75

Y] R9 Aeroperl® 300 | I:1

] R9 Aerosil® 200 1:0.75

S4 R9 Aerosil® 200 I:1

S5 RI4 Aeroper!® 300 | 1:0.75

S6 R14 Aeroperl® 300 | I:1

7 RI4 Aerosil® 200 1:0.75

s8 RI4 Aerosil® 200 I:1

Note: Amount of LMG in R9 and RI4 based formulations are 8.5% and 10%,
respectively.

Abbreviations: LMG, lamotrigine; S-SNEDDS, solid self-nanoemulsifying drug
delivery system; SNEDDS, self-nanoemulsifying drug delivery system.
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the dependent variables by using ANOVA to determine the
significance of each factor (p < 0.05).

Optimization of LMG-Loaded S-SNEDDS

The optimum formula was selected using the desirability
function for optimization in Design Expert®. The criteria
set for selecting the optimum formula was achieving the
highest % drug released in all responses.

Characterization of LMG-Loaded S-SNEDDS
Droplet Size Measurement

The prepared S-SNEDDS were diluted, filtered, and exam-
ined using COULTER® N4 PLUS Submicron Particle
Sizer as described above. The results were compared
with their corresponding liquid SNEDDS.

Drug Loading Efficiency

The amount of S-SNEDDS equivalent to 25 mg LMG was
dispersed in suitable quantity (50 mL) of methanol, soni-
cated for 30 min for extraction of the drug, then filtered
through a syringe filter (0.2 pm). The filtrate was suitably
diluted and analyzed spectrophotometrically at 307
nm.'®* Each experiment was carried out in triplicate.

Micromeritic Properties of S-SNEDDS

Angle of Repose

The standard fixed funnel method was used to measure the
angle of repose of S-SNEDDS. A funnel was fixed with its
tip at a given height, H, above a paper placed on a flat
S-SNEDDS powder was poured
through the funnel until the apex of the conical pile just
touched the tip of the funnel. The radius, R, of the base of
the conical pile was measured.** The angle of repose (6)

horizontal surface.

was calculated using the following equation:
H
0 =tan"' —
an” o

Where 6 = Angle of repose, H= Height of pile, and R=
Radius of the pile.

Bulk and Tapped Density

A measured 2 g weight (wt) of S-SNEDDS was introduced
into a 10 mL dry measuring cylinder. The bulk volume
(Vp) was observed before any tapping. The cylinder was
then tapped by raising it at a height of 2.5 cm, allowed it to
drop under its own weight on a hard surface, and the
volume was recorded. The tapping was continued till the
change noted in volume was less than 2% between every
consecutive tapping then the tapped volume (V,) was

recorded.*> The bulk density (P,) and tapped density (P,)
were calculated as follows:

P — wt
b — Vb
t
Pt:K
Vi

Hausner Ratio and Carr’s Compressibility Index

Hausner ratio and Carr’s index are measures of the pro-
pensity of S-SNEDDS to be compressed which reflects the
importance of interparticulate interactions. These interac-
tions are less significant for free-flowing S-SNEDDS as
the bulk and tapped densities will be closer in magnitude,
and vice versa for poor flowing materials.*® Hausner ratio
and compressibility index reflect these differences, and are
calculated by the following equations:

Hausner ratio = Vb/Vt

Vp — Vi
b

Carr’s index = x 100

Solid-State Characterization of S-SNEDDS

DsC

DSC was used to study the thermal behavior of pure LMG,
Aeroperl® 300, their PM, and the optimized S-SNEDDS
formulation using DSC (DSC-60 A plus, Shimadzu corp.,
Kyoto, Japan). Five miligrams were crimped in aluminum
pans. The scans were run over temperature range of 35°C
to 250°C at a heating rate of 10°C/min under nitrogen
purge at a flow rate of 10 mL/min.*’

PXRD

The powder X-ray diffraction patterns of pure LMG,
Aeroperl® 300, their PM, and the optimized S-SNEDDS
formulation were determined by x-ray diffraction (XRD
D8 Discovery, Bruker company, Karlsruhe, Germany)
using Cu Ko radiation (A = 1.54060). The scanning rate
was 1°min over a 2 0 range from 5° to 80° at a voltage
conditions of 40 kV and a current of 40 mA.**

SEM

The external morphological structure for pure LMG,
Aeroperl® 300, their PM, and the optimized S-SNEDDS
was done using SEM (SEM, Model Quanta 250 FEG, FEI
Company, Eindhoven, Netherlands) attached with EDX
unit (Energy Dispersive X-ray Analyses), with accelerat-
ing voltage 30 kV.*
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In-vitro Drug Release Studies

Drug release studies of the plain drug (LMG), S-SNEDDS
formulations, and Lamictal® tablets were performed using
USP dissolution apparatus II in 0.1 N HCI and PB (pH
6.8). Each S-SNEDDS formulation, equivalent to 25 mg
LMG, was accurately weighed, filled into size (00) hard
gelatin capsule and introduced into a dissolution apparatus
as illustrated above in SNEDDS release studies. To study
the drug release kinetics of each formulation, the in-vitro
release data were fitted in various kinetic models: zero
order, first order, Higuchi diffusion model, and Hixon-
Crowell cube root law.”® To determine the mechanism of
drug release, the first 60% drug release data were fitted
into Korsmeyer-Peppas equation and the exponent n was
calculated from the slope of the straight line.”!

Particle Size Analysis and Transmission Electron
Microscope (TEM)
Particle size analysis of the SNEDDS used for the prepara-
tion of the optimized S-SNEDDS was measured using
Malvern Zetasizer (Zetasizer ZS, Malvern, UK). The sample
was diluted as illustrated above in droplet size measurement.
The morphology of the optimized SNEDDS was ana-
lyzed using transmission electron microscope TEM (JEM-
1230, Joel, Tokyo, Japan). Liquid SNEDDS was diluted
with water to form nanoemulsion. A drop of nanoemulsion
was applied on the surface of copper grid and left for 30
min to allow particles adherence to collodion. After
removal of excess nanoemulsion, a drop of 2% uranyl
acetate was applied, left to air dried for 1 min, and then
examined using TEM.>

Accelerated Stability Studies

The optimized LMG loaded S-SNEDDS was subjected to
stability studies for three months at 40 + 5 °C and 75 + 5%
RH in order to assess its physical and chemical stability.
The stored samples were evaluated every month for
appearance, drug content, and in-vitroreleasestudies.’>>*
In-vivo Studies

Study Design

The study was performed for the prepared S-SNEDDS (S2)
filled in hard gelatin capsules, Lamictal® tablets (market
product), and pure LMG powder filled in hard gelatin
capsules. Fifteen healthy New Zealand male rabbits (2.8 +
0.2 Kg) were randomly divided into three groups, each
containing five rabbits. An open-label, randomized parallel
design was applied so that each group received a single oral
dose of one of the tested formulations. The animals were

fasted overnight with free access to water before drug
administration. A single oral dose (25 mg) was then given
to each rabbit. The study protocol complied with the
European community standards for the protection of ani-
mals used (Directive 2010/63/EU). The study design was
approved by the ethical committee of Faculty of Pharmacy,
Cairo University (approval number (PI)=1267). Blood sam-
ples were collected in heparinized glass tubes through the
marginal ear vein at zero time (pre-dose), 0.5,1,2,4,6,8,10,
and 24 h post-dose. Blood samples were centrifuged at
3000 rpm for 10 min then plasma was separated immedi-
ately in polyethylene capped tubes and frozen at —20 °C till
assayed.”>°

Instrumental and Chromatographic Separation

The analysis was performed using a Shimadzu prominence
(Shimadzu, Japan) series LC system equipped with
a degasser (DGU-20A3) and solvent delivery unit (LC-
20AD) with an auto-sampler (SIL-20A/HT). The system
was used to inject 10 puL aliquots of the processed samples
on a C18, 100A (50%4.6 mm) (Phenomenex, USA), 5 um
particle size. A sensitive and validated LC-MS/MS method
was used for the separation and quantitation of LMG using
Ornidazole as an internal standard (IS).”” Isocratic mobile
phase consisted of acetonitrile and 0.1% formic acid in
water 80:20 (v/v) at a flow rate of 1 mL/min. MS/MS
detection in positive ion mode using AB Sciex API 4000
Mass (Applied
Biosystems, Foster city, CA, USA), equipped with a -

Triple  Quadrupole Spectroscopy
TurbolonSpray® source, was used for quantitation. All
data were processed using Analyst Software version 1.6

(Applied Biosystems, Foster city, CA, USA).

Standard Solution and Sample Preparation

To prepare the standard calibration samples, aliquots of
0.5 mL drug-free plasma were spiked with LMG stock solu-
tion (10 pg/mL) and an aliquot of 100 pL of Ornidazole (200
ng/mL) solution (IS) to produce calibration standards at the
following concentrations: 10, 50, 80, 100, 500, 800, 1000,
3000, 6000 ng/mL. For sample preparation, 0.5 mL rabbit
plasma and 100 pL Ornidazole solution were vortex mixed in
10 mL glass volumetric flask for 1 min, followed by the
addition of 4 mL of ethyl acetate. After vortex mixing for
another 3 min, the samples were centrifuged for 10 min at
3000 rpm. The organic layer was separated, evaporated till
dryness using centrifugal vacuum concentrator at 45 °C, and
reconstituted in 0.5 mL mobile phase. Ten microliters of the
sample were injected into the LC-MS/MS.
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Pharmacokinetic Parameters and Statistical Calculations

Plasma concentration over time profiles of LMG were ana-
lyzed by a non-compartmental method using pharmacoki-
netic modeling program WinNonlin standard edition Version
1.5 (Scientific Consulting Inc., NC, USA). The following
pharmacokinetic parameters were calculated: peak plasma
concentration (Cppax), time to reach Cppax (Thax), area
under plasma concentration time curve extrapolated to infi-
nity (AUC,_), and percentage of relative bioavailability. The
pharmacokinetic parameters of the tested formulations were
compared by using non-parametric Mann—Whitney’s test for
independent samples, due to low number of subjects (n=5),
using SPSS software version 22 (Statistical Package for the
Social Sciences; SPSS Inc., Chicago, IL, USA). The signifi-
cance of the difference was determined at p-value < 0.05.

Results and Discussion

Solubility Studies of Lamotrigine

The SNEDDS was prepared to enhance the solubility and
bioavailability of the drug via oral administration. Thus,
each component used in the system should have high solu-
bilizing capacity to obtain the optimum drug loading and to
minimize the final SNEDDS volume. The solubility of LMG
in various vehicles is presented in Figure 1. It was found that
rose oil (RO) exhibited the highest drug solubility among the
screened oils (Figure 1A). It was also reported that RO has
a beneficial antiepileptic, anticonvulsant, and neuroprotec-
tive effects.”®> Therefore, RO was used as the oily phase.

The surfactants and cosurfactants were selected based on
two parameters, their solubilization ability to LMG and their
emulsification ability for the selected oil.

Preliminary Screening of Surfactants

The evaluation of various surfactants for their emulsifica-
tion ability to the selected oil phase was done by turbidi-
metry studies.'” It was essential for oil/surfactant mixture
to disperse efficiently and form spontaneous nanoemul-
sion, as well-formed SNEDDS get dispersed within sec-
onds under gentle stirring conditions.® It was reported that
HLB of surfactants should be in the range of 12-15 to
have a good efficiency for self-emulsification.®’ Acconon®
CC-6, Acconon® MCS8-2, CR-EL, T80, and Labrasol®
were selected for emulsification study as they showed
good solubility for LMG (Figure 1B). The % transmittance
values of rose oil/surfactant mixtures are tabulated in
Table 4. It was found that the % transmittance values
were high in dispersions containing CR-EL, or T8O0.
Therefore, they were selected for further investigations.

Preliminary Screening of Cosurfactants

Cosurfactants play an important role with surfactants in any
formulation for improving its dispersibility and drug
absorption.'” As the ratio of surfactant to cosurfactant was
kept constant, the turbidity of the resulting microemulsion
helped in assessing the relative efficacy of the cosurfactants
to improve the emulsification ability of surfactants. T80 and
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Table 4 Emulsification Efficiency of Various Surfactants to
Emulsify Rose Oil

Surfactants % Transmittance
Acconon® CC-6 33.81

Acconon® MC8-2 59.8

Cremophor® EL 96.21

Tween® 80 88.38

Labrasol® 53.14

Table 5 Emulsification Efficiency of Surfactant/Cosurfactant
Combinations to Emulsify Rose Oil

Cosurfactants % Transmittance

CR-EL Tween® 80
PEG 400 93.13 75.95
Transcutol® P 91.26 722
Tween® 80 96.49 -

Abbreviations: CR-EL, Cremophor® EL; PEG, polyethylene glycol.

PEG 400 were chosen as T80 gave the highest %
Transmittance value with good solubility for LMG, and PEG
400 had the highest solubility for LMG and high transmittance
value (Table 5).

Based on preliminary screening results, two systems
were selected:

System A
RO as an oily phase, CR-EL as a surfactant, T80 as
a cosurfactant.

System B
RO as an oily phase, CR-EL as a surfactant, PEG 400 as
a cosurfactant.

Construction of Pseudo-Ternary Phase

Diagrams

The regions of microemulsion formed are shown in Figure
2. It was found that as the ratio of S/Cos increased, the
microemulsion region increased in PEG-based systems.
However, increasing S/Cos ratio did not markedly affect
microemulsion region in T80-based systems. This might
be due to the similar HLB values of both CR-EL (HLB
12-14) and T80 (HLB 15).

In-vitro Characterization of SNEDDS
Robustness to Dilution

All formulations formed nanoemulsion upon dilution with
aqueous media, remained clear, transparent, and showed
neither precipitation nor phase separation for more than

24 h, giving a good indication for stability of the prepared
SNEDDS and the small DpS of the nanoemulsion formed.

Thermodynamic Stability Studies

Thermodynamic stability study was done to evaluate the effect
of temperature change on SNEDDS formulations and detect
any signs of phase separation. It was found that all formulations
passed the three tests, were physically stable and showed no
signs of any phase separation nor drug precipitation.

Dispersibility Studies and Self-Emulsification Time

All the liquid SNEDDS formulations prepared as per the
experimental design showed good self-emulsification effi-
ciency and formed clear nanoemulsion immediately after
dilution with aqueous phase within 1 min. Visual observa-
tion showed that all formulations were found to be grade A.

Turbidimetric Evaluation
The turbidity of all SNEDDS formulations was below 10
NTU which confirms good clarity of the formulations.

Optical Clarity Determination

The % transmittance of all SNEDDS formulations was >92
which confirms the formation of clear nanoemulsion with
small droplet size. All prepared SNEDDS were clear after 24
h and showed no precipitation after 500 times dilution, con-
firming the stability of the prepared formulations.

Measurement of Droplet Size (DpS)

The DpS of diluted SNEDDS formulations are tabulated in
Table 2. It was found that the DpS of all formulations was
smaller than 20 nm except for R8, R13, and R14, prepared
with 30% RO using PEG 400 as a cosurfactant, have DpS
of 84.5, 83.76, and 82.8 nm, respectively (Figure 3A). But
generally, all have mean DpS <100 nm. This in agreement
with Porter et al®* who stated that SNEDDS formulations
which contain high concentrations of hydrophilic surfac-
tants and cosolvents disperse to give smaller droplets with
particle sizes <100 nm, confirming the thermodynamically
spontaneous process of the formation of clear nanoemul-
sion with very low energy required.®®

In-vitro Drug Release Studies

Release studies were performed for liquid SNEDDS contain-
ing 25 mg LMG, plain drug, and Lamictal® tablet. The
release profile of LMG from different formulations were
evaluated and presented in Figure 4A. The data showed
that the release profile of LMG from all formulations was
faster in 0.1 N HCI than in PB due to the pH-dependent
solubility of LMG. After the dissolution of hard gelatin
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Figure 2 Pseudo-ternary phase diagrams of (A) PEG-based systems and (B) T80-based systems.

Abbreviations: CR-EL, Cremophor® El; PEG, polyethylene glycol; T80, Tween® 80.

capsules, the drug release was very fast from liquid SNEDDS
as a result of fast spontancous nanoemulsion formation of
small droplet size.** It was found that liquid SNEDDS for-
mulations prepared with 30% oil gave the highest drug
release profiles from both T80 and PEG-based formulations
in both media. The highest drug released in 0.1 N HCI after 5
min was from R9 (30% RO, CR-EL:T80; 2:1) followed by
R14 (30% RO, CR-EL:PEG 400; 1:1), with results of 100%
and 96.13% respectively, compared to pure LMG (35.044%),
and Lamictal®™ (77.78%). The % of LMG released in PB after
15 min was higher in R14 (98.82%), followed by R9
(92.7%), followed by RI18 (87.06%) compared to pure
LMG (7.88%), and Lamictal® (84.29%).

Statistical Analysis and Optimization of

LMG-Loaded SNEDDS

For selecting the optimized liquid SNEDDS that achieved
maximum acceptable characters, data of evaluation tests
were analyzed using the statistical program Design Expert®™

Software. The mathematical model selected was two-factor
interaction and it was noted that the predicted R* values were
in a reasonable agreement with the adjusted R? values in all
responses except for the in-vitro drug release after 5 and 15 min
at pH 1.2 (Table 6). The negative predicted R* values of the in-
vitro drug release after 5 and 15 min at pH 1.2 implies that the
overall mean may be a better predictor of the responses. This
might be due to faster drug release profiles from all formula-
tions due to the pH-dependent solubility of LMG and that the
release at pH 1.2 was not affected by the studied factors. The
adequate precision with a ratio greater than 4 is desirable which
was observed in all responses. Response 3-D plots for the
effect of independent factors on the responses are shown in
Figure 3A. The solutions obtained from the optimization in
Design Expert® software showed that R9 (30% RO, 46.67%
CR-EL, and 23.33% T80) exhibited the best results for the
criteria set for the optimized formulations with a desirability
value of 0.763, followed by R14 (30% RO, 35% CR-EL, 35%
PEG 400) with a desirability value of 0.438 as shown in Figure
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Figure 4 In-vitro release profiles of LMG from (A) SNEDDS: (a) T80-based formulations in 0.1 N HCl and PB (b), (c) PEG-based formulations in 0.IN HCl and PB (d), and

(B) S-SNEDDS in 0.1 N HCI (2') and in PB (b’).

Abbreviations: LMG, lamotrigine; T80, Tween® 80; SNEDDS, self-nanoemulsifying drug delivery system; HCI, hydrochloric acid; PEG, polyethylene glycol; PB, phosphate
buffer; R1-R19, self-nanoemulsifying formulations; S-SNEDDS, solid self-nanoemulsifying drug delivery systems; S1-S8, solid self-nanoemulsifying formulations.

5A, and R18 (10% RO, 60% CR-EL, 30% PEG 400) with
a desirability value of 0.340. In order to validate the design
experiment, the predicted and observed responses of the opti-
mized formulations were compared as shown in Table 6.
A high correlation was observed between the observed and
predicted values confirming the validity of the design. Thus,
R9 and R14 were selected for further investigations while R18
was excluded because of its low desirability value.

Preparation of S-SNEDDS

Based on the results of desirability of Design Expert™
software for SNEDDS formulation, eight LMG-loaded
S-SNEDDS were prepared, according to 2 factorial

design by solidification of the optimized SNEDDS (R9
and R14).

Characterization of S-SNEDDS

Droplet Size Measurement

R9 and R14 based S-SNEDDS diluted formulations had
droplet size ranging from 18 + 0.143 to 20 = 0.116 nm,
and from 85 £ 0.201 to 88 + 0.289 nm respectively, which
are close to their corresponding SNEDDS droplet size.

Drug Loading Efficiency
The drug loading efficiency for all LMG-loaded
S-SNEDDS was in the range of 96% to 105%, indicating
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Table 6 Output Data of Responses of the D-Optimal Factorial Analysis of SNEDDS Formulations and Observed and Predicted Values
of the Optimized Formulations (R9 and R14)

Responses Droplet Size | % Drug Release % Drug Release % Drug Release % Drug Release
(nm) After 5 min After 15 min After 5 min After 15 min
(pH 1.2) (pH 1.2) (pH 6.8) (pH 6.8)

Significance (p-value) Sig. (< 0.0001) | Insig. (0.0928) Sig. (0.0405) Sig. (0.011) Sig. (0.002)

Significant factors X, Xo X1 X5 | X X, X3, X1 Xy Xy, Xay X1 Xg, XoX3 X, Xay X3, XXy,
X, X3, X5X3

Adequate precision 92.0742 7.7184 82534 17.5957 18.5045

Observed values of 16.3, 82.8 100, 96.13 100, 100 82.27, 86.27 92.7, 98.83

optimized formulations (R9,

R14)

Predicted values of 15.68, 83.06 101.58, 95.16 102.32, 101.12 81.9, 87.62 91.09, 100.03

optimized formulations (R9,

R14)

Abbreviations: Sig., significant; Insig., insignificant; X,, rose oil concentration; X,, cosurfactant type; X3, surfactant/cosurfactant ratio.

that the drug is uniformly distributed within the solid
carrier in the formulation.

Micromeritic Properties

The values obtained for the angle of repose of the opti-
mized S-SNEDDS was 25.43° + 1.65° indicating the good
flowability of the formulation. The bulk and tapped den-
sities were found to be 0.34 + 0.004 g/mL and 0.392 +
0.005 g/mL, respectively. Carr’s index and Hausner ratio
were 13.45 £ 0.16% and 1.155 + 0.002, respectively con-
firming the good flowability of the formulation. The good
flowability may be due to good sphericity of particles.

Solid-State Characterization of S-SNEDDS

DsC

Figure 6A shows a sharp endothermic peak at 216 °C
corresponding to the melting point of LMG in the DSC
thermogram of LMG which confirms its crystalline
nature.®> The DSC thermogram of Aeroperl®™ 300 did not
show any peaks over the entire scanned temperature range.
The thermogram of the PM of LMG and Aeroperl® 300
showed the endothermic peak of LMG with reduced inten-
sity. However, the DSC thermogram of S-SNEDDS
showed complete disappearance of LMG peak indicating
that the drug was in its amorphous form and molecularly

dispersed in the solid carrier matrix.®

PXRD

The PXRD patterns of LMG, Aeroperl® 300, PM, and
optimized S-SNEDDS are presented in Figure 6B. LMG
showed sharp and intense peaks at the diffraction angles,

confirming the crystalline nature of the drug. Aeroperl®

300 is amorphous in nature and showed no intense diffrac-
tion peaks.®” The same sharp peaks of LMG but with low
intensity were observed in the physical mixture of LMG
and Aeroperl® 300. The optimized S-SNEDDS (S2) did
not show the sharp peaks of LMG, confirming the trans-
formation of LMG from the crystalline state to amorphous
the S-SNEDDS

or molecularly dispersed state in

formulation.®®

SEM

Figure 6C shows the scanning electron micrographs of
LMG, Aeroperl® 300, PM, and the
S-SNEDDS. LMG appeared as
crystals.®” While the mesoporous structure of Aeroperl®

optimized
irregular  broken
300 appeared as void granules with smooth spherical
surface.” The PM showed both the irregular crystals of
LMG and the void spherical shape of Aeroperl® 300.
LMG irregular crystals disappeared in the scanning elec-
tron micrograph of S-SNEDDS (S2) indicating that the
drug is completely dispersed in the S-SNEDDS formula-
tion without any precipitation nor crystallization.®'

In-vitro Drug Release Studies

In-vitro drug release studies from the prepared S-SNEDDS,
plain LMG, and Lamictal® are shown in Figure 4B. The
release profile of LMG from all formulations was faster in
0.1 N HCI than in PB as mentioned in the release of liquid
SNEDDS. The drug released from liquid SNEDDS and
from Lamictal® in 0.1 N HCI after the first 5 min was faster
than from all S-SNEDDS formulations. This delay in drug
released for S-SNEDDS may be due to the desorption
process from the adsorbent carrier.”’ But after 15 min, the
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formulation.

highest drug released was from S2 (100%), followed by S5
(91.07%), and S4 (90.45%), compared to LMG (73.40%)
and Lamictal® (79.43%). The drug released in PB was also
higher at the first 10 min from Lamictal®, then the drug
released from S2 after 15 min began to rise till reaching

100% after 45 min, compared to LMG (30.46%) and
Lamictal® (92.08%). The drug release kinetics of all
S-SNEDDS formulations prepared with 1:1 SNEDDS:
solid carrier ratio, S7, pure LMG and Lamictal® tablets
obey 1st order kinetics which indicates that the drug release
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Figure 6 Solid-state characterization of LMG, Aeroperl® 300, their PM, and optimized S-SNEDDS (S2): (A) DSC thermograms, (B) PXRD patterns, and (C) SEM

micrographs.

Abbreviations: DSC, differential scanning calorimetry; PXRD, powder x-ray diffraction; SEM, Scanning electron microscope; LMG, lamotrigine; PM, physical mixture;

S-SNEDDS, solid self-nanoemulsifying drug delivery system.

from porous matrix was proportional to the amount of drug
remaining in its interior.”> Whereas, S-SNEDDS formula-
tions prepared with 1:0.75 SNEDDS: solid carrier ratio,
except S7, obey Higuchi model which indicates that
the drug release occurs through the pores in the matrix.”®
The drug release mechanism of S2, S6, pure LMG,
and Lamictal® tablets showed non-Fickian transport (n

<1), while other S-SNEDDS showed super case II transport
(n>1).

Statistical Analysis and Optimization of
LMG-Loaded S-SNEDDS

The analyzed data of the evaluation tests using the statis-
tical program Design Expert®™ Software showed that the
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mathematical model selected for the S-SNEDDS design
was two-factor interaction. The only response that gave
significance was in-vitro drug release after 15 min in PB at
pH 6.8 (p-value = 0.0258). The significant factors are X;,
Xs, X3, and X, X;. It was noted that the predicted R* value
(0.9879) was in a reasonable agreement with the adjusted
R? value (0.9987). The adequate precision with a ratio of
91.35 was detected. The insignificance and the negative
adjusted and predicted R? values of the in-vitro drug
release at pH 1.2 after 5 and 15 min implies that the
overall mean may be a better predictor of the responses.
This might be due to faster drug release profile from all
formulation due to LMG pH-dependent solubility and that
the release at pH 1.2 was not affected by the studied
factors. The insignificance and negative predicted R*
values of the in-vitro drug release in PB after 5 min and
30 min may be due to delay in drug release because of the
desorption process from the adsorbent for release after 5
min and similar drug release values after 30 min as the
majority of the drug was released (>70%) from all formu-
lations. Response 3-D plots for the effect of independent
factors on the responses are shown in Figure 3B. The
solutions obtained from the optimization showed that S2
gave the best results regarding the criteria set for optimi-
zation with a desirability value of 0.907 as shown in
Figure 5B, with discarding the second solution (S4)
because of its lower desirability value (0.356). A high
correlation was observed between the observed (86.36%)
and predicted (86.51%) value for % of drug released after
15 min in PB of S2, confirming the validity of the design.
Therefore, S2 was selected for further investigations.

Particle Size Analysis and Transmission

Electron Microscope (TEM)

R9 used in the preparation of the optimized S-SNEDDS
(S2) gave a z-average diameter of 15.013 + 0.158 nm with
PDI of 0.245 £+ 0.018, which is similar to R9 droplet size
mentioned above by Coulter Counter N4 PLUS Submicron
Particle Sizer (16.3 + 0.148 nm), and a zeta potential of
—7.97 mV. The morphology of the formed nanoemulsion
of R9 used in the preparation of the optimized S-SNEDDS
(S2) is shown in Figure 7. All globules formed were
spherical in shape and each oil droplet appeared as
a dark spot with a slightly bright surrounding of S/Cos
layer. The diameter of the globule size measured was close

to the size measured by Malvern zetasizer.

100 nm
— -

Figure 7 Transmission electron microscope image of optimized SNEDDS (R9).
Abbreviation: SNEDDS, self-nanoemulsifying drug delivery system.

Stability Studies

The optimized LMG-loaded S-SNEDDS (S2) samples
showed no obvious change in appearance, drug content,
nor in-vitro release studies after storage at 40 + 2 °C and
75 + 5% RH for three months. This indicates that LMG is
physically and chemically stable
S-SNEDDS.

in the optimized

In-vivo Studies

The calibration curve of LMG showed a linear response
across the concentration used from 10 to 6000 ng/mL and
a linear relationship between LMG concentration and its
peak ratio to the IS with 0.9993 coefficient of determina-
tion (R?). As a result, the method of assay can be used for
the quantitative determination of the drug in plasma.
A good separation was achieved between LMG and IS as
the retention time was 0.36 min for LMG, and 0.586 min
for IS. The mean plasma concentration-time curve of
LMG following single oral administration of 25 mg of
the drug as Lamictal® tablets, pure LMG capsules, and
the prepared S2 capsules are shown in Figure 8. The mean
pharmacokinetic parameters are tabulated in Table 7. The
results showed that Cpy,,x of S2 (5.25 + 0.664 pg/mL) was
increased by 2.03 folds compared to pure LMG capsule
(2.58 £ 0.274 pg/mL), and by 1.45 folds compared to
Lamictal® tablet (3.62 + 0.234 pg/mL), indicating that
S2 capsules improved the oral absorption of LMG. The
Tmax of LMG was 1 h after administration of S2 capsules
and Lamictal® tablets compared to 1.5 h for pure LMG
capsules. The AUCy._., of S2 (41.74 + 4.044 pg.h/mL) was
increased by 2.03 folds compared to pure LMG (20.53 +
2.069 pg.h/mL), and 1.605 folds compared to Lamictal®
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Figure 8 Plasma concentration-time profiles of LMG after single oral administration of optimized S-SNEDDS (S2) capsules, pure LMG capsules, and Lamictal® tablets to

rabbits.
Note: Each value represents the mean + SD (n=5).

Abbreviations: LMG, lamotrigine; S-SNEDDS, solid self-nanoemulsifying drug delivery system; cp, plasma concentration of lamotrigine; SD, standard deviation.

tablets (26.002 + 3.81 pg.h/mL). Hence, the relative per-
centage BA of S2 was 203.31% and 160.53%, with respect
to pure LMG and Lamictal®™ respectively, indicating that
the amount of drug absorbed by S2 capsules was remark-
ably higher than both pure LMG capsules and Lamictal®
tablets. This was confirmed by the statistical analysis of
pharmacokinetic parameters using non-parametric Mann—
Whitney’s test which showed that the mean rank of S2 was

higher than Lamictal® tablets regarding to Cpmax, AUCq-,
and elimination t;/,, and higher than pure LMG regarding
t0 Cpmax, AUCq.o, and Ty,ax, and showed significant dif-
ference (p < 0.05). The enhancement in the BA of LMG
loaded S-SNEDDS may be due to the lymphatic absorp-
tion of the drug to the systemic circulation.”* Moreover,
the presence of bioenhancers as CR-EL and T80 surfac-
tants was reported to further improve the BA of active

Table 7 Pharmacokinetic Parameters of Lamotrigine After Single Oral Administration of Optimized S-SNEDDS (S2) Capsules, Pure

LMG Capsules and Lamictal® Tablets to Rabbits

Parameters Lamotrigine Formulations

S2 Capsules Pure LMG Capsules Lamictal® Tablets
CPrmax (Mg/mL) 5.25 + 0.664 2.58 + 0.274 3.62 £ 0.234
Trmax (h) | £0.00 1.5 £0.274 | £0.224
AUC,., (ug.h/mL) 40.31 £ 3.779 20.10 = 1.71 25.68 + 3.78
AUCq.. (Hg.h/mL) 41.74 + 4.044 20.53 * 2.069 26.002 + 3.81
Elimination T/, (h) 4.97 £ 0.578 4.23 £ 0.827 3.75 £ 0.278
Ko (b7 0.1395 £ 0.0182 0.164 + 0.0326 0.185 £ 0.0139
% relative BA of S2 203.31%*

160.53%**

Notes: Data are presented as mean + SD (n=5); *% relative BA of S2 with respect to pure lamotrigine; **% relative BA of 52 with respect to Lamictal® tablets.
Abbreviations: S-SNEDDS, solid self-nanoemulsifying drug delivery system; LMG, lamotrigine; Cpyax, maximum plasma concentration; Ty, time to reach Cpya; AUC,

area under the curve; T, half-life; Kg, elimination rate constant; BA, bioavailability.
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ingredients by facilitating transcellular and paracellular
absorption.”” Thus, it could be concluded that LMG-
based S-SNEDDS could be formulated with lower dose
due to the enhanced LMG bioavailability.

Conclusion

The preparation of LMG-loaded SNEDDS formulations
enhanced the solubility and dissolution of LMG. All sys-
tems prepared were in the nano-size range with short
emulsification time, high % transmittance values and
acceptable in-vitro drug release profiles compared to both
pure LMG and Lamictal® tablet. Moreover, the in-vivo
study after oral administration of the optimized
S-SNEDDS showed 2.03, and 1.605 folds increase in the
bioavailability with respect to pure LMG and Lamictal®
respectively. Hence, the developed S-SNEDDS proved to
be a promising carrier for LMG for the management and
treatment of epilepsy and bipolar disorder.
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