
O R I G I N A L  R E S E A R C H

Low-Frequency versus High-Frequency 
Ultrasound-Mediated Transdermal Delivery of 
Agomelatine-Loaded Invasomes: Development, 
Optimization and in-vivo Pharmacokinetic 
Assessment

This article was published in the following Dove Press journal: 
International Journal of Nanomedicine

Mai Ahmed Tawfik 
Mina Ibrahim Tadros
Magdy Ibrahim Mohamed 
Sara Nageeb El-Helaly

Department of Pharmaceutics and 
Industrial Pharmacy, Faculty of Pharmacy, 
Cairo University, Cairo, Egypt 

Aim: Agomelatine (AGM) is the first melatonergic antidepressant. It suffers from low oral 
bioavailability (<5%) due to extensive hepatic metabolism. The current work aimed to 
develop an alternative AGM-loaded invasomes to enhance transdermal drug bioavailability.
Methodology: AGM-loaded invasomes were developed using two drug: lipid ratios (1:10 
or 1:7.5), four terpene types (limonene, cineole, fenchone or citral) and two terpene con
centrations (0.75% or 1.5%, w/v). They were characterized for drug entrapment efficiency 
(EE%), particle size (PS), zeta potential (ZP) and drug released percentages after 0.5h (Q0.5h) 
and 8h (Q8h). The optimum invasomes (I1, I2 and I4) were evaluated for morphology, drug- 
crystallinity, and ex-vivo drug flux. The variables influencing sonophoresis of the best 
achieved invasomal gel system (I2) were optimized including, ultrasound frequency (low, 
LFU or high, HFU), mode (pulsed or continuous), application period (10 min or 15 min) and 
duty cycle (50% or 100%). AGM pharmacokinetics were evaluated in rabbits following 
transdermal application of I2-LFU-C4 system, relative to AGM oral dispersion.
Results: The superiority of I2 invasomes [comprising AGM and phosphatidylcholine (1:10) 
and limonene (1.5% w/v)] was statistically revealed with respect to EE% (78.6%), PS (313 
nm), ZP (−64 mV), Q0.5h (30.1%), Q8h (92%), flux (10.79 µg/cm2/h) and enhancement ratio 
(4.83). The optimum sonophoresis conditions involved application of LFU in the continuous 
mode for 15 min at a 100% duty cycle (I2-LFU-C4 system). The latter system showed 
significantly higher Cmax, and relative bioavailability (≈ 7.25 folds) and a similar Tmax (0.5 h).
Conclusion: I2-LFU-C4 is a promising transdermal system for AGM.
Keywords: agomelatine, invasomes, transdermal, sonophoresis, low frequency ultrasound

Introduction
The American psychiatric association defines depression as a serious medical 
illness that negatively influences how you act, how you feel, and how you think. 
Depression affects the person’s quality of life due to its impact on mood, behavior, 
sleep and appetite. The emotional and physical complications could decrease the 
personal ability to function properly.1 Agomelatine (AGM) is the first-in-class 
melatonergic antidepressant drug. It acts by dual mechanism; melatonin receptors 
(MT1 & MT2) agonist and serotonin receptor (5-HT2C) antagonist.2 In a network 
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meta-analysis of 21 antidepressants for the acute treatment 
of major depressive disorder, AGM demonstrated the 
highest acceptability among patients.3

Following oral administration, AGM is highly and 
rapidly absorbed (>75%) from the gastrointestinal tract. 
Unfortunately, the absolute bioavailability of AGM is 
<5%. This could be attributed to the extensive first pass 
metabolism, mainly by the hepatic cytochrome P4501A2.4 

AGM possesses an intermediate molecular weight (243.3 
g/mol) and promising lipophilic properties (log P value, 
2.83). In view of the aforementioned, few studies were 
conducted to enhance the transdermal delivery of AGM 
via the development of microemulsion gels,4 liquid 
nanocrystals5 and polymeric nanoparticles6 to bypass the 
first pass metabolism and enhance drug bioavailability.

The diffusion of any drug via the skin is hampered by 
the stratum corneum (SC).7 Therefore, various passive and 
active permeation techniques were adopted to enhance the 
percutaneous drug absorption. The passive approaches 
could influence the drug–vehicle interactions (eutectic sys
tems, supersaturated systems, prodrugs and ion pairing), 
promote the optimization of formulation (patch technol
ogy, nano-vesicular systems, and microemulsions) and 
modification of the stratum corneum (chemical enhancers 
and hydration).8 The active enhancement techniques 
involve the use of external energy and hence, could be 
classified into three classes; electrically-assisted methods 
(magnetophoresis, iontophoresis, radiofrequency, and elec
troporation), mechanical methods (skin stretching, abra
sion, skin puncture, microneedles, and perforation), and 
physical methods (thermophoresis, laser radiation and 
sonophoresis).8 The combination of techniques was 
recently explored to improve the transdermal drug 
permeation.9,10

Invasomes are novel elastic nano-vesicular systems 
comprising phospholipids, ethanol and one or mixture of 
terpenes.11,12 PC constitutes the invasomal bilayer matrix. 
Terpenes, along with ethanol, have a synergistic effect on 
the percutaneous drug absorption by imparting fluidity or 
flexibility to the phospholipid bilayers, disrupting the 
lipids of SC and improving the partitioning of drug and/ 
or nanovesicles into the skin.13,14

Sonophoresis is a promising technique that temporarily 
increases the skin permeability via application of ultra
sound waves, so that drugs can be delivered in a non- 
invasive way.15 The enhanced skin permeability could be 
correlated to the acoustic streaming, the cavitation forces, 
the thermal effect of the ultrasound energy and the 

disruption of the arrangement of the skin lipid 
bilayers.7,16 Two application protocols of ultrasound 
waves were investigated. The simultaneous protocol 
involves the mixing of the drug-loaded system with the 
coupling medium and applying the ultrasound waves. On 
the other hand, the pre-treatment protocol involves the 
application of the ultrasound waves on the coupling med
ium, prior to the passive delivery of the drug-loaded sys
tem. The latter protocol is preferred since it minimizes the 
possibility of drug degradation following the application 
of ultrasound waves during the treatment period.17 

Sonophoresis involves the use of low, intermediate or 
high frequency ultrasound waves.7 Low frequency ultra
sound (LFU) waves were previously applied to enhance 
the transdermal delivery of various drugs like caffeine, 
fentanyl and insulin.18,19 On the other hand, the transder
mal permeation of other drugs like salicylic acid20 and 
ondansetron hydrochloride10 was promoted following the 
application of high frequency ultrasound (HFU) waves. 
Aldwaikat et al21 reported that drug enhancement ratio is 
inversely correlated to the ultrasound frequency. LFU pro
duces more cavitational forces and promotes higher drug 
permeation efficiency rather than HFU.7,22

In the current work, a dual tackling approach based on 
passive permeation (invasomes) and active permeation 
(sonophoresis; LFU or HFU) techniques was explored to 
enhance the transdermal delivery of AGM. AGM-loaded 
invasomes were developed according to 22.41 full factorial 
design. The variables influencing the application of sono
phoresis on the best achieved invasomal gel systems were 
optimized. The pharmacokinetics of AGM following the 
application of the optimum sonophoresis conditions to the 
best achieved invasomal gel system was evaluated in 
rabbits.

Materials and Methods
Materials
Agomelatine (AGM) and Clonazepam (internal standard; 
IS) were kindly provided by Hikma Pharmaceutical Co. 
(Cairo, Egypt) and Amoun Pharmaceutical Co. (Cairo, 
Egypt), respectively. Phosphatidylcholine (PC; L-α- 
Lecthin granular from soybean oil) was acquired from 
Acros Organics (Geel, Belgium). Limonene, cineole, 
fenchone, citral and acetonitrile (HPLC grade) were pur
chased from Sigma-Aldrich® (St. Louis, MO). 
Hydroxypropyl methylcellulose K4M (HPMC) was pur
chased from Dow Chemical Company (Midland, US). 

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2020:15 8894

Tawfik et al                                                                                                                                                           Dovepress

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


Chloroform, methanol, ethanol, disodium hydrogen phos
phate, potassium dihydrogen phosphate and sodium chlor
ide were supplied by El-Nasr Pharmaceutical Chemicals 
Co. (Cairo, Egypt). Semi-permeable membrane tubing was 
purchased from Spectrum Laboratories Inc. (Spectra Por© 
Molecular weight cut off 12–14 kD, California, USA). 
Other chemicals (analytical grade) were used as received.

Preparation of AGM-Loaded Invasomes
Sixteen AGM-loaded invasomes comprising lipid (phos
phatidylcholine, PC), terpene (limonene, cineole, fenchone 
or citral), and ethanol were prepared by using the thin film 
hydration technique.14,23 The composition of the developed 
invasomes is shown in Table 1. The investigated variables 
were (i) drug: lipid ratio (1:10 or 1:7.5), (ii) terpene type 
(limonene, cineole, fenchone or citral), and (iii) terpene 
concentration (0.75% or 1.5%, w/v). Briefly, AGM 
(50 mg), PC and terpene were accurately weighed and 
dissolved in a 2:1 mixture of chloroform and methanol in 
a dry, clean, round bottom flask, using a bath sonicator 
(Crest ultrasonics corp., Trenton, USA). The organic sol
vent was evaporated by rotating the flask under reduced 
pressure at 120 rpm for 15 min at 60 °C in a rotatory 
evaporator (Heidolph VV 2000, Burladingen, Germany) 
until a clear thin film is formed on the inner walls of the 
flask. The film was left under vacuum to get rid of the 
organic solvents, traces. Following, the film was hydrated 
with 10 mL of 30:70 (v/v) mixture of ethanol and phosphate 
buffer saline (PBS, pH 7.4) by rotating the flask under 
normal pressure at 120 rpm for 1 hour at room temperature, 
so that a final AGM concentration of 5 mg/mL was 
achieved. The invasomes were sonicated (Crest ultrasonics 
corp., Trenton, USA) for 5 min to promote the development 
of fine dispersions, and left to equilibrate overnight at 4 °C.

In-vitro Characterization of AGM-Loaded 
Invasomes
Determination of AGM Entrapment Efficiency (EE%)
The EE% of the drug was estimated, in triplicates, accord
ing to the direct technique. Briefly, 1 mL of each invaso
mal dispersion was ultra-centrifuged at 22000 rpm (Sigma 
3–30 KS, Sigma Laborzentrifugen GmbH, Germany) for 1 
h at 4 °C. The supernatant, containing the unentrapped 
drug, was discarded, while the drug-loaded pellet was 
dissolved in ethanol by sonication. The AGM concentra
tion was measured spectrophotometrically (Shimadzu, 

model UV-1601 PC, Kyoto, Japan) after appropriate dilu
tion at λmax 276 nm.24

Parallel studies, using drug-free invasomes, were con
ducted as controls. The EE% of AGM was calculated 
according to the following equation,

EE% ¼
Entrapped amount of AGM ðmgÞ

Total theoretical amount of AGM ðmgÞ
� 100

(1) 

Determination of Particle Size (PS), Polydispersity 
Index (PDI) and Zeta Potential (ZP)
The mean PS (Z-Average) and PDI of AGM-loaded inva
somes were determined at 25 ± 1°C, in triplicates, via 
dynamic light scattering (DLS) analysis (Malvern Zetasizer 
Nano ZS; Worcestershire, UK). Prior to measurements, each 
invasomal dispersion was properly diluted (10 folds) with 
deionized water to ensure appropriate light scattering inten
sity. DLS analyzes the fluctuation of intensity of a scattered 
laser beam (caused by the Brownian random motion of 
vesicles), at an angle of 90º, as function of time.25 The 
derived data were needed to estimate the diffusion coeffi
cient and hence, the Z-Average of vesicles according to 
Stoke-Einstein equation.26 Low PDI values (<0.3) could 
indicate homogenous particle size distributions.27

A laser doppler anemometer, coupled with the 
Zetasizer Nano ZS, was utilized to determine the electro
phoretic mobility and hence, the zeta potential of the 
charged vesicles.

In-vitro AGM Release Studies
The dialysis bag method was selected for carrying out the 
in-vitro drug release studies.28,29 Briefly, aliquot samples 
of AGM-loaded invasomes (containing AGM equivalent 
to 5 mg) were filled in pre-conditioned semi-permeable 
membrane tubings, tightly sealed from both sides, and 
placed in stoppered glass bottles containing phosphate 
buffer saline (pH 7.4, 100 mL). The whole set ups were 
placed in an incubated shaking water bath (Unimax, IKA, 
Germany). The latter was maintained at 32 ± 0.5 ºC, and 
continuously shaken at 100 strokes per min. At pre- 
determined time points (0.5, 1, 2, 3, 4, 6 and 8 h), aliquots 
of 3 mL were withdrawn from the receptor compartment 
and analyzed spectrophotometrically at λmax 276 nm. To 
maintain constant volumes and sink conditions, equivalent 
volumes of fresh medium were added to the bottles at each 
sampling point.

The drug released percentages (mean ± SD) were 
plotted versus time. For comparison, AGM released 
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Table 1 The Composition, in-vitro and ex-vivo Characterization Data (Mean ± S.D., n = 3) of the Developed Agomelatine Invasomes, 
in Comparison to AGM Aqueous Dispersion

Systems Compositiona In-vitro Characterization Data Ex-vivo  

Characterization Data

Drug: 

Lipid 

Ratio

Terpene 

Type

Terpene 

Concentration

EE (%) PS 

(nm)

ZP 

(mV)

Q0.5h 

(%)

Q8h 

(%)

Desirability 

values

Q24h 

(μg/ 

cm2)

Jss (μg/ 

cm2/h)

ER

AGM 

dispersion

53.1 

± 4.2

2.2 

± 0.1

–

I1 1:10 Limonene 0.75% 69.7 

± 4.2

185.2 ± 

11.2

−61.7 

± 3.2

27.1 

± 1.6

87.9 

± 1.6

0.952 110.4 

± 9.5

5.4 

± 0.3

2.4 

± 0.4

I2 1:10 Limonene 1.50% 78.6 

± 3.1

313.0 

± 12.0

−64.0 

± 4.1

30.1 

± 1.7

92.0 

± 1.2

0.938 214.3 

± 8.8

10.8 

± 0.2

4.8 

± 0.5

I3 1:10 Cineole 0.75% 57.5 

± 6.7

202.7 ± 

14.7

−58.5 

± 4.7

23.1 

± 1.2

83.8 

± 1.8

0.858

I4 1:10 Cineole 1.50% 68.1 

± 5.1

239.1 

± 15.1

−63.2 

± 4.1

27.2 

± 1.1

89.0 ± 

1.4

0.935 132.2 

± 

10.9

6.6 

± 0.5

2.9 

± 0.2

I5 1:10 Fenchone 0.75% 51.1 

± 3.9

223.6 ± 

10.9

−51.5 

± 3.9

21.7 

± 0.8

76.3 

± 2.9

0.757

I6 1:10 Fenchone 1.50% 59.5 

± 4.7

345.9 ± 

17.1

−48.9 

± 3.7

24.2 

± 1.4

79.9 

± 1.4

0.842

I7 1:10 Citral 0.75% 43.1 

± 2.1

877.8 ± 

18.1

−58.6 

± 3.1

19.1 

± 1.3

64.2 

± 1.9

0.239

I8 1:10 Citral 1.50% 52 0.2 

± 4.3

890.9 ± 

19.3

−64.2 

± 4.3

22.1 

± 1.7

75.8 

± 1.7

0.214

I9 1:7.5 Limonene 0.75% 55.6 

± 2.1

131.9 ± 

5.1

−55.4 

± 3.1

31.3 

± 2.9

95.7 

± 1.9

0.912

I10 1:7.5 Limonene 1.50% 73.1 

± 3.9

143.6 ± 

12.9

−52.3 

± 2.9

39.2 

± 1.1

99.1 

± 1.3

0.905

I11 1:7.5 Cineole 0.75% 51.8 

± 1.6

136.1 ± 

6.2

−47.7 

± 3.1

28.5 

± 1.5

89.7 

± 1.8

0.822

I12 1:7.5 Cineole 1.50% 63.4 

± 1.8

205.6 ± 

11.8

−33.3 

± 2.8

36.5 

± 1.3

94.8 

± 2.1

0.878

I13 1:7.5 Fenchone 0.75% 44.9 

± 3.2

150.6 ± 

11.2

−46.4 

± 2.2

26.2 

± 1.6

84.6 

± 2.2

0.727

I14 1:7.5 Fenchone 1.50% 57.9 

± 4.8

239.9 ± 

14.8

−46.1 

± 2.8

34.2 

± 1.7

89.8 

± 1.2

0.796

I15 1:7.5 Citral 0.75% 42.9 

± 2.9

804.4 ± 

22.6

−73 

± 3.6

23.1 

± 0.4

69.2 

± 1.7

0.182

I16 1:7.5 Citral 1.50% 49.3 

± 3.1

867.0 

± 21.1

−69.5 

± 3.1

30.1 

± 0.9

85.1 

± 2.9

0.321

Note: aInvasomes were dispersed in a 30: 70 (v/v) mixture of ethanol and phosphate buffer saline (pH 7.4). 
Abbreviations: EE%, percentage drug entrapment efficiency; PS, particle size; ZP, zeta potential; Q0.5h, drug released % after 0.5 h; Q8h, drug released % after 8 h; Q24h, 
cumulative drug permeated per unit area after 24 h; Jss, flux; ER, enhancement ratio.
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percentages after 0.5 h (Q0.5h) and 8 h (Q8h) were assessed. 
Parallel in-vitro drug release studies were similarly con
ducted for drug-free invasomes to act as controls and for 
AGM aqueous dispersion (5 mg/mL) to check that the 
dialysis membrane would not represent an obstacle for 
the release of AGM in this medium.29

Optimization of AGM-Loaded Invasomes 
via 22.41 Full Factorial Design
A 22.41 full factorial design was carried out to study the 
effect of the different formulation variables on the char
acteristics of the developed AGM-loaded invasomes using 
Design-Expert® software (Stat-Ease, Inc., Minneapolis, 
MN). The independent variables were, X1: drug: lipid 
ratio (1:10 or 1:7.5), X2: terpene type (limonene, cineole, 
fenchone or citral), and X3: terpene concentration (0.75% 
or 1.5%, w/v). The drug EE% (Y1), PS (Y2), ZP (Y3), 
Q0.5h (Y4) and Q08h (Y5) were chosen as the dependent 
variables (responses). The desirability formula was 
adjusted to minimize PS & Q0.5h and maximize EE%, ZP 
(as absolute value) and Q8h. One-way ANOVA and 
Duncan test were attempted to compare the results of the 
selected responses using SPSS software 17.0 (SPSS Inc., 
Chicago, USA). A P value <0.05 was considered statisti
cally significant. The optimum AGM-loaded invasomes 
were selected.

Characterization of the Optimum 
AGM-Loaded Invasomes
Transmission Electron Microscopy (TEM)
The morphologic and topographic characteristics of the 
optimum AGM-loaded invasomes were visualized using 
Joel JEM 1230 transmission electron microscope (Tokyo, 
Japan). A drop of each invasomal dispersion was stratified 
on a carbon-coated copper grid, negatively stained with 
a drop of 1% (w/v) phosphotungstic acid, air-dried at room 
temperature, and finally examined at an accelerating vol
tage of 80 kV.30

Lyophilization of the Optimum AGM-Loaded 
Invasomes
The freshly prepared optimum AGM-loaded invasomes were 
frozen and lyophilized (Novalyphe-NL 500 lyophilizer; 
Savant Instruments; NY, USA) under a vacuum of 7 × 10−2 

mbar at -45 °C for 24 h. The lyophilized invasomes passed 
through the following solid-state investigations.

Differential Scanning Calorimetry (DSC) Studies
The thermal properties and phase transition behavior of 
AGM, AGM-PC physical mixture and the optimum lyo
philized invasomes were assessed by using Shimadzu dif
ferential scanning calorimeter (DSC-60 Shimadzu, Kyoto, 
Japan). Samples (≈ 3–4 mg) were heated in standard 
aluminum pans at a heating rate of 10°C/min, over 
a temperature range of 30–300 °C, under nitrogen flow 
(30 mL/min). Indium (99.9%) was used as a reference.25

Powder X-Ray Diffraction (PXRD) Studies
PXRD studies of AGM, AGM-PC physical mixture and 
the optimum lyophilized invasomes were assessed at room 
temperature (PANalytical X’Pert PRO diffractometer; 
Almelo, Netherlands). The samples were prepared using 
nickel filtered Cu Kα radiation (λ = 1.542 Å, 45 kV, and 
35 mA). The results were presented as intensity versus 
2θ (5–80°).31

Ex-vivo Drug Permeation Studies
The protocol of the ex-vivo studies was approved by the 
institutional review board; Research Ethics Committee- 
Faculty of Pharmacy, Cairo University (Approval No. PI 
2605). The ex-vivo studies were conducted, in accordance 
with EU Directive 2010/63/EU for animal experiments. 
Newly born male Wistar rats (weighing 70 ± 20 g) were 
euthanized and the dorsal hair was shaved.4,5 The full- 
thickness skin was carefully removed and inspected for 
any abnormalities, bites, or scratches. The epidermal 
layers were separated from the underlying subcutaneous 
fats and stored at -20 °C until use within 3 days. Prior to 
conducting the ex-vivo drug permeation studies, the epi
dermal layers were left to thaw, and equilibrate in phos
phate buffer saline (pH 7.4, 24 h) at room temperature so 
that a trans-epidermal hydration gradient could be main
tained. The hydrated epidermal layers were carefully 
mounted in modified Franz diffusion cells, between the 
donor and the receptor compartments, so that the stratum 
corneum side up. The drug permeation surface area was 
3 cm2. AGM-loaded samples of the optimum invasomes or 
the aqueous AGM dispersion (containing the equivalent of 
5 mg of AMG) were added to the donor compartments 
while the receptor compartments were loaded with a 50:50 
(v/v) mixture of ethanol and phosphate buffer saline (pH 
7.4, 10 mL) to maintain sink conditions.4,5 The stirring 
rate was set at 100 rpm, and the temperature was adjusted 
at 32 ± 0.5 °C.13–32 Aliquots (1 mL) of the receptor 
compartments were collected and immediately replaced 
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with fresh medium at 0.5, 1, 2, 4, 6, 8 and 24 hours. The 
withdrawn samples were analyzed using a previously vali
dated HPLC method.4,5 The drug permeation studies were 
conducted in triplicates and the results were presented as 
mean ± SD. The cumulative permeated drug amounts 
through the skin per unit area (μg/cm2) were plotted 
against time (h). The flux (Jss) was calculated from the 
slope of the curve at steady state. The enhancement ratio 
(ER) was calculated via dividing the flux value of inva
somes by that of the aqueous dispersion,13 according to the 
following equations33

Jss ¼
Cumulative amount of drug permeated

Time � Diffusion area
(2) 

ER ¼
Flux of AGM invasomesðI1; I2 or I4Þ

Flux of aqueous AGM dispersion
(3) 

HPLC Determination of AGM
The AGM concentration in the withdrawn samples was 
analyzed, at 25 ± 1 °C, using a validated HPLC method at 
230 nm with minor modifications.4,5 HPLC system 
(Shimadzu, Kyoto, Japan) equipped with an LC-10 AD 
isocratic pump and a SPD-10 A UV/VIS detector connected 
to a C-R6A chromatopac integrator was utilized. A reversed 
phase C18 column (4.6 mm×250 mm, particle size 5 μm; 
Teknokroma, Barcelona, Spain) was used. The mobile 
phase was composed of a 1:1 mixture of acetonitrile and 
potassium dihydrogen phosphate buffer (15 mMol). The pH 
was adjusted at 3.5 with orthophosphoric acid, and the flow 
rate was set at 1.2 mL/min.34 Under the investigated condi
tions, the retention time for AGM was 5.5 min.

Selection of the Best Achieved Invasomes
The selection of the best achieved invasomes was performed 
using Design-Expert software where, the ex-vivo drug per
meation parameters, cumulative permeated AGM amount 
per unit area after 24 hours (Q24h; μg/cm2), flux (Jss; μg/ 
cm2/h) and ER were chosen as the dependent variables.

Development of AGM-Loaded Invasomal 
Gel Systems
HPMC-based coupling gel for sonophoresis was prepared 
(0.5% w/v) and kept in a refrigerator, overnight, to get air 
bubbles-free clear hydrogels. AGM-loaded invasomal gel 
systems were developed via the incorporation of the best 
achieved AGM-loaded invasomes (I2) into the coupling 
gels at a ratio of 1:3.

Ex-vivo Drug Permeation Studies
Further ex-vivo drug permeation studies were conducted 
to explore the effect of sonophoresis on enhancing the 
drug permeation from the developed invasomal gel sys
tems, relative to the passive permeation of the aqueous 
drug dispersion or the best achieved AGM-loaded inva
somes (I2).

The pre-treatment protocol for the application of ultra
sound waves was adopted, as proposed by Ammar et al.10 

Briefly, the hydrated epidermal layers of the rat skin were 
carefully placed on Petri dish, taking into consideration 
that the epidermis is facing upwards. The drug-free cou
pling gel was placed on the epidermis and the ultrasound 
horn for LFU (Cole-Parmer, Trenton, USA) or HFU 
(Radium skin massager, Tokyo, Japan) was fixed and 
placed directly over the coupling gel.10,17 The investigated 
variables were the ultrasound frequency (LFU or HFU), 
ultrasound mode (pulsed or continuous), the application 
period (10 or 15 min) and the duty cycle (50% or 100%). 
A 24 full factorial design was adopted to explore the 
influences of these variables, Table 2.

After ultrasound pre-treatment, the skin samples were 
carefully wiped and mounted on the modified Franz diffu
sion cells. The ex-vivo drug permeation studies for AGM- 
loaded invasomal gel system were conducted, as previously 
mentioned.

In-vivo Estimation of AGM 
Pharmacokinetics in Rabbits
Study Design
The in-vivo studies were conducted, in accordance with 
EU Directive 2010/63/EU for animal experiments, to com
pare the pharmacokinetics of AGM following the trans
dermal application of I2-LFU-C4 system (test treatment) 
and the oral administration of AGM aqueous dispersion 
(reference treatment). The studies were performed using 
a non-blind, two-treatment, randomized, crossover design. 
The protocol of the in-vivo studies was approved (PI– 
2605) by the Research Ethics Committee at the Faculty 
of Pharmacy at Cairo University, Cairo, Egypt.

Animals
Adult male New Zealand albino rabbits (weighing 
2.0–2.5 kg each) were derived from the animal house 
(Faculty of Pharmacy, Cairo University, Egypt). They 
were housed under optimum environmental conditions 
with respect to room temperature (25 °C), humidity 
(50%), ventilation (15–20 AC/h), and adoption of 
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alternating 12 h light/dark cycles. The animals were 
accommodated as two rabbits per cage, fed with stan
dard dry food and had free access to water.

Administration of Treatments and Blood Collection
The animals were randomly assigned to one of two groups, 
each consisting of 3 rabbits. They were cannulated (under mild 
anesthesia) in the marginal ear vein. The dorsal hair was 
shaved to ensure proper transdermal application. On the 
study day, a dose of 1 mg from the test treatment4,5 was applied 
on the dorsal skin of each rabbit of the first group. On the other 
hand, an equivalent dose of the reference treatment was admi
nistered orally to the second group (phase I). Following a wash 
out period of one week, the reverse of randomization of the 

treatments took place (phase II). In either phase, the blood 
samples were derived from the marginal ear vein at 0 (pre- 
dose), 0.25, 0.5, 1, 2, 4, 8 and 12 h following drug administra
tion or application, transferred to EDTA-treated plastic tubes, 
and centrifuged at 5000 rpm for 15 min. Clear plasma samples 
were separated, transferred into polyethylene tubes, and kept at 
−20 °C until analysis.

Estimation of AGM Concentration in 
Rabbit Plasma
The concentration of AGM in the thawed plasma samples 
was analyzed using a Triple Quadrupole LC/MS/MS mass 
spectrometer (Micromass, Manchester, United Kingdom), 

Table 2 Pre-Treatment Sonophoresis Conditions and ex-vivo Characterization Data (Mean ± S.D., n = 3) of the Developed 
Agomelatine-Loaded I2-Invasomal Gel Systems, in Comparison to the Untreated AGM Dispersion and I2 Invasomes

System 
Code

Pre-Treatment Sonophoresis Conditions Ex-vivo Characterization Data

Ultrasound 
Frequency

Ultrasound 
Mode

Application 
Period (min)

Duty 
Cycle 
(%)

Q24h (μg/ 
cm2)

Jss 

(μg/cm2/h)
ER Desirability 

Values

AGM 

dispersion

53.1± 4.2 2.2 ± 0.1 - -

I2 214.3 ± 8.8 10.8 ± 0.2 4.8 ± 0.5 -

I2-LFU-P1 Low Pulsed 10 50 297.7 ± 15.1 14.3 ± 0.6 6.4 ± 0.4 0.149

I2-LFU-P2 100 338.7 ± 9.3 15.8 ± 2.1 7.1 ± 1.0 0.379

I2-LFU-P3 15 50 329.1 ± 13.4 15.6 ± 0.4 6.9 ± 0.3 0.352

I2-LFU-P4 100 379.4 ± 19.9 17.6 ± 1.7 7.9 ± 0.9 0.582

I2-LFU-C1 Continuous 10 50 359.4 ± 7.3 17.1 ± 0.9 7.6 ± 0.5 0.562

I2-LFU-C2 100 431.7 ± 5.6 20.8 ± 2.3 9.3 ± 1.6 0.792

I2-LFU-C3 15 50 419.7 ± 18.1 19.9 ± 0.7 8.9 ± 0.2 0.766

I2-LFU-C4 100 469.7 ± 8.4 21.8 ± 0.4 9.7 ± 0.1 0.994

I2-HFU-P1 High Pulsed 10 50 259.3 ± 5.2 12.5 ± 3.0 5.6 ± 0.9 0.109

I2-HFU-P2 100 299.9 ± 12.7 14.1 ± 1.1 6.3 ± 0.6 0.177

I2-HFU-P3 15 50 289.3 ± 17.3 13.8 ± 1.7 6.2 ± 0.8 0.15

I2-HFU-P4 100 335.7 ± 8.1 15.8 ± 4.2 7.1 ± 1.8 0.38

I2-HFU-C1 Continuous 10 50 324.7 ± 4.6 15.4 ± 3.3 6.9 ± 0.9 0.36

I2-HFU-C2 100 373.4 ± 14.3 17.8 ± 0.8 7.9 ± 0.3 0.59

I2-HFU-C3 15 50 385.1 ± 10.8 18.3 ± 2.5 8.2 ± 1.1 0.564

I2-HFU-C4 100 426.1 ± 17.3 19.9 ± 1.9 8.9 ± 0.7 0.794

Abbreviations: LFU, low frequency ultrasound; HFU, high frequency ultrasound; P1–P4, pulsed ultrasound mode; C1–C4, continuous ultrasound mode; Q24h, cumulative 
drug permeated per unit area after 24 h; Jss, flux; ER, enhancement ratio.
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according to the method developed by Said et al.4,5 Briefly, 
100 µL of clonazepam solution (internal standard; 1.6 µg/ 
mL) was vortexed with 0.5 mL of plasma samples. The drug 
and the internal standard were extracted with ethyl acetate 
(4 mL), and vortexed for 1 min. The organic layer was 
separated by centrifugation (Eppendorf centrifuge 5804 R, 
Hamburg, Germany) at 4000 rpm for 10 min at 4 ºC, and 
finally dried using a vacuum concentrator (Eppendorf 5301, 
Hamburg, Germany). The dried sample was reconstituted in 
200 µL of the mobile phase, prior to analysis.

For analysis, the samples (20 µL) were injected into the 
mass spectrometer. The elutes were separated on Waters 
SunFire C18 column (4.6 mm X 50 mm, 100Å, 5 µm) using 
an isocratic mobile phase consisting of a mixture of acetoni
trile and 0.01 M ammonium formate (80:20, v/v), at a flow 
rate 1 mL/min. The LC/MS/MS mass spectrometer was 
equipped with an electrospray ionization (ESI) source that 
was adjusted to operate in the positive ion mode. The multi
ple reaction monitoring mode was employed to detect the 
transitions of the m/z 244.0 and 315.96 precursor ions to 
the m/z 185.30 and 270.00 product ions for AGM and IS, 
respectively. A linear calibration curve (r2 = 0.9974) was 
constructed between AGM plasma concentrations (ng/mL) 
and AGM/IS peak area ratios over AGM concentration range 
of 0.25–200 ng/mL. Under the investigated conditions, the 
retention times for AGM and IS were 0.73 and 0.69 min, 
respectively.

Pharmacokinetic and Statistical Analyses
The mean AGM plasma concentrations (± SD) of both treat
ments were plotted versus time. The pharmacokinetic para
meters; peak AGM plasma concentration (Cmax, ng/mL), the 
time to reach Cmax (Tmax, h), the mean residence time 
(MRT0–∞, h), the elimination half-life (Tel), the area under 
the curve from zero to the last sampling point (AUC0–12h, ng. 
h/mL) and from zero to infinity (AUC0–∞, ng.h/mL) were 
estimated by application of non-compartmental analysis 
using WinNonlin software Ver. 8.2 (New Jersey, USA). The 
AUC (0–12h) and AUC (0–∞) values were used for calculating 
the relative bioavailability of the test treatment. Results were 
expressed as mean (±SD) except for Tmax and MRT which 
were expressed as median (range) values.

Results and Discussion
Development of AGM Invasomes by Thin 
Film Hydration Technique
Invasomes are nano-vesicular elastic drug carriers, which 
show high flexibility, high drug entrapment efficiency, 

enhanced drug permeability and satisfactory stability. 
They are mainly composed of phospholipids, ethanol, 
and terpenes.11,12 Herein, sixteen AGM-loaded invasomes 
were successfully prepared via the thin film hydration 
technique using AGM, PC (at a drug: lipid ratio of 1:10 
or 1:7.5), ethanol (30%) and terpene (limonene, cineole, 
fenchone or citral; 0.75% or 1.5%, w/v). Terpenes, along 
with ethanol, exert synergistic effects and potentiate the 
percutaneous drug absorption.13,14,35

In-vitro Characterization of the 
Developed AGM-Loaded Invasomes
A 22.41 full factorial design was employed to estimate the 
significance of the direct and/or interactive contribution of 
the formulation variables on the characteristics of the 
developed AGM-loaded invasomes. Two numerical fac
tors, drug: lipid ratio (A) and concentration of terpene 
(C) and one categorical factor (terpene type, B) were 
investigated. The results were statistically analyzed and 
the final equations for the 5 responses (PS, ZP, EE%, 
Q0.5h and Q8h) were derived in terms of coded factors, as 
follows

Y1 (PS) = 372.94–38.07 A - 179.52 B1 – 177.12 B2 – 
132.94 B3 + 32.67 C (4)

Y2 (ZP) = −55.89 + 2.94 A - 2.46 B1 + 5.21 B2 + 7.69 
B3 + 0.71 C + 1.56 AB1 + 7.24 AB2 −0.94 AB3 + 1.96 
AC (5)

Y3 (EE%) = 57.39–2.53 A + 11.86 B1 + 2.79 B2 - 4.06 
B3 + 5.34 C (6)

Y4 (Q0.5h) = 29.08 + 3.46 A + 3.02 B1 + 1.42 B2 + 
0.89 B3 + 3.02 C (7)

Y5 (Q8h) = 84.92 + 3.68 A + 8.98 B1 + 4.41 B2 - 2.02 
B3 + 3.24 C - 1.64 B1C - 0.67 B2C −1.29 B3C (8)

where, B [1], B [2], and B [3] are the coefficients of 
multi-level categorical factor.

AGM Entrapment Efficiency %
The AGM EE% varied from 42.9 ± 2.9% (I15) to 78.6 ± 
3.1% (I2); Table 1. ANOVA results pointed out that all 
independent variables (X1: drug: lipid ratio, X2: terpene 
type and X3: terpene concentration) had significant effects 
on EE% (Y1) with respective p values of <0.01, <0.0001 
and <0.0001.

A direct correlation was observed between PC concen
tration (X1) and AGM EE%. This finding could be corre
lated to the surface-active properties of PC which allows 
the embedding of the drug and the formation of coherent 
lipid layers covering the vesicles and thus, minimizing 
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drug leakage.13 This finding was supported by Fatouh 
et al36 who attributed the high drug EE% to the preferen
tial localization of the drug in the lipid matrix, rather than 
in the surrounding medium, due to its lipophilic nature 
(log P = 2.8) and low aqueous solubility (0.358 mg/mL). 
The higher dispersion viscosity, at higher PC concentra
tion, would favor drug entrapment and retards external 
drug diffusion.30 It is worth to note that ethanol has 
a positive contribution on AGM EE% due to the enhanced 
solubility of the drug in ethanol.13

The terpene type (X2) had a significant effect on drug 
EE%. According to post hoc analysis (Duncan test), the 
drug EE percentages of the investigated terpene-based inva
somes were significantly different and could be arranged in 
the following descending order; limonene-, cineole-, fench
one- and citral-based systems. This could be explained with 
reference to the lipophilicity of each terpene; limonene (log 
P = 4.83), cineole (log P = 2.82), fenchone (log P = 2.13), 
and citral (log P = 2.02).37 The higher the terpene’s lipo
philicity, the higher the AGM solubilization, and the higher 
the drug EE%.38 The high drug EE% of limonene-based 
invasomes was revealed with El-Nabarawi et al37 for dap
sone invasomes, Prasanthi et al38 for finasteride invasomes 
and Lakshmi et al39 for curcumin invasomes.

A significant improvement in AGM EE% was revealed 
upon increasing the terpene concentration (X3) from 
0.75% w/v to 1.5% w/v. This could be attributed to the 
enhanced solubilization of AGM in the more lipophilic 
vesicles. Similar patterns were noted for vardenafil hydro
chloride invasomes upon increasing the terpene concentra
tion from 0.5% to 2%.13

Particle Size (PS), Polydispersity Index (PDI) and Zeta 
Potential (ZP)
The PS of the developed AGM-loaded invasomes range 
from 131.9 ± 5.1 nm (I9) to 890.9 ± 19.3 nm (I8), Table 1. 
The PS was significantly affected by (i) drug: lipid ratio 
(P < 0.001), (ii) terpene type (P < 0.0001) and (iii) terpene 
concentration (P < 0.01).

Invasomes comprising high lipid content were signifi
cantly larger in size than the corresponding vesicles pre
pared at a drug: lipid ratio of 1:7.5. The higher viscosities 
of the invasomal dispersions, at the higher lipid concentra
tion, would lead to higher mass transfer resistances, lower 
sonication efficiencies and larger particles.30,40

The terpene type had a significant influence on PS. An 
inverse correlation could be established between PS and 
terpene’s lipophilicity. Compared to other invasomes, 

limonene-based ones possessed the lowest PS. As noted 
earlier, limonene has the greatest lipophilic properties (log 
P = 4.83). Considering the concept of “like dissolves like”, 
the small PS of limonene-based invasomes could be cor
related to the matched lipophilic properties of AGM, PC 
and limonene. Similar findings were reported by Saffari 
et al41 who showed that limonene-based invasomes were 
smaller in size than cineole-based ones.

A significant increase in PS was observed upon increas
ing the terpene concentration from 0.75% w/v to 1.5% w/v. 
This could be referred to the ability of invasomes to accom
modate more drug at a higher terpene concentration. These 
findings were supported by the work of Dragicevic-Curic 
et al42 for temoporfin-loaded invasomes.

The PDI values of the developed invasomes varied 
from 0.14 ± 0.05 (I9) to 0.65 ± 0.19 (I8), data not 
shown. A direct correlation was observed between the 
particle size and the PDI. Except for citral-based inva
somes, all systems had PDI values < 0.3, confirming the 
development of uniform dispersions.

Zeta potential is a critical measure that estimates the 
degree of repulsion between the adjacent vesicles and 
hence, the physical stability of the developed dispersions. 
High magnitude of zeta potential values (≥30 mV) pro
motes higher system stability and lower tendency towards 
aggregation.30 The ZP values of the developed AGM- 
loaded invasomes ranged from −33.3 ± 2.8 mV (I12) to 
−73 ± 3.6 mV (I15); Table 1. The high magnitude of 
negative values could be attributed to ethanol and PC. 
Ethanol produces a modification of the net surface charge 
thereby, promoting the stabilization of the vesicular 
charges via electrostatic repulsion, and minimizing their 
subsequent de-aggregation.13,27,37 In a parallel line, the 
negatively charged phosphatidyl group of PC could be 
positioned to the outside, while the positively charged 
choline group of PC would be oriented to the inside, 
resulting in a high magnitude of negative charges.43

In-vitro AGM Release Studies
The in-vitro drug release profiles from AGM-loaded inva
somes prepared at a drug: lipid ratio of 1:10 (I1 – I8) and at 
a drug: lipid ratio of 1:7.5 (I9 – I16), in comparison to AGM 
aqueous dispersion, are displayed in Figure 1A and B, 
respectively. The drug release from the aqueous dispersion 
was almost complete within 3 hours, confirming that dialysis 
membrane did not hinder the diffusion of AGM. On the other 
hand, AGM-loaded invasomes showed biphasic drug release 
profiles characterized with burst drug release phases, and 

International Journal of Nanomedicine 2020:15                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
8901

Dovepress                                                                                                                                                           Tawfik et al

Powered by TCPDF (www.tcpdf.org)

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


subsequent more prolonged drug release ones. The former 
phase might be attributed to the weakly bound or adsorbed 
drug fractions near the surfaces of the vesicles, while the 
more prolonged drug release phase could be described with 
reference to the partitioning of the deeply entrapped drug 
fractions into the external phase. Practically, the burst drug 
release is needed to rapidly achieve the minimum effective 
drug concentration, while the more prolonged drug release is 
required to maintain the therapeutic drug response for an 
extended period.44 The drug release profile discriminators 
(Q0.5h and Q8h; Y4 & Y5) of AGM-loaded invasomes are 
listed in Table 1. Statistical analysis of data confirmed that 
the drug: lipid ratio (X1), terpene type (X2) and terpene 
concentration (X3) had significant impacts on Q0.5h and Q8h.

The Q0.5h and Q8h of AGM-loaded invasomes prepared 
at a drug: lipid ratio of 1:10 were significantly (P < 
0.0001) lower than the corresponding values of AGM- 
loaded invasomes prepared at a drug: lipid ratio of 1:7.5. 
This could be referred to the higher mass transfer resis
tance, higher EE% and greater PS.36 Similar findings were 
reported by Tawfik et al30 who attributed the lowered drug 
diffusion rates to the lipid matrix. Lipid coating was sug
gested to hinder the drug diffusion and consequently, the 
drug release rate.30

Compared to other invasomes, limonene-based ones 
had significantly higher Q0.5h (P < 0.001) and Q8h (P < 
0.0001). The Q0.5h and Q8h of AGM-loaded invasomes 
could be arranged in the following descending order, 
limonene-based, cineole-based, fenchone-based and citral- 
based invasomes. Previous reports showed that this order 
could be inversely correlated to the boiling points of 
terpenes.37 Limonene possesses the lowest boiling point 
(176 °C) while citral has the highest one (229 °C). The 
higher the boiling point of the terpene, the stronger the 
cohesiveness (self-association) of the molecules.37

The terpene concentration had a significant effect on 
Q0.5h and Q8h (P < 0.0001). The higher the terpene concen
tration, the higher the drug EE% and consequently, the higher 
the drug concentration gradient between invasomes and dis
solution medium. This driving force would be expected to 
enhance drug diffusion and release into the medium.

Selection of the Optimum AGM-Loaded 
Invasomes
As noted earlier, the optimization criteria for AGM-loaded 
invasomes were set to minimize PS & Q0.5h, and maximize 
EE%, ZP (as absolute value) and Q8h. The highest 

Figure 1 (A) In-vitro drug release profiles from AGM-loaded invasomes prepared at a drug: lipid ratio of 1: 10, in comparison to AGM aqueous dispersion, in phosphate 
buffer saline (pH 7.4) at 32 ± 0.5 °C (mean ± S.D., n = 3). (B) In-vitro drug release profiles from AGM-loaded invasomes prepared at a drug: lipid ratio of 1: 7.5, in 
comparison to AGM aqueous dispersion, in phosphate buffer saline (pH 7.4) at 32 ± 0.5 °C (mean ± S.D., n = 3). 
Abbreviation: AGM, agomelatine.
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desirability values (0.952, 0.938 and 0.935) were achieved 
with I1, I2 and I4, respectively (Table 1). Hence, these 
systems were promoted for further investigations.

Characterization of the Optimum 
AGM-Loaded Invasomes
Morphological Examination
TEM micrographs of a representative invasomal system 
(I2) revealed the development of non-aggregated spherical 
vesicles, Figure 2. These vesicles had comparable dia
meters to what was estimated via DLS, Table 1. The non- 
aggregated nature of the vesicles could be possibly related 
to the electrostatic stabilization caused by the possession 
of high magnitude negative zeta potential.

Differential Scanning Calorimetry (DSC) Studies
DSC is a thermotropic technique that is used to assess the 
drug crystallinity in the developed systems and to annotate 
its possible interactions with other ingredients. The DSC 
thermograms of pure AGM, AGM-PC physical mixture 
and I2 lyophilized invasomes were portrayed in Figure 3A. 
AGM is a crystalline drug, showing a sharp endothermic 
peak at 102 °C, corresponding to its melting point.36 The 
permanence of the characteristic peak of AGM in the 
physical mixture, and the disappearance of the same peak 
in the DSC thermogram of I2 lyophilized invasomes could 

illustrate that the drug is molecularly dispersed or present 
in the amorphous state within invasomes.

Powder X-Ray Diffraction Studies (PXRD)
The powder X-Ray diffraction studies were conducted to 
confirm the results of DSC. PXRD of AGM, AGM-PC 
physical mixture and I2 lyophilized invasomes were 
plotted in Figure 3B. The PXRD of AGM showed sharp 
intense diffraction peaks at 2θ (9.29, 17.22, 18.62, 20.16 
and 22.16), proving its crystalline nature. Like DSC, the 
PXRD of I2 lyophilized invasomes showed no distinct 
diffraction peaks. This could confirm the presence of 
AGM in the amorphous state within invasomes.

Ex-vivo Drug Permeation of the Optimum 
AGM-Loaded Invasomes
Ex-vivo drug permeation studies are highly correlated to 
the in-vivo behavior of transdermal drug delivery 
systems.31 The ex-vivo drug permeation studies from the 
optimum invasomes (I1, I2 & I4) were compared to that of 
AGM aqueous dispersion, as a reference treatment, due to 
the lack of commercially available transdermal AGM pro
ducts, Figure 4.

The ex-vivo drug permeation parameters (Q24h, Jss and 
ER) of the optimum AGM-loaded invasomes (I1, I2 and I4) 
and AGM aqueous dispersion is listed in Table 1. The 

Figure 2 Transmission electron micrographs of a representative AGM-loaded invasomal system (I2).
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Figure 4 Ex-vivo drug permeation profiles from the optimum AGM-loaded invasomes (I1, I2 & I4), in comparison to AGM aqueous dispersion, in phosphate buffer saline 
(pH 7.4) at 32 ± 0.5 °C (mean ± SD; n = 3). 
Abbreviation: AGM, agomelatine.

Figure 3 (A) DSC thermograms of drug (a), drug: phosphatidylcholine physical mixture (b) and I2 lyophilized invasomes (c). (B) X-ray diffractograms of drug (a), drug: 
phosphatidylcholine physical mixture (b) and I2 lyophilized invasomes (c). 
Abbreviation: DSC, differential scanning calorimetry.
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superiority of AGM-loaded invasomes over AGM aqueous 
dispersion was revealed. This pattern could be explained 
with reference to the synergistic effect of ethanol/terpene on 
drug permeation, possibly due to the lipid extraction from 
SC, macroscopic barrier perturbation, and the enhancement 
in drug partitioning to SC.13,45 A comparable attitude was 
proved for many drugs like dapsone,37 temoporfin42 and 
propranolol hydrochloride.45 I2 invasomes had significantly 
(P < 0.01) higher Q24h (214.3 μg/cm2), Jss (10.79 μg/cm2/h) 
and ER (4.8) than either I1 invasomes (containing a lower 
limonene concentration) or I4 invasomes (containing 
cineole at a similar concentration). Hence, I2 invasomes 
were promoted for further studies.

Ex-vivo Drug Permeation Studies of I2 Invasomal Gel 
Systems Following Pre-Treatment with Ultrasound 
Waves
Sonophoresis is a non-invasive, transdermal technique that 
temporarily increases the skin permeability via application 
of ultrasound waves. The conditions of sonophoresis were 
optimized via 24 full factorial design. Two categorical 
factors, the ultrasound frequency (A) and ultrasound 
mode (B), and two numerical factors, the application per
iod (C) and the duty cycle (D), were investigated, each at 
two levels. The results were statistically analyzed and the 
final equations for the ex-vivo drug permeation parameters 
(Q24h, Jss and ER) were derived in terms of coded factors, 
as follows

Y6 (Q24h) = +357.44 −20.74 A +41.29 B +21.83 
C +24.40 D (9)

Y7 (Jss) = 16.93 −0.95 A +1.96 B +0.93 
C +1.06 D (10)

Y8 (ER) = +7.57 −0.42 A + 0.88 B + 0.42 C + 
0.47 D (11)

The pre-treatment sonophoresis conditions, and the ex- 
vivo drug permeation parameters (Q24, Jss & ER) of AGM- 
loaded I2 invasomal gel systems following active permeation 
via ultrasound waves are summarized in Table 2.

Significantly (P < 0.0001) higher Q24, Jss and ER were 
revealed with the pre-treated I2 invasomal gel systems. 
The enhanced skin permeability due to ultrasound applica
tion could be described with different mechanisms includ
ing, the acoustic streaming, the rectified diffusion and the 
cavitation forces.7 Hydrogels are commonly used as cou
pling media to transfer LFU or HFU waves from the 
ultrasound source to the skin.10,46 Herein, preliminary 
studies were conducted to explore the optimum inva
somes: coupling gel ratio. Three ratios (1:2 and 1:3 and 

1:4) were investigated to explore their influence on Q24, Jss 

& ER. Compared to invasomal gel systems prepared at 1:2 
ratio, significantly (P < 0.01) higher ex-vivo drug permea
tion parameters were achieved with the corresponding 
systems prepared at 1:3 ratios. Interestingly, no significant 
(P > 0.05) difference was observed between the results 
following the utilization of either 1:3 or 1:4 ratios. Hence, 
an invasomes: coupling gel ratio of 1:3 was selected and 
adopted in the current studies. Similar findings were 
reported by Ammar et al10 for ondansetron hydrochloride- 
loaded bilosomal gel systems prepared at bilosomes: cou
pling gel ratios of 1:2 and 1:3.

The Influence of the Frequency of the Ultrasound 
Waves
Sonophoresis could be achieved via the application of low- 
, intermediate- or high-frequency ultrasound waves. 
Herein, the influence of LFU and HFU on the ex-vivo 
drug permeation parameters is investigated, Figure 5. 
Significantly (P < 0.0001) higher Q24, Jss and ER were 
achieved following LFU pre-treatment. It is worth to note 
that the cavitation describes the formation of bubbles in 
the coupling medium. The oscillation and collapsing of 
these microbubbles over the SC would enhance the trans
dermal flux and skin permeability.7 Aldwaikat et al21 

reported that ER is inversely correlated to the applied US 
frequency. In other words, more cavitation forces are pro
duced with LFU rather than with HFU.

The Influence of the Mode of the Ultrasound Waves
The effect of ultrasound mode (pulsed or continuous) was 
assessed. Significantly (P < 0.0001) higher Q24, Jss and ER 
were revealed following the application of the continuous 
mode. This can be referred to the effect of acoustic 
streaming.10 The transient increase in the temperature of 
the coupling media as a result of application of ultrasound 
energy is expected to improve the drug diffusion and skin 
permeability.7 These influences are faster and more intense 
with the continuous mode. Similar findings were reported 
for the enhanced transdermal delivery of diclofenac-loaded 
dendrimers following sonophoresis.47

The Influence of the Application Period
Two application periods (10 and 15 minutes) were inves
tigated. A positive (P < 0.0001) correlation was detected 
between the application period and Q24, Jss and ER. 
According to Huang et al,47 the skin permeation is directly 
proportional to the ultrasound-application period. This 
could be related to the generation of higher cavitation 
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forces. As reported,10 significantly higher cumulative per
meated amounts of ondansetron hydrochloride were 
achieved upon increasing the application period of HFU 
from 5 to 10 minutes.

The Influence of Duty Cycle of the Ultrasound 
Waves
The duty cycle could be defined as the ratio between the 
“ON”/“OFF” time periods of the device within the ultra
sound application period. The Q24, Jss and ER of AGM 
was directly proportional to the duty cycle. Higher cavita
tion forces and greater acoustic intensities would be 
expected upon decreasing the “OFF” time during the 
application period.10 Similar results were obtained by 
Huang et al47 who reported a significant (P = 0.0054) 
increase in the permeation of diclofenac following the 
use of 100%, instead of 50%, duty cycle. In a parallel 
line, Lee and Zhou,48 reported that the effectiveness of 
sonophoresis of drugs and macromolecules was signifi
cantly improved upon increasing the duty cycle from 
20% to 100%.

In view of the aforementioned, the optimized pre- 
treatment sonophoresis conditions for I2 invasomal gel 
systems involved the application of LFU, in a continuous 

mode, for 15 min at 100% duty cycle. I2-LFU-C4 system 
showed the highest ex-vivo drug permeation parameters, 
Q24h (469.7 μg/cm2), Jss (21.8 μg/cm2/h) and ER (9.7) and 
possessed the highest desirability value (0.994), Table 2. 
Consequently, the pre-treated I2-invasomal gel system with 
the optimized LFU conditions (system code; I2-LFU-C4) 
was promoted for further in-vivo studies.

In-vivo Pharmacokinetic Studies of AGM in Rabbits
The AGM plasma concentration-time profiles following 
the transdermal application of AGM-loaded I2-LFU-C4 
system (test treatment) and the oral administration of 
AGM aqueous dispersion (reference treatment) in rabbits 
are displayed in Figure 6. The derived AGM pharmacoki
netic parameters were summarized in Table 3.

A significant difference (P < 0.01) was detected 
between the Cmax values of AGM following the oral 
administration of the reference treatment (27.94 ± 5.50 
ng/mL) and the test treatment (178.93 ± 20.20 ng/mL). 
Interestingly, both treatments had a median Tmax of 0.5 
h. The rapidly achieved Tmax value of AGM aqueous 
dispersion may be correlated to the fast-oral absorption 
of AGM from the gastrointestinal tract into the blood. On 
the other hand, the attainment of the maximum drug 

Figure 5 (A) Ex-vivo drug permeation profiles from the LFU-pretreated I2 invasomal gel systems, in comparison to untreated I2 and AGM aqueous dispersion, in phosphate 
buffer saline (pH 7.4) at 32 ± 0.5 °C (mean ± SD; n = 3). (B) Ex-vivo drug permeation profiles from the HFU-pretreated I2 invasomal gel systems, in comparison to untreated 
I2 and AGM aqueous dispersion, in phosphate buffer saline (pH 7.4) at 32 ± 0.5 °C (mean ± SD; n = 3). 
Abbreviation: AGM, agomelatine.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2020:15 8906

Tawfik et al                                                                                                                                                           Dovepress

Powered by TCPDF (www.tcpdf.org)

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


plasma concentration of the test treatment after a similar 
period, regardless of the skin barrier, would highlight the 
potentiality of this system to allow rapid drug diffusion 
into the blood. As proposed by Dragicevic-Curic et al42 

to describe the permeation enhancing ability of 

invasomes, some of the developed invasomes are frag
mented during their permeation via the SC, while the 
smaller invasomes are able to permeate the deeper SC 
layers intact.

Upon fragmentation of the vesicles, the terpenes and 
phospholipids would permeate the intercellular lipid 
matrices, in a molecularly dispersed manner, where they 
mix with the SC lipids and hence, modify the lipid lamel
lae. The positive contribution of ethanol in disturbing the 
arrangement of the bilayer structures of the SC intercellu
lar lipid matrices should be also considered. Herein, these 
concomitant processes in the skin were potentiated by 
LFU and hence, the maximum drug plasma concentration 
was achieved at a median Tmax of 0.5 h only.

In a parallel line, the higher flexibility of the smaller 
invasomes as well as the involvement of the trans- 
epidermal osmotic gradient would facilitate the permeation 
of the intact vesicles into the SC, resulting in a subsequent 
prolonged drug permeation into the deeper SC layers. 
These findings were in line with those reported for ondan
setron hydrochloride following the transdermal application 
of HFU-pretreated bilosomal gel systems and the oral 
administration of an aqueous drug solution.10

The mean residence time (MRT0-∞) and the elimination 
half-life (Tel) of AGM following the oral administration of the 

Figure 6 AGM plasma concentration-time profiles following the transdermal application of AGM-loaded I2-LFU-C4 system and the oral administration of AGM aqueous 
dispersion in rabbits (mean ± S.D., n = 6). 
Abbreviation: AGM, agomelatine.

Table 3 The Pharmacokinetic Parameters and the Relative 
Bioavailability Percentages of Agomelatine Following the 
Transdermal Application of Agomelatine-Loaded I2-LFU-C4 
System and the Oral Administration of Agomelatine Aqueous 
Dispersion in Rabbits (Mean ± S.D., n = 6)

Treatments Oral Agomelatine 
Aqueous 
Dispersion

Transdermal 
I2-LFU-C4 
System

Cmax (ng/mL) 27.94 ± 5.50 178.93 ± 20.20

*Tmax (h) 0.5 (0.5–0.5) 0.5 (0.5–1)
*MRT0-∞ (h) 3.09 (2.37–3.54) 2.73 (2.36–3.14)

Tel (h) 2.40 ± 0.26 2.57 ± 0.20

AUC0-12h (ng.h/mL) 48.85 ± 7.09 354.47 ± 44.73
AUC0-∞ (ng.h/mL) 49.94 ± 7.40 364.42 ± 46.87

% relative bioavailability based on AUC(0–12) 725.6
% relative bioavailability based on AUC(0–∞) 729.7

Note: *Median (range). 
Abbreviations: Cmax, peak plasma concentration; Tmax, time to reach Cmax; MRT, 
mean residence time; Tel, elimination half-life; AUC(0–12h), area under the curve 
from zero to the last sampling point; AUC(0–∞), area under the curve from zero to 
infinity.
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reference treatment (3.09 h and 2.40 h, respectively) and the 
transdermal application of the test treatment (2.73 h and 2.57 
h, respectively) were non-significantly different (P > 0.05).

Taking into consideration the low oral bioavailability 
of AGM (<5%),4,5 a significant (P < 0.01) improvement 
in the bioavailability of AGM was noted following the 
transdermal application of the test treatment. The relative 
bioavailability of AGM was 7.25-folds higher (with 
respect to the mean AUC0-12h values) and 7.29-folds 
higher (with respect to the mean AUC0-∞ values), Table 
3. The improved AGM bioavailability could be attributed 
to several factors including, (i) the lipophilic nature of 
AGM and the possession of an optimum log P value 
(2.83) for transdermal drug delivery, (ii) the avoidance of 
the first pass metabolism, (iii) the high surface area to 
volume ratio of the nano-vesicular systems (invasomes) 
which promotes the intimate drug contact with the skin, 
(iv) the permeation enhancement effect of invasomes due 
to the synergistic effects of PC, ethanol and limonene, 
and (v) the influence of sonophoresis which temporarily 
increases the skin permeability in a non-invasive manner.

Conclusion
AGM invasomes were successfully developed by thin-film 
hydration technique according to 22.41 full factorial design. 
The investigated variables included, drug: lipid ratio, terpene 
type and terpene concentration. Considering the drug EE%, 
particle size, zeta potential, Q0.5h and Q8h, the highest desir
ability values were achieved with I1, I2 and I4 invasomes. The 
superiority of I2 invasomes was revealed with respect to the 
ex-vivo drug permeation parameters, Q24, Jss and ER. Pre- 
treatment of I2 invasomal gel system with the optimized sono
phoresis conditions including, the application of LFU, in 
a continuous mode, for 15 min at 100% duty cycle (system 
code: I2-LFU-C4) improved the bioavailability of AGM by ≈ 
7.25 folds, relative AGM aqueous dispersion. I2-LFU-C4 sys
tem would be expected to rapidly initiate and maintain the 
therapeutic response of AGM for a sufficient period. Further 
clinical studies are needed to confirm these findings.
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