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Introduction
Exemestane, an aromatase inhibitor, is used to treat breast 
cancer in high-risk post-menopausal women.1 It works 
by blocking the binding of androgen to aromatase, thus 
preventing the formation of estrogen.2 However the current 
treatment method of consuming the Exemestane tablets 
has some undesired effects, including osteoporosis.2,3 
One way to minimize this is to deliver exemestane 
directly via the transdermal route with the aid of an LC 
gel formulation. One type of liquid crystalline (LC) gel, 
the lyotropic LC (LLC) gel has garnered unprecedented 

attention in recent years as it can incorporate hydrophobic, 
hydrophilic or amphiphilic drugs, which makes them 
preferential choice as a drug delivery vehicle.4–7 The 
LLC gels can be categorized into three phases, namely; 
lamellar, cubic and hexagonal. These phases are achieved 
by varying the amount of water, lipids or surfactants 
within the formulations during the preparation stage.8 
Formulations based on LLC gel can be prepared based 
on the coacervation phase separation method, that 
incorporates an aqueous phase to an oil phase.9–11 Upon 
cooling, the LLC gel formulation is formed. The lipids are 
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Abstract
Introduction: The use of liquid crystalline (LC) gel formulations 
for drug delivery has considerably improved the current delivery 
methods in terms of bioavailability and efficacy. The purpose of 
this study was to develop and evaluate LC gel formulations to 
deliver the anti-cancer drug exemestane through transdermal 
route.
Methods: Two LC gel formulations were prepared by phase 
separation coacervation method using glyceryl monooleate 
(GMO), Tween 80 and Pluronic® F127 (F127). The formulations 
were characterized with regard to encapsulation efficiency (EE), 
vesicle size, Fourier transform infrared (FTIR) spectroscopy, 
surface morphology (using light and fluorescence microscopy), 
in vitro release, ex vivo permeation, in vitro effectiveness test on 
MDA-MB231 cancer cell lines and histopathological analysis.
Results: Results exhibited that the EE was 85%-92%, vesicle size was 119.9-466.2 nm while 
morphology showed spherical vesicles after hydration. An FTIR result also revealed that there 
was no significant shift in peaks corresponding to Exemestane and excipients. LC formulations 
release the drug from cellulose acetate and Strat-M™ membrane from 15%-88.95%, whereas ex 
vivo permeation ranges from 37.09-63%. The in vitro effectiveness study indicated that even at low 
exemestane concentrations (12.5 and 25 μg/mL) the formulations were able to induce cancer cell 
death, regardless of the surfactant used. Histopathological analysis thinning of the epidermis as the 
formulations penetrate into the intercellular regions of squamous cells. 
Conclusion: The results conjectured that exemestane could be incorporated into LC gels for 
the transdermal delivery system and further preclinical studies such as pharmacokinetic and 
pharmacodynamic studies will be carried out with suitable animal models. 
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either surfactants; Tween 80 and F127. The melted GMO 
was incorporated to surfactant to prepare the oil phase. 
Exemestane was then mixed into the oil phase so that the 
formulations would contain 200 μg/mL of the drug. 1% 
of cholesterol w/v was added subsequently to stabilize the 
formulations. Separately, an aqueous phase was prepared 
by mixing together distilled water and glycerol. Both the 
phases were maintained at 60°C for about 10 minutes. 
The aqueous phase was then incorporated into the oil 
phase followed by thorough mixing by the coacervation 
phase separation method with the help of a disperser (T 
10 basic ULTRA-TURRAX®, IKA® - Werke GmbH & 
Co.KG, Staufen, Germany).9 The formulations were then 
allowed to set overnight at room temperature. Once the 
formulations have set, they were evaluated visually for 
opacity and viscosity so that the suitable formulations 
could be identified.

Encapsulation efficiency
The formulations were centrifuged at 10 000 rpm at a 
temperature of 4°C for an hour in two cycles (Eppendorf® 
Model 5810R, Eppendorf, Hamburg, Germany) to separate 
the drug-containing vesicles from the unentrapped drug. 
The supernatant and sediment were then recovered and 
the latter was lysed with methanol. This was then followed 
by filtering the sediment through a 0.45 µm nylon disk 
filter. Measurement of the free drug concentration in 
the supernatant was carried out using high-performance 
liquid chromatography (1200 HPLC series, Agilent 
Technologies, Santa Clara, CA, USA).20 The percentage 
encapsulation efficiency was determined based on the 
following formula:

%
Total drug content - drug content in supernatant

Total drug content

 

100

Encapsulation efficiency =

×

Particle size, zeta potential and polydispersity index 
(PDI)
Particle size, zeta potential, and PDI were measured using 
a nanoparticle analyzer based on dynamic light scattering 
(Horiba ‘nano partica’ SZ-100, Horiba Instruments 
Incorporated, Irvine, CA, USA). For particle size 
determination and zeta potential calculations, the diluted 
formulations were prepared with double distilled water 
for sonication in an ice bath for 30 seconds. Analysis of the 
sample was carried out at 173° scattering angle at 250°C. 
For PDI, the vesicular suspension was diluted with water 
prior to measurements.

pH measurement, spreadability, and drug stability 
studies
The pH of the formulations was measured by weighing 
accurately 0.1 g of the gel mixed with 50 mL of distilled 
water.21–23 A disperser (T10 basic ULTRA-TURRAX®, IKA® 
Werke GmbH & Co.KG, Staufen, Germany) was used to 

mostly non-toxic and biodegradable; therefore the use of 
these formulations will not engender harmful effects to 
the body.12

Among the main advantages of using LLC, gel 
formulations are their capability to exhibit a sustained drug 
release particularly for the cubic and hexagonal phases, 
which was observed to follow the Higuchi release kinetic 
model.13–15 The drug release from the LLC gel formulations 
can also be triggered or controlled when the external 
conditions are changed, such as the pH or temperature. 
One such study involved the use of phloroglucinol which 
was incorporated in an LLC that responds to changes in 
pH.16 In the study, linoleic acid was incorporated into the 
formulation. The cubic phase was changed in the LLC, 
with the help of linoleic acid to the hexagonal phase. This 
change in phase ensured that phloroglucinol is released 
into the intended organ. Another advantage is that LLC 
gel formulations provide an increased drug bioavailability, 
which was observed in a study where cinnarizine was 
incorporated in formulations consisted of phytantriol, 
Pluronic® F127 (F127) and water and a sustained release 
was achieved.17 Meanwhile, another study which used 
amphotericin B encapsulated within cubosomes or the 
cubic phase has produced a relative bioavailability of 
285% compared to Fungizone®.18 

The main challenge for delivering drugs through the 
transdermal route is that they have to cross the stratum 
corneum (SC) layer. By incorporating the drugs within 
the LLC gel formulations, it is possible to overcome this 
barrier. This was demonstrated in a study where vitamin K 
was delivered with the help of glyceryl monooleate (GMO) 
and water-based formulations. The study exhibited that 
not only the vitamin K was localized within the SC layer, 
but also some managed to permeate through the skin.19 
Therefore, based on the issue concerning the side effects 
of administering Exemestane orally, the primary aims 
of this study are to develop Exemestane-loaded LLC gel 
formulations using various surfactants and to characterize 
these formulations for their in vitro release kinetics, ex 
vivo permeation, as well as to evaluate the efficacy through 
in vitro and histopathology studies. 

Materials and Methods
Materials
The drug exemestane was acquired from PI Chemicals 
Ltd, Shanghai, China. GMO was procured from Croda 
International Plc, East Yorkshire, UK. The surfactant 
Tween 80 was acquired from EMD Millipore Corporation, 
Billerica, MA, USA. Glycerol, Pluronic® F127 (F127), 
cholesterol, phosphate buffer saline (PBS) tablets and 
Dulbecco’s modified Eagle’s medium (DMEM) were 
acquired from Sigma-Aldrich, St Louis, MO, USA. All 
other chemicals used were of analytical grade.

Exemestane-loaded LLC gel preparation 
Preparation of the LLC gel formulations was carried out 
by varying the amounts of GMO, distilled water, and 
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disperse the gel uniformly throughout the solution. A 
digital pH meter (FiveEasy FE20, Mettler-Toledo AG 
Analytical, Schwerzenbach, Switzerland) was used to 
measure the pH value and was fulfilled in triplicate. The 
mean value was then taken.

The spreadability of the formulations was assessed by 
spreading the gel between two glass plates, which was 
done by placing 0.1 g of gel within a pre-marked circle 
with a diameter of 1 cm on the bottom plate. The upper 
plate was then placed carefully on top followed by a weight 
of 500 g. This setup was left for 5 minutes and the increase 
in diameter of spread was recorded in triplicate.23 The 
mean value of triplicate was then taken. 

The assessment of the stability of formulations were 
done by storing the formulations for 90 days in three 
distinct temperatures, namely fridge range (2–8°C), room 
range (25 ± 2°C) and high range (45 ± 2°C).9 EE was 
evaluated for the samples which were sealed in aluminium 
foil, after 3 months.20,24

Fourier transform infrared spectroscopy
FTIR spectra comparison of each of the components used 
namely, exemestane, GMO, Tween 80 and F127 and also 
formulation mixtures GMO/Tween 80/Exemestane and 
GMO/F127/exemestane were performed to determine 
changes in the spectrum. The FTIR was performed using 
an ATR-FTIR spectrometer (Agilent Cary 630 ATR-FTIR 
Spectrometer, Santa Clara, CA, USA) and the spectra were 
determined between 650 – 4000 cm-1 frequency with 4 cm-

1resolution.

Optical and fluorescence microscopy
The LC gel formulation was spread as a thin layer on a 
glass slide, after 1% dilution with PBS solution, and 
the slide was investigated under a light microscope to 
determine the presence of vesicles or drug precipitation. 
The aforementioned method was used for the fluorescence 
microscopy observation upon confirmation of the 
presence of vesicles. For the fluorescence microscopy, a 
fluorescein sodium salt (FSS) was added to both Tween 80 
and F127-based LC gel formulations individually. The FSS 
is highly soluble in aqueous fluids but insoluble in non-
aqueous medium. An optimized concentration of 0.5% 
FSS fluid was prepared for the direct visualization of the 
LLC vesicles. The LLC gel formulations were diluted with 
pH 7.4 PBS solution (0.5 mL) then FSS was mixed. A very 
thin layer of the LLC gel sample was smeared on the glass 
slide and was immediately observed for fluorescence with 
a CCD camera (Nikon Eclipse 90i, Nikon Corporation, 
Tokyo, Japan) using a TRITC filter.

In vitro release studies
Franz diffusion cells were used for carrying out the in vitro 
release studies for the formulations. A circular piece with 
a diameter of 2.5 cm either Strat-M™ or cellulose acetate 
membrane was placed on top of the donor side. The 
formulation (1 g) to be studied was weighed and placed 

on top of either Strat-M™ or cellulose acetate membrane. 
Meanwhile, 18 mL of freshly prepared PBS solution (pH 
of 7.4) was used in the receptor compartment, which was 
stirred between 40-50 rpm by a magnetic stirrer. Water 
was circulated continuously, to maintain 32 ± 0.5°C 
temperature, through the jacket surrounding the receptor 
compartment in order to mimic the temperature in the 
human skin. 

The volume of the receptor liquid was fixed such the 
synthetic membrane touches the surface of the receptor 
liquid horizontally for the release of drug molecules. 
An aliquot of 1.0 mL was taken every hour from the 
receptor liquid throughout the 8 hour period and 
replaced immediately with fresh PBS solution. Then the 
absorbance value of the sample was determined with UV 
spectrophotometer at 290 nm after a necessary dilution. 
The average of triplicate was noted.20,25 The in vitro release 
data from both Strat-M™ and cellulose membranes were 
then analyzed with available kinetic models to establish 
the mechanism of Exemestane release.

Ex vivo permeation studies
Ex vivo studies followed the same methodology as the 
in vitro release studies using the Strat-M™ and cellulose 
acetate membranes, but the membrane was replaced 
with the abdominal skin of a female Sprague-Dawley rat. 
Each rat was sacrificed by cervical dislocation method. 
The skin was initially treated with an isotonic solution 
then attached to the donor compartment without any air 
gap. The dermal portion horizontally touched the PBS 
solution to allow drug permeation. The temperature of the 
receptor compartment, the volume of sample collection 
and method of analysis followed the same method as in 
the in vitro release studies.20,26 

In vitro effectiveness studies
The MDA-MB231 cancer cell line was maintained in a 
complete culture medium containing Dulbecco’s Modified 
Eagle Medium (DMEM) that was augmented with 10% 
w/v fetal bovine serum (FBS) and 1% w/v Penicillin-
Streptomycin. Prior to the study, cell plating was carried 
out after MDA-MB231 cells have 80%–90% confluence. A 
96-well plate was used to plate the cells, then incubated in 
5% CO2 incubator at 37˚C in a humidified environment 
overnight for cell adhesion to the wells. Then, the selected 
exemestane-loaded formulations were prepared as 
suspensions by diluting the formulations with the culture 
medium. From these, serial dilutions were provided to 
produce five different concentrations of exemestane (12.5, 
25, 50, 100 and 200 μg/mL). following the overnight 
incubation, the media in the wells were emptied and the 
formulation suspensions (100 μL) were mixed. The plate 
with 96 wells was then incubated in the same incubator at 
similar conditions for a day. Once the incubation period 
was completed, the formulation suspension was removed 
and then 30 μL of MTT working solution was added and 
incubated for 4 additional hours. The plate was placed in 
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a dark room overnight, after 100 μL isopropanol addition, 
to dissolve the formazan crystals. The absorbance was 
then measured at 570 nm, to assess cell viability, using the 
microplate reader (BioTek Epoch 2 Microplate Reader, 
BioTek Instruments, Inc. Winooski, VT, USA).27

Histopathological studies
The formulations which exhibited the highest cumulative 
permeation percentage from both surfactants were 
studied, where the formulations were applied to a full thick 
hairless rat skin and observed under a light microscope 
with the help of hematoxylin and eosin (H & E) stain. Two 
formulations were selected for histopathological studies. 
In addition, low-substituted hydroxypropyl cellulose 
(L-HPC) gel formulations represented commercially 
available formulations was used as the negative control 
(i.e., without exemestane) and the positive control (i.e., 
with exemestane) for the studies. The setup was similar 
to the ex vivo skin permeation studies. The sample was 
smeared on the SC. After 4 hours of application, the excess 
LC gel on the skin was wiped off and the skin tissue was 
immediately dipped in neutral buffered formalin solution 
(10%). Subsequently, the tissue was processed by the 
following process, embedded and sectioned into 5 mm 
cuts and dipped in H & E stains.20 

Results
Exemestane-loaded LLC gel preparation
Based on the compositions of the aqueous and non-

aqueous phases, the formulations varied in opacity 
and viscosity. Exemestane was distinguished to be fully 
dissolved in the oil phase. Amongst many prepared 
formulations, only four were deemed suitable for further 
characteristic studies and the composition and appearance 
are tabulated in Table 1.

In terms of opacity, the Tween 80-based formulations 
were translucent while F127-based formulations were 
opaque. Moreover, in terms of viscosity, formulations 
made using Tween 80 were viscous, unlike the F127-based 
formulations which were high viscous intrinsically.

Encapsulation efficiency
The encapsulation efficiency (EE) values obtained, are 
presented in Table 2. The formulations exhibited EE in the 
range of 85 to 92%. Formulation A2 made from Tween 
80 was demonstrated to have the highest EE, with 92%. 
In addition, most of the formulations have achieved EE 
above 80%.

Particle size, zeta potential and polydispersity index
The particle size, zeta potential and PDI values of 
the vesicles are tabulated in Table 2. The range of the 
vesicle particle sizes was from 119.9 to 466.2 nm. Tween 
80-based formulations have produced smaller particles; 
A1 with 139.8 nm and A2 with 119.9 nm. F127-based 
formulations exhibited larger particle sizes than the Tween 
80 formulations with B1 and B2 having particle sizes 
of 451.1 and 466.2 nm, respectively. The zeta potential 

Table 1. Composition of the selected formulations

Formulation code
Surfactants (mL)

Water (mL) Appearance
GMO (mL) Tween 80 F127

A1 1.0 2.0 - 1.5 Translucent, viscous*

A2 1.0 1.5 - 2.0 Translucent, viscous*

B1 1.0 - 1.5 2.0 Opaque, viscous**

B2 1.5 - 1.0 2.0 Opaque, viscous**

GMO: glyceryl monooleate and F127: Pluronic® F127.
*Viscous; ** more viscous.

Table 2. Characterization studies of the LC formulations

Formulation 
code

Encapsulation 
efficiency (%)

Particle size 
(nm)

Zeta potential 
(mV) PDI pH Spreadability 

(cm)
Drug stability studies (%)

2 – 8°C 25 ± 2°C 45 ± 2°C

A1 87 ± 2.36 139.8
± 8.01

- 25.5
± 2.46 0.333 4.75

± 0.08 3.53 ± 0.42 85 ± 1.35 84 ± 2.19 72 ± 2.47

A2 92 ± 4.57 119.9
± 11.34

- 24.8
± 1.93 0.392 5.33

± 0.03 3.47 ± 0.06 90 ± 2.36 88 ± 4.59 75 ± 2.81

B1 89 ± 1.63 451.1
± 21.31

- 17.0
± 2.52 0.440 4.02

± 0.03 0.93 ± 0.12 86 ± 2.78 84 ± 2.64 77 ± 1.92

B2 85 ± 2.30 466.2
± 16.38

- 23.7
± 2.05 0.428 5.12

± 0.02 1.03 ± 0.06 83 ± 3.05 82 ± 3.61  76 ± 2.32

PDI: polydispersity index. Values are given as mean ± SD.
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values for formulations made from Tween 80 were of 
higher negative value, –25.5 ± 2.46 mV for A1 and –24.8 
± 1.93 mV for A2. In contrast, formulations made from 
F127 produced a lower negative value where B1 was –17.0 
± 2.52 mV and B2 was –23.7 ± 2.05 mV. The PDI values 
of the formulations did not differ much, as the values 
were relatively similar for both Tween 80 and F127-based 
formulations. The lowest PDI value was obtained from A1 
while the highest was from B1, with values of 0.333 and 
0.440 respectively.

pH measurement, spreadability, and drug stability 
studies
The pH of the preparations is presented in Table 2. All of 
the preparations were observed to be mildly acidic with 
pH values in 4.02 to 5.12 range, in which two formulations; 
A2 and B2 were shown to have a pH value of more than 
5.00., i.e. pH 4.02 to 5.33. The highest pH 5.33 was 
obtained from A2, whereas the lowest pH value 4.02 was 
obtained from B1. The spreadability of formulations made 
from Tween 80 ranges from 3.47 to 3.53 cm, whereas the 
formulations made using F127 ranged from 0.93 to 1.03 
cm. The spreadability values presented in Table 2 exhibits 
that the incorporated surfactants enabled the formulations 
to spread only by a small amount of shear. Variations in 
drug content and mean vesicle diameter of the vesicles 
in stability studies are exhibited in Table 2. Most of the 
formulations were shown to be stable at temperatures 
between 2–8˚C as the EE was above the 80%. For stability 
studies, an increase in temperature led to the gradual 
decline of the EE value from 10% to 15%.

Fourier transform infrared spectroscopy
FTIR spectra of Exemestane, GMO, Tween 80, GMO/
Tween 80/Exemestane and GMO/F127/Exemestane are 
shown in Fig. 1. The characteristics of Exemestane peaks 
were observed at 2943 cm-1, 1732 cm-1, 1658 cm-1, 690-
900 cm-1 which correspond to the C-H stretching, C=O, 
C=C and C-H bending, respectively. GMO and F127 show 
their C-H stretching peaks at 2861 cm-1 and 2882 cm-1 
respectively and the C=C bond peaks at 1463 cm-1. The 
special characteristic of Tween 80 peaks of asymmetric 
and symmetric CH2 were observed at 2938 cm-1 and 2869 
cm-1, respectively. The corresponding C=O bond peaks 
were clearly shown at 1730 cm-1.

Optical and fluorescence microscopy
Optical microscope images of A2 and B2 are presented 
in the figures 2A and 2B, respectively. It is clear from the 
figure that the formation of liquid crystals either normal or 
reversed hexagonal in shape. The fluorescence excitation 
and emission of LC vesicle of formulations A2 and B2 in 
PBS solutions were studied and also shown in Fig. 2. 

Minuscule black colored micellar vesicles were 
recognized in formulation A2 as shown in Fig. 2A, and 
after 3 to 5 minutes observation, the surfactant heads 
contributed to a change in the micelle structure from 

spherical to rod-like, presented in Figure 2B. The measured 
micelle sizes of the B2 formulation were distinguished 
to be well within the range of the resolution of the 
measurements; images were observed as fluorescence 
dots indicating the micelles of the formulation as shown 
in Fig. 2C. During the observation, shown in Fig. 2D, the 
spherical vesicle changed its phase into a rod-like shape 
due to the PBS solution as well as the lamp heat.

In vitro release studies
Two different synthetic membranes, Strat-M™ membrane 
and cellulose acetate membrane, were utilized for the in 
vitro release studies. The cumulative percentage release 
from each formulation using the Strat-M™ membrane 
for an 8 hour period is shown in Table 3. From the 
table, it can be noticed that as the amount of surfactant 
in the formulations decreases with respect to GMO, the 
percentage release increases; however, this was not the 
case for F127-based formulations as the percentage release 
increases with increased surfactant amount. In addition, 
the cumulative percentage release from the F127-based 
formulations was higher (52.08% and 66.42%) compared 
to the Tween 80-based formulations (26.24% and 31.12%).

For the cellulose acetate membrane, the cumulative 

Fig. 1. FTIR spectra obtained for the individual components and 
formulations.
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percentage release from each formulation for the same 8 
hour period is also shown in Table 3. As the amount of 
surfactant increases with respect to GMO, the percentage 
release increases. However, this was not observed in F127-
based formulations. The cumulative percentage release 
from F127-based formulations was again higher (80.87% 
and 88.95%) compared to Tween 80-based formulations 
(15.09% and 55.91%).

The percentage cumulative release of Exemestane 
formulations exhibited a linear correlation when plotted 
with respect to the square root of time, with Strat-M™ 
membrane as demonstrated in Fig. 3A. Furthermore, 

Fig. 2. Optical and Fluorescence microscopy studies of 
formulations A2 and B2. 
A. Optical microscope formulation A2; B. Optical microscope 
formulation B2; C. Initial observation of formulation A2; D. Phase 
change of formulation A2; E. Initial observation of formulation B2; 
F. Phase change of formulation B2.

the r2 correlation coefficient value, was greater than 0.9, 
indicating diffusion-controlled release of Exemestane. In 
terms of release rate at the eighth hour, the formulations 
made with F127 were demonstrated to be higher than that 
of Tween 80, where the rates were nearly twice compared 
to Tween 80-based formulations, with 6.61 μg/cm2/h and 
7.83 μg/cm2/h for A1 and A2 respectively and 13.12 μg/
cm2/h and 16.73 μg/cm2/h for B1 and B2 respectively. 

Meanwhile, the percentage cumulative release of 
Exemestane from the formulations with cellulose acetate 
membrane was plotted with respect to the square root of 
time as demonstrated in Fig. 3B, and a linear correlation 
was also obtained. In addition, the correlation coefficient 
value, r2, was also greater than 0.9. For the release rates 
at the 8th hour, F127-based formulations were also 
demonstrated to be higher, with 3.80 μg/cm2/h and 14.08 
μg/cm2/h for A1 and A2 respectively and 20.37 μg/cm2/h 
and 22.41 μg/cm2/h for B1 and B2 respectively.

Ex vivo permeation studies 
The cumulative percentage permeation for 8 hours by the 
formulations through a biological membrane (Sprague-
Dawley rat skin) was plotted with respect to time and is 
shown in Fig. 4. Formulations A2 and B2 produced the 
highest percentage permeation with 61.90% and 63.01%, 
respectively. All of the formulations were observed to 
produce an initial burst or release of Exemestane, shown 
by the sharp increase in Fig. 4. The initial permeation 
rate values were higher in the F127-based formulations, 
with 105.40 μg/cm2/h and 105.06 μg/cm2/h for B1 and 
B2, respectively. The values produced by the Tween 
80-based formulations were about half of the F127-
based formulations with 52.20 μg/cm2/h for A1 and 
53.87 μg/cm2/h for A2. Each plot was gradual and the 
permeation rate after a few hours was fairly uniform. The 
drug accumulation on the surface of the skin may be the 
reason for the direct proportional increase of the rate of 
drug permeation with a concentration of the drug. As the 
concentration of Exemestane increases in the formulations 
the permeation graph exhibits the first-order kinetics 
which is concentration dependant.20

Table 3. Cumulative percentage release, release rate, r2 and KH after 8 hours by using Strat-M™ membrane and cellulose acetate 
membrane

Formulation code Cumulative % 
after 8 h

Release rate at 8th hour 
(ug/cm2/h)

Zero-order First order Higuchi

r2 K0 (h
-1) r2 K1 (h

-1) r2 KH

Strat-M™ 
membrane

A1 26.24 6.61 0.942 2.367 0.889 1.678 0.962 11.54

A2 31.12 7.83 0.921 2.591 0.873 1.540 0.979 13.61

B1 52.08 13.12 0.910 6.642 0.806 2.026 0.968 21.55

B2 66.42 16.73 0.937 4.698 0.837 1.354 0.990 25.27

Cellulose 
acetate 
membrane

A1 15.09 3.80 0.914 2.097 0.851 2.451 0.942 5.70

A2 55.91 14.08 0.935 2.949 0.836 1.671 0.969 19.41

B1 80.87 20.37 0.875 3.148 0.817 1.067 0.936 28.36

B2 88.95 22.41 0.861 3.590 0.838 1.972 0.985 34.32

K0: zero order constant, K1: first order constant and KH: Higuchi dissolution constant.
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In vitro effectiveness studies
Formulations A2 and B2 were selected for this study 
as they produced the highest cumulative percentage 
of Exemestane permeated in the ex vivo studies. It 
was observed that both formulations have exhibited 
a similar pattern which is shown in Fig. 5. However, 
The increase in cell viability as the concentration of 
Exemestane increases was unexpected. Further increase 
in Exemestane concentration caused the cell viability to 
decrease as expected. Formulations loaded with 12.5 μg/
mL Exemestane produced the least viability profile which 
was observed in both formulations A2 and B2 with 24.00% 
and 19.50%, respectively.

Histopathological studies
This study used low-substituted hydroxypropyl cellulose 
(L-HPC) gel formulations to mimic commercially available 
formulations. Figs. 6A and 6B show the picture of an 
L-HPC control formulation, without the drug, applied to 
the rat skin. The epidermis was demonstrated to be intact 
and appears to be of normal morphology and thickness. 
Fibrous connective tissue with adequate vascularization 
and scattered appendages such as hair follicles and 
sweat glands were distinguished in the dermis. Figs. 6C 
and 6D show another L-HPC-based formulation loaded 
with Exemestane as a positive control. The epidermis 

Fig. 3. Percentage release of exemestane from LC gel 
formulations. A. Release with Strat-M™ membrane and B. 
Release with cellulose acetate membrane. Error bars represent 
the standard deviation.

Fig. 4. Percentage cumulative permeation by the LC gel 
formulations through rat skin in vitro. Error bars represent the 
standard deviation.

Fig. 5. The in vitro effectiveness of exemestane-loaded 
formulations in terms of percentage cell viability. MDA-MB231 
cancer cell line was used in this study and was incubated with the 
LC gel formulations for a period of 24 hours. Error bars represent 
standard deviation.
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appeared slightly thickened and exhibited features of 
mild hyperkeratosis and mild acanthosis. Prominent SC 
was observed without any parakeratosis and the dermis 
showed adequate normal connective tissue. 

Analogous to the in vitro effectiveness study, 
formulations A2 and B2 were again selected. Figs. 6E and 
6F show formulation A2, where the epidermis remained 
intact, but thinned out in focal areas. The SC was observed 
to have a varied thickness; least on the left lateral side and 
the thickness gradually but irregularly increases towards 
the right. The dermis showed fibrous connective tissue 
with adequate vascularization and normally scattered 
appendages. Formulation B2, shown in Figs. 6G and 6H, 
was observed to have similar features as in formulation A2 
but with less intensity. The epidermis was intact without 
any discontinuity or ulceration or necrosis but thinned 
out in focal areas. The thickness of SC was variable but 
distinctly thinned out when compared to the normal and 
positive controls due to the penetration of Exemestane 
into the intercellular regions of squamous cells in a similar 
fashion to formulation A2. In addition, the dermis showed 
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loose myxoid connective tissue with mild edematous 
change. 

Discussion
Exemestane-loaded LLC gel preparation
Exemestane, which is a hydrophobic drug, was able to 
dissolve within the oil phase that consisted of GMO 
and surfactants. It is proposed that exemestane was 
encapsulated and incorporated successfully in the four 
formulations. This is in agreement with several studies 
pointed out that the method could be used to incorporate 
the lipophilic or hydrophobic drug into the LLC gels.28–31 
The viscosity of the formulations depends on the type 
of surfactant used as well as the amount within the 
formulation. The use of GMO makes the formulations to 
be mechanically stable as mentioned in few studies.32–34 

Fig. 6. Histopathology of hematoxylin and eosin (H&E) stained skin 
sections. A. Longitudinal section for L-HPC control formulation, 
B. Skin surface for L-HPC control formulation, C. Longitudinal 
section for L-HPC positive control formulation, D. Skin surface 
for L-HPC positive control formulation, E. Longitudinal section for 
formulation A2, F. Skin surface for formulation A2, G. Longitudinal 
section for formulation B2, H. Skin surface for formulation B2. 
L-HPC: low-substituted hydroxypropyl cellulose.

Tween 80 has been used as part of a mixture to produce 
nanoparticles and self-microemulsifying drug delivery 
system.35,36 In addition, Tween 80 has also been reported 
to have been used in the preparation of nanoparticles 
and nanoemulsions.37–39 Meanwhile, the use of F127 
in producing LLC gel formulations has been widely 
established to prepare nanoparticles for drug deliveries.40–43

Encapsulation efficiency
EE is an important crucial factor for stability. Hence, EE 
studies were conducted on all of the formulations. The 
concentrations of surfactants are crucial as they tend to 
affect the vesicle morphology as well as drug loading. This 
leads to the interference of the structure of the vesicles, 
which in turn promotes drug leakage before they diffuse 
into the skin.44 EE also determines a critical positive 
correlation with oil to the concentrations of surfactants 
and water. The encapsulation of Exemestane is primarily 
due to its ability to dissolve in the molten non-aqueous 
phase and its partition between the hydrophilic phase and 
other surfactants. 

The high EE values in all four formulations may be due to 
reduced bilayer permeability as well as a higher lipophilic 
bilayer. This would lead to the effective intercalation of 
the lipophilic drug within the core of the bilayer which 
is hydrophobic.45 However, the EE values decreased with 
increasing the amount of surfactant content. The higher 
amount of surfactant with GMO may contribute to the 
hydrophilic phase viscosity to increase which then leads 
to the controlled drug release from the vesicles. This is 
attributed to the high solubilization of the drug in the 
hydrophobic surfactant bilayers.46 In other words, the 
lesser amount of aqueous phase leads to higher viscosity 
formation of LC vesicles with a regular structure bilayer 
formation and more accommodation of drug in the 
surfactant hydrophobic chains.20,45 This would help to the 
formation of suitable viscosity and phase of LC gels phase, 
that may bring about the capability to deliver a controlled 
release of the drug. 

Particle size, zeta potential and polydispersity index
The size of the vesicle and its distribution in the 
formulations are of paramount importance for transdermal 
drug delivery system.44 The PDI value of less than 0.1 
denotes a population which is homogenous, while greater 
than 0.3 indicates an increased heterogeneity.47 In this 
study, all the four formulations were demonstrated to have 
PDI values higher than 0.3. The vesicle size distributions 
were heterogeneous and were within the acceptable limits 
from both Tween 80 and F127-based formulations. 

The zeta potential of the formulations was higher in 
Tween 80 compared to F127-based formulations which 
may be due to Tween 80 lower molecular weight than F127. 
It is clear from this study that the higher negative values 
of Tween 80-based formulations tend to repel each other 
and does not result in particle-particle aggregation,48,49 
whereas, the F127-based formulations have low zeta 
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potential values that result in particle-particle aggregation. 
This is evidenced by the lower particle size of Tween 80 
than F127-based formulations.

 
pH measurement, spreadability, and drug stability 
studies
The formulations contain very limited quantities 
of the aqueous phase; hence the pH measurements 
were undertaken for quality control and to assess the 
compatibility with skin pH. The formulations containing 
Tween 80 exhibited a slightly higher pH than F127 
formulation, however, both formulations are deemed 
suitable for the skin and would avoid any risk of skin 
irritation due to pH incompatibility.50 

The therapeutic efficacy of an LLC gel formulation 
depends on its ability to spread uniformly. This property 
is also essential to predict the formulations’ rheological 
behavior such as the flow of formulations from the tube 
by pressure.51 It was observed that the spreadability was 
lower in F127-based formulations than Tween 80-based 
formulations. This may be due to higher stress required 
to spread F127 due to its higher molecular weight than 
Tween 80. Meanwhile, formulations made with higher 
concentration of Tween 80 yielded higher spreadability 
values compared to those made with a lower concentration, 
which may be due to the increase in viscosity. 

The formulations undergoing 90 days stability study 
at various temperatures (2–8°C/25°C/45°C) had high 
leakage of drug from the vesicles at the highest temperature 
which may have been due to the loosening of vesicles and 
higher fluidity of the lipid bilayers.20 Meanwhile, at lowest 
temperatures 2-8°C, acceptable stability values were 
achieved. 

Fourier transform infrared spectroscopy
The individual components and formulation mixtures 
GMO/Tween 80/exemestane and GMO/F127/exemestane 
demonstrated the compatibility of the surfactants with 
the drug in the formulation as the spectra were without 
significant peak shifts. There were few characteristic 
peaks of the drug which were overlapping in the region as 
that of the surfactants possibly due to the encapsulation of 
the drug between the layers.

Optical and fluorescence microscopy
Optical microscope clearly shows that tween 80 
formulations formed very small spherical shape compared 
to F127, which was strongly supported by particle size 
data. The direct visualization of the FSS-LC micelles 
in PBS solution was distinguished by Fluorescence 
microscopy. From the results, it is clear that the micellar 
structural changes occurred during the direct visualization 
of the LLC gel formulations. It was also shown that 
the spherical micelles, in F127-based formulations, 
were initially merged into the larger rod-like micelles. 
However, in Tween 80-based formulations, the vesicles 
have lower fluorescence strength compared to F127-based 

formulations, which could be due to (i) lower size of the 
particles and (ii) insolubility of FSS in the hydrophobic 
chain in the surfactants. The repulsion between the 
surfactant head groups leads to increased curvature, in 
GMO/F127 micelles, forming spherical vesicles.52 This 
is supported by the higher value of zeta potential in the 
ranges between -17 to -25 mV, thus indicating good 
dispersion of LLC vesicles in the F127-based formulations 
when diluted with the PBS solution.53 Rod-like micelles 
were directly observed in Tween 80-based formulations 
when diluted with the PBS solution. This may be due to 
the decrease in repulsion between the surfactant heads of 
the micelle, which was attributed to the microscope heat 
sources compacting the electrical double layer adjacent 
to the anionic heads.54 This closer packing may convert 
the spherical micelle to a rod-like structure to convert 
from a spherical. In an assumption, direct visualization 
obviously revealed the evolutions of micelle transition 
from spherical to rod-like structures.

In vitro release studies
Artificial Strat-M™ membrane mimics human skin 
and was studied against cellulose acetate membrane to 
compare the effectiveness of both membranes on release 
behavior of Exemestane. The cumulative percentages of 
Exemestane released from the four formulations exhibited 
the trend that the release of Exemestane from F127-based 
formulations was higher compared to Tween 80-based 
formulations in the 8 hours period, which unmistakably 
demonstrates the occurrence of the drug sink condition 
and membrane permeability. It may be due to interactions 
of F127 with the other components within the formulation 
such as glycerol.55 

The particle size of the formulations may also contribute 
to the difference in results as the Tween 80-based 
formulations have smaller particle size compared to 
the F127-based formulations. However, the study has 
demonstrated that this was not the case as B1 and B2 
tend to have a higher release rate or in some cases, about 
2.5 times higher than A1 and A2. This may suggest that 
B1 and B2 can undergo phase changes when there are 
changes to the external environment like temperature and 
that this may not apply in formulations made with Tween 
80.42 LC gel absorbs moisture from skin inducing swelling 
of gel network system thus increasing the drug molecular 
diffusion increasing drug movement in the networking 
system. 

The in vitro release data studied using mathematical 
modeling showed that Exemestane release from the 
LLC gel formulations was diffusion-controlled, which 
followed zero-order kinetics as evidenced by higher r2 

values. Moreover, plots shown in Figs. 2A and 2B have 
also exhibited that the total drug release percentage 
increases proportionally with increase in the square root 
of time.13–15 Higuchi kinetics data also demonstrated that 
the formulations incorporated of this low water-soluble 
drug in LC gels exhibited mixed order release kinetics 
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exists. Lara et al56 hypothesized that LC which exhibit the 
formulations having drug load concentration independent 
of the release kinetics was assumed to be of cubic phase. 
Therefore, these formulations are at least assumed to be of 
hexagonal or cubic phase.

In addition, the percentage of permeation across the 
cellulose acetate membrane was higher compared to 
Strat-M™ membrane; which may be due to the ability of 
the vesicles of the formulations to diffuse freely through 
the cellulose acetate membrane pores, which have 
higher pore radius than its counterpart, which is due to 
overnight hydration. Otherwise, the release behavior 
of the formulations was same as to Strat-M™. Overall, it 
is suggested that Strat-M™ membrane may be suitable to 
perform release studies for LC gels system. The Strat-M™ 
membrane, which mimics the human skin, can be used to 
predict the effectiveness of the selected formulations. The 
cellulose membrane, on the other hand, can be used for 
preliminary drug release studies.57,58 Based on the data, all 
formulations showed promising results thus were selected 
for the ex vivo permeation studies using rat skin. 

Ex vivo permeation studies
The results demonstrated that Exemestane successfully 
permeated through the rat skin. For Tween 80-based 
formulations, it was shown that the Exemestane in 
formulation A2 permeates more than that of formulation 
A1. The particle size may be responsible as formulation A2 
had much smaller particle size compared to formulation 
A1. In addition, Tween 80 surfactant is hydrophilic 
intrinsically hence hydrates LC gel with skin fluids. 
Moreover, as the LC gel hydrates the skin layers, the pore 
size radius is increased; consequently, more exemestane 
will be permeated due to drug release from the LC gel 
system through the hydrated skin layers. For the F127-
based formulations, the exemestane in formulation B2 
permeates more than in formulation B1. In contrast to 
the Tween 80-based formulations where smaller particle 
size would produce a higher amount of exemestane 
permeation, formulation B2 has a larger particle size than 
formulation B1. 

It is clear that time lag was not observed in any of the 
formulations, it strongly proposes the formulation of LC 
vesicles which release the drug from the micellar system 
continuously.47 During the in vitro release studies, the 
initial burst was not observed. But during the ex vivo 
permeation studies, such phenomenon occurred for all the 
formulations. Such occurrences may be due to two reasons: 
(i) the diffusion of the PBS solution from the receptor 
fluid to the skin membrane which enhanced the release of 
Exemestane from the vesicles, leading to more permeation 
across the rat skin.59 Also (ii) it may be due to the presence 
of surfactants in the formulations, as the permeation 
was higher since the Exemestane solubility in the bilayer 
hydrophobic core was enhanced. The surfactants also help 
to modify the structural and permeability characteristics 
of the SC, thus increase its fluidity and oppose the barrier 

function. This results in higher drug permeation from the 
vesicles into the SC layer.20,60,61

Generally the rat skin biological membrane bears negative 
charge; it is anticipated that the predominantly positive 
charged membrane layer of the vesicles may improve 
skin interaction that leads to higher skin permeation due 
to electrostatic attraction in the SC.62 A mechanism was 
proposed that the penetration may be due to the hydration 
gradient, where the vesicle system was able to deform.63 
The mechanism proposed that the water activity on both 
sides of the skin may be able to drag the vesicles through 
the skin. This study suggests that formulations with more 
water content may perform better, although the drug used 
in this study is hydrophobic. Also, the water may help 
to allow the formulations to spread easily and evenly on 
the skin surface, causing drug permeation to be more 
effective. The remarkable enhancement in the permeation 
of Exemestane through rat skin certainly suggests that 
there is intact vesicle transfer through skin and interaction 
between the skin and LC vesicle, furthermore, these are 
key factors enhancing the transdermal delivery of the 
drug.64 

In vitro effectiveness studies
The overall results exhibited that both formulations gave 
a relatively similar effect due to the similar pattern despite 
different surfactants being used. Both formulations were 
shown to be able to induce death on the MDA-MB231 cells. 
It was also noted that with exemestane concentration of 200 
μg/mL, which was the actual concentration of exemestane 
in the formulations, was sufficient to induce cell death of 
more than 50%. It was presumed that there would be an 
inversely proportional correlation between exemestane 
concentration and cell viability. However, this was not 
observed; at 12.5 and 25 μg/mL, the cell viability was low 
and the pattern was observed for both formulations. This 
may also suggest that low concentration of drugs may be 
sufficient to induce cell death. In addition, it is suggested 
that Tween 80 may help to enhance the absorption and 
accumulation of the Exemestane into the MDA-MB231 
cells by altering the cell membrane as demonstrated in 
a study involving Etoposide and lung adenocarcinoma 
cells.65 As the methodology employed in this study was 
relatively new, more investigations are required to ensure 
that the results are valid. Repetitions may be carried out 
using other human cancer cell lines as well as other cell 
lines such as HeLa cells and fibroblasts.

Histopathological studies
The positive control group shows a mild increase in 
thickness of the epidermis, which is not significant, as it 
is not associated with any inflammation or edema. The 
well-defined squamous keratinocytes in the deeper layers 
could be due to the increased keratin formation by the SC 
as a protective response to the applied drug. However, the 
lack of a prominent inflammatory infiltrates rules out any 
allergic or toxic reaction. 
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The irregularity of the SC observed in formulation 
A2 suggests that Tween 80, which is also used as a drug 
enhancer, thins out the squamous intercellular regions in 
SC during its penetration. Moreover, the surfactant which 
penetrated into the intercellular matrix may interact and 
bind with the keratin filaments leading to intracellular 
disruption. In formulation B2, the changes in the dermis 
suggest that the formulation diffused well through the 
skin. Both formulations A2 and B2 exhibited thinning 
of the epidermis at varying degrees, with the impression 
that the formulations have moved through the SC and 
these are morphological changes accounting for the above 
explanation. Both formulations A2 and B2 also exhibit no 
signs of ulceration, sloughing, discontinuity or necrosis, 
thereby ruling out any possibility of toxicity or adverse 
reactions of both formulations, and they are deemed safe 
to be used per se or in combination with other drugs for 
transdermal absorption.

Conclusion
The use of LLC gels has improved the current drug delivery 
methods considerably. In this study, Exemestane LLC gel 
formulations were successfully prepared, using GMO and 
surfactants such as Tween 80 and F127, by a simple process, 
involving coacervation phase separation principle. Results 
have also demonstrated that the formulations developed 
in this study were able to produce a sustained release and 
permeate a full thickness skin without any visible adverse 
reactions. It is hoped that in the future more studies will 
be carried out to ensure targeted drug delivery efficiently 
and safely.
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