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Abstract

The objective of this study was to optimize different vesicular systems containing (-)-epigallocatechin-3-gallate (EGCG);
namely penetration enhancer-containing vesicles, ethosomes, transfersomes and transethosomes in order to maximize its
therapeutic efficacy. Empty vesicles were prepared using Epikuron 200 and permeation enhancers including polyethylene
glycol 400, ethanol, Tween 80 and ethanol/Tween 80 mixture. The colloidal properties of the prepared vesicles were evaluated.
Empty vesicles displaying optimum properties were selected for drug loading in order to evaluate their entrapment efficiency.
Further optimization of the properties of the drug-loaded vesicles was performed through modification of the conditions of
the encapsulation process. Results revealed that decreasing the amount of Epikuron 200 with increasing the percentage of the
enhancer reduced the vesicles size and polydispersity index. Loading of vesicles with EGCG markedly increased their size
and surface charge. Doubling the volume of hydration medium significantly reduced the size of drug-loaded vesicles while
preserving the optimum encapsulation efficiency. Hence, it can be concluded that proper optimization of vesicular properties
is necessary in order to maximize the entrapment and consequently the topical therapeutic potential of EGCG.

Rezumat

Scopul acestui studiu a fost optimizarea diferitelor sisteme veziculare continand (-)-epigallocatechin-3-galat (EGCG) si
anume veziculele cu agenti de penetrare, etozomii, transferozomii si transetozomii, pentru a maximiza eficacitatea
terapeutica. Veziculele au fost preparate utilizind Epikuron 200 si agenti de imbunatitire a permeatiei incluzand polietilen
glicol 400, etanol, Tween 80 si amestec etanol/Tween 80 si au fost evaluate proprietatile lor coloidale. Veziculele goale cu
proprietati optime au fost selectate pentru incarcarea cu medicamente si s-a determinat eficienta la entrapare. Optimizarea
suplimentard a proprietatilor veziculelor cu medicament a fost efectuatd prin modificarea conditiilor procesului de
incapsulare. Rezultatele au aratat ca scaderea cantitatii de Epikuron 200 si cresterea procentului de enhancer a redus
dimensiunea veziculelor si indicele de polidispersie. incarcarea veziculelor cu EGCG a crescut semnificativ mirimea si
incarcdtura de suprafata. Prin urmare, se poate concluziona ca optimizarea adecvata a proprietatilor veziculelor este necesara
pentru a maximiza entraparea si, in consecinta, potentialul terapeutic topic al EGCG.
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Introduction to overcome the limitations encountered with the

(-)-Epigallocatechin-3-gallate (EGCG) is one of the dellyery of EGCG as su_ch [35, 48, 95, 96]. .
- . Vesicular systems, especially ultra-deformable vesicles
most promising nutraceuticals extracted from green

tea having numerous reported health benefits [28]. In (UPVS) offer numerous clinical aqvantages for drug
. i S delivery [1, 11, 23, 42]. Encapsulation of drugs offers
the skin, EGCG exhibits numerous biological effects .
- . A advantages such as decreased drug dose, reduced side
such as antioxidant, photoprotective, anti-aging and - o - .
anti-inflammatory [21, 43]. In different studies, the effects, increased half-life, high loading capacity and
biological functions O’f EGCG were proven t(') be increased intercellular delivery of drugs [9, 14, 25, 31,
. . S 79, 109, 115]. Therefore, vesicles have been widely
attributed to its structural features, providing it with

strong antioxidant and anti-inflammatory properties [52 used as encapsulating carriers for a wide variety of
g o Ory prop o drugs [7, 8, 12, 13, 73, 80, 98]. Another advantage
114]. However, despite being a promising nutraceutical,

: . NS is that they have the ability to guard labile drugs
its pharmaceutical application is limited because of acainst enzvmatic dearadation by forming a barrier
its chemical instability and low bicavailability [54]. g Y g y g

Therefore, several trials have been attempted to around drugs which increases resistance to enzymes,

maximize the therapeutic potential of EGCG by digestive juices, and intestinal flora [4, 5, 50, 82].
incorporating it in suitable delivery systems, in order
97
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Among the most commonly encountered UDVs are
penetration enhancer-containing vesicles (PEVS),
ethosomes, transfersomes and transethosomes (TEs).
Being nontoxic, thermodynamically stable, easily
produced, and exhibiting better permeation, these
vesicular systems are regarded as a promising delivery
system for many drugs [11, 76, 99].

Penetration enhancer-containing vesicles are elastic
vesicles prepared from phospholipids (PL) and penetration
enhancers (PE) with hydrosoluble glycols at 10% to
30% v/v concentration that perturbs the PL packing
characteristics and fluidizes the vesicle bilayer [75].
Ethosomes are elastic nanovesicles that are made
up of PL, water and high concentration of ethanol
(20 - 45%) [68, 76, 102]. The interdigitation of high
concentration of ethanol exerts a detrimental effect
on the vesicular lipid bilayer, increasing its fluidity and
rendering it deformable [89]. Transfersomes consist of
PL and edge activators (EA) (a single chain surfactant;
such as sodium cholate, Spans and Tweens) that
enhance the deformability of the vesicular lipid bi-
layer [27]. Finally, TEs are lipid vesicles based on
transfersomes and ethosomes. They contain a high
content of ethanol (up to 30%) together with an EA
[11].

The aim of this work was to design and formulate
optimized EGCG-loaded vesicular systems to enhance
the therapeutic potential of EGCG when applied
topically on the skin: PEVS, ethosomes, transfersomes
and TEs that essentially consist of PL and different
types of permeation enhancers including polyethylene
glycol 400 (PEG 400), ethanol (EthOH), Tween 80
(Twaso) and combination of EthOH and Twiao, respectively.
Optimization of the colloidal properties of the vesicles
(namely particle size, polydispersity index and zeta
potential) was carried out through preparing empty
vesicular systems and investigating the influence of
PL amount and permeation enhancer concentration
on these properties. The effect of EGCG loading on
the physical properties of the prepared vesicles was
also studied, and further optimization trials were
performed on the prepared EGCG-loaded vesicular
systems in an attempt to attain optimized Nano-EGCG
vesicles with optimum physical properties and maximum
entrapment efficiency.

Materials and Methods

(-)-Epigallocatechin-3-gallate was purchased from
Bulkactives Company, USA. Epikuron 200 (soybean
lecithin containing 92% phosphatidylcholine) was
kindly supplied as a gift from Cargill Inc., Germany.
Tween 80 was purchased from Oxford Lab., Mumbay,
India. Polyethylene glycol 400 was purchased from
Merck-Schuchardt, Hohenbrunn, Germany. Caffeine
was purchased from Himedia, Mumbai, India. Methanol
and ethanol (HPLC grade) were purchased from Sigma-
Aldrich, Germany.
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Preparation of vesicular systems

Different colloidal vesicles were prepared using the
thin film hydration technique as described in the
literature [32, 47, 61, 90, 107], according to the
proportions listed in Tables I to I11. Thin film of the
dispersion was prepared by means of a rotary evaporator
under vacuum (model RII-Buchi, Zurich, Switzerland).
Briefly, ethosomes were prepared by dissolving PL
in 10 mL methanol. Methanol was removed at 40°C
under vacuum, forming a thin lipid film on the inner
wall of the round bottom flask. The lipid film was
hydrated with fixed volume of different concentrations
of hydroethanolic solution, until a vesicular colloidal
dispersion was obtained. The colloidal dispersion was
rotated at 60 rpm for 1 hour at room temperature, then
sonicated using a bath sonicator (Bransonic 3510E-
DTTH, USA), at 50 cycle/s for 10 min at room
temperature. Transfersomes and PEVs were prepared
applying the same method, where either the EA or PE
was dissolved in methanol with PL before evaporation
for thin film formation. The thin lipid film was hydrated
with double distilled water for 1 hour followed by
sonication. In transethosomes, the PL and EA were
dissolved in methanol and the hydration of the lipid
film was carried out with hydroethanolic solution. For
preparation of EGCG-loaded vesicular formulations,
the aforementioned procedures were adapted and 25
or 50 mg EGCG was dissolved in methanol before
dissolving the PL and the procedure was completed
as mentioned previously.

Characterization of Vesicular Systems

Vesicle size, polydispersity (PDI) and zeta potential.
Particle size, PDI and zeta potential of the prepared
vesicles were determined by dynamic light scattering
(DLS) using Zetasizer (model ZEN3600, Malvern
Instruments, UK), where 10 pL of the vesicular
dispersions were diluted with 1 mL double distilled
water before measurements [58, 64].

UPLC assay for the quantitation of EGCG. The
quantitation of EGCG in the prepared vesicles was
performed using a UPLC method developed and
validated in our laboratory [38] as a modification of
previously published methods [45, 92]. Briefly, the
UPLC system (Agilent 1290 Infinity LC system)
equipped with G4204A Quat pump and G4212A
photo Diode Array Detector (DAD) was utilized.
PURELAB flex water purification system was used.
The analytical column ZORBAX RRHD Eclipse Plus
C18 (50 mm L x 2.1 mm id, 1.8 um particle size) was
utilized for separation. The mobile phase consisted of
a mixture of acetic acid (1% v/v; pH 3), acetonitrile
and water at volume ratio of 13:15:72, which was
pumped at a flow rate of 0.5 mL/min after filtration
through a Millipore 0.22 pm filter, followed by
sonication. The DAD was set in the range of 210 nm.
The sample injection volume was 10 pL and a total
run time of 5 minutes was applied.
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Entrapment efficiency. The entrapment efficiency
(%EE) of the drug-loaded vesicles was estimated using
a previously reported method [24, 62, 97, 108, 111].
An aliquot of 500 pL of the vesicular dispersion was
placed in the upper chamber of Nanosep centrifuge
tubes having ultra-filter with molecular weight cut-
off of 100 kDa (OMEGA, Pall Corporation, USA).
Nanoseps were centrifuged at 15000 rpm for 30 min
using a high speed refrigerated centrifuge at -5°C (Sigma
3-30KS, Germany). The filtrate containing the free
EGCG was collected from the lower chamber, diluted
and analysed using the previously described UPLC
method. The encapsulation or entrapment efficiency
(%EE) was determined relative to the originally added
drug amount, according to the following equation:
%EE = (Al - A2) x 100/A1, Eq. 1)
where, Al = Total EGCG added, A2 = Free EGCG,
(Al - A2) = represents the amount of EGCG entrapped
in the vesicles.
Statistical analysis
All results are expressed as mean =+ standard deviation
(SD) of three independent replicates of the experiments.
The effect of different formulation variables on the
vesicular characteristics was tested for significance
applying one-way ANOVA followed by Tukey post-
test using GraphPad InStat 3.1 software. Values of
p > 0.05 were considered not significant.

Results and Discussion

Preliminary screening

The selection of enhancers used in the preparation
of the vesicular systems in the present study was
made based on preliminary work that was carried
out on various enhancers of different properties (Data
not shown). PEG 400, being a safe biocompatible
penetration enhancer was selected for the preparation
of PEVs. It works by reducing the interfacial tension
between water and hydrophobic drugs. It was previously
reported that PEG 400 strongly interacts with the
inter-lamellar water layers and the polar regions of PL,
improving vesicular bilayer fluidity and also reducing
the stratum corneum (SC) barrier function transiently,
thus creating an easier pathway for the highly fluidized
vesicles [26, 67]. Ethanol is also known as an efficient
permeation enhancer that has been added in ethosomes
to render them elastic and malleable. It has the ability
to interact with the polar head group region of the
lipid molecules, resulting in the reduction of the melting
point of the SC lipid, and increasing lipid fluidity and
permeability of the cell membrane. In addition, the
high flexibility of vesicular membranes rendered by
the addition of EthOH permits the squeezing of the
elastic ethosomes through the pores of SC, which
are much smaller than vesicle diameters. Therefore,
ethosomes are very efficient in delivering substances
to the skin in the terms of quantity and depth [103, 106].
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Tween 80, being a single chain surfactant, destabilizes
lipid bilayer of the vesicles, increasing the deformability
of bilayer in transfersomes through decreasing the
interfacial tension [55]. Transfersomes can cross
the skin layers either while maintaining their intact
structure or after fusing and mixing with skin lipids
[39], where they can easily change their shape in
response to mechanical stress [40]. As a result,
transfersomes can easily squeeze through channels
with one-tenth of the vesicles diameter and cross the
SC [11]. Therefore, aiming to formulate EGCG-loaded
vesicular systems with acceptable physical properties
(particle size, PDI and zeta potential) as well as
optimized entrapment efficiency to enhance their topical
application, PEG 400, EthOH and Twsg, were selected
for preparing PEVSs, ethosomes and transfersomes,
respectively.

Optimization of the colloidal properties of empty
vesicular systems

Optimization of formulation composition is an essential
step towards producing stable particles, with acceptable
performance as a drug delivery system. The nature
and ratio of the vesicle constituents have a great effect
on their physicochemical properties [16]. Therefore,
it was important to study the effect of different
formulation factors adapted in our laboratory on particle
size, PDI and charges on the prepared vesicular systems.
Penetration enhancer-containing vesicles (PEVS)
PEVs were prepared using varying amounts of PL
and PEG 400 as presented in Table I. All formulae
exhibited relatively large particle size (ranging from
542.6 nm to 6230 nm). This can be attributed to the
hydrophilic nature of PEG 400 which increases vesicles
hydration. Immobilization of water molecules in the
presence of PEG 400 leads to a consequent modification
of the bilayer swelling condition producing larger
vesicle size with wider range of distribution. Similar
results were reported in previous studies [26, 74].
On investigating the effect of PL amounts on the
characteristics of PEVS, it was observed that the
progressive increase of the amount of PL (300 mg,
600 mg and 900 mg) significantly increased the vesicles
particle size which was more pronounced in presence
of 5% PEG rather than 10% PEG (P < 0.05). This
growth in vesicles size could be attributed to the
predominant effect of PL amount on the formation,
growth and closure of intermediate bilayered PL
fragments [6]. Furthermore, it is expected that increasing
the amount of PL involved in vesicular formation
provides the vesicular membrane with higher rigidity,
thereby strengthens the bilayer structures and diminishes
bilayer micro fluidity; a situation that would interfere
with the size reduction during sonication. This was in
agreement with the results obtained by many authors
while studying the encapsulation of various drugs
[18, 46, 65, 66, 72, 85, 93, 117].
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Table |

Effect of composition on the colloidal properties of empty PEVs (mean + SD, n = 3)

Formula Composition Particle size (nm) PDI Zeta Potential (mV)
Code PL Hydration medium
(mg) | PEG 400 (%, viv) | H20 (%, viv)
Pl 300 5 95 900.3 + 19.23 0.55 +0.10 -4.04+0.18
P2 300 10 90 542.6 + 19.09 0.54 +0.04 -3.03 £ 0.06
P3 600 5 95 1065 * 14.14 0.56 + 0.002 -3.47+0.17
P4 600 10 90 765 + 6.58 0.61 +0.02 -5.59 + 1.92
P5 900 5 95 6230+ 111.9 1.00+0 -2.27+0.10
P6 900 10 90 901 + 84.64 0.64 + 0.02 -3.32+2.87

With regard to PDI values, they increased with increasing
the amount of PL as well. This could be attributed
to the formation of thinner film at lower PL content
(300 mg) during the evaporation of methanol, as well
as the creation of low-viscosity dispersion after hydration,
which enhanced the efficiency of the ultrasonic power
to subdivide the particles to smaller size with narrower
distribution range. However as a general observation,
all the prepared PEVs had PDI values above 0.5 (ranging
from 0.54 to 1). In other words, all the formulae
exhibited wide non-homogenous distribution.

The zeta potential values of all the prepared PEVs
were relatively low, ranging from -2.27 to -5.59 mV,
as displayed in Table I. Despite the variations in zeta
potential values, the difference between them was
insignificant (p > 0.05). The low values of zeta potential
of the prepared PEVs could be ascribed to the inverse
relationship existing between particle size and zeta
potential [77] as a result of surface area reduction.
Moreover, the low values of zeta potential of the prepared
PEVs can also be attributed to the presence of PEG
400 which was thought to form a compact conformation
cloud (mushroom cloud) around the vesicles, shielding
the negative charge carried by the PL vesicles them-
selves [113].

Regarding the effect of the concentration of PEG 400
in the hydration medium on the colloidal properties of
the PEVs, it was observed that increasing PEG 400
concentration from 5% to 10% significantly reduced
particle size (p < 0.05). PEG 400 at higher concentration
is thought to exert more perturbation effect on the
PL packing characteristics in the bilayer (due to the
extensive interaction with and immobilization of water
molecules) thereby enhances the bilayer fluidity and
causes more size reduction upon sonication. Increasing
PEG 400 concentration caused a significant reduction
(p < 0.05) on PDI values of PEVs containing 900 mg
of PL only. Regarding the effect of increasing the
concentration of PEG 400 on zeta potential, it was
insignificant as the shielding effect of PEG on vesicles’
charges was pronounced even at low concentration as
reflected by the low values presented by all formulae.
Ethosomes

The effect of two factors, namely the PL amount and
EthOH concentration on the particle size, PDI and
zeta potential of vesicles was tested (Table I1).
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Increasing the amount of PL from 200 mg to 400 mg
and 600 mg significantly increased the particle size of
ethosomes (p < 0.05), as a result of increasing the
incorporated amount of PL in vesicles bilayer during
formulation and the consequent increase in rigidity
and resistance to size reduction as encountered with
PEVs. Decreasing the amount of the PL not only
produced vesicles of smaller size but also produced
homogenous vesicular distribution (PDI ranged from
0.2 to 0.51 for vesicles containing 200 mg of PL)
which was justified by the efficient effect of the
sonication power as a result of the thin film formation
during evaporation of methanol and the low viscosity
of the dispersion after hydration and during sonication.
The results are in accordance with the data reported
by Zhaowu et al. [117].

Zeta potential of all the prepared ethosomal formulae
exhibited negative values, ranging from -1.13 to
-17.1 mV, which can be attributed to the nature of
EthOH, being a negative charge provider to the
surface of ethosomes [3, 30]. A possible mechanism
through which EthOH can impart the negative charge
is that EthOH (through its dipoles) can increase the
degree of polarization of the carbonyl group in PLs. In
addition, EthOH can provide a nucleophile ((OC;Hs)
to attach the carbonyl carbon creating a negative charge
on the oxygen atom, as explained by Connors et al.
[29], thus imparting negative zeta potential to the
vesicles. Increasing PL amount significantly reduced
the zeta potential (p < 0.05), where 200 mg PL-
containing ethosomes exhibited zeta potential values
ranging from -9.43 to -17.1 mV while 600 mg PL-
containing ethosomes exhibited reduced zeta potential
values ranging from -1.13 to -5.59 mV. The decrease
in zeta potential of the prepared vesicles with increasing
PL amount could be ascribed to the increase in particle
size and hence reduction of surface area carrying
the charges as also encountered with PEVs. These
findings were in accordance with the results obtained
by Nascimento et al. where an increase in zeta
potential of the prepared vesicles was accompanied
by a decrease in vesicle size [78].

Inspecting the effect of EthOH on the colloidal
characteristics of ethosomes revealed that it affects
the particle size of ethosomes oppositely to the PL
amount, where increasing the concentration gradually
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from 10% to 40% while keeping PL amount constant
caused significant reduction in particle size (p < 0.05).
In accordance with other authors, the decrease in
vesicles size might be due to the fact that at higher
EthOH concentration, the vesicle membrane thickness
is reduced considerably, probably as a result of the

formation of a phase with interpenetrating hydrocarbon
chain of EthOH in the vesicular lipid bilayers [86].
The reduction of the membrane thickness allows easier
and faster vesicle subdivision under constant sonication
period and hence smaller particle size is obtained.

Table 11

Effect of composition on the colloidal properties of empty ethosomes (mean £ SD, n = 3)

Formula Composition Particle size (nm) PDI Zeta Potential (mV)
Code PL (mg) Hydration medium
EthOH (%, v/v) | H20 (%, vIv)
El 200 10 90 607.7 = 4.88 0.51+0.04 -17.1+0.61
E2 400 10 90 2448 + 89.1 0.94 +0.09 -7.34+0.53
E3 600 10 90 5426 + 464.6 0.61+0.15 -559+1.2
E4 200 20 80 475 £ 0.64 0.47 £ 0.02 -10.1+1.13
E5 400 20 80 1082 + 82.02 0.87 +0.19 -4.18 +0.18
E6 600 20 80 4326 £ 813.2 0.78 £ 0.03 -1.13+0.72
E7 200 30 70 294.9 £ 2.62 0.26 +0.01 -13.7+0.14
E8 400 30 70 616.85+0.14 0.37+0.14 -3.98 +0.48
E9 600 30 70 1619 + 97.58 0.82 +0.01 -2.64+0.18
E10 200 40 60 241.3+2.33 0.20 £ 0.02 -9.43+0.59
E1ll 400 40 60 461.8 +7.99 0.55+0.01 -5.27 +0.06
E12 600 40 60 7255+4.5 0.64+0.11 -1.54 +0.09

The PDI values of 200 mg PL-containing ethosomes
were significantly reduced as the EthOH concentration
increased (p < 0.05). In 400 mg PL-containing formulae,
PDI values were insignificantly reduced (p > 0.05),
with the values being higher than those observed with
200 mg PL-containing ethosomes. In 600 mg PL-
containing formulae, PDI values were all above 0.5
(from 0.614 to 0.823), indicating a non-homogenous
distribution of the ethosomes in the dispersion media
which is probably attributed to the inability of EthOH
to decrease PL membrane thickness at such high PL
level in the membrane.

Regarding zeta potential, it was observed that however
EthOH is negative charge imparting agent, increasing
EthOH concentration above 10% significantly reduced
the zeta potential of the prepared ethosomes (P < 0.05).
It was previously reported that EthOH was responsible

for changing the orientation of PL polar head in the
bilayer that may reduce the electrical double layer
thickness around the vesicle due to repulsion which
is reflected on changes in the electrical charge on the
vesicle surface [110]. Furthermore, Labhasetwar et
al. stated that the change in the lipid bilayer could
influence the electrical layers around the vesicles
and accordingly the zeta potential [63].
Transfersomes

Transfersomes were prepared using Twgo as edge
activator. The effect of varying PL:Tws ratio (%
w/w) in the formation of the vesicles, in addition to
the effect of increasing total PL + Twgo content, while
keeping their ratio constant, on the particle size, PDI
and zeta potential of the prepared transfersomal
dispersions was studied (Table II).

Table 111
Effect of composition on the colloidal properties of empty transfersomes (mean £ SD, n =3
Formula Composition Particle size PDI Zeta Potential (mV)
Code PL:Twgo ratio | Total PL+Twaso Hydration (nm)
(%, wiw) content (mg) medium
H20 (%, viv)

T1 90:10 200 100 741.5+7.99 0.63+0.01 -4.57 £ 0.03
T2 400 100 610.6 +52.89 | 0.55+0.01 -3.05+£0.29
T3 600 100 157.4+4.031 | 0.59+0.01 -2.13+£0.02
T4 85:15 200 100 617.3+44.69 | 0.65+0.02 -1.76 £0.29
T5 400 100 593.1+21.92 | 0.56 £ 0.002 -1.58 £0.52
T6 600 100 153.4+1.909 | 0.51+0.09 -0.266 £ 0.1
T7 80:20 200 100 580 + 44.69 0.55 + 0.02 -3.53+£0.35
T8 400 100 552.5+4.03 0.67 +0.04 -2.94 +0.49
T9 600 100 516.2 +82.08 | 0.62 +0.02 -3.22+0.61
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The progressive increase of Twgy content in the total
PL/Twgo amount (90:10, 85:15 and 80:20 PL:Twsgo
ratios) reduced the particle size of all formulae
insignificantly, except for the formula prepared with
80:20 PL:Twsgo ratios with total amount of 600 mg of
both components which showed significant increase
in particle size. The reduction in particle size of the
prepared transfersomes may be attributed to the
destabilization effect of Twgo on the lipid bilayers
of transfersomes which increases flexibility [33],
leading to the formation of vesicles of smaller sizes
[41]. The reduction in particle size upon increasing
Twsgo concentration was in agreement with the results
reported by Irfan et al. [53] and Nava et al. [81]. The
unexpected increase in particle size in the formula
prepared with 80:20 PL:Twg ratios with total amount
of 600 mg may be attributed to the fact that the
combined effect of high total PL+Twsg, content (600 mg)
and the high viscosity imparted by the presence of
excess Twgo in the dispersion medium opposed its
main effect in increasing the elasticity of the vesicles
and the consequent size reduction during sonication.
Regarding the PDI, it was observed that there was a
statistically insignificant difference among the prepared
formulae (T1 - T9) (P > 0.05). The PDI value of all
the prepared formulae ranged from 0.51 to 0.67, which
were relatively high (above 0.5). In other words, all the
prepared transfersomal dispersions exhibited hetero-
geneous (wide size range) distribution.

As listed in Table 111, the zeta potential of transfersomal
vesicles ranged from -1.58 to -4.57 mV. Despite the
variations, it can be noticed that all the prepared
formulae exhibited experimentally small values of
zeta potential (insignificant among all tested formulae
p > 0.05). The reason behind the negative zeta potential
of the prepared transfersomal dispersions may be solely
attributed to the zwitter-ion nature of the PL [34, 100].
The relation between increasing Twsgy concentration
and reduction in zeta potential may be attributed to
the fact that Twgo molecules are amphiphilic molecules
that prefer deposition at the particles surfaces which
lead to shielding the surface charges being non-ionic
surfactant. The shielding effect of Twgo on surfaces
charges was previously reported with both polymeric
nanoparticles [10, 112] as well as vesicular systems
[17,52].

In contrary to the effect of increasing the PL content
which significantly increased the particle size of both
PEVs and ethosomes, the effect of increasing the
total PL+Twgo content was the reduction of the
particle size of transfersomes. This reduction was
highly significant (p < 0.05) in transferosomes prepared
with 90:10 and 85:15 PL:Twsgo ratios. The effect of
total PL+Twgo content was less pronounced when
PL:Twgo ratio was above 85:15 (p > 0.05). The
decrease in vesicle size associated with increasing
PL+Twsgo content can be explained based on the
assumption that increasing total PL+Twgy content
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gradually from 200 mg to 600 mg created crowding in
the dispersion media. As a result, the average distance
between neighboring vesicles and excess Tweg, molecules
that are uninvolved in vesicle formation is reduced.
The increase in Twgy concentration per unit volume
of the dispersion medium is expected to increase the
efficiency of Twsg as a surfactant to reduce surface
free energy on vesicles’ surfaces, accompanied by
population of small size. Therefore, Twsgo initiated
higher vesicles sub-deviation and stabilization by
adsorption/re-adsorption of Twg on vesicular surface,
due to the presence of hydrophobic methylene groups
in the long acetyl side chain of Twsgo that tends to adsorb
more strongly and form a thicker layer on vesicles’
surface. Similar surface adsorption was encountered
with Twgo and gold nanoparticles [116].

On the other hand, insignificant changes in the PDI
were observed upon increasing total PL+Twg, content.
All transfersomal dispersions exhibited wide size
distribution, ranging from 0.506 to 0.668.

Increasing the total PL+Twsgo content gradually from
200 mg to 600 mg significantly reduced zeta potential
of transfersomes in 90:10 and 85:15 PL:Twsgo ratios
(p < 0.05). However in 80:20 PL:Twsgo formula, zeta
potential was insignificantly reduced upon increasing
PL+Twso content (p > 0.05). Despite the statistical
significance, the experimental values of the obtained
zeta potential were very low ranging from -0.266 to
-4.57 that showed insignificant difference when analysed
collectively.

Transethosomes (TES)

Two transethosomal formulae were prepared, namely
TE4 and TES6 based on selected transfersomal formulae
T4 and T6 (Table V). It was observed that the addition
of ethanol to the hydration medium of transethosomes
prepared with 600 mg total PL+Twsgo significantly
(p < 0.05) increased the particle size of TE6 compared
to T6. The formula exhibited PDI value of 0.51 and
zeta potential of -1.43 mV. The increase in particle
size accompanying the addition of EthOH to this
transfersomal dispersion could be ascribed to the gel
forming potential of PL-EthOH-aqueous mixtures at
high EthOH concentration and the induced inter-
digitation of PL bilayers by EthOH [69, 84]. Moreover,
Komatsu et al. [60] attributed the increase in liposomes’
size under the effect of EthOH to the liposomal
aggregation and fusion-induced by EthOH incorporation.
The effect can also be attributed to the reduction in
the degree of hydration of PL molecules as a result
of association between the added alcohol and water
molecules through hydrogen bond formation. The
reduction of PL hydration causes aggregation due
to the disappearance of the highly bounded water
molecules on the bilayer surfaces, resulting in increased
vesicles size. This came in accordance with the results
obtained by Bseiso et al. [22], K&iv et al. [59] and
Shamma et al. [94].
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Table IV

Effect of composition on the colloidal properties of empty transethosomes in comparison to transfersomes

(mean = SD, n = 3)

Formula Composition Particle size PDI Zeta Potential

Code | PL: Twgoratio | Total PL+Twso | Hydration medium (nm) (mV)

(%, wiw) content (Mg) EthOH H20
(%, viv) | (%, vIv)

T4 85:15 200 0 100 617.3+44.69 | 0.65+0.02 [ -1.76+0.29
TE4 85:15 200 40 60 267.6+2.83 | 0.44+0.01 | -0.56+0.02
T6 85:15 600 0 100 153.4+1.909 | 0.51+0.09 | -0.266+0.1
TE6 85:15 600 40 60 650.8+35.85 | 0.51+0.04 | -1.43+0.30

On the contrary, upon inspecting the properties of
formula TE4 prepared using lower amount of total
PL+Twso (200 mg), better physicochemical properties
were achieved (Table 1V). The particle size and PDI
values of TE4 significantly decreased upon EthOH
addition (p < 0.05) which could be attributed to the
dual fluidizing effect posed by both Twg, and EthOH
in presence of low amount of PL, in which the former
(Twsgo) causes destabilization of the lipid bilayers of
TEs, hence increases the flexibility of these vesicles,
while the latter (EthOH) causes membrane thinning,
together leading to decreased particle size in the presence
of low PL amount.

The difference in the effect of EthOH on the size and
homogeneity of TEs between the two formulae, TE4
and TES, could be attributed to the level of PL per
the two formulae. It could be assumed that alcohol
was not able to augment the edge activating action
of Twso in presence of high concentration of PL in
TES as it interfered with the required high level of
hydration in presence of 600 mg of total PL+Twsgo
amount compared to the low total amount of
PL+Twsgo of 200 mg in TE4.

EGCG loading into the selected vesicular systems
Effect of EGCG loading on the particle size, PDI and
zeta potential of vesicular systems. Two formulae,
exhibiting the optimum colloidal properties from
each of the vesicular systems (ethosomes; E7 & E10,
transfersomes; T3 & T6, PEVS; P2 & P4 and TEs; TE4

& TEB) were selected for drug loading. Depending
on the results obtained from a preliminary study and
referring to the work previously published by Fang
et al. [43], a 50 mg dose of EGCG was selected to be
incorporated in each formula and the effect of EGCG
loading on the physical properties of vesicular systems
was studied. Results are graphically illustrated in
Figure 1.

As a general observation, loading the vesicles with
EGCG increased particle size to different extents.
Increasing particle size with EGCG loading was more
significant in ethosomes (p < 0.001), while the lowest
effect was observed with PEVs (p > 0.05). The
concomitant increase in PDI values of vesicular
dispersions upon EGCG loading is in consistence
with particle size enlargement; whereas the particle
size increased the vesicular dispersion became more
heterogeneous. The size enlargement and the increase
in PDI values can be attributed to the bicyclic structure
of EGCG, which was previously reported by Sun et al.
[101] to cause enlargement in liposomes curvature
radius and lamellarity upon its incorporation. Regarding
zeta potential, the increased negativity observed in
ethosomes, transfersomes and TEs upon EGCG
incorporation is ascribed to the inherent negative
charge of EGCG resulting from the galloyl moiety of
the drug at the 3-position, which has three hydroxyl
groups, providing a source of negative charge in
aqueous solutions [43].
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Figure 1.

Effect of EGCG loading on the particle size (a), PDI (b), and zeta potential (c) of different vesicular systems
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Effect of decreasing EGCG loaded dose on the
particle size, PDI, zeta potential and entrapment
efficiency of vesicular systems. Aiming to reduce the
particle size and increase the formulae homogeneity
after loading with the drug, a study was carried out to
investigate the effect of decreasing the EGCG loaded

dose on the colloidal properties as well as the %EE of
the prepared vesicles. Vesicles which showed smaller
particle sizes upon loading with 50 mg EGCG, namely:
P27, E10”, T6” and TE4” were selected for loading
with half dose (25 mg) of EGCG (Figure 2).
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Effect of varying EGCG loading dose on the particle size (a), PDI (b), zeta potential (c) and %EE (d) of different
vesicular systems

As clearly observed, reducing EGCG loading dose in
the different vesicular systems decreased their particle
size to different extents. The decrease in particle size
was significant in EthOH-containing formulae; ethosomes
(p < 0.001) and TEs (p < 0.01), however it was
insignificant in case of transfersomes and PEVs (p >
0.05). The increase in particle size with increasing
the loading dose might be ascribed to the fact that
EGCG is entrapped in the lipid bilayer of the vesicles,
consequently, increasing EGCG loading dose might
increase the amount entrapped in the bilayer, thus
increasing vesicle size. This is attributed to EGCG
conformational structure, being a cis-type catechin,
according to configuration of the two hydrogen atoms
at the 2 position on the C-ring [57], as well as its
hydrophobicity which favours its loading within the
vesicles leading to increased particle size [44].

Upon decreasing the dose of EGCG from 50 to 25 mg,
the value of PDI was nearly unchanged in all the
prepared vesicular systems (p > 0.05) except for TEs.
Regarding zeta potential, decreasing EGCG dose from
50 to 25 mg significantly decreased the zeta potential
of all the prepared vesicles (p < 0.05), except for PEVs
where it was insignificantly changed (p > 0.05). Based
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on the obtained results of zeta potential, EGCG was
believed to be the source of negative charge, where as
its concentration was increased in the formulation, the
charge on the vesicles increased.

Effect of EGCG loading dose on the entrapment
efficiency of vesicular systems. Encapsulation efficiency
(%EE) is one of the important parameters in the
design of vesicular formulations as drug carriers. High
encapsulation efficiency ensures more bioavailability
and also high concentration of targeted drug, that may
help in the reduction of dose required for therapy
and thereby decrease the dose related systemic side
effects [20, 88]. Thereby the %EE of EGCG upon
loading vesicles with 50 mg and 25 mg of EGCG
was determined and presented as percentages of total
loading dose (Figure 2).

During the optimization trials, it was observed that
transfersomes exhibited large particle size, wide size
distribution and low zeta potential, while better physico-
chemical properties were obtained on preparing TES
thus; transfersomes were excluded from further study,
since our aim was to enhance the topical delivery
efficacy of EGCG via nanovesicles exhibiting lowest
particle size, concurring with other authors [51, 105].
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When 50 mg EGCG were loaded in the vesicles, the
values of %EE in PEVs, ethosomes and TES was
85.11%, 57.28% and 21.19%, respectively. When
EGCG dose was reduced to 25 mg, the values of
%EE significantly decreased to 60% and 42.7% for
PEVs and ethosomes, respectively (p < 0.05) and
insignificantly decreased to 14% for TEs (p > 0.05).
As a general observation, the highest %EE values
were observed with PEVs followed by ethosomes
and finally TEs. The significantly higher %EE values
of PEVs may be attributed to the presence of PEG
400 which has a hydrophilic and a hydrophobic
region that facilitate the entrapment of lipophilic
drugs [26]. Moreover, high %EE of PEVs can also
be correlated with the significantly larger particle
size of formula P2”enabling them to entrap more
drug [87]. The lower values of %EE exhibited by
ethosomes and TEs could be attributed to the
presence of EthOH which is believed to render the
membrane of EthOH-containing vesicles leaky to
the drug as previously deduced [15, 83].

The extensive reduction of the %EE observed with
transethosomes can be justified based on the synergistic
effect of Twgy and EthOH in increasing vesicles
leakage. Ethanol was previously reported to cause
the vesicle bilayer to be leaky that can lead to decrease
in %EE [3]. Van den Bergh et al. [104], Mishra et al.
[70] and Bnyan et al. [19] previously reported that
the incorporation of surfactants in vesicle formulation
may lead to pore generation of the PL bilayers of the
vesicles. This may be due to the fact that surfactant
molecule gets associated with the PL bilayer, disrupting
the lipid membrane with better partitioning of the
drug thus the lipid membrane becomes leaky to the
entrapped drug [37]. This is contrary to other published
data where surfactants were found to increase the
encapsulation of drugs either by direct solubilisation
in the solid-lipid nanoparticles or through stabilization
of the formed particles and hence preventing drug
leakage [2, 71].

The decrease in the values of %EE observed with
decreasing EGCG loading dose in PEVs, transfersomes
and TEs was in consistence with the previous finding
of particle size and zeta potential (as the EGCG loading
dose was decreased from 50 to 25 mg, the size as well
as zeta potential of the prepared vesicles decreased
significantly). The obtained results were in agreement
with the findings reported by Fang et al. [44] that
EGCG strongly locates itself within bilayers. In other
words increasing the loading dose increased the amount
of EGCG entrapped in the vesicle bilayer, thus increasing
vesicles’ size and zeta potential.

Optimization of the colloidal properties of EGCG-
loaded vesicular systems

In an attempt to achieve both high drug loading and
good colloidal properties, another approach was
attempted to reduce the particle size of the vesicles
loaded with 50 mg EGCG (P2”, E10” and TE4”) since
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they showed high %EE, through changing the volume
of the organic solvent of PL dispersion during thin film
formation as well as the volume of the film hydration
medium. A volume of 20 mL organic solvent (methanol)
was used for dissolving the components instead of
10 mL in the standard method. The hydration of the
thin film formed after evaporation was carried out using
20 mL of water/permeation enhancer mixture in PEVs
or 20 mL hydroalcoholic solution in ethosomes and
TEs instead of the 10 mL applied in the standard
method. The colloidal parameters were measured after
varying the volume of both media in systematic manner
and results were compared (Figure 3).

It was observed that upon doubling the volume of
organic solvent (200/10A) in ethosomes (formula
E10”) and PEVs (formula P2”) at standard volume
(10 mL) of hydration medium, the particle size was
significantly reduced (p < 0.05). Doubling the volume
of hydration medium at standard organic solvent
volume (100/20A) significantly reduced the particle
size of PEVs (P2”), ethosomes (E10”) and TEs (TE4”)
(p < 0.05). Increasing the volumes of both organic
solvent and hydration medium (200/20A) significantly
reduced particle size of EthOH-containing vesicles
(E10” and TE4”) (p < 0.05).

The marked decrease in the particle size of ethosomes
and PEVs upon increasing the volume of organic
solvent (at 10 mL hydration medium) could be ascribed
to the production of thinner film with homogenously
dispersed components (PL and EGCG) in the 20 mL
organic solvent, that led to the reduction of the vesicle
size. This came in accordance with the results reported
by Edgerly-Plug [36] while investigating the control
of liposomes size through varying the volume of
organic solvent. On the other hand, the significant
decrease in vesicle particle size upon increasing the
volume of hydration medium can be explained on
the basis of the ample space provided for vesicle
formation upon doubling the volume of the hydration
media to 20 mL that reduces the probability of particles
coalescence during vesicle formation, producing small
particles. The lower volume (10 mL) may have led
to incomplete or distorted formation of bilayer due
to excess material and low space as a result of low
hydration. Furthermore, the reduced viscosity of the
hydrated dispersion could assist more effective size
reduction during sonication. Similar results were
previously reported by Sankhyan et al. [91] while
preparing metformin-loaded niosomes.

Regarding PDI values of the prepared vesicles, a
positive correlation could be inferred between the
particle size and PDI, in which an increase in particle
size was accompanied by an increase in PDI values.
As illustrated (Figure 3), a significant change was
observed in the zeta potential values upon increasing
the aqueous phase volume at low organic phase volume
of 10 mL (p < 0.05) in all systems except PEVs
which was insignificant (p > 0.05).
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Figure 3.
Effect of changing the volume of organic solvent and hydration medium on the particle size (a), PDI (b) and zeta
potential (c) of selected vesicular systems loaded with 50 mg EGCG

Upon the determination of the %EE (Table V) it was
clear that, doubling the volume of the hydration
medium (at 20 mL organic solvent volume) significantly
increased the %EE of EGCG in EthOH-containing
vesicles (E10” and TE4”) (p < 0.05). However, an
insignificant effect was observed with the PEVs (P2”)
(p > 0.05) under the same condition. In general, it
was observed that EGCG was adequately encapsulated
in the optimized vesicles (ranging from 57.46% to
83.45%), owing to its lipophilicity as its log P value
was reported to be 1.35 + 0.07 [49, 56].
Table V
Effect of organic solvent and/or hydration media
volumes on %EE (mean = SD, n =3

Formulae Code %EE
E107(10/10) 57.281 + 1.363
Ethosomes E107(20/10) 52.736 +0.989
E107(10/20) 74.682 +1.107
E107(20/20) 65.610 + 1.055
P2(10/10) 85.109 + 1.078
PEVS P2(20/10) 77.422 + 2.861
P27(10/20) 83.449 + 0.625
P27(20/20) 83.048 + 0.142
TE4”(10/10) 21.198 +1.879
TEs TE4”(20/10) 27.871 +3.803
TE4”(10/20) 57.458 +1.113
TE4”(20/20) 58.809 + 1.085
Conclusions

The nature and the ratio of various excipients applied
in vesicles formulation exhibited major effects on their
colloidal properties. Therefore, optimization of formulation
composition was essential in order to produce vesicles
with acceptable physical properties. It was generally
observed that particle size and size distribution of
vesicular systems decreased as the permeation enhancer
concentration were increased and PL amount was
decreased. The incorporation of EGCG into different
vesicles increased particle size, PDI values and surface
charge of the vesicular systems. Reduction of particle
size and PDI after drug loading could be achieved by
increasing the volume of the organic solvent used as
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a dispersion medium during vesicles preparation and
to a higher extent with increasing the volume of the
hydration medium followed by sonication.
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