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ARTICLE INFO ABSTRACT

The purpose of this study was to evaluate the effect of composition and characteristics of liquid crystalline phases
(LCPs) on cutaneous delivery of methylene blue (MB). LCPs were obtained by mixing Brij97® with water at
various ratios; Brij97®:water at 8:2 (F8:2), 7:3 (F7:3), and 6:4 (F6:4) were selected, and MB was incorporated at
0.1%. F8:2 and F7:3 exhibited textures and small angle X-ray scattering (SAXS) patterns corresponding to la-
mellar phase, whereas F6:4 displayed characteristics of hexagonal phase. All three LCPs were stable for
9 months, and exhibited thixotropic pseudoplastic behaviour. Increasing water content increased viscosity. All
three LCPs released less (3.2- to 6.6-fold) MB than control gel (3.0% hydroxyethylcellulose (HEC) + 0.1% MB),
demonstrating their ability to sustain release. Despite the lower release, all LCPs improved skin retention of MB
at 6 h post-application (1.3- to 2.1-fold) compared to the control gel. Among the LCPs, F8:2-mediated skin
retention of MB was more pronounced, followed by F7:3. Consistent with the increased penetration, transepi-
dermal water loss (TEWL) also increased after treatment with the LCPs (2.0-2.8 fold), which suggests their
influence on skin barrier. Irritation studies by Hen’s Egg Test — Chorioallantoic Membrane (HET-CAM) suggest
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that F7:3 and F6:4 may be better tolerated by the skin than F8:2.

1. Introduction

Methylene Blue (MB) is a cationic chromophore from the phe-
nothiazine family that exhibits adequate photophysical and photo-
chemical properties as photosensitizer (FTS) for photodynamic therapy
(PDT), which include intense absorption in the 550-700 nm region and
considerable quantum yield of singlet oxygen (Tardivo et al., 2005). In
addition, it has low toxicity, can be easily obtained on an industrial
scale with good reproducibility and low cost and the irradiation source
for its excitation can be obtained at low cost (Tardivo et al., 2005). MB
induces phototoxic effects in a variety of tumor cells (Guan et al., 2014;
Seong and Kim, 2015; Tardivo et al., 2005; Yu et al., 2014), including
skin cancer cells (Samy et al., 2015).

Cutaneous delivery of MB is an interesting strategy to provide
therapeutic effect to a specific site with reduced systemic toxicity. So
far, MB has been administrated mostly by intralesional injection for an
adequate therapeutic response (Baran et al., 2010; Orth et al., 2000,
1998; Tardivo et al., 2005, 2004). The need for intralesional injection of
MB is justified by the drug physicochemical properties; as a hydrophilic
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drug with a low octanol/water partition coefficient (Log P = —0.9)
(Walker et al., 2004), its partition and diffusion through the stratum
corneum, the outermost layer of the skin, is limited, preventing it from
reaching cutaneous deeper layers at adequate concentrations. This is
further supported by results from a recent study in which topical ap-
plication of MB in liposomal vesicles, associated or not with intrale-
sional injection of MB, was successful after superficial curettage of
cutaneous tumor lesions (Samy et al., 2015), demonstrating the need of
mechanical removal of part of the injured tissue to allow penetration of
MB at a sufficient quantity to optimize PDT results. Thus, strategies to
improve cutaneous delivery of MB are clearly needed.

In face of these facts, we proposed the development of topical sys-
tems capable of enhancing cutaneous penetration of MB for PDT and
treatment of neoplastic cutaneous lesions. Polyoxyethylene (10) oleyl
ether (Brij 97°) is a nonionic surfactant derived from ethylene oxide
widely used for the development of drug delivery systems (Hosmer
et al., 2011; Pepe et al., 2013; Phelps et al., 2011; Rissi et al., 2014).
When dispersed in water at a concentration higher than the critical
micellar concentration (CMC), Brij 97°® self-aggregates, resulting in
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various types of liquid crystalline structures of interest for cutaneous
delivery of drug (Hosmer et al., 2013, 2011). These phases can be easily
prepared and display adequate consistency for topical use. Moreover,
Brij series surfactants act as absorption enhancer, increasing the per-
meability of biological membranes like the skin (Hosmer et al., 2011;
Park et al., 2000).

The aim of this study was to evaluate the effect of water content and
internal structure of liquid crystals based on Brij97® on cutaneous de-
livery of MB. For this purpose, liquid crystalline phases based on
Brij97® were obtained, identified by polarized light microscopy and
small angle X-ray scattering, and characterized regarding to stability,
rheological behaviour and MB release profile. In addition, the effect of
liquid crystalline phases on the barrier function of the skin and on in
vitro cutaneous delivery of MB was evaluated. To complement the
study, the irritation potential of liquid crystalline phases was carried
out using Hen’s Egg Test — Chorioallantoic Membrane (HET-CAM).
Although the effect of topical administration of MB for PDT has been
carried out in vivo (Fadel and Tawfik, 2014; Moftah et al., 2016; Samy
et al., 2015; Tardivo et al., 2005), to the best of your knowledge, our
study is the first aiming to assess the influence of formulation compo-
sition on MB skin localization.

2. Material and methods
2.1. Material

Brij 97°® (polyoxyethylene 10 oleyl ether) was kindly supplied by
Croda do Brasil Ltda (Campinas, Sdo Paulo, Brazil). Methylene blue and
potassium phosphate monobasic (KH,PO,4) were of analytical grade and
were purchased from Synth (Diadema, Sao Paulo, Brazil).
Hydroxyethylcellulose was of pharmaceutical grade and was purchased
from Mapric (Sdo Paulo, Sao Paulo, Brazil). Reverse Osmosis system
(Veolia, Brasil) was used to purify the water used.

2.2. Methods

2.2.1. Obtaining liquid-crystalline systems

The systems were obtained by mixing Brij 97° with water in ratios
varying from 9:1 to 1:9 (w/w) in a vortex for 5min, at room tem-
perature. MB was previously dissolved in the water, resulting in a
mixture at a final concentration of 0.1% (w/w). The systems were
packed in glass bottles, closed and allowed to equilibrate for 7 days
before use at room temperature and protected from light, as MB is a
photosensitive drug (the bottles were wrapped in aluminum foil and
stored in light-protected environments). To evaluate the influence of
the liquid crystalline phases on the cutaneous penetration of MB, three
systems containing Brij97®:water at 8:2 (w/w, F8:2), 7:3 (w/w, F7:3),
and 6:4 (w/w, F6:4) were selected. These proportions were chosen for
two reasons: first, the content of 20%-60% of water is necessary for
liquid crystalline phase formation; and second, the consistency should
be appropriated for topical application, being more viscous than fluid
isotropic dispersions, but not too stiff and difficult to spread. A 3.0%
(w/w) hydroxyethylcellulose (HEC) gel containing 0.1% (w/w) of MB
was used as control formulation. This gel was selected for three reasons:
first, the HEC polymer is a nonionic water soluble polymer; second, at a
final concentration of 3.0% (w/w), the gel has appropriate consistency
for topical use; and third, considering that formulation viscosity may
interfere on drug release and penetration, we opted for using a control
formulation with viscosity close to the less viscous formulation (F8:2).
The HEC gel was obtained by previously dispersion of polymer in suf-
ficient quantity of water; MB was solubilized in the remaining water
and incorporated into the dispersion, resulting in a mixture at a final
concentration of 0.1% (w/w). The systems were packed in glass bottles,
closed and allowed to equilibrate for 7 days before use at room tem-
perature and protected from light (the bottles were wrapped in alu-
minum foil and stored in light-protected environments).
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2.2.2. Polarized light microscopy

Considering that some liquid crystals are birefringent, the type of
liquid crystalline structure was identified under a polarized light mi-
croscope (Carl Zeiss, Axio Imager A2, Germany), equipped with an
AxioCam MRc camera and AxioVision software (Carl Zeiss, Germany).
The lamellar phase texture is characterized by a woven structure and/or
a mosaic or maltese cross pattern, while the hexagonal phase exhibits
non-geometric and fan-like texture (Ganem-Quintanar et al., 2000).
Fluid isotropic dispersions and aqueous phase containing surfactant
aggregates are non-birefringent and only a black background with no
well-characterized texture is displayed. For identification, a small
amount of the formulation was placed on a glass slide and covered with
a coverslip, and analyzed by a polarized light microscope at room
temperature. A phase diagram was constructed to show the relationship
between composition and phase behaviour of the samples.

2.2.3. Small angle X-ray scattering (SAXS) analysis

SAXS analyses were carried out to identify the liquid crystalline
structure and evaluate the influence of the addition of MB at various
concentrations (0.1% and 0.2%, w/w). The measurements were ob-
tained with the NANOSTAR (Bruker) equipped with a sealed copper
tube (Cu-Ka, A = 1.5418 /1’\’1) operating at 40kV and 30mA. The
collimation system was composed of Gobel mirrors and the point focus
geometry was used. The samples were placed between two thin poly-
imide film foils (Kapton®) in the sample holder and kept under vacuum
at a pressure of approximately 10~ 2 Torr. A sample-detector distance of
67 cm was set, resulting in scattering vectors q = ((4msin®)/A\) values
ranging from 0.012 A~1t0 0.35 A7, The acquisition time was 20 min.
All data were normalized by the measuring time and were corrected for
the absorption effects.

2.2.4. Rheology

The rheological behaviour is an important property to be considered
in the development of drug delivery systems because of its relationship
with the structural organization and interaction among components,
which can influence the formulation applicability and drug release
profile. The rheological behaviour of the selected liquid crystalline
phases was determined using cone and plate rheometer (RST-CPS
Cone/Plate, Brookfield, Middleboro, MA) equipped with Rheo3000
software. The experiments were performed with the progressive in-
crease and decrease of shear rates (range of 0-80 s™1) at room tem-
perature. Each stage lasted 120s. The relationship between shear rate
and shear stress, as well as between shear rate and viscosity were
graphically obtained; 3.0% (w/w) hydroxyethylcellulose (HEC) gel
containing 0.1% (w/w) of MB was used as control formulation. The

rheogram data were evaluated using Power law equation:
T=Ky" @

where 1 shear stress, y = shear rate, K = consistency index and
n = flow index (Mahdi et al., 2011).

2.2.5. Stability study

F8:2, F7:3 and F6:4 were stored at room temperature (25 °C) for
9.0 months and protected from light (the bottles were wrapped in
aluminum foil and stored in protected light environments). At pre-de-
termined intervals (1.5, 4.0, 6.0 and 9.0 months), the samples were
observed under a polarized light microscope to evaluate changes on the
liquid crystalline structure, and MB content was assessed by spectro-
photometry (Thermo Scientific, Madison, WI) at 662 nm after dilution
with water. Three samples of each formulation were prepared and
analyzed throughout the 9 months period (n = 3).

2.2.6. Quantification of MB

The methodology employed for the quantification of MB was UV/
Vis Spectrophotometry (Thermo Scientific, Madison, WI) (Junqueira
et al.,, 2016) at 662 nm. Standard curves of MB (2.5-20 ug/mL) were
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prepared in phosphate buffer (pH7.2, 0.1 M). The method was linear at
the selected concentration range (r = 0.999) and the coefficients of
inter- and intra-assay variation and accuracy were within the permitted
range for the method (=5%) (Brasil, 2003), indicating good reprodu-
cibility and accuracy. The detection and quantification limit values
were obtained from the curve parameters, and were 0.199 ug/mL and
0.665 pg/mL, respectively.

2.2.7. Invitro release of MB

Considering that the difference in the topical delivery of drugs may
result from the difference in drug release, in vitro MB release studies
were carried out. MB release profile from liquid crystalline phases was
performed using cell culture inserts (Hosmer et al., 2013, 2011) with
polyethylene terephthalate membrane of 1 um pores (Becton Dickinson,
France, area of 0.785cm?), as support for 250 mg of the formulation
(donor compartment) and 5.0% (w/w) hydroxyethylcellulose (HEC) gel
(2.0 g) used as receptor phase. The HEC in the receptor compartment
was employed because it may simulate better the diffusion condition of
the skin and minimize or delay phase transition during the experiment,
which is commonly associated with the migration of solvent from the
receptor compartment (Hosmer et al., 2013; 2011). After 1, 2, 3, 4, 5
and 6 h from the beginning of the release studies, the gel of the receptor
compartment was removed, diluted in 0.1 M phosphate buffer (pH7.2),
and MB quantified by spectrophotometry. The procedure was standar-
dized to verify the influence of 5.0% HEC on reading by spectro-
photometry of MB by spiking the receptor phase gel with MB solution to
obtain final drug concentrations after dilution (in 0.1 M phosphate
buffer (pH7.2)) varying from 5.0 to 15.0 pg/mL and it was compared to
same MB concentration in 0.1 M phosphate buffer (pH7.2). Both con-
ditions exhibited similar results, suggesting that presence of HEC ex-
erted no influence on drug quantification.

Images of the formulations in polarized light microscope were ob-
tained after the 6 h from the beginning of the release studies to ensure
absence of phase transitions. HEC gel (3.0%, w/w) containing 0.1% (w/
w) of MB was used as control formulation.

The MB release profile was obtained by plotting the cumulative
percentage of MB released from initial loading of MB versus time.

The data from the MB release studies were analyzed by employing
different kinetic models: zero-order (amount released versus time), and
first-order (log of the amount remaining in the system versus time).

The experiment was performed in quintuplicate or sextuplicate for
each formulation.

2.2.8. In vitro skin retention of MB

Pig ears obtained from a local slaughterhouse (Raja, Carapicuiba,
Sao Paulo) had the dorsal skin carefully dissected with a scalpel and the
subcutaneous fat tissue was carefully removed using surgical scissors to
obtain a full-thickness skin. The integrity of the skin was assessed by
visual observation. Skin sections with any wounds, punctures, bleeding,
skin disease, cuts or holes on the surface were discarded. The skin
sections were stored at —20 °C for a maximum of 4 weeks before use
(Hosmer et al., 2013).

For in vitro skin retention studies, pig ear full-thickness skin sections
were mounted on adapted vertical diffusion cells (diffusion area of
3.8 cm?), previously calibrated, with the stratum corneum facing the
donor compartment, while the dermis was maintained in contact with
the receptor phase (phosphate buffer pH 7.2, 0.1 M). The receptor so-
lution (10mL) was maintained at 37°C under constant stirring
(400 rpm); under these conditions, the temperature on the skin surface
was 32 °C (Hosmer et al., 2011). The formulations (1.0g) were applied
to the donor compartment (with a spatula) for 3 or 6 h, after which
excess of the formulation was carefully removed with a spatula, skin
sections were rinsed, carefully blotted dry and the penetration region
(exposed to the formulation) was cut into small pieces, placed in 5mL
of phosphate buffer (pH7.2, 0.1 M), homogenized (Ultra-Turrax T18,
IKA) for 1 min at ambient temperature and sonicated for 20 min for the
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extraction of MB. The product obtained was filtered using a 0.45 um
pore membrane and the amount of MB retained in the skin was de-
termined by spectrophotometry. The extraction procedure was stan-
dardized by spiking the skin with MB solution to obtain final drug
concentrations in homogenates varying from 2.5 to 10 pg/mL. Homo-
genates were prepared as previously described and MB was assayed by
UV/Vis spectrophotometer. MB recovery varied from 78% to 83%. Skin
homogenates, as well as Brij-based systems do not absorb at the wa-
velength used, so they do not interfere with MB quantification. Hy-
droxyethylcellulose gel (3.0%, w/w) containing 0.1% (w/w) of MB was
used as control formulation.

The experiment was performed in quintuplicate or sextuplicate for
each formulation.

2.2.9. In vitro transepidermal water loss (TEWL)

The TEWL was used as a parameter to measure the influence of the
formulation on the barrier function of the skin. For the assay, it was
used a closed chamber evaporimeter (Vapometer, Delfin Technologies
Ltd., Kuopio, Finland) equipped with an adaptor to fit the diffusion cell
(Hanson Research, Chatsworth, CA, diffusion area of 1.7 cm?) opening
(Thomas et al., 2014). Basal TEWL values were measured after skin
equilibrium for 15 min in diffusion cells containing 0.1 M phosphate
buffer (pH 7.2) in the receptor compartment. Measurements were taken
for 10 s. Tissues were subsequently treated with the formulations, water
and the 3.0% HEC gel were used as controls. After 6 h of exposure, the
formulations were carefully removed with a spatula, skin sections were
rinsed with 10 mL of purified water, and carefully blotted dry with 2
pieces of humid tissue paper and 3 pieces of dry tissue paper. To ensure
that any effect of the cleaning process was taken into consideration in
the results, the skin sections treated with the controls were subjected to
the same cleaning procedure. The sections were subsequently replaced
in the diffusion cells, and after 15 min to establish equilibrium, mea-
surements of TEWL were carried out. Results were expressed as the
difference between TEWL values after treatment (6h) and before
treatment (basal values). The experiment was performed in quad-
ruplicate or quintuplicate for each formulation.

2.2.10. Fluorescence microscopy

Because the F8:2 lamellar phase promoted the highest drug pene-
tration in the skin, it was selected for further studies. To evaluate
whether penetration of MB from this formulation is homogenous
throughout the surface of the skin, the distribution of MB was studied
using fluorescence microscopy. Hydroxyethylcellulose gel (3.0%, w/w)
containing 0.1% (w/w) of MB was used as control formulation.

Pig ear full-thickness skin sections were mounted on adapted ver-
tical diffusion as previously described in the “in vitro skin retention of
MB” section. The experimental conditions were maintained. The for-
mulations (1.0 g) were applied in the donor compartment (F8:2 or
control (HEC 3.0%, w/w) containing 0.1% (w/w) of MB). After 6 h, the
formulations were carefully removed with a spatula, skin sections were
rinsed, carefully blotted dry and the diffusion area of skin samples was
frozen, embedded in Tissue-Tek OCT compound (Pelco International,
Redding, California) and sectioned using a cryostat microtome (Leica,
Wetzlar, Germany) at 10 um. The slides were visualized without any
additional staining or treatment through a 20X objective using a
fluorescence microscope (Carl Zeiss, Axio Imager A2, Germany)
equipped with a filter for Rhodamine, an AxioCam MRc camera and
AxioVision software (Carl Zeiss, Germany).

Skin sections treated with 0.1 M phosphate buffer (pH 7.2) were
used as a control to determine tissue autofluorescence. The experiment
was performed in triplicate for each formulation.

2.2.11. Irritation potential

Hen’s Egg Test — Chorioallantoic Membrane (HET-CAM) was used to
evaluate the irritation potential of the formulations. Fertilized chicken
eggs were obtained from Sabor Natural (Sao Paulo, SP, Brazil) and
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incubated for 9 days at 37 °C and 55% humidity in incubators (Premium
Ecologica, Belo Horizonte, MG, Brazil) with automatic rotation every
2 h. Following exposure and photodocumentation of the chorioallantoic
membrane (Nikon, SMZ 1500, Tokyo, Japan), 100 mg of each for-
mulation were carefully applied on the exposed membrane, and left for
300 s; NaCl 0.9% and NaOH (0.1 M) were used as negative and positive
controls, respectively. All formulations were warmed to 32 °C before
application to avoid vasoconstriction. Coagulation, hemorrhage and
lysis were assessed at 0, 30, 60, 120, 180, 240 and 300s following
membrane exposure to the treatments. At 300 s, the formulations were
carefully removed with tweezers, the membrane rinsed with saline
(5mL) and further inspected. The irritation index was calculated using
the following equation as previously described (ICCVAM, 2010):

II = ((301-h)/300) X 5 + ((301-1)/300) x 7 + ((301—c)/300) X 9 (2)

where h, 1 and c are the time (in s) of the beginning of hemorrhage,
lysis or coagulation. The following classification was used: II < 0.9:
not labeled; 1.0 < II < 4.9: slightly irritating; 5.0 < II < 8.9: mod-
erately irritating; 9.0 < II < 21: severely irritating (ICCVAM, 2010).
Each treatment was performed in 3-5 eggs.

2.2.12. Data analysis

The results were reported as mean + SD. Data were statistically
analyzed using the One-way ANOVA test followed by Tukey Kramer
post-hoc test using GraphPad Prism 5.0 software. Values were con-
sidered significantly different when p < 0.05.

3. Results
3.1. Polarized light microscopy

Brij97® is an amphiphilic surfactant (HLB12.4) that self-aggregates
forming several types of structures in aqueous solution. The structure
formed depends on the Brij97® concentration and temperature. At room
temperature, and with progressive water addition, formation of iso-
tropic micellar systems (10% water), lamellar phase (20%-30% water),
hexagonal phase (40%-60% water) and aqueous phase containing
surfactant aggregates (=70% water) was observed (Fig. 1).

Three systems were selected for further studies: two lamellar phases
containing Brij97®:water ratios of 8:2 (w/w) (F8:2) and 7:3 (w/w)
(F7:3), and one hexagonal phase in which the Brij97®:water ratio was
6:4 (w/w) (F6:4). As demonstrated in Fig. 2, the type of liquid crys-
talline phase was not altered by addition of MB at 0.1% (w/w), even
though drug crystals were observed when water content decreased. An
image of F6:4 is displayed in Fig. 2A, in which it is possible to observe

100 ~
[ ]
80 A o
[e]
c\’? 60 A v
®l\ v
j2ay
@ 40 v
®  fluid isotropic dispersion a
20 4 O lamellar phase A
v hexagonal phase
A aqueous phase containing surfactants agregates Iy
0 T T T T 1
0 20 40 60 80 100
Water (%)

Fig. 1. Binary diagram resulting from the combination of Brij97®: water at
different ratios.
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the non-geometric and fan-like texture that characterizes the formation
of hexagonal phase. Fig. 2B and C display isolated maltese crosses
(F8:2) or assembled in strands (F7:3), indicating the formation of la-
mellar phase. In Fig. 2C it is possible to observe the presence of MB
crystals in the F8:2 formulation.

3.2. Small angle X-ray scattering (SAXS) analysis

The small-angle X-ray scattering analysis was used to complement
phase identification by polarized light microscopy. The analysis de-
termines the scattering vector (¢qax) as a function of the intensity at a
maximum (I,4,), and the correlation distance (d) between the objects
can be determined (d = 27/qqx)- The ratio between the values of “d”
allows identifying the liquid crystalline phase. According to the litera-
ture, the d1/d2 ratio equal to /4 refers to the periodicity of the lamellar
phase; and the d1/d2 and d1/d3 ratios equal to /3 and /4, respec-
tively, refer to the periodicity of the hexagonal phase (Calixto et al.,
2016; Cintra et al., 2016; Rissi et al., 2014; Souza et al., 2014). The
SAXS results (Fig. 3, Table 1) confirm that the F8:2 and F7:3 prepara-
tions follow the lamellar structural arrangement while the F6:4 pre-
paration follows the hexagonal structural arrangement, and that the
addition of MB at 0.1% (w/w) did not cause phase transformations
(Table 1).

The lattice parameter provides more information regarding the in-
ternal structure of the liquid crystalline phase. The lattice parameter of
the lamellar microstructure is represented by the distance between the
bilayers, while the hexagonal microstructure is represented by the
distance between the inner cores of the ordered micelles (Campos et al.,
2012; Rossetti et al., 2011; Souza et al., 2014). The lattice parameter of
the lamellar phases (F7:3 and F8:2) increased with the water content
independently of the presence of MB (Table 1). MB incorporation
(0.1%, w/w) in the system did not cause a significant change in the
lattice parameter of the F6:4 hexagonal and F7:3 lamellar micro-
structure, but reduced the lattice parameter of the F8:2 lamellar mi-
crostructure.

In an attempt to maximize drug incorporation, the influence of MB
at concentrations higher that 0.1% was also assessed. However, our
results demonstrated that at 0.2%, MB altered the liquid crystalline
structure of F6:4 and F7:3 (Fig. 4), with only F8:2 preserving its
structure independent on MB concentration.

3.3. Rheology

The rheological profile of the selected liquid crystalline phases is
shown in Fig. 5. Both the lamellar (F7:3 and F8:2) and hexagonal (F6:4)
phases exhibited non-linear relationships between shear stress and
shear rate, consistent with a non-Newtonian rheological behaviour. The
decrease of viscosity with the progressive increase of the shear stress is
consistent with pseudoplastic rheological behaviour, which is further
supported by flow index values (obtained by Power law equation (Eq.
(2))) varying from 0.220 to 0.269; a flow index lower than 1 indicates
shear-thinning behaviour (Mahdi et al., 2011). F7:3 lamellar phase
exhibited a slight increase of viscosity around 15-30s !, similar to that
observed by Hosmer et al. (2013), and it may be related to internal
structure of the system.

F6:4 displayed higher viscosity throughout the analyzed range, as
can be observed by the increased shear stress related to a specific value
of shear rate. F7:3 displayed intermediate viscosity, followed by F8:2.
To exemplify, at shear rate of 42s~ !, the viscosity values of F6:4
(hexagonal phase), F7:3 and F8:2 (lamellar phases) were 32.03, 21.38
and 1.81 Pa.s, respectively; the control (3.0% HEC gel) displayed a
viscosity of 7.8 Pa.s at the same rate of shear. These results demonstrate
that increasing Brij97® concentration with a consequent reduction of
water content progressively decreased the viscosity of the liquid crys-
talline phases.

By progressively reducing the shear stress, a hysteresis area was
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Fig. 2. Textures obtained under a polarized light microscope of the liquid crystalline phases resulting from the combination of Brij97® and water at different ratios,
containing MB (0.1%, w/w). a) Brij97®:water at 6:4 (F6:4), b) Brij97®:water at 7:3 (F7:3), c) Brij97®:water at 8:2 (F8:2). The arrow in c) shows the presence of MB

crystals.
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Fig. 3. SAXS patterns for liquid crystalline phases at Brij97®:water ratios of 8:2, 7:3 and 6:4, containing or not MB (0.1%, w/w). L = lamellar phase and H =

hexagonal phase.

Table 1

Data obtained by SAXS from liquid crystalline phases containing or not MB (0.1%, w/w).

Samples

Ay (nm) and hkl

ratio

Ay (nm) structure
d1 d2 d3 d4 d1/d2 d1/d3 d1/d4 d1 d2 d3 d4
F6:4 5.99(1 00) 3.47(110) 3.00(200) 2.27(210) J3 Ja J7 6.91 6.90 6.92 6.87 Hex
F6:4 + MB (0.1%) 5.97(100) 3.45(110) 2.98(200) 2.25(210) J3 Ja J7 6.89 6.90 6.88 6.87 Hex
F7:3 5.72(001) 2.87(002) - - Ja - - - - - - Lam
F7:3 + MB (0.1%) 5.66(001) 2.85(002) - - J4 - - - - - - Lam
F8:2 5.39(001) 2.72(002) - N - - - - _ _ Lam
F8:2 + MB (0.1%) 5.14(001) 2.63(002) - - J4 - - - - — - Lam

d = interplanar spacing; a = lattice parameter; hkl = Miller index, Hex = hexagonal, Lam = lamellar.
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Fig. 4. SAXS patterns for liquid crystalline phases at Brij97°®:water ratios of 8:2, 7:3 and 6:4, containing MB at different concentrations (0.1% and 0.2%, w/w). L =
lamellar phase and H = hexagonal phase.
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Fig. 5. A) Rheological behaviour of the liquid crystalline phases based on Brij97°®:water at different ratios and the control (3.0% HEC gel). B) Apparent viscosity as
function shear rate of the liquid crystalline phases based on Brij97®:water at different ratios and the control (3.0% HEC gel).

observed, indicating that a breakdown in the structure has occurred,
and the systems require time to reorganize to their original state
(thixotropy); this time is related to the degree of hysteresis (Aulton,
2007; Cintra et al., 2016). In other words, the larger the hysteresis area,
the longer it takes for the system to restore to its original state. Similarly
to the viscosity, hysteresis area differ among the liquid-crystalline
systems; an increase of water content produces an increase of hysteresis
area.

3.4. Stability study

Stability of the selected formulations containing 0.1% (w/w) of MB
stored at room temperature and protected light was assessed for

9 months. Fig. 6 depicts variations in the MB content as a function of
storage time, as well as the texture of the selected formulations ob-
served under a polarized light microscope. As can be observed, the
content of MB did not change significantly (p > 0.05) within the time
period studied, and no changes on the type of liquid crystalline phase
formed were observed, suggesting that the systems are stable at the
studied conditions. The higher drug content (> 100%) during the sta-
bility study may be associated with the presence of drug crystals (F8:2)
and the high viscosity of the systems (F6:4, F7:3 and F8:2), which might
difficult the homogeneity of the drug in the system. Nevertheless, drug
content was within the range 85.0%-115.0% (Chang et al., 2013), and
content uniformity was achieved throughout the 9 months. The MB
content was maintained for F8:2 system, in which MB crystals were
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present, suggesting that the viscosity of the system may have con-
tributed to uniformity of content. The aspect of crystals did not change
during the stability study.

3.5. In vitro release of MB

Release studies were carried out to evaluate the influence of the
structure and composition of the liquid crystalline phase on the release
of MB and, consequently, the amount of drug available to penetrate the
skin. Compared to the control gel, MB release from all three liquid
crystalline systems was significantly smaller (p < 0.001, Fig. 7A). At
6h, the control gel released approximately 61% of MB, while for-
mulations F8:2, F7:3 and F6:4 released approximately 12.2%, 6.1% and
10.7%, respectively. A comparison among the liquid crystalline phases
at 6h revealed that the amount of MB released from F8:2 was sig-
nificantly higher compared to F7:3 (2.0-fold, p < 0.01) and that the
amount of MB released from F6:4 was significantly higher compared to
F7:3 (1.75-fold, p < 0.05) (Fig. 7B). To ensure that no phase transition
occurred during the experiment, we also assessed formulation textures
by polarized light microscopy. As can be observed in Fig. 7, the liquid
crystalline texture was maintained throughout the experiment, sug-
gesting that differences in drug release among the formulations should
not to be attributed to alterations in their structure.

Kinetic analyses of the release profile showed a linear relationship
between log of the amount remaining in the system versus time for
F8:2, F7:3 and F6:4 (> =0.999, 0.978 and 0.986, respectively)
(Fig. 7C), suggesting that drug release during the studied period follows
first-order kinetics.

3.6. In vitro skin retention of MB

The amount of MB retained in the skin as a function of time is shown
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Fig. 6. Stability of the liquid crystalline phases and
MB content as a function of time when stored at
ambient temperature and protected from light. The
initial MB concentration was 0.1%, w/w. Each point
represents means * standard deviation of 3 re-
plicates. Representative textures of the formulations
observed under a polarized light microscope after
9 months are displayed in the side panels. The arrow
in F8:2 shows the presence of MB crystals.

in Fig. 8. Using the control gel, the amount of MB retained at 3 and 6 h
was 6.17 = 1.16 ug/cm® and 7.43 + 0.80 pg/cm? respectively. MB
penetration increased using the liquid crystalline phases: at 3h, an in-
crease of 1.4- to 1.5-fold (8.92 = 1.42 to 9.31 = 1.55 pg/cmz) was
observed compared to the control, while increases of 1.3- to 2.1-fold
(9.79 = 1.22to 15.70 += 1.54 ug/cmz) were observed at 6 h.

Comparing the liquid crystalline phases among each other, MB re-
tention at 3 h was similar, but at 6 h, it was more pronounced using F8:2
(1.2- and 1.6-fold compared to F7:3 and F6:4, respectively) followed by
F7:3 (1.3-fold higher than F6:4). The amount of MB permeated into the
receptor phase was below the limit of quantification of the method
(0.665 ng/mL), suggesting very low transdermal transport.

3.7. In vitro transepidermal water loss

The organization and chemical composition of the stratum corneum
plays a fundamental role in the barrier function exerted by the skin.
Changes in the physical or chemical structure of this barrier correlate
with an increase in transepidermal water loss (TEWL), so this parameter
was used to evaluate the barrier function of the skin after treatment
with the selected formulations, and consequently, the influence of
Brij97® concentration (Jiang et al., 2014; Pepe et al., 2013). The dif-
ference on ATEWL between control and HEC (3.0%, w/w) was not
significant. Although we did not find significant differences among the
liquid crystalline phases, they increased ATEWL compared to the con-
trol (water) or HEC (3.0%, w/w) by 2.0 to 2.8-fold (Fig. 9), with the
lamellar phase F8:2 displaying the most pronounced effect (2.8-fold,
p < 0.001). The least pronounced effect was observed for F6:4 (2.0-
fold, p < 0.05), suggesting that Brij97® concentration, and conse-
quently type of liquid crystalline phase, affects the barrier function of
the skin.



M.T. Junqueira Garcia et al.

A

=]
o
]

-~ HEC
& F6:4

Cumulative MB release (%)

8
Time (h)
= 15
= -~ F6:4
@
]
3
E’ 104
[11]
=
2 5
=4
©
S
£
H
O 0 T T T 1
0 2 4 6 8
Time (h)
2.401
= 2.384
£
o
E
o 2.36
o
-
2.34
T T T 1
0 2 4 6 8
Time (h)
20-
++
B3 3h Hitth
E3 6h ek

= a
£ g

Amount of MB retained ( ug/cmz)

]
1

F7:3 F8:2

F6:4

HEC

Fig. 8. Amount of MB retained in the skin at 3 or 6 h from liquid crystalline
phases and control (3.0% HEC gel) containing 0.1% MB. Each point represents
means * standard deviation of 5-6 replicates. One-way ANOVA - Tukey
Kramer multiple comparisons test. ~"p < 0.001; p < 0.05, compared to the
control (3.0% HEC gel), for their respective time. **#p < 0.001, compared to
F6: 4, for its respective time; © *p < 0.01, compared to F7:3, for its respective
time; && p < 0.01, compared to F6:4, for its respective time.

International Journal of Pharmaceutics 548 (2018) 454-465

Fig. 7. In vitro release of MB. (A) Release profile of
MB (0.1%, w/w) from liquid crystalline phases and
control (HEC 3.0%, w/w); (B) Release profile of MB
from liquid crystalline phases; r> = 0.998 for F8:2;
r* = 0.976 for F7:3; r? = 0.982 for F6:4.; (C) fitting
of the log of the amount remaining in the system as
function of time (First-order model); r? = 0.999 for
F8:2; r* = 0.978 for F7:3; r* = 0.986 for F6:4. Each
point represents means * standard deviation of 5-6
replicates. m, is the amount of the MB released in
time t, mg is the initial concentration of the MB.
Textures obtained under a polarized light micro-
scope of the liquid crystalline phases removed from
the donor compartment after the 6-hour in vitro re-
lease study. One-way ANOVA - Tukey Kramer
multiple comparisons test. "'p < 0.001, compared
to the control (3.0% HEC gel), for its respective
time. *#*#p < 0.001, compared to F6:4, for its re-
spective time; “#p < 0.01, compared to F6:4, for its
respective time; *p < 0.05, compared to F6:4, for
its respective time. & p < 0.05, compared to F8:2,
for its respective time; && p < 0.01, compared to
F8:2, for its respective time; &&& p < 0.001, com-
pared to F8:2, for its respective time.
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Fig. 9. Difference between transepidermal water loss values after treatment
(6h) and before treatment (basal values) (ATEWL) with different formulations.
Control (C) = the skin was exposed to water. Each point represents means =+
standard deviation of 4-5 replicates. One-way ANOVA - Tukey Kramer mul-
tiple comparisons test. **#p < 0.001, compared to Control; **p < 0.01,
compared to Control; *p < 0.05, compared to Control; ““p < 0.001, com-
pared to HEC; “p < 0.01, compared to HEC; ‘p < 0.05, compared to HEC.
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3.8. Fluorescence microscopy

The skin penetration of MB was visualized by fluorescence micro-
scopy (Fig. 10). Untreated skin presented a very weak autofluorescence.
When MB (0.1%, w/w) was incorporated in the HEC (3.0%, w/w)
(control), fluorescence was predominantly present in the stratum cor-
neum. On the other hand, treatment of the skin with the F8:2 lamellar
phase containing MB (0.1%, w/w) resulted in a strong fluorescent
staining of stratum corneum and viable epidermis. The staining was
homogeneously distributed throughout the stratum corneum, sug-
gesting MB penetration through this layer and not only through skin
appendages.

3.9. Irritation potential

Hen’s Egg Test — Chorioallantoic Membrane (HET-CAM) was ori-
ginally developed to evaluate ocular irritation potential of substances,
but it has been currently also used to evaluate skin irritation potential
of formulations and their components, since they seem to have a good
correlation (Mehling et al., 2007). The method is based on measure-
ment of time dependent occurrence of effects on the chorioallantoic
membrane when exposed to a test product (Scheel et al., 2011).

Representative pictures of the membranes after removal of the
formulations were demonstrated in Fig. 11. Treatment with NaOH
causes lysis, hemorrhage and coagulation within 5 min, resulting in a
score of 16.9, which is consistent with its classification as irritant.
Treatment with saline did not cause any alterations on the membranes.
None of the formulations caused coagulation, while hemorrhage and
few spots of lysis could be observed after treatment with F8:2 and F7:3,
resulting in scores of 7.59 and 1.96, respectively, in accordance to the
time in which they were first observed. The vascular reaction caused by
F6:4 was milder, and was inconsistently observed in the eggs, leading to
the lowest score (0.89) among the developed formulations, and its
classification as slightly or not irritant.

4. Discussion

The present study assessed the influence of composition and internal
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Fig. 10. Microscopic evaluation of porcine ear
skin after treatment for 6 h with different for-
mulations. (A) Light microscopy of skin treated
with phosphate buffer (pH7.2, 0,1M). (B)
Fluorescence microscopy of skin section treated
with phosphate buffer (pH7.2, 0,1M). (C)
Fluorescence microscopy of skin treated with the
HEC 3.0% (w/w) containing MB (0.1%, w/w).
(D) Fluorescence microscopy of skin treated with
the F8:2 lamellar phase containing MB (0.1%,
w/w). Sections were visualized using Rhodamine
filter through a 20 x objective. Three batches of
each formulation were tested, and representative
pictures are shown.

structure of Brij97®-based liquid crystalline phases on the cutaneous
delivery of MB. Brij97® is an amphiphilic molecule and has a non-polar
(C18) monounsaturated (C9) alkyl chain coupled to the polar chain
based on ethylene oxide (POE 10). When dispersed in aqueous solution,
this molecule can be organized in different aggregates, as evidenced in
the binary diagram (Fig. 1), in which isotropic, lamellar, hexagonal and
aqueous micellar phases were successively formed with progressive
addition of water in the system, similar to that observed by Kunieda
et al. (1997).

The formed liquid crystalline structures can be justified by changes
on the critical packaging parameter (CPP) of the molecule, which
considers the hydrophobic chain volume (V), the headgroup area (Ao)
and the hydrophobic chain length (L) of the molecule and is expressed
by the following equation: CPP = V/Ao L (Israelachvili et al., 1976). In
general, CPP values between 1/3 and 1/2 favors formation of cylind-
rical structures organized in hexagonal arrangements, while CPP values
of %-1 favor the arrangement in bilayers. According to the literature,
Brij97® has a CPP value of 0.45, which favors the formation of cy-
lindrical structures in hexagonal arrangement (Wang et al., 2005). The
formation of the lamellar phase may be feasible with increasing Brij97®
concentrations (and consequent water reduction) in the system, which
causes the reduction of the area of the polar group (Ao), as consequence
of the reduced water content, and of the overlap of chains from adjacent
layers, leading an increased CPP (Wang et al., 2006).

Alterations in the lattice parameters indicate changes in the internal
structure without phase transition. The lattice parameter of the lamellar
microstructure increased with the water content in the system (F8:2 to
F7:3), which resulted from hydration. The presence of other compounds
and their concentration may induce phase transition (Rossetti et al.,
2011), which can be attributed to their location in the polar or nonpolar
domains of the system, and interference with the surfactant CPP, in-
ducing phase transition (Hosmer et al., 2011; Souza et al., 2014). Ad-
ditionally, the presence of hydrophilic molecules in the aqueous do-
main may also increase the polar group area of surfactant, contributing
to the increase of the lattice parameter without necessarily causing
phase transformation (Rossetti et al., 2011; Souza et al., 2014). Ac-
cording to polarized light microscopy and SAXS analysis, MB addition
at 0.1% to F6:4, F7:3 and F8:2 did not induce phase transition, preclude
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Fig. 11. Irritation potential assessed by HET-CAM. The arrows indicate regions where lysis or hemorrhage was noticed after treatment with the formulations for

5 min.

the formation of the liquid crystalline phases or change the lattice
parameter of F6:4 hexagonal and F7:3 lamellar phases; however, it
induced a reduction in the lattice parameter of F8:2. A similar effect has
also been reported by Borgheti-Cardoso et al. (2016) and Souza et al.
(2014), and attributed to dehydration of the aqueous domain of liquid
crystalline system, as the hydrophilic molecules competes for water.
SAXS studies also demonstrated that addition of MB at 0.2% in F6:4
induced phase transition, leading to formation of the lamellar phase.
Phase transitions induced by drug concentration in Brij97®-based sys-
tems was also reported by Hosmer et al. (2011) as paclitaxel (a lipo-
philic drug) concentration increased (0.25%-0.5%, w/w). Because hy-
drophilic compounds like MB can compete for water, dehydration of the
polar group and increase in the mobility of hydrocarbon chains are
possible, resulting in alteration of CPP and phase transition (Rossetti
et al., 2011; Souza et al., 2014). Based on these results, MB con-
centration of 0.1% was selected to allow a comparison of hexagonal and
lamellar phases on its cutaneous delivery.

The rheological profile of the selected liquid crystalline phases is
consistent with a thixotropic pseudoplastic rheological behaviour. Both
viscosity and hysteresis area differ between the liquid-crystalline
phases; an increase of water content produces an increase of viscosity
and hysteresis area, suggesting that these parameters are related to the
composition, structural organization and interaction forces between the
components (Fujimura et al., 2016). The thixotropic pseudoplastic be-
haviour is an appropriate property for topical formulations: under the
application of a force, the structure of the system tends to align in the
direction of flow, reducing the resistance and facilitating the spreading
of the system on the skin, whereas the systems gradually restructure,
remaining at the target site, when the application force is removed
(Aulton, 2007). This behaviour can be explained by the differences
between the structural mobility of liquid crystalline phases. The la-
mellar phase is characterized by the formation of bilayers that are se-
parated by water and this organization favors the sliding between the
bilayers (Tyle, 1989) in the direction of the flow under the action of
shear stress; while the hexagonal phase is characterized by the forma-
tion of cylinders that are arranged in hexagonal arrangement (Tyle,
1989), which may impose higher resistance to the flow, thus justifying
the higher viscosity of F6:4

Results from release studies demonstrated that the liquid crystalline
phases reduced the amount of MB released as a function of time com-
pared to the control gel. While the higher viscosity of the F7:3 lamellar
and F6:4 hexagonal phases may have contributed to this result, F8:2 is
less viscous than the control gel, giving evidence that the structural
organization of liquid crystalline constitute a barrier to MB release and
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impose drug diffusion restriction. As reported by Phelps et al (2011),
the content of structure-forming surfactant affects the microstructure
and viscosity of the system, and consequently drug diffusivity (Phelps
et al., 2011). These results demonstrate the potential of both hexagonal
and the lamellar phases to prolong MB release, but also that the com-
position and structure play an important role.

Brij97®/water partition coefficient of MB may have contributed to
the higher MB release from F8:2 than F7:3. According to Carr et al.
(1997), the partition coefficient of the drug between the Myverol™ and
water interferes on drug release as a function of the increase in water
content in the system. For a drug with a low Myverol™/water partition
coefficient, an increase in the system aqueous content causes a reduc-
tion in drug concentration in the aqueous medium, which reduces drug
release (Carr et al., 1997). The effect of drug partitioning between li-
pophilic and hydrophilic domains of the system has also been reported
by Borgheti-Cardoso et al. (2016) using Vitamin E TPGS/isopropyl
myristate/water for transdermal delivery of nicotine and Souza et al.
(2014) using Myverol™/water for buccal delivery of poly(hexamethy-
lene biguanide). Thus, it can be suggested that the low partitioning of
MB, a hydrophilic drug, in the structural arrangement of the surfactant
and the increase of the water content in the system can lead to a re-
duction of the MB concentration in the aqueous phase which reduces
release. On the other hand, increasing Brij97®:water ratio increases MB
concentration in the aqueous medium. In fact, the presence of MB
crystals was observed in F8:2, suggesting water saturation and thus,
high MB concentration in the aqueous phase. Considering that drug
saturation increases thermodynamic activity, drug release and cuta-
neous penetration (Moser et al., 2001), we can infer that the lower
aqueous content in F8:2 contributes to its efficacy and maximization of
MB penetration (Carr et al., 1997; Otto et al., 2010, 2009).

The reason for the lower release from F7:3 is not clear. One possible
explanation is that a small portion of the formulation underwent phase
transition (at points of contact with the water-rich receptor phase);
even though it was not overall perceptible by polarized light micro-
scopy, this transition could have imposed a barrier for drug release as
previously suggested by Farkas et al. (2000).

Independent of liquid crystalline phase, a linear relationship was
found between log of the amount drug remaining in the system and
time, indicative of first-order kinetics. This means that MB release from
liquid crystalline phases followed a concentration gradient pattern,
wherein the released amounts are related to the amounts remaining
into the systems offering a sustained drug release. The kinetics obtained
are in agreement with previous studies that evaluated ephedrine hy-
drochloride and glucose release from liquid crystalline phases (Makai
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et al., 2003; Phan et al., 2011).

Even though MB release from the liquid crystalline phases was
lower than the control gel, these systems were more effective at en-
hancing cutaneous delivery of MB, as demonstrated in MB skin reten-
tion studies and supported by fluorescence microscopy studies. This
effect might be attributed to the interaction between the structure of the
liquid crystalline phases and the lipid matrix of the stratum corneum, as
well as to the effect of Brij97®, which has been described to favor the
partitioning of the drug in the membrane and even induce fluidification
of the stratum corneum lipid matrix, decreasing the barrier function of
the tissue (Walters et al., 1988). In addition, the presence of hydrophilic
domains in the liquid crystalline phase may hydrate corneocyte pro-
teins and increase interlamellar volume of the lipid bilayer, leading to a
disorganization of the stratum corneum barrier (Hosmer et al., 2011;
Otto et al., 2010, 2009); stratum corneum hydration may also favor the
partitioning of the hydrophilic drugs like MB (Otto et al., 2009).

Among the liquid crystalline phases studied, the F8:2 lamellar phase
followed by F7:3 lamellar phase were more effective to improve cuta-
neous delivery of MB. The higher MB release from F8:2 may have
contributed to the more pronounced MB retention compared to F7:3,
but it cannot justify the superiority of F8:2 compared to F6:4, as both
systems released similar amounts of MB. A possible explanation is the
influence of viscosity on formulation spreading and contact with the
skin. The higher fluidity of F8:2 and F7:3 lamellar phases might con-
tribute to a more intimate contact and interaction of the formulations
with the skin surface, favoring MB penetration. Another possible ex-
plication relates to structural arrangement of the system, because the
lamellar structural arrangement of the system is similar to the ar-
rangement of lipid matrix of stratum corneum and it may be responsible
for the increase in drug penetration, as previously reported by Fonseca-
Santos et al. (2017) and Muzzalupo et al. (2010). Additionally, the
concentration of Brij97® affects cutaneous barrier function as demon-
strated by increases in transepidermal water loss as the surfactant
concentration increases. Compared with the control (water) and HEC
(3.0%, w/w), the F8:2 lamellar phase showed a significant effect on
TEWL (p < 0.001), followed by the F7:3 lamellar phase (p < 0.01)
and F6:4 hexagonal phase (p < 0.05). However, this effect may have a
limited importance, because no significant difference was found be-
tween the liquid crystalline phases.

Besides optimizing MB cutaneous delivery, F8:2 also increased ir-
ritation potential compared to control (saline). On the other hand, F7:3
and F6:4 were considered slightly or not irritating. The results are in
agreement with Phelps et al. (2011), in which the increase of Brij®97
concentration increases cytotoxicity. Brij series surfactants are mild to
moderately tolerated as classified by Draise score (Kapoor et al., 2009;
Vian et al., 1995). It is recognized that surfactant monomers are capable
of penetrating into the stratum corneum and inducing structural
changes. The higher the critical micelle concentration of the surfactant,
the greater the skin irritative potential, because the concentration of
free monomers is higher. On the other hand, when the critical micelle
concentration is achieved and nanostructured delivery systems are
formed (as is the case of the present study), the irritant effect is re-
duced; however, if the critical micelle concentration is markedly ex-
ceeded, the irritation potential rises (Seweryn, 2018), which justifies
the results obtained here. Therefore, F7:3 and F6:4 formulations may be
better tolerated by the skin.

Different systems (solutions, liposome, niosome, microneedles,
thermoresponsive polymer systems) have been suggested for the topical
delivery of MB for PDT in the treatment of cutaneous diseases (Caffarel-
Salvador et al., 2015; Fadel and Tawfik, 2014; Junqueira et al., 2016;
Moftah et al., 2016; Samy et al., 2015); however, few studies consider in
vitro skin permeation/retention studies, which makes it difficult to
compare our results with previous reports. Junqueira et al. (2016)
proposed the use of polymeric systems for MB release for PDT in the
treatment of cutaneous infections caused by bacteria and fungi; within
24 h, amount of MB retained corresponded 0.38% of the total added
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dose (0.25% (w/w) of drug content in the system). In the present study,
the amount of MB retained within 6 h using the liquid crystalline sys-
tems corresponded to 3.7-6.0%, using a lower drug content in the
formulations (0.1%, w/w), clearly demonstrating the superiority of the
liquid crystalline phases developed here. Therapeutic effectiveness
studies are needed to obtain enough evidence for their potential use as
delivery systems of MB in topical PDT.

5. Conclusion

The present study demonstrates that it is possible to increase the
cutaneous delivery of MB using Brij97®-based liquid crystalline sys-
tems, and that this effect can be maximized as a function of the internal
structure of the system, and water content, which optimizes the ther-
modynamic activity of the drug in the system, drug release, interaction
and disruption of the cutaneous barrier function. Comparing the la-
mellar and hexagonal crystalline phases, higher cutaneous delivery of
MB was obtained with the lamellar phase. Comparing the F8:2 and F7:3
lamellar phases, higher cutaneous delivery of MB was obtained with the
F8:2 system. On the other hand, F7:3 and F6:4 phases might be better
tolerated by the skin than F8:2.

These results show that a careful formulation design and char-
acterization is essential to produce effective and safe systems for cu-
taneous delivery of MB.
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