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ABSTRACT

Psoriasis is a widespread chronic disease affecting 2-4 % of the population in Western countries. Its
mild-to-moderate form, representing approximately 80% of the total cases, is treated by topical
application, with corticosteroid being the standard treatment. However, in case of psoriasis, no
single treatment works for every patient and optimizing topical therapy is a key aspect. A possible
alternative is represented by cyclosporine, an immunosuppressant cyclic peptide administered
orally in the treatment of the severe form. Its topical application could avoid the problems related
to systemic immunosuppression, but the unfavourable physico-chemical properties (MW:1202 Da;
LogP=3) hinder its permeation across the stratum corneum. The aim of the paper was the
preparation, characterization and ex-vivo evaluation of cyclosporine loaded microemulsions using
oleic acid as oil phase, either Tween® 80 or a soluble derivative of vitamin E (TPGS) as surfactants
and either Transcutol®, propylene glycol or 1,3 propanediol as co-surfactants. The issue of
formulation viscosity was also addressed 1) by evaluating the thickening of Tween®80-based
microemulsions by direct addition of different rheological modifiers 2) by building pseudo-ternary
phase diagrams using TPGS, to identify the water/oil/surfactants proportions resulting in viscous
self-gelifying systems. Nine formulations (five Tween®80-based and four TPGS-based) were
selected, characterized in terms of droplets size (low viscosity systems) or rheological properties
(high viscosity systems), loaded with 6 mg/g cyclosporine and applied ex-vivo on porcine skin for 22
h. A relevant skin accumulation was obtained either with a low-viscosity Tween®80-based
microemulsion (9.78+3.86 pg/cm?), or with a high viscosity TPGS-based microemulsion (18.3+5.69
pg/cm?), with an increase of about 3 and 6 times respectively for comparison with a control
cyclosporine solution in propylene glycol. The role of water content, surfactant, co-surfactant and
viscosity was also addressed and discussed. The kinetic of skin uptake from the best performing
formulation was finally evaluated, highlighting a relatively quick skin uptake and the achievement,

after 2 h of contact, of potentially therapeutic cyclosporine skin concentrations.



1. Introduction

Psoriasis is a chronic inflammatory and autoimmune skin condition affecting 2-4% of the population
in Western countries. It is characterized by the presence of plaques of thickened and erythematous
skin with white scales, due to the hyperproliferation of epidermal keratinocytes. This excessive
proliferation is triggered by inflammatory mediators such as interferon-y, interleukin (IL)-17 and IL-
22, secreted by T lymphocytest. The treatment of this condition differs depending on disease
severity, assessed by the appearance and extension of the plaques. For severe psoriasis, the
systemic treatment is necessary; together with the classic immunosuppressive agents, such as
cyclosporine, retinoids, and methotrexate, new therapeutic options are now available, and include
both “biologics” (anti T-cells and anticytokine) and small drugs (tofacitinib, apremilast). In the case
of mild-to-moderate psoriasis, representing approximately 80% of the patients affected by this
disease, topical treatment is recommended?. The main therapeutic options include corticosteroids,
Vitamin D analogues, tazarotene, tacrolimus and picrolimus, with corticosteroid being the standard
treatment for most patients. Indeed, corticosteroids are versatile drugs, being available on the
market in different potency, strength and formulations. However, they have important local and
systemic side effects and are not always efficacious for psoriasis. Indeed, no single treatment works
for every patient and optimizing topical therapy is a key aspect of psoriasis treatment as witnessed
by the development of new drugs for topical application®* and by the combinations used for added
efficacy”.

A considerable literature has grown up around the possibility of administering cyclosporine by
topical application, as an alternative therapeutic tool. This administration route could avoid the
problems related to systemic immunosuppression, but the unfavourable physico-chemical
properties of cyclosporine (MW:1202 Da; LogP=3; low water solubility) hinder its permeation across
the stratum corneum. Indeed, up to now, topical cyclosporine for psoriasis treatment has been
limited by the lack of formulations providing sufficient skin absorption ®’. Recently, a small
therapeutic exploratory study highlighted the possibility of an efficient skin delivery: Kumar et af®
demonstrated that 2% topical cyclosporine liposomal formulation included in a Carbopol® gel was
effective in the treatment of limited chronic plaque psoriasis, contrarily to a traditional o/w
emulsion, supporting the importance of the formulation on cyclosporine skin delivery.

Given the interest for the topical application of this molecule, several approaches have been

evaluated by different researchers worldwide. Chemical enhancers were investigated such as



ethanol, ethyl oleate, Transcutol®, propyleneglycol, azone?, decylmethylsulfoxide®, monoolein!!
and skin penetrating peptides!® 13. Also physical enhancing technique were evaluated, in
particular electroporation'#, and ultrasounds!®>. Among nanocarriers, nanoparticles'®18,

1921 3nd micelles?? were investigated. Other authors have evaluated the possibility to

liposomes
deliver cyclosporine A by using nanoemulsions®, microemulsions?® 24 and/or liquid crystalline
systems?> 26, Indeed microemulsions (ME) (i.e transparent single-phase systems generally
composed of a blend of oil, water a surfactant and a co-surfactant) could be particularly
advantageous for cyclosporine delivery, due to their capability to solubilize highly hydrophobic
drugs. Furthermore, ME offer the advantage of spontaneous formation and thermodynamic
stability and have widely demonstrated the capability to enhance drug uptake into the skin.
However, a limitation in the use of ME for skin delivery is represented by the very low viscosity, that
makes skin application difficult. It is worth underlying that rheological properties play a crucial role
in dermal administration, since viscosity not only favours the retention of the formulation on the
skin surface but can also slow down water evaporation maintaining for a longer period of time the
ME structure and thus its peculiar enhancing properties. Additionally, the rheological properties of
a dermal formulation have an impact on patient’s acceptability and adherence, a very relevant issue
in psoriasis treatment?”-%°,

Different approaches can be followed to increase the viscosity of a microemulsion: 1. mix of the ME
with an already prepared gel?® 3! 2. direct addition of a thickening agent to the ME3% 333, use of
specific excipients able to give high viscosity systems, often associated to the formation of lamellar,
cylindrical or worm-like structures3+32,

The aim of this work was the development of ME of suitable viscosity for cyclosporine skin delivery
using oleic acid as oil phase and either Tween® 80 or TPGS (D-a-Tocopheryl polyethylene glycol 1000
succinate) as surfactants. Tween® 80-based microemulsion, prepared using Transcutol® as co-
surfactant, were simply added of different rheological agents. In case of TPGS-based systems,
pseudo-ternary diagrams were built to assess the ratio between water, oil phase and surfactant -
co-surfactant mixture (Smix), necessary to obtain self-gelifying formulation. In this case, three
different co-surfactants, namely Transcutol®, propylene glycol and 1,3 propanediol, were evaluated.

The formulations will be characterized and evaluated for cyclosporine skin uptake.



2. Materials and methods

2.1. Materials

Cyclosporine (Cs2H111N11012, MW 1202.61 g/mol, crystalline solid) was from ThermoFisher Scientific
(Karlsruhe, Germany). D-a-Tocopheryl polyethylene glycol 1000 succinate (Kolliphor® TPGS, MW
1513 g/mol) and poloxamer 407 (Pluronic® F127, MW 12.6 kDa) were a kind gift from BASF
(Ludwigshafen, Germany). Trifluoroacetic acid (TFA, MW 114.02 g/mol), albumin from bovine serum
(=66 kDa, 296%), 1,3-propanediol (MW 76 g/mol) and alginic acid sodium salt were purchased from
Sigma Aldrich (St. Louis, MO, USA). Oleic acid was from Alfa Aesar (Karlsruhe, Germany), Transcutol®
was a gift from Gattefosse (Lyon, France). Sodium hyaluronate (MW 1000 kDa) was a gift of IBSA
Farmaceutici S.p.A (Lodi, Italy). 1,2-propanediol (MW 76 g/mol) was purchased from A.C.E.F. S.p.A.
(Fiorenzuola d’Arda, Italy). Aerosil® 200 Pharma (fumed silica) was from Evonik Industries (Essen,
Germany). Carbopol® 940 was purchased from The Lubrizol Corporation (Wiekliffe, OH, Usa). For
HPLC analysis, pure water (Purelab® Pulse, Elga Veolia, UK) and HPLC grade acetonitrile were used.
Phosphate-buffered saline (PBS) composition was 0.19 g/l KH,POa, 5.98 g/I NaHPO4*12H,0, 8.8 g/|
NaCl, pH 7.4

2.2. Cyclosporine quantification method.

Cyclosporine was quantified by HPLC-UV (Infinity 1260, Agilent Technologies, Santa Clara, CA, USA),
with a reverse-phase Nova-Pack Cis cartridge (150*3.9 mm, 4 um) (Waters, Milford, Massachussets,
USA) and a Cis guard column (3.2*0.8 mm, Security Guard™ Cartridge, Phenomenex, Torrance, USA)
both thermostatted at 65°C. The mobile phase, pumped at 1.6 ml/min, was a 65:35 (v/v) mixture
CH3CN: water with TFA 0.1%. The injection volume was 100 pl, and absorbance was monitored at
230 nm. In these conditions, cyclosporine retention time was about 5 min. The method was

previously validated in the concentration interval 0.25-50 pg/ml3°.

2.3. Pseudo-ternary phase diagram construction

Pseudo-ternary phase diagrams were built to identify the microemulsion region in multiphasic
systems. Oleic acid was used as oil phase, and a 1/1 (w/v; g/ml) mixture of TPGS and co-surfactant
(either Transcutol®, 1,2-propanediol or 1,3-propanediol) was used as surfactant system (Smix). The
diagrams were built using the aqueous tritation method: for fixed ratios oil/Smix (0.5/9.5, 1/9,

1.25/8.75, 2/8, 3/7, 4/6, 5/5, 6/4, 7/3, 8/2, 9/1) increasing amounts of water, between 5 and 95%,



were added. After each addition, the mixture was vortexed and left 1 minute to rest, then by visual
observation the viscosity and clearness of the system were evaluated. In case of highly viscous
mixtures, the system was heated in a thermostatted bath at 50°C before each water addition in
order to reduce the viscosity and favour the mixing by vortex to achieve homogeneity. The
evaluation of the system was performed after cooling at room temperature. The formulation is clear
and exhibits low viscosity in the microemulsion region, while it is clear and viscous in the microgel
region where the formulation does not slide along the vial walls. The diagrams were built using

OriginPro® 2016 (Originlab, Northampton, MA, USA).

2.4. Thickening of Tween®80-based microemulsions

Tw20T (composition in Table 1) was prepared by mixing the different components into a glass vial,
under magnetic stirring, in the following order: oil phase, co-surfactant, surfactant and water. Then,
the thickener was added and the mixture was slowly magnetically stirred overnight. Type and

concentration of the thickeners used are reported in Table II.

2.5. Rheological behavior

Rheology measurements were performed in oscillation mode with an Ares Rheometer (TA
Instruments, New Castle, DE, USA) equipped with a plastic cone and plate fixture. Cone diameter
was 50 mm and cone angle was 0.04 radian. Sample’s linear viscoelastic region (LVE) was
determined by strain sweep (102-10*2 strain %) at 23°C. Frequency sweep was at 0.1% strain for
samples TPGS 44 T, TPGS 25 PG1,2, TPGS 12 PG1,3 and Tw20T 8% silica and 1.3% strain for Tw 20T
1% Carbopol®. Temperature was set at 23°C. Rheological data were acquired using Orchestrator
software and then processed using Trios (v 4.3.0.38388 free version; TA instruments, New Castle,
DE, USA).

In order to roughly compare the viscosity of the different systems, a modified Erramreddy and
Ghosh method was also employed®. A known volume of formulation (1 ml) was inserted in a 8 ml
polypropylene tube. The tube was then placed onto a support with a 10° inclination; the formulation
slide along the wall and the time necessary to reach the equilibrium position can be measured

(Figure S2). Measures were always performed at 23+1 °C.

2.6. Polarized optical microscopy



To asses microemulsions optical properties, MEs were spread between glass slide plates, to prevent
water loss. Samples were analysed at 4X, 10X and 20X magnification using a polarized optical
microscope (Nikon, Shinjuku, Japan) and images were taken with a 13 megapixels camera (Samsung

Galaxy S4, Seoul, South Korea).

2.7. Cyclosporine-loaded formulations

For cyclosporine loading into the microemulsions, the drug was dissolved in the oil phase (oleic acid)
so as to obtain a 6 mg/g concentration in the final system. Then, the other components were added
and the system was mixed on vortex until homogeneity. The composition of the formulations

prepared are shown in Table .

Table I. Composition of the cyclosporine-loaded formulations prepared. Cyclosporine concentration was 6 mg/g. For all

the formulations, the oil/Smix ratio was 1.25/8.75

Tw20T Tween® (ml) Transcutol®

Tw35T 8.2 Tween® (ml) 28.4 Transcutol® 28.4 35
TwdaaT 7 Tween® (ml) 24.5 Transcutol® 24.5 44
TPGS20T 10 TPGS (g) 35 Transcutol® 35 20
TPGS44 T 7 TPGS (g) 24.5 Transcutol® 24.5 44
TPGS 25 PG1,2 9.4 TPGS (g) 32.8 1,2 propanediol 32.8 25
TPGS 12 PG1,3 11 TPGS (g) 38.5 1,3 propanediol 38.5 12

*The code is given by the surfactant used (TPGS or Tween®=Tw), followed by the water percentage and by the co-
surfactant used (T=Transcutol®, PG1,2=propylene glycol, PG1,3=1,3 propanediol)

2.8.  Skin accumulation and permeation experiments

For permeation experiments, porcine skin excised from the outer part of pig ears was used. The skin
was separated from the underlying cartilage with a scalpel and frozen at -20°C until the day of
experiment. All tissues were used within 3 months from freezing. On the day of the experiment, the
skin was thawed and mounted on vertical diffusion cells (DISA, Milano, Italy; 0.6 cm? surface area)
with the stratum corneum facing the donor compartment. The receptor compartment was filled
with about 4 ml of PBS pH 7.4 (cyclosporine solubility: 22.8+2.6 ug/ml). Different formulations
(composition in Table 1) were evaluated together with a control solution (6 mg/ml cyclosporine in
propylene glycol); microemulsion Tw 20 T was also tested after addition of either Carbopol® 1% w/w
or silica 8% w/w. The formulations were applied for 22 h in the donor compartment at infinite dose

(approximately 200 mg/cm?). Each condition was replicated 3 to 6 times. Cyclosporine skin



deposition from TPGS 44 T was also evaluated as a function of time by applying the formulation for
0.5, 2, 4, 8 and 22 hours. In this case, in order to reduce the variability, all the experiments were
performed the same day on the same skin batch and were replicated 3 times (2 times for the 22 h
point). At the end of the experiments, the receptor solution was sampled, the donor formulation
was carefully removed with absorbent paper, the tissue was rinsed with 10 ml of pure water and
blotted dry with filter paper. Then, the skin was cut (0.6 cm?), minced and extracted using a mixture
CH3CN/water/PBS (75/20/5) for 2 hours at room temperature. Extraction and permeation samples
were analysed by HPLC. The extraction method was validated: no interfering peaks were present at
cyclosporine retention time and the recovery efficiency was 95.9+6.0%. The skin cleaning procedure
was validated as well, by applying a cyclosporine-loaded microemulsion and removing it

immediately; the recovered amount was lower than LOQ.

2.9. Light scattering

Non-viscous microemulsions (Tw20T, Tw35T, Tw44T and TPGS20T) were analysed undiluted at

room temperature using a Zetasizer® NanozetaS (Malvern Instruments, UK).

2.10. Statistical analysis

The significance of the results was assessed using ANOVA followed by Bonferroni post-hoc test.
Differences were considered statistically significant when p<0.05. All data in text and figures are

reported as mean value+SD.



3. Results and discussion

3.1. Cyclosporine skin accumulation from low viscosity Tween® 80-based microemulsions

At first, un-thickened microemulsions were evaluated. In particular, we tested a relatively common
system prepared using oleic acid as oil phase, polysorbate 80 (Tween® 80) as surfactant and
Transcutol® as co-surfactant, used in 1:1 ratio. The ternary diagram associated with these
components was previously published by other authors®'. Inside these diagram the oil/Smix
1.25/8.75 ratio was selected and three formulations containing 20, 35 and 44% of water (Tw20T,
Tw35T and Tw44T in Table 1) were loaded with 6 mg/ml cyclosporine. Cyclosporine was never
recovered in quantifiable amounts in the receptor compartment, despite the relatively long
application time and the presence of sink conditions (cyclosporine solubility in the receptor solution:
22.8+2.6 pug/ml; LOQ of the analytical method: 0.25 pg/ml), probably because of its considerable
lipophilicity 42

The results obtained in terms of skin accumulation after 22 h is reported in Figure 1 where it is
compared with that obtained from a simple cyclosporine solution in propylene glycol at the same

concentration.
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Cycosporin accumulated (pug/cm?)
oo

6
4 |
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0
PG Tw20T TW3sT TwaarT Tw20T Tw20T
Control solution 8% silica 1% carbopol

Figure 1. Cyclosporine skin deposition starting from low viscosity microemulsions made with oleic acid, Tween®
80/Transcutol® 1/1 as Smix and different water % (meanzsd). All the vehicles contain 6 mg/ml cyclosporine.
* statistically different from all the other conditions.



This solution was chosen as control since it was previously used in literature as control solution on
pig skin (cyclosporine accumulation obtained: 0.9+0.5 pg/cm?)?%; indeed, in this work a reasonably
similar skin accumulation was found (Figure 1). The use of Tw20T determined a significant (p<0.05)
increase in the amount of cyclosporine accumulated, with an enhancement factor (calculated as the
ratio between cyclosporine accumulated from microemulsion and cyclosporine accumulated from
control solution) of 3.35+1.32. The increase in water content to 35 and 44% determined a
statistically significant reduction of drug deposition, an opposite trend compared to data reported
in the literature for lipophilic compounds where a higher accumulation/permeation is often
associated to a higher water content3% 43,

Dynamic light scattering (or photon correlation spectroscopy) of undiluted microemulsions was
used to analyze droplet size via determination of hydrodynamic radius. The result (Figure 1S) did
not help to explain the skin retention data, given the similar z-average found for Tw20T and Tw35T
(106 and 138 nm respectively). Maybe, the presence of a small intensity peak at about 17 nm in
Tw20T (reasonably attributable to surfactant micelles) could have contributed to the result
obtained. In case of Tw44T, two peaks centered at about 600 and 60 nm and equally contributing
to the total signal intensity, were found. It is however important to underline the limitation of this

technique for microemulsion analysis, given the unknown viscosity of the samples.

3.2. Thickening of Tween® 80-based microemulsions

Given the need for viscous ME, attempts were made to improve the rheological properties of
Tw20T, the best formulation previously evaluated. A possible approach is represented by the direct
addition of a thickener. Different compounds were added to the blank microemulsion; the

concentration used and the result obtained are summarized in Table II.

Table II. Type and (%w/w) concentration of the thickening agents evaluated to increase Tw20T viscosity

Concentration . .
R EenineTaEe T AT Observed characteristic

Pluronic® F127 (Poloxamer 407) 20 No viscosity increase
1 No viscosity increase

Sodium hyal t ) e
odium hyaluronate Slight viscosity increase

Presence of a precipitate
No viscosity increase

Sl el > Presence of a precipitate
Crosslinked polyacrylic acid polymer (Carbopol® 940) 1 C\I/elzsacrogs:stlyf:nnr:;:i?:n
Fumed silica (Aerosil® 200) 2.7 Concentration-dependent viscosity increase

At 7%, formation of a viscous clear gel

10



Poloxamer 407 (Pluronic® F127) dissolved in the ME at 20% w/w without any viscosity increase
neither at ambient temperature nor at 37°C, probably because the formation of micelles*,
responsible for the temperature-dependent viscosity increase, is here prevented, due to the low
water percentage and the high surfactant content. Similarly, the poor performance of hydrocolloids
(sodium hyaluronate and sodium alginate) could be put into relation with the limited water amount
in the formulation. On the contrary, the addition of Carbopol® 940 (a crosslinked polyacrylic acid
polymer) at 1% w/w significantly increased ME viscosity. Actually, polyacrylic acids are able to
thicken also polar organic solvents such as alcohols and glycols, and can interact with ethoxylated
surfactants (such as Tween® 80) via hydrogen bonding between the carboxylic groups and the
oxygen of the ethyleneoxide chain®. The viscosity obtained is however lower than the one obtained
in water for comparable concentrations, maybe due to the suboptimal pH. The addition of NaOH or
ethanolamine for neutralization was evaluated, but phase separation occurred. Additionally, it was
not possible to further increase the viscosity by increasing Carbopol concentration, due to its limited
solubility in Tw20T.

After silica addition, the viscosity of Tw20T increased gradually for concentrations from 3 to 8%
(w/w), than abruptly for higher concentrations (Figure S2, supplementary material). Literature
data* 4’ report an inverse correlation between the capability of silica particles to interact with the
system and the gelation power. In fact, the higher the affinity for the system (with hydrogen bond
formation), the lower the possibility of silica-silica interaction, necessary for the network formation
and viscosity increase. Here, for silica concentration up to 8% the interaction with the polar
component of the ME is predominant, while at higher percentage an indirect interaction between
silica particles via the molecules in the liquid occurs®.

Thickened microemulsions containing 1% Carbopol® and 8% silica were selected for further studies;
thus, their rheological properties were evaluated using a cone and plate rheometer (Figure 2 and

Figure 3S).
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Figure 2. Rheological behavior of Tween®80-based thickened microemulsions and TPGS-based viscous systems. The
curves relative to TPGS44T (panel b) is adapted with permission from35 Copyright 2018 American Chemical Society. In
panel a) complex viscosity against angularfrequency is reported: all formulations tested show a pseudoplastic behaviour.
Panel b)-f) storage (G’; triangle) and loss (G”’; square) moduli of the different MEs. In panel b) and d) the storage modulus
appears always larger than the loss one, identifying two MEs having a predominant elastic behaviour. G’ appears higher
than G’ in TPGS12 PG1,3 (f), at least until an angular frequency of 1 rad/s, when two moduli start to be superimposed;
however, no crossover can be detected. Conversely, a crossover point between G’ ad G”’ can be observed in panel c)
and e): in both cases material shows a transition from solid to liquid-like behaviour, due to the increase of angular
frequency. (In all cases, the analysis was run at 23°C; strain 0.1% for Tw44T, Tw20T 8% silica, TPGS25 PG1,2 and TPGS12
PG1,3; strain 1.3% for formulation Tw20T 1% Carbopol).

Both formulations showed a pseudoplastic behavior with a significantly higher viscosity for the
silica-thickened formulation (Figure 2a). The analysis of the storage (G’) and loss (G”’) moduli
highlights a predominant elastic behavior for Tw20T thickened with 8% silica (loss modulus is always
larger than the storage one, Figure 2d). In case of Tw20T thickened with 1% Carbopol®, a crossover
point between G’ ad G” can be observed indicating a transition from solid to liquid-like behaviour,
due to the increase of angular velocity (Figure 2c).

The two gels, loaded with 6 mg/ml cyclosporine were then applied to the skin. Both Carbopol® and
silica thickening drastically reduced cyclosporine skin deposition (Figure 1) that dropped down to

the level of the control solution. The reason of this low performance could be attributed to a more

12



difficult diffusion of the drug into the formulation, not so much due to the higher viscosity, but
rather to a change of microemulsion structure. A very recent paper of Michniak-Kohn*® showed, on
the contrary, that the addition of 1% Carbopol® did not interfere with the skin delivery of a lipophilic
drug (clotrimazole) from microemulsion, but the composition was different and, above all, the water
percentage was much higher (from 50 to 65%).

Given the low and highly variable accumulation results obtained with these systems, a change in
the surfactant was made, and a soluble derivative of vitamin E (TPGS, D-a-Tocopheryl polyethylene

glycol 1000 succinate) was evaluated.

3.3. Self-gelifying TPGS-based microemulsions

Since TPGS is known to be able to form viscous microemulsions3> >0-52, the following step was the
construction of pseudo-ternary phase diagrams using oleic acid as oil phase and TPGS as surfactant.
The co-surfactant selected (1:1 v:w ratio with TPGS ) were glycols used in cosmetic and/or
pharmaceutical products: 1,2 propanediol (propylene glycol), Transcutol® (diethylene glycol
monoethyl ether) and 1,3 propanediol that, recently evaluated, demonstrated to be safe, showing

a very low potential of skin reactivity®3. Figure 3 illustrates the phase diagrams obtained.

Transcutol 1,2 propanediol (propylenglycol) 1,3 propanediol
% ME 34 29 28
% ME- GEL 2 6 15

A

TPGS12PG 1.3

TPGS 207 TPGS25PG 1,2

TPGS 44T

7%

“\“C"
oo

O%

O Oir%

Figure 3. Pseudo-ternary phase diagram of the surfactant/co-surfactant (Smix) — Oil — Water systems. The oil phase is
oleic acid, Smix is a mixture of TPGS/co-surfactant 1/1 (w/v). Cosurfactants used are Transcutol®, 1,2 propanediol
(propylene glycol), and 1,3 propanediol. The diagram obtained with Transcutol® is adapted with permission from 35
Copyright 2018 American Chemical Society. The red region indicates transparent formulations, the blue region indicates

13



viscous formulations; the overlapping domains (clear and highly viscous formulations) are represented in dark violet. In
the remaining region, low viscosity coarse turbid emulsions or phase separated systems were observed. The table in
the figure reports the extension of the area corresponding to transparent formulations (%ME) and to transparent and
viscous formulations (%ME-GEL) expressed as a percentage of the total diagram area. The 3D conformations of the
cosurfactants are from PubChem (https://pubchem.ncbi.nlm.nih.gov); oxygen atoms are represented in red, hydrogens
are not shown.

In each diagram, two different regions are highlighted: in red that of viscous formulations, in blue
that of clear transparent formulations. The overlapping domains represent clear and highly viscous
systems, linked to the formation of ordered lamellar structures®. In the remaining region, low
viscosity coarse turbid emulsions or phase-separated systems were observed. In case of high
viscosity systems obtained with 1,2 propanediol and 1,3 propanediol as co-surfactants, it was
necessary to heat the components at 50°C in order to favour homogenization and mixing.

By comparing the three diagrams it is possible to highlight the role of the co-surfactant; first of all,
using Transcutol® it is not possible to obtain viscous systems when the oil/Smix ratio is 0.5/9.5,
suggesting that a certain percentage of oleic acid is necessary to obtain ordered structures. On the
contrary, in the presence of propanediols, the gelification occurs with an oil/Smix ratio of 0.5/9.5
and even in the absence of oleic acid. To further comment the pseudo-ternary diagrams, some
parameters can be calculated and compared such as the area of the ME in the phase diagram (ME%)
and the area of the ME gel-transparent region; the values, reported in Figure 3, highlight that, while
the extension of the ME region is comparable for the three co-surfactants —even if with different
shapes - the ME-gel region is highly dependent on co-surfactant structure. Apparently the linear
1,3 propanediol (Figure 3) facilitates the formation of ordered phases if compared with 1,2
propanediol, and the higher steric hindrance of Transcutol® further reduces the possibility of
formation of ordered lamellar structure.

Then, drug-loaded systems were prepared: cyclosporine was dissolved in the 1.25/8.75 oil/Smix and
then water was added until the achievement of a viscosity suitable for cutaneous application but
not so high as to need heating for homogenization (see method section, paragraph “Pseudo-ternary
phase diagram construction”). This happened for 44 % of water in case of Transcutol®, 25% of water
in case of PG 1,2 and 12% in case of PG 1,3 (see Figure 3). Analysis by polarized light microscopy
reveals that these formulations are anisotropic and show peculiar patterns, typical of birifrangent

ordered structures (Figure 4).

14



Figure 4. Polarized-light microscopy (10X) images of the TPGS-based microemulsions containing Transcutol®, PG1,3 or
PG1,2 as co-surfactant. An enlargement of TPGS12PG1,3 image is shown to highlight the presence of Malta crosses.

The pattern changes as a function of temperature and sample manipulation, however, the presence
of Maltese crosses is visible only in case of TPGS12 PG 1,3, indicating that — maintaining constant
the Oil/Smix ratio- lamellae are differently organized as a function of co-surfactant type and/or
water content. The formation of lamellar structure is responsible for the increased viscosity of the
systems; the rheological properties are reported in Figure 2 and show a pseudoplastic behavior with
a viscosity in the order TPGS44T>TPGS12PG1,3>TPGS25PG1,2 (panel a). The analysis of the storage
(G’) and loss (G””) moduli highlights a predominant elastic behavior for TPGS44T, the storage
modulus being always larger than the loss one (Figure 2b). G” is slightly higher than G’ in TPGS12
PG1,3 (panel f), at least until an angular frequency of 1 rad/s, when the two moduli become
superimposed, without ever reaching a crossover (G'’= G’). On the contrary, a crossover point is
observed in Figure 2e, where, by increasing angular frequency, TPGS23PG1,2 shifts from solid to

liquid-like.

3.4. Cyclosporine skin accumulation from TPGS-based microemulsions

A low viscosity anisotrope TPGS-based microemulsion containing 20% water and Transcutol®
(TPGS20T in Figure 3) was initially evaluated. This microemulsion was previously analysed by X-ray
scattering and showed the structure of a dispersed system3>. The DLS analysis highlighted the
presence of two population of particles centered at about 20 and 5 nm, however the quality of the
measure is always low (data not shown). The amount of cyclosporine accumulated (Figure 5a) was

comparable to the control.
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Figure 5. Panel a) Cyclosporine skin deposition (meantsd) from microemulsions made with oleic acid as oil phase, TPGS
as surfactant and different co-surfactants. The exact composition of the vehicles is illustrated in Table I. All the vehicles
contain 6 mg/g cyclosporine. * statistically different from control solution, TPGS20T and TPGS12PG1,3 (for TPGS 25 PG
1,2, p=0.06). Panel b) Cyclosporine skin deposition from TPGS44T as a function of application time. All the experiments
presented in panel b were performed the same day using the same skin batch.

The data collected using viscous lamellar systems highlight, on the contrary, a considerable increase
in cyclosporine accumulation. The enhancement factor (i.e. the ratio between the amount of drug
accumulated from the microemulsions and the amount of drug accumulated from the control
solution) resulted 6.3+2.0, 3.3+2.0 and 2.9+1.7 pg/cm? for TPGS 44 T, TPGS 25 PG1,2 and TPGS 12
PG 1,3, respectively. The good results obtained with TPGS-based viscous microemulsion can be
attributed to the lamellar structure that has previously demonstrated to enhance the skin retention
of hydrophobic drugs®®. However, in case of propanediol 1,2 and propanediol 1,3 as co-surfactants,
the ANOVA highlighted the lack of statistical difference with respect to the control solution. On the
contrary, TPGS 44 T is statistically higher than PG control solution, TPGS 20 T and TPGS 12 PG 1,3
(for TPGS 25 PG 1,2, p=0.06). Differences between the three TPGS-based gel-like formulations could
be due to a different internal structure (see Figures 2 and 4). Indeed, Borghet-Cardoso et al*
studying nicotine transdermal transport from liquid crystalline systems made with TPGS,
isopropylmiristate and propylenglycol found a different drug release and skin permeation
depending on the presence of a cubic vs lamellar phase.

To further discuss the role of surfactant and microemulsion structure on cyclosporine skin delivery,
the data obtained from ME with the same co-surfactant (Transcutol®) and water content (20% and
44%) are compared in Figure 6. When water content is 20%, both microemulsions are characterized
by the presence of disconnected droplets (Figure 1S and reference 3°) Given the similar structure,

the same co-surfactant and the same water percentage, we can hypothesize that the surfactant
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used affects the packing of the interfacial layer thus influencing drug release. Indeed, despite the
similar MW (approx. 1500 Da for TPGS and 1300 for Tween® 80), the two molecules have different
lipophilicity (Tween® 80 HLB=15; TPGS HLB=13) and, above all, a completely different geometry,
with an extended polyethylene glycol headgroup in case of TPGS (Figure 6) that could support a
closer packing. An additional explanation could be related to a different effect of the surfactants on

stratum corneum organization and permeability3% >*.
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Figure 6. Cyclosporine skin deposition (meanz*sd) as a function of ME water content. Microemulsions were made with
oleic acid as oil phase, TPGS or Tween® 80 as surfactant and Transcutol ad co-surfactant. The exact composition of the
vehicles is illustrated in Table I. All the vehicles contained 6 mg/g cyclosporine.

When the water content is increased to 44%, a reversal result is obtained, with a significant
reduction of cyclosporine uptake in case of Tween®80 ME, and significant increase for TPGS systems,
despite the much higher viscosity that could, at least in principle, slow down drug diffusion. In this
case, microemulsion mesostructure plays the relevant role, being, in case of TPGS44T, characterized
by interconnected lamellar structures, as previously demonstrated by X-ray scattering3. This
bicontinuous mesh, in which both hydrophobic and hydrophilic regions are individually connected

all over can enhance drug mobility and modify its tendency to partition into the stratum corneum.

The kinetic of cyclosporine skin uptake from TPGS 44 T, the best performing formulation, was then
studied. The results obtained are reported in Figure 5b. After 30 minute’s application, cyclosporine
skin retention was equal to 7.0+£2.8 pug/cm?; the skin deposition increased as a function of time and

reaches a plateau between 8 and 22 hours. By processing these data using a Michaelis-Menten
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model, as previously done by other authors with flufenamic acid® and cyclosporine??, it is possible
to describe the deposition of cyclosporine as a function of formulation application time:

Qmax * tapp
Q=T—"""77"

tmax/2 T tapp

where Q; is the observed amount of cyclosporine deposited (ug/cm?), tapp is the application time
(minutes), Qmax is the maximum deposited amount (pug/cm?) and tmay/2 is the time needed to reach
half of the maximum value giving information on the rate of cyclosporine skin uptake from the ME.
From the fitting of the experimental data (Equation in Figure 5b) the calculated parameters highlight
a maximum value of 16.5 pg/cm? and a relatively quick uptake with a tmax of 1.7 h.

To evaluate if the drug amounts found in the skin are clinically relevant, it is possible to calculate
the average skin concentration (weight of porcine skin: 236+24 mg/cm?) that results about 30 ng/mg
after 2 h and about 43 ng/mg after 4 h. These values are higher than the ones found in keratomes
of psoriatic lesions after 1 week of oral daily cyclosporine administration of 5-14 mg/kg (from 1.5 to
2.3 ng/mg)>® and they are comparable to the levels recovered by Burns et al® in the epidermis of
psoriatic patients after cyclosporine intralesional administration. However, Burns et al found that
the relation between intralesional dose, tissue levels and efficacy was not clear, due to a substantial
variability among patients®. The high variability in tissue levels was attributed to possible variations
in the depth of intralesional injection and/or to the possibility that biopsy specimens still contain
formulation droplets, but it is also important to underline that patient sensitivity to cyclosporine is
extremely variable®” and this could contribute to the difficulties in establishing a clear correlation
between skin concentration and efficacy.

Finally, it is necessary to consider a limitation of the present study, where drug distribution between
the different skin layers (stratum corneum, viable epidermis, dermis) was not performed. This
aspect surely deserves further investigation to figure out cyclosporine penetration depth. In
analogy, it will be necessary to assess the tolerability of the systems prepared. In principle, the
excipients selected should have a very low irritating potential at the concentrations used (approx.
7% for oleic acid and 24.5% for TPGS): cosmetic product formulations containing oleic acid at
concentrations up to 13% are not irritants nor sensitizers®® and TPGS resulted a moderate irritant
only when applied daily for 9 days at 75% concentration®®. The combination of the two compounds

by repeated use should, however, be evaluated.

4. Conclusion
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The data collected in the present paper underline the important role of microemulsion structure on
cyclosporine uptake into the skin. In particular, the data suggest that surfactant type, co-surfactant
type, water content and the presence of a rheological modifier are relevant in so far as they impact
on microemulsion structure.

Using both Tween®80 and TPGS as surfactants, it was possible to prepare microemulsions
potentially useful for cyclosporine skin delivery. These systems could, in principle, contribute to
optimizing topical therapy, also in the framework of the new strategies for psoriasis treatment,

involving combination, rotational and sequential therapy.
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