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PLANTEJAMENT GENERAL

La pell és una zona cada vegada més utilitzada per a aplicar principis actius
amb una acci6 local (cosmetics), regional (productes dermatologics) o sistémica
(alliberament de farmacs a nivell transdérmic). Degut a la importancia que
progressivament va adquirint la pell com a via topica d’aplicacié de compostos,
I'absorcié percutania ha adquirit una rellevancia especial.

En el fenomen de I'absorcié percutania s’han de contemplar tres aspectes
clau: El principi actiu, el vehicle i la pell. Cadascun d’ells té el seu propi
protagonisme pero, al seu torn, existeix una estreta interacci6 entre ells. De fet, els
mecanismes implicats en l'absorcié percutania no sén pas simples donada la
complexitat estructural, morfologica i molecular de la pell, les caracteristiques
quimiques i fisico-quimiques dels principis actius i les modificacions que es puguin
introduir degudes als vehicles. Tot aixo pot aconseguir retardar o facilitar la difusié
d’actius a través dels diferents estrats de la pell.

Aquesta tesi s’ha dissenyat tenint en compte aquest plantejament encara que
s’ha aprofundit en el coneixement més detallat sobre les caracteristiques fisico-
quimiques i el comportament estructural del vehicle bicel-lar utilitzat.

Les bicel:les sén nanoestructures caracteritzades per la seva especial
composicio lipidica i estructura bilaminar, aixi com per les seves dimensions
nanometriques. Degut a aquestes caracteristiques i a les investigacions anteriors
realitzades pel nostre grup s’ha pensat que poden tenir un gran potencial en el seu
us com a vehicles per aplicacié topica

En aquesta tesi s’han vehiculitzat dos principis actius amb accid
antiinflamatoria en sistemes bicel-lars. Aquestes sistemes s’han caracteritzat
utilitzant una serie de tecniques instrumentals molt potents i d’ampli espectre.

Els principis actius vehiculitzats en els sistemes bicel-lars s’han aplicat sobre
la pell amb la finalitat de coneixer el seu comportament en I'absorcié percutania.
Per a aix0, s’ha utilitzat una metodica in vitro oficialment reconeguda per la OCDE
que utilitza biopsies de pell amb una adequada condicié fisiologica. Aixi mateix,
s’ha dissenyat una metodica in vitro per a simular de manera predictiva el
comportament d’'una pell patologica amb la seva funcié barrera disminuida, i s’ha
investigat el potencial d’utilitzar els sistemes bicel-lars en aquests tipus de pell. Els
articles publicats i els que estan en procés de publicacié que s’han inclos en la tesi
contenen els resultats obtinguts en aquesta investigaciéo que poden contribuir a la
vehiculitzaci6 més efectiva i segura de diferents principis actius que s’apliquin
topicament.
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1. INTRODUCCIO
1.1-Fosfolipids

Els fosfolipids son els lipids més abundants de les membranes cel-lulars.
Aquests compostos tenen una estructura amfifilica que conté un cap polar i una
regi6 apolar hidrocarbonada. Un fosfolipid esta format per un grup glicerol al que
s’enllacen un grup fosfat i dues cadenes d’acids grassos (lipids) que constitueixen
la regi6 apolar hidrofobica. Al grup fosfat se li uneix un altre grup d’atoms com la
colina, serina o etanolamina, i d'altres que de vegades tenen carrega electrica,
formant el cap polar hidrofobic. Els fosfolipids es classifiquen principalment
segons els seus diferents caps polars. La Figura 1 mostra I'estructura tipica d’'un
fosfolipid i la nomenclatura dels més representatius. El grup de les
fosfatidilcolines ha estat I'utilitzat en aquesta tesi.

FIGURA 1: Estructura i nomenclatura dels fosfolipids més representatius

Grup ::> Cap hidlroﬁlic
polar (potar) Cap hidrofilic Abreviatura

,:I:>> Eau ‘% Fosfatidil..

I S — | Colina PC
i Serina PS

Etanolamina PE

% Glicerol PG
Acid
S PA

Inositol Pl

Cua hidrofobica
(apolar)

Cadena d’acid gras
Cadena d’acid gras
i

Els acids grassos de les cues apolars es diferencien pel nombre d’atoms de
carboni, aixi com pel nombre de dobles enllagos o insaturacions de la molecula. En
aquesta tesi els fosfolipids utilitzats han estat la dipalmitoil fosfatidilcolina
(DPPC), la dimiristoil fosfatidilcolina (DMPC) i la dihexanoil fosfatidilcolina
(DHPC) que tenen les estructures moleculars indicades en la Figura 2.

FIGURA 2: Estructura dels fosfolipids utilitzats en aquesta tesi.
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Quan aquestes molécules es posen en contacte amb l'aigua es produeix un
efecte hidrofobic, generant-se agregats de lipids amb els caps polars en contacte
amb l'aigua i les cues hidrocarbonades orientades cap a l'interior.

1.1.1- Agregats fosfolipidics en solucio

L’agregacio espontania dels fosfolipids no només esta determinada per
I'efecte hidrofobic esmentat anteriorment, també s’ha de tenir en compte la
geometria dels fosfolipids. Aquesta geometria depen del volum del grup
hidrofobic, l'area efectiva del cap polar i la longitud de les cadenes
hidrocarbonades. Sabent aquests parametres es pot considerar la geometria de les
moléecules amfifiliques i predir la seva agregacié més favorable.

En la Taula 1 s’indiquen les diferents formes geometriques de les molecules
amfifiliques ila seva agregacié més favorable en solucié.

TAULA 1. Relacié entre la forma geometrica de diferents molécules
amfifiliques i la seva agregacio més favorable

Lipids Forma | Agregacio

Lisofosfolipids

Fosfatidilcolines
Fosfatidilserines
Fosfatidilglicerols

Fosfatidiletanolamines
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Els lipids d'una sola cua hidrofobica, tenen el cap polar relativament gran
comparat amb la cua i s’agreguen en forma de micel-les esfériques o micel-les
tubulars. Els lipids de doble cadena, al tenir una estructura geometrica semblant a
un tub cilindric, s’agreguen en forma de bicapes planes o tancades formant
vesicules i liposomes. Existeixen alguns lipids de doble cadena que a causa de la
seva estructura tenen una area del cap polar petita comparada amb la seccié de la
cues; aquests lipids solen formar estructures de micel-les inverses.

El grup de les fosfatidilcolines tenen una forma de tub cilindric i, per tant,
s’autoagreguen formant bicapes.

1.1.1.1-Comportament fasic de les bicapes fosfolipidiques

En una solucié concentrada els agregats lipidics formen una varietat de fases
cristal-lines. Les més comunes sén les fases hexagonal i laminar. La fase hexagonal
(H) és una estructura periodica en dues dimensions que consisteix en micel-les
cilindriques paral-leles empaquetades hexagonalment i amb una longitud infinita.
Pot tenir dues tipologies, normal (H;) o inversa (Hun). La fase laminar (L) consta de
piles de bicapes separades per molecules d’aigua.

Les bicapes fosfolipidiques formen fases laminars en medi aquds. Aquestes
fases es poden trobar, en funci6 de la temperatura, en dos estats diferents: estat gel
(les cadenes hidrocarbonades del lipid estan rigides i ordenades), i estat liquid
cristal-li o fluid (les cadenes hidrocarbonades dels lipids estan mobils). La
temperatura a la qual es produeix el canvi d’estat de gel a cristall-liquid s’"anomena
temperatura de transicié de fase (Tm). A valors de temperatura inferiors a la Tn, el
lipid es troba en fase gel i a valors superiors, es troba en fase de cristall-liquid
(Keough i Davis, 1979).

Dins de la fase gel existeixen diferents subfases que dependran del tipus de
fosfolipids considerats. Per exemple, en el cas dels sistemes de DPPC en medi
aqués, a baixes temperatures les bicapes estan en fase cristal-lina (L¢), amb una
densa estructura cristal-lina. Augmentant la temperatura, les bicapes adopten una
fase gel inclinada (Lg '), en aquesta fase els lipids no estan tan atapeits com en la
fase cristal-lina, perd la membrana encara té un alt grau d’ordenament. Degut a
que el DPPC té el cap polar molt voluminés, abans d’experimentar la transicié
principal a fase cristall-liquid (L«), presenta una pretransicio de Lg' a “ripple” fase
(Pg), on les bicapes presenten unes ondulacions (Huang i Li, 1999; Koynova i
Caffrey, 1998; Pedersen i cols, 2001). En la Figura 3 es pot veure una representacié
de les transicions dins de la fase gel i entre la fase gel i la de cristall-liquid.
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FIGURA 3. Transicions de fase dels sistemes de DPPC en medi aqués.

La Tm depén de les propietats dels lipids que constitueixen la bicapa. La
presencia de fosfolipids de cadena curta o amb insaturacions en les seves cadenes
hidrocarbonades produeix un descens de la Ty,; una menor longitud de les cadenes
redueix la tendéncia de les cues a interaccionar entre elles, i la presencia de dobles
enllagos produeix torsions a les cues apolars que poden facilitar la seva mobilitat.
D’altra banda, la presencia de fosfolipids saturats en la bicapa, augmenta la seva Tr,
pel fet que aquests fosfolipids presenten una elevada capacitat d’agrupacié i baixa
mobilitat (Alberts i cols, 2002). La introduccié de noves molecules en les bicapes
lipidiques també fara variar la seva T, tal i com es podra veure en aquesta tesi.

La mesura d’aquestes temperatures de transicié i altres propietats
termodinamiques s’han dut a terme mitjangcant la tecnica de calorimetria
diferencial d’escombrat (DSC).

En les fases laminars, les bicapes lipidiques es caracteritzen pel seu gruix. En
la fase gel, el gruix és major que en la fase de cristall-liquid. Aquest gruix també pot
variar quan s’introdueixen noves molecules dins de les bicapes o quan varia el
contingut d’aigua de la mostra entre d’altres factors. Una tecnica que s'usa per a
calcular aquest gruix és la dispersio de raig X a angles petits ("Small Angle X-ray
Scattering”, SAXS). Aquesta técnica dona un valor d’espaiat entre bicapes que es
pot relacionar amb l'espessor. Un altre parametre que caracteritza les bicapes
lipidiques és 'empaquetament lateral de les cadenes alquiliques dels fosfolipids.
Les distancies associades a la simetria entre les cadenes es mesuren per dispersio
de raig X a angles grans (“Wide Angle X-ray Scattering”, WAXS). Depenent
d’aquestes distancies es pot parlar d’empaquetament ortorombic, hexagonal o
liquid cristal-li, com s’indica en la Figura 4.
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FIGURA 4. Empaquetament lateral de les cadenes alquiliques dels
fosfolipids.
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1.1.1.2-Sistemes bicel‘lars

Els sistemes bicel-lars s6n nanoagregats constituits per fosfolipids de cadena
alquilica llarga i fosfolipids de cadena curta en medi aqués que adopten una serie
de morfologies des de petits discs a bicapes planes o bicapes perforades. Els
nanoagregats més comuns sOn les bicel-les. Aquestes s’han descrit com
nanoestructures discoidals d’aproximadament 15-50 nm de diametre (Barbosa-
Barros i cols, 2012), on les molecules de fosfolipids de cadena llarga estan ordenats
com una bicapa plana i els fosfolipids de cadena curta s’organitzen en les vores,
tancant l'estructura (Figura 5). Els lipids de cadena llarga més usats sén la
dimiristoil i la dipalmitoil fosfatidilcolina (DMPC i DPPC) i el lipid de cadena curta
d’'ts més freqiient és la dihexanoil fosfatidilcolina (DHPC) (Visscher i cols, 2006;
Vold i Prosser, 1996). En aquesta tesi s’'usara el terme de sistemes bicel-lars per a
tots els nanoagregats formats per fosfolipids de cadena curta i fosfolipids de
cadena llarga, i bicel-les s’Tanomenaran a les agregacions en forma discoidal.

FIGURA 5: Estructura organitzada d’una bicel-la.

QARARARS DMPC o DPPC
PA DHPC

L’estructura bicel-lar va ser desenvolupada per Sanders i Schwonek (Sanders
i Schwonek, 1992) per resoldre els problemes experimentals relacionats amb 1'us
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de vesicules lipidiques i micel-les com a models de membrana per a estudis de les
caracteristiques de proteines per ressonancia magnética nuclear (RMN). Les
bicel-les exhibeixen una morfologia intermedia entre vesicules lipidiques i
micel-les, que combina algunes de les propietats més atractives de tots dos
sistemes. Similar a les micel-les, les bicel-les no estan compartimentades i sén
opticament transparents. Com les vesicules lipidiques, les bicel-les estan formades
per una bicapa, que permet l'encapsulaci6 de molecules lipofiles en la seva
estructura.

Depenent de la composici6 i de la temperatura aquests sistemes poden tenir
diferents geometries (Sternin i cols, 2001; Struppe i Vold, 1998; van Dam i cols,
2006). Totes les teories proposades per a les diferents geometries que presenten
els sistemes bicel-lars coincideixen en que les dimensions dels agregats augmenten
amb l'augment de la temperatura, i la relacié molar entre el fosfolipid de cadena
alquilica llarga i el fosfolipid de cadena curta (q). Una de les ultimes teories és la
proposada per van Dam i cols (Figura 6), la qual descriu les micel-les mixtes
esferiques com a l'estructura més petita i les lamines perforades com la major
estructura. Entre aquestes dues estructures proposa les bicel:les, les micel-les
mixtes cilindriques i les micel-les mixtes cilindriques ramificades.

FIGURA 6. Esquema representatiu de les diferents estructures proposades
per van Dam i cols en funci6 de la temperatura i el parametre q.

p

&0
-
i<

1.2-Principis actius

En aquesta tesi s’han utilitzat els segiients principis actius: cafeina, acid
salicilic, diclofenac de dietilamina (DDEA) i acid flufenamic (FFA). La cafeina i
l'acid salicilic han estat usats, en particular, per a investigar I'absorci6é percutania
en pell quan la seva funcié barrera esta deteriorada. En canvi el diclofenac i I'acid
flufenamic s’han inclos en sistemes bicel-lars i s’ha realitzat una investigaci6 més
sistematica donada la seva importancia com a antiinflamatoris d’acci6 topica. Es
per aixd que s’aprofundira més en aquests dos ultims principis actius.



Sistemes bicel-lars com a nova estratégia d’aplicacio topica INTRODUCCIO

Ambdés antiinflamatoris pertanyen al grup dels antiinflamatoris no
esteroides (AINEs). El DDEA és un derivat de 'acid fenilacetic i el FFA de l'acid
antranilic. En la Figura 7 es pot veure I'estructura quimica i alguna propietat fisico-
quimica com el logaritme del coeficient de particié octanol-aigua (log Pow), el qual
és indicatiu de la lipofilicitat d’'un compost.

FIGURA 7. Estructura i propietats fisico-quimiques del DDEA i el FFA.
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Tant el DDEA com el FFA poden causar efectes secundaris associats a
desordres gastrointestinals quan s6n administrats per via oral i lesions cutanies
quan s’administren per injeccié intramuscular (Galer i cols, 2000). Ates que la via
cutania normalment redueix els efectes secundaris gastrointestinals com
ulceracions i hemorragies (Warner i cols, 1999) i evita les injeccions, s’ha
reconegut com una alternativa util a l'administracié oral i intramuscular de
farmacs. A més, en comparaci6 amb la via d’administracié oral tradicional,
I'administracié transdermica mostra avantatges addicionals com evitar la
degradacié del farmac per l'acidesa extrema de l'estomac, la prevencio del
lliurament erratic a causa de les interaccions d’aliments, i el lliurament més
controlat del farmac (Cleary, 2003). Per tant, la inclusi6 del DDEA i del FFA en
sistemes bicel-lars per la seva aplicaci6 topica que la present tesi proposa en els

seus articles 1,2,3,4 i 6 podria ser molt avantatjés.
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1.2.1- Quantificacié cromatografica per HPLC

Els principis actius utilitzats en aquesta tesi han estat quantificats per
cromatografia liquida d’alta resoluci6 (HPLC) amb detector d’ultraviolat (UV).
Aquests compostos han estat analitzats tant de les mostres preparades per
'aplicacié topica com de les extraccions dels estudis d’absorcié percutania.

L’HPLC és una tecnica de separacié basada en la diferent distribuci6 dels
components d’'una mescla entre una fase mobil i una fase estacionaria (columna).
Les fases son escollides de tal manera que els soluts es distribueixen de diferent
manera entre elles. Es a dir, o tenen més tendéncia a quedar retinguts a la fase
estacionaria, o tenen més tendencia a ser eluits per la fase mobil. A consequiencia
de la seva diferent mobilitat, els components de la mescla es separen en bandes
(pics cromatografics). Les arees d’aquests pics cromatografics es poden quantificar
i relacionar amb concentracions mitjangant les corresponents rectes de calibratge.
En la Figura 8 es mostra I'equip cromatografic utilitzat en aquesta tesi (Hitachi
Elite LaChrom).

FIGURA 8. Equip d’'HPLC utilitzat en aquesta tesi.
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1.3-Tecniques de caracteritzacio dels sistemes bicel-lars
1.3.1-Tecnica de dispersié dinamica de llum (DLS)

La dispersié dinamica de llum (“Dynamic Light Scattering”, DLS), és una de les
técniques més usades per a determinar alguns parametres fisics com el coeficient
de difusio, radi hidrodinamic, radi de gir i polidispersi6 de particules o agregats en
suspensiéo (Merkus, 2009). Aquesta técnica consisteix a fer incidir un feix de
radiacié6 amb longitud d’ona A i vector d’'ona g= 2m/A en una suspensié amb
particules que tenen un moviment brownia. En interactuar la radiacié amb les
particules, una part de l'energia és absorbida, una altra és transmesa sense
modificacié del vector d’ona incident i una altra és dispersada en tot I'espai. La
llum dispersada a wun cert angle 6 és collectada per un detector
(fotomultiplicador). Estudiant la dispersié de la mostra en funcié del vector d’ona
de difusio q= (4m/A)sin(6/2) (suposant que l'’energia incident és igual a 'energia
transmesa) i correlacionant les intensitats de dispersié a diferents temps es pot
obtenir una funcié d’autocorrelacio.

Per particules esferiques monodisperses, la funcié d’autocorrelacié pot ser
ajustada a la seglient funcié exponencial depenent del temps, ¢ :

g(t)=Aexp (-2t/tr) + B

On A és una constant instrumental, B és la linea base i tr és el temps de
relaxacid. Aquest tgesta relacionat amb un coeficient de difusio (D) per I'equacié:

tr=1/Dq?

Aplicant I'equacié d’Stokes-Einstein, es pot associar un radi hidrodinamic
caracteristic Ry a cada D:

D=ksT/6mnRn

On kg és la constant de Boltzman, T és la temperatura absoluta i n és la
viscositat del sistema.

En termes generals tots els equips de dispersié de llum contenen els mateixos
components com so6n: una font de radiacié, un atenuador de la llum, un detector
situat a I'angle de dispersid i un correlador (Figura 9).

11
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FIGURA 9. Esquema de I'equip de dispersio dinamica de llum i fotografia de
I’equip utilitzat ( Zetasizer nano ZS, Malvern Instruments, UK)
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Per tal de minimitzar la dispersi6 multiple, la tecnologia no invasiva de
retrodispersio (“Non Invasive Back Scatter”, NIBS) va ser utilitzada en els treballs
1,2 i 4 que han donat lloc a aquesta tesi. Amb aquesta tecnologia, la detecci6 de la
dispersi6 es realitza en un angle de 173° i, per tant, el feix de llum no ha de viatjar
per tota la mostra. Aixi s’elimina o es pot reduir un efecte anomenat dispersié
multiple, on la llum dispersada per una particula és alhora dispersada per altres
particules donant un error en la mesura. Aquesta estrategia permet la mesura de
mostres concentrades com és el cas dels sistemes bicel-lars investigats en aquesta
tesi.

1.3.2-Calorimetria diferencial d’escombrat (DSC)

La calorimetria diferencial d’escombrat (“Differential Scanning Calorimetry”,
DSC) és una eina fonamental per a l'avaluacié sistematica de les propietats
termodinamiques dels sistemes lipidics i, permet coneixer les corresponents
transicions de fase (Huang i Li, 1999). Aquesta tecnica és util per investigar les
interaccions de determinats compostos amb els lipids que formen, en el nostre cas,
els sistemes bicel-lars.

DSC és una técnica d’analisi termic que mesura I’energia absorbida o emesa
per una mostra en funci6 de la temperatura en comparacié amb un estandard quan

12
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les dues mostres s’escalfen o refreden uniformement amb un gradient controlat de
temperatures. La mostra de referencia i la mostra a avaluar es posen en dues
cel-les que s’escalfen mantenint una temperatura identica en les dues mostres
(Figura 10). Quan la mostra es sotmet a una transformacio fisica, com és el cas de
les transicions de fase, el calor ha de fluir per a mantenir la mostra de referencia a
la mateixa temperatura. La mostra emetra o absorbira calor en funcié de si el
procés és exotermic o endotermic. Les dades obtingudes es visualitzen en forma de
termogrames a través d'un software (en aquest cas s’ha utilitzat el STAR 9.2 de
Mettler Toledo). Les temperatures on es visualitzen els maxims (o minims segons
si es tracta de processos exotermics o endotermics) dels pics termografics es
defineixen com les temperatures de transicié. La temperatura associada al maxim
(o minim) del pic més gran (deixant de banda el pic de congelaci6 de l'aigua) és
I'anomenada T 0 temperatura de transicié de fase dels sistemes fosfolipidics, que
ja s’ha comentat anteriorment.

FIGURA 10. Representacié esquematica d'un calorimetre diferencial
d'escombrat: a. camera de mostreig, b. camera de referéncia, c. sensors de
temperatura, d. escalfadors.

Per tant, mitjancant aquesta tecnica s’han pogut coneixer les transicions de
fase dels fosfolipids presents en els sistemes bicel-lars i els canvis produits per la
inclusiéo de DDEA i FFA en aquests sistemes. Aquestes dades han estat incloses en
els articles 2 i 6 que han donat lloc a aquesta tesi.

Les mesures de DSC es van dur a terme utilitzant I'aparell calorimetric DSC
821E Mettler Toledo (Greifensee, Switzerland) del Servei d’Analisi Térmica (SAT)
de I'Institut de Quimica Avancada de Catalunya (IQAC-CSIC), sota l'assistencia
tecnica del Sr. Josep Carilla.
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1.3.3-Microscopia electronica de transmissio (TEM)

La microscopia electronica de transmissié (“Transmission Electron
Microscopy”, TEM) utilitza com a font d’ il-luminacié un feix electronic que és
dirigit i focalitzat mitjancant lents electromagnétiques. Aquest procés es realitza a
l'interior d’'una columna en condicions d’alt buit, de manera que els electrons
accelerats segueixen trajectories rectes llevat que interaccionin amb els atoms
presents en la mostra.

El xoc dels electrons amb els atoms de la mostra fa que aquests perdin
velocitat i variin la seva trajectoria. Els electrons que no xoquen amb la mostra es
projecten sobre una pantalla fluorescent, placa fotografica o CCD (“Charge Coupled
Device”) d’'una camera formant imatges reals. En formar la imatge, les zones que
meés desvien els electrons apareixeran més fosques que les que desvien menys. A
causa que els electrons tenen una longitud d’ona molt menor que la de la llum
poden mostrar estructures molt més petites que les técniques de microscopia
optiques.

FIGURA 11. Esquema d’'un microscopi electronic de transmissio (extret de
Barrett Research Group)
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Les parts principals d’'un microscopi electronic son les seglients (Figura 11):

e Cano6 d’electrons, que emet els electrons que xoquen contra la mostra,
creant una imatge augmentada.

» Lents magnetiques per crear camps que dirigeixen i enfoquen el feix
d’electrons.
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« Sistema de buit, que és una part molt important del microscopi electronic.
A causa que els electrons poden ser desviats per les molecules de l'aire, s’ha de fer
un buit gairebé total a 'interior d’'un microscopi d’aquestes caracteristiques.

» Placa fotografica o pantalla fluorescent que es col-loca darrere de 'objecte
a visualitzar per registrar la imatge augmentada.

 Sistema de registre que mostra la imatge que produeixen els electrons i
que sol ser un ordinador.

Els experiments de microscopia electronica s’han realitzat en la unitat de
Crio-Microscopia Electronica dels Centres Cientifics i Tecnologics de la Universitat
de Barcelona (CCiT-UB), sota l'assisténcia técnica de la Dra. Carmen Lépez i de la
Dra. Elisenda Coll.

1.3.3.1-Microscopia electronica de criofractura (FFEM)

L’observaci6 de mostres amb un microscopi electronic requereix un procés
previ de preparacio de la mostra que implica una immobilitzaci6. Diferents
metodes son usats per assolir aquesta immobilitzaci6. En I'estudi de sistemes
bicel-lars, la criofixaci6 per immersi6 en propa i la criofractura sén les
metodologies més freqiientment emprades. El procediment dut a terme en la
preparaci6 de les mostres per criofractura es basa en el descrit per Egelhaaf
(Egelhaaf i cols, 1996). En la Figura 12 s’indiquen les etapes experimentals
seguides per a la preparacio de les mostres que son les segiients:

-Congelaci6 sobtada de la mostra (criofixacié) introduint la mostra, que s’ha
col-locat entre dues petites plaques de coure, en un bany de propa liquid (-189
°C). Aixi es conserva l'estructura de la mostra i permet observar els agregats tal i
com es troben en solucio.

-Fracturaci6 de la mostra introduint-la en un aparell amb un sistema de
“freeze-etching” (BALTEC BAF 300), on les plaques de coure son separades
bruscament i la mostra es fracturada en unes condicions de -150 °C i 10-8 mbar de
pressio. Les mostres es fracturen per la part més fragil, que és, en el cas de bicapes
lipidiques, longitudinalment enmig de la bicapa.

-Obtenci6 d’'una replica de la mostra fracturada. Mantenint la mostra en
I'aparell de fractura, es sotmet a un flux de vapor de plati-carboni a un angle de
45°. A continuaci6 s’evapora carboni a un angle de 90° sobre la mostra. El plati
provoca un augment de contrast i el carboni, que no es visible al microscopi, fa de
suport fisic.

15
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FIGURA 12. Esquema del procés de criofixacié i replicacio.

:’la de Plati/Carboni Carboni
racture 0 o REREER
\ O 0O o Q’ T A PP, '
o0 > ——0 » -> |—u—0—1 g g Y
o @ o © | o @ o @
Mostra Mostra Flux de vapor Flux de vapor  Separacié de
congelada fracturada Plati/Carboni Carboni la replica

-Neteja de les repliques i els suports amb hipoclorit sodic per a treure
completament la materia organica que pugui quedar, deixant aixi només les
repliques de plati-carboni.

Un cop s’han obtingut les repliques, ja poden ser observades pel microscopi
electronic a temperatura ambient.

Aquesta tecnica és especialment util per visualitzar principalment bicapes i
estructures multilaminars amb dimensions superiors a 10-20 nm
(Papahadjopoulos-Sternberg, 2010). Aquesta teécnica de microscopia ha estat util
per observar les diferents estructures lipidiques que han format els sistemes
bicel-lars que han inclos FFA. Les micrografies obtingudes han estat incloses en
I'article 2 de la secci6 de resultats.

1.3.3.2-Criomicroscopia electronica de transmissi6 (Cryo-TEM)

Amb el metode de Cryo-TEM es poden examinar especimens en el seu estat
nadiu a temperatures molt baixes (-170 °C) gracies a la vitrificacié. La vitrificacié
és una de les tecniques de criofixacio per la qual a través d’'una congelaci6 molt
rapida s’aconsegueix la vitrificacié de l'aigua de la mostra sense la formaci6 de
cristalls de gel que poden generar danys en les estructures que es volen visualitzar.
Aquesta técnica ha obert la possibilitat d’obtenir imatges directes d’agregats
d’amfifilics en soluci6é aquosa (Almgren i cols, 2000).

El procés de vitrificacié de les mostres s’ha realitzat de forma automatitzada
amb l'aparell anomenat Vitrobot. En aquest aparell, un petita quantitat de mostra
es col-loca en una reixeta de coure amb una pel-licula de carboni a sobre. A través
d’'un procés anomenat “blotting”, 'aparell amb un paper de filtre absorbeix la
mostra sobrant i es queda una pellicula fina de mostra sobre la reixeta. A
continuacid la mostra es vitrifica submergint-la immediatament en eta liquid (-180
°C). Les mostres s’emmagatzemen en nitrogen liquid (-196 °C) abans de ser
examinades per TEM a baixes temperatures.
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FIGURA 13. Imatge de I'aparell utilitzat per a la vitrificacié de les mostres
(Vitrobot)

4

La morfologia i la mida dels sistemes bicel-lars van ser estudiats mitjangant
aquesta técnica ja que permet la visualitzaci6é d’estructures petites en medi aqués.
Les micrografies obtingudes mitjangant aquesta técnica han estat incloses en els
articles 1, 2 i 4 d’aquesta tesi.

1.3.4 Técniques de dispersio de raigs X

La dispersié de raig X és un metode no destructiu que avalua el patr6 de
dispersié de raigs X obtingut per la interaccié entre la radiaci6 incident i els
electrons dels atoms de la materia a analitzar (Figura 14). Aquest patr6 de
dispersio reflexa diferents intensitats de raigs X en diferents angles de dispersio.

La intensitat de dispersio I (en unitats arbitraries) es mesura en funci6 del
modul del vector de dispersié g (en A-1). Aquest tltim es defineix com:

|q|= (41 sinB)/A

on 0 és I'angle de dispersi6 i A és la longitud d’ona de la radiacié (1.542 A). La
posicio dels pics de dispersio esta directament relacionada amb la distancia de
repeticié (d ) de I'estructura molecular, com descriu la llei de Bragg (Bragg, 1913):

2d sin 6 = nA

on n i d séon lordre del pic de difracci6 i la distancia de repeticio,
respectivament. En el cas d’'una estructura laminar, els pics es troben en diverses
posicions equidistants, i:

qn=2mn/d

on qn és el modul del vector de dispersié que indica la posicié de I'n ordre de
reflexid.
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Els experiments de dispersio de raigs X son de gran valor en l'estudi del
comportament de les fases i I'organitzacié de lipids (Pereira-Lachataignerais i cols,
2006). La dispersio6 de raigs X a angles petits (SAXS) proporciona informacié sobre
les unitats estructurals més grans d’'una mostra donada. En el cas dels estudis
realitzats en aquesta tesi, la distancia de repeticié laminar (d) es va estimar a partir
de l'analisi dels pics del patré de dispersid per la llei de Bragg i es va relacionar
amb el gruix de la bicapa com en els estudis amb liposomes i altres models de
bicapa (Barbosa-Barros i cols, 2008a; Lopez i cols, 2000). Per altra banda, la
dispersi6 de raigs X a angles grans (WAXS) ha permes obtenir informacié sobre
I'empaquetament lateral dels lipids en les bicapes proporcionant la distancia entre
molecules veines (d.) (Sega i cols, 2007) que també és estimada per la llei de Bragg.

FIGURA 14. Representacio esquematica d’'una mesura de SAXS/WAXS
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Les mesures de SAXS i WAXS amb radiacié convencional es van dur a terme
utilitzant I'aparell SAXS/WAXS S3 MICRO (Hecus GmbH, Graz, Austria) del Servei
SAXS-WAXS de l'Institut de Quimica Avangada de Catalunya (IQAC-CSIC), sota
'assistencia tecnica del Sr. Jaume Caelles. Els resultats d’aquestes tecniques de
dispersio de raig X amb radiacié convencional es mostren en els articles 2 i 6 de
'apartat de resultats.

1.4-La pell com a via d’administracio de principis actius
1.4.1-Caracteristiques de la pell

La pell (Figura 15) és la coberta externa del cos huma i un dels organs més
importants del mateix tant per grandaria com per les seves funcions. Representa
més del 10% del cos en pes (Schaefer i Redermeier, 1996; Walters i Roberts, 2002)
del cos. La pell sana és una barrera contra agressions mecaniques i quimiques,
toxics, calor, fred, radiacions ultraviolades i microorganismes patogens. A més, la
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pell és essencial pel manteniment de I'equilibri de fluids corporals actuant com a
barrera davant la possible perdua d’aigua (pérdua transepidermica d’aigua), el
manteniment de l'equilibri térmic i la transmissi6 d'una gran quantitat
d’informacié externa que accedeix a 'organisme per receptors del tacte, la pressid,
la temperatura i el dolor.

La barrera fisica de la pell consisteix en la defensa contra la intrusié d’agents
biologics i fisics. L'intercanvi de calor entre el cos i els seu voltant esta regulat per
dos apendixs de la pell, les glandules sudoripares i el cabell. La proteccié contra la
perdua d’aigua i els agents quimics és principalment proporcionada per l'estrat
corni (EC). Aquesta és la capa més externa de la pell que és molt lipofila i forma
una barrera entre el cos i el seu entorn, que el protegeix contra la perdua d’aigua
endogena i la penetracié exogena d’agents. La funcié de barrera protectora de la
pell no és total ja que és practicament permeable a totes les substancies variant el
seu grau de permeabilitat que depén principalment de I'estat fisiologic de la pell.
La permeabilitat de la pell pot ser modificada per substancies externes a la pell
com poden ser els diferents components presents en productes d’aplicaci6 topica
tant a nivell cosmetic com dermofarmaceutic.

En la Figura 15 es representa un esquema de I'estructura de la pell i els seus
components.

FIGURA 15. Estructura de la pell.
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La pell esta constituida per diferents capes (Schaefer i Redermeier, 1996):

-Estrat corni (EC): és el principal responsable de la seva funcié barrera (Elias
i Feingold, 2006) . En un apartat posterior s’ampliara la informaci6 donada la seva
importancia en la funcié barrera de la pell.

-Epidermis: és el teixit viu més superficial de la pell. Té una estructura
estratificada formada per diferents capes: estrat basal, estrat espinds i estrat
granulds. El gruix de 1'epidermis va de 0,04 mm a les parpelles fins a 1,5 mm als
palmells de les mans.

-Dermis: és la capa més gran de la pell, és el teixit connectiu sobre el qual
s'assenta l'epidermis i, per tant, és l'’element que actua de sostenidor de
'epidermis. El col-lagen present en aquesta capa és el que proporciona turgéncia a
la pell. La dermis és una estructura molt vascularitzada a partir de la qual es
nodreix I'epidermis i d’ella parteixen els pels i les glandules sudoripares i sebacies.

-Hipodermis: és la capa cutania més interna de la pell. Aquesta capa esta
formada de teixit connectiu lax i moltes de les seves fibres es fixen a les de la
dermis, formant franges d’ancoratge, fixant aixi la pell a les estructures subjacents.
L’espessor de la hipodermis és molt variable depenent de la seva localitzacio, el
pes corporal, el sexe o I'edat. Esta formada per teixit adip6s (d'aqui la denominacié
de greix subcutani). El teixit subcutani serveix de magatzem d’energia, a més
d’aillant térmic i de protector mecanic davant els cops.

1.4.1.1-L’estrat corni

Es el principal responsable de la funcié barrera de la pell. Fins fa poc temps,
es considerava com el compartiment més extern de l'epidermis. No obstant, en
'actualitat, i degut a les especifiques caracteristiques funcionals i estructurals que
presenta, es considera una capa independent de l'epidermis i se li déna un
protagonisme especial.

L’estat corni té un gruix entre 10 i 20 pm en pell normal. Esta format per
aproximadament 15 capes de cel-lules anucleades cornificades riques en queratina
anomenades corneocits (Schaefer i Redermeier, 1996) suspeses en una matriu
lipidica (Plewig i cols, 1997; Potts i Francoeur, 1990). Els corneocits estan
interconnectats mitjangcant unes estructures proteiques anomenades
corneodesmosomes que contribueixen a la cohesid del teixit. La funcié barrera de
I'EC s’atribueix al contingut i la composici6 dels lipids de Iestrat corni i, sobretot, a
I'estructura organitzada que adquireix la matriu lipidica intercel-lular aixi com la
dels lipids que envolten els corneocits (Elias, 1991; Potts i Francoeur, 1990).

Els lipids del EC provenen o bé de la diferenciaci6 dels queratinocits (cel-lules
provinents de I'’epidermis), o bé de la secrecié sebacia. Els primers s’anomenen
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lipids intercel-lulars i tenen un paper molt important en la funci6 barrera. La
composicio lipidica de 'EC és aproximadament la seglient: 40-50 % de ceramides,
25 % de colesterol, 15-20 % d’acids grassos lliures, 5 % de sulfat de colesterol y 2
% d’esters de colesterol.

L’organitzaci6 estructural de 'EC ha estat ampliament estudiada, encara que
no s’ha arribat a un consens en un model Unic que descrigui I'empaquetament
lipidic. Han estat proposats molts models (Figura 16). Aquesta estructura de I'EC
va ser modelitzada per primera vegada per Elias (Elias, 1988) com una paret de
maons i ciment (“bricks and mortar model”), on els corneocits representen els
maons i les bicapes lipidiques situades en I'espai intercel-lular, el ciment. En aquest
model inicial no es parlava de les fases fisico-quimiques en que podien estar les
bicapes lipidiques.

FIGURA 16. Models proposats de I’organitzacio estructural de I'estrat corni.
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Posteriorment altres models han anat sorgint a mesura que s’han anat
aplicant noves técniques de caracteritzacié. Forslind (Forslind, 1994; Forslind i
cols, 1997) va proposar el model de mosaic de dominis, “domain mosaic model”, on
els lipids s’organitzen en dominis en fase gel i dominis en fase cristall-liquid. Un
altre model es basa en que els lipids estan en una fase gel Unica, “single gel phase
model” (Norlén, 2001). Bouwstra va proposar el model “sandwich” (Bouwstra i
cols, 2000) on una capa central de lipids en fase cristall-liquid esta envoltada per
una capa de lipids en fase gel a banda i banda.

Els models descrits estan basats en els resultats obtinguts en estudis
realitzats amb diferents tecniques. Tots aquests models coincideixen en una
agregaci6 laminar dels lipids que es pot observar per microscopia electronica de
criosubstitucié (FS-TEM); més endavant s’explica la base tecnica d’aquest metode
microscopic. L’espectroscopia infraroja per transformada de Fourier amb
reflectancia total atenuada (FTIR-ATR) ofereix informacié sobre la mobilitat i
I'empaquetament lateral dels lipids en I'EC (Ongpipattanakul i cols, 1994). La
técnica de SAXS utilitzant radiacié sincrotré és una excel-lent eina per estudiar
I'organitzacié estructural del col-lagen a la pell i 'organitzacié lipidica laminar de
I'EC (Van den Bergh i cols, 1997).

1.4.2-Patologies de la pell: disfuncio6 de la barrera cutania

Les anomalies en la funci6é barrera de I'EC sén presents en moltes malalties
inflamatories de la pell. Entre aquestes malalties existeixen la dermatitis atopica i
la psoriasis vulgaris que comparteixen la caracteristica comu de tenir la funcid
barrera cutania deteriorada alterant la permeabilitat de la pell.

La dermatitis atopica es defineix com un "defecte hereditari de la funcio
barrera”, en el qual hi ha una disminuci6 de la resistencia davant irritants i una
susceptibilitat a patir asma, febre del fenc i eczema. La pell eczematosa dels atopics
difereix de la pell sana en que la perdua transepidermica d’aigua (“Transepidermal
Water Loss”, TEWL) és superior i el grau d'hidratacié és menor.

En la psoriasis el TEWL esta incrementat entre 1 i 20 vegades, depenent de la
severitat de la lesio. S'observen també canvis dramatics en l'estructura lipidica de
I'EC, podent-se detectar tant pertorbacions en el subministrament de lipids dels
cossos laminars durant la formacié de I'EC com canvis generals en la composicié
lipidica.

En la Figura 17 es poden veure representades algunes de les diferencies existents
entre una pell sana i una patologica.
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FIGURA 17. Esquema representatiu d’algunes de les diferéncies entre una
pell sana i una pell patologica
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1.4.2.1- Simulacié in vitro de pell amb disfuncio de la barrera cutania

Sota diferents condicions patologiques, la funci6 de barrera de I'EC esta
deteriorada, com s’ha comentat anteriorment. Per tant, el desenvolupament d’un
model in vitro de pell amb la funci6 barrera deteriorada podria ser convenient per
a predir la biodisponibilitat, 'eficacia clinica i els possibles efectes de toxicitat
sistemica en el desenvolupament de productes per al tractament de patologies de
la pell.

Hi ha diferents metodologies per a alterar la funci6 barrera de I'EC: metodes
quimics utilitzant acetona (Tsai i cols, 2001) o lauril sulfat sodic (Nielsen, 2005;
Nielsen i cols, 2007) i métodes mecanics mitjangant “tape-stripping” (Sekkat i cols,
2004a; 2004b; Simonsen i Fullerton, 2007), puncions amb microagulles (Gomaa i
cols, 2010) o abrasié amb paper de vidre (Wu i cols, 2006).

En els treballs 5 i 6 que han donat lloc a aquesta tesi, s’ha utilitzat el metode
del “tape-stripping” per a la simulacié de pell amb la funci6é barrera deteriorada.
Aquest és un metode classic emprat habitualment per a I'avaluaci6 farmacocinetica
de I'absorcié de farmacs en I'EC, pero també pot ser utilitzat per danyar la barrera
de la pell in vivo i in vitro (Jensen i cols, 2011; Senzui i cols, 2009; Simonsen i
Fullerton, 2007).

Amb aquesta tecnica, les capes de 'EC s6n seqliencialment separades per
'aplicacié repetida de tires de cinta adhesiva (“tape-strip”) (Figura 18). En aquesta
tesi s’ha emprat aquest metode aplicant una pressié constant de 80 g/cm?2 durant
5 segons tant in vivo com in vitro abans de retirar la cinta adhesiva.
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FIGURA 18: Esquema grafic de la separacié d’'una capa d’EC amb una tira de
cinta adhesiva.
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1.4.2.2- Avaluacio de I'alteracié de la funcié barrera de la pell

Hi ha dues tecniques principals per avaluar 1'estat de la funcié barrera de la
pell acceptades per I'Organitzaci6 per a la Cooperacié i el Desenvolupament
Economic (OECD, 2004): la mesura de la resistencia electrica de la pell a un
corrent altern i la mesura de la perdua transepidermica d’aigua, TEWL.

El TEWL és molt utilitzat per a la mesura de la integritat de la pell ja que és
una tecnica senzilla de fer servir per quantificar les alteracions de la funcié barrera
de I'EC (Fuchs i cols, 2000). El TEWL es pot definir com la quantitat d'aigua per
area superficial de pell i per unitat de temps que passa des de l'interior del cos, a
través de l'epidermis, a l'exterior a través de la difusi6 i de la subsegiient
evaporacié cutania. Quan la funci6 barrera de la pell esta deteriorada, la quantitat
d'aigua que s'evapora augmenta. El TEWL, per tant, es pot emprar per determinar
'estat de la funci6 barrera de la pell (Fluhr i cols, 2006), sempre i quan es controlin
altres factors que també poden afectar a la difusié de 'aigua com poden ser la
temperatura i la humitat.

L’evaporimetre és l'aparell més utilitzat per a determinar el TEWL. Hi ha
varis tipus d’evaporimetres perd en aquesta tesi s’ha utilitzat el Tewameter®
(Figura 19). En aquest aparell, el TEWL es mesura mitjancant una sonda que es
situa en contacte sobre la pell. Aquesta sonda disposa d'uns sensors que apart de
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mesurar el TEWL també indiquen la temperatura i la humitat de la superficie de la
pell.

FIGURA 19: Esquema grafic del Tewameter® utilitzat en aquesta tesi i de
I'aplicaci6 de la sonda sobre la superficie de la pell.

Sensors

™ /'! (&)

En aquesta tesi el TEWL ha estat utilitzat tant per avaluar la funcié barrera
després de l'aplicacié seqiiencial de “tape-strips” en pell porcina in vitro i pell
humana in vivo, com per avaluar la integritat dels discs de pell que s’han utilitzat
en els estudis d’absorcié percutania que més endavant s’expliquen.

1.5- La pell i els sistemes lipidics

Hi ha sistemes lipidics que fa molt de temps que s’usen en l'aplicacié de
cosmetics o farmacs sobre la pell. D’entre ells destquen els liposomes i les
micel-les mixtes, que ofereixen avantatges i inconvenients a I’hora del seu s com a
vehicles d’administracié topica.

La utilitzaci6 de liposomes convencionals per al tractament de problemes
dérmics ofereix I'avantatge de possibilitar la difusié controlada de compostos, ja
que les caracteristiques d’aquestes vesicules les fan apropiades com a vehicle de
transport de compostos (Mezei i Gulasekharam, 1980; Nounou i cols, 2008; Pierre i
dos Santos Miranda Costa, 2011). A més, donada la similitud entre la membrana
d’aquestes vesicules i I'estructura lipidica laminar de I'EC, es pot suposar que els
liposomes poden facilitar la penetracié intercel-lular dels compostos que estan
encapsulats en ells. Hi ha controversia a ’hora d’afirmar si els liposomes poden
penetrar com a vesicules intactes en 'EC i si son capagos d’arribar a les capes més
profundes de I'epidermis com molecules lipidiques independents. Alguns autors
han trobat evideéncies de la penetracié dels liposomes intactes en capes profundes
de la pell (Kirjavainen i cols, 1996; Mezei i Gulasekharam, 1980). Mentre d’altres
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estudis han demostrat que els liposomes no penetren més enlla de 'EC (Korting i
cols, 1995; Lasch i cols, 1992). La interacci6 i/o penetraci6 dels liposomes amb I'EC
ha estat explicat també mitjancant diferents tipus de mecanismes tals com
I'adsorcid, els canvis de fase de les vesicules, 'adhesid, la fusio, I'intercanvi lipidic,
etc. (Kirjavainen i cols, 1999; Lépez i cols, 2001). EI que sembla comu en aquests
estudis és que els lipids que formen els liposomes tendeixen a quedar-se retinguts
en I'EC.

En els dltims 15 anys, altres tipus de vesicules lipidiques s’han anat
desenvolupant per a solucionar alguns dels inconvenients dels liposomes
convencionals. Entre aquests estan els transfersomes, que sén liposomes altament
deformables (El Maghraby i cols, 1999; Qiu i cols, 2008; Trotta i cols, 2004).
Aquests inclouen en la seva composicié tensioactius, que com es sabut alteren la
funcié barrera de I'EC. Un altre tipus sdn els ethosomes, que inclouen etanol en la
seva composicié (Ainbinder i Touitou, 2005; Paolino i cols, 2005). L’etanol és un
dissolvent que altera la composicio lipidica de I'EC, al tenir un efecte extractor dels
seus lipids.

Un altre dels sistemes lipidics emprat en els tractaments topics sén els
sistemes de micel-les mixtes lipid-tensioactiu. Aquestes micel-les son capaces de
transformar-se en liposomes al retirar-se el tensioactiu mitjancant dialisi o
simplement per dilucié amb aigua. Aquesta propietat fa que aquests sistemes es
presentin com una estratégia molt prometedora en dos aspectes: proteccio i
reparacié de les estructures lipidiques de la pell i vehiculitzacié de substancies a
través de I'EC i I'epidermis (Lépez i cols, 2002). L’estrategia de 1'ds de micel-les
mixtes formades per tensioactius i lipids es basa en que al tenir una mida molt més
petita que els liposomes, les micel-les tenen la capacitat de passar a través dels
espais intercel-lulars de I'EC i alla es transformen en liposomes per dilucié degut al
major contingut d’aigua en les capes més profundes de la pell. El desavantatge
d’aquests sistemes esta relacionat amb la presencia de tensioactius en la seva
composicio. Aquestes molécules tenen un conegut efecte irritant sobre la pell
(Lopezi cols, 2001) podent solubilitzar la barrera lipidica, entre altres efectes.

Per les seves caracteristiques de composicié lipidica i de versatilitat de
dimensions, els sistemes bicel-lars han estat estudiats pel nostre grup en
aplicacions topiques. Aquestes investigacions van comeng¢ar per intentar
minimitzar els desavantatges dels liposomes i les micel-les en aplicacions topiques.
D’aquests estudis s’ha conclos que els sistemes bicel-lars poden funcionar com a
agents permeabilitzants de la pell o com agents de refor¢ de les estructures
lipidiques presents en els dominis intercel-lulars de les capes més externes de la
pell (Barbosa-Barros i cols, 2008b; Barbosa-Barros i cols, 2008c; Rodriguez i cols,
2010).
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En aquesta tesi es proposen per primera vegada els sistemes bicel-lars com a
vehicles per I'aplicacid topica de principis actius.

1.6-Absorcio percutania

1.6.1- Vies d’absorcio percutania

La pell constitueix una barrera molt selectiva al pas de substancies externes.
El principal responsable d’aquest control, com ja s’ha comentat anteriorment, és
I'EC (Barry, 1983; Walters i Roberts, 2002). El pas de les molecules a través de la
pell depén de la naturalesa de la substancia, del coeficient de repartiment vehicle-
pell i del coeficient de difusié de les substancies que penetren (Hadgraft, 2004).

El principal obstacle que es troba el principi actiu per a penetrar a través de
la pell son les caracteristiques de barrera de I'EC, les quals estan originades per la
geometria de I'estructura interna dels corneocits i per la resistencia a la difusié de
I'estructura lipidica extracel-lular (Hadgraft, 2001).

L’absorci6 percutania implica el pas d’'un farmac a través de la pell fins als
capil-lars que irriguen la dermis, després del seu alliberament del sistema que
l'inclou. Ja en la circulaci6 sistémica, es distribueix per tot 'organisme fins assolir
el seu lloc d’accié. El pas de substancies a través de la pell es pot fer mitjancant
diverses vies que es resumeixen a continuacio: la via transepidermica (a través de
la pell) i la via transapendicular (a través dels apendixs cutanis).

-Via transepidérmica (Figura 20): Aquesta és la via principal d’absorci6 ja

que la seva area superficial és mil vegades més gran que la de la via
transapendicular. Les molecules polars i no polars difonen a través de I'EC per
diferents mecanismes. Existeixen dues microvies fonamentals per a I'absorcié
percutania a través de I'EC: la intracel-lular i la intercel-lular.

e Intracel-lular: Les substancies, ja siguin polars o no polars, difonen a través
de I'EC per mecanismes moleculars diferents. L'EC s’hidrata, s’acumula l'aigua prop
de la superficie dels filaments de les proteines, i és a través d’aquesta aigua
immobilitzada per on les molecules polars poden passar a través de la pell. Les
molecules no polars, per contra, probablement, es dissolen i difonen a través de la
matriu lipidica intracel-lular, no aquosa, que existeix entre els filaments de les
proteines.

e Intercel-lular: Es pensa que aquesta via, encara que és la major barrera que
es troben els farmacs en el seu pas a través de la pell, és la ruta de penetraci6é que
trien la majoria dels farmacs lipofils per accedir a capes més profundes de
I'epidermis (Hadgraft, 2001). Es una ruta tortuosa i la difusié del principi actiu es
fa pels canals lipidics que hi ha entre les cel-lules de I'EC.
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FIGURA 20: Esquema de les vies d’absorcio transepidermica
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-Via transapendicular (Figura 21): Si el farmac utilitza aquesta via d’accés ho
fa a través dels apendixs cutanis: glandules sudoripares i fol:licles pilosos, evitant
haver de travessar la funcié barrera de 'EC. Ambdues alternatives, tenen una
contribucié escassa a la cinéetica global de la penetraci6 transdermica, encara que
en casos especifics pot ser molt util.

¢ Transfollicular: La penetraci6 de les substancies quimiques a través
d’aquesta via esta lligada a la presencia d'un major o menor nombre de fol-licles
pilosos a la pell. Cada fol-licle pilés porta associat una glandula sebacia, que
segrega seu, i és una barrera de proteccido de l'estrat basal germinatiu. Certs
principis actius bastant lipofils, al dissoldre’s en el seu, s6n capagos de superar
aquesta barrera, veient-se afavorida la seva absorcié percutania a través d’aquesta
ruta. Per aquesta via s’absorbeixen substancies que tenen un alt coeficient de
repartiment (lipid / aigua), solubles en el greix. En certes circumstancies també és
possible que difonguin molecules que es poden acumular en els fol-licles pilosos.

e Transudoripara: Es la via menys important ja que proporciona una petita
ruta d'absorcid. Es creu que la difusio per aquesta via segueix el model de "difusio
per porus". Mitjanc¢ant els porus sudoripars poden accedir a la dermis substancies
de caracter polar, hidrofiles de baix pes molecular i que siguin solubles en la suor,
aixi poden arribar a la base de la glandula sudoripara, que al no estar
queratinitzada, no ofereix cap resisténcia a ser travessada i es produira I'absorcié
del compost.
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FIGURA 21: Esquema de les vies d’absorcié transapendicular
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Els fol-licles pilosos i les glandules sudoripares (endocrines i apocrines)
representen un cami potencial per superar la barrera epidermica; la seva capacitat
per a l'absorcié percutania és minima, menys del 0,1%, perd malgrat tot,
incrementen la superficie d’absorci6 de la pell. Tant la ruta transfol-licular com la
transudoripara poden ser les més importants per a I'absorcié d’ions i per a les
molécules de gran polaritat, que tenen una permeabilitat baixa a través de I'EC.

1.6.2-Metodologia de I'absorcio percutania in vitro

Els estudis d'absorcié percutania in vitro sén una bona manera d'identificar
en quina mesura un determinat principi actiu penetra a la pell. Aquests estudis in
vitro amb membranes de pell d’animal o humana sén una eina elegant per obtenir
dades sobre el pas de substancies a través de la pell, aixi com per a conéixer la seva
distribucié a través dels diferents compartiments cutanis (Elias i Feingold, 2006;
OECD, 2004; Schaefer i Redermeier, 1996).

El metode estandard per a I'estudi de I'absorcié percutania in vitro d’'una
substancia és mitjancant les cel-les de difusié. Hi ha diversos tipus de cel-les de
difusié des de les cel-les de difusié estatiques de dos compartiments fins a les
cel-les de flux continu. En aquesta tesi s’han utilitzat cel-les de difusi6 estatiques de
dos compartiments tipus “Franz”, amb un compartiment receptor de 3ml de volum
i una area d’exposici6 a la pell de 1,86 cm?2. En la Figura 22 es pot veure una
representacié esquematica d’'una cel-lula de difusi6 tipus “Franz”.
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FIGURA 22: Esquema d’una cel-lula de difusié tipus “Franz”.
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En aquests tipus d’experiments la membrana més adequada és la pell
humana. No obstant aixo, degut a la dificultat de la seva obtencig, la pell de porc és
la membrana habitualment usada. Aquesta presenta propietats histologiques,
bioquimiques, i fins i tot, una permeabilitat similars a la de la pell humana. Es per
aquest motiu que la pell de porc és apreciada com a model experimental de
permeacié (Simon i Maibach, 2000) i ha estat la usada en els experiments
d’absorcié percutania in vitro en els articles 1, 3, 4, 5 i 6 que han originat aquesta
tesi.

La pell porcina utilitzada en els assajos d'absorcié percutania es va obtenir de
porcs femella utilitzats en investigacions cliniques. D’aquesta pell s’obtenen uns
discs que es guarden al buit i congelats a -20 °C, fins a la seva utilitzaci6. Només
s’han utilitzat en els experiments els discs de pell intacta (és a dir, sense talls,
cicatrius, taques ni ferides). La integritat de la funci6 barrera de les biopsies de pell
s’ha controlat mitjancant la mesura del TEWL una vegada col-locades sobre les
cel-les de difusio.

Els experiments de l'absorcié percutania de les formulacions investigades
s’han realitzat durant 24h d’exposicié en tots els casos i després s’ha extret el
principi actiu estudiat de les diferents capes de la pell per al seu posterior analisi
per HPLC juntament amb I'excés superficial i el fluid receptor per a obtenir un
balan¢ de massa.

1.7-Tecniques de caracteritzacio de la pell

La investigacié dels possibles canvis morfologics i estructurals de I'EC que
poden tenir lloc com a conseqliencia de I'aplicacié topica dels principis actius
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vehiculitzats en sistemes bicel-lars i altres formulacions ha requerit I'is de
diferents técniques especifiques per a la caracteritzacié de la pell.

1.7.1- Espectroscopia infraroja per transformada de Fourier per
reflectancia total atenuada (ATR-FTIR)

L'espectroscopia infraroja per transformada de Fourier (“Fourier transform
infrared”, FTIR) es basa en la interaccid de la radiaci6 infraroja amb la mostra. La
zona de radiaci6 infraroja abasta radiacions de freqliencies compreses entre 400 i
12.500 cm-1. La radiaci6é més emprada en la practica és la corresponent a l'infraroig
mitja, entre 4000 i 400 cm! que és la de major interes en 1'analisi de compostos
organics, com és el cas dels lipids de I'EC. Aquesta técnica aporta informacié
relacionada amb les vibracions caracteristiques de conjunts d'atoms ja que la
freqiiencia de la radiaci¢ infraroja és del mateix rang que la freqiiencia de les
vibracions moleculars. La freqiiencia de vibracié depen de la naturalesa quimica
dels atoms implicats en la vibraci6 i del tipus de vibracié.

La quantitat de radiaci6 absorbida es mesura com el percentatge de
transmitancia o d'absorbancia. Tenint en compte que cada molecula o grup
funcional té una o diverses absorcions caracteristiques a longituds d'ona
determinades, a partir de l'espectre podrem identificar els grups funcionals de
cada mostra.

Dins de l'espectroscopia IR és possible també obtenir espectres per reflexio.
Es poden distingir dues formes generals d'adquirir 1'espectre: reflectancia difusa i
reflectancia total atenuada. En el nostre cas hem utilitzat la reflectancia total
atenuada (“attenuated total reflection”, ATR) (Figura 23), la qual es pot descriure
de la segiient manera: quan la radiaci6 IR incideix sobre un vidre pla d'alt index de
refraccio és totalment reflectida. Si el vidre es posa en contacte amb un material
com la pell que absorbeix la radiaci6, aquesta penetra a la mostra i la intensitat de
la radiacio reflectida pel vidre disminueix per a aquelles longituds d'ona en que la
mostra absorbeix energia. L'atenuacié déna lloc també a un espectre d'absorcio.

FIGURA 23. Esquema d’'un ATR de reflexions miiltiples

Pell

Sortida IR Entrada IR
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Aquesta tecnica és util per investigar I'EC sense haver d’aillar-lo de les altres
capes de la pell. Aquest fet és degut a que la profunditat de penetraci6 de la
radiacié6 a la pell és d’aproximadament 1 um (Lopez i cols, 2000). En la literatura es
poden trobar estudis de I'EC de pell de porc in vitro mitjancant aquesta técnica
(Boncheva i cols, 2008; Rodriguez i cols, 2010; Rodriguez i cols, 2009) per tal de
treure informaci6 de les freqiiencies de vibracié caracteristiques dels lipids
relacionades amb les diferent fases d’'ordenament de I'EC (Taula 2).

Taula 2. Freqiiéencies d'ATR-FTIR caracteristiques de les cadenes
alquiliques dels lipids i el seu significat.

Rang de
Mode L -
. . freqiiéncies Sensibilitat
vibracional
(cm-1)
Les freqliéencies monitoritzen qualitativament
CH; symmetric
2847-2855 I'ordenament conformacional de les cadenes
stretching . _
alquiliques i el seu empaquetament lateral
2849 Empaquetament ortorombic
2850 Empaquetament hexagonal
2852 Conformaci6 de cristall-liquid
CH asymmetric Aquest mode és menys sensible als canvis
2915-2924
stretching conformacionals

El desdoblament revela la  preséncia
CH; scissoring 1462,1473 .
d’empaquetament ortorombic

1468 Normalment denota empaquetament hexagonal

El  desdoblament revela la  presencia
CH: rocking 719,730
d’empaquetament ortorombic

720 Empaquetament hexagonal

Les freqiiencies vibracionals d’“stretching” i “scissoring” del metile de les
cadenes alquiliques dels lipids de I'EC s’han estudiat en l'article 3. Aquestes
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freqiiencies han permes investigar 'efecte de diferents sistemes que contenien
acid flufenamic en l'organitzacié conformacional i lateral de la matriu lipidica
intercel-lular de 'EC. Les freqiiencies vibracionals de “stretching” s'utilitzen per
determinar si els lipids estan en una conformacié ordenada (empaquetament
lateral ortorombic o hexagonal) o en una conformaci6é desordenada (fase liquida).
Els experiments s’han dut a terme a diferents temperatures. L'equip utilitzat en
aquesta investigacié ha estat un espectrometre 360-FTIR Nicolet Avatar (Nicolet
Instruments, Inc, Madison, WI) equipat amb un accessori d’ATR.

1.7.2-SAXS sincrotro

SAXS amb radiacié sincrotré és una eina excel-lent per estudiar I'organitzaci6
estructural del col-lagen a la pell i I'organitzaci6 lipidica laminar de 'EC (Cocera i
cols, 2011).

La radiacid sincrotré es produida aplicant una acceleracié centripeta a un feix
d’electrons relativistes, és a dir, sotmetent-los a un moviment circular amb
velocitat constant. La radiacié sincrotr6 té un rang espectral molt ampli. Cobreix
continuadament el rang que va de l'infraroig als raigs X més energetics, sent el
rang que compren l'ultraviolat llunya i els raigs X el de major interés. Una de les
propietats uUniques de la llum sincrotr6 és la seva alta intensitat, més
concretament, la seva densitat d’intensitat, o brillantor. Aquesta alta densitat
d’energia permet realitzar experiments en temps molt curts, amb una
extraordinaria relacid6 senyal/soroll i amb una alta resoluci6 en energia. El
considerable augment de la relaci6é senyal/soroll permet resoldre estructures que
abans quedaven ocultes per la seva baixa intensitat com és el cas de 1'organitzacié
estructural del col-lagen a la pell i I'organitzacio lipidica laminar de I'EC, que han
estat objectes d’estudi en 'article 3 d’aquesta tesi. En la Figura 24 es pot veure un
esquema representatiu de la configuracié de 'aparell utilitzat en 'estudi de SAXS
per radiacio sincrotro.

FIGURA 24. Esquema representatiu de la configuracio de I'aparell utilitzat en
I'estudi de SAXS per radiacio sincrotro.
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El fonament del SAXS ja s’ha explicat en I'apartat 1.3.4 d’aquesta introduccié.

Totes les mesures de SAXS per radiacié sincrotr6 es van realitzar a
temperatura ambient en la linia de llum espanyola (BM16) de la Installacio
Europea de Radiacié Sincrotré (European Synchrotron Radiation Facility, ESRF,
Grenoble, Franga) sota I'assisténcia técnica del Dr. Francois Fauth i de la Dra. Ana
Labrador.

1.7.3-Criosubstitucié aplicada a la microscopia electronica de
transmissio (FSTEM).

Aquesta tecnica inclou un procés de fixaci6 quimica, un de post fixacio
quimica, un procés de criofixacié seguit d’'un de criosubstitucié i la posterior
inclusi6 del teixit en una resina. Aquests processos sén necessaris per a la correcta
visualitzacié de la ultraestructura de la pell i els lipids extracel-lulars de I'EC. Les
etapes experimentals seguides per a la preparaci6 de les mostres han sigut les
seguents:

- Procés de fixacié quimica: es fa servir el glutaraldehid el qual fixa les
proteines de la pell.

- Post fixacid: s’introdueix tetroxid de ruteni per tal de que els lipids de I'EC
quedin contrastats i es puguin veure al microscopi electronic.

- Criofixacié en nitrogen liquid (-196 °C) usant un Cryovacublock (Leica,
Viena).

- Criosubstitucio: es fa en un sistema automatitzat de substituci6 (“Automatic
Freeze Substitution”, AFS) (Figura 25). Aquest procés consisteix en l'intercanvi
(substituci6) de I'aigua del medi per un solvent organic. En aquest cas el solvent
organic emprat va ser el metanol i també es va incloure tetroxid d’osmi (entre
altres compostos) per tal de que els lipids de les altres estructures de la pell com
els desmosomes es poguessin observar per TEM. Les mostres de teixit es
criosubstitueixen a -90 °C durant 48 h.

- Inclusié: el teixit s’inclou en una resina, en aquest cas Lowicryl HM20
(100%), durant 24h.

- Polimeritzaci6 de la resina: les mostres es van transferir a un motlle
contenint Lowicryl, i es van incubar durant 48 hores a -50 °C sota radiaci6 UVA,
per permetre la polimeritzacio.

Els talls ultrafins per a la seva visualitzacié al microscopi electronic van ser
preparats en un ultramicrotom (Ultracut UCT, Leica, Viena, Austria).

Després de la preparacié de les mostres, aquestes es van visualitzar en un
TEM Hitachi 600.
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FIGURA 25. Fotografia de I'aparell utilitzat per a la criosubstitucié.

Amb aquesta técnica es van poder visualitzar els possibles canvis causats a
I'estructura de I'EC pel tractament de la pell amb FFA vehiculitzat en sistemes
bicel-lars. Les micrografies obtingudes apareixen en l'article 3 de l'apartat de
resultats.

Les preparacions dels teixits i la posterior visualitzacié de les mostres per
microscopia electronica s’han realitzat en la unitat de Crio-Microscopia Electronica
dels Centres Cientifics i Tecnologics de la Universitat de Barcelona (CCiT-UB), sota
l'assistencia tecnica de la Dra. Carmen Lopez.
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2. OBJECTIUS

El principal objectiu de la investigacio realitzada en el marc d’aquesta tesi ha
consistit en coneixer les possibilitats reals de 1'ds dels sistemes bicel-lars en la

vehiculitzacié de principis actius aplicats topicament.

Per a aix0, s’han dissenyat un seguit d’estudis amb la finalitat d’aconseguir els

seglients objectius especifics:

e C(Caracteritzar l'estructura dels sistemes bicel-lars, la seva versatilitat
d’acoblament, aixi com la seva capacitat d’'incorporaci6 de principis actius. Per
a aconseguir aixo, s’ha plantejat 1'ds de tecniques instrumentals d’ampli
espectre. Aquestes tecniques permeten coneixer el seu tamany de particula, les
propietats termotropiques, les interaccions lipidiques i els canvis que ocasiona

en |'organitzacid de les bicel-les la incorporacio de principis actius.

e Demostrar la idoneitat dels sistemes bicel-lars per a vehiculitzar principis
actius a través de les diferents capes de la pell quan sén aplicats topicament.

Per aconseguir aquest objectiu s’ha plantejat:

-La realitzaci6 d’estudis d’absorcié percutania in vitro que permetran establir
criteris definits sobre l'interés dels sistemes bicel-lars com una nova estrategia
d’alliberament de principis actius sobre la pell.

-L’estudi, per tecniques espectroscopiques i de microscopia, de les interaccions

d’aquests sistemes bicel-lars amb els lipids de I'EC.

e Dissenyar un model in vitro per a simular el comportament d'una pell
patologica amb la seva funcié barrera deteriorada, amb la finalitat de conéixer

|'efecte dels sistemes bicel-lars sobre aquest tipus de pell.

Aquests objectius s’han intentat aconseguir mitjancant la realitzaci6 d’'una serie
d’investigacions publicades en articles cientifics que s’inclouen en la secci6 de

Resultats.

En I’Article 1 es va estudiar la caracteritzacié fisico-quimica dels sistemes bicel-lars
i la seva capacitat de vehiculitzacié del DDEA per a la seva aplicacié topica, aixi
com |'Gs dels sistemes bicel-lars sense farmac com a potenciadors de 'absorcié

percutania d’'una solucié aquosa de DDEA. A continuacio en els Articles 2 i 3 es va
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investigar la inclusié d'un altre farmac, el FFA, en els sistemes bicel-lars. Per a aix0
els estudis es van centrar en la caracteritzaci6é fisico-quimica dels sistemes
bicel-lars de FFA i la seva aplicacié topica, juntament amb l'estudi de l'efecte
d’aquests sistemes bicel-lars ens els lipids de I'EC. Posteriorment en I'Article 4 es
va fer un estudi comparatiu de la capacitat retardant dels sistemes bicel-lars en
I'absorci6 percutania del DDEA i del FFA. En I’'Article 5 es va plantejar un model in
vitro de pell patologica amb la finalitat de realitzar estudis d’absorcié percutania
en condicions més realistes. Finalment, en I'Article 6 es va investigar la possibilitat
de que els sistemes bicel-lars que contenen DDEA puguin tenir efectes beneficiosos
per a reparar la funcié barrera disminuida d'una pell patologica. Tanmateix
s’avalua el benefici de I'accié retardant d’aquests sistemes per a reduir la toxicitat a
nivell sistemic. A continuacio, s’inclouen els esmentats articles integres amb un

breu resum en catala.
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3. RESULTATS

Els resultats que han donat lloc a aquesta tesi es reflecteixen en els sis articles
cientifics que es mostren a continuacié. Quatre d’ells ja han estat publicats i la resta
estan en procés de revisi6. Aquests articles es presenten acompanyats d’'un breu
resum en catala.

Els articles son els seglients:

Article 1. Bicellar systems for in vitro percutaneous absorption of diclofenac.
L. Rubio, C. Alonso, G. Rodriguez, L. Barbosa-Barros, L. Coderch, A. De la Maza, ].L.
Parrai O. Lopez. (2010) Int. J. Pharm., 2010, 386, 108-113.

Article 2. Structural effects of flufenamic acid in DPPC/DHPC bicellar
systems. L. Rubio, G. Rodriguez, C. Alonso, C. Lépez-Iglesias, M. Cocera, L. Coderch,
A.De la Maza, ]. L. Parra i O. Lopez. Soft Matter, 2011, 7, 8488-8497.

Article 3. Bicellar systems as new delivery strategy for topical application of
flufenamic acid. L. Rubio, C. Alonso, G. Rodriguez, M. Cocera, C. Lopez-Iglesias, L.
Coderch, A.Dela Maza, ]. L. Parrai O. Lopez. J. Phys. Chem. B- en revisio.

Article 4. Bicellar systems as a new colloidal delivery strategy for skin. L.
Rubio, G. Rodriguez, L. Barbosa-Barros, C. Alonso, M. Cdcera, A. de la Maza, ].L.
Parra i Lépez. Colloid Sur.f B- Biointerfaces, 2012,92, 322- 326.

Article 5. Barrier function of intact and impaired skin: Percutaneous
penetration of caffeine and salicylic acid. L. Rubio, C. Alonso, O. Lépez, G.
Rodriguez, L. Coderch, ]J. Notario. A. de la Maza and ]. L. Parra. Int ] Dermatol, 2011,
50, 881-889.

Article 6. Bicellar systems as vehicle for treatment of impaired skin. L. Rubio,
C. Alonso, G. Rodriguez, M. Cocera, L. Coderch, ]J. Notario. A. de la Maza, |. L. Parra i
0. Lopez. J. Control. Release - en revisio.
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Article 1
Bicellar systems for in vitro percutaneous absorption of diclofenac

Int. J. Pharm., 2010, 386, 108-113

En aquesta publicaci6 s’avalua I'efecte de diferents sistemes bicel-lars sobre
'absorci6é percutania del DDEA utilitzant dos enfocaments diferents. En el primer
cas, el farmac es va incloure en els sistemes bicel-lars formats per DMPC/DHPC i
DPPC/DHPC, i a continuacio es van aplicar en pell porcina in vitro. En el segon cas,
la pell es va tractar amb els sistemes bicel-lars sense farmac abans de I'aplicacié
d’una solucié aquosa de DDEA.

Préviament, la caracteritzacié dels sistemes bicel-lars per DLS va mostrar que
la grandaria de particula disminueix quan el DDEA és encapsulat, tant en els
sistemes DMPC/DHPC com en els de DPPC/DHPC. També, les micrografies
obtingudes per Cryo-TEM van demostrar aquest efecte en el cas dels sistemes de
DPPC/DHPC.

Els estudis d’absorcié percutania van constatar una menor penetracié del
DDEA quan el farmac es va incloure en bicel:-les de DMPC i DPPC que quan es va
aplicar en una solucié aquosa. Aquest efecte és degut possiblement a una certa
rigidesa dels sistemes bicel-lars causada per la incorporacié del DDEA. L’absorcié
percutania de DDEA a la pell préviament tractada amb els sistemes bicel-lars sense
farmac va augmentar en comparacié amb l'absorci6 de DDEA sobre la pell sense
tractar. Les bicel-les sense DDEA, podrien causar certa desorganitzacié de la funcié
barrera de I'EC, el que facilitaria la penetraci6 percutania del DDEA aplicat
posteriorment.

Aixi, depenent dels seus parametres fisicoquimics i de les condicions
d’aplicacid, els sistemes bicel-lars poden tenir efectes potenciadors o retardants de
I'absorcié percutania. Aquests dos efectes poden ser estrategies interessants per
ser utilitzades en futures aplicacions topiques d’administraci6 de farmacs.

45



46



International Journal of Pharmaceutics 386 (2010) 108-113

Contents lists available at ScienceDirect - [
PHARMACEUTICS

e

ol

International Journal of Pharmaceutics

journal homepage: www.elsevier.com/locate/ijpharm

Bicellar systems for in vitro percutaneous absorption of diclofenac
L. Rubio*, C. Alonso, G. Rodriguez, L. Barbosa-Barros, L. Coderch, A. De la Maza, ].L. Parra, O. Lépez

L.Q.A.C.-CS.I.C., C/Jordi Girona 18-26, 08034 Barcelona, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 7 July 2009

Received in revised form 4 November 2009
Accepted 6 November 2009

Available online 14 November 2009

This work evaluates the effect of different bicellar systems on the percutaneous absorption of diclofenac
diethylamine (DDEA) using two different approaches. In the first case, the drug was included in bicellar
systems, which were applied on the skin and, in the second case, the skin was treated by applying bicel-
lar systems without drug before to the application of a DDEA aqueous solution. The characterization of
bicellar systems showed that the particle size decreased when DDEA was encapsulated. Percutaneous
absorption studies demonstrated a lower penetration of DDEA when the drug was included in bicellar

gfgevlvlzzd;;stems systems than when the drug was applied in an aqueous solution. This effect was possibly due to a certain
Diclofenac rigidity of the bicellar systems caused by the incorporation of DDEA. The absorption of DDEA on skin
In vitro percutaneous absorption pretreated with bicelles increased compared to the absorption of DDEA on intact skin. Bicelles without
Vehicle DDEA could cause certain disorganization of the SC barrier function, thereby facilitating the percutaneous

penetration of DDEA subsequently applied. Thus, depending on their physicochemical parameters and
on the application conditions, these systems have potential enhancement or retardant effects on per-
cutaneous absorption that result in an interesting strategy, which may be used in future drug delivery

Drug delivery system

applications.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Over the past few decades, there has been wide interest in
exploring new techniques to modulate drug absorption through
the skin (Barry, 2001; Williams, 2003; Honeywell-Nguyen and
Bouwstra, 2005). The first lipid vesicles studied for skin delivery
were liposomes (Mezei and Gulasekharam, 1980). Over the past 15
years, a new class of lipid vesicles has been developed, the highly
deformable liposomes, termed transfersomes (El Maghraby et al.,
2001, 1999; Qiu et al., 2008; Trotta et al., 2002, 2004). Other lipid
carriers recently developed are ethosomes (Ainbinder and Touitou,
2005; Paolino et al., 2005; Touitou et al., 2000), solid lipid nanopar-
ticles (Fang et al., 2008; Puglia et al., 2008) and micelle-based
surfactants (Spernath et al., 2008). These studies on skin delivery
point to the need to obtain vehicles of appropriate sizes, high sta-
bility and biocompatibility. Bicelles are bilayered aggregates with a
discoidal shape composed of long- and short-chain phospholipids.
Long-chain lipids commonly used are dimyristoyl and dipalmitoyl
phosphatidylcholine (DMPC and DPPC) and the short-chain lipid
most frequently used is dihexanoyl phosphatidylcholine (DHPC)
(Visscher et al., 2006). The long-chain phospholipids of bicelles
form a bilayer section that is surrounded by a rim of short-chain
phospholipids (DHPC) (Vold and Prosser, 1996). These systems
have the propensity to align in magnetic fields; in fact, their use

* Corresponding author. Tel.: +34 400 61 00x2328; fax: +34 93 204 59 04.
E-mail address: laia.rubio@iqac.csic.es (L. Rubio).

0378-5173/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2009.11.004

is mainly based on this property (Whiles et al., 2002). Thus, bicelles
are used to orient membrane proteins that can be inserted in
the bilayer structure and also to study the superficial interactions
between proteins and the phospholipids bilayer. Considering the
structure, composition and nanodimensions of these systems, their
use as delivery systems for topical applications may be interesting.
The use of bicellar systems for skin purposes has been explored
and the results obtained indicate that depending on their composi-
tion, these systems are able to work in two ways: as permeabilizing
agents of the skin or as reinforcing agents of the lipid structures
present in the intercellular domains of the outermost layers of the
skin (Barbosa-Barros et al., 2008a,b).

Invitro percutaneous absorption studies are a good way to iden-
tify how far a given drug penetrates into the skin. These in vitro
studies with animal or human skin membranes are an elegant tool
for obtaining data on the passage of test substances through the
skin as well as on its distribution over the different cutaneous com-
partments (Elias and Feingold, 2006; OECD, 2004; Schaefer and
Redermeier, 1996). Also, these studies permit the evaluation of
the effectiveness of some vehicles and enhancers (Gwak and Chun,
2002).

Diclofenac is a potent non-steroidal anti-inflammatory drug
(NSAID) with analgesic effects. Diclofenac may cause side effects,
such as gastrointestinal disorders when it is administered by the
oral route and cutaneous lesions if it is administered by an intra-
muscular injection (Galer et al., 2000). Thus, the identification of
strategies to reduce toxicity and to increase the pharmacological
effect of the NSAID may be highly relevant.
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This work seeks to analyze the influence of different vehi-
cles based on bicellar systems on the percutaneous absorption
of diclofenac diethylamine (DDEA). To this end, some physico-
chemical aspects of the nanostructures were investigated. Also,
the effective location of the drug in the skin compartments, as
a function of the different bicellar systems used, was evaluated.
Our results show that these new systems should be considered as
appropriate vehicles for topical applications.

2. Materials and methods
2.1. Chemicals

DDEA was supplied by Novartis (Basel, Switzerland). Dimyris-
toyl phosphatidylcholine (DMPC), dipalmitoyl phosphatidyl-
choline (DPPC) and dihexanoyl phosphatidylcholine (DHPC) were
supplied by Avanti Polar Lipids (Alabaster, USA). Methanol (HPLC
Grade), sodium dihydrogen phosphate monohydrate and ortho-
phosphoric acid 85% were obtained from Merck (Darmstadt,
Germany). Purified water was obtained by an ultra-pure water sys-
tem, Milli-Q plus 185 (Millipore, Bedford, USA).

2.2. Preparation of bicellar systems

Bicellar systems were formed with DMPC or DPPC as long-chain
phospholipids and DHPC as a short-chain phospholipid. In Fig. 1
a general schema of the formation of bicellar systems, with and
without DDEA, is shown.

For the preparation of the bicellar systems, an appropriate
amount of DMPC or DPPC was weighed and mixed with a DHPC
chloroform solution to get DMPC/DHPC or DPPC/DHPC in the molar
ratio 2:1. This molar ratio was chosen to ensure the small size of
the bicelles, which is more appropriate for skin purposes. The chlo-
roform was eliminated by rotaevaporating the solvent until a lipid
film was obtained. Then, this lipid film was hydrated to reach 20%
(w/v) of total lipid concentration and sonicated until a transpar-
ent solution was obtained. To obtain bicellar systems containing
diclofenac, the procedure was the same, but the lipid film was

hydrated with an aqueous solution of DDEA 1.16% (w/v) (see Fig. 2).
This concentration was chosen as normally this drug is topically
administered in the form of a 1.16% gel.

2.3. Characterization of the bicellar systems

2.3.1. Dynamic light scattering technique

The hydrodynamic (HD) diameter of the bicellar systems was
measured using the Zetasizer nano ZS90 (Malvern Instruments,
UK). This apparatus employs the dynamic light scattering (DLS)
technique to determine particle sizes between 1 nm and 3 pm. DLS
measures the Brownian motion of the particles and correlates this
to particle size (Probstein, 1994).

2.3.2. Cryo-transmission electron microscopy

Bicellar systems of DPPC/DHPC with and without DDEA were
visualized by Cryo-transmission electron microscopy (Cryo-TEM).
Vitrified specimens were prepared using a Vitrobot (FEI Company,
Eindhoven, Netherlands). 5-10 pL of sample was placed onto a
glow-discharged holey carbon grid. After, the grid was blotted with
filter paper, leaving thin sample films spanning the grid holes.
The blotted samples were vitrified by plunging the grid into liq-
uid ethane at its freezing point (—196°C) and stored under liquid
nitrogen (LN, ) prior to examination in the microscope (Honeywell-
Nguyen et al., 2002). The vitreous sample films were transferred to
a microscope Tecnai F20 (FEI Company, Eindhoven, Netherlands)
using a Gatan cryotransfert (Barcelona, Spain) cooled with LN, to
temperature between —170 and —175°C. The visualization was
taken at 200 kV and using low-dose imaging conditions.

2.4. HPLC analysis of diclofenac

The quantitative determination of DDEA was performed by HPLC
using a Hitachi LaChrom Elite equipment (Darmstadt, Germany).
The apparatus consists of an L-2130 pump, L-2200 autosampler
and an L-2400 UV detector. The system was operated from the
software Merck EZChrom Elite v3.1.3. Then 20 p.L of injection vol-
ume were eluted in a Lichrocart 250-4/Lichrosorb RP-18 (5 um)
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Fig. 2. Preparation of bicellar systems.

column (Merck, Germany) at room temperature. DDEA was mon-
itored by UV detection at 254 nm. A mobile phase consisting of a
66% methanol and 34% phosphate buffer (pH 2.5) was used at a flow
rate of 1 mL/min. The area under the peak was used to calculate the
concentration of DDEA using external standards that showed lin-
earity over the concentration range of 0.33-83 p.g/mL. The intraday
and interday variations of the method were less than 2%.

2.5. In vitro percutaneous absorption studies

For this study pig skin from the unboiled back of Landrace large
white pigs weighing between 30 and 40 kg was used. The pig skin
was provided by the Clinic Hospital of Barcelona, Spain. The bristles
were removed carefully with an animal clipper and then the skin
was washed with tap water. The excised skin was dermatomed to
500 =+ 50 wm thickness (Dermatome GA630, Aesculap, Tuttlingen,
Germany). Discs of the dermatomed skin were obtained with an
iron punch (2.5 cm inner diameter) and fitted into Franz type diffu-
sion cells. The skin discs were stored at —20 °C until use. One hour
prior to the diffusion experiments, the skin was thawed at room
temperature.

Franz cells (Lara-Spiral, Courtenon, France) consisted of an
upper donor compartment and a receptor chamber (3 mL of vol-
ume). These two parts were separated by the skin biopsy, leaving an
exposed surface area of 1.86 cm?2. A magnetic stirring bar was intro-
duced into the receptor chamber. The skin disc was mounted with
the SCside upin the Franz cell. The receptor chamber was filled with
areceptor fluid (RF) which was PBS (pH 7.4) in distilled water, con-
taining 1% of bovine serum albumin and 0.04% gentamicin sulphate,
this was stirred continuously.

Franz cells were kept at 37 +1°C by means of a circulating
water bath (Julabo Labortechnik GmbH, Germany) to ensure that
the surface skin was maintained at 32 & 1 °C. The integrity of each
skin sample was checked by determining the transepidermal water
loss (TEWL) using a Tewameter TM210 (Courage-Khazaka, Koln,
Germany). The diffusion experiment was initiated by applying to
the entire surface, delimited by the upper cell, 10 wL of each of
the following solutions: aqueous solution of DDEA, DMPC/DHPC
bicelles with DDEA or DPPC/DHPC bicelles with DDEA. A control
cell was also used (only with the application of 10 p.L of water).
After the exposure time (24 h), the test formulation remaining on
the skin surface was removed with a specific wash: first with 0.5 mL
of sodium lauryl ether sulphate solution (at 0.5%, w/v) and then

twice (2 x 0.5 mL) with distilled water. After that, the skin sur-
face was dried with a cotton swab. Water aliquots, all tips of the
micropipette, all cotton swabs as well as the top of the cell were
pooled, constituting the fraction of the active compound remain-
ing in the surface. Then, the receptor fluid was removed from the
receptor compartment and brought up to 5 mLin a volumetric flask.
The SC of the treated skin area was removed by 8 successive tape-
strippings using adhesive tape (D-Squame®, CuDerm Inc., Dallas,
USA). After that, the viable epidermis was separated from the der-
mis after heating the skin at 80°C for a few seconds.

The amount of DDEA in the different layers and in the washing
solution was extracted with a solution of methanol: water (50:50)
for 20 h. Then, samples were shacked for 30 min at room tempera-
ture and sonicated for 15 min. Before the analytical determination
by HPLC, the samples were filtered through a 0.45 pum Acrodisc
filter (Pall Gelman Sciences, Northampton, UK).

2.6. Pretreatment of the skin with DMPC/DHPC and DPPC/DHPC
bicelles

To evaluate the effect of the pretreatment of skin with bicelles in
the subsequent percutaneous absorption of DDEA, 10 p.L of bicelles
(without diclofenac) were topically applied for 1 h and after that a
careful aqueous washing of the skin surface was carried out. This
process was repeated four times. Then, an in vitro percutaneous
absorption test of an aqueous solution of DDEA (1.16%, w/v) was
performed as described in Section 2.5.

2.7. Statistical analysis

Each value is expressed as the mean +S.D. for six determina-
tions. For group comparisons, analysis of variance (ANOVA) with
a one-way layout was applied. The software used was the STAT-
GRAPHICS plus 5. Significant differences in the mean values were
evaluated by the Student’s unpaired t-test. A p value of less than
0.05 was considered significant.
3. Results and discussion

3.1. Characterization of bicellar systems

The characterization of the bicellar systems have been carried
out by two different techniques: DLS and Cryo-TEM.
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Table 1
Particle size of the bicellar systems investigated, measured with Zetasizer nano ZS90
at37°C.

Diameter (nm)? %Vol
DMPC/DHPC 14.0 £ 0.2 99.8
DPPC/DHPC 152 £ 03 99.9
DMPC/DHPC/DDEA 24+ 0.1 99.8
DPPC/DHPC/DDEA 28 £0.1 100
4 Mean+S.D.

The results obtained on the particle size of the bicellar sys-
tems investigated by DLS are indicated in Table 1. It is appreciated
that similar size values were detected for both bicellar systems
not including DDEA, with diameters in the range of 14-15nm.
Almost 100% of particles analyzed by volume were in this size range.
The incorporation of DDEA in the bicellar systems led to a dras-
tic decrease in the particle size for both systems (2.4 and 2.8 nm).
These particle sizes are in the range of the formation of bicellar
systems. It is known that the minimal size of vesicles is 20 nm.
(Cornell et al., 1982). The size decrease by effect of DDEA can be
understood considering that surface-active drugs, as non-steroidal
anti-inflammatory compounds, are reported to self-associate and
bind membranes causing partial disruption and solubilization. Sev-
eral authors have described this behavior for diclofenac and other
drugs (Lopes et al., 2004; Kriwet and Miiller-Goymann, 1994; Lopes
etal., 2006; Rades and Miiller-Goymann, 1997; Schreier et al., 2000;
Schutze and Muller-Goymann, 1998).

DDEA could have a similar effect as DHPC in the discoidal struc-
ture of the bicellar systems, showing a tendency to locate at the
edges of the lamellar structure. This fact would induce a decrease
in the molar ratio between molecules in the bilayer and in the
edges, and, hence, the size would decrease, as indeed occurred in
our experiments. Everything seems to indicate that the discoidal
morphology of the bicelles is reduced by the effect of DDEA taking
on a spherical structure similar to that described for mixed micelles
(Schutze and Muller-Goymann, 1998).

The mechanism of DDEA incorporation in the bicelles is proba-
bly similar to that published by Lopes et al (Lopes et al., 2004) when
this active principle was encapsulated in soya phosphatidylcholine
(PC) liposomes. The amphiphilic nature of diclofenac would per-
mit its incorporation into the lipid bilayer (Lopes et al., 2004). This
incorporation would be possible given the hydrophobicity of the
diclophenil ring of the drug, which would be oriented toward the
hydrophobic core of the bilayers.

Fig. 3 shows Cryo-TEM micrographs of DPPC/DHPC bicellar
systems with (Fig. 3a) and without (Fig. 3b) DDEA. In Fig. 3a
little structures with sizes smaller than 5nm are observed in
agreement with data reported by DLS experiments (Table 1). In
the case of the bicellar systems of DPPC/DHPC without DDEA
(Fig. 3b), the micrograph shows discoidal bicelles in edge-on (white
arrow) and face-on dispositions (black arrow). Micrographs of
DMPC/DHPC bicellar systems showed very similar structures (data
not shown)

3.2. Bicelles as a drug delivery system

Systems formed by DMPC/DHPC or DPPC/DHPC were able to
incorporate 1.16% DDEA in a similar way to other colloidal drug
carrier systems such as liposome, microemulsions, mixed micelles,
etc. (Boinpally et al., 2003; Kriwet and Miiller-Goymann, 1996;
Kweon et al., 2004; Lopes et al., 2004; Parsaee et al., 2002;
Kriwet and Miiller-Goymann, 1994; Lopes et al., 2006; Rades
and Miiller-Goymann, 1997; Schreier et al., 2000; Schutze and
Muller-Goymann, 1998). The bicellar systems with DDEA showed
a transparent appearance without phase separation and/or pre-
cipitates. These systems remained stable for at least 1 week and
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Fig. 3. Cryo-TEM micrographs of DPPC/DHPC bicellar systems with (a) and without
(b) DDEA.

exhibited a gel aspect, which facilitated its application on the skin
compared to the application of an aqueous solution of DDEA (much
more fluid).

The percutaneous absorption profiles of diclofenac vehiculized
in the mentioned bicelles compared with DDEA in an aqueous solu-
tion (1.16%, w/v) is shown in Fig. 4. The results are expressed as a
percentage of the applied dose on the skin. As it can be shown,
most DDEA remained in the skin surface. However, it is interesting
to note that among all the skin layers, a higher percentage of DDEA
was detected in the SC. This behavior is noted especially when the
drug was applied in an aqueous solution. The inclusion of DDEA,
in both types of bicelles, decreases the percutaneous absorption of
the drug compared to that of an aqueous solution of diclofenac.
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Fig. 4. Percutaneous absorption profiles of all the diclofenac formulations studied
(mean values +SD, n=6). Distribution in the different layers of the skin: stratum
corneum (SC), epidermis (E), dermis (D), receptor fluid (RF) and total percutaneous
absorption (Perc. Abs.).

This finding suggests a retarder effect of the percutaneous absorp-
tion when the drugis included in bicellar systems. This effect would
be interesting to be applied in drugs which have a too fast percuta-
neous absorption, asitis the case of fentanyl, to prevent an overdose
of the drug (Frolich et al., 2001).

It is obvious that the use of both kinds of bicellar systems pre-
vents the passage of the drug to the deeper layers of the skin.
This inhibitory effect on skin penetration was more marked for
DMPC/DHPC bicelles. For these bicelles, Fig. 4 shows a higher
value of DDEA in SC and an absence of drug in the receptor fluid.
The results as global percentage of percutaneous absorption (con-
sidering the amount of DDEA detected in epidermis (E), dermis
(D) plus receptor fluid (RF)) show the following ranking: aque-
ous solution DDEA (4.61 + 0.62%) > DPPC/DHPC bicelles with DDEA
(2.78 £1.62%)>DMPC/DHPC bicelles with DDEA (1.25+0.33%).
The significant difference (p<0.05) of skin penetration detected
between DPPC and DMPC bicelles could be due to the different
transition temperature (Tp, ) of these two phospholipids. The DPPC
at the experimental temperature is in a gel phase, like lipids of
the SC (T, about 60°C) (Golden et al., 1987); this fact could facil-
itate the mix between lipids from the SC and from the bicelles
promoting skin penetration, with respect to the DMPC bicelles. On
the other hand, DMPC at the experimental temperature exhibits a
liquid crystalline phase (T, of DMPC 23°C) (Lewis et al., 1987).
Therefore, the DMPC has a different phase than the lipids from
the SC and, as a consequence, the skin penetration could be more
difficult.

Due to the small particle size of the lipid systems formed after
the encapsulation of DDEA, one might expect that these systems
could penetrate more easily through the skin. But there are different
factors that are involved in the enhancer effect of a vehicle. Some of
these factors are the possible disruption of the organization of the
intercellular lipids of the SC, the affinity of the drug to the vehicle
and the rigidity of the lipid structure of the vehicle (Gwak and Chun,
2002; Thong et al., 2007). The incorporation of DDEA in a bicellar
system may cause a certain rigidity in the bicelles. In fact, the drug
is not simply dissolved in the lipophilic region of the phospholipids,
but is incorporated in the bilayer lined up with the phospholipids
and the diclofenac’s carboxyl groups increase the rigidity of the
head groups of the phospholipids (Ferreira et al., 2005; Seddon et
al., 2009). This possible rigidity would hinder the penetration of
DDEA through the skin (Kriwet and Miiller-Goymann, 1996; Kriwet
and Miiller-Goymann, 1994). Also, another possible reason for this
low penetration could be related to the difficulty of the DDEA to
diffuse out of the bicellar systems.
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Fig. 5. Percutaneous absorption profiles of diclofenac with skin pretreated with
bicellar systems or water (blank) (mean values + SD, n=6). Distribution in the dif-
ferent layers of the skin: stratum corneum (SC), epidermis (E), dermis (D), receptor
fluid (RF) and total percutaneous absorption (Perc. Abs.).

3.3. Bicelles as enhancers of skin penetration

Although the bicelles with DDEA inhibit the drug penetration, in
vivo studies of Barbosa-Barros et al. (2008c) showed an increase of
TEWL after a consecutive application of phospholipids bicelles. The
effect of bicelles on the barrier function and their possible enhancer
effect on the in vitro percutaneous absorption of DDEA were inves-
tigated. To this end, we performed a pretreatment of the skin discs
with bicellar systems of DMPC/DHPC and DPPC/DHPC followed by a
topical application of a DDEA aqueous solution. Also, to discard the
possible influence of the water contained in the bicellar systems,
some skin discs were pretreated with water (blank).

Fig. 5 shows the percutaneous absorption of DDEA using skin
pretreated with bicelles, expressed in percentage of applied dose
and using the experimental conditions described earlier.

In general terms, the amount of DDEA detected in the SC was
higher in skin not pretreated with bicelles than in pretreated sam-
ples. In addition, the global results obtained on skin penetration
show that a pretreatment of the skin with bicelles promotes the
percutaneous absorption of diclofenac. There were no significant
differences (p <0.05) in the percentage of percutaneous absorption
between the treatment with DMPC/DHPC or DPPC/DHPC bicelles.
These results have been obtained despite the fact that microscopy
studies have shown that each of these systems change, in different
ways, the microstructure of the SC. DMPC/DHPC bicelles did not
affect SC lipid microstructure (Barbosa-Barros et al., 2008a) and
DPPC/DHPC systems seem to penetrate inside the skin SC and grow
forming vesicles (Barbosa-Barros et al., 2008c). In future works it
would be interesting to study the eventual histological changes
detected not only in the SC but also in whole structure of skin
treated with bicelles.

The enhancer effect of the bicellar systems on the percutaneous
absorption of diclofenac could be due to an initial interaction of
bicelles with the SC. This interaction could cause some disorgani-
zation of intercellular lipids, responsible of the SC barrier function.
This fact would help the absorption of diclofenac through the skin.
The interaction of the specific phospholipids of bicelles with the
lipids of the SC would be the mechanism responsible for the event
detected. This mechanism is different for both systems because the
DMPC/DHPC bicellar systems, apparently, did not produce modi-
fications in the microstructure of the SC, whereas the DPPC/DHPC
system did produce changes in the lipid lamellae regions (Barbosa-
Barros et al., 2008a,c). Thus, our results seems to indicate that other
factors, in addition to the microstructural changes of the SC, must be
involved in the penetration of DDEA, since the two types of bicelles
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produce a similar effect. In this case, the DDEA is applied in an
aqueous solution. For this reason, the limiting rate of drug trans-
port through the SC may not be due to drug release from the vehicle,
but could probably be related more to inherent SC resistance.

4. Conclusions

This work demonstrates that bicellar systems are able to incor-
porate DDEA. This incorporation decreases the particle size with
respect to the original bicelles. These bicellar systems, including
DDEA, can act as retarders in the percutaneous absorption of the
drug; probably, the limiting of the rate of drug transport is depen-
dent on rate of the drug release from the vehicle. The results of our
work may be useful to develop bicellar systems for drugs which
have a too fast percutaneous absorption as it is the case of fentanyl
(Frolich et al., 2001). On the contrary, the previous in vitro appli-
cation of bicelles on skin discs seems to promote the passage of
diclofenac through the lipidic interstices of the SC and, as a result,
to improve the percutaneous absorption. In this case, there are no
problems of drug release since DDEA is in an aqueous solution. As a
consequence, a previous application of bicellar systems on the skin
seems to be useful to modulate the percutaneous absorption of top-
ically applied DDEA. Further investigations on the use of bicelles as
delivery systems, using other drugs with different physicochem-
ical properties and applications, should be considered in future
research.
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Sistemes bicel-lars com a nova estratégia d’aplicacié topica RESULTATS

Article 2
Structural effects of flufenamic acid in DPPC/DHPC bicellar systems

Soft Matter, 2011, 7, 8488-8497

En aquest treball es va investigar I'efecte de la inclusi6 del FFA en els
sistemes bicel-lars de DPPC/DHPC. Per a aquest proposit, es va utilitzar una
combinacié de diferents técniques. La tecnica de DLS es va utilitzar per a mesurar
la diferencia en la mida de la particula dels sistemes bicel-lars amb i sense farmac.
La tecnica microscopica de FFEM va permetre observar les diferents estructures
lipidiques que es van formar quan el FFA va ser inclos en els sistemes bicel-lars de
DPPC/DHPC. Addicionalment, amb la microscopia de Cryo-TEM es van poder
observar les estructures lipidiques petites dels sistemes bicel-lars amb i sense FFA.
El SAXS va reportar informacid sobre la diferencia en el gruix de les bicapes dels
sistemes bicel-lars incloent o no el FFA. Per altra banda, el WAXS va proporcionar
informaci6 sobre la diferencia d’empaquetament lateral de les bicapes lipidiques
quan el farmac estava inclos o no. La tecnica calorimeétrica DSC va permetre
coneixer les diferents transicions de fase que el FFA va induir sobre la DPPC al ser
inclos en els sistemes bicel-lars.

La incorporacié del FFA va provocar canvis en la grandaria, la morfologia, el
comportament termotropic i I'autoacoblament dels sistemes bicel-lars inicials. A
les tres temperatures estudiades, es van formar diferents estructures com a
conseqiiencia de la incorporacié del farmac en els bicel-les. En l'estudi dels
sistemes bicel-lars sense FFA, a les tres temperatures estudiades es va veure la
formaci6 de bicel-les discoidals per FFEM i Cryo-TEM d’una grandaria mesurada
per DLS d’'uns 9 nm aproximadament. Els resultats de SAXS i WAXS van informar
que 'amplada de la bicapa era d’uns 58 A i 'empaquetament lateral era ortorombic
en les tres temperatures. Quan el farmac es va incloure en les bicel-les, es van
observar a 25 °C la formaci6 de grans estructures multilaminars per FFEM i grans
estructures discoidals per Cryo-TEM. Els resultats de SAXS i WAXS van permetre
deduir l'apilament de bicapes i I'empaquetament lateral hexagonal,
respectivament. A 32,5 °C, es va observar la disminucié de la grandaria dels
sistemes lipidics i 'aparicié d’estructures ondulades. També es va detectar una
petita disminucié de l'amplada de la bicapa i de lI'empaquetament lateral
hexagonal. A 37 °C es van apreciar petites estructures tubulars, discoidals i
esferiques, una amplada de bicapa similar als sistemes sense farmac i un
empaquetament lateral hibrid entre hexagonal i cristall-liquid. Els estudis de DSC
van detectar la formaci6 de noves fases.
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Usant aquestes tecniques experimentals, s’han caracteritzat els sistemes
bicel-lars que contenen FFA, que poden ser molt prometedors com a nous vehicles
per a I'aplicaci6 topica de principis actius.
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Structural effects of flufenamic acid in DPPC/DHPC bicellar systems
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The effect of the anti-inflammatory flufenamic acid (FFA) in dipalmitoylphosphatidylcholine (DPPC)/
dihexanoylphosphatidylcholine (DHPC) bicellar systems has been investigated. For this purpose,

a combination of different techniques was used, including dynamic light scattering (DLS), freeze-
fracture electron microscopy (FFEM), cryo-transmission electron microscopy (Cryo-TEM), X-ray
scattering and differential scanning calorimetry (DSC). The incorporation of FFA induced changes in
the size, morphology, thermotropic behaviour and self-assembly of the initial bicellar systems. At the
three temperatures studied, different structures were formed as a consequence of the incorporation of
the drug in the bicelles. At 25 °C, the formation of large multilamellar sheets was observed, and at 32.5
°C, the vesicle size decreased, and undulated structures and discoidal bicelles appeared. At 37 °C,
tubular, discoidal and spherical small structures were detected. Using this experimental approach, we
have attempted to characterise these bicellar systems containing FFA, which may be very promising as
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new vehicles for the topical application of active principles.

1. Introduction

Bicellar systems are bilayered aggregates composed of long-
alkyl-chain and short-alkyl-chain phospholipids. Depending on
the temperature and composition, bicellar systems can form
different nanostructures.’ One of these structures is discoidal
bicelles, in which the long-chain phospholipids self-assemble into
a planar bilayer, while the short-chain phospholipids segregate to
the edge regions of high curvature.*® These systems have been
widely employed as model membranes in biophysical studies on
the conformation and dynamics of membrane-associating
molecules.®’

Bicelles have a morphology that is an intermediate between the
classic lipid-surfactant mixed micelles and lipid vesicles,
combining some of the remarkable properties of both of these
systems. Bicelles, much like micelles, are optically transparent,
non-compartmentalised and effectively mono-dispersed.
However, as an improvement, bicelles do not have surfactants in
their structure and maintain some bilayer properties that are
absent in the conventional spherical micellar systems.® Lipo-
somes and micelles have often been used as drug delivery
systems.>!'* However, their topical application has been exten-
sively debated due to the large size of liposomes that hinder their
penetration through the skin and the use of surfactants in
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micelles that promote skin irritation. Bicellar systems seem to
offer advantages over liposomes and micelles due to their small
dimensions, avoidance of the use of surfactants and their bilay-
ered structure.'!? For all these reasons, in very recent studies, we
have used bicellar aggregates for drug delivery purposes.'®
Additionally, the ability of these nanostructures to function as
permeabilising agents of the skin or as reinforcing agents of the
lipid structures present in the intercellular domains of the
outermost layers of the skin'*'*'> has been reported. Dipalmi-
toylphosphatidylcholine (DPPC)/dihexanoyl phosphatidylcho-
line (DHPC) offers some improvements over common systems
formed by dimyristoylphosphatidylcholine (DMPC) and DHPC.
One of these improvements is based on the DPPC, the major
phospholipids of biological membranes; therefore, DPPC
increases the biological character of these new bicelles. Another
improvement is based on the different thermotropic behaviour of
DMPC and DPPC. The main transition temperature (77,) is 24.1
and 41.5 °C for DMPC* and DPPC," respectively. At the
experimental temperature (37 °C), DPPC exists in a gel phase like
the stratum corneum lipids (7, about 60 °C),'® maintaining the
native state of the stratum corneum.

Flufenamic acid (FFA) is a non-steroidal anti-inflammatory
drug of the anthranilic acid group with potent anti-inflammatory
and analgesic effects.'® Different products containing FFA are
available on the market and are administered either via the oral
or dermal route. Because the dermal route normally reduces
gastrointestinal side effects such as ulceration and hemor-
rhages,? it has been recognised as a useful alternative to the oral
delivery of drugs. The inclusion of other anti-inflammatory drugs
in DPPC/DHPC systems has been previously reported by our
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group,'® and the results showed the potential of these systems for
drug delivery. Therefore, the inclusion of FFA in bicellar systems
proposed in the present work and its topical application could be
very advantageous.

However, it is important to find out, through preliminary
studies, if some structural changes have been induced due to the
incorporation of FFA into the (DPPC/DHPC) bicelles. To do so,
these systems were characterised by the combined use of different
techniques, including dynamic light scattering (DLS), freeze-
fracture electron microscopy (FFEM), cryo-transmission elec-
tron microscopy (Cryo-TEM), X-ray scattering and differential
scanning calorimetry (DSC). Using these techniques, several
structural changes of the bicelles have been detected as a function
of temperature (from 25 to 37 °C). A separate application of
these techniques in the characterisation of colloidal systems has
reported relevant data in this field.>**

The present work focuses on the study of structural changes
induced by the inclusion of FFA in DPPC/DHPC bicellar
systems. The evaluation of the structural changes was carried out
with the aforementioned techniques. Our work reports innova-
tive data that should be important in designing bicellar systems
as vehicles for the topical application of FFA, taking into
consideration their physicochemical behaviour at different
temperatures.

2. Materials and methods
2.1 Materials

Flufenamic acid (FFA) was purchased from Sigma Aldrich (St
Louis, MO, USA). Dipalmitoylphosphatidylcholine (DPPC) and
dihexanoyl phosphatidylcholine (DHPC) were supplied by
Avanti Polar Lipids (Alabaster, USA). Chloroform was
purchased from Merck (Darmstadt, Germany). Purified water
was obtained from an ultra-pure water system, Milli-Q plus 185
(Millipore, Bedford, USA).

2.2 Preparation of bicellar systems

An appropriate amount of DPPC was weighed and mixed with
a DHPC chloroform solution to obtain DPPC/DHPC in the molar
ratio 2 : 1, with a 20% weight/volume (w/v) total lipid concentra-
tion. In the case of FFA bicellar systems, 10 mg of FFA was
weighed and mixed with DPPC, DHPC and chloroform. The
chloroform from both systems was removed by rota-evaporation,
and the lipid film was dissolved in 1 ml of water and sonicated until
a transparent solution was obtained. This DPPC/DHPC/FFA
solution contained 10 mg of FFA per ml (1% w/v). pH measure-
ments of the DPPC/DHPC/FFA aqueous solution were per-
formed with a Model 720 pH meter and a ROSS Model 8103 SC
pH electrode (both from Orion Research, Cambridge, MA, USA).

2.3 Characterisation of the bicellar systems

2.3.1 Dynamic light scattering technique (DLS). DLS is
a useful technique to measure the dimensions of the vesicle
structures. The hydrodynamic diameter (HD) and polydispersity
index (PI) of the aggregates were measured using the Zetasizer
nano ZS (Malvern Instruments, UK). This apparatus employs the
dynamic light scattering (DLS) technique to determine particle

sizes between 0.6 nm and 6 um. DLS measures the Brownian
motion of the particles and correlates this phenomenon to particle
size.?* To minimise multiple scattering, non-invasive back scatter
technology (NIBS) was used. With this technology, the detection
of scattering is performed at an angle of 173°; therefore,
concentrated samples can be measured, as is the case of our
systems. The measurements were carried out at three different
temperatures (25 °C, 32.5 °C and 37 °C). The results were ana-
lysed as the percentage of scattering intensity. The data obtained
were collected and analysed with the program DTS (dispersion
technology software) provided by Malvern Instruments Ltd.

2.3.2 Microscopy techniques. FFEM and Cryo-TEM were
used to visualise the dimensions and morphologies of these
systems. Samples of DPPC/DHPC/FFA systems were equili-
brated at three different temperatures (25 °C, 32.5 °C and 37 °C)
for 30 min to visualise the system at these conditions. These three
temperatures were chosen because 25 °C is the ambient temper-
ature, 32.5 °C is approximately the temperature of the skin surface
and 37 °C is the physiological temperature. For control purposes,
bicelles of DPPC/DHPC were cryofixed at 25 °C. Samples were
visualised using the microscopy techniques described below.

2.3.2.1 Freeze-fracture electron microscopy (FFEM). FFEM
is a technique that involves cryofixation, replication and trans-
mission electron microscopy. This technique is widely used to
characterise lipid bilayer and non-bilayer arrangements® and
monolayer-based structures.”* FFEM avoids artifacts due to
composition changes that are inherent in chemical fixation,
staining and drying techniques. The procedure carried out in this
work for the FFEM study was based on that described by
Egelhaaf.?” Freeze-fracture samples were prepared by first
depositing approximately 1 pL of sample between two copper
platelets using a 400 mesh gold grid as a spacer. Then samples
were frozen by plunging into a liquid propane bath cooled at
—189 °C by liquid nitrogen and fractured by separating the two
copper plates in a BalTec BAF 300 freeze-etching device (Leica,
Vienna, Austria) at —150 °C and 10~® mbar of pressure. The
replicas were obtained by unidirectional shadowing at 45° with 2
nm of platinum/carbon (Pt/C) and at 90° with 20 nm of carbon.
After the replication, the samples were brought to room condi-
tions. An advantage of this preparation design is that large
portions of the metal replicas were automatically attached to the
TEM grids. The grids and replicas were cleaned by immersion in
concentrated sodium hypochlorite to completely remove any
organic material from the sample, leaving only the Pt/C replica.
The replicas were examined in a Jeol 1010 Transmission electron
microscope (Jeol, Tokyo, Japan) at 80 kV.

2.3.2.2  Cryo-transmission electron microscopy (Cryo-TEM ).
Cryo-TEM is a method whereby the specimen can be examined in
its native state by vitrification. This technique has opened the
possibility for the direct imaging of amphiphilic aggregates
formed in aqueous solutions.”® DPPC/DHPC bicellar systems
with and without FFA were visualised by cryo-TEM. Vitrified
specimens were prepared using a Vitrobot (FEI Company,
Eindhoven, Netherlands). Then 3-5 pL of sample was placed onto
a glow-discharged holey carbon grid. The grid was subsequently
blotted with filter paper, leaving thin sample films spanning the
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grid holes. The blotted samples were vitrified by plunging the grid
into liquid ethane at its freezing point and stored under liquid
nitrogen (LN,) prior to examination with the microscope (ref. 29).
The vitreous films were transferred to a Tecnai F20 microscope
(FEI Company, Eindhoven, Netherlands) using a Gatan cryo
transfer (Gatan, Pleasanton, CA, USA) cooled with LN, to reach
temperatures between —170 °C and —175 °C. The visualisation
was taken at 200 kV using low-dose imaging conditions. The
images were recorded with a 4096 x 4096 pixel Eagle CCD
camera (FEI Company, Eindhoven, Netherlands).

The investigation with cryo-TEM was very extensive. Several
grids of each sample were used, and different holes in the perfo-
rated carbon film were examined on each grid. From each sample,
between twenty and thirty micrographs were saved; however, only
a small and representative fraction of these are presented here. It is
important to examine different areas of the vitrified specimen to
obtain representative micrographs of the bicellar systems.

2.3.3 X-Ray scattering experiments (SAXS, WAXS). X-Ray
scattering experiments are of great value for the study of the
phase behaviour and organisation of lipids.*® Small-angle X-ray
scattering (SAXS) provides information on the larger structural
units, giving the repeat distance of the lipid bilayer thickness.
Alternatively, wide-angle X-ray scattering (WAXS) reports the
lateral packing of the lipids within the bilayers, providing the
distance between neighbouring molecules.’* SAXS and WAXS
measurements were carried out using a SAXS/WAXS S3 MICRO
(Hecus GmbH, Graz, Austria). X-Ray radiation with a wave-
length corresponding with the Cu Ko line (1.542 A) was used. The
linear detector used was a PSD 50 M (Hecus, Graz, Austria), and
the temperature control was performed via a peltier TCCS-3
(Hecus GmbH, Graz, Austria) (precision better than +0.5 °C).
The sample was injected into a flow-through glass capillary that
was 1 mm in diameter (Hilgenberg GmbH, Malsfeld, Germany).

The scattering intensity I (in arbitrary units) was measured as
a function of the scattering vector ¢ (in reciprocal A). The latter is
defined as:

q = (4 sin 6)/2,

where 6 is the scattering angle and 2 is the wavelength of the
radiation (1.542 A). The position of the scattering peaks is
directly related to the repeat distance of the molecular structure,
as described by Bragg’s law:33

2d sin 0 = nA

in which n and d are the order of the diffraction peak and the
repeat distance, respectively. In the case of a lamellar structure,
the various peaks are located at equidistant positions, and:

q, = 2mnld

where ¢, is the scattering vector modulus that indicates the
position of the n'" order of reflection.

2.3.4 Differential scanning calorimetry (DSC). DSC provides
a systematic tool for assessing the thermodynamic properties of
the systems and allows the inspection of the respective phase

transitions.?* In phosphatidylcholine systems, the more common
phase transitions are described as a subtransition corresponding
to a change of phase from a lamellar crystalline (L.) to a tilted gel
phase (Lg), a pretransition from a Ly to a ripple phase or an
undulated lamellar phase (Pg) and a main transition from any of
the previously mentioned phases to the liquid crystalline phase
(L,).**>** The temperature associated with this latter transition is
the so-called gel-to-liquid crystalline transition temperature,
T,

Calorimetric experiments of DPPC/DHPC and DPPC/DHPC/
FFA systems were performed with a DSC 821E Mettler Toledo
(Greifensee, Switzerland) calorimeter. Aliquots of 30 pL from
the DPPC/DHPC and DPPC/DHPC/FFA bicellar systems,
corresponding to 4.453 mg and 4.356 mg of DPPC, respectively,
were placed in 40 pL aluminium DSC pans and hermetically
sealed. Three heating/cooling cycles were performed in
a temperature range between 0 and 60 °C at a constant scanning
rate of 5 °C min~'. The data from the first scan were always
discarded to avoid the mixing of artifacts. Due to the super-
cooling phenomenon, only heating scans have been used
throughout this work.*s The main transition temperature (7,)
was defined as the temperature required to induce a change in the
lipid physical state from the ordered gel phase to the disordered
liquid crystalline phase. The temperature at the maximum peak
corresponding to the thermotropic transitions was defined as the
transition temperature. Calorimetric enthalpies were calculated
by integrating the peak area, after baseline adjustment and
normalisation, to the amount of sample analysed. DSC curves
were obtained and analysed by STAR 9.2 Software (Mettler
Toledo).

3. Results

DPPC/DHPC bicelles showed a transparent appearance at the
three temperatures studied. When FFA was incorporated into
DPPC/DHPC systems, the appearance of the sample showed
differences depending on the temperature. At 25 °C, the systems
exhibited a milky appearance; at 32.5 °C, the sample was fluid
and completely transparent; and at 37 °C, it became translucent.
No precipitates were formed at any of these temperatures. The
techniques used reflect changes in the size, morphology, phase
transitions and structure of the DPPC/DHPC bicellar systems in
the presence of FFA. These facts confirm the incorporation of
FFA in the systems. The pH of the DPPC/DHPC/FFA system
was approximately 5.5.

3.1 DLS characterisation

The size distribution curves for the two samples at three different
temperatures (25 °C, 32.5 °C and 37 °C) were obtained by DLS
(Fig. 1). The measure of the HD was used to determine the
particle sizes. Size distribution curves of the systems show
various peaks corresponding to particle populations with
different sizes that scatter light at different proportions. The peak
distribution analysis was used instead of the average particle size
to appropriately reflect the complexity of the samples. Fig. 1
shows the size distribution curves obtained by the intensity for
both systems at the three temperatures studied (25 °C, 32.5 °C
and 37 °C) (Fig. 1A-C, respectively). DLS measurements of the
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Fig. 1 Particle size distribution curves by intensity at 25 °C (A), 32.5°C
(B) and 37 °C (C). DLS measurements of DPPC/DHPC bicellar systems
(solid line) and DPPC/DHPC/FA bicellar systems (dashed line).

DPPC/DHPC bicelles are represented by solid lines, and the
dashed lines correspond to the DPPC/DHPC/FFA.

For pure DPPC/DHPC bicelles at 25 °C, the curve exhibited
one large peak with a HD of 8.72 nm that scattered approxi-
mately 72.1% of the light and two minor peaks at 2472 nm
(13.7%) and 716 nm (8.6%). At this temperature, the PI was
0.301. At 32.5 °C, the peaks obtained were centred at 8.2 nm
(77.2%), 1285 nm (8.6%) and 543.6 nm (5.4%). When the
temperature increased to 37 °C, the peak values were obtained at
8.48 nm (76.2%), 617.7 nm (18.2%) and 4811 nm (5.6%). The PI
values at 32.5 and 37 °C were 0.308 and 0.295, respectively.

For DPPC/DHPC/FFA bicellar systems, the DLS curves at 25
°C show a large peak with a HD of 137.6 nm (72.4%) and two
other peaks centred at 9.52 nm (15.7%) and 4569 nm (8.7%). At
32.5 °C, the peaks obtained were centred at 9.33 nm (78.9%),
566.3 nm (13.4%) and 37.04 nm (4.4%). A similar behaviour was
obtained at 37 °C, with peaks at 10.01 nm (76.8%), 55.97 nm
(9.0%) and 552.0 nm (8.6%). The PI values at 25, 32.5 and 37 °C
were 0.659, 0.360 and 0.306, respectively.

Evidently, these results indicate a high complexity and
heterogeneity in the size of the samples. However, by observing
only the populations that scatter 70% of light or more, a more
simplistic scenario can be obtained. Although we are aware that
this simplification does not represent the systems exactly, the
interpretation is useful in drawing some relevant data. Then we
can observe that DPPC/DHPC systems were mainly formed by
small structures with a size of approximately 9 nm, regardless of
the temperature studied. This size agrees with the results reported
by other authors for discoidal bicelles.®'* Bicellar systems with
FFA, however, show different size distributions at the three
studied temperatures. At 25 °C, most structures exhibited
a particle size of approximately 138 nm, that is, the incorporation

of FFA at this temperature induced a significant increase in the
size of the structures formed. The increase in temperature in this
system containing FFA promotes a decrease in the size of the
nanostructures, indicating a reorganisation of the aggregates by
the effect of temperature.

In the evaluation of the incorporation of the FFA in the
DPPC/DHPC bicelles, it can be seen that the more evident
differences between pure DPPC/DHPC and the bicellar systems
with FFA were noted at 25 °C. While the systems without FFA
exhibited mainly particle sizes of approximately 9 nm in diam-
eter, the incorporation of FFA resulted in the formation of larger
structures. At higher temperatures (32.5 and 37 °C), variations in
size between the systems with and without FFA were less
notable. The values of the PI indicate that, when FFA is included
in the DPPC/DHPC bicelles, the size of the nanostructures are
more heterogeneous, particularly at 25 °C, coinciding with the
milky appearance mentioned above. In the application of these
systems as vehicles for drug delivery, the degree of homogeneity
should not be a problem given that DPPC/DHPC systems have
been used as drug delivery systems for diclofenac,™® exhibiting
a PI of approximately 0.3.

3.2 Microscopy techniques

FFEM and cryo-TEM were used to visualise the samples. These
techniques are complementary because they elucidate different
aspects of the microstructures present in the systems. FFEM, as
a fracturing and replica technique, is especially useful in visual-
ising bilayers and/or multilamellar structures with dimensions
greater than 10-20 nm,* whereas with cryo-TEM, the detection
of smaller structures is possible, most likely because a direct
image is obtained.*®

3.2.1 FFEM. The transmission electron microscopy of
freeze-fractured samples containing bicellar nanostructures
allowed us to examine the topography of these samples on the
surface and in the inner domains of the lipid bilayers. The frac-
ture occurs along the plane that involves the area of weakest
forces.?® In the case of bilayers, such as in our study, the fracture
is produced along the bilayer midplane.?’

Freeze fracture micrographs of the DPPC/DHPC bicellar
systems at 25 °C (Fig. 2) show small aggregates with diameters of
approximately 10 nm. These sizes are in accordance with the
DLS results. Most of these aggregates have a discoidal form
(black arrow).

FFEM images of the DPPC/DHPC/FFA systems (Fig. 3)
exhibit multiple structures at different temperatures. Fig. 3A and
B show systems of DPPC/DHPC/FFA at 25 °C. In these
micrographs, coexist phospholipids domains of lamellar sheet
fragments (Fig. 3A, black arrow), large multilamellar sheets
(Fig. 3B, white arrow), and small structures that are 10-20 nm in
size (white circle). These morphologies and dimensions agree
fairly well with the sizes observed by DLS. Fig. 3C and D depict
the DPPC/DHPC/FFA systems at 32.5 °C. Fig. 3C shows
undulated structures similar to the ripple phases described by
Meyer and Richter,*® as well as small structures. In Fig. 3D,
structures similar to perforated bilayers are shown. The image of
the DPPC/DHPC/FFA systems at 37 °C (Fig. 3E and F) shows
tubular (white arrow), discoidal (black arrow) and spherical
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Fig. 2 Micrograph obtained by FFEM of DPPC/DHPC bicellar
systems cryofixed at 25 °C. Scale bar: 100 nm.

(black arrowhead) small structures. The tubular structures may
be associated with the largest structures detected by DLS (552
nm). The light scattering technique measures the Brownian
motion of particles and correlates them with size; if the particles
form non-spherical aggregates, these nanostructures are esti-
mated and measured as spherical in shape, and the resulting size
is bigger than expected.**

3.2.2 Cryo-TEM. Cryo-TEM pictures were taken to visu-
alise the changes in the morphology of DPPC/DHPC bicellar

Fig. 3 FFEM micrographs of DPPC/DHPC/FA bicellar systems. At 25
°C (A, B), 32.5°C (C, D) and 37 °C (E, F). Scale bar: 200 nm.

nanostructures when FFA was included. Fig. 4A shows bicellar
systems formed by DPPC/DHPC at 25 °C. Discoidal structures
in face-on (white arrow) and edge-on (black arrow) dispositions
were visualised. The diameter of these structures is between 20
and 50 nm. Because of the larger amount of phospholipid
material in the way of the electron beam, edge-on discs display
a higher contrast (dark lines) against the background compared
to face-on discs. Edge-on views of these structures can be seen
as thin, dark lines. The cryo-TEM micrograph of systems,
including FFA at 25 °C (Fig. 4B), shows large disks of
approximately 150 nm that agree with the DLS results. At 32.5
°C (Fig. 4C), discoidal bicelles with a diameter of approximately
30-70 nm in the face-on and edge-on dispositions are shown. In
most cases, these structures were visualised forming stacks.
Also, small spherical structures were observed, which could
correspond to the smaller particles detected by DLS at this
stage. In addition, larger structures of 566 nm were obtained by
DLS, which could correspond to the stacks formed by the
bicellar system. Again, it is necessary to consider the peculiarity
of the DLS technique in the interpretation of our results. If the
particles form stacks, these stacks are measured by DLS as
a unique particle, and the size detected corresponds to the set of
bicelles. At 37 °C (Fig. 4D), small structures detected as black
dots are shown. These structures could correspond to small
spherical mixed micelles. Thus, these results indicate that the
increase in temperature in systems containing FFA could induce
the formation of mixed micelles.

Similar to the results from DLS, microscopic observations
reported that small and large structures coexist in the DPPC/
DHPC/FFA systems. Small structures were preferably
observed with cryo-TEM, whereas FFEM was used more
appropriately to study structures with larger sizes and with
lamellar shapes.

Fig.4 (A) Cryo-Tem micrographs of DPPC/DHPC bicelles and (B), (C)
and (D) DPPC/DHPC/FA bicellar systems at 25 °C, 32.5 °C and 37 °C,
respectively. Scale bar: 100 nm.
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3.3 DSC

Differential scanning calorimetry (DSC) is a fast and relatively
inexpensive technique that allows the study of the thermotropic
properties of lipid bilayers in the absence and presence of
bioactive molecules. In our case, DSC was used to obtain
information regarding the influence of FFA on the phase-tran-
sition parameters of DPPC/DHPC bicelles. In fact, the presence
of a new molecule in the phospholipid bilayers may affect certain
thermodynamic parameters such as the temperature and
enthalpy (AH) associated with different lipidic transitions.
Compounds added in the lipid bilayers can change the lipid
packing mode and therefore change both the 7, and AH of the
gel to the liquid-crystalline transition.*

Fig. 5 shows the DSC thermograms of DPPC/DHPC and
DPPC/DHPC/FFA bicellar systems. The signals observed in the
thermograms are associated with DPPC because DSC thermo-
grams of DHPC at this temperature range (results not shown)
exhibited no peaks, and the melting point of FA is 128 °C (out of
the temperature range used).*® It is known that pure DPPC
multilayers exhibit three endotropic phase transitions: a sub-
transition (L to Lg) at approximately 20 °C, a pretransition (Lg
to Pg) at 35-36 °C and a main phase transition (Pg to L,) at
41.8-42 °C.* Although, depending on the method used in
preparing the multilayers, the subtransition does not appear.*' A
quantitative determination of all enthalpies was not feasible due
to the broadening of the peaks. Only the main transition
enthalpies were determined, with approximate values due to the
overlapping of the peaks.

The curve associated with the DPPC/DHPC systems shows
a transition (Ty,) at 41.1 °C (transition enthalpy of approxi-
mately 16 kJ mol™') that corresponds to the Py to L, transition
of the DPPC alkyl chains. Additionally, a shoulder peak around
35 °C with low intensity was detected, which is compatible with
the pretransition in the pure DPPC systems. The formation of
bicellar systems with DHPC may provoke some influence in the

DPPCIDHPC

T T T

10 20 30 40 50

Exothermic s

DPPCI/DHPCIFA

10 20 30 40 50
Temperature (°C)

Fig.5 Calorimetric heating curves of DPPC/DHPC and DPPC/DHPC/
FA bicellar systems.

pretransition of DPPC, inducing a widening of the band with
respect to the results reported in the literature for pure DPPC
systems*** and a small decrease in the main transition temper-
ature. In the lower curve of Fig. 5 (thermogram of DPPC/DHPC/
FFA bicellar systems), a main transition temperature at 38.9 °C
(transition enthalpy of approximately 22 kJ mol~') was observed.
Furthermore, a weak peak at approximately 22 °C and a double
shoulder peak at approximately 32 °C and 33 °C are shown. The
peak at approximately 22 °C could correspond to the sub-
transition phase (L. to Lg) characteristic of pure hydrated DPPC
bilayers that were described previously. In the comparison of
these two curves, a decrease in the main transition temperature
was observed when FFA was included in the DPPC/DHPC
bicellar systems. Moreover, the shoulder peak of the upper curve
becomes a double peak, and a new transition also appears at
lower temperatures. In the DPPC/DHPC curve, the peak of the
main transition is sharper than that of the DPPC/DHPC/FFA
curve. These changes in the DSC thermograms indicate that,
when FFA is incorporated in the studied systems, more complex
structures appear. These results are in accordance with the DLS
measurements and FFEM micrographs that indicate different
structures of DPPC/DHPC/FFA bicellar systems at different
temperatures.

3.4 SAXS/WAXS results

To elucidate the structural effects of FFA on DPPC/DHPC
bicelles, a series of SAXS/WAXS studies were carried out at three
different temperatures (25, 32.5 and 37 °C).

SAXS provides information on the larger structural units of
a given sample. In our case and with the two different systems,
the lamellar repeat distance d was estimated from the analysis of
the peaks by Bragg’s law and was attributed to the bilayer
thickness as in the studies with liposomes and other bilayer
models.?* Fig. 6A shows the SAXS region of the DPPC/DHPC
systems at the three temperatures studied. At 25, 32.5 and 37 °C,
a broad band centred at ¢ = 0.110 A, ¢ = 0.108 A~' and ¢ =
0.108 A~! appeared, respectively, corresponding to the d values
of 57, 58 and 58 A. Thus, these results do not show significant
changes in the large structure of the DPPC/DHPC systems at
these temperatures. Additionally, it can be deduced that these
bicellar systems do not form lamellar sheets and/or stacks
because multiple sharp peaks do not appear. This explanation is
in accordance with the visualisation of these bicellar systems by
FFEM and cryo-TEM, where no lamellar sheets were observed.
In Fig. 6B, SAXS scattering profiles of the bicellar systems
containing FFA are observed. At 25 °C, two peaks (¢ = 0.097
A-'and ¢ =0.217 A") related to the first and second order of the
lamellar repeat distance of 65 A were detected. At this temper-
ature, the incorporation of FFA into the DPPC/DHPC bicelles
causes a scattering profile to which more ordered structures can
be associated, such as the formation of stacked multilamellar
structures. At 32.5 °C and 37 °C, only a broad peak centred at ¢
=0.112 and 0.110 A" (d = 56 and 57 A) appears. These results
seem to indicate that, at these temperatures, the incorporation of
FFA molecules does not modify the d-spacing values. This fact
could be explained by the smaller size of the FFA molecules that
do not disturb the DPPC bilayer.
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Fig. 6 SAXS intensity profile as a function of the scattering vector
modulus ¢ of DPPC/DHPC (A) and DPPC/DHPC/FA bicellar systems
(B). The measurements were carried out at 25 °C, 32.5 °C and 37 °C.

Scattering in the WAXS region reveals the lateral chain
packing of the lipids. Fig. 7A shows the scattered intensity of the
WAXS region for DPPC/DHPC bicellar systems at 25, 32.5 and
37 °C. At the temperatures investigated, two broad bands were
observed; these bands were detected at ¢ values of 1.49 and 1.79
A, corresponding to a chain—chain distance (d.) of 4.2 and 3.5
A. The two different distances are in accordance with an ortho-
rhombic packing described by other authors***” in other lipid
systems. This arrangement is not surprising for DPPC bilayers
because it has been already described in previous works.**4®

The WAXS spectra of DPPC/DHPC/FFA bicellar systems at
different temperatures are shown in Fig. 7B. At 25 °C, a sharp
peak at g = 1.53 A (d.=4.1 A) was observed. The presence of
this sharp reflection indicates that the phospholipids are well-
ordered and form a layered structure, with distances of 4.1 A
between the aliphatic chains. The presence of only one peak at
this ¢ indicates a hexagonal packing.*® At 32.5 °C, the presence of
a broad band centred at ¢ = 1.49 A (d. =42 A) was detected,
also indicating hexagonal packing. The existence of a broad band
instead of a sharp peak indicates that the chains are less organ-
ised at this temperature than at 25 °C. When the temperature was
increased to 37°C, a broad band at q= 1.46 A (d.=4.3 A) and
a shoulder at ¢ = 1.33 Al (d.=4.7 A) were observed. A d, value
of approximately 4.6 A has been associated in the literature with
liquid crystal packing.*® Thus, these two bands could be
explained by the formation of a hybrid packing of hexagonal and
liquid crystalline conformations. Liquid crystalline packing
occurs when the lipids undergo a transformation from an
ordered gel state to a disordered liquid state after reaching the
transition temperature.
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Fig. 7 WAXS intensity profile versus the scattering vector modulus ¢
recorded from DPPC/DHPC (A) and DPPC/DHPC/FA bicellar systems
(B). The measurements were carried out at 25 °C, 32.5 °C and 37 °C.

In the DSC results obtained for DPPC/DHPC/FFA bicellar
systems, the main transition temperature detected for this system
was 38.90 °C; therefore, at 37 °C, evidence of the existence of
a liquid crystalline conformation for the DPPC/DHPC/FFA
systems is reasonable.

It seems that the inclusion of FFA in the DPPC/DHPC
systems induces a change in the lateral packing from the ortho-
rhombic to hexagonal conformation and a formation of the
corresponding lamellae at 25 °C.

4. Discussion

In this work, we have demonstrated the incorporation of 1% w/v
FFA in DPPC/DHPC bicellar systems. This incorporation
modifies the initial discoidal structure. In addition, the poor
solubility of this drug in water (0.03 mg ml™")* and the
concentration included in our systems (10 mg ml~') eliminated
the possibility that the FFA was located in the aqueous medium;
therefore, the inclusion of the drug in the bicellar system was the
most likely option.

Thus, considering the incorporation of FFA in the lipid
domains of the bicellar system, two different accommodation
sites could be considered: the polar and the apolar environments
of the lipid bilayers. It has been reported that this incorporation
is in either of these sites depending on the protonation state of the
carboxylic acid group of the FFA, which has a pK, of approxi-
mately 4.°° At pH > pK,, the carboxylic group of FFA is ionised
and placed at the polar domains of the lipids. At pH < pK,, the
FFA would be expected to be at apolar domains because the
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carboxylic group is un-ionised. Consequently, and given that the
pH of bicellar systems containing FFA is approximately 5.5
(slightly higher than the pK,), a preferential inclusion of the drug
between the apolar alkyl chains of DPPC may be expected. It is
interesting to note that the pH of the system with FFA is the
same as that reported for healthy skin.

In general, an increase in the size of structures at 25 °C from
approximately 9 nm HD to approximately 138 nm HD was
detected by the incorporation of FFA. It is known that, in water,
DPPC alone has a tendency to form flat lamellae and vesicles,
whereas DHPC tends to form small micelles that are spherical in
shape.’! Therefore, the large structures detected after the addi-
tion of FFA may be fragments of lamellar sheets possibly formed
by a partial removal of DHPC from the discoidal bicelles. This
displacement of the short-chain phospholipids would result in
the formation of lamellae and fragments of lamellar sheets
enriched in DPPC. Mixed with these lamellar sheets, small
nanostructures may also be detected (visualised by microscopy,
Fig. 3A, B and Fig. 4B). FFA would be distributed in the apolar
domains of the lamellae and most likely in the small nano-
structures that are enriched by the DHPC.

The DPPC/DHPC/FFA system exhibited structural and
morphological modifications by the effect of temperature. It is
interesting to note that no changes with temperature were
detected in the system in the absence of FFA. Previous works
have reported that discoidal bicelles become large structures
when the experimental temperature increases above the 77, of the
long-alkyl phospholipid chain.® Although the T,, of DPPC
decreases (according to DSC results) in the system containing
FFA, this temperature is close to (38.9 °C) but still higher than
the experimental temperature (37 °C). Therefore, an increase in
size due to temperature would not be expected. On the contrary,
our results indicated that, when the experimental temperature is
increased, the size decreases, as observed from the microscopy
results (Fig. 3 and 4).

Consequently, other parameters apart from temperature
could also cause modifications in the bicellar systems, such as
the dilution, composition and molar ratio of short and long-
alkyl chain phospholipids.®* FFA is poorly soluble in water;
however, its solubility is increased by non-ionic surfactants,** as
is the case of DHPC. Variations in FFA solubility (at the
temperature range studied) may likely induce the different
distributions of the drug between the aqueous medium and the
lipid system. This fact promotes the formation of structures
with different molar ratios that exhibit different sizes and
shapes. At 25 °C, FFA was incorporated with a great extent
into the sheets of DPPC, particularly among the alkyl chains of
DPPC (apolar domain). At 32.5 °C, a part of the FFA mole-
cules formed lamellae, and another part was included in the
bicellar system formed by DPPC/DHPC. At 37 °C, a part of the
FFA was included in the bicellar aggregates, and another part
formed mixed micelles, worm-like micelles and branched quasi-
cylindrical micelles with DHPC and DPPC. Similar aggregates
were  described in  systems composed of  dimyr-
istoylphosphatidylcholine (DMPC) and DHPC when the
temperature and molar ratio were increased.® In our case, the
structural transformations seem to be highly ruled by the
incorporation of FFA in the aggregates, given that no changes
were observed in the system without the drug.

The ability of bicellar systems to incorporate different mole-
cules is not new. Different techniques have demonstrated the
changes promoted in the structure of these systems by incorpo-
ration of several substances such as surfactants,*® cholesterol
sulfate®* or ceramides.®>* We previously reported results on the
incorporation of diclofenac in DMPC/DHPC and DPPC/DHPC
bicellar systems studied by DLS and cryo-TEM;"® this drug
decreased the size of both systems.

The complexity of bicellar systems is obvious and has been
demonstrated in a number of studies.>*%!"'* This complexity
increases when additional molecules are included in the nano-
structures that form the systems,®!? as the present work shows. A
mix-and-match approach is necessary to obtain a better
approximation of the real nature and behaviour of the systems.
The HD obtained by DLS is that of a hypothetical hard sphere
that diffuses at the same speed as the particle under study. The
bicellar structure is supposed to be discoidal when the tempera-
ture is below 7,557 Our results indicate that changes in the
temperature and the inclusion of FFA cause important modifi-
cations on the aggregates, forming stacks, lamellar structures
and other morphologies. Due to the structural and morpholog-
ical versatility, the results on particle size obtained with this
technique can be considered an estimation of the dimension of
the structures present in our samples, representing a useful tool in
the study of particle size changes as a function of temperature
and the inclusion of FFA. The results obtained by DLS are
complementary with the other techniques studied. The difference
in the sizes of the small vesicles and structures observed by
FFEM and cryo-TEM is not representative because of FFEM
only allows the visualisation of the fractured area of the struc-
tures in a plane, not in a volume of the solution, as with the cryo-
TEM technique.

Cryo-TEM?®® is particularly appropriate for the study of lipid
phase transitions because vitrification is particularly fast and
efficient. In FFEM, the fixation protocol is the same as in cryo-
TEM; however, the fracture runs randomly and preferably
between the two layers of the lipid bilayer. This fact could make
it difficult to visualise transient structures. Cryo-TEM images are
two-dimensional projections of all the membranes in the
dispersion, whereas FFEM images only show the two-dimen-
sional projection of a single fracture surface. Therefore, it is
easier to visualise peculiar, short-lived intermediate structures
with cryo-TEM. Thus, the characterisation of new structures was
facilitated using both microscopy techniques. The disadvantage
of cryo-TEM is that images of lipidic structures in water are often
formed with comparatively poor contrast. Therefore, cryo-TEM
may be an excellent complementary technique to FFEM because
different aspects of the microstructure can be elucidated.>®

In the DSC curve of DPPC/DHPC bicellar aggregates,
a pronounced main transition at 41.1 °C was detected that is in
accordance with the chain melting of pure DPPC.® The typical
peak of pretransition of pure DPPC at 35 °C is detected as
a broad band in our case; this fact demonstrates that DHPC
influences the pretransition, provoking a certain widening of the
band. This widening can be associated with the formation of
aggregates of different sizes and assemblies due to different
modes of interactions of DPPC with DHPC or with itself;
however, only small changes in the main transition temperature
of DPPC were noted. In the DPPC/DHPC/FFA bicellar systems
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(Fig. 4), we observed a shift of the phase transition temperature
and some broadening of this main transition peak (7},) with
respect to the DPPC/DHPC bicelles. This broadening effect is in
accordance with the results obtained by Kyrikou ez al** on the
incorporation of non-steroidal anti-inflammatory drugs in
DPPC membrane layers. Chapman® reported the relationship
between the shape of the DSC peak and the cooperative inter-
action among DPPC molecules at the phase transition temper-
ature. A sharp peak is derived from a higher cooperative
interaction among DPPC molecules, while a broad peak is
derived from a lower cooperative interaction.®® Therefore, the
addition of FFA brings about a decrease in the cooperative
interaction among DPPC molecules. Additionally, FFA induced
a decrease in the Tp,. In general, considering the interaction of
lipids with molecules such as several carotenoids,*' melatonin®
or progesterone,®® the tendency is the disappearance of the pre-
transition; however, in our case, the formation of a double
shoulder was observed instead of a disappearance. This double
shoulder could correspond to transitions between Ly and Pg
phases and/or the coexistence of both. At 32.5 °C, FFEM
micrographs show a ripple phase and also a variety of other
structures, corroborating the theory of the coexistence of Ly and
Pg phases. The subtransition phase detected by DSC for FFA
bicellar systems could be induced by the formation of the DPPC
lamellae in which DHPC would be excluded. Given that this
subtransition phase was not detected for systems without FFA,
we may assume that the drug was responsible for the displace-
ment of DHPC from the DPPC lamellae. The formation of these
lamellae is corroborated with FFEM micrographs at 25 °C. This
subtransition could also be due to the fact that, for the formation
of the DPPC/DHPC/FFA systems, more thermal treatments
were performed than in the case of the DPPC/DHPC bicelles.
This is in accordance with the results provided by Kinoshita
et al.®* that reported that an incubation at low temperatures
induces the formation of a subgel transition, namely, a sub-
transition, in our case. The pretransition double shoulder and the
detected subtransition reinforce the hypothesis of the formation
of new complexes of DPPC, DHPC and FFA or different
combinations of the three. Micrographs of Fig. 3 and 4 show
images of the systems at 25, 32.5 and 37 °C. Considering the DSC
results, different phases are expected at these temperatures;
consequently, the high structural variety observed in the micro-
graphs agrees fairly well with the calorimetric data, and a similar
argument is applicable to the DLS results.

The patterns of the DPPC/DHPC system in SAXS revealed
a characteristic broad band of single phospholipid bilayers
(uncorrelated bilayers) in the absence of stacking.®®* When FFA
is included in the bicelles at 25 °C, the formation of stacks can
be detected, which agrees with the FFEM micrographs (Fig. 3).
At 32.5 and 37 °C, a broad peak appears, indicating the absence
of bilayer stacking. WAXS results indicate an internal dis-
ordering caused by the inclusion of FFA, inducing a trans-
formation from orthorhombic to hexagonal chain packing. This
behaviour of FFA is also reflected in a previous work of Grage
et al.*® where the influence of FFA in DMPC bilayers was
studied. The disordering of the DPPC/DHPC structure by the
inclusion of FFA is more obvious at 37 °C because the initial
transformation from hexagonal to liquid crystal packing was
observed.

Thus, the inclusion of FFA in the bicellar systems induces the
formation of new aggregates such as large multilamellar sheets
and undulated, discoidal or tubular structures as a function of
temperature. Although to match results from all the techniques is
difficult because each technique has its own peculiarities, we
believe that it is necessary to address different perspectives to
attain an accurate interpretation of the results. The appropriate
characterisation of these systems is important for future works,
in which bicellar systems will be used to topically deliver
hydrophobic drugs such as FFA.
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Sistemes bicel-lars com a nova estratégia d’aplicacié topica RESULTATS

Article 3

Bicellar systems as new delivery strategy for topical application of
flufenamic acid

J. Phys. Chem. B- en revisio.

En aquest treball, els sistemes bicel-lars, han estat proposats com una nova
estrategia per a I'alliberament de I'antiinflamatori FFA sobre la pell.

La caracteritzacié previa dels sistemes bicel-lars amb FFA (Article 2), va
confirmar la inclusi6 del farmac en aquests sistemes. En aquest treball s’ha
estudiat comparativament I'absorcié percutania in vitro en pell de porc del FFA en
diferents vehicles (sistemes bicel-lars, una soluci6 etanolica i el producte
comercial). També s’ha investigat per ATR-FTIR I'efecte dels diferents vehicles
sobre la pell. Addicionalment, mitjancant la tecnica microscopica FSTEM s’han
visualitzat els possibles canvis microstructurals que puguin ser provocats a 'EC de
la pell per I'aplicaci6 dels sistemes bicel-lars amb FFA. La técnica SAXS-SR es va
utilitzar amb la pell sencera per a visualitzar canvis en el col-lagen de la pell ;
I'estudi de I'EC aillat va donar informacié sobre els possibles canvis en la seva
organitzacio lipidica causats per I'aplicaci6 dels sistemes bicel-lars amb FFA.

Els sistemes bicel-lars van exhibir un efecte retardador de l'absorci6
percutania del FFA respecte als altres vehicles. Els resultats d’ATR-FTIR i de SAXS-
SR van mostrar un cert ordenament dels lipids de I'EC respecte a la mostra control
que concorda amb I'efecte retardant de 1'absorcié percutania. En les micrografies
de FSTEM no es van observar canvis en l'estructura lamel-lar dels lipids de I'EC.
Per tant, els sistemes bicel-lars amb FFA tenen un efecte retardador de I'absorcio
percutania sense promoure canvis en la microestructura de I'EC de la pell.

Tenint en compte que l'alteracié de la pell és un dels principals efectes
causats per la inflamacid, la prevencid i la reparacié de la microestructura de la
pell que aporten els sistemes bicel-lars amb FFA podrien ser aspectes practics
beneficiosos per la seva aplicacié topica.
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ABSTRACT

In this work, bicellar systems, bilayered disk-shaped nanoaggregates formed in water by
phospholipids, are proposed as a novel strategy for delivery the anti-inflammatory
flufenamic acid (FFA) in the skin. A comparative percutaneous penetration study of this
drug in bicellar systems and other different vehicles has been carried out. Also, the
effects induced on the skin by the application of FFA in the different vehicles have been
analyzed by ATR-FTIR. Additionally, using the microscopic technique FSTEM and
SAXS-SR technique has been studied the possible microstructural and organizational
changes that may be caused to the SC lipids and the collagen of the skin by the
application of FFA bicellar systems. Bicellar systems exhibited a retarder effect on the
percutaneous absorption of FFA with respect to the other vehicles without promoting
disruption in the SC barrier function of the skin. Given that skin disruption is one of the
main effects caused by inflammation, prevention and repair of the skin microstructure

should be one of the goals to get in anti-inflammatory formulations.

Keywords:

Bicellar systems, flufenamic acid, ATR-FTIR, FS-TEM, in vitro percutaneous

absorption, drug delivery.
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1. Introduction

Bicellar systems are mixtures of two types of phospholipids in aqueous medium, one
with long alkyl hydrophobic chains and another with short alkyl hydrophobic chains.
These phospholipids are able to self-assembly forming different nanoaggregates. The
most common nanostructures formed are discoidal bicelles, which are intermediate
forms between lipid vesicles and classical mixed micelles '*. In bicelles, the long-chain
phospholipids constitute the bilayer structure in the central part and the short-chain
phospholipids complete the margins of the disk **. Considering the structure, chemical
composition avoiding surfactants and nanodimensions of these systems, their use as
delivery systems for topical applications emerges as an interesting strategy. The use of
bicellar systems has been previously explored by our group for the transdermal delivery
of the amphiphilic drug diclofenac . Additionally, in other works we have
demonstrated that these systems are able to work for skin applications in two ways: as
permeabilizing agents of the skin or as reinforcing agents of the lipid structures present
in the intercellular domains of the outermost layer of the skin, the stratum corneum (SC)
67 The skin represents the largest and most easily accessible organ of the body and it is
readily available to drug application. Transdermal drug delivery offers many advantages
compared to the conventional routes of application including avoidance of the first pass
effect, stable blood levels, easy application and higher compliance of the patient *° '°. In
order to evaluate data on the passage of substances through the skin as well as on its

distribution over the different cutaneous compartments '’

in vitro percutaneous
absorption studies are performed. These studies also permit the evaluation of the

effectiveness of some vehicles and of the permeability enhancer effect to different

14
compounds .
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Flufenamic acid (FFA) is a non-steroidal anti-inflammatory drug of the anthranilic
acid group with potent anti-inflammatory and analgesic effects '°. This drug, that is
commonly included in products for topical application, is insoluble in water and,
organic solvents able to solubilise this drug could impair the skin. Given that skin
disruption is one of the major proinflammatory stimulators '°, prevention and reparation
of the skin microstructure should be one of the goals reach by anti-inflammatory topical
formulations. Thus, in these formulations not only drug should be effective, but also the
vehicle must work in the same address potentiating the drug effect. Additionally, the
own deleterious effects of some anti-inflammatory molecules on the skin structure '’
should be considered and avoided by using appropriate skin repairing vehicles.
Considering these arguments, we think that the use of bicellar systems as carriers of
FFA may be a good alternative for dermal applications. Bicellar systems including FFA
have been previously characterized in a recent work '® using a combination of different
techniques like dynamic light scattering (DLS), freeze-fracture electron microscopy
(FFEM), Cryo-transmission electron microscopy (Cryo-TEM), x-ray scattering and
differential scanning calorimetry (DSC).

The present study investigates the percutaneous penetration of FFA in different
vehicles, as well as the effects induced on the skin by the application of FFA bicellar
systems. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy, small angle X-ray scattering (SAXS) using synchrotron radiation (SR)
and electron microscopy were used. ATR-FTIR is a highly suitable technique to
determine the vibrational characteristic frequencies of the alkyl chain lipids related to

differently ordered phases '

. SAXS is an excellent tool to study the structural
organization of the collagen in the skin and the lipid lamellar organization of the SC *

and freeze-substitution transmission electron microscopy (FSTEM) has been commonly
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used to visualize the microstructure of the skin 23. In this work, the mentioned
techniques were used to evaluate the microstructure of skin after treatment with FFA

bicellar systems in vitro.

2. Materials and methods
2.1. Materials

Flufenamic acid (FFA) was purchased from Sigma- Aldrich (St. Louis, MO, USA).
Dipalmitoyl phosphatidylcholine (DPPC) and dihexanoyl phosphatidylcholine (DHPC)
were supplied by Avanti Polar Lipids (Alabaster, USA). Bovine Serum Albumin (BSA),
Phosphate Buffer Saline (PBS) and gentamicin were obtained from Sigma Aldrich (St
Louis, MO, USA). Methanol (HPLC Grade), sodium dihydrogen phosphate
monohydrate and ortho-phosphoric acid 85% were acquired from Merck (Darmstadt,
Germany). Purified water was obtained by an ultra-pure water system, Milli-Q plus 185
(Millipore, Bedford, USA). Ethanol absolute was purchased from Carlo Erba (Milano,
Italy). Commercial topic gel containing FFA, salicylic acid and excipients as
isopropanol (Laboratorio Stada, Sant Just Desvern, Spain) was purchased at a local
pharmacy. Trypsin (from porcine pancreas) was obtained from Sigma Aldrich (St Louis,
MO, USA).

The chemicals for preparing microscopy samples were: ruthenium tetroxide (RuOy),
lowicryl HM20, glutaraldehyde and sodium cacodylate buffer which were supplied by
Electron Microscopy Sciences (Hatfield, PA, USA), methanol and potassium
ferrocyanide (K4Fe(CN)s) provided by Merck (Darmstadt, Germany), and osmium

tetroxide (OsQO4) purchased from Pelco International (Redding, CA, USA).
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2.2. Methods
2.2.1. Preparation of bicellar systems

Bicellar systems including FFA were formed with dipalmitoyl phosphatidylcholine
(DPPC) as long-alkyl-chain phospholipid and dihexanoyl phosphatidylcholine (DHPC)
as short-alkyl-chain phospholipid. An appropriate amount of DPPC was weighed and
mixed with a DHPC chloroform solution to get DPPC/DHPC in the molar ratio 2:1. 10
mg of FFA were weighed and mixed with the DPPC/DHPC chloroformic solution. The
chloroform was removed by rota-evaporation and the lipid film was dissolved in 1 ml of
water to reach 20% (w/v) of total lipid concentration and sonicated until a transparent
solution was obtained. PH measurements of FFA bicellar systems were performed with
a Model 720 pH meter and a ROSS Model 8103 SC pH electrode, (both from Orion

Research, Cambridge, MA, USA).

2.2.2. HPLC analysis

The quantitative determination of FFA was carried out by High-performance liquid
chromatography (HPLC) using a Hitachi LaChrom Elite equipment (Darmstadt,
Germany). The equipment consisted of an L.-2130 pump, L-2200 autosampler and an L-
400 UV detector. The system was operated from the software Merck EZChrom Elite
v3.1.3. The chromatographic separation was performed at room temperature using a
Lichrocart 250-4/Lichrosorb RP-18 (5 um) column (Merck, Germany) with a flow rate
of 1.0 ml/min. Twenty microlitres of samples or calibration standards were injected into
the column and eluted with a mobile phase of methanol and phosphate buffer (pH 2.5)
(79:21, v/v). Detection was carried out by monitoring the absorbance signals at 284 nm.
The calibration curve exhibited linear behaviour (> 0.99%) over the concentration range

0f 0.078-97 pg/mL.
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2.2.3. In vitro percutaneous absorption studies

The in vitro permeation experiments through porcine skin were performed using
Franz-type diffusion cells (Lara-Spiral, Courtenon, France). The porcine skin was
excised from the dorsal region of female Landrace large white pigs weighing between
30-40 Kg. The pig skin was provided by the Clinic Hospital of Barcelona, Spain. The
bristles were removed carefully with an animal clipper and subsequently the skin was
washed with water. The excised skin was dermatomed to a thickness of 500+50 pm
(Dermatome GA630, Aesculap, Tuttlingen, Germany). Circular pieces of the
dermatomed skin were obtained using an iron punch (2.5 cm of inner diameter) in such
a way that they fit into the Franz diffusion cells. The skin discs were stored at —20 °C.

Before the experiments, the skin discs were thawed and sandwiched securely between
the two halves of the Franz cells (diffusion area of 1.86 cm?) with the SC side facing the
donor compartment. The receptor chamber was filled with a receptor fluid containing
PBS (pH 7.4) in distilled water, 4% BSA, and 0.04% of gentamicin sulphate.

The receptor phase was kept under constant stirring at 37+ 1 °C by means of a
circulating water bath (Julabo Labortechnik GmbH, Germany) to ensure that the surface
skin was maintained at 32 + 1 °C. The integrity of each skin sample was checked by
determining the transepidermal water loss (TEWL) using a Tewameter TM210
(Courage-Khazaka, Ko6ln, Germany). The diffusion experiment was initiated by
applying to the entire surface, delimited by the upper cell, 10 uL of each of the
ethanolic or bicellar solution of FFA and about 4 mg of the commercial product of FFA.
The doses applied are based on the OCDE recommendations'’. The permeation
experiments were conducted in six replicates over 24 h. After the exposure time, the
content of the donor compartment was washed with sodium lauryl ether sulphate and

Milli-Q water following usual procedure, and the washing solution was collected. Then,
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the receptor fluid was removed from the receptor compartment and brought up to 5 ml
in a volumetric flask. Most of the SC of the treated skin area was removed by 8
successive tape-strippings using an adhesive tape (D-Squame®™, CuDerm Inc., Dallas,
USA). After that, the viable epidermis was separated from the dermis by heat treatment
at 80 °C for a few seconds.

The FFA content in the washing solution and in the different skin layers was extracted
with methanol overnight. The different samples extracted and the receptor fluid were
filtered through a 0.45 um Acrodisc filter (Pall Gelman Sciences, Northampton, UK)

and analyzed by HPLC as it is described above.

2.2.4. ATR-FTIR spectroscopy

Four circular pieces of dermatomed porcine skin were placed in Franz diffusion cells,
as above described. Three of them were treated with 10 pL of FFA ethanolic solution,
FFA bicellar systems or about 10mg of FFA commercial product, respectively. The
other sample was used as a control (untreated). The skin exposure was done during 24h;
after that, the skin was washed with sodium lauryl ether sulphate and Milli-Q water and
removed from the diffusion cells.

Infrared spectra of the porcine skin samples were obtained using a 360-FTIR
spectrophotometer Nicolet Avatar (Nicolet Instruments, Inc., Madison, WI) equipped
with an attenuated total reflection (ATR) accessory that uses a ZnSe crystal with an
angle of incidence of 45° in a horizontal orientation.

Before analysis, the skin was placed with the SC facing onto the ZnSe ATR crystal. In
order to ensure reproducible contact between the sample and the crystal, a pressure of
10 kPa was applied on the samples. The IR spectra were collected at 25 °C, 32.5 °C and

37 °C. These three temperatures have been chosen because 25 °C is the room
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temperature, 32.5 °C is approximately the temperature of the skin surface and 37 °C is
the physiological temperature. For a correct equilibration of the temperature, the skin
samples were placed in the equipment 30 min before collecting the spectra. The
temperature was controlled by a temperature controller integrated in the ATR device
and by an external thermostatic jacket.

All spectra analysed represent an average of 256 scans obtained in 7 min with a
resolution of 2 cm”, and the wavenumber range used was 4000-700 cm™. Peak
positions were determined with the aid of OMNIC software version 7.3 (Nicolet,

Madison, WI).

2.2.5. Freeze-substitution transmission electron microscopy (FSTEM)

Two porcine skin discs, one as a control and one treated with FFA bicellar systems,
were processed as for percutaneous absorption studies. Then, the porcine skin samples
were cut into small rectangular pieces with a size of approximately 2 x 1 mm. The
pieces were fixed with 5% (w/v) glutaraldehyde buffered with 0.1 M sodium cacodylate
(pH 7.2). The postfixation was performed using 0.2% (w/v) of ruthenium tetroxide
(RuQy4) in sodium cacodylate buffer (pH 6.8) with 0.25% (w/v) potassium ferrocyanide
(K4Fe (CN)g) for 1 h. After rinsing in buffer and prior to freeze-substitution, the tissue
samples were cryofixed by liquid nitrogen (-196 °C) using a Cryovacublock (Leica,
Vienna). The freeze-substitution method was done in an Automatic Freeze Substitution
(AFS) system (Leica Microsystems, Vienna, Austria). The freeze-substitution fluid
consisted of 1.0% (w/v) osmium tetroxide (OsQOs), 0.5% (w/v) uranyl acetate and 3.0%
(w/v) glutaraldehyde in methanol. The tissue samples were cryosubstituted at -90 °C for
48 h. After the substitution period, the temperature was raised to -50 °C and the samples

were washed 3 times in 100% methanol. After that, the methanol solution was gradually
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replaced by the embedding medium, Lowicryl HM20 (100%). This resin was replaced
after 24 and 48 h by freshly prepared embedding medium. Finally, the samples were
transferred to a mold containing Lowicryl, and were incubated for 48 h at -50 °C under
UVA-radiation, to allow polymerization. Ultrathin sections were prepared on an
ultramicrotome (Ultracut UCT, Leica, Vienna, Austria), transferred to Formvar-coated

grids and examined in a Hitachi 600 transmission electron microscope.

2.2.6. X-ray scattering measurements
2.2.6.1. Whole dermatomed skin

The SAXS profile of control skin and skin treated with FFA bicellar systems as
described in the percutaneous absorption studies section were analysed to characterise
the organisation of the collagen of the skin. SAXS measurements were performed using
the Spanish beamline (BM16) of the European Synchrotron Radiation Facility (ESRF,
Grenoble, France) at room temperature. All of these skin samples were cut into pieces
sections 1 mm thick with a 10 mm diameter and were placed in the holder with the skin
surface perpendicular to the beam. In the holder, skin pieces were sandwiched between
two aluminium plates with two holes, allowing the beam to pass directly through the
samples. The energy of the beam was 12 keV (A= 0.9795 A). The scattering data were
collected with a SAXS 2D detector MARCCD (Marresearch GmbH, Norderstedt,
Germany) with an active surface area of 165 mm in diameter* and a single exposure
time of about 60 seconds. The sample-to-detector distance at 5 m (long set-up) was
used. Calibration was performed using silver behenate. Spacing was determined from
axially integrated 2D images using the FIT2D program
(http://www.esrf.eu/computing/scientific/FIT2D) from ESRF. The data were normalised

with transmitted intensity.
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2.2.6.2. Isolated SC

A control skin and a skin treated with FFA bicellar systems for 24h were heated with
the SC side in contact with a metal plate for 10 seconds at 80 °C and the epidermis was
scraped off in sheets. To isolate the SC, the epidermal sheets were incubated for 2 h at
37 °C with the epidermal side in contact with a solution of 0.5 % Trypsin in PBS at pH
7.4. Trypsin is used to remove adherent cells from epidermis. After the 2h, the Trypsin
was removed by several washes of the SC with Milli-Q water.

SAXS measurements of the isolated SC were performed using the same technical
specifications as in the case of whole skin but changing the sample-to-detector distance
to 1.4 m (short set-up) in order to achieve a q range between 0.2 and 2 nm"".

The SAXS technique provides information about the larger structural units in the
sample, namely, the repeat distance of one structure (collagen for whole dermatomed
skin and lipid lamellar structure for isolated SC). The scattering intensity (I, in arbitrary
units) was measured as a function of the scattering vector ¢ (in reciprocal nm), whose
modulus is defined as:

g= (4w sinB)/A

where 0 is the scattering angle and A the wavelength of the radiation (0.9795 A). The
position of the diffraction peaks is directly related to the repeat distance of the
molecular structure, as described by Bragg’s law *°:

2d sinf = nA

in which n and d are the order of the diffraction peak and the repeat distance,
respectively. The different orders of peaks are calculated by:

qn,=2mn/d
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where ¢, is the scattering vector modulus that indicates the position of the #n™ order

reflection.

2.2.7. Statistical analysis

Percutaneous absorption values are expressed as the mean + standard deviation (SD)
for six determinations. For group comparisons, analysis of variance (ANOVA) with a
one-way layout was applied. The software used was the STATGRAPHICS plus 5.
Significant differences in the mean values were evaluated by the Student's unpaired #-
test. A p value of less than 0.05 was considered significant. The positions of IR peaks

were obtained as the mean values = SD of three measurements.

3. Results

Visual inspection of FFA bicellar systems showed differences in the appearance
depending on the temperature. At 25 °C the systems exhibited milky appearance, at 32.5
°C this sample was fluid and completely transparent and at 37 °C it became translucent.
No precipitates were appreciated in the bicellar systems at any of these temperatures.
The pH of the FFA bicellar system was around 5.5, in this sense, bicellar systems are an
appropriate vehicle to use in topical applications because under normal conditions, the

skin has a pH between 4 and 5.5 .

3.1. In vitro percutaneous studies

HPLC analysis showed that in the three cases the extraction efficiency of FFA from
the different skin layers, washing solution and receptor fluid was higher than 97 %. The
higher amount of FFA remained on the skin surface after application using all the
vehicles. This effect was specially noted in the case of FFA bicellar systems, in which
94.5 + 1.7% of the total amount applied was removed as surface excess. FFA in ethanol

showed the lower value, 67.2 + 4.6%, and the commercial product showed an
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intermediate value (83.0 + 5.4 %), having statistical differences between the three cases.
Fig. 1 that the percutaneous absorption profiles of FFA vehiculized in bicellar systems
compared with FFA in an ethanolic solution (1%) and with the commercial product.
The results are expressed as a percentage of FFA in each compartment investigated in
respect to the applied dose on the skin.

It is interesting to note that among all the skin layers, a higher percentage of FFA was
detected in the SC for the three formulations. This behaviour was noted especially when
the drug was applied in the ethanolic solution (16.8 & 3.1%). The minor content of FFA
in the SC corresponded to that applied on bicellar systems (2.5 £ 0.5%). This data
denotes a minor SC reservoir when the drug is included in bicellar systems. The SC
reservoir is the amount of material in this layer which is available for further absorption
13 When the commercial product is used, the value of FFA content in SC is in between
the two previous cases (9.8 £ 1.7%).

In the epidermis (E), the tendency is the same as in the SC, having statistically
significant differences between all the cases. But, in the dermis (D), the content of FFA
for the ethanolic solution is great major than in the other vehicles, detecting not
significant differences on the content of FFA in the dermis for bicellar systems and the
commercial product. Observing the receptor fluid (RF) results, in the cases of the
commercial product and the ethanolic solution, the content of FFA is similar (about
2.6%), but there are significant differences respect to the drug detected in the RF for
bicellar systems (0.9 £ 0.2%) that exhibited a lower value.

The results as global percentage of percutaneous absorption (considering the amount
of FFA detected in E, D plus RF) show significant differences in the absorption of FFA
when different vehicles are used. Regarding all the skin layers, a major total

percutaneous absorption of FFA when the drug is included in ethanol and in the

79



commercial formulation than when the drug is included in the bicellar systems was

detected.

3.2. ATR-FTIR spectroscopy

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) is a noninvasive
spectroscopic technique whereby the sample is placed directly onto an ATR crystal.
This technique is useful to investigate the SC without isolation from the other skin
layers. This fact is because the depth of penetration of the radiation to the skin is about

19,21,28 -
m

1 um . Previous works have presented IR spectra of porcine skin in vitro
order to report the vibrational characteristic frequencies of the alkyl chain lipids related
to differently ordered phases of the SC. In the present work these studies have been
focused in order to investigate the effect of the different systems containing FFA on the
SC lipids.

The skin control and the skin treated with FFA in the different vehicles were analyzed
at 25, 32.5 and 37 °C. The spectra analysis has been focused on bands associated with

the alkyl chain of SC lipid vibrations: CH, stretching (around 2920 and 2850 c¢m™) and

CHs scissoring (between 1480 and 1460 cm™).

3.2.1. CH; Stretching Region
The methylene stretching vibrations (region between 2800 and 3000 cm™) provide

information on the conformation ordering (e.g., gel or liquid crystalline) of the SC lipid

19,21 29,30

alkyl chains . In our ATR-FTIR spectra and in accordance with other authors ,
the asymmetric and the symmetric CH; stretching vibrations are observed near 2920
and 2850 cm™, respectively. In all spectra obtained for all the skin samples, both modes

were intense and not overlapped by other vibrational modes in this region. Tables 1 and

2 show wvalues obtained for the symmetric and asymmetric stretching modes,
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respectively, for the skin control and for the skin treated with FFA in the different
vehicles and at the three different temperatures. In general, in the case of CH;
symmetric stretching a vibrational frequency of 2849 cm™ indicates an orthorhombic
chain conformation, of 2850 cm™ an hexagonal chain conformation and of 2852 cm™ a
liquid crystalline chain conformation'’. The increase of the vibrational frequency
indicates an increase of the disordering. The same occurs with the CH, asymmetric
stretching, an increase of vibrational frequency denotes a disordering.

Concerning the symmetric mode (Table 1), in the control skin, a small increase of the
CHs stretching frequency (2850.1 + 0.6 to 2850.8 + 0.2 cm™ ) is observed when the
temperature is increased from 25 to 37 °C. These results are compatible with a
hexagonal (HEX) packing lattice with a tendency to an increase of disorder packing in
agreement with results published by other authors'****'*2. The skin treated with FFA
bicellar systems, at 25 °C shows a vibrational band for CH, at 2849.2 + 0.3 cm’!
corresponding to an orthorhombic (OR) phase. This fact indicates a major ordering of
the SC lipids in the sample treated with the FFA bicellar systems respect to the control
sample. The increase of temperature induces a shift of the CH, symmetric stretching
frequency to higher values, indicating a transition from OR to HEX phase. At 37 °C the
skin treated with FFA bicellar systems are in HEX phase. This fact agrees with the
results obtained for Rodriguez et al.*® when DPPC/DHPC bicelles were applied to
porcine skin although those systems did not contain FFA.

When the ethanolic solution of FFA is applied on the porcine skin, the CH, symmetric
stretching frequency remains practically unaltered respect to the control and also with
the increase of the temperature (a lower increase from 2850.0 + 0.2 to 2850.3 + 0.1 cm’
1, corresponding in all cases to an HEX phase *'**. Results obtained for the application

of the FFA commercial product show a transition from an OR phase to a HEX phase
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with the increase of temperature. This transition was also detected in the case of FFA
bicellar systems as above described.

Although the stretching symmetric vibrations of CH, are described as more sensitive
than the asymmetric vibrations to packing changes **, these latter are also used in some
studies for similar purposes '*?’. Table 2 shows the values detected for the CH,
asymmetric stretching mode. Concerning the skin control, from 25 to 32.5 °C the
frequency remains unaltered (from 2920.1 + 0.5 to 2920.2 + 0.4 cm™) but when the
temperature is increased until 37 °C a change to higher values of frequency (2922.1 +
0.5 cm™") was observed indicating a higher fluidity of the SC lipids at this temperature.
In the case of the skin treated with FFA bicellar systems, the CH, asymmetric stretching
frequency at 25 °C was 2917.1 + 0.2 cm™, quite bellow to that detected in the control
skin, indicating that treatment with FFA bicellar systems induces an ordering in the SC
lipid lattice. When the temperature is increased at 32.5 °C the frequency is maintained
but at 37 °C this value is increased until 2919.9 + 0.3 cm™, denoting also an augment of
the lipid fluidization when the temperature increases. In the case of the skin treated with
FFA ethanolic solution, at 25 °C the value of the frequency was 2917.3 + 0.5 cm™, at
32.5 °C the frequency increased until 2918.3 + 0.2 cm ™' and at 37 °C was maintained.
The augment in the disordering is observed when the temperature increases from 25 to
32.5 °C. When the porcine skin was treated with the FFA commercial, also an increase
of the disordering is noted when the temperature is changed from 25 °C (2918.5 = 0.5
em™) to 32.5 °C (2920.1 + 0.7 cm™) and, at 37 °C the increase is slightly smaller (2920.3
+0.8 cm™).

Summarizing, respect to the control, FFA bicellar systems and FFA commercial
product induce an ordering of the SC lipids, this fact is noted in both the symmetric and

the asymmetric stretching vibrations. When FFA is applied with the ethanolic solution,
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the symmetric stretching band indicates no alteration of the ordering of the SC lipids
respect to the control and the increase of temperature. A shift of the asymmetric
stretching band in the ethanolic treatment is observed, indicating an ordering of the SC

lipids at all the temperatures respect to the skin control.

3.2.2. CH; Scissoring Region

The scissoring vibrations provide information on the lateral packing properties of the
SC lipids. A single methylene band at ~1468 cm ™' represents HEX acyl chain packing
of the lipids whereas OR chain packing is indicated by two components at ~1472 cm™'
and ~1464 cm™' **. In the range of the CH, scissoring region (1480-1460 cm™ ), also
occur the CHj bending modes which are associated mostly to the skin keratins>!. Since
the scissoring region range is very quite small, this region has been enlarged to facilitate
the analysis of the significant peaks (Fig. 2). In order to help in the identification of the
peaks, Gaussian deconvolution and curve fitting procedure were used. In Fig. 2, the
curve fitting and the Gaussian bands of the scissoring region of the control skin and
skins treated with FFA bicellar systems, FFA ethanolic solution and the commercial
product, at 37 °C, are shown. At the other temperatures studied, similar bands are
obtained as at 37 °C.

The curve fitting of the control sample at 37 °C, Fig. 2A, indicated two Gaussian
bands at 1467.5 and 1471.0 cm™. The vibrational band centred at 1467.5 cm™ is
compatible with HEX lipid organization and that detected at 1471.0 cm™ is compatible
with a distorted OR packing, corresponding to one of the bands of the characteristic OR
symmetry split. Fitting curve for skin treated with FFA bicellar systems (Fig. 2B)
showed three Gaussian bands centred at 1462.6, 1468.3 and 1471.4 cm™, respectively.

The bands centred at 1462.6 and 1471. 4 cm™, could correspond to the split
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characteristic of OR packing and the vibrational band at around 1468 cm™ is
characteristic to an HEX phase. In the case of the skin treated with FFA ethanolic
solution (Fig. 2C), two bands centred at 1465.7 and 1471.5 cm™ can be observed. The
band at around 1466 cm™ could be due to a shift of the HEX packing band and the
vibration at 1471.5 cm™ could correspond to one of the vibrations characteristics of the
split of the OR packing. In Fig. 2D Gaussian bands in the scissoring range of the skin
treated with the commercial product are observed. In this figure three vibrational bands
centred at 1462.1, 1468.2 and 1471.0 cm™ are shown. As in the other cases, the band
centred at around 1468 cm™ is characteristic of an HEX lattice. The other two bands
could correspond to a splitting characteristic of an OR packing or could be due to the

CH; bending modes.

3.3. FSTEM

In order to evaluate the effect of FFA bicellar systems on the microstructure of SC,
visualization of the native tissue and the skin treated with FFA bicellar systems was
performed and micrographs are shown in Fig. 3 and 4, respectively. Fig. 3A depicts an
overview of the SC where skin corneocytes (C), flattened cells characterized by the
absence of nucleus or cytoplasmic organelles and the presence of keratin filaments, are
clearly visualized. Also, in the intercellular spaces, lipid bilayers (L) and
corneodesmosomes (CD), which are SC desmosomes representing the contact areas
between adjacent corneocytes, are shown. In Fig. 3B, an enhanced micrograph of the
intercellular lipids is shown. In the intercellular space, lipids (L) are observed as
regularly packed multilayered structures. Micrographs from Fig. 4 show SC from skin
treated with FFA bicellar systems. Fig. 4A depicts an overview whereas in Fig. 4B a
detailed intercellular space is shown. In a similar way that control skin, Fig. 4 show skin

corneocytes (C), corneodesmosomes (CD) and, in the intercellular spaces, the lipid
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lamellae (L) were also clearly visualized. No differences were observed in the different
areas of SC after treatment with FFA bicellar systems in comparison to native tissue.
This fact indicates that the treatment with these systems did not induce apparent

miscrostructural changes in the SC organization.

3.4. X-ray scattering results

Dermatomed whole skin

Fig. 5 shows the 1D scattering patterns from control skin and skin treated with FFA
bicellar systems resulting from the average of several images after integration with
FIT2D software. The dermatomed skin samples used has a dermis thickness of about
400 um. The profiles of both samples show the characteristic peaks of the typical
scattering pattern of collagen. In both cases, the characteristic peak centred at qg=0.1 nm’
! corresponding to a d-spacing around 63 nm associated to the axial periodicity of
collagen 22 (marked region) and their reflections are clearly visualized. The typical axial
periodicity of collagen is the result of the displacement of each molecule with respect to
the adjacent molecules in a particular direction **.

At low q, differences in the intensity between both samples can be observed. In Fig. 6,
a magnification of the SAXS profiles at low q (grey area in Fig. 5) has been plotted in
order to elucidate these differences.

Fig. 6 shows the experimental (squared) and fitted (continuous line) curves of the
SAXS profile of the control skin (A) and the skin treated with FFA bicellar systems (B),
at low q. Differences in intensity and number of bands between these two samples are
observed. The curves were fitting to two (control skin) or three (skin treated) Gaussian
bands (discontinuous lines) using the Origin software. The resulting bands for control
skin were centred at q around 0.055 and 0.099 nm™' corresponding to a d-spacing around

114, and 63 nm. For treated skin, the resulting bands were centred at q around 0.054,
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0.075 and 0.098 nm™ corresponding to spacings of around 116, 84, and 64 nm.
Meérigoux C. and co-workers ** found the same spacings in the study of the skin, which
were associated with the axial (65 nm), the lateral packing of collagen fibrils (115 nm),
and the scattering from the cylindrical shape of the fibrils (85 nm) in skin collagen.
Thus, reflexions detected in our experiments are probably associated to the organization
of skin collagen. Modification in the collagen scattering pattern after treatment with the
bicellar system including FFA is indicative of the ability of the system to reach the
dermis in which collagen is located. Differences between scattering patterns in both
samples could be attributed to an effect of the anti-inflammatory molecules on the
collagen arrangement.
Isolated SC

Fig. 7 shows the SAXS pattern of SC in the control skin and the skin treated with
FFA bicellar systems. The pattern of the control skin shows a band centred at a q around
1.05 nm™ corresponding to a d value around 6 nm. This d-spacing is associated to the
lamellar arrangement of the lipids. When the skin is treated with the FFA bicellar
systems, a shift of the position to lower q (around 0.87 nm™ ) corresponding to a d value
of about 7.2 nm and an increase of the intensity are observed. Also, a small shoulder
centred at a q about 1.26 nm™ (d=5 nm) appears. It can be deduced that the treatment

with FFA bicellar systems induces some ordering in the SC lipid structure.

4. Discussion

Bicellar systems containing FFA have been widely characterized in a previous work
'8 These lipid systems allow the inclusion of the lipophilic drug FFA without using
organic solvents and, have demonstrated to exhibit an interesting morphological
versatility. Due to these facts and considering that similar bicellar systems have been

evaluated for skin applications’, the present work proposes to study the potential of
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bicellar systems as drug delivery strategy through the skin without damaging the tissue.
Discussion of the results is carried out from two different viewpoints: the effect of the
bicellar system as retarder of the drug absorption and the effect of the bicellar system on

the skin structure and functionality.

4.1. Bicellar systems as retarder of FFA percutaneous absorption

The results obtained in the percutaneous absorption studies of FFA in the different
vehicles regarding all the skin layers show the lowest value when the drug is included in
bicellar system and the highest when FFA is dissolved in ethanol.

The high percutaneous absorption values obtained for the ethanolic solution are
probably related to the well known penetration enhancer effect of this solvent *°. Merle
et al. *’ reported a reduction of the SC thickness associated to a solubilisation of the SC
lipids by effect of ethanol. These effects on the SC could potentiate the permeability of
the tissue. An enhancement in the permeability is associated in most cases to a
fluidification of SC lipids that involves higher movement of the lipid alkyl chains in
these areas *°. However, this fact does not seem to occur in samples treated with FFA
ethanolic solution considering ATR-FTIR results. The position of the symmetric and
asymmetric stretching bands of skin lipids after treatment with FFA ethanolic solution
showed a slight ordering rather than the expected disordering of the intercellular lipid
alkyl chains respect to the skin control. These results are in accordance with a previous

work of Bommannan et al.*’

which indicates that while ethanol extracts appreciable
amounts of lipids from the SC, it does not appear to induce lipid disorder. Our FTIR
scissoring results, indicate a shift of the characteristic HEX peak to lower values, this
fact could be associated with the extraction of some of the SC lipids. The change in the

lipid composition would induce a certain disturbance in the SC barrier function that it is

evidenced in our results as an increase of the skin permeability. The band that remains
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at 1465.7 cm” could be related to the ceramides more resistant to the ethanol
extraction®”. The results obtained corroborate that lipid extraction rather than disruption
of lipid order, may be the predominant mechanism of ethanol as enhancer. Another

1., This group

possible complementary explanation was suggested by Lewis et a
indicated that the apparent ordering produced by ethanol treatment is due to an
interdigitation effect of the lipid hydrocarbon chains by displacement of bound water
molecules at the lipid headgroup/membrane interface region.

The percutaneous absorption of FFA included in the commercial product was lower
than the percutaneous absorption when the drug was included in the ethanolic solution,
although higher than in the case of FFA in bicellar systems. This is probably due to the
composition of the commercial product that, apart from FFA, consists in 2% of salicylic
acid. This compound is a keratolytic molecule able to alter the barrier properties of the
skin and provokes a desquamation of corneocytes that reduces the SC barrier function®"
#_ Therefore, it could enhance the permeability of the SC. The ATR-FTIR results
showed an ordering of the SC lipids respect to the control when the commercial product
is applied. This apparent ordering could be due to alcoholic excipients of the
commercial product, such as isopropanol and polypropylene glycol, that could extract
part of the SC lipids and could induce similar effects on ATR-FTIR bands, as ethanol.

When FFA is included in bicellar systems and is applied on the skin, the total
percutaneous absorption results indicate the lowest absorption respect to the treatments
with the other two vehicles. These results suggest a retarder effect of the percutaneous
absorption when the drug is included in bicellar systems. The concept of retarder was
described by Schaefer and co-workers ° and it is associated to agents which reduce the

percutaneous absorption of compounds through augmentation of skin barrier function.

Possibly, lipids from bicelles interact with the SC lipids modifying the organization of

88



the lipids bilayers and increasing the SC barrier function. This effect was also described

4445

by some authors for certain compounds such as some iminosulfurane analogs and

laurocapram analog N0915%+4

. The phospholipid dimyristoyl phosphatidylcholine
(DMPC) was also described as retarder of the percutaneous absorption of the drug
flurbiprofen in comparison to other compounds such as unsaturated fatty acids and
cyclic monoterpenes able to work as enhancers *. In that paper, the retarder effect of
DMPC was associated to the gel-liquid phase transition temperature (T,,) 23 °C, of this
phospholipid, higher than that described for the other molecules used in the study. In the
case of FFA bicellar systems, the Ty, studied by DSC in a previous work was higher
(38.9 °C) '® than the described for DMPC. This fact involves that at the experimental
temperature the system applied is in the gel state. It is well known that gel-state

phospholipids do not affect, or even increase, the skin lipid barrier *’**

, resulting in our
case, in a reduction of the drug permeation. The retarder effect of FFA bicellar systems
is in accordance with the results obtained by our group’ in which diclofenac
diethylamine was included in DPPC/DHPC bicellar systems. In that case the same
retarder effect was observed. This behaviour could be useful in the topical application
of drugs that exhibit too fast percutaneous absorption rates, as it is the case of fentanyl,
to prevent an overdose of the drug *, or the vehiculization of cosmetic ingredients that
should not penetrate in a great extend or in dermatological formulations to be applied on

skin with the barrier function impaired because could prevent the penetration to the

systemic level. This last topic is being currently studied in our laboratory.

4.2. FFA bicellar systems did not disturb the SC lipid organization

Images of SC from control and treated FFA bicellar systems showed similar

microstructures comparable to those published previously by other authors for native

50,51

skin . The well organized lamellar lipid structure in both samples indicates that no
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structural modifications in the SC were induced by the FFA bicellar system treatment.
The effect of different bicellar systems on the SC microstructure has been previously
studied by our group. We reported that DMPC/DHPC bicelles did not promoted
changes in the organization of the SC lipid lamellae ***° whereas DPPC/DHPC bicelles
induced formation of vesicles in the lipid areas °'”°. This different behaviour may be
understood regarding the T, associated to the long alkyl chain phospholipids of each
system (23 °C for DMPC and 41 °C for DPPC). Another factor to be considered is the
ability of bicellar system to increase their size as the water content in the system
increases °. When DMPC/DHPC bicelles are applied on the skin at physiological
temperature (37 °C) this system suffers a phase transition from gel to liquid crystalline
state. This change induces an increase in the size of the bicellar structures that hinders
the pass of bicelles through the SC. In the case of DPPC/DHPC system, with higher T,
the contact with the skin at 37 °C does not promote the phase transition and no
modification of the size occurs allowing that these systems penetrate through the SC.
According to our experience, inside the skin these bicelles grow as a consequence of a
dilution caused by the water located into the skin®. In the present work, although FFA
bicellar systems are composed by DPPC and DHPC no changes in the SC lipid areas
were detected. This is due to the fact that when DPPC/DHPC includes FFA, the size of
the nanostructures and phase behaviour of the system is modified. The new bicellar
system with FFA forms larger aggregates than those detected in the system without FFA
'8 This could hinder the pass thought the SC and, as a consequence, no new lipid
structures are visualized in the SC after treatment, as our FSTEM micrographs showed.
In spite of the absence of new lamellar or vesicular structures after treatment with
bicellar systems containing FFA, a certain effect was detected in the lipid organization

of this sample. Thus, a partial diffusion of lipids and of FFA from bicellar systems into
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the SC could be assumed. ATR-FTIR and SAXS results showed an ordering of the SC
lipids respect to the control that agrees with the retarder effect in the permeability
described above. This increase in the order the SC lipids could be induced by the
inclusion of DPPC from the bicellar system into the lipid bilayers of the tissue. This
phospholipid in a gel ordered phase at the experimental temperature could promote an
additional order in the lamellar SC structure **. SAXS experiments performed in SC
samples (control and treated with FFA bicellar systems) showed an increase of the d-
spacing corresponding to the short periodicity phase (SPP) of the SC lamellar phases
reported by Bouwstra et al.”*. The d-spacing is the sum of the lipid bilayer thickness and
the thickness of one adjacent interlamellar water layer >. For this reason, the increase of
the d-spacing when the SC is treated with FFA bicellar systems could be promoted by
the incorporation of water on lamellae, or incorporation of lipids in gel phase. This fact
corroborates the interaction of bicelles with SC lipids. The higher intensity of the SPP
band in the case of the SC treated respect to the control indicates an increase of the
ordering of the SC lipid structure. In any case, no extraction of SC lipids should be
expected after treatment with the bicellar systems; on the contrary, an enrichment of
these areas could be envisaged by effect of the treatment and, considering results from
percutaneous absorption, also a reinforcement of the SC barrier function.

Our results indicate that using bicellar systems is possible to introduce small amounts
of an anti-inflammatory drug in the skin without disturb the tissue. It has been
documented that skin barrier disruption causes chronic inflammation '°. Because of this,
it becomes crucial to adjust treatment and prevention strategies for reversing and
preventing skin barrier disruption. In this sense, the use of anti-inflammatory drugs
should be linked to the use of vehicles able to avoid skin damage. Results presented in

this work should stimulate to skin care providers to be more focussed on optimizing the

91



SC barrier function to prevent and reverse the skin damage, which is cause and effect of
chronic inflammation. The use of bicellar systems as vehicle, in spite of reducing the
amount of anti-inflammatory drug absorbed, could be more effective on treatment of
skin inflammation by improving skin structure and functionality. Future in vivo

research studies are open to explore the potential of this strategy.

5. Conclusions

Ethanol as vehicle and salicylic acid contained in the commercial product alter the
skin barrier function in different ways, as lipid solubilising or as keratolytic agent,
respectively. Instead, bicellar systems did not disturb the SC barrier function but seems
to prevent and reinforce skin microstructure and functionality. The results of our work
may be useful to develop bicellar systems as an alternative vehicle for drugs that need to
be solubilised by organic solvents and that have a too fast percutaneous absorption.
These drugs could be applied on the skin without the danger of potential toxicity and of

delirious effects on the skin structure.
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Table 1. ATR-FTIR values for the symmetric stretching modes. The results are
obtained for the skin control and the FFA vehiculized in bicellar systems, ethanol and
the commercial product.

Symmetric stretching band (cm )"
Temperature Skin control Skin + Skin + Skin +
((9) Bice FFA | FFA (EtOH) | FFA commerc.
25 2850.1+0.6 | 2849.2+0.3 | 2850.0+0.2 2849.3+0.2
32.5 2850.6 0.0 | 2849.8+0.2 | 2850.2+0.8 2849.9+ 0.0
37 2850.8 £0.2 | 2850.5+0.9 | 2850.3+0.1 2850.2+0.2

® Values represents the mean + S.D. of three measurements.

Table 2. ATR-FTIR values for the asymmetric stretching modes. The results are
obtained for the skin control and the FFA vehiculized in bicellar systems, ethanol and
the commercial product.

Asymmetric stretching band (cm ™)*
Temperature Skin control Skin + Skin + Skin +
((9) Bice FFA | FFA (EtOH) | FFA commerc.
25 2920.1+0.5 | 2917.1+£0.2 | 2917.3+£0.5 2918.5+0.5
325 2920.2+04 | 2917.0+0.8 | 29183+0.2 2920.1 +0.7
37 2922.1+14 | 29199+03 | 29182+0.3 2920.3+0.8

® Values represents the mean + S.D. of three measurements.
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FIGURE 1
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Distribution of FFA content after 24h. Amounts detected in the stratum corneum (SC),
epidermis (E), dermis (D), receptor fluid (RF) and the total percutanous absorption
(Perc. Abs.). Bars are the % of applied dose (mean of n» = 6) and the errors bars are the

standard deviations (S.D.).
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FIGURE 2
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and FFA commercial product (D).
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FIGURE 3

FSTEM micrographs of SC from control skin. Picture A: Overview of the SC. Picture
B: Detailed micrograph of the lamellar structure. Symbols: corneocytes (C),

corneodesmosomes (CD) and lipids (L).
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FIGURE 4

FSTEM micrographs of SC from skin treated with FFA bicellar systems. Picture A:
Overview of the SC. Picture B: Detailed micrograph of the lamellar structure. Symbols:

corneocytes (C), corneodesmosomes (CD) and lipids (L).
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FIGURE 5
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FIGURE 7
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Sistemes bicel-lars com a nova estratégia d’aplicacié topica RESULTATS

Article 4
Bicellar systems as a new colloidal delivery strategy for skin

Colloid Surf B- Biointerfaces, 2012, 92, 322- 326.

Aquest treball avalua I'iis dels sistemes bicel-lars com a nous vectors per a
'alliberament controlat de compostos a través de la pell. Es van introduir dos
principis actius diferents en els sistemes bicel-lars: un compost amfifilic com és el
cas del DDEA i un compost lipofilic com el FFA.

Primerament, es va dur a terme la caracteritzacié dels dos sistemes bicel-lars
mitjancant DLS i Cryo-TEM. A continuacid, es van fer estudis d’absorcié percutania
in vitro de les formulacions antiinflamatories amb pell de porc.

La caracteritzacio dels sistemes bicel-lars va mostrar que la mida de la
particula disminueix quan s’encapsula DDEA iaugmenta quan FFA és inclos en els
sistemes de bicel-lars. Els estudis d’absorci6 percutania van demostrar menys
penetraciéo de DDEA i FFA a través de la pell quan els farmacs es van incloure en els
sistemes bicel-lars que quan els farmacs es van aplicar en una solucié aquosa, en el
cas del DDEA, i en una solucidé etanolica, en el cas del FFA. La reduccié de la
penetracio cutanica va ser més pronunciada amb el FFA.

S’ha demostrat que els sistemes bicel-lars poden incloure tant compostos
amfifilics com lipofilics i aquesta inclusié promou un efecte retardant de l'absorcié
percutania. Aquest efecte pot ser una estratégia prometedora per al lliurament de
farmacs topicament sense ocasionar efectes toxics sistemics o per a aplicacions
cosmetiques en les quals no es recomanable la penetracié dels compostos aplicats
sobre la pell.
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ABSTRACT

The presented work evaluates the use of bicellar systems as new delivery vectors for controlled release
of compounds through the skin. Two different active principles were introduced into the bicellar sys-
tems: diclofenac diethylamine (DDEA) and flufenamic acid (Ffa). Bicellar systems are discoidal aggregates
formed by long and short alkyl chain phospholipids. Characterization of the bicellar systems by dynamic
light scattering (DLS) and cryogenic transmission electron microscopy (Cryo-TEM) showed that parti-
cle size decreased when DDEA was encapsulated and increased when Ffa was included in the bicellar
systems. Percutaneous absorption studies demonstrated a lower penetration of DDEA and Ffa through
the skin when the drugs were included in the bicellar systems than when the drugs were applied in an
aqueous solution (DDEA) and in an ethanolic solution (Ffa); the reduction in penetration was more pro-
nounced with Ffa. These bicellar systems may have retardant effects on percutaneous absorption, which
result in a promising strategy for future drug or cosmetic delivery applications.

Dimyristoyl-glycero-phosphatidylcholine
Dihexanoyl-glycero-phosphatidylcholine
Cryo-transmission electron microscopy

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Over the past few decades, there has been interest in explor-
ing new techniques to modulate drug absorption through the skin
[1-3]. These investigations into skin delivery highlight the need
to obtain vehicles of appropriate sizes, high stability and bio-
compatibility. Bicelles are bilayered aggregates with a discoidal
shape composed of long- and short-chain phospholipids. The long-
chain lipids commonly used for bicelle formation are dimyristoyl
and dipalmitoyl phosphatidylcholine (DMPC and DPPC), and the
short-chain lipid most frequently used is dihexanoyl phosphatidyl-
choline (DHPC) [4]. The long-chain phospholipids of bicelles form a
bilayer section that is surrounded by a rim of short-chain phospho-
lipids (DHPC). These nanostructures are between 10 and 30 nm in
diameter and approximately 5-7 nm thick [5]. Bicelles are used to
orient membrane proteins that are inserted into the bilayer struc-
ture and to study the superficial interactions between proteins
and the phospholipid bilayer [6]. The structure, composition and

Abbreviations: DHPC, 1,2-dihexanoyl-sn-glycero-3-phosphatidylcholine;
DMPC, 1,2 dimyristoyl-sn-glycero-3-phosphatidylcholine; DPPC, 1,2 dipalmitoyl-
sn-glycero-3-phosphatidylcholine; DLS, dynamic light scattering; Cryo-TEM,
cryo-transmission electron microscopy; DDEA, diclofenac diethylamine; Ffa,
flufenamic acid; NSAID, non-steroidal anti-inflammatory drug; PI, polydispersity
index.

* Corresponding author Tel.: +34 93 400 61 00; fax: +34 93 204 59 04.

E-mail address: olga.lopez@cid.csic.es (O. Lopez).

0927-7765/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfb.2011.12.005

nanodimensions of these systems make them applicable for use as
delivery systems for topical applications. The use of bicellar systems
for skin purposes has been explored previously, and results indicate
that depending on the composition, these systems can work as skin
permeabilizing agents or as agents that reinforce the lipid struc-
tures present in the intercellular domains of the outermost layers
of the skin [7-9]. The most common bicellar systems are formed
with DMPC and DHPC. In the present work, DPPC was selected
instead of DMPC because it is the major phospholipid in biological
membranes and would thus form bicelles of greater biological char-
acter.Inaddition, DPPC has a more favorable thermotropic behavior
than DMPC. The primary transition temperatures (T ) are 24.1 and
41.5°C for DMPC [10] and DPPC [11], respectively. At the experi-
mental temperature (37 °C), DPPC exists in a gel phase, similar to
stratum corneum lipids (T, approximately 60 °C)[12], thus it would
maintain the native state of the stratum corneum. The use of DHPC
over other conventional surfactants minimizes possible disruption
of the barrier function of the skin.

Invitro percutaneous absorption studies are useful in identifying
the depth that a given drug penetrates into the skin. In vitro studies
using animal or human skin are an elegant tool to obtain data on the
permeability of test substances through the skin and distribution
across the different cutaneous compartments [13-15]. Addition-
ally, these studies permit the evaluation of the effectiveness of some
vehicles and permeability enhancers [16].

Diclofenac diethylamine (DDEA) and flufenamic acid (Ffa)
are potent non-steroidal anti-inflammatory drugs (NSAIDs) with
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analgesic effects [17,18]. DDEA and Ffa may cause side effects
such as gastrointestinal disorders when administered orally, and
they may cause cutaneous lesions if administered by intramuscu-
lar injection. Thus, the identification of strategies to reduce toxicity
and increase the pharmacological effects of these NSAIDs is very
important. Ffa is insoluble in water, and the organic solvents capa-
ble of solubilizing it may damage the skin. We believe that the
inclusion of DDEA and Ffa in bicellar systems may be a good alter-
native delivery vehicle.

The purpose of the presented work is to analyze the influence
of DPPC/DHPC bicellar systems on the percutaneous absorption
of DDEA and Ffa. Several physicochemical aspects of the nanos-
tructures were investigated and percutaneous absorption studies
were carried out. The results show that these new systems could
be suitable vehicles for topical applications.

2. Experimental
2.1. Chemicals

DDEA was supplied by Novartis (Basel, Switzerland). Ffa, bovine
serum albumin (BSA), phosphate buffered saline (PBS) and gen-
tamicin were purchased from Sigma-Aldrich (St Louis, MO, USA).
Dipalmitoyl phosphatidylcholine (DPPC) and dihexanoyl phos-
phatidylcholine (DHPC) were supplied by Avanti Polar Lipids
(Alabaster, USA). Sodium dihydrogen phosphate monohydrate and
ortho-phosphoric acid 85% were supplied by Merck (Darmstadt,
Germany). Methanol (HPLC Grade) and acetonitrile were obtained
from Merck (Darmstadt, Germany). Purified water was obtained
using an ultra-pure water system, Milli-Q plus 185 (Millipore, Bed-
ford, USA).

2.2. Preparation of bicellar systems

Bicellar systems were formed by DPPC as the long-chain phos-
pholipids and DHPC as the short-chain phospholipid. To obtain
bicellar systems containing diclofenac, an appropriate amount of
DPPC was weighed and mixed with a DHPC chloroform solution
to obtain DPPC/DHPC in a molar ratio of 2:1 (g =2). This ratio was
selected to obtain small bicelles, which are more appropriate for
skin purposes. Previous works carried out by our group and oth-
ers [7,19] have demonstrated that the molar ratio between the
short-chain (DHPC) and the long-chain (DPPC) phospholipids con-
trol (among other factors) the size of the bicelles. A 2:1 molar
ratio (DPPC/DHPC) is appropriate because a higher molar ratio
(g>3) induces the formation of large discoidal lipid aggregates;
a lower molar ratio (g<1) increases the proportion of DHPC and
small, almost spherical structures, are formed. These structures lack
enough bilayer to incorporate active principles [20]. A 2:1 molar
ratio is also a good equilibrium between the short-chain and the
long-chain components.

Chloroform was eliminated by rotoevaporation of the solvent
until a lipid film was obtained. The lipid film was hydrated with
an aqueous solution of DDEA 1.16% (w/v) to reach 20% (w/v) of
total lipid concentration. The solution was sonicated until it became
transparent. For the preparation of the flufenamic acid bicellar
systems, 10 mg of Ffa was weighed and mixed with a DHPC chloro-
formic solution. An appropriate amount of DPPC was incorporated
to the chloroformic solution. After removing the chloroform, the
lipid film was dissolved in 1 ml of purified water to obtain a con-
centration of 1% Ffa (w/v) and a total lipid concentration of 20%
(w/v). Samples were sonicated until a transparent solution was
obtained. After sonication, the bicellar solution was equilibrated
for 24 h before characterization and application to the skin.
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2.3. Characterization of the bicellar systems

2.3.1. Dynamic light scattering technique

The hydrodynamic diameter (HD) and polydispersity index (PI)
of the bicellar systems were measured using a Zetasizer nano S90
(Malvern Instruments, UK). This apparatus employs the dynamic
light scattering (DLS) technique to determine submicron particle
sizes. DLS measures the diffusion coefficient of the particles, which
depends on Brownian movement. From the diffusion coefficient,
the HD is obtained [21].

2.3.2. Cryo-transmission electron microscopy (Cryo-TEM)

DDEA and Ffa bicellar systems were visualized by Cryo-TEM.
Vitrified specimens were prepared using a Vitrobot (FEI Company,
Eindhoven, Netherlands). The samples (5-10 l) were placed onto a
glow-discharged holey carbon grid. The grid was blotted with filter
paper, leaving thin sample films spanning the grid holes. The blot-
ted samples were vitrified by plunging the grid into freezing liquid
ethane (—196°C) and stored under liquid nitrogen prior to exami-
nation under the microscope [22]. The vitreous sample films were
transferred to a microscope Tecnai F20 (FEI Company, Eindhoven,
Netherlands) using a Gatan cryotransfer (Barcelona, Spain) cooled
with liquid N, to a temperature between —170°C and —175°C.
The films were visualized at 200 kV using low-dose imaging con-
ditions. Approximately ten to thirty micrographs of each sample
were saved. Different areas of the vitrified specimen were exam-
ined to obtain representative micrographs of the bicellar systems.
Only representative micrographs are presented here.

2.3.3. pH measurements

pH measurements of the DPPC/DHPC/Ffa and DPPC/DHPC/DDEA
aqueous solutions were performed with a Model 720 pH meter and
a ROSS Model 8103 SC pH electrode (both from Orion Research,
Cambridge, MA, USA).

2.4. Invitro percutaneous absorption studies

Pig skin from the unboiled back of Landrace large white pigs
weighing between 30 and 40 kg was used in the study. The pig skin
was provided by the Hospital Clinic of Barcelona, Spain. The excised
skin was dermatomed to a thickness of 500 & 50 wm (Dermatome
GA630, Aesculap, Tuttlingen, Germany). Discs of the dermatomed
skin were obtained with an iron punch (2.5 cm inner diameter) and
fit onto Franz-type diffusion cells. The skin discs were stored at
—20°C until use.

Franz cells (Lara-Spiral, Courtenon, France) contained an upper
donor compartment and a receptor chamber (3 mL of volume). The
two parts were separated by the skin biopsy, leaving an exposed
surface area of 1.86 cm?2. A magnetic stir bar was introduced into the
receptor chamber. The skin disc was mounted on the Franz cell with
the stratum corneum (SC) side up. The receptor chamber was filled
with a receptor fluid (RF), which was PBS (pH 7.4) in distilled water
containing bovine serum albumin (1% for DDEA experiments and
4% for Ffa experiments) and 0.04% gentamicin sulfate; the solution
was stirred continuously.

Franz cells were stored at 374 1°C in a circulating water bath
(Julabo Labortechnik GmbH, Germany) to ensure that the skin sur-
face was maintained at 32 + 1 °C. The integrity of each skin sample
was checked by determining the transepidermal water loss (TEWL)
using a Tewameter TM210 (Courage-Khazaka, Kéln, Germany). The
diffusion experiment was initiated by applying 10 L of DDEA or Ffa
bicellar systems to the entire surface. After 24 h of exposure time,
the test formulation remaining on the skin surface was removed
with a specific wash. The skin surface was dried with a cotton swab.
Water aliquots, micropipette tips, cotton swabs and the top of the
cell were pooled, constituting the fraction of the active compound
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remaining on the surface. The receptor fluid was removed from
the receptor compartment and brought up to 5ml in a volumetric
flask. The SC of the treated skin area was removed by 8 succes-
sive tape-strippings using adhesive tape (D-Squame®, CuDerm Inc.,
and Dallas, USA). The viable epidermis (E) was separated from the
dermis (D) after heating the skin at 80°C for a few seconds.

The DDEA in the different layers and in the washing solution
was extracted with a solution of methanol:water (50:50) for 20 h;
the Ffa was extracted with methanol. The quantity of the active
principles in the different skin layers was determined by HPLC.

2.5. HPLC analysis

The chromatographic analyses were performed using Hitachi
LaChrom Elite equipment (Darmstadt, Germany). The appara-
tus consisted of an L-2130 Pump, L-2200 autosampler, and
L-2400 UV Detector. The system was operated using the Merck
EZChrom Elite v3.1.3 software. The injection volumes (20 L) were
eluted in a Lichrocart 250-4/Lichrosorb RP-18 (5um) column
(Merck, Germany) (in the case of DDEA) and in a Lichrocart 125-
4/Lichrosorb RP-18 (5 wm) column (in the case of Ffa) at room
temperature. The mobile phases used were phosphate buffer (pH
2.5)/methanol (340/660, v/v) for DDEA, and phosphate buffer (pH
2.2)/methanol (250/750, v/v) for Ffa. The analytical methodologies
were validated in terms of the calibration curve, limit of detection,
limit of quantitation, and reproducibility.

3. Results and discussion
3.1. Characterization of the bicellar systems

The structural characterization of the bicellar systems was car-
ried out using DLS and Cryo-TEM.

The particle sizes of the bicellar systems were investigated by
DLS and analyzed by the percentage of intensity displayed. The
results for the DPPC/DHPC bicellar systems without drug at 25°C
showed that the diameter size of the particles ranged between
10 and 13 nm with a PI of 0.200. DPPC and DHPC self-assemble
by electrostatic, hydrophobic/hydrophilic, - interactions, and
hydrogen bonding, which results in the reorganization of a dis-
ordered system of molecules into an ordered assembly to reach
a stable state. In water, DPPC alone has a tendency to form flat
lamellae and vesicles, whereas DHPC tends to form small micelles
that are spherical in shape [23,24]. To reach a stable state, the
excess short-chain lipid (DHPC) accumulates on the edges due to
the spontaneous curvature radius.

The incorporation of DDEA in the bicellar systems led to a drastic
decrease in the particle size, showing principally small structures
that were 2-4 nm in diameter and had a PI of approximately 0.250.
When Ffa is included in the bicellar systems, three different size
populations could be detected: small structures with a particle
size of approximately 9nm, large structures with diameters of
approximately 50 nm, and a population of even larger aggregates
of approximately 450-500 nm in size. The PI of the sample con-
taining Ffa was high (0.526), as was expected for systems in which
structures of different sizes coexist.

Fig. 1 shows Cryo-TEM micrographs of DPPC/DHPC bicellar sys-
tems alone (Fig. 1A), with DDEA (Fig. 1B) and with Ffa (Fig. 1C). In
Fig. 1A, the micrograph shows discoidal bicelles in edge-on (white
arrow) and face-on dispositions (white arrow) with sizes between
10 and 60 nm. In some cases, these disks are visualized in groups
of two (white narrow). In Fig. 1B, structures with sizes smaller
than 5nm are observed, which is in agreement with the data
reported by the DLS experiments. Fig. 1C displays discoidal bicelles
with diameters between 50 and 90 nm in edge-on (white arrow)

and face-on dispositions (white arrow). Some of these bicelles
formed lamellar stacks (white ellipse). Additionally, small struc-
tures (approximately 10 nm) can be observed. These results are
compatible with the sizes obtained by DLS.

The size decrease from the effect of DDEA is logical, considering
that surface-active drugs, such as non-steroidal anti-inflammatory
compounds, have been reported to self-associate and bind model
lipid membranes, causing partial disruption and solubilization. Sev-
eral authors have described this behavior for diclofenac and other
drugs [25-30]. DDEA may have a similar effect as DHPC on the
discoidal structure of the bicellar systems, with a tendency to
locate at the edges of the lamellar structure. This localization would
induce a decrease in the molar ratio between the molecules in the
bilayer and in the edges, thus the size of the bicellar systems would
decrease, as they did in our experiments.

The presence of aggregates with different sizes in the sample
containing Ffa could be due to the formation of aggregates of dif-
ferent compositions in this system. The small particles could be
formed primarily by DHPC, which is a phospholipid capable of as
assembly into small spherical micelles [31]. The presence of large
discoidal aggregates may be because Ffa is a lipophilic drug [32]
and could be preferably included in the lipid bilayers, promoting
an increase in the molar ratio; this result would induce an increase
in the size, an opposite effect to that of DDEA. The larger diameter
detected in these systems by DLS could be due to the strong inter-
action between the large discoidal structures that are visualized in
Cryo-TEM as stacks of two or more disks.

Additionally, the pH of the systems containing the drugs was
tested. The pH values of the DPPC/DHPC/Ffa and DPPC/DHPC/DDEA
systems were approximately 5.5 and 7.1, respectively. A change
in the structure of the bicellar systems is not foreseeable when
these systems were in contact with the skin (pH 5.5). Struppe et al.
reported that neutral bicelles are stable from pH 4 to pH 7 [33].

3.2. Bicelles as a drug delivery system

The analytical determination of both drugs was accurate and
precise, with aquantitation limit of 1.692 and 0.194 w.g/ml for DDEA
and Ffa, respectively. The method was sufficiently sensitive and
reproducible for evaluation of both components.

Systems formed by DPPC/DHPC were able to incorporate 1.16%
DDEA similar to other colloidal drug carrier systems such as lipo-
somes, microemulsions, and mixed micelles [28-30,34-36]. This
proportion was selected because it was similar to that used in
commercial products containing diclofenac for transdermal appli-
cations. DPPC/DHPC systems were also able to incorporate 1% of
Ffa. This drug is a lipophilic substance that has been included in
vehicles based on polyacrylate gels and wool alcohol ointments at
proportions of approximately 0.90-0.45% [18,37]. Notably, a higher
amount of Ffa could be incorporated into the bicellar systems with-
out mediation of any polymer and/or alcoholic component.

The percutaneous absorption profiles of DDEA vehiculized in
the mentioned bicelles compared with DDEA in an aqueous solu-
tion (1.16%) (w/v) is shown in Fig. 2. The results are expressed as a
percentage of the applied dose on the skin. Most of DDEA remained
in the skin surface (results not shown). However, it is interesting
to note that among all the skin layers, a higher percentage of DDEA
was detected in the SC. This behavior is noted especially when the
drug was applied in an aqueous solution. The inclusion of DDEA in
bicelles decreases the percutaneous absorption of the drug com-
pared to that of an aqueous solution of diclofenac.

The results as a global percentage of percutaneous absorption
(considering the amount of DDEA detected in E, D plus RF) show
that the absorption of DDEA in an aqueous solution (4.61 +0.62%)
is higher than in DPPC/DHPC bicelles (2.78 4+ 1.62%). In this sense,
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Fig. 1. (A) Cryo-TEM micrographs of DPPC/DHPC bicellar systems alone: (B) bicellar system with DDEA; (C) bicellar system with Ffa.

bicellar systems appear to retard the percutaneous absorption of
DDEA.

Fig. 3 shows the percentage of percutaneous absorption through
the different skin layers of Ffa in an ethanolic solution and incor-
porated into the DPPC/DHPC bicellar systems. The results in Fig. 3
show that the greatest degree of percutaneous absorption of Ffa
occurs when it is in the ethanolic solution (13.35 + 10.56%). When
Ffa is encapsulated in DPPC/DHPC bicellar systems, its percuta-
neous absorption is reduced to a great extent (2.01+0.43%), a
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Fig. 2. Percutaneous absorption profiles of DDEA vehiculized in DPPC/DHPC bicelles
and in an aqueous solution (mean values +S.D., n=6). Distribution in the different
layers of the skin: stratum corneum (SC), epidermis (E), dermis (D), receptor fluid
(RF) and total percutaneous absorption (Perc. Abs).
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tendency similar to that described for DDEA. One of the advan-
tages of bicellar systems is that they are more skin friendly than
other vehicles such as ethanol because it is exclusively formed by
phospholipids.

The results indicate that the inclusion of DDEA or Ffa in the
bicellar system induces a retardant effect on their percutaneous
absorption of both drugs. Retarders were described by Schae-
fer et al. [14] as agents that reduce the percutaneous absorption
of compounds by augmenting the skin barrier function. Possibly,
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Fig. 3. Percutaneous absorption profiles of Ffa vehiculized in DPPC/DHPC bicelles
and in an ethanolic solution (mean values +S.D., n=6). Distribution in the different
layers of the skin: stratum corneum (SC), epidermis (E), dermis (D), receptor fluid
(RF) and total percutaneous absorption (Perc. Abs).
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lipids from bicelles interact with the SC lipids, modifying the order
of the lipid bilayers and increasing the SC barrier nature. This retar-
dant effect has also been described by other authors for certain
compounds [38-40]. Given the physico-chemical characteristics
of DDEA and Ffa, these drugs could prefer to remain in the lipid
environment of the bicellar systems instead of in water. The drugs
included in bicellar systems are retained, but with the 24 h expo-
sure time, the drugs are able to slowly penetrate the skin. This result
would explain the lower absorption values of the drugs included
in the bicellar system compared with the drugs in aqueous or in
ethanolic solutions. In the case of Ffa, the high absorption in the
ethanolic solution is likely due to ethanol working as a permeability
enhancer by disturbing the SC barrier function [41].

Comparing the results obtained for the two drugs included in
the DPPC/DHPC bicellar systems, a higher penetration of DDEA
(2.78 £1.62%) than Ffa (2.01+0.43%) was observed. Taking into
account the physicochemical characteristics of DDEA and Ffa, Ffa
should penetrate further because it is more lipophilic than DDEA
and has a lower molecular weight. However, this is not the case;
Ffa penetrates less than DDEA. One of the causes could be that the
nanostructures of Ffa bicellar systems are larger than DDEA bicelles.

In summary, the presented findings suggest retardation of per-
cutaneous absorption when certain drugs as DDEA and Ffa are
included in bicellar systems; the retardant effect was more pro-
nounced effect in the case of Ffa. These results have obvious
implications for agents that are required to reside at or in the
skin surface and not penetrate sufficiently to elicit systemic effects.
Some examples of these agents in different fields could be UV filters,
pesticides and fentanyl, for purposes of preventing an overdose of
the drug [38,39,42].

4. Conclusions

The presented work demonstrates that bicellar systems can
incorporate an amphiphilic drug (DDEA) and a lipophilic drug (Ffa).
This incorporation changes the particle size with respect to the
original bicelles. These bicellar systems could inhibit the percu-
taneous absorption of DDEA and Ffa into the skin. The results of
our work may be useful for the development of bicellar systems
for drugs that have fast percutaneous absorption, as in the case
of fentanyl, and to encapsulate cosmetic ingredients that should
not penetrate deeply. Further investigations into the use of bicelles
as delivery systems for other drugs or cosmetic ingredients with
different physicochemical properties and applications, should be
considered in future research.
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Sistemes bicel-lars com a nova estratégia d’aplicacié topica RESULTATS

Article 5

Barrier function of intact and impaired skin: Percutaneous penetration of
caffeine and salicylic acid

Int. J. Dermatol, 2011, 50, 881-889.

En aquest treball s’avalua I'absorci6é percutania in vitro de dos compostos
(cafeina i acid salicilic), amb l'objectiu d’estudiar la correlacié existent entre el
nombre progressiu de “tape-strips” aplicats a la pell i el seu TEWL, simulant una
pell amb diferents nivells de deteriorament de la funcié barrera. En general, les
proves d'absorcié percutania es realitzen mitjan¢ant biopsies de pell amb una
condicio fisiologica acceptable. No obstant aixd, sota diferents condicions
patologiques, la funci6 de barrera de I'EC es veu afectada i, en conseqiiencia, el seu
perfil d’absorcié percutania. Per aquest motiu es va proposar fer aquest estudi.

La funci6 barrera de I'EC es va avaluar mitjangant una correlacié entre el
nombre d'aplicacions repetides de tires de cinta adhesiva sobre la pell (porcina in
vitro i humana in vivo) i el seu TEWL. Aquesta funcié barrera es va avaluar també a
través d’estudis d'absorcié percutania in vitro dels dos compostos, utilitzant
cel-lules de difusié de Franz i les diferents pells porcines amb desigual nivell de
pertorbacio6 de I'EC.

Una disminuci6é progressiva de la funcié de barrera de la pell ha estat
detectada per TEWL tant in vitro com in vivo quan el nombre de “tape-strippings”
en la pell augmenta. D’altra banda, l'absorcié percutania dels compostos
investigats augmenta d'una manera diferent quan augmenta el nombre de tires
adhesives. L’acid salicilic va presentar un increment lineal en funcié de la
pertorbaci6 de la barrera cutania. En el cas de la cafeina, I'absorci6é percutania va
augmentar de manera exponencial. Els resultats indiquen que el deteriorament de
la barrera de la pell augmenta sempre el comportament de penetracié6 d’un
compost donat, pero, el balan¢ hidrofil-lipofil dels compostos o formulacions
utilitzades poden modificar en gran mesura el seu perfil de penetracid,
especialment quan s’utilitza una pell amb la funcié barrera modificada.

Aquest protocol in vitro pot ser util per simular d’'una manera més realista el
perfil d'absorcié percutania d’alguns principis actius aplicats sobre la pell amb una
funcié barrera alterada i podria ser utilitzat per evitar, en certa mesura, I'Us in vivo
d’animals d’experimentaci6 en el camp dermofarmaceutic.
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Abstract

Background Normally, percutaneous absorption tests are carried out using skin biopsies
for an apparent and acceptable physiological condition. However, under different
pathological conditions, the stratum corneum (SC) barrier function is impaired.

Methods The barrier function of the SC was assessed by correlation between the number
of repeated applications of tape strips on the skin and its transepidermal water loss
(TEWL), as well as by in vitro percutaneous absorption studies of different compounds,
using Franz diffusion cells and porcine skin previously stripped.

Results A progressive diminution of the skin barrier function has been detected by TEWL
both in vitro and in vivo as the number of skin tape strips increases. On the other hand,
the percutaneous absorption of the compounds tested increases in a different way as the

E-mail: laia.rubio@iqgac.csic.es

number of strips increases. Salicylic acid increases linearly depending on the barrier

disturbance. However, percutaneous absorption of caffeine exponentially increased with
barrier disturbance. Our results indicate that the barrier impairment of skin always
increases the penetration behavior of a given compound; however, the hydrophilic—
lipophilic balance of the compounds or formulations used could greatly modify its
penetration profile, especially when a modified skin is used.

Conclusions This in vitro protocol may be useful to simulate the percutaneous absorption
profile of some drugs applied onto skin with an impaired SC barrier function and could

be used to avoid, to some extent, the use of in vivo experimental animal models in the

Conflicts of interest: None.

dermopharmaceutical field.

Introduction

The stratum corneum (SC) is the outermost layer of the
skin. One of its most important roles is as the limiting
barrier to water loss by evaporation, as well as its role as
a barrier against the penetration of foreign physical,
chemical, and pathogenic components from the environ-
ment." > The physical state and organization of the SC,
particularly its lipid intercellular matrix, provide adequate
barrier function.*™®

Percutaneous absorption can be studied using in vitro
methods, as it is possible to maintain the barrier proper-
ties of the SC in excised skin.”” There is suitable evi-
dence that in vitro data may be predictive for in vivo
percutaneous absorption in both animals and humans.*™
Furthermore, the usefulness of the pig skin as an experi-
mental model for skin permeation in humans is widely

© 2011 The International Society of Dermatology

appreciated.” In fact, this in vitro strategy may be very
useful to substitute or reduce in vivo animal experiments.

Normally, percutaneous absorption tests are carried
out using skin biopsies for an apparent and acceptable
physiological condition. However, under different patho-
logical conditions, the SC barrier function is impaired.
The skin pathologies most frequently cited are atopic der-
matitis,** ichthyosis,”® psoriasis,"™ and severe xerosis.*’
In all these dermatological pathologies, a reduced skin
barrier function has been detected owing to elevated
transepidermal water loss (TEWL) values. The measure-
ment of TEWL allows total water loss to be determined
from viable epidermis and dermis, diffusing through
the SC to the skin surface.”® The TEWL measurement
in vitro is a good biophysical indicator of the integrity of
barrier function.””>*® The relationship between TEWL, as
a measurement of barrier function efficiency, and the

International Journal of Dermatology 2011, 50, 881-889
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degree of barrier disruption after skin damage is generally
accepted using different skin models.*™**

In the literature, it has also been shown that a less than
perfect SC (across which TEWL is elevated) is a more
permeable barrier to drug permeation.*> An overview
about the existence of a correlation between TEWL and
percutaneous absorption has been reported by Levin and
Maibach.** The TEWL and percutaneous absorption
rates increase when the integrity of the SC barrier is com-
promised. In general, the majority of earlier studies pre-
sented a quantitative correlation between TEWL and
percutaneous absorption,>>*® although in a few, no quan-
titative correlation was observed.>”"*®

Measurements of TEWL on previously stripped skin
biopsies might be an interesting strategy to know, at
a preliminary stage, the behavior of diseased skin during
the percutaneous absorption process. A correlation has
been reported between the decrease in barrier function
as indicated by TEWL and increase in the percutaneous
absorption of hydrocortisone;*’ this correlation was
reconfirmed by a study on patients with widespread der-
matitis.> Based on this idea, we tried to generalize the
predictability of this model by evaluating the skin bar-
rier function using the correlation between sequential
tape stripping on SC and its TEWL. This barrier func-
tion was assessed by in vitro percutaneous absorption of
two compounds (caffeine and salicylic acid) using por-
cine skin samples subjected to previous progressive
impairment of the SC by sequential tape stripping. Sali-
cylic acid is widely used in the treatment of many com-
mon dermatological conditions, owing to its keratolytic
properties.>® In addition, caffeine is well known for its
anticellulite effect, but recent studies also use it as a
treatment for psoriasis.’>* These compounds with differ-
ent octanol-water partition coefficient>* may be used in
topical applications.

In this paper, a more realistic scenario should be envis-
aged using skin biopsies with a progressive deterioration
of the SC barrier function, when an in vitro percutaneous
absorption test is performed to develop a transdermal
drug to be used on impaired skin.

Materials and methods

Materials

Salicylic acid (99%) was purchased from Aldrich (Gillingham,
Dorset, UK). Caffeine (pure), bovine serum albumin, phosphate-
buffered saline, and gentamicin were purchased from Sigma
Aldrich (St Louis, MO, USA). Methanol (high-performance liquid
chromatography grade), sodium dihydrogen phosphate
monohydrate, acetonitrile, and orthophosphoric acid (85%) were
supplied by Merck (Darmstadt, Germany). Ethanol was
obtained from Carlo Erba (Milan, Italy), and purified water was
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obtained by an ultra-pure water system, Milli-Q plus 185
(Millipore, Bedford, MA, USA).

Methods

In vivo tape stripping of the skin and evaluation of its
transepidermal water loss

A total of six volunteers were used for this study. Tape stripping
was carried out using a different number of D-Squame (0-50
strips) by applying a constant pressure (80 g/cm?) for

5 seconds, in all the cases. Furthermore, the tearing-off
direction was also varied by 90° for each strip. The TEWL was
carried out using a Tewameter TM210 (Courage & Khazaka,
Cologne, Germany) for 1 minute, and the mean value was
determined. This study was approved by the Ethics Committee
of the Bellvitge University Hospital, Barcelona, Spain.

In vitro tape stripping of the skin and evaluation of its
transepidermal water loss

Pig skin obtained from the unboiled back of Landrace large
white pigs weighing 30-40 kg was used for this study. The pig
skin was provided by the Clinic Hospital of Barcelona, Spain.
Bristles were removed carefully with an animal clipper, and
subsequently the skin was washed with water. The excised skin
was dermatomed to a thickness of 500 + 50 um (Dermatome
GA630; Aesculap, Tuttlingen, Germany). The discs of the
dermatomed skin were obtained using an iron punch (2.5 cm of
inner diameter) in such a way that they fit into the Franz
diffusion cells. The skin discs were stored at —20 °C and
thawed immediately for subsequent usage.

Several skin discs with their SC undisturbed were positioned
in a simple model of Franz static diffusion cells (Lara-Spiral,
Courtenon, France). The Franz cells consisted of an upper
donor compartment and a receptor chamber (3 ml of volume).
These two parts were separated by the skin biopsy with an
exposed surface area of 1.86 cm?. A small magnetic stirring bar
was introduced into the receptor chamber. Subsequently, the
skin discs were mounted in the Franz cell, with the SC side on
top. The receptor chamber was filled with a receptor fluid
containing phosphate-buffered saline (pH 7.4) in distilled water,
1% bovine serum albumin, and 0.04% of gentamicin sulfate.
The cells were placed in a circulating water bath (Julabo,
Seelbach, Germany) to ensure that the surface skin was
maintained at 32 °C. After stabilization of the cells for 1 hour,
the measurement of TEWL was carried out for 1 minute, and
the mean value was determined.

The same procedure was followed for the measurement of
TEWL in the previously stripped skin discs. The in vitro
stripping was carried out using D-Squame adhesive discs
(CuDerm Corporation, Dallas, TX, USA). The adhesive tapes
were applied in a sequential manner onto the skin discs (from
0 to 50). Each strip was applied onto the skin with a constant

© 2011 The International Society of Dermatology
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pressure (80 g/cm?) for 5 seconds. For each repeated strip, the
tearing-off direction was varied by 90° to obtain a homogeneous
removal of the SC cell layers.

In vitro percutaneous absorption studies of previously
stripped skin

The variedly stripped skins were positioned in the Franz
diffusion cells. Each active principle (caffeine or salicylic acid)
was applied on the progressively stripped skin samples, and
in vitro permeation studies were performed for 24 hours. The
Franz cells were kept at 37 + 1 °C by means of a thermostated
water bath with a magnetic stirring. The receptor fluid was
continuously stirred. In all the cases, the integrity of the skin
was checked by TEWL. A minimum of six samples was
required for each experimental assay.

The diffusion experiment was initiated by applying 10 ul of
ethanol-water (1:1) solution of caffeine or salicylic acid (both
about 3%, w/v) to the entire surface delimited by the upper cell.
After an exposure time of 24 hours, the test formulation
remaining on the skin surface was removed with a specific
wash: first with 0.5 ml of sodium lauryl ether sulfate solution
(at 0.5%, w/v) and then twice with distilled water (2 x 0.5 ml).
Subsequently, the skin surface was dried with a cotton swab.
Water aliquots from all the tips and cotton swabs used, as well
as the top of the cell, were pooled, which constituted the fraction
of active compound remaining on the surface. Subsequently, the
receptor fluid was removed from the receptor compartment and
brought to 5 ml in a volumetric flask. The SC of the treated area
was removed by eight successive tape strippings, carried out
under controlled conditions. The tape strips were grouped as
strips 1-4 and strips 5-8, and were placed in glass vials. After
that, the viable epidermis was separated from the dermis after
heating the skin at 80 °C for a few seconds, and subsequently
the dermis was cut into small pieces.

The amount of caffeine or salicylic acid in the different
layers and washing solution was extracted with methanol—
water (50:50) solution. After one night of contact with the
solvent, all the samples were shaken for 30 minutes at room
temperature, and the dermis, epidermis, and SC samples
were sonicated for 15 minutes. Before the analytical
determination of the samples, they were filtered through a
0.45-um Acrodisc filter (Pall Gelman Sciences, Northampton,
UK). Subsequently, the different compartments, for each
active principle, were analyzed using high-performance liquid
chromatography.

High-performance liquid chromatography analysis

The chromatographic analyses were performed using Hitachi
LaChrom Elite equipment (Darmstadt, Germany). The
apparatus consisted of an L-2130 Pump, L-2200 Autosampler,
and L-2400 UV Detector. The system was operated using the
software EZChrom Elite v3.1.6 (Scientific Software Inc.,

© 2011 The International Society of Dermatology
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Pleasanton, CA, USA). The mobile phases used were 20 mM
phosphate buffer (pH 2.5)/methanol (340/660, v/v) for caffeine,
and 25 mm phosphate buffer (pH 2.33)/acetonitrile/methanol
(650/200/150, v/v/v) for salicylic acid. The analytical
methodologies were validated in terms of calibration curve,
limit of detection, limit of quantitation, and reproducibility.
Table 1 shows the analytical results obtained on validations.

Results

The use of in vitro methods and non-invasive techniques
may be two suitable alternatives to the iz vivo animal
experiments. In the case of percutaneous absorption, an
in vitro guideline has been adopted by the Organization
for Economic Co-operation and Development (OECD).®
On the other hand, TEWL measurements are considered
a good indicator of the integrity of skin barrier func-
tion.*>33 It has been demonstrated that TEWL is predic-
tive of the permeability barrier, and as such, can be used
to develop suitable and realistic transdermal drug delivery
systems, taking into account the physiological or patho-
logical conditions of the skin.**®*3>34 In this paper, the
existing correlation between progressive SC tape stripping
and TEWL variation were applied to the in vitro percuta-
neous absorption of two compounds that have different
penetration profiles on intact skin. The conditions of
compromised skin, particularly the impaired barrier func-
tion of SC were simulated to develop a suitable approach
capable of predicting the drug penetration on a compro-
mised skin.

Correlation between stratum corneum strips and
transepidermal water loss

In Figure 1, the influence of the number of strips on
TEWL measurements performed on pig skin discs inz vitro
and on the forearm of human volunteers in vivo is
shown. The in vitro results showed that the TEWL value
corresponding to the baseline (mean = SD, 7 = 6), where
no damage had been inflicted to the skin barrier, was
8.1 + 2 g/m* per hour. During the first 1o strips, only a

Table 1 Analytical validation data obtained for the different
compounds analyzed

Caffeine Salicylic acid

Detection limit (ng/ml) 0.402 pg/ml 0.376
Quantification limit (ug/ml) 0.804 pg/ml 0.762
Calibration curve As71nm = 91941 Asz7nm = 13889

[conc]-1085.3 [conc]-15452
Linearity coefficient (/%) 1 0.999
Repeatability (CVintra) 0.5% 1.4%
Intermediate precision (CVinter) 1.5% 2.7%
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Figure 1 In vitro and in vivo transepidermal water loss
(TEWL) values as a function of the number of strips. The
measurement of the TEWL was carried out on in vitro pig
skin biopsies and on iz vivo human skin (mean = SD, 7 = 6)
previously stripped with different number of strips

minor increase in TEWL (15.6 = 3.2 g/m* per hour) was
observed, but when more tape strippings on the skin were
performed, an increase in TEWL was observed up to 50
strips (70.5 = 4.9 g/m* per hour). In evaluating the integ-
rity of the skin i vivo, a similar TEWL trend with
respect to the one obtained in the case of in vifro exami-
nation was detected. The TEWL value for baseline
(mean = SD, 7n =6) was 8.8 = 2.1 g/m* per hour. The
first 20 strips caused a minor increase in TEWL (r5.1 =
3.4 g/m* per hour). However, 35 strips caused a major
increase in TEWL (71.8 = 6.2 g/m* per hour). From 35 to
5o strips, the increase in TEWL was insignificant
(77.9 = 6.2 g/m* per hour). This fact may indicate that
the skin barrier had been removed to a great extent.

Correlation between stratum corneum strips and
percutaneous absorption
Using the experimental strategy described earlier, the
in vitro percutaneous absorption of the two compounds,
caffeine and salicylic acid, was investigated using either
intact skin discs or skin discs with varying degrees of
barrier disturbance by a sequential number of tape
strippings. In addition to their importance in topical
applications, these two compounds were chosen owing to
their completely different penetration profiles.
Percutaneous absorption was investigated first on intact
skin. In Table 2, the content of each compound investi-
gated in the different skin compartments, skin surface
(excess), and receptor fluid are indicated when no tape
strippings were performed on the skin. Furthermore, the
global percentages of percutaneous absorption values for
each compound are shown as well as the total recovery
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found during the experiments. As it can be seen, the
through the skin
(E + D + RF) was rather low (3.57 = 1.24%), while the

amount of caffeine permeated
percutaneous absorption of salicylic acid was much
higher (34.48 = 2.56%). This fact may be owing to the
more lipophilic character of salicylic acid (logP = 2.06),>*
in comparison with caffeine (logP = —0.07).>* Further-
more, earlier works also support the skin-penetration
ability of salicylic acid on in vivo intact skin.>#33

The same experimental procedure was followed with
these two compounds applied onto skin that was previ-
ously submitted to progressive tape stripping. The amount
of caffeine and salicylic acid in each compartment for the
differently modified skin is presented in Figures 2 and 3,
respectively.

Figure 2 shows that the first increment of percutaneous
absorption of caffeine is between 1o and 25 strips, and it
is important to observe the huge difference in the penetra-
tion profile of caffeine before and after 25 strips. On
intact skin and on skin disturbed by sequential strips
(from 3 to 23), caffeine is mainly observed at the surface,
and after 25 strips, it is mainly detected in the receptor
fluid. However, in the epidermis and dermis, the amount
of caffeine always (except between 40 and 50 strips)
remained negligible. On the other hand, an absolutely dif-
ferent skin penetration profile was obtained for salicylic
acid (Fig. 3). As the number of tape strippings increased,
the amount of salicylic acid progressively decreased at the
surface and in the SC and increased in the receptor fluid.
However, the amount of salicylic acid detected in the der-
mis and the rest of the epidermis was more significant
than in the case of caffeine and sharply decreased after
2§ strips.

It can be pointed out that the strong barrier effect of
the SC until 25 strips may be responsible for the caffeine
remaining mainly at the surface. However, from 25 strips,
caffeine shows a low affinity towards the epidermis and
dermis and, as a consequence, passes directly to the

Table 2 Percutaneous absorption profiles of caffeine and
salicylic acid, using skin discs with a maintained barrier
function (non-stripped)

% Recovered Caffeine Salicylic acid
Surface 95.09 + 3.84 56.95 + 2.78
Stratum corneum 211 +£1.36 7.80 +£1.72
Epidermis 0.26 + 0.12 16.40 £ 0.73
Dermis 0.53 + 0.23 2.70 £ 0.42
Receptor fluid 278 £ 2.12 15.38 + 1.71
Percutaneous absorption 3.57 £ 1.24 34.48 + 2.56
Total recovery 100.77 + 1.92 99.28 + 4.31

Mean values + SD with 7z = 6.
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Figure 2 Percutaneous penetration of caffeine on intact and
progressively impaired skin by application of strips. The
figure shows the distribution of the active principle in the
different skin compartments: S, surface; SC, stratum corne-
um; E, epidermis; D, dermis; RF, receptor fluid; PA, total
percutaneous absorption
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Figure 3 Percutaneous penetration of salicylic acid on intact
and progressively tape stripped skin. The skin was impaired
by progressive application of the strips. The figure shows the
distribution of the active principle in the different skin
compartments: S, surface; SC, stratum corneum; E, epider-
mis; D, dermis; RF, receptor fluid; PA, total percutaneous
absorption

receptor fluid. On the contrary, salicylic acid has a high
affinity towards all the skin layers, and the effect of tape
stripping is more progressive. As it can be seen in
Figure 3, the compound was practically absent in the SC,
the rest of the epidermis, and the dermis after 25 strips.

Discussion

It is well known that the percutaneous absorption pro-
cess of a given compound depends on many factors:
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physicochemical characteristics, molecular size, partition

coefficient, solubility, and thermodynamic activity,
drug-binding, etc.*'® Even though the physicochemical
properties of the molecules or the formulations applied
are generally accepted to influence the percutaneous
absorption profile, it is important to determine their
behavior on modified skin. Some researchers established
the existence of a correlation between TEWL and
percutaneous absorption of compounds of different
physicochemical character;’* however, the majority of
authors have reported a different penetration behavior
using compounds of different physicochemical character
on intact skin, when compared with barrier-impaired
skin,7-3¢738

The antipsoriatic, anti-eczematous, or other drugs
employed to alleviate diseases of the skin are studied at a
preliminary stage by in wvitro percutaneous absorption
test, using biopsies of healthy skin. However, these drugs
should be applied onto skin biopsies using skin with an
impaired barrier function. In this sense, it is possible to
simulate the damage condition of a pathological skin,
chemically disturbed using acetone*” or sodium lauryl

3637 or mechanically disturbed, through repeated

19,20,38

sulfate,
tape stripping, needle puncture, or sandpaper
abrasion.?®

With regard to a possible correlation between SC strips
and TEWL, the variation found between the in vivo data
(using human volunteers) and the in vitro porcine skin
data could be due to skin structure variables (in particu-
lar, a different anatomical site) of both the tissues
(Fig. 1). However, the tendency appreciated in that figure
indicates a clear and progressive diminution of skin
barrier function with the increasing number of strips.
Moreover, the results confirm that TEWL measurements
can also be used to carry out in vitro skin experiments in
accordance with the published by

19,20,38

results other
authors.

On the other hand, the percutaneous absorption results
shown in Figures 2 and 3 for salicylic acid and caffeine
can be plotted against the number of strips (Fig. 4) or
TEWL (Fig. 5) for the two compounds to determine their
correlation and the influence of their physicochemical
properties.

The percutaneous absorption profile of caffeine as a
function of the number of strips (Fig. 4) or TEWL
(Fig. 5) demonstrates low skin absorption values until 1o
strips, similar to that obtained for non-stripped skin (see
Table 2). However, the percentage of percutaneous
absorption is observed to increase drastically from 25
to 50 strips, reaching a percentage of 81.2 = 9.2%.
The evolution of the percentage values of percutaneous
absorption for caffeine indicated in the two figures can be
best fitted to an exponential equation as follows:
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Figure 4 Percutaneous absorption of caffeine and salicylic
acid as a function of the number of strips applied on the skin
discs (mean = SD, n = 6)
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Figure 5 Percutaneous absorption of caffeine and salicylic
acid as a function of the TEWL values (mean = SD, n = 6)
% PA =A-exp [B-No. Strips or TEWL],

where % PA is the percentage of percutaneous absorp-
tion, A is the pre-exponential factor related to the
physicochemical properties of caffeine, and B is related to
the effect that provokes the disturbance of the barrier func-
tion in the percutaneous absorption. A similar exponential
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equation has been described by Sekkat et al.,* considering
the relationship between the estimated steady-state drug
flux (Jss) and TEWL for caffeine and phenobarbital. In our
case, the equations obtained for caffeine, both related to
the number of strips or to TEWL, fit quite well with an
exponential equation (R* = 0.97 and 0.935, respectively).
However, another characterization was observed for
salicylic acid. The first difference with respect to caffeine
was that without performing any tape stripping on the
in vitro skin used, the percentage of percutaneous absorp-
tion was observed to be very high (34.5 = 3.2%), possibly
owing to its lipophilic character. As the number of strips
increased, the percentage of percutaneous absorption pro-
gressively increased, maintaining this behavior until the
last experiment (50 strips). The final
absorption reached was 95 = 6.9%. In this case, percuta-
neous absorption, both related to the tape strips and
TEWL, fit best with the following linear equation:

% PA = a-No. Strips or TEWL + b,

percutaneous

in which b is related to the physicochemical properties of
salicylic acid, and a is related to the effect of barrier dis-
turbance. The R* obtained with these two linear equa-
tions is related to the number of strips and TEWL
(R* = 0.95 and 0.89, respectively).

The completely different behavior between these two
compounds may be taken into account for the percutane-
ous prediction of the drugs applied onto barrier-impaired
skin. In our study, while salicylic acid demonstrated a
much higher penetration on intact skin, a linear increase
was found as a function of the barrier disturbance. How-
ever, this was not the case for caffeine, for which the low
initial percutaneous absorption exponentially increased
with the barrier disturbance. These results are in accor-
dance with other studies carried out on skin previously
damaged using acetone or sodium lauryl sulfate,®”-3¢ in
which the barrier control of the percutaneous absorption
due to the SC was less pronounced in the case of lipophilic
compounds (like salicylic acid). It must be pointed out that
the penetration rates of caffeine and salicylic acid in our
model using i vitro intact pig skin cannot be related to the
results obtained iz vivo in human skin 40 years ago.*° It is
important to indicate that these authors used acetone as a
vehicle for the skin application and in our case we have
used ethanol:H:=O (1:1). However, this is not an individual
case. In fact, the results reported by other authors*'**
about the in vivo—in vitro correlation of the penetration
rates of several compounds have been the subject of many
discrepancies. As it is well known, not only the active prin-
ciple but also the vehicle used are important factors to be
taken into account in order to obtain reproducible results.
In our opinion, it is very important to conduct skin absorp-
tion studies following strictly the OECD Guidelines.
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On the other hand, the need to quantify (or, at least, to
have some idea of the amount of) the SC removed is not
clear. Herkenne et al.*? published a paper considering the
importance of some experimental aspects. Different tapes
and different methods will inevitably strip the SC in a
variable fashion making inter- and intralaboratory com-
parisons quite difficult. Several alternative attempts have
been proposed, but no single method has achieved univer-
sal acceptance.

Our results indicate that the barrier impairment of the
skin always increases the penetration behavior of a given
compound; however, the hydrophilic-lipophilic balance
of the compounds or formulations used could greatly
modify its penetration profile, especially when a modified
skin is used. It is clear that in the case of drugs to be
applied on a skin with a compromised barrier function, a
preliminary knowledge about their in vivo TEWL values
is necessary, as reported by Simonsen and Fullerton® on
atopic dermatitis. In fact, the skin permeation results
obtained by these authors for fusidic acid and bethameth-
asone-t17-valerate, using the stripped-skin model, were
observed to be correlated with clinical findings. Based on
TEWL measurements obtained in vivo for different types
of damaged skin, the in vitro percutaneous absorption
studies should be performed using skin discs simulating a
similar disturbance of their SC barrier function, by tape
stripping.

Very recently, Gattu and Maibach** have published a
review considering the research carried out on percutane-
ous absorption by different authors using several methods
of skin damage: mechanical, chemical, biocidal as well as
in vitro tests with clinical disease. In general, all methods
of damage resulted in some enhancement of percutaneous
absorption of some molecules, most pronounced with
hydrophilic molecules and less so with lipophilics. That
enhancement was modest although very variable between
the different authors implying that despite mechanical,
chemical, biocidal-damaged, and clinical disease, not all
barrier properties were removed. In our work, the
increase of percutaneous absorption depends on the num-
ber of strips performed on the skin, and it is different for
both compounds investigated. As an example, in the case
of caffeine when 25 strips, are previously performed, the
increase of percutaneous absorption with respect to the
intact skin is about five times; however, in the case of
salicylic acid when using 25 strips, the increase of
percutaneous absorption is about two times. These results
are in accordance with the results presented in that
review** because for lipophilic molecules, as is the case
for salicylic acid, the increase of the percutaneous absorp-
tion in damaged skin is minor. In any case, it is important
to design precise reproducible in wvitro skin damage
models considering, in particular, how permeability was
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measured. This can be a prerequisite to adopt in the
future broad comparisons and even correlations to the
in vivo studies.

Conclusions

Evaluation of SC integrity (intact or disturbed) can be
controlled in vitro by the measurement of TEWL. By per-
forming a sequential number of tape strippings on porcine
skin discs, it is possible to progressively disturb SC barrier
function. Moreover, by means of in vitro percutaneous
absorption experiments, it is possible to observe the influ-
ence of a progressive disturbance of the SC on the percu-
taneous penetration of different compounds topically
applied. In our study, caffeine and salicylic acid showed a
completely different behavior on intact compared with
progressively barrier-impaired skin. Salicylic acid showed
a much higher penetration on intact skin, demonstrating
a linear increase with the barrier disturbance. It seems
that salicylic acid has a higher affinity towards all the
skin layers and that the effect of tape stripping is progres-
sive. However, this was not the case for caffeine, whose
percutaneous  absorption  exponentially
increased with barrier disturbance. It is observed that

low initial

the strong barrier effect of SC until 25 strips may be
responsible for the caffeine remaining mainly in the
SC. However, after a strong barrier disturbance,
caffeine shows a low affinity towards the epidermis and
dermis and, consequently, passes directly to the receptor
fluid.

This in vitro protocol may be useful to simulate the per-
cutaneous absorption profile of some drugs applied onto
the skin with a progressive impaired SC barrier function.
Moreover, this in vitro approach could avoid, to some
extent, the use of i vivo experimental animal models.
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Sistemes bicel-lars com a nova estratégia d’aplicacié topica RESULTATS

Article 6
Bicellar systems as vehicle for treatment of impaired skin

J. Control. Release - en revisio

En aquest treball s’avalua la utilitat potencial dels sistemes bicel-lars de
DPPC/DHPC per retardar la penetracié de farmacs a través de la pell quan aquesta
té una permeabilitat molt alta degut a que la seva funci6 barrera esta deteriorada,
com és el cas de la majoria de patologies de la pell.

Per tal de simular in vitro pell amb la funci6é barrera deteriorada, s’ha dut a
terme l'eliminaci6 de diferents capes de 'EC mitjan¢ant I'aplicacié seqliencial de 25
tires de cinta adhesiva (“tape strips”) a la pell porcina intacta. EL principi actiu
model utilitzat en aquest estudi ha estat el DDEA. Com a pas previ als estudis
d'absorcié percutania in vitro, s’ha realitzat una caracteritzacié fisico-quimica dels
sistemes bicel-lars que contenen el farmac. Les tecniques emprades per a aquesta
caracteritzaci6 han estat el SAXS, el WAXS (ambdos a 25,32 1i372C) i el DSC.

En la caracteritzacié fisico-quimica d’aquests sistemes, els resultats de SAXS
indiquen una lleugera disminucié en I'amplada de la bicapa amb I'augment de la
temperatura i 'abséncia d’apilament dels sistemes bicel-lars. Els valors de WAXS
sén compatibles amb un empaquetament lateral ortorombic en les tres
temperatures estudiades. El termograma obtingut per DSC indica una disminuci6
de la Tm quan el farmac és introduit en les bicel-les de DPPC/DHPC. Durant els
estudis d’absorci6 percutania in vitro, s’ha dut a terme la mesura del TEWL en la
pell intacta i la pell amb disfuncié de la barrera cutania abans i després de
'aplicaci6 dels sistemes bicel-lars. Les dades obtingudes indiquen un augment del
TEWL després de 'eliminacié de diverses capes de I'EC i una disminucié del TEWL
després de I'aplicacié durant 24h dels sistemes bicel-lars. En els estudis d’absorcio
percutania en pell porcina amb la funcié barrera deteriorada, s’ha observat un
retard en I'absorci6 del DDEA en sistemes bicel-lars comparat amb una solucié
aquosa de DDEA igual que va succeir amb pell nativa (Article 1).

L’Gs de sistemes bicel:-lars de DPPC/DHPC com a vehicle per a I'aplicaci6
topica de DDEA sobre pell amb la funci6 barrera deteriorada inhibeix la penetracio
del DDEA a nivell sistemic i sembla reparar, en certa mesura, la funcié de barrera
de I'EC. Com a conseqiliencia d’aix0o, aquests sistemes podrien ser una bona
estrategia alternativa per tractar topicament la pell patologica amb diferents
farmacs.
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Abstract

This study assesses the potential usefulness of the bicellar systems of DPPC / DHPC to
retard the penetration of drugs into damaged skin which has a very high permeability
due to its impaired barrier function. An in vitro model of skin with impaired barrier was
carried out removing layers of the SC through the sequential application of 25 tape-
strips to intact skin. The active principle used in this study was DDEA. As a preliminary
step, a physico-chemical characterization of the DDEA bicellar systems at different
temperatures with SAXS, WAXS and DSC techniques was performed. Subsequently,
percutaneous absorption studies of bicellar systems into impaired skin were realized.

SAXS results indicated a slight decrease in the width of the bilayer with increasing
temperature and the absence of stacking of the bicellar systems. WAXS patterns were
compatible with an orthorhombic lateral packing in the nanoaggregates. The
thermogram obtained by DSC indicated a decrease in Ty, when the drug was included
into the bicellar systems of DPPC/DHPC. In vitro percutaneous absorption studies
detected a retardant effect of percutaneous absorption of DDEA when is vehiculized in
the bicellar systems respect to an aqueous solution of the drug. The use of bicellar
systems of DPPC/DHPC as a vehicle for topical application of DDEA on skin with
impaired barrier function inhibits the penetration of DDEA to the systemic level and
seems to repair, in some extent, the barrier function of the stratum corneum. These
systems could be a good alternative strategy to treat topically pathological skin with

different drugs.
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1. Introduction

Several skin diseases are characterized to have a compromised barrier function and to
facilitate the appearance of some inflammations. An impaired skin barrier function
often results in an increased transepidermal water loss (TEWL) and an enhanced
percutaneous permeation [1, 2]. This fact not always is convenient, given that when
topically applied an overdose of drug could reach to the systemic level. A commonly
used ex vivo approach to study the effect of a distorted barrier on drug disposition in the
skin is to remove the stratum corneum (SC) by tape stripping, which significantly
increases the drug permeation through the skin[3]. This method has been used by our
group to simulate the percutaneous absorption profile of some drugs applied onto the
skin with a progressive impaired stratum corneum barrier function.[4]

Bicellar systems are aggregates formed by a mixture of long alkyl-chain and short alkyl-
chain phospholipids in aqueous solution. The most common aggregates are named
bicelles[5, 6], which exhibit an intermediate morphology between lipid vesicles and
classical mixed micelles, combining some of the attractive properties of both structures.
These systems offer advantages over micelles and liposomes due to their small
dimensions and because they are lacking of surfactants on their bilayered structure[7,
8]. These characteristics allowed us to propose bicelles as delivery systems for topical
purposes. In fact, very recent studies have used bicellar aggregates for percutaneous
absorption of diclofenac[9] and flufenamic acid[10]. Those works described a retardant
effect of the drug when is included in bicellar systems. This retardant effect could be
very useful to minimize the penetration of drugs to systemic level on damaged skin.

In the present work we evaluate the usefulness of these systems to retard the penetration
of drugs into skin whose permeability is very high because its barrier function is
damaged. In order to simulate in vifro impaired skin, 25 strips to intact porcine skin
have been carried out. The drug model used in these studies has been diclofenac
diethylamine (DDEA). As a previous step to the percutaneous absorption studies, a
characterization of bicellar systems containing the drug has been carried out using
small-angle X-ray scattering (SAXS), wide-angle X-ray scattering (WAXS) and

differential scanning calorimetry (DSC).
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2. Materials and methods

2.1 Chemicals

Diclofenac  diethylamine (DDEA) was supplied by Novartis (Basel,
Switzerland).  Dipalmitoyl  phosphatidylcholine =~ (DPPC) and  dihexanoyl
phosphatidylcholine (DHPC) were obtained from Avanti Polar Lipids (Alabaster, USA).
Methanol (HPLC Grade), sodium dihydrogen phosphate monohydrate and ortho-
phosphoric acid 85% were supplied by Merck (Darmstadt, Germany). Purified water
was obtained by an ultra-pure water system, Milli-Q plus 185 (Millipore, Bedford,
USA).

2.2 Preparation of bicellar systems

Bicellar systems were formed with DPPC as long-chain alkyl phospholipids and DHPC
as short-chain alkyl phospholipids. Bicelles with and without DDEA were prepared.
The methodology used for the preparation of these systems was the same as that used in
a previous work[9]. The concentration of DDEA included in the bicellar systems was

1.16%, the same that usually containing the commercial gel.

2.3 Characterization of the bicellar systems

2.3.1 X-ray scattering experiments (SAXS, WAXS)

X-ray scattering measurements were performed with a SAXS/WAXS S3 MICRO
(Hecus GmbH, Graz, Austria). An X-ray radiation with a wavelength corresponding
with the Cu Ka line (1.542 A) was used. The linear detector used was a PSD 50M
(Hecus, Graz, Austria) which allows simultaneous sampling of diffraction data in the
small- and the wide-angle region. Automatic temperature control was provided by a
programmable Peltier unit (TCCS-3, Hecus GmbH, Graz, Austria) (precision better than
+0.5 °C). The sample was injected into a flow-through glass capillary that was 1 mm in

diameter (Hilgenberg GmbH, Malsfeld, Germany).

The scattering intensity I (in arbitrary units) was measured as a function of the

scattering vector ¢ (in reciprocal A). The latter is defined as:

g= (47 sinB)/A,
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where 0 is the scattering angle and A the wavelength of the radiation (1.542 A). The
position of the scattering peaks is directly related to the repeat distance of the molecular

structure, as described by Bragg’s law:[11]
2d sin O =nh

in which n and d are the order of the diffraction peak and the repeat distance,
respectively. In the case of a lamellar structure, the various peaks are located at

equidistant positions, then
qn=2mn/d

where g, is the scattering vector modulus that indicates the position of the n™ order

reflection.

2.3.2 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements of DPPC/DHPC and
DPPC/DHPC/DDEA systems were performed with a DSC 821E Mettler Toledo
(Greifensee, Switzerland) calorimeter. Aliquots of 30uL from the DPPC/DHPC and
DPPC/DHPC/DDEA bicellar systems, corresponding to 4.356 mg and 4.074 mg of
DPPC respectively, were placed in 40 pL aluminium DSC pans and hermetically sealed.
Three heating/cooling cycles were performed in a temperature range between 0 and 60
°C at a constant scanning rate of 5 °C/min. The data from the first scan were always
discarded to avoid mixing artifacts. Due to the supercooling phenomenon only heating
scans have been used throughout this work.[12] DSC curves were obtained and

analyzed by STAR 9.2 Software (Mettler Toledo).

2.4 HPLC analysis of diclofenac

The quantitative determination of DDEA was performed by HPLC using a Hitachi
LaChrom Elite equipment (Darmstadt, Germany). The apparatus consists of an L-2130
pump, L-2200 autosampler and an L-2400 UV detector. The system was operated from
the software Merck EZChrom Elite v3.1.3. Then 20 pL of injection volume were eluted
in a Lichrocart 250-4/Lichrosorb RP-18 (5 um) column (Merck, Germany) at room
temperature. DDEA was monitored by UV detection at 254 nm. A mobile phase
consisting of a 66% methanol and 34% phosphate buffer (pH 2.5) was used at a flow

rate of 1 ml/min. The area under the peak was used to calculate the concentration of
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DDEA using external standards that showed linearity over the concentration range of

0.33 to 83 pg/ml. The intraday and interday variations of the method were less than 2%.

2.5 In vitro percutaneous absorption methodology using impaired skin

Following a conventional methodology, pig skin from the unboiled back of Landrace
large white pigs weighing between 30—40 Kg is used. The pig skin was provided by the
Clinic Hospital of Barcelona, Spain. The methodology used to obtain the skin biopsies
was the same as used in previous works[4, 9].

Franz cells (Lara-Spiral, Courtenon, France) were used to perform the percutaneous
absorption studies and PBS (pH 7.4) in distilled water, containing 1% of bovine serum
albumin and 0.04% gentamicin sulphate was used as the receptor fluid (RF). Franz cells
were kept at 37 + 1 °C by means of a circulating water bath (Julabo Labortechnik
GmbH, Germany) to ensure that the surface skin was maintained at 32 + 1°C. The
integrity of each skin sample was checked by determining the transepidermal water loss
(TEWL) using a Tewameter TM210 (Courage-Khazaka, K6ln, Germany).

In this work, percutanous absorption experiments were carried out using samples of
impaired skin. The skin barrier impairment was induced by use of the tape stripping
method. To do that, after checking the skin integrity, each intact biopsy was subjected
to 25 sequential strips using D-Squame” tape discs (22 mm diameter, CuDerm Inc.,
Dallas, USA). ). Each tape was applied to the skin surface using a specific device
securing a standard pressure of 80 g/cm? (for 5 s) and removed from the test area in one
gentle movement. For each repeated strip, the tearing-off direction was varied to obtain
a homogeneous removal of the SC cell layers. After that, the skin biopsies were
mounted to the Franz diffusion cells and after 1h, TEWL was measured to verify the
impairment of the skins.

The diffusion experiment was initiated by applying to the entire surface, delimited by
the upper cell, 10 pL of aqueous solution of DDEA or DDEA bicellar systems. After the
exposure time (24h), TEWL was measured. Then, the test formulation remaining on the
skin surface was removed. The receptor fluid was collected and brought up to 5 ml in a
volumetric flask. The SC of the treated skin area was removed by 8 successive tape
strips. After that, the viable epidermis was separated from the dermis after heating the
skin at 80°C for a few seconds.

The amount of DDEA in the different layers and in the washing solution was extracted

with a solution of methanol: water (50:50). Before the analytical determination by
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HPLC, the samples were filtered through a 0.45 pm Acrodisc filter (Pall Gelman
Sciences, Northampton, UK).

2.6 Statistical analysis

The percentage of DDEA content values in the different skin layers from the
percutaneous absorption studies are expressed as the mean + standard deviation (SD) for
six determinations. For group comparisons, analysis of variance (ANOVA) with a one-
way layout was applied. The software used was the STATGRAPHICS plus 5.
Significant differences in the mean values were evaluated by the Student's unpaired #-

test. A p value of less than 0.05 was considered significant.

3. Results

3.1 Characterization of the bicellar systems

3.1.1 Structural study by X-ray diffraction

To elucidate the structural effects of the incorporation of DDEA on DPPC/DHPC
bicelles, a series of SAXS/WAXS studies were carried out at three different
temperatures (25, 32.5 and 37°C).

SAXS provides information on the larger structural units of a given sample. In our case,
the lamellar repeat distance d was estimated from the analysis of the peaks by Bragg's
law and was attributed to the bilayer thickness, as in the studies with liposomes and
other bilayer models.[13, 14] Fig. 1A shows the SAXS patterns of the DDEA bicellar
system at the three temperatures studied. At 25, 32 and 37°C, a broad band centred at
g=0.119 A, 4=0.121 A" and ¢=0.122 A" appeared, respectively, corresponding to the
d values of 53, 52 and 51 A. Thus, these results show a slight decrease in the bilayer
thickness of the DDEA bicellar systems when the temperature increases. Additionally,
and considering the absence of multiple sharp peaks in the scattering patterns, we can
deduce that these bicellar systems do not form lamellar sheets and/or stacks.

Scattering in the WAXS region reveals the lateral chain packing of the lipids. WAXS
diffraction spectra for DDEA bicellar systems at 25, 32.5 and 37°C are shown in Fig.
1B. At the three temperatures investigated, two broad bands were observed; these bands

were detected at ¢ values of 1.49 and 1.65 A™!, corresponding to a lipid chain-chain
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distance (d.) of 4.2 and 3.8 A. These spacings are compatible with an orthorhombic

packing such as other authors described [15, 16].
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Fig. 1. SAXS (A) and WAXS (B) intensity profile versus the scattering vector modulus q of

DPPC/DHPC/DDEA bicellar systems. The measurements were carried out at 25 °C, 32.5 °C and 37 °C.

3.1.2 Differential Scanning Calorimetry

The calorimetric analysis was performed in order to determine the heat flow associated

with the lipid phase transitions of the long alkyl chain phospholipid in DPPC/DHPC

bicelles with and without DDEA. When phosphatidylcholine systems are investigated,

the more common phase transitions described in the literature are a subtransition

corresponding to a change of phase from lamellar crystalline (L) to a tilted gel phase
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(Lp’), a pretransition from Lg: to ripple phase or undulated-lamellar phase (Pg:) and a
main transition from whatever of the previously mentioned phases to liquid crystalline
phase (Ly).[17, 18] The temperature associated with this latter transition is the so called
gel-to-liquid crystalline transition temperature, T, [18]. DSC can be used to detect
interactions between the DDEA and the DPPC forming the bicellar systems. It is well
known that the inclusion of a new molecule in the phospholipid bilayers can modify the
lipid packing mode provoking a change in the temperature and in some cases in the
enthalpy (AH) of the different lipid phase transitions.[19, 20] The results of the

experiments are shown in Fig. 2.

DPPC/DHPC
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Fig. 2. DSC thermogram of DPPC bicellar systems with (solid line) and without (dashed line) DDEA.

The signals observed in the thermograms are only associated to DPPC because DSC
thermograms of DHPC at this temperature range (results not shown) exhibited no peaks
and the melting point of DDEA is 127 °C (out of the temperature range
investigated).[21] A quantitative determination of all enthalpies was not feasible, due to
the broadening peaks. Only the main transition enthalpies were determined giving

approximate values owing to the overlapping of the peaks.
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The thermogram for DPPC/DHPC bicelles shows a large peak and a small shoulder
peak. The large peak at higher temperature (41.1 °C) corresponds to the main transition
(Ty) associated to the Pg- to L, transition of the DPPC alkyl chains and has an associated
enthalpy of about 16 KJ/mol. The small shoulder peak at around 35°C is compatible
with the pretransition of the pure DPPC systems. The curve associated to the DPPC
transitions when DDEA is included in the DPPC/DHPC bicelles present also a large
peak and a small shoulder peak. The large peak associated to the main transition was
detected at 39°C with an enthalpy value of about 18 KJ/mol. The small shoulder
associated with the pretransition was detected at around 29 °C. It is noted that when
DDEA is included in the DPPC/DHPC bicellar systems, the temperatures associated to

the transitions decrease.

3.2 TEWL results before and after skin impairment

TEWL measurements before and after impairment of skin barrier by 25 tape strippings
of the SC are shown in Fig. 3. Also, in this figure the TEWL values measured on
damaged skin after topical application of DDEA bicellar systems are presented. The
TEWL value of intact skin was 6.5 £ 1.3 g/mz/h and after 25 tape strippings this value
increases up to 33.9 £ 6.5 g/mz/h. As it could be expected a clear increase of the TEWL
was induced by the impairment of the SC barrier. When this damaged skin was treated
with the DDEA bicellar systems a decrease of TEWL until 22.4 + 7.5 g/m*h was
detected after 24h of exposure time. This result indicates certain restoring of the barrier

function by effect of treatment with DDEA bicellar systems.
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Figure 3. TEWL values of intact skin and damaged skin before and after of DDEA bicellar systems
treatment. Bars are the TEWL values (mean of n = 6) and the errors bars are the standard deviations
(S.D.).
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3.3 Percutaneous absorption studies

After 24h of exposure time, a lipidic film on the skin surface was visualized in samples
treated with bicellar systems. The percutaneous absorption profiles of DDEA
vehiculized in bicellar systems compared with DDEA in an aqueous solution (1.16%)
(w/v) are shown in Fig. 4. This figure presents the distribution of DDEA in the different
skin layers and in the receptor fluid (RF) after 24h of exposure time. The results are
expressed as a percentage of the applied dose on the skin. In both vehicles, about 100 %

of the DDEA applied was recovered.
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Fig. 4. Distribution of DDEA content in the different compartments after an skin exposure of 24h.
Amounts detected in the stratum corneum (SC), epidermis (E), dermis (D), receptor fluid (RF) and the
total percutanous absorption (Perc. Abs.). Bars are the % of applied dose (mean of » = 6) and the errors
bars are the standard deviations (S.D.).

Most DDEA remained in the skin surface in both cases (results not shown). In the case
of SC, DDEA is more retained when is applied in the aqueous solution (2.20 £ 0.89 %)
than when is vehiculized in bicellar systems (0.58 + 0.37 %). However in the epidermis
(E) the DDEA behaviour is the opposite, DDEA is more retained when is included in
bicellar systems (0.63 £ 0.21 %) than when is dissolved in an aqueous solution (0.40 +
0.15 %). In the dermis (D), the absorption of DDEA was again greater when the drug
was applied in an aqueous solution (1.10 = 0.35 %) than in the bicellar systems (0.53 +
0.31 %). Regarding the RF, when DDEA was solubilized in water, the absorption was
17.40 £ 1.15 %, whereas vehiculized in bicellar systems was considerable lower 3.92 +
0.49 %. The values obtained in the absorption of DDEA in SC and RF presented
differences statistically significant when DDEA was vehiculized in both vehicles. In

terms of global percutaneous absorption (considering the DDEA detected in E, D plus
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RF), it seems that DDEA in water is able to penetrate through the skin with
compromised barrier function 3 times more than DDEA vehiculized in bicelles.
Then, in these conditions, bicellar systems work as retarder of the percutaneous

penetration of DDEA.

4. Discussion

4.1 DDEA bicellar systems characterization

In a recent work, we demonstrated the incorporation of DDEA in bicellar systems[9]. In
that previous work, an initial characterization showed a decrease in the particle size of
the DPPC/DHPC bicellar systems when DDEA was included. This phenomenon was
explained considering that DDEA have a similar effect as DHPC in the discoidal
structure, having a tendency to locate at the edges of the lamellar structure. The DHPC
molecules displaced by DDEA would be incorporated in the bilayer structure together
with DPPC molecules. Also, some molecules of DDEA could be incorporated in the
lipidic bilayer due its amphiphilic nature as Lopes et al. [22] published when this active
principle was encapsulated in soya phosphatidylcholine (PC) liposomes.

In the present work, a complementary characterization was carried out. SAXS bands at
the three temperatures studied, indicated a decrease of the bilayer thickness (from about
58 A to about 52 A) compared with the results published recently about the SAXS
bands of DPPC/DHPC bicellar systems [23]. This decrease can be due to the
incorporation of DDEA or/and DHPC molecules in the lipid bilayer. In both cases this
incorporation is corroborated by the DSC results. These results showed a decrease in the
Tm of DPPC from 41.1 °C to 39°C and in the pre-transition temperature from 35°C to
29°C when DDEA is included in DPPC/DHPC bicellar systems. This decrease in the
temperature indicates an alteration in the organization of the lipid gel state which can be
produced by the inclusion of DDEA, DHPC or both in the DPPC bilayer. The decrease
in the T,, was also reported by Manrique-Moreno et al. [24] in the study of the
interaction of DDEA with dimyristoyl phosphatidylcholine (DMPC). That paper
describes the ability of DDEA to alter the cooperativity of the phase transition inducing
a decrease in Tp. Also, other works that published about the inclusion in bicellar
systems of different substances as surfactants [25], cholesterol sulphate [26], ceramides
[13, 27] and flufenamic acid [23] reported changes in the bicellar structures. Some of

these papers explained a lowering of the T,, when a substance is included in the bilayer
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structure of bicelles. In our case, it is possible that the hydrophilic part of DDEA
interacts with the phospholipid headgroups forming in some cases hydrogen bonding
while the hydrophobic part could interact with the hydrophobic lipid acyl chain region.
The smaller size of the DDEA molecules compared with the DPPC molecules could
create an extra space in the non-polar region of the lamellar bilayer. To fill these spaces,
the acyl chains of DPPC have three possibilities: The first one could be a
disorganization of the bilayer, but the WAXS results indicate an orthorhombic lateral
packing like the results published for DPPC/DHPC bicellar systems without the drug
[23]. This fact makes this hypothesis unlikely. Another explanation is that these “gaps”
may be filled by the tilt of the hydrocarbon chains of the DPPC molecules, which would
also explain the reduction in interlayer spacing detected by SAXS. This possibility
agrees with other authors when describing interaction of amphiphilic drugs with
liposomes [22, 28]. The last possibility is the inclusion of DDEA into the headgroup
region. This fact would increase the area requirement of the headgroups and would lead
an interdigitation of the acyl chains to decrease the mismatch of area requirements
between heads and tails. This argument was reported by other authors to explain the
reduction of the lamellar thickness produced for the incorporation of some anti-
inflammatory drugs [29, 30]. Although both options, tilting and interdigitation are
feasible, the interdigitation of the alkyl chains is energetically more favourable than a
strong tilting of the chains [29].

The inclusion of DHPC in the DPPC bilayer promotes also the decrease in the Ti,.
DHPC has been described as a mild surfactant[31] and some authors have reported that
most surfactants tend to shift the Ty, of lipids to lower values[32]. Then, their addition to
a gel membrane may ‘melt’ lipids. In the particular case of DPPC, some works
referred this decrease of Ty, by addition of C,EOs [33], DPPC—C,EQ4 [34], C;2Gluc
[35] and C;;Malt [35]. The DHPC molecules displaced by DDEA would be
incorporated in the lipidic bilayer together with DPPC molecules, with its polar head in
contact with the aqueous medium and the apolar alkyl chains into the hydrophobic alkyl
core. The polar heads of both DPPC and DHPC are the same and this fact explains the
no differences in the WAXS results between DPPC/DHPC bicellar systems with and
without the drug. Moreover, the decrease in the bilayer thickness is also explained due
to the shorter alkyl chains of DHPC. This difference in the alkyl chain length could
create an extra space as in the case of the DDEA inclusion explained above. This extra

space in the alkyl chain region would induce an interdigitation or a bending of the
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DPPC alkyl chains leading a decrease of the bilayer thickness as it can be see in the
SAXS results.

These arguments support that some molecules of DDEA induce a displacement of
DHPC from the edges to the DPPC bilayer. Also, other DDEA molecules are
incorporated in the DPPC bilayer. In summary, the inclusion of DDEA induces the
mixture of these components in the bicellar structure promoting the reduction of the Tm
values and the bilayer thickness. This finding is in concordance with the small and
spherical shape of these DPPC/DHPC/DDEA systems detected by transmission electron
microscopy (TEM) and published in a previous work [9].

4.2 Topical application of DDEA bicellar systems in impaired skin

The simulation of in vitro impaired skin by tape stripping has been previously described
by our group [4] and other authors [1, 3] due its accessibility and simplicity. This
methodology induces and impairment of the SC increasing significantly the TEWL.
Simonsen et al.[3] developed an in vitro skin permeation model simulating atopic
dermatitis skin by applying 25 tape strips to intact skin, the barrier impairment was
evaluated by TEWL. The skin permeation results obtained through this impaired skin
were found to correlate with clinical findings. According to the results obtained in that
work, we decided to use 25 strips to simulate in vitro impaired skin.

The application of bicelles containing DDEA on the in vifro impaired skin induced a
certain occlusion of the skin with the corresponding diminution of the TEWL. This
occlusion is due to a lipidic film formed after the evaporation of the water of the bicellar
systems. This effect was also detected by other authors in the use of liposomes topical
applied in vivo which reduces TEWL giving to the patient immediate relief from the
discomfort associated with dry skin [36, 37]. The TEWL diminution envisaged in Fig. 3
can also be due to a certain restoration effect promoted by DDEA bicellar systems. This
system (without drug) has demonstrated in previous papers to work as repairing agent of
the SC lipid structure [7].

As regards to the percutaneous absorption studies, DDEA in bicelles has a favourable
tendency to pass through the SC (proportion of DDEA in SC in very low, Fig. 4). This
fact could be due to a higher affinity of DDEA with the lipids of the bicelle than with
the intercellular lipids of the SC. This affinity can be explained by the hydrogen
bonding possibly formed between DDEA and the phospholipids from bicelles. In the
case of E and D layers, the content of DDEA detected when the drug is applied in both
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vehicles is very similar. Therefore, the content of DDEA available in E and D does not
decrease much when is vehiculized in bicellar systems.

In RF the content of DDEA in water is statistically very high as compared with DDEA
in the bicellar system. This particular behaviour of DDEA vehiculized in water can be
considered normal because the barrier function of the skin has been compromised due to
the tape stripping and consequently the percutaneous absorption is enhanced [38]. Then,
it is interesting the retardant effect of bicellar systems on the DDEA topical absorption
in damaged skin. This behaviour is consistent with the work of Bouwstra et al[39] who
reports that gel-state vesicles can inhibit drug permeation across the skin. Considering
the DPPC/DHPC/DDEA T, (39°C) and the temperature of application (32°C), DDEA
bicellar systems were also applied on a gel state. In addition, the retardant effect
detected on percutaneous absorption of DDEA included in a bicellar system may be
justified by the preferential interaction of the active principle with the lipids constituent
of the bicelles. This retardant effect of bicellar systems agrees with previous published

data in which this effect was described when drugs are applied on native skin [40].

This retardant effect of bicelles (decreasing the percutaneous absorption) as well as their
occlusive action on the skin surface (lowering the TEWL results) can be useful for the
improvement of the therapeutic characteristics of DDEA when this drug is applied on
impaired skin. This is specially interesting because, in most of the skin diseases, the

skin inflammatory process induces a deterioration of the EC [41].

5. Conclusions

The use of DPPC/DHPC bicellar systems as vehicle for topical application of DDEA on
impaired skin inhibits the penetration of DDEA to systemic level and seems to repair, in
some extent, the barrier function. As a consequence, these systems may be a good

alternative strategy to treat damaged skin with different drugs.
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4. DISCUSSIO

4.1 Caracteritzacio fisico-quimica dels sistemes bicel-lars

Inicialment, es van triar els nanoagregats de DMPC/DHPC i DPPC/DHPC com
a nous sistemes de vehiculitzacié; ambdds amb una relaci6 molar entre el
fosfolipid de cadena alquilica llarga i el de cadena alquilica curta, q= 2, i una
concentracio lipidica del 20%. Els resultats de DLS (Taula 1 de l'article 1) van
donar unes mides de particula d’entre 14 i 15 nm en els dos casos. Per tant, tant els
sistemes de DMPC/DHPC com els formats per DPPC/DHPC podien ser, en un
principi, bons candidats per al seu Us com a vehicles, donada la seva composicié
lipidica i la seva mida de particula. Pero a mesura que han anat avangant les
investigacions d’aquesta tesis, paral-lelament també s’anaven coneixen resultats de
I'aplicacié d’aquests sistemes bicel:lars in vivo descrits pel nostre grup
d’investigacié (Barbosa-Barros i cols, 2009). Dels resultats obtinguts en aquests
estudis es pot treure la conclusi6 de que els sistemes bicel-lars de DPPC sén millors
per a l'aplicacié topica que els de DMPC ja que aquests ultims produien més
variacié de parametres fisico-quimics de la pell que els de DPPC. A més, una altra
explicacié de la conveniéncia dels sistemes de DPPC davant dels de DMPC és que a
temperatura fisioldogica (aprox. 37 °C), el DPPC esta en fase gel, ja que té una T, de
41 °C (Reeves i cols, 2007), igual que els lipids de I'EC (T d’aproximadament 60
°C)(Golden i cols, 1987). En canvi, el DMPC té una T, d’aproximadament 23 °C
(Sternin i cols, 2001), i per tant a la temperatura en que es troba la pell els sistemes
de DMPC/DHPC estan en fase fluida. Per aquet motiu, les bicel-les de DPPC no
canvien ni de fase ni de morfologia a I'aplicar-se sobre la pell; en canvi, les bicel-les
de DMPC si que pateixen canvis de fase i morfologics.

4.1.1 Canvis estructurals i morfologics provocats en els sistemes
bicel-lars per la inclusi6 d’un principi actiu

4.1.1.1 Incorporacioé del DDEA

La incorporaci6 del DDEA en els sistemes bicel-lars va conduir a una
disminucié drastica en la mida de particula mesurada per DLS per ambdoés
sistemes, de 14,0 nm a 2,4 nm en el cas del DMPC/DHPC i de 15,2 nm a 2,8 nm en
el cas dels sistemes de DPPC/DHPC (Taula 1 de l'article 1). Aquestes mides de
particules estan dins de l'interval de formacié de sistemes bicel-lars ja que la mida
minima de les vesicules és de lI'entorn de 20 nm (Cornell i cols, 1982). La
disminucié de la mida per efecte del DDEA es pot entendre considerant que els
farmacs amb un cert caracter tensioactiu, com els compostos antiinflamatoris no
esteroides, es poden auto-associar a membranes unint-se a elles i causant una
disrupci6 parcial d’aquestes. Aquesta explicaci6 pot ser valida per als sistemes de
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DPPC/DHPC i DMPC/DHPC ja que ambdos es consideren models de membrana.
Diversos autors han descrit aquest comportament del DDEA i altres farmacs
(Kriwet i Miiller-Goymann, 1994; Lopes i cols, 2006; Lopes i cols, 2004b; Rades i
Miiller-Goymann, 1997; Schreier i cols, 2000; Schutze i Muller-Goymann, 1998). El
DDEA podria tenir un efecte similar al del DHPC en I'estructura discoidal de les
bicel-les, mostrant una tendeéncia a localitzar-se a les vores de I'estructura laminar.
Aquest fet podria provocar una disminucié en la relacié molar entre les molecules
de la bicapa i les de les vores, i, per tant, la seva mida de particula es reduiria, com
de fet va ocorrer en els nostres experiments. Tot sembla indicar que la morfologia
discoidal de les bicel-les es redueix per l'efecte de DDEA adoptant una estructura
esferica similar a la descrita per les micel-les mixtes (Schutze i Muller-Goymann,
1998). El mecanisme d'incorporacié del DDEA en les bicel-les és probablement
similar al publicat per Lopes (Lopes i cols, 2004b) , quan aquest principi actiu es
va encapsular en liposomes de fosfatidilcolina de soja. La naturalesa amfifilica del
DDEA permetria la seva incorporacié en la bicapa lipidica. Aquesta incorporacié
seria possible donada la hidrofobicitat de I'anell diclofenil del farmac, que s’orienta
cap al nucli hidrofob de les bicapes.

Els resultats de DLS i Cryo-TEM en el cas del DPPC/DHPC (Fig. 3 de l'article
1) concorden en la disminucié de la mida dels sistemes bicel-lars quan el DDEA es
incorporat en la seva estructura.

Les tecniques de SAXS, WAXS i DSC van permetre una caracteritzacio
exhaustiva dels sistemes bicel-lars compostos per DPPC/DHPC amb el DDEA
incorporat (article 6).

Les bandes obtingudes per SAXS (Fig. 1 de I'article 6) a les tres temperatures
estudiades (25, 32 i 37 °C) indiquen una disminuci6 del gruix de la bicapa
(d'aproximadament 58 A a aproximadament 52 A) en comparacié amb els
resultats obtinguts per sistemes bicel:-lars de DPPC/DHPC sense farmac (Fig. 6 de
l'article 2). Aquesta disminucid pot ser deguda a la incorporacié de molécules de
DDEA i/o de DHPC en la bicapa lipidica. En ambdds casos, aquesta incorporacié es
veu corroborada pels resultats de DSC (Fig. 2 de I'article 6). Els resultats obtinguts
van mostrar una disminucié en la Tm del DPPC de 41,1 °C a 39 °C i en la
temperatura de pre-transicio de 35 °C a 29 °C quan el DDEA s'inclou en sistemes
bicel-lars de DPPC/DHPC. Aquesta disminuci6 en la temperatura indica una
alteracié en l'organitzacié de l'estat gel dels lipids que pot ser produida per la
inclusio del DDEA, el DHPC o tots dos a la bicapa de DPPC. La disminuci6 de la Tr ja
ha estat descrita per (Manrique-Moreno i cols, 2009) en I'estudi de la interaccié de
DDEA amb DMPC. Els resultats d’aquest estudi descriuen la capacitat del DDEA per
alterar la cooperativitat de la transici6 de fase induint una disminuci6 de la Tm. A
més, altres articles publicats sobre la inclusi6 en els sistemes de bicel:lars de
diferents substancies com tensioactius (Kozak i cols, 2007), sulfat de colesterol
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(Shapiro i cols, 2010) i ceramides (Barbosa-Barros i cols, 2008a; Barbosa-Barros i
cols, 2008b) van descriure canvis en les estructures bicel-lars. Alguns d’aquests
treballs expliquen la disminuci6 de la Tm quan un compost és inclos en I'estructura
de la bicapa de les bicel:-les. En el nostre cas, és possible que la part hidrofila del
DDEA interactui amb els caps polars dels fosfolipids formant en alguns casos
enllacos per ponts d'hidrogen, mentre que la part hidrofoba pot interactuar amb la
regié hidrofoba de la cadena alquilica dels lipids. La menor grandaria de les
molecules DDEA en comparacié amb les molécules de DPPC podria crear un espai
extra a la regié no polar de la bicapa laminar. Per omplir aquest espai, les cadenes
alquiliques de DPPC tenen tres possibilitats: La primera podria ser una
desorganitzacio de la bicapa, pero els resultats de WAXS (FIG: 1 de l'article 6)
indiquen un empaquetament lateral ortorombic (OR) igual que els resultats
obtinguts en l'article 2 pels sistemes bicel-lars de DPPC/DHPC sense el principi
actiu. Aquest fet fa que aquesta hipotesi sigui improbable. Una altra explicaci6 és
que aquest espai pot ser omplert per la inclinacié de les cadenes hidrocarbonades
de les molecules de DPPC, fet que també explicaria la reduccié en I'amplada de la
bicapa detectat per SAXS. Aquesta possibilitat esta d'acord amb altres autors que
descriuen la interacci6 de compostos amfifilics amb liposomes (Lopes i cols,
2004b; Stoye i cols, 1998). L'ultima possibilitat és la inclusié del DDEA a la regié
del cap polar. Aquest fet augmentaria l'area de la regié polar i portaria una
interdigitaci6 de les cadenes alquiliques del DPPC per disminuir el desequilibri
entre les necessitats d’espai dels caps polars i les cues hidrofobiques de les
molecules de DPPC de la bicapa. Aquest argument ha estat emprat per altres autors
per explicar la reduccié del gruix de la bicapa produida per la incorporacié
d’alguns compostos antiinflamatoris (Nunes i cols, 2011a; Nunes i cols, 2011b).
Encara que tant les opcions d’inclinacié i interdigitacié de les cadenes alquiliques
del DPPC son factibles, la interdigitaci6 és energeticament més favorable que una
inclinacio6 forta de les cadenes (Nunes i cols, 2011b).

La inclusi6 de molécules de DHPC a la bicapa de DPPC també pot promoure la
disminucié de la Tn. El DHPC ha estat descrit com un tensioactiu suau (Helmut,
2000) i alguns autors han descrit que la majoria dels tensioactius tendeixen a
desplagar la Tm dels lipids a valors més baixos (Heerklotz, 2008). Part de les
molecules de DHPC desplacades pel DDEA s’incorporarien a la bicapa lipidica
juntament amb les molecules de DPPC, amb el seu cap polar de PC en contacte amb
el medi aquos i les cadenes apolars incloses en el nucli hidrofob de la bicapa. Els
caps polars del DPPC i del DHPC sén els mateixos i aquest fet explica que no hi hagi
diferencies en els resultats de WAXS entre els sistemes bicel-lars de DPPC/DHPC
amb i sense DDEA. D'altra banda, la disminucié en el gruix de bicapa s’explicaria
també a causa de que les cadenes alquiliques del DHPC s6n més curtes i aquesta
diferencia en la longitud de les cadenes podria crear un espai extra com en el cas
de la inclusi6 del DDEA en la bicapa que s’ha explicat anteriorment. Aquest espai
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addicional a la regi6 apolar induiria una interdigitacié o flexié de les cadenes
alquiliques del DPPC que conduiria a una disminuci6 del gruix de la bicapa com es
pot deduir dels resultats de SAXS.

Tots els arguments anteriorment descrits recolzen que algunes molecules de
DDEA induirien un desplagcament de molecules de DHPC de les vores de les
bicel-les a la bicapa de DPPC. A més, altres molecules de DDEA s’incorporarien a la
bicapa de DPPC. En resum, la inclusi6 del DDEA en els sistemes bicel-lars de
DPPC/DHPC indueix una reubicacié dels tres components en les estructures
bicel-lars promovent la reduccié dels valors de Tm, del gruix de la bicapa i de la
mida de les bicel-les. Aquesta troballa esta en concordanca amb la forma petita i
esferica que tenen aquests sistemes de DPPC/ DHPC/DDEA detectar per Cryo-TEM
(articles 11 4).

4.1.1.2 Incorporacié del FFA

En la caracteritzaci6 fisico-quimica dels sistemes bicel:lars de
DPPC/DHPC/FFA s’han fet servir diverses tecniques complementaries. Aquestes
técniques han estat el DLS, la FFEM, el Cryo-TEM, el SAXS, el WAXS i la DSC.

En les investigacions realitzades en l'article 2 s’ha demostrat la incorporaci6
d’'un 1% de FFA en sistemes bicel-lars DPPC/DHPC. Aquesta incorporacié modifica
I'estructura discoidal inicial. A més, la baixa solubilitat d’aquest farmac en aigua
(0,03 mg/ml) (Hadgraft i cols, 2000) i la concentraci6 inclosa en els sistemes (10
mg/ml) elimina la possibilitat de que el FFA es trobi en el medi aquos; per tant, la
inclusio del farmac en el sistema bicel-lar era I'opcié més probable.

Tenint en compte la incorporacié del FFA en els dominis lipidics del sistema
bicel-lar, podrien ser considerades dues possibles zones d’allotjament diferents: la
polar, i els ambients apolars de la bicapa lipidica. El lloc d’incorporacié depén de
I'estat de protonaci6 del grup carboxilic de la FFA, que té un pKa
d’aproximadament 4 (Lee i cols, 2010). En conseqiiencia, i ates que el pH dels
sistemes que contenen FFA és d’aproximadament 5,5 (lleugerament més elevat
que el pKa del FFA), es pot esperar una inclusi6 del farmac preferentment entre les
cadenes apolars del DPPC. Es interessant observar que el pH del sistema amb FFA
és el mateix que el descrit per a la pell sana.

Per DLS (Fig. 1 de l'article 2), a 25 °C es va detectar un augment en la
grandaria de les estructures d'uns 9 nm a uns 138 nm degut a la incorporacio del
FFA. Se sap que, en aigua, el DPPC té una tendéncia a formar bicapes planes i
vesicules, mentre que el DHPC tendeix a formar micel-les esfériques petites (Wang
i cols, 2008). Per tant, les grans estructures detectades per FFEM (Fig. 3 Ai B de
I'article 2) després de l'addici6 del FFA poden ser fragments de lamines,
possiblement formades per una retirada parcial del DHPC de les bicel-les
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discoidals. Aquest desplacament dels fosfolipids de cadena curta donaria lloc a la
formacié de lamines i fragments d’aquestes estructures enriquits en DPPC. També
es van detectar per microscopia, petites nanoestructures barrejades amb aquestes
estructures laminars (Fig. 3A, B i Fig. 4B de l'article 2). El FFA és distribuit en
dominis apolars de les lamines i molt probablement en les petites nanoestructures
riques en DHPC.

El sistema DPPC/DHPC/FFA exhibeix modificacions estructurals i
morfologiques per I'efecte de la temperatura. Es interessant observar que no es
van detectar canvis amb la temperatura (entre 25 i 37 °C) en els sistemes sense
FFA. Treballs previs han descrit que les bicel-les discoidals es converteixen en
grans estructures quan la temperatura augmenta per sobre de la T del fosfolipid
de cadena llarga (Sternin i cols, 2001). Encara que la T, del DPPC disminueix
(d’acord amb els resultats de DSC, Fig. 5 de I'article 2) quan el FFA és incorporat al
sistema (38,9 °C), aquesta temperatura és propera pero encara superior a la
temperatura experimental (37 °C). Per tant, no s’espera un augment de grandaria a
causa de la temperatura. Per contra, els nostres resultats indiquen que, quan la
temperatura experimental s’'incrementa, disminueix la mida de les nanoparticules,
com s’observa a partir dels resultats de microscopia (Fig. 3 i 4 de I'article 2). En
conseqiiencia, altres parametres a més de la temperatura també podrien causar
modificacions en els sistemes bicel-lars, com ara la diluci6, la composicié i la
relacié molar dels fosfolipids (q).

El FFA és poc soluble en aigua, pero la seva solubilitat augmenta per la
presencia de tensioactius no-idnics (Luengo i cols, 2006), com és el cas del DHPC.
Les variacions en la solubilitat del FFA (en el rang de temperatures estudiat)
probablement pot induir a les diferents distribucions del farmac entre el medi
aquods i el sistema lipidic. Aquest fet promou la formacié d'estructures amb
diferents relacions molars que exhibeixen diferents mides i formes. A 25 °C, el FFA
es probablement incorporat en gran mesura en les bicapes de DPPC,
particularment, entre les cadenes alquiliques de DPPC (domini apolar). A 32,5 ° C,
una part de les molécules de FFA podria ser incorporat a les bicapes de DPPC soles,
i una altra part es probablement inclosa als sistemes bicel-lars de DPPC/DHPC. A
37 °C, una part del FFA es inclos en els agregats bicel-lars, i una altra part formant
micel-les esferiques, micel-les mixtes tubulars i micel-les tubulars ramificades amb
DHPC i DPPC. Agregats similars es descriuen en sistemes compostos de DMPC i
DHPC quan la q i la temperatura son incrementades (van Dam i cols, 2006). En el
nostre cas, les transformacions estructurals semblen estar altament dominades per
la incorporaci6 del FFA en els agregats, atés que no es van observar canvis en el
sistema sense el farmac.

Els resultats obtinguts per DLS sén complementaris als de les altres
tecniques estudiades. La diferéncia en la mida de les petites vesicules i les
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estructures observades per FFEM i Cryo-TEM no és representativa ja que la tecnica
FFEM només permet la visualitzaci6 d'una réplica de la zona de fractura de les
estructures en un pla, no d’'un volum d’una soluci6, com amb la teécnica de Cryo-
TEM. Aquesta tecnica (Dubochet i cols, 1988) és particularment apropiada per a
'estudi de les transicions de fase de lipids ja que la vitrificaci6 és rapida i eficient.
En FFEM, el protocol de fixaci6 és el mateix que en Cryo-TEM, pero, la fractura
funciona de manera aleatoria i de preferencia entre les dues capes de la bicapa
lipidica. Aquest fet podria dificultar la visualitzaci6 de les estructures transitories.
Les imatges obtingudes per Cryo-TEM sén projeccions bidimensionals de totes les
membranes en la dispersio, mentre que les imatges FFEM només mostren la
projecci6 bidimensional de la superficie de fractura. Per tant, és més facil
visualitzar estructures intermedies de curta durada amb Cryo-TEM. Aixi, la
caracteritzacié de noves estructures es facilitada utilitzant ambdues tecniques de
microscopia. El desavantatge de la Cryo-TEM és que les imatges de les estructures
lipidiques en aigua es formen sovint amb un contrast relativament pobre. Per tant,
la Cryo-TEM pot ser una excel-lent tecnica complementaria a la FFEM perque els
diferents aspectes de la microestructura poden ser aclarits (Siegel i cols, 1994).

En la corba de DSC (Fig. 5 de l'article 2) dels agregats bicel-lars de
DPPC/DHPC, es va detectar una transicié principal pronunciada a 41,1 °C que esta
en concordanc¢a amb la fusid de les cadenes del DPPC pur (Reeves i cols, 2007). El
pic tipic de la pretransicié del DPPC pur a 35 °C es detecta com una banda ampla en
el nostre cas; aquest fet demostra que el DHPC influeix en la pretransicid,
provocant un cert eixamplament de la banda. Aquest eixamplament pot estar
associat amb la formaci6 d’agregats de diferents mides i acoblaments a causa de les
diferents maneres d’interaccié del DPPC amb el DHPC o amb si mateix. En els
sistemes bicel-lars de DPPC/DHPC/FFA (Fig. 5 de l'article 2), es va observar una
disminucié en la temperatura de transicié de fase (Tm) i un eixamplament d’aquest
pic principal de transici6 respecte a les bicel-les de DPPC/DHPC. Aquest efecte
d’eixamplament esta d’acord amb els resultats obtinguts per Kyrikou (Kyrikou i
cols, 2004) en la incorporaci6 de d’antiinflamatoris no esteroides en les bicapes de
membrana formades per DPPC. Chapman (Chapman, 1975) va publicar la relacio
existent entre la forma del pic en DSC i la interacci6 cooperativa entre les
molecules de DPPC a la temperatura de transicié de fase. Un pic agut es deriva
d’'una major interaccié cooperativa entre les molecules de DPPC, mentre que un pic
ample es deriva d’'una menor cooperativitat. Per tant, I'addici6 del FFA provoca una
disminucié en la interacci6 cooperativa entre les molecules de DPPC.
Addicionalment, el FFA va induir a una disminuci6 en la Tm. En general, tenint en
compte la interaccid dels lipids amb altres molécules com ara diversos carotenoids
(Kostecka-Gugala i cols, 2003), melatonina (Severcan i cols, 2005) o progesterona
(Korkmaz i Severcan, 2005), la tendencia és la desaparici6 de la pretransicié, pero,
en el nostre cas, es va observar la formacié d’'un doble colze en lloc d’'una
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desaparicio. Aquest doble colze podria correspondre a les transicions entre les
fases Lg'i Pgi/o la coexisténcia de totes dues. A 32,5 °C, les micrografies de FFEM
mostren una fase ondulada i també una varietat d’altres estructures, fet que podria
estar relacionat amb la coexisténcia de les fases Lg ' i Pg. La subtransicio detectada
per DSC pels sistemes bicel-lars amb FFA podia ser induida per la formaci6 de
lamines de DPPC en les quals esta excldos el DHPC. Tenint en compte que aquesta
subtransicié no s’ha detectat en els sistemes sense FFA, es pot suposar que el
farmac ha estat el responsable del desplacament del DHPC de lamines de DPPC. La
formacié d’aquestes lamines es corrobora amb les micrografies de FFEM a 25 °C. El
doble colze aparegut en la pretransicid i la subtransici6 detectats reforcen la
hipotesi de la formacié de nous complexos de DPPC, DHPC i FFA, o diferents
combinacions dels tres. Les micrografies de les Fig. 3 i 4 de l'article 2 mostren
imatges dels sistemes a 25, 32,5 i 37 °C. Considerant els resultats de DSC, s’esperen
diferents fases a les tres temperatures estudiades; per tant, la gran varietat
estructural observada en les micrografies concorda bastant bé amb les dades
calorimetrics, i un argument similar és aplicable als resultats obtinguts per DLS.

En els resultats obtinguts per SAXS (FIG: 6 de l'article 2), els espectres del
sistema de DPPC/DHPC van revelar una banda ampla caracteristica de bicapes
individuals de fosfolipids, sense estar apilades (Bolze i cols, 2000). Quan el FFA
s’'inclou en les bicel-les a 25 °C, es van detectar per SAXS la formaci6 de piles de
bicapes, la qual cosa concorda amb les micrografies de FFEM (Fig. 3 de l'article 2).
A 32,5 i 37 °C, apareix un pic ample, el que indica I'absencia d’apilament de les
bicapes. Els resultats de WAXS (Fig. 7 de l'article 2) indiquen un desordre intern
causat per la inclusi6 del FFA, que indueixen una transformacié d’empaquetament
lateral ortorombic (OR) a hexagonal (HEX). Aquest comportament del FFA també
es reflecteix en un treball de Grage (Grage i cols, 2000), on es va estudiar la
influencia del FFA en bicapes de DMPC. El desordre en l'estructura dels sistemes
DPPC/DHPC provocat per la inclusié6 del FFA és més evident a 37 °C ja que
s’evidencia una transformacié d’'un empaquetament OR inicial a una fase mixta
entre HEX i liquid cristal-li.

Per tant, la inclusié de FFA en els sistemes bicel-lars indueix la formacio de
nous agregats, com ara grans estructures multilaminars i estructures ondulades,
discoidals o tubulars en funcié de la temperatura. Encara que és dificil que els
resultats de totes les tecniques coincideixin, ja que cada tecnica té les seves propies
peculiaritats, creiem que cal investigar aquests sistemes tenint en compte les
diferents perspectives ofertes per aquesta combinacié de metodologies per a
aconseguir una correcta interpretacio dels resultats.
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4.1.1.3 Comparativa dels canvis provocats per la inclusié del DDEA i del FFA
en sistemes bicel-lars de DPPC/DHPC

La incorporaci6 del DDEA en aquests sistemes bicel-lars provoca una
reduccio en la seva grandaria sense tenir influencia la temperatura detectada per
DLS, sempre que es treballi per sota de la T, del DPPC (41 °C). Per altra banda, els
resultats de DLS en el cas de la inclusié del FFA indiquen un augment en la mida
dels sistemes induit pel FFA.

Les micrografies obtingudes per Cryo-TEM corroboren la reduccié de la mida
de particula quan el DDEA és inclés en els sistemes bicel-lars de DPPC/DHPC. En el
cas de la inclusié del FFA, les visualitzacions de les micrografies obtingudes per
Cryo-TEM i FFEM indiquen la formacié de diferents nanoagregats com lamines
apilades, micel-les tubulars i d’altres, en funcié de la temperatura.

Dels resultats de SAXS es pot deduir que la inclusié del DDEA en els sistemes
bicel-lars provoca una disminuci6 de I'amplada de la bicapa dels nanoagregats a les
tres temperatures estudiades. Per altra banda, en la inclusié del FFA a 25 °C es
detecta la formacié de lamines apilades i a 32,51 37 °C no s’observa cap apilament
ni reduccio6 de I'amplada de la bicapa respecte als sistemes sense farmac. La tecnica
de WAXS va detectar un empaquetament lateral OR igual que les bicel-les sense
farmac en els cas dels sistemes DPPC/DHPC/DDEA. En el cas de la incorporacié
del FFA, el farmac indueix un desordre en I'’empaquetament lateral d’OR a HEX.

Aquestes diferéncies en la modificacié estructural i morfologica de les
bicel-les inicials provocades pels dos farmacs sén degudes a la diferent lipofilicitat
dels dos compostos ja que el DDEA és amfifilic i el FFA és lipofilic.

En ambdoés casos s’ha detectat la inclusié del farmac, cosa que és important
donat el seu possible Us en aplicacions topiques de farmacs.

Encara que les nanoestructures formades després de la inclusié dels farmacs
son diferents, en ambdds casos es preserva una organitzacié en bicapes que
recorda 'organitzacio lipidica de 'EC. Aquest fet fa pensar en la idoneitat d’aquests
sistemes per a usos dermatologics.

4.1.2 Capacitat encapsuladora dels sistemes bicel-lars

Els sistemes formats per DMPC/DHPC i DPPC/DHPC van ser capacos
d’incorporar 1,16 % (w/v) (concentraciéo comu del mateix farmac en el producte
comercial) de DDEA d’'una manera similar a altres sistemes col-loidals com ara
liposomes, microemulsions, micel-les mixtes, etc (Boinpally i cols, 2003; Kriwet i
Miiller-Goymann, 1994; Kweon i cols, 2004; Lopes i cols, 2006; Lopes i cols, 2004a;
Parsaee i cols, 2002). Els sistemes bicel-lars amb DDEA van mostrar una aparenga
transparent sense separacié de fases i/o precipitats. Aquests sistemes es van
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mantenir estables durant almenys 1 setmana i van exhibir un aspecte de gel, que
facilita la seva aplicaci6 sobre la pell en comparacié amb I'aplicacié d'una solucié
aquosa de DDEA (molt més fluida).

Els sistemes lipidics de DPPC/DHPC han permes la inclusié d'un compost
lipofil, com és el cas del FFA, sense la necessitat d’utilitzar dissolvents organics
emprats en els productes comercials i han demostrat que exhibeixen una
versatilitat morfologica interessant. La concentracio utilitzada ha estat de 1'1%,
similar a la utilitzada en el cas del DDEA. Visualment, els sistemes bicel-lars de FFA
van mostrar diferéncies en l'aparenca depenent de la temperatura. A 25 °C els
sistemes tenien un aspecte lletés; a 32,5 °C, aquesta mostra era fluida i transparent
del tot i a 37 °C es va tornar en translucida. No es van apreciar precipitats en les
mostres dels sistemes bicel-lars en qualsevol d'aquestes temperatures.

4.2 Estudis in vitro de I’aplicacio topica dels sistemes bicel-lars en
pell sana

S’han utilitzat dos tipus d’experiments per a estudiar l'aplicacié topica dels
sistemes bicel-lars. En el primer tipus, els sistemes bicel-lars han estat usats com a
vehicles del DDEA (articles 1 i 4) o del FFA (articles 3 i 4). En els segon tipus, els
sistemes bicel-lars sense farmac s’han usat com a modificadors de la barrera
cutania abans de 'aplicaci6é d'una soluci6é aquosa de DDEA (article 1).

4.2.1 Sistemes bicel'lars com a vehicle del DDEA: influencia de la
composicio lipidica dels sistemes

La inclusié de DDEA en bicel-les de DPPC/DHPC i DMPC/DHPC disminueix
I'absorcié percutania del farmac en comparacié6 amb la d’'una solucié aquosa de
DDEA (Fig. 4 de l'article 1). Aquesta troballa suggereix un efecte retardador de
I'absorcié percutania quan el farmac esta inclos en els sistemes bicel-lars. Aquest
efecte seria interessant per ser aplicat en farmacs que tenen una absorcio
percutania massa rapida, com és el cas del fentanil, per evitar una sobredosi a
nivell sistemic (Frolich i cols, 2001).

Es evident que I'tis d’ambdés tipus de sistemes bicel-lars impedeix el pas del
farmac a les capes més profundes de la pell. Aquest efecte inhibitori sobre la
penetraci6 a la pell va ser més marcat en el cas dels sistemes bicel:lars de
DMPC/DHPC. La diferencia de penetracié a la pell del DDEA inclos en bicel-les de
DPPC i en bicel-les de DMPC podria ser a causa de la diferent temperatura de
transici6 d’aquests dos fosfolipids. Com s’ha comentat abans, a la temperatura
experimental el DPPC esta en fase gel igual que els lipids de 'EC i el DMPC esta en
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fase cristall-liquid. E1 DMPC esta en una fase diferent a la dels lipids de 'EC i, com a
conseqiiéncia, la penetracié a través de la pell podria ser més dificil.

Es podria pensar que a causa de la menor dimensié de les bicel-les quan s’ha
encapsulat el DDEA aquests sistemes podrien penetrar més facilment a través de la
pell, cosa que no succeir en els nostres experiments. El motiu radica en el fet de
que hi ha diferents factors que estan implicats en I'efecte potenciador/retardador
d’'un vehicle. Alguns d’aquests factors son la possible disrupcié de 'organitzacio
dels lipids intercel-lulars de I'EC, l'afinitat del compost amb el vehicle i la rigidesa
de l'estructura lipidica del vehicle (Gwak i Chun, 2002; Thong i cols, 2007). La
incorporacié del DDEA en el sistema bicel-lar pot provocar una certa rigidesa en
les bicel-les. De fet, el farmac no esta simplement dissolt en la regié lipofila dels
fosfolipids, sin6 que probablement s'incorpora a la bicapa alineat amb els
fosfolipids ; a més, els grups carboxil del diclofenac podrien augmentar la rigidesa
dels caps polars dels fosfolipids (Ferreira i cols, 2005; Seddon i cols, 2009).
Aquesta rigidesa, dificultaria la penetracié del DDEA través de la pell (Kriwet i
Miiller-Goymann, 1994). Una altra possible raé per a explicar aquesta baixa
penetracio podria estar relacionada amb la dificultat que té el DDEA a difondre
fora dels sistemes bicel-lars.

4.2.2 Sistemes bicel-lars com a vehicle del FFA

Les investigacions dutes a terme amb bicel-les contenint FFA s’han dissenyat tenin
en compte dos aspectes diferenciats. Per una part, s’ha estudiat la influencia de
diferents vehicles en 'absorcié percutania del FFA i, per altra part, s’ha investigat
la interaccié potencial dels lipids dels sistemes bicel:lars amb el domini lipidic de
I'EC.

4.2.2.1 Influencia del vehicle en I'absorcié percutania del FFA

Es van fer estudis d’absorcié percutania del FFA vehiculitzat en sistemes
bicel-lars de DPPC/DHPC, en una soluci6 etanolica i en el producte comercial (Fig.
4 de I'article 6).

Els resultats obtinguts van mostrar que I'absorcié percutania va ser menor
quan el farmac es va incloure en els sistemes bicel-lars i major quan el FFA estava
dissolt en etanol.

Els alts valors d’absorcié percutania obtinguts per a la dissoluci6 etanolica
probablement estan relacionats amb el conegut efecte potenciador de la penetracié
d’aquest dissolvent. Merle (Merle i Baillet-Guffroy, 2009) va observar una reduccio
del gruix de I'EC associat a una solubilitzacié dels lipids de I'EC per efecte de
I'etanol. Aquest efecte sobre I'EC podria potenciar la permeabilitat de la pell. Un
augment de la permeabilitat esta associat, en la majoria dels casos, a una
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fluidificacié dels lipids de 'EC que implica un major moviment de les cadenes
alquiliques lipidiques en aquestes arees (Williams i Barry, 2006). No obstant aixo,
considerant els resultats d’ATR-FTIR, aquest fet no sembla océrrer en les mostres
tractades amb una soluci6 etanolica de FFA. La posicié de les bandes simetriques i
asimetriques d'“stretching” dels lipids de I'EC després del tractament amb una
soluci6 etanolica de FFA va mostrar un lleuger ordenament de les cadenes
alquiliques dels lipids intercel-lulars de I'EC en comparacié amb la pell control, en
comptes del desordre esperat. Aquests resultats concorden amb un treball previ de
Bommannan (Bommannan i cols, 1991) que indica que encara que I’etanol pot
extreure quantitats apreciables de lipids de I'EC, aix0 no sembla induir un desordre
en els lipids de I'EC. Els nostres resultats d’ATR-FTIR en la regi6 de '“scissoring”,
indiquen un canvi del pic caracteristic de 'empaquetament HEX a valors més
baixos, fet que podria estar associat amb l'extraccio d’alguns lipids de I’EC. El canvi
en la composicio lipidica induiria una certa pertorbacio en la funci6 de barrera de
I'EC, fet que s’evidencia en els nostres resultats d’absorci6 percutania com un
augment de la permeabilitat de la pell. Els resultats obtinguts corroboren que
I'extraccio de lipids per I’etanol pot ser el mecanisme responsable potenciador de
la permeabilitat de la pell, enlloc de I'alteraci6 de I'ordre dels lipids intercel-lulars
de I'EC.

L’absorci6 percutania del FFA inclos en el producte comercial va ser menor
que l'absorcié percutania quan el farmac es va incloure en la solucié etanolica,
encara que més gran que en el cas de FFA en sistemes bicel-lars. Aixo és
probablement degut a la composicié del producte comercial que, a part de FFA,
conté un 2% d’acid salicilic. Aquest compost és una molecula queratolitica capag de
provocar una descamacio6 dels corneocits reduint la funcié barrera de 'EC (Bashir i
cols, 2005; Dias i cols, 2007; Lebwohl, 1999). Els resultats d’ATR-FTIR van mostrar
un millor ordenament dels lipids de 'EC quan es va aplicar el producte comercial
de FFA en comparacié amb la pell control. Aquest ordre aparent podria ser degut a
excipients alcoholics del producte comercial, com ara I'isopropanol i el polipropile
glicol, que podrien extreure part dels lipids de I'EC i podrien induir efectes similars
a l’etanol sobre les bandes ATR-FTIR.

Quan el FFA esta inclos en els sistemes bicel-lars i s’aplica sobre la pell, els
resultats de I'absorcié percutania total indiquen uns valors més baixos comparats
amb l'aplicacié de FFA amb els dos altres vehicles. Aquests resultats suggereixen
un efecte retardador de 'absorcié percutania quan el farmac esta inclos en els
sistemes de bicel-lars. El concepte de retardador va ser descrit per Schaefer
(Schaefer i Redermeier, 1996) i esta associat als agents que redueixen I'absorcio
percutania dels compostos mitjancant 'augment de la funcié barrera de la pell.
Possiblement, els lipids de les bicel:les interactuen amb els lipids de I'EC
modificant I'organitzacié de les bicapes lipidiques i augmentant la funcié barrera
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de I'EC. Aquest efecte també va ser descrit per alguns autors per a determinats
compostos com ara alguns analegs de I'iminosulfura (Asbill i Michniak, 2000; Kim i
cols, 1999) i analegs del laurocapram N0915 (Asbill i Michniak, 2000; Hadgraft i
cols, 1996). El DMPC també ha estat descrit com a retardant de l'absorcié
percutania del farmac furbiprofe en comparacié amb altres compostos com ara
acids grassos insaturats i monoterpens ciclics capagos d’actuar com a potenciadors
de l'absorcié (Fang i cols, 2003). En I'article 3, I'efecte retardant del DMPC es va
associar a la temperatura de transici6 de la fase gel a liquid (Tm= 23 °C) d’aquest
fosfolipid, més gran que la descrita per a les altres molécules utilitzades en I'estudi.
En el cas dels sistemes bicel:lars de FFA, la T estudiada per DSC en l'article 2
d’aquesta tesi és més gran (38,9 °C) que el descrit pel DMPC. Aquest fet implica que
a la temperatura experimental, el sistema aplicat a la pell es troba en estat de gel.
Es ben sabut que en 'estat gel els fosfolipids no afecten, o fins i tot augmenten, la
barrera lipidica de la pell (Fang i cols, 2003; Kirjavainen i cols, 1999), fet que en el
nostre cas provoca una reduccié de la penetracié del farmac. L'efecte retardador
dels sistemes bicel-lars de FFA esta d’acord amb els resultats obtinguts en 'article
1 per als sistemes bicel-lars de DPPC/DHPC/DDEA on també es va observar aquest
efecte retardant.

4.2.2.2 Interacci6 dels sistemes bicel-lars de FFA amb els lipids de 'EC

Les imatges de FSTEM de I'EC en la pell control i la pell tractada amb sistemes
bicel-lars de FFA (Fig. 3 i 4 de l'article 3) van mostrar microestructures similars
comparables a les publicades anteriorment per altres autors per a pell nativa
(Coceraicols, 2011; Lépez i cols, 2001). L’estructura laminar ben organitzada dels
lipids de I'EC que s’observa en ambdues mostres indica que no hi ha modificacions
estructurals en I'EC induides pel tractament amb els sistemes bicel-lars de FFA.
L’efecte de diferents sistemes bicel-lars sobre la microestructura de 'EC ha estat
préviament estudiat pel nostre grup. D’aquests estudis es va concloure que les
bicel-les de DMPC/DHPC no promouen canvis en l'organitzaci6 laminar dels lipids
de I'EC (Barbosa-Barros i cols, 2008c; Barbosa-Barros i cols, 2009) mentre que les
bicel-les de DPPC/DHPC indueixen la formaci6 de vesicules en la zona dels lipids
de I'EC (Barbosa-Barros i cols, 2009; Cocera i cols, 2011). Aquest diferent
comportament pot ser degut a, com ja s’ha dit anteriorment, la diferent Tn
associada als lipids de cadena alquilica llarga. Un altre factor a considerar és la
capacitat dels sistemes bicel-lars d’augmentar la seva grandaria quan el contingut
d’aigua en els sistemes augmenta (Barbosa-Barros i cols, 2008a). Quan les bicel-les
de DMPC/DHPC s’apliquen sobre la pell a temperatura fisiologica (37 °C), aquest
sistema experimenta una transicié6 de fase de gel a estat liquid. Aquest canvi
indueix un augment en la grandaria de les estructures bicel-lars que eviten el pas
de bicel-les a través de I'EC. En el cas dels sistemes de DPPC/DHPC, amb una Ty,
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meés elevada, el contacte amb la pell a 37 °C no promou la transicid de fase, per tant
no es produeix cap modificacié de les seves dimensions permetent que aquests
sistemes penetrin a través de I'EC i que a causa de la dilucié provocada per I'aigua
que hi ha a la pell les bicel-les creixin formant-se vesicules. En I'article 3, encara
que els sistemes bicel-lars de FFA estan composts per DPPC i DHPC no es veuen
canvis en la zona de lipids de I'EC. Aix0 és a causa de que quan els sistemes de
DPPC/DHPC inclouen FFA, es modifica la mida de les nanoestructures i el
comportament fasic del sistema. El nou sistema bicel-lar amb FFA forma agregats
de major grandaria que els detectats en el sistema sense FFA, com es pot veure en
I'article 2. Aixo podria dificultar el pas a través de I'EC i és per aix0 que no es
detecten noves estructures lipidiques en I'EC després del tractament amb aquest
tipus de sistemes bicel-lars amb el farmac.

Tot i 'absencia de noves estructures laminars o vesiculars en les mostres de
pell després del tractament amb aquests nanoagregats que contenien FFA, es va
detectar un cert efecte en l'organitzacié de lipids de I'EC. Per tant, es podria
suposar que hi ha hagut una difusié parcial dels lipids i el FFA dels sistemes
bicel-lars a I'EC. Els resultats d’ATR-FTIR i de SAXS van mostrar un ordenament
dels lipids de I'EC en comparacié amb la pell control que concorda amb I'efecte
retardant de la permeabilitat descrit anteriorment. L’augment en I'ordre dels lipids
de I'EC podria ser induit per la inclusié de DPPC del sistema bicel-lar a les bicapes
lipidiques del teixit cutani. Aquest fosfolipid esta en una fase gel ordenada a la
temperatura experimental i podria promoure un ordenament addicional en
'estructura laminar de 'EC (Rodriguez i cols, 2009).

Els experiments de SAXS amb radiacié sincrotr6 realitzats a mostres d’EC,
control i tractades amb sistemes bicel-lars amb FFA, van mostrar un augment de
I'espaiat d corresponent a la fase de periodicitat curta (“Short Periodicity Phase”,
SPP) de les fases laminars de I'EC descrites per Bouwstra (Bouwstra i cols, 1991).
Aquest espaiat d és la suma del gruix de la bicapa lipidica i el gruix d'una capa
adjacent d’aigua interlaminar (de Jager i cols, 2005). L’augment de la distancia d
dels lipids de 'EC quan la pell es tracta amb sistemes bicel-lars de FFA pot ser
explicat per la incorporacié d’aigua entre les bicapes, o la incorporacid dels lipids
DPPC en fase de gel. Aquest fet corrobora la interacci6 dels lipids de les bicel-les
amb I'EC. La major intensitat de la banda corresponent al SPP en el cas de I'EC
tractat, en referencia al control, indica un augment de 'ordenaci6 de I’estructura
lipidica de I'EC. En qualsevol cas, amb els resultats obtinguts no s’ha detectat una
extraccié dels lipids de I'EC després del tractament amb els sistemes bicel-lars; per
contra, es pot veure un enriquiment d’aquests lipids per efecte del tractament i,
considerant els resultats de l'absorcié percutania, també un refor¢ de la funcié
barrera de I'EC.
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4.2.3 Els sistemes bicel-lars com a potenciadors de la permeabilitat de
la pell

Malgrat que les bicel-les amb farmac (DDEA i FFA) inhibeixen la penetracié
d’aquest, els estudis in vivo de Barbosa-Barros (Barbosa-Barros i cols, 2008c) van
mostrar un augment del TEWL després d'una aplicacio topica consecutiva de
bicel-les fosfolipidiques. En l'article 1 es va investigar I'efecte de les bicel-les sobre
la funcié barrera de la pell i el seu possible efecte potenciador sobre I'absorcié
percutania in vitro del DDEA. Amb aquesta finalitat, es va realitzar un tractament
previ de les mostres de pell porcina amb sistemes bicel-lars de DMPC/DHPC o de
DPPC/DHPC seguit d’'una aplicaci6 topica d'una solucié aquosa de DDEA.

Els resultats globals dels estudis d’absorci6 percutania (Fig. 5 de l'article 1)
indiquen que un tractament previ de la pell amb bicel-les promou l'absorcié
percutania del DDEA en solucié aquosa. No hi va haver diferencies significatives en
el percentatge d’absorcid percutania entre el pretractament amb bicel-les de DMPC
i amb bicel-les de DPPC, tot i que hi ha estudis de microscopia que han mostrat
cadascun d’aquests sistemes pot canviar de manera diferent la microestructura de
I'EC (Barbosa-Barros i cols, 2008c; Barbosa-Barros i cols, 2008d; Barbosa-Barros i
cols, 2009; Rodriguez i cols, 2009), com ja s’ha comentat en I'apartat 4.2.2.2.

L’efecte potenciador dels sistemes bicel-lars sobre I'absorcié percutania del
DDEA podria ser degut a una interaccio inicial de les bicel-les amb I'EC que podria
causar una desorganitzacié dels lipids intercel-lulars, responsables de la funcié
barrera de I'EC. Aquest fet facilitaria 'absorcié del DDEA a través de la pell. La
interacci6 dels fosfolipids especifics de bicel-les amb els lipids de I'EC seria el
mecanisme responsable de I'efecte detectat. Pero com que aquest mecanisme seria
diferent en el cas de les bicel:-les de DMPC que en el de les bicel-les de DPPC, els
resultats obtinguts semblen indicar que altres factors, a més dels canvis
microestructurals de I'EC, han de participar en la penetracié del DDEA, ja que els
dos tipus de bicel:les produeixen un efecte similar a nivell d’absorcié.

4.3 Disseny d’'una metodologia de simulacio in vitro de pell amb la
funcio barrera deteriorada

Normalment, els estudis d’absorcié percutania in vitro es duen a terme
utilitzant biopsies de pell amb una condici6 fisiologica acceptable. No obstant aixo,
sota diferents condicions patologiques de la pell, la funcié de barrera de I'EC esta
deteriorada. Per tant, el desenvolupament d'un model in vitro de pell amb la funcié
barrera deteriorada podria ser convenient per a predir, en condicions
experimentals més realistes, la biodisponibilitat, I'eficacia clinica i els possibles
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efectes de toxicitat sistéemica en el desenvolupament de compostos per al
tractament de patologies de la pell.

Es ben sabut que el procés d’absorcié percutania d’'un compost depén de
molts factors: les seves caracteristiques fisicoquimiques, la grandaria molecular, el
coeficient de particio, la solubilitat i 'activitat termodinamica, la uni6 farmac-
vehicle, etc. (Elias i Feingold, 2006; Schaefer i Redermeier, 1996). Encara que les
propietats fisicoquimiques de les molecules o de les formulacions aplicades sén els
factors que son generalment acceptats a I'hora d’influir en el perfil d’absorcid
percutania, és important determinar el seu comportament en pell amb la funcié
barrera modificada. Alguns investigadors van establir |'existéncia d’'una correlacio
entre el TEWL i l'absorcié percutania de compostos amb diferents propietats
fisico-quimiques (Lotte i cols, 1987); pero, la majoria dels autors han observat un
comportament de penetracio diferent utilitzant compostos amb desigual caracter
fisico-quimic sobre la pell intacta comparat amb la utilitzaci6 de pell amb la
barrera deteriorada (Nielsen, 2005; Nielsen i cols, 2007; Simonsen i Fullerton,
2007; Tsai i cols, 2001).

Els anti-psoriasics, els farmacs anti-eczematosos, o d’altra indole que
s’empren per alleujar les malalties de la pell s’avaluen, en una fase preliminar,
mitjancant proves d’absorcié percutania in vitro, utilitzant biopsies de pell sana. No
obstant aix0, aquests farmacs s’haurien d’aplicar en biopsies de pell amb un
deteriorament de la funcié de barrera per obtenir un perfil d’absorci6é percutania
més real. En aquest sentit, és possible simular la condici6 de deteriorament de la
barrera cutania de la pell patologica, alterant aquesta funcié quimicament
utilitzant acetona (Tsai i cols, 2001) o lauril sulfat de sodi (SLS) (Nielsen, 2005;
Nielsen i cols, 2007; Tsai i cols, 2001), o mecanicament mitjan¢ant “tape-stripping”
(Sekkat i cols, 2004a; 2004b; Simonsen i Fullerton, 2007), puncions amb
microagulles (Gomaa i cols, 2010), o abrasié amb paper de vidre (Wu i cols, 2006).

Pel que fa a una possible correlaci6 entre el nombre de tires adhesives (“tape-
strips”) aplicades a la pell i el TEWL, la variaci6 trobada entre les dades in vivo
(utilitzant voluntaris humans) i les dades de pell porcina in vitro podria ser deguda
a les variables estructurals de la pell (en particular, al diferent lloc anatomic
utilitzat) d’ambdos teixits (Fig. 1 de l'article 5). No obstant aixo, la tendeéncia
apreciada en els dos casos indica una disminuci6 clara i progressiva de la funcié
barrera de la pell amb I'augment del nombre de tires adhesives aplicades. A més,
els resultats confirmen que les mesures de TEWL també es poden utilitzar per dur
a terme experiments en la pell in vitro d'acord amb els resultats publicats per
altres autors (Sekkat i cols, 2004a; 2004b; Simonsen i Fullerton, 2007).

D'altra banda, els resultats de penetracié de 'acid salicilic i la cafeina (Fig. 2 i
3 de I'article 5) en els diferents compartiments cutanis respecte el nombre de tires
adhesives aplicades a la pell mostren un comportament diferent en els dos

161



Sistemes bicel-lars com a nova estratégia d’aplicacio topica DISCUSSIO

compostos, encara que en ambdos casos hi ha un augment de la penetracié dels
farmacs quan s’augmenta el deteriorament de la funci6 barrera de la pell. Si
I'absorcié percutania total es representa en funcié del nombre de tires adhesives
(Fig. 4 de l'article 5) o el TEWL (Fig. 5 de l'article 5), 'evoluci6 dels valors del
percentatge global d’absorcié percutania compleixen diferents funcions en cada
cas.

L’equacio6 que millor s’adapta en el cas de la cafeina és una funcié exponencial
del tipus:

% A.P.= Ax B xexp [Nombre Tires o TEWL]

On % A.P. és el percentatge d’absorcié percutania, A és el factor pre-
exponencial relacionat amb les propietats fisico-quimiques de la cafeina, i B esta
relacionat amb I'efecte que provoca I'alteracio de la funcié de barrera en I'absorcié
percutania. Una equacié exponencial similar ha estat descrita per Sekkat (Sekkat i
cols, 2004b), tenint en compte la relacié entre el flux del farmac en l'estat
d’equilibri ( “estimated steady-state flux”, Jss) i el TEWL per a la cafeina i el
fenobarbital. En el nostre cas, les equacions obtingudes per a la cafeina, tant en
relacié amb el nombre de tires aplicades com amb el TEWL, encaixen bastant bé
amb una equacié exponencial (coeficients de correlacio, R2= 0,97 i 0,95,
respectivament)

En els cas de I'acid salicilic I'equacié que millor descriu el comportament
d’aquest farmac és una funcio lineal del tipus:

% A.P. = ax Nombre Tires o TEWL + b,

On a esta relacionada amb 1'efecte de la pertorbacié de la barrera cutaniai b
esta relacionat amb les propietats fisico-quimiques de 1'acid salicilic. E1 R2 obtingut
amb les dues equacions lineals relacionades amb el nombre de tires aplicades i el
TEWL sén 0,951 0,89, respectivament.

En el cas de I'acid salicilic, I'increment de 'absorcié percutania respecte al
deteriorament de la funcié barrera de la pell és menor que en el cas de la cafeina.
Aquests resultats estan d'acord amb altres estudis duts a terme sobre la pell
préviament danyada utilitzant acetona o SLS (Nielsen, 2005; Tsai i cols, 2001) en
que el control de I'absorcié percutania a causa de la funci6 barrera de I'EC va ser
menys pronunciat en el cas de compostos lipofilics (com I’acid salicilic).
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Els nostres resultats indiquen que el deteriorament progressiu de la funcio
barrera de la pell augmenta sempre el comportament de penetracié d’'un compost
donat, pero, el balang¢ hidrofil-lipofil dels compostos o formulacions utilitzades
podria modificar en gran mesura el seu perfil de penetracid, especialment quan
s'utilitza una pell amb la funcié barrera deteriorada. Es evident que en el cas de
farmacs que han de ser aplicats sobre una pell amb una funcié de barrera
compromesa, cal un coneixement preliminar dels valors de TEWL in vivo, com van
reportar Simonsen i Fullerton en el cas de dermatitis atopica (Simonsen i
Fullerton, 2007). De fet, els resultats d’absorcié percutania obtingut per aquests
autors per a l'acid fusidic i la betametasona-17-valerat, utilitzant pell amb la funci6
barrera deteriorada mitjangant “tape-stripping”, es correlacionaven amb els
resultats clinics. Basant-se en el valors de TEWL obtinguts in vivo per a diferents
tipus de pell danyada, els estudis in vitro d'absorci6 percutania s’han de fer
utilitzant els biopsies de pell simulant una pertorbacié similar de la funcié de
barrera de 'EC mitjangant un nombre diferent de cintes adhesives aplicades sobre
la pell nativa.

Recentment, Gattu (Gattu i Maibach, 2010) ha publicat una revisié tenint en
compte la recerca duta a terme per diferents investigadors sobre l'absorcié
percutania utilitzant diversos metodes mecanics i quimics per disminuir in vitro la
funcié barrera de la pell. En general, en tots els métodes avaluats, l'absorcié
percutania d'algunes molecules augmenta. Aquest augment és més pronunciat amb
molécules hidrofiles i menys amb lipofiles. En el nostre treball, I'augment de
|'absorcié percutania depen del nombre de tires adhesives aplicades sobre la pell i
és diferent per a ambdés compostos investigats. Com un exemple, en el cas de la
cafeina, quan es van aplicar 25 tires sobre la pell, l'increment de l'absorcié
percutania respecte a la pell intacta va ser d’aproximadament 5 vegades, pero, en
el cas de l'acid salicilic utilitzant les mateixes condicions l'augment de l'absorcié
percutania va ser d’aproximadament 2 vegades. Aquests resultats estan d'acord
amb els resultats presentats en la revisio escrita per Gattu ja que per a les
molecules lipofiles, com és el cas de l'acid salicilic, 'augment de l'absorcié
percutania en la pell danyada és menor. En qualsevol cas, és important dissenyar
models in vitro precisos i reproduibles de pell amb la funci6 barrera deteriorada.

4.4 Us dels sistemes bicel-lars com a vehicle en I'aplicacié de
DDEA sobre pell in vitro simulant una condicié patologica

Com s’han vist en els articles 1, 3 i 4, els sistemes bicel-lars tenen un
comportament retardant en I'absorcié de fairmacs com el DDEA i el FFA. Es per

aquest motiu que es va pensar en la utilitzacié d’aquests sistemes en 'aplicaci6 en
pell amb una disfunci6 de la barrera cutania.
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La simulaci6 de la pell in vitro amb la funcié barrera deteriorada a causa de
I'aplicacié seqiiencial de tires adhesives sobre pell intacta ha estat descrit
préviament en l'article 5 i també per altres autors (Gattu i Maibach, 2010;
Simonsen i Fullerton, 2007) per la seva accessibilitat i senzillesa. Aquesta
metodologia indueix el deteriorament progressiu de I'EC augmentant
significativament el TEWL.

L’aplicaci6 in vitro de DDEA vehiculitzat en sistemes bicel-lars de
DPPC/DHPC sobre pell porcina amb la funci6é barrera deteriorada va induir una
certa oclusié6 amb la corresponent disminucié del TEWL. Aix0 és a causa de la
formacié d'una pel-licula lipidica formada després de I'evaporacid de l'aigua dels
sistemes bicel-lars. Aquest efecte també va ser detectar per altres autors en I'is de
liposomes aplicats tdopicament in vivo observant una reduccié del TEWL i donant
al pacient un alleujament immediat de les molesties associades a la pell seca (De
Leeuw i cols, 2009; Lautenschlager, 1990). La disminucié del TEWL observada en
la Fig. 3 de I'article 6 també pot ser deguda a un cert efecte de restauracié de la pell
promoguda pels sistemes bicel-lars de DDEA. Les bicel-les de DPPC/DHPC sense
farmac han demostrat en treballs previs que poden actuar com a agents de
reparacié de I'estructura dels lipids de 'EC (Barbosa-Barros i cols, 2008d).

Pel que fa als estudis d’absorcié percutania, el DDEA vehiculitzat en els
sistemes bicel-lars té una tendéncia favorable a passar a través de 1'EC. En la Fig. 4
de l'article 6 es pot veure que el percentatge de retencié del DDEA en I'EC és molt
baix, fet que pot ser degut a una major afinitat del DDEA amb els lipids de les
bicel-les que amb els lipids intercel-lulars de 'EC. Aquesta afinitat pot ser explicada
per un enllag per ponts d’hidrogen entre el DDEA i els lipids dels sistemes
bicel-lars. En I'epidermis i la dermis el contingut de DDEA detectat quan el farmac
s’aplica en els sistemes bicel-lars o en soluci6 aquosa és molt similar. Per tant, el
contingut de DDEA disponible a I'epidermis i la dermis no disminueix quan es
vehiculitzat en els sistemes bicel-lars. El contingut de DDEA detectat en el fluid
receptor quan s’aplica aquest compost en solucié aquosa és estadisticament més
elevat que en el cas del DDEA vehiculitzat en sistemes bicel-lars

Es interessant apreciar també I'efecte retardant dels sistemes de bicel-lars
sobre l'absorcié percutania del DDEA. Aquest comportament és coherent amb el
treball de Bouwstra (Bouwstra i cols, 2003) el qual explica que les vesicules en
estat gel poden inhibir la penetracié de farmacs a través de la pell. Tenint en
compte que la Ti, dels sistemes DPPC/DHPC/DDEA observada per DSC és de 39 °C
i la temperatura de la superficie de la pell és d’'uns 32 °C, els sistemes bicel-lars
amb DDEA també es van aplicar en estat de gel. L’efecte retardant dels sistemes
bicel-lars concorda amb els resultats obtinguts anteriorment en els articles 1 i 3 en
I'aplicacié de DDEA i FFA vehiculitzats en sistemes bicel:-lars i aplicats en pell sana.
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Aquest efecte retardant dels sistemes bicel-lars, aixi com la seva acci6
oclusiva sobre la superficie de la pell pot ser util per a la millora de les
caracteristiques terapeutiques del DDEA quan aquest farmac s’aplica sobre una
pell patologica. Aixo pot ser especialment interessant perque en la majoria de les
patologies de la pell el procés d’inflamacié indueix un deteriorament de la funcié
barrera de 'EC (Rahman i cols, 2011). Per tant, 'aplicacié dels sistemes bicel-lars
podria millorar aquesta funci6 barrera de I'EC i a més fomentar I'accio
antiinflamatoria del principi actiu utilitzat.
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5. CONCLUSIONS

1- Els sistemes bicel-lars formats per DPPC/DHPC tenen una mida de
particula d'uns 15 nm i una forma discoidal. Els resultats de SAXS i WAXS indiquen
un amplada de bicapa de 58 A i un empaquetament lateral OR, respectivament i
independents de la temperatura.

2- Els sistemes bicel:-lars de DMPC/DHPC i de DPPC/DHPC s6n capagos
d’incorporar el DDEA, un compost amfifilic. Aquesta incorporacié ocasiona una
disminucié del seu tamany de particula, detectat per DLS, en ambdéds casos. Els
resultats de SAXS dels sistemes DPPC/DHPC/DDEA indiquen una disminucié de
I'amplada de la bicapa quan el farmac és inclos. La tecnica de WAXS va detectar un
empaquetament lateral OR igual que les bicel-les sense farmac.

3- Durant els assajos d’absorcio percutania s’ha apreciat un efecte retardant en
I'absorcié del DDEA quan aquest esta inclos en sistemes bicel-lars respecte a una
solucié aquosa del farmac. Aquest efecte és lleugerament més acusat quan el
farmac esta vehiculitzat en els sistemes bicel-lars de DMPC/DHPC que ens els
sistemes de DPPC/DHPC.

4- L’aplicaci6 previa de bicel-les sense farmac sobre la pell, seguida de
I’addicié del DDEA en soluci6 aquosa, promou l'absorcié percutania del farmac.

5- Els sistemes bicel:-lars de DPPC/DHPC s6n capagos d’incorporar FFA, un
compost lipofilic, sense 1'Gs de solvents organics comunament emprats en
productes comercials amb aquest farmac. La seva incorporacié als sistemes
bicel-lars indueix un augment del tamany de l'estructura, detectat per DLS, que
depen de la temperatura. S’ha visualitzat la formaci6 de nous agregats, com grans
estructures multilaminars, estructures ondulades, discoidals o tubulars, en funcié
de la temperatura. Els resultats de SAXS indiquen que a 25 °C aquests
nanoagregats formen lamines apilades i a 32,5 i 37 °C no es detecta cap apilament
ni reduccié del tamany de la bicapa respecte als sistemes sense farmac. Dels
resultats de WAXS es va deduir que la incorporacié del FFA indueix un desordre
en 'empaquetament lateral passant d’ortorombic (OR) a hexagonal (HEX).

6- En termes d’absorcié percutania, els sistemes bicel-lars amb FFA també
tenen un efecte retardant. Aquest efecte és més acusat que en el cas del DDEA

degut, probablement, al major tamany d’aquests sistemes.

7- S’ha comprovat que els sistemes bicel:lars amb FFA no modifiquen
I'estructura laminar dels lipids de I'EC ni, per tant, la seva funci6 barrera.
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8- S’ha dissenyat un protocol in vitro d’absorcié percutania utilitzant com a
compostos de referencia l'acid salicilic i la cafeina, que permet simular el
comportament d’'una pell patologica amb la seva funci6 barrera deteriorada.
Aquest metode d’absorci6 percutania contempla unes condicions més realistes per
obtenir un perfil d’absorcié percutania més rigoros en el cas d’una pell patologica.

9- Utilitzant aquest protocol especific d’absorci6 percutania, s’ha pogut
constatar que els sistemes bicel-lars que contenen DDEA poden exercir un efecte
protector sobre la funci6 barrera de la pell. A més, 'efecte retardant dels sistemes
bicel-lars podria afavorir l'accié antiinflamatoria del DDEA a nivell de 'epidermis i
la dermis i disminuiria el possible efecte toxicologic a nivell sistemic.

Considerant conjuntament aquestes conclusions es pot deduir que els
sistemes bicel-lars poden ser bones estratéegies de vehiculitzacié de principis
actius per a la seva aplicacio topica.
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