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Y si no es a la primera 

Persevera, persevera. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Siempre recuerdo estas líneas de un poema titulado “Vuelve a intentarlo” de “The Children's Book 
of Virtues”. Mi tía Mari y mi abuela Amor me lo leían cuando era pequeño, y yo solía enrabietarme 
porque no todo sale siempre bien a la primera (más bien casi nada). Hoy me parece la frase 
perfecta para describir cualquier tesis, investigación científica o reto de la vida en general. 
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Nunca se me han dado bien estas cosas y siempre he odiado ese sentimiento cuando sabes que 
el momento de una despedida inevitable se acerca. Desde luego serán unas de las páginas más 
difíciles de toda la tesis, sino las que más.  

Me mudé a Barcelona en marzo de 2018 y sin duda formará parte de mí para siempre. La tesis ya 
está llena de ciencia, por eso he querido hacer un pequeño homenaje en la portada a esta ciudad 
con un plano del Eixample, el barrio que ha sido mi casa durante esta etapa. Desde luego, lo que 
más valoro de estos años es el tiempo, los recuerdos, las lecciones y las personas con las que he 
vivido todos esos momentos. Estoy muy agradecido por como he evolucionado estos años y no 
hay suficientes palabras para expresarlo, pero he intentado hacerlo lo mejor posible en estas 
páginas. Gracias Barcelona.  

Antes de nada: ¡¡¡PERDÓN POR SI ME DEJO A ALGUIEN!!! 

La verdad que nunca fue mi sueño hacer el doctorado, pero ahora no me imagino no haber vivido 
y disfrutado esta experiencia y estos años en GTS. Gracias por crear un grupo donde desde el 
primer momento me sentí acogido, querido e incluido por todos. GTS no es sólo un grupo de 
investigación, ahora también es parte de la familia que se elige y me siento muy afortunado de 
formar parte de él.  

Manolo gracias por confiar en este biotecnólogo descarrilado que no sabía cuestiones tan básicas 
como las leyes de Fick; tu pasión por la ciencia es contagiosa y eres un gran ejemplo e inspiración 
por el continuo aprendizaje y crecimiento tanto personal como profesional. Gracias por hacer de 
guía y de soporte todo este tiempo, a la vez que lo acompañabas de sentido del humor. Siempre 
alucinaré con tus historietas y batallitas (menos las que eran a las 19.00 horas de la tarde…), tu 
sistema de rombos o el cartelito totalmente cierto de “deadlines amuse me”, entre otras 
muuuuchas cosas (lo que pasa en los “dental hubs” se queda en los “dental hubs”). Y aunque 
haya que perseguirte siempre en busca de firmas y de correcciones, al final siempre sacas un 
hueco en tu apretada agenda y no se me ocurre un mejor director para dirigir la tesis. Ah, y por 
último y no menos importante ¡gracias por todo el delicioso jamón claro! Has dejado el nivel 
demasiado alto y ahora cualquiera que no sea el tuyo me parece malo… 

Recuerdo perfectamente mi primer día en GTS, estaba muy nervioso, ciudad nueva, trabajo 
nuevo, gente nueva… Mari, fuiste la persona que me recibiste en la tabla periódica del 
departamento y a los cinco segundos de hablar contigo supe que estaría en buenas manos, y no 
me equivoqué. Gracias por hacer de mami científica y por todo el apoyo incondicional, sobre todo 
al principio cuando íbamos dando tumbos como pollo sin cabeza y no sabíamos ni como encarrilar 
esto. Gracias por estar ahí cuando lo necesitaba. Eres una crack y una luchadora, estoy seguro de 
que vas a llegar muy lejos y espero estar ahí para verlo. Aunque no todo iba a ser ciencia… las 
cervezas, las bravas y los viajecitos también nos han ayudado mucho. Tenemos que volver a 
Laponia a ver si esta vez hay más suerte con las auroras y pasamos un poco más de frío que la 
última vez. 

Sandra, mi eterna BMQ (expired) y reina actual de acabados húmedos, fiel compañera de batallas 
y locuras. Creo que el primer día que llegué a Biomat con mis padres, mi madre se quedó tranquila 
cuando vio las pegatinas de minions en la puerta, sentí su mirada de alivio al reconocer que era 
el lugar indicado para mí. Desde luego esta tesis no habría sido posible sin ti y va a ser súper raro 
dejar nuestro reino. Tenerte como hermana de doctorado ha sido una de las mejores cosas de 
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esta etapa, haces que el trabajo sea menos trabajo y llenas la vida de la gente que te rodea de 
felicidad y locuras. A partir de ahora estaremos un poquito más lejos, pero no pienses que te vas 
a librar de mi tan fácilmente y por mucho que te pese, tendrás que venir de visita a verme a tu 
amado Madrid.  

Mi querida Manuela, emérito visir del Reino de Biomat y jefe del ICP Hole. Fuiste una de las 
primeras personas que conocí cuando entré en GTS y siempre has estado ahí para todo. Ha sido 
un gusto haber podido trabajar contigo y he aprendido un montón de ti. Pero afortunadamente 
también hemos compartido otros momentos menos laboratoriosos como las discotecas, días de 
playa y montaña, viajes, muchas cervezas y bravas, las clases de bodyjump y las épocas 
eurovisivas y de manuvision. Con muchas ganas de nuestra próxima aventura en Turín y de todas 
las que nos quedan… Siempre tendrás un huequito en mi hogar para lo que necesites, sea donde 
sea (aunque a veces te quiera estrangular por tu infinita discreción y por no ser una cotilla mala). 

Mis queridos minions: Paula, Óscar, Anna, Serena y Adrià. Desde luego que esta tesis os pertenece 
más que a mí. Una de las cosas más bonitas de esta etapa ha sido compartir con vosotros 
tantos momentos. Con que hayáis aprendido la mitad de todo lo que yo he podido aprender de 
cada uno de vosotros sería todo un logro. Paulita creo que tú confiabas mucho más en los MOFs 
que yo, gracias por todos esos afterworks en el Alaska y por siempre tener una sonrisa, incluso 
en los momentos más duros de la investigación. Aún nos quedan muchas fiestas pendientes. 
Oscarito, aún recuerdo tu primer día queriendo aparentar formalidad… te duró poco! Gracias por 
construir esta sana y bonita amistad y por incluirme en tu familia junto con tu nañi, espero vuestra 
visita. Ay mi Anna… estoy seguro de que por muchos kilómetros que nos separen siempre 
estaremos el uno para el otro, vales millones y vas a conseguir todo lo que te propongas, sabes 
que siempre estaré ahí para lo que sea y cuando sea. Serena, “my Italian girl”, I am missing you 
since you left GTS, you were always involved with us in the lab, but also in the rest and most 
important mandatory traditions of the group (tiramisu, coconut balls, Eurovision or Ana y los 7). 
I wish you the best in your new stage in Dublin, since we cannot meet you in Torino maybe we 
can visit you… Adrià, tú has vivido el estrés de la recta final. Como ya te dijo Sandra, desde el 
primer día apuntabas maneras. Siempre estuviste implicado en todo y te has apuntado a 
cualquier bombardeo, compaginando tus clases y exámenes. Queda pendiente ir al ruso de 
Terrassa… 

Clara, contigo he pasado horas puliendo dientes, incluso manualmente… Fuiste la primera 
persona conocida (no conviviente) que vi tras el confinamiento, todavía me acuerdo de tu 
mascarilla de Batman. Me he reído demasiado, a la vez que he aprendido mucho de tu creatividad 
y de tu don de gentes innato. Aunque al final esta tesis no haya sido de blanqueamiento dental, 
siempre lo llevaré en mi corazoncito. No puedo no mencionar los momentos épicos que nos 
dieron los lefosomas y el sodium chloride. Aún nos quedan pendientes la inauguración de tu 
pisazo, más escapadas como la de Bilbao y muuuuuuchas cervezas.  

Gracias a Gorka, Bicpig, demás unicornios y mascotas, plantas y decoración de Biomat. Hacéis 
que el reino sea un lugar más ameno donde trabajar, espero que las próximas incorporaciones os 
sepan cuidar bien. 

Iris, Stone Queen por excelencia. Dices que soy como un gato porque puedo ser adorable y rancio 
al mismo tiempo, y tienes razón. Gracias por salvarme siempre y resolver dudas químicas a tu 
biotecnólogo de confianza. Porque, aunque estés muy liada y vayas con mil cosas, siempre eres 
capaz de sacar un rato para ayudar a la gente. Pase lo que pase siempre seremos Ginfaxi team, 
cada uno con sus locuras, nadie puede arrebatarnos ese espléndido fika. Perdóname por ese 
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“primavera trompetera” en los micro-CT de tus amadas piedras. Espero que los franceses te estén 
tratando como te mereces y en algún momento habrá que planear una visita a Pau. No te deseo 
suerte porque no la necesitas, eres una investigadora nata, te gusta y se nota. 

Mon, lo primero que me dijiste mi primer día cuando entré en tú despacho fue: ¿te gusta comer? 
Y a los pocos días entendí todo y después de más de cuatro años lo entiendo aún más… Un pilar 
fundamental de GTS, comprensiva y profesional, dispuesta a ayudar a todo el mundo cuando lo 
necesita. Pero, además, una pieza clave en el buenrollismo y en la cohesión del grupo. Siempre 
dispuesta a cualquier plan, desde un té de apoyo en la ofi, a cervezas y bravas, karaokes, pádel o 
escapadas de fin de semana con Soplica. Estoy deseando vivir Eurovisión en directo a tu lado, 
muchas más ediciones de calendarios y mil momentos más juntos. 

Las actuales y dignas sucesoras de plantas, Marcia y Marilyn. Desde el domingo que nos 
animasteis a beber chupitos en la playa supe que erais unos buenos fichajes de GTS. Marcia, 
compañera de rotavapor y liposomas, gracias por esa deliciosa yuca y esos magníficos aguacates 
cubanos. Siempre ayudándonos el uno al otro en todo lo que podemos. Marilyn, una super mamá 
científica, corriendo de un lado para otro y siempre con una botella de tequila en el bolso. Que 
deciros que no sepáis ya, me encantáis y hemos pasado grandes momentos juntos y muuuuchas 
risas. Aun nos quedan muchas fiestas pendientes y muchos chupitos que beber. Os deseo lo 
mejor tanto en GTS y en la tesis, como en vuestra vida personal, porque os lo merecéis. Espero 
estar a vuestro lado en todos vuestros logros y momentos.  

Thanks to my dear Chinese colony. Jing Jing, I have enjoyed a lot with you from the beginning, 
Miranda trip, your Spanish wedding or in the club with Ting Ting. I still remember you mixing 
zurracapote in your office like your own baby. My unconditional Tintina, I am missing you from 
the day that you finished your PhD stage, and you came back to China. We shared so many 
moments together in the UK during your experiment, but also after that in SAF for the “chicha”, 
learning Chinese and Spanish with songs and bad words, drinking beers and eating Manolo 
potatoes, and much more. You are my Chinese soulmate. Thanks also to your husband Wei for 
his support in the SAF and for always being one of our team. Lou, we were PhD candidates of the 
same year and we have been moving forward in parallel with our own research like brothers. You 
are a great person and a hard worker, but also very funny and we have laughed a lot with you, as 
your one finger moment. I always wish you the best and I hope that we can all meet soon in China, 
in Spain or in any place, I am missing you, Chinese colony (I want to meet your pets).  My dear 
Dong, the coolest Chinese. We have enjoyed a lot these years and I am sure that we will still have 
more moments together. I wish you the best in your last year of PhD stage and I hope that you 
can stay in Europe with your cute girlfriend after that some years more to keep you close by. 

Nithya, synchrotron queen. Thanks for all your delicious and a little spicy (according to you…) 
Indian food and for being the only one that knocked Biomat door. I wish you the best and I hope 
that everything in India is going well, and we could visit you some day. 

Júlia, mira que Manu había dejado el listón muy alto, pero tú no te quedas atrás. Estoy tranquilo 
porque el Reino de Biomat se queda en buenas manos contigo. Espero que eches buenas broncas 
a todo aquel que intente desordenar o robar material del reino. Gracias por todas esas gestiones 
a las que me has ayudado desde la distancia mientras estaba estos últimos meses en Suecia.  

Laia, aún recuerdo que a los dos días de entrar en GTS te apuntaste sin dudarlo a participar en la 
primera edición del sexy calendar y te trajiste todo tu arsenal de maquillaje y corsés. Gracias por 
esa deliciosa repostería, mucho ánimo y fuerza con lo que te queda, ya eres la siguiente.  
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Víctor siempre recordaré nuestras “peleas” por conseguir la bomba de vacío y por los primeros 
intentos frustrantes con el AF4 y HPLC. Mucha suerte en la nueva etapa que empiezas como 
doctorando, estoy seguro de que te irá genial.  

Reihan, el nuevo fichaje. Mucha suerte tanto dentro como fuera de GTS, eres toda una caja de 
sorpresas y siempre muy agradecida. Espero que te apuntes al calendario el año que viene y a 
enseñarnos tus habilidades con los tatuajes.  

Montse López, la elegancia de GTS. Siempre con una sonrisa y un porte envidiables. Me 
acompañaste y apoyaste los primeros días de mi primera aventura sueca. Tus mails y gestiones 
como Reina de la Unidad de Química Analítica siempre serán los mejores. Gracias por 
preocuparte por ver cómo estaba, sobre todo en esta recta final.  

Gus, el chico para todo. Gracias por ese enfoque “get out of the building” y por hacerme pensar 
más allá de la investigación básica, aunque cuando hables con tantas siglas sea difícil seguirte. 
Gracias también por tu humor característico y por las lecciones de vino (cuando tenga dudas te 
seguiré preguntado). 

Roberto, el rey de los sincrotrones, otro descarrilado como yo en un grupo de químicos. Gracias 
por todo el apoyo, consejos y ayuda con los MOFs, y por poner siempre lo mejor de ti y el mayor 
esfuerzo en que las proposals sean perfectas y los experimentos se planeen con cabeza. Gracias 
también por tener siempre tiempo para preguntarme cómo iba todo, te deseo lo mejor. 

Alba y Mª Dolors gracias por vuestra gran labor y gestiones, siempre persiguiendo a Manolo para 
conseguir firmas y hacer que todo vaya de la mejor manera posible.  

Gracias a toda la gente que ha pasado por GTS con secondments de diferentes proyectos y otro 
tipo de estancias, es imposible enumerar a todos. Especial mención a todo el equipo cubano, 
sobre todo a Toky por esos deliciosos aguacates, por su dulzura y por siempre preocuparse de 
todos nosotros. También gracias a toda la gente que ha venido de Argentina y nos ha traído un 
pedacito de su cultura.  

Gracias por dejarme participar en el proyecto NEOSETAC donde me he sentido más en mi salsa 
de biotecnólogo que en la propia tesis. Gracias a este proyecto he podido conocer a nuestras 
compis de CliniSciences, fieles seguidoras de nuestro calendario solidario. Gracias también por 
hacerme ese training para refrescar los cultivos celulares antes de irme Suecia en 2019. Thanks 
to the rest international members who have been participating in this project during these years, 
especially to the Swedish team in Karolinska Intitutet. Thanks to Professor Moustapha Hassan and 
his research group for welcoming and taking care of me for six months. Gracias también a la 
chupipandi de mis primeros meses en Suecia, especialmente a Inés, Alicia y Silvia.  

Gracias a todo el equipo de la UIC que ha hecho posible esos ensayos clínicos, digamos que mi 
nueva aventura profesional tras la tesis está influenciada en parte por este proyecto. Gracias 
también por prestarnos vuestro estupendo colorímetro en los últimos ensayos in vitro cuando el 
de GTS ya había pasado a mejor vida. He aprendido mucho sobre la aplicabilidad de los productos 
dentales con vuestro punto de vista odontológico. 

Gracias al equipo del proyecto Dentalytics, ya llevamos más de dos años detrás de ello y aunque 
aún no sabemos cómo va a continuar esta aventura, he aprendido un montón de todo lo que 
hemos hecho durante este tiempo, así como ver la ciencia desde distintos puntos de vista y como 
una tecnología que empezó en el laboratorio puede convertirse en algo aplicable.  
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Gracias también a todos los minions que han pasado por GTS estos años. Al igual que a los 
secondments, es imposible nombrar a todos porque han sido muchos. JT, tú serás el minion de 
plantas adoptado por dientes preferido, zalamero nato, siempre liándola, dispuesto a apuntarse 
a todo y a hacer pasar un buen rato a la gente. Indira, my partymate and Voll-Damm lover, it was 
sad to say goodbye, but now you are again in Barcelona, I hope we can meet more. Gracias 
también a las otras minions de dientes, Anna por enseñarme a pulir y Mariona por cortar 
mandíbulas hasta las diez de la noche. María (Manu) por ser vecina de la Carrasco, Fa, Greek team 
(how to forget o Spanish pirula), Montsito, Marco, Taraneh, Joan, Veroniki, Sergi, Alejandro, 
Shazra, Nereida, Raquel… y muchos más! 

José Amigo gracias por hacer de la Quimiometría una herramienta útil y entendible, sin tu curso 
no habría sido capaz de tratar los datos del experimento del sincrotrón. Gracias también por ser 
el mejor anfitrión que alguien puede tener en Bilbao, aún recuerdo el primer día en el Tegobi o 
el txangurro y el chuletón de la última vez.  

Lucía, primero de todo gracias por aceptar el marronazo de leerte esta tesis, espero que lo hayas 
disfrutado al menos un poquito. Nos conocimos en época prepandémica y ahora nos volvemos a 
reencontrar. Un alma libre, siempre dispuesta a cualquier plan. Te deseo lo mejor en tu nueva 
etapa en Barcelona y espero que algún día me puedas enseñar Argentina. Nunca olvidaré tu 
chocotorta.  

Gracias al resto de compis de la planta de Analítica por todos los favores, la ayuda y las risas. 
Mucha suerte en la nueva etapa a todos los que habéis acabado y mucha fuerza a los que estáis 
a nada de terminar.  

Gracias a toda la gente de la secretaría del Departamento de Química por hacer posible todas las 
gestiones, especialmente a Elena. Gracias también al equipo de conserjería norte por todos los 
paquetes recogidos y por alegrarte los días siempre con sus sonrisas y mejor humor.  

Gracias a toda la gente de los servicios de análisis del SAQ, ICN2 y especialmente al equipo de 
microscopía. Martí, Cris y Emma con vosotros el análisis de muestras siempre fue más divertido. 
Gracias también a Ibraheem por todo el soporte, ayuda y paciencia en la beamline de MIRAS en 
ALBA sincrotrón.  

Gracias a todos los participantes del Sexy Calendar. Como una idea que surgió en una fiestónoma 
lleva ya casi cuatro años y cada vez llega a más gente. Nos lo pasamos bien y disfrutamos, a la vez 
que destinamos los beneficios a una buena causa.  

Gracias también a todo el personal de cafeterías y bares que nos ayudaban a evadirnos de la 
ciencia. Sobre todo, al equipo de la cafetería de Ingeniería, porque gracias a vosotros siempre se 
empieza el día con buen pie. 

Gracias a todas las personas que estaban en GTS cuando empecé, pero que terminaron a los 
pocos meses de llegar yo. Sergi, tú fuiste el RRPP encargado de hacerme el tour por GTS. Gracias 
por recibirme, incluirme y acogerme en Biomat de la mejor forma. Gracias por toda la cerveza, 
por ser del team Barcelona, por el finde en tu pueblo, por toda la comida casera, por ser una 
cotilla mala más, por las fiestas de Sants y por siempre querer café por las mañanas. Aunque seas 
un rancio y ni grabases un vídeo para la madre de tu hijo, se te quiere mucho. Vero, recuerdo el 
día que nos presentaron, tú acababas la beca y yo la empezaba. Gracias por darme mucha fuerza 
y ánimos, parece que han servido porque aquí estamos. Espero que podamos repetir pronto un 
fin de semana como el del carnaval del vino prepandemia. ASU, aún no te hemos ido a ver a Pau, 
pero tranquila que lo haremos. Fuiste mi primer ejemplo de tesis, parece que fue ayer… Gracias 
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por estar siempre dispuesta a desconectar con unas cervezas y a apuntarte a cualquier escapada, 
aunque tengas que coger el coche y venirte desde Francia. 

Gracias a los exGTS que he podido conocer en este tiempo y toda la gente del grupo de 
cerveceros. Marta creo que nunca me perdonarás lo de Portaventura, tampoco he puesto la frase 
de la Pantoja en la tesis, lo nuestro no tiene solución. Gracias por todo el pádel, las cervezas y 
bravas after pádel y todas las escapadas llenas de risas y aventuras. Javi Muro, gracias por todos 
esos chistes malos. Elena, desde el COVID nos hemos visto poquísimo, gracias por esas cervezas 
entre semana y por todos esos planes de findes, incluido el viaje Miranda-Haro-San Sebastián. 
Albert, después de mucho hablar de ti por fin te conocí hace unos meses, gracias por ser el mejor 
compañero de kayak y por hacer una barbacoa deliciosa. 

Borjita, no te libras… Gracias por los stickers, por las ofertas de chollómetro, por buscar siempre 
un sitio de bravas digno, por hacer de guía en nuestras expediciones, por hacerme reír tanto, por 
ser Doña Ruperta y por quejarte de todo. Aunque a veces seas un rancio (como yo), es parte de 
tu encanto y sello personal, gracias por ser como eres. Aunque te cueste admitirlo, siempre estás 
deseoso de que os haga visitas a vuestro pueblo pijo. No te flipes al leer esto, pero serás una de 
las personas a las que más eche de menos sin ninguna duda. Espero que ya estés al tanto de los 
mejores bares y restaurantes de Madrid porque espero tu visita. Recuerda mirar siempre casas 
con una habitación extra… 

Gracias a los padres de Sandra, gracias por acogernos siempre de la mejor manera posible y por 
alimentarnos con las delicias de Miranda. Gracias también por venir de visita a Barcelona y 
acogerme en vuestros planes, me siento uno más de la familia. Alberto tus delgadillas son dignas 
de estrella michelín, admiro tu creatividad y vitalidad. Mar, mi alma gemela del 25 de octubre, 
siempre estaremos ahí apoyándonos el uno al otro mientras el resto hace locuras, como saltar 
desde un puente. 

Mis fieles compis de piso en Barcelona, Silvia y Alba. Después de mis padres, sois las personas 
que más años habéis aguantado una convivencia conmigo. Desde luego, tras 4 años lo que 
empezó siendo una convivencia se ha convertido en una gran amistad. Aunque somos muy 
distintos, nos hemos compaginado demasiado bien y hemos vivido muchas cosas juntos: 
mudanzas, viajes, fiestas, confinamientos, dramas, risas… pero la verdad es que todo han sido 
muy buenos momentos. No os imagináis la pena que me da que en cierto modo se acabe. Aunque 
eso no quita para que nos queden mil cosas pendientes como Lisboa o los pueblos negros, ahí lo 
dejo… 

No puedo pensar en estos años en Barcelona sin acordarme de Calzone. Gracias por adoptarme 
y acogerme de la mejor manera como uno más del máster. Porque esta etapa no hubiese sido 
igual sin esos días de playa y Costa Brava, sin el Camino de Ronda, sin los buffets libres de sushi, 
sin las noches de Almo2bar, sin las cervezas afterwork en el Gato Negro, sin las empanadillas y 
calimochos de Xao, sin las celebraciones de cumpleaños, sin la Chocochurros, sin el 
descubrimiento de Elyella en Razz, sin el concierto de La Raíz en el pueblo maldito, sin la casa 
rural, sin los pelotazos del vermut de Sagrades Tannines, sin la escapada a Xeraco, sin el arroz al 
horno “digestivo” en pleno verano, sin la Red Velvet o la Carrot Cake del Mercadona o sin los días 
de salir a tomar algo y que luego se lie como la última vez en Perros Mediterráneos. Estoy seguro 
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RRESUMEN 
 

La hipersensibilidad dental o dentinaria se define como un dolor corto y agudo en respuesta 

a diferentes estímulos. Aunque existen numerosos tratamientos para combatir esta molestia, 

ninguno es totalmente eficaz, por lo que es necesario desarrollar nuevas estrategias. Un 

potencial candidato es el cannabidiol gracias a sus propiedades terapéuticas y moduladoras 

sobre determinados receptores ubicados en la cavidad oral que están involucrados en la 

respuesta de este dolor. Sin embargo, el cannabidiol también presenta desventajas, como su 

baja estabilidad química y su escasa solubilidad en soluciones acuosas. Por este motivo, los 

sistemas de administración controlada de fármacos pueden emplearse para encapsular este 

compuesto, evitando así estas dificultades. En este aspecto, las redes organometálicas de γ-

ciclodextrina han ganado protagonismo en el ámbito de la biomedicina, debido a sus 

prometedoras características. Otro ejemplo más conocido y estudiado en el ámbito de la 

odontología son los liposomas de dipalmitoilfosfatidilcolina. Una limitación adicional del 

cannabidiol, además de la inestabilidad química, es su elevado coste. Por ello, otros 

compuestos homólogos o precursores como el olivetol pueden usarse como análogos en 

ciertos enfoques experimentales. 

En esta tesis doctoral se pretende desarrollar una nueva formulación con potencial efecto 

analgésico basada en cannabidiol encapsulado en dos sistemas de liberación controlada de 

fármacos como una nueva perspectiva en el tratamiento de la hipersensibilidad dentinaria. 

Los sistemas de liberación controlada seleccionados fueron las redes organometálicas de γ-

ciclodextrina y los liposomas de dipalmitoilfosfatidilcolina.  

Las redes organometálicas de γ-ciclodextrina fueron sintetizadas utilizando el microondas 

analítico a partir de diferentes fuentes de potasio (KOH, KCl y KNO3). Se investigó la 

encapsulación del olivetol como análogo de cannabidiol usando el método de impregnación 

y de co-cristalización. En cuanto a las propiedades estructurales, las redes organometálicas 

mostraron los típicos cristales cúbicos cuando se utilizó KOH, y morfologías trigonales al 

emplear KCl y KNO3. El contenido de olivetol fue significativamente más alto cuando se 

emplearon KCl o KNO3 en combinación con el método de co-cristalización, mientras que la 

encapsulación utilizando KOH y el método de impregnación fue muy pobre. Por lo tanto, se 

estableció una metodología basada en la síntesis usando el microondas y fuentes de potasio 
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como KCl o KNO3, junto con el método de co-cristalización para la obtención de olivetol 

encapsulado en redes organometálicas de γ-ciclodextrina. 

En el caso de los liposomas de dipalmitoilfosfatidilcolina, se estudió la encapsulación del 

olivetol como análogo del cannabidiol usando el método de hidratación en capa fina y 

dispersión mecánica empleando un rotavapor y la sonicación respectivamente. Ambas 

formulaciones de liposomas, con y sin olivetol, mostraron una morfología similar y una 

distribución de tamaño por debajo de 200 nm, a pesar de que el compuesto es encapsulado 

en la bicapa lipídica. Además, el contenido de olivetol fue cuantificado, haciéndolos 

adecuados como portadores del compuesto y para su aplicación in vitro. 

Posteriormente, para evaluar la aplicación de las formulaciones sobre los dientes, se planteó 

un estudio in vitro usando dientes bovinos como modelo. Para ello, se realizó un análisis de 

espectroscopía infrarroja de fuente de sincrotrón sobre la estructura dental. Los datos 

obtenidos se trataron mediante el análisis de componentes principales que agrupó las 

muestras según la presencia del fármaco y/o la presencia de un sistema de administración 

controlada, revelando que ambos sistemas dirigieron el transporte del compuesto de forma 

eficiente, a pesar de que la carga de olivetol en las formulaciones de redes organometálicas 

fue menor que en los liposomas.  

Teniendo en cuenta estas diferencias en términos de encapsulación entre ambos sistemas, 

la metodología desarrollada previamente para obtener las formulaciones de redes 

organometálicas se optimizó para explorar las mejores condiciones de síntesis. Para ello, se 

utilizó un diseño de experimentos basado en una metodología de superficie de respuesta 

para optimizar la encapsulación del olivetol y el rendimiento de la reacción. Se estableció un 

modelo cuadrático para el rendimiento de la reacción y un modelo de interacción de dos 

factores para la encapsulación del fármaco, en ambas fuentes de potasio (KCl y KNO3). Con 

las condiciones óptimas, los valores experimentales para ambas respuestas mejoraron los 

resultados previos de forma significativa. Además, se demostró que las nuevas condiciones 

no comprometían sus propiedades estructurales. 

Finalmente, para validar el uso del olivetol como análogo en las redes organometálicas, se 

llevó a cabo la metodología optimizada empleando el cannabidiol. Estas formulaciones 

mostraron las mismas propiedades estructurales que cuando se usó olivetol, a pesar de una 

pequeña pérdida de cristalinidad. Además, los resultados del rendimiento y los valores de 

encapsulación del cannabidiol fueron comparables a los del olivetol. Por lo tanto, la 
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sustitución del olivetol por cannabidiol en las redes organometálicas de γ-ciclodextrina no 

alteró los resultados previos, validando el uso del olivetol como análogo. 

Teniendo en cuenta los resultados obtenidos, una metodología para el desarrollo de una 

nueva formulación basada en cannabidiol encapsulado en redes organometálicas de γ-

ciclodextrina fue establecida y optimizada, validando el uso de olivetol como análogo de este 

compuesto. Además, la aplicación in vitro de esta nueva formulación mostró resultados 

prometedores, así como en la formulación de liposomas. Por lo que ambos sistemas de 

liberación controlada emergen como una nueva perspectiva para combatir la 

hipersensibilidad dentinaria.  
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RRESUM 
 

La hipersensibilitat dentinària es podria definir com un dolor curt i agut en resposta a 

diferents estímuls. Tot i que hi ha nombrosos tractaments per combatre aquesta molèstia, 

cap és totalment eficaç, per la qual cosa cal desenvolupar noves estratègies. Un candidat 

potencial és el cannabidiol gràcies a les seves propietats terapèutiques i moduladores de 

determinats receptors ubicats a la cavitat oral que es troben involucrats en la resposta 

d’aquest dolor. No obstant això, el cannabidiol també presenta desavantatges, així com la 

seva baixa estabilitat química i escassa solubilitat en solucions aquoses. Per aquest motiu, els 

sistemes d'administració controlada de fàrmacs es poden fer servir per encapsular aquest 

compost, evitant així aquestes dificultats. En aquest aspecte, les xarxes organometàl·liques 

de γ-ciclodextrina han guanyat protagonisme en l'àmbit de la biomedicina, degut a les seves 

característiques prometedores. Un altre exemple més conegut i estudiat en l'àmbit de 

l'odontologia són els liposomes de dipalmitoilfosfatidilcolina. Una limitació addicional del 

cannabidiol, a més de la inestabilitat química, n'és el cost elevat. Per això, altres compostos 

homòlegs o precursors com l'olivetol es poden fer servir com un anàleg en determinats 

enfocaments experimentals.  

En aquesta tesi doctoral es pretén desenvolupar una nova formulació amb un potencial 

efecte analgèsic basada en cannabidiol encapsulat en dos sistemes d'alliberament controlat 

de fàrmacs com una nova perspectiva en el tractament de la hipersensibilitat dentinària. Els 

sistemes d'alliberament controlat seleccionats van ser les xarxes organometàl·liques de γ-

ciclodextrina i els liposomes de dipalmitoilfosfatidilcolina. 

Les xarxes organometàl·liques de γ-ciclodextrina van ser sintetitzades utilitzant el microones 

analític a partir de diferents fonts de potassi (KOH, KCl i KNO3). Es va investigar l'encapsulació 

de l'olivetol com un anàleg del cannabidiol utilitzant el mètode d'impregnació i de co-

cristal·lització. Pel que fa a les propietats estructurals, les xarxes organometàl·liques van 

mostrar els típics cristalls cúbics quan es va utilitzar KOH, i morfologies trigonals amb la 

utilització del KCl i KNO3. El contingut d'olivetol va ser significativament elevat quan es van 

emprar KCl o KNO3 en combinació amb el mètode de co-cristal·lització, mentre que 

l'encapsulació utilitzant KOH i el mètode d'impregnació va ser molt pobre. Per tant, es va 

establir una metodologia basada en la síntesi utilitzant el microones i fonts de potassi com el 

KCl o KNO3, juntament amb el mètode de co-cristal·lització per a l'obtenció d'olivetol 

encapsulat en xarxes organometàl·liques de γ-ciclodextrina. 
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En el cas dels liposomes de dipalmitoilfosfatidilcolina, es va estudiar l'encapsulació de 

l'olivetol com un anàleg de cannabidiol utilitzant el mètode d'hidratació en capa fina i 

dispersió mecànica emprant un rotavapor i la sonicació respectivament. Ambdues 

formulacions de liposomes, amb olivetol i sense, van mostrar una morfologia similar i una 

distribució de mida per sota de 200 nm, malgrat que el compost és encapsulat a la bicapa 

lipídica. A més, el contingut d'olivetol va ser quantificat, fent-los adequats com a portadors 

del compost i per a la seva aplicació in vitro. 

Posteriorment, per avaluar l'aplicació de les formulacions sobre les dents, es va plantejar un 

estudi in vitro utilitzant dents bovines com a model. Per fer-ho, es va fer una anàlisi 

d'espectroscòpia infraroja de font de sincrotró sobre l'estructura dental. Les dades 

obtingudes es van tractar mitjançant l'anàlisi de components principals que va agrupar les 

mostres segons la presència del fàrmac i/o la presència d'un sistema d'administració 

controlada, revelant que els dos sistemes van dirigir el transport del compost de forma 

eficient, malgrat que càrrega d'olivetol en les formulacions de xarxes organometàl·liques va 

ser menor que en els liposomes. 

Tenint en compte aquestes diferències en termes d'encapsulació entre tots dos sistemes, la 

metodologia prèviament desenvolupada per obtenir les formulacions de xarxes 

organometàl·liques es va optimitzar per explorar les millors condicions de síntesi. Per fer-ho, 

es va utilitzar un disseny d'experiments basat en una metodologia de superfície de resposta 

per optimitzar l'encapsulació de l'olivetol i el rendiment de la reacció. Es va establir un model 

quadràtic per al rendiment de la reacció i un model d'interacció de dos factors per a 

l'encapsulació del fàrmac, a les dues fonts de potassi (KCl i KNO3). Amb les condicions 

òptimes, els valors experimentals per a totes dues respostes van millorar els resultats previs 

de forma significativa. A més, les formulacions optimitzades van mostrar que les noves 

condicions òptimes no comprometien les propietats estructurals. 

Finalment, per validar l'ús de l'olivetol com un anàleg a les xarxes organometàl·liques, es va 

dur a terme la metodologia optimitzada fent servir el cannabidiol. Aquestes formulacions van 

mostrar les mateixes propietats estructurals que quan es va fer servir l’olivetol, malgrat una 

petita pèrdua de cristal·linitat. Addicionalment, els resultats del rendiment i els valors 

d'encapsulació del cannabidiol van ser comparables als de l'olivetol. Per tant, la substitució 

de l'olivetol per cannabidiol a les xarxes organometàl·liques de γ-ciclodextrina no va alterar 

els resultats previs, validant així l'ús de l'olivetol com un anàleg. 
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Tenint en compte els resultats obtinguts, una metodologia per al desenvolupament d'una 

nova formulació basada en cannabidiol encapsulat en xarxes organometàl·liques de γ-

ciclodextrina va ser establerta i optimitzada, validant l'ús d'olivetol com un anàleg d'aquest 

compost. A més, l'aplicació in vitro d'aquesta nova formulació va mostrar resultats 

prometedors, així com la formulació de liposomes. Per això ambdós sistemes d'alliberament 

controlat emergeixen com una nova perspectiva per combatre la hipersensibilitat dentinària. 
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SSUMMARY 
 

Dental or dentin hypersensitivity is known as a short and sharp pain in response to a variety 

of dental stimuli. Although numerous treatments exist to combat this discomfort, none of 

them are fully effective, so new strategies need to be developed. One potential candidate is 

cannabidiol due to its therapeutic and modulatory properties on certain receptors located in 

the oral cavity and involved in the pain response. However, cannabidiol also has some 

drawbacks, such as its low chemical stability and poor solubility in aqueous solutions. Taking 

into account these constraints, controlled drug delivery systems can be used to overcome 

such limitations by encapsulating this compound. In this respect, γ-cyclodextrin metal-

organic frameworks have gained prominence in the biomedical field, due to their promising 

characteristics. Another example, better known and studied in the field of dentistry, are 

dipalmitoylphosphatidylcholine liposomes. An additional limitation of cannabidiol besides 

the chemical instability is its high cost. Therefore, other homologous compounds or 

precursors such as olivetol can be used as an analogue in experimental approaches. 

In this doctoral thesis we aim to develop a new formulation with potential analgesic effect 

based on cannabidiol encapsulated in two controlled release drug delivery systems as a new 

perspective in the treatment of dentin hypersensitivity. The selected controlled release 

systems were γ-cyclodextrin metal-organic frameworks and dipalmitoylphosphatidylcholine 

liposomes. 

γ-Cyclodextrin metal-organic frameworks were synthesized using analytical microwave from 

different potassium sources (KOH, KCl and KNO3). The encapsulation of olivetol as a 

cannabidiol analogue was investigated using the impregnation and co-crystallization method. 

In terms of structural properties, the metal-organic frameworks showed typical cubic crystals 

when KOH was used, and trigonal morphologies when KCl and KNO3 were employed. The 

olivetol content was significantly higher when using KCl or KNO3 in combination with the co-

crystallization method, while the encapsulation using KOH and the impregnation method was 

very poor. Therefore, a methodology based on the synthesis using microwave and potassium 

sources such as KCl or KNO3, together with the co-crystallization method was established for 

obtaining olivetol loaded in γ-cyclodextrin metal-organic frameworks. 

In the case of dipalmitoylphosphatidylcholine liposomes, the encapsulation of olivetol as a 

cannabidiol analogue was studied using the method of thin-film hydration and mechanical 

dispersion using a rotary evaporator and sonication, respectively. Both liposome 
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formulations in presence and absence of olivetol, showed similar morphology and size 

distribution below 200 nm, despite the drug is encapsulated in the lipid bilayer. Furthermore, 

the olivetol content was quantified, making them suitable as carriers of the drug and for in 

vitro application. 

Subsequently, to evaluate the application of the formulations over the teeth, an in vitro study 

using bovine teeth as a model was carried out. For this purpose, synchrotron source infrared 

spectroscopy analysis of the dental structure was performed. Generated data were treated 

by principal component analysis that grouped the samples according to the presence of the 

drug and/or the presence of a controlled delivery system, revealing that both systems 

conducted the transport of the compound efficiently, even though the olivetol loading in the 

metal-organic frameworks formulations was lower than in the liposomes.  

Taking into account these differences in terms of encapsulation between the two systems, 

the methodology previously developed to obtain the metal-organic frameworks formulations 

was optimized to explore the best synthesis conditions. For this purpose, a design of 

experiments based on a response surface methodology was used to optimize olivetol 

encapsulation and reaction yield. A quadratic model for reaction yield and a two-factor 

interaction model for drug encapsulation were established for both potassium sources (KCl 

and KNO3). Under the optimal conditions, the experimental values for both responses 

significantly improved the previous results. Furthermore, it was shown that the new 

conditions did not compromise their structural properties. 

Finally, to validate the use of olivetol as an analogue in these metal-organic frameworks, the 

optimized methodology was carried out using cannabidiol. These formulations showed the 

same structural properties as the observed with olivetol, despite a small loss of crystallinity. 

Furthermore, the reaction yield results and encapsulation values of cannabidiol were 

comparable to those of olivetol. Therefore, the substitution of olivetol for cannabidiol in γ-

cyclodextrin metal-organic frameworks did not alter the previous results, validating the use 

of olivetol as an analogue. 

Taking into account the indicated results, a methodology for the development of a new 

formulation based on cannabidiol loaded in γ-cyclodextrin metal-organic frameworks was 

established and optimized, validating the use of olivetol as an analogue of this compound. 

Furthermore, the in vitro application of this new formulation showed promising results, as 
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well as in the formulation of liposomes. Thus, both controlled release systems emerge as a 

new perspective to combat dentin hypersensitivity. 
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Oral diseases are one of the most common diseases across the globe according to the World 

Health Organization. Everybody wants a good oral health free of pain or discomfort as the 

one caused by dentin hypersensitivity. This is a widely studied topic since hundreds of 

research articles about this problem could be found, because the science and the 

mechanisms behind it are still not fully understood. Besides, the economic interests are also 

presented since the current available treatments against dentin hypersensitivity are not 

effective and the demand for oral health products is increasing. Hence, companies are 

looking for new and effective strategies to achieve a competitive advantage in the market of 

oral health that moves large sums of money every year.  

 

11.1. TOOTH STRUCTURE 

Teeth are one of the hardest and resistant structures in the human body [1]. Teeth are 

located inside the oral cavity, attached to the mandible and maxilla bones of vertebrates [2]. 

These structures have different functions, since they are involved in the mechanical digestion 

of food, in oral communication for the articulation of sounds and in aesthetic dentistry [3]. 

The tooth is divided in two main parts: the crown and the root (Fig. 1). The crown is the visible 

and external part located above the gums or gingival tissue, while the root is the inner part 

below the gums allowing the attachment of the tooth in the oral cavity [4]. The crown is 

covered with a hard outer layer called enamel [5]. Underneath, there is the dentin tissue and 

the pulp chamber. The latter contains blood vessels and nerves, in order to maintain the 

tooth irrigated with nutrients and being able to receive and transmit stimulus [6]. The root is 

also covered by the dentin and an outer layer similar to the enamel but thinner and softer 

called cementum [7]. In the inner part of the root, root canals contain blood vessels and 

nerves, connecting the pulp chamber of the crown with the rest of the body [8]. Therefore, 

teeth are mainly composed of four dental tissues: Enamel, dentin and cementum that are 

considered hard tissues and the soft tissue is that which refills the pulp chamber and the root 

canals, which contains blood vessels and nerves [9].  
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Figure 1: Anatomy of the tooth showing the two main parts (the crown and the root), the hard 
tissues (enamel, dentin, and cementum) and the soft tissue (blood vessels and nerves) [10].  

 

These three hard tissues are connected through interfacial regions that separate two 

mineralized tissues with different compositions and biomechanical properties [11]: cemento-

enamel junction or neck, dentino-enamel junction and dentino-cemental junction. The first 

one is the interface between the crown and the root, while the last two prevent crack 

propagation to dentin [12]. There is also another junction called junctional epithelium that 

attaches the connective tissue of the gingival tissue to the tooth surface providing a firm 

attachment [13]. 

Another part of the tooth is the acquired dental pellicle. It consists in adsorbed proteins and 

biopolymers from the oral environment that form a film coating the enamel surface after its 

eruption [14]. First, these molecules are adsorbed due to electrostatic forces with the enamel 

surface charges and then, due to the own interactions with the already adsorbed proteins 

[15]. The formation of this film is a dynamic process since it is removed during the brushing 

or chewing and built after that continuously [16]. This pellicle favours the lubrication of the 

tooth, regulates the bacterial adherence and protects the tooth surface against damage and 

demineralization, among others [17]. 
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11.1.1. COMPOSITION AND STRUCTURE OF ENAMEL AND DENTIN 

Enamel and dentin are the main tissues that comprise the teeth. Enamel is the hardest tissue 

in vertebrates and without the ability to regenerate itself since it is an acellular and avascular 

structure [9,18]. Enamel provides the resistant outer layer of the dental crown that protects 

the tooth from physical, thermal, and chemical forces that could damage the rest of the 

tissues that conforms the teeth. This hardness is due to the fact that it is a highly mineralized 

and densely packed tissue [19]. Enamel consists of inorganic material (96%) mainly 

carbonated calcium-deficient hydroxyapatite (HAP) [20]. The remaining 4% is a mixture of 

water and organic molecules, mostly glycoproteins such as amelogenins that are involved in 

the formation and organization of hydroxyapatite crystals during enamel formation [18]. The 

carbonated calcium-deficient HAP is a hexagonal crystalline calcium phosphate 

[Ca10(PO4)6(OH)2] and carbonates impurities [CO3
2-] [21]. There is a typical carbonate content 

gradient along the enamel tissue, decreasing from the outer to the inner enamel, which 

involves a loss in the crystallinity [22]. Besides, these carbonates could substitute two anion 

phosphate groups or two hydroxyl groups in HAP structure, being B-type or A-type 

carbonated apatites, respectively [23]. The lattice parameters of HAP structure are modified 

due to the different size of the substitute anions [24]. The packing of the HAP crystals in the 

enamel in a parallel aligned orientation confers to this tissue its mechanical properties such 

as the extreme hardness, stiffness, and resilience [25]. This characteristic organization form 

the basic units of the enamel called rods and, between them, there are interprismatic spaces 

with organic matter called interrods [19,26]. 

The dentin is the major tissue of the tooth. It gives the tooth its colour and is softer and more 

elastic than the enamel [27]. The dentin acts as a protective layer and supports the crown of 

the tooth by giving it greater elasticity. These properties are explained because of its 

composition and organization. The dentin consists of more organic material than the enamel, 

being less mineralized. It is composed of inorganic material (70%) mainly carbonated calcium-

deficient HAP as in the enamel and, organic molecules (20%), mostly collagen and water 

(10%) [28]. Besides, this tissue is organized in characteristic dentinal tubules filled with 

dentinal fluid that connect the enamel with the pulp chamber and the cementum with the 

root canals in the crown and in the root, respectively [29]. This fact confers less packing to 

the crystals of the dentin being a porous structure more similar to the composition of bones, 

explaining its different properties in comparison to the enamel [30].  
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In general, it is important to note that the composition and structures of these tissues are 

not constant and depend on many aspects, such as the age, diet, environmental factors or 

the species [31,32]. Therefore, it is important to consider these differences when chemical 

or physical studies are performed using tooth samples.  

 

11.1.2. BOVINE TEETH AS AN IN VITRO MODEL 

Although mammalian teeth are similar, tooth composition and structure could vary [11,31]. 

To perform in vitro tooth experiments, the ideal samples are usually human teeth free of any 

defect or without previous treatments. In general, this kind of samples are difficult to obtain 

since the dentist will remove a tooth when something is going wrong [33]. 

Bovine tooth is used as a substitute for human tooth in in vitro studies [34]. These teeth are 

easily to obtain from a slaughterhouse, or a butcher shop and they usually have a large 

surface without caries or defects. Besides, these samples are more homogeneous than 

human ones since bovines have a similar diet and lifestyle [35,36]. Moreover, ethical review 

is not necessary when bovine teeth are used for in vitro experiments and they are accepted 

as a valid model in several International Organization for Standardization (ISO) guides, for 

example ISO 29022:2013 or ISO 28399:2021 [37,38]. Therefore, bovine teeth are extensively 

employed as a model in dental in vitro studies for different applications, such as tooth 

whitening, dental erosion, or bonding/adhesive strength [39,40]. Nevertheless, human, and 

bovine teeth have some slight differences, such as the calcium content or the fracture 

resistance that are higher and lower in bovine samples, respectively (Table 1). These 

differences are due to the different crystal organization [41]. Thus, this variability should be 

considered especially when the obtained results of in vitro studies using bovine samples want 

to be extrapolated to human teeth. 
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Table 1: Comparison between human and bovine teeth [34]. 

  HHuman teeth  BBovine teeth  

EEnamel  

Average diameter of crystallites Smaller Larger 

Calcium content Lower Higher 

Calcium distribution More heterogeneous More homogenous 

Carbonate content No significant differences 

Demineralization No significant differences 

Caries progression Slower Faster 

Microhardness Higher Lower 

DDentin  

Diameter of dentinal tubules No significant differences 

Number of dentinal tubules Higher Lower 

Stain removing More difficult Easier 

Caries progression No significant differences 

Diffusional water flux No significant differences 

Wear induced by erosion Higher Lower 

 

11.2. DENTIN HYPERSENSITIVITY 

Nowadays, dentin hypersensitivity is a very common clinical condition that has not yet been 

properly resolved. Dentin hypersensitivity, also known as dental hypersensitivity or cervical 

dentin sensitivity, is defined as pain arising from exposed dentin in response to chemical, 

thermal, tactile or osmotic stimuli that cannot be explained as arising from any other dental 

defect or disease, varying between individuals due to differences in pain tolerance, 

environmental factors and emotional state [42,43]. Although it does not represent a serious 

health problem, it is a common need in patients as it causes a very unpleasant and unwanted 

sensation, usually described as a brief and sharp repetitive pain [44]. 

The prevalence of this hypersensitivity varies between 4% and 57% [43]. This wide range is 

due to the differences between the populations studied, as well as the different study 

methods that have been conducted. Most studies have reported that, in terms of gender, 

there is more incidence in women than in men (Fig. 2) [45,46], although there is not enough 
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scientific evidence to support this fact [47]. Regarding the age, it has been reported that there 

is a higher incidence in the 30-40 age range with a prevalence of 30%, although all age groups 

can suffer it [47]. This could be explained by the decrease in dentin permeability over the 

years [48].

Figure 2: Prevalence of dentin hypersensitivity among the respondents showing the differences in 
terms of gender [46].

There are many causes that can lead to the development of dental hypersensitivity. In young 

patients, the main cause is dental erosion [49]. On the other hand, periodontal diseases and 

their associated treatments cause hypersensitivity in 85% of affected patients [50]. Other 

reasons that can lead to periodontal disease include gingival recession due to improper 

brushing, excessive smoking, tooth whitening treatments or excessive flossing [47,51].

Therefore, this high prevalence of hypersensitivity is an important issue that needs to be 

addressed in order to prevent or eliminate the pain.
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11.2.1. THEORIES AND MECHANISMS 

Although the origin of dentin hypersensitivity remains unclear, there are three accepted 

theories that explain the mechanism by which this pain occurs (Fig. 3).  

- Brannstrom's hydrodynamic theory [48,52,53] 

This is the most accepted theory at present and is based on the fact that when an external 

stimulus reaches the exposed dentinal tubules, a pressure change occurs, causing the fluid 

contained in the tubules to move. In this way, the nerve endings located at the inner ends of 

these tubules or in the outer layers of the pulp are stimulated and depolarised, thus 

generating a nerve impulse to the brain that translate into pain. Depending on the external 

stimulus, the movement of the fluid within the tubule’s changes. For example, if the stimulus 

is thermal, heat will cause the fluid to expand and move. Conversely, cold will act in the 

opposite way. However, both excitations will result in the production of pain. 

- Odontoblast transduction theory [52,54] 

This theory assumes that odontoblasts transmit external stimuli through exposed dentinal 

tubules, and these external signals are transferred to nerves causing a neuronal signalling 

cascade translated into pain. However, at present, there is no experimental scientific basis to 

test the theory. 

- Neural theory [43,52] 

It argues that external stimuli directly affect the nerve endings of the dentinal tubules via the 

pulpal nerve fibres. Currently, there is no strong evidence to support this theory. 
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Figure 3: Theories that explain the dentin hypersensitivity mechanism: Brannstrom's 
hydrodynamic theory (A), odontoblast transduction theory (B), and neural theory (C) [43].

11.2.2. CURRENTT TREATMENTSS 

At present, there are three main strategies currently available for the treatment of dentin 

hypersensitivity, which employ different mechanisms to avoid this pain (Fig. 4).

-Nerve desensitization agents

The base of these treatments consists of the use of potassium nitrate in order to desensitize 

the pulpal sensory nerves reducing its response to stimulation and blocking the signalling 

pathway that would ultimately be transformed into pain [55]. However, the specific 

mechanism of action of this potassium salt is not well known. The most accepted theory is 

that the depolarizing activity of the potassium ions reduces the neuronal activity [56]. A study 

showed that using 5% of potassium nitrate in toothpastes was more effective than the 

control without this salt, reducing the dentin hypersensitivity for four weeks [57].
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- Dentinal tubules occlusion agents

This kind of treatments follow the Brannstrom's hydrodynamic theory. There are many 

agents used to plug the dentinal tubules, but their exact mechanisms are not fully 

understood, but several hypotheses have been formulated to explain how each compound 

works. In general, these treatments cover the exposed tubules through mechanical formation 

of a natural layer and/or forming insoluble materials that precipitate in the tubules and on 

the surface [48]. Such compounds include strontium acetate, sodium fluoride, stannous 

fluoride, and sodium monofluorophosphate [58]. These agents, among other salts are usually 

added to toothpastes and they act blocking the dentinal tubules through chemical 

precipitation onto the dentine surface decreasing dentin permeability. To improve its effect, 

lasers could be applied to promote this precipitation process [59]. Another example is the 

use of formaldehyde and glutaraldehyde that occlude the tubules promoting the 

precipitation of salivary proteins [58]. Dentinal adhesives are also employed as dentin sealers 

and soft tissue grafts to cover exposed tubules due to gingival recession using surgery [57].

Figure 4: Nerve desensitization and dentinal tubules occlusion agents as current treatments to 
avoid dentin hypersensitivity [43].
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-Analgesics and anti-inflammatory agents 

An analgesic is any member of the group of drugs used to achieve analgesia, the relief and 

reduction of pain. Analgesic drugs act at different levels of the nervous systems and there is 

a wide selection of these drugs depending on the pharmacochemical properties and the 

action mechanism. In dentin hypersensitivity the drugs used for pain relief correspond to two 

main groups: non-narcotic analgesics (non-opioids) and opioids [60].  

Some examples of non-narcotic analgesics employed in dentin hypersensitivity are ibuprofen, 

etodolac, dipyrone and acetaminophen. Ibuprofen may help to reduce dentin 

hypersensitivity during some treatments but not after them [61]. Besides, the perioperative 

use of this drug was not able to avoid the pain but reduced its intensity up to one hour [62]. 

The combination of ibuprofen and acetaminophen may decrease dentin hypersensitivity as 

data from a clinical experiment revealed [61]. Other medicine used as preventive treatment 

on dentin hypersensitivity is etodolac. However, a single dose preventive administration of 

this compound did not affect either risk of dentin hypersensitivity or level of pain reported 

by patients, during or after the procedure [63].  Topical dipyrone had the same lack of effect 

as etodolac in a clinical trial reported by Rezende et al. [64]. 

Opioids are administrated to treat very intense pains as they are considered very powerful 

analgesics [65]. The mostly used opioid in the dental field is codeine in combination with 

acetaminophen (non-opioid), without promising results [66]. Furthermore, the use of opioids 

in this field is not recommended since they are considered very potent compounds and they 

can produce a high amount of side effects [67]. 

Another group of drugs was found to treat inflammation and pain in dentistry: 

corticosteroids. These agents have been used topically for their anti-inflammatory effects, 

but are not particularly effective [53]. An example is dexamethasone, but it did not reduce 

the risk and intensity of dentin hypersensitivity [68]. 

As a conclusion, even though there are a great number of possible strategies to be applied in 

the treatment of the dentin hypersensitivity, up to date any treatment has yet been found to 

be entirely efficient for all patients. Therefore, more research is still being performed with 

the objective of finding an effective and long-lasting treatment able to reduce dentin 

hypersensitivity without significant side effects [69]. 
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11.3. CANNABINOIDSS 

Cannabinoids are a type of active chemical compounds that are naturally found in the stems 

and flowers of the Cannabis sativa plant [70]. Among the more than 500 known constituents 

of C. sativa, more than 100 belong to cannabinoids. This plant belongs to family Cannabaceae

and it is native to Asia [71]. C. sativa has been used for recreational, industrial and medicinal 

purposes for thousands of years due to the properties of cannabinoids [72]. These 

compounds are secreted in a resin by glandular hairs in male and female plants, being the 

female preferred since they produce more amount of this cannabinoid-rich resin [73]. 

Cannabinoids represent a group of C21 or C22 (for the carboxylate forms) hydrophobic 

compounds [74]. Chemically, they are terpenophenolic compounds and the most important 

cannabinoids are Δ9-tetrahydrocannabinol (Δ9-THC or THC), famous for its psychotropic 

effect, Δ8-tetrahydrocannabinol (Δ8-THC), cannabidiol (CBD), cannabigerol (CBG) and 

cannabidivarin (CBDV) (Fig. 5) [75].

Figure 5: Cannabinoid chemical structures: Δ9-tetrahydrocannabinol (Δ9-THC or THC) (A), 
cannabidiol (CBD) (B), cannabigerol (CBG) (C), cannabidivarin (CBDV) (D) and synthetic 
cannabinoids (E-H) [76].
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These compounds act on the endocannabinoid system (ECS), which consists of a group of 

endogenous cannabinoid receptors located in the central and peripheral nervous systems 

[77]. The ECS regulates various physiological processes through these receptors such as 

appetite, memory, pain or immune response [78]. The two more important receptors are 

cannabinoid receptor 1 (CB1) and cannabinoid receptor 2 (CB2). Meanwhile CB1 is mainly 

expressed in the brain and therefore involved in cognition and brain function, CB2 is more 

present in the immune and hematopoietic system [79]. After the modulation of these 

receptors, specific signalling pathways induce multiple actions in organism showing the final 

effect. 

 

11.3.1. CANNABIDIOL 

Cannabidiol is the main non-psychotropic cannabinoid of C. sativa and it is the component 

responsible of most of the medical benefits of this plant [80]. CBD is not psychoactive and 

antagonizes the psychotomimetic and other psychotropic effects of THC.  Although THC and 

CBD show similar structures, the fact that THC exists in planar configuration meanwhile CBD 

presents a non-planar configuration, determines their difference in terms of the psychotropic 

activity [81]. Furthermore, cannabidiol has powerful therapeutic characteristics in several 

health fields, such as antioxidant, anti-inflammatory and immunomodulatory effects [82]. All 

these properties together with the absence of psychotropic effects and its minimal side 

effects, make CBD safe for its use in biomedicine. This compound has shown promising results 

in the control of serious diseases such as epilepsy, Alzheimer, multiple sclerosis, chronic pain, 

diabetes and in the treatment of various types of cancer [83,84]. Therefore, CBD is 

considered the main non-psychotropic compound with a remarkable relevance in scientific 

applications due to its medical benefits [85]. 

The effects of cannabidiol, as well as the rest of cannabinoids, occur when they act on their 

corresponding endocannabinoid receptors (CB1 and CB2). However, other distinctive 

characteristic of cannabidiol is the fact that it can interact with more receptors, explaining its 

wide spectrum of action [86]. For example, CBD can modulate transient receptor potential 

cation channels (TRP channels), which mediate a variety of sensations such as pain or 

temperature [87].  
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Nevertheless, cannabidiol is also known for other less attractive characteristics. This 

compound is soluble in organic solvents but not in aqueous media, being a disadvantage 

specially when CBD is used in biomedicine since the physiological media is an aqueous 

solution [88]. Moreover, cannabidiol shows low chemical stability and high degradation 

easiness, being oxidized under alkali conditions [89]. Therefore, some strategies could be 

developed to protect CBD and avoid these difficulties when this compound is wanted to be 

employed in biomedicine, such as the use of appropriate drug delivery systems (DDS) [90]. 

Furthermore, other important aspect to take into account of cannabidiol is the price of this 

compound, since it can reach 1,400 €/g or more, making more difficult its use in experimental 

research approaches. 

 

11.3.2. CANNABIDIOL IN ORAL HEALTH 

The use of cannabidiol in dentistry has been scarce studied, and its effects in the treatment 

of oral diseases are not well-known. Nonetheless, considering its properties, mechanisms of 

action and favourable results in treating other complex diseases, it is believed that it can exert 

a positive therapeutic effect on some pathologies that are still challenging in oral health such 

as dentin hypersensitivity [91].  

There are few studies about cannabidiol in dentistry. One of them tested the effects of CBD 

in a periodontitis experimental model in rats. The results indicated that CBD may be useful 

to control bone resorption during progression of experimental periodontitis in these animals 

[92]. Cuba et al. considered the possibility of the use of CBD for the prevention and treatment 

of oral mucositis. This study demonstrated that cannabidiol is safe to use and possesses 

antioxidant, inflammatory and analgesic properties [91]. Other cannabis products and 

devices have been patented by companies such as Axim Biotech, Incannex, APIRx or 

Cannaderm. For example, a delivery system of oil infused cannabis is disclosed to be used in 

toothpastes and gummies to help strength the root of teeth [93]. Other application discloses 

oral care compositions based on toothpastes, toothpowders or mouthwashes that contain 

cannabinoids, preferably cannabidiol and/or cannabigerol to be used to treat oral infectious 

diseases, including periimplantitis, periodontitis, oral mucositis, and dental pain [94]. A 

toothpaste with a mixture of different cannabinoids led a pain relief transferring these 

compounds in contact with the gums [95]. 
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Besides, some commercial products with cannabidiol developed to combat dental pain are 

available in the market [96]. CBD chewing gum increases production of saliva, reducing decay 

thanks to the antibacterial, antiseptic and analgesic properties of this compound, preventing 

biofilm attachment. Toothpaste infused with CBD, made of baking soda, peppermint oil, 

organic coconut oil and CBD oil, relieves hypersensitivity and heals the gums, removing the 

plaque. CBD hemp oil tincture for adding few drops in the toothpaste to maintain the oral 

environment free of bacteria and it could reduce hypersensitivity. CBD capsules are 

appropriated for use as analgesics after surgery or to combat hypersensitivity, and also, CBD 

oral spray and tea infused with cannabidiol provide pain relief.  

 

11.3.3. CANNABIDIOL AS TREATMENT OF DENTIN HYPERSENSITIVITY 

As it was previously explained, CBD not only interacts with the most common cannabinoid 

receptors, but also this compound could act through transient receptor potential cation 

channels (TRP channels) [87].  

TRP ion channel family comprises seven classes of nonselective cation channels: TRPA 

(ankyrin), TRPC (canonical), TRPM (melastatin), TRPML (mucolipin), TRPP (polycystic), TRPN 

(no mechanoreceptor potential C) and TRPV (vanilloid) [97]. These classes include several 

subfamilies with at least 28 sequenced members. They are able to alter the membrane 

potential of the cells modifying the intracellular concentration of different cations such as 

calcium, magnesium and sodium [98]. This fact activates a signalling pathway that has a key 

role in pain response and other sensations. The modulation of these channels takes place 

through several signals including thermal, mechanical and chemical stimuli [99].  

To date, the presence of several members of the TRPV, TRPM, TRPC and TRPA classes have 

been reported in dental tissues, including odontoblasts and the nerves in the pulp chamber 

[54,100]. The mechanism of action of these channels in the transduction of dental pain starts 

when the exposed dentin suffers the application of an external stimuli (Fig. 6). This signal 

induces the movement of the dentinal fluid, activating the TRP channels of the odontoblasts 

and the nerves. This activation increases the calcium concentration in the odontoblasts, 

activating them. The activated odontoblasts release neurotransmitters to the nerves, such as 

glutamate and adenosine triphosphate through glutamate permeable and pannexin 

channels, respectively. This release activates the nerves in the pulp chamber that promote a 
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signal in the neurons giving a final response in form of pain [54,101]. Therefore, TRP channels 

may serve as potential drug targets for the development of pharmacological strategies to 

manage dental pain [102].

Moreover, CBD has been shown to interact with these TRP channels by desensitising them, 

regulating calcium entry into odontoblasts and dental pulp nerves, blocking the signalling 

pathway described above, thus decreasing the pain response [98,103]. For this reason, CBD 

emerges as a promising candidate for the treatment of dentin hypersensitivity [96].

Figure 6: Mechanism of action of transient receptor potential cation channels in the transduction 
of dental pain [54].

11.3.4. OLIVETOLL (OLV)) 

Olivetol, also known as 5-pentyl-1,3-benzenediol or 5-pentylresorcinol, is a phenolic 

compound naturally present in several plants such as lichens or wheat. It is also produced by 

various insects as pheromone, antiseptic or repellent agent [104]. OLV is a precursor of 
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cannabinoids in its synthesis, as its chemical structure is included in the chemical structure 

of these compounds including cannabidiol (Fig. 7). It makes olivetol an important metabolite 

in cannabinoid biosynthesis [105]. Thus, OLV is defined as an experiential model of the n-

pentyl resorcinol sector of cannabinoids and it is used to produce synthetic analogues of 

these compounds [106]. Besides, olivetol has some of the interesting properties of CBD, such 

as the antioxidant effect by reducing free radical production [104]. A distinctive aspect of OLV 

in comparison with the rest of cannabinoids is its price, that is around 30 €/g, being 50 times 

cheaper than CBD. 

Figure 7: Chemical structure comparison between cannabidiol (left) and olivetol (right), olivetol 
structure is highlighted in green.

Although they cannot be considered as analogue compounds, OLV could be employed as a 

more affordable alternative in some experimental approaches since it may mimic cannabidiol 

chemical behaviour due to the common characteristics. 

11.4. DRUGG DELIVERYY SYSTEMSS (DDS)) 

Nowadays, there are many limitations to the direct administration of the active compounds 

responsible of the therapeutic effect. For example, efficacy could be reduced due to 

difficulties with the drug itself, as is the case of CBD (explained in section 1.3.1). To overcome 

these difficulties, controlled drug delivery systems (DDS) have been developed [107]. This 

controlled delivery aims to release drugs in a defined concentration, to target its transport to 

the specific site and in the desired time [108,109].
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Drug transport using these DDS has several benefits over the direct administration [110]:  

 Improves the efficiency of the release. 

 Minimises undesirable side effects of the drug. 

 Reduces the toxicity of the administered drug. 

 Protects the drug against degradation or elimination by the body. 

 Can reach tissues and organ locations non reachable by labile molecules  
 

Because DDS have a final application in biomedicine, a very important aspect they have to 

fulfil is that they should offer safety, efficiency, optimal bioavailability, biocompatibility, 

stability, non-toxicity, non-immunogenicity and the ability to be site-specific [111]. Drug 

delivery systems appeared in 1952 for the first time and they have been quite developed 

[110]. Different structures have been tested as DDS, such as liposomes, dendrimers, carbon 

nanotubes or metal-organic frameworks (MOFs) (Table 2) [112]. These DDS have been 

employed as treatments of different diseases including cancer or diabetes, among others 

[113]. Moreover, these materials are included in pharmaceutical products that generate 

more than 100 billion € in annual revenues [114]. Thus, these facts show the clinical and 

commercial importance of DDS in biomedicine. Nevertheless, although different 

methodologies have been proposed for a controlled drug administration process, the perfect 

DDS has not yet been developed.  

As it was explained before, cannabidiol presents some limitations since it is a hydrophobic 

compound, showing poor aqueous solubility. This fact is particularly important in 

biomedicine applications since the physiological media is an aqueous solution. Besides, CBD 

has low chemical stability. Therefore, suitable DDS could be employed for cannabidiol 

encapsulation in order to protect this compound from its degradation and to improve its 

biodistribution [90].  
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Table 2: SWOT (Strengths, Weaknesses, Opportunities, and Threats) analysis of different drug 
delivery systems [115–124]. 
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11.4.1. METAL-ORGANICC FRAMEWORKSS (MOFs)) 

Metal-organic frameworks (MOFs) are crystalline materials made of metal ions (or metal 

clusters) linked through coordination bonds to organic ligands into one, two, or three-

dimensional extended periodic network structures (Fig. 8) [125]. MOFs present extraordinary 

properties such as high surface areas, ultrahigh porosity, and thermal stability [126]. These 

structural characteristics are determined by the metal-organic combination. Besides, MOFs 

are editable materials since their properties could be modulated like porous size or surface 

characteristics through the modifications of their components, and the different possibilities 

during their synthesis procedures or the encapsulation process [127]. For instance, if the 

organic ligand is flexible, the MOF will experience some flexibility. Therefore, MOFs can be 

developed and properly adjusted modifying these factors depending on targeted applications

[128].

Figure 8: Components of metal-organic frameworks including the metal ion and the organic 
ligand.

In order to obtain these materials, different synthesis methods can be followed, including 

vapor diffusion, solvothermal/hydrothermal, or microwave assisted methods [129]. 

Meanwhile, the guest compounds can be loaded employing several encapsulation 

methodologies, such as impregnation, grinding and co-crystallization methods [130]. The 

selection of the appropriate encapsulation technique should be considered in order to ensure 

that it does not affect MOF properties neither the guest compound. For instance, the pH of 
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the media where the encapsulation process is taking place could degrade the guest 

compound [131,132]. 

Due to the benefits of MOFs, these materials have emerged in plenty applications, including 

catalysis, gas storage, pollutant-removal agents or as drug delivery systems [133–135]. 

Indeed, the number of publications about this new class of crystalline materials has been 

gaining attention in many scientific fields over the last years (Fig. 9) [136]. In biomedical field, 

the use of MOFs as DDS has increased since they have been downsized to micro and 

nanoscale, being efficient drug delivery systems for different compounds [133]. In this 

context, an important aspect to consider is the biocompatibility of the materials constituting

the MOFs, since they should show low toxicity and safety for in vivo applications [137]. In this 

regard, it is fundamental to use harmless precursor materials like calcium or potassium metal 

linkers or biocompatible organic ligands such as nucleobases, amino acids, polypeptides, 

proteins and cyclodextrins (CDs) [138]. Thus, the materials that follow these aspects are ideal 

host structures for the encapsulation of different compounds such as drugs with therapeutic 

interest [139]. A biocompatible type of MOF that is being widely used in biomedicine in recent 

years is γ-cyclodextrin metal-organic framework (γ-CD-MOF) [140].

Figure 9: Number of publications related to metal-organic frameworks per year from 2005 to 2019 
[136].
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11.4.1.1. γ-CYCLODEXTRIN METAL-ORGANIC FRAMEWORKS (γ-CD-MOFs) 

γ-Cyclodextrin metal-organic frameworks (γ-CD-MOFs) are a type of biocompatible MOFs 

made of γ-CD as organic ligand and alkali-metal cations as metal linker such as potassium, 

rubidium, and caesium [141]. 

CDs are natural cyclic oligosaccharides formed by D-glucopyranose units linked by a α-1,4-

glycosidic bond [142]. There are three main cyclodextrins depending on the number of 

glucopyranose units: α-CD, β-CD and γ-CD with 6, 7 and 8 glucopyranose units, respectively 

(Fig. 10) [126,138].  

 

 

Figure 10: Chemical structure of α-, β-, and γ-cyclodextrins showing the glucopyranose units. 

 

Cyclodextrins have a truncated cone-shaped structure due to the chair conformation of the 

glucopyranose units (Fig. 11) [143]. Meanwhile its outer surface is hydrophilic because of  the 

hydroxyl groups, the inner cavity is hydrophobic due to the carbons and oxygens of the 

glucopyranose residues [126]. This structure allows cyclodextrins to encapsulate 

hydrophobic compounds in its inner cavity through non-covalent interactions (hydrogen 

bridges, Van der Waals and electrostatic forces) and to deliver them in aqueous solution due 

to its hydrophilic surface [144]. However, drug loading in this cavity is limited. Thus, 
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cyclodextrins could be combined with many molecules, both organic and inorganic, to create 

novel and biocompatible materials with higher drug loading capacity, including MOFs [138].

Figure 11: Truncated cone-shaped structure of cyclodextrins showing the hydrophilic outer surface 
and the hydrophobic inner cavity.

Among the three types of cyclodextrins, γ-CD has been used to prepare biocompatible and 

non-toxic MOFs due to the presence of more -OCCO- binding groups in the primary and 

secondary faces, which can be used to form complexes with alkali-metal cations [141]. 

Calcium, iron, zinc and titanium ions have been considered biologically acceptable, but 

potassium ions from potassium hydroxide are one of most used to obtain these CD-MOFs

[145]. The crystal structure of these typical CD-MOFs corresponds to body-centered cubic 

crystals of space group I432 (Fig. 12) [146]. However, other space groups and structures have

been also reported for these MOFs when metal sources different from KOH have been 

employed [147]. 

Figure 12: Space-filling representation of the extended solid-state structure of the typical γ-CD-
MOFs corresponds to body-centered cubic crystals of space group I432.
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These CD-MOFs can be synthetized using the different methods listed above for any MOF, 

being vapor diffusion crystallization the classical method. This method consists in mixing the 

reagents in a precipitant solution (not concentrated) into a sealed environment with the 

same precipitant solution (concentrated). This action allows to reach an equilibrium since 

vapours from the concentrated solution starts to migrate to the unconcentrated one. Then, 

reagents start to react forming the crystals due to the concentration gradient created [148]. 

Nevertheless, this method is not suitable to mass production and industrial use since the 

process to obtain the crystals takes several weeks and the size remains heterogeneous. To 

overcome these difficulties, new synthesis methods are emerging such as the use of 

analytical microwave-assisted technique as a fast and efficient process [127]. The synthesis 

of CD-MOFs using the analytical microwave allows to control and modulate the size of the 

crystals being more homogeneous [149]. Besides, only some hours are needed to obtain the 

MOFs instead of weeks and the reaction yield is also improved [150]. Another advantage of 

these γ-CD-MOFs is their editability since hydroxyl groups of CDs will allow a surface 

functionalization, so post-modification methodologies could be performed after the 

synthesis with different purposes such as to improve their stability in aqueous medium 

[126,151].   

Regarding the encapsulation process, different methods can also be used, being the 

impregnation technique the most common. It consists in the immersion of the synthesized 

CD-MOFs in a solution where the guest molecules are dissolved. However, the solvent plays 

a critical role in the efficiency of encapsulation, as well as the time, temperature and ratio 

between the drug and the MOF [126]. Co-crystallization method has also been employed for 

drug encapsulation in CD-MOFs. In this process, the drug is in the same solution with the 

reagents that will comprise the final MOF and the encapsulation takes place at the same time 

as the crystal formation [152]. In this case, it must be considered that the synthesis process 

does not alter the drug. 

In this context, CD-MOFs are promising candidates as DDS and they have already been 

employed in biomedicine for the encapsulation of different compounds such as ibuprofen or 

lansoprazole [153,154]. Thus, they would show potential as DDS in oral health. 
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11.4.2. LIPOSOMESS 

Liposomes are concentric spherical-shaped vesicles typically based on one or more 

phospholipid bilayers surrounding an aqueous core (Fig. 13) [155]. Liposomes present the 

ability to encapsulate different substances. Meanwhile hydrophilic drugs are encapsulated in 

the aqueous core of the liposomes, hydrophobic compounds are encapsulated in the bilayers

[156]. Besides, liposomes are non-toxic, biocompatible, and biodegradable and they can fuse 

with the cell membrane and release the encapsulated drug [157]. For this reason, liposomes 

have been widely employed as DDS to transport several drugs in the treatment of different 

diseases, such as cancer, multiple sclerosis, or even COVID-19 [158,159]. 

Figure 13: Scheme of a liposome showing phospholipid bilayer surrounding an aqueous interior 
and excluding an aqueous exterior environment.

The major structural components of the liposomes are phospholipids. Phospholipids are 

amphipathic molecules with a hydrophilic polar head group and hydrophobic hydrocarbon 

chains [160]. A parameter that is involved in the stability of the liposomes is the phase 

transition temperature (Tc) of the phospholipid or phospholipids that constitute the vesicles. 

This temperature defines the fluidity changes of each phospholipid and is directly 

proportional to the length of the hydrophobic chains [161]. The longer the chain of the 

phospholipid is, the higher its Tc will be and more rigid will be the bilayer. This parameter 

could affect important factors of the liposomes such as its stability, aggregation, and 

permeability [162]. 
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For liposomes synthesis, the most well-known process is the thin-film hydration method. It 

consists in drying down the phospholipids from organic solvents in the bottom of a round 

flask using the rotary evaporator and then its mechanical dispersion in the aqueous media 

[163]. Meanwhile, the drug encapsulation for hydrophobic compounds takes places during 

the drying process, hydrophilic drugs are loaded in the mechanical dispersion through the 

aqueous medium [164]. Nevertheless, depending on the type of vesicle and drug, the 

technique may vary. 

There are different types of liposomes according to the number of concentric bilayers, the 

size and the phospholipids that comprise the formulation [165]. Other important 

characteristic of these systems is the easy control of all these variables as well as the surface 

functionalization [166]. Therefore, liposomes could be modulated depending on its final 

application.  

 

11.4.2.1. DIPALMITOYLPHOSPHATIDYLCHOLINE (DPPC) LIPOSOMES 

The most common phospholipid used for liposome synthesis, due to its stability and its ability 

to act against changes in pH, is phosphatidylcholine (PC) [167]. PC has phosphocholine as 

polar head group and two acyl hydrocarbon chains (Fig. 14). Among PCs, 

dipalmitoylphosphatidylcholine (DPPC) has been widely studied as DDS since it is a 

phospholipid naturally present in human body, and its Tc (41 ºC) is similar to the human body 

temperature [168]. DPPC is a fully saturated phospholipid with high stability and 

encapsulation efficiency [169]. Furthermore, DPPC liposomes have been already applied in 

dentistry as tooth whitening treatment since they are able to be adsorbed to hydroxyapatite 

[40]. 
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Figure 14: Chemical structure of dipalmitoylphosphatidylcholine showing the hydrophilic head and 
the hydrophobic tails.

Therefore, as DPPC liposomes are a well-known and highly reported model applied in several 

fields including oral health, they can be good candidates as DDS for dentin hypersensitivity 

treatments.



 

2. OBJECTIVES
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Since there is not any current totally effective treatment to combat dentin hypersensitivity, 

finding a suitable alternative for this problem is a challenge. The main objective of this 

doctoral thesis is to develop a new formulation with potential analgesic effect based on 

cannabidiol delivery systems as a treatment for dentin hypersensitivity. This objective was 

planned to be accomplished by carrying out the following specific tasks: 

 To develop a suitable synthesis for a novel encapsulation methodology to obtain 

cannabinoids loaded in γ-CD-MOFs using olivetol as a cannabidiol analogue.  

 To implement a suitable preparation of dipalmitoylphosphatidylcholine liposomes to 

encapsulate cannabinoids by using olivetol as a cannabidiol analogue.  

 To assess the penetration pattern of the drug loaded in each drug delivery system (γ-

CD-MOFs or DPPC liposomes) along the tooth structure by an in vitro study that 

includes a bovine tooth model, the use of synchrotron-source infrared spectroscopy 

and principal component analysis (PCA) for data treatment. 

 To optimize the γ-CD-MOFs synthesis and encapsulation methodology in terms of 

reaction yield and drug encapsulation by using a particular design of experiments 

(DoE).  

 To validate the use of olivetol as a cannabidiol analogue using the optimal conditions 

in MOFs’ formulations. 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



33. EXPERIMENTALL SECTIONN 



 

 
 



EXPERIMENTAL SECTION

35

33.1. EXPERIMENTALL TECHNIQUESS 

3.1.1. ANALYTICALL MICROWAVEE 

Microwave chemistry is the science of applying microwave radiation that acts as high 

frequency electric fields and it is able to heat any material containing mobile electric charges. 

Unlike conventional heating, microwave radiation produces uniform and fast heating of the 

target compounds since it is possible to control and follow the different parameters that are 

involved in the process such as time, temperature, power, and pressure. In this context, 

analytical microwave allows to save time and energy [170].

Figure 15: CEM corporation MARS 5 digestion analytical microwave system (CEM Corporation 
Matthews, North Carolina, USA) used in the present studies.

Analytical microwave technique has been employed for different purposes such as the 

digestion of elemental metals using acids or in extraction processes to obtain analytes from 

a sample matrix into an organic solvent [171]. In this work, this technique was used to 

perform the MOFs synthesis as offers the advantages of being a simple, rapid, inexpensive, 

relatively green, and efficient method. The instrument used was the analytical microwave 

Mars 5 (CEM Corporation Matthews, North Carolina, USA) (Fig. 15).

 

3.1.2. ULTRAVIOLET–VISIBLEE (UV-VIS)) SPECTROPHOTOMETRYY 

Ultraviolet-visible spectrophotometry is a type of absorption spectroscopy involving photons 

whose wavelengths are from the ultraviolet to visible range. The energy of these photons can 

promote the excitation of an electron from the ground state into a higher energy orbital. 
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When a sample is irradiated by a light source with a specific intensity (I0) in the ultraviolet 

and visible range, the sample partially absorbs it, and the intensity of the transmitted light (I) 

can be measured as absorbance by a suitable detector (Fig. 16). The more molecules contains

the solution, more radiation will be absorbed [172]. 

Figure 16: Essential parts of a spectrophotometer including the light source, the monochromator 
and the sample.

Thus, in this characterization technique there is a linear relationship between absorbance 

and absorber concentration through Lambert-Beer law, being very useful for quantitative 

analysis [173]. Moreover, each molecule has its own absorption spectrum. 

In this work, this technique was applied to quantify the drug content in the drug delivery 

systems since cannabidiol and olivetol present a characteristic absorption peak at 275 nm. 

The instrument used was a UNICAM, model UV-2 200 (USA) double-beam 

spectrophotometer (Fig. 17).

Figure 17: UNICAM UV-2 200, UV double-beam spectrophotometer used in present studies.
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33.1.3. SCANNINGG ELECTRONN MICROSCOPYY (SEM))  

Scanning electron microscopy uses electrons instead of light to form an image. The electron 

beam is produced by an electron gun, and it interacts with the surface of the sample creating 

the image with the electrons generated from this interaction (Fig. 18). This technique gives 

information about the surface characteristics of the sample, including shapes, textures, 

morphology, and orientation of the materials [174]. The electron beam is focused using 

vacuum and multiple condenser lenses. These high-energy electrons hit the sample and the 

different electrons generated from this interaction are collected by each detector that builds 

the image depending on the equipment. Backscattered electrons are produced when an 

electron in the beam collides with the nucleus of an atom in the sample, generating images 

with different brightness depending on the surface chemical composition, but with lower 

resolution. Secondary electrons are produced when an electron in the beam passes very close 

to the nucleus of an atom in the sample, providing enough energy to one or more of the inner 

electrons to jump out of the sample. These electrons provide detailed topographical 

information of the sample. It is important to notice that the conductive samples are less 

altered by the electron beam and images could be directly obtained. Non-conductive samples 

had to be coated with a conductive material like gold or carbon tape. Another approach is to 

remove the electrons accumulated on the sample surface using a gentle flux of nitrogen gas 

to prevent overcharging [175].

       

Figure 18: Scanning electron microscope set up (left) and a Zeiss Merlin SEM equipment (right)
used in present studies.
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In the present work, the morphology of the MOFs samples was analysed by SEM with a Zeiss 

Merlin SEM equipment (Fig. 18).

 

3.1.4. ENERGY-DISPERSIVEE X-RAY (EDX)) SPECTROSCOPYY  

This analytical technique is used for quantitative or qualitative elemental analysis and 

chemical characterization of samples. A high-energy beam of charged particles hits the 

sample, an electron is excited by this beam and kicked out. Then, other electron from a higher 

energy state fills this gap, releasing the difference of energy between the two states as X-ray

(Fig. 19). Since each element has a characteristic atomic structure, this X-ray emission is also 

different allowing the elemental analysis [176].

Figure 19: Principle of EDX spectroscopy, the external stimulation beam of charged particles
excites an electron and other electron from a high-energy state fills this gap releasing energy. 

In this work, the presence of the metal linker in the MOFs samples was qualitatively

determined using the EDX Oxford INCA X-Max Detector coupled to the scanning electron 

microscope.
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33.1.5. X-RAYY DIFFRACTIONN (XRD)) 

The basis of diffraction techniques is the interaction of the crystalline structure of a substance

with a source of X-rays. This structure has infinite parallel planes separated by a certain 

distance called the interplanar distance (d). When an X-ray beam goes to one plane, it is 

diffracted with an angle θ and it will be also diffracted with the same θ angle by the second 

plane. If these waves have constructive interference the diffracted beam is not cancelled and 

is detectable. This occurs when the path length difference between the waves is a multiple

(n) of the wavelength (λ), following the Bragg’s law condition (Fig. 20). As each family of 

planes has a distance d, planes at different angles will be detected and the results will differ

depending on the structure. Thus, the crystalline phases could be characterized based on the 

different diffraction peaks which are the reflections of the planes of each phase, and each 

reflection is assigned by Miller indices represented by (hkl) values [177].

        

Figure 20: Bragg diffraction from a cubic crystal lattice (left) and XRD diffractometer (right).

In the present work, the crystallinity of the MOFs samples was characterized by X-ray powder 

diffraction (XRPD) using a Malvern Panalytical X’Pert PRO MPD (Material Powder 

Diffractometer) (Fig. 21). The MPD is suitable for the analysis of polycrystalline samples at 

room temperature. This diffractometer has a vertical theta-theta goniometer (240 mm 

radius). 
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Figure 21: Malvern Panalytical X’Pert PRO MPD (Material Powder Diffractometer) used in this 
study. 

 

33.1.6. FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY 

This spectroscopy is based on the absorption of infrared radiation by vibrating molecules. A 

molecule will absorb the energy of an infrared light beam and if this energy is enough, the 

atoms that form the molecule will vibrate in a certain way because of this energy supplied. 

Two basic categories of vibrations can be distinguished such as stretching and bending 

vibrations. Stretching vibrations are changes in the interatomic distance along the axis of the 

bond between two atoms and they can be symmetric (in-phase) and antisymmetric (out-of-

phase). Meanwhile, bending vibrations are caused by changes in the angle formed by two 

bonds. Each molecule has its own infrared spectrum, so this technique is widely used to study 

the chemical composition of materials [178]. Fourier transformed infrared (FTIR) 

spectroscopy is based on the interference of radiation between two beams. The light from 

an infrared source is divided into two beams through a splitter placed at 45º from the source. 

One of the beams travels to a stationary mirror, and the other to a moving mirror. Then, they 

are reflected to the splitter where they are combined again. The new single beam interacts 

with the sample and then the resulting signal is converted in the infrared spectrum by Fourier 

transformation. In FTIR spectroscopy there are different sample measurement techniques 

such as transmission or specular reflectance. Another mode of measurement is the 

attenuated total reflectance (ATR), in which the infrared light beam is incident on a crystal, 

and it is reflected at least once on its surface in contact with the sample. The light undergoes 

multiple internal reflections in the crystal which are extended into the sample and finally, the 

light beam is collected by the detector (Fig. 22) [179]. 
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Figure 22: Essential parts of a Fourier transform infrared spectrophotometer with ATR sample 
measurement technique.

 

In the present work, infrared spectroscopy spectra of samples were obtained using an 

Infrared Spectrophotometer Tensor 27 equipped with an Attenuated Total Reflectance 

module Specac Golden Gate (ATR-FTIR, Bruker, Ettlingen, Germany) (Fig. 23). The ATR 

accessory allows direct recording of samples, thus, facilitating the recording of IR spectra on 

liquid or solid samples regardless of their physical nature. 

Figure 23: Infrared Spectrophotometer Tensor 27 (left) equipped with an Attenuated Total 
Reflectance module Specac Golden Gate (right) used in the present studies.

 

3.1.7. CRYO-TRANSMISSIONN ELECTRONN MICROSCOPYY (CRYO-TEM)) 

Transmission electron microscopy uses electrons instead of light to form an image. In this 

technique, the electrons cross the sample, so it should be very thin. Thus, TEM gives 

information about the internal structure of the sample, including its morphology, 

composition, and crystalline structure [180].
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The electron beam is focused using vacuum and multiple condenser lenses to the sample. 

These high-energy electrons interact with the sample, since they are negatively charged, and

they are repelled by the electrons in the orbital of atoms. This interaction causes the 

electrons of the beam to scatter and a contrast is generated. This contrast will be greater the 

more electrons have the atoms around their nucleus, since more electrons of the beam will 

be scattered. After the sample, the objective lenses focus the scattered electrons, and the 

projector lenses magnify the image and project it on to the detector, building the image (Fig. 

24). Due to the vacuum environment, samples should be protected to avoid its dehydration. 

This could be done by rapid freezing using liquid nitrogen (Cryo-TEM) [181]. 

          

Figure 24: Transmission electron microscope set up (left) and cryo-TEM JEM-2011 equipment 
(right) used in the present studies.

This technique has been applied to characterize liposomes dispersions in terms of size and 

morphology using a JEM-2011 (Jeol, Japan) (Fig. 24).

33.1.8. DYNAMICC LIGHTT SCATTERINGG (DLS)) 

Dynamic light scattering is a technique for measuring the size distribution of molecules and 

particles that have been scattered or dissolved in a liquid. This technique correlates the 
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Brownian motion of particles with their size by illuminating the sample with a laser beam, 

analysing the intensity of the fluctuations of the scattered light at a known scattering angle 

using a detector (Fig. 25). An important feature of this motion is that larger particles move 

more slowly than smaller particles, and the relationship between the particle size and its 

velocity due to Brownian motion is defined by the Stokes-Einstein equation [182].

Figure 25: Dynamic light scattering set up including the laser beam, the sample, and the detector.

 

In the present work, liposome dispersions size distributions were characterized by dynamic 

light scattering (DLS). This analysis was performed with ZetaSizer Nano ZS (Malvern 

Panalytical, Netherlands, and United Kingdom) and sensitive avalanche photodiode detector 

(APD) (Fig. 26).

Figure 26: ZetaSizer Nano ZS equipment (Malvern Panalytical, Netherlands, and United Kingdom)
for DLS analysis carried out in present studies. 
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33.1.9. SYNCHROTRON RADIATION 

Synchrotron light is electromagnetic radiation generated by the acceleration of charged 

particles such as electrons, circulating inside an accelerator in a circular orbit, maintained by 

magnetic fields. Electrons are emitted from a hot metal filament in the electron gun. Then, 

the particles are accelerated to 100 MeV by a linear accelerator, and they travel to the 

booster ring where the electrons are further accelerated to almost the speed of light. 

Following this, the electrons are periodically injected from the booster ring to the storage 

ring. The storage ring is a polyhedron with bending magnets in each vertex. These magnets 

force the electrons to deviate from their straight trajectory, producing radiation in a broad 

spectrum of photon energy [183]. This photon energy is emitted tangentially to the 

beamlines where it is used for different analysis. To compensate these energy losses during 

the emission, radio-frequency cavities feed energy to the electrons in the storage ring. 

Beamlines are mainly divided in optical and experimental hutches and control cabin. In the 

optical hutch, the beam is focused to select the energy radiation desired depending on the 

analysis [184]. Meanwhile, in the experimental hutch the samples are located for the analysis 

and in the control cabin each experiment is monitored (Fig. 27).  

The advantage of using the synchrotron light is that the beam is highly collimated since it is 

emitted in the forward direction and tangentially to the circular orbit. This fact gives that the 

brightness of synchrotron light is trillions of times greater than conventional laboratory 

sources. This property leads to better signal-to-noise ratio that means lower noise in the 

spectral data, thus increasing the spectral resolution. Besides, the highly collimated source 

allows to have a thinner beam, achieving high spatial resolution and analysing small areas.  
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Figure 27: General diagram of a synchrotron facility, specifically Synchrotron Soleil.

Thus, depending on the radiation energy selection in the optical hutch, the beamlines are 

designed for different techniques such as infrared, soft X-rays or hard X-rays. In the present 

work, the technique used with synchrotron radiation was infrared microspectroscopy. The 

addition of a synchrotron radiation light source to FTIR technique provides the high intensity, 

the spectral purity, the spatial and the energy resolution necessary to study the dental 

structure at micro and nano levels.

In this work, tooth samples were analysed by FTIR microscope in the reflection mode at 

MIRAS beamline of ALBA synchrotron (Cerdanyola del Vallès, Spain) (Fig. 28). Hyperion 3000 

microscope coupled to a Vertex 70 spectrometer (Bruker, Germany) and an HgCdTe (MCT) 

detector was used.
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Figure 28: ALBA synchrotron (top) and MIRAS beamline (bottom) in Cerdanyola del Vallès, Spain
(source: https://www.albasynchrotron.es/es).

33.2. CHEMOMETRICC TECHNIQUESS 

The use of instrumental techniques for analytical purposes along with the continuous 

technological progress create large amounts of complex data in a fast way. Nevertheless, 

obtaining data does not mean understand the information that the data have. Thus, these 

data should be processed and interpreted in order to convert it into useful information. In 

this context, chemometric techniques appear as a promising tool for chemical data 

evaluation and interpretation.

Chemometrics is the chemical discipline that uses mathematical, statistical, and other 

methods to design or select optimal measurement procedures and experiments, and to 

provide maximum relevant chemical information by analysing data [185]. For these reasons, 

chemometrics is an interdisciplinary field. Although its methods and tools come from other 

disciplines, the aims of chemometrics are linked to chemistry. Besides, chemometrics is 

improving several aspects in analytical chemistry today such as speed, lower costs, 

miniaturisation, or transportability.

Chemometrics is not a single tool but a range of methods including basic statistics, signal 

processing, factorial design, calibration, curve fitting, factor analysis, detection, pattern 
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recognition, and neural network [186]. In the present work, design of experiments (DoE) and 

principal component analysis (PCA) were applied as chemometrics tools.  

 

33.2.1. DESIGN OF EXPERIMENTS (DoE) 

In analytical chemistry, optimization is a critical stage that allows to find the experimental 

conditions which produce the best possible response and, therefore, the best possible 

analytical performance. Design of Experiments (DoE) has become one of the best-known 

statistical techniques that allows to maximize information derived from complex 

experimental data though the full control of the variables under examination, the relations 

between them and the responses which have to be optimized [187]. Furthermore, it can lead 

to a more efficient use of the resources, a reduction of process development times and a 

greater process reliability in the experimental procedures.  

To develop a suitable DoE, the investigated experimental area or experimental domain 

should be properly defined. Thus, all the experimental variables or factors that may influence 

the process must be carefully identified and examined, as well as the levels or values of each 

one (generally represented by a normalized scale in the interval between -1 and +1 for each 

factor). The properties that are the object of the optimization or responses should be also 

selected. It is important to consider that the more factors, levels and/or responses have the 

DoE, the more experiments will be carried out, so it is necessary to find a compromise [188].  

Choosing the most appropriate design is also a key aspect since associated with the design 

there will be a mathematical model that relates the factors to the responses. The required 

model will be defined by the proper purpose of the experimentation. There are different 

experimental design models, but one of the most relevant and used is the response surface 

methodology (RSM)RSM is a multivariate statistical method that has been widely applied to 

the optimization of complex processes since it reduces the number of experiments, and it 

considers the interactions between the studied factor at the same time. In this context, RSM 

provides a detailed description of the system with a flexible, higher-order equation and a 

more accurate optimization. Because of its versatility, the RSM has been widely used not only 

in analytical applications but also in the industrial field as well as in the pharmaceutical and 

medical processes [189]. 
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Figure 29: Example of a face-centered Central Composite Design experimental domain with three 
factors.

The face-centered Central Composite Design (CCD) is the most used in this model. This design 

requires three levels of each factor (-1, 0 and +1) since there are center points and points at 

the center of each face of the experimental domain (Fig. 29) [190].

After this selection and the performance of the experiments, the data will be analysed 

considering the chosen experimental domain, the experimental values of the responses and 

its comparison with the predicted ones. This evaluation will build the model, establishing 

cause-and-effect relationships between the factors and the responses. Besides, it will be able 

to predict new values for the responses by introducing changes in the factors, validating the 

designed model. In this work, a design of experiments (DoE) has been developed to optimize 

the reaction yield and drug encapsulation in CD-MOFs. Response surface methodology (RSM) 

based on a Central Composite Design (CCD) was selected for the optimization strategy.

33.2.2. PRINCIPALL COMPONENTT ANALYSISS (PCA)) 

Principal component analysis (PCA) is one of the most frequently employed chemometric 

method. It is a multivariate method that can find intrinsic relationship or patterns (latent 

variables) between different samples by using the variables in an easy and visual way by using 

all the information available for each sample simultaneously. These latent variables will be 

the principal components that are going to explain the variability in the data. The main 

objective of PCA is to simplify and reduce the number of chemical variables of the original 

data identifying trends and patterns more easily, preserving the maximum information [191]. 
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PCA follows different steps. First, it represents the data in a space that has the same 

dimensions that the number of new variables and where each sample is represented by a 

point. Each sample is a point in the space of a specific number of variables. Then, the analysis 

looks for the latent variables or principal components where the principal component 1 (PC1) 

will explain the direction of the maximum variability of the data and principal component 2 

(PC2) will explain the maximum variability that the PC1 has not explained before. An 

important aspect is that the principal components are constrained to be orthogonal and to 

cross the origin (Fig. 30). To interpretate the PCA there are several plots. Scores plots stablish 

the relationship between the samples (points) with the new components though the distance 

of the projected samples to the axes. Meanwhile, loadings plots relate the new components 

with the old variables [192]. 

Before performing a PCA, the samples should be as most homogeneous as possible since PCA 

is scale-dependent and numerically larger variables appear to be more important. This 

problem could be solved using pre-processing techniques that help to remove noise and 

normalize the variables improving the quality of the analysis. One of the most common pre-

processing methods to normalize continuous variables is the mean centering. This technique 

calculates the mean of each variable and subtracts this from each variable [193]. 

Figure 30: Principal components 1 and 2 explaining the two first directions with the maximum 
variability of the data.
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In the present work, PCA was applied to process the infrared spectroscopic data from the in 

vitro experiment using synchrotron radiation to assess the penetration pattern of the drug in 

bovine teeth by both delivery systems.  

 

33.3. EXPERIMENTAL PROCEDURES 

3.3.1. REAGENTS 

Chloroform (99.9%), sodium chloride (99%), disodium phosphate (99%), potassium hydroxide 

(85.5%) and potassium nitrate (99.2%) were purchased from VWR BDH Chemicals (Oud-

Heverlee, Belgium). Potassium chloride (99.0%), sodium azide (99.5%), 2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (99.5%, HEPES) and magnesium chloride 

(99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 1,2-Dipalmitoyl-sn-glycero-

3-phosphocholine (99%, DPPC) was purchased from Avanti Polar Lipids (Alabaster, AL, USA). 

Cannabidiol (99%) was purchased from Tocris Bioscience (Bristol, United Kingdom). Methanol 

(99.8%) and acetic acid (99.9%) were purchased from Fisher Scientific (Madrid, Spain). 

Ethanol (96%) and dichloromethane (99.5%) were purchased from Scharlau (Sentmenat, 

Spain). Potassium dihydrogen phosphate (99.5%) and calcium chloride (78%) were purchased 

from Panreac (Barcelona, Spain). Polyethylene glycol 20000 was purchased from Merk 

(Darmstadt, Germany). Olivetol (95%) and γ-cyclodextrin (98%) were purchased from 

Carbosynth Ltd (Compton, United Kingdom). MilliQ water was purified through a Millipore 

purification system from Millipore (Milford, MA, USA). 

 

3.3.2. SYNTHESIS AND ENCAPSULATION METHOD OF OLV LOADED γ-CD-MOFs 

The first experimental procedure was to establish a suitable synthesis and encapsulation 

methodology to obtain cannabinoids loaded γ-CD-MOFs using olivetol as CBD analogue. For 

that purpose, several potassium sources and different drug encapsulation methodologies 

were employed. 

 

3.3.2.1. PREPARATION OF OLV LOADED γ-CD-MOFs 

A fast synthesis of γ-CD-MOFs was performed using a microwave irradiation method [127] 

with some modifications. This reported method offers the advantages of simple, rapid, 
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inexpensive, relatively green, and efficient non-conventional heating and high yield [126]. 

Briefly, γ-CD (324 mg) and KOH (112 mg) were mixed in milliQ water (10 mL). The molar ratio 

of KOH to γ-CD was 1:8. Then, 6 mL of methanol were added. This initial solution was treated 

at 50 ºC in the analytical microwave (CEM Corporation Matthews, North Carolina, USA) for 

10 min and a power of 600 w. After that process, 256 mg of PEG 20000 were added for one 

hour to trigger the precipitation of the crystals at room temperature. In order to remove the 

unreacted material, crystals were washed first with 10 mL of methanol and then with 10 mL 

of ethanol in a centrifuge at 3000 rpm for 5 min. Next, γ-CD-MOFs were left under vacuum 

and dried overnight at 50 ºC. Herein, preliminary alkaline γ-CD-MOFs (pH = 12) were 

obtained. Since cannabinoids get oxidized in alkali media, a neutralization of the γ-CD-MOFs 

was needed. For this step, crystals were treated with a mixture of 5.2 mL of ethanol and 0.8 

mL of acetic acid. The suspension was then shaken at 290 rpm for 2 hours and the precipitates 

were collected by centrifugation (3000 rpm for 5 min). Once again, the powder was left to 

dry overnight under vacuum at 50 ºC. Afterwards, an activation of the γ-CD-MOFs was 

performed using a solvent exchange method with dichloromethane in order to remove guest 

molecules from chemicals used in the synthetic procedure. γ-CD-MOFs were mixed with 10 

mL of dichloromethane at 290 rpm for 3 days. Every 24 hours the solvent was replaced by 

centrifugation (3000 rpm for 5 min). Finally, the samples were dried overnight under vacuum 

at 50 ºC. γ-CD-MOFs were kept under vacuum at room temperature until its use and the 

reaction yields were also calculated following equation 1:   

 

Reaction yield % = Real MOF sample weight without drug (mg)

Theorical MOF sample weight without drug (mg)
·100            [1] 

 

Impregnation and co-crystallization methods were performed to load olivetol into γ-CD-

MOFs. In case of impregnation, 30.8 mg of MOF samples were added to 20 mL of OLV 360 

mg/mL solution in ethanol in order to obtain a 1:2 molar ratio of γ-CD-MOFs:OLV respectively 

(Fig. 31). Suspensions were incubated for 24 hours at 37 ºC under stirring conditions (290 

rpm). After the incubation time, crystals were washed with 10 mL of ethanol in a centrifuge 

at 3000 rpm for 5 minutes in order to remove the drug that did not interact with the γ-CD-

MOFs. Finally, the samples were dried and kept under vacuum at room temperature until 

their use.  
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Figure 31: Synthesis of γ-CD-MOFs with microwave irradiation and OLV encapsulation using the 
impregnation method diagram.

The co-crystallization method is similar to that described before (Fig. 32). In this case, the 

potassium sources were KCl or KNO3 instead of KOH, adding 149 mg or 202 mg respectively, 

to maintain the 1:8 molar ratio. The change in the potassium source is because in the co-

crystallization the drug is loaded on the initial solution, where the synthesis takes place, and 

the pH of the medium must be neutral from the beginning to avoid olivetol oxidation. 

Additionally, 30 mg of OLV were also diluted in the initial solution. This amount of drug was 

selected in order to keep the same molar ratio between MOF and olivetol as in the 

impregnation method. In this method the incubation time with PEG 20000 was 24 hours 

instead of one hour, but the neutralization and activation steps were not needed. Finally, the 

washes were the same as described before, and the resultant samples were left overnight 

under vacuum at 50 ºC and kept in a desiccator under vacuum at room temperature until its 

use. It should be noted that MOFs were not obtained when KCl or KNO3 were employed 

following the same synthesis procedure as for KOH. 

Figure 32: Synthesis of γ-CD-MOFs with microwave irradiation and OLV encapsulation using the 
co-crystallization method diagram.
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The γ-CD-MOFs loaded by impregnation method were named as γ-CD-MOF KOH, loaded or 

not with OLV. In the case of co-crystallization technique OLV loaded MOFs were named as γ-

CD-MOF KCl and γ-CD-MOF KNO3, for KCl and KNO3 as potassium sources respectively. 

 

33.3.2.2. OLIVETOL LOADING QUANTIFICATION 

The quantification of the drug encapsulation into the MOFs was determined as follows: 15 

mg of MOF sample were added to 5 mL of a mixture of milliQ water and ethanol (1:1, v/v). 

The mixture was incubated at room temperature under stirring conditions (290 rpm) for 24 

hours to promote the degradation of the crystals and release the encapsulated OLV. To 

determine the amount of olivetol, the solution was measured by UV-Vis spectrophotometry 

(Thermo Fisher Scientific, Massachusetts, USA). The UV detection was performed at 275 nm, 

where OLV presents a maximum of absorbance, and the reference was a mixture of milliQ 

water and ethanol (1:1, v/v). A calibration curve of different known concentrations of olivetol 

in milliQ water: ethanol (1:1, v/v) was also performed from 0 to 100 mg/L of the drug to 

determine the concentration of olivetol in the samples.   

The drug loading for each MOF was calculated following equation 2:   

 

Drug loading % = Encapsulated OLV into the carrier (mg)

Total Weight of OLV loaded carrier (mg)
·100                                                                         [2] 

  

All determinations of the loaded drug in each MOF sample were performed by triplicate. 

     

3.3.2.3. CHARACTERIZATION OF THE SAMPLES 

The morphology and elemental composition of the MOFs’ samples were analysed by 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX). The 

images were taken with the Secondary Electron Detector with a low voltage of 1 - 2 kV and 

the EDX measurements were taken at 10 kV. This microscope has a unique charge 

compensation system that allows the high-resolution imaging of non-conductive samples, 

electrons which accumulate on the sample surface are swept away by a fine jet of nitrogen. 

All the experiments were performed at room temperature. 
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The crystallinity of the MOFs’ samples was characterized by X-ray powder diffraction (XRPD). 

This analysis was carried in transmission mode using a capillary spinner and the sample were 

filled inside borosilicate glass capillaries with outer diameter of 0.7 mm. A focusing mirror 

was used for the incident beam and a lineal X’Celerator detector for the diffracted beam. The 

samples were irradiated with a ceramic X-ray tube with Cu Kα anode (l = 1.5406 Å), tube 

voltage of 45 kV, tube current of 40 mA in a step size scan mode (0.03º min-1) and analysed 

over a 2θ angle range of 2.5 - 35º.   

In the Infrared Spectroscopy analysis, to measure the powder samples 64 scans were carried 

out in wavenumber from 4000 cm-1 to 600 cm-1 at a resolution of 4 cm-1 and at room 

temperature. For the background the own diamond window of the equipment was used. 

 

33.3.3. SYNTHESIS AND ENCAPSULATION METHOD OF OLV LOADED LIPOSOMES 

The next experimental procedure was to establish a suitable synthesis and encapsulation 

methodology to obtain cannabinoids loaded DPPC liposomes with olivetol as CBD analogue. 

For that purpose, the thin-film hydration method using a rotary evaporator and the 

mechanical dispersion with sonication were employed.  

 

3.3.3.1. PREPARATION OF OLV LOADED DPPC LIPOSOMES 

DPPC liposomes were obtained by hydration and mechanical dispersion [40]. Briefly, DPPC 

was dissolved in chloroform/methanol (2:1, v/v) at 100 mM. 0.25 mL of the DPPC solution 

and a volume of the chloroform/methanol mixture were introduced in a bottom round flask 

until a final volume from 4 to 7 mL. Then, the evaporation took place using a rotary 

evaporator (Büchi, Flawil, Switzerland) maintaining the temperature of the bottom round 

flask above the phase transition temperature (Tc) of the phospholipid. In this study, this value 

is 41 ºC for DPPC. When the monolayer of DPPC was obtained on the inside surface of the 

flask, 5 mL of HEPES buffer solution 20 mM (pH = 7.4) was added to the flask. Then, the 

suspension was sonicated for 15 minutes to obtain multilamellar vesicles (MLVs), maintaining 

the temperature of the bottom round flask above the Tc. All liposomal preparations were 

stored at 4 ºC until its use and the final concentration of DPPC was 5 mM. A molar ratio of 

DPPC liposomes loaded with olivetol were prepared, 2:1 respectively. In this case, 3.75 mL of 

a mother solution of olivetol 600 mg/L in methanol were added with the DPPC solution into 
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the bottom round flask in order to get the final desired concentration of the drug (2.5 mM 

for 2:1 ratio). Then, solutions were treated as described above. 

 

33.3.3.2. OLIVETOL LOADING QUANTIFICATION 

The encapsulation of the drug was determined adapting a method previously described 

[194]. 0.167 mL of liposome suspension were added to 0.834 mL of ethanol (1:5, v/v). The 

mixture was sonicated for 5 minutes and mixed to promote the disruption of the liposomes 

and release the encapsulated olivetol.  

The resultant solutions were measured by UV-Vis spectrophotometry at 275 nm where the 

characteristic peak of OLV could be found as in previous section. The reference was the same 

solution where each carrier was dissolved and a calibration curve of different known 

concentrations of OLV in the same solution was prepared from 0 to 100 mg/L for each carrier. 

All determinations were performed by triplicate following equation 2 (section 3.3.2.2). 

 

3.3.3.3. CHARACTERIZATION OF THE SAMPLES 

Liposome dispersions were characterized by Cryo-transmission electron microscopy (Cryo-

TEM) and Dynamic light scattering (DLS). Cryo-TEM images were taken using 5000x of 

magnification and samples were prepared by depositing 3 μL on a copper grid covered with 

a carbon reinforced holey polymer film. Thin sample films (30 - 300 nm) were blotted with a 

filter paper and immersed into liquid ethane. Samples were kept below -179 °C and protected 

from atmospheric conditions during the whole process. All sample preparations were 

performed in a room at 25 °C and 70% relative humidity.  

Dynamic light scattering is used to measure particle size and molecular size. Measurements 

were made in disposable folded capillary cells (R.I.: 1.450 and absorption coefficient: 0.01) at 

20 ºC using a laser with λ0 = 632.8 nm and 175º angle. The viscosity of water was taken as 

1.0031 cP and 1.330 of R.I. 
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33.3.4. IN VITRO STUDY USING SYNCHROTRON-SOURCE INFRARED SPECTROSCOPY 

Then, to assess the penetration pattern of the drug loaded in liposomes and in γ-CD-MOFs 

along the enamel tooth, an in vitro experiment was carried out using bovine tooth as a sample 

model, application of synchrotron-source infrared microspectroscopy for samples analysis 

and principal component analysis (PCA) to treat the generated spectral data. 

 

3.3.4.1. TOOTH SAMPLES PREPARATION 

Bovine incisors were cut by separating them from the roots using a diamond saw. Then, the 

specimens were cleaned and preserved in sodium azide solution (0.8%). Teeth were 

embedded in self-curing acrylic resin (Paladur, Germany) leaving the frontal enamel free of 

resin. Specimens were cut in half and its lateral surface was polished down to 1 μm particle 

size in order to obtain good reflection properties for the measurements using a sequence of 

silicon carbide paper. Then, teeth were treated with 0.1 mL of each treatment 3 times per 

day for 5 days, making sure that only the frontal enamel was in contact with each solution 

and not with the lateral surface (Table 3, Fig. 33). Since MOFs’ treatments are the only ones 

which are in powder, 1 mg of each MOF formulation was mixed with 15 μL of HEPES buffer 

and then, the resultant solution was applied over the teeth. 

 

Table 3: List with the different treatments applied over the dental samples. 

Treatment’s  list  

Control (HEPES buffer)  

Cannabidiol (10 mg/mL)  

Olivetol (10 mg/mL)  

DPPC liposomes  

DPPC liposomes  loaded with olivetol  

CD--MOFs KCl  loaded with olivetol  

CD--MOFs KNO3 lloaded with olivetol 

 

 



EXPERIMENTAL SECTION

57

Figure 33: Sample preparation and treatment application over the teeth diagram.

33.3.4.2. SYNCHROTRONN SOURCEE INFRAREDD SPECTROSCOPYY MEASUREMENTSS 

The 36x Schwarzschild magnification objective and condenser were used to focus the 

infrared light on the sample. A mapping of 300 x 1000 μm (wide x length) was made per each 

sample in the lateral surface from the outside of the enamel to the dentin. In each mapping, 

250 spectra were measured having 5 spectra wide and 50 spectra length (Fig. 34). For each 

spectrum, 64 scans were carried out from 4000 cm-1 to 600 cm-1 with 4 cm-1 of spectral 

resolution and at room temperature, using 10 x 10 μm2 of aperture size. The background was 

measured with a gold mirror reference. OPUS 7.5 (Bruker, Germany) was used to collect the 

spectra.

Figure 34: Synchrotron source infrared spectroscopy measurements procedure.
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33.3.4.3. PRINCIPAL COMPONENT ANALYSIS 

PCA was applied to process the data using PLS toolbox 8.2.1 (20559) for its use with MATLAB 

9.1 (R2016b). This chemometric tool is able to extract the main variability correlating it with 

the chemical compounds that are in the sample and their distribution. In the spectral data 

obtained for this study, enamel and dentin are the two regions well differentiated in the 

mappings, being the most intense peak the ν3 PO4
2- for both regions. Due to the high 

variability of biological samples, the big mapping per sample were limited to two smaller 

mappings of 30 spectra having 5 spectra wide and 6 spectra length, one in the inner enamel 

and another in the inner dentin. The wavenumber range was also limited from 1600 to 700 

cm-1 where the main bands of HAP are located. Before PCA, mean centering pre-processing 

was applied to all the spectra. Besides, in each region of the tooth, enamel and dentin, 

liposomes and MOFs treatments were analysed separately. 

 

3.3.5. REACTION YIELD AND DRUG ENCAPSULATION OPTIMIZATION IN MOFs 

Once the methodology for MOFs’ formulations was already established, the next step was 

the optimization of this process in terms of reaction yield and drug encapsulation to explore 

the best conditions using design of experiments (DoE). 

 

3.3.5.1. EXPERIMENTAL DESIGN AND OPTIMIZATION 

A face-centered Central Composite Design (CCD) was used for applying the response surface 

methodology (RSM). The effect of four independent variables (input factors) on two 

dependent variables (output responses) was estimated. The central point value and the range 

of the four independent variables studied are shown in Table 4. These ranges were defined 

from a preliminary screening study (not shown). 
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Table 4: List of independent variables and their corresponding levels. 

IIndependent 
vvariables  

UUnit Symbol 
Levels  

-1 0 +1 
 

Incubation 
temperature  

 

ºC A 20 25 30 

 

Incubation 
time 

 

hours B 5 15 25 

 

Methanol 
content 

 

% C 20 30 40 

 

Olivetol 
concentration  

 

mg/mL D 1.3 2.2 3.1 

 

The design consisted of 27 experiments including three central points (Table 5). The design 

was performed two times, one per potassium salt (KCl and KNO3) as implicit factor, and the 

experiments were randomly performed. Reaction yield (%) and drug encapsulation (%) were 

selected as dependent variables (Y1 and Y2 respectively). 
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Table 5: Experimental design matrix. 

RRun 
Coded variables  

A B C D 
1  20 25 20 1.3 
2  30 25 20 3.1 
3  25 15 30 2.2 
4  30 5 40 1.3 
5  20 5 20 1.3 
6  20 15 30 2.2 
7  20 5 20 3.1 
8  25 15 30 2.2 
9  20 5 40 1.3 

10  25 15 30 1.3 
11  30 5 20 1.3 
12  25 25 30 2.2 
13  20 25 40 3.1 
14  30 25 20 1.3 
15  25 15 40 2.2 
16  30 25 40 1.3 
17  25 15 20 2.2 
18  20 5 40 3.1 
19  25 15 30 2.2 
20  30 5 40 3.1 
21  30 15 30 2.2 
22  25 5 30 2.2 
23  20 25 40 1.3 
24  30 25 40 3.1 
25  30 5 20 3.1 
26  20 25 20 3.1 
27  25 15 30 3.1 

 

The experimental results were fitted with a quadratic model for reaction yield response, and 

two-factor interaction (2FI) model for drug encapsulation response, in both potassium salts. 

These multiple factorial regression analyses are based in the following equations (eq. 3-4): 

 

Y1 Quadratic = β0+β1A+β2B+β3C+β4D+β5AB+β6AC+β7AD+ β8BC+β9BD+
β10CD+β11A2+ β12B2+β13C2+β14D2                                                                                       [3] 

 

Y2 2FI          =  β0+β1A+β2B+β3C+β4D+β5AB+β6AC+β7AD+β8BC+                   
           β9BD+β10CD                                                                                                                                  [4] 
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Where Y1 and Y2 are the dependent variables analysed (Y1 reaction yield and Y2 drug 

encapsulation); β0 is a constant coefficient; β1, β2, β3 and β4 are the coefficients for linear 

effect; β5, β6, β7, β8, β9 and β10 are the coefficients for interaction effect; β11, β12, β13 and β14 

are the coefficients for quadratic effect; and A, B, C and D are the independent variables. The 

linear terms evaluate the effect of one factor over the response, the interaction terms 

analyse the effect of two factors at the same time and the quadratic terms determine a non-

linear response. Statistical analysis for experimental data was performed through Design 

Expert Software version 11.1.0.1 (Stat-Ease Inc., Minneapolis, USA). The best fitting for each 

design was selected through comparison of different statistical parameters including multiple 

correlation coefficient (R2), adjusted R2, predicted R2 and lack-of-fit. The level of significance 

was considered at p-value < 0.05.  

To optimize the formulation of γ-CD-MOFs, reaction yield and drug encapsulation responses 

were maximized, in order to improve the results of previous studies with these MOFs, where 

reaction yield was around 31% and 35% and drug encapsulation 5.8% and 4.1%, for KCl and 

KNO3 respectively. 

 

33.3.5.2. PREPARATION OF OLV LOADED γ-CD-MOFs 

For the preparation of OLV loaded γ-CD-MOFs, a synthesis method using microwave 

irradiation and the encapsulation using a co-crystallization technique were performed in a 

similar way as in the previous section 3.3.2.1. 

The methodology was adapted in terms of the independent variables selected for the 

experimental design and their levels (Table 4). Briefly, 149 mg or 202 mg of KCl or KNO3 

respectively, were added with 324 mg of γ-CD. These compounds were mixed in 16 mL of an 

initial solution based on milliQ water and methanol, varying the percentage of organic solvent 

(20, 30 and 40%). Besides, different amounts of OLV were also diluted in this initial solution 

to have three final concentrations of the drug (1.3, 2.2 and 3.1 mg/mL). This initial solution 

was treated in the analytical microwave as described in section 3.3.2.1. During the incubation 

with PEG 20000, three different incubation times (5, 15 and 25 hours) and at three different 

incubation temperatures (20, 25 and 30 ºC) were tested. Finally, the washes and the storage 

were the same as in section 3.3.2.1. This methodology was repeated with the selected 

optimal conditions with two independent replicates per salt to verify the designs. 
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Reaction yields were calculated as before in section 3.3.2.1 (eq. 1). 

After that, the quantification of the OLV content into the MOFs was performed following the 

same procedure described in section 3.3.2.2. This quantification was repeated with the samples 

prepared using the optimal conditions after the optimizations with DoE. Besides, SEM, XRPD and 

ATR-FTIR analysis with the same conditions as in section 3.3.2.3 were performed to verify if the 

new optimal conditions after DoE could compromise OLV loaded γ-CD-MOFs. 

 

33.3.5.3. DRUG RELEASE STUDY 

For the preparation of the OLV loaded γ-CD-MOFs the same synthesis procedure as in section 

3.3.5.2 using the new optimal conditions from DoE was performed.  

To study the release of the drug in an aqueous media from the γ-CD-MOFs, the next 

procedure was followed. 100 mg of OLV loaded γ-CD-MOFs were mixed with 50 mL of 

phosphate-buffered saline at pH 7.5. This solution was incubated at 36 ºC and under stirring 

conditions (150 rpm). Several aliquots of 1.5 mL at different times were taken: 0 min, 7 min, 

15 min, 30 min, 60 min, 90 min, 120 min, 19 h, 24 h and 48 h. These aliquots were centrifuged 

for 5 min at 13000 rpm and the supernatants were kept. After removing each aliquot, 1.5 mL 

of fresh phosphate-buffered saline were replaced in the initial solutions in order to maintain 

the same total volume during the whole analysis.  

To determine the amount of olivetol in the supernatants, solutions were measured by UV-

Vis spectrophotometry (Thermo Fisher Scientific, Massachusetts, USA). The UV detection was 

performed at 275 nm and the reference was phosphate-buffered saline. A calibration curve 

of different known concentrations of olivetol in phosphate-buffered saline was also 

performed from 0 to 100 mg/L of the drug to determine the concentration of olivetol in the 

samples.   

The released olivetol at the different times was calculated following equation 5: 

 

Released drug % = Released OLV per time (mg/L)

Total drug loading (mg/L)
·100                              [5] 
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All determinations of these release experiments were performed by triplicate per potassium 

salt.    

 

33.3.6. VERIFY THE USE OF CBD USING THE OPTIMAL CONDITIONS IN MOFs 

Finally, to validate the hypothesis that olivetol could be used as a cannabidiol analogue, the 

preparation of the CBD loaded γ-CD-MOFs using the optimal conditions obtained after DoE 

implementation, the quantification of the drug encapsulation into the MOFs and the 

characterization of the samples were performed.  

For the preparation of CBD loaded γ-CD-MOFs the same procedure as in section 3.3.5.2 was 

followed using the new optimal conditions after DoE. The only difference was the amount of 

cannabidiol added since it was adjusted to maintain the same molar ratio as employed with 

olivetol.  

The quantification of the CBD content into the MOFs was performed following the same 

procedure as in section 3.3.2.2, with the same UV detection at 275 nm that is the 

characteristic peak of CBD, and the reference was a mixture of milliQ water and ethanol (1:1, 

v/v). A calibration curve of different known concentrations of cannabidiol in milliQ water and 

ethanol solutions (1:1, v/v) was also performed from 0 to 100 mg/L of the drug to determine 

the concentration of cannabidiol in the samples. All determinations were performed by 

triplicate. 

SEM, EDX, XRPD and ATR-FTIR analysis with the same conditions as in section 3.3.2.3 were 

performed to verify if the use of CBD instead of OLV could compromise or alter the previous 

properties of γ-CD-MOFs.
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44.1. DEVELOPMENTT OFF OLVV LOADEDD γ-CD-MOFss ANDD DPPCC LIPOSOMESS 

Following the different procedures for synthesis and olivetol encapsulation of these drug 

delivery systems, its characterization and drug content were studied to stablish the

methodology to obtain these formulations. 

4.1.1. CHARACTERIZATIONN OFF γ-CD-MOFss 

The crystal morphology and element distribution of different γ-CD-MOFs compared with 

native γ-CD were determined by SEM and EDX analysis. In case of γ-CD-MOF KOH, the final 

morphology of the crystals matched very well with the previously reported morphology of 

the same material (Fig. 35A) [195]. In the case of olivetol loaded γ-CD-MOF KOH, similar size 

and cubic shape were observed in comparison with the unloaded ones (Fig. 35B). Therefore, 

the morphology of the MOF structures was stable after the encapsulation with the drug. 

Figure 35: Scanning electron microscopy images of unloaded γ-CD-MOF KOH (A) and olivetol 
loaded γ-CD-MOF KOH (B) with a low voltage of 2 kV, 5000x of magnification and a working 
distance of 4.7 mm.
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The SEM images of γ-CD-MOF KOH showed that they presented cubic-shaped with an 

average size of 2 μm, while the morphology of the raw γ-CD alone was completely different

when the same technique was performed (Fig. 36).

Figure 36: Scanning electron microscopy images of raw γ-CD with a low voltage of 2 kV, 1000x (A) 
and 5000x (B) of magnification and a working distance of 5.6 mm.

Moreover, the EDX detector in the SEM equipment was used for the elemental qualitative 

analysis of γ-CD-MOF KOH and it confirmed the presence of potassium in the cubic structures 

(Table 6). Thus, the cubic crystals were the material of interest. Furthermore, the average

size of the structures was reduced in comparison with the γ-CD-MOFs obtained with 

conventional methodologies, such as vapor diffusion method. This fact demonstrated the 

high capabilities of the microwave technique to achieve narrow size distributions and control 
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of the morphology in the MOFs synthesis. Indeed, this is a key point when the final application 

of the structures is as drug delivery systems.  

 

Table 6: Qualitative analysis of potassium using energy-dispersive X-ray spectroscopy in -CD-MOF 
KOH, -CD-MOF KCl, and -CD-MOF KNO3 samples.  

MMOF sample 
Atomic percentage of 

potassium (%)  
--CD--MOF  KOH  6  

--CD--MOF  KCl  5  

--CD--MOF  KNO33 5  
 

In case of γ-CD-MOF KCl and γ-CD-MOF KNO3, the resultant crystals presented a different 

morphology when they were compared with γ-CD-MOF KOH and the reported ones. Co-

crystallization of γ-CD-MOFs with OLV showed a rectangular shape as elongated prims and a 

bigger and less homogeneous size than in the synthesis with KOH (Fig. 37). The differences 

in size and homogeneity may be due to the incubation time with PEG during the synthesis 

process. Since in γ-CD-MOF KOH the incubation time was 1 hour, in the co-crystallization it 

took 24 hours to get the precipitation of the crystals. It was reported that if enough time is 

allowed for crystallization, larger particles will be obtained but also small ones because 

synthesis during a short time may be also possible [196]. Differences observed in shape 

between MOFs obtained by co-crystallization (γ-CD-MOF KCl and γ-CD-MOF KNO3) and γ-CD-

MOF KOH may be due to the use of the potassium salts instead of KOH as metal source. The 

change of this reagent modifies an important solution parameter such as pH. For γ-CD-MOF 

KOH, the pH of the initial solution was 12 while in the co-crystallization the pH was 7. It is 

reported that the control of the reaction medium pH in MOFs synthesis allows to control the 

size and the morphology of the resulting crystals [197]. Moreover, the totality of studies that 

synthetize γ-CD-MOF use alkali media in order to get the classic cubic shapes regardless of 

the metal source. The fact that both KCl and KNO3 led to the same elongated prisms 

morphologies supports this pH-dependent theory. Besides that, EDX analysis also showed the 

presence of potassium in the MOFs obtained by co-crystallization (Table 6), confirming the 

interaction between the metal ion and the organic ligand to form this material. 
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Figure 37: Scanning electron microscopy images of γ-CD-MOF KCl (A) and γ-CD-MOF KNO3 (B) with 
a low voltage of 2 kV, 5000x of magnification and a working distance of 4.7 mm.

Further characterization was performed using X-ray diffraction. The crystallinity of γ-CD-MOF

KOH before and after the encapsulation experiments with the drug was measured by XRPD. 

According to reported studies about the synthesis of γ-CD-MOFs using KOH, the characteristic 

peaks in X-ray diffraction patterns of these materials are located in the next angles: 4º, 5.7º, 

7º, 13.3º and 16.6º (Fig. 38) [198]. These positions correspond to body-centered cubic crystals 

of space group I432. XRPD results showed that the diffractogram of the unloaded MOFs 

presented the same peaks in comparison with the standard reference of these crystals (Fig. 

39).
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Figure 38: X-ray powder diffraction patterns of unloaded γ-CD-MOF KOH (pink), olivetol loaded γ-
CD-MOF KOH (red), γ-CD-MOF KCl (blue) and γ-CD-MOF KNO3 (green).
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Figure 39: X-ray powder diffraction pattern of raw γ-CD and simulated references of olivetolic acid, 
γ-CD-MOF, KCl and KNO3 from Crystallography Open Database (COD) [199–205]. 
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Therefore, the crystalline phase obtained for γ-CD-MOF KOH coincided with the typical cubic 

unit of these materials. Comparing the data before and after the encapsulation experiment 

with olivetol, the crystallinity of MOFs loaded with the drug changed with respect to the 

unloaded crystals. The intensity of the peaks of the γ-CD-MOF KOH with OLV was significantly 

reduced compared to those of the unloaded MOFs (Fig. 38). This partial loss of crystallinity 

may result from the filling of pores with olivetol, the high degree of disorder of the drug and 

the presence of a low percentage of water in the ethanol solution used in these experiments 

[206]. However, the peak positions in the diffractograms were similar in both cases indicating 

that MOF crystals were stable after the encapsulation with olivetol [207]. Moreover, no new 

diffraction peaks appeared into the olivetol loaded MOFs, suggesting that the encapsulated 

drug is in an amorphous state. Taking into account SEM and XRPD results, we can conclude 

that the morphology of the γ-CD-MOF KOH was stable after the encapsulation with the drug, 

in spite of the partial loss of crystallinity. For γ-CD-MOF KCl and γ-CD-MOF KNO3, important 

changes were observed in the diffraction patterns (Fig. 38). The partial loss of crystallinity 

was observed again in the co-crystallization MOFs with a similar intensity in the diffraction 

peaks as in the previous case of OLV loaded γ-CD-MOF KOH, probably due to the 

encapsulation of the drug. Furthermore, the characteristic position peaks were located in 

different angles: 5.3º, 7.4º, 10.5º, 11.5º, 12.1º, 14.2º, 14.9º, 15.8º and 16.7º. These peaks did 

not correspond with the diffraction pattern described before for the conventional CD-MOFs 

synthetized with KOH, despite the metal linker has not changed. Moreover, they did not 

match with the peaks of raw γ-CD or any simulated references (Fig. 39). A possible 

explanation for that is the pH of the initial solution during the MOF synthesis, as described 

before for SEM results. Since for γ-CD-MOF KOH the pH of the initial solution was around 12 

due to the use of potassium hydroxide, for γ-CD-MOF KCl and γ-CD-MOF KNO3 the potassium 

salts led the initial solution to a neutral pH. It is reported that the body-centered cubic CD-

MOFs were grown from solutions of basic salts, such as hydroxides and carbonates. Although 

this alkali media is not enough to deprotonate the hydroxyl groups of γ-CD, it seems to 

facilitate the growing of this type of crystals [208]. Moreover, previous studies about CD-

MOFs have reported trigonal crystals with several space groups (R32, I4, P1 or P32) different 

from I432 [147,208]. In these CD-MOFs, the metal sources were not the typical potassium 

hydroxide. Therefore, the metal linker and the pH of the initial solution could be causes of 

the different morphology and diffraction pattern observed for the CD-MOFs. This fact would 

explain the new diffraction patterns in γ-CD-MOF KCl and γ-CD-MOF KNO3 that did not match 
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with the cubic space group I432 correlating the trigonal morphology observed in their 

respective SEM images. 

Regarding reaction yield, these values matched well with the values described in reported 

studies in the synthesis process of the γ-CD-MOF KOH [126,146]. Nevertheless, in co-

crystallization synthesis (γ-CD-MOF KCl and γ-CD-MOF KNO3) similar reaction yields were 

obtained but much lower than for the γ-CD-MOF KOH (Table 7). These differences are due to 

the pH change, as typical cubic CD-MOFs growing is favoured in alkali solutions [208]. As it 

was reported before, γ-CD-MOF KCl and γ-CD-MOF KNO3 presented different morphology 

and diffraction pattern, so the kinetics for crystals precipitation should not be the same as 

for the γ-CD-MOF KOH crystal formation because of the different pH values due to the 

alternative potassium sources. In fact, this could also explain the absence of MOFs using KCl 

or KNO3 when the conventional synthesis with KOH was followed. 

 

Table 7: Reaction synthesis yield of γ-CD-MOF KOH, γ-CD-MOF KCl and γ-CD-MOF KNO3 with their 
respective standard deviations. 

MMOF sample  RReaction yield (%)  σσ  
--CCD--MMOF KOH  59.44 0.03 
--CCD--MMOF KCl  30.98 0.06 

--CCD--MMOF KNO33  34.65 0.04 
 

FTIR spectroscopy is a useful tool to detect the bonding changes between functional groups 

of the MOFs, the drug and the resulting interactions of both components. There were 

characteristic peaks in all γ-CD-MOF samples at 1078 cm-1, 1152 cm-1, 1336 cm-1, 2700 – 2995 

cm-1 and 3000 – 3670 cm-1 (Fig. 40A). These peaks were in agreement with previous reported 

literature of γ-CD-MOFs [107,209–211]. Moreover, these regions in the MOF spectra also 

coincided with the characteristic peaks in the γ-CD spectrum, showing the presence of the 

organic linker in the crystals. At 1078 cm-1, an antisymmetric stretching vibration mode 

derived from the C–O–C groups in aliphatic ethers can be observed. These ether groups are 

presented in the γ-CD structure. The units of γ-CD are α-d-glucopyranose molecules with 

intra-monomeric ether bonds 1  5. These units are linked to each other through inter-

monomeric ether bonds 1  4. The peak at 1152 cm-1 was assigned to the stretching 

vibration between carbon and oxygen atoms in C–OH groups of the two secondary alcohols 

that are in each unit of α-d-glucopyranose. The peak at 1336 cm-1 was related to the 
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contribution of alkane groups and the band from 2700 – 2995 cm-1 were the contributions of 

the C–H antisymmetric and symmetric stretching vibrations of CH2 and CH3 in aliphatic 

compounds. These regions may come from the CH2 group in the hydroxymethyl side chain in 

each α-d-glucopyranose unit of γ-CD. A wide band ranging from 3000 – 3670 cm-1 was 

assigned to stretching vibrations of the hydroxyl groups, the ones that are secondary alcohols 

groups but also the primary alcohol in the hydroxymethyl side chain in each α-d-

glucopyranose unit. In addition to these characteristic bands of γ-CD-MOFs, the peak 

observed at 1640 cm-1 may be due to the hydroxyl groups of water molecules that still 

remained into the cavities of the MOFs after the drying process. The spectrum of olivetol 

showed the characteristic peaks of this drug according to the literature at 690 cm-1, 830 cm-

1, 1145 cm-1, 1210 cm-1, 1310 cm-1, 1376 cm-1, 1477 cm-1, 1600 cm-1, 1628 cm-1, 2858 cm-1, 

2929 cm-1 and 3240 cm-1 (Fig. 40A) [212–214]. At 690 cm-1 and 830 cm-1 wavenumbers, two 

peaks from C–H out of plane deformations were observed because of the triple substitution 

in one, three and five carbon positions in the benzene ring of the OLV. The four peaks at 1145 

cm-1, 1210 cm-1, 1310 cm-1 and 1376 cm-1 corresponded to the stretching vibrations between 

the carbon and oxygen atoms of the two C–OH groups that are presented in the drug 

molecule. Moreover, phenols absorb near 1350 cm-1 due to the OH deformation and give a 

second band due to C–OH stretching near 1210 cm-1, and in this case, the two hydroxyl 

groups are in the benzene ring of the drug. At 1477 cm-1 and the double peak at 1600 and 

1628 cm-1, two regions of stretching vibrations derived from the interactions between the 

carbon atoms in the aromatic ring of the olivetol structure and the skeletal stretching 

vibration of -C=C- could be observed. The peaks at 2858 cm-1 and 2929 cm-1 were related to 

the antisymmetric stretching vibrations of C–H bond of CH2 and CH3 groups that are present 

in the pentyl chain of the molecule. The wide peak at 3240 cm-1 was assigned to stretching 

vibrations between oxygen and hydrogen atoms of the two hydroxyls groups in the aromatic 

ring. A direct comparison between the infrared spectra of OLV and γ-CD-MOF KOH before 

and after the encapsulation process with the drug did not show any differences (Fig. 40A). 

This could be due to the poor encapsulation of the drug in γ-CD-MOF KOH which was not 

enough to observe perceptible changes. Nevertheless, γ-CD-MOF KCl and γ-CD-MOF KNO3 

spectra showed, instead of the peak at 1640 cm-1, a double peak at 1600 and 1628 cm-1 

corresponding to the skeletal stretching -C=C- vibration of OLV (Fig. 40B). It was observed 

that the 1640 cm-1 peak in MOFs is partially occluded by this OLV signal. These results 

confirmed the interaction between γ-CD-MOFs and olivetol in the co-crystallization, because 
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if this interaction did not take place, OLV would have been removed during the washing steps 

with the organic solvents. Moreover, this interaction in γ-CD-MOF KCl and γ-CD-MOF KNO3 

was in agreement with the quantification of the drug described before, that showed a high 

OLV encapsulation in the co-crystallized samples. In accordance with previous literature, the 

interaction between OLV and γ-CD-MOFs may take place through the two phenolic hydroxyl 

groups of the olivetol structure and the inner cavity of the γ-CD molecules. It has been 

described that cyclodextrin molecules provide their cavities as a non-polar field, in which OLV 

is complexed through its hydroxyl groups and non-covalent interactions [215]. Furthermore, 

a study that encapsulates curcumin in γ-CD-MOFs to improve the stability of this compound 

concluded that the interaction between curcumin and the MOFs is through the phenolic 

hydroxyl group of the curcumin [216]. Therefore, based on the infrared results of this 

investigation and previous studies, the interactions between olivetol and γ-CD-MOFs may be 

due to intermolecular forces such as Van der Waals forces between the different atoms of 

the olivetol structure and the inner parts of the non-polar MOF cavities. This fact was also 

supported since there were not significant shifts in the spectra, meaning that there were not 

changes on vibrations through the molecules. 
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Figure 40: Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy spectra of: 
olivetol (black), γ-CD (orange), unloaded γ-CD-MOF KOH (pink), olivetol loaded γ-CD-MOF KOH
(red), γ-CD-MOF KCl (blue) and γ-CD-MOF KNO3 (green) from 4000 cm-1 to 600 cm-1 (A). Magnified 
comparison of olivetol (black), γ-CD-MOF KCl (blue) and γ-CD-MOF KNO3 (green) spectra (B) in the 
region of interest from 1700 cm-1 to 1500 cm-1 showing the double peak at 1600 and 1628 cm-1

assigned to olivetol.

 

4.1.2. CHARACTERIZATIONN OFF DPPCC LIPOSOMESS 

The size distribution is a key aspect to consider, even more when the final application is as 

drug delivery systems [217]. In order to get information about the size of DPPC liposomes 
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and the physical stability of these systems after the encapsulation of olivetol, DLS and cryo-

TEM analysis were performed. DPPC formulations loaded with the drug showed more 

polydispersity than empty DPPC liposomes with wider and more asymmetric peaks in DLS 

results (Fig. 41).

Figure 41: Size distribution by intensity of DPPC liposomes (orange) and OLV loaded DPPC 
liposomes (red).

These results were in agreement with cryo-TEM analysis, where bigger liposomes with 

several concentric lipidic bilayers could be observed in the samples with OLV (Fig. 42). The 

mean diameter of the liposomes was below 200 nm: 125 ± 52 nm for DPPC liposomes and 

159 ± 67 nm for DPPC liposomes loaded with OLV. Mean diameter and standard deviation 

were similar in both liposomes’ formulations. However, the size distribution observed in the 

liposomes without drug was closer to a normal distribution than the formulations with OLV, 

as well as the polydispersity index values were lower in the empty liposomes (0.3) than in the 

loaded ones (0.9). This fact means that the samples with low polydispersity index had an

homogeneous distribution of the vesicles with similar diameters without aggregates [218]. It 
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could be explained since olivetol is an organic compound and it is encapsulated in the bilayer 

increasing the rigidity of liposomes, such as the effect of cholesterol addition [219]. Cryo-

TEM analysis corroborated these results. The synthesis method was found to be useful for 

producing stable DPPC liposomes with and without olivetol of relatively controllable particle 

size.

Figure 42: Cryo-TEM images of DPPC liposomes (orange) and OLV loaded DPPC liposomes (red).

44.1.3. OLIVETOLL CONTENTT INN γ-CD-MOFss ANDD DPPCC LIPOSOMESS 

To determine the OLV content in the samples the next calibration curves of different known 

concentrations of olivetol were performed from 0 to 100 mg/L (Fig. 43). MilliQ water and 

ethanol (1:1, v/v) or HEPES buffer and ethanol (1:5, v/v) were used for MOFs and DPPC 

liposomes respectively.
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Figure 43: Calibration curves of different known concentrations of olivetol from 0 to 100 mg/L in 
HEPES buffer and ethanol (1:5, v/v) (blue) and milliQ water and ethanol (1:1, v/v) (orange) media 
for the quantification of the olivetol in DPPC liposomes and MOFs, respectively (n = 3). The 
calibration line was calculated by linear regression. 

 

Regarding MOFs, not only reaction yields changed depending on the potassium source but 

also on the drug loading content. For OLV γ-CD-MOF KOH the drug content was very low 

using the impregnation method to perform the encapsulation (Fig. 44). This could be 

explained because of the hybrid polarity behaviour of OLV. Olivetol dissolves perfectly in 

organic solvents but it is partially miscible in aqueous solutions. According to that, OLV would 

tend to be more comfortable on a hydrophobic environment like the inner cavities of the 

MOFs, than in the ethanol solution used for the encapsulation, that is a relatively polar 

organic solvent. However, this hybrid polarity behaviour may cause that olivetol could 

interact with both hydrophobic and hydrophilic environments and the drug is not strongly 

attracted to the inner cavities of the MOFs, affecting its encapsulation efficiency. In the case 

of the co-crystallization process, the drug loading was higher than the impregnation method, 

showing γ-CD-MOF KCl slightly more OLV content than γ-CD-MOF KNO3 (Fig. 44). This 

efficiency in the co-crystallization could be explained by the formation of crystals itself. γ-CD-

MOF KCl and γ-CD-MOF KNO3 precipitation may directly trap the drug into the MOF cavities, 

regardless the hybrid polarity behaviour of OLV. Moreover, drug loading values of co-

crystallization synthesis were in agreement with reported studies about γ-CD-MOFs obtaining 

encapsulation percentages from 2% to 10% for different compounds [220–222]. 
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For liposomes formulation, OLV encapsulation percentage was higher than the values for

MOFs (Fig. 44). These percentages could not be compared between MOFs and liposomes, 

since the values are expressed in terms of mass and the weight of each carrier is different

[147,220]. In any case, the drug could be quantified in DPPC liposomes, γ-CD-MOF KCl and γ-

CD-MOF KNO3 formulations, making them suitable as carriers for olivetol and for their 

application over the tooth structure.

Figure 44: Drug loading percentage of olivetol in γ-CD-MOF KOH, γ-CD-MOF KCl, γ-CD-MOF KNO3

and DPPC liposomes with their respective standard deviations.

 

4.2. INN VITRO STUDYY USINGG SYNCHROTRON-SOURCEE INFRAREDD SPECTROSCOPYY 

Then, an in vitro study of the drug penetration pattern using the previous DDS efficiently 

loaded with olivetol (DPPC liposomes, γ-CD-MOF KCl and γ-CD-MOF KNO3 formulations) was 

carried out. This study was performed combining synchrotron-source infrared spectroscopy 

and principal component analysis (PCA) using bovine tooth as a model. 

In order to verify if the amount of drug applied over the teeth in liposomes and MOFs 

formulations was comparable, the OLV amount per application was calculated based on the 

sample preparation process (section 3.3.4.1) and the drug encapsulation percentages in each

formulation. This amount was of the same order for the three carriers (Table 8). Besides, the 
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amount of drug applied without carrier as positive control (OLV or CBD) was extremely high 

to study the efficiency when the carrier was used. 

 

Table 8: Drug amount per application over the teeth for each formulation in comparison with the 
drugs alone (OLV and CBD).  

  DDrug amount per application (μg)  
DDPPC lliposomes  wwith  oolivetol  ((molar ratio 2:1)  336.8 ± 0.5  

--CCD--MMOFs KCl loaded with olivetol  224 ± 3  
--CCD--MMOFs KNO33  lloaded with olivetol  116 ± 2  

CCBBD or OLV (10 mg/mL)  11000  
 

44.2.1. PEAKS ASSIGNMENT OF ENAMEL AND DENTIN 

Enamel and dentin are the main tissues that comprise the teeth. Enamel is composed of 96% 

of mineral content, while in the dentin it is reduced to approximately 70%. Regarding the 

organic matter, the enamel presents only 2% and in the dentin it increases to 20%, 

predominating cross-linked type I collagen. The inorganic mineral that mainly composes both 

tissues is the carbonated calcium-deficient hydroxyapatite (HAP), which is a crystalline 

calcium phosphate [Ca10(PO4)6(OH)2] and carbonates impurities [CO3
2−] [21]. These 

carbonates could substitute two anion phosphate groups or two hydroxyl groups in HAP 

structure, being B-type or A-type carbonated apatite, respectively [23]. Bovine enamel and 

dentin reflection spectra are shown in figure 45 between 1600 and 700 cm-1 where the bands 

of carbonates and phosphates groups of HAP could be observed. Due to the high degree of 

crystallinity of the enamel, bands corresponding to this mineral matrix are more intense than 

in the dentin tissue which has a low crystallinity, and the peaks appear weakly [223]. 

Antisymmetric stretching vibration of phosphates groups (v3 PO4
3-) appears as a wide band 

in the 1200-900 cm-1 region, in both enamel and dentin tissues with a maximum at 1045 and 

1028 cm-1 respectively. These broad bands are attributed to triply degenerated v3 PO4
3- and 

its deconvolution is described as secondary phase vibrations of Ca-O-P, P-O, Ca-O and O-Ca-

O vibrations, but they are not fully resolved [224]. The shoulder at 956 cm-1 corresponds to 

the symmetric stretching vibration of the same group (v1 PO4
3-) in both tissues, despite the 

band being more saturated in the enamel than in the dentin [225]. Peaks at 1403 and 1442 

cm-1 match with antisymmetric stretching vibration of carbonate groups (v3 CO3
2-) and the 

one at 867 cm-1 with symmetric angular deformation (v2 CO3
2-) in both tissues. These peaks 

correspond to a mixture of A-type and B-type carbonated apatites, being B-type the one with 
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more contribution since it is the predominant type in biological apatite [23]. Besides, organic 

matter (amide II) is detected at 1540 cm-1 in the dentin, since its percentage in this tissue is 

higher than in the enamel [226].

Figure 45: Average of the specular reflectance FTIR spectra of control enamel and dentin of bovine 
tooth and band assignment numbers (n = 30).

Taking into account the enamel structure properties, no contribution of drugs, liposomes or 

MOFs vibration peaks were expected to be distinguished, since their signals are not 

significant in comparison with the signal of the inorganic material of the enamel [227]. Thus, 
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only changes over HAP structure could be noted. The treatments with drug (CBD, OLV, OLV 

loaded liposomes and MOFs) produced the decrease of the bands of carbonates and 

phosphates groups of HAP in comparison with the average of the spectra of the samples 

without drug, especially in the antisymmetric stretching vibration v3 PO4
3- (Fig. 46). This fact

could be explained due to the organic matter increment in the samples treated with drug, 

because the crystallinity of the enamel in these samples was worse detected than in the ones 

without any drug, since they have better reflective properties, and its infrared signal is higher 

[228]. Besides, shifts were not detected in the average spectra of the samples with and 

without drug for both carriers, so the treatments did not compromise carbonates and 

phosphates groups of HAP [229]. 

Figure 46: Average of the spectra of the groups with and without drug for liposomes and MOFs in 
the enamel.

In the dentin, the comparison between the average of the spectra without drug with the 

average of the spectra with drug (CBD, OLV, OLV loaded liposomes and MOFs) revealed a 

reduction in the intensity of all the bands, related to a higher organic matter content that 

decreased the crystallinity and the signal of the bands (Fig. 47) [21]. The only band that did 

not decrease is the one at 1540 cm-1 in case of the liposomes analysis, since this vibration 

may be related to the NH3
+ deformation from the DPPC structure avoiding the loss of intensity 

of this peak despite the decrease in crystallinity due to the drug presence [230]. However, 

the main vibrations did not shift, so the chemical structure of the dentin was not changed. 
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Figure 47: Average of the spectra of the groups with and without drug for liposomes and MOFs in 
the dentin.

44.2.2. TREATMENTSS EFFECTSS OVERR THEE ENAMELL ANALYSEDD BYY PCAA 

In the present study, the enamel FTIR spectra of the different samples were analysed by PCA, 

where the weights of the main components were concentrated in the components 1 and 2 

(PC1 and PC2) for both carriers. Liposomes and MOFs analysis had a PC1 of 95.20% and 

96.01% versus PC2 of 3.39% and 2.43% accounting for a total of 98.59% and 98.44% of the 

variance, respectively (Fig. 48). Both carriers’ analysis had a similar distribution in the enamel,

and only two groups could be distinguished along PC1 according to drug presence (Fig. 48).

This distribution agreed with the decrease of the bands reported in the previous section (Fig. 

46) since the group with drug is in the negative part of the component (less intense signal) 

and the group without drug in the positive part (more intense signal).
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Figure 48: Principal Component Analysis of liposomes and MOFs in the enamel, scores plots 
grouping according to the drug presence. The group with drug included CBD, OLV and OLV loaded 
liposomes or MOFs (depending on the carrier analysis) and the group without drug comprised 
HEPES control for both carriers and also unloaded liposomes for liposomes analysis. 

The group with drug included CBD, OLV and OLV loaded liposomes or MOFs (depending on 

the carrier analysis) and the group without drug comprised HEPES control for both carriers 

and also unloaded liposomes for liposomes analysis. Therefore, it revealed that both OLV 

loaded carriers may transport the drug, since these treatments were in the same group as 

CBD and OLV control treatments. Nevertheless, the separation between the groups that 

contained or not drug was not perfectly clear. This fact could be explained due to the large 

inorganic material content and high crystallinity of the enamel [231]. Because of these 

enamel properties, the signal of carbonates and phosphates groups of HAP was too high,

overlapping the possible vibrations peaks of organic material that can be present in the 
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enamel, as well as the drugs and carriers employed in the treatments of this study [232]. For 

this same reason, no more differences related with the treatments could be observed 

between groups, since spectra were distributed according to the depth in the enamel 

structure along PC2 (Fig. 49).

Figure 49: Principal Component Analysis of liposomes and MOFs in the enamel, scores plots 
showing the distribution across the enamel depth. 

Regarding the loading graphs (Fig. 50), PC1 comprised all the bands of carbonates and 

phosphates groups of HAP previously assigned for both liposomes and MOFs analysis in the 

positive part of the graphs. PC2 loadings profiles revealed in the positive part of the graphs 

v3 CO3
2- and v2 CO3

2- peaks of carbonate groups from 1475 to 1380 cm-1 and 867 cm-1

respectively (Fig. 50). A secondary phase vibration of v3 PO4
3- at 1113 cm-1 was observed. This 

vibration contributes to the shoulder at 1103 cm-1 of the peaks assignment, and it is related 
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with the bandwidth [233]. Meanwhile, the maximum peak of v3 PO4
3- was in the negative 

part. This profile was in agreement with the distribution of the scores according to the depth 

in the enamel structure (Fig. 49). Enamel tissue presents heterogeneous distribution of the 

inorganic material, since its carbonate content increases from the outer to inner enamel, the 

phosphates decrease showing more crystallinity and more packing in the outer part 

[9,22,234]. Therefore, the fact that the scores in the positive part of the graph correspond to 

the inner parts of the enamel and the ones in the negative part to the outer region matched 

with the PC2 loading profiles for both carriers. This information is in accordance with the 

typical mineral gradient of the enamel, verifying that PC2 distributes the samples following 

the depth in this tissue.

Figure 50: Principal Component Analysis of liposomes and MOFs in the enamel, loadings profiles 
of PC1 and PC2.
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44.2.3. TREATMENTS EFFECTS OVER THE DENTIN ANALYSED BY PCA 

The analysis of the dentin was also performed using PCA for the different treatments. As in 

the enamel results, the weights of the main components were in the components 1 and 2 

(PC1 and PC2) for both carriers. Liposomes and MOFs analysis had a PC1 of 87.68% and 

86.30% versus PC2 of 8.43% and 9.39% accounting for a total of 96.11% and 95.69% of the 

variance, respectively (Fig. 51). In comparison to the enamel analysis, the separation between 

the groups in the dentin was much better, and more consistent information could be 

obtained. This better separation of the different groups in the dentin may be due to the less 

mineral content and less crystal packing in this tissue, having the organic matter of the drug 

stronger presence improving the sample grouping [223]. Therefore, the signal of carbonates 

and phosphates groups of HAP decreases and the vibrations of the organic material could be 

distinguished. All the groups in both carriers’ analysis had similar distribution in the scores 

graphs along PC1 and PC2 (Fig. 51). Loaded liposomes and MOFs groups were closer to the 

samples treated with only drug (CBD and OLV) than the samples without treatment or 

unloaded carrier. Thus, it means that both carriers led the drug transport until the dentin 

tissue efficiently increasing the diffusion process, despite the drug concentration per 

application was much lower than in the CBD and OLV control groups (Table 8) [40]. 

Furthermore, CBD and OLV control groups are completely overlapped in this analysis, 

confirming that OLV could be used as CBD analogue in this experiment. Dentin analysis also 

revealed differences related to the presence of liposomes or MOFs along PC2. Meanwhile, 

groups without any carrier were in the positive part of PC2, the groups with carrier were in 

the negative part of this component regardless the drug presence. Therefore, PC1 may group 

the samples according to the drug presence and PC2 according to the carrier presence in the 

dentin tissue. Moreover, these results from the dentin analysis verified and supported the 

previous results of the enamel.  
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Figure 51: Principal Component Analysis of liposomes and MOFs in the dentin, scores plots 
grouping according to the drug presence and carrier presence.

PC1 loadings graphs included all the characteristic vibrations previously assigned in the 

dentin tissue for both carriers in the positive part of the profile (Fig. 52). As in the enamel 

analysis, drug vibrations did not appear since the contribution of the inorganic material was 

much more significant that the contribution of the drug. The loading profiles of PC1 were in 

agreement with the scores’ graphs since the samples without drug were in the positive part 

of this component (more intense signal) and the samples with drug were in less positive 

values (less intense signal).
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Figure 52: Principal Component Analysis of liposomes and MOFs in the dentin, loadings profiles of 
PC1 and PC2.

PC2 profiles comprised the wide band of the antisymmetric stretching vibration v3 PO4
3- in 

the negative part emphasising the shoulder at 1103 cm-1 of the peaks’ assignment, while the 

rest of the peaks were in the positive half of this component (Fig. 52). This negative band 

gives information about the bandwidth and the groups that were in the more negative part 

of the scores graphs correspond to treatments with liposomes and MOFs that contributed 

with the increase of the organic material in the dentin tissue, reducing the crystallinity and 

making the mentioned phosphate band widder when these groups were compared to the 

ones without any carrier [233]. This information agreed with scores distribution along PC2 

where the samples without carrier were in the positive part and the samples with carrier in 

the negative half. The fact that rest of the bands were in the positive part means that the 

presence of any carrier did not affect these vibrations.
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44.3. REACTION YIELD AND DRUG ENCAPSULATION OPTIMIZATION IN MOFs 

γ-CD-MOFs’ formulations using KCl and KNO3 provided comparable results to liposomes’ 

formulation in the previous in vitro study, even though the drug loading was lower. 

Considering that fact, the methodology to obtain these MOFs’ formulations based on the use 

of these alternative potassium sources and the co-crystallization technique for the olivetol 

encapsulation was optimized in terms of reaction yield and drug encapsulation using design 

of experiments (DoE). 

 

4.3.1. MODEL FITTING 

A total of 27 runs were performed per potassium salt, varying the four inputs factors at three 

different levels. Reaction yield (Y1) and drug encapsulation (Y2) were the two studied 

responses for this experimental design. The design layout with the experimental values of 

the responses is shown in Table 9.  

 

Table 9: Experimental values of reaction yield and drug encapsulation responses for each 
potassium salt. Highlighted runs were removed from the analysis.   

Run  

Response values  
KCl  KNO33 

Reaction yield 
((%) 

Drug encapsulation 
((%) 

Reaction yield 
((%) 

Drug eencapsulation 
(%)  

Y1 Y2 Y1 Y2 
1  35.9 5.6 36.5 4.5 
2  60.6 6.3 67.4 3.8 
3  30.5 5.0 48.3 5.3 

4*  0.2 0.4 0.3 0.3 
5  30.2 2.6 33.4 2.7 
6  53.8 3.4 57.5 3.5 
7  62.8 3.5 65.6 2.5 
8  40.7 4.7 39.6 4.7 
9  0.1 4.8 1.2 1.1 

10  9.9 7.1 8.5 5.8 
11  10.3 7.7 12.3 6.8 

12*  44.2 6.5 44.5 7.1 
13  44.1 5.8 56.8 4.4 
14  25.1 7.1 32.4 5.0 
15  10.8 6.8 14.0 5.9 

16*  0.2 1.1 0.5 1.9 
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117  54.5 5.4 52.4 5.6 
118  34.6 4.9 21.3 4.4 
119  29.0 7.2 36.4 5.0 

220*  0.5 4.5 0.6 13.5 
221  11.6 8.2 29.0 7.4 
222  18.8 6.8 25.6 6.5 
223  5.0 4.3 2.7 2.0 
224  2.4 7.2 14.6 6.8 
225  40.4 6.8 39.6 6.0 
226  72.7 5.1 75.5 5.4 
227  54.0 5.5 57.9 5.6 

 

Runs 4, 12, 16 and 20 were removed from the analysis. In case of runs 4, 16 and 20 not 

enough product could be obtained from the reaction due to the experimental conditions and 

the values of the responses were not consistent. For run 12, the values did not fit with the 

design. Excluding these mentioned four runs, reaction yield and drug encapsulation values 

varied from 0.1% to 75.5% and from 1.1% to 7.7%, respectively. These data were employed 

for the experimental design analysis using Design Expert Software. ANOVA statistical analysis 

was performed for the calculation of coefficients of the polynomial equations. Results 

showed that quadratic and 2FI models could be used to represent the data for the reaction 

yield (Y1) and drug encapsulation (Y2) respectively in both potassium salts. The equations for 

the responses (eq. 6-9) explain their interactions with the independent variables (incubation 

temperature, A; incubation time, B; methanol content, C and olivetol concentration, D). In all 

cases, the terms of the equations that presented a non-significant p-value (p-value > 0.05) 

were removed from the final equations in order to improve the fitting. Here below, the final 

reduced equations in terms of coded factors with only significant model terms are shown: 

 

For potassium chloride: 

Y1 Reaction yield              = 32.76-16.21A+5.98B-22.15C+18.13D+2.52AB-7.45AC-12.40B2        [6] 

Y2 Drug encapsulation = 6.06+1.62A-0.0958B+0.5353C-0.6819AB-0.4832BC               [7] 

 

For potassium nitrate: 

Y1 Reaction yield         = 41.07-12.96A+8.66B-21.25C+18.30D-5.37AC+4BD-8.56C2- 
                                    8.58D2                                                                                                       [8] 
 

Y2 Drug encapsulation =5.33+1.85A-0.5220B+0.5917C+0.3250D-1.17AB+ 1.04AC- 
0.4231AD-0.5622BC+0.5289CD                           [9] 
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The equations in terms of coded factors can be used to make predictions about the response 

for given levels of each factor. These equations are useful for identifying the relative impact 

of the factors by comparing the factor’s coefficients. A positive value in the coefficients 

means that there is a synergistic effect on that response, and a negative value indicates an 

antagonistic effect [235,236].  

In all models for both responses, statistic parameters showed a good fitting with the 

experimental results (Table 10).  

 

Table 10: Statistics summary of the quadratic and 2FI response surface models for reaction yield 
and drug encapsulation responses in each potassium salt. 

  

Response  
KCl  KNO33 

Reaction yield  
Drug 

encapsulation  
Reaction yield  

Drug 
encapsulation  

Model  Quadratic 2FI Quadratic 2FI 
F--value  92.89 11.79 31.19 23.34 

Model p--values  < 0.0001 < 0.0001 < 0.0001 < 0.0001 
R22 0.9775 0.7762 0.9469 0.9417 

Adjusted R22 0.9669 0.7103 0.9165 0.9014 
Predicted R²  0.9561 0.6487 0.8507 0.7851 

Adequate precision  31.92 11.97 21.10 16.99 
Lack of fit p--values  0.9477 0.9651 0.5966 0.2461 

 

The significance of the factors was determined based on the F-values and/or p-values with 

95% confidence level. The obtained F-values implied that selected models were significant 

and there was only a 0.01% of chance that these F-values could occur due to noise. The 

coefficient of determination values (R2) were close to unity indicating a good fitting of the 

model to experimental results. Besides, the predicted R² were in agreement with the 

adjusted ones, since in all the cases the difference between these two values was less than 

0.2. In case of drug encapsulation for KCl, the R2 values were lower, but they were accepted 

taking into account all other statistical parameters. Predicted versus actual values 

distributions (Fig. 53) also show a high compatibility of these data, since points are closely 

following the diagonal. Moreover, the adequate precision value measures the signal-to-noise 

ratio and a ratio greater than four is desirable, in order to use the model to navigate in the 

design space. The lack of fit expresses the residual error compared to the pure error. Non-

significant lack of fit (p-value > 0.05) for the selected models indicated their accuracy and low 
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error. Therefore, based on the statistical analysis, the effect of the factors on responses could 

be explained using a quadratic polynomial model and a 2FI model for reaction yield and drug 

encapsulation, respectively.

Figure 53: Predicted versus actual values for KCl reaction yield and drug encapsulation (A and B) 
and for KNO3 reaction yield and drug encapsulation (C and D).

 

Furthermore, the residuals were studied to validate the adequacy of the different models 

through the analysis of the normal plots and the residuals versus the predicted responses 

graphs (Fig. 54). The difference between the real response and the predicted one determines 

the residual value. In all the cases, residuals were distributed in a straight line according to 

their normal probability. In figure 54, the distribution of the residuals versus predicted 

responses was totally random suggesting that the models were suitable, and they showed 

independence and constant variance assumption.
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Figure 54: Normal probability plots of the residual (A) and residual versus predicted response 
graphs (B) for KCl (1) reaction yield and drug encapsulation and for KNO3 (2) reaction yield and 
drug encapsulation. 
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44.3.2. REACTION YIELD 

The selected factors in this study were adjusted following a quadratic polynomial for reaction 

yield response in both potassium salts (eq. 6 and 8). After removing non-significant terms, it 

could be observed that the linear contributions of all the factors presented the same 

behaviour for KCl and KNO3. The incubation time (B) and olivetol concentration (D) increased 

the reaction yield. Meanwhile, the incubation temperature (A) and methanol content (C) 

showed an antagonistic effect. For KCl, the interaction of A with B increased this response, 

but the one of A with C and the quadratic contribution of B reduced the reaction yield. For 

KNO3, the interaction of B with D showed an agonistic effect, whereas the interaction of A 

with C and the quadratic contributions of C and D minimised this response. Some of these 

main and interactions effects are shown using contour plots and three-dimensional response 

surface plots (Fig. 55). These plots give a visual representation of this response and its 

relationship with the different factors.  

The increment of incubation time (B) and olivetol concentration (D) increased the reaction 

yield. The first parameter could be explained based on crystallization kinetics, as nucleation 

and crystal growth [237]. These parameters are time-dependent and if the time is too short, 

crystal formation could not occur [238]. Therefore, the MOFs reaction yield is increasing in 

function of time with the development of the crystallization process. The fact that the 

concentration of the drug had a positive effect in the reaction yield may be due to an increase 

in the solute’s concentration of the initial solution, promoting its supersaturation. The 

supersaturation is directly proportional to the concentration. Therefore, if the concentration 

is higher than the solubility, the solution is supersaturated, and the crystallization process 

takes place [239]. The increment of olivetol could contribute to reach the supersaturation 

point of the initial solution, obtaining more precipitate. On the other hand, incubation 

temperature (A) and methanol content (C) presented a negative effect over the reaction 

yield. The concept of supersaturation could be also useful to explain the antagonistic effect 

of the incubation temperature. This parameter also depends on solubility, being inversely 

proportional. Increasing the temperature, the solubility also increases, decreasing the 

supersaturation [239]. Hence, the solution becomes under-saturated, and the crystallization 

process does not occur. The fact that the methanol content has a negative effect over the 

reaction yield may be related to olivetol solubility. Since olivetol is an organic compound, it 

is more soluble in organic solvents than in aqueous solutions. Therefore, the higher the 
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methanol content, the greater the amount of soluble drug in the same mixture, keeping it

away from the supersaturation and making more difficult the crystallization process.

Figure 55: Contour plots (1) and three-dimensional response surface plots (2) for reaction yield 
response in both salts: KCl (A and B) and KNO3 (C).
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44.3.3. DRUG ENCAPSULATION 

The effects of the factors on the drug encapsulation were studied through a 2FI polynomial 

for both potassium salts (eq. 7 and 9). After eliminating non-significant terms for KCl, the 

linear contribution of incubation temperature (A) and methanol content (C) increased the 

drug encapsulation. However, these responses were reduced due to the antagonistic effects 

observed by the linear contribution of incubation time (B) and by the interactions of A with 

B and B with C. In case of KNO3, same contributions described before for KCl were observed 

presenting the same behaviour. Besides, the linear contribution of olivetol concentration (D), 

the interactions of A with C and C with D showed an agonistic effect, while the interaction of 

A with D decreased the drug encapsulation. Some of these main interactions’ effects are 

shown using contour plots and three-dimensional response surface plots (Fig. 56). These 

plots give a visual representation of this response and its relationship with the different 

factors. 

Incubation temperature (A), methanol content (C) and olivetol concentration (D) have a 

positive effect over the drug encapsulation. The behaviour of these factors could be 

described in terms of diffusion. The first state of Fick’s law relates diffusion to concentration. 

This law postulates that the flux goes from a region of high concentration to regions of low 

concentration, being proportional to the concentration gradient [240]. Thus, olivetol 

molecules diffuse from the solution to the MOFs pores due to drug concentration gradient. 

According to Fick, diffusion is also directly proportional to the diffusion coefficient and this 

coefficient depends on the temperature. The relationship between this coefficient and the 

temperature could be explained by the Einstein equation, where a positive effect in 

temperature increases the thermal energy of molecules, raising its diffusion rate [241]. 

Besides, diffusion process is closely related to solute dissolution rate, when the dissolution 

rate is higher, diffusion also increases [242]. Thus, raising the methanol content of the initial 

solution, more olivetol molecules will be dissolved due to the non-polar behaviour of the 

drug. In this way, more olivetol will be available for diffusion into the pores, increasing the 

encapsulation process. The incubation time (B) contributes with a negative effect for drug 

encapsulation. Within the time, the diffusion process is taking place from the solution where 

the drug is highly concentrated to the empty pores of the MOFs. However, when the drug 

concentration is higher in the carriers than in the medium, the diffusion transport starts in 
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the opposite direction, trying to reach the equilibrium and decreasing the drug encapsulation

[243].

Figure 56: Contour plots (1) and three-dimensional response surface plots (2) for drug 
encapsulation response in both salts: KCl (A and B) and KNO3 (C).
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44.3.4. REPONSES OPTIMIZATION AND VERIFICATION OF THE MODELS 

Optimization of the independent variables was done by setting goals for each response using 

Design Expert software. All four independent variables were incorporated in the optimization 

at their design space, except the incubation time for KCl. This variable was targeted to 15 

hours, considering the practical experimental conditions. The challenge of this study was to 

maximize both responses. However, since their behaviour was the opposite, reaction yield 

response was targeted to 55% to be able to maximize the encapsulation. This value was 

selected to improve previous results of reaction yield of these CD-MOFs, which was around 

35%. Besides, this number is like the one obtained when the conventional KOH is employed 

as potassium source. Numerical optimization values were selected using desirability function 

(D), where D values ranging between 0 and 1, being 0 for low desirable conditions and 1 for 

high desirable ones. Following this criteria, different solutions of optimal conditions were 

obtained with different desirability values. The solution that showed the highest desirability 

value was selected as the optimized synthesis conditions for each potassium salt (Table 11). 

 

Table 11: Optimized synthesis conditions for each potassium salt with its desirability value. 

Potassium 
salt 

Incubation 
temperature (ºCC) 

Incubation 
time (hours)  

Methanol 
content (%)  

Olivetol 
concentration 

(mg/mL)  
Desirability  

KCl  30 15 23.1 3.1 0.945 
KNO33 26.9 18.6 27.9 3.1 0.815 

 

Considering the practical experimental conditions, the conditions were set to 30 ºC, 15 hours, 

23% and 3.1 mg/mL for KCl and 27 ºC, 18.5 hours, 28% and 3.1 mg/mL for KNO3. The selected 

optimal conditions were verified by performing the experiments under these conditions in 

two independent replicates per salt. The results are shown in Table 12. Validation of the 

experimental design was done by comparing predicted and experimental values. The 

obtained data were inside the limits of the 95% prediction interval in all the cases and the 

values of the errors found to be within an acceptable range. This means that the experimental 

results were comparable to the predicted results that illustrate the preciseness of the design. 

Moreover, the experimental results for reaction yield were even better than the predicted 

values. Therefore, the generated models showed sufficient accuracy and predictability for 

optimizing the reaction yield and drug encapsulation in the experimental conditions 
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mentioned above. Besides, the values of both responses have been improved for both 

potassium salts in comparison with previous experimental results. Reaction yield values have 

doubled, while drug encapsulation has increased by 20% for KCl and 46% for KNO3. 

 

Table 12: Experimental and predicted values of both responses at optimized conditions for each 
salt (PI = prediction interval). 

PPotassium 
ssalt  

RResponse 
Predicted 

value  
Experimental 

value  
95% PI 

low  
95% PI 

high  
Error  

KCl 

Reaction yield 
(%) 

55 60 ± 2 46 64 5 

Drug 
encapsulation 

(%) 
7.3 7.0 ± 0.7 5.5 9.1 0.3 

KNO3 

Reaction yield 
(%) 

55 69 ± 3 39 71 14 

Drug 
encapsulation 

(%) 
5.6 6.0 ± 0.4 4.4 6.7 0.4 

 

4.3.5. CHARACTERIZATION OF THE OPTIMAL FORMULATIONS 

The morphology and the crystallinity of the optimal formulations were studied using SEM and 

PXRD analysis (Fig. 57). Both γ-CD-MOFs formulations showed a rectangular shape as 

elongated prims. The length of most of the crystals was around 2 to 50 μm, but there were 

also crystal sizes out of this range. This fact may be due to the long time during the incubation 

step that was 15 and 18.5 hours for KCl and KNO3, respectively. It was reported that if enough 

time is allowed during a crystallization process, the size of the resulting crystals would not be 

homogeneous [196]. Concerning the diffraction patterns, both formulations showed the 

same characteristics peaks that were in different angles: 5.3º, 7.4º, 10.5º, 11.5º, 12.1º, 14.2º, 

14.9º, 15.8º and 16.7º. Besides, the sharp peaks in the diffraction patterns revealed a high 

crystallinity of the MOFs, despite the improvement in the drug encapsulation following the 

optimal conditions. These peaks’ positions may correspond to a triclinic, tetragonal o trigonal 

space groups such as R32, I4, P1 or P32, that were already reported in CD-MOFs where the 

metal sources were not the typical potassium hydroxide [147]. These diffraction patterns 

would be correlated to the rectangular prism morphologies observed in their respective SEM 

analysis. Considering these SEM and PXRD results, it is remarkable to mention that the new 

optimal conditions did not compromise the morphology and the crystallinity of these γ-CD-
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MOFs. Moreover, these results were in agreement with the previous obtained morphology 

and crystallinity characterization in section 4.1.1 (before the optimization). 

 

 

Figure 57: Scanning electron microscopy images and X-ray powder diffraction patterns of optimal 
γ-CD-MOF formulations using KCl (blue) and KNO3 (green) as potassium sources. 

 

FTIR analysis showed the characteristic peaks in both γ-CD-MOF formulations at 1078 cm-1, 

1152 cm-1, 1336 cm-1, 2700 – 2995 cm-1 and 3000 – 3670 cm-1 (Fig. 58). These peaks were in 

agreement with previous reported studies of these MOFs, and they matched with the 

characteristic peaks in the γ-CD spectrum, confirming the presence of the organic ligand in 

the crystals [107]. At 1078 cm-1 and 1152 cm-1, stretching vibrations derived from -C-O-C- and 

C–OH bonds in cyclodextrin sugars could be observed, respectively. The peak at 1336 cm-1 
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and the band from 2700 – 2995 cm-1 were related to the contributions of alkane groups. The 

wide band from 3000 – 3670 cm-1 was assigned to stretching vibrations of the hydroxyl 

groups from the cyclodextrin molecules. Besides, the peak observed at 1640 cm-1 could be 

due to the water molecules that remained into the cavities of the MOFs after the drying 

process. The spectrum of olivetol showed its characteristic peaks according to the literature 

at 3240 cm-1, 2929 cm-1, 2858 cm-1 and a double peak at 1628 cm-1 and 1600 cm-1. These 

peaks correspond to the -OH stretching vibration, -CH symmetric and antisymmetric 

stretching in the aliphatic chain and the -C=C- stretching vibration from the aromatic ring 

respectively (Fig. 58) [212]. A direct comparison between the infrared spectra of OLV and 

both γ-CD-MOFs revealed that the single peak at 1640 cm-1 showed a double peak at 1600 

and 1628 cm-1 that it was not in the raw γ-CD spectrum, and it may correspond to the skeletal 

stretching -C=C- vibration of the drug (Fig. 58). It means that olivetol is interacting with the 

γ-CD-MOFs as it is also reported in the results for the drug encapsulation response. These 

interactions could occur through intermolecular forces, as there were not significant shifts in 

the spectra. These results also agreed with previous infrared analysis for these MOFs before 

optimization in section 4.1.1. 
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Figure 58: Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy spectra of olivetol 
(black), γ-CD (orange), optimal γ-CD-MOF formulations using KCl (blue) and KNO3 (green) as 
potassium sources from 4000 cm-1 to 600 cm-1, showing a magnification of the double peak at 
1600 and 1628 cm-1. 

 

44.3.6. DRUG RELEASE IN VITRO STUDY 

To determine the released OLV from the optimal formulations after the optimization with 

DoE, a calibration curve of different known concentrations of olivetol in PBS from 0 to 100 

mg/L was performed (Fig. 59). 
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Figure 59: Olivetol calibration curve in PBS from 0 to 100 mg/L of the drug measured at 275 nm 
with the equation and the linear regression coefficient. The calibration line was calculated by 
linear regression (n = 3).

In order to study if the optimal formulations after DoE could release the drug over a period 

of time, the cumulative release of the olivetol from the MOFs was studied in vitro in PBS at 

pH 7.5 (Fig. 60). The release of the drug was quite fast in both formulations showing a 

continuous release over the first hour. After this time, the 75% of olivetol was released in γ-

CD-MOFs KCl, while the formulation containing KNO3 released the 50% of the drug. Then, the 

accumulative release of olivetol reached 89% after 19 hours and 96% after 48 hours in γ-CD-

MOFs KCl, and only the 65% of olivetol was quantified after 48 hours for γ-CD-MOFs KNO3.

Thus, the formulation with KNO3 needs more time to release all the drug content. It should 

also be mentioned that 40% of olivetol was released within the first hour from both γ-CD-

MOFs. And the gradual release of the drug continued over this time. Therefore, these results 

indicated that γ-CD-MOFs could help in controlling the release of olivetol, since the diffusion 

of the free drug would be much faster. Moreover, these results were in agreement with 

previous release in vitro studies using these γ-CD-MOFs with other compounds [244–247]. In 

any case, thanks to the MOFs’ adaptability, the functionalization of these materials could be 

performed in order to modify the drug release behaviour depending on the final application. 

Some studies have already modified this fast release through the functionalization with

fullerene or cholesterol among others, to modulate drug release over the time [151,248–

250]. Therefore, further investigations would be carried out in the future work.
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Figure 60: Release in vitro study of olivetol from the optimal MOF formulations in PBS buffer at pH 
7.5 (n = 3).

44.4. VERIFYY THEE USEE OFF CANNABIDIOLL INN MOFss USINGG THEE OPTIMALL CONDITIONSS 

Finally, after the optimization using DoE, olivetol was substituted by cannabidiol in the 

process using the optimal conditions to explore if this change alter the properties of the 

formulations, validating the use of OLV as an analogue for CBD studies. 

4.4.1. STRUCTURALL PROPERTIESS OFF γ-CD-MOFss 

The morphology and the crystallinity of the cannabidiol formulations were studied using SEM 

and PXRD analysis. Both γ-CD-MOFs formulations (KCl and KNO3) showed the same 

rectangular shape as elongated prims as the MOFs loaded with olivetol (Fig. 61). 

Furthermore, the EDX detector in the SEM equipment was used for the elemental qualitative 

analysis of these γ-CD-MOFs and it confirmed the presence of potassium in these structures 

(Table 13).
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Figure 61: Scanning electron microscopy images of cannabidiol loaded γ-CD-MOF KCl (A) and γ-
CD-MOF KNO3 (B) with a low voltage of 2 kV, 5000x of magnification and a working distance of 
4.7 mm.

Table 13: Qualitative analysis of potassium using energy-dispersive X-ray spectroscopy in 
cannabidiol loaded γ-CD-MOF KCl and γ-CD-MOF KNO3 samples.

MMOFF samplee 
Atomicc percentagee off 

potassiumm (%) 
--CD--MOFF KCl 5 

--CD--MOFF KNO33 7 
 

Concerning the diffraction patterns, both formulations using CBD showed the same 

characteristics peaks that were in the same angles as before: 5.3º, 7.4º, 10.5º, 11.5º, 12.1º, 

14.2º, 14.9º, 15.8º and 16.7º (Fig. 62). Thus, these peak positions may correspond to a triclinic, 

tetragonal o trigonal space groups such as R32, I4, P1 or P32, that were already reported in 

CD-MOFs where the metal sources were not the typical potassium hydroxide [147]. 

Nevertheless, the intensity of these peaks was significantly lower than the γ-CD-MOFs loaded

with olivetol. This partial loss of crystallinity could be explained due to the more

encapsulation amount of CBD filling the pores in comparison with the previous results with 

OLV. These findings are in accordance with previous reports that also observed this decrease 

[206,251,252]. In any case, these diffraction patterns would be correlated to the rectangular 

prism morphologies observed in the SEM analysis. Considering these results, it is remarkable 

to mention that the substitution of olivetol by cannabidiol did not compromise the 

morphology and the crystallinity of these γ-CD-MOFs using potassium chloride and potassium 

nitrate, despite the partial loss of crystallinity.
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Figure 62: X-ray powder diffraction patterns of cannabidiol loaded γ-CD-MOF KCl (blue) and γ-CD-
MOF KNO3 (green) samples. 

 

4.4.2. REACTIONN SYNTHESISS YIELDD ANDD CANNABIDIOLL CONTENTT INN γ-CD-MOFss 

The reaction yield values followed the predictions of the values from DoE when olivetol was 

used for the optimization of the formulations (section 4.3.4) (Table 14). Thus, the optimal 

conditions achieved before did not compromise the results when OLV is substituted by CBD 

in terms of reaction yield. Besides, these experimental results were even better than the 

predicted values, especially for γ-CD-MOFs KCl. The reaction yield was improved in 

comparison with previous results before the optimization, reaching values of the same order 

as the typical γ-CD-MOFs KOH when analytical microwave technique was employed.
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Table 14: Reaction synthesis yield of cannabidiol loaded γ-CD-MOF KCl and γ-CD-MOF KNO3.

MMOFF sample 
Reactionn yieldd (%) 

Experimentall value Predictedd valuee fromm DoE 
--CD--MOFF KCl 75 55 

--CD--MOFF KNOO3 65 55 
 

To determine the CBD content in the samples a calibration curve of different known 

concentrations of cannabidiol in milliQ water:ethanol solutions (1:1, v/v) was performed from 

0 to 100 mg/L (Fig. 63).

 

Figure 63: Cannabidiol calibration curve in ethanol:milliQ water (50:50, v/v) from 0 to 100 mg/L 
of the drug measured at 275 nm with the equation and the linear regression coefficient. The 
calibration line was calculated by linear regression (n = 3).

In contrast to reaction yield, for CBD encapsulation, the drug loading percentages were much 

higher in both formulations than the results obtained using olivetol (Fig. 64). The values for 

CBD were 10.4% for γ-CD-MOFs KCl and KNO3, in comparison with the previous 7% and 6% 

with OLV. This fact could be explained since to maintain the same molar ratio as with the 

olivetol, the amount of cannabidiol added during the synthesis was adjusted as it was 

explained in the experimental section 3.3.6. This amount of CBD was higher due to the 

differences in molecular weight of both compounds (OLV: 180.24 g/mol and CBD: 314.47 

g/mol). Thus, these differences in the initial amount of each drug during the synthesis 

affected the drug loading percentages results since they are expressed in terms of mass. 
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However, if these values are expressed in function of molar weight, the results are 

comparable for both drugs (Table 15). These values were recalculated following equation 2 

using mols instead of mass. Therefore, the substitution of OLV by CBD did not alter the results 

in terms of drug encapsulation efficiency after the optimization with olivetol, validating the 

use of OLV as an analogue of CBD in this experimental approach. Furthermore, these drug 

loading values were in agreement with reported studies about γ-CD-MOFs when other 

compounds were employed [220–222].

Figure 64: Drug loading percentage of cannabidiol in γ-CD-MOF KCl and γ-CD-MOF KNO3 with their 
respective standard deviations.

Table 15: Comparison of drug encapsulation percentage for each formulation with their standard 
deviations between CBD and OLV after the optimization using DoE. 

EEncapsulatedd drug MMOFF sample 
DDrugg encapsulationn 

iinn termss off molarr weight ((%%)) 

CCBDD 
--CD--MOFF KCl 35 ±± 1 

--CD--MOFF KNO33 36 ±± 1 

OLVV 
--CD--MOFF KCl 38 ±± 4 

--CD--MOFF KNO33 35 ±± 2 
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44.4.3. γ-CD-MOFs AND CANNABIDIOL INTERACTION: ATR-FTIR ANALYSIS 

FTIR analysis showed the characteristic peaks in both γ-CD-MOF KCl and KNO3 formulations 

and these spectra agreed with previous reported studies of these MOFs, and they matched 

with the characteristic peaks in the γ-CD spectrum, confirming the presence of the organic 

ligand in the crystals (Fig. 65) [107]. Besides, these results are comparable to previous 

infrared analysis when OLV was used (sections 4.1.1 and 4.3.5). The spectrum of cannabidiol 

showed the characteristic bands of this drug according to the literature at 690-850 cm-1, 883 

cm-1, 1019 cm-1, 1145-1376 cm-1, 1440 cm-1, 1585 cm-1, 1628 cm-1, 2829 cm-1, 2855 cm-1, 

2920 cm-1, 2965 cm-1 and 3400 cm-1 (Fig. 65) [253,254]. The region from 690 cm-1 and 850 

cm-1 correspond to CH out of plane deformations. The peak at 883 cm-1 was related to =CH2 

wagging, from the -C=CH2 group. The wide peak at 1019 cm-1 corresponded to vibrations 

between the carbon atoms in the aliphatic chain. The region from 1145 cm-1 to 1376 cm-1 

contained the stretching vibrations between the carbon and oxygen atoms of the C–OH 

groups that are presented in the CBD molecule. At 1440 cm-1, in plane scissoring vibrations 

from CH2 and CH3 aliphatic groups could be observed. The peak at 1585 cm-1 was related to 

skeletal stretching vibrations of -C=C- in the aromatic rings. Meanwhile, the peak at 1628 cm-

1 derived from the stretching vibrations of the unsaturated carbon atoms. The wide region 

with peaks at 2829 cm-1, 2855 cm-1, 2920 cm-1 and 2965 cm-1 corresponded to the symmetric 

and antisymmetric stretching vibrations of C–H bond of CH2 and CH3 groups. The peak at 

3400 cm-1 was assigned to stretching vibrations between oxygen and hydrogen atoms of the 

hydroxyl groups. A direct comparison between the infrared spectra of CBD and both γ-CD-

MOF formulations revealed that the single peak at 1640 cm-1 showed a double peak at 1585 

and 1628 cm-1 that it was not in the raw γ-CD spectrum, and it may correspond to the skeletal 

stretching -C=C- vibration of the drug and the stretching vibrations of the unsaturated carbon 

atoms (Fig. 65). These results supported the interaction between γ-CD-MOFs and 

cannabidiol, and they are in agreement with drug quantification. These interactions could 

occur through intermolecular forces such as Van der Waals forces as before with OLV and in 

previous literature where other compounds were encapsulated into CD-MOFs such as 

curcumin [216]. Thus, these results also agreed with previous infrared analysis when OLV was 

used (sections 4.1.1 and 4.3.5). 
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Figure 65: Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy spectra of: 
cannabidiol (black), γ-CD (orange), cannabidiol loaded γ-CD-MOF KCl (blue) and γ-CD-MOF KNO3

(green) from 4000 cm-1 to 600 cm-1, and magnified comparison in the region of interest from 1700 
cm-1 to 1500 cm-1 marking the double peak at 1585 and 1628 cm-1.
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The results obtained in the studies previously described lead to the following conclusions: 

 The present work shows that MOFs based on γ-cyclodextrin and potassium ions, 

perform as an effective drug delivery system of olivetol. OLV was used as an analogue 

compound of cannabinoids for its encapsulation in these CD-MOFs by using either 

impregnation or co-crystallization methods. A microwave-assisted methodology was 

used to produce a fast preparation, using different potassium sources such as the 

conventional KOH, as well as alternative KCl and KNO3 never used before. SEM and 

PXRD analysis revealed a trigonal morphology when the alternative potassium 

compounds were employed, against the typical cubic structures obtained with KOH. 

This fact may be due to the different pH of respective initial solutions.  

 With respect to the olivetol loading, it was demonstrated olivetol to be loaded into 

MOFs as drug delivery systems when co-crystallization method was used, solving the 

problem of its poor encapsulation when the impregnation method was performed. 

FTIR analysis corroborated the success of this encapsulation. Therefore, the MOFs 

preparation method with alternative potassium sources and using the 

co-crystallization process resulted in γ-CD-MOFs with a strong potential as drug 

carriers for cannabinoids compounds, including CBD. Moreover, this method may 

become an alternative for drug delivery systems of unstable molecules in an alkaline 

or acid solution.  

 DPPC liposomes were also synthetized as drug delivery system of olivetol as analogue 

of cannabidiol. This synthesis was performed following the thin-film hydration 

method and mechanical dispersion using the rotary evaporator and sonication 

respectively. DPPC liposomes in presence or absence of drug showed a similar 

morphology and size distribution below 200 nm, even though liposomes without drug 

was closer to a normal distribution than the formulations with OLV. It could be 

explained because olivetol is encapsulated in the liposome bilayer, thus increasing 

the rigidity of the vesicles. In any case, the synthesis method was found to be useful 

to produce stable DPPC liposomes independent of olivetol presence, making them 

suitable as drug delivery systems for the in vitro application.  

 To assess the tooth surface layer penetration of the drug loaded into both delivery 

systems, an in vitro experimental study using bovine teeth, with synchrotron-source 

infrared spectroscopy observations and principal component analysis for data 

treatment was developed. Corresponding spectral data from enamel and dentin 
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regions revealed a similar behaviour by the analysis using PCA. PC1 grouped the 

samples according to the drug presence in both tissues due to a reduction in the 

intensity of all spectral bands. This fact is explained by the high organic matter 

content hindering the crystallinity of the carbonates and phosphates groups of HAP. 

Meanwhile, PC2 grouped the samples according to the depth in the enamel structure 

due to the typical mineral gradient of this tissue, this component grouped the 

samples according to the carrier presence in the dentin because the less crystallinity 

and more widder phosphate band v3 PO4
3-. Thus, the analysis of both regions was 

consistent between each other. Moreover, no differences were observed between 

OLV and CBD behaviour, thus validating the hypothesis of OLV application as CBD 

analogue in this in vitro experiment. Therefore, it was possible to trace the 

penetration of the drug in the tooth structure using these techniques and to know 

that the carriers helped in the delivery process making it more efficient, even though 

the olivetol loading in the MOFs’ formulations was lower than in the liposomes.  

 Considering these differences in terms of OLV encapsulation between both drug 

delivery systems, an experimental design was developed using a response surface 

methodology to optimize the synthesis and encapsulation techniques of γ-CD-MOFs 

KCl and KNO3. The effect of four independent variables (olivetol concentration, 

methanol content, incubation time and incubation temperature) in the process was 

investigated. Two models per potassium salt were obtained for predicting reaction 

yield and drug encapsulation of the formulations. Reaction yield response followed a 

quadratic model while drug encapsulation response adjusted to a 2FI model for both 

salts. In all the cases, models showed a suitable fitting following statistical analysis. 

Reaction yield and drug encapsulation were maximized for each formulation. The 

models for predicting both responses showed a good agreement between the 

experimental and predicted values. In comparison with previous results obtained 

before this optimization, both reaction yields doubled the initials values, meanwhile 

drug encapsulation also increased in the optimized formulations (by 20% for KCl and 

46% for KNO3). In addition, these formulations were characterized showing that the 

new optimal conditions did not compromise the structure of the olivetol loaded γ-

CD-MOFs. Thus, the application of experimental design capabilities has been 

successfully implemented. Moreover, drug release of these optimal formulations was 

also assessed. Both release behaviours were fast, showing a continuous release over 
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the first hour in PBS buffer, with more than 50% of the OLV released after this time. 

Then, the accumulative release of olivetol reached a maximum of 89% of drug after 

19 hours when γ-CD-MOFs KCl was employed, and only the 65% of olivetol was 

quantified after 48 hours for γ-CD-MOFs KNO3.  

 After the optimization, OLV was substituted by cannabidiol using the optimal 

conditions in MOFs’ formulations to validate its use as a CBD analogue in the 

experimental approach. Both γ-CD-MOFs formulations showed the same rectangular 

shape as elongated prisms and the EDX analysis confirmed the presence of potassium 

in these structures. Concerning the crystallinity, both formulations using CBD showed 

the same characteristics peaks that may correspond to a triclinic, tetragonal o 

trigonal space groups, so the structural properties were not compromised when 

olivetol was substituted by cannabidiol. Moreover, reaction yield values followed the 

predictions of the values from DoE when olivetol was used for the optimization of the 

formulations. The substitution of OLV by CBD did not alter the results in terms of drug 

encapsulation efficiency after the optimization with olivetol, validating the use of OLV 

as a CBD analogue.  

Thus, new formulations based on cannabinoids loaded in γ-CD-MOFs and DPPC liposomes 

were developed using OLV as CBD analogue. The in vitro application of these formulations 

showed promising results, whereby these both drug delivery systems emerge as a new 

perspective to combat dentin hypersensitivity. Considering that OLV content in MOFs was 

lower than in liposomes, the methodology for MOFs’ synthesis was optimized using DoE, and 

then the use of olivetol as a CBD analogue was also validated. 
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Considering the results discussed in the presented thesis, further insights could be explored 

from the laboratory to the final market. Regarding basic research, more characterization 

techniques could be performed in order to obtain a complete description about these γ-CD-

MOFs. These techniques may include nitrogen adsorption-desorption porosimetry analysis 

to gain information about the external and internal surface textural properties of the 

material, such as the specific surface area, pore volume or pore size distribution. For 

liposomes’ formulations, a better drug quantification procedure could be developed using 

high-performance liquid chromatography techniques to assess if all the drug is encapsulated 

in the bilayer, as well as the validation using CBD to verify if OLV could be also used as an 

analogue in this drug delivery system.  

Then, in vitro studies using cell cultures that mimic de soft tissues in the oral cavity could be 

carried out to assess the potential analgesic and anti-inflammatory effect of the formulations. 

Next step, it would be in vivo experiments using an animal model to verify the efficacy against 

this pain, and if these results are promising clinical trials in humans could be developed. 

Considering that the materials that comprise both formulations are biocompatible the 

approval of the different institutions and ethic committees for these in vivo studies could be 

obtained more easily.  

Thinking in the formulation of a final product that includes these cannabidiol loaded γ-CD-

MOFs, a liquid or gel formulation based on water would not be suitable since the degradation 

of the material under these conditions will be very fast, as it was already showed in the 

release study of this thesis. Therefore, a powder or a spray product seems to be more 

appropriate. However, due to the editability of these MOFs, a surface functionalization could 

be carried out to improve its stability in an aqueous environment, without compromising 

their properties nor the drug. In case of DPPC liposomes, a liquid formulation such as a 

mouthwash could work since liposomes are already synthetized in aqueous solution. 

Nevertheless, its stability and aggregation should be evaluated.  

Finally, another important aspect is to verify whether scaling up the production of the 

formulation from the laboratory level to the industrial level is technically and economically 

possible. This is a key aspect for the final product to reach the market since many times 

laboratory experiments give very different results to the real application ones.  

In any case, this research will lead to the development of important advances in drug delivery 

technologies and in the field of oral health. 
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Abstract  

-Cyclodextrin-metal-organic frameworks ( -CD-MOFs) are developed as a new promising and 
biocompatible material, which shows a great potential for drug delivery system (DDS) 
applications. -CD-MOFs were successfully synthesized using microwave-assisted technique 
from different potassium sources (KOH, KCl and KNO3). The encapsulation of olivetol (OLV) into 
these materials was investigated as an innovative model of DDS for cannabinoids. Loading of 
OLV in -CD-MOFs was performed by impregnation and co-crystallization methods. Scanning 
electron microscopy (SEM) and X-ray powder diffraction (XRPD) were employed to study the 
structural properties of -CD-MOF samples, showing the typical cubic crystals in case of KOH and 
trigonal morphologies in case of KCl and KNO3. Olivetol content was determined using UV-Vis 
spectrophotometry and its interaction with -CD-MOFs was investigated by Attenuated Total 
Reflection-Fourier Transform Infrared Spectroscopy analysis (ATR-FTIR). OLV content was 
significantly higher when KCl or KNO3 were employed in combination with a co-crystallization 
method, while the drug encapsulation using KOH and the impregnation method was really poor. 
Therefore, it can be proposed that -CD-MOFs could be considered a novel strategy for DDS of 
cannabinoids. 

Keywords  

-Cyclodextrin-metal-organic frameworks ( -CD-MOFs), cannabidiol (CBD), cannabinoids, drug 
delivery systems (DDS), olivetol (OLV). 
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1. Introduction 

Metal-organic frameworks (MOFs) have emerged in several applications such as gas storage, 
catalysis, pollutant-removal agents and drug delivery systems (DDS) [1]. These materials are 
made of metal ions and organic ligands linked in an infinite extended one-two-three dimensional 
networks [2]. This packing confers crystallinity and extraordinary properties to MOFs such as 
high surface areas, ultrahigh porosity and thermal stability making them promising for plenty 
applications as already mentioned above [3]. Moreover, the parameters that define these 
properties could be modified by the selection of the linkers and the control of the different steps 
during the synthesis procedure [4]. Another aspect to take into account is the formation of the 
host-guest complexes. This encapsulation process depends on the drug to encapsulate and on 
the medium. In fact, there are a lot of methodologies for this purpose, like direct impregnation, 
vaporization, direct contact pressure or co-crystallization techniques [5]. Furthermore, the 
procedure should be selected properly in order not to affect the properties of the MOFs.   

Within the uses of MOFs, the application of these materials in biomedical field has been growing 
over the last years since they could act as drug delivery systems in order to improve the 
characteristics of the encapsulated agent and to target its pharmaceutical effect [6]. 
Nevertheless, biocompatibility is a key aspect in these cases and the components that comprise 
the MOFs should show low toxicity [7,8]. In recent years, -cyclodextrin-metal-organic 
frameworks ( -CD-MOFs) have arisen as promising biocompatible candidates due to their 
relevance in pharmacy and biomedicine [9]. These types of MOFs are made of -cyclodextrin as 
the organic ligand and the selected metal linker. -CD presents a hydrophobic inner cavity where 
non-polar compounds could be encapsulated and a hydrophilic outer surface allowing its 
solubility in aqueous solutions [10]. Besides, the encapsulation capacity of -CD-MOFs is higher 
than in the -CD alone and, according to reported studies; these MOFs improve the 
physicochemical and biopharmaceutical characteristics of the encapsulated drug and control its 
release process [11,12]. In order to perform the synthesis of these materials, the vapor diffusion 
technique is the most conventional and well-known method but it requires at least several days 
to obtain -CD-MOFs [13]. Therefore, new methodologies are being developed in order to solve 
this difficulty, such as the analytical microwave-assisted technique, obtaining homogeneous 
crystal structures with editable size and a suitable reaction yield [14,15]. Moreover, the 
synthesis time has been reduced from days to hours using this technique instead of the vapor 
diffusion method. Thus, microwave technique emerges as a fast and efficient methodology in 
the synthesis of these frameworks. CD-MOFs based on α-CD, β-CD or γ-CD using potassium 
nitrate were developed for menthol encapsulation [16]. The obtained crystals presented 
uniform size, ordered structures and regular shape, showing a better thermal stability than 
alone CDs. This study could be useful in the design of efficient materials in the food industry. 
Moreover, other study has made an attempt to improve the encapsulation of the insoluble drug, 
honokiol, into the pores of -CD-MOFs using supercritical carbon dioxide for its activation [17]. 
The resulting DDS improved the solubility and bioavailability of the drug and the activation of 
the MOFs maximized its potential encapsulation capability. 

Cannabidiol (CBD) is the main non-psychotropic cannabinoid of the Cannabis sativa plant. This 
compound is the main component responsible of the medical benefits of cannabis. Cannabidiol 
and other natural cannabinoids act on the endocannabinoid system [18]. This system regulates 
several physiological processes in the body related to cognition and brain function, pain 
pathways in the brain, immune and hematopoietic systems. Therefore, CBD presents interesting 
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properties such as its analgesic, anti-inflammatory and immunomodulatory effects [19]. 
Because of that, this compound has been employed in several studies over the last few years for 
the treatment of diseases such as Alzheimer or cancer [20,21]. These promising effects in a lot 
of different diseases are due to the capacity of CBD to interact not only with the corresponding 
endocannabinoid receptors but also with a wide spectrum of others receptors [22]. However, 
CBD also presents some limitations that compromise its plenty applications. This compound is 
insoluble in water, it presents low chemical stability and it gets oxidized in alkali media [23]. 
Consequently, numerous materials for CBD encapsulation have been developed to minimize 
these weaknesses, including inclusion complexes of cyclodextrins, lipid carriers and 
microparticles, among others [24]. Poly(lactic-co-glycolic acid) spherical microparticles were 
used for CBD encapsulation improving the administration of the drug and showing a useful 
formulation to be combined with conventional chemotherapy against ovarian cancer [25]. In 
other study, the preparation of stable inclusion complex of CBD with three native cyclodextrins 
increased significantly the water solubility and in vitro anticancer activity of cannabidiol 
compared with free drug thanks to the encapsulation of the CBD into the inner cavity of 
cyclodextrins [26]. Similarly, nanostructured lipid carriers formulations loaded with CBD were 
developed and characterized as a promising delivery system to enhance the bioavailability of 
cannabidiol for the treatment of neuropathic pain [27]. Even though there are several studies 
on the encapsulation of cannabidiol into different carriers, investigations on CBD being loaded 
into -CD-MOFs have not been reported. Nevertheless, cannabidiol is not a very affordable 
product, therefore analogues or precursors of this compound could be used instead of CBD for 
multiple experimental approaches. Olivetol (OLV), also known as 5-pentylresorcinol, is a natural 
organic compound found in certain species of plants [28] and itis an intermediate involved in 
the cannabinoid biosynthesis in C. sativa. This compound leads to the different cannabinoids, 
including CBD becoming an important metabolite in cannabinoid biosynthesis [29]. In fact, it is 
used in various methods to produce synthetic analogues of cannabinoids [30]. Chemically, OLV 
structure is found in cannabinoids, so OLV could be used as an analogue of CBD as it could mimic 
its interactions with the drug delivery systems.  

The aim of this study is to develop CD-MOFs for olivetol encapsulation as a model of cannabinoid 
drug delivery system. CD-MOFs are prepared using -CD and three different potassium sources 
depending on the followed synthesis method. The characterization of the drug delivery systems 
is performed and the encapsulation efficiency of OLV into -CD-MOFs is determined. For the first 
time, -CD-MOFs are used for olivetol encapsulation and it could be useful in the development 
of CD-MOFs as promising drug delivery systems with analgesic effect in pharmacy and 
biomedical field.  

2. Materials and methods 

2.1. Reagents 

Olivetol (95%) and -cyclodextrin (98%) were purchased from Carbosynth Ltd (Compton, United 
Kingdom). Potassium hydroxide (85.5%) and potassium nitrate (99.2%) were purchased from 
VWR BDH Chemicals (Oud-Heverlee, Belgium). Dichloromethane (99.5%) and ethanol (96%) 
were purchased from Scharlau (Sentmenat, Spain). Potassium chloride (99.0%) was purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Polyethylene glycol 20000 was purchased from Merk 
(Darmstadt, Germany). Methanol (99.8%) and acetic acid (99.9%) were purchased from Fisher 
Scientific (Madrid, Spain). MilliQ water was purified through a Millipore purification system from 
Millipore (Milford, MA, USA). 
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2.2. Preparation of the samples 

A fast synthesis of -CD-MOFs with microwave irradiation was performed using a modified 
method [1]. This reported method offers the advantages of simple, rapid, inexpensive, relatively 
green, and efficient non-conventional heating and high yield [12]. Briefly, -CD (324 mg) and 
KOH (112 mg) were mixed in milliQ water (10 mL). The molar ratio of KOH to -CD was 1:8. Then, 
6 mL of methanol were added. This initial solution was treated at 50 ºC in the analytical 
microwave (CEM Corporation Matthews, North Carolina, USA) for 10 min and a power of 600 w. 
After that process, 256 mg of PEG 20000 were added for one hour to trigger the precipitation of 
the crystals at room temperature. In order to remove the unreacted material, the crystals were 
washed first with 10 mL of methanol and then with 10 mL more of ethanol in a centrifuge at 
3000 rpm for 5 min. Next, -CD-MOFs were left under vacuum and dried overnight at 50 ºC. 
Herein, preliminary alkaline -CD-MOFs (pH = 12) were obtained. Since cannabinoids get 
oxidized in alkali media, a neutralization of the -CD-MOFs was needed. For this step, the crystals 
were treated with a mixture of 5.2 mL of ethanol and 0.8 mL of acetic acid. The suspension was 
then shaken at 290 rpm for 2 hours and the precipitates were collected by centrifugation (3000 
rpm for 5 min). Once again, the powder was left to dry overnight under vacuum at 50 ºC. 
Afterwards, an activation of the -CD-MOFs was performed using a solvent exchange method 
with dichloromethane in order to remove guest molecules from chemicals used in the synthetic 
procedure. -CD-MOFs were mixed with 10 mL of dichloromethane at 290 rpm for 3 days. Every 
24 hours the solvent was replaced by centrifugation (3000 rpm for 5 min). Finally, the samples 
were dried overnight under vacuum at 50 ºC. -CD-MOFs were kept under vacuum at room 
temperature until its use and the reaction yields were also calculated. 

Impregnation and co-crystallization methods were performed to load olivetol into -CD-MOFs. 
In case of impregnation, 30.8 mg of MOF samples were added to 20 mL of OLV 360 mg/mL 
solution in ethanol in order to obtain a 1:2 molar ratio of -CD-MOFs:OLV respectively. The 
suspensions were incubated for 24 hours at 37 ºC under stirring conditions (290 rpm). After the 
incubation time, the crystals were washed with 10 mL of ethanol in a centrifuge at 3000 rpm for 
5 minutes in order to remove the drug that did not interact with the -CD-MOFs. Finally, the 
samples were dried and kept under vacuum at room temperature until its use.  

The co-crystallization method is similar to that described before. In this case, the potassium 
sources were KCl or KNO3 instead of KOH, adding 149 mg or 202 mg respectively, to maintain 
the 1:2 molar ratio. The change in the potassium source is because of in the co-crystallization 
the drug is loaded on the initial solution where the synthesis takes place, and the pH of the 
medium must be neutral from the beginning to avoid olivetol oxidation. Additionally, 30 mg of 
OLV were also diluted in the initial solution. This amount of drug was selected in order to keep 
the same molar ratio between MOF and olivetol as in the impregnation method. In this method, 
the incubation time with PEG 20000 was 24 hours instead of one hour, but the neutralization 
and activation steps were not needed. Finally, the washes were the same as before and the 
resultant samples were left overnight under vacuum at 50 ºC and kept under vacuum at room 
temperature until its use. It should be noted that MOFs were not obtained when KCl or KNO3 
were employed following the same synthesis procedure as for KOH.  

The -CD-MOFs loaded by impregnation method was named as -CD-MOF-1, loaded or not with 
OLV. In the case of co-crystallization technique, MOFs were named as -CD-MOF-2 and -CD-
MOF-3, for KCl and KNO3 as potassium sources respectively.  
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2.3. Drug release and quantification 

The quantification of the drug encapsulation into the MOFs was determined as follows: 15 mg 
of MOF sample were added to 5 mL of a mixture of milliQ water and ethanol (1:1, v/v). The 
mixture was incubated at room temperature under stirring conditions (290 rpm) for 24 hours to 
promote the degradation of the crystals and release the encapsulated OLV. To determine the 
amount of olivetol, the solution was measured by UV-Vis spectrophotometry (Thermo Fisher 
Scientific, Massachusetts, USA). The UV detection was performed at 275 nm that is the 
characteristic peak of OLV and the reference was a mixture of milliQ water and ethanol (1:1, 
v/v). A calibration curve of different known concentrations of olivetol in milliQ water and 
ethanol solutions (1:1, v/v) was also performed from 0 to 100 mg/L of the drug (Fig. A.1) to 
determine the concentration of olivetol in the samples.   

The drug loading for each MOF was calculated following equation 1:    

 [1] 

All determinations of the loaded drug in each MOF sample were performed by triplicate. 

2.4. Scanning electron microscope and Energy-Dispersive X-ray Spectroscopy  

The morphology and elemental composition of the MOF samples were analysed by Scanning 
Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX) with a Zeiss Merlin 
FE-SEM equipped with an EDX Oxford INCA X-Max Detector. The images were taken with the 
Secondary Electron Detector with a low voltage of 1 - 2 kV and the EDX measurements were 
taken at 10 kV. This microscope has a unique charge compensation system that allows the high-
resolution imaging of non-conductive samples, electrons which accumulate on the sample 
surface are swept away by a fine jet of nitrogen. All the experiments were performed at room 
temperature.  

2.5. X-ray powder diffraction analysis  

The crystallinity of the MOFs samples was characterized by X-ray powder diffraction (XRPD) 
using a Malvern Panalytical X’Pert PRO MPD (Material Powder Diffractometer). The MPD is 
suitable for the analysis of polycrystalline samples at room temperature. This diffractometer has 
a vertical theta-theta goniometer (240 mm radius). The XRD analysis was carried in transmission 
mode using a capillary spinner and the sample were filled inside borosilicate glass capillaries 
with outer diameter of 0.7 mm. A focusing mirror was used for the incident beam and a 
lineal X’Celerator detector for the diffracted beam. The samples were irradiated with a ceramic 
X-ray tube with Cu Kα anode (l = 1.5406 Å), tube voltage of 45 kV, tube current of 40 mA in a 
step size scan mode (0.03º min-1) and analysed over a 2θ angle range of 2.5 - 35º.   

2.6. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy analysis  

Infrared Spectroscopy spectra of samples were obtained using an Infrared Spectrophotometer 
Tensor 27 equipped with an Attenuated Total Reflectance module Specac Golden Gate (ATR-
FTIR, Bruker, Ettlingen, Germany). The ATR accessory allows direct recording of samples thus 
facilitating the recording of IR spectra on liquid or solid samples regardless of their physical 
nature. To measure the powder samples 64 scans were carried out in wavenumber from 4000 
cm-1 to 600 cm-1 at a resolution of 4 cm-1 and at room temperature. For the background the own 
diamond window of the equipment was used.   
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3. Results and discussion 

3.1. Structural properties of -CD-MOFs 

The crystal morphology and element distribution of different -CD-MOFs compared with native 
-CD were determined by SEM and EDX analysis. In case of -CD-MOF-1, the final morphology of 

the crystals matched very well with the previously reported morphology of the same material 
(Fig. 1A) [9]. The SEM images of -CD-MOF-1 showed that they presented cubic-shaped with a 
size average of 2 μm, while the morphology of the raw -CD alone was completely amorphous 
when the same technique was performed (Fig. A.2). Moreover, the EDX detector in the SEM 
equipment was used to the elemental qualitative analysis of -CD-MOF-1 and it confirmed the 
presence of potassium in the cubic structures (Table A.1). Thus, the cubic crystals were the 
material of interest. Furthermore, the size average of the structures was reduced in comparison 
with the -CD-MOFs obtained with conventional methodologies, such as vapor diffusion method 
(Fig. A.3). This fact demonstrated the high capabilities of the microwave technique to achieve 
narrow size distributions and control of the morphology in the MOFs synthesis. Indeed, this is a 
key point when the final application of the structures is as drug delivery systems. In the case of 
olivetol loaded -CD-MOF-1, similar size and cubic shape were observed in comparison with the 
unloaded ones (Fig. 1B). Therefore, the morphology of the MOF structures was stable after the 
encapsulation with the drug.  

 

Figure 1. Scanning electron microscopy images of unloaded -CD-MOF-1 (A), olivetol loaded -CD-MOF-1 (B), -CD-
MOF-2 (C) and -CD-MOF-3 (D) with a low voltage of 2 kV, 5000x of magnification and a working distance of 4.7 mm. 

In case of -CD-MOF-2 and -CD-MOF-3, the resultant crystals presented a different morphology 
when they were compared with -CD-MOF-1 and the reported ones. Co-crystallization of γ-CD-
MOFs with OLV showed a rectangular shape as elongated prims and a bigger and less 
homogeneous size than in the synthesis with KOH. The differences in size and homogeneity may 
be due to the incubation time with PEG during the synthesis process. Since in -CD-MOF-1 the 
incubation time was 1 hour, in the co-crystallization it took 24 hours to get the precipitation of 
the crystals. It was reported that if enough amount of time is allowed for crystallization, larger 
particles will obtain but also small ones because synthesis during a short time may be also 
possible [14]. Therefore, the size will not be homogeneous and bigger crystals will be obtained. 
Differences observed in shape between MOFs obtained by co-crystallization ( -CD-MOF-2 and 
-CD-MOF-3) and -CD-MOF-1 may be due to the use of the potassium salts instead of KOH as 
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metal source. The change of this reagent modifies an important solution parameter such as pH. 
For -CD-MOF-1, the pH of the initial solution was 12 and in the co-crystallization the pH was 7. 
It is reported that the pH control of the environment of the reaction medium in MOFs synthesis 
allows you to control the size and the morphology of the resulting crystals [31]. Moreover, the 
totality of studies that synthetize -CD-MOF use alkali media in order to get the classic cubic 
shapes regardless of metal source. The fact that both KCl and KNO3 led the same elongated 
prisms morphologies supports this pH-dependent theory. Besides that, EDX analysis also 
showed the presence of potassium in the MOFs obtained by co-crystallization (Table A.1), 
confirming the interaction between the metal ion and the organic ligand to form this material. 

Further characterization was performed using X-ray diffraction. The crystallinity of -CD-MOF-
1 before and after the encapsulation experiments with the drug was measured by XRPD. 
According to reported studies about the synthesis of -CD-MOFs using KOH, the characteristic 
peaks in X-ray diffraction patterns of these materials are located in the next angles: 4º, 5.7º, 7º, 
13.3º and 16.6º [32]. These positions correspond to body-centered cubic crystals of space group 
I432. XRPD results showed that the diffractogram of the unloaded MOFs presented the same 
peaks in comparison with the standard reference of these crystals (Fig. 2 and fig. 
A.4). Therefore, the crystalline phase obtained for -CD-MOF-1 coincided with the typical cubic 
unit of these materials. Comparing the data before and after the encapsulation experiment with 
olivetol, the crystallinity of MOFs loaded with the drug changed with respect to the unloaded 
crystals. The intensity of the peaks of the -CD-MOF-1 with OLV was 
significantly reduced compared to those of the unloaded MOFs (Fig. 2). This partial loss of 
crystallinity of the MOFs may result from the filling of pores with olivetol, the high degree of 
disorder of the drug and the presence of a low percentage of water in the ethanol solution used 
in these experiments [33]. However, the peak positions in the diffractograms were similar in 
both cases indicating that MOF crystals were stable after the encapsulation with 
olivetol [34]. Moreover, no new diffraction peaks appeared into the olivetol loaded 
MOFs, suggesting that the encapsulated drug is in an amorphous state. Taking into account SEM 
and XRPD results, we can conclude that the morphology of the -CD-MOF-1 was stable after the 
encapsulation with the drug, in spite of the partial loss of crystallinity. For -CD-MOF-2 and -
CD-MOF-3, important changes were observed in the diffraction patterns (Fig. 2). The partial loss 
of crystallinity was observed again in the co-crystallization MOFs with a similar intensity in the 
diffraction peaks as in the previous case of OLV loaded -CD-MOF-1, probably due to the 
encapsulation of the drug. Furthermore, the characteristics positions peaks were located in 
different angles: 5.3º, 7.4º, 10.5º, 11.5º, 12.1º, 14.2º, 14.9º, 15.8º and 16.7º. These peaks did 
not correspond with the diffraction pattern described before for the conventional CD-MOFs 
synthetized with KOH, despite the metal linker has not changed. Moreover, they did not match 
with the peaks of raw -CD or any simulated references (Fig. A.4). A possible explanation for that 
is the pH of the initial solution during the MOF synthesis, as described before for SEM results. 
Since for -CD-MOF-1 the pH of the initial solution was around 12 due to the use of potassium 
hydroxide, for -CD-MOF-2 and -CD-MOF-3 the potassium salts led the initial solution to a 
neutral pH. It is reported that the body-centered cubic CD-MOFs were grown from solutions of 
basic salts, such as hydroxides and carbonates. Although this alkali media is not enough to 
deprotonate the hydroxyl groups of γ-CD, it seems to facilitate the growing of this type of 
crystals [35]. Moreover, previous studies about CD-MOFs have reported trigonal crystals with 
several spaces groups (R32, I4, P1 or P32) different from I432 [4,35]. In these CD-MOFs, the metal 
sources were not the typical potassium hydroxide. Therefore, the metal linker and the pH of the 
initial solution could be causes of the different morphology and diffraction pattern observed for 
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the CD-MOFs. This fact would explain the new diffraction patterns in -CD-MOF-2 and -CD-
MOF-3 that did not match with the cubic space group I432 correlating to the trigonal 
morphology observed in their respective SEM images. 

 

Figure 2. X-ray powder diffraction patterns of unloaded -CD-MOF-1 (pink), olivetol loaded -CD-MOF-1 (red), -CD-
MOF-2 (blue) and -CD-MOF-3 (green).  

3.2. Reaction synthesis yield and Olivetol content in -CD-MOFs 

In the synthesis process of the -CD-MOF-1 using KOH, the reaction yield matched well with the 
values described in reported studies [12,36]. Nevertheless, in co-crystallization syntheses ( -CD-
MOF-2 and -CD-MOF-3) similar reaction yields were obtained but much lower than for the -
CD-MOF-1 (Table 1). These differences are due to the pH change, as typical cubic CD-MOFs 
growing is favoured in alkali solutions [35]. As it was reported in the previous section, -CD-MOF-
2 and -CD-MOF-3 presented different morphology and diffraction pattern, so the kinetics for 
the precipitation of the crystals should not be the same as for the -CD-MOF-1 crystal formation 
because of the different pH values due to the alternative potassium sources. In fact, this could 
also explain the absence of MOFs using KCl or KNO3 but following the procedure of conventional 
synthesis with KOH. 

Table 1. Reaction synthesis yield of -CD-MOF-1, -CD-MOF-2 and -CD-MOF-3 with their respective standard 
deviations. 

MOF sample Reaction yield (%) σ 
-CD-MOF-1 59.44 0.03 
-CD-MOF-2 30.98 0.06 
-CD-MOF-3 34.65 0.04 
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Not only reaction yields have changed depending on the potassium source but also the drug 
loading content (Fig. 3). For OLV -CD-MOF-1 the drug content was really poor using the 
impregnation method to perform the encapsulation. This could be explained due to the hybrid 
polarity behaviour of OLV. Olivetol dissolves perfectly in organic solvents but it is partially 
miscible in aqueous solutions. According to that, OLV would tend to be more comfortable on a 
hydrophobic environment like the inner cavities of the MOFs, than in the ethanol solution used 
for the encapsulation that is a relatively polar organic solvent. However, this hybrid polarity 
behaviour may cause that olivetol could interact with both hydrophobic and hydrophilic 
environments and the drug is not strongly attracted to the inner cavities of the MOFs, affecting 
its encapsulation efficiency. In the case of the co-crystallization process, the drug loading was 
higher than the impregnation method, showing -CD-MOF-2 slightly more OLV content than -
CD-MOF-3 (Fig. 3). This efficiency in the co-crystallization could be explained by the formation 
of crystals itself. -CD-MOF-2 and -CD-MOF-3 precipitation may directly trap the drug into the 
MOF cavities, regardless the hybrid polarity behaviour of OLV. Moreover, drug loading values of 
co-crystallization synthesis were in agreement with reported studies about -CD-MOFs 
obtaining encapsulation percentages from 2% to 10% for different compounds [11,16,37]. 

 

Figure 3. Drug loading percentage of olivetol in -CD-MOF-1, -CD-MOF-2 and -CD-MOF-3 with their respective 
standard deviations. 

3.3. Characterization of -CD-MOFs and olivetol interaction: ATR-FTIR analysis 

FTIR spectroscopy is a useful tool to detect the bonding changes between functional groups of 
the MOFs, the drug and the resulting interactions of both components. There were 
characteristic peaks in all -CD-MOF samples at 1078 cm-1, 1152 cm-1, 1336 cm-1, 2700 – 2995 
cm-1 and 3000 – 3670 cm-1 (Fig. 4A). These peaks were in agreement with previous reported 
literature of -CD-MOFs [9,38–40]. Moreover, these regions in the MOF spectra also coincided 
with the characteristic peaks in the -CD spectrum, showing the presence of the organic linker 
in the crystals. At 1078 cm-1, an antisymmetric stretching vibration mode derived from the C–
O–C groups in aliphatic ethers can be observed. These ether groups are presented in the -CD 
structure. The units of -CD are α-d-glucopyranose molecules with intra-monomeric ether bonds 
1  5. These units are linked to each other through inter-monomeric ether bonds 1  4. The 
peak at 1152 cm-1 was assigned to the stretching vibration between carbon and oxygen atoms 
in C–OH groups of the two secondary alcohols that are in each unit of α-d-glucopyranose. The 
peak at 1336 cm-1 was related to the contribution of alkane groups and the band from 2700 – 
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2995 cm-1 were the contributions of the C–H antisymmetric and symmetric stretching vibrations 
of CH2 and CH3 in aliphatic compounds. These regions may come from the CH2 group in the 
hydroxymethyl side chain in each α-d-glucopyranose unit of -CD. A wide band ranging from 
3000 – 3670 cm-1 was assigned to stretching vibrations of the hydroxyl groups, the ones that are 
secondary alcohols groups but also the primary alcohol in the hydroxymethyl side chain in each 
α-d-glucopyranose unit. In addition to these characteristic bands of -CD-MOFs, the peak 
observed at 1640 cm-1 may be due to the hydroxyl groups of water molecules that still remained 
into the cavities of the MOFs after the drying process. The spectrum of olivetol showed the 
characteristic peaks of this drug according to the literature at 690 cm-1, 830 cm-1, 1145 cm-1, 
1210 cm-1, 1310 cm-1, 1376 cm-1, 1477 cm-1, 1600 cm-1, 1628 cm-1, 2858 cm-1, 2929 cm-1 and 3240 
cm-1 (Fig. 4A) [41–43]. At 690 cm-1 and 830 cm-1 wavenumbers, two peaks from CH out of plane 
deformations were observed because of the triple substitution in one, three and five carbon 
positions in the benzene ring of the OLV. The four peaks at 1145 cm-1, 1210 cm-1, 1310 cm-1 and 
1376 cm-1 corresponded to the stretching vibrations between the carbon and oxygen atoms of 
the two C–OH groups that are presented in the drug molecule. Moreover, phenols absorb near 
1350 cm-1 due to the OH deformation and give a second band due to C–OH stretching near 1210 
cm-1, and in this case, the two hydroxyl groups are in the benzene ring of the drug. At 1477 cm-

1 and the double peak at 1600 and 1628 cm-1, two regions of stretching vibrations derived from 
the interactions between the carbon atoms in the aromatic ring of the olivetol structure and the 
skeletal stretching vibration of -C=C- could be observed. The peaks at 2858 cm-1 and 2929 cm-1 
were related to the antisymmetric stretching vibrations of C–H bond of CH2 and CH3 groups that 
are presented in the pentyl chain of the molecule. The wide peak at 3240 cm-1 was assigned to 
stretching vibrations between oxygen and hydrogen atoms of the two hydroxyls groups in the 
aromatic ring. A direct comparison between the infrared spectra of OLV and -CD-MOF-1 before 
and after the encapsulation process with the drug did not show any differences (Fig. 4A). This 
could be due to the poor encapsulation of the drug in -CD-MOF-1 that it was not enough to 
observe perceptible changes. Nevertheless, -CD-MOF-2 and -CD-MOF-3 spectra showed in the 
peak at 1640 cm-1 a double peak at 1600 and 1628 cm-1 corresponding to the skeletal stretching 
-C=C- vibration of OLV (Fig. 4B). It was observed that the 1640 cm-1 peak in MOFs is partially 
occluded by this OLV signal. These results confirmed the interaction between -CD-MOFs and 
olivetol in the co-crystallization, because if this interaction did not take place, OLV would have 
been removed during the washing steps with the organic solvents. Moreover, this interaction in 
-CD-MOF-2 and -CD-MOF-3 was in agreement with the quantification of the drug explained 

before, that showed a high OLV encapsulation in the co-crystallization samples. In accordance 
with previous literature, the interaction between OLV and -CD-MOFs may take place through 
the two phenolic hydroxyl groups of the olivetol structure and the inner cavity of the -CD 
molecules. It has been described that cyclodextrin molecules provide their cavities as a non-
polar field, in which OLV is complexed through its hydroxyl groups and non-covalent interactions 
[44]. Furthermore, a study that encapsulates curcumin in -CD-MOFs to improve the stability of 
this compound concluded that the interaction between curcumin and the MOFs is through the 
phenolic hydroxyl group of the curcumin [45]. Therefore, based on the infrared results of this 
investigation and previous reported studies, the interactions between olivetol and -CD-MOFs 
may be due to Van der Waals forces and hydrophobic effects between the different atoms of 
the olivetol structure and the inner parts of the non-polar MOF cavities, since shifts on 
wavenumbers are due to changes on vibrations through the molecules involved and there were 
not significant shifts in the spectra. 
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Figure 4. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy spectra of: olivetol (black), -CD 
(orange), unloaded -CD-MOF-1 (pink), olivetol loaded -CD-MOF-1 (red), -CD-MOF-2 (blue) and -CD-MOF-3 (green) 
from 4000 cm-1 to 600 cm-1 (A). Magnified comparison of olivetol (black), -CD-MOF-2 (blue) and -CD-MOF-3 (green) 
spectra (B) in the region of interest from 1700 cm-1 to 1500 cm-1 marking the double peak at 1600 and 1628 cm-1. 

4. Conclusions 

The present work shows that MOFs based on -cyclodextrin and potassium ions serve as an 
effective drug delivery system of olivetol. OLV was used as a guest model compound of 
cannabinoids for its encapsulation into these CD-MOFs using impregnation and co-crystallization 
methods. Microwave technique was used to get a fast synthesis using different potassium 
sources such as the conventional KOH, as well as KCl and KNO3 as innovative approach.  SEM 
and PXRD analysis revealed a trigonal morphology and a different diffraction pattern when the 
alternative potassium compounds were employed, in comparison with the typical cubic 
structures obtained with KOH. This fact could be explained due to the different pH of the initial 
solutions. It was demonstrated that olivetol could be loaded into these carriers by co-
crystallization method, solving the problem of its poor encapsulation when the impregnation 
method was performed. FTIR analysis corroborated the success of this encapsulation. Therefore, 
the combination of alternative potassium sources and the co-crystallization process resulted in 
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-CD-MOFs with a strong potential as drug carriers for cannabinoids compounds, including CBD. 
Moreover, these materials may become alternative drug delivery systems of unstable molecules 
in an alkaline or acid solution. Nevertheless, further studies would be convenient to optimize 
the different crystal precipitation parameters during the co-crystallization process in order to 
obtain suitable materials for biomedical applications.  
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Appendices – Supporting information

Figure A.1. Olivetol calibration curve in ethanol:milliQ water (50:50, v/v) from 0 to 100 mg/L of the drug measured at 
275 nm with the equation and the linear regression coefficient. The calibration line was calculated by linear 
regression.

Figure A.2. Scanning electron microscopy images of raw -CD with a low voltage of 2 kV, 1000x (A) and 5000x (B) of 
magnification and a working distance of 5.6 mm.
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Figure A.3. Scanning electron microscopy images of -CD-MOFs obtained by vapor diffusion method with a low 
voltage of 3 kV, 1000x (A) and 5000x (B) of magnification and a working distance of 5 mm.

Table A.1. Qualitative analysis of potassium using energy-dispersive X-ray spectroscopy in -CD-MOF-1, -CD-MOF-2, 
-CD-MOF-3 and -CD-MOF obtained by vapor diffusion method samples. 

MOF sample Atomic percentage of potassium (%)

-CD-MOF-1 6

-CD-MOF-2 5

-CD-MOF-3 5

-CD-MOF by vapor diffusion method 7

Figure A.4. X-ray powder diffraction pattern of raw -CD and simulated references of olivetolic acid, -CD-MOF, KCl 
and KNO3 from Crystallography Open Database (COD) (Downs and Hall-Wallace, 2003; Graulis et al., 2009; Gražulis et 
al., 2015, 2012; Merkys et al., 2016; Quirós et al., 2018; Vaitkus et al., 2021).
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Abstract 

Drug delivery systems (DDS) have been developed to prevent low chemical stability and poor 
water solubility of cannabidiol (CBD). Metal-organic frameworks (MOFs) have been already 
applied as DDS, but not as carriers for cannabinoids. Moreover, formulation optimization is a 
critical process in MOFs synthesis and drug encapsulation in terms of final quality attributes, 
time and economic value. Herein, -cyclodextrin-MOFs ( -CD-MOFs) were synthesized using 
microwave-assisted technique and two potassium sources, KCl and KNO3. For drug 
encapsulation, a co-crystallization method was employed and olivetol (OLV) was used as a CBD 
precursor. Response surface methodology (RSM) based on a face-centered Central Composite 
Design (CCD) was used to optimize the drug encapsulation and reaction yield through the 
evaluation of four independent variables: incubation temperature, incubation time, methanol 
content and olivetol concentration. Optimal conditions were established as 30 ºC, 15 hours, 23% 
and 3.1 mg/mL for KCl and 27 ºC, 18.5 hours, 28% and 3.1 mg/mL for KNO3. The experimental 
values were 60% and 69% of reaction yield and 7% and 6% of drug encapsulation, for KCl and 
KNO3 respectively. The experimental results were properly fitted with a quadratic model for 
reaction yield and two-factor interaction (2FI) model for drug encapsulation. After optimization, 
existing results from previous studies were improved. Optimized formulations were 
characterized showing that the new conditions did not compromise -CD-MOFs nature. 

Keywords 

-Cyclodextrin metal-organic frameworks ( -CD-MOFs), cannabidiol (CBD), design of 
experiments (DoE), drug delivery systems (DDS), optimization, response surface methodology 
(RSM). 

Graphical abstract 
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1. Introduction 

Cannabidiol (CBD) is the main non-psychotropic compound in Cannabis sativa plant. This 
compound has been employed for industrial and health areas for decades and currently 
applications are growing, especially for biomedical and pharmaceutical purposes. CBD presents 
attractive properties such as analgesic, anti-inflammatory and immunomodulatory effects [1]. 
For this reason, cannabidiol has been used as a treatment against several diseases like cancer or 
epilepsy and in symptomatic relief of peripheral neuropathy with topical application [2–4]. This 
compound presents low chemical stability and it is easily degraded [5]. Besides, CBD is poor 
soluble in aqueous solutions, an important factor to consider especially in biomedical field 
where the final application environment is the physiological medium [6]. Therefore, researchers 
have been developing several strategies to overcome these difficulties and protect the 
compound until the final target, such as drug delivery systems (DDS) [7]. Another aspect to 
consider of CBD is its cost since it is not an easy affordable reagent the use of analogues or 
precursors of cannabidiol could be suitable for experimental approaches. Olivetol (OLV) can be 
an alternative, as it is an important metabolite in cannabinoids biosynthesis and chemically its 
structure is contained in the structure of several cannabinoids, including CBD [8].  

DDS are engineered technologies that can deliver therapeutic agents in proper dosage to a 
targeted location. They have become very popular in the last decades since they overcome the 
limitations of the conventional drug administration such as toxicity, poor distribution and low 
efficacy [9]. There are plenty DDS like liposomes, carbon nanotubes or nanoparticles and their 
uses depend on the purpose of each research and the final application that profit from the 
different strengths of each DDS [10–13]. Other DDS that have been considered good candidates 
are Metal-organic frameworks (MOFs) [14,15]. However, MOFs as carriers for cannabinoids has 
been scarce applied in any area, including as DDS in biomedicine and pharmaceutical field. 

MOFs are materials based on an organic ligand linked to a metal ion through coordination bonds 
in an infinite and one-two-three dimension extended network that present crystallinity [16]. 
These materials have promising properties like ultrahigh porosity, thermal stability and high 
surface areas [14]. Besides, MOFs are editable materials and their characteristics could be 
modify varying same parameters during the synthesis process [17,18]. Due to these properties, 
MOFs have emerged as potential materials since they have been employed in several 
applications such as catalysis, gas storage, environmental field and biomedicine [19,20].  In this 
last area, an important aspect to take into account is the biocompatibility of the components 
that comprise the MOF that should show low toxicity [21]. A class of MOFs that have arisen since 
some years ago due to its biocompatibility are -cyclodextrin metal-organic frameworks ( -CD-
MOFs) [22]. These materials have -CD as organic ligand and alkali-metals cations as the metal 
linker. -CD is a cyclic oligosaccharide based on eight subunits of glucopyranose that present a 
hydrophilic outer surface due to the hydroxyl groups of the glucopyranose and a hydrophobic 
inner cavity where non-polar compounds could be encapsulated [23]. Regarding the metal 
linker, Li+, Na+, Rb+ and Cs+ have been used from their corresponding basic salts but potassium 
ions are the most widely employed especially from KOH [24]. Nearly all the alkali metal salts 
investigated form these conventional -CD-MOFs with an extended body-centered cubic 
structure with the space group I432 [25]. Over the last years, these MOFs have been obtained 
following different techniques being the vapor diffusion method one of the earliest one [22]. 
Hydrothermal and solvothermal methods are also common techniques that apply temperature 
and/or pressure to the solution that contains the organic ligand and the metal linker. 
Nevertheless, these methods usually take a lot of time for the whole process and the size of the 
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crystals is not homogeneous [26]. Recently, microwave-assisted methods have been developed 
showing a good reaction yields and a fast synthesis thank to the efficient heating of the 
microwave irradiation [27]. Regarding the encapsulation technology, the compounds could be 
encapsulated in different ways. Impregnation method is the most common strategy where the 
molecules are encapsulated into the MOFs post-synthesis through a suitable solvent [28]. During 
co-crystallization technique, the guest molecule is in the initial solution from the beginning of 
the process and the encapsulation takes place at the same time as the formation of the MOFs  
[29]. Considering the synthetic solution pH of the conventional -CD-MOFs is highly alkaline, 
compounds that are not stable at alkali conditions could not be encapsulated in these 
conventional -CD-MOFs using a co-crystallization method or without a post-synthesis 
neutralization step even when an impregnation method is employed. Therefore, the application 
of these materials may be limited in these cases.  

Due to the MOF adaptability, the different steps in the synthesis process and the encapsulation 
technology play crucial roles in the final properties of the -CD-MOFs [17]. Therefore, reactant 
concentrations, incubation temperatures, reaction times, pH and solvents could be adjusted in 
order to get the desired characteristics. However, the optimization of all these variables at the 
same time in a formulation is not always affordable in terms of money and time [30,31]. Hence, 
a suitable option would be the use of an experimental design approach. Design of experiments 
(DoE) is a statistical method widely used in pharmaceutical science that allows reliable results 
with many variables [32–35]. DoE helps in establishing cause-and-effect relationships between 
the input factors and the output responses [31,36]. In experimental design, the information 
obtained from a set of experiments is employed to build a model. This model will establish these 
relationships among the factors and responses and it will be able to predict new values for the 
responses by introducing changes in the input factors [37]. Besides, experiments under optimal 
conditions could be planned using DoE. There are different statistical methods that could be 
applied in experimental design, but one of the most relevant and used is the response surface 
methodology (RSM), such as Central Composite Design (CCD) [38–41]. RSM is a multivariate 
statistical method that has been widely applied to the modelling, simulation and optimization 
of complex processes [42,43]. Multivariate analysis usually reduces the number of experiments 
needed to optimize the process than those obtained by conventional strategies, providing a lot 
of information at the same time [44–46]. Nevertheless, the selection of the range of the input 
factors is important to obtain the optimal conditions [42]. In addition, RSM methods consider 
the interactions between the studied factors and they could perform a more accurate 
optimization [47]. 

During laboratory experiments, it has been observed that multiple variables affect MOFs’ 
synthesis. In this context, a CCD was used to explore the best conditions to obtain -CD-MOFs 
using KCl and KNO3 as potassium sources, maintaining a neutral pH to avoid the oxidation of the 
drug. The analytical microwave technique and a co-crystallization method were employed in the 
MOF synthesis process and OLV encapsulation. Pursuing this goal, methanol content of the 
initial solution, drug content, incubation time and temperature were selected as input factors 
of the design. Reaction yield and drug encapsulation were the responses to be optimized. The 
design was performed two times, one per salt as implicit factor. For the first time, experimental 
design is applied to -CD-MOFs and the encapsulation of cannabinoids. Thus, this research 
implements the capabilities of experimental design in an innovative cannabidiol precursor -CD-
MOFs formulation, bringing this statistical tool closer to the MOFs field. 
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2. Materials and methods 

2.1. Reagents 

Potassium hydroxide (85.5%) and potassium nitrate (99.2%) were purchased from VWR BDH 
Chemicals (Oud-Heverlee, Belgium). Potassium chloride (99.0%) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Methanol (99.8%) and acetic acid (99.9%) were purchased from 
Fisher Scientific (Madrid, Spain). Dichloromethane (99.5%) and ethanol (96%) were purchased 
from Scharlau (Sentmenat, Spain). Polyethylene glycol 20000 was purchased from Merk 
(Darmstadt, Germany). Olivetol (95%) and -cyclodextrin (98%) were purchased from 
Carbosynth Ltd (Compton, United Kingdom). MilliQ water was purified through a Millipore 
purification system from Millipore (Milford, MA, USA). 

2.2. Preparation of the samples 

A fast and modified method using microwave irradiation was performed for -CD-MOFs 
synthesis [27]. Besides, a co-crystallization method was performed to load olivetol into -CD-
MOFs.  

Briefly, KCl and KNO3 were employed as two potassium sources adding 149 mg or 202 mg 
respectively, and 324 mg of -CD to have a molar ratio of 1:8 of potassium source to organic 
ligand. These compounds were mixed in 16 mL of an initial solution based on milliQ water and 
methanol, varying the percentage of organic solvent (20, 30 and 40%). Besides, different 
amounts of OLV were also diluted in this initial solution to have three final concentrations of the 
drug (1.3, 2.2 and 3.1 mg/mL). This initial solution was treated at 50 ºC in 
the analytical microwave (CEM Corporation Matthews, North Carolina, USA) for 10 min and a 
power of 600 w. Next, 256 mg of PEG 20000 were added to trigger the precipitation of the 
crystals for three different incubation times (5, 15 and 25 hours) and at three different 
incubation temperatures (20, 25 and 30 ºC). In order to remove the unreacted material, the 
crystals were washed first with 10 mL of methanol and then with 10 mL more of ethanol in a 
centrifuge at 3000 rpm for 5 min. Finally, -CD-MOFs were dried and kept under vacuum at room 
temperature until its use and the reaction yields were calculated. 

2.3. Drug release and quantification 

The quantification of the OLV content into the MOFs was performed mixing 15 mg of MOF 
sample in 5 mL of a mixture of milliQ water and ethanol (1:1, v/v). Then, an incubation step took 
place at room temperature under stirring conditions (250 rpm) for 24 hours. In this way, the 
degradation of the crystals and the release of the drug were favoured. The resultant solutions 
were measured by UV-Vis spectrophotometry (Thermo Fisher Scientific, Massachusetts, USA) at 
275 nm where the characteristic peak of OLV could be found. A mixture of milliQ water and 
ethanol (1:1, v/v) was used as the reference and a calibration curve of different known 
concentrations of OLV in the same solution was prepared from 0 to 100 mg/L. 

The drug encapsulation for each MOF was calculated following equation 1:    

            [1] 

All determinations were performed by triplicate. 
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2.4. Experimental design and optimization 

A face-centered Central Composite Design (CCD) was used for applying the response surface 
methodology (RSM). The effect of four independent variables (input factors) on two dependent 
variables (output responses) was estimated. The central point value and the range of the four 
independent variables studied are shown in Table 1. These ranges were defined from a 
preliminary screening study (not shown).  

Table 1: List of independent variables and their corresponding levels. 

Independent 
variables 

Unit Symbol 
Levels 

-1 0 +1 
Incubation 

temperature ºC A 20 25 30 

Incubation time hours B 5 15 25 
Methanol 
content % C 20 30 40 

Olivetol 
concentration 

mg/mL D 1.3 2.2 3.1 

 

The design consisted of 27 experiments including three central points (Table 2). The design was 
performed two times, one per potassium salt (KCl and KNO3) as implicit factor, and the 
experiments were randomly performed. Reaction yield (%) and drug encapsulation (%) were 
selected as dependent variables (Y1 and Y2 respectively). 

Table 2: Experimental design matrix. 

Run 
Coded variables 

A B C D 

1 20 25 20 1.3 

2 30 25 20 3.1 

3 25 15 30 2.2 

4 30 5 40 1.3 

5 20 5 20 1.3 

6 20 15 30 2.2 

7 20 5 20 3.1 

8 25 15 30 2.2 

9 20 5 40 1.3 

10 25 15 30 1.3 

11 30 5 20 1.3 

12 25 25 30 2.2 

13 20 25 40 3.1 

14 30 25 20 1.3 

15 25 15 40 2.2 

16 30 25 40 1.3 

17 25 15 20 2.2 

18 20 5 40 3.1 

19 25 15 30 2.2 

20 30 5 40 3.1 

21 30 15 30 2.2 
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22 25 5 30 2.2 

23 20 25 40 1.3 

24 30 25 40 3.1 

25 30 5 20 3.1 

26 20 25 20 3.1 

27 25 15 30 3.1 

 

The experimental results were fitted with a quadratic model for reaction yield response and 
two-factor interaction (2FI) model for drug encapsulation response in both potassium salts. 
These multiple factorial regression analyses are based in the following equations (eq. 2-3): 

 

                     [2] 

                                                                                                             [3] 

 

Where Y1 and Y2 are the dependent variables analysed (Y1 reaction yield and Y2 drug 
encapsulation); β0 is a constant coefficient; β1, β2, β3 and β4 are the coefficients for linear effect; 
β5, β6, β7, β8, β9 and β10 are the coefficients for interaction effect; β11, β12, β13 and β14 are the 
coefficients for quadratic effect; and A, B, D and D are the independent variables. The linear 
terms evaluate the effect of one factor over the response, the interaction terms analyse the 
effect of two factors at the same time and the quadratic terms determine a non-linear response. 
Statistical analysis for experimental data was performed through Design Expert Software version 
11.1.0.1 (Stat-Ease Inc., Minneapolis, USA). The best fitting for each design was selected through 
comparison of different statistical parameters including multiple correlation coefficient (R2), 
adjusted R2, predicted R2 and lack-of-fit. The level of significance was considered at p-
value < 0.05.  

To optimize the formulation of -CD-MOFs, reaction yield and drug encapsulation responses 
were maximized, in order to improve the results of previous studies with these MOFs, where 
reaction yield was around 31% and 35% and drug encapsulation 5.8% and 4.1%, for KCl and KNO3 
respectively. 

2.5. Characterization techniques 

The morphology of the -CD-MOFs was evaluated by Scanning Electron Microscopy (SEM) with 
a Zeiss Merlin FE-SEM. Secondary Electron Detector with a low voltage of 1 - 2 kV was employed 
to take the images. Electrons that accumulate on the sample surface were swept away with 
nitrogen. All measurements were performed at room temperature. 

The crystallinity of the -CD-MOFs was determined by X-ray powder diffraction (XRPD) using a 
Malvern Panalytical X’Pert PRO MPD (Material Powder Diffractometer). The XRD analysis was 
carried at room temperature in transmission mode using a capillary spinner. The sample were 
filled inside borosilicate glass capillaries with outer diameter of 0.7 mm. The samples were 
irradiated with a ceramic X-ray tube with Cu Kα anode (l = 1.5406 Å), tube voltage of 45 kV, tube 
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current of 40 mA in a step size scan mode (0.03º min-1) and analysed over a 2θ angle range of 
2.5 - 35º. 

Infrared Spectroscopy spectra of samples were obtained using an Infrared Spectrophotometer 
Tensor 27 equipped with an Attenuated Total Reflectance module Specac Golden Gate (ATR-
FTIR, Bruker, Ettlingen, Germany). To measure the powder samples 64 scans were carried out in 
wavenumber from 4000 cm-1 to 600 cm-1 at a resolution of 4 cm-1 and at room temperature. For 
the background, the own diamond window of the equipment was used. 

3. Results and discussion 

3.1. Model fitting 

A total of 27 runs were performed per potassium salt, varying the four inputs factors at three 
different levels. Reaction yield (Y1) and drug encapsulation (Y2) were the two studied responses 
for this experimental design. The design layout with the experimental values of the responses is 
shown in Table A.1 (Online Resource 1). Runs 4, 12, 16 and 20 were removed from the analysis. 
In case of runs 4, 16 and 20 not enough product could be obtained from the reaction due to the 
experimental conditions and the values of the responses were not consistent. For run 12, the 
values did not fit with the design and the statistics parameters became worse. Excluding these 
mentioned four runs, reaction yield and drug encapsulation values varied from 0.1% to 75.5% 
and 1.1% to 7.7% respectively. These data were employed for the experimental design analysis 
using Design Expert Software. ANOVA was performed for the calculations of coefficients of the 
polynomial equations. Results showed that quadratic and 2FI models could be used to represent 
the data for the reaction yield (Y1) and drug encapsulation (Y2) respectively in both potassium 
salts. The equations for the responses (eq. 4-7) explain their interactions with the independent 
variables (incubation temperature, A; incubation time, B; methanol content, C; olivetol 
concentration, D). In all the cases, the terms of the equations that presented a non-significant 
p-value (p-value > 0.05) were removed from the final equations in order to improve the fitting. 
Here below, the final reduced equations in terms of coded factors with only significant model 
terms are shown: 

For potassium chloride: 

                 [4] 

                     [5] 

 

For potassium nitrate: 

                             [6] 
 

 
                                      [7] 

 

The equations in terms of coded factors can be used to make predictions about the response for 
given levels of each factor. These equations are useful for identifying the relative impact of the 
factors by comparing the factor coefficients. A positive value in the coefficients means that there 
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is a synergistic effect on that response and a negative value indicates an antagonistic effect 
[47,48].  

In all the models for both responses, statistic parameters showed a good fitting with the 
experimental results (Table 3). The significance of the factors was determined based on the F-
values and/or p-values with 95% confidence level. The model F-values implied that selected 
models were significant and there was only a 0.01% chance these F-values could occur due to 
noise. The values of coefficient of determination (R2) were reasonable high; values close to unity 
indicate a better fitting of model to experimental results. Besides, the predicted R² were in 
agreement with the adjusted ones, since in all the cases the difference between these two 
values was less than 0.2. Predicted versus actual values distributions (Online Resource 1: Fig. 
A.2) also show a high compatibility of these data, since the points are closely following the 
diagonal. Moreover, adequate precision measures the signal-to-noise ratio and a ratio greater 
than four is desirable, in order to use the model to navigate the design space. The lack of fit 
expresses the residual error compared to the pure error. Non-significant lack of fit (p-
value > 0.05) for the selected models indicated its accuracy and the low error. Therefore, based 
on the statistical analysis, the effect of the factors on responses could be explained using a 
quadratic polynomial model and a 2FI model for reaction yield and drug encapsulation 
respectively. 

Table 3: Statistics summary of the quadratic and 2FI response surface models for reaction yield and drug 
encapsulation responses in each potassium salt.  

 

Response 
KCl KNO3 

Reaction yield 
Drug 

encapsulation 
Reaction yield Drug encapsulation 

Model Quadratic 2FI Quadratic 2FI 
F-value 92.89 11.79 31.19 23.34 

Model p-values < 0.0001 < 0.0001 < 0.0001 < 0.0001 
R2 0.9775 0.7762 0.9469 0.9417 

Adjusted R2 0.9669 0.7103 0.9165 0.9014 
Predicted R² 0.9561 0.6487 0.8507 0.7851 

Adequate precision 31.92 11.97 21.10 16.99 
Lack of fit p-values 0.9477 0.9651 0.5966 0.2461 

 

Furthermore, the residuals were studied to validate the adequacy of the different models 
through the analysis of the normal plots and the residuals versus the predicted responses graphs 
(Fig. 1). The difference between the real response and the predicted one determines the residual 
value. In all the cases, the residuals were distributed in a straight line according to their normal 
probability. In figure 1, the distribution of the residuals versus predicted responses was totally 
random suggesting that the models were suitable and that the models showed independence 
and constant variance assumption.  

 

 

 

 

 



ANNEXES 

173 
 

 

Fig. 1: Normal probability plots of the residual (A) and residual versus predicted response graphs (B) for KCl (1) 
reaction yield and drug encapsulation and for KNO3 (2) reaction yield and drug encapsulation. 

3.2. Reaction yield 

The selected factors in this study were adjusted following a quadratic polynomial for reaction 
yield response in both potassium salts (eq. 4 and 6). After removing non-significant terms, it 
could be observed that the linear contributions of all the factors presented the same behaviour 
for KCl and KNO3. The incubation time (B) and olivetol concentration (D) increased the reaction 
yield. Meanwhile, the incubation temperature (A) and methanol content (C) showed an 
antagonistic effect. For KCl, the interaction of A with B increased this response, but the one of A 
with C and the quadratic contribution of B reduced the reaction yield. For KNO3, the interaction 
of B with D showed an agonistic effect, whereas the interaction of A with C and the quadratic 
contributions of C and D minimised this response. Some of these main and interactions effects 
are shown using contour plots and three-dimensional response surface plots (Fig. 2). These plots 
give a visual representation of this response and its relationship with the different factors.  

The increment of incubation time (B) and olivetol concentration (D) increased the reaction yield. 
The first parameter could be explained based on crystallization kinetics, since nucleation and 
crystal growth [49]. These parameters are time-dependent and if the time is too short, crystal 
formation could not occur [50]. Therefore, the MOFs reaction yield is increasing in function of 
the time with the development of the crystallization process. The fact that the concentration of 
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the drug had a positive effect in the reaction yield may be due to an increase in the solutes 
concentration of the initial solution, promoting its supersaturation. The supersaturation is 
directly proportional to the concentration. Therefore, if the concentration is higher than the 
solubility, the solution is supersaturated and the crystallization process takes place [51]. The 
increment of olivetol could contribute to reach the supersaturation point of the initial solution, 
obtaining more precipitate. On the other hand, incubation temperature (A) and methanol 
content (C) presented a negative effect over the reaction yield. The concept of supersaturation 
could be also useful to explain the antagonistic effect of the incubation temperature. This 
parameter also depends on solubility, being inversely proportional. Increasing the temperature, 
the solubility also increases, decreasing the supersaturation [51]. Hence, the solution becomes 
under-saturated and the crystallization process does not occur. The fact that the methanol 
content has a negative effect over the reaction yield may be related to olivetol solubility. Since 
olivetol is an organic compound, it is more soluble in organic solvents than in aqueous solutions. 
Therefore, the higher the methanol content, the greater the amount of soluble drug in the same 
mixture, keeping away from the supersaturation and making more difficult the crystallization 
process.  

 

Fig. 2: Contour plots (1) and three-dimensional response surface plots (2) for reaction yield response in both salts: KCl 
(A and B) and KNO3 (C). 

3.3. Drug encapsulation 

The effects of the factors on the drug encapsulation were studied through a 2FI polynomial for 
both potassium salts (eq. 5 and 7). After eliminating non-significant terms for KCl, the linear 
contribution of incubation temperature (A) and methanol content (C) increased the drug 
encapsulation. However, these responses were reduced due to the antagonistic effects 
observed by the linear contribution of incubation time (B) and by the interactions of A with B 
and B with C. In case of KNO3, same contributions described before for KCl were observed 
presenting the same behaviour. Besides, the linear contribution of olivetol concentration (D), 
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the interactions of A with C and C with D showed an agonistic effect, while the interaction of A 
with D decreased the drug encapsulation. Some of these main interactions effects are shown 
using contour plots and three-dimensional response surface plots (Fig. 3). These plots give a 
visual representation of this response and its relationship with the different factors.  

Incubation temperature (A), methanol content (C) and olivetol concentration (D) have a positive 
effect over the drug encapsulation. The behaviour of these factors could be described in terms 
of diffusion. The first state of Fick’s law relates diffusion to concentration. This law postulates 
that the flux goes from a region of high concentration to regions of low concentration, being 
proportional to the concentration gradient [52]. Thus, olivetol molecules diffuse from the 
solution to the MOFs pores due to drug concentration gradient. According to Fick, diffusion is 
also directly proportional to the diffusion coefficient and this coefficient depends on the 
temperature. The relationship between this coefficient and the temperature could be explained 
by the Einstein equation, where a positive effect in temperature increases the thermal energy 
of molecules, raising its diffusion rate [53]. Besides, diffusion process is closely related to solute 
dissolution rate, when the dissolution rate is higher, the diffusion also increases [54]. Thus, 
raising the methanol content of the initial solution, more olivetol molecules will be dissolved 
due to the non-polar behaviour of the drug. In this way, more olivetol will be available for the 
diffusion into the pores, increasing the encapsulation process. The incubation time (B) 
contributes with a negative effect for drug encapsulation. With the time, the diffusion process 
is taking place from the solution where the drug is highly concentrated to the empty pores of 
the MOFs. However, when the drug concentration is higher in the carriers than in the medium, 
the diffusion transport starts in the opposite direction, trying to reach the equilibrium and 
decreasing the drug encapsulation [55].  

 

Fig. 3: Contour plots (1) and three-dimensional response surface plots (2) for drug encapsulation response in both 
salts: KCl (A and B) and KNO3 (C). 
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3.4. Reponses optimization and verification of the models 

Optimization of the independent variables was done by setting goals for each response using 
Design Expert software. All four independent variables were incorporated in the optimization at 
their design space, except the incubation time for KCl. This variable was targeted to 15 hours, 
considering the practical experimental conditions. The challenge of this study was maximized 
both responses. However, since their behaviour was the opposite, reaction yield response was 
targeted to 55% to be able to maximize the encapsulation. This value was selected to improve 
previous results of reaction yield of these CD-MOFs, which was around 35%. Besides, this 
number is like the one obtained when the conventional KOH is employed as potassium source. 
Numerical optimization values were selected using desirability function (D), where D values 
ranging between 0 and 1, being 0 for low desirable conditions and 1 for high desirable ones. 
Following this criteria, different solutions of optimal conditions were obtained with different 
desirability values. The solution that showed the highest desirability value was selected as 
optimized synthesis conditions for each potassium salt (Table 4).  
Table 4: Optimized synthesis conditions for each potassium salt with its desirability value. 

Potassium salt 
Incubation 

temperature (ºC) 
Incubation 

time (hours) 
Methanol 

content (%) 

Olivetol 
concentration 

(mg/mL) 
Desirability 

KCl 30 15 23.1 3.1 0.945 
KNO3 26.9 18.6 27.9 3.1 0.815 

 

Considering the practical experimental conditions, the conditions were set to 30 ºC, 15 hours, 
23% and 3.1 mg/mL for KCl and 27 ºC, 18.5 hours, 28% and 3.1 mg/mL for KNO3.The selected 
optimal conditions were verified by performing the experiments under these conditions in two 
independent replicates per salt. The results are shown in Table 5. Validation of the experimental 
design was done by comparing predicted and experimental values. The obtained data were 
inside the limits of the 95% prediction interval in all the cases and the values of the errors found 
to be within an acceptable range. This means that the experimental results were comparable to 
the predicted results that illustrate the preciseness of the design. Moreover, the experimental 
results for reaction yield were even better than the predicted values. Therefore, the generated 
models showed sufficient accuracy and predictability for optimizing the reaction yield and drug 
encapsulation in the experimental conditions mentioned above. Besides, the values of both 
responses have been improved for both potassium salts in comparison with previous 
experimental results. Reaction yield values have doubled, while drug encapsulation has 
increased by 20% for KCl and 46% for KNO3.  

Table 5: Experimental and predicted values of both responses at optimized conditions for each salt (PI = prediction 
interval). 

Potassium salt Response 
Predicted 

value 
Experimental 

value 
95% PI 

low 
95% PI 

high Error 

KCl 
Reaction yield (%) 55 60 ± 2 46 64 5 

Drug 
encapsulation (%) 7.3 7.0 ± 0.7 5.5 9.1 0.3 

KNO3 
Reaction yield (%) 55 69 ± 3 39 71 14 

Drug 
encapsulation (%) 5.6 6.0 ± 0.4 4.4 6.7 0.4 
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3.5. Characterization of the optimal formulations  

The morphology and the crystallinity of the optimal formulations were studied using SEM and 
PXRD analysis (Fig. 4.a). Both -CD-MOFs formulations showed a rectangular shape as elongated 
prims. The length of most of the crystals was around 2 to 50 μm, but there were also crystal 
sizes out of this range. This fact may be due to the long time during the incubation step that was 
15 and 18.5 hours for KCl and KNO3 respectively. It was reported that if enough amount of time 
is allowed during a crystallization process, the size of the resulting crystals would not be 
homogeneous [56]. Concerning the diffraction patterns, both formulations showed the same 
characteristics peaks that were in different angles: 5.3º, 7.4º, 10.5º, 11.5º, 12.1º, 14.2º, 14.9º, 
15.8º and 16.7º. Besides, the sharp peaks in the diffraction patterns revealed a high crystallinity 
of the MOFs, despite the improvement in the drug encapsulation following the optimal 
conditions. These peaks positions may correspond to a triclinic, tetragonal o trigonal space 
groups such as R32, I4, P1 or P32, that were already reported in CD-MOFs where the metal 
sources were not the typical potassium hydroxide [57]. These diffraction patterns would be 
correlated to the rectangular prism morphologies observed in their respective SEM analysis. 
Considering these SEM and PXRD results, it is remarkable to mention that the new optimal 
conditions did not compromise the morphology and the crystallinity of these -CD-MOFs. 

FTIR analysis showed the characteristic peaks in both -CD-MOF formulations at 1078 cm-1, 
1152 cm-1, 1336 cm-1, 2700 – 2995 cm-1 and 3000 – 3670 cm-1 (Fig. 4.b). These peaks were in 
agreement with previous reported studies of these MOFs and they matched with the 
characteristic peaks in the -CD spectrum, confirming the presence of the organic ligand in the 
crystals [58]. At 1078 cm-1 and 1152 cm-1, stretching vibrations derived from -C-O-C- and C–OH 
bonds in cyclodextrin sugars could be observed respectively. The peak at 1336 cm-1 and the band 
from 2700 – 2995 cm-1 were related to the contributions of alkane groups. The wide band from 
3000 – 3670 cm-1 was assigned to stretching vibrations of the hydroxyl groups from the 
cyclodextrin molecules. Besides, the peak observed at 1640 cm-1 could be due to the water 
molecules that remained into the cavities of the MOFs after the drying process. The spectrum 
of olivetol showed its characteristic peaks according to the literature at 3240 cm-1, 2929 cm-1, 
2858 cm-1 and a double peak with two peaks at 1628 cm-1 and 1600 cm-1. These peaks 
correspond to the -OH stretching vibration, -CH symmetric and antisymmetric stretching in the 
aliphatic chain and the -C=C- stretching vibration from the aromatic ring respectively (Fig. 
4.b) [59]. A direct comparison between the infrared spectra of OLV and both -CD-MOFs 
revealed that the single peak at 1640 cm-1 showed a double peak at 1600 and 1628 cm-1 that it 
was not in the raw -CD spectrum and it may correspond to the skeletal stretching -
C=C- vibration of the drug (Fig. 4.B). It means that olivetol is interacting with the -CD-MOFs as 
it is also reported in the results for the drug encapsulation response. These interactions could 
occur through Van der Waals forces and hydrophobic effects, due to there were not significant 
shifts in the spectra. 
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Fig. 4: Scanning electron microscopy images and X-ray powder diffraction patterns of optimal -CD-MOF formulations 
using KCl (blue) and KNO3 (green) as potassium sources (a). Attenuated Total Reflection-Fourier Transform Infrared 
Spectroscopy spectra of: olivetol (black), -CD (orange), optimal -CD-MOF formulations using KCl (blue) and KNO3 
(green) as potassium sources from 4000 cm-1 to 600 cm-1, showing a magnification of the double peak at 1600 and 
1628 cm-1 (b). 

4. Conclusions 

In the present work, olivetol-loaded -CD-MOFs were successfully prepared with KCl and KNO3 

as potassium sources, using the analytical microwave for a fast synthesis and a co-crystallization 
process for the drug encapsulation. The effect of four independent variables in the synthesis 
was investigated using RSM. Two models per potassium salt were obtained for predicting 
reaction yield and drug encapsulation of the formulations. Reaction yield response followed a 
quadratic model while drug encapsulation response adjusted to a 2FI model for both salts. In all 
the cases, models showed a suitable fitting following statistical analysis. Reaction yield and drug 
encapsulation were maximized for each formulation. The models for predicting both responses 
showed a good agreement between the experimental and predicted values, demonstrating the 
application of experimental design for optimization purposes. A comparison with previous 
studies, our results show both the reaction yields obtained being twice as high as in those studies 
and drug encapsulation has increased in the optimized formulations (by 20% for KCl and 46% for 
KNO3). These formulations were characterized showing that the new optimal conditions did not 
compromise the structure of the olivetol loaded -CD-MOFs. Finally, the application of 
experimental design capabilities such as RSM, scarcely used to optimize our CD-MOFs, has been 
successfully implemented. 
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Appendices – Supporting information 

Table A.1: Experimental values of reaction yield and drug encapsulation responses for each potassium salt. 
Highlighted runs were removed from the analysis.   

Run 

Response values 

KCl  KNO3 

Reaction yield (%) Drug encapsulation (%) Reaction yield (%) Drug encapsulation (%) 

Y1 Y2 Y1 Y2 

1 35.9 5.6 36.5 4.5 

2 60.6 6.3 67.4 3.8 

3 30.5 5.0 48.3 5.3 

4* 0.2 0.4 0.3 0.3 

5 30.2 2.6 33.4 2.7 

6 53.8 3.4 57.5 3.5 

7 62.8 3.5 65.6 2.5 

8 40.7 4.7 39.6 4.7 

9 0.1 4.8 1.2 1.1 
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10 9.9 7.1 8.5 5.8 

11 10.3 7.7 12.3 6.8 

12* 44.2 6.5 44.5 7.1 

13 44.1 5.8 56.8 4.4 

14 25.1 7.1 32.4 5.0 

15 10.8 6.8 14.0 5.9 

16* 0.2 1.1 0.5 1.9 

17 54.5 5.4 52.4 5.6 

18 34.6 4.9 21.3 4.4 

19 29.0 7.2 36.4 5.0 

20* 0.5 4.5 0.6 13.5 

21 11.6 8.2 29.0 7.4 

22 18.8 6.8 25.6 6.5 

23 5.0 4.3 2.7 2.0 

24 2.4 7.2 14.6 6.8 

25 40.4 6.8 39.6 6.0 

26 72.7 5.1 75.5 5.4 

27 54.0 5.5 57.9 5.6 

 

 

Fig. A.2: Predicted versus actual values for KCl reaction yield and drug encapsulation (A and B) and for KNO3 reaction 
yield and drug encapsulation (C and D). 
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Abstract 

Dental or dentin hypersensitivity (DH) could be defined as a short and sharp pain derived from exposed 
dentin in response to different stimuli. Current strategies to avoid this discomfort are not totally effective 
and it is necessary to develop new treatments to avoid this sharp pain. Cannabidiol (CBD) is the main non-
psychotropic component of Cannabis sativa, and it emerges as a promising candidate to avoid this pain 
since it can modulate receptors involved in the response caused by DH. However, CBD shows low chemical 
stability and poor aqueous solubility. The use of drug delivery systems (DDS) such as liposomes or metal-
organic frameworks (MOFs) for its encapsulation or adsorption could overcome these disadvantages. In 
this study, olivetol (OLV), as a CBD analogue, was incorporated in γ-cyclodextrin-MOFs and 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) liposomes as potential analgesic delivery systems for DH 
treatment. Different techniques have been employed for their characterization. In vitro experiments using 
bovine teeth were performed to verify if the drug is able to reach the dentin, where it can flow to the pulp 
tissues and exert its analgesic effect; enamel and dentin regions were analysed by synchrotron radiation-
based FTIR micro-spectroscopy. Principal component analysis (PCA) was used to process the spectroscopic 
data as a powerful chemometric tool and it revealed a similar behaviour in both regions. The studied DDS 
have been demonstrated to be an efficient way to carry the drug through dental tissues without 
compromising its structure. These DDS have been scarcely employed in oral health, being the first time in 
case of MOFs loaded with cannabinoids. Besides, OLV has been validated as a good analogue to study CBD 
behaviour.  

Keywords 

γ-Cyclodextrin-MOFs (γ-CD-MOFs), cannabinoids, dentin hypersensitivity (DH), DPPC liposomes (1,2-
dipalmitoyl-sn-glycero-3-phosphocholine), principal component analysis (PCA), synchrotron FTIR micro-
spectroscopy. 
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1. Introduction 

Dental or dentin hypersensitivity (DH) could be defined as a short and sharp pain derived from 
exposed dentin in response to chemical, thermal, tactile or osmotic stimuli and it could appear 
when a tooth whitening treatment is applied or after periodontal surgery [1,2]. Several theories 
have been proposed to explain the origin of this pain, being Brannstorm’s hydrodynamic theory 
the most accepted. However, DH mechanism is still uncertain. There are current strategies to 
avoid the discomfort associated with this dentin hypersensitivity, such as the use of potassium 
nitrate for nerve desensitization, the coverage of the exposed dentinal tubules with salts or 
adhesives and the application of analgesics and anti-inflammatory drugs for pain relieve [3]. 
Nevertheless, previous clinical studies using these treatments have shown that they are not 
totally effective, and current strategies still need to be improved [4,5]. Therefore, it is necessary 
to develop more effective, efficient and long-lasting treatments to avoid DH.  

Cannabidiol (CBD) is the main non-psychotropic component of Cannabis sativa. According to 
reported studies, CBD has antioxidant, anti-inflammatory and immunomodulatory properties 
[6] . Despite its scarce use in dentistry, CBD has shown promising results in the treatment of 
serious diseases such as epilepsy, chronic pain or diabetes. Moreover, it is known that CBD can 
modulate the TRPA1 receptor expressed in dental pulp tissue that is believed to be involved in 
the response caused by DH [7,8]. Thus, CBD emerges as a promising candidate to avoid this 
discomfortbut it is also known for others less attractive characteristics such as its low solubility 
in aqueous solutions and high degradation easiness [9]. In order to solve these difficulties, 
previous studies have developed drug delivery systems (DDS) for the encapsulation of 
cannabinoids to protect this kind of compounds until the final target when they are used in 
medicine [10]. There are plenty DDS such as liposomes or metal-organic frameworks (MOFs), 
which are well-known drug delivery systems and used in pharmaceutical formulations. 
Liposomes are spherical vesicles consisting of one or more phospholipid bilayers surrounding a 
water space that present the ability to encapsulate different substances [11]. While lipophilic 
agents are entrapped in the bilayer, hydrophilic agents are enclosed in the aqueous core [12]. 
Besides, liposomes are able to fuse with the cell membrane and release the encapsulated drug 
[13]. MOFs are porous crystalline materials consisting of metal ions or clusters linked to organic 
ligands by coordination bonds [14]. As any crystals, MOFs present a repeating pattern of its unit 
cell building one, two or three-dimensional periodic networks [15]. An important and common 
advantage of liposomes and MOFs is that they are editable materials and their structure can be 
modified with different molecules to adapt them to their final application [16]. Due to all these 
characteristics, both systems have a wide range of application fields, such as gas storage, 
catalysis or drug delivery [17,18]. In the case of medical applications, it is necessary to take into 
account that the structures should be biocompatible and non-toxic for the biological tissues [19]. 
Therefore, the selection of the materials that comprise the DDS is very important. For liposomes, 
a quite studied phospholipid is 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) [20]. DPPC 
is a zwitterionic phospholipid which forms neutral or lightly negatively charged liposomes used 
as a model system to mimic the cell membrane [21]. Furthermore, DPPC is already in mammals 
as lung surfactant and it plays an important role in the study of liposomes and human bilayers 
[22–24]. Regarding MOFs, -cyclodextrin-MOFs ( -CD-MOFs) have been reported as suitable 
materials in pharmacy and biomedicine due to its high biocompatibility since they are composed 
of -CD as organic ligand and usually potassium ions as metal linker [25]. -CD is a cyclic 
oligosaccharide of eight glucopyranose units with a hydrophilic external surface and a 
hydrophobic internal cavity where non-polar drugs could be encapsulated [26]. According to 
reported studies, -CD-MOFs have the capacity to increase the drug loading compared to -CD 
alone, to improve the physicochemical and biopharmaceutical characteristics of the drug and to 
control its release process [27,28]. Therefore, both systems present unique advantages for 
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applications in encapsulation and release of cannabinoids. MOFs have been scarce studied as 
carriers of CBD, but some researchers have developed some liposomal formulations with CBD 
for biological and medical applications such as cancer treatment [29,30]. However, there are not 
specific reports about the use of CD-MOFs and DPPC liposomes loaded with CBD for oral health 
application.   

Dental structure has been studied using different characterization techniques such as Raman 
spectroscopy to study the changes in the tissues of teeth with periodontitis [31,32]. In previous 
works, Fourier Transform Infrared Spectroscopy, also known as FTIR Analysis, has been used to 
diagnose tooth structure alterations and pathologies. FTIR analysis is a non-invasive and non-
destructive technique, obtaining a lot of information from a single spectrum about the chemical 
and physical properties [33]. Infrared spectroscopy is a very useful technique in dental research 
since it is able to study the tooth structure and its chemistry, organic and inorganic material and 
their interactions [34]. Nevertheless, conventional vibrational spectroscopic methods are not 
always enough accurate to assess modifications in dental composition, since tooth structure 
changes take place at micro and nano levels [35]. Thus, the addition of a synchrotron radiation 
light source to FTIR technique (synchrotron radiation-based FTIR microspectroscopy, SR-μFTIR) 
provide the high intensity, the spectral purity, the spatial and the energy resolution necessary 
to study dental structure at micro and nano levels [36]. However, analysis of spectral data 
obtained is quite challenging due to the high number of spectra, the fact that many of the 
spectral bands are overlapping and small changes could not be appreciated using visual 
comparison [37]. To solve these problems chemometrics have been used. This statistic and 
mathematic tool extracts information from multivariate chemical data and it has become a 
useful technique for faster analysis of huge amount of data for different applications [38]. A 
wide array of chemometrics is used for discrimination and classification of the dataset being 
principal component analysis (PCA) one of the most common applied in combination with FTIR 
spectroscopy [37]. PCA reduces the data to a low dimension and resolves small differences in 
the spectra trying to establish subgroups in the data [39].  

Several researchers have already explored the large capabilities of the combination of 
synchrotron source infrared spectroscopy with chemometrics in dental field, such as the 
diagnostics and evaluation of formation of the biomimetic dentin/dental composite interface or 
dental caries assessment [33,40–42] . In this study, -CD-MOFs and DPPC liposomes containing 
olivetol (OLV) were synthetised and characterised as potential analgesic delivery systems for DH 
treatment. OLV was employed as an affordable CBD analogue, since it is a precursor in 
cannabidiol biosynthesis and they share part of the chemical structure [43]. In order to verify if 
the drug is able to cross the enamel and get into dentinal tubules, where it can flow to the pulp 
tissues and exert its analgesic effect, in vitro experiments using bovine teeth were developed. 
The primary component in the tooth is hydroxyapatite (HAP) that has well-defined bands in the 
infrared spectra (1600 - 700 cm-1) and the spectrum of CBD and olivetol has several absorption 
bands in the infrared region. Therefore, it would be possible to trace the penetration of the drug 
in the tooth structure using this technique coupling it to the synchrotron radiation source 
allowing spectra with high signal-to-noise ratio to be obtained in small sample areas. 
Furthermore, the penetration patterns according to the delivery system were evaluated and 
how the -CD-MOFs and DPPC liposomes help in the release process. Besides, the effect of the 
different treatments over the tooth was assessed based on the changes in the HAP band. To 
process these infrared spectroscopic data, chemometrics were employed using PCA as a 
powerful tool that can identify subtle spectral differences from complicated datasets. 
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2. Materials and methods 

2.1. Reagents 

Chloroform (99.9%) and potassium nitrate (99.2%) were purchased from VWR BDH Chemicals 
(Oud-Heverlee, Belgium). Potassium chloride (99.0%), sodium azide (99.5%) and 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (99.5%, HEPES) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (99%, DPPC) was 
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Cannabidiol (99%) was purchased from 
Tocris Bioscience (Bristol, United Kingdom). Methanol (99.8%) was purchased from Fisher 
Scientific (Madrid, Spain). Ethanol (96%) was purchased from Scharlau (Sentmenat, Spain). 
Polyethylene glycol 20000 was purchased from Merk (Darmstadt, Germany). Olivetol (95%) and 
-cyclodextrin (98%) were purchased from Carbosynth Ltd (Compton, United Kingdom). MilliQ 

water was purified through a Millipore purification system from Millipore (Milford, MA, USA). 

2.2. Drug delivery systems synthesis 

A fast and modified method using microwave irradiation was performed for -CD-MOFs 
synthesis [44]. Besides, a co-crystallization method was used to load olivetol into -CD-MOFs. 
Briefly, KCl and KNO3 were employed as two potassium sources adding 149 mg or 202 mg 
respectively, and 324 mg of -CD to have a molar ratio of 1:8, potassium source to organic ligand. 
These compounds were mixed in 16 mL of an initial solution based on 10 mL of milliQ water and 
6 mL of methanol. Besides, 30 mg of OLV were also diluted in this initial solution. 
This mixture was treated at 50 ºC in the analytical microwave (CEM Corporation Matthews, 
North Carolina, USA) for 10 min and a power of 600 w. Next, 256 mg of PEG 20000 were added 
to trigger the precipitation of the crystals for 24 hours. In order to remove the unreacted 
material, the crystals were washed first with 10 mL of methanol and then with 10 mL of ethanol 
in a centrifuge at 3000 rpm for 5 min. Finally, -CD-MOFs were dried and kept under vacuum at 
room temperature until their use. 

DPPC liposomes were obtained by hydration and mechanical dispersion [13]. Briefly, DPPC was 
dissolved in chloroform/methanol (2:1, v/v) at 100 mM. 0.25 mL of the DPPC solution plus a 
small volume of the chloroform/methanol mixture were introduced in a bottom round 
flask until a final volume from 4 to 7 mL. Then, it was evaporated using a rotary evaporator 
(Büchi, Flawil, Switzerland) maintaining the temperature of the bottom round flask above 
the phase transition temperature (Tm) of the phospholipid . In this study, Tm is 41 ºC for 
DPPC. When the monolayer of DPPC was obtained on the inside surface of the flask, 5 mL of 
HEPES buffer solution 20 mM (pH = 7.4) was added to the flask. Then, the suspension 
was sonicated for 15 minutes to obtain multilamellar vesicles (MLVs), maintaining the 
temperature of the bottom round flask above the Tm.  The final concentration of DPPC was 5 mM 
and the liposomal preparations were stored at 4 ºC until their use  In the same way, DPPC 
liposomes loaded with olivetol were prepared, using a DPPC:OLV molar ratio of 2:1. In this 
case, 3.75 mL of a stock solution of olivetol 600 mg/L in methanol were added to the DPPC 
solution into the bottom round flask before the solvent evaporation, in order to get the 
final desired concentration of the drug (2.5 mM for 2:1 ratio).  

2.3. Characterization techniques 

Morphology and crystallinity of MOFs samples were evaluated by Scanning Electron 
Microscopy (SEM) and X-ray powder diffraction (XRPD), respectively. SEM images were taken 
using a Zeiss Merlin FE-SEM with the Secondary Electron Detector with a low voltage of 2 kV, at 
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room temperature, 2000x of magnification and a working distance of 4.3 mm. The XRD analysis 
was carried out using a Malvern Panalytical X’Pert PRO MPD (Material Powder Diffractometer), 
in transmission mode using a capillary spinner and the sample were filled inside borosilicate 
glass capillaries with outer diameter of 0.7 mm. The samples were irradiated with a ceramic X-
ray tube with Cu Kα anode (l = 1.5406 Å), tube voltage of 45 kV, tube current of 40 mA in a step 
size scan mode (0.03º min-1) and analysed over a 2θ angle range of 2.5 - 35º.  

Liposome dispersions were characterized by Cryo-transmission electron microscopy (Cryo-TEM) 
and Dynamic light scattering (DLS). Cryo-TEM images were taken using a JEM-2011 (Jeol, Japan), 
5000x of magnification and samples were prepared by depositing 3 μL of the liposomes’ solution 
on a copper grid covered with a carbon reinforced holey polymer film. Thin sample films (30 - 
300 nm) were blotted with a filter paper and immersed into liquid ethane. Samples were kept 
below -179 °C and protected from atmospheric conditions during the whole process. All sample 
preparations were performed in a room at 25 °C and 70 % relative humidity. DLS analysis was 
performed with ZetaSizer Nanos ZS (Malvern Panalytical, Netherlands and United Kingdom) and 
sensitive avalanche photodiode detector (APD). Dynamic light scattering is used to measure 
particle size and molecular size. Measurements were made in disposable folded capillary cells 
(R.I.: 1.450 and absorption coefficient: 0.01) at 20 ºC using a laser with λ0 = 632.8 nm and 175º 
angle. The viscosity of water was taken as 1.0031 cP and 1.330 of R.I. 

2.4. Drug release and quantification 

The quantification of the OLV content into the MOFs was performed mixing 15 mg of MOF 
sample in 5 mL of a mixture of Milli-Q water and ethanol (1:1, v/v). Then, an incubation step 
took place at room temperature under stirring conditions (250 rpm) for 24 hours to degrade the 
crystals and release the drug. For liposomes, the encapsulation of the drug was determined 
adapting a method previously described [45]. 0.17 mL of liposome suspension were added to 
0.83 mL of ethanol (1:5, v/v). The mixture was sonicated for 5 minutes and mixed to promote 
the disruption of the liposomes and release the encapsulated olivetol. The resultant solutions 
were measured by UV-Vis spectrophotometry (Thermo Fisher Scientific, Massachusetts, USA) at 
275 nm where the characteristic peak of OLV could be found. The reference was the same 
solution where each carrier was dissolved and a calibration curve of different known 
concentrations of OLV in the same solution was prepared from 0 to 100 mg/L for each carrier 
(Fig. A.1). 

The drug encapsulation for each carrier was calculated following equation 1:    

            [1] 

All determinations were performed by triplicate.  

2.5. Tooth samples preparation 

Bovine incisors were cut by separating them from the roots using a diamond saw. Then, the 
specimens were cleaned and preserved in sodium azide solution (0.8%). Teeth were embedded 
in self-curing acrylic resin (Paladur, Germany) leaving the frontal enamel free of resin. Specimens 
were cut in half and its lateral surface was polished down to 1 μm particle size in order to obtain 
good reflection properties for the measurements using a sequence of silicon carbide paper. 
Then, teeth were treated with 0.1 mL of each treatment 3 times per day for 5 days, making sure 
that only the frontal enamel was in contact with each solution and not with the lateral surface 
(Table 1, Fig. A.2.A). Since MOFs’ treatments are the only ones which are in powder, 1 mg of 
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each MOF formulation was mixed with 15 μL of HEPES buffer and then, the resultant solution 
was applied over the teeth. 

Table 1: List with the different treatments applied over the dental samples. 

Treatments’ list 
Control (HEPES buffer) 

Cannabidiol (10 mg/mL) 
Olivetol (10 mg/mL) 

DPPC liposomes 
DPPC liposomes loaded with olivetol 
γ-CD-MOFs KCl loaded with olivetol 
γ-CD-MOFs KNO3 loaded with olivetol 

 

2.6. Synchrotron radiation-based FTIR microspectroscopy (SR-μFTIR) measurements 

Specular reflectance spectra were acquired using FTIR microscope in the reflection mode at 
MIRAS beamline of ALBA synchrotron (Cerdanyola del Vallès, Spain). Hyperion 3000 microscope 
coupled to a Vertex 70 spectrometer (Bruker, Germany) and an HgCdTe (MCT) detector was 
used. The 36x Schwarzschild magnification objective and condenser were used to focus the 
infrared light on the sample. A mapping of 300x1000 μm (wide x length) was made per each 
sample in the lateral surface from the outside of the enamel to the dentin. In each mapping, 250 
spectra were measured having 5 spectra wide and 50 spectra length (Fig. A.2.B). For each 
spectrum, 64 scans were carried out from 4000 cm-1 to 600 cm-1 with 4 cm-1 spectral resolution 
and at room temperature, using 10x10 μm2 of aperture size. The background was measured 
with a gold mirror reference. OPUS 7.5 (Bruker, Germany) was used to collect the spectra. 

2.7. Principal component analysis (PCA) 

PCA was applied to process the SR-μFTIR data using PLS toolbox 8.2.1 (20559) for use with 
MATLAB 9.1 (R2016b). This chemometric tool is able to extract the main variability correlating 
it with the chemical compounds that are in the sample and their distribution. In the spectral 
data obtained for this study, enamel and dentin are the two regions well differentiated in the 
mappings, being the most intense peak the ν3 PO4

2- for both regions. Due to the high variability 
of biological samples, the big mapping per sample were limited to two smaller mappings of 30 
spectra having 5 spectra wide and 6 spectra length, one in the inner enamel and another in the 
inner dentin. The wavenumber range was also limited from 1600 to 700 cm-1 where the main 
bands of HAP are located. Before PCA, mean centering pre-processing was applied to all the 
spectra. Besides, in each region of the tooth, enamel and dentin, liposomes and MOFs 
treatments were analysed by separate. 

3. Results and discussion 

3.1. Drug delivery systems characterization and olivetol quantification 

In order to evaluate the morphology and the crystal structure of the γ-CD-MOFs loaded with the 
drug, SEM and PXRD analysis were performed. The diffraction patterns of both γ-CD-MOFs KCl 
and γ-CD-MOFs KNO3 presented their peaks at the same 2  angles (Fig. 1.1): 5.3º, 7.4º, 10.5º, 
11.5º, 12.1º, 14.2º, 14.9º, 15.8º and 16.7º. Peaks were quite narrow for both potassium salts, 
indicating high crystallinity, especially when KNO3 was employed since their peaks were sharper 
and more intense. The space group of these diffraction patterns was not the typical I432 with a 
body-centered cubic unit cell. Previous studies have already shown trigonal spaces groups when 
the metal linker was not delivered by potassium hydroxide [46]. This PXRD analysis was in 
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agreement with SEM evaluation. The prism morphology of the crystals was the same for both 
potassium salts (Fig. 1.2). The size of these structures was quite heterogeneous, but most of 
them was around 2 to 50 μm. It could be explained due to the long incubation time to trigger 
the precipitation of the crystals that was 24 hours, since it is a key parameter in the kinetics that 
are involve in crystal growth [47]. Consequently, SEM and PXRD analysis showed crystalline CD-
MOFs with prism shape, regardless the potassium salt.

Figure 1: X-ray powder diffraction patterns (1) and scanning electron microscopy images (2) of OLV loaded γ-CD-MOF 
formulations using KNO3 (A) and KCl (B) as potassium sources. 

Regarding the liposomes’ characterization, the size distribution is a key aspect to consider, even 
more when the final application is as drug delivery systems [48]. In order to get information 
about the size of DPPC liposomes and the physical stability of these systems after the 
encapsulation of olivetol, DLS and cryo-TEM analysis were performed. DPPC formulations 
loaded with the drug showed more polydispersity than empty DPPC liposomes with wider and 
more asymmetric peaks in DLS results (Fig. 2.A). These results were in agreement with cryo-TEM 
analysis where bigger liposomes and with several concentric lipidic bilayers could be observed 
in the samples with OLV (Fig. 2.B). The mean diameter of the liposomes was below 200 nm: 125 
± 52 nm for DPPC liposomes and 159 ± 67 nm for DPPC liposomes loaded with OLV. Mean 
diameter and standard deviation were similar in both liposomes’ formulations. However, the 
size distribution observed in the liposomes without drug was closer to a normal distribution than 
the formulations with OLV, as well as the polydispersity index values were lower in the empty 
liposomes (0.3) than in the loaded ones (0.9). This fact means that the samples with low 
polydispersity index had homogeneous distribution of the vesicles of similar diameters without 
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aggregates [49]. It could be explained since olivetol is an organic compound and it is 
encapsulated in the bilayer increasing the rigidity of liposomes, such as the effect of cholesterol 
addition [50]. Cryo-TEM analysis corroborated these results. Anyway, the synthesis method was 
found to be useful for producing stable DPPC liposomes with and without olivetol of relatively 
controllable particle size.

Figure 2: Size distribution by intensity (A) and cryo-TEM images (B) of OLV loaded DPPC liposomes and DPPC 
liposomes.

The UV-Vis spectrophotometry analysis confirmed the presence of olivetol in all the carriers 
(Table 2). For MOFs formulations, OLV encapsulation percentages were in the order of the 
values reported in previous studies using CD-MOFs for the encapsulation of different 
compounds [51–53]. For liposomes formulation, OLV encapsulation percentage was higher than 
the values for both MOFs. These percentages could not be compared between MOFs and 
liposomes, since the values are expressed in terms of mass and the weight of each carrier is 
different [46,53]. In order to verify if the amount of drug applied over the teeth in liposomes 
and MOFs formulations was comparable, the OLV amount per application was calculated based 
on the sample preparation process (section 2.5). This amount was of the same order for the 
three carriers (Table 2). Besides, the amount of drug applied without carrier as positive control 
was extremely high to study the efficiency when the carrier was used. In any case, the drug could 
be quantified in all the formulations, making them suitable as carriers for olivetol and for their 
application over the tooth structure.
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Table 2: Olivetol encapsulation percentage for each formulation with their standard deviations and drug amount per 
application. 

 OLV encapsulation (%) OLV/CBD amount per 
application (μg) 

DPPC loaded with olivetol MLV (molar ratio 2:1) 9.1 ± 0.1 36.8 ± 0.5 
-CD-MOFs KCl loaded with olivetol 2.4 ± 0.3 24 ± 3 

-CD-MOFs KNO3 loaded with olivetol 1.6 ± 0.2 16 ± 2 
CBD or OLV (10 mg/mL) - 1000 

 

3.2. Peaks assignment of enamel and dentin 

Enamel and dentin are the main tissues that comprise the teeth. Enamel is composed of 96% of 
mineral content, while in the dentin it is reduced to approximately 70%. Regarding the organic 
matter, the enamel presents only 2% and in the dentin, it increases to 20%, predominating cross-
linked type I collagen. The inorganic mineral that mainly composes both tissues is the 
carbonated calcium-deficient hydroxyapatite (HAP), which is a crystalline calcium phosphate 
[Ca10(PO4)6(OH)2] and carbonates impurities [CO3

2−][52]. These carbonates could substitute two 
anion phosphate groups or two hydroxyl groups in HAP structure, being B-type or A-type 
carbonated apatite, respectively [54]. Bovine enamel and dentin reflection spectra are shown in 
Fig. 3 between 1600 and 700 cm-1 where the bands of carbonates and phosphates groups of HAP 
could be observed. Due to the high degree of crystallinity of the enamel, the bands that 
correspond to this mineral matrix are more intense than in the dentin tissue which has a low 
crystallinity, and the peaks appear weakly [55]. Antisymmetric stretching vibration of 
phosphates groups (v3 PO4

3-) appears as a wide band in the 1200-900 cm-1 region, in both enamel 
and dentin tissues with a maximum at 1045 and 1028 cm-1,respectively. These broad bands are 
attributed to triply degenerated v3 PO4

3- and its deconvolution is described as secondary phase 
vibrations of Ca-O-P, P-O, Ca-O and O-Ca-O vibrations, but they are not fully resolved [56]. The 
shoulder at 956 cm-1 corresponds to the symmetric stretching vibration of the same group (v1 
PO4

3-) in both tissues, despite the band being more saturated in the enamel than in the dentin 
[57]. The peaks at 1403 and 1442 cm-1 match with antisymmetric stretching vibration of 
carbonate groups (v3 CO3

2-) and the one at 867 cm-1 with symmetric angular deformation (v2 
CO3

2-) in both tissues. These peaks correspond to a mixture of A-type and B-type carbonated 
apatites, being B-type the one with more contribution since it is the predominant type in 
biological apatite [54]. Besides, organic matter (amide II) is detected at 1540 cm-1 in the dentin, 
since its percentage in this tissue is higher than in the enamel [58]. 
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Figure 3: Average of the specular reflectance FTIR spectra of control enamel and dentin of bovine tooth and band 
assignment numbers (n=30).

3.3. Study of the treatments’ effect over the enamel

In the present study, the enamel FTIR spectra of the different samples were analysed by PCA, 
where the weights of the main components were concentrated in the components 1 and 2 (PC1 
and PC2) for both carriers. Liposomes and MOFs analysis had a PC1 of 95.20% and 96.01% versus 
PC2 of 3.39% and 2.43% accounting for a total of 98.59% and 98.44% of the variance, 
respectively (Fig. 4). The two carriers’ analysis had a similar distribution in the enamel and only 
two groups could be distinguished along PC1 according to drug presence (Fig. 4.A). The group 
with drug included CBD, OLV and OLV loaded liposomes or MOFs (depending on the carrier 
analysis) and the group without drug comprised HEPES control for both carriers and also 
unloaded liposomes for liposomes analysis. Therefore, it revealed that both OLV loaded carriers 
may transport the drug, since these treatments were in the same group as CBD and OLV control 
treatments. Nevertheless, the separation between the groups that contained or not drug was 
not perfectly clear. This fact could be explained due to the large inorganic material content and 
high crystallinity of the enamel [59]. Because of these enamel properties, the signal of 
carbonates and phosphates groups of HAP was too high overlapping the possible vibrations 
peaks of organic material that can be present in the enamel, as the drugs and carriers employed 
in the different treatments [60]. For this same reason, no more differences related with the 
treatments could be observed between groups, since spectra were distributed according to the 
depth in the enamel structure along PC2 (Fig. 4.B). 
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Regarding the loading graphs (Fig. 4.C), PC1 comprised all the bands of carbonates and 
phosphates groups of HAP previously assigned for both liposomes and MOFs analysis in the 
positive part of the graphs. Taking into account the enamel structure properties, no contribution 
of drugs, liposomes or MOFs vibration peaks were expected to be distinguished, since their 
signals are not significant in comparison with the signal of the inorganic material of the enamel 
[61]. Thus, only changes over HAP structure could be noted. The treatments with drug (CBD, 
OLV, OLV loaded liposomes and MOFs) produced the decrease of the bands of carbonates and 
phosphates groups of HAP in comparison with the average of the spectra of the samples without 
drug, especially in the antisymmetric stretching vibration v3 PO4

3- (Fig. A.3.A). This fact could be 
explained due to the organic matter increment in the samples treated with drug, because the 
crystallinity of the enamel in these samples was worse detected than in the ones without any 
drug, since they have better reflective properties, and its infrared signal is higher [62]. Besides, 
shifts were not detected in the average of the spectra of the samples with and without drug for 
both carriers, so the treatments did not compromise carbonates and phosphates groups of HAP 
[63]. These results agreed with the distribution in scores graphs along PC1 (Fig. 4.A), where the 
group with drug is in the negative part of the component (less intense signal) and the group 
without drug in the positive part (more intense signal).  

PC2 loadings profiles revealed in the positive part of the graphs, v3 CO3
2- and v2 CO3

2- peaks of 
carbonate groups from 1475 to 1380 cm-1 and 867 cm-1, respectively (Fig. 4.C). A secondary 
phase vibration of v3 PO4

3- at 1113 cm-1 was observed. This vibration contributes to the shoulder 
at 1103 cm-1 of the peaks assignment, and it is related with the bandwidth [63]. Meanwhile, the 
maximum peak of v3 PO4

3- was in the negative part. This profile was in agreement with the 
distribution of the scores according to the depth in the enamel structure (Fig. 4.B). Enamel tissue 
presents heterogeneous distribution of the inorganic material, since its carbonate content 
increases from the outer to inner enamel, the phosphates decrease showing more crystallinity 
and more packing in the outer part [64–66]. Therefore, the fact that the scores in the positive 
part of the graph correspond to the inner parts of the enamel and the ones in the negative part 
to the outer region matched with the PC2 loading profiles for both carriers. This information is 
in accordance with the typical mineral gradient of the enamel, verifying that PC2 distributes the 
samples following the depth in this tissue. 
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Figure 4: Principal Component Analysis of liposomes (1) and MOFs (2) in the enamel; scores plots grouping according 
to the drug presence (A); scores plots showing the distribution across the enamel depth (B); loadings profiles of PC1 
and PC2 (C).

3.4. Study of the treatments’ effect over the enamel
The analysis of the dentin was also performed using PCA for the different treatments. As in the 
enamel results, the weights of the main components were in the components 1 and 2 (PC1 and 
PC2) for both carriers. Liposomes and MOFs analysis had a PC1 of 87.68% and 86.30% versus 
PC2 of 8.43% and 9.39% accounting for a total of 96.11% and 95.69% of the variance, 
respectively (Fig. 5.A). In comparison to the enamel analysis, the separation between the groups 
in the dentin was much better and more consistent information can be obtained. This better 
separation of the different groups in the dentin may be due to the less mineral content and less 
crystal packing in this tissue, having the organic matter of the drug stronger presence improving 
the sample grouping [55]. Therefore, the signal of carbonates and phosphates groups of HAP 
decreases and the vibrations of the organic material could be distinguished. All the groups in 
both carriers’ analysis had similar distribution in the scores’ graphs along PC1 and PC2 (Fig. 5.A). 
Loaded liposomes and MOFs groups were closer to the samples treated with only drug (CBD and 
OLV) than the samples without treatment or unloaded carrier. Thus, it means that both carriers 
led the drug transport until the dentin tissue efficiently increasing the diffusion process, despite 
the drug concentration per application was much lower than in the CBD and OLV control groups 
(Table 2) [13]. Furthermore, CBD and OLV control groups are completely overlapped in this 
analysis, confirming that OLV could be used as CBD analogue in this experiment. Dentin analysis 
also revealed differences related to the presence of liposomes or MOFs along PC2. Meanwhile, 
the groups without any carrier were in the positive part of PC2, the groups with carrier were in 
the negative part of this component regardless the drug presence. Therefore, PC1 may group 
the samples according to the drug presence and PC2 according to the carrier presence in the 
dentin tissue. Moreover, these results from the dentin analysis verified and supported the 
previous results of the enamel. 
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PC1 loadings graphs included all the characteristic vibrations previously assigned in the dentin 
tissue for both carriers in the positive part of the profile (Fig. 5.B). As in the enamel analysis, 
drug vibrations did not appear since the contribution of the inorganic material was much more 
significant that the contribution of the drug. The comparison between the average of the spectra 
without drug with the average of the spectra with drug (CBD, OLV, OLV loaded liposomes and 
MOFs) revealed a reduction in the intensity of all the bands, related to a higher organic matter 
content in the dentin tissue that decreased the crystallinity and the signal of the bands (Fig. 
A.3.B) [67]. The only band that did not decrease is the one at 1540 cm-1 in case of the liposomes 
analysis, since this vibration may be related to the NH3

+ deformation from the DPPC structure 
avoiding the loss of intensity of this peak despite the decrease in crystallinity due to the drug 
presence [68]. However, the main vibrations did not shift, so the chemical structure of the dentin 
was not changed. The loading profiles of PC1 were in agreement with the scores’ graphs since 
the samples without drug were in the positive part of this component (more intense signal) and 
the samples with drug were in less positive values (less intense signal).

PC2 profiles comprised the wide band of the antisymmetric stretching vibration v3 PO4
3- in the 

negative part emphasising the shoulder at 1103 cm-1 of the peaks’ assignment, while the rest of 
the peaks were in the positive half of this component (Fig. 5.B). This negative band gives 
information about the bandwidth and the groups that were in the more negative part of the 
scores’ graphs correspond to treatments with liposomes and MOFs that contributed with the 
increase of the organic material in the dentin tissue, reducing the crystallinity and making the 
mentioned phosphate band widder when these groups were compared to the ones without any 
carrier [69]. This information agreed with scores distribution along PC2 where the samples 
without carrier were in the positive part and the samples with carrier in the negative half. The 
fact that rest of the bands were in the positive part means that the presence of any carrier did 
not affect these vibrations.

Figure 5: Principal Component Analysis of liposomes (1) and MOFs (2) in the dentin; scores plots grouping according 
to the drug presence and carrier presence (A); loadings profiles of PC1 and PC2 (B).

4. Conclusions

In the present study, olivetol loaded γ-CD-MOFs and DPPC liposomes were successfully prepared 
and characterised as potential analgesic delivery systems of CBD for DH treatment. In vitro
experiments using bovine teeth were developed using SR-μFTIR and chemometrics to process 
the data. Enamel and dentin regions data were analysed using PCA, showing a similar behaviour. 
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PC1 grouped the samples according to the drug presence in both tissues due to a reduction in 
the intensity of all the bands. This fact was explained since a high organic matter content 
decreased the crystallinity of the carbonates and phosphates groups of HAP. Meanwhile, PC2 
grouped the samples according to the depth in the enamel structure due to the typical mineral 
gradient of this tissue, this component grouped the samples according to the carrier presence 
in the dentin because the less crystallinity and more widder phosphate band v3 PO4

3-. Thus, the 
analysis of both regions was consistent between each other, despite the separation in the dentin 
was much better than in the enamel due to the less mineral content. Moreover, no differences 
were observed between OLV and CBD validating the hypothesis of OLV application as CBD 
analogue in this experimental approach. Besides, OLV loaded liposomes and MOFs targeted the 
drug transport in a more efficient way, since these groups were closer to the CBD and OLV 
control groups despite the drug concentration per application was much lower. Therefore, it 
was possible to trace the penetration of the drug in the tooth structure using these techniques 
and to know that the carriers helped in the delivery process making it more efficient. Besides, 
shifts in the HA bands were not observed meaning that the treatments did not affect the tooth 
structure. In conclusion, potential analgesic delivery systems loaded with cannabinoids for oral 
health were developed, leading the drug transport in an efficient way to cross the tooth 
structure.  
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Appendices – Supporting information 

 

Figure A.1: Calibration curves of different known concentrations of olivetol from 0 to 100 mg/L in HEPES buffer and 
ethanol (1:5, v/v) (blue) and milliQ water and ethanol (1:1, v/v) (orange) media for the quantification of the drug in 
DPPC liposomes and MOFs, respectively. 
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Figure A.2: Sample preparation and treatment application over the teeth diagram (A) and synchrotron source infrared 
spectroscopy measurements procedure (B).

Figure A.3: Average of the spectra of the groups with and without drug for liposomes (1) and MOFs (2) in the enamel 
(A) and the dentin (B).





 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

De familia de agricultores y 
ganaderos.  

En cierto modo, no dejan de 
ser científicos rurales de la 
época, que sienten mucho 
amor y afición por lo que 
hacen, pero que también 
dedican mucho esfuerzo y 
sacrificio.   

Todo lo que somos se lo 
debemos a ellos.  

 

 

 

Villafañe (León, 1965) 
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