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Summary and organization

Ensuring the safety and quality of food is one of the main focuses of the field
of food industry. Different active materials are currently studied to extend
the useful life of food products. Metal-Organic Framework (MOF) materials
have emerged in the last years as a promising alternative owing to their
excellent porosity, high loading capacity, controlled release ability and ease
of surface modification. The main motivation of this Thesis is to evaluate the
possible use of different MOFs as encapsulation agents of active
biomolecules to develop smart composite materials that can be employed in

food industry applications.

The Thesis is divided into five chapters. Chapter 1 corresponds to a general
introduction to the field of MOFs and their biorelated applications, from drug
delivery and biomedicine to food industry, presenting the importance of
essential oils and its derivatives in this later field. Chapter 2 presents a
systematic study in which the suitability of MOFs as essential oil
encapsulating agents is determined. After selecting the best performing
scaffolds, in Chapter 3 the implementation of a biomolecule@MOF composite
into biopolymeric films and its antibacterial activity are studied, thoroughly
elucidating the chemical interactions between the guest molecule and the
host framework. Chapter 4 concerns the obtention of a series of
biomolecule@MOF composites with enhanced antifungal properties. Finally,
in Chapter 5, the encapsulation of macrobiomolecules is targeted by
synthetizing two mixed-metal hierarchical mesoporous MOFs following a

green chemistry route.
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Resumen de la Tesis en castellano

Actualmente, el uso de diferentes materiales activos para alargar la vida
util de los productos alimenticios es un es uno de los principales focos del
campo de la industria alimentaria. Las redes metal-organicas (MOF) han
surgido en los ultimos afios como una prometedora alternativa para
garantizar la seguridad y calidad de los alimentos debido a su excelente
porosidad y alta capacidad de carga, poseyendo ademas la habilidad de
proporcionar una liberacion controlada de agentes activos y una superficie
modificable.

La principal motivacion de esta tesis es evaluar el posible uso de diferentes
MOFs como agentes de encapsulacion de biomoléculas activas para
desarrollar materiales hibridos inteligentes que puedan emplearse en la
industria alimentaria.

Los objetivos de la tesis se resumen en cuatro puntos:

1. Estudio sistematico de la idoneidad de una serie de nanoMOFs como
agentes encapsulantes de derivados de aceites esenciales que podrian
ser empleados en la industria alimentaria, siguiendo una metodologia
directa y sencilla como es el método de impregnacion.

2. Incorporaciéon de un material hibrido “biomolécula@MOF” en films bio-
poliméricos y evaluacion de la habilidad del MOF para estabilizar y
dirigir la liberaciéon de la molécula bioactiva, asi como la actividad
antimicrobiana del film tras la implementacion del material inteligente.

3. Obtencion de una serie de compuestos “biomolécula@MOF” y estudio
de su efecto fungicida tras su integracion en peliculas bio-poliméricas.

4. Sintesis y caracterizacién de analogos de MUV-2 de metales mixtos
(MM-MUV-2), asi como determinacién de la idoneidad de dichos

materiales como transportadores de macrobiomoléculas.
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La tesis se divide en cinco capitulos. El Capitulo 1 corresponde a una
introduccion general al campo de los MOF y sus aplicaciones relacionadas
con la biologia, desde la administracion de farmacos y la biomedicina hasta
la industria alimentaria, presentando la importancia de los aceites esenciales
y sus derivados en este ultimo campo.

Debido a su sintesis basada en “bloques de construccién”, los materiales
MOF se caracterizan por una gran versatilidad quimica que permite un
control fino con respecto ala naturaleza del poro, tanto en términos de forma
como de tamafio. Estas propiedades quimicas modulares han facilitado su
aplicacion en muchos campos diferentes, como la catalisis, el
almacenamiento de energia, la separacion de gases y campos relacionados
con la biologia, como la administracién de farmacos y la encapsulacion de
biomoléculas. En particular, la miniaturizacién controlada de los MOF resulta
de gran interés para la integracion de estos materiales en aplicaciones como
la deteccion o la administracion de farmacos. El campo de la biomedicina se
beneficia particularmente de la nano-estructuracién de los MOF, ya que el
tamafio de las particulas es un factor limitante para algunas vias de
administraciéon donde se requieren tamafios muy precisos. Al considerar el
uso de nanoMOF como agentes portadores, su amplia area superficial puede
permitir una modificacién efectiva de la superficie de las particulas, lo que
mejoraria la estabilidad quimica y coloidal y facilitaria el procesamiento del
material al mismo tiempo que promoveria una bioactividad mejorada. Los
beneficios de las metodologias de encapsulacion en el campo de la
biomedicina y la industria cosmética también se pueden traducir a la
industria alimentaria, recibiendo una amplia atencién de investigacion, ya
que el desarrollo de técnicas confiables y precisas para garantizar la calidad
y seguridad de los alimentos siempre es beneficioso para la industria. Se

pueden encontrar mas de 90000 articulos de investigacion en la literatura
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sobre MOF para fines de la industria alimentaria en las ultimas dos décadas,
lo que refleja como la comunidad de investigacion se ha interesado en esta
aplicacion potencial. Se pueden encontrar muchos estudios en la literatura
sobre el uso de MOF en la eliminaciéon de contaminantes de las fuentes de
produccién, envasado de alimentos, conservacion de alimentos, asi como en
la detecciéon y monitoreo de contaminantes en productos alimenticios. La
investigacion sobre MOFs relacionada con las aplicaciones antibacterianas
también se puede emplear en la conservacion de alimentos, incluida la
administracion de antibioticos de liberacién lenta, el recubrimiento
antibacteriano con polimeros y los ingredientes antibacterianos combinados
con nanoparticulas. Muchas moléculas activas antibacterianas son
susceptibles de ser encapsuladas en estas estructuras porosas, pero, en
particular, los compuestos bioactivos naturales (BAC, por sus siglas en
inglés) resultan de gran interés para la industria alimentaria. Este tipo de
moléculas activas (por ejemplo, antioxidantes, vitaminas, polifenoles) se
utilizan eficazmente como agentes aromatizantes y/o conservantes de
alimentos para inhibir el crecimiento microbiano.

Los componentes activos naturales como los aceites esenciales (en inglés,
EO) son ampliamente preferidos en comparacién con los aditivos artificiales
cuando se considera su uso en aplicaciones relacionadas con la industria
alimentaria como conservantes, envases innovadores y la lucha contra los
patégenos que causan intoxicacion alimentaria. Los EO son liquidos
concentrados extraidos de plantas aromaticas. Como productos naturales, a
sus interesantes caracteristicas fisicoquimicas y actividad bioldgica se le
suma un bajo impacto ambiental. Por su compleja composiciéon quimica, los
EO tienen un amplio espectro de actividad biolégica y antimicrobiana
(presentando actividad antibacteriana, antifungica, antiviral, contra el

control de plagas o como repelentes de insectos). A pesar de exhibir estas
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propiedades bioactivas, el uso a gran escala de estos compuestos se ve
obstaculizado por su naturaleza volatil e insoluble, su susceptibilidad a
diversas condiciones ambientales y de procesamiento y su fuerte aroma
caracteristico. Estos fragiles compuestos pueden degradarse facilmente (por
oxidacién, volatilizacién, calentamiento o exposiciéon a la luz) si no se
protegen de factores intrinsecos y extrinsecos como el pH, la actividad del
agua, la degradacion enzimadtica, la temperatura, la humedad relativa y el
entorno de almacenamiento. Por estas razones, la encapsulacion de
conservantes volatiles en materiales portadores ha sido ampliamente
investigada en la industria alimentaria y el campo biomédico como una
solucion plausible para optimizar su actividad. Ejemplos tipicos de
encapsulacion utilizando nano y micro emulsiones, nanoparticulas lipidicas
o liposomas, han demostrado aumentar sustancialmente la estabilidad de los
EO, a menudo obteniendo como resultado una accion prolongada. El proceso
de encapsulacién reduce la reactividad con el medio ambiente (factores
como el agua, el oxigeno o la luz), disminuye la evaporacién o la tasa de
transferencia al medio ambiente exterior, enmascara el sabor y mejora la
estabilidad coloidal para lograr una distribucién uniforme en el producto
final.

Con una eficacia demostrada como agentes encapsulantes inteligentes
capaces de i) alojar moléculas activas con cargas utiles elevadas con un
proceso de carga facil, ii) preservar la actividad a largo plazo y iii) dirigir la
liberacion ante estimulos, los MOF se proponen en esta tesis como bioactivos
se investigan los transportadores de moléculas y su uso potencial en

aplicaciones relacionadas con los alimentos.
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El Capitulo 2 presenta un estudio sistematico en el que se determina la
idoneidad de los MOF como agentes de encapsulacidn de aceites esenciales.
Cuatro MOFs arquetipicos se proponen como agentes encapsulantes: MIL-
100(Fe), ZIF-8, Ui0-66 y su derivado aminado, Ui0-66-NHz. La seleccién de
estos materiales se justifica por su conocida capacidad como agentes
encapsulantes de farmacos y su baja citotoxicidad reportada.

El MIL-100(Fe) es uno de los MOF mas estudiados en aplicaciones de
administracion de farmacos. Las caracteristicas de la estructura de MIL-100
(Fe) permiten formar sitios de hierro coordinativamente insaturados (CUS),
modificando fuertemente las interacciones preferidas con las moléculas
huésped. Esto abre la posibilidad de cargar las moléculas seleccionadas no
solo por fisisorcion sino también por quimisorcion, a través de la
coordinacion entre los cationes Fell y la molécula huésped. Una de las
principales ventajas de MIL-100(Fe) es la viabilidad de la miniaturizaciéon de
la estructura, lo que mejora su estabilidad quimica y coloidal, facilitando asfi
el procesamiento del material. Esencialmente, las nanoparticulas de MIL-
100(Fe) se obtienen mediante sintesis solvotermal asistida por microondas
(MW). Esta sintesis presenta importantes ventajas sobre los métodos
clasicos, como el calentamiento homogéneo a lo largo del reactor, tiempos de
reaccibn mas rapidos y menor polidispersidad, junto con mayores
rendimientos sintéticos. Ademas, la sintesis asistida por MW permite la
implementacion de solventes verdes como el agua, que es especialmente
adecuado para aplicaciones en la industria alimentaria.

El MOF zeolitico conocido como ZIF-8 posee una estructura similar a las
zeolitas de aluminosilicatos convencionales con una topologia de sodalita.
Este material exhibe porosidad permanente, alta capacidad de carga y
degradaciéon sensible al pH, asi como una 6ptima estabilidad térmica y

quimica. El ZIF-8 puede encapsular farmacos hidrofobos, hidrofilos y
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anfifilicos y, como consecuencia, se ha empleado en diversas aplicaciones
relacionadas con la administraciéon de fAirmacos: farmacos anticancerosos,
agentes fototérmicos, agentes fotodindmicos, terapia quimiodinamica,
encapsulacion de proteinas y terapia genémica. De manera analoga al MIL-
100 (Fe), el tamafio de la molécula es la Unica limitacién para la infiltracion
de moléculas activas en la estructura porosa. A diferencia del MOF basado en
Felll, ]a red de ZIF-8 no presenta ningin CUS, por lo que la interaccién entre
el ZIF-8 huésped y las moléculas encapsuladas estaria, en principio, limitada
a procesos de fisisorciéon en los poros. Sin embargo, la estructura dinamica
del ZIF-8 puede adaptarse a la presencia de moléculas huésped debido a los
ligandos imidazol que pueden rotar, dando lugar a un efecto de “apertura de
puerta” que permitiria una mejor acomodacién de las moléculas activas
alojadas en los poros.

Finalmente, el UiO-66 es una red interesante para muchas aplicaciones
debido a su combinacién de alta estabilidad térmica y quimica y su
importante porosidad. La combinacién de una red robusta con la toxicidad
relativamente baja del zirconio convierte este material en un candidato
interesante para el transporte de biomoléculas. Ademads, la posible
funcionalizacion del poro del Ui0-66 cambia significativamente sus
propiedades: por ejemplo, la capacidad de adsorcién y la selectividad de UiO-
66 para gases estratégicos como CO2 y CH4 pueden modificarse, y el impacto
de la funcionalizacion del MOF en su actividad en también se ha estudiado en
la encapsulacion de farmacos. En particular, la presencia del grupo amino en
el derivado UiO-66-NH2 abre la posibilidad de diferentes interacciones con
las moléculas activas encapsuladas, permitiendo la posibilidad de utilizar la
funcionalidad adicional de la red como grupos de anclaje. Por lo tanto, el
desemperfio del derivado UiO-66-NH2 MOF se estudia en comparacion con el

Ui0-66 original.

XXVI



A su vez, se seleccionan tres moléculas activas componentes de aceites
esenciales como moléculas tipo en este estudio: carvacrol (un monoterpeno
aromatico presente en el aceite esencial extraido del orégano,
principalmente), citral (un aldehido monoterpénico aciclico presente en los
aceites de varias plantas, incluido el mirto, la hierba limén o el arbol del té)
y benzaldehido (componente principal del aceite de almendras amargas).
Estas moléculas activas poseen un amplio espectro de actividad
antimicrobiana demostrada y estan reconocidas generalmente como seguras
para su uso en industria alimentaria (GRAS, por sus siglas en inglés) por la
Administracion de Alimentos y Medicamentos estadounidense.
Habitualmente se emplean como aditivos o conservantes, y son utilizadas
como componentes de envases innovadores para la lucha contra los
patdgenos que provocan intoxicaciones alimentarias.

Se establece también en este capitulo el disefio de un método de
encapsulaciéon siguiendo un enfoque directo de impregnaciéon de las
particulas de MOF en una suspensién que contiene la molécula activa,
manteniendo esta mezcla en contacto durante un periodo de tiempo y
caracterizando los materiales antes y después de aplicar la metodologia de
encapsulacion descrita. Durante el desarrollo de la metodologia de
infiltracion se encontré6 que la encapsulacion de biomoléculas se ve
favorecida bajo mezclas hidroalcohélicas (en las que estas moléculas son
poco solubles), resultando clave este pardmetro para obtener una

encapsulacion exitosa.
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Con respecto a los métodos de caracterizacion fisicoquimica de estos
materiales, los medios mas significativos para la caracterizaciéon de MOFs y
los materiales hibridos que se derivan de ellos incluyen técnicas de
caracterizaciéon quimica general, como:

i) la difraccién de rayos X (XRD) de monocristal, que proporciona
informacion estructural absoluta sobre el MOF, ii) la difraccién de rayos X de
polvo ( PXRD) para establecer la cristalinidad y la pureza de fase del
producto; iii) analisis elemental; iv) analisis termogravimétrico (TGA) para
la determinacion de la estabilidad térmica y la pureza del MOF, evidenciando
la presencia de defectos en la estructura; v) espectroscopia infrarroja (IR)
para determinar la presencia o ausencia de grupos funcionales activo en IR
en las estructuras; y vi) Microscopias electrdnicas de transmisiéon (TEM) y de
barrido (SEM), que proporcionan informaciéon sobre el tamafio y la
morfologia de las particulas. Esta ultima técnica puede combinarse con la
espectroscopia de rayos X de dispersion de energia (EDX) y dar informacién
sobre la composicién del material. Ademas, habitualmente se lleva a cabo un
analisis de adsorcién especifico con gases, que tipicamente incluyen las
isotermas de adsorcidn de N2 tipicas a 77 K. Esta medida del area superficial
proporciona informaciéon sobre la capacidad de un material poroso para
adsorber moléculas de gas, y también permite analizar la distribucion del
tamafio de los poros. De manera general, la mayoria de las técnicas de
caracterizacién descritas, a las que se suman algunas otras mas especificas
en determinados apartados del trabajo descrito, son empleadas durante toda
tesis para establecer la viabilidad de los MOFs como agentes encapsulantes,
cuantificar la carga de biomolécula en los materiales hibridos obtenidos y
elucidar las interacciones quimicas que se producen entre la molécula y el

agente encapsulante.
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En total, durante el trabajo descrito en el Capitulo 2 se obtuvieron y
caracterizaron doce nuevos biocompuestos, evidenciando la presencia de las
biomoléculas activas en los materiales obtenidos para cada producto de
encapsulacion. La carga de carvacrol fue particularmente efectiva en todos
los casos, siendo exitosamente difundida a través de las estructuras porosas
debido a su tamafio relativamente pequefio, mostrando resultados
excepcionalmente atractivos en combinacion con MIL-100(Fe) por
coordinacion con los centros de Fe!ll. La interaccidn citral con el MOF UiO-66-
NH2 mostr6 interesantes resultados, apuntando en la direccion de la
funcionalizacién del ligando BDC-NH2. La encapsulacion de benzaldehido
resulté notablemente efectiva en ZIF-8, con valores de carga mucho mas
altos que el resto de los MOF propuestos.

Teniendo en cuenta todos los resultados analizados, MIL-100(Fe) y ZIF-8
se presentan como los agentes portadores mas prometedores por su gran
capacidad de carga, la asequibilidad y disponibilidad de sus precursores y su
protocolo sintético mas ecoldgico. En particular, se propone el estudio mas a
fondo de la capacidad de MIL-100(Fe) para interactuar coordinadamente
con las biomoléculas huésped. Si bien UiO-66 y UiO-66-NH2 mostraron
resultados prometedores en combinacién con carvacrol y citral, los
resultados obtenidos no son tan notables como para justificar los materiales
de partida mas costosos para su sintesis, o el uso de N,N-dimetilformamida
(DMF) y el protocolo de lavado posterior para eliminarla por completo para
que sean materiales aptos para aplicaciones industriales.

Después de seleccionar los materiales que presentan las mejores
caracteristicas como agentes encapsulantes, en el Capitulo 3 se estudia la
implementacion de un compuesto “biomolécula@MOF” en peliculas bio-
poliméricas y su actividad antibacteriana, estudiando profundamente las

interacciones quimicas entre la molécula acogida y el agente encapsulante.
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Gracias a la metodologia de impregnacion directa implementada en el
Capitulo 2, se prepara en este capitulo un compuesto biocompatible
carvacrol@MIL-100(Fe) que contiene cargas utiles considerables del agente
activo. El andlisis de las técnicas de caracterizacién cotidianas explicadas
anteriormente apunta en la direccién de una interaccion entre las moléculas
de carvacrol y lared de MIL-100(Fe), que se estudia mas profundamente por
medio de técnicas como por ejemplo la espectroscopia de Mossbauer.
Gracias a esta técnica es posible elucidar que, mediante una activaciéon
térmica, se produce la formacion reversible de un trimero de valencia mixta
en el material hibrido con retencién de las moléculas de carvacrol
coordinadas a los centros de Felll. En experimentos de EPR se observa la
aparicion de una sefial radical caracteristica tras la activacion del compuesto,
lo que sugiere un mecanismo mediado por radicales para esta coordinacion
de carvacrol a los centros de Fel!ll, Esta afirmacion se ve respaldada también
por calculos tedricos que, ademas, confirman que la sustitucién de una de las
moléculas de agua coordinadas a los cationes Fell por una molécula de
carvacrol estd favorecida energéticamente y que el proceso de activacion
térmica provoca la desprotonacion de dicha molécula. Mediante un proceso
de transferencia de carga, esta desprotonacion y formaciéon de una especia
radicalaria provoca a su vez la reducciéon de uno de los centros Felll a Fell,
generandose asi el trimero de valencia mixta.

Ademas de proporcionar estabilidad quimica a la molécula activa, lared de
MIL-100(Fe) habilita una liberaciéon sostenida notable y retenida sin
precedentes del agente antimicrobiano cuando se procesa en biopeliculas
poliméricas, debido a su capacidad de respuesta redox unica que promueve
interacciones efectivas con el agente activo, produciéndose una liberacion de
carvacrol en dos fases que no se da cuando el agente antimicrobiano se

embebe directamente en el biofilm. Este comportamiento Uinico se puede
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explicar atribuyendo cada maximo de liberacion en el perfil a diferentes
interacciones entre las moléculas de carvacrol y el MIL-100(Fe). La primera
liberacién que ocurre durante las primeras 20 h de estudio se atribuye a la
liberacién de moléculas de carvacrol que interactdan débilmente con el MIL-
100(Fe), mientras que se requieren hasta dos dias de condiciones de alta
humedad relativa para desencadenar la liberacion de las moléculas
quimisorbidas a los centros metalicos de hierro disponibles en los poros de
la red. En los estudios de microbiologia llevados a cabo con dichos films, la
dosis de carvacrol liberada fue suficiente para combatir los patdgenos
bacterianos, con una actividad mejorada contra E. Coli y L. innocua en
comparacion con una dosis de carvacrol "libre" equivalente.

En conclusion, la combinacion de una preparacion directa, el
procesamiento facil y el rendimiento de entrega mediada por andamios que
permite una actividad bactericida de carvacrol prolongada, hacen que el
compuesto carvacrol@MIL-100(Fe) obtenido sea un candidato prometedor

para aplicaciones de envasado de alimentos.

El Capitulo 4 se refiere a la obtencion de una serie de compuestos
“biomolécula@MOF” con propiedades fungicidas potenciadas.

La contaminacion por hongos en los alimentos conduce a un gran deterioro
y a una serie de problemas de seguridad alimentaria. Los efectos de estos
microorganismos estan relacionados con el crecimiento celular, lo que puede
producir metabolitos secundarios téxicos (micotoxinas), que ademas de los
efectos toxicos, frecuentemente tienen efectos degenerativos, toxicogénicos
o cancerigenos. Los hongos también pueden producir coloracién o puntos
negros, no aceptados por la mayoria de los consumidores. El potencial
antifungico de los aceites esenciales ha sido ampliamente reportado en la

literatura: los estudios demuestran que, en contacto con aceites esenciales,
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las células fungicas sufren dafios severos en la pared celular, la membrana y
los organulos celulares. En otros casos, la alta concentracion fungistatica de
EO puede provocar la autolisis completa de la célula. Cuatro moléculas
activas con propiedades fungicidas se emplean en este -capitulo:
benzaldehido, salicilaldehido, (componente principal del aceite esencial de
Filipendula vulgaris, una especie de la familia de las rosaceas nativa de
Europa), antranilato de metilo (se puede encontrar naturalmente la uva, y es
el componente responsable de su aroma y su sabor) y guayacol (presente en
aceites esenciales de semillas de apio, hojas de tabaco, hojas de naranja y
cascaras de limon, que se emplea también como precursor de muchos
agentes aromatizantes, como la vainillina). Todos ellos son aditivos
alimentarios permitidos para la adicion directa a alimentos para consumo
humano por la FDA.

Tras establecer la tanto viabilidad de ZIF-8 como portador de aceite
esencial en el Capitulo 2 de esta tesis, como la efectividad de 1a metodologia
de encapsulacion desarrollada, se propone en este Capitulo la obtencion de
cuatro biocompuestos basados en ZIF-8 que contienen benzaldehido (Bz),
salicilaldehido (SA), antranilato de metilo (MA) o guayacol (Gua), adaptando
el método de infiltracién directa previamente expuesto.

En primer lugar, se evalua la cinética de encapsulacion. Se seleccionan
benzaldehido y antranilato de metilo como moléculas modelo y se analiza su
concentracion en el sobrenadante de encapsulacion desde el primer minuto
hasta siete dias. El resultado apunta en la direccién de un proceso de
encapsulacion sorprendentemente rapido, donde la infiltracion de la
biomolécula ocurre casi inmediatamente con cargas efectivas de
aproximadamente un 20-30 %. Los resultados de la caracterizacion
fisicoquimica de estos materiales sugieren que el proceso de encapsulacion

afecta a la estructura de la red de ZIF-8, encontrandose nuevos picos de
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difraccion en los difractogramas de los materiales encapsulados. No se puede
descartar una modificacién menor de la red tras el proceso de infiltracion, ya
que se puede lograr la sustitucién del ligando imidazol en el ZIF-8 con
relativa facilidad. Esta afirmacion se confirma también tras analizar los
perfiles de adsorcidon de N2 a 77 K de los materiales hibridos: el ZIF-8 muestra
flexibilidad durante la adsorcién de gas gracias a la rotacion de los ligandos
imidazol, generando un efecto de “apertura de puerta”. Sin embargo, para
todos los materiales compuestos, el comportamiento de apertura de puerta
caracteristico de los microporos del ZIF-8 se pierde por completo con la
infiltracién de biomoléculas, lo que implica que la reorientacién de los
ligandos durante la adsorcidn de gas no es posible. Este resultado implicaria
también la posible sustitucion de ligandos en los materiales compuestos.

De los cuatro compuestos obtenidos, BZ@ZIF-8 y MA@ZIF-8 se emplean en
ensayos de actividad antifungica por presentar la mayor carga de molécula
activa. La dosis liberada de benzaldehido y antranilato de metilo fue
suficiente para oponerse al crecimiento flingico, con una actividad mejorada
contra Penicilium expansum en después de la integracién en peliculas
biopoliméricas, reflejando un efecto fungistatico y fungicida mas eficaz que
la molécula libre en ambos casos.

Como conclusion, los compuestos “biomolécula@ZIF-8” preparados en
este Capitulo son opciones potenciales para aplicaciones de envasado de
alimentos debido a su preparacién directa y procesamiento simple, y una
actuacion mediada por la red metalorganica que permite una accion

antifingica mejorada.
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Finalmente, en el Capitulo 5, 1a encapsulacion de macrobiomoléculas se
enfoca mediante la sintesis de dos MOF mesoporosos jerarquicos de metales
mixtos siguiendo una ruta de quimica verde.

Como se discute a lo largo de esta Tesis, la encapsulaciéon de moléculas
activas en MOFs tras un procedimiento de impregnacién es una metodologia
términos de carga efectiva, preservaciéon y liberacién controlada. Este
método de infiltracién directa presenta la ventaja de utilizar los MOFs
preformados, sin modificar el procedimiento sintético y evitando la
funcionalizacion post-sintética. Sin embargo, este método de infiltracion esta
limitado por las dimensiones de la molécula seleccionada, que debe ajustarse
al tamafio de poro de la estructura y no exceder la ventana del poro. Por lo
tanto, la seleccion de una estructura mesoporosa, que presente una
porosidad prominente y grandes ventanas de poros accesibles, puede ser
una estrategia viable para superar esta limitacion de tamafio. Entre los pocos
MOF jerarquicos mesoporosos reportados hasta la fecha, nuestro grupo ha
reportado un MOF basado en tetratiafulvaleno (TTF) llamado MUV-2. Este
MOF se propone como un candidato prometedor para la encapsulacién de
moléculas bioactivas debido a su alta porosidad y su comportamiento
flexible, revelando una variacion de aproximadamente un 40 % en el tamafio
de poro al exponerse a diferentes disolventes. Este interesante
comportamiento hace que el MUV-2 sea una seleccion viable para superar las
limitaciones de la metodologia de infiltracién en cuanto al tamano de
biomolécula, ampliando el espectro de posibles moléculas activas para
acomodar en su estructura porosa en comparacion con los MOFs discutidos
anteriormente.

Una posibilidad de ampliar aiin mas la gama de aplicaciones de MUV-2 y
expandir su quimica se basa en la modificacién de la red. Esencialmente, al

reemplazar uno de los centros de hierro en la estructura con un metal
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divalente, se obtiene un MOF de metal mixto (MM-MOF) con propiedades
ajustables que retiene la estructura mesoporosa. En comparacién con los
MOFs homometalicos, los MM-MOF pueden aprovechar la complejidad y la
sinergia derivadas de la presencia de varios iones metalicos en la estructura
del MOF, y pueden exhibir una mayor estabilidad y un rendimiento mejorado
en varias aplicaciones, particularmente en almacenamiento y separacion de
gases, catdlisis, sensado y construcciéon de materiales fotoactivos.

En este Capitulo 5 se persiguen dos objetivos principales. Por un lado, se
apunta a la obtencién de analogos mixtos de MUV-2 (MM-MUV-2). Por otro
lado, también se explorara la elusiva sintesis por via de quimica verde de
MUV-2(Fe) y sus derivados, sustituyendo el DMF de la sintesis reportada por
el menos dafiino isopropanol. A continuacion, se evaluara la idoneidad de los
materiales verdes como portadores de biomoléculas de mayor tamafio
mediante encapsulacion de lisozima siguiendo una metodologia de
impregnacion directa.

Se sintetizan asi dos nuevos derivados MOF de metales mixtos de MUV-2
con féormula empirica (TTFTB)s3[(Fe2M!0)(H20)2]2 (M = Co, Ni). Estos
derivados se caracterizan exhaustivamente mediante diferentes técnicas
como IR, TGA, PXRD, ICP-MS, SEM, EDX medidas magnéticas y de adsorcién
de gases. Los materiales sintetizados son isoestructurales con el MUV-2(Fe)
cristalino (tal y como lo confirman sus patrones de difraccién) y presentan
un comportamiento flexible analogo tras su exposicion a disolventes.

El desarrollo de un enfoque de sintesis verde reemplaza el nocivo
disolvente DMF previamente empleado con el objetivo de avanzar hacia
metodologias respetuosas con el medio ambiente y procesos escalables. Se
realizan esfuerzos significativos para reproducir la sintesis de MUV-2(Fe) a
través de quimica verde, es decir, empleando disolventes menos nocivos

como los alcoholes, sin obtener los resultados esperados. Sin embargo, la
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sintesis verde de los derivados de MM-MUV-2 se logra siguiendo las
condiciones de sintesis estandar, pero sustituyendo el disolvente DMF por
isopropanol. Con este protocolo de sintesis, la aplicacion de estos materiales
en la encapsulaciéon de biomacromoléculas se puede realizar de forma
directa, evitando pasos de lavado adicionales. Consecuentemente,
aprovechando la naturaleza mesoporosa jerarquica de la red, se evalta el
desempefio de estos materiales mixtos verdes como agentes encapsulantes
de moléculas bioactivas mas grandes mediante la encapsulacion de lisozima.
La lisozima es una enzima obtenida de la clara de huevo de gallina con
actividades bacterioliticas y bactericidas que pueden integrarse en peliculas
antimicrobianas para la conservacién de alimentos.

Siguiendo la cinética de encapsulacion, el mayor contenido de lisozima se
logra a las 24 horas de encapsulado, alcanzando altos valores de carga
estimados (aproximadamente 50 %), y presentando una disminucion a las
72 horas. Esto puede sugerir que la encapsulacién tiene lugar mediante un
intercambio entre el exceso de ligando en los poros de la estructura de los
MM-MUV-2 (consecuencia de la poca solubilidad del TTFTB en alcoholes,
quedando atrapado en los poros durante el proceso de sintesis) y las
moléculas de lisozima, y que una vez se alcanza el equilibrio, la enzima puede
liberarse en el medio de encapsulacion. Se evalia también el efecto de la
concentracion inicial de lisozima, y como era de esperar, el empleo de una
concentracion inicial de lisozima de 50 mg-mL-1 genera valores de carga mas
altos que la concentraciéon de partida de 10 mg-mL-1, respaldando las
condiciones de sobresaturacion de biomoléculas en el medio de
encapsulacion explotadas en la metodologia de encapsulacion disefiada a lo

largo de esta Tesis.
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Los resultados preliminares muestran compuestos con altas cargas
estimadas de lisozima (hasta un 40 %) siguiendo la metodologia de
infiltracién desarrollada y un tiempo de impregnacion de 24 horas, sin que
ello afecte a la integridad estructural de las redes. Esencialmente, las redes
de MM-MUV-2 pueden acomodar comodamente una cantidad competitiva de
moléculas de lisozima cargadas sin ninguna distorsién en los canales
mesoporosos, lo que confirma la idoneidad de estos materiales como
portadores de biomoléculas mas grandes empleando una metodologia de
impregnacion facil y directa.

Como trabajo futuro, se debe evaluar la cinética de liberacion de lisozima

y la actividad antimicrobiana de los compuestos obtenidos.
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1.1. Metal-Organic Framework materials

Coordination polymers (CPs) are coordination compounds with repeating
coordination entities that extend in one, two, or three dimensions. These CP
compounds comprise metal centres connected by organic ligands,
generating extended networks. Among all the structures comprised by this
definition, a Metal-Organic Framework (MOF) is a coordination network
with organic ligands containing potential or permanent voids (Figure 1.1.1).
This definition takes into account the fact that many systems are dynamic,
and changes in structure may occur depending on temperature, pressure, or
other external stimuli, thus modifying the potential porosity of the

framework due to solvent and/or guest-filled voids.!

Figure 1.1.1. Schematic representation of the self-assembly between metal ions
or metallic clusters (golden spheres) and organic linkers (blue shapes) to
constitute a Metal-Organic Framework material.

The work published by Hoskins and Robson in 1989 can be considered the
origin of the field of MOFs. They envisioned that a new and potentially
extensive class of solid polymeric materials could be afforded by linking
together metallic centres with organic ligands, thus generating a regular
array of cavities interconnected by windows, and reported the combination
of a 4-connected organic linker with Cu! centres, resulting in a three-
dimensional framework.2 The term MOF was later coined by Yaghi and co-
workers with the publication of a porous hybrid network denoted Cu(4,4'-

bpy)15:NO3(H20)1.25 in 1995.3 Since then, this research field, situated at the
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interface between molecular coordination chemistry and materials science,
has grown at an almost unprecedented rate since the 1990s,* with currently

over 90000 MOFs reported and over 500000 structures predicted.>

The wide variety of combinations between organic linkers and metals
brands MOFs as materials with a very rich chemistry based on reticular
synthesis, a conceptual approach that requires the use of secondary building
units (SBU) to direct the assembly of ordered frameworks yielding materials
designed to have predetermined structures, compositions, and properties.
The term “secondary building unit” refers to the geometry of the units
defined by the points of extension (such as the carboxylate C atoms in most
carboxylate MOFs).6 First row transition metals are often the more common
choice for MOF synthesis, but examples of cations from every group of the
periodic table can be found in MOF research.” Regarding the organic linkers,
almost any organic moiety of choice could be selected. Carboxylate, N-
heterocyclic, phosphonate, hydroxy- and amino- linkers are typically
employed in MOF production.

Historically, when coordination chemists focused on the assembly of
organic and inorganic building blocks to produce porous structures in the
early 1990s, mild reaction conditions were utilized due to the expectation of
weak contacts between the building blocks. However, chemists with
experience in zeolite-related materials began to consider the use of organic
molecules not only as structure-directing agents, but also as reactants that
could be incorporated into the framework structure.® The use of high
reaction temperatures, long reaction periods, and solvents with high boiling
temperatures is the consequence of this later approach. These distinct
scientific foundations explain the various synthetic approaches used in MOF
synthesis today.? Nowadays, MOFs can be obtained using many synthetic

procedures that range from more “classical” approaches such as slow
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diffusion, solvent evaporation hydro- or solvothermal, electrochemical, or
mechanochemical synthetic methods, as well as more innovative synthetic
approaches like spray drying and flow chemistry synthesis, even permitting
larger scale production.1011 A temporal representation of the emergence of

these methodologies in the field is depicted in Figure 1.1.2.

SOLVOTHERMAL MICROWAVE IONOTHERMAL
J ELECTROCHEMISTRY J SONOCHEM|CAL} SPRAY DRYER FLOW CHEMISTRY
I DA W RS WD
1995 1998 2001 2004 T 2007 2010 ‘[ 2013 2016
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ATOMIC LAYER DEPOSITION

Figure 1.1.2. Timeline of the most common synthetic approaches patented for
the synthesis of MOFs. Reproduced from reference 10.

Regarding the physicochemical characterization of these materials, the most
significant means for MOF characterisation include general chemical
characterization techniques such as i) single crystal X-ray diffraction (XRD),
which provides absolute structural information about the MOF; ii) powder
X-ray diffraction (PXRD) to establish crystallinity and phase purity of the
bulk product; iii) elemental analysis to ensure phase purity of the material;
iv) thermogravimetric analysis (TGA) for the determination of the thermal
stability and the purity of the MOF, evidencing the presence of defects in the
structure; v) infrared spectroscopy (IR) to determine the presence or
absence of IR active functional group in the frameworks; and vi)
transmission (TEM) and scanning (SEM) electron microscopies, which
provide information about particle size and morphology. This latter
technique can be coupled with energy dispersive X-ray spectroscopy (EDX)
and give information about the composition of the material. In addition,

specific sorption analysis with gases is carried out, including typically N2
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sorption isotherms at 77 K. This surface area measurement provides
information about the capability of a porous material for gas uptake, whereas

pore size distribution can also be analysed.

Due to their “building block”-based synthesis, MOFs are characterized by a
large chemical versatility that permits fine control with respect to the nature
of the pores, both in terms of shape and size. These modular chemical
properties have facilitated their application in many different fields such as
catalysis,1? storage of energy,3 gas separationl4 and biologically related
fields, such as drug delivery!> and biomolecule encapsulation.1¢

In addition, a controlled miniaturization of MOFs results of great interest
for the integration of these materials in applications like sensing or drug
delivery. The field of biomedicine particularly benefits from MOF
nanostructuration, since particle size is a limiting factor for some
administration routes where very precise sizes are required.l” Thus,
combining the intrinsic properties of porous materials with the benefits of
nanostructures, MOF nanoparticles (NPs), or nanoMOFs, are expected to
improve in some cases the performances of classical bulk crystalline MOFs.
When considering the use of nanoMOFs as carriers, their vast surface area
may allow for effective surface modification, which would improve the
chemical and colloidal stability and facilitate material processing while

promoting an enhanced bioactivity.18

1.1.1. Metal-Organic Frameworks as carrier agents

A crucial effort is devoted in the field of medicine to the development of
methods to control drug release in order to achieve a prolonged and better
control of drug administration. Two currents have been traditionally

explored: the “organic route”, employing biocompatible macromolecules or
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polymers,1920 and the “inorganic route”, in which the hosts are inorganic
porous solids, such as zeolites2! or mesoporous silicate materials.22

In the first scenario, a wide array of pharmaceuticals can be encapsulated,
but regulated drug release is difficult to achieve due to the lack of a well-
defined porosity. In the second example, this release is accomplished by
grafting organic molecules onto the pore walls, but it results in drug-loading
capacity reduction. With the publication in 2006 by Serre, Férey and co-
workers on the encapsulation of the model drug ibuprofen into MIL-100 and
MIL-101 frameworks,!5 extending later the work to other active molecules
and frameworks,23-25 the use of MOFs as drug-delivery systems was
presented as a third “hybrid route”, combining high and regular porosity
with the presence of organic groups within the framework. With these
conditions, a high drug loading and a controlled release was achieved, thus
improving the performance of classical carrier agents and offering the
possibility to tune the uptake and delivery of guest molecules by the
appropriate selection of the MOF scaffold. Figure 1.1.3 summarises the

advantages of using MOFs as carrier agents in comparison with classical

carriers.
Mesoporous materials .
p . Liposomes nanoMOFs
(Si0,)
Specific ~1000 m? /g ~100 m? /g Up to 7000 m?/g
surface area
Adsorp.tlon Upto0,2 g/g 0,1g/g >14g/g
capacity
Chemical versatility
Size tunability Flexibility High stability
Surface functionalization Biodegradability Guest molecule interaction

Controlled delivery

Figure 1.1.3. Comparison of some physico-chemical properties of nanoMOFs
versus classical carrier agents.
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The tunable porosity and versatile composition of nanoMOFs appoints
them as particularly attractive candidates to allocate a wide amount of
various guest molecules. Furthermore, the active molecules (drugs,
cosmetics, biologically active gases, proteins, or nucleic acids) can be
entrapped within the MOF cavities by encapsulation or mineralization, or
even be incorporated as a constitutive part of the MOF’s structure to be
released upon framework degradation.2¢

The immersion method is the most commonly used protocol for
biomolecule encapsulation in MOFs. The general experimental procedure
consists in dissolving or suspending the biomolecule in a suitable solvent
first to form a mixture with an appropriate active ingredient concentration.
Then, the biomolecule solution is added to the MOF particles, and the mixture
is stirred for a period of time and heated if needed. After collecting the
encapsulation product (usually by centrifugation) and drying, the bioactive-
loaded MOF can be obtained. A very important prerequisite for the guest
molecule to be infiltrated is that its size and shape need to fit the MOF pores,
and then it can be fixed in the confined space of the host framework through
T-T interaction, hydrogen bonding, coulombic forces, van der Waals forces,
coordination bonds, etc.

These MOF-based composites present high performance in biomedical
applications, such as cargo delivery systems for cancer therapy, bioimaging,

biosensing, and biocatalysis.2”

The cosmetic field is another interesting area that benefits enormously
from biomolecule encapsulation. The application of many cosmetic
molecules is hindered by their instability, poor solubility, or low
bioavailability. MOF encapsulation is presented as a plausible solution for the
application of cosmetic molecules with industrial interest. This is the case of

active molecules such as the liporeductor caffeine, where MOF encapsulation
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overcame its high tendency to crystallize, improving drug loadings as well as
controlling the molecule release.?324 The benefits of MOF encapsulation are
not limited to skin care products in the cosmetic field, but this methodology
can also be applied to encapsulate and release fragrances in a controlled

manner.28

1.1.2. Metal-Organic Frameworks in the Food Industry

The benefits of the encapsulation methodologies can also be translated to
the food industry, receiving extensive research attention since the
developing of reliable and accurate techniques to ensure food quality and
safety it is always beneficial to the industry. More than 90000 research
articles can be found in the literature regarding MOFs for food industry
purposes in the last two decades, reflecting how the research community has

taken interest in this potential application (Figure 1.1.4).2°
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Figure 1.1.4. Number of publications per year of MOFs related with food
industry. Data extracted from Web of Science on 21/04/2023.

Controlled MOF-based release systems originated from the drug industry

have emerged as an innovative technique to ensure the shelf-life of food
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products. Indeed, MOFs have been lately postulated as promising cargo
delivering nanocarriers in the research fields of agricultural3? and food
chemistry owing to their excellent porosity, high loading capacity, controlled
release ability, and ease of surface modification.3! In some cases, MOF
biocompatibility, processability, and large-scale production have fulfilled
industrial requirements and their potential biorelated uses have been
investigated.32

The principal interest of employing MOFs in the food industry relies on the
ability of metal-organic frameworks to encapsulate either active molecules
or hazardous substances. In the following, examples of MOF uses for food

safety applications will be discussed for a better understanding of the field.

Many studies can be found in the literature regarding the use of MOFs in
the removal of contaminants from production sources,?3 food packaging,34
food preservation,353¢ the detection and monitoring of contaminants in food
products.3” For example, these porous materials can be employed in
fluorescence sensors for the detection of risky small molecules, ions, and
food-borne pathogens in food, yielding facile and sensitive analysis methods
for in situ and real-time sensing.3?

Owing to their high surface areas, MOFs can also be used as adsorbents for
the development of sample preparation techniques for food matrices prior
to their analysis using chromatographic and spectrometric techniques with
excellent performance in the analysis of complex food samples, such as
beverages, fruits and vegetables, or meat.38

Environmental pollution has also become one of the major problems
affecting food safety and thus affects human health. Once these hazardous
substances are introduced into the environment, they can enter the food
chain at multiple points and accumulate in organisms. Many MOF-based

materials have been successfully applied for the removal of unsafe
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components in water and soil, such as herbicides, antibiotics, heavy metal
toxic ions, persistent organic pollutants (POPs), and dyes.40.41

Though there have been few reports of MOFs materials in food packaging,
MOFs have great potential to be developed into advanced and
environmentally friendly materials for food packaging as oxygen or ethylene

scavengers, and moisture absorbers.*2

MOFs research related to antibacterial applications can also be employed
in food preservation, including slow-release antibiotic delivery, antibacterial
coating with high-polymer materials, and high-efficiency antibacterial
materials combined with nanoparticles.3! Many antibacterial active
molecules can be encapsulated into the porous frameworks but, in particular,
naturally occurring bioactive compounds (BAC) result of great interest for
the food industry. These type of active molecules (e.g., antioxidants, vitamins,
polyphenols) are effectively used as food flavouring agents and/or

preservatives to inhibit microbial growth.
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1.2. Essential oils for food safety

Natural active components such as essential oils (EOs) are largely
preferred as compared to artificial additives when considering applications
in the food industry as preservatives, innovative packaging and the fight
against pathogens that cause food poisoning.#3 EOs are concentrated liquids
extracted from aromatic plant materials. As natural products, a low
environmental impact is added to their interesting physicochemical
characteristics and biological activity.

Due to their complex chemical composition, EOs have a broad biological
and antimicrobial activity spectrum (antibacterial, antifungal, antimould,
antiviral, pest control, insect repellents).#4#4> Numerous studies have
highlighted EOs antimicrobial effects even against multi-resistant bacteria.
The phenolic components are predominantly responsible for the
antibacterial properties of EOs, and have also attracted attention due to their
antioxidant and antitumour activity.#¢ Table 1.2.1 summarizes a selection
EOs which have been shown to exert antibacterial properties in vitro or in
food models, while Figure 1.2.1 showcases the structural formulas of

selected components of EOs with antibacterial and antifungal properties.



Table 1.2.1. Major components of selected EOs that exhibit antibacterial

properties. Data extracted from reference 43.

EO
common
name

Cilantro

Coriander

Cinnamon

Oregano

Rosemary

Sage

Clove (bud)

Thyme

Latin name of plant
source

Coriandrum
sativum (immature
leaves)
Coriandrum
sativum (seeds)
Cinnamomum
zeylandicum

Origanum vulgare

Rosmarinus officinalis

Salvia officinalis L.

Syzygium aromaticum

Thymus vulgaris

Major
components

Linalool

E-2-decanal

Linalool

Trans-
cinnamaldehyde
Carvacrol
Thymol
y-Terpinene
p-Cymene
o-pinene
Bornyl acetate
Camphor
1,8-cineole
Camphor
a-Pinene
[-pinene
1,8-cineole
a-tujone
Eugenol
Eugenyl acetate
Thymol
Carvacrol
y-Terpinene
p-Cymene

General Introduction

Approximate
composition

26%
20%

70%

65%

Trace-80%
Trace-64%
2-52%
Trace-52%
2-25%
0-17%
2-14%
3-89%
6-15%
4-5%
2-10%
6-14%
20-42%
75-85%
8-15%
10-64%
2-11%
2-31%
10-56%
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OH
OH OMe
OH
F

Carvacrol Thymol Eugenol p-cymene Y-terpinene
OH
X _-CHO o]
‘ ) ©/\/
Linalool Menthol Cinnamaldehyde Camphor

Figure 1.2.1. Structural formulas of selected components of EOs with
antibacterial and antifungal activity.

The antimicrobial activity of essential oils cannot be attributed to one
specific mechanism, contemplating the vast sum of different chemical
compounds present in these biological products. Thus, the mode of action of
each EO compound may vary, as some act on the outer membrane of bacteria
and some act on the membrane proteins’ efflux system.#” Although the
detailed mechanisms are not yet fully elucidated, key principles have been
reported for representative EOs. The primary mechanism by which essential
oils disrupt many cellular processes, including membrane-coupled energy
production, membrane transport, toxin secretion, and other metabolic
regulatory functions, is by destabilizing the cellular architecture. This results
in the breakdown of membrane integrity and an increased permeability. Due
to their lipophilic nature, EOs are able to permeate bacterial cell wall, which
breaks the cell barrier, provoking the release of their essential intracellular
components, and stopping the targeted pathogens’ cellular metabolism and

enzyme kinetics (Figure 1.2.2). When the integrity of the membrane is
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disrupted, it loses its ability to serve as a barrier, an enzyme matrix, and an

energy converter.48

Essential oils

Cell membrane

¢

oooon‘ooooc

Figure 1.2.2. Membrane disruption in a bacterial cell leading to the leakage of
cellular components and loss of ions caused by essential oils.

The food industry presents a growing demand for EOs because of their
important applications as food preservatives, innovation in food packaging
and the fight against pathogens generating dangerous food poisoning
(Listeria monocytogenes, Salmonella typhimurium, Clostridium perfringens,
Pseudomonas putida and staphylococcus aureus). Numerous studies have
demonstrated the efficiency of EOs in low doses in the fight against bacterial
pathogens encountered in food industry and meat products.*?

Despite exhibiting these bioactive properties, a desired large-scale use of
these compounds is hampered by their volatile and insoluble nature, their
susceptibility to various environmental and processing conditions, and their
characteristic strong aroma. These fragile compounds could be degraded
easily (by oxidation, volatilization, heating, or light exposure) if they are not
protected from intrinsic and extrinsic factors such as pH, water activity,
enzymatic degradation, temperature, relative humidity, and storage
environment.>? For these reasons, the encapsulation of volatile preservatives

into carrier materials has been widely investigated in the food industry and



biomedical field as a plausible solution to optimize their activity.51.52 Typical
encapsulation examples using nano- and micro-emulsions,>3 lipid
nanoparticles>* or liposomes,>> have shown to substantially increase EOs
stability, often ensuing a prolonged action (Figure 1.2.2).50 The
encapsulation process reduces reactivity with the environment (water,
oxygen, light), decreases the evaporation or the transfer rate to the outside
environment, promotes handling ability, masks taste, and enhances dilution
to achieve a uniform distribution in the final product when used in very small

amounts.56
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Figure 1.2.3. Schematic representation of the typical EO encapsulation agents
used in the food industry and in cosmetics.

With a demonstrated efficiency as smart capsules capable of i) encapsulating
active molecules with high payloads with a facile loading process, ii)
preserving the activity in the long-term, and iii) directing the release upon
stimuli, MOFs are proposed in this thesis as bioactive molecule carriers and

their potential use in food related applications is investigated.
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1.3. Nanostructured MOF candidates for biomolecule

encapsulation

As discussed in the previous sections, the use of MOFs in the food area
requires a biocompatible composition, should the consumption of the MOF
or any of its components occur. For this, it must be considered to use metals
that exhibit an acceptable toxicity such as Ca, Mg, Zn, Fe, Ti, or Zr to be
absorbed by the body. The organic counterpart should be excreted from the
body - linkers like terephthalic and trimesic acid, or methylimidazole should
be easily removed under physiological conditions due to their high
polarity.1” The cytotoxicity of most of the nanoMOFs employed in this Thesis,
among others, has been extensively studied in the literature (see Table
1.3.1), indicating low toxicity values similar to those of other currently
commercialised nanostructured materials.1857  Taking this into
consideration, and based on their physico-chemical performance, four
nanostructured MOF materials will be tested in this Thesis, mainly
MIL-100(Fe), ZIF-8, UiO-66 and UiO-66-NH2. Furthermore, the viability of
the less explored mesoporous MUV-2 material as active molecule carrier will

be explored.

Table 1.3.1. Percentages of the “‘Top 10 MOFs’ analysed in toxicity studies.
Data extracted from reference 57.

Material Percentage
MIL-100(Fe) 27 %
Ui0-66(Zr) 14 %
ZIF-8(Zn) 14 %
MIL-88B(Fe, Cr) 11%
MIL-101(Fe, Cr) 11%
MIL-88A(Fe) 8%
MOF-74(Co, Ni, Mg, Cu, Mn, Zn) 6 %
MOF-5(Zn) 2%

Ui0-67(Zr) 2%



1.3.1 MIL-100(Fe)

Among the possible MOFs to be used as encapsulating agents, the
mesoporous Felll trimesate nanoMOF MIL-100(Fe)>8 (MIL: Materials of
Institute Lavoisier) offers unique possibilities since is biocompatible and can
be produced through green synthesis®® in optimal scales.>860 This Felll
carboxylate MOF is built from trimers of iron octahedra sharing a common
vertex p3-O (Figure 1.3.1a). The trimers are then linked by the benzene-
1,3,5-tricarboxylate (BTC) moieties (Figure 1.3.1b) leading to the formation
of hybrid supertetrahedra (Figure 1.3.1c) which further assemble into a

zeolitic architecture (Figure 1.3.1d).

Figure 1.3.1. (a) [Fe3(u3-0)(CO0)¢] cluster. (b) Benzene-1,3,5-tricarboxylate
chemical structure. (c) Supertetrahedra entities assembies of iron trimers and
BTC linkers. (d) View of MIL-100(Fe) structure in the [0 O 1] direction. Iron,
carbon, and oxygen are represented in orange, grey and red, respectively.
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The structure of MIL-100(Fe) is delimited by two types of mesoporous
cages with pores of ca. 25 and 29 A, accessible through microporous
windows of ca. 5.5 and 8.6 A (Figure 1.3.2).58 The porous framework

presents a Surface Area of ~2000 m2-g-1.

Figure 1.3.2. Pentagonal (a) and hexagonal (b) windows in the MIL-100(Fe)
structure. Iron, carbon, and oxygen are represented in orange, grey and red,
respectively.

MIL-100(Fe) is one of the most studied MOF in drug delivery applications.6!
The size of the cages is the only limitation to the loading of biomolecules into the
pores of MIL-100(Fe). In principle, any molecule with dimensions lower than
those of the cages is susceptible to be loaded inside the porous framework. In
addition, the structure characteristics of MIL-100(Fe) permit to form
accessible coordinatively unsaturated iron sites (CUS) upon induced
reducibility on the framework, strongly modifying the preferred interactions
with guest molecules.®2 In the as-synthesized form, the terminal molecules on
two of the three iron octahedra are two H20 molecules, and depending on the
synthesis conditions and washing protocol, either F- or OH- anions are present
on the third iron. This opens the possibility of not only loading the selected
molecules by physisorption but also by chemisorption, through coordination

between the Fe!ll cations and the guest molecule.
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One of the main advantages of MIL-100(Fe) is the feasibility on
miniaturisation. The nano-structuration of the framework improves its
chemical and colloidal stability, thus facilitating the processing of the
material for immediate applications like its integration in films.18 Essentially,
nanoparticles of MIL-100(Fe) are obtained by microwave-assisted (MW)
solvothermal synthesis.>® MW-assisted synthesis presents important
advantages over classic methods like solvothermal, such as homogeneous
heating along the reactor, faster reaction times and lower polydispersity
together with higher synthetic yields. Fast crystal growth and small particle size
are boosted due to a fast increase of temperature and pressure, which promotes
the formation of numerous nucleation sites over crystal growing. Furthermore,
MW-assisted synthesis allows the implementation of green solvents like water,

which is especially suitable for food industry applications.®3

1.3.2. ZIF-8

The zeolitic MOF known as ZIF-8 (ZIF: Zeolitic Imidazolate Framework),
comprised by Zn!" metal centres tetrahedrally coordinated to
2-methylimidazolate ligands (Figures 1.3.3a and 1.3.3b, respectively),
possesses a similar structure as conventional aluminosilicate zeolites with a
SOD (sodalite) topology (Figure 1.3.3c).°4 The metal centre is solely
coordinated by the N atoms of four 2-methylimidazolate ligands to give an
overall neutral framework. The five-membered imidazole ring serves as the
bridging unit between the Zn!! centres and imparts angle of ca. 145°
throughout the structure via coordinating N atoms in the 1,3-positions of the
ring, providing for organically lined cages and channels rather than a silicate
oxide surface as in zeolites. A 11.6 A micropore is accessible in this
framework through 3.4 A apertures. This material exhibits permanent

porosity (Surface Area ~1600 m2-g-1), high loading capacity and pH-sensitive
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degradation, as well as optimal thermal and chemical stability. ZIF-8 can
encapsulate hydrophobic, hydrophilic and amphiphilic drugs,®>-67 and
consequently, has been employed in various applications related with drug
delivery: anticancer drugs, photothermal agents, photodynamic agents,

chemodynamic therapy, protein encapsulation and genome therapy.68
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Figure 1.3.3. (a) Zn!! metal centre (red tetrahedra) coordinated to four 2-
methylimidazole ligands. (b) 2-methylimidazole chemical structure. (c) View of
ZIF-8 structure along the a axis. Zinc, carbon, and nitrogen are represented in red,
grey, and blue, respectively.

Analogous to MIL-100(Fe), the molecule size is the only limitation for
active molecule infiltration into the porous structure. Contrary to the Felll
based MOF, ZIF-8 framework does not present any CUS, so the interaction
between the host ZIF-8 and the guest molecules would be, in principle,
limited to physisorption processes into the pores. However, the dynamic
structure of ZIF-8 structure can adapt to the presence of guest molecules
due to the rotating imidazolate linkers, giving rise to a gate-opening effect
(going from a 3.4 to a 6 A window diameter) that would allow a better

accommodation of the active molecules allocated in the pores.69.70



1.3.3. Ui0-66 and UiO-66-NH:

The following archetypal MOF employed is UiO-66 (UiO: University of Oslo),
constituted by Zr'V oxoclusters (Figure 1.3.4a) connected through 1,4-
benzenedicarboxylate (BDC) linkers (Figure 1.3.4b), allowing for 12
extension points for coordination.’! The SBU in this MOF is constituted by an
inner Zre04(OH)4 cluster in which the triangular faces of the Zrs-octahedron
are alternatively capped by ps3-O and p3-OH groups. All of the polyhedron
edges are bridged by carboxylates originating from the terephthalic acids
forming a Zre04(OH)4(CO2)12 cluster. Each zirconium atom is
eight-coordinated forming a square-antiprismatic coordination consisting of
eight oxygen atoms. One square face is formed by oxygen atoms supplied by
carboxylates while the second square face is formed by oxygen atoms coming

from the p3-0 and p3-OH groups.
(a)

Figure 1.3.4. (a) Zrs04(0OH)4(CO2)12 cluster. (b) 1,4-benzenedicarboxylate
structure (c) View of Ui0-66 structure along the a axis. Zirconium, carbon, and
oxygen are represented in pink, grey, and red, respectively.

The Ui0-66 framework is constituted by tetrahedral and octahedral cavities
of 7.5 and 12 A, respectively (Figure 1.3.5). Access to the pores is restricted

by triangular windows of 6 A.
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Figure 1.3.5. Tetrahedral (a) and octahedral (b) cavities observed in the Ui0-66
framework. Zirconium, carbon, and oxygen are represented in pink, grey, and red,
respectively.

Ui0-66 is an attractive framework for many applications due to its
combination of high thermal and chemical stability and its significant
porosity (Surface Area ~1200 m2-g-1).72 [ts stability can be attributed to the
cuboctahedral metal oxide node, since 12-coordination is characteristic of
metal atoms in closed packed metal structures. The combination of a robust
framework with the relatively low toxicity of zirconium makes this material
an interesting candidate for biomolecule carrying. Moreover, functionalizing
the pore wall of the UiO-66 framework significantly changes its properties:
the adsorption capacity and the selectivity of UiO-66 for strategic gases such
as CO2 and CH4 can be modified,”? and the impact of the functionalization of
the MOF on its drug encapsulation performance has been studied as well.23
In particular, the presence of the amino group in UiO-66-NH2, synthesized
using 2-aminobenzene-1,4-dicarboxylic acid, opens the possibility of
different interactions with the encapsulated active molecules and enables
the possibility to use the additional functionality of the framework as
anchoring groups. Therefore, related UiO-66-NH2 MOF material will be

studied in comparison with the parent UiO-66 nanoMOF.



1.3.4. MUV-2

MUV-2 (MUV: Materials of the University of Valencia) is a highly stable
tetra-thiafulvalenetetrabenzoate-based MOF with a unique non-
interpenetrated hierarchical crystal structure.

MUV-2 consists of 6-connected [Fes(u3-0)(CO0)s] SBUs (Figure 1.3.6a)
and tetra-thiafulvalenetetrabenzoate (TTFTB) ligands (Figure 1.3.6b).
Considering each TTFTB ligand as a four-connected node and each
Fe30(CO0)6 unit as a six-connected node, MUV-2 can be simplified as a
4,6-connected network with ttp topology. The crystal structure contains
large hexagonal mesoporous channels of ca. 3 nm along the c-axis, which are
formed by six TTFTB ligands and six [Fe3(u3-0)(COO)¢] clusters (Figure

1.3.6c¢) and are orthogonal to the microporous channels.’4
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Figure 1.3.6. (a) [Fe3(u3-0)(C0O0)¢] cluster. (b) Tetra-thiafulvalenetetrabenzoate
structure. (c) View of MUV-2 structure along the c axis. Iron, carbon, sulphur, and
oxygen are represented in orange, grey, yellow, and red, respectively.

Although its biocompatibility is currently being tested in our group, MUV-2
results a promising candidate for bioactive molecule encapsulation due its

high porosity (Surface Area ~1200 m?-g1) and its breathing behaviour
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(Figure 1.3.7), revealing a swelling of ca. 40 % in pore size upon solvent
exposure.’s This interesting characteristic makes MUV-2 a viable selection to
overcome the limitations of the infiltration methodology in regards of
biomolecule size, broadening the spectrum of possible active molecules to
accommodate in its porous structure in comparison with the previously

discussed MOFs.
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Figure 1.3.7. Breathing behaviour of MUV-2 upon solvent exposure, showcasing
the pore size variation between its closed (left) and open form (right).

Furthermore, the performance of MUV-2 incorporating guest molecules
has been demonstrated by the encapsulation of fullerenes (Céo) without
compromising the mesoporosity of the MOF and improving the conductivity
performance of the material due to charge transfer donor-acceptor

(TTF—Ceo) interactions.”®
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OBJECTIVES






The objectives of this Thesis are summarized in four points:

1. Systematic evaluation of the feasibility of nanoMOFs as essential oil

carrier agents following a direct impregnation methodology.

2. Incorporation of a composite biomolecule@MOF material into
biopolymeric films and evaluation of the MOF ability to stabilize and

govern the release of the bioactive molecule.

3. Obtention of a series of biomolecule@MOF biocomposites and study of

their fungicidal effect after integration into biopolymeric films.

4. Synthesis and characterization of Mixed-Metal MUV-2 analogues (MM-
MUV-2), as well as suitability determination of the materials as

macrobiomolecule carriers.






CHAPTER 2

Essential oil encapsulation into metal-organic

framework nanoparticles






Essential oil encapsulation into metal-organic framework nanoparticles

2.1. Introduction

As discussed in Chapter 1, natural occurring active components are very
appreciated in the food industry for their potential use as preservatives and
in innovative packaging. However, an optimal implementation of these
chemically unstable molecules requires their previous protection. In this
context, encapsulation has been largely proposed for active biomolecule
processing. The selection of an appropriate carrier with i) high loading
capacity, ii) chemical and thermal stability, and most importantly iii) the
ability to provide a controlled release of active components is fundamental
for an improved natural BAC encapsulation.

Among the plausible carriers available, MOF materials are presented as
candidates to achieve this improvement. Essentially, the chemical control
that the MOF chemistry provides is a potential way to design carrier
materials for programmed release of multiple natural occurring active
ingredients occurring upon certain physical (light, temperature, humidity)
or chemical stimuli (pH, chelating agents).! As a particular example in the
field of food safety, Lashkari and co-workers determined that water vapor at
high concentration can act as an effective trigger to release allyl
isothiocyanate molecules from RPM6-Zn, HKUST-1 and MOF-74(Zn).23

Furthermore, the study of the interaction between the MOF functional
groups and guest molecules is fundamental for the design of smart carriers.*
Balestri and co-workers recently studied the processes occurring inside the
MOF when different guests compete for settling in the pores by following the
exchange of dimethylformamide (DMF) with eugenol in a PUM168 single

crystal.s
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However, the use of toxic solvents like DMF and in some cases the lack of
biocompatibility studies of the MOF hinders the immediate applications of
these materials in the food industry, demanding a more profound analysis.

A thorough study of the host-guest interactions between biocompatible
and processable MOFs and encapsulated active molecules is necessary in
order to develop smart composite materials in which the carrier agent i)
preserves the physicochemical characteristics of the active molecules, ii)
promotes an increase in their action duration, and iii) provides a controlled

release, that can be of interest in active antimicrobial systems.

In particular three active molecules derived from essential oils will be
explored: carvacrol, benzaldehyde and citral (see Table 2.1.1.). These
molecules were selected taking into account their optimal performance in
food industry. All of them are Generally Recognized As Safe (GRAS) by the US
Food and Drug Administration (FDA).

Carvacrol or 2-methyl-5-(1-methylethyl)-phenol, is an aromatic
monoterpene present in the essential oil extracted mostly from oregano. It is
regularly used in products as a flavouring and/or as an antimicrobial agent,
showing a broad-spectrum of effectiveness against bacteria, yeasts and
fungi.6”

Benzaldehyde is the main constituent of bitter almond oil. This molecule
is commonly employed as an almond flavouring agent to foods and scented
products. This active molecule presents insecticidal, antimicrobial, and
antioxidant activity.8

Citral (3,7-dimethyl-2,6-octadienal), is an acyclic monoterpene aldehyde
present in the oils of several plants, including lemon myrtle, lemongrass, or
lemon tea-tree. The term citral covers two geometric isomers: the E-isomer
geranial (trans-citral, citral A), and the Z-isomer neral (cis-citral, citral B).

Citral has a strong citrus scent and is used as an aroma compound in



Essential oil encapsulation into metal-organic framework nanoparticles

perfumery and as a food additive. Citral is known to present appreciable
antimicrobial activity against Gram-positive and Gram-negative bacteria, as
well as fungi.?10

Table 2.1.1. Physical properties of the bioactive molecules employed in this

chapter.
Molecule Benzaldehyde Carvacrol Citral
Structure (j)L AN -
Molecul ight

olecular weight / 106.124 150.221 152.237

g-mol-!
Density / g:cm3 1.044 0.976 0.894
Boiling point / °C 178 237 229
Amax / M 260 273 288

We propose four nanoMOF candidates for the encapsulation of active
molecules derived from essential oils: MIL-100(Fe), ZIF-8, UiO-66 and
Ui0-66-NHz, all of them previously described as agent carriers in Chapter 1
of this manuscript. Tables 2.1.2 and 2.1.3 summarize the dimensions of the

molecules and the pore size of the plausible carrier agents.

Table 2.1.2. Summary of the different pore size and accessible apertures of
the nanoMOF candidates for active molecule encapsulation.

Accessible

nanoMOF Pore size windows Characteristics
MIL-100 (Fe) 25and 29 A 5.5and 8.6 A Hydrophilic, C.U.S.
ZIF-8 11.6 A 34 A Hydrophobic
Ui0-66 7.5and 12 A 6 A Hydrophobic
Ui0-66-NH, 6 A 6 A Hydrophilic, Ligand

functionalization
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Table 2.1.3 Largest distances in the chemical structure (as calculated by
ChemDraw V.19.0 software) of the three active molecules employed in this
chapter. First raw of the table showcases the numbered atoms for reference.

Carvacrol Citral Benzaldehyde

Molecule Carvacrol Citral Benzaldehyde

H23--H1479A  H25--H149.0 A 08--H125.94 A

Largestdistances .0 L10-cA4  01.H27 69A  08-H115.614

The main goal of this Chapter 2 is to systematically evaluate the feasibility
of MOFs as EO carrier agents. With this aim, the four archetypal MOFs are
combined with carvacrol, citral and benzaldehyde solutions to obtain a
composite material. Through systematic characterization, the chemical
interaction between the MOF and the guest biomolecules will be analysed, as
well as the different biomolecule loading of the frameworks and how the

encapsulation process affects the net porosity of the materials.
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2.2. Results and discussion

Synthesis of archetypal nanoMOFs. MOF nanoparticles were
synthesized following previously reported methods.

MIL-100(Fe) nanoparticles were synthesized by MW-assisted
hydrothermal reaction of a mixture of Felll chloride and trimesic acid
solutions.!! The use of high MW power and short reaction times favours the
nucleation process, yielding smaller size particles. This synthetic
methodology also produces a high yield in minutes-long reaction times.

ZIF-8 nanoparticles were synthesized by solvothermal reaction of Zn!
nitrate and 2-methylimidazole methanolic solutions for 1h.12

Ui0-66 and UiO-66-NH:2 nanoparticles were obtained by solvothermal
synthesis of zirconyl chloride and terephthalic or 2-aminoterephthalic acid,
respectively, in N,N-dimethylformamide.l3 To ensure the complete removal
of DMF, and obtain a suitable material for food-related applications, the
materials were washed by stirring in hot EtOH. This solvent exchange was
applied every 24h for two weeks before drying the nanostructured MOFs at

air and store them.

2.2.1. Encapsulation methodology

In a typical procedure, nanostructured MOFs were incubated for a period
of time in a specific solution of EOs (carvacrol, benzaldehyde and citral).
Ethanol was first selected as the solvent due to the optimal biomolecule
solubility in this medium. Different biomolecule/MOF molar ratios, mainly
1/1,3/1 and 5/1, were explored. Evaluation of the encapsulation efficiency
during the infiltration process was first attempted by analysing the molecule

concentration in the ethanolic medium by means of UV-Vis spectroscopy.



Chapter 2

However, due to the volatile nature of the biomolecules and their exceptional
solubility in ethanol this characterization was not reproducible.

Attempts with different solvents were then explored, obtaining best
results in H20:EtOH (4:1) mixture of solvents. It is important to remark that
by using this mixture a white emulsion is obtained due to the poor aqueous
solubility of the active molecules, which also hinders the collection of
aliquots of supernatant for UV-Vis monitoring. Consequently, encapsulation
efficiency was addressed by characterization of the solid recovered after
centrifugation. The established encapsulation parameters were the use of
EtOH:H20 as encapsulation medium, with a 5/1 molecule/MOF molar ratio
and during 5 days of infiltration. The use of a high molecule concentration in
the encapsulation medium and a long incubation time was employed as a
strategy to ensure an intense contact between the active molecules and the
carrier frameworks.

All four archetypal MOFs (MIL-100(Fe), ZIF-8, UiO-66 and UiO-66-NH:2
were combined with carvacrol, citral and benzaldehyde solutions using the
above-mentioned encapsulation parameters, obtaining in total twelve

composite materials that will be analysed.

2.2.2. Physicochemical characterization of carvacrol@MOF
composites

The following sections comprise the physicochemical characterization of
the biomolecule@MOF composites obtained. This systematic study has
served to determine the feasibility of the porous materials as carrier agents

for each BAC.



Essential oil encapsulation into metal-organic framework nanoparticles

2.2.2.1. Infrared Spectroscopy

All composite materials were firstly characterized by means of infrared
spectroscopy to discern the presence of biomolecule bands in the composite
spectrum. Tables 2.2.2.1 and 2.2.2.2 summarize the most characteristic

bands of the pristine MOFs and the encapsulated molecules.

Table 2.2.2.1. Position and assignation of the principal bands of the three

active molecules employed in this study.

Active molecule Band position / cm1 Assignation
3361 VO-H
Carvacrol 2958 and 2869 sym and antisym vc-n
1301 isopropylic &c-n
1178-811 ar yc-c and oop Oc-H
2962,2919 and 2855 VC-H
oop §(C=C-H),
Citral 1400-1100 6(C-(CH3)2) and
O(CH2).
1672 aldehyde vc=0
3064 aromatic vc-H
2816 and 2734 aldehyde-related vc-u
Benzaldehyde 1696 aldehyde vc=0
1595 and 1583 aromatic vc=c
1454 aldehyde 6c-n
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Table 2.2.2.2. Position and assignment of the principal bands of the four
archetypal MOFs employed in this study.

Band position /
MOF Assignation
cm-1
1620 and 1570 vas(COO")
1445 and 1370 vs(CO0Y)
MIL-100 (Fe)
3500-3000 H-bonding of H20 adsorbates
618 Vas(Fe30)
3135 and 2929 aromatic and aliphatic vas(C-H)
1583 V(=N
skeletal vibration of the
1460-1309

ZIF-8

Ui0-66

UiO-66-NH2

1180 and 1146
995 and 760
420
1569 and 1390
1503
879 and 811
745
650
471
3471 and 3345
1375 and 1247
1556 and 1431
1495
760
650
474

imidazolate ring
aromatic vc-N
Oc-N and Oc-n
VZn-N
symmetric and asymmetric vc=o0
vc=c in the benzene ring
aromatic yc-c and oop 8c-n
vzr-o (Zr-0)
vzr-0 (Zr-u3-0)
vzr-0 (0-Zr-0)
symmetric and asymmetric VN1
ven (aromatic amines)
symmetric and asymmetric vc=0
S(NHz)
vzr-o (Zr-0)
vzr-o (Zr-u3-0)
vzr-0 (0-Zr-0)
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MIL-100(Fe) composites. Analysis of the FTIR spectra of the impregnated
biomolecule@MIL-100(Fe) materials (Figures 2.2.2.1 to 2.2.2.3) revealed
the appearance of the most remarkable bands of each encapsulated active
molecule while retaining the typical bands corresponding to the Felll
trimesate MOF. Interestingly, it can be noticed that the vas(Fe30) vibration at
618 cml, characteristic of the Fe!ll oxo-trimeric core in MIL-100(Fe),14
appears shifted in the composite materials. This suggests an effective
interaction between the active molecules and the accessible Felll sites, as
previously described for the binding of different molecules.15.16

In the case of carvacrol@MIL-100(Fe) (Figure 2.2.2.1), this band shifts to
628 cmL. For Citral@MIL-100(Fe) spectrum (Figure 2.2.2.2), the vas(Fe30)
vibration at 618 cm1, appears shifted to 622 cm1. Interestingly, the citral
aldehyde-related band appears in low intensity, as a shoulder to the most
intense vc=0 associated to the coordinated BTC carboxylate in MIL-100(Fe).
Benzaldehyde@MIL-100(Fe) IR spectrum (Figure 2.2.2.3) presents with
more intensity the aldehyde-related vc-o band in comparison with
citral@MIL-100(Fe), whereas the vas(Fe30) vibration appears shifted to 623

cm-! in this composite spectrum.

1004
X
‘:’\ 904
)
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S 80
£
(%]
o
o
= 70

—— MIL-100(Fe)
60 - Carvacrol@MIL-100(Fe)
Carvacrol
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™
Figure 2.2.2.1. FT-IR spectra of carvacrol@MIL-100(Fe) composite (teal) as
compared with pristine MIL-100(Fe) (black) and carvacrol (red).
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Figure 2.2.2.2. FT-IR spectra of citral@MIL-100(Fe) composite (teal) as
compared with pristine MIL-100(Fe) (black) and citral (green).
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Figure 2.2.2.3. FT-IR spectra of benzaldehye@MIL-100(Fe) composite (teal) as
compared with pristine MIL-100(Fe) (black) and benzaldehyde (yellow).

ZIF-8 composites. FT-IR spectra of all the biomolecule@ZIF-8 composites
(Figures 2.2.2.4 to 2.2.2.6) present characteristic bands of each molecule as
well as maintain the typical bands of ZIF-8. In general, in the IR spectra of
ZIF-8 composites spectra all the biomolecule related bands are present with
much more intensity that in the case of MIL-100(Fe) composites. The
absence of CUS in the ZIF-8 framework, and thus lack of chemical interaction
between the MOF host and the guest molecules, prevents the shifting of any

vibration band in the composites spectra.
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Figure 2.2.2.4. FT-IR spectra of carvacrol@ZIF-8 composite (orange) as
compared with pristine ZIF-8 (black) and carvacrol (red).

100 -

T

80

70+
60 -
50 1

Transmittance / %

Ly T

Citral @ZIF-8
Citral

30 1

20 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™
Figure 2.2.2.5. FT-IR spectra of citral@ZIF-8 composite (orange) as compared
with pristine ZIF-8 (black) and citral (green).
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Figure 2.2.2.6. FT-IR spectra of benzaldehyde@ZIF-8 composite (orange) as
compared with pristine ZIF-8 (black) and benzaldehyde (yellow).
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Ui0-66 composites. In Ui0-66 IR spectrum, the three lowest frequencies
at 745, 650, and 471 cm-! are assigned to vzr-o vibrations: (Zr-0), (Zr-u3-0)
and (0-Zr-0), respectively. Carvacrol@UiO-66 spectrum (Figure 2.2.2.7)
presents very intense carvacrol-related bands vo-n and vc.n. In a similar
behaviour to carvacrol@MIL-100(Fe), vzro vibrations corresponding to
(Zr-p3-0) and (0O-Zr-0) in carvacrol@UiO-66 shift after the encapsulation,
moving from 650 and 471 cm~1 to 642 and 465 respectively. In the case of
citral@Ui0-66, only a shoulder at 1652 cm! that can be linked with the
aldehyde functional group can be observed (Figure 2.2.2.8) while vzr-o
bands are not shifted in this composite spectrum. Benzaldehyde@UiO-66
spectrum (Figure 2.2.2.9) presents few benzaldehyde related bands. The
aldehyde vc-o band appears shifted to lower wavenumber values, being
located at 1687 cm-l. Moreover, the three Zr-O associated bands appear
shifted in this composite spectrum to 741, 647 and 741 cm-1, respectively.
This shifting to lower frequencies suggests the possible interaction of

carvacrol and benzaldehyde to the Zr'V centres of the UiO-66 clusters.

Transmittance / %

—Ui0-66
60 4 Carvacrol@UiO-66

Carvacrol

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm™

Figure 2.2.2.7. FT-IR spectra of carvacrol@UiO-66 composite (pink) as
compared with pristine Ui0-66 (black) and carvacrol (red).
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Figure 2.2.2.8. FT-IR spectra of citral@UiO-66 composite (pink) as compared
with pristine UiO-66 (black) and citral (green).
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Figure 2.2.2.9. FT-IR spectra of benzaldehyde@UiO-66 composite (pink) as
compared with pristine UiO-66 (black) and benzaldehyde (yellow).

UiO-66-NH: composites. All composite materials retain the characteristic
Ui0-66-NH2 bands. In addition, carvacrol@UiO-66-NHz composite (Figure
2.2.2.10) present all the characteristic carvacrol bands. Neither
citral@UiO-66-NH2 nor benzaldehyde@UiO-66-NH2 spectra (Figures
2.2.2.11 and 2.2.2.12) present any biomolecule related bands and the Zr-O
related bands are not shifted in any of the obtained composites, pointing in

the direction of a poorly effective encapsulation.
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Figure 2.2.2.10. FT-IR spectra of carvacrol@UiO-66-NH; composite (blue) as
compared with pristine Ui0-66-NH; (black) and carvacrol (red).

100 ===
=S N
Ia—— w7 \p’
90 - w
1
X 804 \
~
Y 70
=]
o]
£ 604
§ 50 4
s
& 404 ——Ui0-66-NH,
30] —Citral@Ui0-66-NH,
Citral
20 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™

Figure 2.2.2.11. FT-IR spectra of citral@UiO-66-NH, composite (blue) as
compared with pristine Ui0-66-NH; (black) and citral (green).
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Figure 2.2.2.12. FT-IR spectra of benzaldehyde@UiO-66-NH; composite (blue)
as compared with pristine UiO-66-NH; (black) and benzaldehyde (yellow).
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2.2.2.2. Powder X-ray diffraction

Powder X-ray diffraction (PXRD) measurements of all the
biomolecule@MOF composites were performed to evaluate the crystal
integrity after molecule infiltration. With this aim, PXRD analysis were
performed before and after the encapsulation processes. In the case of the
MIL-100(Fe) framework (Figure 2.2.2.13a) the crystal structure is
maintained after biomolecule loading, as all the MIL-100(Fe) diffraction
peaks are present in the three obtained composites. The same conclusion can
be drawn in the case of ZIF-8 composites (Figure 2.2.2.13b). The diffraction
pattern of all composites retains ZIF-8 diffraction peaks, but a sharp decrease
in the (011) associated peak located at 20 = 7.3 ° can be observed, directly
related with the increase of electronic density due to infiltration of the active
molecules into the ZIF-8 pores. Furthermore, for carvacrol@ZIF-8 and
citral@ZIF-8, a new diffraction peak at 20 = 11.0 ° can be observed. As can be
seen at the bottom of the diffraction pattern, the reflection list of ZIF-8 does
not depict any systematic absence to which this diffraction peak could be
attributed, thus pointing in the direction of possible defects in the framework
as a consequence of the infiltration process, perhaps due to a ligand exchange
between the imidazolate ligands and the encapsulated molecules. UiO-66
and UiO-66-NH2 composites (Figures 2.2.2.13c and 2.2.2.13d, respectively)
reveal a powder pattern with low crystallinity, which is directly related with
the low dimensions of the of the pristine MOF NPs.

The integrity of the frameworks is not compromised after infiltration in
any case except for benzaldehyde@UiO-66, where the intensity of all the
diffraction peaks seems to be reduced in the PXRD pattern. However, the

general low crystallinity of the particles deters further elucidation.
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Figure 2.2.2.13. XRPD pattern of the twelve obtained biomolecule@MOF
composites in comparison with the corresponding pristine MOFs. The (h, k, 1)
reflection list of each pristine MOF unit cell, obtained from crystallographic data,
is depicted at the bottom of each diffractogram.
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2.2.2.3. Thermogravimetric Analysis

Once the crystallinity of the composites was addressed, thermogravimetric
analysis were carried out to investigate their thermal stability and estimate
the biomolecule content. Table 2.2.2.3 summarizes the inorganic residue
content of all the composite materials, as compared to their control empty
MOFs and related theoretical values (theo). In addition, the estimated loaded

molecule is provided. 120 °C is stablished as dry base (D.B.) temperature.

Table 2.2.2.3. Thermogravimetric analysis summary.

Solvent Ligand Inorfganic Encapsulated
% decom. r:;u];l;e molecule

(w/w) T/°C % (\;v/.w) % (w/w)
MIL-100(Fe) theo - - 35.8 -
MIL-100(Fe) exp 30.6 350 35.7 -
Carvacrol@MIL-100(Fe) 8.0 300 22.3 37.7
Citral@MIL-100(Fe) 11.7 295 21.7 39.4
Benzaldehyde@MIL- 21.14 310 31.4 12.3
100(Fe)
ZIF-8 theo - - 36.0 -
ZIF-8 exp - 400 36.1 -
Carvacrol@ZIF-8 5.5 350 27.5 23.6
Citral @ZIF-8 - 350 29.1 19.2

Benzaldehyde@ZIF-8 - 400 27.4 23.9
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Solvent Ligand Inorfganic Encapsulated
% decom. r;e;u];l;e molecule

(w/w) T/°C % (\;v/.w) % (w/w)
Ui0-66 theo - - 44.0 -
Ui0-66 exp 14.3 475 50.8 -
Carvacrol@UiO-66 13.8 336 371 27.0
Citral@UiO-66 12.2 325 40.2 20.8
Benzaldehyde@UiO-66 10.0 490 46.6 9.6
Ui0-66-NH; theo - - 42.0 -
Ui0-66-NH; exp 14.4 336 47.7 -
Carvacrol@UiO-66-NH; 6.6 320 37.0 22.4
Citral@UiO-66-NH; 11.4 330 35.3 26.0
Benzaldehyde@UiO-66- 13.1 320 45.2 5.3

NH:

MIL-100(Fe) composites. MIL-100(Fe) thermal profile follows the
expected behaviour with a 35.7 % (D.B.) inorganic residue at 700 °C after
ligand decomposition, in good agreement with the expected 35.8 %
considering MIL-100(Fe) molecular formula. On the other hand,
carvacrol@MIL-100(Fe) thermal profile (Figure 2.2.2.14a) presents two
separated mass losses in the 120-180 °C interval and at 230 °C, which
translates into a carvacrol content of 37.7 %. This separation in carvacrol
decomposition points out the release of carvacrol molecules differently
interacting with the framework (ie. physisorption vs chemisorption).
Thermal profile of citral@MIL-100 (Figure 2.2.2.14b) presents a 39.4 %

(D.B.) mass loss attributed to citral with a more gradual decomposition in
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comparison with the carvacrol combustion. Thermal profile of
benzaldehyde@MIL-100(Fe) (Figure 2.2.2.14c) presents a 12.3 % (D.B.)
mass loss that can be associated with benzaldehyde encapsulated molecules.
As a general trend, the stability of the composite materials after volatiles
release is in all three cases lower than in pristine MIL-100(Fe) likely due to

the abrupt removal of the encapsulated molecules.

(@) ] (b) | ©]
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Figure 2.2.2.14. Thermal decomposition profiles of the three obtained
biomolecule@MIL-100(Fe) composites (teal) in comparison with pristine MIL-
100(Fe) (black): (a) carvacrol@MIL-100(Fe), (b) citral@MIL-100(Fe), and (c)
benzaldehyde@MIL-100 (Fe).

ZIF-8 composites. The thermal profile of pristine ZIF-8 follows the
expected trend with a 36.1 % of inorganic content (D.B.) at 700 °C, in good
agreement with the expected 36.0 % value considering ZIF-8 molecular
formula. Carvacrol@ZIF-8 thermal profile (Figure 2.2.2.15a) presents a
23.6 % mass loss (D.B.) attributed to carvacrol loading. Ligand
decomposition occurs at 350 °C, presenting a similar thermal stability
decrease to what was observed in MIL-100(Fe) composites due to the
biomolecule removal and collapsing of the structure. In the case of
citral @ZIF-8 and benzaldehyde@ZIF-8, thermal profile (Figures 2.2.2.15b

and 2.2.2.15c), the thermal decomposition of these composites follows
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similar thermal profile as the pristine MOF, with an estimated biomolecule

loading of a 19.2 % and 23.9 %, respectively.
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Figure 2.2.2.15. Thermal decomposition profiles of the three obtained
biomolecule@ZIF-8 composites (orange) in comparison with pristine ZIF-8
(black): (a) carvacrol@ZIF-8, (b) citral@ZIF-8, and (c) benzaldehyde@ZIF-8.

Ui0-66 composites. UiO-66 thermal profile presents a continuous mass
drop up until ligand decomposition at 475 °C. The inorganic content after
ligand decomposition in the pristine NPs is 50.8 %, higher than expected
when considering UiO-66 molecular formula (theoretical inorganic residue
is 44 %). This increased inorganic content could be explained by BDC defects
in the structure due to the low dimensionality of the nanoparticles, or
possible  zirconium oxide presence. Ligand decomposition of
carvacrol@Ui0-66 composite (Figure 2.2.2.16a) occurs at a much lower
temperature and a more gradual and soft decomposition than the pristine
Ui0-66 profile. There is a 27.0 % (D.B.) mass loss attributed to encapsulated
carvacrol molecules. The lower thermal stability of the composite material
could be prompted by the removal of carvacrol molecules coordinated to Zr
centres (as suggested by the IR shift in the Zr-O bands previously discussed),
causing a premature disruption of the framework. Citral loading corresponds
to a 20.8 % (D.B.) in the case of thermal profile of citral@UiO-66 (Figure
2.2.2.16b), where the ligand decomposition takes place between 325 and
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570 °C with a gradual two-step mass drop. Benzaldehyde@UiO-66 (Figure
2.2.2.16c) exhibits a similar thermal profile to the pristine MOF. A decrease
in mass of only 9.6 % (D.B.) can be related to encapsulated benzaldehyde,
lower than expected considering the interactions with the Zr!V clusters

predicted during IR spectroscopy analysis.
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Figure 2.2.2.16. Thermal decomposition profiles of the three obtained
biomolecule@Ui0-66 composites (pink) in comparison with pristine Ui0-66
(black): (a) carvacrol@Ui0-66, (b) citral@Ui0-66, and (c) benzaldehyde@UiO-
66.

Ui0-66-NH:z composites. The obtained inorganic content in UiO-66-NHz
thermal profile corresponds to a 47.7 %, a higher value than expected
considering UiO-66-NH2 molecular formula (theoretical inorganic residue of
42 %). Analogous to UiO-66, BDC-NH: defects in the structure or oxide
presence could explain this higher inorganic content in the material.
Carvacrol@UiO-NHz and benzaldehyde@UiO-66-NH2 thermal profiles
(Figures 2.2.2.17a and 2.2.2.17c) present a similar trend as the pristine
nanoMOF, with a 22.4 % (D.B.) and 5.3 % (D.B.) estimated biomolecule
content, respectively. The almost identical thermal profile of this latter
composite to the pristine MOF, combined with the absence of
benzaldehyde-related vibration bands observed in the FT-IR spectrum

previously discussed, further points in the direction of an unsuccessful
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encapsulation. Thermal profile of citral@UiO-66-NH2 (Figure 2.2.2.17b)
presents a citral-related mass loss of 14.3 % (D.B.). Ligand decomposition
occurs in a very soft and gradual step, seeming to increase the thermal

stability of the composite in comparison with the pristine Ui0-66-NH2 NPs.
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Figure 2.2.2.17. Thermal decomposition profiles of the three obtained
biomolecule@Ui0-66-NH; composites (blue) in comparison with pristine UiO-
66-NH; (black): (a) carvacrol@UiO-66-NH,, (b) citral@Ui0-66-NH,, and (c)
benzaldehyde@UiO-66-NH,.

2.2.2.4. N2 sorption isotherms at 77 K

N2 sorption studies at 77 K were carried out to identify the resulting porous
nature of the composite materials. To compare the porosity of the materials,
the well-known Brunauer-Emmett-Teller (BET) surface area analysis is
employed.17.18 Prior analysis, all samples were thermally activated at 100 °C
under vacuum for 3h . Table 2.2.2.4 summarizes the MOF porosity decrease
after the infiltration process, comparing the Sger values of the pristine MOFs

vs the encapsulation products.
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Table 2.2.2.4. N2 sorption measurements summary.

Composite Sger pristine MOF  Sggr composite re dj::iTon /

/ m2:g-1 / m2:g1 %
Carvacrol@MIL-100(Fe) 1303 99 92
Citral@MIL-100(Fe) 1153 57 95
Benzaldehyde@MIL-100(Fe) 1153 217 81
Carvacrol@ZIF-8 1566 94 94
Citral@ZIF-8 1603 652 60
Benzaldehyde @ZIF-8 1566 282 82
Carvacrol@UiO-66 695 171 75
Citral@UiO-66 695 219 68
Benzaldehyde@UiO-66 695 287 59
Carvacrol@UiO-66-NH; 519 188 64
Citral@UiO-66-NH; 519 64 88
Benzaldehyde@UiO-66-NH> 519 292 44

MIL-100(Fe) composites. MIL-100 (Fe) exhibits a characteristic type I
behaviour isotherm. The abrupt increase of N2 uptake in the 0-0.1 relative
pressure region is concordant with the microporosity of the material. A
significant decrease (ca. 90 %) in the porous surface was evidenced after
biomolecule encapsulation in all three composites(Figure 2.2.2.18), which
is consistent with an effective biomolecule loading, although window-
blocking phenomena should be also considered to some extent (especially in
the case of benzaldehyde@MIL-100(Fe), which presents an estimated

biomolecule loading of less than half than the other two composites).
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Figure 2.2.2.18. N; sorption studies at 77 K (solid symbols for adsorption and
open ones for desorption) of the three obtained biomolecule@MIL-100(Fe)
composites (teal) in comparison with pristine MIL-100(Fe) (black): (a)
carvacrol@MIL-100(Fe), (b) citral@MIL-100(Fe), and (c) benzaldehyde@MIL-
100 (Fe).

ZIF-8 composites. Control ZIF-8 material presents a typical type I
isotherm (Figure 2.2.2.19). The porosity decrease in this set of composites
follows the expected trend considering the estimated biomolecule loading
values, with Carvacrol@ZIF-8 and benzaldehyde@ZIF-8 presenting a more
drastic reduction than citral @ZIF-8, which exhibits a decrease in BET surface

of ca. 60 %.
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Figure 2.2.2.19. N, sorption studies at 77 K (solid symbols for adsorption and
open ones for desorption) of the three obtained biomolecule@ZIF-8 composites
(orange) in comparison with pristine ZIF-8 (black): (a) carvacrol@ZIF-8, (b)
citral@ZIF-8, and (c) benzaldehyde @ZIF-8.
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Ui0-66 composites. UiO-66 presents a type IV N2 sorption isotherm. In
carvacrol@UiO-66 sorption profile (Figure 2.2.2.20a), the hysteretic
behaviour of the pristine material is increased after the molecule loading,
occurring between 0.4 to 0.9 relative pressure region, in contrast with the
0.4-0.7 range of Ui0-66. Considering the analysis of the IR spectrum of the
composite, the binding of carvacrol molecules to the zirconium clusters of
the nanoMOF could had led to the formation of mesopores in the structure
by displacing the terephthalic ligand. This effect could also be related with
the observed thermal behaviour of the composite. A substantial decrease in
the BET surface is also observed for this material. N2 sorption studies in
citral@UiO-66 (Figure 2.2.2.20b) show a smaller decrease in the BET
surface evidencing a slightly poorer interaction between citral and the
framework compared to carvacrol@UiO-66 composite. In the case of
benzaldehyde@UiO-66 (Figure 2.2.2.20c), the hysteretic behaviour of the
pristine material is completely lost after the molecule loading, which could
be related to some extent with the possible decrease in crystallinity in the
nanoMOF observed in PXRD measurements. The decrease in the BET surface
is not too far from the values obtained for the other two composites, which
considering the low quantity of encapsulated molecule estimated by means
of TGA would point in the direction of the collapsing of the structure rather

than effective benzaldehyde loading.
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Figure 2.2.2.20. N; sorption studies at 77 K (solid symbols for adsorption and
open ones for desorption) of the three obtained biomolecule@Ui0-66 composites
(pink) in comparison with pristine UiO-66 (black): (a) carvacrol@UiO-66, (b)
citral@Ui0O-66, and (c) benzaldehyde@UiO-66.

UiO-66-NH2 composites. UiO-66-NH2 thermal profile presents a type IV
sorption isotherm. Carvacrol@UiO-66 presents a ca. 64 % BET surface
reduction compared with the pristine nanoMOF (Figure 2.2.2.21a), an
expected behaviour taking into account the estimated 22 % loading.
Citral@UiO-66-NH:2 presents a substantial ca. 88 % BET surface reduction
after citral loading (Figure 2.2.2.21b). In general, the combination of citral
with this nanoMOF yielded interesting results: in view of the broad range of
temperature that the ligand decomposition comprises, surpassing by more
than 100 °C the thermal stability of the pristine MOF, the interaction between
the aldehyde group of citral and the amine of aminoterephthalic acid should
not be discarded. However, this interaction should give rise to an imine
formation, and the FT-IR spectrum of citral@UiO-66-NH2 did not evidence
the appearance of a new band in the 1690-1640 cm-! region even if v(C=N)
bands are not particularly intense, many vibration bands of citral and
Ui0-66-NH2 are overlapped, and the overall intensity of the IR spectrum of
UiO-66-NH:2 is very low. The functionalization of the BDC-NH: ligand in some

of the framework pores could also explain the drastic decrease in the porous
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capacity of the composite. Interestingly, even if the estimated benzaldehyde
loading in benzaldehyde@UiO-66-NHz is only a 5 % according to its thermal
profile, the composite presents a ca. 44 % BET surface reduction (Figure
2.2.2.21c) compared with pristine UiO-66-NHz, suggesting that the modest
amount of benzaldehyde molecules trapped in the porous network is enough

to block the window pore of the nanoMOF.
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Figure 2.2.2.21. N, sorption studies at 77 K (solid symbols for adsorption and
open ones for desorption) of the three obtained biomolecule@UiO-66-NH;
composites (blue) in comparison with pristine UiO-66-NH; (black): (a)
carvacrol@UiO-66-NHy, (b) citral@UiO-66-NH,, and (c) benzaldehyde@UiO-66-
NHz.

2.2.3. Encapsulation Summary

Considering the obtained results throughout this Chapter 2 (see Table
2.2.3.1), MIL-100(Fe) is presented as a very adequate carrier for carvacrol
and citral, presenting estimated loadings of almost 40 %, and a drastic
decrease in the sorption capacity of the nanoMOF. The shifting of the Fe-O
related bands observed in IR spectroscopy after the encapsulation suggests
the binding of the active molecules to the Fe!ll clusters in the three obtained
composites.

The absence of CUS in the ZIF-8 structure prevents a further chemical

interaction with the molecules, but the estimated loadings of around 20 %
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for the three physisorbed molecules place this nanoMOF as a suitable carrier
in all three cases. This is especially remarkable for benzaldehyde, since ZIF-8
not only presents the higher loading values, but it is also the only nanoMOF
that reaches loading values over 20 %, doubling the benzaldehyde loading
capacity of the second-best benzaldehyde carrier, MIL-100(Fe).

Comparing the performance of the two Zr-based materials, the estimated
biomolecule loading values extracted from their thermal profiles are very
similar in all cases, with best results for the combination of carvacrol@UiO-
66 and citral@Ui0-66-NHz, but their best performance does not reach the
loading values of MIL-100(Fe).

Furthermore, the presence of the amino group in UiO-66-NH2 seems to
hinder the biomolecule diffusion into the framework and prevents the direct
interaction of the molecules to the Zr!V centres, since the consequential
shifting of Zr-O related bands in the composites IR spectra only occurs for
Ui0-66. However, interesting results were also obtained regarding the study
of the chemical interactions between the active molecules and the
framework: carvacrol infiltration into UiO-66 porous structure produced
and increased hysteretic behaviour in the N2 sorption isotherms, pointing in
the direction of mesopore formation due to the coordination of carvacrol to
the Zr'V clusters observed by means of IR spectroscopy. Interestingly, the
interaction of citral with the amino functionalised linker of Ui0-66-NH2 gave
rise to an increase of thermal stability of 100 °C in the composite compared
with the pristine nanoMOF. The relatively high 26 % estimated citral loading
is also surprising, considering the absence of citral-related bands in the

composite IR spectrum.
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Table 2.2.3.1 Summary of the encapsulation results obtained by different
techniques in this chapter.

IR: TGA:
Presen.ce of Estimated N; sorption:
Composite . molecule Porosity (BET)
biomolecule .
loading /%  decrease / %
bands (w/w)
Carvacrol@MIL-100(Fe) Yes 37.7 92
Citral@MIL-100(Fe) Yes 37.4 95
Benzaldehye@MIL-100(Fe) Yes 12.3 81

Binding to Felll centres in all cases

Carvacrol@ZIF-8 Yes 23.6 94
Citral@ZIF-8 Yes 19.2 60
Benzaldehyde @ZIF-8 Yes 23.9 82

High physisorbed molecule loading in all cases

Carvacrol@UiO-66 Yes 27.0 75
Citral@UiO-66 Yes 20.8 68
Benzaldehyde@UiO-66 Yes 9.6 59

Carvacrol and benzaldehyde binding to the Zr!V centres

Carvacrol@Ui0-66-NH; Yes 22.4 64
Citral@UiO-66-NH, No 26.0 88
Benzaldehyde@UiO-66-NH: No 5.3 44

Ligand functionalization seems to hinder molecule interaction with the metallic
clusters
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2.3. Summary and conclusions

In this Chapter 2, a systematic study was performed to an array of
archetypal MOFs to evaluate their performance as natural BAC carriers for
their potential application in food industry. Furthermore, a direct
impregnation method was developed, where it was found that biomolecule
encapsulation was favoured under aqueous-alcoholic mixtures (in which
these molecules are poorly soluble), this parameter resulting key for a
successful encapsulation.

In total, twelve new biocomposites were obtained and analysed. The
presence of the biomolecules in the composites was evidenced for each
encapsulation product. Carvacrol loading was particularly effective in all
cases, being successfully diffused through the porous frameworks due to its
relatively small size, showing exceptionally attractive results in combination
with MIL-100(Fe) by coordination with the Felll centres. Citral interaction
with UiO-66-NH:2 showed interesting results, pointing in the direction of the
functionalization of the BDC-NHz: ligand. Benzaldehyde encapsulation was
remarkably effective in ZIF-8, with much higher loading values that the rest
of the nanoMOF candidates.

Considering all the analysed results, MIL-100(Fe) and ZIF-8 are presented
as the most promising carrier agents for their great loading capacity, the
affordability and availability of their precursors, and their greener synthetic
protocol. In particular, the ability of MIL-100(Fe) to coordinatively interact
with the guest biomolecules will be more thoroughly studied. Even though
UiO-66 and Ui0-66-NH2 showcased promising results in combination with
carvacrol and citral, the afforded results are not so remarkable to justify the
more expensive starting materials for their synthesis, or the use of DMF and
the subsequential washing protocol to completely remove it in order to be

suitable materials for industrial applications.
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2.4. Methods

Synthesis of nanoMOF particles

MIL-100(Fe) nanoparticles were synthesized following the procedure
described by Garcia Marquez and co-workers,!1 by a microwave-assisted
method. FeCl3-6H20 (2.43 g, 6.01 mmol) and H3BTC (0.84 g, 4.00 mmol) were
dissolved in 20 mL of miliQ water. The reaction was suddenly heated to 130
°Cin 30 sat 1600 W, then maintained at this temperature for 5 min 30 s. The
reacting mixture was placed in an ice bath to cool down and centrifuged
(10000 rpm, 25 min, room temperature), then washed 6 times with H20 and
EtOH. The as-synthesized material was the treated in a KF 0.1M solution for
2h and washed with Hz20 to remove excess of reagents. The particles were
collected by centrifugation (10000 rpm, 20 min, room temperature) and
stored humid. Yield ~ 50 % after washing protocol due to the loss of the
smaller NPs during the several washing steps.

ZIF-8 nanoparticles were synthesized adapting the protocol of Langner
and co-workers.12 A solution of Zn(NO3)2-6H20 (1.476 g, 5 mmol) in 100 mL
of methanol at 40 °C was rapidly added to a solution of 2-methylimidazole
(3.286 g, 40 mmol) in methanol (50 mL) at the same temperature. The
mixture was heated at 65 °C and stirred for 1 h at this temperature before
placing the flask in an ice bath to stop the reaction. The precipitate was
isolated by centrifugation (8000 rpm, 30 min, room temperature), washed
with methanol three times, and dried in air overnight. Yield: ~ 80 %.

Ui0-66 and UiO-66-NH: nanoparticles were synthesized adapting the
protocol of Cavka and co-workers.13 25 mmol (8.06 g) of ZrOCl2-8H20 and 25
mmol of dicarboxylic linker (terephthalic acid - H2BDC, 4.16 g; or 2-
aminoterephthalic acid - H2BDC-NHz, 4.53 g) were dispersed in 250 mL of
N,N-dimethylformamide (DMF), and heated for 6 h at 90°C in a round
bottom flask. The product was recovered by centrifugation (5000 rpm, 30

min, room temperature), washed one time with DMF and 6 more times with
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EtOH. Further washing of the materials was carried out by stirring them in
hot EtOH and exchanging the solvent every 24 h for two weeks to ensure the
removal of DMF. The nanostructured MOFs were dried at air and stored.
Yield ~ 30 % for both materials, due to the several washing steps of the

protocol.

Method for molecule encapsulation: (i) Ethanolic encapsulations
Calibration solutions were prepared to ascertain that the encapsulation
kinetics could be followed by UV-Vis spectroscopy, monitoring the

biomolecule concentration remanent in the encapsulation medium.
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Figure 2.4.1. UV-Vis calibration curves of (a)carvacrol, (b) citral, and (c)
benzaldehyde in EtOH. All samples were prepared by triplicate.
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(ii) H20:EtOH (4:1) mixture encapsulations

Composite biomolecule@MOF materials were obtained following a direct
impregnation method. A certain amount of biomolecule emulsion prepared
in a H20:EtOH (4:1) mixture was directly added to MOF nanoparticles
(weighted humid and corresponding to 200 mg of dried MOF in the case of
MIL-100(Fe), dry product for the rest of the pristine MOFs), ensuring that the
biomolecule/MOF molar ratio is 5/1. Table 2.4.1 summarizes the exact
volume values in each case. After 5 days stirring in a 360° rotating shaker,
the biomolecule@MOF material was retrieved by centrifugation (10000 rpm,

20 min, room temperature) and dried at air overnight.

Table 2.4.1. Biomolecule emulsion added volume for each encapsulation.

Added Volume / mL
nanoMOF Carvacrol Benzaldehyde Citral
MIL-100(Fe) 23.0 8.1 11.7
ZIF-8* 33.0 11.7 33.5
Ui0-66 8.6 3.2 4.6
UiO-66-NH2 9.0 3.0 4.3

* ZIF-8 encapsulations are performed by duplicate using 100 mg of dry MOF
for better processability.

Characterization of biomolecule@MOF composite materials

X-ray powder diffraction experiments were acquired in an X-ray
diffractometer (PANalytical Empyrean) with copper as a radiation source
(Cu-Ka, 1.5418 A). Infrared spectroscopy spectra were registered employing
an ALPHA II FTIR spectrometer (Bruker). Thermogravimetric analyses were
carried out with TGA 550 (TA Instruments) in high-resolution mode (Ramp:
20.0 °C/min to 680.00 °C; Res 4 Sensitivity 3). N2 adsorption isotherms were
obtained using a TRISTAR II apparatus (Micromeritics) at -196 °C. All

samples were activated at 100 °C under vacuum for 3h before measurement.
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The porosity of the materials is compared by means of the Brunauer-
Emmett-Teller (BET) surface area analysis: this method consists in the multi-
point measurement of an analyte’s specific surface area (m?2-g-1) through gas
adsorption analysis, where nitrogen gas is continuously flowed over a solid
sample Due to weak Van der Waals forces, N2 molecules adsorb to the solid
substrate and its porous features, generating an adsorbed gas monolayer.
The specific surface area of a solid in the micropore region can be calculated

using this monomolecular layer and the rate of adsorption.
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3.1. Introduction

In an effort to meet the needs of consumers, fresh food production,
processing, and marketing have undergone significant experimentation over
the past few decades. However, product spoilage waste and processing
residue waste are becoming a serious economic and environmental
problem.! Classically, plastic materials employed in food industry are
prepared by condensation polymerization process or polymerization of
hydrocarbon or hydrocarbon-like monomers from different raw materials
originating from the petrochemical industry. Consequently, they are non-
biodegradable and non-renewable products and nowadays contribute to
aggravate one of the major societal global challenges which is climate change.

As a result, efforts are being directed toward improving and optimizing
food packaging systems from both researchers and the food industry. For
instance, the use of biopolymers offers different advantages including
abundant availability in nature, reasonable mechanical properties, and
biodegradability. Examples of these biopolymers include starch, chitosan,
gelatine, and cellulose, which are widely applied in food packaging.?
Furthermore, the development of edible films, for instance, has developed
rapidly in the recent years, due to the increasing consumer interest in health,
nutrition, food safety, and environmental issues.3

A particularly interesting renewable polymeric material employed in this
Thesis is zein. This biopolymer consists of prolamins, a group of alcohol-
soluble proteins from corn, which have thermoplastic properties and very
low solubility in water. The main advantage of films derived from zein is their
desirable heat seal characteristics, suitable for packaging applications
(Figure 3.1.1).# This corn protein is Generally Recognized As Safe (GRAS) by
the FDA for the film coating of pharmaceuticals, and has been used to develop

biodegradable films and plastics.5 Finally, the design of antimicrobial zein
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films with carvacrol can be found in the literature,® as well as with other

active biomolecules such as lysozyme.”

Functionalization ‘

Easy and scalable
production from
crop waste

Amphiphilic properties
- Emulsification

Easy gelation
Easy
Formulation

GRAS Abundant and

renewable source

Biocompatible High nutritional value

‘ Trusted biomaterial

)

Figure 3.1.1. Main advantages of employing zein protein for biomedical and
food-related applications. Adapted from reference 4.

Biodegradable J

Extending shelf life of food products is another appealing policy to reduce
food waste. For this reason, the implementation of antimicrobial agents in
packaging has arisen as a creative method to maintain the quality and safety
of food. The main motivation is that their later progressive release into the
packaged product or the head-space of the package causes an inhibitory
effect against food-borne pathogens. 8

This incorporation of EOs in various types of biopolymer films, has a
promising outlook for greener food-packaging applications.?1® Two main
routes can be employed to incorporate these natural BACs into polymeric
matrixes: i) the direct incorporation of the natural ingredients into the
polymer material and ii) using encapsulation technologies.

As previously described in Chapter 2, successful direct incorporation of

EOs within active packaging is limited due to their volatile nature, low
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solubility, and their susceptibility to oxidation. For example, Neira and co-
workers reported antioxidant and antibacterial fish gelatine edible films
with improved moisture resistance and water vapor barrier after the
incorporation of carvacrol. However, the sustainable loss of carvacrol over
time dropped significantly the in vitro antibacterial and antioxidant
efficiency under storage conditions.!!

On the other hand, the use of carrier agents presents numerous advantages
compared with the direct film incorporation route: encapsulation techniques
can increase EOs stability against oxidation, light-induced reactions,
humidity, and high temperatures, or providing a controlled release of the
compound from the encapsulating agent.!2 The implementation of MOF-
based composite materials can be a promising strategy to greatly enhance
the stability of the BACs and promote a controlled delivery of the active

molecules after its film integration.

The selected molecule in this study is carvacrol, one of the most studied EO
derivatives in food industry due to its broad-spectrum antimicrobial activity
against foodborne bacteria which has been shown to be effective in the vapor
phase. This feature makes it a promising antimicrobial agent to be released
from the film into the headspace of a food package.13 Carvacrol can be either
directly integrated in polymeric films like soy proteinl# or chitosan,!> or
encapsulated in carrier agents like [-cyclodextrins,'® nanofibres,1” or

nanoemulsions.18
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For all this, after determination of MIL-100(Fe) as a feasible carvacrol

carrier in Chapter 2, the aim of this Chapter 3 is to incorporate the obtained
composite carvacrol@MIL-100(Fe) material into biopolymeric films and
evaluate the MOF ability to stabilize and govern the release of the bioactive
molecule. Furthermore, an extensive physicochemical characterization of
the hybrid material will lead to further understand the electronic
interactions between the Felll centres and the bioactive molecule. Finally, the
performance of the composite after integration into biopolymeric films will
be assessed, to establish if the MOF scaffold promotes a durable or improved

antimicrobial effect, resulting of interest for food industry uses (Figure

3.1.2).

Antimicrobial
activity

Carvacrol
encapsulation

(>95%)
Film preparation Carvacrol liberation

Figure 3.1.2. Schematic representation of the encapsulation process and the
implementation in polymeric films, showcasing the antimicrobial properties of
the liberated carvacrol molecules.
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3.2. Results and discussion

3.2.1. Optimisation of carvacrol encapsulation in MIL-100(Fe)

After the systematic study performed in Chapter 2, evaluating the EO
loading capacity of four archetypal MOFs, carvacrol@MIL-100(Fe)
composite material was selected for further study as a promising carvacrol

encapsulating agent for its integration in biopolymeric films.

Encapsulation Kinetics. Preliminary studies developed in achieved
carvacrol loading by soaking MIL-100(Fe) nanoparticles into a 10 mg-mL-1
carvacrol ethanolic solution (20 %) with a 5/1 carvacrol/MIL-100(Fe) molar
ratio. To evaluate the highest plausible carvacrol loading, infiltration kinetics
were further analysed by means of thermic desorption Gas Chromatography.
[t was observed that after 5 days of encapsulation saturation was reached
(Figure 3.2.1a) with no further loading occurring up to 10 days. Once the
encapsulation time was optimized, the effect of the carvacrol concentration
in the loading kinetics was also analysed. Different carvacrol/MIL-100(Fe)
molar ratios ranging from 1/1 to 10/1 were studied up to 5-days
encapsulations (Figure 3.2.1b). The parameters evaluated for optimal
encapsulation including time and different concentration conditions are
listed in Table 3.2.1, whereas initial carvacrol concentration details are
summarized in Table 3.2.2. Carvacrol loading and encapsulation efficiency

are defined according to the equations:

mass of carvacrol

Carvacrol loading % = -
mass of composite

mass of loaded carvacrol
Encapsulation Efficiency % = f — x 100
mass of inital carvacrol
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Table 3.2.1: Evaluated parameters in the optimization of the encapsulation

protocol.
Solvent 10 Oc(al"«‘l;a‘;ag:l;/rﬂi\[{io Encapsulation time (days)
5/1 1,3,5,7,10
1/1
H20/EtOH 2/1
(4/1) 3/1 5
5/1
10/1

Table 3.2.2. Initial carvacrol concentration in the encapsulation media for
the different molar ratios with their corresponding encapsulation efficiency.

Carvacrol/MIL-100(Fe)

) 1/1 2/1 3/1 5/1 10/1
molar ratio

[Carvacrol]o / mg-mL-1 2 4 6 10 20

Encapsulation efficiency / % 0.1 8 18 30 20

As Figure 3.2.1b showcases, even if the carvacrol content in the obtained
composites increases with the carvacrol/MIL-100(Fe) molar ratio employed
in the encapsulation process, the higher encapsulation efficiency is obtained

fora5/1 carvacrol/MIL-100(Fe) ratio.

0,5
(a) = 304 (b) 035 _
- ~ 0
20 041 & 25 030 &
=1 ~
o 9 0,25 b0
< 034 = 20 £
= 3 020 %
3 g 154 =
S 02 = F0,15
— T j
—_— 10 Q
g 2 1 g
> 7 010 &
5 01 5 5] ]
S g L0,05 ©
[£a)
0,0 0 +——a— 0,00

0

_—r T — T — T
4 6 8 10 1/1 2/1 3/1 5/1  10/1
Time / days Carvacrol/MIL-100(Fe) molar ratio
Figure 3.2.1. (a) Carvacrol content in the composite as a function of time of

incubation. (b) Encapsulation efficiency as a function of carvacrol/MIL-100(Fe)
molar ratio
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Encapsulation temperature was also evaluated by performing two 5-day
encapsulations with a molar ratio of 5/1 at room temperature and 37 °C in

parallel, with no differences observed in encapsulation efficiency.

Summarizing the obtained data upon monitoring of the carvacrol sorption
equilibrium over time in the collected composite material by gas
chromatography, a maximum carvacrol loading of 42 % was reached after 5
days of immersion and resulted in an encapsulation efficiency of 58 %. This
payload is, to the best of our knowledge, the highest carvacrol uptake onto a
MOF obtained in a liquid-phase encapsulation, surpassing the considerable
34% of carvacrol loading achieved in MIL-53(Al) by supercritical CO2
encapsulation reported by He and coworkers.1? In addition, as compared to
other classical carrier agents, the obtained carvacrol@MIL-100(Fe)
composite is in a competitive position in terms of carvacrol loading, only
being surpassed by carvacrol-loaded human serum albumin nanoparticles.
For a better comparison, these loadings and encapsulation efficiencies is

summarized in Table 3.2.3.20

Table 3.2.3: Carvacrol encapsulation efficiency of the composite in
comparison with classical carriers.

Encapsulation Carvacrol
Encapsulation agent
efficiency / %  loading / %

This work 58 42
Chitosan NPs 21 14-31 3-21
Poly(DL-lactide-co-glycolide) (PLGA) NPs 22 26 21
Hydroxypropyl-beta-cyclodextrin 83 91 )
microcapsule 23 '

Human serum albumin NPs 20 48 45
Bovine serum albumin NPs 24 68 27
Polyhydroxy butyrate NPs 25 21 13
Attapulgite (zeolite) 26 76* 23

* Extracted from experimental data in published work.
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3.2.2. Advanced characterization of carvacrol@MIL-100(Fe) material

On top of the already discussed characterisation in Chapter 2 of this Thesis,
the obtained nanostructured carvacrol@MIL-100(Fe) composite was further
characterised.

First evidence of effective carvacrol loading was noticed by a colour change
in the powder from orange to dark brown, respectively for bare MIL-100(Fe)

and the collected carvacrol@MIL-100(Fe) composite (Figure 3.2.2).

Figure 3.2.2. Colour difference between the pristine MIL-100(Fe) (left) and the
final biocomposite (right) after the encapsulation process.

Interestingly, a more drastic colour change to dark took place during a
thermal treatment used for activation of the composite prior N2 sorption
studies (Figure 3.2.3). In a more detailed observation, the material evolves
to dark grey under vacuum for one hour and appears completely black upon
heating at 100 °C for 3 hours. This black colour is retained after the gas

sorption measurement is finished.

Figure 3.2.3. Colour evolution of carvacrol@MIL-100(Fe) composite during the
N, adsorption measurements: (a) Before activation. (b) Under vacuum. (c) After
thermal treatment (100 °C, 3h) under vacuum. (d) After measurement.
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PXRD measurements were carried out to ascertain retention of crystalline
phase. As depicted in Figure 3.2.4 the diffraction pattern of
carvacrol@MIL-100(Fe) does not change before and after thermal

treatment.

Activated carvacrol@MIL-100(Fe)

Carvacrol@MIL-100(Fe)

H' [NImREan '\ [RRARTATATA HH! HHH\HHHH\HHHIHHHH'HHHII\HHHIH\HHHHHHH'HHIHHHHIH\IHHH I\HHHIHIHEI\I\IH\HHHHHHIH
5 10 15 20 25 30
20/°

Figure 3.2.4. PXRD pattern of the encapsulation product
carvacrol@MIL-100(Fe) before (teal) and after (brown) thermal treatment at
100 °C for 3 hours under vacuum. On the bottom, reflection list of the
MIL-100(Fe) unit cell obtained from crystallographic data.

Particle integrity. Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM) studies reveal a distribution of particle size
ranging between 100 and 200 nm, with a non-regular octahedral
morphology that remains unaffected by the encapsulation process (Figure

3.2.5).
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200 nm
|

Figure 3.2.5. SEM images of MIL-100(Fe) particles before (a) and after (b)
encapsulation. TEM images of the MOF before (c) and after (d) the encapsulation
process.

Infrared spectroscopy. As previously discussed in Chapter 2, the
vas(Fe3s0) vibration band related with the Fell oxo-trimeric core in
MIL-100(Fe) at 618 cm appears shifted to 628 cm in the composite
material obtained after carvacrol loading. In an attempt to investigate the
nature of this shift, the composite and the control empty material were
exposed to thermal treatment under vacuum for 2 hours. Thermal activation
(250 °C) has been previously shown to induce the generation of
coordinatively unsaturated iron sites (CUS) with mixed valence Fell/Felll
trimers in MIL-100(Fe), manifested by a shifting of the vas(Fe30) band
located at 618 cm-! to 597 cm! in IR spectroscopy studies.2”.28 In a similar
study, the high temperature activation was limited to 190 °C in order to
remain below the carvacrol boiling point. Exposing MIL-100(Fe) control to

this thermal activation leads to a reduced shifting in the vas(Fe30) from 618
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to 611 cm-1 recovering the original value upon 1 min of air exposure (Figure
3.2.6a). This band evolution reflects a reversible partial loss of coordinated
water molecules as compared to the reported material, as may be expected
for lower activation temperature and lack of sample isolation from ambient
conditions. In case of carvacrol@MIL-100(Fe) treated at 190 °C under
vacuum, a shifting in the vas(Fe30) band from 628 to 605 cm-! is observed,
and the original value is recovered after 1 min of air exposure (Figure
3.2.6b). The large shifting of the vas(Fe30) band observed in the case of the
activated composite is in good agreement with the displacement reported in
the mixed valence Fell/Felll MIL-100(Fe) spectrum (23 vs 21 cm,
respectively).

(@ (b)

100

100 +

\O

[=)
!

O

o
!

;; 1 Fell
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~

(=)
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~

o
!
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Figure 3.2.6. Infrared spectra comparison in the 1000-400 cm-! region of the
materials (a) pristine MIL-100(Fe) and (b) carvacrol@MIL-100(Fe) before
activation, after thermal treatment under vacuum (190 °C for 2 hours) and upon
air exposure for 1 minute.

In addition to the vibrational changes, the solid undergoes drastic colour
changes similar to those observed during activation that are depicted in
Figure 3.2.7. Upon thermal treatment, the original brown composite evolves
to an intense black carbon-like colour, and is this colour is recovered to some
extent upon exposure to air. It is worth mentioning that crystallinity was
preserved during this process, as denoted by maintenance of the PXRD

patterns in the material (Figure 3.2.8).
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Figure 3.2.7. Scheme of (i) encapsulation, (ii) thermal activation under vacuum
and (iii) reversible air exposure processes, with the corresponding colour change
in each step. Position of the IR asymmetric stretching bands of the iron trimeric

unit is highlighted.
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3
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Figure 3.2.8. X-ray powder diffractograms of the encapsulation product before
(teal) and after activation (green), and after 5 cycles of thermal treatment
(brown).

Mossbauer and EPR spectroscopies. In order to evaluate the effect of
carvacrol loading in the MIL-100(Fe) electronic structure, Mdssbauer
spectroscopy experiments were carried out in collaboration Jodo C.
Waerenborgh, and Bruno J. Vieira from the Center for Nuclear Sciences and

Technologies (C2TN) (Instituto Superior Técnico - Universidade de Lisboa).
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In all cases, spectra were collected at 80K. Control experiments in the as
synthesized MIL-100(Fe) and carvacrol@MIL-100(Fe) loaded materials
revealed spectra with two broad peaks fitted to distributions of quadrupole
doublets (Figure 3.2.9). Table 3.2.4 summarises the calculated isomer shift
(IS) values as well as the temperature independent quadrupole splitting

(QS), which are consistent with high-spin Felll (S =5/2) in both samples.29-32

In case of the carvacrol@MIL-100(Fe) composite, a lower QS of Fe!ll can be
detected, which suggests a different Felll environment in the composite. This
difference may arise from the replacement of one of the water molecules
coordinated to the Felll centres by one molecule of carvacrol, in agreement
with the shifting of the vas(Fe30) band observed in IR measurements.

Studies on the activated compounds were then performed, after exposing
MIL-100(Fe) and carvacrol@MIL-100(Fe) samples to thermal treatment
(190 °C) under vacuum for 6 hours and quenching the samples in liquid
nitrogen for analysis.

As expected, activated MIL-100(Fe) spectrum obtained at 80 K (Figure
3.2.9, left) showed significantly higher average QS as compared to the
pristine sample. This is consistent with a more distorted Fe!ll environment
becoming 5-coordinated due to the loss of coordinated water molecules.2”
Once the sample was brought back to room temperature in air, the spectrum
of the untreated sample was recovered, confirming the reversibility of the
desolvation process.

Similar analysis performed on activated carvacrol@MIL-100(Fe) spectrum
(Figure 3.2.9, right) indicates that approximately 24% of the Fe is reduced
to high-spin Fell, with the estimated IS and QS suggesting that both Fell and
Felll are 6-coordinated.? Then, the initial carvacrol@MIL-100(Fe) spectrum
is recovered after exposing the activated sample in air and at room

temperature for a few hours. These observations are in good agreement with
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IR experiments and denote the effective reversible formation of the mixed
valence trimer in the composite material with retention of the carvacrol

molecules coordinated to the Fe!l centres.

As-synthezised Activated

MIL-100(Fe) Y MIL-100(Fe)

Relative Transmission / a.u.

Carvacrol »/ Carvacrol
@MIL-100(Fe) \/  @MIL-100(Fe)
-4 -2 0 2 4 -4 -2 0 2 4
Velocity / mm-s™! Velocity / mm-s™

Figure 3.2.9. Mdssbauer spectra recorded at 80 K of MIL-100(Fe) (black) and
carvacrol@MIL-100(Fe) (teal) measured as-synthesized (left) and after
activation (right). The solid lines over the experimental points are the fitted
distribution of quadrupole doublets. The sum of two distributions of quadrupole
doublets due to Felll and Fel,, is shown slightly shifted for clarity in orange and
green, respectively.
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Table 3.2.4: Estimated parameters from the Mdssbauer spectra of the MIL-
100(Fe) and carvacrol@MIL-100(Fe) samples collected at 80 K.

Fe
IS S
Sample (mm/s) (mn? /s) I coordination
number
MIL-100(Fe) 80K 0.53 0.72 100% Felll CN=6
Felll CN=6
Activated MIL-100(Fe) 80 K 0.52 0.96 100% anz res
Carvacrol@MIL-100(Fe) 80K 0.53 0.61 100% Felll CN=6
Activated 0.54 0.83 76% Felll CN=6
ctivate 80 K
Carvacrol@MIL-100(Fe)
1.33 2.30 24% Fell CN=6

IS average isomer shift relative to metallic a-Fe at 295 K; QS average quadrupole splitting; |
estimated relative area. Estimated errors are < 0.04 mm-s-! for IS and QS and < 3 % for .

To further investigate the coordination between carvacrol and
MIL-100(Fe), EPR experiments were conducted. Spectra recorded at room
temperature revealed similar signals for the as-synthesized materials before
and after encapsulation (Figure 3.2.10), whereas the appearance of a
characteristic radical signal (g = 2.005) was observed upon activation of the
composite (190 °C under vacuum for 2 h), suggesting a radical-mediated
mechanism for the carvacrol coordination to the Felll centres. Interestingly,

the radical remains stable, as long as the material is isolated from air.
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Figure 3.2.10. EPR spectra of Carvacrol@MIL-100(Fe) before (teal) and after
activation (green), in comparison with pristine MIL-100(Fe) (black). All
measurements are performed at 300K.

3.2.3. Theoretical calculations

Density functional theory calculations were performed to shed light into
the coordination process between carvacrol and the Fe!ll oxo-trimeric core
and the formation of the mixed-valence Fe!l/Felll MIL-100(Fe) upon thermal
activation. Theoretical calculations were performed by Joaquin Calbo from
the Theoretical Chemistry Group (ICMol - Universidad de Valencia).
Additional description of this section can be found in the Supporting
Information section of this chapter.

An oxo-centred tri-metallic cluster model with six benzoate ligands was
extracted from the crystal structure of MIL-100(Fe), bearing two water
molecules and a fluoride anion in the coordination environment of Felll
atoms for charge neutrality, and was optimized at the B3LYP/6-31G(d,p)

level of theory in a high-spin configuration (Figure S3.1). A preliminary
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evaluation of the thermodynamics of Felll coordination bonds, indicates that
insertion of carvacrol in MIL-100(Fe) is expected to occur by replacing a
coordinative water molecule (Figure S3.2), where the overall substitution

process is energetically favoured (AE = -16.15 kcal-mol-1) (Figure 3.2.11).

AE =-16.15 kcal/mol

Figure 3.2.11. Bottom: Energy difference for the substitution of a coordinated
water molecule by carvacrol system calculated at the B3LYP-D3/6-31G(d,p) level.

In a more complex analysis, a bigger cluster consisting of the pentagonal
gate of MIL-100(Fe) was modelled to support the structural and stability
properties predicted for the coordination of carvacrol. After geometry
optimization, a carvacrol molecule was placed inside the pentagonal window
to replace a coordinating water molecule (Figure $3.5). Theoretical
calculations at the B3LYP/6-31G(d,p) level indicate that the coordination of
carvacrol is significantly more stable than with water (AE =-11.23 kcal-mol-!
for the reaction of replacing a coordinating water by carvacrol), in good
accord with that predicted for the smaller cluster model and in line with the
experimental evidence.

Moreover, spin density contours indicate that coordinated carvacrol, in its
neutral protonated form, does not show a radical character (oxidized state)
that could explain the reduction of one Fell to engender a mixed-valence
Fell/Felll system (Figure 3.2.12a). Accumulated charges confirm the closed-
shell nature of carvacrol moiety, which is barely charged (+0.08e; Figure

3.2.13), similar to that calculated for the coordinated water molecule
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(+0.09€). On the other hand, time-dependent DFT calculations predict
low-lying singlet electronic transitions in the range of 2.2-2.6 eV from the
carvacrol system to the Fe-d orbitals (Figure S$3.7), supporting its
electron-donor character compared to the tri-metallic cluster of
MIL-100(Fe). Spontaneous one-electron carvacrol oxidation and
MIL-100(Fe) reduction was hypothesized to origin upon deprotonation of
the relatively acid hydroxy group of carvacrol when coordinated. Theoretical
calculations show that proton transfer to other entities is energetically
feasible (for example, proton transfer to a coordinating fluoride and water
exchange is calculated < 10 kcal-mol-1; Figure S3.8).

Upon carvacrol deprotonation, the excess of charge in carvacrol moiety is
partially withdrawn by the oxo-centred cluster, especially in one of the iron
atoms, thus supporting the formation of a mixed-valence Fell/Felll
tri-metallic system (showcased in Figure 3.2.13). This leads to the formation
of a carvacrol radical, which is confirmed by the spin density contours
(Figure 3.2.12b). The radical carvacrol species coordinated to MIL-100(Fe)
is predicted to exhibit several low-lying singlet excited states of charge-
transfer nature, with a moderate intensity, and extending over the full visible
region of the absorption spectrum (Figure $3.9). These results are in good
agreement with the black carbon-like colour displayed by

carvacrol@MIL-100(Fe) upon thermal activation.

Figure 3.2.12. Spin density contours (isovalue = 0.001 au) calculated for the
representative tri-metallic MIL-100(Fe) cluster with coordination of (a) carvacrol
molecule or (b) deprotonated carvacrol (radical) system.
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Figure 3.2.13. Natural population analysis (NPA) charges calculated at the
B3LYP-D3/6-31G(d,p) level for the coordination of carvacrol molecule (a) and
deprotonated carvacrol (b) in the tri-metallic cluster model of MIL-100(Fe). The
corresponding chemical structure representation is drawn at the bottom

3.2.4. Kinetics of carvacrol release from MIL-100 supported on films

Once evidenced the effective interaction of carvacrol guest molecules with
the MOF, the following step consisted of interrogating the MOF scaffold
influence in the release of carvacrol. With this aim, the incorporation of the
MOF composite into polymeric films was first targeted. Carvacrol liberation
was studied after the incorporation of the composite in a Zein polymeric
matrix simulating fresh food environmental conditions. This section was
carried out in collaboration with Pilar Hernandez-Mufioz and Rafael Gavara
from Instituto de Agroquimica y Tecnologia de Alimentos, [ATA-CSIC.

Zein is relatively hydrophobic, non-soluble in water but soluble in aqueous

ethanol solutions. In contrast to films derived from other proteins, films
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derived from zein possess desirable heat seal characteristics suitable for
packaging applications due to their thermoplastic capacity, presenting the
ability to resist high temperatures (thermal degradation point 320 °C).33 To
analyse the how the encapsulation into MIL-100(Fe) affects the Kkinetics of
the liberation of carvacrol molecules compared with the free molecule after
bio film integration, two zein films were prepared from an 80 %
hydroalcoholic solution containing 15 % weight of zein. Two fractions of this
solution were separated: Carvacrol@MIL-100(Fe) composite was added to
the first one, whereas the corresponding amount of free carvacrol was
directly added to the second fraction. The mixtures were spread on a flat
surface of PTFE and dried in an open oven to obtain the biofilm.

Figure 3.2.14 shows the results of carvacrol liberation from the
composite-containing film as compared to a control film containing free
carvacrol in the same concentration. Control free carvacrol release profile is
characterized by a direct continuous delivery with a maximum
corresponding to a 4 % of the total liberated carvacrol at 20 h followed by an
exponential decay, which corresponds with a delivery governed by diffusion
until agent depletion. A drastically different profile is observed in the
composite-containing film, which is described with a significant carvacrol
retention of ca. 5 hours occurring before the liberation starts. After 5 h, two
clearly different delivery phases are observed that are ascribed to the
occurrence of sequential fast and slow desorption processes reflected in a
first maximum of delivered carvacrol corresponding to 10 % of the total
liberated carvacrol at 20 h, followed by an additional second maximum
corresponding to 70 % at 66 h. This unique behaviour can be explained by
attributing each maximum to different host-guest interactions between the
carvacrol molecules and the MIL-100(Fe) framework. The first liberation
occurring over 20 h may correspond to the release of weakly interacting

carvacrol molecules, whereas up to two days of high relative humidity
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conditions are required to trigger the liberation of the chemisorbed

molecules. In conclusion, the two-step release profile mediated by the MOF

scaffold represents a clear improvement to deliver carvacrol at prolonged

times as compared to the same amount of free molecule in the polymeric film,

evidencing the unique MOF performance.
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Figure 3.2.14. Relative cumulative release profiles (ug-min-1) in 1 g of zein film
containing carvacrol@MIL-100(Fe) composite and 1 g of zein film containing the
equivalent amount of free carvacrol.

3.2.5. Microbiology studies - Microatmosphere tests.

In view

of

the wunique release

profile

evidenced in the

caracrol@MIL-100(Fe) composite when supported into zein polymeric films,

its biocide capacity was investigated, also in collaboration with P.

Herndndez-Mufioz and R. Gavara. In particular, microbiology studies were

conducted to determine the efficiency of the obtained composite against E.

coli and L. innocua (as subrogate for L. monocytogenes). These different

species have been selected considering the antibacterial mechanism of

phenolic carvacrol molecules, which are known to interact with the lipid

bilayer that constitute the cytoplasmic bacterium membrane, with the
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subsequent increase of its permeability.34 To analyse the antimicrobial effect
of the volatile agent in the vapor phase, the microatmosphere method
reported by Gavara and co-workers was employed.3> This method consists
on producing a bacterial background lawn on the surface of the agar and
evaluate the inhibition effect of the vapor delivered from the film on the
density of this lawn. Three dishes were seeded with each bacterium, one
containing a film of the carvacrol@MIL-100(Fe) composite, the second
containing a zein film with the same concentration of free carvacrol, and the
third one as a control. It is important to note that a high concentration of
bacteria (107 CFU-mL-1, where CFU stands for colony-forming units) is
needed in order to obtain an adequate bacterial lawn. The agar inoculated
medium was then aseptically removed and homogenized to recover bacteria
and count. The optimum time and incubation temperature allowed the
microbial growth to reach 9 log in control samples.

Figures 3.2.15 and 3.2.16 reveal a clear reduction of the grass density
occurring on the samples with carvacrol, corroborating the antimicrobial
effect of the active films, an effect that is particularly more evident with the
film containing the carvacrol@MIL-100(Fe) composite. Table 3.2.5
summarizes the quantitative effects of the active films against E. coli and L.
innocua bacteria. In case of E. coli, a clear Log Reduction Value (LRV) of 1.02
and 1.76 was respectively obtained for free and MOF-encapsulated carvacrol
films, which translates into an 82 % increase in the carvacrol antimicrobial
effect upon encapsulation into MIL-100(Fe). This effect was also evidenced
in L. innocua bacteria, where free carvacrol was able to reach a CFU reduction
of 0.40 whilst the CFU reduction of carvacrol@MIL-100(Fe) was 1.57,
achieving a 93 % increase of antimicrobial effect as compared with the free
carvacrol in the film. This effectiveness against L. innocua is particularly
relevant provided the demonstrated reduced activity of carvacrol against

Gram positive bacteria.4?
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Figure 3.2.15. Images of the microatmosphere test carried out to determine the
activity of films against E. coli: On the top, images of the Petri dishes showing the
grass density generated by bacteria after the incubation for control (left),
carvacrol film (middle) and carvacrol@MIL-100(Fe) containing film (right). On
the bottom, images of the Petri dishes with Brilliant green agar after the 5t
decimal dilution.

CONTROL CARVACROL CARVACROL@
MIL-100(Fe)

Figure 3.2.16. Images of the microatmosphere test carried out to determine the
activity of films against L. innocua: On the top, images of the Petri dishes showing
the grass density generated by bacteria after the incubation for control (left),
carvacrol film (middle) and carvacrol@MIL-100(Fe) containing film (right). On
the bottom, images of the Petri dishes with Palcam agar after the 3rd decimal
dilution.
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Table 3.2.5. Antimicrobial activity of films (80 mm diameter surface) against
E. coliand L. innocua. Data are showed as log (colony forming units-mL-1) and
log reduction value (LRV) observed after incubation in Petri dishes without
film (control), free carvacrol film and carvacrol@MIL-100 (Fe) composite.

Sample E. coli LRV L. innocua LRV
Control 9.04 +0.12 9.21 +0.15
Free carvacrol film 8.02 £0.21 1.02 8.81+0.14 0.40

Carvacrol@MIL-100(Fe)
7.28 +0.11 1.76 7.64 +0.87 1.57
composite film

This greater antibacterial effect observed in the film with encapsulated
carvacrol is potentially bounded to two significant effects: i) a larger content
of carvacrol and ii) the different release from the film in the composite
material. The first effect matches with the fact that, despite initially
incorporating an equivalent carvacrol amount in the control and composite
samples, the final content of carvacrol was ca. 20 % greater in the
carvacrol@MIL-100(Fe) film. This carvacrol difference may be produced
during film drying, which highlights the capacity of the nanoMOF to retain
the carvacrol molecules. It should be also noticed that the Petri dish is not a
hermetic container since bacteria need to breath. Under these conditions,
different carvacrol losses through the openings between dish and lid and by
scalping on the dish matrix (made of polystyrene) may also contribute to
some extent to differences in the final content of carvacrol. Considering the
other effect of different release, a fast release is observed in the samples with
free carvacrol, with an initial high concentration of carvacrol that rapidly
decreases. On the contrary, encapsulated carvacrol@MIL-100(Fe) retains
carvacrol up to 5 h and then releases it at a slower pace, providing a
sustained antibacterial effect along the assay period. This effect constitutes

an advantage over other carriers, since the abrupt initial release of active
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molecule in the first hours may not be required under specific uses such in
fresh product preservation, provided that bacterial growth has not started
yet. Both properties, larger carvacrol content and delayed sustained release
are unique characteristics of the obtained carvacrol@MIL-100(Fe)
composite that result in a more efficient antimicrobial effect of carvacrol

against E. coli and L. innocua.

Lysozyme co-encapsulation. To further enhance the antimicrobial
activity of the carvacrol@MIL-100(Fe) composite, a co-encapsulation
strategy was carried out employing lysozyme as a bactericide agent.
Lysozyme, an enzyme obtained from hen egg white, has bacteriolytic and
bactericidal activities, mainly against Gram-positive bacteria. Lysozyme is
typically integrated in antimicrobial films for food conservation.3637 For this
study, a general in situ strategy to form protein@MIL-100(Fe) biocomposites
previously reported by Cases and co-workers was employed,38 obtaining
ly/MIL-100(Fe) composites as the carvacrol carrier agent. The incorporation
of ly/carvacrol@MIL-100(Fe) into the polymeric films was carried out
following a similar extrusion protocol as the one employed with
carvacrol@MIL-100(Fe) composites.

The activity of the films was tested in 10 mL of MHB liquid medium against
microorganisms in exponential phase (105 CFU-mL1). Two films containing
different ly/carvacrol@MIL-100(Fe) loadings - 0.15 and 0.25 g - were
tested. As summarized in Figure 3.2.17 and Table 3.2.6, all the films
containing either carvacrol@MIL-100(Fe) or lys/carvacrol@MIL-100(Fe)
materials reduce the L. innocua growth in approximately 1 log,
independently of the film quantity employed. For E. coli, a greater efficiency
is observed when both antimicrobial agents are combined, and a larger

amount of film is employed. However, it can be concluded that these
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differences are not significant enough to justify the co-encapsulation

approach.
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Figure 3.2.17. Antimicrobial activity of active films against E. coli and L. innocua
after incubation in Petri dishes without film (control), containing 0.15 g of
carvacrol@MIL-100 (Fe) or ly/carvacrol@MIL-100(Fe) within the film, and
containing 0.25 g of carvacrol@MIL-100 (Fe) or ly/carvacrol@MIL-100 (Fe)
composites.

Table 3.2.6. Antimicrobial activity of films (80 mm diameter surface) against
E. coliand L. innocua. Data are showed as log (colony forming units-mL-1) and
log reduction value (LRV) observed after incubation in Petri dishes without
film (control), with 0.15 g of carvacrol@MIL-100(Fe) or ly/carvacrol@MIL-
100(Fe) film, and with 0.25 g of carvacrol@MIL-100(Fe) or
ly/carvacrol@MIL-100(Fe) composites.

Sample E. coli LRV L. innocua LRV
Control 7.72+1.18 8.30+0.36

0.15 Carvacrol@MIL-100(Fe) 7.52 +£0.98 0.20 7.33+0.37 0.97
0.15 Ly/Carvacrol@MIL-100(Fe) 6.62 + 0.46 1.11 7.30+0.10 0.99
0.25 Carvacrol@MIL-100(Fe) 7.00 £ 1.49 0.73 7.23+0.54 1.07

0.25 Ly/Carvacrol@MIL-100(Fe) 5.89 + 0.07 1.83 6.91 £ 0.06 1.38
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3.2.5. Cell viability studies

Cell viability studies were performed by our group to study the cellular
toxicity after prolonged exposure to carvacrol@MIL-100(Fe) composite.
HEK293 human embryonic kidney cells were used in these cell viability
assays at concentrations up to 200 ug-mL-1 (Figure 3.2.18). As expected, the
use of free carvacrol reduces cell viability by 40% at concentrations of 200
ug-mL-1, which is consistent with reported data showcasing cellular death if
carvacrol concentration surpasses 100 pg-mL13% On the -contrary,
carvacrol@MIL-100(Fe) exhibits biocompatibility over a significantly wider
range, observing that 100% of the cells were viable after exposure of
carvacrol@MIL-100(Fe) containing a 200 pg-mL-l equivalent carvacrol
amount for 24h. Thus, the obtained biocomposite exerts a protective effect
as compared with free carvacrol due to its ability to retain the carvacrol

molecules, and therefore preventing o exert their associated toxicity.
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Figure 3.2.18. Cell viability of HEK293 cells in contact with free carvacrol (red)
and carvacrol@MIL-100(Fe) biocomposite (green) at carvacrol concentrations
between 6.25 and 200 pg-mL-! for 24 h. The percent viable cells were calculated
in comparison to untreated cells taken as 100%.
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3.3. Summary and conclusions

In this Chapter 3, a carvacrol@MIL-100(Fe) biocompatible composite
containing considerable payloads of active agent was prepared following a
direct impregnation method. In addition to provide chemical stability to the
active molecule, MIL-100(Fe) scaffold endorses an unprecedented retained
and remarkable sustained delivery of the antimicrobial agent when
processed in polymeric biofilms, because of its unique redox responsiveness
that promotes effective interactions with the active agent.

Mossbauer spectroscopy supported by theoretical calculations revealed a
successful reversible interaction of the carvacrol molecules with the redox-
active MIL-100(Fe) scaffold, thus enabling a prolonged delivery. The
released carvacrol dose was enough to fight bacterial pathogens, with an
improved activity against E. Coli and L. innocua in comparison with an
equivalent “free” carvacrol dosage.

The combination of a direct preparation, the facile processing and the
scaffold-mediated delivery performance that enables prolonged carvacrol
bactericide activity, make the obtained carvacrol@MIL-100(Fe) composite a

promising candidate for food packaging applications.
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3.4. Methods

Synthesis of MIL-100(Fe) nanoparticles. As previously discussed in
Chapter 2 of this Thesis, MIL-100(Fe) nanoparticles were synthesized
following the procedure described by Garcia Marquez and coworkers,32 by a
microwave-assisted method. The as-synthesized material was treated in a KF
0.1 M solution for 2 h and washed with H20 to remove excess of reagents.
The particles were collected by centrifugation (9900 rpm, 20 min, room

temperature) and stored.

Preparation of carvacrol@MIL-100(Fe) composite material.
Composite carvacrol@MIL-100(Fe) material was obtained following a direct
impregnation method. 23 mL from a 10 mg-mL-1 carvacrol emulsion
prepared in a H20:EtOH (4:1) mixture was directly added to MIL-100(Fe)
nanoparticles (weighted humid and corresponding to 200 mg of dried MOF).
After 5 days stirring in a 360° rotating shaker, the carvacrol@MIL-100(Fe)
material was retrieved by centrifugation (10000 rpm, 20 min, room

temperature) and dried at air overnight resulting in a dark-brown powder.

Synthesis of ly/carvacrol@MIL-100(Fe) Biocomposites. The synthesis
of ly/MIL-100(Fe) biocomposite followed the in situ biocompatible
procedure developed previously by our group.38 In a general procedure, a 12
mL aqueous solution of Fe!l chloride (40 mM) and Fe!! chloride (40 mM) and
12 mL of a benzene 1,3,5-tricarboxylic acid (40 mM) buffered aqueous
solution (Tris 200 mM, pH 7.5) were simultaneously added at a constant rate
of 12 mL-h-1to 24 mg of lysozyme dissolved in 20 mL of water. Biocomposite
formation was immediately initiated upon the addition of both solutions and
detected by the formation of suspended particles. Reaction completion was
achieved in 1 h and the particles were collected by centrifugation (5000 rpm,

2 min, room temperature) and washed two times with water (9000 rpm, 5
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min, room temperature) to obtain the ly/MIL-100(Fe) composite. After the
washing protocol, carvacrol encapsulation in ly/MIL-100(Fe) was carried
out following the same impregnation method described for MIL-100(Fe)

nanoparticles.

Carvacrol quantification. Carvacrol content in the obtained composites
was determined by thermic desorption Gas Chromatography, using a HP
7890B equipped with a HP5 column of 30 m, 320 pum of diameter and 0.25
um of thickness. The thermic gradient employed was: 40 °C (3 min), 10
°C-min'! ramp until 200 °C and 15 min isotherm. Injector heats on ballistic

ramp (600 °C-min-1) from 40 to 200 °C and 4 min isotherm.

Characterization of carvacrol@MIL-100(Fe) composite material.
Scanning electron microscopy images were acquired using a Hitachi S4800
microscope. For transmission electron microscopy, a JEM 1010 (JEOL)
microscope was employed. X-ray powder diffraction experiments were
acquired in an X-ray diffractometer (PANalytical Empyrean) with copper as
a radiation source (Cu-Ka, 1.5418 A). Infrared spectroscopy spectra were
registered employing an ALPHA II FTIR spectrometer (Bruker). Méssbauer
spectra were collected using a conventional constant acceleration
spectrometer and a 57Co (Rh) source. The velocity scale was calibrated with
an a-Fe foil. Low-temperature measurements were performed with the
samples immersed in He exchange gas in a bath cryostat. The spectra were
fitted to distributions of quadrupole doublets according to the histogram
method.#0 Electron paramagnetic resonance spectra were recorded with a
Bruker ELEXYS E580 spectrometer operating in the X-band (9.47 GHz).
Sweep width 4960.0 G, time constant 2.56 ms, modulation frequency 100

kHz, modulation width 1 G, microwave power 19.82 mW.
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Preparation of polymeric films. Two zein films were prepared form an
80 % hydroalcoholic solution containing 15 % weight of zein. Two fractions
were separated: to the first one 0.125 g Carvacrol@MIL-100(Fe) composite
was added per g of zein, whereas the corresponding amount of free carvacrol
was directly added in a concentration of 0.05 g-g-1 zein to the second fraction.
The mixtures were spread on a flat surface of PTFE using a 200 um coating
rod and dried in an open oven at 75 °C for 10 min. The films obtained were
stored in PP/met envelopes until further characterisation. The residual
content of carvacrol in both films was analysed. For this, samples were cut
from both films, introduced into a micro vial, and tested by thermal
desorption and gas chromatography obtaining a final concentration of
carvacrol of 0.059 £ 0.008 g-g'! in the encapsulated film and 0.050 = 0.001

g-g'1in the film with pure carvacrol.

Evaluation of carvacrol release from the films. Relative cumulative
release profiles were measured by monitoring the carvacrol release from the
polymeric films at 23 + 1 °C and 95 * 3 % RH (simulating the exposure to
fresh food). A piece sample of film was placed on a desorption tube where a
humid 15 mL-min-! stream of He hauled the released product to a gas
chromatograph. The carvacrol release flow was determined using a HP5890
gas chromatograph with a 200-pL automatic injection valve and a HP5
column of 30 m, 320 um of diameter and 0.25 pum of thickness. Thermal
conditions were: 80 °C at the injection valve, 200 °C at the injection port, 220
°C at the flame ionization detector, and 100 °C at the column oven. Film

samples were exposed to high humidity conditions with a He stream that.
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Antimicrobial Properties of the Films. Bacterial strain Escherichia coli
CECT 434 (ATCC 25922) and Listeria innocua CECT 910 (ATCC 33090), as
subrrogate strain for Listeria monocytogenes, were obtained from the
Spanish Type Culture Collection (Valencia, Spain). These strains were chosen
because of its relevance in Food Industry as a Gram-negative and Gram-
positive model, respectively. They were stored in liquid medium Tryptone
Soy Broth (TSB) supplied from Scharlab (Barcelona, Spain) with 20 %
glycerol at =80 °C until needed. The stock cultures were maintained by
periodic subculture on agar Tryptone Soy Agar (TSA) from Scharlab
(Barcelona, Spain) slants at 4 °C and transferred monthly. To test
antimicrobial effect of active films, the microatmosphere method, in which
the volatile active compound released from the film to the headspace of the
Petri dish interacts with the microorganisms, was carried out. In this
method, 100 pL of a bacteria suspension containing approximately 107
colony forming units (CFU)-mL-! were spread over the 15 mL of TSA surface,
and a disk of the antimicrobial films (80 mm in diameter) was adhered to the
lid of the Petri dish, without direct contact with the microorganism, sealed
with Parafilm and incubated at 37 °C for 24 - 48 h. After the incubation
period, the diameter of the resulting inhibition zone in the bacterial growth
was measured.3> Controls without films and control films with free carvacrol
were also tested. Finally, the inoculated Petri dishes were employed to count
the colony forming units (CFU) and log reduction value (LRV). For that, agar
medium was aseptically removed from the Petri dishes and homogenized in
a sterile BagPage with 100 mL of peptone water for 2 min with a Stomacher.
Serial dilutions were made with peptone water and plated in Petri dishes
with 15 mL of selective agar medium: Brilliant Green agar for E. coli and
supplemented Palcam agar for L. innocua respectively, (Scharlab, Barcelona,
Spain). Plates were incubated at 37 °C for 24 - 48 h. Results were expressed

as log CFU-mL-1. LRV was calculated by comparison between control sample



Implementation of carvacrol@MIL-100(Fe) as active agent for smart packaging

and samples with film (LRV= (Control log CFU-mL-1)-(Film log CFU-mL-1).

The experiments were carried out in triplicate.

Cell culture. HEK293human embryonic kidney cells were obtained from
the American Type Culture Collection (ATCC), cultured in DMEM
supplemented with 10 % Fetal Bovine Serum (FBS, Gibco), 1 %
penicillin/streptomicin (Sigma) and 0.1 % Amphotericin B (Gibco) and
maintained in 20 % Oz and 5 % COz at 37 °C. Cells were routinely tested for

Mycoplasma using the universal mycoplasma detection kit (ATCC).

Cell viability studies. HEK293 cells were plated in a 96-well plate (8,000
and 20,000 cells per well, respectively) and allowed to adhere to the wells.
At 24 h post-seeding, the cells were incubated with varying concentrations
of carvacrol and carvacrol@MIL-100(Fe) for 24 h. Cell viability was
evaluated using the CellTiter 96® AQueous One Solution Cell Proliferation
Assay (Promega). Absorbance was recorded at 450 and 570 nm 1 hour later

with a 96-well plate reader (Thermo Forma Fisher, Multiscan).

Computational Details. Theoretical calculations were performed under
the density functional theory (DFT) framework by means of the Gaussian-
16.A03 suite of programs.*l Minimum-energy geometry structures were
obtained upon atom relaxation at the B3LYP/6-31G(d,p) level of theory4243
including dispersion corrections by means of the Grimme's D3 (Becke-
Johnson damping function) protocol.44#4> To maintain the topology of the
cluster models as in the corresponding MOF, the terminal hydrogen atoms
were frozen during the optimization procedure. Non-covalent interaction
(NCI) surfaces were obtained under the NCIPLOT-3.0 program#¢ and
visualized through the VMD software#” with standard thresholds of 0.3 and

0.04 a.u. for the reduced density gradient and density, respectively. Time-




152

Chapter 3

dependent DFT calculations were performed on the lowest-lying singlet
excited states at the B3LYP/6-31G(d,p) level. Charge analysis was performed
through the natural bond order (NBO) approach by means of the NBO
version 3 as implemented in Gaussian-16.A03. Spin density contours were

plotted through the Chemcraft software.48
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3.5. Supporting Information

Theoretical calculations
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Figure S3.1. Minimum-energy structure calculated at the B3LYP-D3/6-31G(d,p)
level of theory for the oxo-centered tri-metallic cluster of MIL-100(Fe) in a high-spin
configuration for iron atoms. Relevant coordination distances are indicated in A.
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Figure S$3.2: Top: Energy required to detach a coordinated fluoride, water and
carvacrol moiety from the tri-metallic cluster model of MIL-100(Fe) at the
B3LYP-D3/6-31G(d,p) level.

The minimum-energy structure of the oxo-centred trimetallic cluster
indicates that the hydroxy group of carvacrol effectively coordinates with an
Fell atom, displaying a small interatomic distance of 2.29 A (Figure $3.3a),

similar to that calculated for a coordinating water molecule (2.25 A).
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Non-covalent index (NCI) surfaces evidence a large number of weak but
stabilizing dispersion interactions between the carvacrol moiety and the
benzoate units of the cluster (green surfaces in Figure S$3.3b), whereas the
strong coordination bond between the hydroxy group of carvacrol and one
Felll is revealed as a localized bluish NCI surface (Figure S3.3b inset and

Figure S3.4).

Figure S$3.3. (a) Minimum-energy structure for the representative cluster of
MIL-100(Fe) upon carvacrol inclusion. Relevant coordination distances are
indicated in A. Colour coding: C in green, O in red, H in white and Fe in orange. (b)
Non-covalent index (NCI) surface showing the large amount of dispersion
interactions that stabilize the chemisorption of carvacrol into the MIL-100(Fe)
cluster.
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non-covalent
interactions

Strong O-Fe
interaction,

Figure S3.4. Non-covalent interaction (NCI) surfaces calculated for the tri-
metallic cluster model upon carvacrol coordination. Green surfaces indicate weak
non-covalent interactions whereas bluish surfaces represent stronger
coordinative bonds.
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Figure S3.5. Front (left) and side (right) views of the minimum-energy structure
calculated for the MIL-100(Fe) pentagonal window upon carvacrol complexation.
Carvacrol carbon atoms are coloured in blue for better viewing. The window gate
is calculated with a diameter of 5.5 A and coloured in light yellow.

NCI surfaces confirm the presence of a large number of noncovalent
interactions between the carvacrol molecule and the framework, along with
a strong, localized interaction corresponding to the coordination bond with
Felll (Figure S3.6). Note that the pentagonal pore gate is predicted with a
diameter of 5.5 A, which nicely fits the carvacrol size of 5.0 A calculated
without considering the hydroxy group (see light yellow region in Figure
$3.5). The hexagonal pore gate, which is of about 8.6 4, is therefore expected

to bear and diffuse the carvacrol along the framework easily.
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Weak carvacrol-cluster
non-covalent interactions

With water With carvacrol

N

Iy

Strong O-Fe interaction

Figure S$3.6. Non-covalent interaction (NCI) surfaces calculated for the
pentagonal gate window model with coordination of water (left) and carvacrol

(right).
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Figure S3.7. (a) Time-dependent DFT absorption spectra calculated for the
tri-metallic cluster model with water (gray) and carvacrol (purple) coordination.
(b) Monoelectronic excitations that describe the most relevant singlet excited
states giving shape to the absorption spectrum of carvacrol@MIL-100(Fe) cluster

system.
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Figure S3.8. Energy penalty for the proton transfer from the hydroxy group of
carvacrol to fluoride, to fluoride plus water exchange, or to water.
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Figure S3.9. (a) Time-dependent DFT absorption spectra calculated for the
carvacrol@MIL-100(Fe) cluster model with neutral protonated carvacrol
(purple) and deprotonated carvacrol (green). (b) Monoelectronic excitations that
describe the most relevant singlet excited states giving shape to the absorption

spectra for neutral (left) and deprotonated (right) carvacrol.
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4.1. Introduction

Fungal contamination in food leads to vast deterioration and a series of
food safety problems. The effects of these microorganisms are related to cell
growth, which can produce toxic secondary metabolites (mycotoxins), that
besides the toxic effects, frequently have degenerative, toxinogenic, or
carcinogenic effects. Fungi can also produce coloration or black points, not
accepted for most consumers.!

The difficulty of controlling these undesirable fungi, as well as the growing
interest of the consumers by natural products has been forcing the industry
to find new alternatives for food conservation. The antifungal potential of
EOs has been reported widely.23 Scientific research regarding the mode of
action of EOs on fungal spores and myecelial cells are very scarce, unlike
bacteria. However, since a fungal cell has a true nucleus, internal cell
structures, and a cell wall (Figure 4.1.1), the mode of action of EOs on fungal
spores should be analogous to bacterial cells described in section 2.1.1 of this

Thesis.

Cellwall Vacuole

Mitochondrion

Nucleus

Cell membrane

Cytoplasm

Figure 4.1.1. Scheme of an archetypal fungal cell.
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Studies have shown changes in the ultrastructure of fungal cells under the
influence of EOs, having observed severe damage to the cell wall, cell
membrane and cellular organelle mainly mitochondrial destruction. In other
cases, the high fungistatic concentration of EO caused complete autolysis of
cell, involving disorganization and depletion of hyphal cytoplasm, and
membranous organelles include nuclei, endoplasmic reticulum, and
mitochondria.* Four active molecules with fungicidal properties, namely
benzaldehyde, salicylaldehyde, methyl anthranilate and guaiacol, are
employed in this Chapter. All of them are food additives permitted for direct
addition to food for human consumption by the FDA. Their physical
properties are summarized in Table 4.1.1.

Benzaldehyde. On top of its antimicrobial activity, discussed in section
2.1.1, the fungicidal activity of benzaldehyde and its derivatives has been
studied as well,> and has shown promising results for its use in active
packaging during the postharvest commercialization of fruits.

Salicylaldehyde (2-hydroxybenzaldehyde) is the main component of
Filipendula vulgaris essential oil (commonly known as dropwort), which is a
perennial herbaceous plant in the family Rosaceae. It is found in dry pastures
in Europe and central and northern Asia. Salicylaldehyde presents
antifungal, anti-mycotoxigenic and especially as a chemosensitizing agent,
proving to be efficient even with pathogenic fungi with resistance to
conventional fungicides.”8

Methyl anthranilate (methyl 2-aminobenzoate) can be naturally found in
the Concord and other Vitis labrusca grapes, being the responsible
component of grape scent and flavour. It has been extensively used as a
flavouring agent in food and as a flavour enhancer in drugs. Not only its
antifungal activity has been demonstrated,®’ the molecule has been proven

effective after incorporation into active EVOH-based films at pilot scale.10
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Guaiacol (2-methoxyphenol) is usually derived from guaiacum or wood
creosote. It is also found in essential oils from celery seeds, tobacco leaves,
orange leaves, and lemon peels. Guaiacol is employed also as a precursor to
many flavouring agents, such as vanillin. On top of its antifungal activity,!! is
more commonly employed as a natural antioxidant pharmaceutical and food

preservation applications.

Table 4.1.1. Physical properties of the molecules employed in this chapter.

) Methyl )
Molecule Benzaldehyde  Salicylaldehyde Anthranilate Guaiacol
Structure OJ\H ©f}\»« Oﬁl\o/ O:O\
Molecular
weight / 106.124 122.037 151.165 124.139
g'mol-1
Density / 1.044 1.146 1.168 1.112
g.cm-3
I;félmg point 178 196 256 204
Amax / nm 260 85; 110 250; 330 280

The feasibility of ZIF-8 as an essential oil carrier has been previously
established in Chapter 2 of this Thesis. The previously designed infiltration
method yielded good results for benzaldehyde encapsulation into this
porous framework. ZIF-8 has a cavity with a diameter of 11.6 A, and its
hexagonal holes window is 3.3 A wide, which is not static and due to the
rotation of the imidazolate ligands can be expanded to 7.6 A or greater. Table
4.1.2 summarises the dimensions of the molecules as calculated by the
software ChemDraw V.19.0, evidencing that the active components can fit

the limited pore window in the porous framework.
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ZIF-8 has been previously utilised for the delivery of fungicidal agents. For
example, Liang and co-workers developed a light-triggered pH-responsive
nanocomposite using a one-pot method to encapsulate prochloraz and
2,4-dinitrobenzaldehyde in ZIF-8 nanoparticles for the smart control of S.
sclerotiorum.2 However, this method involves the degradation of the matrix
for the delivery of the active agent. Using the same strategy, Jiao and
co-workers prepared an effective antifungal delivery system based on the
degradation of ZIF-8 at pH = 5.13 The study of ZIF-8 as a drug delivery system
in which the degradation of the porous matrix is not involved is scarce in the

literature.

Table 4.1.2. Largest distances in the chemical structure (as calculated by
ChemDraw V.19.0 software) of the four active molecules employed in this
chapter. First raw of the table showcases the numbered atoms for reference.

Benzaldehyde Salicylaldehyde Methyl Anthranilate Guaiacol

Methyl
Molecule Benzaldehyde Salicylaldehyde € y Guaiacol
anthranilate
Largest 08--H12594A 09-H12561A H18-H158.06 A H10--H156,98 A
distances 08--H115.61A 09--H13594A H18-H167.73A H10--H165,68 A

The aim of this Chapter 4 is to obtain a series of biomolecule@ZIF-8
biocomposites. Chemical characterization will be developed with particular
emphasis on the established host-guest interactions. Finally, fungicidal effect
of the best performing biocomposites will be studied after integration into

biopolymeric films.
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4.2. Results and discussion

In view of the afforded preliminary results of benzaldehyde@ZIF-8
described in Chapter 2 of this Thesis, nanoZIF-8 was selected as carrier agent
for an array of fungicidal biomolecules based on its good performance as a
carrier, the affordability of its precursor materials, and its facile synthesis,
which also avoids the use of DMF as a solvent in contrast with UiO-66 and
Ui0-66-NHo.

Encapsulation of the different fungicidal molecules was carried out
following the direct impregnation method previously developed in Chapter
2. In a general synthesis, ZIF-8 nanoparticles were soaked in a 20 mg-mL-1
benzaldehyde (Bz), salicylaldehyde (SA), methyl anthranilate (MA), or
guaiacol (Gua) aqueous-ethanol solution in a 4:1 H20:EtOH mixture with a
5/1 biomolecule/ZIF-8 molar ratio. Interestingly, an immediate change of
colour was observed in the case of SA@ZIF-8, the encapsulation suspension
changing from milky white to intense yellow right after being added to the

ZIF-8 nanoparticles. No changes were detected for the other biomolecules.

4.2.1. Encapsulation Kinetics

The kinetic profile of biomolecule encapsulation was assessed by
monitoring the benzaldehyde and methyl anthranilate concentration in the
supernatant encapsulation media over time by means of High-Performance
Liquid Chromatography (HPLC). Salicylaldehyde presents two absorption
maxima in located at A = 85 and 110 nm, which are out of the range of the
UV-Vis detector. Benzaldehyde and methyl anthranilate were selected as
model molecules and their concentration in the encapsulation supernatant
was analysed between one minute and seven days. Each encapsulation was
performed in triplicate to ensure the reproducibility. A fast encapsulation

kinetic profile is exhibited for the two studied molecules, where the
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concentration of biomolecule in the supernatant decreases ca. 80 % and 70
%, respectively for benzaldehyde and methyl anthranilate after the first

minute of contact (Figure 4.2.1).
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Figure 4.2.1. Benzaldehyde (a) and methyl anthranilate (b) concentration
remanent in the encapsulation media after different encapsulation times
quantified by means of HPLC.

In view of the rapid encapsulation kinetics, 1 hour was selected as the
encapsulation time for all the materials. Figure 4.2.3 showcases the aspect
of the encapsulation products after performing the 1-hour biomolecule
infiltration and being left to dry overnight. The recovered SA@ZIF-8
encapsulation product retains the intense yellow colour observed upon
adding the biomolecule solution to the ZIF-8 NPs. In the case of MA@ZIF-8,
the obtained product presents a gel-like texture, which is difficult to
completely dry. The aspect of BZ@ZIF-8 and Gua@ZIF-8 composite materials
does not differ significantly from the pristine MOF.
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Bz@ZIF-8 SA@ZIF-8 MA@ZIF-8 Gua@ZIF-8

Figure 4.2.3. Image of the encapsulated materials. From left to right: Bz@ZIF-8,
SA@ZIF-8, MA@ZIF-8, and Gua@ZIF-8.

4.2.2. Physicochemical characterization of the biomolecule@ZIF-8

composite materials

Successful biomolecule loading was evaluated by thermogravimetric
analysis (TGA), Fourier transform infrared (FTIR) spectroscopy, powder

X-ray diffraction (PXRD), and Nz sorption measurements at 77 K.

Infrared Spectroscopy. FTIR comparisons of the spectra of the prepared
biomolecule@ZIF-8 composites, ZIF-8 NPs, and the free biomolecules are
illustrated in Figures 4.2.4 to 4.2.7. Table 4.2.1 summarizes the most
characteristic bands of ZIF-8 and the four encapsulated active molecules, as

well as the corresponding vibration mode.

Table 4.2.1. Position and assignation of the principal bands of pristine ZIF-8
and the four active molecules employed in this study.

Compound Band position / cm-1 Assignation
aromatic and aliphatic
3135 and 2929 Vas(C-H)
1583 VC=N
skeletal vibration of
ZIF-8 1460-1309 the imidazolate ring
1180 and 1146 aromatic ve-n
995 Oc-N
760 Sc-H

420 VZn-N
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Compound Band position / cm-1 Assignation
3064 aromatic vc-u
2816 and 2734 aldehyde-related vc-n
Benzaldehyde 1696 aldehyde vc-o
1595 and 1583 aromatic ve=c
1454 aldehyde 6c-n
3180 phenolic vo-u
2845 and 2748 Fermi doublets vc-n
Salicylaldehyde 1278 phenolic vc-o
1643,1621 and 1580 aromatic vc=c
883 out-of-plane &c-n
3479 and 3370 v(NHz2)
2951 VC-H
Methyl 1612, 848 and 798 S(NHz2)
anthranilate 1685 V=0
1242 vas(CO-0)
1098 vas(0-C-C)
3543 VO-H
2844 ven (CHs)
1503 ve-C
Guaiacol 739 yc-u of thé benzene
ring

6(C-H) + v(C-0OH) +
v(C-OCHs) + p(CH3) +
S(COH) 14

1258,1224,1108, 1041 and
1026

In all cases, in addition to the characteristic bands of ZIF-8, the composite
materials spectra present the most remarkable bands of each encapsulated
molecule, evidencing the presence of the active molecules in the obtained
materials. The intensity of the molecule bands is particularly important in
the case of MA@ZIF-8 (Figure 4.2.6), as expected by the gel appearance of
the obtained product.
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Figure 4.2.4. FTIR spectra of Bz@ZIF-8 (blue) compared with ZIF-8 (purple) and
benzaldehyde (yellow).
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Figure 4.2.5. FTIR spectra of SA@ZIF-8 (teal) compared with ZIF-8 (purple) and
salicylaldehyde (yellow).
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Figure 4.2.6. FTIR spectra MA@ZIF-8 (pink) compared with ZIF-8 (purple) and
methyl anthranilate (orange).
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Figure 4.2.7. FTIR spectra of Gua@ZIF-8 (green) compared with ZIF-8 (purple)
and guaiacol (red).
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Powder X-ray Diffraction. Framework integrity was evaluated after
biomolecule infiltration by means of PXRD analysis, performed before and
after the encapsulation process (Figure 4.2.8), confirming that in all four
cases ZIF-8 crystal structure is preserved after loading. PXRD patterns were
collected on completely dried powders.

In call cases, the intensity of the first diffraction peak corresponding to the
(011) plane decreases, in good agreement with the increase of electronic
density due to physisorption of the active molecules into the pores in the
framework. However, a small new diffraction peak can be observed at 20 =
11.0 ° in Bz@ZIF-8 diffractogram, that also appears in Gua@ZIF-8 diffraction
pattern. In the case of SA@ZIF-8 diffraction pattern, a new diffraction peak
appears at 26 = 6.5 °. For MA@ZIF-8 composite material the diffraction
pattern matches perfectly with pristine ZIF-8 NPs and no new diffraction
peaks are visible.

ZIF-8 simulated powder diffraction does not present any other possible
reflection that the ones exhibited in the typical PXRD pattern of the material.
Thus, the new diffraction peaks must be a result of the biomolecule
encapsulation. A minor modification of the ZIF-8 framework after the
infiltration process cannot be discarded since ligand substitution on ZIF-8
can be achieved with relatively facility. In this regard, Lang and co-workers
reported a surface ligand exchange to replace methylimidazole with 5,6-
dimethylbenzimidazole (DBIM) by simply mixing the ZIF-8 particles with a
solution containing the new ligand and heating at 60 °C for 5 h, triggering the
nucleophile substitution of methylimidazole with DBIM.15 The methodology
was first reported by Liu and co-workers with the aim of enhancing
hydrothermal stability of the ZIF-8 particles,1¢ and it is demonstrated to be

an efficient protocol to modify the ZIF-8 selectivity in gas separation.1”
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Figure 4.2.8. XRPD pattern of the four obtained biomolecule@ZIF-8 composites
in comparison with pristine ZIF-8. The (h, k, 1) reflection list of ZIF-8 unit cell,
obtained from crystallographic data, is depicted at the bottom.
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Thermogravimetric Analysis. Thermal stability of the obtained
composite materials was evaluated in comparison with the pristine ZIF-8
nanoMOF. The thermogravimetric analysis of the samples was performed in
high-resolution mode, which carries out an isothermal ramp when a mass
loss is detected. This feature is very useful to determine the mass loss of
volatile molecules inside a porous material, as it allows a better
differentiation between the evacuation of the encapsulated molecules and
the combustion of the host material. In high-resolution mode, the
temperature remains constant during the evacuation process. In this way,
the mass loss is more visible and a clean, sharp decrease in the weight can be
observed in the thermal profile of the sample. This allows for a simpler
interpretation of the thermal profile.

Overnight air-dried materials were measured first. All the composite
materials seemed to present different degrees of solvent content due to the
interactions between the molecules and the encapsulation media with the
ZIF-8 framework. For example, a 50 % mass loss could be observed for
MA@ZIF-8 (Figure S4.1c) at 80 °C, as expected since the obtained material
was in gel form after the infiltration process. In view of the large volatile
content in all samples, thermogravimetric analyses were carried out after
preliminary thermal treatment. To maximize solvent removal while
retaining the active molecules, the pre-treatment consisted of heating at 100
°C for 3 hours (including pristine ZIF-8 NPs). In case of the MA@ZIF-8, this
thermal pre-treatment was extended up to 16 hours due to its gel nature. The
thermal profile of the activated materials is depicted in Figure 4.2.9. Table
4.2.2 summarizes the inorganic residue content of all the composite
materials, as compared to the control empty ZIF-8 and related theoretical

value (theo). In addition, the estimated loaded molecule is provided.
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Table 4.2.2. Thermogravimetric analysis of the obtained
biomolecule@ZIF-8 composites compared with pristine ZIF-8, summarizing
the ligand decomposition temperature, inorganic residue value and the
estimated molecule loading for each material.

I .

Ligand Inorgamc Encapsulated molecule

decomp. T / °C residue (D.B.) / /% (w/w)
P % (w/w) o

ZIF-8 (theo) - 36.0
ZIF-8 405 36.1
Bz@ZIF-8 410 28.4 213
SA@ZIF-8 370 - 540 25.5 29.4
MA@ZIF-8 400 239 33.8
Gua@ZIF-8 397 29.2 19.1

Thermal profile of activated ZIF-8 nanoparticles follows the expected
decomposition, presenting a 36.1 % of inorganic content, in good agreement
with the expected 36 % value considering ZIF-8 molecular formula.
Bz@ZIF-8 composite thermal profile (Figure 4.2.9a) presents an additional
21.3 % mass loss at 150 °C that can be related with the removal of
benzaldehyde molecules. For SA@ZIF-8 (Figure 4.2.9b), there is a
continuous two-step mass loss of 29.4 % between 100 and 300 °C that can
be attributed to the encapsulated salicylaldehyde molecules. Ligand
decomposition takes place in this case in a multiple step manner between
370 and 540 °C. The smooth and continuous decomposition of the composite
points to an effective and differentiated interaction of salicylaldehyde guest
molecules with the ZIF-8 host than in the case of the other composites, where
this effect is not observed. MA@ZIF-8 sample was dried at 100 °C for a total
of 16 h in order to completely dry the obtained gel after the encapsulation

process and obtain a manageable powder. Even after this extended thermal
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treatment, the solvent molecules of the encapsulation medium are not
completely removed from the sample, as can be seen in Figure 4.2.9c.
MA@ZIF-8 thermal profile presents a 17.7 % mass loss before 100 °C that
can be related to solvent molecules remanent from the encapsulation
process. Between this temperature and 260 °C a mass loss of 33.8 % (D.B.) is
observed, that can be assigned to the encapsulated methyl anthranilate
molecules, and a 23.9 % (DB) inorganic residue is obtained. Finally,
Gua@ZIF-8 thermal profile (Figure 4.2.9d) showcases a 19.1 % two-step
mass loss between 110 and 300 °C attributed to the guaiacol encapsulated
molecules, the lower estimated content of all the composite materials.

Inorganic residue corresponds to a 29.2 %.
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Figure 4.2.9. Thermal profile of Bz@ZIF-8 (a), SA@ZIF-8, MA@ZIF-8 (c), and
Gua@ZIF-8 (d), compared with the pristine ZIF-8 nanoparticles. All samples were
dried in oven at 100 °C for 3 h before measurement, except MA@ZIF-8 which was
dried for 12 h.
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N2 sorption isotherms at 77 K. N2 sorption studies before and after
benzaldehyde encapsulation were carried out to evaluate the porosity of the
composite material (Figure 4.2.10).

A ca. 84 % decrease in the porous surface (Figure 4.2.10a) was evidenced
after benzaldehyde encapsulation (Sser = 1712 vs. 276 m?-g1, respectively
for ZIF-8 and Bz@ZIF-8). This is a similar BET value reduction to the one
obtained in the preliminary study discussed in chapter 2, when employing 5-
day encapsulations. This result further supports the rapid kinetics of the
benzaldehyde infiltration into the ZIF-8 framework. In the case of SA@ZIF-8
(Figure 4.2.10b), the BET reduction is ca. 94 % (Sser = 108 m2-g1 for
SA@ZIF-8). Interestingly, SA@ZIF-8 is the only composite which loses its
hysteretic behaviour. Also considering the appearance of a diffraction peak
at 26 = 6.5 ° in the composite diffraction pattern, and its thermal profile,
being the only one that presents a ligand decomposition in multiple steps,
these results further point in the direction of ligand functionalization or
substitution in this composite. MA@ZIF-8 (Figure 4.2.10c) presents a BET
reduction of ca. 90 % (Sser = 169 m?-g'1 for SA@ZIF-8) showcasing a slight
increase in the region affected by the hysteretic behaviour. Gua@ZIF-8
(Figure 4.2.10d) presents a BET reduction of ca. 61 % (Sser = 665 m2-g-1 for
SA@ZIF-8).
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Figure 4.2.10. N; sorption isotherms at 77 K of Bz@ZIF-8 (a), SA@ZIF-8 (b),
MA@ZIF-8 (c), and Gua@ZIF-8 (d), compared with ZIF-8. Solid symbols for
adsorption and open ones for desorption. Samples were activated at 100 °C for
3h before measurement.

ZIF-8 exhibits flexibility upon gas uptake,8 reflected in slope changes in
the 0-0.1 P/Po region of the N2 sorption isotherms. A close inspection of this
gate-opening effect is displayed in the logarithmic representation of the N2
adsorption branch (Figure 4.2.11), where three steps can be clearly
distinguished. Interestingly, for all composite materials the characteristic
gate opening behaviour of the ZIF-8 micropores is completely lost upon
biomolecule infiltration, hindering the reorientation of the imidazolate
linkers upon gas sorption. This effect can be expected in the case of complete
blocking of the pores, being the case of SA@ZIF or MA@ZIF-8 sorption
profiles, but not for Bz@ZIF-8 and Gua@ZIF-8 composites, which sorption
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profiles manifest available porosity in the micropore region. This result

further implies the possible ligand substitution in the composite materials.
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Figure 4.2.11. Logarithmic representation of N; adsorption isotherms at 77 K of
Bz@ZIF-8, SA@ZIF-8, MA@ZIF-8, and Gua@ZIF-8 compared with ZIF-8 in the
micropore region.

Pore distribution analysis was conducted by employing the Horvath-
Kawazoe equations for pore-size distribution (PSD). Pristine ZIF-8 NPs
present 3 PSD centres. The 5.8 and 7.4 A PSD sites of ZIF-8 (Figure 4.2.12a)
are due to the flexible six-membered ring, which arises from the vibrations
of the linker: the methyl rotation of the methylimidazolate ligand allows the
infiltration of more N2 molecules, expanding the available volume in the pore.
The largest PSD centre of ZIF-8 nanoparticles, of about 9.4 A, corresponds to
the maximum opening available, almost the diameter of the ZIF-8 SOD cage
(pore size according to the crystal structure is 11.6 A).19 In all the composite
materials the PSD drastically changes, and the encapsulation products
present only one PSD centre, further evidencing that the distinctive ZIF-8

gate opening upon N2 uptake is lost. In summary, the retrieved pore width
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for the composite materials is: Bz@ZIF-8 (4.9 A) < Gua@ZIF-8 (5.5 A) <
SA@ZIF-8 (5.9 A) < MA@ZIF-8 (6.3 A).
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Figure 4.2.12. Pore size distributions obtained employing the Horvath-Kawazoe
equations of pristine ZIF-8 NPs (a), BZz@ZIF-8 (b), SA@ZIF-8 (c), MA@ZIF-8 (d),

and Gua@ZIF-8 (e).

Biomolecule loading and encapsulation efficiency. Biomolecule
loading in the obtained composite materials was quantified by CG-MS, which
was employed to calculate the encapsulation efficiency according to the

equations described in section 3.2.1 of this Thesis. The obtained results are
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summarized in Table 4.2.3, where the estimated molecule content

determined by TGA is also included for comparison.

Table 4.2.3. Biomolecule loading estimated by TGA and GC, and calculated
encapsulation efficiency of the obtained composites.

Loading Loading Encapsulation
Sample (TGA) / % (GC) / % neap
efficiency (E.E.) / %
(w/w) (w/w)

Bz@ZIF-8 21.3 31.4 20
SA@ZIF-8 29.4 19.0 9
MA@ZIF-8 33.4 36.6 16
Gua@ZIF-8 19.1 15.3 7

The molecule loading values obtained by means of GC and the estimated
values attained from TGA are in the same range, but the calculated
encapsulation efficiency values may seem low at first sight especially
considering the attained results by means of HPLC. The 80 % decrease in
benzaldehyde and 70 % decrease in methyl anthranilate concentration in the
encapsulation supernatant should translate into exceptionally high loading
values in the composite materials. However, two considerations must be
contemplated while analysing these results: on the one hand, greatly
oversaturated biomolecule mixtures are employed in this procedure to
ensure the 5/1 biomolecule/MOF ratio, which implies that a high amount of
active molecule would not enter the MOF scaffold during the infiltration
process even if all the pores were to be filled. On the other hand, the decrease
of molecule concentration in the supernatant is not only a result of the
infiltration of the active molecules into the porous framework but also the
contribution of molecules attached to the ZIF-8 NPs surface. Due to their
volatile nature, the poorly attached molecules are released immediately after

encapsulation, during the overnight drying process and the thermal
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treatment at 100 °C. Taking these considerations into account, the obtained
loading values are acceptable even if the encapsulation efficiency values

seem low.

Regarding the biomolecule loading of the composites, Table 4.2.4
showcases the loading capacity values of other porous frameworks for
comparison. In general, considering how the inhibitory concentrations
required for antifungal activity in essential oils are usually not very high, the
loaded biomolecule content obtained could be appropriate for fungicidal

applications in all cases.

Table 4.2.4. Loading capacity of the studied biomolecules in other porous
materials.

Carrier Encapsulated molecule Loading / %
Nanoporous carbon

Benzaldehyde 56
based on MIL-10120
y-cyclodextrin-based

Benzaldehyde 3
MOF?21
ZIF-822 Salicylaldehyde 8
NaY zeolite23 Methyl anthranilate 34
HKUST-124 Guaiacol 40

After evaluation of the physicochemical characterization of all the four
obtained composites, and loading comparison with other active carriers,
Bz@ZIF-8 and MA@ZIF-8 were selected to be further employed in
antifungal activity essays, due to their moderate but greater biomolecule

loading.
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4.2.4. In vitro evaluation of antifungal activity.

Microbiology studies were conducted to determine the efficiency of
Bz@ZIF-8 (Figure 4.2.13) and MA@ZIF-8 (Figure 4.2.14) composites
against Penicilium expansum after their integration in zein biopolymeric
films. This section was carried out in collaboration with Pilar Hernandez-
Mufioz and Rafael Gavara from Instituto de Agroquimica y Tecnologia de
Alimentos, [ATA-CSIC.

P. expansum is a spoilage organism known to cause blue mold decay of fruit
and produces toxic secondary metabolites such as patulin and citrinin.
Though primarily known as a disease of apples, this plant pathogen can infect
a wide range of hosts, including pears, strawberries, tomatoes, corn, and
rice.2s
In these experiments, 3 droplets of a suspension containing P. expansum
spores are placed equidistantly on a PDA plate. Analogously to the protocol
discussed in Chapter 3 of this Thesis for the antibacterial activity of
carvacrol@MIL-100(Fe), a zein film that contains either the
biomolecule@ZIF-8 composite or the equivalent content of free molecule is
placed on the inside of the Petri dish lid. The prepared dishes are incubated
at 28 °C and the growth of the fungus is monitored visually by measuring the
growth halo. After six days of incubation the films are removed, and the
plates continue incubating until day 9 to assess if the effect is fungistatic (the
spores recover and grow in the absence of the active agent) or fungicidal (no
growth occurs even after removing the active agent). The results of this study
are showcased in Figures 4.2.13 to 4.2.15.

Essentially, the free-benzaldehyde zein film does not present either
fungistatic or fungicidal effect, as the presence of the molecule does not
prevent fungal growth completely (Figure 4.2.13, centre): the three
droplets of the fungal suspension present a ca. 90 % size of the control after

48 h, even though the growth rate is slower with time reaching a 70 % of
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fungal growth compared with the control at day 6. With the removal of the
benzaldehyde containing film after 6 days, the fungal growth does not
significantly increase, reaching a 75 % of the control. However, the
biomolecule encapsulation drastically improves its antifungal activity. No
fungal presence can be observed in the dish in contact with the Bz@ZIF-8
containing film after 48 h of incubation (Figure 4.2.13, right ) nor even after
6 days. After removal of the active layer, at day 9 the fungal growth is still
completely prevented (Figure 4.2.15). Thus, the film containing Bz@ZIF-8

composite presents both fungistatic and fungicidal effects.

CONTROL BENZALDEHYDE Bz@ZIF-8

Figure 4.2.13. Images of the microatmosphere test carried out to determine the
activity of Bz@ZIF-8 films against Penicilium expansum: On the top, images of the
Petri dishes showing 3 droplets of the fungal suspension after 48 hours of
incubation for control (left), benzaldehyde (middle) and Bz@ZIF-8 (right). On the
bottom, images of the Petri dishes after 6 days.

The presence of free methyl anthranilate is already relatively effective in
hindering fungal growth, since the dish in presence of the methyl

anthranilate film presents a ca. 75 % reduced fungal growth when compared
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to the control plate (Figure 4.2.14, centre) at 48 h, increasing its efficiency
up to 85 % after 6 days of incubation and maintaining this effect even after
removal of the film. Still, the encapsulation of the bioactive molecule
increases its effectiveness, and no fungal presence can be observed in the
dish in contact with the MA@ZIF-8 containing film after 48 h of incubation
(Figure 4.2.14, right). Even after removal of the active film at day 6, the
fungal growth is still completely prevented after 9 days (Figure 4.2.15).
Analogous to the incorporation of Bz@ZIF-8, the film containing MA@ZIF-8

composite also presents both fungistatic and fungicidal effects.

METHYL
CONTROL ANTHRANILATE MA®@ZIF-8

Figure 4.2.14. Images of the microatmosphere test carried out to determine the
activity of MA@ZIF-8 films against Penicilium expansum: On the top, images of the
Petri dishes showing 3 dropplets of the fungal suspension after 48 hours of
incubation for control (left), methyl anthranilate (middle) and Bz@ZIF-8 (right).
On the bottom, images of the Petri dishes after 6 days.
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Figure 4.2.15 visually summarizes the discussed fungal growth studies,
clearly evidencing the enhancement of the fungicidal activity of the
biomolecules upon ZIF-8 encapsulation, especially in the case of

benzaldehyde infiltration.

B control

7| Methyl Anthranilate
41 |MA@ZIF-8

|:| Benzaldehyde

5 | |Bz@ZIF-8 -

L2 l |

Time / Days

Fungal Growth Diameter / cm

Figure 4.2.15. Fungal growth diameter on the incubated dishes.
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4.3. Summary and conclusions

In this chapter, four ZIF-8-based biocomposites containing benzaldehyde,
salicylaldehyde, methyl anthranilate or guaiacol, were obtained adapting the
direct infiltration method previously developed and described in Chapter 2.
The encapsulation kinetics were evaluated, resulting in a surprisingly fast
encapsulation process, where the infiltration of the biomolecule occurs
almost immediately with effective loadings of ca. 20-30 %.

Of the four obtained composites, Bz@ZIF-8 and MA@ZIF-8 were
employed in antifungal activity essays. The released benzaldehyde and
methyl anthranilate dose was enough to oppose fungal growth, with an
improved activity against Penicilium expansum in comparison with the “free”
biomolecule after integration in biopolymeric films.

The prepared bimolecule@ZIF-8 composites are potential options for food
packaging applications due to their direct preparation and simple
processing, and a scaffold-mediated performance that permits an enhanced

antifungal action.
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4.4. Methods

Synthesis of ZIF-8 nanoparticles

ZIF-8 nanoparticles were synthesized at 60 °C adapting the procedure
described by Langner and coworkers.?¢ A solution of Zn(NO3)2:6H20 (1.476
g, 5 mmol) in 100 mL of methanol at 40 °C was rapidly added to a solution of
2-methylimidazole (3.286 g, 40 mmol) in methanol (50 mL) at the same
temperature. The mixture was heated at 65 °C and stirred for 1 h at this
temperature before placing the flask in an ice bath to stop the reaction. The
precipitate was isolated by centrifugation (8000 rpm, 30 min, room

temperature), washed with methanol three times, and dried in air overnight.

Preparation of biomolecule@ZIF-8 composite materials

Composites benzaldehyde@ZIF-8 and methylanthranilate@ZIF-8 were
obtained following a direct impregnation method. 11.65 mL of
benzaldehyde, 16.61 mL of methyl anthranilate, 13.41 mL of salicylaldehyde,
and 13.64 mL of guaiacol emulsions (20 mg-mL-! concentration) prepared in
a H20:EtOH (4:1) mixture with were directly added to 100 mg of ZIF-8

(]

nanoparticles. After 1h stirring in a 360 rotating shaker, the
biomolecule@ZIF-8 materials were retrieved by centrifugation (10000 rpm,
20 min) and dried at air overnight. The composites were then additionally
dried at 100 °C for 3 hours in oven to ensure the complete ethanol and water

removal from the samples.

Determination of encapsulation Kinetics

To establish if the encapsulation kinetics could be monitored by HPLC,
calibration curves were prepared and measured in a HPLC 1260 Agilent
Infinity equipment with UV-Vis detection. Benzaldehyde and methyl
anthranilate were selected for the screening test. Benzaldehyde and methyl

anthranilate solutions were prepared in acetonitrile in the range of 0.015 to
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0.2 and 0.25 to 5 mg-mL-1, respectively. The column used was 150x4.6 mm
packed with 4 pm particles of C18 (Agilent) operated at 25°C. To elute the
biomolecules, the mobile phase employed was a binary mix of acetonitrile
(70 %) and water (30 %). The flow rate of the mixture was 1 mL-min-!, and
the injection volume of the samples was 20 uL.. The molecules were detected
by UV-Vis at A = 260 nm for benzaldehyde and A = 250 nm for methyl
anthranilate with retention times of 2.04 and 3.55 min, respectively. To

ensure the reproducibility, calibration curves were repeated 6 times.

(a) (b)

15000 = 8000

99564
122909 = 85.61086

inter s
6000  [siope 118897962 + 142.29408 /

4000 | /
2000 /

T T T T T 0 T T T T T
0,0 0,1 0,2 03 0,4 0,5 0 1 2 3 4 5
Methyl anthranilate concentration / mg-mL"

u

10000

Intensity / a.u.

5000

Intensity / a

0

Benzaldehyde concentration / mg-mL™

Figure 4.4.1. Calibration curves in acetonitrile of benzaldehyde (a) and methyl
anthranilate (b). Statistics table is included in each graph.

For the analysis of the biomolecule content in the supernatant performed
by HPLC, encapsulations were carried out by adding the corresponding
amount of biomolecule emulsion to 10 mg of dry ZIF-8 NPs in an Eppendorf
tube. Each encapsulation was performed by triplicate. The encapsulations
were stopped at different times by centrifugation (13400 rpm, 15 min) and
a 100 pL aliquot was extracted from each tube, diluted ten times in

acetonitrile and injected into HPLC for quantification.
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Determination of biomolecule loading and encapsulation efficiency

Bioactive molecule content in the obtained composite was determined by
thermic desorption Gas Chromatography, using a HP 7890B equipped with a
HP5 column of 30 m, 320 um of diameter and 0.25 pm of thickness. The
thermic gradient employed was: 40 °C (3 min), 10 °C-min-! ramp until 200 °C
and 15 min isotherm. Injector heats on ballistic ramp (600 °C-min-1) from 40

to 200 °C and 4 min isotherm.

Characterization of biomolecule@ZIF-8 composite materials

X-ray powder diffraction experiments were acquired in an X-ray
diffractometer (PANalytical Empyrean) with copper as a radiation source
(Cu-Ka, 1.5418 A). Infrared spectroscopy spectra were registered employing
an ALPHA II FTIR spectrometer (Bruker). Thermogravimetric analyses were
carried out with TGA 550 (TA Instruments) in high-resolution mode (Ramp:
20.0 °C/min to 700 °C; Res 4 Sensitivity 3). All samples were activated at 100
°C 3h before measurement. N2 sorption isotherms were obtained using a
TRISTAR II apparatus (Micromeritics) at -196 °C. All samples were activated

at 100 °C under vacuum for 3h before measurement.

Determination of fungicidal activity

The strain of Penicillium expansum fungus was obtained from the Spanish
Collection of Type Cultures (CECT 2278). The fungus is grown on agar before
the experiment in PDA (potato dextrose agar) medium which is a solid
general fungal growth medium. The fungus takes about seven days to grow
at 28 °C occupying the entire plate (90 mm). It is in this phase when the
spores are extracted. The extracting protocol consists of the following steps:
in a laminar flow cabinet 10 mL of peptone water with Tween 80 (0.05 %)
are dropped on the surface of the plate and the mycelium is broken by

scraping with the help of a spatula. 5 mL of the formed suspension are shaken
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vigorously with a vortex. After serial dilutions a concentration of 105
spores/mL is achieved - the spores are counted in an optical microscope with
the help of a Neubuer camera. 3 uL of said suspension are placed
equidistantly on the PDA plate. A film that contains either the
biomolecule@ZIF-8 composite or the equivalent content of free molecule is
placed on the inside of the Petri dish lid. The prepared dishes are incubated
at 28 °C and the growth of the fungus is monitored visually by measuring the
growth halo. After six days of incubation the films are removed, and the

plates continue incubating until day 9.
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4.5. Supporting information

Thermogravimetric analysis of the air-dried obtained composites
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Figure S$4.1. Thermal profile of Bz@ZIF-8 (a), SA@ZIF-8, MA@ZIF-8 (c), and
Gua@ZIF-8 (d), compared with the pristine ZIF-8 nanoparticles. All the samples
were dried at air overnight before measurement.
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5.1. Introduction

As discussed in previous chapters of this Thesis, the encapsulation of active
molecules into MOF scaffolds following an impregnation procedure is a
valuable methodology for their loading, preservation, and controlled release.
This direct infiltration method presents the advantage of using pre-formed
MOFs without modification of the synthetic procedure and avoiding post-
synthetic functionalization. A general simple process consists of mixing the
pristine porous materials and the biomolecule solution, which results on the
desired composite product. However, this infiltration method is limited by
the dimensions of the selected molecule, which must fit the pore size of the
framework and not exceed the pore window. Therefore, the selection of a
mesoporous framework, featuring prominent porosity and large accessible
pore windows can be a viable strategy to overcome this size limitation.

Hierarchical mesoporous MOFs with adjustable mesopores (either
intrinsic mesopores or introduced mesoporous defects) have shown great
potential for the encapsulation of bioactive macromolecules.! For example,
Chen and co-workers immobilized the peptide hormone insulin in NU-1000
(Figure 5.1.1), obtaining a high loading of ~ 40 wt % in only 30 min by
simply soaking the MOF particles in an insulin solution. The obtained
composite preserved the majority of the insulin activity upon harsh
conditions mimicking the stomach environment while releasing the

hormone in conditions that imitate the bloodstream.2

I ? Encapsulation E 3
13 Ax 34 A g

13A

Insulin

Figure 5.1.1 Schematic representation of insulin encapsulation in the mesopores
of NU-1000. Reproduced from reference 2.
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Using a flexible framework can be another plausible strategy to
encapsulate biomolecules with higher dimensions. Recently, Qi and co-
workers encapsulated lysozyme (Figure 5.1.2) in MIL-53(Fe) microparticles
and incorporated them into polylactic acid polymer using a direct
impregnation technique. The successful encapsulation is based on the ability
of the MIL-53(Fe) framework to reversibly adapt its pore size upon different
stimuli (guest adsorption, temperature, pH).34 The composite microparticles
endowed the film with better lysozyme stability, antibacterial and anti-

adhesion properties.5

Figure 5.1.2. Tertiary structure of lysozyme (PDB ID-3ZEK).

Since the main advantage of mesoporous MOFs relies in their adsorptive
storage ability, the encapsulation of macrobiomolecules for drug delivery is
not the only application that can be benefitted from the presence of larger
pores. Hierarchical porous materials can result promising candidates for
catalysis, separation, and sorption applications.6 Particularly, the steady
accumulation of carbon dioxide in the atmosphere in the last decades has
generated substantial environmental concerns. However, CO2 is also a
recyclable substance with a highly appealing application for the chemical

sector as a carbon source, and current carbon capture systems are inefficient,
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energy-intensive, and costly. Thus, CO2 capture systems must be improved,
and mesoporous MOFs may present great potential for CO2 capture due to

their increased surface area and enhanced mass diffusion.”

Among the few mesoporous hierarchical MOFs reported to date, a

tetrathiafulvalene (TTF)-based MOF named MUV-2, has been reported in our

group. MUV-2 crystallises in the space group P62m and consists of 6-
connected [Fes3(u3-0)(CO0)s] SBUs and tetratopic TTFTB ligands,
constituting a 4,6-connected network with ttp topology. Microporous
channels of ca. 1 nm are orthogonal to mesoporous channels of ca. 3 nm
(Figure 5.1.3), leading to a structure with a calculated free volume of ca. 82
%, that translates into a reported experimental BET surface for this material
of 1200 m2-g-1. MUV-2 is a highly stable material, both thermally (ligand
decomposition and structure collapse occurs at ca. 350 °C) and chemically
(the PXRD pattern of the material is maintained after exposure to aqueous
solutions with pH values ranging from 2 to 11 and in different organic

solvents for 24 h).8

Figure 5.1.3. Overview of the crystal structure of MUV-2 showing the hexagonal
mesoporous channels along the c-axis (a) and microporous channels orthogonal
to the microporous ones (b). The grey, yellow, red, and orange colours
correspond C, S, O, and Fe, respectively. Reproduced from reference 9.
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The remarkable chemical stability of MUV-2 upon solvent exposure gives
also rise to a breathing behaviour in the porous structure that is based on the
flexibility of the TTFTB ligands, becoming much more planar upon solvent
adsorption, and also on the partial rotation of the Fe30(C00)¢ SBUs (Figure
5.1.4).°
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Figure 5.1.4. Crystal view of the pore opening evolution of MUV-2 (a) with the
corresponding partial views of the TTFTB ligand for the crystal structures (b)
highlighting the dihedral angles between the planes formed by the two dithiol
rings (0 = 69°, 54°,41°, and 9°, for (i), (ii), (iii) and (iv), respectively). Reproduced
from reference 9.

The breathing motion of the structure also impacts the electrochemical
properties of MUV-2, offering the possibility to tune them by the effect of
different solvents. Furthermore, the improved catalytic activity of MUV-2
over the widely utilized MIL family as heterogeneous catalysts has been
demonstrated for the aerobic oxidation of dibenzothiophene (DBT) using
long chain alkanes as solvents.

As previously discussed, the combination of the mesoporous channels of
ca. 3 nm of diameter in the structure and its breathing behaviour upon
solvent exposure makes MUV-2 an interesting plausible candidate for the
encapsulation of larger active molecules. However, the synthesis of this
material relies in using harmful DMF as a solvent, and as discussed in Chapter

2 regarding the synthesis of Ui0-66 and it aminated derivative, this solvent
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is very difficult to exchange. Thus, advances towards greener synthetic
routes are an essential step towards the implementation of MUV-2 in specific
applications, since more scalable processes can be considered.

One possibility to further extend the array of applications of MUV-2, and
expand its chemistry, relies on the modification of its framework. Essentially,
by replacing one of the iron centres in the structure with a divalent metal, a
mixed-metal MOF (MM-MOF) with tunable properties that retains the
mesoporous structure is obtained. By definition, MM-MOFs contain at least 2
different metal ions in any part of their structure.19 In the literature, the
fabrication of MM-MOFs has been conducted following either one-pot
synthesis or post-synthesis modification.1%12 When compared to
homometallic MOFs, MM-MOFs can take advantage of the complexity and
synergism obtained from the presence of various metal ions in the structure
of MOFs, and may exhibit higher stability and an improved performance in
various applications, particularly in gas storage and separation,!3 catalysis,*
sensing,!> and construction of photoactive materials.1¢ Particularly in the
field of gas storage and separation, mesoporous MM-MOFs would present an
advantage for not only possessing high uptake of gases, but also tunable

functionality to selectively adsorb different guest molecules.

In this Chapter 5, two main objectives will be pursued. On the one hand,
the obtention of Mixed-Metal MUV-2 analogues (MM-MUV-2) will be
targeted. On the other hand, the elusive green chemistry synthesis of
MUV-2(Fe) and its derivatives will be also explored, substituting DMF by the
more convenient isopropanol solvent. The obtained materials will be
thoroughly characterized, and their COz uptake capacity will be assessed.

Then, the suitability of the green materials as larger biomolecule carriers
will be evaluated by means of lysozyme encapsulation following a direct

impregnation methodology.
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5.2. Results and discussion

5.2.1. Standard synthesis of mixed metal MUV-2 derivatives

A well-known method for the synthesis of mixed-valence oxo-trimer based
MOFs consists in replacing, in a controlled manner, some of the constitutive
Felll cations by other octahedrally coordinated metal cations.” Following the
same protocol, for the synthesis of mixed metal MUV-2 derivatives, the
preparation of the heterometallic building block (FezM!0)(CH3C00)¢(H20)3
(M=Ni or Co) was first carried out by direct mixture of Felll acetate with an
equimolar amount of M! acetate tetrahydrate dissolved in water. The
reaction mixture is magnetically stirred at room temperature until the
precipitation of a powder is observed - the mixed acetate trimer precipitates
due to the insertion of the divalent metal, achieving the electroneutrality of
the structure. The obtained (Fe2M!"O)(CH3C00)s(H20)3 is then mixed with
H,TTFTB ligand in DMF to form the corresponding Mixed-Metal MUV-2 with
the addition of acetic acid as a modulator in a solvothermal procedure. The
resulting dark brown powder was collected by filtration and thoroughly
washed before being filtered and left to dry at air. Activation of the samples
consisted in thermal treatment at 120 °C for three hours. Light brown
crystalline powders were obtained (Figure 5.2.1), in contrast with the

characteristic black crystalline powder of MUV-2(Fe).

Figure 5.2.1. Image of the obtained MM-MUV-2 derivatives: MUV-2(Fe/Co) (left),
MUV-2(Fe/Ni) (centre), in comparison with MUV-2(Fe) crystalline powders
(right).
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5.2.2. Physical characterization of the materials

To confirm the successful synthesis of MUV-2 mixed metal derivatives,
Infrared Spectroscopy (IR), Thermogravimetric Analysis (TGA), Inductively
Coupled Plasma Mass Spectrometry (ICP-MS), Energy-Dispersive X-ray

Analysis, and Scanning Electron Microscopy (SEM) studies were performed.

Infrared Spectroscopy. Figure 5.2.2a compares the FTIR spectra of the
iron-based MUV-2 and the mixed-metal analogous materials in the 1800-400
cm! region. The spectra of all the materials are virtually the same: the
characteristic bands in the range of 1655-1400 cm! correspond to the
coordination of the metallic clusters to the carboxylic groups of the ligand.
The vc=0 band located at 1659 cm1 in the MUV-2(Fe) spectrum evidences the
presence of DMF remaining likely in the pores of the framework. Figure $5.1
exhibits how this 1659 cm'! band is also present in the MM-MUV-2
derivatives in the as-synthesised materials but does not appear after
washing and thermal activation of the samples. The main difference in the IR
spectra of the materials lies in the asymmetric stretch region (800-400 cm-1).
Mainly, the vas(Fe30) vibration band in MUV-2(Fe) is split in two peaks at 632
and 621 cm! respectively, suggesting a different interaction between the
solvent molecules and the accessible Felll sites. This could be attributed to
the binding of DMF molecules to some of the Felll centres, as discussed
previously in Chapter 3 regarding the carvacrol coordination to the iron
centres of MIL-100. This effect is much more evident in the case of the
MM-MUV-2 derivatives (Figure 5.2.2b), as this difference arises mainly due
to the insertion of the divalent metal. The trimer-related band shifts to lower
wavenumber, as the electronic density of the M!-O bond increases - thus
vibrating at lower frequencies. The band split for MUV-2(Fe/Co) is located at
632 and 599 cm-1, whereas the same band appears at 632 and 603 cm-! in

MUV-2(Fe/Ni).
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Figure 5.2.2. (a) FT-IR spectra of MUV-2(Fe/Co) (pink) and MUV-2(Fe/Ni) (teal)
after DMF/EtOH washing and thermal treatment at 120 °C for 3h, compared with
MUV-2(Fe) (red). (b) 1000-400 cm-! section of the same spectra, focusing on the
asymmetric stretching region of the metal trimers.

Thermogravimetric Analysis. Thermal profiles of activated MM-MUV-2

derivatives are illustrated in Figure 5.2.3. The comparison of the

mixed-valence derivative MOFs and MUV-2(Fe) before and after activation

are displayed in Figure S5.2, exhibiting an analogous thermal behaviour to

MUV-2(Fe). Both materials present similar thermal profiles, with a ca. 8 %

mass loss between room temperature and 130 °C that can be related with
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ambient humidity and ethanol molecules remanent from the washing
protocol. Ligand decomposition occurs at ca. 320 °C, leaving in both cases an
inorganic residue of approximately 19 % of the mass at 700 °C, in good

agreement with the proposed (TTFTB)s[(Fe'2M"0)(H20)3]2 molecular
formula (see Table 5.2.1).

Table 5.2.1. Thermogravimetric analysis of the obtained MM-MUV-2
materials, summarizing the ligand decomposition temperature and
inorganic residue value, in comparison with the theoretical value extracted
from the molecular formula.

I i id
Ligand decomp. T / °C norganic residue

(D.B.) / % (w/w)
MUV-2(Fe/Co) (theo) - 19.0
MUV-2(Fe/Co) 320 19.1
MUV-2(Fe/Ni) (theo) - 19.0
MUV-2(Fe/Ni) 316 19.6
() (b)
100 100+
MUV-2 (Fe/Co) ——— MUV-2 (Fe/Ni)
80+ 80
X X
- ~
£ 60 £ 60
o0 20
= =
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20 20
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Temperature / °C Temperature / °C

Figure 5.2.3. Thermal decomposition profiles of MUV-2(Fe/Co) (a) and
MUV-2(Fe/Ni) (b) from 25 to 700 °C.
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Inductively Coupled Plasma Mass Spectrometry. The metallic ratio of
the mixed-metal compounds was evaluated by means of ICP-MS after
MW-assisted acid digestion of the samples. Analyses of MM-MUV-2 (Fe/Co)
revealed a Fe/Co ratio of 2.15/1. For MM-MUV-2 (Fe/Ni), a Fe/Ni ratio of
2.17/1 was obtained,  further  confirming the  proposed
(TTFTB)s3[(FezM"0)(H20)3]2 molecular formula. Table 5.2.2 summarizes

the results.

Table 5.2.2. ICP-MS Results.

Sample Fe / mg-g1 M! / mg-g-1 Fe: MY
p 88 &8 molar ratio

MUV-2 (Fe/Co) 189.4+0.9 87.9+0.8 2.15:1

MUV-2 (Fe/Ni) 195.1+1.3 89.9+0.4 217:1

Scanning Electron Microscopy. The morphology and dimensions of the
particles were assessed with Scanning Electron Microscopy (SEM). As Figure
5.2.4 showcases, the particles of both materials present a needle-like shape
with more well-defined borders in the case of MUV-2(Fe/Co) (Figures
5.2.4a and 5.2.4b), specially for the larger particles. In view of the variety in
particle dimensions (from nm to pm), it can be concluded that these
synthesis do not provide a controlled size, for any mixed-metal derivative. In
comparison, the tendency is for a smaller size in the case of MUV-2(Fe/Ni)

(Figures 5.2.4c and 5.2.4d).
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Figure 5.2.4. Scanning Electron Microscopy images of (a, b) MUV-2(Fe/Co) and
(c, d) MUV-2(Fe/Ni) particles. Scale bar is 5 pm for image (a) and 1 pm for the
rest of images.

Energy-dispersive X-ray spectroscopy. In addition, EDX measurements
in both mixed metal materials revealed a S/Fe/M! ratio of 7/2 /1, showcasing
a higher TTFTB4* content than expected when compared with the S/Fe ratio
of MUV-2, which is 6/3. The absence of ligand contribution in the thermal
profile of both washed mixed-metal derivatives, as well as the absence of a
free ligand band in their IR spectra discards the presence of free ligand inside
the pores. This points in the direction of possible cluster defects in the
structure, which is indicative of the chemical robustness of the framework.

Table 5.2.3 summarizes the results.

Table 5.2.3. EDX results.
Sample % S % Fe % MU

MUV-2 (Fe/Co) 713 +2.7 208+ 1.8 7.9 £0.9
MUV-2 (Fe/Ni) 73.0 + 0.4 20.7 £0.2 6.2+0.3
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5.2.2. Chemical and thermal stability - Powder X-ray Diffraction

The crystalline structure of the materials was compared by means of PXRD
with MUV-2(Fe).

Figure 5.2.5 displays the diffraction pattern of MUV-2(Fe/Co) and
MUV-2(Fe/Ni) samples after washing and thermal treatment at 120 °C for 3
h, as compared with the simulated diffraction pattern of MUV-2(Fe).? It is
worth remarking that the main diffraction peak, corresponding to the (1 0 0)
reflection, in MUV-2(Fe/Co) and MUV-2(Fe/Ni) appears at 26 = 3.35° after
solvent removal, whereas the contracted MUV-2(Fe) crystal structure
presents its (1 0 0) peak at 20 = 3.45°. The (2 -1 0) and (2 0 0) associated
reflections with diffraction peaks at 20 = 6.0 and 6.92° also appear shifted in
the experimental diffraction pattern, with 26 values of 5.70 and 6.63°,
respectively.

These minor differences in the diffraction peak positions may suggest that
the insertion of the divalent metal slightly influences the MUV-2 crystal
structure. Nevertheless, the rest of the diffraction pattern of the mixed
valence samples matches perfectly with the simulated MUV-2(Fe) reference,
confirming that the novel materials are isostructural with the MUV-2
framework after the insertion of the divalent cation into the secondary
building unit of the framework, and its crystalline structure is overall

maintained.
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MUV-2 (Fe/Ni)

MUV-2 (Fe/Co)

Simulated MUV-2 (Fe)

A

N T v T T NV N
5 10 15 20

20 deg

Figure 5.2.5. XRPD pattern of MUV-2 (Fe/Co) (pink) and MUV-2 (Fe/Ni) (teal)
after thermal treatment at 120°C for 3h, compared with the simulated diffraction
pattern of MUV-2 (Fe) obtained from crystallographic data (red).?

PXRD was also employed to evaluate the if the characteristic breathing
behaviour of MUV-2(Fe) upon solvent adsorption (Figure 5.2.6) is also

present in the mixed metal materials.

J\q ——— Pyridine

—— DMF

EtOH
/| — |
Toluene 2

Acetonitrile

e —
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{\\
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\

Desolvated

——— MUV-2(35)
MUV-2(33)
—— MUV-2(31)

2 Theta (deg)

Figure 5.2.6. Evolution of PXRD patterns for MUV-2(Fe) after soaking with
various solvents at room temperature, compared with simulated diffraction
patterns of MUV-2(Fe) in different states of pore contraction. Reproduced from
reference 9.
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As featured in Figures 5.2.7a and 5.2.7b, and previously discussed, the
characteristic (1 0 0) peak of the mixed-metal MOFs appears at 20 = 3.35°
after solvent removal, whereas the contracted MUV-2(Fe) crystal structure
presents its (1 0 0) peak at 20 = 3.45° after thermal treatment.? This peak
shifts toward lower degrees after MM-MUV-2 samples are soaked in different
solvents during 2 h. In view of this result, the possibility of MM-MUV-2 to
reversibly undergo the same breathing phenomenon that MUV-2(Fe)
presents by exposing the material to different solvents was explored.
Soaking the materials in pyridine or DMF provokes a shift in the (100) peak
to 20 = 2.89°, analogous to MUV-2(Fe) which showcases that peak at 20 =
2.91°. Essentially, pyridine and DMF generate the largest pore opening while
exposure to other different solvents (ethanol, water, toluene, and
acetonitrile) yields intermediate pore apertures in the mixed-metal

derivatives, following the same tendency as the iron-based material.

(a) (b)

Pyridine Pyridine

EtOH EtOH

H,0

Toluene

H,0

Intensity / a.u.

Intensity / a.u.

Toluene

Desolvated Desolvated

2 3 4 5 6 7 8 9 10 11 12 2 3 45 6 7 8 9 10 11 12

20 deg 20 deg
Figure 5.2.7. Evolution of PXRD patterns for MUV-2(Fe/Co) (a) and
MUV-2(Fe/Ni) (b) after soaking the samples in various solvents at room
temperature for 2h.
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This breathing behaviour upon solvent exposure demonstrates that the
solvent interactions that the inorganic Fe30(C0O0)s SBUs experience remain
unaffected in the case of the heterometallic Fe2M!"0(CO0)s moieties after the
cluster is modified.

The maintenance of the breathing phenomenon was evaluated after
thermal treatment at different temperatures (Figures 5.2.8 and 5.2.9), and
its reversibility was confirmed after soaking the samples in DMF. There is a
drastic increase in the intensity of the (1 0 0) peak in all the thermally
activated samples in comparison with the as-synthesized material, even
when employing a relatively soft activation temperature of 80 °C, that does
not further increase with higher temperatures. In both cases, the mixed-
metal derivatives present optimal thermal stability up until 150 °C,
maintaining their breathing behaviour as revealed by the (1 0 0) peak shift
from 26 = 3.35° to 20 = 2.89°. Upon activation at 200 °C and subsequent DMF
exposure, MUV-2(Fe/Co) presents a second peak at 26 = 3.15° (Figure
5.2.8b), suggesting a partial framework response to the DMF soaking.

(@ 3 (b) %o

200 °C + DMF

200 °C, 3h
150 °C + DMF

A

80 °C + DMF
2 4 6 8 10 12 14 16 2 10 12 14 16
20 deg 20 deg

150°C, 3h J
120°C, 3h M 120 °C + DMF
4 6 8

Figure 5.2.8. PXRD pattern of MUV-2(Fe/Co) upon thermal treatment at
different temperatures for 3h (a) and upon DMF exposure of each sample (b).
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In the case of MUV-2(Fe/Ni), after thermal treatment at 200 °C and DMF
exposure, the main peak is located at 20 = 3.20° (Figure 5.2.9b) and the
relative intensity of the principal diffraction peak drastically decreases in
comparison with the previous activation temperatures, meaning that the
high temperature compromises the crystallinity and flexibility of the
material to some extent. Upon DMF soaking, the main peak shifts to 20 =

3.16° indicating the loss of breathing behaviour upon these conditions.

(a) 320 (b) ’ 3.16

MUV-2 (Fe/Ni)
|

200°C. 3h j ﬂ 200 °C + DMF
JM 150 °C + DMF

120 °C + DMF

80°C, 3h 80 °C + DMF
As synthesized W

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
20 deg 20 deg

150 °C, 3h

120°C, 3h

Figure 5.2.9. PXRD pattern of MUV-2(Fe/Ni) upon thermal treatment at different
temperatures for 3h (a) and upon DMF exposure of each sample (b).

5.2.3. Magnetic Properties

In order to investigate how the insertion of the divalent cation could
influence the magnetic behaviour of the MM-MUV-2 derivatives, magnetic
characterization was carried out. The variation of the magnetic susceptibility
with the temperature between 2 and 300 Kunder a 0.1 T magnetic field was
measured, as well as the magnetization upon variation of the magnetic field
between 7 and -7 T at 2 K. The temperature dependence of the magnetic

susceptibility upon increasing magnetic fields is showcased in Figures $5.3
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and $5.4. The reported xmT product of MUV-2 at 300 K (11.9 emu-K-mol-1)8
is close to the theoretical expected value for three Fe!l non-interacting S =
5/2 spins (ymT = 13.125 emu-K-mol-1). Upon cooling, ymT value strongly
decreases in agreement with the strong antiferromagnetic Fe---Fe coupling

within the quasi-isolated Fe!l trimers (Figure 5.2.10).
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Figure 5.2.10. Magnetic susceptibility xm (black line) and xmT (red line) versus
temperature variation of MUV-2(Fe) at 0.1 T. Reproduced from reference 8.

MUV-2 (Fe/Co) (Figure 5.2.11) showcases a similar magnetic behaviour,
where the xmT product at 300 K is 8.58 emu-K-mol-1. This value would be in
agreement with a LS configuration for the Co!! cation inserted in the trimer
cluster, as deduced from the theoretical expected xmT value for the LS and
the HS, respectively 9.125 and 10.625 emu-K-mol-1. However, the spin
configuration of the inserted Co! centre is expected to be HS due to the water
molecules coordinated to the cluster. This result would point towards a
cluster defect configuration in the framework, as previously suggested in the
EDX discussion.

Regarding the magnetization measurements at 2 K, a saturation
magnetization value of 3.97 pup is obtained at 7 T for MUV-2(Fe/Ni), whereas

the material does not present any magnetic ordering characteristics.
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Figure 5.2.11. (a) Magnetic susceptibility xm (pink) and ymT (purple) versus
temperature variation at 0.1 T and (b) magnetization curves at 2 K of
MUV-2(Fe/Co).

MUV-2 (Fe/Ni) magnetic profile (Figure 5.2.12) exhibits an even more
pronounced paramagnetic behaviour. The xmT product at 300 K of this
MM-MUV-2 derivative is 6.41 emu-K-mol-1. This value is unexpectedly low,
since the theoretical expected resultis 9.75 emu-K-mol-1, which again points
to the presence of cluster defects in the framework and/or the excess of
diamagnetic ligands in the sample.

Regarding the magnetization measurements at 2 K, the saturation
magnetization value is 3.50 pg at 7 T, and analogous to MUV-2(Fe/Co), the

nickel derivative does not present any magnetic ordering characteristics.
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Figure 5.2.12. (a) Magnetic susceptibility xm (teal) and xmT (purple) versus
temperature variation at 0.1 T and (b) magnetization curves at 2 K of
MUV-2(Fe/Ni).
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5.2.4. Single-gas sorption studies

Volumetric measurements. Single-gas low pressure sorption studies
were performed on MM-MUV-2 as well as on MUV-2(Fe) for comparison.
Figure 5.2.13a illustrates the N2 sorption study at 77 K. The porosity of the
framework is not compromised after the metal exchange, as the
Brunauer-Emmett-Teller (BET) surface area values of the mixed-metal
compounds — 1228 and 1249 m?-g-1 for MUV-2(Fe/Co) and MUV-2(Fe/Ni),
respectively — maintain a similar sorption behaviour as the iron-based
MUV-2 structure (BET surface area: 1176 m?-g-1). The hierarchical porous
structure of the compounds is hinted by a slight change in the slope of the
0-0.1 region of relative pressure values. This effect is present in all three
materials, and it is more obvious in the logarithmic representation of the N2
adsorption isotherm (Figure 5.2.13b), where three different slopes can be
observed in the adsorption profile of all the materials. The particle size
decreases with the use of the mixed-metal trimers in the synthetic procedure
(as previously discussed in section 5.2.2), and it is also reflected in the N2
adsorption profile of the MM-MUV-2 derivatives, as an increase in the N2
uptake is observed in the 0.9-1 region for these materials in comparison with
MUV-2(Fe), denoting that the gas is also filling the interparticular space.
Taking this effect into account, the maximum N2 uptake of the mixed-valence
materials is determined at 0.9 P/Po value, resulting in adsorbed quantities of
16.3, 16.6 and 14.7 mmol-g1 for MUV-2(Fe/Co), MUV-2(Fe/Ni) and MUV-
2(Fe), respectively.

Pore size distribution analysis of MM-MUV-2 derivatives, as well as
MUV-2(Fe) for comparison, was carried out employing the Horvath-Kawazoe
method with cylinder pore geometry (Saito-Foley correction)!819 and is
showcased in Figure 5.2.14. In all cases, 3 PSD centres can be observed with
similar attributed widths. Table 5.2.4 summarizes the sorption capacity of

the materials and their pore widths.
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Figure 5.2.13. (a) Ny volumetric low-pressure single-gas isotherm on MUV-2(Fe)
(red), MUV-2(Fe/Co) (pink) and MUV-2(Fe/Ni) (teal) at 77 K (solid symbols for
adsorption and open ones for desorption). Activation protocol consists of heating
at 393 K under vacuum overnight. (b) Logarithmic representation of the same N>
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Table 5.2.4. N2 sorption capacity and pore size distribution of all the MUV-2
materials.

BET
N tak it
Material surface / zuptaxe capadly  pore width /A
9 /mmol-g-1
m lg'l
MUV-2(Fe) 1176 14.7 91/119/16.2
MUV-2(Fe/Co) 1228 16.3 9.1/11.7 /18.1
MUV-2(Fe/Ni) 1249 16.6 8.2/11.5/18.3

COz sorption analysis was carried out at 273 K (Figure 5.2.15) resulting in
this case in a sorption profile with static adsorption capacities of 2.41, 2.45
and 2.15 mmol-g! respectively for MUV-2 (Fe/Co), MUV-2 (Fe/Ni), and
MUV-2(Fe) at atmospheric pressure. The porous hierarchy of the materials
is not observed in these experiments due to the much higher saturation
pressure of COz in the experimental conditions (3485.1 kPaat 273 Kvs 101.3
kPa at 77 K in the case of N2).
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Figure 5.2.15. CO; volumetric low-pressure single-gas isotherm on MUV-2(Fe)
(red), MUV-2(Fe/Co) (pink) and MUV-2(Fe/Ni) (teal) at 273 K (solid symbols for
adsorption and open ones for desorption). Activation protocol consists of heating
at 120 °C under vacuum overnight.
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Gravimetric measurements. Single-gas gravimetric sorption studies
were performed on MM-MUV-2 as well as on MUV-2(Fe), synthetized
following the same procedure (Figure 5.2.16), at different temperatures
(10, 25, 40, 50 °C), up until 10 bar. The three materials present a similar CO2
sorption profile and capacity. The values of maximum CO: adsorption
capacity of the materials at 10 °C and 10 bar are 6.61, 4.94 and .67 mmol-g1
for MUV-2(Fe/Co), MUV-2(Fe/Ni) and reported MUV-2(Fe), respectively.
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Figure 5.2.16. Gravimetric high-pressure CO sorption isotherms on MUV-2(Fe)
(red), MUV-2(Fe/Co) (pink), and MUV-2(Fe/Ni) (teal) at different temperatures
up to 10 bar (solid symbols for adsorption and open ones for desorption).
Activation protocol consists of heating at 120 °C under vacuum overnight.

Virial approximation is applied for fitting experimental data points from
COz isotherms. This approach is a polynomial fitting that provides a precise
extrapolation of the adsorption constant at zero coverage (see equation
below). A fourth-grade polynomial is able to properly describe the CO2

isotherms studied at different temperatures (Figure 5.2.17).

ln(g>= ag + %+(bo+%>'Q+(C0+%)-Q2+<d0+%)-Q3+"-
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Figure 5.2.17. Virial equation fitting to CO, gravimetric single-gas adsorption
isotherms of MM-MUV derivatives, compared with MUV-2(Fe) at different
temperatures (solid symbols for experimental isotherm points and lines for the
simulated isotherm obtained through the virial equation).

In addition, isosteric heat of adsorption for CO2 was calculated according
to the Clausius-Clapeyron equation using adsorption data collected at 283,

298, 313 and 323 K (see equation below).
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The isosteric heat of adsorption at zero coverage was estimated to be 26,
29 and 25 kJ-mol! for MUV-2(Fe/Co), MUV-2(Fe/Ni) and MUV-2(Fe),
respectively (Figure 5.2.18).
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Figure 5.2.18. Isosteric heat of CO2 adsorption of the materials, according to the
Clausius-Clapeyron equation.
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The calculated heat of adsorption in the three systems is within the typical
range for physisorption of CO2 on a MOF (see Table 5.2.5).20 Thus, the
interaction between these materials and the CO:2 molecules is mainly

physisorptive in nature, without significant chemical association.

Table 5.2.5. CO:z isosteric heat of adsorption at zero coverage (-Qst) of
selected MOFs, showcasing the type of interaction between the framework
and the gas molecules. Data extracted from reference 20.

Material Functionality type -Qst (KJ'mol-1)
MIL-100(Cr) 62
MOF-74(Mg) 47
MIL-101(Cr) 44

Exposed cations

MOF-74(Co) 37
MIL-53(Al) 35
HKUST-1 35
MOF-5 34
MAF-2 27
CPL-2 Physisorption 26
NOTT-140 25

MOF-253 23

CuBTTri Exposed cations 21

IRMOF-3 Amines 19

MUV-2 materials performance in adsorptive gas separation and selective
CO2, CH4 and C3He/C3sHs capture processes was evaluated by Breakthrough
(BT) experiments. However, the results obtained for the three MUV-2
derivatives were not significant enough for these materials to be considered

as good candidates for this type of applications.
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The catalytic activity of MM-MUV-2 derivatives was explored for the
aerobic oxidation of dibenzothiophene (DBT), however the poor chemical
stability of the materials in the long chain alkanes employed as solvents for

the reaction hindered this possible application as well.

In view of these limitations, efforts were focused on the obtention of the
three MUV-2 derivatives following a green route to be employed in the

encapsulation of bioactive macromolecules.

5.2.5. Green synthesis and Lysozyme encapsulation

Significant efforts to reproduce the synthesis of MUV-2(Fe) via green
chemistry, ie. employing less harmful solvents like alcohols, have been
undertaken without obtaining the expected results. However, the green
synthesis of the MM-MUV-2 derivatives has indeed been achieved by
following the standard synthetic conditions described in section 5.2.1, but
substituting the DMF solvent by isopropanol and lowering the reaction
temperature from 105 to 80 °C. With this synthetic protocol, the application
of these materials in the encapsulation of biomacromolecules can be carried

out following a direct approach, avoiding any additional washing steps.

The performance of the green MM-MUV-2 derivatives as
macrobiomolecule carriers was evaluated by performing a lysozyme
encapsulation. As described in Chapter 3 of this Thesis, lysozyme, is an
enzyme obtained from hen egg white with bacteriolytic and bactericidal
activities that can be integrated in  antimicrobial films for food
conservation.21.22 [n that chapter, lysozyme was in situ co-encapsulated with
carvacrol to enhance the antibacterial performance of the

carvacrol@MIL-100(Fe) composite. Nevertheless, it was observed that the
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liberation of lysozyme was hindered by the poor diffusion through the
MIL-100(Fe) porous structure due to the small window size of the
framework, too small for the protein dimensions. The in situ immobilization
strategy in that study was by MOF mineralization, i.e growing the framework
around the enzyme. After the results yielded by the infiltration methodology
through all this Thesis, it was decided to apply this approach to encapsulate
lysozyme into the MM-MUV-2 derivatives framework, taking advantage of
the large accessible pore windows and superior capacity of the hierarchical
mesoporous structure to encapsulate the larger biomolecule via
impregnation methodology. The mesoporous channels of MM-MUV-2
derivatives (ca. 3 nm) along the c axis should be able to allocate the lysozyme

macromolecule, with a hydrodynamic radius of ca. 2 nm.

In a general manner, lysozyme encapsulation was carried out by simply
adding a lysozyme aqueous solution to an adequate amount of dry
MM-MUV-2 particles and incubating the mixture for a period of time. The
influence of the starting lysozyme concentration was evaluated by
comparison of the encapsulation kinetic profile of two lysozyme solutions,
with concentrations 10 and 50 mg-mL-l. Encapsulation kinetics were
followed by means of UV-Vis spectroscopy, following the lysozyme
concentration in the encapsulation supernatant employing the BCA assay to
quantify the enzyme (Figure 5.2.19). For [LyJo = 50 mg-mL-1, at shorter
encapsulation times (0.5 to 6 hours) the lysozyme concentration seems to
fluctuate, but it stabilizes after 24 h, decreasing in a ca. 12 % the lysozyme
concentration. For [Ly]o = 10 mg-mL! the enzyme concentration in the

supernatant remains constant at ca. 10 mg-mL-1 through all the study.
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Figure 5.2.19. Evolution of the lysozyme concentration in the supernatant
encapsulation media for MUV-2(Fe/Co) (green) and MUV-2(Fe/Ni) (orange) with
time. Triangular symbols for starting Ly concentration = 50 mg-mL-! and round
symbols for starting Ly concentration = 10 mg-mL-1.

In view of these results, a blank encapsulation was carried out, adding
water to the MM-MUV-2 derivatives, and analysing the supernatant with the
BCA assay after 3 days. Both materials presented a violet coloration after
adding the BSA reagent and an absorbance signal at A = 562 nm, attributed
to ligand liberation to the media. It is worth noting that TTFTB linker is
removed in the standard protocol with DMF, in which the ligand is highly
soluble. However, by employing the green synthesis, and thus only using
isopropanol as a solvent, remanent TTFTB molecules are present in the
MM-MUV-2 materials before the encapsulation process. Essentially, an
exchange between this excess linker molecules and the lysozyme present in
the encapsulation media would generate a gradual transport process of the
enzyme. The proteins could act then as ligands and generate a competitive

coordination against pristine linker molecules, a mechanism recently
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proposed by Chen and co-workers.23 This exchange and subsequential
TTFTB liberation to the media could explain the higher absorbance values
observed in the UV-Vis measurements, overlapping the signal corresponding
to the lysozyme molecules present in the supernatant and thus
overestimating the remanent enzyme concentration in the encapsulation

media.

After discarding the UV-Vis methodology to stablish the encapsulation
kinetics, TGA measurements of the recovered precipitate aliquots were
carried out to estimate the lysozyme concentration and evaluate the success
of the encapsulation. The higher lysozyme content is achieved after 24 hours
of encapsulation, reaching high estimated loading values (ca. 50 %), and
presenting a decrease at 72 hours. This may further suggest that the
encapsulation takes place following an exchange between the linker excess
in the pores and the lysozyme molecules, and after the equilibrium is reached
the enzyme can be liberated into the medium.

As expected, employing a starting lysozyme concentration of 50 mg-mL-1
yields higher loading values than the 10 mg-mL-1 concentration, supporting
the biomolecule oversaturation conditions exploited in the encapsulation
methodology designed throughout this Thesis. Table 5.2.3 summarises the

results.
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Table 5.2.3. Lysozyme content estimated by TGA for the two initial lysozyme

concentrations employed.

MUV-2(Fe/Co)
MUV-2(Fe/Ni)

Ly@MUV-2(Fe/Co) (1h)
Ly@MUV-2(Fe/Co) (24h)
Ly@MUV-2(Fe/Co) (72h)

Ly@MUV-2(Fe/Ni) (1h)
Ly@MUV-2(Fe/Ni) (24h)
Ly@MUV-2(Fe/Ni) (72h)

Ly@MUV-2(Fe/Co) (1h)
Ly@MUV-2(Fe/Co) (24h)
Ly@MUV-2(Fe/Co) (72h)

Ly@MUV-2(Fe/Ni) (1h)
Ly@MUV-2(Fe/Ni) (24h)
Ly@MUV-2(Fe/Ni) (72h)

Inorganic residue (D.B.)
/ % (W/w)
18.7
19.8

[LyJo =10 mg-mL-!

17.5
16.4
16.7

18.6
16.6
17.1

[Ly]o = 50 mg-mL-

16.6
10.1
14.8

16.2
10.3
14.9

Encapsulated molecule
[ % (w/w)

6.3
12.3
10.6

59
16.1
13.7

11.2
45.9
20.7

18.0
47.9
249

In view of the obtained results, the selected encapsulation parameters to

further characterize the encapsulation products were employing 100 mg of

MM-MUV-2 derivatives, selecting 50 mg-mL1 as starting lysozyme

concentration, and 24 hours of encapsulation time.



234 Chapter 5

Infrared spectra analysis of the encapsulation media (Figure 5.2.20)
confirmed the presence of lysozyme in the composite spectra. IR spectrum of
free lysozyme shows the most characteristic bands of proteins, namely,
amide [ at 1643 cm-1, and amide Il at 1515 cm-L. These two bands are present
in both composites spectra, overlapping with the vc=o0 related bands of the
carboxylate linker at 1608 and 1551 cm-1, as well as the band located at 1686
cm-1, which is directly associated with the previously discussed presence of

excess TTFTB linker molecules.
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Figure 5.2.20. (a) FTIR spectra Ly@MUV-2(Fe/Co) (green) compared with
MUV-2(Fe/Co) (pink) and lysozyme (red). (b) FTIR spectra Ly@MUV-2(Fe/Ni)
(orange) compared with MUV-2(Fe/Ni) (teal) and lysozyme (red).
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The diffraction pattern of the composites (Figure 5.2.21) retains the
MM-MUV-2 diffraction peaks, but a sharp decrease in the (1 0 0) associated
peak located at 26 = 3.4 ° can be observed, directly related with the increase
of electronic density due to the lysozyme infiltration into the framework and
accommodation into the pores of the structure. The role of water molecules
trapped in the porous framework and affecting to this decrease is discarded
since the composites were thermally activated at 100 °C under vacuum for 3
hours previously to the diffraction measurement. The appearance of a
secondary peak at 20 = 3.2 ° is directly related to the presence of excess
ligand in the MM-MUV-2 derivatives, impeding the total contraction of the
pores. This double peak is also present in the composites diffraction pattern,
with a decrease in relative intensity of the principal peak. The maintenance
of the double peak in the composites diffraction pattern suggests that either
the excess ligand trapped into the porous structure could not be completely
exchanged by lysozyme molecules, or the linker has been completely
removed, and the lysozyme molecules located in the pore are now

responsible for hindering the total pore contraction.

(a) (b) :
MUV-2(Fe/Co) ——— MUV-2(Fe/Ni)
—— Ly@MUV-2(Fe/Co) Ly@MUV-2(Fe/Ni)
| L T T L e | L o N
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
20 deg 20 deg

Figure 5.2.21. (a) PXRD pattern of Ly@MUV-2(Fe/Co) (green) compared with
MUV-2(Fe/Co) (pink). (b) PXRD pattern of Ly@MUV-2(Fe/Ni) (orange)
compared with MUV-2(Fe/Ni) (teal). All samples were thermally activated before
measurement.
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Thermogravimetric analysis was performed to evaluate the thermal
stability of the composite materials and estimate the lysozyme loading into
the framework, as well as compare the results with the data extracted from
the study of the encapsulation kinetics. Table 5.2.4 summarizes the
inorganic residue content of the composite materials, as compared to their
control empty MM-MUV-2 derivative and related theoretical values (theo).

In addition, the estimated loaded lysozyme content is provided.

Table 5.2.4. Thermogravimetric analysis summary.

Inorganic
Solvent/  LEN gy, Encapsulated
% (w/w) T /°C (D.B.) /% (w/w)
(w/w)

MUV-2(Fe/Co) theo - - 19.0 -
MUV-2(Fe/Co) exp 8.0 325 19.3 -
Ly@MUV-2(Fe/Co) 18.0 320 12.2 37.0
MUV-2(Fe/Ni) theo - - 19.0 -
MUV-2(Fe/Ni) exp 8.0 318 20.9 -
Ly@MUV-2(Fe/Ni) 9.0 312 10.6 49.5

In contrast with what has been observed throughout this Thesis, the
encapsulation of the biomolecule in this case does not drastically decrease
the thermal stability of the framework (Figure 5.2.22). The ligand
decomposition temperature in both composites decreases only by
approximately 5 °C, as a consequence of a gradual lysozyme decomposition
instead of an abrupt combustion, due to the absence of a volatile character in
the enzyme. The estimated lysozyme loading values are in good agreement

with the previously discussed encapsulation aliquots, confirming the
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reproducibility of the infiltration process. Interestingly, the mass losses
located at around 160 °C in the starting materials thermal profiles that can
be attributed to TTFTB molecules trapped in the pores cannot be observed
in the composites thermal profiles, which present mass losses at
approximately 220 °C, attributed in this case to lysozyme decomposition.
Taking into account the hypothesis raised in view of the diffraction pattern,
this seems to confirm the exchange of the excess TTFTB molecules by

lysozyme during the infiltration process.
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Figure 5.2.22. (a) Thermal profile of Ly@MUV-2(Fe/Co) (green) compared with
MUV-2(Fe/Co) (pink). (b) Thermal profile of Ly@MUV-2(Fe/Ni) (orange)
compared with MUV-2(Fe/Ni) (teal).

Finally, N2 sorption studies at 77 K were carried out to identify the impact
of lysozyme encapsulation over the porous nature of the MOFs (Figure
5.2.23). The starting green materials present a lower porosity than their
DMF-synthesized counterparts, as expected due to the presence of excess
TTFTB linkers trapped in the porous structure, with a 10 % decrease for
MUV-2(Fe/Co) and a 30 % decrease for MUV-2(Fe/Ni), confirming the
observations discussed in the rest of the characterization techniques.

Regarding the encapsulation products, Ly@MUV-2(Fe/Co) presents a
decrease in BET surface of ca. 48 % (Seer = 1111 vs. 580 m?-g! for
MUV-2(Fe/Co) and Ly@MUV-2(Fe/Co), respectively). In the case of
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Ly@MUV-2(Fe/Ni), a ca. 41 % decrease in the BET surface is observed (Sser
=862 vs.508 m?-g-1 for MUV-2(Fe/Ni) and Ly@MUV-2(Fe/Ni), respectively).
This reduction in porosity is in good agreement with the estimated lysozyme

content obtained by thermogravimetric analysis of the composite materials.
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Figure 5.2.23. (a) N; sorption isotherms at 77 K of Ly@MUV-2(Fe/Co) (green)
compared with MUV-2(Fe/Co) (pink). (b) N sorption isotherms at 77 K of
Ly@MUV-2(Fe/Ni) (orange) compared with MUV-2(Fe/Ni) (teal). Solid symbols
for adsorption and open ones for desorption. Samples were activated at 100 °C
for 3h before measurement.

Pore size distribution analysis of all the materials was also carried out
employing the Horvath-Kawazoe method with cylinder pore geometry
(Saito-Foley correction) (Figure 5.2.24). In all cases, 3 PSD centres can be
observed with attributed widths of 9.1, 12.1, and 18.3 A.

After the encapsulation process, the intensity of the PSD sites of
Ly@MUV-2(Fe/Co) at 12.1 and 18.3 A decreases, but not the one
corresponding to the microporous cage at 9.1 A. This suggests that, as
expected due to its larger dimensions, the lysozyme macromolecules are
allocated in the mesoporous channels of the structure, whereas the
microporous cages remain accessible.

A similar effect can be observed for Ly@MUV-2(Fe/Ni), however the PSD

centre corresponding to the microporous cage also presents an intensity



Mixed-metal MUV-2 derivatives

decrease, which could mean that the higher loading in the channels is
blocking the accessibility to the microporous channels, since the enzyme is
too large to fit them.

Interestingly, there are no changes in the calculated pore width in any of
the encapsulation products, confirming the observations after PXRD
measurements, where no shifting in the (1 0 0) diffraction peak could be
observed in the biocomposite materials diffraction pattern. Essentially, the
framework can comfortably accommodate a competitive amount of loaded
lysozyme molecules without any distortion in the mesoporous channels,
confirming the suitability of these materials as larger biomolecule carriers

employing a facile and direct impregnation methodology.
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Figure 5.2.24. Pore size distribution analysis of (a) MUV-2(Fe/Co), (b)
Ly@MUV-2(Fe/Co), (c) MUV-2(Fe/Ni), and (d) Ly@MUV-2(Fe/Ni).
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5.3. Summary and conclusions

Two new Mixed-Metal MOF derivatives of MUV-2(Fe) with empirical
formula (TTFTB)s[(FezM"0)(H20)z]2 (M! = Co, Ni), have been synthetized.
The synthetized materials are isostructural with the crystalline MUV-2 (as
confirmed by their diffraction patterns) and present and analogous
breathing behaviour upon solvent exposure.

The development of a green synthesis approach replaces the harmful DMF
solvent preliminary used with the aim to move towards environment
friendly methodologies and scalable processes.

Taking advantage of the hierarchical mesoporous nature of the framework,
the performance of these materials as larger bioactive molecule carriers was
evaluated. Preliminary results showcase composites with high estimated

lysozyme loadings (up to 40 %) following an infiltration methodology.

As future work, the lysozyme liberation kinetics and the antimicrobial

activity of the obtained composites should be evaluated.
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5.4. Methods

Synthesis of Fe,Ni and Fe,Co mixed-metal trimer

The first step of the synthesis of heterometallic FelllM!l (M!! = Ni or Co)
acetate unit consisted in the preparation of Felll acetate, adapting a
previously reported protocol.l” The synthesis of the mixed metal building
block Felll;M! resulted from the direct mixture of 4g (6 mmol) of Felll acetate
(Fe30)(CH3C00)6(H20)3[Cl04]-:2H20 and 8 g (32 mmol) of M!I acetate
tetrahydrate - (Ni(CH3CO;),-4H,0 or (Co(CH3CO,),-4H,0 - dissolved in 80
mL of distilled water. The reaction mixture was magnetically stirred at room
temperature until a formation of a powder was observed. The crystalline
powder obtained was then collected upon filtration, followed by a washing

procedure with ethanol.

Standard synthesis of Mixed-Metal MUV-2 (Fe/Ni) and MUV-2 (Fe/Co)

In a general procedure adapted from the synthesis of MUV-2,8 pre-formed
mixed metal trimer Felll, M (M = Ni or Co) and H,TTFTB ligand (prepared
following a reported synthetic procedure)?* reacted to form the
corresponding Mixed-Metal MUV-2. Specifically, 160 mg (0.24 mmol) of
Fell M and 200 mg (0.30 mmol) of H,TTFTB were dissolved in 40 mL of
DMF, and 12 mL of acetic acid were added to this solution. The reaction
mixture was heated in the oven at 105 °C for 72 h. The resulting dark brown
powder was collected by filtration and then soaked in DMF for 24 h. The
product was filtered again and soaked in hot ethanol (65 °C) for 2 h before
being filtered and left to dry at air. Activation of the materials consisted in

thermal treatment at 120 °C for 3 hours in the oven.

Green Synthesis of Mixed-Metal MUV-2 (Fe/Ni) and MUV-2 (Fe/Co)
The general green procedure to obtain the corresponding Mixed-Metal

MUV-2 derivatives was analogous to the standard protocol, substituting the
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use of DMF as a solvent with isopropanol: 160 mg (0.24 mmol) of Felll;M!l
and 200 mg (0.30 mmol) of H,TTFTB were dissolved in 40 mL of
isopropanol, and 12 mL of acetic acid were added to this solution. The
reaction mixture was heated in the oven at 80 °C for 72 h. The resulting dark
brown powder was collected by filtration and then soaked in isopropanol for
24 h, filtered again, and washed one more time with isopropanol before
being filtered and left to dry at air. Activation of the materials consisted in

thermal treatment at 120 °C for 3 hours in the oven.

Physicochemical characterization of mixed-metal MUV-2 derivatives

Attenuated total reflectance Fourier-transform infrared spectra
(ATR-FTIR) were obtained using an ALPHA II FTIR Spectrometer (Bruker) in
the 4000-400 cm-! range with a resolution of 4 cm in the absence of KBr
pellet. Thermogravimetric analyses (TGA) were performed using a TGA 550
(TA Instruments) at a High-Resolution mode from 25 to 700 °C under air.
Energy-dispersive X-ray (EDX) measurements and micrographies of the
samples were performed in a Hitachi S4800 scanning electron microscope
(SEM) with EDX microanalysis system. Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) analyses were carried out in a ICPMS7900
spectrometer (Agilent Technologies). Powder X-ray diffraction (PXRD)
patterns were obtained using an X-ray diffractometer (PANalytical
Empyrean) with copper as a radiation source (Cu-Ka, 1.5418 A) operating at
40 mA and 45 kV. N2 and CO2 volumetric isotherms were measured using a
Tristar II apparatus (Micromeritics) at -196 °C (77 K) and 0°C (273 K),
respectively. Before the analysis, the samples were degassed at 120 °C (393
K) under vacuum overnight. High-pressure adsorption CO2 isotherms were
measured at different temperatures ranging from 10 °C (283 K) to 50 °C (323
K) in an IGA-100 gravimetric gas sorption analyser (Hiden Isochema) using

approximately 20 mg of sample. Before each adsorption experiment, the
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sample was outgassed at 120 °C (393 K) under vacuum (10-5 Pa) for two
hours. The samples were then cooled down, still under high vacuum, to the
target temperature that was controlled using a recirculating thermostatic
bath. Equilibrium conditions corresponded to 600 s. interval, and 0.001
mg-min-1 tolerance. Virial equations were applied for fitting experimental
data points with a fourth-grade polynomial used to properly describe the CO2
isotherms. The heat of adsorption was calculated according to the Clausius-
Clapeyron equation through the data extracted from the experimental

isotherms at different temperatures.

Lysozyme quantification by BCA Assay

The BCA assay is a reduction assay of Cull to Cu! in an alkaline medium by
a protein. [t mainly involves two steps:

(1) Copper chelation with the protein in an alkaline medium, resulting in
the formation of light blue colour. This reaction is called biuret reaction.

(2) The BSA reagent reacts with the reduced cuprous ion formed in the
previous step. Purple colour now formed is due to the chelation of two
molecules of BCA with one cuprous ion. The complex formed is water soluble
and its absorbance can effectively be measured at 562nm.

Two lysozyme water solutions were prepared, with enzyme concentration
of 10 and 50 mg-mL-1, respectively. Parallel encapsulations were carried out
by adding 1 mL of lysozyme solution to 5 mg of dry MM-MUV-2 derivative in
an Eppendorf tube. Each encapsulation was performed by triplicate. The
encapsulations were stopped at different times by centrifugation (13400
rpm, 15 min) and a 10 pL aliquot was extracted from each tube, diluted 50
times in water and measured in UV-Vis spectrometer for quantification. The
UV-Vis spectra were recorded in a UV-vis microplate spectrophotometer
Multiskan Sky (Thermo Scientific) and a Synergy H1IM microplate reader

(BioTek Instruments, Inc.).



244 Chapter 5

5.5. Supporting Information

Infrared Spectroscopy
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Figure S5.1. FTIR spectra of (a) MUV-2(Fe/Co) and (b) MUV-2(Fe/Ni) before and
after washing protocol and thermal treatment.
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Thermogravimetric analysis
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Figure S5.2. Thermal profile of MUV-2(Fe/Co) and MUV-2(Fe/Ni), compared

with MUV-2(Fe), before (a) and after (b) washing protocol and thermal
treatment.
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Figure S5.3. Temperature dependence of the magnetic susceptibility upon
increasing magnetic fields of MUV-2(Fe/Co).
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