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Resumen

Las Redes Metal-Organicas o MOFs (por sus siglas en inglés: Metal-Organic
Frameworks) son sélidos cristalinos formados a partir de unidades inorganicas
(dtomos, cluster, cadenas, ..) y ligandos orgénicos polidentados (carboxilatos,
fosfonatos, azolatos, ...) creando una red tridimensional (3D) con una importante
porosidad. Desde las primeras publicaciones en los anos 90, ha crecido
exponencialmente el interés en los MOFSs, su quimica y sus aplicaciones. Muestra
de ello son las mas de 13300 publicaciones registradas tan sélo en 2020 (Web-of-
Science: “Metal-Organic Frameworks”). Los MOFs destacan frente a otros
materiales porosos debido a su composicién hibrida versatil (ligando facilmente
modificable, presencia de centros metdalicos insaturados), su riqueza estructural
(multitud de topologias, familias isoreticulares) y su porosidad excepcional (éreas
superficiales-Sger  de  hasta 8000 m?-g'), convirtiéndolos en candidatos
prometedores en diversas aplicaciones de relevancia social e industrial.

Aunque su porosidad se ha explotado tradicionalmente en separacion y
almacenamiento de fluidos (ej.: CHi, Hs), la encapsulaciéon de otras especies para la
obtencion de materiales compuestos con propiedades mejoradas es méas reciente y
de gran interés. Siguiendo esta novedosa tendencia, en esta tesis se han asociado a
diversos MOFs dos tipos de nano-especies activas (nano-EAs): i) metales
(nanoclusteres, NCs, y nanoparticulas, NPs) y ii) biomoléculas (lipasas). Algunas
ventajas de estos materiales compuestos son: i) proteccién de la especie encapsulada
(prevenir agregacion, oxidacién y/o degradacion), ii) efectos de confinamiento, iii)
adsorcién selectiva, y iv) reactividad complementaria y/o sinérgica, entre otras.

El principal reto de esta tesis es el desarrollo de métodos sintéticos adaptados
para lograr una asociacion estable de las nano-EAs al MOF, teniendo en cuenta su
distinta naturaleza, que consiga: i) distribuciéon homogénea de las nano-EAs, ii)
mantener /promover la actividad (ej.: catalitica, biocida) y iii) reproducibilidad.
Actualmente, los métodos utilizados para la obtencién de composites tipo
core@shell (nano-EAsQMOF) podrian agruparse en dos: i) difusion de las nano-
EAs o sus precursores en el MOF previamente sintetizado, “ship-in-a-bottle” (SiB)

y ii) sintesis in situ del MOF poniendo en contacto sus precursores (ligando, catién)
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con las nano-EAs, “bottle-around-a-ship”, (BaS). Debido al gran interés en el
desarrollo de composites nano-EAsQMOF, esta tesis busca aportar un mayor
conocimiento sobre este tema, aun en desarrollo, contribuyendo con nuevos
protocolos de asociacién empleando ambos métodos de asociacion, que superen los
obstaculos sintéticos encontrados hasta la fecha. Adicionalmente, se ha estudiado
la aplicacion de los materiales compuestos resultantes en diversos campos de interés.

En Capitulo 3 se presenta la asociaciéon de NPs de Ag al conocido MOF
microporoso y fotoactivo aminotereftalato de titanio MIL-125-NH, empleando un
sencillo proceso SiB en dos pasos. El protocolo de sintesis diseiado en esta tesis ha
sido probado para la asociacion de AgNPs tanto al MIL-125-NH, con tamano
microparticula como nanoparticula. Da lugar a NPs de Ag de 5 &+ 3 nm, distribuidas
por toda la particula, incluso en la superficie exterior del MOF'. La fuerte interaccion
entre la Ag y el grupo -NH, del ligando confieren al MOF de unas propiedades
optoelectrénicas mejoradas (siendo el ancho de banda del composite de E,= 2 eV
vs. 2.6 eV el del MOF). Adicionalmente, la presencia de Ag aumenta la capacidad
biocida intrinseca del MOF, mejorando su actividad antimicrobiana. Los estudios
realizados con recubrimientos delgados del composite obtenido AgNP@nanoMIL-
125-NH; han revelado la capacidad del material para inhibir la adhesién bacteriana
de Staphyilococcus aureusy Escherichia coli, proporcionando un tratamiento frente
al biofilm bacteriano, asi como su elevado caracter biocida.

Aunque con la sintesis del Capitulo 3 se consigue una asociacién estable de
AgNPs al MIL-125-NHs, no se habia logrado tener control sobre la polidispersidad
del tamano de particula, asi como su localizacién en la particula del MOF. Es por
ello que en el Capitulo 4 se buscé optimizar la sintesis SiB, siguiendo un
procedimiento de fotorreduccién para la obtenciéon de NCs de Ag. El proceso
ultrarrapido (15 s de irradiacion, con un total 20 min de preparacion y recuperacién)
conduce a la formacién de NCs de 1.01 + 0.36 nm (con s6lo 28 atomos de Ag)
distribuidos tnicamente en el interior del MOF, como ha sido demostrado por
tomografia realizada en microscopia electrénica de transmision (TEM). Este
composite AgNCQMIL-125-NH, tiene una mayor absorcién en el rango visible
(E;=2.4 eV) y se ha estudiado su eficacia como fotocatalizador en la degradacién
de contaminantes orgdnicos emergente como son el tinte azul de metileno (MB) y
el antibidtico sulfametazina (SMT). Cabe destacar que los ensayos de degradacion
se han hecho con agua real con concentraciones de contaminantes similares a las
encontradas a la entrada de las plantas de tratamiento de aguas. También, por
primera vez se ha analizado la capacidad de degradacién por oxidacion con luz
visible en un reactor continuo disenado en el laboratorio, pudiendo tratar 6.50 L - h-
- gl de agua contaminada con SMT, flujo comparable al de las plantas de

tratamiento.
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Para la asociacion de NPs metalicas por métodos BaS se ha considerado el
uso de la radiacién microondas para promocionar la nucleacion y crecimiento del
MOF en torno a la NP, que actuaria como punto caliente para la sintesis. En el
Capitulo 5 se presenta en primer lugar un estudio sisteméatico sobre diversos
parametros de reaccién y como afectan a la obtencion final de una determinada fase
cristalina formada por aminotereftalato de hierro. La sintesis solvotermal asistida
por microondas, en funcién del disolvente empleado (agua, etanol,
dimetilformamida) entre otros pardmetros, da lugar a uno de los distintos
polimorfos MIL-53-NH,, MIL-68-NH,, MIL-88B-NH; o MIL-101-NH,. Es importante
enfatizar que durante esta tesis se ha obtenido por primera vez mediante sintesis
microondas empleando agua cristales de MIL-53-NH,. Una vez analizados los
parametros de reaccion, la segunda parte del Capitulo 5 presenta los resultados
preliminares obtenidos de la asociacion AgNPs, previamente sintetizadas, a la
familia de aminotereftalatos de hierro. Las micrografias de TEM demuestran que,
aunque lejos de estar optimizados, es posible obtener composites AgNP@Fe-MOFs
por la sintesis BaS asistida por microondas.

Considerando la naturaleza fragil de las lipasas, en el Capitulo 6 se llevo a
cabo un estudio para preservar la actividad de la misma una vez inmovilizada
mediante un proceso BaS en el fumarato de hierro flexible MIL-88A. Las lipasas
son un tipo de enzimas que se caracterizan por ser catalizadores naturales muy
especificos. Su asociacién a la estructura de los MOF's permite su heterogeneizacion
y recuperacion y reciclado del medio de reaccion, asi como su proteccion. En el
capitulo 6 se demuestra que las lipasas de Pseudomonas fluorescens y Candida
rugosa siguen siendo activas una vez encapsuladas en el MIL-88A frente a pH
extremos. Asi mismo, se estudié la actividad catalitica del biocatalizador
lipasa@MIL-88A en una reaccién modelo de relevancia: la transesterificacion de
aceite de soja en biodiesel. Una vez optimizados los pardametros de reaccion, se
observé una selectividad extra del composite lipasa@MIL-88A, comparada con la
lipasa libre (visto de forma cualitativa por cromatografia de gases-espectroscopia
de masas). Este resultado abre la puerta para considerar un papel activo del MOF

en la inmovilizacién de lipasas y enzimas, pudiendo potenciar si actividad.

Las sintesis aqui presentadas suplen algunas deficiencias de los protocolos
del estado del arte (ej.: amplian las estructuras MOFs empleadas, proponen nuevos
procedimientos SiB y BaS, controlan el tamano y localizacién de los clisteres). Asi
mismo, la gran variedad de aplicaciones estudiadas con los composites obtenidos en
esta tesis demuestran el potencial de los MOF's en multiples campos. Aunque en el
marco de la investigacion basica, los resultados aqui obtenidos son de relevancia y
sobre todo demuestran la capacidad de investigaciéon de la doctoranda. Es decir,
manifiestan su capacidad de: i) plantear un proyecto cientifico que responda una

necesidad, ii) dividirlo en tareas simples para lograr el objetivo, iii) conducir
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experimentos, iv) analizar resultados, asi como su presentacién y comunicacién de
forma ordenada, y v) colaborar con otros investigadores.



Abstract

Metal-Organic Frameworks (MOFs) are crystalline solids composed by
inorganic units (atoms, clusters, chains, ..) linked by ionocovalent bonds to organic
polydentate ligands (carboxylates, phosphonates, azolates, ..) procuring a highly
porous three-dimensional (3D) network. From the first reports in the early 90s,
interest in MOFs, their chemistry and their applications have increased
exponentially. Proving so, are the >13,300 publications registered only in 2020
(Web-of-Science: “Metal-Organic Frameworks”). MOF's outstand from other porous
materials due to their hybrid versatile organic-inorganic composition (tunable
ligands, presence of unsaturated metallic centers..), their structural richness
(multiple topologies, isoreticular families..) and their exceptional porosity (with
specific surface areas-Sger up to 8000 m? - g'). As consequence, they have become
an ideal candidate for relevant industrial and societal applications.

Even traditionally their porosity has been mostly exploited for fluid
separation and storage (e.g.: CHy, Hs), the encapsulation of other species for the
synthesis of composite materials with improved properties is more recent. Following
this interesting trend, this thesis looks after the association of two types of active
species (AS) to the structure of various MOF's: i) metallic nanoparticles (NPs) and
nanoclusteres (NCs) and ii) biomolecules (lipases). Some of the advantages of these
composite materials are: i) AS protection (as MOF prevents aggregation, oxidation
and/or degradation), ii) confinement within the porosity, iii) selective adsorption
and iv) complementary and/or synergic reactivity, among others.

According to this, the main challenge of this thesis is the development of
synthesis protocols that will procure a stable association of AS to MOFs by: i)
homogeneous distribution of the AS, ii) preserving/promoting the activity of their
individual constituents (e.g.: catalytic, biocide) and iii) ensuring reproducibility.
Up to date, the main strategies for the attainment of core@shell (AS@MOF)
composites could be resumed in two: i) ship-in-a-bottle, SiB, by diffusion of the AS,
or its precursors, through the presynthesized MOF and ii) bottle-around-a-ship,
BaS, by the in situ growth of the MOF crystal surrounding the AS. Due to the
great interest in the development of ASQ@QMOF composite, this thesis pursues to

XIX
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increase the knowledge in this ongoing field and contribute with new protocols,
based on both association strategies, that will overcome the limitations found in
the state-of-the-art. In addition, the application in multiple relevant fields of the
resulting composites has also been studied.

In Chapter 3 is presented the association of AgNPs to the benchmarked
mircoporous photoactive titanium aminoterephthalate MIL-125-NH,, using a simple
two-step SiB procedure. The synthesis protocol designed in this thesis has been
proven for the association of AgNPs of both MIL-125-NH, micro and nanocrystals.
The attained NPs of 5 + 3 nm were distributed on all the MOF, even being
associated to their surface. The strong interaction between the -NH; labile group of
the ligand and the AgNPs provide the MOF with enhanced photoelectronic
properties (being the electronic bandgap, E,, of the composite of 2 eV vs. 2.6 eV of
the pristine MOF). In addition, the presence of AgNPs increments MIL-125-NH
intrinsic antimicrobial activity. The studies here carried out revealed that
AgNP@nanoMIL-125-NH; thin films exhibited an anti-adherent behavior against
Staphyilococcus aureus and Fscherichia coli, procuring a treatment against

bacterial biofilm, as well as demonstrated its biocide character.

Despite the synthesis presented in Chapter 3 achieved a strong association
of AgNPs to MIL-125-NH,, control on particle size polydispersity and their location
within the MOF was still lacking. Therefore, in Chapter 4, the SiB association was
optimized with a photoreduction protocol to procure AgNCs. The ultrafast method
(just 15 s of irradiation, 20 min in total of preparation and recuperation), produced
tiny Ag NCs (1.01 + 0.36 nm, just 28 atoms) located solely within the MOF, as
demonstrated by transmission electron microscopy (TEM) tomography. The
AgNC@MIL-125-NH, composite has an enhanced absorption in the visible range
(Eg= 2.4 €V) and has been studied as photocatalyst for the degradation of emerging
organic contaminants as the methylene blue dye (MB) and the antibiotic
sulfamethazine (SMT). It is important to outstand that the experiments were
carried out with real water with contaminant concentration close to that reaching
wastewater treatment plants. What is more, for the first time has been used a
continue reactor for the visible light oxidation of contaminants using MOF as
catalysts. The lab designed continuous flow reactor was able to treat 6.50 L - h' - g

Uof SMT contaminated water, in range with wastewater treatment plants real flow.

Considering BaS association of metal NPs, it has been considered the use of
microwave irradiation for the nucleation and growth of the MOF surrounding the
presynthesized NP. In chapter 5, firstly is presented a systematic study of the
influence of different reaction parameters in the attainment of a particular MOF
phase constituted by iron aminoterephthalate. Microwave assisted solvothermal
synthesis, depending on the solvent used (water, ethanol, dimethylformamide)
among other parameters, procure one of the polymorph family MIL-53-NH,, MIL-
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68-NH,, MIL-88B-NH, or MIL-101-NH,. Emphasis should be made to the result
obtained in this thesis, as MIL-53-NH, crystals were obtained for the first time by
microwave synthesis using water as solvent. After analysis of the reaction
parameters, second part of Chapter 5 presents the preliminary results of BaS
associated AgNPs to the iron aminoterephthalate family. TEM micrographs showed
that, despite of being optimized, was possible to synthesize AgNP@Fe-MOFs with
microwave BaS assisted solvothermal synthesis.

As lipases are prone to denaturalization, Chapter 6 also starts with a study
carried to optimize their BaS immobilization in the flexible iron fumarate MIL-88A,
in order to preserve their activity. Lipases are a type of enzymes considered as
natural catalyst with high specificity. Their association to MOF structures enable
their heterogenization and recuperation and recyclability from reaction media, as
well as their protection. In Chapter 6 has been proven that Pseudomonas
fluorescens and Candida rugosa lipases are still active at extreme pH after their
encapsulation in MIL-88A. Even more, the activity of the biocatalyst was studied
in a representative reaction of relevance: the transesterification of soybean oil to
biodiesel. Once optimized the reaction parameters, an extra selectivity of the
lipase@MIL-88A composites was qualitatively identified by gas chromatography-
mass spectrometry, compared to the free lipase. These results open the door to
consider the active role of the MOF in the immobilization of lipases and enzymes,
as it could promote the composite catalytic activity.

The synthesis here reported overcome some deficiencies of the state-of-the-
art (e.g.: present new MOF structures, promote new SiB and BaS protocol, control
the size and location of NCs). Additionally, the obtained composites were studied
in a great variety of applications, proving MOF potential in many fields. Even the
research here developed is considered as basic, the obtained results are relevant
and, above all, evidence the research ability of the PhD. student. What is the same,
exemplify her capability to: i) propose a scientific project that answers to a specific
need /requirement/, ii) divide it into simpler tasks to achieve the objective, iii)
conduct experiments, iv) analyze results, as well as their presentation and

communication in an orderly manner and v) collaborate with other researchers.
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4-NA
AAV
AC
AgC
AgNC
AgNPs
AgPVP
APMU
AS
ATR
BaS
BSA
BTC
C16:0 A
C16:0 E
Cl17:0 E
C18:0 A
C18:0 E
C18:1 A
Cl181E
C18:2 A
C18:2 E
C18:3 A
C183 E
CFU
CLSM
C-r-lipase
CVD
DFT
DLS

p-nitroaniline or 4-nitroaniline

Ana Arenas Vivo

Acetylacetone

Silver nanoparticles coated with citrate
Silver nanoclusters

Silver nanoparticles

Silver nanoparticles coated with polivynilpirrolidona
Advanced Porous Materials Unit
Active species

Attenuated total reflectance
Bottle-around-a-ship

Bovine serum albumin
Bencene-1,3,5-tricarboxylic acid or trimesic acid
Palmitic acid

Methyl palmitate

Methyl margarate

Stearic acid

Methyl stereate

Oleic acid

Methyl oleate

Linoleic acid

Methyl linoleate

Linolenic acid

Methyl linolenate

Colony forming units

Confocal laser scanning microscopy
Candida rugose lipase

Chemical vapor deposition

Density functional theory

Dynamic light scattering
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DMF N, N-dimethylformamide

DMSO Dimethylsulfoxide

EDS Energy dispersive X-ray spectroscopy

E, Energy bandgap

EOCs Emerging organic contaminants

EPS Extracellular polymeric substances

ESH Environmental, safety and health

FAME Fatty acid methyl ester

fee Face centered cubic

FDA Fluorescein diacetate

FTIR Fourier transform infrared

GC-MS Gas chromatography-mass spectrometry

H,BDC-NH, 4-Amino terephthalic acid

HK Horvath-Kawazoe

HKUST Hongkong University of Science and Technology

HPLC High performance liquid chromatography

1.9959 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure-
2959)

ICP-OES Inductively coupled plasma-optical emission spectrometer

IEF IMDEA Energy Framework

IF Impact factor

IUPAC International Union of Pure and Applied Chemistry

MB Methylene blue

MeOH Methanol

MIC Minimum inhibitory concentration

microMOF MIL-125-NH; microparticles

MIL Material from Institut Lavoisier

MNP Metallic nanoparticles

MOF Metal-organic framework

MOy Metal oxides

mp Melting point

nanoMOF MIL-125-NH, nanoparticles

NB Nutrient broth

NIR Near-infrared

NLDFT Non-localized density functional theory

NP Nanoparticle

ODgoo Optical density at 600 nm

PBS Phosphate buffered saline

PCP Porous coordination polymer

PdI Polydispersity index

PEG Polyethyleneglycol



ABBREVIATIONS

XXV

P-f-lipase
PMAA
PMMA
p-NPP
PPCPs
PPD
PSM
PTFE
PVP
Q1

Q2

QD
RhB
ROS
RT
SBET
SBU
SEM
SiB
SMT
SPR
STY
TEM
TGA
UAH
Uio
uv

Vis

V,
XRPD
ZIF

7P

Pseudomonas fluorescens lipase
Poly(methaacrylic acid)
Polymethylmethacrylate
p-nitrophenyl palmitate

Pharmaceutical and personal care products

p-phenylendiamine
Post-synthetic modification
polytetrafluoroethylene
Poly(vinylpyrodidone)

Frist quartile

Second quartile

Quantum dots

Rhodamine B

Reactive oxygen species

Room temperature
Brunauer-Emmett-Teller surface
Secondary building units
Scanning electron microscopy
Ship-in-a-bottle

Sulfamethazine

Surface plasmon resonance
Space-time yield

Transmission electron microscopy
Thermogravimetric analysis
Universidad de Alcald de Henares
Universitetet i Oslo

Ultraviolet

Visible

Pore volume

X-ray powder diffraction
Zeolitic imidazolate framework
(-potential
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Figure 5. 2: TEM micrographs and particle size distribution
histogram (n=100) of A) AgC nanoparticles (red) and B) AgPVP 95
nanoparticles (blue). Scale bar 150 nm

Figure 5. 3: TEM micrographs of the attempted AgC/MIL-53-NH,
synthesized in water. A) scale bar 500 nm. B) scale bar 200 nm. C)
XRPD pattern of AgC/MIL-53-NH; (red) compared to the simulated
MIL-53-NH; (brown)

96

Figure 5. 4: TEM micrographs of the attempted AgPVPQMIL-101-
NH; synthesized in water. A) scale bar 500 nm. B) scale bar 200 nm.
C) XRPD pattern of AgPVP@QMIL-101-NH; (blue) compared to the
simulated MIL-101-NH, (green)
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Figure 6. 1: Representation of the preparation of the lipase@QMIL-
88A biocatalysts, together with the schematic view of the structure 105
of MIL-88A. Iron polyhedral and carbon atoms are in orange and

black, respectively. Hydrogen atoms have been omitted for clarity.

Figure 6. 2: XRPD patterns of simulated MIL-88A (black), MIL-88A
second step (in absence of enzyme, red), P-f-lipase@MIL- 105
88A (orange) and C-r-lipase@MIL-88A

Figure 6. 3: SEM micrographs of MIL-88A (1) (in absence of
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enzyme), P-f-lipase@MIL-88A (2) and C-r-lipase@MIL-88A (3).

Figure 6. 4: TGA of MIL-88A (red), P-f- lipaseQMIL-88A (orange)
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and C-r-lipase@MIL-83A (blue).

Figure 6. 5: FTIR spectra of MIL-88A (red), free enzymes (black)
and lipase@MIL-88A for (top, orange) P-f-lipase and (bottom, blue) 108
C-r-lipase.

Figure 6. 6: Catalytic activity of (A) P-f-lipase@MIL-88A (orange),
and (B) C-r-lipase@QMIL-88A (blue) as a function of pH in 109
comparison with the free enzymes (black).

Figure 6. 7: Effect of different reaction parameters in the

transesterification of soybean oil with methanol catalyzed by P-f-

111
lipase@QMIL-88A  (orange) and  C-r-lipase@MIL-88A  (blue):
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Figure 6. 8: Reusability of P-f-lipase@MIL-88A for the soybean oil
transesterification into biodiesel under optimum reaction conditions 112

(biodiesel selectivity, %)
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Figure 6. 9: A) XRPD pattern of the P-f-lipase@MIL-88A biocatalyst
as synthesized (orange) and after 5 biodiesel reaction cycles (green).
B) FTIR of MIL-88A (pink), P-f-lipase (blue), and P-f-lipase@MIL-
88A (orange) and P-f-lipaseQMIL-88A after 5 biodiesel reaction

cycles (green)

Figure 6. 10: Qualitative assessment of the of the FAMEs produced
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(%) catalyzed by P-f-lipase@MIL-88A (orange) and by free P-f-lipase
(diagonal orange stripes). A) Production (%) catalyzed by C-r-
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(low)

Figure Al. 4: TEM micrographs of different AgNP@QMIL-125-NH,
composites, during the optimization of the synthesis protocol:
AgNP@microMOF 4 A) & C) and AgNP@microMOF 5 B) & D).
Scale bar 100 nm (up) and 20 nm (low)

Figure Al. 5: TEM micrographs of: A) AgNP@QmicroUiO-66-NH,
(scale 0.5 um) and B) AgNP@nanoUiO-66-NH; (scale 100 nm)

Figure S 1: Macroscopic view of the yellow nanoMOF (left) and
brownish AgNP@nanoMOF composite (right). NP suspensions in
ethanol (up) and thin film deposited over glass covers (down).

Figure S 2: SEM images of the surface of the cover glasses with the
material deposited by drop casting: nanoMOF (top) thin film;
AgNP@nanoMOF (bottom) thin film

Figure S 3: TGA curves of nanoMOF (blue) and the AgNP@
nanoMOF (red).
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Figure S 5: Particle size distribution of nanoMOF (top, n=>50) and
AgNP@nanoMOF (middle, n=50) and AgNP (bottom, n=600) 217
determined by TEM

Figure S 6: Analysis of the colloidal stability with time of

219
AgNP@nanoMOF composite dispersed in NB culture medium.
Figure S 7: FTIR spectra of nanoMOF (blue) and the 990
AgNP@nanoMOF (red).
Figure S 8: HK Pore volume distribution of nanoMOF (blue) and 990
the AgNP@nanoMOF (red).
Figure S 9: Colony Forming Units mL"! of culture broth (represented
as the Logw(CFU)) of E. coli planktonic bacteria in contact with a 991

suspension of microMOF  (dark blue), nanoMOF (blue),
AgNP@nanoMOF (red), (Biocide activity).

Figure S 10: Colony Forming Units mL' of culture broth
(represented as the Logi(CFU)) of S. aureus planktonic bacteria in

contact with a suspension of nanoMOF (blue), AgNP@naoMOF 223
(red), AgNP+nanoMOF (brown) after 18 h dark + 2 h of UVA
irradiation, (Irradiation effect).

Figure S 11: S. aureus Colony Forming Units - mL" of culture broth
(represented as the Logi(CFU)) in contact with AgNO; (grey), Ag’

(black), BDC-NH, (yellow) and TiO, ( green) after 20 h of dark 223
exposure and after 18 h dark + 2 h of UVA irradiation compared to

the control (dashed bar).

Figure S 12: Reduction (%) of enzymatic activity of planktonic S.

aureus determined from FDA fluorescent emission (ex.:485 nm; em.:

538 nm) in contact nanoMOF (blue), AgNP@nanoMOF (red),

AgNPs + nanoMOF (brown), AgNOs (grey), Ag’ (black), BDC-NH, 224
(yellow) and TiO; (green). S. aureus enzymatic activity inhibition in

contact with MOF after 20 h of dark exposure and after 18 h dark

+ 2 h of UVA irradiation.

Figure S 13: Semi-quantitative analysis of the CLSM micrographs of
planktonic S. aureus bacteria stained with LIVE/DEAD after
contact with suspensions of nanoMOF (blue), AgNP@nanoMOF
(red) and AgNPs + nanoMOF (brown). Comparison with and
without irradiation. Results are presented as Dead Bacteria Ratio
(% dead bacteria / % dead bacteria control).
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Figure S 14: Quantification of S. aureus biofilm on nanoMOF thin
film (blue), AgNP@ nanoMOF thin film (red) and AgNPs +
nanoMOF thin film (brown) by determination of the green areas
marked by the FilmTracer FM 1-43 Green Biofilm Cell staining with
the help of ImagelJ.

Figure S 15: Colony Forming Units - mL! culture (represented as the
Logi(CFU)) of the S. aureus suspension (planktonic bacteria; left)
and S. aureus biofilm detached from the surface (sessile bacteria;
right) in contact with nanoMOF (blue), AgNP@nanoMOF (red) thin
films after 18 h + 4 h Vis irradiation compared with the control

(grey).

Figure S 16: Generation of Reactive Oxygen Species ) of the S.
aureus suspension (as determined by the ratio of the fluorescent
emission with the Logio(CFU - mL"'), ex.:495 nm; em.: 525 nm) in
contact with nanoMOF (blue) and AgNP@nanoMOF (red) thin films
over cover glasses after 20 h of dark exposure, after 18 h dark + 2 h
of UVA irradiation and after 18 h + 4 h Vis irradiation, compared
with the control (grey).

Figure S 17: Colony Forming Units - mL" culture (represented as the
Logi(CFU)) of the E. coli suspension (planktonic bacteria; left) and
E. coli biofilm detached from the surface (sessile bacteria; right) in
contact with nanoMOF (blue), AgNP@nanoMOF (red) thin films
after 20 h of dark exposure and after 18 h dark + 2 h of UVA
irradiation compared with the control (grey).

Figure S 18: Reduction (%) of enzymatic activity of the planktonic
S. aureus determined from FDA fluorescent emission (ex.:485 nm;
em.: 538 nm) in contact with nanoMOF (blue), AgNP@Q nanoMOF
(red) and AgNPs 4+ nanoMOF (brown) thin films over cover glasses
after 20 h of dark exposure and after 18 h dark + 2 h of UVA
irradiation, compared with the control (grey).

Figure S 19: LIVE/DEAD confocal micrographs of sessile S. aureus
on top of cover glasses surface (left) after 20 h dark biofilm grown
and (right) 18 h grown in dark plus 2 h UVA irradiation of the (top
to bottom) positive control cover and the glass covered with
nanoMOF thin film, AgNP@QnanoMOF thin film and AgNPs +
nanoMOF ‘physical’” mixture thin film

Figure S 20: Analysis of stability with time of the nanoMOF (A) and
AgNP@nanoMOF (B) thin films coating over cover glasses in contact
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with NB culture medium at 37 °C during different periods of time.
Determination of the particle size and (-potential with DLS.

Figure S 21: NanoMOF degradation kinetics and metal release from

the nanoMOF and AgNP@nanoMOF thin films on glass substrates

in contact with the culture medium NB under accelerated 232
degradation conditions incubated at 70°C. Ti (A) and Ag (B) release
(expressed as wt.% of the total content) determined by ICP-OES

Figure S 22: Analysis of stability with time of the nanoMOF (A) and
AgNP@nanoMOF (B) thin films coating over cover glasses in contact

with NB culture medium under accelerated degradation conditions 233
incubated at 70 °C during different periods of time. Determination

of the particle size and (-potential with DLS.

Scheme S 1: Procedure of the A) nanoMOF's thin films or B) Material
suspensions in contact with S. aureus inoculums (10° cell mL™") for
the antibacterial tests (i) in dark or (ii) dark followed by 2 h UVA

irradiation.
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Scheme S 2: Preparation of the dilutions for the plate count of 913
Colony Forming Units mL*

Scheme S 3: Preparation of the FDA staining prior to fluorescence 914
emission
Scheme S 4: Preparation of the LIVE/DEAD staining prior to

. ) ) 214
confocal microscopy imaging.

Scheme S 5: Preparation of the Green biofilm staining prior to 915
confocal microscopy imaging.
Scheme S 6: S. aureus biofilm treatment by AgNP@nanoMIL-

235
125(Ti)NH2 thin film after UVA irradiation.

Figure AIV. 1: A) UV-Vis absorption spectra following the synthesis
of AgNC with time stabilized by cyclohexylamine. B) UV-Vis
absorption spectra following the synthesis of AgNC with time
stabilized by MIL-125-NH,

240

Figure AIV. 2: TEM micrographs of the AgNCQMIL-125-NH,
analyzing the influence of photoreduction time: top, 30 min 941
irradiation, bottom 1 h irradiation, showing some Ag microparticles

with darker contrast.
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Figure AIV. 3: TEM micrographs of the AgNCQMIL-125-NH,
analyzing the influence of the reagent addition in single step. Ag 241
reduction was fast leading to NPs instead of NCs.

Figure AIV. 4: TEM micrographs of the AgNCQMIL-125-NH, in
absence of stirring during photoreduction, showing heterogeneity 242
through the sample having both AgNCs and AgNPs.

Figure AIV. 5: TEM micrographs of the AgNCQ@QMIL-125-NH,
showing the attainment of small AgNC with different Ti:Ag wt.% 243
ratio: a) 70:30, b) 80:20 and ¢) 90:10

Figure AV. 1: Calibration plot of standard by HPLC method, and

250
UV-vis spectra and chromatogram of H:BDC-NHo.
Figure AV. 2: Calibration plot of standard by HPLC method, and 950
UV-vis spectra and chromatogram of SMT.
Figure AV. 3: Calibration plot of standard by HPLC method, and 951
UV-vis spectra and chromatogram of PPD
Figure AV. 4: Calibration plot of standard by HPLC method, and 951
UV-vis spectra and chromatogram of 4-NA.
Figure AV. 5: TEM micrographs of the AgNCQMIL-125-NH,
analyzing the influence of photoreduction time: top, 20 min 953

irradiation, bottom 1 h irradiation, showing some Ag microparticles
with darker contrast.

Figure AV. 6: TEM micrographs of the AgNCQMIL-125-NH,
analyzing the influence of the reagent addition in single step. Ag 253
reduction was fast leading to NPs instead of NCs.

Figure AV. 7: TEM micrographs of the AgNCQMIL-125-NH, in
absence of stirring during photoreduction, showing heterogeneity 254
through the sample having both AgNCs and AgNPs.

Figure AV. 8 TEM micrographs of the AgNCQMIL-125-NH,
showing the attainment of small AgNC with different Ti:Ag wt. 254
ratio: a) 21:1, b) 16:1, and c) 9:1.

Figure AV. 9: Histogram with the AgNCs particle size distribution
in the AgNCQMIL-125-NH, composite, synthesized with the

256
optimum reaction protocol as determined by TEM (N>630, from the

displayed 5 images and Figure 1 d).
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Figure AV. 10: HAADF-STEM manual orthoslices segmentation and

257
3D reconstruction of AgNCQ@QMIL-125-NHo.
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Chapter 1

Introduction

“It’s a magnificent field, it’s a dream come true, to be able to put
building units of various geometries together and make an
entirely new family of materials.”

Omar Yaghi, BBVA Fronteras del Conocimiento Award 2017

1.1. Metal-Organic Frameworks (MOFSs)

Metal-organic frameworks (MOFSs), also commonly known as porous
coordination polymers (PCPs), are a relatively recent family of crystalline solids
conformed by, inorganic secondary building units (SBU; atoms, clusters, chains,
etc.) connected wvia ionocovalent bonds to polydentate organic ligands or linkers
(carboxylates, phosphonates, azolates, etc.) developing a 3D network with
important microporosity (see Figure 1. 1).! Since the first references to these type
of materials in the early 90’s, the number of MOFs and their applications have
incredibly increased, mainly due to the contributions of the research groups of O.M.
Yaghi,> G. Férey,® R. Robson, and S. Kitagawa,” reaching more than 13,300
publications on the topic just in 2020 (according to Web of Science; accessed
December 2020).° The vast number of metal ions and organic linkers available, as
well as their diverse assemblies, opens an incredible playfield to researchers to
design and tailor many different structures. Due to the relevance of this
continuously expanding interdisciplinary field in the verge of inorganic and organic
chemistry, even the IUPAC (International Union of Pure and Applied Chemistry)
gave in 2013 a recommended definition to MOFs: “A Metal-Organic Framework is

a coordination network with organic ligands containing potential voids”.”
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Polydentate Cations/Cluster
organicligand (Ti, Zr,Al, Fe)

Figure 1. 1: Schematic view of MOF structure assembly with their secondary building units

represented as blue sticks (ligand) and yellow cubes (inorganic unit).

As stated before, one of the main characteristics of MOF's is their exceptional
porosity, up to record Brunauer-Emmett-Teller surfaces-Sger of 7000-8000 m? g!
and pore diameter in the wide range of 3-90 A (see Figure 1. 2).3° This results in
the lowest density for crystalline materials, in other words, their wide-open
structure provides free space that can reach up to 90% of their total volume. In
comparison with other porous materials such as zeolites, mesoporous silica or
carbonaceous materials, MOFs offer several advantages: i) chemical diversity and
compositional tuneability, tailored for a specific application, ii) reactivity of the
organic ligand (presence of unsaturated coordination sites, e.g.: -NH,, -OH, -SOsH,
-Br), iii) mild synthetic conditions (due to moderate coordination bond energies),
iv) structural versatility and richness of geometry (tuneability of the pore
architecture), v) capacity of porosity expansion preserving crystalline structure
(MOF isoreticular families), vi) possibility of change in void porosity under external
stimuli (pressure, temperatures, solvents), vii) designable surface potential, and viii)
some present high chemical and thermal stability.!!015

It is indeed in MOFs nature where their potential resides. This has promoted
their use in a plethora of applications with both industrial and societal interest.®

® For mentioning some: catalysis,'?! molecule sequestration, separation and

22-24 25-28 29-31

storage, sensing and imaging, energy conversion and storage,
biomedicine,* 3! and pollutant degradation, among others.* 37 This is resumed along
with MOF synthesis and properties in Figure 1. 3. Even traditionally MOF porosity
has been exploited in fluid capture, separation and storage of small molecules (e.g.:
CH4, CO., Hs), their large surface area, along with the other above mentioned
unique properties, has opened the door for researchers to use MOF's as structural
hosts for loading significant amounts of other active species (AS).?® These AS could
be other functional materials such as metallic nanoparticles (MNPs), quantum dots
(QD), ceramics (metal oxides, MOx), or, polymers, as well as biomolecules
(enzymes, nucleic acids, antibodies, peptides). Their combination in a core@shell
structure (referred as ASQMOF hereafter) leads to the synthesis of novel
composites with advanced properties, that could not only overcome MOF

limitations but also endow significant improvements to MOFs inherent functions.®
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MIL-101
Cr,0(H,0)F(BDC),

NU-110
Cus(BHEHPI)

MOF-5
Zn,0(BDC),
3800 m? g’

MOF-177
MOF-200
Zn,0(BBC), ig,,of))(B;rB)72
4500 m? g'! m? g

Figure 1. 2: Crystal structure of selected MOFs providing also chemical formula and surface area
(Seer). Yellow and green spheres indicate free space in the framework. Reproduced with

permission of .

1.2. Synthesis of MOF's

As previously stated, MOFs are formed by two major parts: the inorganic
node and the organic ligands. The inorganic node can consist of a single metal atom,
a metal cluster or a metal-oxocluster (even 1D, 2D or 3D). Starting metallic salts
can have mono-, di-, tri- or tetravalent cations. The ligands coordinate with the
inorganic SBU by their complexing moieties and they can have di-, tri- or multiple
functional groups such as -COOH or - NH. The unlimited combination of different
organic ligands and metallic clusters results in a large variety of different topologies,
porosities and dimensionalities.”” This SBU building approach, named reticular
synthesis by Yaghi and coworkers,*! enables rational pore design and orientation of
the network. This chemistry has as an outcome the isoreticularity: families of MOF's
that maintain the same topology, but they have different functionality/porosity.
Such is the example of MOF-5% or MOF-74% isoreticular families, that with
increasing the length of the organic ligand, resulted in increased MOF porosity
preserving the geometry. The new synthesized materials are usually named after
their chemical structure (MOF, metal-organic framework) or the laboratory where
they were created (MIL, Material from Institut Lavoisier;* HKUST, Hong Kong
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University of Science and Technology;* UiO, Universitetet i Oslo;* IEF, IMDEA
Energy Framework,'” etc.) and a number indicating generally chronologic order of
report.

Not only the choice of its raw chemical constituents determines the final
crystallographic phase and topology of MOFs but also the reaction conditions. Some
pertinent parameters are pH, temperature (boiling point, dielectric properties),
solvents polarity, concentration and nature of starting metallic precursor (acid-
basic or redox character).! Minor adjustment of these parameters can lead to
inferior quality crystals and even to an entirely different phase besides having same
starting reagents. For MOF synthesis it is generally required to provide energy, as
they are endothermic reactions.” This energy can be supported to the reaction
mixture in several manners. Traditional synthetic methods include non-
solvothermal ® hydrothermal® and solvothermal synthesis.”® Other methods
explored involve mechanochemical synthesis,”> sonochemical synthesis,”
electrochemical synthesis,” microwave assisted synthesis,” high-throughput,*® and
the use of ionic liquids® or supercritical CO,,” among others.*” A brief introduction
to some of them is depicted below.

Non-
solvothermal

Hydrothermal

Sonochemical Solvothermal

Mechanochemical Microwave-assisted

Separation

Gas

High storage
porosity

Energy
storage

Tuneable

chemistry Applications }

Electronic
Structural & optical ‘ Catalysis

versatility »
Bioreme V
Stimuli diation

Sensin
Interaction Drug &

delivery

Figure 1. 3: Schematic overview of MOF synthesis, properties and applications.
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A) Non-solvothermal synthesis

Non-solvothermal reactions take place below or at the boiling point under
ambient pressure, which simplifies the synthetic requirements. Therefore, low
temperature (even room temperature, RT, in occasions) and reflux routes enable
facile, faster and greener processes comparing to traditional
hydrothermal/solvothermal ~ methods. Precipitation reaction followed by
recrystallization or slow solvent evaporation are examples of low temperature
reactions. Often large MOF crystals suitable for structure determination are
obtained by these methods. Nevertheless, a higher reaction temperature by
conventional heating and reflux setups are required in some systems to attain
suitable reaction rates. Non-solvothermal methods are preferred for scaling up as
they present less safety issues and they are cheaper as they do not require pressure

resistant equipment.
B) Hydro- and solvothermal synthesis

Both hydro- and solvothermal strategies are well-stablished methodologies
for MOF synthesis that involve high temperature (above boiling point) and
autogenous pressure in closed vessels. They require the combination of a metallic
precursor and an organic ligand in an adequate solvent. Beside water, the main
solvents used are alcohols, dialkyl formamides or pyridines. Solvent selection is
based on the solubility of the SBU precursors, among other parameters. After
reaction is completed, precipitation of the crystalline MOF product from the
solution takes place. Often MOF crystals are recovered by filtration after reaction.
This relatively simple procedure enables scalability of the reaction, besides security
problems related to the high pressure involved in the reaction, and produces
relatively large crystals. Even well-known chemistry companies as BASF are
commercializing MOFs following this synthetic procedures (e.g.: Basolite A520,
equivalent to MIL-53(Al), or Basolite C300, equivalent to HKUST-1).% It must be
taken into account that MOF's synthesized in the presence of solvents often require
a subsequent activation step, to remove the excess of solvent remaining in the MOF
porosity. Therefore activation is required in both solvothermal and non-

solvothermal syntheses.
B1.High throughput solvothermal synthesis

It involves the miniaturization and parallelization of the solvothermal
method, allowing to reduce the use of reactants, optimize the synthetic conditions
and speed up the discovery of new phases.® In a general experiment 12-48
autoclaves are filled within the same “reactor system” (see Figure 1. 4). Requires

careful experiment design, reagent and solvent dosage, characterization and data
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evaluation. Nowadays there even are automated equipment for small scale synthesis
such as the FLEX ISYNTH of Chemspeed© to ease the work of researchers.”® The
large amount of information obtained in short time enables a better understanding
of the role of the different reaction parameters in the formation of new phases.

Figure 1. 4: High throughput solvothermal autoclave reactors at IMDEA Energy.%
C) Microwave-assisted solvothermal synthesis

The combination of heat and pressure produced by the microwave
irradiation due to the polarization of the molecules under electromagnetic
irradiation reduces the reaction time compared with traditional solvothermal
synthesis. The interaction of the electromagnetic waves with the soluble molecules
promotes faster reaction rates, which in addition to the very homogeneous heating,
lead to a better control of the particle, with low polydispersity and good
crystallinity. In addition, microwave irradiation can mediate preferential crystal
growth controlling the morphology of the final MOF crystal. Conjunction of this
all, microwave-assisted synthesis can reduce reaction time up to few minutes, a
huge advantage compared to solvothermal synthesis that involves several hours or
even days. It is an important route as it can be scaled up and is compatible with
continuous synthesis and industrial production times, opening the door towards
MOF commercialization.

D) Mechanochemical synthesis

This involves solvent-less solid-state grinding, avoiding the need of toxic
solvents such as dimethylformamide (DMF). In this case both MOF inorganic and
organic precursors are place in a stainless-steel vessel with ball bearings. Even
simpler and more accessible, reagents also can be mixed by mortar grinding. The
mechanical energy supplied enables the interaction between ligand and metallic
salts in the absence of heating.

E) Sonochemical synthesis

The use of ultrasound waves at an intensity of 20 kHz to 10 MHz is also a
straightforward MOF synthetic procedure. The sonication of the reaction mixture
produces local solvent cavity regions that without the need of extra heat instantly
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generates monodisperse crystals. During cavitation the effective temperature can
rise as much as 5000 K promoting rapid crystal nucleation and growth, resulting in
high quality crystals, which final size depends on exposure time to ultrasound

waves.

1.3. Association of active species

MOFs are outstanding scaffolds for the development of new composite
materials due to their ultrahigh porosity ranging from micro- to mesopore and their
robustness. They can present a passive role, being a support for the AS just enabling
their uniform dispersion and preventing their agglomeration and leaching.
Moreover, their pore size can define and limit the growth of AS synthesized within
their framework and procure confinement effects. In addition, the size of the
accessible windows endows selective adsorption among AS.% Nevertheless, as MOFs
consists of metal ions and organic ligands, they offer the extra possibility of
promoting chemical bonds, as for instance metal-metal and coordination
interactions, with the embedded AS.%* In that case, MOFs exhibit an active role in
the composite synthesis, avoiding the use of other stabilizing or binding agents.
Furthermore, these strong interactions could lead to remarkable functionalities of
the composite, widening the MOF active role up to the final properties (e.g.:
increase catalytic activity, selective adsorption of species).

1.3.1. Association strategies

The different core@shell (ASQMOF) synthetic strategies can be resumed in
two big groups (Figure 1. 5). The first, the infiltration of AS through the porosity
of a pre-formed MOF host. This approach is commonly known as “Ship-in-a-bottle”
(SiB), diffusive or ez situ synthesis. As a counterpart, the seconds entails MOF
synthesis around an AS that acts as the nucleation seed for the MOF crystal growth
surrounding it. This method is referred to as “Bottle-around-a-ship” (BaS).® In
some cases is also called as “one-pot”, in situ or de movo synthesis. While both
routes lead to the assembly of a composite with the AS embedded within the MOF,
different parameters such as AS size and chemical nature or their final desired
distribution and accessibility within the AS@MOF composite, will dictate the
selected synthetic route. In addition, it should be mentioned that AS could be also
associated to MOFs by anchoring to their external surface.® This facile strategy
enables the association of AS bigger than the pore size and opens the door to the

synthesis of composites with dense MOFs. Even though, it presents greater
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drawbacks than SiB and BaS strategies, for instance, the amount of AS associated
is lower (surface attachment vs. pore or defect accommodation), and AS are highly
exposed to the environment and at higher risk of leaching.®*% Thus, only the assets
and the limitations of both the SiB and BaS protocols, as well as their state-of-the-
art laboratory procedures, will be further analyzed below.

Y

J [«
}E_‘PT; Diffusion

N, One-pot
I + | +

Figure 1. 5: Schematic representation of the ASQ@MOF association strategies. A) Ship-in-a-Bottle,
B) Bottle-around-a-Ship.

1.3.1.1. Ship-in-a-bottle (SiB)

In the case of the SiB approach, a pre-synthesized MOF is used as scaffold
for the formation of the ASQMOF composite. Traditionally, the SiB immobilization
of MNPs entails a two-step procedure: i) infiltration of the AS precursors through
the porosity (either by gas or liquid impregnation) and ii) chemical transformation
of the precursors (reduction, hydrolysis, oxidation) to lead to the desired AS. For
doing so, the selected MOF should be stable and compatible with the sequential
reactions of the AS transformation. SiB is characterized by its simplicity and its
potential straight scale-up. In addition, MOF confinement enables high-loading
without agglomeration and the control of the final AS size, limited by the pore
diameter. That said, SiB procedure has limited constraint on spatial distribution of
the AS. As there is an important diffusion resistance through the framework than
onto the exterior surface, AS might additionally coat the outer surface. Another
limitation is the control of the final morphology of the AS.% Below are presented

some of the most common methodologies followed:
A) Solution impregnation

Solution impregnation is the most extensively used SiB procedure as it
enables the encapsulation of AS of different nature (biomolecules, MNPs) in a single
step. It is a facile method where the presynthesized MOF is impregnated a by an

aqueous or organic dispersion/solution of the AS or their precursor. This strategy
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is restricted by the MOF accessible pore diameter, limiting the size of AS, ruling
out the possibility of its use in large biomolecules. Capillary forces and electrostatic
interactions rule the wetting of the microstructure. Generally, stirring and/or
heating the mixture favors the diffusion of AS across the network.®® Nevertheless,
it should not be forgotten to ensure MOF stability under encapsulation conditions.
Also, selecting MOF with available active groups (able to specifically interact with
the AS, e.g.: amines) could assists in the anchoring of the AS. The final
concentration of the AS depends on the mass-transfer conditions, as a competition
between guest and solvent molecules takes place. To prevent the deposition of
active species on the MOF outer surface it is important to thoroughly wash the
composite after the impregnation to remove excessive or unbounded AS. The
solution impregnation could be extrapolated also to supercritical fluid impregnation
such as supercritical CO, impregnation. In this case, the superficial tension is
avoided, and uniform coatings can be ensured.

In the case of depositing precursor metal ions instead of already formed MNP
or inorganic polymers, a further reaction step (e.g.: reduction, hydrolysis, oxidation)
is required. For instance, reduction of the AS precursor can be reached using
chemicals (e.g.: hydrogen, hydrazine, sodium borohydride, ethanol, methanol), or
light (UV, visible) as reducing agents.® Even limited by the pore size, it is difficult
to achieve a homogeneous particle size distribution after reaction. It is important
that the MOF withstand the reaction conditions, otherwise it will induce defects in
the framework, particle agglomeration and even MOF collapse. In this thesis,
different reduction reaction procedures have been followed for the association of
MNPs.

B) Chemical vapor deposition

Chemical vapor deposition (CVD) is a well-known method for the deposition

65,66

of metals on substrates. Following the same principle, volatile organometallic
precursors could be embedded in MOF pores and channels by sublimation under
static vacuum. Fischer’s research group was one of the pioneers in the use of CVD
in the synthesis of MNPQMOF composites.®™® Typically, the MNP precursors are
located in a tube with the MOF present downstream. After heating to a certain
temperature to induce sublimation and vapor pressure, the volatile compounds are
carried by an inert gas towards the MOF, were they diffuse through the channels
and are finally deposited in the porous structure. This solvent free method ensures
high loading, compared to liquid impregnation, avoiding competitive adsorption of
the solvent. After deposition, a gaseous reducing agent such as H, is used to finally
obtain the MNP and the MNPQMOF composite.”® As high temperature and
pressure are required for sublimation and diffusion through the framework, special
attention has to be paid to MOF stability when selecting a scaffold for CVD.
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There are many publications in which MOF-5,™ MOF-177,"" and ZIF-8 ™7 are
usually selected due to their thermal stability and pore accessibility to small gases
diffusion.™

C) Mechanical grinding

Also using volatile organometallic compounds, mechanical grinding is an
effective, but less commonly used, approach to promote a solid-state reaction at
moderate temperature. The milling process enables the precursor sublimation and
the rapid vapor diffusion through the porosity leading to a well distribution of AS
after further chemical transformation (e.g.: H, reduction).®

1.3.1.2. Bottle-around-a-ship (BaS)

Another approach for the synthesis of ASQMOF composites is the self-
assembly of MOF surrounding an AS, answering to the symbolism of the BaS
strategy. In other words, the AS do not occupy the porosity but instead act as a
seed for MOF nucleation and growth around it. This is typically done by dispersing
the AS in the reaction media along with the MOF organic and inorganic SBUs. In
contrast to the infiltration methods previously mentioned, this approach has no
limitation on the AS size as the MOF shell develops wrapping the AS, opening the
door for the encapsulation of molecules larger than the pore size. In addition, it
gives better control and homogeneity of the AS, as it is already predefined before
the composite synthesis (e.g.: particle size, shape, activity) ensuring better
performance in future applications. However, the subsequent MOF growth around
an AS normally exhibit difficulties derived from the high energy barrier between
the AS and the MOF building blocks. Consequently, synthesis could result in AS
aggregation outside self-nucleated MOF crystals. For preventing this, the AS could
be protected by stabilizer such as surfactants or capping agents. During the
synthesis, the organic ligands can interact with surfactant/capping agents, forming
specific bonds, therefore anchoring to the AS promoting the crystallization around
it. This surfactant/capping agents most of the times should be removed after
synthesis for preventing the blockage of active sites and particle shielding reducing
the performance of the composite. Another difficulty is the control over the spatial
distribution of the encapsulated AS as well as achieving the so desired one-AS-in-
one-MOF configuration.”™ An example of the complexity of control can be seen in
Figure 1. 6, of the transmission electron microscopy (TEM) micrographs of zinc-
based zeolitic imidazolate framework ZIF-8 composites, where Lu and his group™

followed a strategy of successive addition of MNPs on the growing MOF crystals.
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Figure 1. 6: TEM micrographs of MNP@ZIF-8 a) and b) Pt NP, ¢) Ag cubes, d) Au NP caped by

polymers, e) Au NPs and f) Au NPs of 34 nm in the core surrounded by 13 nm Au NP.

Reproduced with permission of ref ™.

Recapitulating, in Table 1. 1 is summarized a comparison between the

association strategies presented in this manuscript.

Table 1. 1: Comparison between SiB and BaS association strategies. Code: (+) advantage;

(-) disadvantage, (~) neither advantage nor disadvantage.

Ship-in-a-Bottle

Bottle-around-a-Ship

Presynthesized MOF

Diffusion through MOF
porosity

Limited by accessible pore size

Simple synthesis

Several steps required

Self-stabilized in MOF
framework

MOF compatible with AS
impregnation /synthesis
conditions

Risk of surface attachment

MOF nucleation and growth
surrounding AS

Allocation inside framework
defects

No size limit

Many reaction parameters to
control

One-pot

Need of surfactants or capping
agents

AS compatible with MOF
synthesis conditions

Risk of AS aggregation
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1.3.2. Active Species

The availability of several strategies towards association of AS is another
advantage of MOFs over other porous supports such as zeolites. In addition, the
topological variety of MOFs allows the encapsulation of AS of a broader nature.
For instance, MOF milder synthesis conditions enable the BaS association of fragile
organic molecules.®® However, MNP and enzymes are among the most widely
studied AS for the development of ASQMOF composites due to their great interest
in heterogeneous catalysis and sensing, among others.™™ Accordingly, greater
attention will be paid to them in following sections.

1.3.2.1. Metallic nano-objects: Ag

In recent years, there has been a growing interest in the synthesis of
nanocrystals with different shape and size. While bulk crystal properties merely
rely on the elemental composition, decreasing the size to the nanoregion induce
unique changes on the material properties. As size decreases, the number of atoms
located on the surface of a MNP increases, giving a higher surface-to-volume ratio
and affecting to properties such as phase transition behavior or the catalytic
activity and selectivity (ability to bind foreign atoms more tightly due to lower
coordination with bulk). In addition, MNPs can be considered as an aggrupation of
atoms or superatoms that experience quantum size effects that affect to their
ionization potential and electron affinities. The combination of both surface and
quantum effects explains the size-sensitive behavior of MNPs, affecting to
optoelectronic properties (shift in bandgap), magnetic properties (orbital
momentum of unpair electrons) or biological properties (size-related cell toxicity).”
Because of this special behavior, they are widely used in applicative fields such as
catalysis, optoelectronics, chemical sensing and data storage, among others.

MNPs can be prepared following two categories: Top-down or Bottom-up.
Top-down approach in the nanoworld involves the use of bulk materials and reduce
them to the nanoscale normally by means of physical or mechanical transformation,
whereas Bottom-up starts from atoms or molecules following chemical
transformation to obtain NPs.” Some examples of fabrication classified as Top-
down methods are laser ablation, arc discharge and radio frequency sputtering. The
bottom-up chemical production of NPs can also be classified by the reducing agent
in classical chemical and radiation chemical ® However, free MNPs, due to their
high reactivity, are thermodynamically unstable and prone to aggregate losing their
favorable activity. Generally, to better control shape, size and size-distribution. the
use of stabilizers is extended, particularly in the classical chemical reduction. One

option is to achieve electrostatic stabilization by the coordination of anionic species
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(e.g.: carboxylates, halides) forming an electrical outer layer that generates
coulombic repulsion within the surrounding NPs. Another mean of repulsion is
achieving steric stabilization protecting the NPs with bulky molecules such as
organic molecules (dodecathienol) or polymers (poly(vinylpyrolidone) (PVP),
poly(ethylene glycol) (PEG), poly(methacrylic acid) (PMAA),
polymethylmethacrylate (PMMA) are the most common).”

An interesting alternative to prevent MNPs aggregation is their stabilization
in porous materials, such as the here studied MOF's. Their encapsulation not only
prevent their aggregation and growth, but also presents a beneficial synergy
between both constituents for catalysis. MOFs offer spatial confinement, limit
particle growth in the framework, increment reaction selectivity (limiting the direct
interaction of reagents with the MNP due to access restrictions controlled by
accessible pore size) and offer a transfer path for the reaction products. MNPs
increase the number of actives sites available in the network (e.g.: acidic (-OH, -
SOsH) or basic (-NH;) functional groups in the organic linker and/or the
unsaturated metal center of the inorganic SBU) and present an opportunity to
increase reactivity (limit electron-hole recombination due to ligand-to-metal
electron transfer mechanisms). That is, the rational combination of MNP-MOF pair
effectively enhances their strengths and counter their deficiencies.

Among other transition metals, silver (Ag) outstands for the variation of the
optical and electronic properties with size, modulating the energy gap (E,). When
particles size decreases below 6-8 nm, there is a change of lattice contraction that
favors electron confinement and E, of the semiconductor abruptly increases.% This
optical properties mainly rely on Ag surface plasmon resonance (SPR, free electron
collective oscillation within the NP). AgNPs (see Figure 1. 7), as other metals,
support many SPR modes in the visible and near-infrared region (NIR): from 300-
1200 nm. While spherical particles exhibit a single scattering peak, anisotropic
prims or rods exhibit multiple scattering peaks in the visible region as a result of
highly localized polarization on edges.* In particular Ag plasmon is close to five
times that of Au, reason of its preferential selection along with its moderate prize
compared to other precious metals (reference ounce in US $: Ag-15$; Au-9508, Pt-
1300$, Pd-300%).5%2 Furthermore, this variation with size of the electronics
properties also modify the fluorescent emission of the AgNPs, feature already
explored as biological label. Silver also has the highest electrical and thermal
conductivity among all metals, being perfect for electrical connections.® In addition
AgNPs have been extensively used since ancient times due to their antibacterial
activity in health industry, food storage, coatings and other environmental
remediation applications.*** Even not fully understood, its antibacterial activity is
often explained by two mechanisms: the slow release of Ag™ ions that interfere with
the bacteria membrane causing permeability and leakage of cellular content, and
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the reactive oxygen mechanism that produces reactive oxygen species (ROS) that
interfere with the bacterial DNA replication causing its death.®
. |

e 4

200 im
Figure 1. 7: TEM micrograph of citrate caped AgNPs.

An extended method for the preparation of AgNPs is via chemical reduction
of its cationic precursors. This reaction is also known as co-precipitation and
involves several steps: reduction, nucleation, growth, and agglomeration. Generally,
this reaction is carried out using water or organic solvents in which different silver
salts are dispersed and the reduction of Ag"™ ions leads to the formation of Ag’
atoms, which is followed by agglomeration into clusters, which eventually yield
colloidal silver with normally a particle size of nanometers.” This reaction is
governed by the redox potential. In the case of silver, the reduction potential in
water for the Agt = Ag’ reaction is E’= 40.799 V. This relatively large potential
enables the use of several reducing agents such as sodium citrate (E’= -0.180 V),
sodium borohydride (E°=-0.481 V), hydrazine (E°=-0.230 V) or hydroquinone
(E’=-0.699 V).

Another possibility is to induce the reduction of the metal cation by direct
or indirect photolysis. The photoreduction mechanism is based on the electron
transfer from the solvent to the Ag* excited state to form Ag’ normally by solvent
deprotonation. For doing so ultraviolet (UV) irradiation should be used as
excitation source, according to the metal salt absorbing spectral region. The use of
photosensitizers in the reaction media can increment the absorption range to the
UVA-Visible region. In this case, the sensitizer will absorb the radiation generating
an intermediate (free radical, anion) that afterwards reacts with the metallic cation
to form Ag’ The light-assisted reduction of AgNPs is a promising approach that
exhibits a better control on the final AS particle size, as interrupting the irradiation

holds up the progress of the redox reaction.™

Due to the relevance of AgNP is not unexpected to find previous works that
consider the formation of AgNPQMOF. As a summary, Table 1. 2 enunciates a

compilation of the current state-of-the-art.
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Table 1. 2: List of Ag@MOF composites and their applications

- Ag
_ Association o
Composite content Application
strategy
(wt.%)

I " Catalytic

mpregnation
Au-AgQZIF-8 pregha 0 Not reported reduction of p- 87

and reduction ]

nitrophenol

In situ .
AgQZIF-8 ) Not reported  Not reported 75

encapsulation

I ti Nobl
Ag@MOF-74(Ni) HpTesta 19n 1.5-6.5 ope g.as 8

and reduction adsorption

I ti
Ag@MIL-53(Al) HPTEBBAHON 015 CO oxidation

and reduction

I . COs conversion

mpregnation
Ag@MIL-101(Cr) Dreghat 1.5-7 into carboxylic %

and reduction _

acids

Impregnation Degradation

Ag@MIL-125 0.5-5 o
& and photored. Rhodamine B

Ag@QRb/Cs- Impregnation 194 Not reported 0
CDMOFs and reduction

In situ
Ag@Q@MOF-5 ) Not reported  Not reported 93

encapsulation

I ti
Ag@Zn-TSA Hpreghation 8 Biosensing o

and reduction

Ag/RGO/MIL-125

Impregnation

and photored.

Not reported

Not reported

95

. Carboxylation
Physical o
Ag@CO-MOF ; Not reported  from CO, 96
adsorption .
fixation
Encapsulation
AgCAlg(OH)QTCPP by Atomic Not reported  Not reported o7
Layered

deposition on
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Presynthesized
AgNP
) CO; conversion
Impregnation

Ag@MIL-100(Fe)

and reduction

Not reported

into carboxylic
acids

98

Ag@QUiO-66(Zr)

Impregnation

and reduction

Not reported

CO, conversion
into carboxylic
acids

98

Ag/g-C3N4/MIL—
125

Impregnation

and photored.

Not reported

Photooxidation
of alcohols

99

One-pot F ldehyd
Ag@IRMOF-3 R 0.09-2 oTmEFEENEE W
synthesis conversion
Ag/MOF(Ag) One—po‘? Not reported Sénémg of 101
synthesis trinitrophenol
Impregnation

Ag@QMIL-125-AC

and reduction

Not reported

Not reported

102

Catalytic
One-pot .
Ag@MOF-5(Zn) . Not reported  reduction of p- 103
synthesis .
nitrophenol
Catalytic
Au@Ag/MIL- Impregnation y
) Not reported  reduction of p- 104
101(Cr)-S and reduction ,
nitrophenol
I i A3 li
Ag@Ni-MOF mpregnatl.on Not reported Co‘up mng 105
and reduction reaction
Impregnation
Ag@Zn-MOF p1ee ) Not reported  Sensor HO, 106
and reduction
Impregnation Catalytic
Ag@MIL-101(Cr) and 1.5-2 reduction of p- 107
photoreduction nitrophenol
I ti
Ag@MIL-68(In) Hpregnation 31 Not reported 108

and reduction

Ag-

Ag:PO,@HKUST-1

Impregnation

and photored.

Not reported

Photodegradation
of dye
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Ag/AgCl@QCo-Fe-

Not reported

Not reported

Not reported

110

MIL-125-NH,
Ag/AgCl@MIL- One-pot Photodegradation
Not reported 11
53(Fe) synthesis Rhodamine B
Impregnation Photocatalytic
Ag-MIL-101(C 2 12
8 (Cr) and reduction CO; reduction
Impregnation Photocatalytic
Ag@QZIF-9(C 2-9 13
& (Co) and photored. CO; reduction
AgQZIF-67 Impregnati.on 0.1.0.8 Sensor for "
and reduction glucose
Ag@MOF- Impregnation Degradation of .
Not reported 15
5@chitosan and reduction sulfur mustard

Besides works presented in Table 1. 2, the synergistic combination of AgNP
is far from being fully explored and further studies are required considering the
possibilities of Ag-MOF pairs, different association strategies, and their combined
activity and thus, this thesis will promote further development of this field. Taking
this into account, the amino-substituted titanium terephthalate MIL-125-NH, or
[TisOs(OH)4(BDC-NH,)q] has been selected as support, as it has been less studied
for the SiB association of Ag nanospecies compared with its isoreticular parent,
MIL-125 (see Table 1. 2). Yet more reasons for the selection of MIL-125-NH, will
be presented in section 3.2 MOF selection: MIL-125-NH,. In addition, both nano-
and micro-crystals of MIL-125-NH, will be considered. Furthermore, special
attention will be placed to achieve a modulable amount of Ag associated, as well
as its determination (not always reported); and to procure a homogeneous
distribution of Ag nanospecies. As a result, it is expected that the resulting
Ag@MIL-125-NH, composites will exhibit enhanced optoelectrical properties in the
visible range, higher catalytic activity and promoted biocidal character (application
explored for the first time for Ag@MIL-125-NH, in this thesis). On the other side,
due to the scarce BaS association procedures on the current state-of-the-art,
microwave assisted synthesis will be explored in this thesis for the one-pot
association of Ag nanospecies to MOFs and preliminary results are presented in
section 5.3 Preliminary AgNP@QFe-MOF composites.
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1.3.2.2. Enzymes: lipases

Enzymes are important biomacromolecules naturally present in life systems
such as plants, animals and microorganisms. They are of great interest as they
facilitate the transformation of biological and chemical substances, in other words,
they are natural catalysts. As other catalysts, they decrease the activation energy
of the reaction without interfering in the equilibrium and without being consumed.
In addition, they can procure tandem catalytic reactions. Even more, enzymatic
catalysis is considered a typical green technology that exhibit excellent selectivity
(chemo-, stereo- and regio-selectivity)."® In the last decades enzymes have been
explored in biochemical industries as they offer advantages over traditional
catalysts related to sustainability (e.g.: mild reaction conditions, low environmental
impact and low toxicity) and process efficiency. They have been used as catalysts
for organic synthesis in healthcare, food, beverages and pharmaceuticals.!'” Despite
of this, free enzymes have still limited use in industry due to their fragile nature as
they easily denaturalize and lose their catalytic activity under harsh conditions
such as high temperatures, extreme pH, mechanical stress or organic solvents. In
addition, due to their solubility they present problems for their recovery and further
reusability, incrementing the purification steps required after the reaction.'®

Several strategies have been considered to overcome the above mentioned
limitations of free enzymes, such as immobilization, artificial modification, enzyme

¥ Enzyme immobilization considers

engineering and directed evolution of enzymes.
the enzyme being fixed or embedded within a support and is a facile strategy to
improve their stability while preserving their activity. Immobilization not only
shields the enzyme from the surrounding media but additionally enables enzyme
separation, recovery and recycling. Even in some cases, they can exhibit enhanced
selectivity due to modification of enzyme conformation, interaction with their

supports and the generation of favorable microenvironments.*’

In recent years MOFs have drawn attention as novel supports for enzyme
immobilization due to their advantageous properties previously mentioned: tunable
and ordered high porosity and topology, and the possibility of stabilization via host-
guest interaction with the metal clusters and ligands (i.e.: Van der Walls, force,
hydrogen bonding, T — 1 interaction, electrostatic interaction). The combination of
all makes MOF's suitable for encapsulation of varieties of enzymes with different
dimensions, morphologies and pensile groups. Moreover, lipases are the most used
enzymes in synthetic organic chemistry, catalyzing the chemo-, regio- and/or
stereoselective hydrolysis of carboxylic acid esters or the reverse reaction in organic

solvents.!?

Lipase@MOF composites can be synthesized following SiB strategies such as

adsorption or covalent linkage. They offer high enzyme loadings with structural
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conformation to adapt to the MOF topology. In this case, substrates offer also an
extra selectivity. Nevertheless, lipases also tend to attach to the outer surface, they
are limited by size compatibility requirements and are prone to enzyme leaching
after catalyst reusability. More interestingly, as some MOF exhibit mild synthetic
conditions, enzymes can be encapsulated following a BaS procedure. This in situ
procedures can be distinguished in co-precipitation, that involves the use of co-
precipitation agents and surfactants,’”’ and biomineralization, in which enzyme
molecules also help to MOF nucleation by chemical interactions with the organic
SBU.* Using one-pot embedding the number of reactions is reduced (MOF
synthesis takes place while encapsulating the lipase) and there is no dimensional
compatibility required. Even more, leaching is reduced as the network grows
surrounding the lipase not being directly allocated in the porosity. However this
might partially decrease the catalytic activity due to hindered accessibility to the

active nodes and might limit the mass transfer efficiency of reagents and products.
122

Great efforts have been put into the synthesis of enzyme@MOFs composites
worldwide trying to expand the biocatalyst application.!®!19123 Presented below are
summarized some of the enzyme@MOF composites, not only lipases, reported up
to date as well as their catalytic reactions.

Table 1. 3: List of enzyme@MOF composites and their catalyzed reactions

Type of Application Ref
MOF Enzyme yp. ] bP
assoclation
MIL- Porcine pancreatic SIB diffusion E.steriﬁfzatio‘n of o
100(Fe) lipase cinnamic acid
Candida rugose BaS in situ Transesterification
ZIF-67 . ' ) 125
lipase encapsulation  of soybean oil
Z1F-00 Bovine liver BaS in sitz't Peroxidase‘ -
catalases encapsulation  decomposition

Oxidation of o-

Phenylenediami
HRP, Cytochrome enylenediamine,

PCN- idati f2-2-
¢, microperoxidase- SiB diffusion OX,l & 1(?n © 127
333(Al) 1 azino-bis(3-
ethylbenzthiazoline-
6-sulfonic acid)
BaS in sit Detecti f
Z1F-8 Glucose oxidase s s erection © 128

encapsulation  glucose




20 CHAPTER 1
MIL-
53(Al
(A1), o Hydrolysis of p-
MIL-53- ) BaS in situ ) ‘
B-glucosidase . nitrophenyl-B-D- 129
NH,(Al), encapsulation | .3
curonide
MOF- glucuroni
74(Mg)
hydrolysis of 1,2-
' Soybean epoxide Covalent YATOWSIS OF & ‘
UiO-66-NH, hvdrol link epoxyoctane to 130
rolase inkage
Y & (R)-1,2-octanediol
MIL- Clucose oxidase Physica'l Detection of .
100(Fe) adsorption glucose
ZIF-7, ZIF-
8, ZIF-67, Glucose Physical Detection of -
Z1F-68, dehydrogenase adsorption glucose
ZIF-70
Ui0O-66,
Uio-66-NHo, Porcine pancratitic Physica.l Warfarin synthesis 1%
MIL-53 lipase adsorption
(A1)
Esterificati f
Bacilus subtilis Physical ° e'rl mé 1on o ,
HKUST-1 ) i lauric acid and 134
lipase adsorption
benzyl alcohol
Hydrolysis of p-
nitrophenyl acetate,
-nitrophenyl
NU-1000  Cutinase SiB diffusion P 135
butyrate and p-
nitrophenyl
octanoate
E lati
. n‘capsu anon Oxidation of
Glycerol inside hollow .
MIL-88A glycerol to 136
dehydrogenase MIL-88A .
dihydroxyacetone
spheres
] ] ) Transesterification
Ui0-66 zflpergzlus niger Physma.l biodiesel .
lipase adsorption

production
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Transamination of
Covalent

UiO-66-NH, Amidase ' (S)-4- 138
linkage )
fluorophenylglycine
> Physical Synthesis (S)
sica nthesis (S)-
Ni-BTC adenosylmethionine Y _ Y o 139
adsorption adenosylmethionine
synthease
7IF-8 NADH, reduced BaS in situ Reduction of CO, o
pyridine nucleotide encapsulation to CH,
718 Horse'radish BaS in sz’tz't Peroxidas?' "
peroxidase encapsulation  decomposition

As depicted from the Table 1. 3, most of the reported examples used SiB
procedures such as enzyme diffusion, due to the simplicity of the SiB strategy, that
ensures enzyme adsorption within the MOF, and surface immobilization wvia
physical adsorption or covalent linkage. On the other hand, many of the examples
for BaS in situ encapsulation are based on ZIF-8 and ZIF-90, as both structures
could be easily synthesized at RT using only water as solvent, and therefore are
synthetic procedures compatible with the enzymes. This emphasizes the need of
further research applying BaS synthesis procedures with other MOF families.
Therefore, this thesis will focus on providing new BaS routes of enzyme
immobilization, more precisely lipases. Following an in situ strategy enables the
association of bigger lipases and the lipase@MOF composites obtained prevent the
biomolecule leaching ensuring a longer life of the biocatalysts, compared to those
synthesized via SiB. In addition, extending the knowledge towards other MOF
matrices besides ZIFs, with different topologies and stabilities, presents a great
opportunity to extend the use of lipase@MOF heterogenous biocatalyst in further
reactions of interest. Consequently, a flexible iron(IIl) fumarate, MIL-88A, was
selected (further information in section 6.1 Preamble).
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Chapter 2

Objectives

“A scientist is not a person who gives the right answers,
is the one who asks the right questions”

Claude Levi-Strauss

The main objective of this thesis is the association of active nanospecies of
different nature (silver nanoparticles and lipases) to the structure of benchmarked
metal-organic frameworks to obtain new composite materials with advantageous
properties, applicable in a plethora of applications (catalysis, environmental
remediation, surface decontamination). For doing so, both ship-in-a-bottle and
bottle-around-a-ship synthetic strategies will be followed to obtain the desired
core@shell ASQMOF composites. The originally designed protocols in this thesis
also aim to overcome some of the previously detected limitations in the state-of-
art.

2.1. Specific objectives

1. Development of composite materials based on microporous MOFs,
with micro and nano particle crystal size, compatible with the SiB
association of silver nano-objects via diffusion of the metallic salt

precursor through the windows and posterior reduction.

1.1.  Design and optimize a synthetic protocol for obtaining composite materials

with embedded Ag nanoparticles with biocidal activity (Chapter 3).
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e Characterization of the AgNPQMOF by different solid-state
techniques, including transmission electron microscopy, to analyze
the interaction of the Ag with the structure.

e Preparation of thin films of the resulting AgNP@QMOF.

e Validation of the biocide activity of AgNP@QMOF thin films under
irradiation for the treatment of challenging biofilms. Analysis of the
chemical stability of the thin film under the conditions of study.

1.2. Design and optimize the association of Ag nanoclusters to microporous
MOFs induced by photochemical reduction for environmental remediation
(Chapter 4).

e Characterization of the AgNCQMOF by different solid-state
techniques, including transmission electron microscopy, to analyze
the interaction of the Ag with the structure.

e Validation of the AgNC@QMOF photoelectronic properties in the
degradation of emerging organic contaminants from water under

visible light irradiation.

2. Analysis of the use of microwave irradiation as heating source for the
BaS association of silver nanoparticles to MOF's (Chapter 5).

e Optimization of the microwave assisted synthesis of a polymorphic
MOF family to obtain high purity crystals.

e Synthesis of stable silver nanoparticles compatible with the
previously determined protocols for MOF synthesis with microwave
heating.

e Procure the in situ synthesis of AgNPQMOF.

3. Immobilization of enzymes on biocompatible MOFs using BaS

association procedures (Chapter 6).

e Design and optimization of a one-pot association of enzymes and
MOFs with a green procedure for the attainment of lipase@MOF
biocomposites.

e Characterization of the material paying special attention to the MOF
role (i.e.: protective effect, selective catalytic activity).

e Validate the catalytic activity of the lipase@MOF composite in a
relevant reaction as the transesterification of soybean oil for the

biodiesel production, considering the lipase-MOF' interaction.



Chapter 3

SiB: Antimicrobial
AgNP@QnanoMIL-125-NH,

“Never has the threat of antimicrobial resistance been more

immediate and the need of innovative solutions more urgent.”

Tedros Adhanom Ghebreyesus, 8" World Health

Organization Director-General

3.1. Preamble

The first attempts for the association of AS during this thesis research were
following the simple SiB procedure, as it enables the synthesis and growth of MNPs
within the network of MOF's limiting a priori the final particle size by the porosity
without the need of surfactants or capping agents. This chapter presents the
synthesis of AgNPs within the previously synthesized microporous photoactive
titanium terephthalate MIL-125-NH; following an impregnation-reduction strategy
to conform the AgNP@nanoMIL-125-NH, composite (see APPENDIX I LII SiB

association of AgNPs via chemical reduction for details).

Taking into account the antimicrobial character of silver, the resulting
AgNP@nanoMIL-125-NH, composite was further studied as a bactericide coating
to mitigate the biofilm contamination of surfaces, still a demanding issue, as they
are associated to severe disease spread. Biofilms associated infections are related to
the contamination of surgical devices, food preparations, water distribution pipes,
conventional air recirculation and cooling systems, and high touch surfaces (e.g.:
doorknobs, pressing buttons, rail bars, shopping carts). One possible solution is the
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development of antifouling and antibacterial surface coatings. In this work, we
originally propose the use of photoactive MOFs for biofilm treatment.

The novelty of this work relies on the following:

i) The treatment of strongly contaminated surfaces, as previous studies
with MOFs have exclusively addressed biofilm prevention;

ii) This pioneering work reports both antiadherent effect, which removes
the biofilm, and bacterial inhibition; and

iii) Our original successful strategy involve the multi-active combination
of 1) intrinsic antibacterial effect of a photoactive titanium-based
nanoMOF, 2) immobilization of biocide silver nanoparticles, and 3)
improved anti-bioadherent effect upon irradiation of the composite
coating.

This original research work is compiled in the publication “An Ag-loaded
photoactive nano-metal organic framework as a promising biofilm treatment”, A.
Arenas-Vivo, G. Amariei, S. Aguado, R. Rosal, P. Horcajada, Actabiomaterialia,
2019, 97, 490-500 (Q1, IF: 7.242) reproduced here with the journal format.! This
article has also been featured in the news section of Materials Today.? It is
important to highlight that this article has been selected by the Spanish Association
of Bioinorganic (Asociacién Espanola de Bioinorganica, AEBIN) in their II Edition
of best publication published by young researchers awards as the best publication
by a predoctoral researcher.?

Despite the active contribution of all the authors to this article, we consider
important to clearly describe the contribution of the PhD candidate.
Conceptualization of this work is attributed to Dr. Patricia Horcajada and Ana
Arenas Vivo (AAV). The synthesis of the nanoMIL-125-NH, was carried out by
this thesis author, AAV, at IMDEA Energy following a previously reported protocol
by our research group, the Advanced Porous Materials Unit (APMU).* The
impregnation-reduction protocol for AgNPs encapsulation was also developed and
optimized by AAV. Full material characterization was carried out at IMDEA
Energy installations with the exception of TEM observations. For this, with the
help of Dr. Daniel Arenas and Dr. David Avila, samples were analyzed in the Centro
Nacional de Microscopia Electronica. Antimicrobial characterization of the
AgNP@nanoMIL-125-NH, composite, as well as its precursors, was carried out at
the University of Alcald de Henares (UAH) with the collaboration of Dr. Roberto
Rosal team in the Department of Chemical Engineering. Experimental design and
training in the bioanalytical design was led by Dr. Georgiana Amariei, while
experiments were being carried out both by AAV and Dr. G. Amariei. Result
analysis and discussion and original draft preparation was done by AAV. Review

and editing of the publication were done by Dr. P. Horcajada and rest of coauthors.
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Finally, as the use of MOFs as antimicrobial agents is a recent field with
primary reported evidences in 2010-2012,%® to better understand their potential and
antibacterial properties, the review of the state-of-the-art of MOFs applied in this
field has also been included as annex to the present manuscript. This review was
previously published as the book chapter “Antimicrobial Metal Organic
Frameworks” by AAV and P. Horcajada, (see APPENDIX II II.I Book Chapter:
Antimicrobial MOFs) comprised in the book Metal Organic Frameworks
(2019), of central West Publishing (edited by D.V Mittal), pp.:1-34.°

Conceptualization of this boom chapter is attributed to AAV and Dr. P.
Horcajada. Literature review and current state-of-the-art compilation and selection
were carried out by AAV. Original book chapter preparation was done by AAV.
Review and editing of the publication were done by Dr. P. Horcajada and AAV.

3.2. MOVF selection: MIL-125-NH»

For SiB experiments, the MIL-125-NH, or [TisOs(OH).(BDC-NH,)s] was
selected as support (Figure 3. 1). MIL-125-NH, is built from Ti-oxo-clusters
coordinated to the 2-aminoterephthalate ligand (H.BDC-NH,) and typically
synthesized via solvothermal route. It has a large surface area and high pore volume
(Sper ~1500 m? - g!, V,, ~0.65 cm? - g!) and its structure is ordered with octahedral
~12.5 A and tetrahedral cavities ~6 A, accessible via triangular windows ~5—7 A.
It is photochromic as the clusters experience the reduction of Ti'V to Ti'™ under UV
irradiation.” In addition, this amino-substituted isoreticular version of the parent
MIL-125 extends its light absorption from the UV to the visible region producing
a red shift on its E, from 3.6 to 2.6 eV (375 to 475 nm) due to the electron
dislocation from the nitrogen to the ligand aromatic ring."! MIL-125-NH; has proven
good catalytic activity in several reactions such as: cycloaddition,' oxidative

10

desulfurization,' oxidation of alcohol to aldehydes,'’ photocatalytic degradation of

13,14

dyes,!* photocatalytic reduction of CO," and photocatalytic H, generation, among

others.!6
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Metallic precursor Organic ligand MIL-125 -NH, Octahedral cage 12.5A
(Titanium isopropoxide) (Amino terephthalic acid) (TigOg (OH), Tetrahedral cage 6 A
[CO,-C¢H;NH,-CO,]5) Window5-7 A

Figure 3. 1: Schematic representation of MIL-125-NH,
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Besides its photoactive properties and its high porosity, MIL-125-NH, was
selected also for: i) its organic ligand bearing -NH, groups able to interact with
guest species and prevent their leakage (i.e. AgNPs), ii) its a priori biocompatible
character (rat oral 50% lethal dose (LDs) > 2000 mg - kg' for TiO, '" and 50%
inhibitory concentration (ICs) in HeLa and J774 cells = 600 and 20 pg - mL",

¥ and studies have proven its application as robust and biosafe oral

respectively,
therapheutic agent),' iii) its very good aqueous stability,’> and iv) its tunable
particle size, enabling the modulation of the surface interactions between the

material and surrounding media.*

In the APPENDIX T there is complementary information to this chapter.
Both the synthetic protocol of pristine MIL-125-NH,, with micro- and nano-particle
size are section I.I Synthesis of MIL-125-NH,. The protocol optimization for the
attainment of AgNPs@MIL-125-NH, composites, with MIL-125-NH, micro- and
nano- crystals, via an original two-step SiB impregnation & chemical reduction
procedure developed in this thesis is also presented in the APPENDIX I section I.II
SiB association of AgNPs wia chemical reduction SiB association of AgNPs wvia
Chemical reduction

The applicability as bactericide material of the synthesized
AgNP@nanoMIL-125-NH;, composite in the form of thin films coating was explored
in the original publication, “An Ag-loaded photoactive nano-metal organic
framework as a promising biofilm treatment”, presented below in section 3.3 and
further it is further discussed in Chapter 7 . The article
supporting information, as published, is included in APPENDIX III
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Surface biofilm inhibition is still currently a considerable challenge. Among other organisms,
Staphylococcus aureus is notable for its ability to form a strong biofilm with proved resistance to
chemotherapy. Contamination of high-touch surfaces with S. aureus biofilm not only promotes disease
spread but also generates tremendous health-associated costs. Therefore, development of new bacterici-
dal and antiadhesive surface coatings is a priority. Considering that metal-organic frameworks (MOFs)
have recently emerged as promising antibacterial agents, we originally report here the synthesis of a
multi-active silver-containing nanoscaled MOF composite as a potential surface coating against S. aureus
biofilm owing to a triple effect: intrinsic bactericide activity of the MOF, biocidal character of silver
nanoparticles (AgNPs), and photoactivity after UVA irradiation. AgNPs were successfully entrapped
within the benchmarked nanoscaled porous photoactive titanium(IV) aminoterephthalate MIL-125(Ti)
NH, using a simple and efficient impregnation-reduction method. After complete characterization of
the composite thin film, its antibacterial and anti-adherent properties were fully evaluated. After UVA
irradiation, the composite coating exhibited relevant bacterial inhibition and detachment, improved
ligand-to-cluster charge transfer, and steady controlled delivery of Ag®. These promising results
establish the potential of this composite as an active coating for biofilm treatment on high-touch surfaces
(e.g., surgical devices, door knobs, and rail bars).

Keywords:
Nano-MIL-125NH,
Ag nanoparticles
Photoactive
Biofilm treatment
Biocide

Statement of Significance

Surface contamination due to bacterial biofilm formation is still a demanding issue, as it causes severe
disease spread. One possible solution is the development of antifouling and antibacterial surface coatings.
In this work, we originally propose the use of photoactive metal-organic frameworks (MOFs) for biofilm
treatment. The novelty of this work relies on the following: i) the treatment of strongly contaminated
surfaces, as previous studies with MOFs have exclusively addressed biofilm prevention; ii) this pioneering
work reports both antiadherent effect, which removes the biofilm, and bacterial inhibition; iii) our orig-
inal successful strategy has never been proposed thus far, involving the multi-active combination of 1)
intrinsic antibacterial effect of a photoactive titanium-based nanoMOF, 2) immobilization of biocide sil-
ver nanoparticles, and 3) improved anti-bioadherent effect upon irradiation of the composite coating.
© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Attainment of bacteria-free surfaces and disease spread control
is still currently a great challenge [1]. The issue starts with the for-
mation of biofilms over surfaces, which consist of a bacterial
microenvironment involving strong interaction of microorganisms
and extracellular polymeric substances (EPS) with the substrate

* Corresponding author.
E-mail address: patricia.horcajada@imdea.org (P. Horcajada).

https://doi.org/10.1016/j.actbio.2019.08.011

1742-7061/© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

[2]. The resulting biofilm is an irreversibly bounded complex
microbial aggregation that contaminates surfaces [3].
Biofilm-associated infections are the cause of 80% of hospital-
acquired or nosocomial infections. In particular, Staphylococcus
aureus, is notable among other species as the major cause of these
infections [4]. S. aureus, a gram-positive cocci frequently found in
the human respiratory tract and skin, is known for its persistence
on host tissues and surfaces owing to its developed multidrug
resistance [5,6]. Contamination of surgical devices, food prepara-
tions, and high-touch surfaces (e.g., door knobs, pressing buttons,
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rail bars, and shopping carts) with S. aureus biofilm is the cause of
the spread of many diseases, thereby causing high economic loss
[7]. Therefore, there is an urgent need for the development of
bioactive surface coatings that both limit bacterial adhesion, hence
attaining the so-called “antifouling surfaces,” and provide efficient
antibacterial properties for biofilm treatment.

Herein, we assess the use of metal-organic framework (MOF)
coatings in the treatment of infections due to S. aureus biofilm.
MOFs are a new class of hybrid crystalline materials [8] consisting
of inorganic units connected to polydentate organic ligands, form-
ing a porous 3D framework. Because of their exceptional porosity
and their compositional and structural versatility, MOFs are promi-
nent as ideal candidates for several industrial and societal applica-
tions (e.g., separation, detection, catalysis, energy) [9]. However,
the use of MOFs as antibacterial agents (based on biocide cations)
was not reported until 2010 [10]. In particular, MOFs present some
advantages when compared with other antibacterial materials: i)
both their organic and inorganic components can exhibit bacterici-
dal activity by the generation of reactive oxygen species (ROS); ii)
they have an uniform and ordered distribution of active sites; iii)
release of antibacterial species to the medium during degradation
tends to be more controlled and homogeneous [11].

The antibacterial activity of MOF was widely evaluated against
bacterial suspensions (known as planktonic state bacteria) [11] as
either powdered [12] or shaped MOFs (fibers, membranes) [13,14].
To the best of our knowledge, there are only three studies analyz-
ing the antimicrobial activity of MOFs against bacterial biofilm.
First, Cu-SURMOF-2 deposited on gold substrates was proposed
as an antifouling coating against Cobetia marina [15]. Another Cu-
based MOF dispersed in a chitosan film exhibited a remarkable bio-
cidal effect against Pseudomonas aeruginosa biofilm, combining the
antibacterial action of chitosan and Cu [16]. Finally, an Ag-based
MOF was incorporated into a thin-film polyamide membrane to
mitigate membrane biofouling of S. aureus and Escherichia coli
[17]. Although these previous studies exhibited considerable inhi-
bition of bacterial viability (>80%), it is important to note the fol-
lowing observations: i) the very short contact times used (1-2 h)
might not be representative of biofilm treatment, as longer contact
times are required to develop a mature biofilm (>18 h) [18] and ii)
the antiadherent properties of the surfaces were not evaluated.
These interesting studies, together with the commonly known irra-
diation biocidal effect [19], prompted us to develop antifouling
photo-bactericidal surfaces based on nanoscaled microporous pho-
toactive titanium(IV) aminoterephthalate MIL-125(Ti)NH, [20]
loaded with silver nanoparticles (AgNPs). Very recently, two Ag-
loaded MOFs with antibacterial properties, namely, AgNPs inside
Cu-porphyrin spheres [21] and Ag nanowires covered by ZIF-8
[22], have emerged; their studies were limited to planktonic state
bacteria, not biofilm. Similarly, although irradiation was able to
enhance the bactericidal effect of a MOF-5 composite in suspen-
sion, this was solely proved against a planktonic suspension of
E. coli, again without considering the defying bacterial biofilm
infections [23]. Therefore, herein, we originally present a triple
multi-action nanocomposite for the challenging anti-adherent
treatment of mature S. aureus biofilm; which combines the intrin-
sic bactericidal activity of MOF, immobilized AgNPs, and photoac-
tivity after UVA irradiation in a thin film surface coating.

Specifically, the benchmarked MIL-125(Ti)NH, [24,25] was
selected for the first time for this application for several reasons:
i) its photoactive properties, which are already proven in different
catalytic reactions; [26,27] ii) its high porosity (Sger: 1500 m? g !
with tetra- and octahedral cavities of ca. 6.1 and 12.5 A, respec-
tively); iii) its organic ligand (2-aminoterephthalate, BDC-NH,),
bearing -NH, groups, able to interact with guest species (e.g.,
AgNPs); iv) its a priori biocompatible character (rat oral 50% lethal
dose (LDsg) >2000 mg-kg~! for TiO, [28] and 50% inhibitory con-

centration (ICso) in HeLa and J774 cells=600 and 20 pg mL™},
respectively) [29]; v) its very good aqueous stability [27]; and vi)
its tunable particle size, enabling the modulation of the surface
interactions between the material and the bacteria [11]. Thus,
the AgNP@nanoMIL-125(Ti)NH, (AgNP@nanoMOF) composite
was synthesized using a simple impregnation-reduction protocol
and fully characterized by different solid-state techniques. The
combined photo-antibacterial effect of a colloidal suspension of
the composite was first assessed against S. aureus inoculum. Then,
homogeneous drop-casted AgNP@nanoMOF thin films were pre-
pared and investigated for their antifouling and biocidal properties
by using a combination of complementary techniques. The influ-
ence of the presence of AgNPs and photoactivation by UVA irradi-
ation on biofilm treatment was deeply investigated, paying special
attention to the chemical integrity of the composite thin film.

2. Materials and methods

2.1. Synthesis and characterization of AgNP@nanoMIL-125(Ti)NH,
(AgNP@nanoMOF)

MIL-125(Ti)NH; nanoparticles (nanoMOF) were obtained as pre-
viously described [20]. The impregnation-reduction methodology
with AgNPs was inspired from Liu et al. for MIL-101 [30] and MIL-
100(Fe) [31]. As the nanoMIL-125(Ti)NH; should be kept in metha-
nol for preventing nanoparticle (NP) aggregation, an initial solvent
exchange with CH3CN by centrifugation previous to the impregna-
tion step with AgNO3 was required. Once exchanged, the wet NPs
(equivalent material corresponding to 250 mg of dry MOF) were
redispersed in 20 mL of a 22 mM AgNOs solution (75 mg, Acros
Organics, 99.85%, MW: 169.87 g mol~') in CH3CN by sonication
(2 h) and stirred at room temperature (RT) for 16 h. The silver-
impregnated nanoMOF (Ag*@nanoMOF) was recovered by centrifu-
gation and once again exchanged the solvent to absolute ethanol.
After solvent exchange, Ag*@nanoMOF was stirred under Ar atmo-
sphere with 30 mL of absolute ethanol. For reduction, a 50 mL abso-
lute ethanol solution of 18 mM NaBH4 (33 mg TCI, >95%, MW:
37.83 g mol ') was added to the previous ethanol mixture dropwise
and stirred for 10 min under Ar atmosphere. The composite AgNP@-
nanoMOF was then recovered by centrifugation (11,000g RCF, rela-
tive centrifugal force) and preserved in absolute ethanol.

Both materials, that is, nanoMOF and AgNP@nanoMOF, were
deposited by simple drop-casting (50 piL of 4 g L~! ethanol suspen-
sions; Supporting Information, SI, Fig. S1) over one side of 13 mm-
diameter cover glass discs (VWR, Germany) and dried at RT for
analyzing antifouling photo-bactericidal activity (concentra-
tion=1.5pug mm2; see scanning electron microscopy (SEM)
images of the surface in SI, Fig. S2).

2.2. Synthesis of AgNPs + nanoMOF “physical” mixture

For comparison purposes, a “physical” mixture of 20.5 mL aque-
ous dispersion of AgNPs (synthesized following [32]: with
139 + 7 ppm of Ag, as determined by inductively coupled plasma-
optical emission spectrometry, ICP-OES; particle size: 2.4+ 1 nm,
PDI: 0.34 and &-potential: —38.5+0.7 mV, as determined by
dynamic light scattering, DLS) and 50 mg nanoMOF was made
(2 h sonication followed by 16 h stirring), resulting in AgNPs
+nanoMOF (final Ag® content of 5.3 + 0.8 wt% by ICP-OES).

2.3. Material characterization

All materials were fully characterized by using different solid-
state techniques including X-ray powder diffraction (XRPD), Four-
ier transform infrared spectroscopy (FTIR), UV-Visible spec-
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troscopy, thermogravimetric analyses (TGA), N, sorption iso-
therms, scanning and transmission electron microscopy (SEM
and TEM, respectively), dynamic light scattering (DLS), and &-
potential (ZP) (SI section 1.).

2.4. Antifouling photo-bactericidal activity and bioanalytical
procedures

The microorganisms used in this study were the gram-positive
S. aureus (CETC 240, strain designation ATCC 6538P) and gram-
negative E. coli (CET 516, strain designation ATCC 8739), both rep-
resentative biofilm-forming bacteria. The microorganisms were
reactivated in nutrient broth (NB, SI section 1.1) by incubation at
37 °C under shaking at 100 rpm. Inoculums were diluted with fresh
NB to 10° cells mL~! (tracked by optical density at 600 nm, ODggg)
to preserve the exponential growth phase of the microorganisms
during the total time of contact (total 20 h: 18 h dark +2 h UVA
irradiation).

For antibacterial experiments performed with material suspen-
sions: nanoMOF and AgNP@nanoMOF, as well as control samples
(AgNPs + nanoMOF “physical” mixture, TiO, anatase, ligand (BDC-
NH,), AgNOs, Ag®) were suspended over 2.25 mL of the previously
mentioned 106 cellsmL™! inoculums on a 24-well disposable
microplate, at different concentrations (0, 1, 20 ppm; in the case
of the individual constituents, the concentration was adjusted to
one correspondent in the MOF (BDC-NH;) 13 ppm, TiO, 4 ppm,
AgNO3 and Ag® 1.21 ppm) (Scheme S1 in SI).

For antifouling and antibacterial experiments performed with thin
films: Cover glasses with nanoMOF, AgNP@nanoMOF, and AgNPs
+nanoMOF thin films, as well as clear cover glasses, were placed
on 24-well microplates with the active layer facing up in contact
with 2.25 mL of the previously mentioned bacterial inoculums
(final concentration of the thin film: 88 ppm) (Scheme S1 in SI).

In both cases, the prepared microplates were incubated at 37 °C
without stirring for 20 h. When irradiated, this period was divided
as 18 hiincubation in dark (time selected to enable the formation of
a mature S. aureus biofilm [18,33]), followed by 2 h UVA irradiation
at RT. UVA experiments were performed with three actinic BL TL
6W/10 1FM Hg-lamps (Philips) of 6 W each with spectral emission
in the UV region (Apax=365nm) with a total irradiance of
40 W m 2 under 400 nm. As a conservative assumption, the irradi-
ation time of the UV lamps was adjusted to simulate half of the
daylight UV solar irradiation reported for a horizontal surface at
the latitude of Madrid during Winter-Fall (~80 Wh m~2 according
to NASA Surface Meteorology and Solar Energy Database) [34]).
Samples were irradiated at a distance of 4 cm from the lamp sleeve
so that all wells received a uniform amount of irradiation. Addi-
tional experiments under visible light irradiation were carried
out with a Heraeus TQ Xe 150 Xe-arc lamp (radiant power in the
visible range of 120 W m™2), placing the lamp at a distance of
15 cm from the wells for 4 h to simulate half of the daylight visible
solar irradiation reported for a horizontal surface at the latitude of
Madrid during Winter-Fall (~500 Wh m~2 according to NASA) [34].

The antibacterial effect was quantified by determining colony-
forming units (CFU) considering the cells from the supernatant lig-
uid (planktonic bacteria) and the cells removed from the biofilm
formed over the cover glasses (sessile bacteria) in both dark and
irradiated experiments. For the removal of the sessile bacteria from
the cover glasses, a previously reported procedure was followed
according to ISO 22196 [35]. Afterwards, the aliquots (of both
planktonic and sessile bacteria) were serially diluted in
phosphate-buffered solution (PBS), and colony counting was per-
formed after inoculation of Petri dishes containing NB agar med-
ium and incubation of these plates at 37 °C for 24 h (Scheme S2
in SI). For colony number estimations, at least three replicates of

at least two serial dilutions were considered. Results are presented
as the logarithm of CFU mL™" of culture of each sample.

Bacterial viability was also determined using fluorescein diac-
etate (FDA), a nonfluorescent compound hydrolyzed by esterases
in fully functional cells to a green fluorescent compound, fluores-
cein. For this purpose, the liquid fraction was analyzed in 96-well
black microplates by mixing 5 pL of FDA (0.02% w/w in dimethyl
sulfoxide, DMSO) and 195 pL of bacterial suspension in each well.
The plate was incubated at 25 °C for 30 min, with readings per-
formed every 5 min (exc. 485 nm; em. 528 nm) using a fluorometer
(Fluoroskan FL; Thermo Scientific™, Ascent, Waltham, MA, USA)
(Scheme S3 in SI). The possible interference of the culture medium
and MOFs with fluorescence measurement was checked [36]. Each
sample was measured for quadruple, and results are presented as
reduction percentage, calculated as the difference in fluorescence
intensity of the sample with regard to one of the control blank
assays. The fluorometer was also used for the determination of
ROS [37]. In brief, the liquid fraction of samples was incubated
for 30 min with 50 uL mol L' of 2,7'-dichlorodihydrofluorescein
diacetate (H,DCF-DA), which is sensitive for hydrogen peroxide
and other ROS, including hydroxyl and peroxyl radicals, (exc.
495 nm; em. 525 nm).

Confocal laser scanning microscopy (CLSM) was performed for
visual and qualitative assessment of antibacterial and antifouling
activities. The micrographs were obtained using a Leica Microsys-
tems Confocal SP5 Fluorescence microscope (Germany) and pro-
cessed with Image] software. The bacteria were stained with a
LIVE/DEAD kit (Live/Dead BacLight Viability Kit, Thermo Fisher,
USA) (Scheme S4 in SI). After biofilm formation on the sample sur-
face, cell bodies were visualized in a CLSM system by using the
FilmTracer FM 1-43 Green Biofilm Cell Stain (Molecular Probes,
Invitrogen Detection Technologies, Carlsbad, CA, USA) according
to the manufacturer’s instructions (Scheme S5 in SI).

Antifouling capacity of the materials was also assessed using a
SEM system (DSM-950 Zeiss, Oberkochen, Germany).

2.5. Stability test of the MOF thin film in the culture broth

To determine the stability of the thin films under bacteriological
experimental conditions, thin films of the nanoMOF and the com-
posite  AgNP@nanoMOF (concentration of 1.5pugmm™2) were
placed in contact with 2.25 mL of the NB culture broth and incu-
bated in dark at 37 °C for different time periods (30 min-14 days).
In addition, to investigate the long-term stability of the thin films,
accelerated degradation tests were carried out following ASTM-
D870-15, with immersion of the discs in 2.25 mL NB and incubat-
ing them at 70 °C for up to 14 days. Then, aliquots of NB were used
to determine the NP detachment and chemical stability of the MOF
film in the presence of the media.

Particle detachment was determined by DLS, analyzing both
particle size and &-potential. Quantitative determination of Ag
and Ti release of the samples was done with ICP-OES Optima
3300 DV (PerkinElmer, Waltham, MA, USA; aliquots were dehy-
drated at 80 °C before digestion with HF and HNO3).

The amount of organic linker released, BDC-NH,, was deter-
mined using a reversed-phase high-performance liquid chro-
matography (HPLC) system Jasco LC-4000 series separation
module (Jasco, Tokyo, Japan), equipped with a variable photodiode
array detector Jasco MD-4015 and controlled by ChromNAV 2.0
software (SI section 1.2). The retention time and absorption maxi-
mum (1) for BDC-NH, were 2.7 min and A = 228 nm.

2.6. Statistical analysis

Data are presented as mean * standard deviation of at least 3
samples (n > 3), as experiments were replicated until obtaining
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reliable results. Difference between groups was analyzed using
one-way ANOVA, with Microsoft Excel® software for the calcula-
tions. Differences were considered significant when p < 0.05.

3. Results

3.1. Synthesis and characterization of AgNP@nanoMIL-125(Ti)NH>
(AgNP@nanoMOF)

XRPD patterns of AgNP@nanoMOF (Fig. 1) showed characteris-
tic Bragg reflections of MIL-125(Ti)NH,, together with the charac-
teristic peaks of the face-centered cubic structure (fcc) structure
of Ag® The amount of Ag® associated with the MOF was
5.7 +0.2 wt%, as quantified by ICP-OES and in agreement with
the TGA results (Fig. S3). Diffuse reflectance UV-Vis spectroscopy
(Fig. 1) exhibited a wider absorption of AgNP@nanoMOF with
regard to the substrate.

TEM micrographs confirmed the presence of AgNPs in the MOF
(Fig. 1). The starting nanoMOF (Fig. S4) showed a characteristic disc
shape with a slightly rough external surface and an average size of
250+80 nm (n=80 particles, Fig. S5). After the impregnation-
reduction process, AgNP@nanoMOF exhibited a similar shape
(Figs. 1 and S4) and was covered by AgNPs of 5 + 3 nm average size
(n =600 particles), identifiable in the micrograph by their higher

contrast. The findings in these images are in agreement with the
conclusions reached after XRPD pattern analysis. Although AgNPs
are homogeneously distributed over the MOF, it seems that larger
AgNPs migrate to the surface, while the smaller ones (<2 nm)
remain within the MOF structure after the generation of defects
to accommodate the AgNPs inside the framework. Details of fur-
ther analysis of the particle size (determined by DLS) and colloidal
stability in different media are given in Supporting Information
(see SI section 2.1 and Table S1). In particular, in view of their
specific antibacterial evaluation, the colloidal stability of nanoMOF
and AgNP@nanoMOF was assessed in a bacterial NB, and both sam-
ples exhibited similar small particle sizes and {-potential values
(~200 nm and —12 mV, Fig. S6).

Furthermore, a red shift in the FTIR spectra of the bands associ-
ated with the symmetric and asymmetric —-NH, stretching (from
3477 and 3374 cm™! in the nanoMOF to 3450 and 3358 cm™! in
the AgNP@nanoMOF, Fig. S7) suggests the inclusion of AgNPs in
the framework, most likely in defects of the host nanoMOF, and
their interaction with the -NH, groups of the ligand, in agreement
with previous results of the encapsulation of cobaloxime into the
MIL-125(Ti)NH, [38]. FTIR also corroborated that the structure
remained stable after the impregnation-reduction process, as the
band corresponding to coordination of both carboxylates to the
titanium (1550-1450 cm™') is preserved in the composite. Type I
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Fig. 1. Characterization of AgNP@nanoMIL-125(Ti)NH,_ Top left: XRPD patterns of microMOF (black), nanoMOF (blue), and AgNP@nanoMOF (red) compared to the simulated
XRD pattern of metallic silver (pink). Top right: TEM micrograph of AgNP@nanoMOF (scale bar: 200 nm) with AgNP insert (scale bar 10 nm). Bottom left: Solid UV-Visible
spectra of nanoMOF (blue) and the AgNP@nanoMOF (red). Bottom right: N, sorption isotherm of nanoMOF (blue) and AgNP@nanoMOF (red) measured at 77° K. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Characterization of AgNP@nanoMIL-125(Ti)NH,. Top left:
XRPD patterns of microMOF, nanoMOF and AgNP@nanoMOF compared to the simulated XRD pattern of metallic silver (bottom to top on grey scale). Top right: TEM
micrograph of AgNP@nanoMOF (scale bar: 200 nm) with AgNP insert (scale bar 10 nm). Bottom left: Solid UV-Visible spectra of nanoMOF (dark grey) and the AgNP@
nanoMOF (light grey). Bottom right: N, sorption isotherm of nanoMOF (dark grey) and AgNP@nanoMOF (light grey) measured at 77° K
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N, sorption isotherms (Fig. 1), characteristic of microporous solids,
are associated with lower Brunauer-Emmett-Teller (BET) surface
and pore volume after the impregnation-reduction process
(1100 +20 vs. 800+ 5 m? g~ ! and 0.47 +0.02 vs. 0.34 + 0.02 cm® -
g~ !, respectively, Fig. S8).

3.2. Antibacterial effect of AgNP@nanoMOF in suspension

For better analysis of the bacterial viability, biocidal activity is
represented as Log;o(CFU-mL~!) due to the bacterial exponential
growth. Nevertheless, for analysis of the irradiation effect and bet-
ter comparison between samples, data are represented as the log-
arithm ratio as shown in Fig. 2, with Cy indicating CFU-mL~" of the

positive control. In addition, data are also presented in Supporting
Information along with the total CFU-mL~! and the inhibition %
(Tables S2-S4). Thus, the antibacterial intrinsic effect of nanoMOF
was evidenced in suspension first against the gram-positive cocci S.
aureus and then, against the gram-negative coliform E. coli, observ-
ing a concentration-dependent activity (Figs. 2, S9). In addition, the
biocidal activity of MIL-125(Ti)NH, significantly increased
(p<0.05) as a NP and further more (p <0.01) during interaction
of AgNPs with the framework (Fig. 2). This biocidal activity is fur-
ther promoted when the AgNP@nanoMOF composite received UVA
irradiation for 2 h (p <0.01, Fig. S10). Controls exhibited lower S.
aureus viability inhibition than the AgNP@nanoMOF composite in
all cases (Figs. 2 and S11). These results were further supported
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Fig. 2. Colony-forming units mL™! of culture broth of S. aureus (represented as the Log;o(CFU)) in contact with a suspension of microMOF (dark blue), nanoMOF (blue),

AgNP@nanoMOF (red), AgNP + nanoMOF (brown), AgNO3

gray), Ag® (black), BDC-NH, (yellow), and TiO, (green) (biocide activity). S. aureus colony-forming units mL~!

(represented as the logarithm ratio, being Co the CFU-mL~" of the positive control for better comparison) in contact with MOF suspension after 20 h of dark exposure and after
18 h dark + 2 h of UVA irradiation (irradiation effect). *p < 0.05; **p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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by the determination of a reduction in the enzymatic activity of the
bacteria (by fluorescence; Fig. S12) and by the discrimination of the
live cells from dead cells (by confocal microcopy with LIVE/DEAD
staining; Fig. S13).

3.3. Biofilm treatment: antifouling photo-bactericidal activity of
AgNP@nanoMOF

The ability of the nanoMOF and AgNP@nanoMOF thin films to
hinder S. aureus and E. coli bacterial attachment was determined
by different optical studies [SEM (Fig. 3), confocal microscopy
using green staining (Fig. 3) and LIVE/DEAD staining (Fig. S19)]
and by different biological assays [bacterial viability by plate count
of CFU (Figs. 4, S15 and S17), enzymatic activity (Fig. S16), and ROS
generation by fluorescence staining (Fig. S18)].

SEM images (Fig. 3) revealed higher biofilm formation due to
invasive S. aureus when in contact with a bare glass disc than when
in contact with the nanoMOF and AgNP@nanoMOF thin films. This
difference is highly evident in the 18 h dark +2 h UVA-treated

20 h dark

Control

nanoMOF

AgNP@nanoMOF

AgNPs + nanoMOF

samples, wherein semi-quantitative analysis of the images by cell
count showed a decrease in bacterial content by 80% in the biofilm
after UVA irradiation for the composite thin film. Green staining of
viable cell bodies within the biofilm (Fig. 3) revealed that bacterial
growth was affected when in contact with nanoMOF and Ag@-
nanoMOFs thin films, even after 20 h in dark, as fewer green areas
appeared in the images (Fig. S14). After UVA irradiation, both
materials showed >90% inhibition of the viable cells. For the con-
trol of “physical” mixture AgNPs + nanoMOF thin film, a different
behavior is observed: after dark incubation, there is a moderate
inhibition of biofilm viability compared to the control, even smal-
ler than that with the pristine MOF, which fairly increased after
irradiation, indicating that the “physical” mixture is more ineffi-
cient as a biocide antifouling material (Fig. S14).

Although these optical techniques showed information of the
anti-adherent (antifouling) properties of the thin film coatings,
plate count quantitatively determined cell viability of S. aureus in
the planktonic state and in the biofilm-forming sessile state, evi-
dencing a significant antibacterial activity against bacteria in both

18 h dark +2 h UVA

Fig. 3. SEM images (scale bar 25 pm) and green confocal micrographs (scale bar 100 um) of S. aureus biofilm on cover glass surface (left) after biofilm growth for 20 h in dark
and (right) 18 h in dark plus 2 h UVA irradiation of the (top to bottom) control cover glass, and the cover glass with nanoMOF thin film, AgNP@nanoMOF and the “physical”
mixture AgNPs + nanoMOF thin film deposited on the surface. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 4. Colony-forming units-mL~! culture (represented as the Log;o(CFU)) of the S. aureus suspension (planktonic bacteria; left) and S. aureus biofilm detached from the
surface (sessile bacteria; right) in contact with nanoMOF (blue), AgNP@nanoMOF (red), and AgNPs + nanoMOF (brown) thin films. *p < 0.05; **p < 0.01. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

states (Fig. 4). When irradiated, both planktonic and sessile S. aur-
eus bacteria experimented a significant decrease in their viability
(p<0.05) when in contact with the nanoMOF and AgNP@-
nanoMOF, reaching a colony inhibition of 99.9999% in the case of
the composite (Table S5). Plate count results are in agreement with
the information obtained by SEM (Fig. 3), confirming the important
biofilm inhibition activity associated with a biocidal effect of the
AgNP@nanoMOF thin film, even further improved upon irradiation.
This biocidal effect appeared also after visible light irradiation,
reaching 97% of colony inhibition (Table S5, Fig. S15). Finally, addi-
tional bacterial viability tests were carried out to better understand
these promising results, evidencing a higher ROS generation
(Fig. S16) and enzymatic activity reduction (Fig. S18) upon irradia-
tion and an absence of viability in the remaining bacteria (LIVE/
DEAD staining, Fig. S19).

3.4. AgNP@nanoMOF thin film chemical stability

For better understanding the biocide and antifouling properties
of the nanoMOF and the AgNP@nanoMOF composite, such as the
origin of both effects, and for determining the potential use of
the materials as antibacterial coatings, the chemical stability of
the thin films was investigated under experimental conditions
(incubation at 37 °C in NB) and under accelerated degradation con-
ditions (incubation at 70 °C in NB) to assess long-term stability.

Degradation tests at 37 °C (Fig. 5) showed that Ag® is continu-
ously and slowly released from the composite to the media. Never-
theless, after 14 days, <6 wt% of the total Ag content was delivered.
On the other hand, Ti** was slowly and progressively delivered
from both the nanoMOF and the composite during the first 12 h,
reaching a plateau (~2 wt% of the total titanium), which is main-
tained even after 14 days. The nanoMOF degradation was also
assessed by determining the amount of BDC-NH, delivered. In
the case of nanoMOF, the same degradation trend found for the
Ti*" is observed for the ligand: a plateau is reached after 12 h incu-
bation, associated with a release of ~12 wt¥%. In the case of AgNP@-
nanoMOF, the amount of released ligand is higher (28 wt%). Finally,
particle detachment (determined after 20 h incubation; contact
time equivalent to the one of the biocide tests) was ruled out, as

only species coming from NB were observed (2.5 + 1 nm) in both
cases, indicating the good stability of the thin film (Fig. S20). These
results support good stability of the thin film under the used
experimental conditions (optimal for bacterial growth and biofilm
formation). In the case of accelerated degradation tests (70 °C), Ti**
was also slowly released from the nanoMOF (only 12 wt% released
after 7 days) until burst MOF degradation after 14 days (Fig. S21).
In the composite, Ag* and Ti** were continuously released during
14 days, exhibiting a higher degradation rate with the increase in
temperature (complete degradation after 14 days at 70 °C).

4. Discussion
4.1. Synthesis and characterization of AgNP@nanoMOF

AgNP@nanoMOF was successfully prepared using a simple and
efficient two-step protocol by the impregnation of the mother
hosting nanoMOF with the AgNOs precursor, followed by its con-
trolled reduction within the MOF. While the impregnation-
reduction protocol did not significantly affect the MOF crys-
tallinity, XRPD patterns of AgNP@nanoMOF (Fig. 1) revealed a
slight peak broadening of AgNP@nanoMOF samples when com-
pared with the nanoMOF, suggesting the generation of defects as
a result of the accommodation of an important content of AgNPs
(5.7 0.2 wt% of Ag®). Note here the high efficiency of the process,
with 63% efficacy at the impregnation step and an almost complete
redox reaction (~100%).

Even the presence of Ag on the AgNP@nanoMOF was apprecia-
ble by naked eye because of the macroscopic color change of the
sample: brownish compared to pale yellow of the pristine MOF
(Fig. S1). UV-Vis spectroscopy provided better understanding of
the variation of the optoelectronic properties of the samples. The
absorption edge of nanoMOF occurs at slightly higher energies
than in the case of AgNP@nanoMOF due to the incorporation of
the AgNPs. Moreover, while the nanoMOF bandgap for the direct
allowed transitions was 2.3 eV, as determined by Tauc Plot of the
Kubelka-Munk function, the composite bandgap was 2 eV. Conse-
quently, AgNP@nanoMOF exhibited a significant increment in the
visible range absorbance, which might be beneficial not only for
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Fig. 5. NanoMOF degradation kinetics and metal release from the nanoMOF and AgNP@nanoMOF thin films on glass substrates in contact with the culture medium NB
incubated at 37 °C. Ti (A) and Ag (B) release (expressed as wt% of the total content) determined by ICP-OES. BDC-NH, delivery (expressed as wt% of the total content) from the
nanoMOF (C) and AgNP@nanoMOF (D). The theoretical BDC-NH, degradation, calculated from correspondence with Ti, has been included for comparison.

the photo-biocide application studied in this work but also for
other relevant applications (e.g., catalysis, sensing).

Although AgNPs are homogeneously distributed all over the
MOF (Fig. 1), it seems that larger AgNPs migrate to the surface,
while the smaller ones (<2 nm) remain within the MOF structure
after the generation of defects to accommodate the AgNPs inside
the framework. N, sorption isotherms (Fig. 1) confirmed the pres-
ence of AgNPs within the porosity of nanoMOF, showing a signifi-
cant decrease in de Sggr and pore volume values after the
impregnation-reduction process. In addition, there was a shift to
a smaller pore size distribution as a result of the encapsulation
(from 5.6 to 5.0 A; Fig. S8). Considering the pore size and the par-
ticle size distribution of AgNPs (Fig. S5), one can hypothesize that
only the AgNPs with dimensions <2 nm (10% as reflected in the his-
togram) could be located within the cavities. The rest might be
associated within the framework, generating extra-defects during
the reduction process (in agreement with previously mentioned
peak broadening) or on the outer MOF surface.

4.2. Antibacterial effect of AgNP@nanoMOF in suspension

The evidenced antimicrobial activity is particle size dependent
(Fig. 2 at 20 ppm, Log;o(CFU)=11.27 vs. 10.18 with the 500 nm
microMOF and 250 nm nanoMOF, respectively), as it significantly
increases with the decrease in particle size (p < 0.05). This might
be related to the higher reactivity of the smaller nanoMOF due to
the increment of surface area available in contact with the bacte-
rial membrane. A similar trend was observed when performing
the same experiment for E. coli (see SI Fig. S9, Table S3). In addition,

taking into account the absence of biocidal activity shown by the
ligand and the intrinsic effect of the TiO, control (content corre-
sponding to 20 ppm MOF), one can suggest that the intrinsic bioci-
dal character arises from the inorganic component, in agreement
with the results of previous minor TiO, activity [39]. As expected,
considering the well-known antibacterial properties of silver [40],
this intrinsic activity was significantly increased (p < 0.01) by the
presence of AgNPs within the MOF (at 20 ppm, Log;o(CFU)
=10.18 vs. 7.89 with the nanoMOF and the composite; correspond-
ing to 1.21 ppm of Ag, respectively). This increment was also
observed against the suspension of E. coli (Fig. S9 and Table S3, at
20 ppm, Log;o(CFU) = 9.66 vs. 8.20 with the nanoMOF and the com-
posite, respectively). The differences in S. aureus and E. coli inhibi-
tion by the AgNP@nanoMOF composite (99.98 vs. 99.5 inhibition %,
for each bacterium, respectively) might be due to their different
cell wall compositions and the material interaction with the mem-
brane. While the gram-negative bacterial membrane is formed by a
double layer, that is, a thin peptidoglycan cell wall surrounded by
an outer polysaccharide layer, the gram-positive bacteria lack this
outer layer and have a thicker peptidoglycan wall [41].

In contrast, the nanoMOF impregnated with already pre-
synthesized AgNPs, the “physical” mixture AgNPs + nanoMOF,
exhibited a biocidal activity that was significantly lower than that
exerted by AgNP@nanoMOF (p < 0.05) and even smaller than that
by pristine MOF (at 20 ppm, Log;o(CFU)=10.93 vs. 10.18) and
seemed to be determined by the action of the individual AgNPs,
as seen from the silver blanks (Ag® and AgNO; Log;o(CFU) = 10.89
and 10.83, respectively). Hence, these results indicate that the
higher bactericidal effect of the AgNP@nanoMOF is not a result of
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the combination of its individual components but might be derived
from a synergistic effect as a result of the strong interaction
between the AgNPs and the nanoMOF.

Remarkably, the bactericidal effect of both nanoMOF and
AgNP@nanoMOF was further promoted after 2 h UVA irradiation
(see Figs. 2, S10 and S11), preventing >99% of the viable bacterial
growth (Table S4). This result is within the same order as those
of the Ag@CuTCPP (~6 ppm of MOF) [21] and other Ag-based MOFs
reported thus far against S. aureus in suspension (see SI Table S7).
Additionally, the control experiments, carried out with the “phys-
ical” mixture AgNPs + nanoMOF (see Fig. 2), TiO,, BDC-NH,, and
the silver precursors Ag® and AgNOs (Fig. S11 and Table S4) in
the presence of S. aureus inoculums after the same UVA irradiation,
showed that the individual components of the AgNP@nanoMOF
separately did not significantly increase their biocidal activity after
irradiation, highlighting the strong interaction of the AgNPs with
the —-NH, groups of the nanoMOF structure.

Hence, the combination of complementary techniques (plate
count, LIVE/DEAD confocal microscopy, and enzymatic activity;
Figs. 2, S12 and S13) fully illustrates the importance of the interac-
tion of AgNPs with the nanoMOF and the potential for the AgNP@-
nanoMOF composite as a biocidal material: the intrinsic antibiotic
effect of nanoMOF is initially enhanced by the presence of silver
within its network and further improved under UVA irradiation.

4.3. Biofilm treatment: Antifouling photo-bactericidal activity of
AgNP@nanoMOF

Even more important than the control and inhibition of bacteria
in their planktonic state is the prevention of bacterial adhesion to
surfaces owing to their severe resistance to antibacterial agents,
when in biofilms [3]. Whence, the current challenge is both inter-
fering in the adhesion mechanisms by surface modification, attain-
ing the so-called “antifouling surfaces,” and providing efficient
antibacterial properties.

After 20 h of incubation in dark, nanoMOF, AgNP@nanoMOF,
and the AgNPs + nanoMOF “physical” mixture exhibited relatively
low activity in the reduction of S. aureus biofilm, compared with
the positive control (Fig. 3). In contrast, after 2 h UVA irradiation,
there was notably less bacterial growth on the thin film of nano-
MOF than in the control, evidencing an antifouling effect. Never-
theless, the “physical” mixture seemed to have a similar
antiadhesion capacity compared to the nonirradiated sample, not
experiencing this increment of the antifouling capacity by UVA,
as is the case of pristine nanoMOF. On the other hand, the antifoul-
ing effect is considerably enhanced in the composite AgNP@-
nanoMOF thin film owing to the incorporation of silver in its
structure and the stabilization of charges after photon absorption.
Semi-quantitative analysis of the images by cell count estimates
bacterial detachment of 80% from the biofilm after UVA irradiation
in the case of the AgNP@nanoMOF thin film, while it was only 40%
in the case of the irradiated pristine nanoMOF and 15% in the case
of irradiated AgNPs + nanoMOF. According to Bordi et al. [42] dif-
ferent strategies have been proposed to deal with biofilm forma-
tion as a function of their evolution stages: 1) limiting switch
from planktonic to biofilm lifestyle, 2) limiting initial adhesion
and interaction, 3) interfering in bacterial communication, 4)
developing antiadhesive surfaces, and 5) promoting dispersion.
Both nanoMOF and AgNP@nanoMOF display two of the previously
mentioned actions: first, limiting the initial adhesion (approxi-
mately 37% of reduction with regard to the control) and, second,
favoring the dispersion of the previously attached bacteria (as pro-
moted by the presence of AgNPs and UVA irradiation; Fig. 3).

The antiadherent properties of the nanoMOF and AgNP@-
nanoMOF thin films might be associated with the generation of
ROS (HO:, 03, HO3). It is commonly known that, after UV irradia-

tion, ROS production leads to bacterial death and then, their
detachment from the biofilm [19,43]. Consequently, ROS produc-
tion (quantified by fluorescence emission; Fig. S16) substantially
incremented after 2 h UVA irradiation and was more than twice
when in contact with nanoMOF and AgNP@nanoMOF thin films
than the control. These ROS interfere with the normal bacterial
enzymatic activity and induce bacterial death [44]. Generation of
ROS after UV excitation of the MIL-125(Ti) analogue was first elu-
cidated by Dan-Hardi et al. [24] and thoroughly explained later for
the particular case of its aminated version MIL-125(Ti)NH, [45].
Herein, after UV irradiation and photon absorption, charge separa-
tion takes place with i) generation of positive holes on the organic
ligand (BDC-NH,) and ii) photogenerated electrons trapped in the
Ti** oxocluster, which leads to the formation of Ti>*, a mechanism
known as ligand-to-cluster-charge transfer. In this activated state,
the Ti'"V/Ti"" photoactive redox centers promote reactions with the
aqueous culture medium [46], leading to hydroxyl and peroxyl
radicals that produce oxidative damage in the bacteria [47]. The
inclusion of the AgNPs in the structure might enhance the electron
transfer with the media and reduce the electron-hole recombina-
tion in the activated state, conducing both mechanisms to a higher
inhibition of bacterial colonies [48]. Furthermore, the higher bacte-
ricidal activity of AgNP@nanoMOF might also be due to the direct
contact of the bacteria with the AgNP, an extensively known
antibacterial agent [40], and by its ion release (Ag"), which is
involved in an increase in the membrane permeability, loss of
the proton motive force, de-energization of cells and efflux of phos-
phate, leakage of cellular content, and disruption of DNA replica-
tion [11].

Apart from the antifouling properties of an active coating, its
bactericidal effect is also of great importance, as detachment of
viable bacteria will lead to the continuous formation of biofilm.
After 20 h of dark growth, AgNP@nanoMOF thin films were the
ones that manifested the highest bacterial inhibition (less than
~10% of bacteria remained viable, in both the planktonic and the
sessile state, Table S5). Even the AgNP@nanoMOF suspension in
dark had greater bactericidal activity (Table S2), and this reduction
can be explained by the lower possibilities of contact in between
the bacterial cells and the nanoMOF or the composite when depos-
ited in the thin film. As depicted, the bacterial viability is affected
when the nanoMOF is in contact with the cell membrane: the
AgNP@nanoMOF thin film has a lower surface area than that of
its suspension, hence resulting in lower biocidal activity after
20 h. Upon 2h UVA irradiation (after the 18 h dark growth),
>99.99% and 99.9999% of the colonies were nonviable when in con-
tact with the thin films of the nanoMOF and the AgNP@nanoMOF,
respectively (Table S5). However, the “physical” mixture AgNP
+ nanoMOF exhibited a similar biocidal activity with and without
irradiation. According to this, it could be said that the MIC against
the S. aureus biofilm of the AgNP@nanoMOF composite thin film
after irradiation (88 ppm) is in range with some commonly used
antibiotics such as cefazolin (MIC = 128 ppm) [49] (see details on
other relevant antibiotics in Table S8). For comparison purposes,
bacterial viability of both planktonic and sessile E. coli bacteria in
contact with nanoMOF and AgNP@nanoMOF thin films was also
evaluated (Fig. S17). Even the biocidal activity against E. coli was
slightly higher after UVA irradiation in both materials (Table S6),
and cell viability reduction was slightly lower for the gram-
negative bacteria (99.95% vs. 99.9999% bacterial inhibition,
respectively).

Therefore, the compilation of the optical and bioactivity tests
demonstrates the potential of the AgNP@nanoMOF composite for
S. aureus biofilm treatment and that its antifouling and bactericidal
properties are the result of a combined effect of the MOF intrinsic
activity, the strong interactions of the bactericidal AgNPs with
framework, and the photoactivity after irradiation (Scheme S6).
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4.4. Chemical stability of the AgNP@nanoMOF thin film

When tested at biofilm-formation experimental conditions
(37 °C), analysis of the culture medium in contact with the cover
glasses coated with nanoMOF and the AgNP@nanoMOF thin films
indicated that the coating is relatively strongly attached to the
cover glasses, as no nanoMOF particles were detected in the media
(see SI Fig. S20). The variation of the &-potential from -9 to
—12 mV after 20 h might be a result of the interaction of the salts
of the NB medium with the ions released after slow MOF degrada-
tion. Similarly, accelerated degradation tests (at 70 °C) revealed a
final particle size of ~5nm after 14 days, also associated with
the protein of the NB medium (Fig. S22). This suggested that the
degradation of the thin film took place by ion release instead of
particle detachment, stressing the strong adhesion of the nanoMOF
and AgNP@nanoMOF thin films to the substrate.

The MOF degradation was confirmed by the progressive release
of the MOF constituents (Ti and ligand) to the medium. For com-
parison purposes, the theoretical amount of BDC-NH, correspond-
ing to the Ti experimentally released was estimated (Fig. 5).
Nevertheless, the experimental amount of BDC-NH, is double the
calculated amount (12% vs. 6%) in terms of Ti release. This diver-
gence could be explained by the presence of residual ligand within
the MOF porosity and the outer surface composition, mainly com-
posed of partially coordinated ligands, as previously reported by
Vilela et al. [20]. In the case of AgNP@nanoMOF (Fig. 5D), the
amount of released ligand is again higher than the expected
amount from the measured Ti, observing here differences of 4-
fold with the expected release (30% vs. 8%, respectively). The lower
stability of the composite than that of the nanoMOF (20% vs. 12%
degradation at 20 h, respectively) could be associated not only
with the previously mentioned causes (remaining ligand and
ligand at the outer surface) but also with defects generation during
the impregnation-reduction process, which might weaken the MOF
network (in agreement with the PXRD and N, sorption data).

Similarly, the Ag" was continuously released over time, follow-
ing, however, a different profile with an initial induction time (no
silver delivered within the first 4 h; Fig. 5B). This suggested the for-
mation of strong interactions between the AgNPs and the nano-
MOF, as previously depicted by the biocidal experiments when
compared with the results obtained with the “physical” mixture
AgNPs + nanoMOF. One could rationally expect the formation of
specific interactions between the AgNPs and the amino groups of
the BDC-NH; ligand, as seen in FTIR from the shift of the symmetric
and asymmetric -NH, stretching (Fig. S7). Thus, previous nanoMOF
degradation is needed for Ag delivery and only 3.5% of the total sil-
ver was released after 20 h, with, however, a controlled delivery
over extended periods of time (5% after 14 days). Accelerated
degradation of the AgNP@nanoMOF at 70 °C likewise revealed
the relation between MOF degradation (Ti delivery) with the Ag
released into the culture medium (Fig. S21), both following similar
kinetics.

Overall, considering the low release of Ti and Ag under experi-
mental conditions (2.5 and 3.5 wt%, respectively) and the fact that
the BDC-NH, biocidal activity was previously excluded (see Sec-
tion 4.1), the antifouling bactericidal combined effect of AgNP@-
nanoMOF might be not only a result of the composite dissolution
but also a consequence of the stable association of AgNPs to the
MOF. Furthermore, this biocidal effect is promoted by both UVA
and visible irradiation. Thus, one could suggest an important role
of silver on the ligand-to-cluster charge transfer, which is in agree-
ment with the results of catalytic studies conducted with other
noble metal NPs decorated with MIL-125(Ti) [50].

As previously reported studies did not consider biofilm treat-
ment, comparison of the AgNP@nanoMOF thin film stability is
not straightforward. As shown in Table S7, the amount of Ag

released from the thin film into the NB after 24 h at 37 °C (3.5 wt
%) has been compared with the amount of Ag released from other
silver-based MOF suspensions. It can be seen that even the stability
(referred as Ag wt%) is within the same range, and the delivered Ag
amount is lower due to the lower Ag content within AgNP@-
nanoMOF (only 1.21 ppm of Ag). Furthermore, despite the lower
Ag amount, the combination of AgNP, nanoMOF, and irradiation
effects led to similar biocidal activity in the planktonic state
(Fig. 2 and Table S7). Consequently, this highlights the potential
use of the AgNP@nanoMOF composite as an antifouling biocidal
coating for biofilm treatment for a long period.

5. Conclusion

AgNPs have been successfully incorporated within a porous
photoactive Ti-nanoMOF by a simple two-step impregnation-
reduction method. The resulting composite was drop-casted as
thin films, exhibiting a remarkable antifouling and photo-
bactericide effect against a strong S. aureus biofilm. These results
pave the way for the potential use of AgNP@nanoMOF
composite-coated surfaces for efficient antiadherent and bacterici-
dal biofilm treatment on high-touch surface-related and nosoco-
mial infections.
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Chapter 4

SiB: Photocatalytic AgNCQMIL-
125-NH>

“I am not in a competition with anyone but myself.

My goal is to improve myself continuously.”

Bill Gates

4.1. Preamble

Even in the previous chapter a successful association of AgNPs to MIL-125-
NH; by impregnation-reduction protocol was achieved, material characterization
prompted other questions and concerns: i) particle size was not enough
monodispersed, ii) chemical reduction resulted in particles larger that pore size, and
in consequence iii) bigger AgNPs allocation resulted in framework defects or even
migration to the surface. Therefore, further work was required to improve the SiB
association of silver to MIL-125-NHo.

This chapter explores the photosynthesis of silver nanoclusters (AgNC)
stabilized by MOFs. Previous works prepared stable solutions of AgNCs in organic
solvents by their interaction with organic molecules such as cyclohexylamine and
polymers with pendant -NH,."? The creative selection of MIL-125-NH, as scaffold
for AgNC benefits of the presence of the liable -NH, of its organic ligand and the
MOF photoactive properties. In consequence, the ultrafast photoreduction protocol
here presented leads to the surfactant free photoactive composite AgNCQMIL-125-
NH,, suitable for heterogeneous catalysis.
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Considering water scarcity, wastewater treatment has become an inevitable
water resource. Nevertheless, the continuously growing chemical product market
(12000 new chemicals everyday) raise the concern on the presence of emerging
organic contaminants (EOCs) in water, that conventional wastewater treatment
plants do not effectively remove.? Therefore, more advanced chemical oxidation
processes are required and whence, opens the door to the development of new
heterogeneous photocatalysts. In consequence, the catalytic activity of the
AgNC@MIL-125-NH, composite was analyzed for the photocatalytic degradation of
EOCs under visible light, with the first example of continuous flow reactors,
extending the knowledge of MOF for wastewater treatment. For better
understanding of the experimental results, Monte Carlo simulations were carried
out to elucidate the interactions of the AgNCs with the MILL-125-NH, and with the
contaminant molecules. In this application MIL-125-NH, played both a passive role,
as a scaffold improving stability of catalytic AgNC, and an active role in the
photocatalytic degradation of contaminants.

This work was reported in the original publication: “Ultrafast reproducible
synthesis of an Agnanocluster@MOF composite and its superior visible-
photocatalytic activity in batch and in continuous flow”, A. Arenas-Vivo, S. Rojas,
I. Ocafia, A. Torres, M. Liras, F. Salles, D. Arenas-Esteban, S. Bals, D. Avila, P.
Horcajada, Journal of Materials Chemistry A, 2021, Accepted Manuscript (Q1, TF:
11.301), repeated here with the journal format.* In addition, the steps followed
towards the optimization of the ultrafast photosynthesis of AgNCQMIL-125-NH,
composite is elaborated in APPENDIX IV IV.I SiB association of AgNCs via
photoreduction: protocol optimization, while the supporting information of the
article as published is included in APPENDIX V

The singularity of this publication arises from:

- The proposal of a new ultrafast (15 seconds) photoreduction protocol for
the synthesis of AgNCs supported on the photoactive titanium
carboxylate MOF MIL-125-NH, without the need of surfactants.

- The corroboration by electron tomography of the distribution of the
AgNCs within MIL-125-NH; structure (porosity, defects), compared to
previous state-of-the-art protocols that led to surface anchored AgNC.

- The strong interaction between AgNC and MOF, giving enhanced
optoelectronic properties to the composite.

- The potential use of AgNC@QMIL-125-NH, was tested in real applications:

o the photodegradation of the EOCs methylene blue (MB dye) and
sulfamethazine (SMT-antibiotic) in water treatment using tap

water (wvs. reported MilliQ or distilled water studies)
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o the catalytic hydrogenation of p-nitroaniline (4-NA) to p-
phenylenediamine (PPD), reaction with industrial interest.

- The photodegradation of SMT was assessed using a home-made MOF-
based photoreactor under continuous flow conditions found in real water
treatment plants. No studies of the photodegradation of contaminants
under continuous flow have been reported yet.

- The potential degradation of the MOF was deeply investigated not only

evaluating its structural robustness (X-ray powder diffraction, XRPD)
but also its chemical integrity, monitoring the amount of leached ligand
(high performance liquid chromatography, HPLC). Normally, no
leaching of metals or ligand is assessed in water remediation or in

catalytic studies using MOFs.

Despite the active contribution of all the authors to this article, we consider
important to clearly state the contribution of the PhD candidate. Conceptualization
of this work involved once more Dr. Patricia Horcajada and AAV, but also Dr.
Sara Rojas and Dr. Marta Liras. Experimental works were carried out at IMDEA
Energy, using APMU lab installations. Optimization of the photoreduction
synthesis was done by AAV and Ivan Ocana (MSc. Student supervised by AAV).
Dr. David Avila contributed again with characterization via TEM of the composite.
In addition, Dr. Sara Bals and Dr. Daniel Arenas performed TEM tomography to
identify the location of AgNCs. Photochemical degradation of MB was completed
by AAV and Ivan Ocana and photochemical degradation of SMT by Dr. S. Rojas
and Ana Torres (MSc. Student). Catalytic hydrogenation of (4-NA was performed
by AAV. Dr. Fabrice Salles was in charge of Monte Carlo simulations and
calculations. Result analysis and discussion and original draft preparation was done
by AAV and Dr. S. Rojas and review and editing of the publication was done by
Dr. P. Horcajada and Dr. M. Liras, as well as all previously mentioned coauthors.
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4.2. Ultrafast reproducible synthesis of an
Agnanocluster@MOF composite and its superior
visible-photocatalytic activity in batch and in
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The (photo)catalytic properties of metal-organic frameworks (MOFs) can be enhanced by post-
synthetic inclusion of metallic species in their porosity. Due to their extraordinarily high surface area
and well defined porous structure, MOFs can be used for the stabilization of metal nanoparticles with
adjustable size within their here an optimized ultrafast
photoreduction protocol for the in situ synthesis of tiny and monodisperse silver nanoclusters
(AgNCs) homogeneously supported on a photoactive porous titanium carboxylate MIL-125-NH;
MOF. The strong metal-framework interaction between —NH, and Ag atoms influences the AgNC

porosity. Originally, we present

20 growth, leading to the surfactant-free efficient catalyst AQNC@MIL-125-NH, with improved visible 5
light absorption. The potential use of AgNC@MIL-125-NH, was further tested in challenging
applications: (i) the photodegradation of the emerging organic contaminants (EOCs) methylene blue
(MB-dye) and sulfamethazine (SMT-antibiotic) in water treatment, and (ii) the catalytic hydrogenation
of p-nitroaniline (4-NA) to p-phenylenediamine (PPD) with industrial interest. It is noteworthy that

25 compared with the pristine MIL-125-NH,, the composite presents an improved catalytic activity and 25

stability, being able to photodegrade 92% of MB in 60 min and 96% of SMT in 30 min, and transform

100% of 4-NA to PPD in 30 min. Aside from these very good results, this study describes for the first

time the use of a MOF in a visible light continuous flow reactor for wastewater treatment. With only

10 mg of AgNC@MIL-125-NH,, high SMT removal efficiency over 70% is maintained after >2 h under

water flow conditions found in real wastewater treatment plants, signaling a future real application of
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rsc.li/materials-a MOFs in water remediation.

(EOCs) are found to contaminate water resources, including

Introduction

35 a wide array of different compounds: pharmaceuticals and 35
In recent years, water pollution has become a cause of major personal care products (PPCPs), dyes, pesticides, veterinary
concern due to novel and dangerous anthropogenic pollutants.! ~ products, industrial products, and engineered nanomaterials.?
Particularly, hundreds of emerging organic contaminants EOCs enter the environment from a large variety of sources and

pathways (e.g., wastewater treatment plants (WWTPs), hospital

40 . ) . 3 effluents, livestock activities, and industrial waste),® leading to 40
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illumination under ambient conditions. Metal oxide and chal-
cogenide semiconductors (e.g., TiO,, ZnO, Fe,03, CdS, GaP, and
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Chapter 5

BaS: Towards microwave-assisted

solvothermal synthesis of
MNP@QMOFs

“It is really inviting to explore microwave
irradiation as alternative enerqy input into chemical

reactions in the hope of discovering new products.”

Rajender S. Varma, pioneer of microwave-assisted

chemistry

5.1. Preamble

The formation of MNP@MOF composites following the BaS method entails
the nucleation and growth of the framework surrounding the MNP, that acts as a
seed for the growth of the composite. Among other synthetic routes, within AMPU
is considered that microwave (MW) heating is a promising tool for the attainment
of controlled MNP@QMOF'.!? Firstly, the inverted temperature gradient inside-out,
compared to traditional conductive heating, as reaction mixture absorb MW
irradiation instead of being heated from outside the vessel by convection current,
leads to faster and scalable (even in continue) synthesis procedures. In addition,
selective heating of the different chemical compounds involved in the reaction
(MNPs, organic ligand, metallic inorganic salt and solvent) enables crystal phase

and shape control.?

7
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These advantages are directly related to the interaction of the different
molecules with the alternating electric field of the microwaves. Under an applied
electric field, molecules and ions tend to orientate in the applied direction. This
interaction is defined by the dielectric constant (&', ability to store energy through
polarization) and the dielectric loss (€”, capacity to transform to heat the stored
energy), that depends on the frequency of the microwave irradiation and the
temperature. In general, the higher the dielectric loss, the greater their ability to
heat. For instance, well-known solvents used in MOF synthesis as water, ethanol
and DMF exhibit at RT (25 £ 1 °C) and microwave frequency of 5.8 GHz the
dielectric loss of 21, 10 and 4 respectively, directly affecting to the synthesis direct
in core heating.?

Due to the acknowledged polarizability of MNPs (also called as SPR), it is
expected for MNPs to have a strong resonance under MW electromagnetic
frequency. Therefore, they will become hot spots in the MOF synthesis liqueur
when exposed to MW heating. Intuitively, this seems to be a favorable situation
for the BaS synthesis of MNP@QMOF composites, as the heating energy of the MNP
might help to overcome the activation energy for MOF synthesis becoming
preferential nucleation points in the reaction media and facilitating the in situ
formation of the core@shell composite. This beneficial mechanism is highly
dependent on the MNP size, as increasing diameters have higher radiating
scattering loses in the form of heat.*?

Given the complexity of the BaS strategy, to better address the synthesis of
MNP@QMOFs, primarily this thesis chapter focused on the solvothermal MW-
assisted synthesis of solely the MOF. Among the great diversity of organic building
units, the linear amino terephthalic acid (H:BDC-NH;) was selected as ligand, as it
leads to highly porous structures and its -NH: enables electrochemical interactions
with MNPs (as seen in Chapter 4, section 4.2 Ultrafast reproducible synthesis of an
Agnanocluster@MOF composite and its superior visible-photocatalytic activity in
batch and in continuous flow). The earth abundant non-toxic iron was chosen as
inorganic building unit, as in conjunction with H,BDC-NH, can promote the
polymorphic series of redox active terephthalates MIL-53,° MIL-68,” MIL-88B ® and
MIL-101.° MIL-53 and MIL-68 are two polymorphs based on iron(IIl) octahedra
chains. While MIL-53 is a flexible network, with 1D diamond shaped channels,
MIL-68 presents a rigid orthorhombic structure (Sgpr~ 670 m?- g'). The other
polymorph pair, MIL-88B and MIL-101, have a different inorganic unit: iron(III)
octahedra trimers. Although MIL-53 is able to exhibit a variation of volume of 40%,
depending on guest molecules, temperature and pressure; astonishingly the 3D
hexagonal network of MIL-88B can reversibly modify its size with a volume
variation up to 120%. On the other hand, MIL-101, a rigid 3D cubic MTN-zeotype
structure, outstands for its exceptional mesoporosity (Sger~ 2500 m? - g).
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Previous studies carried by Laybourn et al.' determined in 20 °C water the
dielectric parameters of metal (IIT) salts (e.g.: FeCls €'=42) and terephthalic acid
(e""=0.02) suggesting the preferential heating of the inorganic building unit.
Expanding the knowledge, in this thesis has been carried out a systematic study to
analyze how modest variations of the MW-assisted method (i.e.: temperature,
reaction time, concentration, reaction media), could lead to vast different synthetic
results such as different crystallographic phases, crystal sizes and reaction yields.

The originality of this work comes from:

- The focus on the influence of the experimental parameters on the on the
synthesis of iron(III) aminoterephthalate (Fe-BDC-NH,) MOFs, with 46
individual reactions carried out.

- The representation of the results obtained by means of crystallization
diagrams, that enable the determination of tendencies in the variables.

- The attention on the determination of space time yields (STY), vital for
considering industrial scaling up.

- The attainment for the first time of MIL-53-NH, under MW assisted
hydrothermal conditions.

Main results were presented in the original publication “Phase selective
microwave assisted synthesis of iron(III) aminoterephthalate MOFs”, A. Arenas-
Vivo, D. Avila, P. Horcajada; Materials, 2020, 13, 1469 (Q2, IF:3.057, open access)
included below.! Supporting information of the publication is also included as
published in APPENDIX VI
In addition, first attempts for the encapsulation of AgNPs are likewise presented in
section 5.3 Preliminary AgNP@Fe-MOF composites.

Author contribution: Conceptualization of this work involved Dr. Patricia
Horcajada and AAV. Experimental works were carried out at IMDEA Energy,
using APMU lab installations. MOF MW assisted synthesis was carried out by
AAV with the help of the laboratory technician Ayoub Benckhlafa. Dr. David Avila
performed TEM analysis of the resulting crystalline materials. Result analysis and
discussion was done by AAV and Dr. P. Horcajada. Original draft was written by
AAV, while manuscript review and editing also involved Dr. P. Horcajada and Dr.
D. Avila.
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Abstract: Iron(III) aminoterephthalate Metal-Organic Frameworks (Fe-BDC-NH:2MOFs) have been
demonstrated to show potential for relevant industrial and societal applications (i.e., catalysis, drug
delivery, gas sorption). Nevertheless, further analysis is required in order to achieve their
commercial production. In this work, a systematic synthetic strategy has been followed, carrying
out microwave (MW) assisted hydro/solvothermal reactions to rapidly evaluate the influence of
different reaction parameters (e.g., time, temperature, concentration, reaction media) on the
formation of the benchmarked MIL-101-NH>, MIL-88B-NH>, MIL-53-NH: and MIL-68-NH: solids.
Characterization of the obtained solids by powder X-ray diffraction, dynamic light scattering and
transmission electron microscopy allowed us to identify trends to the contribution of the evaluated
parameters, such as the relevance of the concentration of precursors and the impact of the reaction
medium on phase crystallization. Furthermore, we presented here for the first time the MW assisted
synthesis of MIL-53-NH: in water. In addition, pure MIL-101-NH: was also produced in water while
MIL-88-NH: was the predominant phase obtained in ethanol. Pure phases were produced with high
space-time yields, unveiling the potential of MW synthesis for MOF industrialization.

Keywords: microwave synthesis; metal-organic frameworks; porous solids; iron;
aminoterphthalate; phase selection

1. Introduction

Metal-Organic Frameworks (MOFs) are an interesting and recent family of hybrid crystalline
solids based on different inorganic units connected with polydentate ligands [1]. Among other
properties (e.g., optical, magnetic, electrochemical), they are notable for their impressive porosity
[2,3] and their modulable chemical and topological structure [4,5]. As a result, they have an open
door for their use in plenty of striking applications, both at industrial and social level, such as fluid
storage and separation [6,7], catalysis [8,9], and drug delivery [10,11], among others [12].

Among the great diversity of polydentate ligands, the linear terephthatate derivatives (BDC;
including the 1,4-benzene dicarboxylic acid or H2BDC and its amine substituted form H2BDC-NH2)
are very popular, leading to the formation of a large variety of highly porous MOF structures based
on diverse cations (e.g., Cu, Zn, Al, Cr, Sc) [13]. For instance, based on the earth abundant, non-toxic
and redox active iron, the series of polymorphic iron(Ill) terephthalates MIL-53 [14], MIL-68 [15],
MIL-88B [16] and MIL-101 [17] (MIL stands for Matériaux Institut Lavoisier) has been described and
widely explored [18]. Briefly, MIL-101 or [FesO(OH)(BDC)3(H20):] is based on iron(Ill) octahedra
trimers (Fes-us-oxo clusters) and the BDC, creating a rigid three-dimensional (3D) cubic MTN-
zeotype structure with exceptional mesoporosity (Brunauer, Emmett & Teller surface (Sser) ~ 2500
m2g-1, pore volume (Vp) ~ 2.4 cm®g™1) with two mesocages of diameters of 29 and 34 A, accessible
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through pentagonal and hexagonal windows of 12 and 15 x 16 A, respectively) [17]. A polymorph,
also based on iron(Ill) octahedra trimers, is the flexible microporous MIL-88B structure
[FesO(OH)(BDC)3(H20):] [16] exhibiting a 3D hexagonal network with interconnected cages and pore
channel system able to reversibly modify its size (up to 9 A; with a unit cell volume variation up to
120%) as a function of different external stimuli (e.g., adsorbate, pressure, temperature). Two
additional crystalline phases can exist based on the BDC ligand but different inorganic unit, here
iron(IlT) octahedra chains FeOs(OH): MIL-53 and MIL-68, both with the chemical formula
[Fe(OH)(BDC)]. MIL-53 is a flexible 3D network with a flexible diamond shaped 1D channels [14].
This structure reaches a variation of a 40% in volume in between open (up to 8.5 A) and closed form,
depending on the guest molecules, pressure and temperature. Finally, MIL-68 is a polymorph of MIL-
53, having a rigid orthorhombic structure with hexagonal (~15 A) and triangular (~5 A) shaped pores
(Sser ~ 670 m?-g!) and its amino substituted version has not been reported for iron(Ill) so far [15].
These benchmarked solids have proven exceptional sorption, catalytic and photocatalytic properties [18].

Consequently, due to the interest of this family of MOFs, subsequent research on Fe-BDC-NH:
synthesis is fundamental not only for understanding the underlying formation mechanisms but also
to promote facile synthetic protocols scalable for commercialization and MOF industrial application
[19]. With this is mind, microwave synthesis (MW) of MOFs has been proposed as an alternative to
conventional hydro- or solvothermal reactions due to several advantages: (i) energy efficiency, (ii)
fast crystallization (increment in number of reaction sites), (iii) phase selectivity, (iv) high yields, (v)
variety of morphologies, (vi) particle size control, (vii) lower temperatures and reaction times [20].
The conjunction of this assets dramatically increases production due to the homogeneous energy
input, compared to a traditional batch reactor, which can even be enhanced by reaction stirring [21].
In addition, industrial production in the order of T-year! can be achieved under MW-assisted
continuous flow synthesis [22]. In consonance, this technology is efficiently exploited nowadays in
the production of several organic chemicals such as drugs or polymers [23,24].

Even at its infancy, MW method has become a resourceful tool for the preparation of MOFs and
for their activation/purification (removing pore filling species) [20,25]. Fe-based MOFs have not been
an exception and there are previous reports that focus on the MW synthesis of a particular Fe-MOF
phase (mostly without substitution of the H.BDC ligand) [17,26-30]. However, as modest variations
of the method lead to vast different synthetic results, a systematic study on the different variables
affecting MW synthesis of iron (IIl) aminoterephthalate phases is still lacking. In this work, a
systematic synthetic strategy has been followed, carrying out MW-assisted hydro/solvothermal
reactions to rapidly evaluate the influence of different reaction parameters (e.g., time, temperature,
concentration, reaction media) on the formation of the benchmarked MIL-101-NH2, MIL-88B-NHz,
MIL-53-NH: and MIL-68-NH- solids. Crystallinity analysis as well as phase identification has been
carried out by means of powder X-ray diffraction (PXRD), while particle size was investigated by
dynamic light scattering (DLS) measurements and transmission electron microscopy (TEM)
observation. In addition, important parameters (i.e., reaction yield and space-time yield) have been
determined in order to prove the usefulness of MW synthesis for the future high scale production of
Fe-BDC-NH2 MOFs.

2. Materials and Methods

2.1. Synthesis

Fe-BDC-NH: MOF structures (for codes see Table S1) were synthesized from iron(III) chloride
hexahydrate (FeCls-6H20, Sigma Aldrich, 97%, Madrid, Spain), 2-aminoterephthalic acid (H.BDC-
NHz, Acros Organics, 99%, Geel, Belgium), ethanol (EtOH, Labkem, 96%, Barcelona, Spain), absolute
ethanol (Labkem), N,N-dimethylformamide (DMF, Acros, 99+%, Riad, Saudi Arabia), hydrochloric
acid (HCI, J.T. Baker, 37-38%, Loughboroug, United Kingdom) and deionized water.

Different synthetic conditions were investigated (see Tables 52-8) for the microwave (MW)
assisted-hydro/solvothermal synthesis of Fe-BDC-NH2 MOFs. In general, a reaction mixture of 4 mL
was loaded in a 10 mL glass vial (G10, Anton Paar GmbH, Graz Austria) and sonicated for 1 min in
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an ultrasound bath (Branson 1800, Emerson, St. Louis, Missouri, United States) prior to being sealed
and placed in a Monowave-300 MW (maximum power 300 W, Anton Paar GmbH, Graz Austria). The
reactor vial in the MW was heated to the reaction temperature as fast as possible with different power
impulses, maintained for a predetermined time and cooled down to 65 °C by an air flow prior
extraction of the vial from the MW. The mixture was stirred during the MW reaction at 600 rpm at
all times. As synthesized samples were recovered by centrifugation (12045 g for 10 min) and washed
three times with absolute EtOH (2 g-L™ under stirring) and recovered by centrifugation (12045 g for
10 min; activated sample, act.). Samples were stored wet in absolute EtOH prior to further analysis.

2.2. Characterization

Crystal phase of all samples was verified using powder X-ray diffraction (PXRD). PXRD patterns
were collected using a conventional PANalytical Empyrean powder diffractometer (PANalytical
Lelyweg, Almelo, Netherlands, 0-260) using Acu Kai, and Kee radiation (A = 1.54051 and 1.54433 A).
PXRD diagrams were carried out with a 26 scan between 3-35° with a step size of 0.013° and a
scanning speed of 0.1°-s7.

Particle size was monitored via dynamic light scattering (DLS using a Zetasizer Nano series
Nano-ZS (Malvern Instruments, Worcestershire, UK). The solids were dispersed in the liquid media
(EtOH) at a concentration of 0.1 mg-mL" using an ultrasound tip (UP400S, Hilscher, Teltow,
Germany) at 20% amplitude for 10 s.

Transmission electron microscopy (TEM) images were taken with a JEM 1400 (Jeol, Tokyo,
Japan) with a 120 kV acceleration voltage (point resolution 0,38 nm). For TEM studies, 1 mg of sample
was dispersed in 10 mL of absolute EtOH and sonicated with an ultrasound tip (UP400S, Hilscher,
Teltow, Germany) at 20% amplitude for 10 s. For observation, 1 uL of the prepared solution was
dropped over a copper TEM grid coated with holey carbon support film (Lacey Carbon, 300 mesh,
copper, approx. grid hole size: 63 pm, TED PELLA Redding, CA, USA). Particle size was monitored
via statistic counting (n = 70-100) with Image] (Version 1.8.0).

To address the MW assisted reaction performance two parameters have been defined: reaction
yield (wt.%, Equation (1) and space-time yield (STY, kg-m=-d-!, Equation (2))

MEe_BpC—
Yield (%) = Fe—BDC-NH,

Mtpeoretical

x 100 (1)

where mrespent is the experimental mass of the Fe-BDC-NH:2 MOF obtained (determined after
drying at 100 °C) and mtneoretical is the calculated theoretical amount of the determined phase that could
be obtained, according to the metal used (Tables S9-17), both in kg.

Fe—BDC—NH2

sty =2 2
- VXt @)

where mrespcNm2 is the experimental mass of the Fe-BDC-NH2 MOF obtained (kg), V is the reaction
volume (m?®) and t is the reaction time (day).

3. Results

H20 as reaction medium. The FeCls/H:BDC-NH: system in water was studied under two
different temperatures (100 and 150 °C) varying the iron precursor concentration (0.02, 0.05, 0.1 and
0.2 M). As an example, some of these conditions have been resumed in Table 1 (for further
information see SI Tables 52 and S3). Under the analyzed reaction conditions, two different phases
have been formed: MIL-101-NH2 and MIL-53-NH: (Figure 1, for PXRD see Figures 51-S3). Note that
it is typical to find here crystallized unreacted H.BDC-NH-: in the as synthesized (a.s.) samples due
to the poor solubility of the ligand in water. However, the linker excess is removed during the
following activation step (see experimental section). As expected, while lower temperature led to the
formation of the mesoporous MIL-101-NH: (kinetically favored phase), at higher temperature the
thermodynamic flexible microporous phase MIL-53-NH: was formed. In addition, there is a bisectrix
on the T (°C)/[Fe] (M) crystallization diagram in which a mixture of phases is obtained, revealing this
concentration dependency: in brief, higher concentrated reactions favor the formation of chains of
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corner-sharing FeO4(OH): octahedra leading to MIL-53-NHz, whereas diluted conditions promote the
formation of the trimer Fes-us-oxo clusters and, therefore, MIL-101-NHo: crystallization.

H,O0, t=5min, L:M=1:1,V=4mL

T(°C)
150 +A A+C . A A
100 +A A+C™~ A

[Fe] (M)
0.02 0.05 0.1 0.2

Figure 1. Crystallization diagram for the microwave (MW)-assisted hydrothermal synthesis of the
system FeCls/H.BDC-NH: in water based on powder X-ray diffraction (PXRD) data. Legend: A = MIL-
53-NHz, B = MIL-88B-NH:, C = MIL-101-NHo.

Furthermore, to evaluate the influence of the pH on the FeCls/H.BDC-NH2 system, the addition
of the strong acid HCl was investigated within the region of the bisectrix, leading to mixture of MIL-
53-NHz and MIL-101-NH: phases (T = 100 °C and [Fe] = 0.05 M, pH variation from 1.5 in the reaction
mixture to 1 with HCI). At first glance, HCl presence increased the crystallinity of the Fe-H:BDC-NH-2
phases (see PXRD in Figure S3). Furthermore, one can qualitatively observe by PXRD that MIL-101-
NH: proportion seems to decrease (20 = 4-6°) while MIL-53-NH2 content seems to increase (20 = 8.8
and 10.1°) with the addition of HCI, until only MIL-53-NH: is produced with higher HCI contents
(200 uL).

Table 1. Mass, mol and molar ratios, and dispensed amounts for the MW investigation of the system
FeCls-6 H2O/H2BDC-NH:/HCl in water (V H2O =4 mL, T=150 °C, t =5 min and ('t = 30 min). Legend:
A =MIL-53-NH:, B = MIL-88B-NH>, C = MIL-101-NHoa.

— FeCls FeCls H:BDC- H:BDC- Ligand: [Fe] HCIl1 HCE  Result

Name 6H20 6H20 NH: NH; Metal (M) M Fe .
(mg) (mmol) (mg) (mmol) (mL)

MW 2-01 21.6 0.08 14.48 0.08 1 002 0 0 C+A

MW 2-02 54 0.2 36.2 0.2 1 005 0 0 A+C
MW 2-03 108 0.4 72.4 0.4 1 0.1 0 0 A
MW 2-04 ) 108 0.4 72.4 0.4 1 0.1 0 0 A
MW 2-05 216 0.8 144.8 0.8 1 0.2 0 0 A

MW 2-06 54 0.2 36.2 0.2 1 0.05 0.1 05 C+A

* In the case of mixture, the first letter is the major phase.

On the whole, in water, increasing reaction temperature or increasing acidity shifts the
equilibrium FeCls/H2BDC-NH: system to the more favorable thermodynamic phase: MIL-53-NHo.

EtOH as reaction medium. MIL-88B-NH: was the predominant phase observed of the
FeCls/H:BDC-NH: system when using ethanol as reaction medium (see Figure 2 and PXRD in Figures
54-7). All the reaction parameters with EtOH as solvent are resumed in SI Tables S4-6. Although, at
lower temperature (100 °C) and longer times (>20 min), MIL-88B-NH: was transformed to a poorly
crystalline MIL-101-NHoa. In an attempt to obtain the thermodynamic MIL-53-NH: phase as well in
ethanol, the reaction temperature was increased to 180 °C. However, except for very short times (5
min), the increment of the reaction temperature only led to the formation of a-Fe2Os (rhombohedral
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hematite as identified by PXRD; Figure S7). This indicates that Fes-us-oxo clusters are less
thermodynamically favored than the iron(IIl) oxide under high temperatures. In addition, particle
size experienced insignificant variation regardless of the conditions (Tables S12-15), remaining below
300 nm with low polydispersity indexes (PdI < 0.3), according to DLS measurements.

EtOH, [Fe]=0.1 M, L:M = 1:1, V=4 mL

T(°C)

180 B D D D
150 B B B B
100 B B B+ B+

time (min)
5 10 20 30

Figure 2. Crystallization diagram for the MW-assisted solvothermal synthesis of the system
FeCls/H2.BDC-NH2: in EtOH based on PXRD data. Legend: A = to MIL-53-NHz, B = to MIL-88B-NHo,
C =to MIL-101-NHz, D = Fe:0:s.

DMF as reaction medium. The different reaction parameters using DMF can be consulted in SI
Tables S7 and S8. In contrast with water and EtOH, the study of the FeCls/H.BDC-NH: system in
DMF in MW-assisted solvothermal synthesis did not lead to the formation of any solid at T =100 °C.
Even at 150 °C, short times under MW (5 min) only led to the formation of poorly crystalline solids.
Increasing the time promotes the formation of the MIL-101-NH>, favored phase in DMF as it was
present at all tested concentrations in DMF (see Figure 3 and PXRD Figures S8-10). This need of extra-
temperature could be explained because of the higher activation energy for the Fes-ps-oxo cluster to
bond HBDC-NH: in DMF, compared to previously studied solvents (i.e., water and ethanol).
Remarkably, at a concentration range 0.05-0.1 M, MIL-101-NH: coexists with its polymorph MIL-
88B-NH:, while at higher concentration (0.2 M) chain-based MIL-53-NH: appears. Results suggest
that DMF is a more complex reaction medium, being the only one in which three Fe-BDC-NH2 MOF
phases were obtained.

DMF, T=150°C, L:M=1:1, V=4 mL

t (min)
30 B+ +B., B+ A+
5 X +B' B+ A+
[Fe] (M)
0.02 0.05 0.1 0.2

Figure 3. Crystallization diagram for the microwave-assisted solvothermal synthesis of the system
FeCls/H2.BDC-NH: in DMF based on PXRD data. Legend: A = to MIL-53-NHb>, B = to MIL-88B-NH>, C
= to MIL-101-NHz, X = amorphous.

4. Discussion

In the course of this study, 46 individual reaction mixtures (with replicates to ensure
reproducibility) were carried out in three different protic and aprotic polar solvents (H20, EtOH and
DMF) using the MW-assisted solvothermal method. Water and ethanol have been selected as good
examples of green chemistry reaction solvents. DMF has been selected as a typical reaction medium
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traditionally used in MOF solvothermal synthesis. Remarkably, the MW irradiation is a simple
procedure that enables the fast and efficient attainment of three different Fe-BDC-NH: crystalline
phases by slight modifications on the synthetic conditions, reaching high reaction yields and space-
time-yield (STY) comparable to those of industrial process in the market in very short times. Thus,
the influence of different parameters (i.e., solvent, temperature, reaction time, molar ratio of metallic
precursor and organic ligand, concentration of the reaction mixture and the addition of HCI) on the
product formation is here discussed as a function of the sample purity and crystallinity, crystals
dimension (including size distribution), reaction yield and STY. The purity and crystallinity of the
MW-assisted experiments are discussed on the basis of PXRD (see Supporting information (SI)
Section 2) and are schematically represented above in crystallization diagrams. The proportion of the
starting reagents and the conditions of synthesis are given in the SI (see Tables 52-8).

H20 as reaction medium. Using water, pure MIL-101-NHzis only obtained at low temperature

and concentration (100 °C, 0.02 M), while single MIL-53-NH: crystallizes at higher concentrations and
temperature (0.1 M; and at 0.2M with both 100 and 150 °C). In addition, the formation of pure MIL-
101-NH-2 in water gave to an extremely high reaction yield (almost complete reaction ~100 %) with
however, lower STY associated with the diluted starting concentration (3850 kg-m?3-d-! at 0.02 M).
MIL-53-NHz, besides being the thermodynamically stable phase, was produced as a pure phase in
lower yields (<70%; see Table S9). However, considering the higher concentration of the reaction
mixture, STY values reached 10400 kg-m?3-d-!, being competitive with the reported production of
different MOFs (STY for Basolites® ~3000 kg-m3-d-1) [19,31].

Particle size determination, by means of DLS, gave a rough estimation of the particle size of 300
+100 nm, with no clear dependence with temperature neither with concentration. Here, it should be
taken into account that DLS provides information of hydrodynamic size, which can lead to
misinterpretation in the case of non-spherical particles, such as MIL-53-NHz, and with a mixture of
different phases, as in this study. In addition, the pure MIL-53-NH-: phase obtained in water with the
highest STY (10400 kg-m?®-d-'; [Fe] =0.2 M, T = 100 °C) was analyzed by TEM (see Figure S11). There
can be seen well-defined submicrometric rhombohedral MIL-53-NHo: particles. The resulting average
particle size was of 330 + 50 nm (n = 70) with additionally a monodisperse distribution (PdI = 0.11),
in accordance with previously observed in DLS (260 + 70 nm Table S9). To the best of our knowledge,
this is the first report of a MW-assisted synthesis of pure submicronic iron(Ill) aminoterephtalate
MIL-53-NH: up to date [29,32].

Considering the tests carried out in HCI ([Fe] = 0.05 M, T = 100 °C), the results unveiled the
beneficial effect of the strong acid both (Figure S3): (i) on the crystallization of MIL-53-NHo>; higher
HCI amounts (2100 pL) favored the formation of MIL-53-NH: over MIL-101-NHz and (ii) on
modulating and promoting the growth of a better crystallized MIL-101-NH: (at lower acidic
concentrations; 50 pL). This may be related to the better control of the kinetics rate reaction, associated
to the deprotonation equilibrium of the carboxylate ligand (H.BDC-NHz = H-BDC-NH: + H*= BDC-
NH: + H*). For a better analysis of the HCI presence, the water system FeCls/H2BDC-NH: with and
without acid at 100 °C and [Fe] = 0.05 M was further analyzed by TEM (Figure S11). Micrographs
revealed that in the absence of HCI, small rounded and undefined octahedra along the quaternary
axis (80 + 10 nm, n =150), corresponding to the MIL-101-NH>, were the predominant phase (Figure
S11A). It is important to outstand the small particle size obtained. A previous report using lower
concentrations [Fe] =0.02, and longer times attained the phase with ~300 nm (seen in TEM) [17]. Upon
the addition of 100 pL of acid, although the octahedra of MIL-101-NH: seem better defined and well-
faceted, its amount significantly decreased, increasing in the meantime the content of larger MIL-53-
NH: flakes (190 + 25 nm). Due to the mixture of phases and the absence of spherical particles, DLS
measurements determined a high polydispersity (PdI > 0.3) and bigger particle size than the one
determined by TEM. Note here that the reaction in presence of HCl was almost complete, with yields
of around 100% (see Table S11), but the increment in reaction volumes produces a decrease of the
STY (from 8500 to 6500 kg-m?-d-!, when in the presence of 200 uL of acid). Despite this, a mixture of
phases continued to appear up to high HCl volumes (200 pL), which limits the accurate estimation
of the proportion of each of them.
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EtOH as reaction medium. As previously stated, MIL-88B-NH: is the predominant phase in
EtOH and might be an interesting candidate for industrial production (see Figure 4). Nevertheless, it
is important to notice that increasing MOF precursors concentration did not directly imply higher
yields. In the case of reactions at 150 °C, the highest reaction yields were reached at lower
concentration (100 and 85% at 0.02 and 0.05 M, respectively), being the more efficient reactions.
However, considering the final production, despite the lower yields obtained with higher
concentrated solutions (35% at 0.2 M), the maximum STY was performed at higher concentration
(6200 kg:m?3-d). Therefore, there is a compromise solution to maximize reaction yield and the final
product amount, that according to results is achieved at T =100 °C, [Fe] =0.1 M and 5 min of reaction.
(see reaction yields and STY in Table S14).

EtOH, T=150 °C

10.3°
9.2°
134°
[
b !
L H,BDC-NH; (L)
N 17 . i A -
| |
V- o > 8
! | [Fe] = B
|
Y X
gl A A
; el ; : : : [Fe]=0,02M = B
3 8 13 18 23 28 33

26 ()

Figure 4. PXRD patterns for the MW investigation of the system FeCls-6 H2O/H2BDC-NHz: in ethanol
(VEtOH =4 mL, T =150 °C, t = 5 min) after activation with EtOH, compared to simulated MIL-88B-
NH: (purple) and H.BDC-NH2: (pink).

Due to its higher STY (16000 kg:m=-d~') and crystallinity (see PXRD Figure S6), the sample
synthetized at T = 100 °C and [Fe] =0.1 M was selected for further analysis with TEM. TEM
micrographs (Figure 512) exhibited the characteristic bipyramidal hexagonal prims of MIL-88B-NH,
confirming the phase determined previously by PXRD. The needles length (1) as determined by TEM,
1=110 + 20 nm (n = 100), is slightly smaller than the hydrodynamic radius viewed in DLS (210 + 70
nm). Particles have length: thickness ratio of 1.96 + 0.65, being relatively symmetrical. Pure MIL-88B-
NH?: has been previously obtained but using DMF as reaction medium [27]. Taking into account DMF
toxicity, the protocol proposed in this work for the first time with EtOH provides a safer alternative
for industrial production of MIL-88B-NHo.

Another interesting parameter for improving STY is reaction time. As a consequence, kinetics
studies were carried out using two temperatures (100 and 150 °C) to better analyze this variable (see
Tables 514 and S15). Results revealed that, although reaction yield grew with incrementing reaction
time, maximum STY was performed just after 5 min of reaction (16000 and 3300 kg-m3-d-! at 100 and
150 °C, respectively).

DME as reaction medium. As seen by the variety of phases obtained and characterized by PXRD,
DMF is a complex reaction media. At concentrations below 0.2 M, iron trimers-based polymorphs
(i.e., MIL-88B-NH: and MIL-101-NH2) were favored, which seems to indicate that the formation of
iron chains is only promoted in DMF at high concentrations. Regarding MIL-88B-NH:, even in
mixture, was promoted with incrementing time within the 0.05-0.1 M range (see PXRD Figure S9).
Formation of MIL-88B-NH: over MIL-101-NHz: is not only modulated by the concentration, but also
by the presence of strong acid as HCl. Reaction time was fixed for this test to be 30 min to maximize
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reaction yield (see Table S17) using two different ligand:metal ratios. While the precursors ratio had
no significant effect on the MOF formation, the presence of HCI affected the proportion of the
resulting polymorphic phases, increasing the formation of MIL-88B-NH: over MIL-101-NH-: (Figure
S11). Furthermore, the presence of a strong acid produces MIL-88B-NH: in DMF, while promoting
MIL-53-NH: in water, supporting the important role of the solvent on the nature of the obtained
phases.

In addition, HCl modulates the crystal growth, procuring larger well-defined MIL-88B-NH-
crystals instead of MIL-101-NHo:. (see Figures S10 and S13). Interestingly, MIL-88B-NH: needles
synthesized in DMF are 8 times longer than those formed in EtOH under similar conditions (without
acid) and the length:thickness ratio is twofold times the EtOH ones (4.55 + 1.42 vs. 1.96 + 0.65,
respectively). This indicates once again the important role of the reaction media on the formation of
the different phases and its effect on the crystallinity and particle size. Of no less importance is the
modulation effect provided by the presence of HCI in the mixture, as not only procured a pure MIL-
88B-NH: phase, but also modulates particle growth, having a length:thickness ratio of 3.11 + 0.74, and
half the length as in pristine DMF (410 + 45 nm).

On the other hand, at high concentration (0.2 M), both MIL-53-NH: and MIL-101-NH: present a
good crystallinity, favoring the MIL-53-NH> thermodynamic phase with increasing time. Due to its
flexible character, this phase could be better identified after drying the sample at 160 °C and removing
the remaining EtOH and DMF from the flexible porosity (see Figure S9).

Finally, final yield increases with reaction time (see Table S16). However, the mixture of phases
limits further discussion.

Comparison of solvents: From these results, we can conclude that the reaction medium has the
most relevant impact on the final phase attained due to several factors: solubility, de-protonation of
the ligand (acid-base properties) and boiling T (and therefore final reaction pressure). As in our case,
solubility of the H.BDC-NHo: ligand is really limited in water, even under reactions conditions (MW-
assisted heat and pressure) and seems to decrease the final reaction yield. Nevertheless, H20 is a
particularly interesting solvent as is a cheap, safe and green solvent with no security associated
protocols rewarding its storage neither its manipulation, which is of particular interest for
commercial protocols. What is more, water has the lower environmental, safety and health (ESH)
impact, according to solvent selection guides of companies such as GSK or Pfizer [33]. In addition,
under the studied conditions, water was the sole solvent that gave both pure MIL-101-NHz and MIL-
53-NH: phases with highest crystallinity and relatively good STY (3850 and 10400 kg-m=3-d-,
respectively). While MIL-53-NH: was obtained with water as reaction media for the first time, its
polymorph, the MIL-68-NHo still remains elusive under the studied variables.

EtOH is another interesting reaction medium, as is less harmful than other organic solvents and
its recommended due to its low ESH. Compared to other organic solvents, with tendency to the
crystallization of MIL-88B-NHo. In this work, it has been presented an outstanding STY of 16000
kg-m=3-d at soft reaction conditions (T =100 °C, t = 5 min), which exposes the beneficial use of MW-
solvothermal assisted reaction for the industrial production of MIL-88B-NH2, which has
demonstrated efficiency in applications such as photocatalysis, drug delivery and nanomotors [34-
37]. In contrast, MIL-88B-NH-: particles with better crystallinity were produced in DMF, and should
not be discarded as reaction medium only due to its known toxicity and cost compared with the
previously mentioned solvents.

5. Conclusions

A thorough study has been carried out to analyze the influence of different reaction parameters
on the MW assisted hydro/solvothermal synthesis of the FeCls/H.BDC-NH: isoreticular hybrid
compounds. Three pure phases of iron(Ill) aminoterephthalate MOFs have been obtained, namely:
MIL-53-NH:, MIL-101-NHz and MIL-88B-NH.. Characterization of the MOF phases by different solid-
state techniques (PXRD, DLS, TEM) has enabled the identification of the reaction media as the main
affecting variable of the MW assisted synthetic process. Importantly, the three different phases were
obtained with water or either ethanol, both solvents with low ESH, relevant factor for MOF industrial
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production. Concentration of the MOF precursors and reaction temperature are other key parameters
for phase selectivity. To the best of our knowledge, here is reported for the first time the MW assisted
hydrothermal synthesis of under micron MIL-53(Fe)-NH2, opening the door for its industrial
production.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/13/6/1469/s1, Figure
S1. PXRD patterns for the MW investigation of the system FeCls-6H20/H2BDC-NH2/HCl in water (V H20 = 4
mL, T=100 °C, t =5 min) after activation with EtOH, compared to simulated MIL-101-NH2 (green), MIL-53-NH:
(red) and H:BDC-NH: (pink), Figure S2. PXRD patterns for the MW investigation of the system
FeCls-6HO/H2BDC-NH2/HCl in water (V H2O =4 mL, T=150 °C, t =5 min) after activation with EtOH, compared
to simulated MIL-101-NH: (green), MIL-53-NH: (red) and H.BDC-NH2: (pink), Figure S3. PXRD patterns for the
MW investigation of the system FeCls-6HO/H2BDC-NH2/HCl in water (V H2O=4 mL, T =100 °C, t =5 min, [Fe]
= 0.05 M) after activation with EtOH, compared to simulated MIL-101-NH2 (green), MIL-53-NH: (red) and
H2BDC-NH: (pink), Figure S4. PXRD patterns for the MW investigation of the system FeCls-6H0/H.BDC-NH2
in ethanol (V EtOH =4 mL, T =150 °C, [Fe] =0.2 M, t =5 min) after activation with EtOH, compared to simulated
MIL-88B-NH: (purple) and H2BDC-NH: (pink), Figure S5. PXRD patterns for the MW investigation of the
system FeCls-6H2O/H2BDC-NH2 in ethanol (V EtOH =4 mL, T =100 °C, [Fe] =0.1 M,) after activation with EtOH,
compared to simulated MIL-88B-NH: (purple) and MIL-101-NH-: (green), Figure S6. PXRD patterns for the MW
investigation of the system FeCls-6HO/H2BDC-NH2 in ethanol (V EtOH =4 mL, T = 150 °C, [Fe] = 0.1 M,) after
activation with EtOH, compared to simulated MIL-88B-NH: (purple), Figure S7. PXRD patterns for the MW
investigation of the system FeCls-6H.O/H2BDC-NH2 in ethanol (V EtOH =4 mL, T =180 °C, [Fe] = 0.1 M,) after
activation with EtOH, compared to simulated MIL-88B-NH: (purple) and Fe2Os (black), Figure S8. PXRD
patterns for the MW investigation of the system FeCl3-6H20/H2BDC-NH2 in DMF (V DMF =4 mL, T = 150 °C,
ligand:metal = 1:1) after activation with EtOH, compared to simulated MIL-88B-NH: (purple) and MIL-101-NH2
(green), Figure S9. PXRD patterns for the MW investigation of the system FeCls-6H20/H.BDC-NH2 in DMF (V
DMF = 4 mL, T = 150 °C, ligand:metal = 1:1) after activation with EtOH and dried at 160 °C, for better
discriminating between the different Fe-BDC-NH2 MOF phases, Figure S10. PXRD patterns for the MW
investigation of the system FeCls-6H20/H.BDC-NH2/HCl in DMF (V DMF =4 mL, T = 150 °C, t = 30 min) after
activation with EtOH, compared to simulated MIL-88B-NH: (purple) and MIL-101-NH: (green), Figure S11.
TEM micrographs for PXRD for the MW investigation of the system FeCls-6H20/H2BDC-NH2/HCI in water (V
H20 =4 mL, t =5 min) after activation with EtOH: (A) T =100 °C, HC10.1 M =0 uL; (B) T=100 °C, HC10.1 M =
100 puL; (C) T =150 °C, HC1 0.1 M = 0 uL, Figure S12. TEM micrographs for PXRD for the MW investigation of
the system FeCls-6H.0/H.BDC-NH2 in ethanol (V EtOH =4 mL, t=5 min T =100 °C, [Fe] = 0.1 M) after activation
with EtOH scale bar = 1 um, Figure S13. TEM micrographs for PXRD for the MW investigation of the system
FeCl3-6HO/H2BDC-NH2/HCl in DMF (V DMF =4 mL, t = 30 min, T = 100 °C, ligand:metal = 1:1) after activation
with EtOH: (A) HC1 0.1 M =0 pL (scale bar =2 pm); (B) HC1 0.1 M =100 uL (scale bar =1 um), Table S1. Letter
codes for the resulting products of the following MW synthesis, Table S2. Mass, mol and molar ratios, and
dispensed amounts for the MW investigation of the system FeCls-6H20/H.BDC-NH2/HCl in water (V H20 = 4
mL, T=100 °C, t = 5 min). The resulting phases are indicated by the letter assigned in Table S1, Table S3. Mass,
mol and molar ratios, and dispensed amounts for the MW investigation of the system FeCls-6H.O/H-BDC-
NH2/HCl in water (V H20O =4 mL, T= 150 °C, t= 5 min and ) t= 30 min). The resulting phases are indicated by
the letter assigned in Table S1, Table S4. Mass, mol and molar ratios, and dispensed amounts for the MW
investigation of the system FeCls-6H.O/H.BDC-NHz: in ethanol (V EtOH = 4 mL. T= 150 °C. t= 5 min). The
resulting phases are indicated by the letter assigned in Table S1, Table S5. Mass, mol and molar ratios, and
dispensed amounts for the MW investigation of assigned in Table S1. the system FeCls-6H20/H.BDC-NH: in
ethanol (V EtOH =4 mL. T=150 °C. t=5 min). The resulting phases are indicated by the letter assigned in Table
S1, Table S6. Mass, mol and molar ratios, and dispensed amounts for the MW investigation of the system
FeCls-6H20/H2BDC-NH?: in ethanol (V EtOH = 4 mL, [Fe] =0.1 M, ligand:metal = 1:1). The resulting phases are
indicated by the letter assigned in Table S1, Table S7. Mass, mol and molar ratios, and dispensed amounts for
the MW investigation of the system FeCls-6H.O/H.BDC-NH: in DMF (V DMF =4 mL. T =150 °C. ligand:metal =
1:1). The resulting phases are indicated by the letter assigned in Table S1, Table §8. Mass, mol and molar ratios,
and dispensed amounts for the MW investigation of the system FeCls-6H20/HBDC-NH:/HCl in DMF (V DMF
=4 mL. T =150 °C. t = 5 min). The resulting phases are indicated by the letter assigned in Table S1, Table S9.
Particle size and reaction yield for the MW investigation of the system FeCls-6H20O/H2BDC-NH2 in water (V H2O
=4 mL, T=100 °C, t =5 min, Table S10. Particle size and reaction yield for the MW investigation of the system
FeCl3-6H20/H2BDC-NH: in water (V H2O =4 mL, T = 150 °C, t = 5 min), Table S11. Particle size and reaction
yield for the MW investigation of the system FeCls-6H2O/H:BDC-NH2/HCl in water ([Fe] = 0.05 M, V H20 = 4
mL, T=100 °C, t= 5 min), Table S12. Particle size and reaction yield for the MW investigation of the system
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FeCl3-6H20/H2BDC-NH: in ethanol (V EtOH =4 mL, T = 150 °C, t = 5 min), Table S13. Particle size and reaction
yield for the MW investigation of the system FeCls-6H2O/H2BDC-NH2 in ethanol (V EtOH =4 mL, T =150 °C, t=
5 min, [Fe] = 0.2 M), Table S14. Particle size and reaction yield for the MW investigation of the system
FeCls-6H20/H2BDC-NH2 in ethanol (V EtOH =4 mL, T =100 °C, [Fe] =0.1 M), Table S15. Particle size and reaction
yield for the MW investigation of the system FeCls-6H20O/H2BDC-NHz: in ethanol (V EtOH =4 mL, T = 150 °C,
[Fe] = 0.1 M), Table S16. Particle size and reaction yield for the MW investigation of the system
FeCl3-6H>O/H2BDC-NH: in DMF (V DMF =4 mL, T = 150 °C, ligand:metal = 1:1), Table S17. Particle size and
reaction yield for the MW investigation of the system FeCls-6H2O/H2BDC-NH2/HCl in DMF (VDMF=4mL, T =
150 °C, t = 30 min, [Fe] = 0.05).
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5.3. Preliminary AgNP@QFe-MOF composites

After the knowledge developed about the MW assisted synthesis of the
iron(III) aminoterephthalate series and the optimization of pure phases in different
solvents, the BaS synthesis of AgNP@Fe-MOFs was addressed. It was decided to
start with presynthesized AgNPs, that will be dispersed in the MOF synthesis
reaction media and act as hot spots for the MOF nucleation. It was expected to
have a rapid consumption of reagents due to the selective heating of the MNPs and
a narrow control of the composite crystal size distribution.

5.3.1. Bottom-up chemical synthesis of AgNPs

There has been extensive research in the nanoscience field regarding the
synthesis of silver nano species by a bottom-up chemical approach, from which
silver ions in a solution are reduced in conditions that favor the formation of the
Ag’ small atoms aggregates that lead to metal clusters or nanoparticles.'*'* Among
those, two methods of known reproducibility and simplicity have been selected to
produce high quality AgNPs. For further details please refer to

- Hydrophilic 30 nm AgNPs caped with citrate (AgC) were synthesized

from the detailed report provided by Parak and colleagues.!* In brief, a
colorless MilliQQ water solution of sodium citrate (5 mM) and tannic acid
(0.1 mM) was placed in a in a three-neck round bottom flask stirring
under reflux. When boiling, 1 mL of a 25 mM AgNOj; solution was added
and instantly produced a color change in the solution to bright yellow,
manifesting the formation of AgNPs. After recovery by centrifugation,
they were stored in 0.25 mM sodium citrate solution until use. Final NP
size was assessed by DLS, to also analyze the stability of the AgNP
suspension with time. In addition, the suspension was characterized by
UV-Vis and TEM.

- Hydrophobic 5 nm AgNPs caped with poly(vinylpyrrolidone) (AgPVP)

were synthesize in DMF." In a three-neck round bottom flask, 100 mL
of a 0.76 mM PVP solution in DMF (4.18 g PVP, MW:55000 g - mol™)
was put under reflux and stirring until reach 156 °C. When boiling, 10
mL of a 0.76 mM AgNO; MilliQ aqueous solution was injected dropwise
and instantly produced a color change in the solution to red/brownish.
AgPVP nanoparticles were recovered by centrifugation and redispersed
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in DMF until use. This suspension was also characterized by DLS, UV-
Vis spectroscopy and TEM.

Table 5. 1: Particle size and -potential values of the AgC and AgPVP nanoparticles with time

NPs Day  Size (0, nm) Pdl C-potential (ZP, mV)
1 28.3 &£ 2.5 0.15 & 0.02 -39 £ 6
AgC
14 29.8 £ 1.3 0.38 £ 0.09 -41 £ 8
1 6.5 £ 1.1 0.18 &£ 0.03 *
AgPVP
14 7.7+ 1.3 0.32 £ 0.08 *

* not measured

Hydrodynamic size of the AgNPs was confirmed in dynamic light scattering
(DLS) measurements, being the particle diameter within the range of the aimed
dimensions (see Table 5. 1). AgC suspension in water was quite stable and presented
an adequate electrostatic repulsion provided by the citrate capping (ZP = -39 + 6
mV).!% In addition, particle size was relatively monodisperse (Pdl = 0.15 + 0.02).
Even after two weeks there was an increment in polydispersity, particle size
remained stable within that time, indicating that citrate prevented AgNP
aggregation (Figure 5. 1 A). Similar results were observed with the AgPVP

nanoparticles in DMF.

A 35 B) 0,2
AgC
—~30 ’
E $ - ¢ . 0,16
£25 | 3 AgC:
N 20 g o012 [AGPVP: J 425 nm
15 | 'g 407 nm
° AgPVP o 0.08
gl § 0,04
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0 5 10 15 300 400 500 600 700
Time (days) Wavelenght (nm)

Figure 5. 1: A) Stability of the suspensions of AgC (red) in H,O and AgPVP (blue) in DMF; B)
UV-Vis absorption spectra of AgC (red) in H,O and AgPVP (blue) in DMF

Observation of the diluted suspension by UV-Vis spectroscopy revealed
absorption peaks within the 350-450 nm region, characteristic of plasmonic AgNPs
with a shoulder round 500 nm corresponding to the SPR phenomenon. This
absorbance explains the distinctive optoelectrical properties of the solutions. As
seen from Figure 5. 1 B, there is a red shift of the SPR maximum of AgNPs from
407 nm in the AgPVP coated to 425 nm in the AgC caped, due to the particle size
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increment from 5 to 30 nm. In addition, from the broad absorption peak in both
suspensions can be said that there is no narrow distribution of particle diameter.!
This was also observed in TEM micrographs, were particle size analysis
measurements with ImageJ determined a mean diameter of 25 + 6 nm and 5.6 +
1.7 nm for AgC and AgPVP NPs, respectively (Figure 5. 2).
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Figure 5. 2: TEM micrographs and particle size distribution histogram (n=100) of A) AgC
nanoparticles (red) and B) AgPVP nanoparticles (blue). Scale bar 150 nm

For their use in AgNP@Fe-MOF composite synthesis, suspensions were
freshly made, and their composition was determined by ICP-OES being 140 + 10
and 0.4 £+ 0.05 ppm for AgC and AgPVP respectively.

5.3.2. BaS MW assisted synthesis

For the synthesis of AgNP@QFe-MOF composites, optimized phases of the
FeCl; - 6 H,O / H;BDC-NH; system in water and DMF were appointed, in order to
preserve the stability of the AS in the reaction media.

MIL-53-NH; was chosen as representative for H,O, as it was the first time
the material was obtained under MW irradiation.!! The reaction parameters
selected were those of the MW 2-05 sample ([Fe]=0.2 M, 150 °C, 5 min, see
APPENDIX VI Table AVI. 3) due to the high STY (7000 kg - m* - d!, APPENDIX
VI Table AVI. 10). After dispersion of the SBU in H,O with the help of the
ultrasound during 10 min, 10 pL of the AgC suspension were added to the reaction
media and placed in the MW. The obtained AgC/MIL-53-NH, samples were

recovered by centrifugation and characterized by XRPD and TEM.

The synthesized particles, as seen by TEM, had a really nice crystalline
structure with rhombohedral cube shape (190 £+ 20 nm, n=50, Figure 5. 3 A).
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Particles were smaller than those of the previously MW-assisted synthesized sample
without AgC (190 vs. 300 nm, see TEM micrograph in the supporting information
in APPENDIX VI Figure AVI. 12C), and the increment in crystallinity is evident.
The modulation on the growth of the MIL-53-NH, might have arisen from the
citrate present in the reaction media, that interfere procuring finer crystals. This
crystallinity was also confirmed by the high intensity XRPD pattern of the
AgC/MIL-53-NH, composite (Figure 5. 3 C). Unfortunately, observation of the
sample, even under high magnification, did not reveal any AgNP associated to the
MOF crystals (Figure 5. 3 B). What is the same, the MIL-53-NH, self-nucleated
without encapsulating the AgNPs.

C)

MIL-53-NH,
— A A N
U J A ” AgC/MIL-53-NH,
;3 lIS 2I3 3'3

26 (°)

Figure 5. 3: TEM micrographs of the attempted AgC/MIL-53-NH, synthesized in water.
A) scale bar 500 nm. B) scale bar 200 nm. C) XRPD pattern of AgC/MIL-53-NH, (red) compared
to the simulated MIL-53-NH, (brown)

When using DMF as reaction medium for the association of AgPVP NPs,
the selected synthesis procedure was the one corresponding to the MW 4-02 sample
([Fe]=0.05 M, 150 °C, 5 min, see APPENDIX VI Table AVI. 7) as procured the
kinetically stable MIL-101-NH, with highest STY (1500 wvs. 600 kg-m?-d",
APPENDIX VI Table AVI. 16). As in the case of H.O, 10 pL of the AgPVP

suspension was added prior MW irradiation.
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Micrographs of the AgPVP@MIL-101-NH, composite showed big MOF
octahedron (450 £ 100 nm, n=>50, Figure 5. 4) with a better crystal definition than
those obtained in the absence of AgPVP. It could be depicted that the PVP
surfactant might have as well modulated the MOF growth. XRPD confirmed that
the MOF crystals corresponded to the MIL-101-NH; phase (Figure 5. 4 C). Unlike
the previous sample, TEM analysis enabled the identification of AgNPs associated
to the MIL-101-NH, crystals (in higher contrast in Figure 5. 4 B). Nevertheless,
this was not a completely successful attempt as there was a heterogeneous
distribution of AgPVP NPs within the sample. Even more, some MIL-101-NH,
crystals nucleated and grew without NPs. This might be due to the low
concentration of AgPVP present in the reaction media (~40 pmol of Ag).

MIL-101-NH,

AgPVP@MIL-101-NH,

iy

3 13 23 33
26 (°)

Figure 5. 4: TEM micrographs of the attempted AgPVP@MIL-101-NH, synthesized in
water. A) scale bar 500 nm. B) scale bar 200 nm. C) XRPD pattern of AgPVPQMIL-101-NH,
(blue) compared to the simulated MIL-101-NH, (green)

Far for being optimized, these preliminary results demonstrate the potential
of MW assisted synthesis for the BaS association of MNP to MOF's with a fast and
simple methodology. Unfortunately, due to the time limitation for the development
of this doctoral thesis, improvement of the AgNP@QFe-MOF composites will not be
presented in this manuscript and this research line is going to be continued by other
APMU researchers.
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Chapter 6

BaS: Biocatalytic enzyme@QMIL-
88A

“Biocatalysis is a more environmentally friendly chemistry
using enzymes. Our research brings closer this technology to

industrial processes.”

Paolo Falcaro, RADAR podcast of RAI, September 2020

6.1. Preamble

Apart from MNP, enzymes are also an interesting AS that could benefit
from its immobilization in MOFs. Enzymes, as previously presented in Chapter 1
section 1.3.2.2 Enzymes: lipases, are promising green biocatalysts due to their high
selectivity (chemo-, regio- and stereo selectivity), excellent efficiency, mild operative
conditions (i.e: low temperature, atmospheric pressure), and high purity products,
when compared with chemical catalysts. Lipases are a type of water soluble
enzymes, that are extensively used in organic catalysis due to their ability to
hydrolyze or synthesize a great number of carboxylic esters, not only in their
natural environment (aqueous solutions) but also in organic solutions.! In addition
they present broad substrate specificity and great commercial accessibility. For all
the above-mentioned reasons, lipases have been selected in this thesis to synthesize
lipase@MOF composites with enhanced properties. Heterogenization of the
enzymatic biocatalyst by lipase immobilization has already proven to be an effective
route to prevent their denaturalization under harsh catalytic conditions and to

overcome some of their practical limitations (cyclability, miscibility).??

101
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As seen in Chapter 1, MOFs have recently emerged as an alternative
attractive enzymatic support.*® From Table 1. 3 can be depicted that among the
large palette of MOF structures, the zeolitic imidazole frameworks (ZIF-8, ZIF-67,
ZIF-70, ZIF-90) stand out as representative framework extensively proposed for
enzyme encapsulation. Most likely, these structures have been selected due to their
facile synthesis compatible with enzyme stability (e.g.: aqueous solutions, RT
reaction). In addition, the examples of lipase immobilization based on BaS
procedures are still scarce. Therefore, this chapter presents a biofriendly in situ
strategy for the encapsulation of lipases on the flexible biocompatible iron(III)
fumarate MIL-88A (see 6.2 Introduction for further detail on MOF selection). Even
the optimized green soft method for the preparation of lipase@MIL-88A
biocomposites is here presented, further discussion on the influence of the different
parameters of synthesis is also. In addition, present chapter includes full
characterization of the optimized composites (i.e.: structure, thermal analysis,
enzyme loading and enzymatic activity under different pH). Finally, as an
interesting model reaction, catalytic activity of the lipase@QMIL-88A was evaluated
in the transesterification of soybean oil into biodiesel in a solvent-free medium. This
illustrative reaction will help to further analyze the role of MOF in the activity of
the biocatalyst, and the possible interaction between host and guest lipase.

This work originality comes from:

- The reporting of a new BaS strategy to immobilize lipases validated with
two lipases of different size.

- The use of MIL-88A as host for lipases, as representative of alternative
MOF support to ZIF structures.

- The verification of the lipase activity after immobilization under harsh
conditions.

- The validation of the biocatalyst composites on a relevant reaction such
as biodiesel production in the absence of solvents (green reaction).

- The qualitative identification of the reaction products to analyze the
possible active role of the MOF in synergy with the lipase on product
selectivity.

Author contribution: Conceptualization of this work was performed by Dr.
Patricia Horcajada, AAV and Dr. Sara Rafiei. Experimental works were carried out
at IMDEA Energy, using APMU, Thermochemical Processes Unit and
Biotechnological Processes Unit lab installations. Material synthesis and
optimization was done by Dr. S. Rafiei and AAV, with the help of the laboratory
technicians, Miriam Bravo and Ayoub Benckhlafa. Lipase@MIL-88A biocomposite
was characterised using techniques available at IMDEA Energy. Dr. Tania Hidalgo

assisted in the composite scale-up and validation of the enzyme activity after
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encapsulation and Dr. Yolanda Pérez aided in the identification of the
transesterification reaction products by gas chromatography coupled to mass
spectrometry. Result analysis and discussion was done by AAV and Dr. P.
Horcajada. This work is pending of publication. Writing of the original draft is
being carried out by AAV and manuscript review involves Dr. P. Horcajada and
Dr. S. Rafiei.

6.2. Introduction

Lipase-immobilization in MOFs has been traditionally used as an inert
heterogeneous support (providing stabilization, easy separation, and recyclability),
without paying attention to the potential synergy of both the enzymatic biocatalyst
and the MOF. The MOF structure active role on biocatalysis is almost unexplored.
Only the recent work of Gkaniatsou et al. reports the selective oxidation of model
dyes using a microperoxidase-8 immobilized in the robust mesoporous chromium
terephthalate MIL-101(Cr) wvia selective electrostatic adsorption of reactants.®
Moreover, reaction selectivity has been achieved through selective diffusion of the
reagents through the MOF porosity.” However, although production enhancement®?
or perseverance of the free-lipase selectivity'®!! have been previously reported, there
is few information available about synergic product selectivity using immobilized
lipases, even in other supports. From the scarce reports, Cabrera et al. immobilized
Candida antartica lipase type B in different hydrophobic supports (butyl agarose
and acrylic polymers), finding an enantioselective hydrolysis of (R,S)2-O-butyryl-
2-phenylacetic acid depending on the acrylic polymer.'? Recently, Verdasco-Martin
research group essayed a battery of biocatalysts, evidencing that the most
regioselective towards partial glycerides was based on a Rhizomucor miehei lipase
immobilized on a porous methacrylic support.' On account of that, this chapter
not only seeks to immobilize lipases on a MOF wia a BaS procedure, but also
pursues to explore the potential synergic effect between lipase-MOF.

Enzymatic biodiesel production has been selected as model reaction to
explore the role of the MOF in the biocomposite catalytic activity. Biodiesel
production using enzyme-immobilized MOFs is a very recent topic. Our group
originally reported the use of the microporous zinc methylimidazolate ZIF-67 with
Candida rugose lipase for biodiesel synthesis production via solvent-free
transesterification of soybean oil into fatty acid methyl esters (FAMEs)."* Other
authors followed using the benchmarked microporous zinc imidaolate ZIF-8 with
the adsorption of Burkholderia cepacia lipase, or the in situ entrapment of the

15,16

Rhizomucor miehei lipase;*!° and the microporous zirconium terephthalate UiO-66

with the surface modified by polydimethylsiloxane to increase the MOF
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hydrophobicity, was used for the pore diffusion of Apergillus niger lipase for the

same biodiesel reaction.'”

In this work, the biocompatible flexible microporous iron(IIl) fumarate, MIL-
88A was selected as support for lipase immobilization. MIL-88A is based on iron(III)
octahedral trimers connected by fumarate anions (P-62c¢) with a reversible pore
opening: from an open porosity of 6-7 A in aqueous solution (Vie. ~ 2120 A3) to a
close form dehydrated, unit cell volume (V.. ~ 1180 A%).18 MIL-88A is not only
interesting for its sorption selectivity and flexibility but also is completely
biocompatible since based on abundant, low-cost and endogenous moieties (i.e.:
iron and fumarate), and can be prepared using a simple and totally green soft
synthetic method (ambient pressure, low temperature and aqueous conditions),
compatible with the enzyme stability.!” In the case of the biocatalyst, lipases from
Pseudomonas fluorescens ( P-f-lipase) were employed as a model protein (molecular
weight of 34 kDa and optimum pH range of 6.5-8.5) with extended use in the bio-
transesterification reaction for biodiesel production.?’? For comparison purposes,
also Candida rugose lipase (C-r-lipase) was encapsulated, which has a higher
molecular weight of 60 kDa and optimum activity in the pH range 6.5-7.5. C-r-
lipases have a wide range of catalytic activity in both aqueous and water-restricted
environments, which include non-specific and stereo-specific hydrolysis, reversal of

hydrolysis via esterification, trans-esterification and inter-esterification.?* 2

6.3. Synthesis

Lipase@MIL-88A biocatalysts were successfully synthesized following an in
situ simple, rapid and soft green two-step protocol. Different parameters were
optimized: i) temperature, to ensure MOF formation and enzyme stability, ii) pH,
related with reaction kinetics, enzyme denaturalization and MOF-enzyme
electrostatic interactions, iii) time, allied with enzyme immobilization efficiency,
and iv) enzyme-MOF ratio, to maximize biocatalyst activity (further discussion on
this is included on APPENDIX VII section VIILILii Synthetic protocol

optimization). Optimal protocol is here resumed (Figure 6. 1).

In the first step, a solution of FeCl;.6H,O (1 mmol) and fumaric acid (1
mmol) in 5 mL of distilled water was placed under stirring in a round bottom flask
at 65 °C for 10 min. The obtained as-synthesized MIL-88A solid was recovered by
centrifugation (5000 rpm, 20 min) and kept in an oven at 100 °C for drying for 1
h. Then, in a typical experiment, 100 mg of as-synthesized MIL-88A solid and 10
mg of lipase (P-f-lipase or C-r-lipase) in 5 mL of distilled water, were added to a
round bottom flask, adjusting the pH to 3 by the addition of a 0.1 M NaOH
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solution, and kept at 50 °C for 2 h under stirring. The obtained lipase@MIL-88A
composite was washed twice with 10 mL of distilled H,O and recovered by
centrifugation (5000 rpm, 10 min). It is important to highlight that the
methodology designed enables both the synthesis of the MOF with outstanding
crystallinity, while preserving the activity of the lipases.

o o
BT 5 g B
0o e ‘v%
HONOH 65 °C for 10 min ?;7?)%‘\ Jw Lipase {’7{%&3&0%% ﬁs\%
0 ﬁ —
% Sl /¢ B, ? /ﬁb % ?
NaOH
Fect, 4,0 i leor T | B Rty
as-synthesized MIL-88A lipase@MIL-88A

Figure 6. 1: Representation of the preparation of the lipase@MIL-88A biocatalysts,
together with the schematic view of the structure of MIL-88A. Iron polyhedral and carbon atoms

are in orange and black, respectively. Hydrogen atoms have been omitted for clarity.

6.4. Characterization

Once optimized, both P-flipase@QMIL-88A and C-r-lipase@QMIL-88A
biocatalysts were fully characterized. Crystalline structure of the P-f-lipase@MIL-
88A and C-r-lipase@MIL-88A biocomposites was confirmed by X-ray powder
diffraction (XRPD, see Figure 6. 2). Although limited by the flexible character of
MIL-88A framework, the direct comparison of these samples by XRPD with a blank
MIL-88A (synthesized in absence of enzyme) suggests that the amount of enzyme
does not strongly affect the MOF crystallinity.

C-r-lipase@MIL-88A
IM b s P-f-lipase@ MIL-88A

L i W
Simulated MIL-8A
.l J\_AJLLLULLU_AWMWW

10 15 20 25 30 35
26(°)

N

Figure 6. 2: XRPD patterns of simulated MIL-88A (black), MIL-88A second step (in absence of
enzyme, red), P-flipase@MIL-88A (orange) and C-r-lipase@MIL-88A (blue)
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In addition, scanning electron microscopy (SEM) images,Figure 6. 3, showed
micrometric elongated hexagonal needles (length x thickness = 2.0 4+ 0.5 x 0.24 +
0.08 pm), with a significantly increased thickness in the lipase presence (0.6 + 0.2
and 0.5 + 0.1 um for P-f and C-r-lipase@MIL-88A, respectively, and Table AVII.
3 from APPENDIX VII) suggesting a crystal growth around the enzyme (see Figure
6. 3).

Figure 6. 3: SEM micrographs of MIL-88A (1) (in absence of enzyme), P-f-lipase@MIL-
88A (2) and C-r-lipase@MIL-88A (3).

Quantitative determination of the enzyme encapsulation was carried out
both by the Bradford method (UV-Vis spectroscopy) and thermogravimetric
analysis (TGA) (see APPENDIX VI section VILII Biocatalyst preparation for
further information on procedures). In the case of P-flipase, Bradford analysis
determined and encapsulation efficiency of 99.1 + 0.5%, corresponding to a loading
of 9.9 + 0.5 wt.%. Whereas for C-r-lipase@MIL-88A, the enzyme loaded and the
efficiency was slightly lower (8.6 + 0.5 wt.% and 95.2 + 0.6%, respectively, Table
AVIIL. 2). As a complementary quantitative analysis to protein Bradford Method,
TGA experiments were done to MIL-88A, P-f-lipase@MIL-88A and C-r-
lipase@MIL-88A. TGA of MIL-88A (see Figure 6. 4) exhibited minor weight loss
below 150 °C, associated to water removal from MIL-88A porosity. Thermal
decomposition of MIL-88A started at 280 °C and degradation was completed at 500
°C (residual Fe;0, theo. vs. exp. = 48 and 45%; in agreement with a small amount
of unreacted fumaric acid). TGA curves of P-flipase@MIL-88A and C-r-
lipase@MIL-88A exhibited an additional weight loss between 150 and 500 °C,
attributed to the decomposition an organic fraction. This extra-organic content was
assigned to P-f-lipase and C-r-lipase molecules, enabling the determination of ~8
and ~7 wt.% of lipase associated to the MOF, which is in agreement with the results
obtained from the Bradford method (see Table 6. 1).
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Figure 6. 4: TGA of MIL-88A (red), P-f- lipase@QMIL-88A (orange) and C-r-lipase@MIL-88A
(blue).

Table 6. 1: Comparison between TGA and Bradford assay results

TGA Bradford method
Sample Lipase wt.% Lipase wt.%*
P-flipase@MIL-88A 8.3 £ 0.5 9.9 + 0.5
C-r-lipase@MIL-88A 6.7 £ 0.5 8.6 £ 0.5

* Theoretical enzyme weight % in the composite corrected by the encapsulation
efficiency determined by the Bradford method

Lipase immobilization was also confirmed by Fourier transform infrared
(FTIR) spectroscopy (see Figure 6. 5), as both biocatalysts showed an absorption
band at about 1050 cm™, corresponding to C-N stretching vibration mode of amino
acids, also present in the free lipase spectra. In addition, there is a slight shift of
the 1515 e¢m ! peak to higher wavenumbers (1523 and 1525 cm™ for P-f and C-r-
lipase respectively), indicating interaction of Fe with the lipases.?” It should be
noted that due to MIL-88A flexible character, exhibiting a closed porosity when
outgassed (empty), N2 sorption analysis was not possible.!s!
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P-f-lipase

MIL-88 A

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™?)

C-r-lipase
C-r-lipase @MIL-88 A
MIL-88 A

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 6. 5: FTIR spectra of MIL-83A (red), free enzymes (black) and lipase@MIL-88A
for (top, orange) P-f-lipase and (bottom, blue) C-r-lipase.

Following, the enzymatic activity of the encapsulated lipases was confirmed
by a model reaction, quantifying the relative ester hydrolysis of p-nitrophenyl
palmitate (p-NPP) promoted by the macromolecules (see APPENDIX VII section
VILILi Lipase encapsulation and activity assay). Both P-f and C-r-
lipase@QMIL-88A gave similar activity with a production of ~ 7 g p-nitrophenol - g'!
lipase (see Table AVIL. 2). To further confirm the protective effect of the framework
on the lipase, preventing its denaturalization, the final activity of the lipase@MOF's
was evaluated after exposure to different pH (see procedure on APPENDIX VII
section VILILiii Biocatalyst characterization). Figure 6. 6 discloses the relative
catalytic activities (the maximum observed activity has been defined as 100% for
comparison purposes) of native and encapsulated lipases at pH ranging from 2 to
5. Although the relative activity of both the free and encapsulated lipases did not
show any considerable difference within the pH 3-4 range, P-f-lipase@MIL-88A and
C-r-lipase@QMIL-88A demonstrated a better stability compared with the free lipases
at pH 2 and 5. This result emphasizes the improved chemical and structural
stability of the embedded lipases within the MIL-88A matrix under punitive
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environmental conditions, extending the use of the biocatalyst under a wider pH
region (below their optimum pH range). This result fulfills one of the objectives of
BaS lipase immobilization, raised at the beginning of the work.

120 .
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Figure 6. 6: Catalytic activity of (A) P-f-lipase@MIL-88A (orange), and (B) C-r-
lipase@MIL-88A (blue) as a function of pH in comparison with the free enzymes (black).

6.5. Biodiesel production

After full characterization of the biocatalyst proving the immobilization of
the lipase, their activity and the protective role of the MOF, they were used as
catalyst in an illustrative reaction. The catalytic activity of the biocatalysts towards
biodiesel production from soybean oil, was cualitatively evaluated, optimizing the
reaction conditions (temperature, time, water content and methanol:oil ratio) for
achieving the highest biodiesel selectivity (FAME transesterification vs. fatty acid
hydrolisis). It is of great importance to highlight that here is pursued a green
reaction in absence of solvents, which allows reducing byproducts, pollution and
risks to human health, while maximizing the reaction rate. Here, soybean oil,
composed mainly by palmitic acid (11 wt.%, C16:0 A), stearic acid (5 wt.%, C18:0
A), oleic acid (24 wt.%, C18:1 A), linoleic acid (49 wt.% C18:2 A) and linolenic
acid (7 wt.%, C18:3 A) (APPENDIX VII, section VIII Materials and
characterization techniques, is employed as fatty acid source for the
transesterification reaction,”® and methanol, as the alcohol source. Further details
of the biodiesel production can be found in the APPENDIX VII section VILIII

Biodiesel production.
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6.5.1. Effect of Temperature

Temperature is a key parameter that strongly affects the kinetics of the
transesterification reaction and also to the catalytic activity of the encapsulated
lipases. Therefore, different temperatures (40, 50 and 60 °C) were investigated to
determine the optimum reaction temperature (Figure 6. 7). While the optimum
reaction temperature with P-f-lipase@MIL-88A was found to be 50 °C (with a
biodiesel selectivity of 69 + 4%), the statistical hypothesis Student’s t-test indicated
that for the case of C-r-lipase@MIL-88A, there was no significant difference in
between the different studied temperatures (¢ (v —s0.50 «c) = 0.05 and ¢ (v =s0.60 °c) =
0.10, being ty.00 (n=4) = 1.5). In consequence, the lowest temperature (40 °C) was
selected as optimum for C-r-lipase@MIL-88A (81 £+ 1% biodiesel selectivity) since

it represents an economic advantage.*

6.5.2. Impact of reaction time

Considering the relevance of the biodiesel production at industrial scale,
reaction time is an important factor to consider, as it is directly related with the
final production cost.? For both biocatalysts, 12 h of reaction produced lower
biodiesel selectivity than 24 h (50% vs. 70% and 75% wvs. 80%; Figure 6. 7). Once
again, the Student’s t-test was applied to statistically discriminate the data,
concluding that no significant differences were found in the biodiesel production at
24 and 48 h. Therefore, the optimum reaction time for P-f-lipase@MIL-88A was set
to be 24 h (69 + 4%). Similarly, statistical analysis with the biodiesel produced by
C-r-lipase@MIL-88A also determined an optimum reaction time of 24 h, for being
the shorter reaction time associated with higher reaction selectivity (81 + 1%).

6.5.3. Role of water content

When using solvent free systems, the water concentration is crucial in lipase-
catalyzed FAME production since water content prevents the inactivation of lipase
by methanol. Therefore, by decreasing water content, the reaction rate of
methanolysis significantly decreases. However, the water excess around lipase
covers the polar site of the enzyme, which finally reduces its activity and reaction
rate.”® In this regard, the optimization of the water concentration was examined
within the range of 5-15 wt.% of oil weight. While the maximum selectivity was
obtained using 5 wt.% of water in the case of P-f-lipase@MIL-88A (69 + 4%; Figure



CHAPTER 6 111

6. 7), increasing the amount to 10 wt.% led to an 87 + 2% biodiesel selectivity for
C-r-lipase@QMIL-88A. Therefore, the selected water contents were 5 and 10 wt.%
for P-f-lipase@MIL-88A and C-r-lipase@QMIL-88A, respectively.

6.5.4. Influence of molar oil/methanol ratio

The investigation of the methanol to soybean oil molar ratio is of high
relevance due to the negative effect that the excess of methanol exerts on the lipase
activity.?® As shown in Figure 6. 7, higher methanol amounts significantly increased
the biodiesel selectivity obtained using P-f-lipase@QMIL-88A biocatalyst, reaching
95 + 1% with 4:1 methanol:oil molar ratio. Further increments of methanol content
did not significantly increase the produced biodiesel. A similar behavior was
observed with C-r-lipase@MIL-88A, reaching an almost 100% conversion into
FAME with a 4:1 methanol:oil molar ratio.

X  Temperature (°C) & Time (h)

40 45 50 55 60 > 10 2 4
__?100 ' ' ' ' ' 2100 'O 'O 3'0 'O 5'0 6'0
= =
‘.6 [ ] “6 4 () [ ]
3 80 . % ks 80 ; ¢
Q60 3 601
g £ Methanol : oi
o @ .
L S 20 ethano : Ol
2 ol s , (molarratio)
— Water (wt.%) —_
X 4 6 8 10 12 14 16 X 211 4:1 6:1 81
vloo T T T T T 1 \/100 T b hd Ad
> >
= L] é = [
> 801 * > 80
d 60 8 6o
o (O}
P 40; @404
) (O}
! 20 e 201 , _
5 5 C-r-lipase@MIL-88A
o 0 o 0
m m

Figure 6. 7: Effect of different reaction parameters in the transesterification of soybean oil
with methanol catalyzed by P-f-lipase@MIL-88A (orange) and C-r-lipase@MIL-88A (blue):

Temperature, Time, Water (wt.%) and methanol:oil (molar ratio)..
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The optimal reaction conditions found for P-f-lipase@QMIL-88A with a
biodiesel yield of 95% were: 50 °C, 24 h, 5 wt.% H>0O and 4:1 methanol:oil molar
ratio. Similarly, the optimum biodiesel yield (99%) for C-r-lipase@MIL-88A was
reached at 40 °C, 24 h, 10 wt.% H>O and 4:1 methanol:oil molar ratio.

6.5.5. Biocatalyst recovery and reuse

Considering the promising biodiesel production using P-f-lipase@MIL-88A,
its reusability and recyclability was further asseseed over sequential
transesterification reactions. A progressive decay in the biodiesel selectivity (%) can
be observed over time, with a catalytic activity loss from 95 to 60% after 5
consecutive cycles (Figure 6. 8). Despite this decrease, the reciclability of the
biocatalyst is an important outcome of lipase immobilization on MIL-88A. The
biocatalyst here presented has a reusability in the range of other previously reported
lipase@MOF for biodiesel production (5-10 cycles).!t 16:32
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Figure 6. 8: Reusability of P-f-lipase@MIL-88A for the soybean oil transesterification into
biodiesel under optimum reaction conditions (biodiesel selectivity, %)

This activity loss can be explained by the slight MIL-88A degradation, as
observed by XRPD and FTIR (Figure 6. 9). Particullay it can be seen that after 5
cycles the reduction in MOF crystallinity after 5 cycles enabled the release of the
immobilized lipase as more bands corresponding to P-f-lipase can be seen in FTIR
spectra of P-f-lipase@MIL-88 A (Figure 6. 9 B, red arrows pointing 300-2800 cm™
and 1100-1000 ecm™ C-N vibrations), as upon partial MOF degradation the lipase
reaches the MOF surface and could be easily leached.
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Figure 6. 9: A) XRPD pattern of the P-f-lipase@MIL-88A biocatalyst as synthesized (orange) and
after 5 biodiesel reaction cycles (green). B) FTIR of MIL-88A (pink), P-flipase (blue), and P-f-
lipase@MIL-88A (orange) and P-f-lipase@MIL-88A after 5 biodiesel reaction cycles (green)

6.5.6. Qualitative product identification

Interest in the determination of a possible effect of the MOF in the
biocomposites activity towards the synthesis of biodiesel, reaction products were
identified by means of gas chromatography-mass spectrometry of reference samples
of the resultant FAMEs: methyl palmitate (C16:0 E), methyl steareate (C18:0 E),

methyl oleate (C18:1 E), methyl linoleate (C18:2 E) and methyl linolenate (C18:3
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Figure 6. 10: Qualitative assessment of the of the FAMEs produced after
transesterification of soybean oil with methanol: A) Production (%) catalyzed by P-f-lipase@MIL-
88A (orange) and by free P-f-lipase (diagonal orange stripes). A) Production (%) catalyzed by C-

r-lipase@MIL-88A (blue) and by free C-r-lipase (diagonal blue stripes). Key of products: methyl
palmitate (C16:0 E), methyl steareate (C18:0 E), methyl oleate (C18:1 E), methyl linoleate (C18:2
E) and methyl linolenate (C18:3 E)

Remarkably, different product selectivity was found depending on the lipase
immobilized in the MIL-88A (see Figure 6. 10). While P-flipase@MIL-88A
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promotes the attainment of the saturated ester C-16:0 E (besides being only present
in the oil in a 11 wt.%), C-r-lipase@MIL-88A led primarily to the unsaturated ester
methyl linoleate C1-18:2 E as major reaction product (according to the predominant
presence of linoleic acid in a 49 wt.%). Interestingly, there is no such selectivity in
between the biodiesel products catalyzed by the free enzymes, under same reaction
conditions, confirming a remarkable extra selectivity originated by the MOF
structure, never described so far for any enzyme@MOF biocomposite.

6.6. Final remarks

From the obtained results in this chapter different conclusions can be
deduced. First, BaS methods can be efficiently applied for the synthesis of
lipase@MOFs. Second, the green environmentally friendly synthetic procedure
presented in this chapter is compatible for the encapsulation of lipases on MIL-88A,
presenting the solid as a new host matrix to immobilize enzymes. Third the
immobilization of both P-f and C-r-lipases increases their stability under harsh
reaction conditions (extreme pH) and the reusability of the enzyme. Forth, the
lipase@MIL-88A  biocatalyst is robust on the challenging solvent-free
transesterification of soybean oil to biodiesel with almost no byproduct production
(undesired fatty acid). Fifth, the qualitative identification of the biodiesel products
stresses the relevance of the proper selection of the lipase-MOF pair to promote its
active role on the immobilized enzyme selectivity and maximize the composite

biocatalytic activity.

Finally, these results demonstrate the potential of lipase@MOF biocatalysts
for the application of enzyme catalysis on relevant industrial reactions, leading to

a future of environmentally friendly chemical manufacturing processes.
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Chapter 7
(General Discussion

“A quality basic research is essential for further
development, because it will produce results that are not
predictable a priori”

Margarita Salas

Enhancement of MOF properties

The field of MOFs has been continuously growing since they emerged as a
new type of crystalline material. The interest of the research community in MOF's
arises from their advantageous properties, already stated in Chapter 1, 1.1 Metal-
Organic Frameworks, as the a priori unlimited number of compositions and
structures that could be achieved due to the large variety of metal nodes and the
countless organic polycomplexing ligands that could be used as SBU.! For instance,
this has been explored to achieve MOF's of great porosity or to reach targeted
functionalities by judiciously selecting the SBU. Although MOFs could be
considered as “off-road” materials, in occasions they present limitations (that could
be beneficial in certain applications) associated to their ionocovalent bonding
structure, such as: i) weak stability (i.e.: thermal, mechanical, chemical), ii)
moderate activity (e.g.: modest electrical conductivity; gradual diffusion and mass
transfer limited by pore size, restrained selectivity) and iii) high cost of some of

their precursors.?

Several strategies have been followed so far to overcome these weaknesses.
The first one entails the re-imagination of MOFs and their synthesis to present new
structures. A fascinating solution is the entanglement of structures as in the case
of interpenetrated MOFs, where two or more networks with the same or different
SBU catenate with each other. Contrary to what it might seem, interpenetration

cannot prevent the attainment of large surface areas and significantly enhances
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their stability.® Another example are the multivariate MOFs, that are a class of
MOF's that deliberately include heterogeneity in the highly ordered MOF structure
by the addition of different metal ions or various linkers in a single structure. This
results in a superior performance and activity than combination of single SBU.* On
the other side are the defective MOF's, in which structural heterogeneity is achieved
by the introduction of defects. These defects become functional sites available to
enhance the parent MOF properties, such as having a more stable crystal structure.’

Another strategy to improve activity and stability entails post-synthetic
modification (PSM) of MOFs. This enables the incorporation of other functional
groups which a priori are incompatible with traditional MOF solvothermal
synthesis. This could be done by modifying the organic ligands with reagents to
produce new functional groups (covalent PSM) and/or introducing metal ligating
groups onto the inorganic SBU (coordinative PSM).¢ In addition, there could be
included as PSM strategies such as MOF surface treatment and/or modification
(e.g.: coating with hydrophobic polymers to increase MOF stability in water)” and
the combination of MOFs with other AS to attain advantageous composites.® As
above stated, this thesis was focused on MOF-based composites to improve their

properties.

Among all possible functionalities of MOFs, this research is focused on MOF
semiconductor character and the modulation of its optoelectronic properties by
compositization. The reader might wonder at this point the reasons behind this
election. Why is MOF photoactivity interesting? Could MOF's provide any assets
compared to other semiconductors?

Considering that the traditional energy system relies on limited resources as
fossil fuels (i.e.: carbon, oil and gas), that are scarce for covering the increasing
energy consumption demand (with an expected annual demand of 9-10% J by
2050),° it is reasonable to turn to solar radiation as an energy source. Incident solar
radiation reaching Earth surface every year is equivalent to more than 3 - 10** J, or
what is the same, more than 3000 times the expected annual primary energy
consumption by 2050." What is more, measurements of solar irradiance in space
revealed that the highest energy corresponds to the solar radiation in the visible
range of the spectral band (7.e.: 400-700 nm)."!

Hence, for taking advantage of this sustainable, cheap and safe energy
source, there are required materials able to interact with solar radiation and use it
promoting ionic, redox or radical reactions for different applications (field known
as photo-electrochemistry).!? Those materials belong to semiconductors.”® Although
this technology has been known for many years, is still far from being optimized.
Traditional semiconductors such as TiO,, 7ZnO, ZnSe, CdS, present some

shortcomings: i) limited absorption in the visible range of spectra (energy bandgap,
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Eg, > 3 €V), ii) unsuitability of the positions of their conduction and valence bands,
iii) poor quantic yield, due to electron-hole pair recombination, iv) poor stability
under required reaction conditions, and v) difficult conformability into devices that
enable their recovery and reutilization, inter alia.'

Among other fresh candidates (e.g.: perovskites, zeolites, carbonaceous
composites based on graphene), MOFs are interesting semiconductors for photo-
electrochemistry. Thanks to their tunable composition, they exhibit a E, between
1 and 5.5 eV, suitable for many reactions. In addition, energy transfer after photon
absorption from the ligands to the inorganic SBU (ligand-to-cluster mechanism),
enables efficient electron-hole pair stabilization and the metallic centers act as
activated quantic entities with high reactivity.'>!® Besides precise predesign of MOF
structures, regular ways to improve MOF optical properties include: the
incorporation of the -NH, group to the ligand (isoreticular MOF's), the decoration
with organic semiconductors and the loading with inorganic semiconductors and

metal nanoparticles.!

A clear example of amine-functionalized MOFs with extended absorption in
the visible range are the zirconium based UiO-66-NH,,' and the titanium based
MIL-125-NH,." MIL-125-NH, was selected in the first chapters of this thesis as
support for the SiB association of AgNPs (see Chapter 3 section 3.2 MOF selection:
MIL-125-NH, for the reasons of selection), whence combining two strategies for
enhancement of MOF optoelectronical properties. MIL-125-NH, comprises Ti
oxoclusters that overcome the bandgap limitations of TiO, with a reduced E, of 2.6
eV (with a red-shifted band compared to MIL-125, of 3.6 €V).? In recent years, the
use of MIL-125-NH, as a photocatalyst for the photo-reduction of CO,, process
known as artificial photosynthesis, using H-O as a sacrificial agent wvia water
splitting producing H», has gained particular attention.!®* 3 In fact, the author of
this thesis, AAV, was involved in a National project, financed by Fundacion
Iberdola in 2017, titled “Metallic nano-objects associated to Metal-Organic
Frameworks for chemical energy storage” and oriented in the same research line
(results not presented in this thesis). In addition to this relevant application, MIL-
125-NH, photoactivity could be exploited for other uses as environmental
remediation,**> photocatalysis of relevant industrial compounds,* photochemical
vapor generation;* or the ones presented in this manuscript: bacterial biofilm
inhibition (see section 3.3)* and photodegradation of emerging contaminants (see

section 4.2),% for mentioning some.

Another interesting family of photocatalysts are the polymorphic series of
Fe-terephthalate MOFs MIL-53,*" MIL-68,* MIL-88B,* and MIL-101,* that exhibit
bandgaps of 2.7, 2.8, 2.1 and 2.4 eV, respectively, compatible with visible range of

solar radiation. This photoactivity is due to their iron(III) oxocluster, that endows
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excellent optical properties, excitable both directly by adsorption of incident
photons and by ligand-to-cluster mechanism, depending on the photon
wavelength.!” They also have exhibited potential in the photoreduction of CO, and
in environmental remediation.*' * In consequence, these attractive photocatalysts
have been selected as scaffold for the microwave assisted BaS association of AgNPs,
precisely their aminated version to promote the Ag-NH, interaction and charge
transfer, and finally achieve enhanced optoelectronic properties in the MOFs (see
5.3).

At this stage -when it has been explained to the reader the relevance of
MOFs’ photoactivity, their a priori assets compared to other semiconductors, the
interest behind the enhancement of their optoelectronic properties by association
of MNPs, and after enunciation of some of the potential fields of interest for their
application- seems opportune to proceed with the discussion of the main results
achieved in this thesis, to propose additional research derived from them and to
venture some of the future trends.

Photoactive MIL-125-NH>

Researchers have already associated different semiconductors and MNPs to
MIL-125-NH, to enhance its optoelectronic properties, by expanding the visible
light absorption range and preventing the electron-hole recombination. For
instance, Pt,>! Pd,* Co,” Au,* Ag;VOs and AgaWO4," NipP,» CdS,* and TiO,,*
within others, have been previously associated by SiB strategies to the MIL-125-
NH..

Focusing on Ag nano-objects, the selected metallic AS in this thesis, there
can also been found some references of their association to both MIL-125 and MIL-
125-NH; (see other AgNP@QMOF on Chapter 1 in Table 1. 2). Prior to this thesis,
some authors have proposed AgNP photoreduction on presynthesized MIL-125,
using different irradiation sources (Xe or Hg lamp). "% The obtained composites
resulted on MOF's decorated by AgNPs exclusively on their outer surface and were
validated on the photoreduction of Rhodamine B (RhB) dye. Other work also
presented a chemical reduction route for the formation of AgNPs (5-10 nm) using
a MIL-125-NH, with PSM and acetylacetone (AC) as support. The AgNPQMIL-
125-AC composite photocatalytic activity was evaluated on the degradation of
methylene blue (MB).* More recent publications have focused directly on the
aminated version MIL-125-NHj, as scaffold. They include the formation of Ag/AgCl
NPs synthesized both by photoreduction® and chemical reduction,* leading to MIL-
125-NH; coated by heterogeneous Ag/AgCl NPs. Their photocatalytic activity was
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again validated against RhB dye photodegradation under visible light. Similarly,
MIL-125-NH, was encased among Ag/AgBr NPs (10 nm) with a photoreduction
protocol. *

Even the studies preceding this thesis formulated composites that exhibited
an increment in the photoresponse in the visible range of the spectra and higher
catalytic activity than the host MOF, they presented some shortcomings and
drawbacks:

- They entailed difficult synthesis procedures that required many
steps and involved complex laboratory equipment, resulting in time
comsuming synthesis (48-72 h). Others required the presence of
surfactants or MIL-125-NH, covalent PSM for AgNP stabilization, that
involved complicated recovery and conservation of the composite.

- Few presented studies regarding the possibility of association of
variable contents of AgNPs to the MOF, neglecting the possibility
to modulate Ag proportion depending on the final application.

- These works did not analyze thoroughly the interaction between
AgNPs and the MOF (i.e.: stability of the composite under reaction
conditions, in these cases dye photodegradation).

- Little or no attention was paid to control and/or to determine the
location of the associated AgNPs (surface, porosity, defects),
resulting most of them with AgNPs attached to the outer surface.

In addition, going one step further, current research seems to be focused on
the development of MOF-based devices, facilitating MOF integration and
recovery from their applications, such as Ag/MIL-125-NH,/cellulose films coated
over glasses and Ag/MIL-125-NH,/TiO, photoanodes. > On account of that, same
trend has been followed here with the AgNP@nanoMIL-125-NH, biocide thin film
coating (publication in Chapter 3 section 3.3).* Considering all above mentioned
points for improvement, there is plenty of room for improvement and for further
research on AgNP@MIL-125-NH, composites, in which this thesis is subscribed.

One could resume the two optimized SiB protocols here presented as simple
two-step impregnation & reduction procedures. While association of larger AgNPs
particles (5 £ 3 nm) was obtained wia chemical reduction, UVA assisted
photoreduction procured smaller AgNCs with narrower polydispersity (1.0 + 0.4
nm). In both cases, the studies carried out validated the possibility of modulation
of the variable Ti:Ag proportion, until saturation with a 70:30 wt.% ratio. The
strong interaction between Ag nanospecies and MIL-125-NH, determined by
extensive characterization (i.e.: observed by macroscopic color change, band shift
in the FTIR spectra, AgNP leaching analysis, Monte Carlo simulations; see Chapter
4 section 4.2) resulted in an improved absorption in the visible range. The
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calculated E, determined by Tauc Plot for the direct allowed transitions was of 2
and 2.4 eV for the AgNP@nanoMIL-125-NH, and the AgNCQMIL-125-NH,,
respectively. In addition, ultrafast photoreduction (15 s) appeared to be more
adequate to control the final location of Ag, solely within MIL-125-NH, porosity,
and to maximize the impregnation yield (80 ws. 60% according to TGA, see
APPENDIX IV, section IV.I SiB association of AgNCs via photoreduction: protocol

optimization).

It is important to outstand here the relevance of the ultrafast photoreduction
protocol (15 s) presented in Chapter 4, section 4.2.% Even UV photoreduction has
been previously used in the synthesis of Ag-MIL-125 composites, ¥ * these studies
used long irradiation times (2 h) and produced bigger AgNPs instead of AgNC (0
within the 10-50 nm range), that decorated the MOF outer surface. Hence, to the
best of our knowledge, the synthesis of stable AgNCs of controlled size supported
on MIL-125-NH, porosity by means of photo-induced transformation was
pioneeringly pursued. Furthermore, this synthesis, with a total preparation time of
only 20 min: i) procures tiny AgNC (just 28 atoms), ii) with a modulable Ag
content, iii) allocated merely within the porosity (validated by electron
tomography) and iv) strongly interacting with MIL-125-NH, (FTIR, Monte Carlo),
v) leading to a water stable photocatalyst (possible degradation characterized by
high performance liquid chromatography, HPLC, under experimental conditions),
vi) optoelectronically active in the visible range (as seen in UV-Vis diffuse
reflectance spectroscopy); overpassing the characteristics of previously synthesized
Ag-MIL-125-NH, composites -including the AgNP@nanoMIL-125-NH, presented
also here in Chapter 3 section 3.3.

As MIL-125-NH, has a tunable particle size, was also ambitioned to extend
the SiB simple impregnation & reduction protocol from the microMOF to likewise
load AgNPs in the nanoMOF. This is of interest of those applications in which
MOF crystal size is important, such as is requested in several bioapplications (e.g.:
drug delivery, imaging) or for sensing.” As seen in APPENDIX I section L.ILii MIL-
125-NH; with nanoparticle size (nanoMOF), the extrapolation of the chemical
reduction protocol designed for the micrometric MOF was straightforward to its
miniaturized counterpart. Even validation of the extension of the ultrafast
photoreduction of AgNCs inside the micrometric MOF to the nanoMOF has not
been carried out (due to time limitations), it is expected to be easily reproducible,
as it has been demonstrated for the case of the AgNPs, and so has been seen so far

in the preliminary results of other members of APMU.

Furthermore, the possibility of association of AgNPs to other aminated
MOFs, such as UiO-66-NH,, with impregnation of AgNO; followed by its chemical
reduction was also studied (APPENDIX I, LILiii Extension to other MOFSs).
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Although AgNP distribution was not homogeneous, their association was validated
for UiO-66-NH; with a micron particle size. These results strengthen the versatility
of the simple procedure here presented, even if further optimization is obviously
needed. In addition, it would be of interest the extension of these two-step
impregnation & reduction procedures to the association of other metallic
nanospecies: Au, Cu, Pd, Pt. These AS are also commonly used in catalysis (e.g.:
chemical, electrochemical) also as bimetallic active centers, and they could benefit
from their stabilization in MOF's by simple synthesis. * Therefore, even not studied
in this thesis, the synthesis here presented might serve as inspiration and first brick
for other researchers.

Regardless the merits previously enunciated of the Ag@MIL-125-NH,
composites here synthesized and their amiable laboratory preparation, it is of
convenience to think one step forward and contemplate the viability of their
scalability and industrial production. Considering the MOF scaffold here selected,
MIL-125-NHs,, both its precursors are commercially available and its production has
already been increased at laboratory scale for the attainment of larger amount of
powder (multigram, ~ 50 ).’ In addition, the synthesis protocol was improved, as
the work presented a heated reaction (100 °C) at ambient pressure, instead of a
solvothermal one. This protocol will simplify the requirements of the vessels needed
for its batch production. Nevertheless, as dimethylformamide, DMF, is used as
solvent, the chemical resistance of the vessel should be assured selecting materials
such as polytetrafluoroethylene (PTFE), polyetheretherketone (PEEK) or stainless
steel 1.4401 or 1.4571, that additionally withstand the temperature required.
Taking this into account, seems a priori viable the large-scale production of MIL-
125-NHo.

Thinking about the association of AgNCs, seems viable to consider a
semicontinuous production line. Firstly, the silver precursors and the photoinitiator
would be diffused under inert atmosphere into the scaffold inside an opaque stirred
vessel. From the vessel, a stream of AgT@MIL-125-NH; suspension will continuously
exit with a controlled flow rate and pass through a transparent section of the pipe
where it would be UVA irradiated, to achieve AgNC reduction. The AgNCQMIL-
125-NH; could be recovered afterwards by means of filtration systems. Accordingly,
as no special equipment need to be designed, the photoinduced SiB synthesis
procedure here designed is presumably suitable for industrialization. Nevertheless,
the proper question that follows is: does it justify the investment? Silver is a
relatively expensive raw material, but it should be considered that is only added in
a maximum 7 wt.% of the total composite and could be downsized according to the
application. Besides, silver is cheaper than gold, that it is used nowadays as catalyst
at industrial scale.”” Furthermore, considering the strong interaction between
AgNCs and the structure, might be expected to have an extended lifetime and
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procure photocatalyst reusability. Still, even after the end of their lifetime, silver
could recovered by similar mechanisms to those already existing for Pt and Pd.®
In addition, if AgNC@MIL-125-NH, composite demonstrate its potential as specific
photocatalyst, with an increase in 0.5 to 1.0% in conversion of a desired valuable
product, the use of this catalyst could increase the profit margin in millions of
dollars per day.” Therefore, should not be directly discarded the possible industrial
production of AgNCQ@QMIL-125-NH, composites and further studies should be
carried out to better understand their activity and promote its potential
application.

Biocide photoactive MOF's

AgNP@nanoMIL-125-NH, (AgNP@nanoMOF) was originally proposed
as a multi-action biocide agent with antifouling (antiadherent) properties
against biofilm.* For the first time MIL-125-NH, was used for this application
and its intrinsic bactericidal activity was enhanced by the presence of the AgNPs

and even more after UVA irradiation (the novelty of this work was previously
highlighted in the Chapter 3, in section 3.1 Preamble).

In this sense, the use of MOF's as bactericide agents is a relatively new field
(firsts publications from 2010).% They arose as an alternative solution to treat
bacterial infections due to the well-known developed multidrug resistant bacterial
strains.”y  While MOF antibacterial activity against bacterial suspensions
(planktonic bacteria) has been evaluated to a greater extend, reports concerning

their activity against challenging bacterial biofilm are still scarce. 9

Compared to other chemical disinfectants proposed against Gram (-) and
Gram (+) bacteria (TiO,, ZnO, I, zeolites, silica based sol-gels), %% MOFs offer the
following advantages: i) both their organic and inorganic SBUs can provide
bactericidal activity (intrinsic antimicrobial activity), leading to additive, even
synergic actions, ii) they have a uniform and ordered distribution of active sites
due to their crystalline structure, iii) release of active compounds to the media
during degradation tends to be more gradual and homogeneous and iv) not only
their framework can be bioactive but they also can entrap diverse bactericidal
agents and increase their disinfection power (extrinsic antimicrobial activity). ® For
further details, please refer to the book chapter “Antimicrobial MOFs” in
APPENDIX II section II.I.

Several complementary biological techniques were used for the
characterization of the biocide and biofouling properties of the AgNP@nanoMOF
thin film coatings: colony counting, analysis of reactive oxygen species, ROS,

formation and bacterial viability by fluorescent emission, confocal laser scanning



CHAPTER 7 127

microscopy (CLSM) for visual and qualitative assessment of bactericide
(LIVE/DEAD staining) and antiadherent effect (see publication in section 3.3 of
Chapter 3 for further detail on experiments and outcomes). Below, there are stated

some outstanding deductions derived from the obtained results:

Modulable MIL-125-NH, particle size is beneficial for biofilm
fighting, as it could enhance interaction with the bacterial membrane.
This size dependent intrinsic antimicrobial behavior of the MOF was
observed both against Gram (+) S. aureus and Gram (-) E. coli, and
might be related to the increment of surface area available in contact
with the bacteria membrane. The control experiments also revealed that
this intrinsic activity could come from the inorganic constituent, in
agreement with previously reported minor TiO, activity.®

The higher bactericidal effect of the AgNP@nanoMOF is not a
result of the combination of its individual components but might be
derived from a synergistic effect, as a consequence of the strong
interaction between the AgNPs and the nanoMOF framework where are
within. This affirmation is supported with lower inhibition results
achieved by the control ‘physical’ mixture of AgNPs + nanoMOF.

The AgNP@nanoMOF thin film coating, combining intrinsic and
extrinsic biocide activities and enhanced ligand-to-cluster-charge-transfer
upon UVA irradiation, detached 80% of the bacteria biofilm from
the surface and inhibited the viability of the 90% of the
remaining bacteria. The possible mechanism of action of the thin films
coating might be associated with the generation of ROS that interfere
with bacterial enzymatic activity inducing their death (mechanism of
ROS generation upon excitation is already discussed in section 4.3 of the
Chapter 3 publication).®

The strong interactions between the AgNPs and the nanoMOF,
as previously depicted with the biocide experiments in comparison with
the results obtained with the ‘physical’ mixture AgNPs + nanoMOF, led
to a favorable chemical stability under experimental conditions, that
ensures controlled delivery over extended periods of time.
Considering that the composite degradation under the conditions of
study was not significant (just 2.5 and 3.5 wt.% of Ti and Ag released
after 20 h), the antifouling bactericidal combined effect of
AgNP@nanoMOF might not only be a result of the composite
dissolution but mainly a consequence of the stable association of
AgNPs to the MOF and the role of AgNPs in the ligand-to-
cluster transfer mechanism upon irradiation, in agreement with
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the catalytic studies done with other noble metal nanoparticles
decorating MIL-125.%

The knowledge gained after this work, regarding MOF's as potential biocide
materials and their biological characterization, opened the door for collaboration
with other research groups, with active participation of AAV in experiment design
and result analysis. Such is the case of the work published with Dr. Teresa Duarte’s
group (Universidade de Lisboa), studying the biocide effect of pellets of new five
metal biomolecule frameworks (BioMOFs) based on azelaic acid (an antibacterial
and antiinflamatory drug) and endogenous cations (i.e.: K, Na*, Mg?"). Their
potential intrinsic antimicrobial activity was evaluated against two Gram (+)
bacteria commonly present in skin, S. aureus and S. epidermis, analyzing their
potential topic use and the increment in solubility of azelaic acid. Inhibition halo
results shown that the K-based BioMOF 1 was the most promising candidate for
topical formulations.® Another work with Dr. Sandra Loera group (Universidad
Auténoma Metropolitana de México, to be submitted) analyzed the antibacterial
and antifouling effect of thin films prepared by spin coating made of nanocrystals
of a Ag-terephthalate MOF, AgBDC. Interestingly, this coating not only has
bactericide activity against E. coli but also inhibits bacterial adhesion preventing
the formation of biofilm up to seven days.

It is expected that researchers interest in the use of MOFs as antimicrobial
agents will only grow in the near future, as depicted by some of the recent reviews
on the topic. ™ Considering the perspective of current state-of-the-art, prospect
works more likely will focus on the inhibition of challenging biofilms, not only on
surfaces but also in living tissues (e.g. prostheses). ?™ In addition, MOF
conformation into membranes for achieving antifouling properties seems a highly
probable close to market application, as bacterial membrane clogging is still an
unsolved challenge that limits membranes lifecycle. ™ Actually, a recent work
followed our lead coating membranes with the photoactive MIL-125 to promote
their antibacterial activity with UV irradiation. ™

Photocatalytic water remediation

The synthesized AgINC@MIL-125-NH, exhibited some appealing
properties,* that were considered of interest for the elimination of EOCs from
water: i) high aqueous stability,” ii) the composite preserved an accessible high
porosity (Sger = 1430 m?- g!) for the adsorption of contaminants, and iii) could
play an active role in contaminant degradation due to its photoactive properties,
even more enhanced by the incorporated AgNC that extended its visible light
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absorption. In conjunction, they make AgNCQMIL-125-NH, an interesting
candidate for environmental remediation of wastewater by photocatalysis.

Water pollution is becoming a challenge because of the increment of the
newly developed anthropogenic substances applied in many sectors (agricultural,
industrial, medical), also known as EOCs. These substances end in water streams
due to sewage and wastewater production and current technologies in wastewater
treatment plants are not able to remove them.” Among the different proposed
methods to eliminate EOC from water, heterogeneous photocatalysis has the
potential of being performed with solar irradiation at ambient conditions, leading
to less toxic components.

MOFs, in comparison with other materials used in environmental
remediation, can present a dual role for water treatment: their characteristic
microporosity is ideal for the adsorption of contaminants, passive role; and they
can (photo)catalyze their degradation, active role. Fine selection of the MOF
structure can even endow selective adsorption/separation, limited by the pore size;
promote interaction with the contaminant molecules, with labile groups of the
organic ligand; and foster their degradation with active sites.” There is a great
interest in the use of MOFs for the elimination of EOCs from water, and most of
reported works validated their use in the removal of organic dyes (~75% of the
references).” Other EOCS entails: pharmaceuticals and personal care products
(PPCPs), herbicides and industrial byproducts.

In this work, at first it was assessed the viability of the AgNCQMIL-125-
NH, as photocatalyst for the visible photodegradation of the model dye MB, under
batch conditions. Later, it was addressed the photodegradation of the challenging
antibiotic SMT under a continuous flow (see the novelty of these studies in the 4.1
Preamble of Chapter 4). Reaction progress was followed by UV-Vis spectroscopy
and/or HPLC, assessing also the photocatalyst stability (see publication in section
4.2 for further information regarding experimental setup, the home made
continuous flow reactor and the obtained results). Following, there is a
complementary analysis on the highlights of this work:

- MB photodegradation is enhanced by the association of AgNCs
to the MIL-125-NH; structure. Not only the composite exhibited
superior photon absorption in the visible range (E,= 2.40 vs. 2.53 eV)
but also there was a chemical interaction between -S and -N atoms of
MB structure with the AgNC* that mediated a faster mass transfer and
dye adsorption.

- Despite this, the kinetic studies indicated that the limiting stage for
the photodegradation process was not the physisorption of the dye

but the reaction of formation of water radicals (*OH, O:*) on the
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AgNC active site.®® These strong oxidants react with MB finally
decolorizing the dye.®

- Therefore, the superior photocatalytic activity in EOC visible
photodegradation is governed by the enhanced optoelectronic
properties of the AgNC@MIL-125-NH, composite.

- A control reaction with AgNP@QMIL-125-NH; suggested the relevance of
the Ag nanospecie size, as the catalyst activity increased with the
decrease in Ag size, in consonance with previous works.*®

- Analysis of the stability of the photocatalyst are vital in water
remediation, for not releasing further contaminants to the treated
stream. The AgNC@MIL-125-NH; photocatalyst remained stable
(<2% of ligand leached to the reaction media and perseverance of the
crystalline  structure) after decontamination with visible
irradiation of MB and SMT from tap water, with real concentrations.

- The continuous flow photoreactor presented here for the first
time, working under compatible water treatment flow rates, was able to
treat 6.50 L - h'' - g' of SMT contaminated water via visible light
photocatalytic oxidation.

- Monte Carlo simulations, supported by FTIR analysis, revealed that
SMT were found with the AgNC in the MIL-125-NH;
octahedral cavities, forming hydrogen bonds between the -NH,
groups of both MOF and SMT.

- Efficiency of photocatalytic water remediation under
continuous flow must be evaluated by its breakthrough curve
(concentration-time profile), and the use of AgNC@MIL-125-NH,
photocatalyst under visible irradiation procured a quite good
kinetic constant, compared to other MOFs studied only as
adsorbents.®0-57

This publication is embodied in a greater research line followed by APMU.
Its particular interest on the use of MOF's for the elimination of EOC from water
has promoted the identification and establishment of collaboration partners to that
end. For instance, a collaboration with Canal Isabel II, fresh and wastewater
treatment company of Madrid (Spain), is sponsoring the research of a Ph.D. student
in a common project to remove chlorides from fresh water.*® Another examples are
the recently launched 3 year National project MOFseidon (Retos investigacion
2019, PID2019-104228RB-100), that aims to develop continuous flow technologies
based on MOFs for depollution and disinfection of real wastewaters,® or the
National project ESENCE (Retos colaboraciéon 2019) in collaboration with
Depuraciéon de Aguas del Mediterraneo (DAM) to detect and decontaminate
wastewater. Also in this research line is another recently published APMU work
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regarding adsorption of atenolol using a robust nickel bispyrazolate MOF-

continuous flow column.”

Key for the future potential use of MOFs in water treatment is the
determination of their stability under wastewater treatment conditions (e.g.: real
concentration of contaminants in streamed waters, flow rates). Whence, future
research should clearly pay attention to this and include these analyses in their
studies (for instance simple XRPD characterization after contact with real
wastewater and detection of potential metal or ligand leaching). Another important
challenge is MOF recyclability and long-term use, specially under continuous flow,
which is still almost unexplored. An added concern with photoactive MOFs, in
particular those endowing efficient solar harvesting in the visible range and
successful EOCs degradation, is the formation of toxic byproducts as result of the
photocatalyzed oxidation and their characterization must not be omitted, to ensure
they are at least less toxics than the original contaminant.

Finishing this section, enhancement of the optoelectronical properties of
MOFs to develop new photocatalysts for wastewater treatment under continuous
flow using visible light is a potential solution for EOC removal. Nevertheless,
research on this field requires further evaluation of the challenges above mentioned
to position photoactive MOFs as truly alternative technology.

Iron(IIT) aminoterephthalate polymorphs

The series of polymorphic iron(IIl) aminoterephthalates, MIL-53,%” MIL-68,%*
MIL-88B* and MIL-101, (already presented in 5.1 Preamble of Chapter 5, and in
this chapter in the Enhancement of MOF properties section), was selected for: i)
their interesting redox and photoactive properties,’* ii) the liable -NH, available
for MNP interaction and iii) their earth abundant nontoxic inorganic SBU (iron),
considering future applications and scalability. Accordingly, they are considered a
compelling matrix for MNP association.

The results discussed so far with the photoactive MIL-125-NH, showed the
merits of the SiB association of AS to presynthesized MOFs, such as the simplicity
of impregnation by diffusion through the pores. In addition, some of its limitations
have also been lighted, like the difficulty to control the final position of the AS (risk
of surface attachment) and their heterogeneous distribution through the framework.
Especially, it is difficult to ensure a precise localization of the AS and, even more,
to achieve reproducibility in doing so by SiB methodologies. Despite being more
complex and difficult to control, BaS strategies appear as ideal routes to ensure
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AS@QMOF core-shell with the AS really protected by the crystal MOF growth
surrounding it (see MNPQZIF-8 in Figure 1. 6).

Among the many synthetic procedures for MOF synthesis, MW heating has
been selected in this thesis for the BaS association of AgNPs to MOF crystals. The
different interaction of the molecules with the alternating electric field of the
microwaves, depending on their nature, induces selective heating that presumably
will be beneficial to promote BaS synthesis of MNP@QMOFs.”' In the case of MNPs,
their SPR as result of the polarization with MW irradiation might render them as
hot spots in the reaction media, or what is the same, as potential nucleation sites
for the MOF to grow.” In consequence, it could enhance the one-pot association of
the MNPs. In addition, it will imply the reduction of synthesis time (compared to

)?2% and better control of the encapsulated particle

solvothermal BaS encapsulation
size.” A relatively recent example that benefits of all this is the MW assisted BaS

synthesis of AgQIRMOF-3.7

The main progress done in the thesis to achieve this objective (i.e.. MW
assisted BaS MNP association) is related to the analysis of the compositional factors
that can lead to various MOF phases. Due to their distinctive configuration,
different MOF phases exhibit different properties, such as different porosity,
presence of metal sites or framework flexibility, and therefore is valuable to control
their synthesis. For the determination of the optimal conditions for the synthesis
of a specific iron(IIl) aminoterephthalate, a systematic synthetic strategy has been
followed carrying out MW-assisted hydro/solvothermal reactions to rapidly
evaluate the influence of different reaction parameters (e.g.: concentration,
temperature, ligand:metal ratio, solvent). It should be acknowledged here the
previous work following a similar synthesis strategy presented by Khan & Jhung,
analyzing also the MW triggered phase selectivity but on chromium terephthalates
MIL-53(Cr) and MIL-101(Cr),” and aluminum benzenetricarboxylates MIL-
100(Al), MIL-110(Al) and MIL-96(Al).”

On the other hand, previous reports considering the iron-based structures,
focused solely on the microwave synthesis of a particular polymorph (without
considering phase variability), and mostly did not study the amino substituted
terephthalate MOFs. 1190103 Interestingly, Wang and coauthors considered the
influence of MW irradiation time on MIL-53(Fe) morphology, but they did not
proceed with further analysis of other parameters, neither extended their
investigations to other phases.!'™ Therefore, it was pertinent an analysis of the
variables affecting MW synthesis iron(IIl) aminoterephthalate phases. The
representation of the results in crystallization diagrams enabled better analysis of
the results, as the information of the phases obtained in each reaction iteration was
easily visualized. Along with crystal phase determination, STY was determined due
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to its significance for large-scale production (see publication in Chapter 5 section
5.2). For guiding the reader over the main results of this work and their positioning
among previous state-of-the-art, they are divided below considering the solvent
used.

WATER: Under the analyzed reaction conditions, two different phases have
been formed using H.O as solvent: rigid mesoporous MIL-101-NH, and flexible
microporous MIL-53-NH,. As anticipated, lower temperature procured the
kinetically favored MIL-101-NH, phase, while MIL-53-NH,, the thermodynamically
stable phase was formed at higher temperatures. Similar trend was observed in the
case of chromium terephthalates.”® Representation of the attained phases on the T
(°C)/[Fe] (M) crystallization diagram revealed a bisector in which a mixture of
phases was obtained, evidencing this dependency, both with temperature and
concentration.  Interestingly, here were synthesized MIL-101-NH,
nanocrystals with a 70 % reduction of size compared to previously

40

reported MW synthesis (O~ 80 nm vs. 300 nm in previous work, from TEM).

Variation of the pH of the reaction media by the addition of HCI shifted the
equilibrium towards the more favorable thermodynamic phase, MIL-53-NH,, with
better crystallinity. This may be related to the better control of the reaction kinetics
rate, associated to the deprotonation equilibrium of the carboxylate ligand (H.BDC-
NH, = HBDC-NH, + H*= BDC-NH, + H*).

It is important to emphasize that this work presented the first example of
microwave assisted synthesis of pure submicronic MIL-53(Fe)-NH; of 330
+50 nm and what is more, using water as reaction media. Previous studies
reached the MW formation of the non-substituted terephthalate MIL-53 using DMF

102104 H,O is a particularly compelling

as solvent, producing crystals of 800-1000 nm.
solvent as is a cheap, safe and green solvent with no security associated protocols
rewarding its storage neither its manipulation, which is of particular interest for
commercial protocols. What is more, water has the lower environmental, safety and
health impact, according to solvent selection guides of companies such as GSK or
Pfizer. % Moreover, pure MIL-53-NH; crystals were obtained with high STY of
3000-10000 kg - m™ - d!, being competitive with the reported production of different
already commercialized MOFs (STY for Basolites® ~3000 kg - m™ - d7!).1%17 When
comparing the MW assisted synthesis of MIL-53-NH, with the conventional
hydrothermal method, the reaction time is reduced in a 99.9 % (from 72 h to 5
min), and STY is increased 1000 fold times (3 ws. 3000 kg-m?-d"' in the
conventional and MW heating, respectively).’” According to all this, the protocol
here presented for the MW assisted synthesis in water of MIL-53-NH, has strong

potential for scaling up to industrial production.
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ETHANOL: MIL-88B-NH, was the predominant phase observed
when using ethanol as reaction medium. Pure MIL-88B-NH; has been previously
obtained under microwave irradiation (1= 1500 nm, thickness ratio=5) but using
DMEF as reaction medium at higher temperatures (150 °C) and with longer reaction
times (10-15 min).!'% Taking into account DMF toxicity, the protocol proposed
in this work for the first time in microwave with EtOH provides a safer alternative
for the production of MIL-88B-NH,. In addition, comparing this MW-assisted
synthesis with the conventional solvothermal with EtOH, MIL-88B-NH, reaction
time is reduced also a 99.9 % (from 72 h to 5 min).*

DIMETHYLFORMAMIDE: Optimization of crystal phases was more
complicated using DMF as reaction medium. Interestingly, MIL-88B-NH,

needles synthesized in DMF are 8 times longer than those formed in
EtOH under similar conditions (without acid) and the length:thickness ratio is
two-fold times the EtOH ones (4.55 + 1.42 vs. 1.96 £ 0.65, respectively). Previous
reports also achieved bigger particle size using DMF as solvent.!'1% This
emphasizes once again the important role of the reaction media on the formation
of the different phases and its effect on the crystallinity and particle size, due to
their different interactions with the alternating MW irradiation. Despite DMF
toxicity and higher cost compared to EtOH, might be the preferred reaction media
for applications where higher crystallinity is required.

As previously stated, these results represent only the first step into the
attainment of MNPQMOF via MW assisted BaS synthesis. The viability of the
concept has been already published for the AgQIRMOF-3 composite,’” yet are few
representatives of this powerful synthesis tool (as MW reactions are potentially
scalable compared to other BaS methods, as layer by layer MOF growth).”
Preliminary results unveiled the possibility of AgPVP NPs association to the
mesoporous MIL-101-NH, (see Chapter 5, section 5.3). This outcome set the
grounds for the development of further research at the APMU, within the
framework of the Furopean Training Network ‘HeatNMof’ belonging to Marie
Sklodowska-Curie Actions.!®

Thinking of large-scale production, MW assisted synthesis benefits for being
a scalable technology that enables uniform heating, and therefore, uniform reaction
a priori independent of the vessel volume. Even MWs could be used as batch reactor
at industrial scale, MW radiation has a limitation in depth penetration that limits
the final reactor size. For avoiding penetration issues, it is a much more interesting
strategy to devise a continuous flow tubular reactor with MW heating. Continuous
flow microwave (CFMW) reactors have already been exploited in organic synthesis
at industrial scale.'” In addition, the feasibility of CFMW reactors applied to MOF
synthesis has been proved by Ranocchiari and his group, with the synthesis of
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benchmark structures: zirconium terephthalate UiO-66, aluminum terephthalate
MIL-53(Al) and copper benzenetricarboxylate HKUST-1.1 They obtained high
crystalline solids in a multigram scale (~20 g) with extraordinary STY, 4000-6500
kg - m? - d!, that even surpassed those of commercial Basolites (from BASF).” In
the last year, the CFMW assisted synthesis was also reported for MIL-100(Fe),'
and UiO-66-(OH),.'? According to all this, it is expected that soon will appear
industrial patents regarding this powerful technology. For this reason, further
investigation on MOF CFMW assisted synthesis, both on new and already reported
phases, as well as with or without association of MNPs; is a really appealing
research line, and especially for those applications requiring large scale synthesis of
MOFs. Its implantation will reduce MOF production time and energy consumption,
and hence, production cost, that will ease MOF penetration into market.

Association of biomolecules to MOFs

Up to this point the discussion was related to the association of MNP to
MOFs. Nevertheless, there are other interesting AS, such as biomolecules, that
could be integrated within their structure to enhance MOF properties
and even impart new ones.'” Biomolecules are AS in organisms, they are
ubiquitous and exhibit biological functions that are essential for maintaining basic
life activities. Under the umbrella of biomolecules could be included big molecules
as carbohydrates, nucleic acids, antibodies, lipids and proteins (oligopeptides,
oligonucleotides, enzymes), as well as small molecules as amino acids, fatty acids
and drug molecules among others.

It should be mentioned here that this thesis author, AAV, has collaborated
with Dr. Pablo del Pino’s group (Centro Singular de Investigacion en Quimica
Bioloxica e Materiais Moleculares, CiQUS, Spain) in order to associate active
biomolecules in MOFs for their NIR-triggered release upon MOF degradation inside
living cells. This work presented a MOF-based vehicle for drug delivery. For
demonstration of the controlled release, the biocomposite consisted on gold
nanostars coated with ZIF-8 and loaded with the blue fluorescent dye Hoeschst
H33258, used for DNA staining.” Precisely, the collaboration entailed the
confirmation of the different AS association by means of thermogravimetric analysis
and N, sorption measurements. Further, interest in biomolecule association, and
more precisely on drug delivery, motivated the redaction of the article review
“Metal-organic frameworks: A novel platform for combined advanced therapies”
(Coordination Chemistry Reviews, 2019, 388, 202-226; Q1, [F:14,5), together with
Dr. Sara Rojas and Dr. Patricia Horcajada.!' This review reports complex MOF
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bioplatform systems (7.e.: two or more AS are encapsulated, controlled delivery at

target, monitorization of administration) to pursue more efficient treatments.

Synthesis of biomolecule-embedded MOFs involves biomolecule integration
by covalent bonding, physical adsorption, or entrapment within their porous
structure (see Chapter 1 section 1.3 for further details about AS association).
Another option for biomolecule integration in MOFs is BioMOF synthesis, where
biomolecules are directly used as ligands.'® Such is the case of the K-based azolate
biocide BioMOF-1, previously mentioned in this chapter.”® Due to biomolecule
relatively fragile and complex nature, extra requirements are essential for their
association, compared to the previously studied MNPs: i) due to biomolecule
complicated structure, electrostatic interaction or covalent bonding might become
difficult, and a suitable association strategy should be followed for preventing
biomolecule leaching, ii) biomolecule functionality must be preserved after
association, whence their immobilization conditions ought to be biocompatible, iii)
it is pertinent to ensure accessibility to the biomolecule active sites after association,
as it might limit its final activity, and iv) conservation and storage of the obtained
biocomposites is also important, as disturbances in the environment (i.e.: radiation,
temperature, dispersion in organic solvents) can degrade sensitive biomolecules.
Another point to consider, depending on the final composite application, is the
selection of a biocompatible MOF structure with the suitable crystal size (e.g.: drug

116

delivery).

In Chapter 6 was presented the BaS immobilization of enzymes into MOF's,
(more specifically lipases) to attain highly specific and efficient heterogeneous
biocatalysts. Even so, are enzymes really that attractive? Is it important to
invest time in their association to different carriers? Definitely, yes.
Enzymes are able to increase reaction rates a billion times and trigger reactions
with high specificity and efficiency, procuring high reaction yield with reactions
products of high purity (see more details in Chapter 1 section 1.3.2.2 Enzymes). So
much so, that even today they are used at industrial processes for production of
food, cosmetics, detergents, pharmaceuticals and several chemicals, as their
operation in milder reaction conditions and selectivity is translated in reduced
manufacturing costs.!'™ 2 Even more, industrial demand of enzymes is expected to
grow at a compound annual growth rate of 6.4% from 2020 to 2027.'2' Therefore,

without doubt enzymes are actually interesting catalysts.

However, all industries suffer from the same common limitation, i.e. lack of
enzyme stability and recyclability. Several strategies have been followed for
overcoming those drawbacks. Here should be acknowledged the extraordinary work
of the 2018 Chemistry Nobel Prize Dr. Frances H. Arnold and her contributions to

enzyme directed evolution in order to promote commercially viable enzyme
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biocatalysts.'?” Nevertheless, biocatalyst optimization should not only consider
enzyme activity and functionality, but it should also procure an increase in
operational stability and expanded lifetimes. Or what is the same, it is required a
multidisciplinary approach to meet industrial market demands.'® Hence, studies
rewarding enzyme immobilization, as the ones here presented in Chapter 6 (that
considered lipase heterogenization by their association to MOF's), are still relevant
and they will provide more robust biocatalysts for their application in a broader
range of industrial reactions.

As seen in Chapter 1 Table 1. 3 SiB postsynthetic encapsulation is at the
moment the most utilized strategy for lipase immobilization in MOFs. In spite of
the simplicity of using presynthesized MOFSs, the large size of some lipases
compared to the much smaller aperture of most common MOFSs presents limitations
to this approach. Here is where BaS association appears as a promising alternative.
There are plenty of reports that considered the use of zeolitic imidazolate
frameworks, such as ZIF-8 (see Table 1. 3), for the one-pot encapsulation of lipases
due to their negligible cytotoxicity and their biocompatible synthetic
conditions.Even though, ZIF's structures do not exhibit great stability. Hence, there
is interest in the study of alternative MOF's for lipase association, their synthesis
and the final lipase@QMOF biocomposite properties.

The MW assisted synthesis route previously proposed for BaS MNP
association was not suitable for lipases due to their fragile nature and the risk of
enzyme denaturalization, losing their biocatalytic activity. It was pursued an
alternative route, with an in situ soft-heated association at moderate temperatures.
The MOF selected for lipase immobilization, iron(IlI) fumarate MIL-88A, has a
water-based synthesis protocol a priori compatible with the lipases to be
encapsulated. Nevertheless, the previously reported procedures for MIL-88A
production were considered harsh for the lipases,'**!*! and they required adaptation
for the attainment of lipase@MIL-88A composites. After optimization, it was
proposed a BaS simple, rapid and soft green two-step protocol that first
involved MOF crystal seed nucleation and second lipase in situ
encapsulated by MIL-88A growth. In contrast with previously reported works,
this is a faster procedure (total synthesis and biocomposites recovery time of 4 h
compared to the 7 days required for biomimetic mineralization of MIL-88A coating
bovine serum albumin)'® and compromises lipase encapsulation inside the MIL-88A
(by comparison to the encapsulation of enzymes inside a hollow sphere shell made
of MIL-88A crystals).'” Therefore, here designed method outstands from previous
state-of-the-art. Interestingly, the protocol was used for the association of two
lipases of different size: P-f and C-r lipase (34 and 60 kDa, respectively). This
exposes the potential the BaS synthesis MIL-88A as support for lipase@MIL-88A

biocomposites.
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After material characterization and validation of the biocomposites activity,
even under extreme pH (see Chapter 6 6.4 Characterization), its activity for the
transesterification reaction of soybean oil into biodiesel was evaluated, one of the
industrial reactions that will drive the industrial enzyme market in the following
years.””! In this work, not only a green solvent free reaction was pursued, but
whereas previous works rewarding lipase@QMOF biocatalyst for biodiesel
production, the reaction products were qualitatively determined to analyze possible
influence of the MOF in the biocomposite.'?” 3! That is to say, the possible active
role of the MOF in the biodiesel catalysis was also analyzed for the first time.
Qualitative results in Figure 6. 10 evidenced that there was a different FAME
production of free and encapsulated enzymes. Consequently, this pioneer work not
only evidences the MOF structure effect on the immobilized enzyme
selectivity towards biodiesel production, as a proof of concept, but also has
practical repercussions on the biodiesel chemical nature and its future application.
Considering the similar energetic power of both main biodiesel products (standard
energy densities = -37 vs. -39 kJ - ¢! in C-16:0 E and C-18:2 E, respectively) and
their different melting point (mp), P-f-lipase@MIL-88A would be a more
appropriate biocatalyst for biodiesel used under warm weathers (C-16:0 E mp = 29
°C), while the selectivity towards unsaturated acids of C-r-lipase@MIL-88A makes
it more suitable for winter biodiesel (C-18:2 E mp = -35 °C).'*

Further analyses are required to determine the source of this possible
lipase@MOF chemoselectivity. For instance, determination of MOF adsorption
selectivity towards reagents (soybean oil triglycerides) and products (FAMEs), as
selectivity might arise from restrictive diffusion through MOF porosity and
accessible windows. In addition, complementary characterization to FTIR should
be carried out to determine the interaction between lipase and MOF structure, as
it could illustrate if, alternatively, selectivity arises from enzyme conformational
changes within MOF defects and porosity. For instance, via circular dichroism
characterization, as it could give information on the secondary structure
composition and tertiary structure fingerprints of enzymes, more precisely focusing
on the amide I and amide II bands, groups with shifted FTIR peaks (Figure 6. 5).133
Besides figuring out the cause of the experienced product selectivity, it is interesting
to go one step further from qualitative to quantitative determination of FAMEs, as

129.134.135 This will clarify reaction

presented by more recent publications on the topic.
conversion: the real amount of triglycerides transformed into esters and if there has

been produced the unwanted hydrolysis reaction (production off free fatty acids).

On the whole, the identification of the biodiesel products, considered here
for first time in contrast with total FAME analysis, stresses the relevance of the
proper selection of the MOF substrate to promote its active role on the immobilized

lipase selectivity and maximize the composite biocatalytic activity. In addition,
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with the aid of the determination of the origin of the extra selectivity, it opens
many perspectives to increase selectivity in biocatalysis by finding the appropriate
lipase-MOF pair.

Reported works considering association of biomolecules to MOFs have
proven their interest in many applications: biosensing, biomedicine (e.g.: drug
delivery, biolectronic devices), industrial biocatalysis (e.g.: food and pharmaceutical
production), and separation and pollutant removal (i.e.: oxidation-reduction),
among others.’®® Nevertheless, present state-of-the-art in the field, even the work
here presented, is at its infancy and mostly in the proof-of-concept stage. In
consequence, studies concerning industrial conditions, or in vivo tests in the cases
of biomolecule delivery, are urgently needed to gain knowledge on their practical
application. This will implicate collaboration between material scientists, chemists,

biologists, and engineers, inter alia.

Recapitulation

The main objective of this thesis was to harness MOF's ordered porosity for
the association of active species within their crystalline structure to develop new
and advantageous composites with enhanced properties. In order to achieve so, in
this work were selected previously reported benchmarked structures, whose porosity
and accessible windows could match the size of the targeted AS or whose synthetic
procedure was compatible with the AS stability (.e.: metallic NPs and enzymes).
The selected materials were prepared at IMDEA Energy using APMU laboratory
installations. Consequently, knowledge of MOF synthesis, purification and
characterization has been acquired during the development of the doctoral thesis.
Furthermore, the association strategies here presented that led to the different
AS@QMOFs were likewise designed during this thesis.

In Chapter 3, AgNPs (~5 nm) were associated to the photoactive
microporous titanium terephthalate MIL-125-NH, using a SiB two-step protocol,
that involved impregnation followed by chemical reduction of the silver salt
precursor. An improvement of the association of Ag nanospecies to MIL-125-NH,
was accomplished in Chapter 4. In this case, much better control on both the Ag
nanospecie size, attaining AgNCs of ~1 nm (i.e.: 28 atoms), and their location,
solely within the MIL-125-NH,, was achieved by means of ultrafast photoreduction
(15 s).

Encapsulation of ASs by growing a MOF shell surrounding them, or what is
the same, following BaS synthetic procedures, was also explored in this thesis. MW
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assisted solvothermal synthesis has been considered by APMU as a remarkable tool
for the BaS association of MNPs into MOF's. For doing so, in Chapter 5 is presented
a systematic study on the influence of different reaction parameters for the
obtention of pure phases of the polymorphic iron(IIl) aminoterephthalate family:
MIL-53-NH,, MIL-68-NH,, MIL-88B-NH, and MIL-101-NH,. Moreover, even not
optimized, the MW assisted BaS synthesis of AgNP@QMIL-101-NH, was presented
in this chapter, validating the potential of MW irradiation for BaS composite

production.

Due to their fragile nature, MW is not an option for the BaS association of
enzymes. Accordingly, in Chapter 6 was developed a green soft method for the
immobilization of lipases in the flexible structure of the biocompatible iron(III)
fumarate MIL-88A. After heterogenization of lipases of P. fluorescens and C. rugose
on the MIL-88A not only they were available for recovery and recycling, but also
were protected in the lipase@QMIL-88A composite from harsh environments, as

acidic reaction media.

As it has been seen in previous chapters, the different synthesized ASQMOF
composites were validated in a plethora of relevant applications: treatment of
microbial-contaminated surfaces, water remediation and catalysis of chemical
compounds of industrial interest. Due to their diversity, some of these studies were
carried out in collaboration with other researchers and institutions, actively
participating in the experiment design and result analysis to gain experience and
understanding. This versatility in MOF purposes emphasizes once again the

numerous fields of interest in which MOFs could have a potential application.?37

Several experiments were carried out to better understand the composite
activity in the previously mentioned applications, considering the role of their
individual constituents and the AS-MOF interaction in the resulting enhanced
properties, and they will be further discussed in this chapter. In addition, special
attention has been paid to the analysis of the stability of the ASQMOF under the

experimental conditions.

The novelty of this work does not rely on the attainment of new MOF
crystals that increment the always growing PCP family. On the contrary, it is based
on further exploration of their advantageous properties. In this case, their porosity
and tunable structure has been exploited for the association of AS and composite
synthesis, in order to enhance their optoelectronic properties. Even the research
here presented could be considered as basic and with a low technology readiness
level, it is oriented to topics of great interest as the attainment of bacteria free
surfaces or water purification. Furthermore, it increases MOF knowledge and
promotes their not so future transition from laboratory to the shelf for the general

public.
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Chapter 8
Conclusions

“Fvery new beginning comes from
some other beginning’s end”

Seneca

In the present thesis, different approaches have been presented for the

association of active species to Metal-Organic Frameworks to enhance their inherent

properties. From the analysis of the results, the following conclusions have been
deduced:

1.

The robust and microporous MIL-125-NH, is an ideal scaffold for the
association of Ag nanospecies following SiB association routes.

Small AgNPs (5 nm) have been efficiently associated to MIL-125-NH,, both
with micro- and nano-crystal size, by a simple two-step impregnation-
reduction method. Remarkably, as a result of their strong interaction, the
AgNPQ@QMIL-125-NH, composite exhibited enhanced optoelectronic properties.

Thin films of the AgNP@QMIL-125-NH, exhibited an outstanding antifouling
and photobactericide effect against challenging S. aureus biofilm, as a result
of the combination of its triple complementary biocide activity: MOF inherent

antibacterial effect, promoted by the presence of AgNPs and enhanced after
UVA irradiation.

AgNCs smaller than 1 nm (~28 Ag atoms) have been successfully stabilized

within MIL-125-NH, porosity by an ultrafast two-step photoreduction

protocol.
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10.

11.

12.

13.

The strong metal-matrix interaction in AgNCQMIL-125-NH, leads to a
photoactive composite with a 2.4 eV energy band gap, demonstrating a great
potential for the visible light assisted degradation of demanding emerging
organic contaminants in water, such as the dye methylene blue (MB) and the
challenging antibiotic sulfamethazine (SMT).

The photodegradation of contaminants under continuous flow using MOFs
has been performed here for the first time, enabling the purification of 6.50
L-h'-gt!of SMT contaminated water.

Apart from a photoactive role, MILL-125-NH, can also exhibit a passive role
for the active AgNCs, providing a support for heterogeneous industrial
catalytic processes, as the hydrogenation of 4-nitroaniline.

Careful control of the reaction parameters can lead to the efficient preparation
of pure phases of the iron(IIl) aminoterephthalate polymorphic MOF family
under microwave-assisted solvothermal reaction with tunable size and high
space-time yields, comparable to those of commercial MOFs.

The thermodynamic phase MIL-53(Fe)-NH, has been obtained for the first
time under microwave assisted hydrothermal conditions, opening the door for
its industrial production.

The beneficial selective heating procured by microwave irradiation enables
the BaS association of AgNPs in the MIL-101-NH,, even further studies are
required for achieving a homogeneous core@shell system.

An in situ simple green two-step protocol has been developed for the efficient
association of lipases to the biocompatible and flexible microporous iron(III)
fumarate MIL-88A. Besides preserving activity, lipases were protected even

under acidic denaturalization conditions.

Lipase@MIL-88A composites are efficient biocatalysts on the relevant model
reaction of transesterification of soy-bean oil to biodiesel, with a solvent free
optimized procedure. P-flipase@MIL-88A biocatalyst demonstrated enzyme

recyclability preserving its activity even after 5 cycles.

Determination of the nature of the biodiesel reaction products enabled the
identification of an interaction between MOF-lipase pair that procured extra

reaction selectivity.
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Conclusiones

En esta tesis se han llevado a cabo diversas estrategias para la asociacion de

nano especies activas a Redes Metal-Organicas para la mejora de sus propiedades.

Las siguientes conclusiones se derivan de los resultados obtenidos a lo largo de este

estudio:

1.

La estructura porosa y robusta del MIL-125-NH, supone un andamio ideal
para la asociacion de nano-especies de plata empleando técnicas de
asociacion del tipo difusion o SiB.

Se han asociado pequenas AgNPs (5 nm) al MIL-125-NH,, tanto en el caso
de micro como de nano cristales de MOF, mediante un proceso simple de
impregnacién-reducciéon en dos etapas. Cabe destacar que la fuerte
interaccién entre las AgNPs y el MOF confieren al composite AgNPQMIL-
125-NH, propiedades optoelectronicas mejoradas.

Los recubrimientos de tipo film delgados de AgNP@MIL-125-NH; exhibieron
una destacable actividad antiadherente y fotobactericida frente a los biofilms
de S. aureus, como resultado de la combinacién de su triple efecto biocida
complementario: i) la actividad antibacteriana inherente del MOF, ii) la
presencia de AgNPs, y iii) la respuesta frente a irradiacion UVA.

Adicionalmente, se han estabilizado AgNCs menores de 1 nm (~ 28 nm) en
la porosidad del MIL-125-NH,, quedando asociados tinicamente en el interior
del MOF, mediante una sintesis por fotorreduccién ultrarrapida de dos
pasos.

La fuerte interaccion de los AgNCs con el ligando del MOF hacen que el
composite AgNCQMIL-125-NH; presente una transicion de energia mejorada
de 2.4 eV, que permite la adsorcién de energia en el rango visible. Por ello,
se trata de un potencial fotocatalizador para la fotodegradacién mediante
luz visible de contaminantes emergentes en agua, como son el tinte azul de
metileno (MB) y el antibiético sulfametazina (SMT).

Se ha presentado por primera vez la aplicacion de MOFs para la
fotodegradaciéon de contaminantes en régimen continuo, consiguiendo

purificar 6.50 L - h' - g de agua real contaminada con SMT
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11.

12.

13.

Ademas de presentar un papel activo, el MIL-125-NH, también puede actuar
como soporte pasivo que proteja a los AgNCs para su uso en catalisis
heterogénea en procesos industriales, como es el caso de la hidrogenacién de

la 4-nitroanilina.

Un control preciso de los parametros de reaccion en la sintesis solvotermal
asistida por microondas permite la obtencién de fases puras de la familia
polimérfica de MOFs basados en aminotereftalato de hierro(Ill), ademés de
elevados rendimientos espacio-tiempo, comparables con aquellos de MOFs

comerciales.

La fase termodinamicamente estable MIL-53-NH, ha sido obtenida por
primera vez mediante sintesis hidrotermal asistida por microondas,

permitiendo asi una posible producciéon industrial de la misma.

El calentamiento selectivo de los reactivos que se consigue mediante la
irradiacion microondas permite la encapsulacion BaS de AgNPs al MIL-101-
NH,, aunque son necesarios futuros estudios para conseguir una distribucién
homogénea del tipo nicleo@corteza.

Se ha desarrollado un procedimiento in situ de quimica verde para la
asociacién en dos pasos de lipasas al MIL-88A, un fumarato de hierro(III)
flexible y biocompatible. Tras su inmovilizaciéon las lipasas no sélo
conservaron su actividad, sino que ademas estuvieron protegidas frente a la

desnaturalizacién en medio acido.

Los composites de tipo lipasa@MIL-88A han demostrado su potencial como
biocatalizadores eficientes en una reaccion de relevancia: la
transesterificacion de aceite de soja en biodiesel mediante un proceso
optimizado en ausencia de solventes. En concreto, el biocatalizador P-f-
lipasa@MIL-88A permitié la reciclabilidad de la lipasa, preservando la
actividad de esta tras 5 ciclos de reaccion.

La determinacion de los productos de la reaccion de obtencién de biodiesel
ha permitido la identificacion de la interaccion MOF-lipasa que proporciona

una selectividad extra a la reaccién.
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Supporting information Chapter 3

I.I1. Synthesis of MIL-125-NH:

MIL-125-NH; solvothermal synthesis was carried out in a round bottom flask

according to previously reported experimental procedure, optimized within APMU
members.! In a typical synthesis, H,-BDC-NH, (76 mmol, 13.75 g) was dissolved in
a mixture of 200 mL of DMF (2.5 mol) and 50 mL of methanol (MeOH, 1.25 mol)
at RT under stirring. The mixture was placed in a round bottom flask equipped
with a condenser and was warmed at 100 °C under air. When the mixture reached
the temperature of 100 °C, titanium(IV) isopropoxide (50 mmol, 15 mL) was added
and then, the MilliQ) water (50.56 mmol, 0.91 mL). The mixture was kept under
stirring and heated at 100 °C for 72 h under air. The obtained yellow solid was
filtered and washed in the filter twice with 100 mL of DMF at RT. For complete
activation and release of solvents from the porosity, the as-synthesized solid was
dispersed at RT in DMF under stirring overnight (50 mL of DMF per 1 g of
product). Then, the same procedure was repeated twice using MeOH instead of
DMF. The MIL-125-NH, bright yellow solid was finally dried at 100 °C. This is
material is also called in this manuscript as microMOF, as its particles are ~ 500
nm (see Figure Al 1).
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*

500 nm

Figure AL 1: TEM micrograph of MIL-125-NH, (microMOF)

Solvothermal synthesis of nanoMIL-125-NH, was also fulfilled following a

procedure previously reported by APMU,? with a similar experimental setup as the
microMOF but kept at 100 °C for only 32 h under air. The obtained yellow powder
was centrifuged and washed with DMF and methanol. NanoMIL-125-NH, should
be kept in methanol for preventing nanoparticle aggregation This material is called
in the manuscript also as nanoMOF, in comparison with the microMOF, as their
particles are below 300 nm (see Figure Al 2).

Figure AL 2: TEM micrograph of nanoMIL-125-NH, (nanoMOF)

I.II. SiB association of AgNPs via chemical

reduction

In the sections below will be presented the synthetic protocol optimization
for the SiB attainment of AgNP@QMIL-125-NH, composites, prepared in this thesis
with presynthesized MIL-125-NH,, with both micro and nano MOF particles and
the association of AgNPs by chemical reduction of preimpregnated silver salts.
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I.I1.i. MIL-125-NH: with micron particle size
(microMOF)

The SiB association of AgNPs to microMIL-125-NH; (microMOF) by
chemical reduction was inspired by the methodology presented by Liu et al. for
MIL-101 * and MIL-100(Fe).* For the discussion of the optimization of the
impregnation-reduction protocol, TEM micrographs will be analyzed (being the
AgNPs the ones with higher contrast in the micrographs), as it enables the
determination of the resulting AgNP size and distribution as well as the final
composite morphology.

First attempts considered an initial step of impregnation of 250 mg of
activated MIL-125-NH, with 2 mL of a 0.2 M AgNOs solution (75 mg, 0.44 mmol)
in CH3CN, stirred during 4 h at RT. The recovered material was put under Ar
atmosphere for reduction with NaBH4 as reducing agent (E=-0.481 V), with 1 mL
of a 0.55 M absolute ethanol solution and let stir for 3 h under inert atmosphere.
NaBH, was added in excess to ensure complete reduction from Ag™ to Ag’. The
final AgNP@QmicroMOF 1 brown solid was recovered by centrifugation and
thoroughly washed with absolute ethanol to remove the excess NaBHs and dried at
100 °C.

Optical inspection indicated association of Ag due to the material color
change from yellow to brown. The presence of Ag was additionally confirmed by
EDS with a Ti:Ag wt.% of 70:30 (being lower than the starting 55:45 wt.%). From
the TEM micrographs can be seen that the reduction process was aggressive with
the host MOF as the MIL-125-NH, characteristic disc shape was affected and
become difficult to recognize (see Figure Al. 3 A). While the protocol presented by
Liu et al. was suitable for MIL-100, it could not be directly extrapolated to MIL-
125-NH,. The observed AgNPs had a diameter of 7 + 3 nm (as determined from
TEM micrographs, n=245).

In order to diminish MOF' degradation during the reduction of the silver salt
to AgNPs, a second attempt was carried out decreasing the NaBH,:Ag molar ratio
from 2.5 to 2 but still keeping an excess of reducing agent. Therefore, the prepared
reducing solution was of 0.4 M NaBH, in absolute ethanol. Color change from yellow
to brown was observed almost right after the addition of the reducing solution and
let stir again for 3 h (sample AgNP@QmicroMOF 2). TEM analyses revealed that
the shape of MIL-125-NH, was better preserved, even though with a rough external
surface (see Figure Al. 3 B). The reduction of the NaBH,:Ag molar ratio appeared
not to have an effect on the AgNP formation (=10 + 5 nm, n=100), and was
selected for the reduction. In spite of this, better control of the reduction step could
produce AgNPs with a lower size dispersion and even be less aggressive with the
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MIL-125-NH, particles. Again the Ag content determined by EDS was lower than
the expected (Ti:Ag wt.%: 70:30 vs. experimental 55:45 wt.%). This suggested that
impregnation step could also be improved.

500 nm
AgNP@michOF 1
D) § 3

Figure Al 3: TEM micrographs of different AgNP@QMIL-125-NH, composites, during the
optimization of the synthesis protocol: AgNP@microMOF 1 A) & D), AgNP@microMOF 2 B) &
E) and AgNP@QmicroMOF 3 C) & F). Scale bar 500 nm (up) and 50 nm (low)

With the conclusions extracted, a new impregnation-reduction protocol was
designed to overcome the previous limitations. In this case, the impregnation of 250
mg of microMOF with 2 mL of a 0.2 M AgNOssolution in CH3;CN, was first done
under sonication for 2 h and stirred during 16 h at RT. The recovered dry solid
was dispersed in 2 mL of absolute ethanol prior to the reduction under inert
atmosphere. The addition of the 1 mL of the 0.4 M NaBH, solution in ethanol was
done dropwise and only let stirring for just 10 min, shortening the reaction time of
the reduction. The sample, AgNP@QmicroMOF 3, was recovered by centrifugation
and washed with absolute ethanol to remove the excess NaBH.. Images of the
AgNP@microMOF 3 composite (see Figure Al. 3 C) revealed that reducing the
time of reduction was beneficial for preserving MIL-125-NH, crystallinity and its
characteristic disc shape. Even more, 10 min was enough for the formation of
AgNPs (U= 8 + 4 nm, n=120). It could be seen that the AgNP were not
homogeneously distributed on the sample. Nevertheless, the amount of Ag
associated, as determined by EDS, was again a Ti:Ag 70:30 wt.%. despite of the
aid of ultrasounds for the infiltration of the AgNO; salt trough the pores and the
longer contact time. It was concluded that the Ag association reached saturation
of the MIL-125-NH, host as in all synthesized materials (AgNP@QmicroMOF 1,2
and 3) the same weight ratio between Ti:Ag was achieved.

As a consequence, the updated impregnation reduction protocol was
attempted reducing significantly the amount of starting AgNOs;. For sample
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AgNP@QmicroMOF 4, 250 mg of MIL-125-NH, were impregnated with 2 mL of a 7
mM AgNOs solution in CHsCN (being Ti:Ag wt.% of 97:3) by sonication (2 h)
followed by stirring (16 h, RT). For the reduction, 1 mL of a 15 mM solution of
NaBH, in absolute ethanol were added dropwise over a 2 mL absolute ethanol
suspension of the impregnated microMOF under Ar atmosphere and stirred for 10
min. The recovered AgNP@QmicroMOF 4, as determined by EDS, matched the
expected Ti:Ag wt.% of 97:3, having a 100 % impregnation yield indicating that
the protocol was suitable. From the micrographs could be seen that AgNPs were
present in all microMOF host particles (see Figure Al. 4 A) and had a ¥=4 + 2
nm (n=100). Accordingly, the adjustments made appeared to be beneficial for the
association of AgNPs.

AgNP@microMOF_4 AgNP@microMOF_5

Figure Al 4: TEM micrographs of different AgNP@QMIL-125-NH, composites, during the
optimization of the synthesis protocol: AgNP@microMOF_4 A) & C) and AgNP@QmicroMOF 5
B) & D). Scale bar 100 nm (up) and 20 nm (low)

After several attempts verifying the impregnation-reduction protocol was
appropriate for the SiB association of different contents of AgNPs to the MIL-125-
NH; scaffold, certain parameters were defined: the concentration of the silver salt
solution was settled on 22 mM of AgNO; in CH3;CN; the concentration of the
reducing agent solution was fixed on 18 mM in absolute ethanol, considering 2
molar equivalents of NaBH, per mol of AgNOs3; reduction should be carried in inert
atmosphere, adding the reducing solution dropwise and stirring for 10 min. As an
example, the composite AgNP@microMOF:5 could be seen in Figure Al. 4 B),
prepared under this conditions with a Ti:Ag weight ratio of 92:8 wt.% (0=7 + 3
nm). Low angles tilt of the TEM sample holder revealed that bigger AgNPs were
adsorbed on the surface while smaller ones were within the microMOF structure,
probably allocated in defects generated by NP growth and agglomeration in the

pores.
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I.I1.ii. MIL-125-NH: with nanoparticle size
(nanoMOF)

As MIL-125-NH; has a tunable particle size, was also ambitioned to extend
the SiB simple impregnation-reduction protocol from the microMOF to likewise
load AgNPs in the nanoMOF. For better understanding of the SiB synthesis of the
AgNP@nanoMOF sample, here is introduced information extracted from the
original publication previously presented in Chapter 3.7

Briefly, here is presented the impregnation-reduction protocol applied to
nanoMIL-125-NH; to reach the saturation of AgNPs. As the nanoMOF should be
kept in methanol for preventing NP aggregation, an initial solvent exchange with
CH;CN by centrifugation previous to the impregnation was required. Once
exchanged, the wet NPs (equivalent material corresponding to 250 mg of dry
nanoMOF) were redispersed in 20 mL of a 22 mM AgNOj solution (Ti:Ag raio 55:45
in wt.%) in CHsCN by sonication (2 h) and let stir at RT for 16 h. The silver-
impregnated nanoMOF (Ag*@nanoMOF') was recovered by centrifugation and once
again exchanged the solvent to absolute ethanol. After solvent exchange,
Agr@nanoMOF was put under Ar atmosphere stirring with 30 mL of absolute
ethanol. For the reduction, a 50 mL absolute ethanol solution of 18 mM NaBH,
was added to the previous ethanol mixture drop by drop and let stir for 10 min
under Ar. The composite AgNP@nanoMOF was then recovered by centrifugation
and preserved in absolute ethanol. Even the presence of Ag on the
AgNP@QnanoMOF was appreciable at naked eye due to the macroscopic color
change of the sample: brownish compared to the yellow of the pristine nanoMOF
(see Figure S 1 in APPENDIX III), additional characterization revealed that
AgNP@nanoMOF composite was successfully prepared using the simple and
efficient two-step SiB protocol (for further characterization please refer to
publication “An Ag-loaded photoactive nano-Metal-Organic Framewrok as a
promising biofilm treatment”, and its supporting information in APPENDIX III

).

I.11.iii. Extension to other MOF's

Extending the visible range absorbance is of interest of other photoactive
MOFs as the zirconium aminoterephthalate UiO-66-NH, or
Zrs04(OH)4[CsH504N]6.57 Tt consist of an inner ZrgO4(OH)s core in which the
triangular faces of the Zr6-octahedron are alternatively capped by p3-O and u3-
OH groups. It All of the polyhedron edges are bridged by carboxylates (-CO.). It
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has a significant porosity (Sger=1110 m? - g'!) accessible through triangular windows
of 6 A. As well as MIL-125-NH,, has a limited visible absorption with E,= 2.7 V.
For this reason, the association of AgNP using the above mentioned SiB
impregnation-reduction protocol was attempted with UiO-66-NHo.

UiO-66-NH; both in micro and nano particle form were synthesized following
previous reports. 1 For the association, a low Zr:Ag weight ratio was selected
(97:3). Accordingly, 250 mg of UiO-66-NH, were put in contact with 1 mL of a 22
mM AgNOs solution in CH3CN by sonication (2 h) and let stir for 16 h. The
preimpregnated solid was recovered by centrifugation and put under Ar atmosphere
with 2 mL of absolute ethanol. Reducing solution consisted of 1,6 mL of a 18 mM
NaBH; solution in absolute ethanol and was added dropwise over the UiO-66-NH,
dispersion and keep stirring during 10 min in an inert atmosphere. Final
AgNP@QUio-66-NH; composites were recovered by centrifugation.

Figure AL 5: TEM micrographs of: A) AgNP@QmicroUiO-66-NH, (scale 0.5 pm) and B)
AgNP@nanoUiO-66-NH, (scale 100 nm)

Lamentably, as TEM micrographs of Figure Al. 5 showed, the SiB optimized
protocol for MIL-125-NH, was not successful for the association of AgNPs to UiO-
66-NH,. In the case of the micro UiO-66-NH,, impregnation was not homogeneous
as some crystals had an abundant population of AgNPs while in other silver was
completely absent. For the nano UiO-66-NH, (MOF particles @= 20 + 3 nm,
n=200), the resulting AgNP were surrounded or encased by the MOF particles in
an aleatory manner, indicating interaction with the external surface but not with
the porosity. What is more, impregnation of nanoUiO-66-NH, might have not taken
place due to is lower porosity (Sger= 370 vs. 1110 m?- g' of the micro) and the
lower crystallinity of the MOF." Further studies are being conducted by APMU
researchers on optimizing the SiB association of AgNPs to UiO-66-NH,, but are
outside of this thesis.
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1.1 Introduction

Bacteria are the most common microorganisms present on Earth

and can be found in almost every habitat. While some of these bac-
teria are beneficial, a great proportion is the cause of the propaga-
tion of several diseases and infections [1]. Apart from the direct
health care implications, unwanted bacteria colonization is of high
relevance in other less obvious industries and applications (food
packaging, marine shipping, water treatment, heat exchanging sys-
tems, etc.), thus, having a significant environmental and socioeco-
nomic impact [2].

Over the last decades, there has been a radical change in the ap-
proach to treat infections. Although infectious diseases have been
traditionally treated with antibiotics, their frequent use has led to
the prevalence of resistant bacterial strains [3]. While classical
evolving infections are believed to entail the free-floating (plankton-
ic) bacteria, the appearance of chronic infections is related with ses-
sile aggregation of microorganisms, known as biofilms [4]. These
bacterial micro-environments are formed by irreversibly attached
microorganisms and extracellular polymeric substances (EPS) in
interaction with a substrate. The biofilm formation process involves
the development of a protective environment to the growing colony
ideal for bacterial proliferation. It is well known that cells within
biofilms experience: i) differentiation in response to the local condi-
tions they are subjected to, ii) cell-to-cell communication (quorum-
sensing) and iii) demonstrated resistance to environmental stresses
[5]- Therefore, the need for new bactericides is a pressing real chal-

Metal Organic Frameworks, edited by Vikas Mittal
© 2019 Central West Publishing, Australia
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lenge and encourages biologists, chemists and materials scientists to
develop efficient antibacterial agents. Different strategies have been
developed in order to resolve the issue during several stages of bio-
film formation (i.e. contact, attachment, proliferation, maturation
and dispersion), such as 1) limiting switch from planktonic to bio-
film lifestyle, 2) limiting initial adhesion and interaction, 3) interfer-
ing in bacterial communication, with quorum-sensing autoinducers,
4) developing anti-adhesive surfaces and 5) promoting dispersion
[6]. Several chemical disinfectants, both inorganic (TiO2, ZnO, Ag,
NO, [, etc.) and inorganic-organic hybrid materials (montmorillonite,
zeolites and silica based sol-gels) [7] have been increasingly used
against Gram (-) and Gram (+) bacteria in several consumer prod-
ucts (e.g. catheters, prosthesis, food wrap films, etc.) [8,9].

In recent years, a new type of hybrid materials, called metal or-
ganic frameworks (MOFs) (also known as porous coordination pol-
ymers (PCPs)), has been developed as promising biocide materials
[10]. These crystalline solids consist of inorganic units (e.g. atoms,
clusters and chains) connected via ionocovalent bonding to polyden-
tate organic ligands (e.g. carboxylates, phosphonates and azolates),
leading to porous 3D frameworks (Figure 1.1). Due to their excep-
tional porosity (up to Brunauer-Emmett-Teller surfaces-Sger = 7000
m2 g-1; pore diameter = 3-90 A) [11] and compositional and struc-
tural versatility, MOFs stand out as ideal candidates for several stra-
tegic applications, both at industrial and social level (e.g. separation,

sensing, catalysis, energy, etc.) [12]. More recently, their use has
O_rganlc Cations
ligand

Figure 1.1 Schematic representation of a MOF.

been explored in biomedicine (e.g. diagnosis, drug delivery and
cosmetics) [13]. Some of the advantages of MOFs compared to other
antibacterial materials are as follows: i) both organic and inorganic
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components of MOFs can provide bactericidal activity by the gener-
ation of reactive oxygen species (ROS), ii) they have a uniform and
ordered distribution of active sites and iii) metal release to the me-
dia during degradation tends to be more homogeneous. In addition,
not only their framework can be bioactive, but they can also entrap
diverse bactericidal agents and increase their disinfection power
[14].

Taking into consideration these properties, MOFs as biocide
agents can be classified according to the origin of their bioactivity: i)
MOFs with intrinsic antimicrobial activity, which comes from the
network, or ii) MOFs with extrinsic antimicrobial activity, which
arises from a hosting therapeutic agent that is associated to their
structure [15]. The first one entails the controlled degradation of the
MOF for the liberation of the active components (metal, ligand or
both) and these structures are normally referred to as ‘ion reser-
voirs’ [16,17]. The second classification requires the release of the
active ingredients (Als, e.g. metallic nanoparticles, NPs, drugs, etc.)
via diffusion through the MOF porosity or leakage upon MOF disso-
lution. Since the first reported one dimensional (1D) PCP with bio-
cide properties in 2010-2012 [18,21], diverse studies have explored
the use of MOFs as antibacterial agents. Recently, Wyszogrodzka et
al. [14] also reviewed the topic in greater details.

The aim of this book chapter is to review the development of an-
timicrobial MOFs (limiting them to porous 3D structures), with ei-
ther intrinsic or extrinsic activity, including not only some Al immo-
bilization strategies and examples of their integration in several
devices (membranes, thin films, etc.), but also their applications.

1.2 Intrinsic Antimicrobial Activity

As mentioned above, the origin of the bactericide effect in MOFs
with intrinsic antimicrobial activity relies on the activity of its indi-
vidual (organic and/or inorganic) components. It is well-known that
certain metals (e.g. Cu, Ti, Ag, Zn and Fe) [22-24] possess a bioactive
character. As a consequence, these have been selected in several
studies as inorganic building units for the formulation of MOFs to
obtain antibacterial frameworks. Other strategy is the use of drugs
and other therapeutic biomolecules as organic ligands for building
metal biomolecules frameworks (or bioMOFs). Some of these ‘bioac-
tive ingredients’ have been further discussed by Rojas et al. [17].
Even more, both the cation and ligand can have disinfectant proper-
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ties, and, therefore, the final MOF exhibits an additive or synergistic
bactericide effect.

Some of the advantages of intrinsic antimicrobial activity of
MOFs over other solids are: i) active antibacterial agents are ob-
tained relatively easily, by just considering the MOF synthesis pro-
tocol (e.g. without the need of other impregnation steps), ii) there is
no need to achieve high porosity in these frameworks as the bacte-
ricidal activity comes from the constituents, iii) they can be synthe-
sized with different particle sizes, which strongly determine their
final biodistribution, toxicity and activity [25], iv) they can remain
stable in bio-relevant conditions with time to achieve their purpose
and v) they have an uniform and ordered distribution of active sites,
along with more homogeneous release to the media during degrada-
tion.

In this section, 3D MOFs with intrinsic biocidal activity are com-
piled, organized according to the source of their effect: derived from
the metal, ligand or both.

1.2.1 Antimicrobial Activity Derived from Metal

The MOFs studied as ‘metal reservoirs’ were firstly compiled by
Wyszogrodzka et al. [14] in 2016 (Table 1.1). In combination with
these, an up-to-date compilation is presented here, organized by the
nature of the selected metallic cation.

The antibacterial action of silver has been extensively utilized,
from consumer products to medical devices. Although its mecha-
nism of action is not completely understood, it is believed that it
results from the Ag+ delivery, which interacts with the bacterial cell
membrane and plasma components, thus, affecting their function
[22]. Interestingly, Liu et al. [26] were the first to report the synthe-
sis of three Ag-based metal organoboron frameworks for use as Ag*
reservoir against planktonic Escherichia coli (facultative aerobic
Gram (-)) and Staphylococcus aureus (aerobic Gram (+)). The as-
prepared micrometric crystals were subjected to the standard disk
diffusion method, thus, measuring the bacterial growth inhibition
zone to evaluate the biocidal activity. The minimum inhibitory con-
centration (MIC) for both bacteria was 300 ppm of MOF, Ag content
being 12 wt% (36 ppm). The Ag* release from the three MOF struc-
tures, determined in distilled water by inductively coupled plasma
optical emission spectroscopy (ICP-OES), was 3.7, 4.4 and 5.2 106 g
per day. Berchel et al. [16] also evaluated the antibacterial activity of
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the Ags[C;H40sP] MOF, previously reported by the same group [27],
against S. aureus, E. coli and Pseudomonas aureginosa (aerobic Gram
(-)).- The minimal active bactericidal concentration (MBC) in the
culture medium was determined by means of optical density and
plate count, with Ags[C;H4+OsP] displaying interesting bactericidal
properties with a broad antibacterial spectrum. Given the proven
negligible bactericidal effect of the ligand, 3-phosphonobenzonic
acid, the authors concluded that the MOF activity might exclusively
come from the Ag* released from the MOF.

To further develop new MOFs based on Ag and aromatic-
carboxylic acids ligands containing hydroxyl and pyridyl groups, Lu
et al [28] generated three new structures, Agx(3-
NPTA)(bipy)o.s(H20) [28] (Figure 1.2), Ag2[(0-1PA)(H20)-(H30)] and
Ags[(PYDC)2(OH)] [29], with the ligands 3-/4-nitrophthalic acid and
4,4’-bipyridyl in the first, whereas 5-hydroxyisophthalic acid and
pyridine-3,5-dicarboxylic acid in the other two. The developed
MOFs exhibited a significant antimicrobial activity against S. aureus

Figure 1.2 Ball and stick representation as well as polyhedral
representation of the tetranuclear unit (a), a 2-D layer magnification part
of the structure (b) and 3D framework (c) in Ag2(3-NPTA)(bipy)o.s(Hz20).
Reproduced from Reference 28 with permission from Royal Society of
Chemistry.
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and E. coli. Their MICs, estimated by optical density, were in the
range of 10-20 ppm of MOF, which indicated relatively higher anti-
bacterial activity in suspension as compared to other MOFs (20 vs.
300 ppm [26]). These Ag-based MOFs also showed higher activity in
the inhibition zone test as compared to Ag nanoparticles (AgNPs).
Based on the findings from ICP-OES and transmission electron mi-
croscopy (TEM) images, the authors proposed that the bactericidal
mechanism was due to the delivery of Ag* and their interference
with the cell membrane, resulting in the loss of cellular cohesion
(Figure 1.3).

Figure 1.3 TEM morphological images of cell structures: intact and
damaged E. coli (a, b); intact and damaged S. aureus (c, d). Reproduced
from Reference 28 with permission from Royal Society of Chemistry.

For the development of novel Ag-MOFs based on polyoxomet-
alates (P;W1s), useful for their abundant coordination sites, Wang et
al. [30] reported three original structures based on Ag as cation.
They evaluated their potential biocide properties via inhibition
zone, observing that the ligands (1,3-bis(1,2,4-triazol-1-y1)propane
and 1,4-bis(1,2,4-triazol-1-y1)butane), dimethyl sulfoxide (solvent
used for the synthesis) and P;Wis displayed almost no inhibition
against S. aureus and E. coli, while the Ag-MOFs exhibited a similar
inhibition as AgNO3z (positive blank used as reference of Ag* re-
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lease). Zhang et al. [31] recently essayed the S. aureus viability
against the SD/Ag14 open MOF, with cyclopropylacetylene and p-
toluenesulfonate as building blocks shaping the Agis cluster. The
authors determined a MIC of 5 ppm via plate count, which was
smaller than the 20 ppm reported for AgMOFs by Lu et al. [28,29].
Another group of MOFs with metal-induced intrinsic antimicro-
bial activity are Cu-based MOFs. Again, the release of Cu2+ is the key
to promote disinfection. These cations can adhere to bacterial cell
membranes and cause their cytolysis and release of intracellular
content, resulting in the loss of bacteria viability [32]. With the aim
of investigating the effect of MOF morphology on bacterial viability,
Wang et al. [33] synthesized the Cu-pyridine MOF with different
shapes (rhombus layers, rhombus discs, rhombus lumps and bread-
like) and determined the MIC against Gram (+) (Bacillus subtilis and
S. aureus) and Gram (-) bacteria (Salmonella enteriditis, E. coli, Pro-
teus vulgaris and P. aeruginosa). Overall, the rhombus lumps exhib-
ited the best antibacterial performance (e.g. E.coli MIC = 6.25 ppm),
although the mechanism of action was not analyzed. The antibacte-
rial activity of the well-known microporous Cu trimesate (CuBTC,
also called HKUST-1) [34] was first proved by Abbasi et al. [35] on
dense coating on silk fibers (see Section: Devices and Applications).
Soon afterwards, Chiericatti et al. [36] reported the first use of
HKUST-1 as an antifungal agent. The material showed higher anti-
fungal activity against Saccharomyces cerevisae than Geotrichum
candium in plate count. The physicochemical characterizations per-
formed after assays determined that HKUST-1 activity resulted from
the release of Cu ions upon framework degradation. HKUST-1 fungi-
cidal effect has been further studied recently by Celis-Arias et al.
[37] against Aspergillus niger, Fusarium solani and Penicillium chrys-
ogenum, taking into consideration the effect of the MOF particle size.
HKUST-1 doped with CuO NPs (2 wt%, HKUST-1-NP) exhibited
higher disinfection at lower concentration, particularly against P.
Chrysogenum, when compared with pristine HKUST-1 and a propor-
tional amount of CuO-NPs. HKUST-1 coated by activated carbon (AC-
HKUST-1), generated by an in-situ ultrasound assisted synthesis,
was also explored as a dye absorbent for water treatment as well as
an antibacterial agent against challenging multidrug-resistant S.
aureus and P. aeruginosa by Azad et al. [38]. The obtained MIC val-
ues were 100 and 50 ppm, respectively, without significant differ-
ences in the biocidal activity of the AC-HKUST-1 and blank HKUST-1,
thus, ruling out the effect of the AC on the bactericidal effect. Never-
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theless, the coated material exhibited higher dye adsorption capaci-
ty with a 97% removal as compared to 63% for HKUST-1. Addition-
ally, the copper terephthalate surface-anchored MOF Cu-SURMOF-2
has also been proposed by Sancet et al. [39] to treat biofilm for-
mation in the maritime environments against the Gram (-) halo-
philic Cobetia marina. Preliminary stability studies of the layer-by-
layer synthesized MOF, carried out with X-ray diffraction (XRD) and
ICP-OES, revealed that Cu-SURMOF-2 was stable in water and artifi-
cial sea water during the 2 h contact time of study. Nevertheless, the
MOF lost its cohesion with C. marina present in the medium and had
a fast release of 2 ppm of Cu in 2 h. The authors suggested that the
EPS delivery affected the MOF integrity after bacterial attachment to
the surface, thus, leaching Cu+ions that interfere with the viability of
bacteria. Indeed, LIVE/DEAD staining showed 80% of C. marina yel-
low, which indicated initial viability affection. The atomic force mi-
croscopy (AFM) and scanning electron microscopy (SEM) micro-
graphs revealed a wrinkled bacterial surface, when in contact with
the Cu-SURMOF-2 for 2 h. Figure 1.4 also shows the inhibition zone
test analysis.

3 ‘A 0
i 5 {43 o - ‘ : -
&\_\Viable bacteria
Figure 1.4 Inhibition zone test carried out with a MOF pellet (green circle)

on top of a petri dish (inhibition zone (orange circle) and viable bacteria
(blue circle)).

In addition, several cobalt complexes have been previously re-
ported with proven antiviral and antibacterial efficacy [40]. In this
case, it is believed that these complexes promote the ROS generation
when cations are in the culture broth, thus, affecting the function of
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the plasma membrane proteins. Hence, it might be reasonable to use
Co as a building unit of biocide MOFs. However, one might also con-
sider the potential toxicity of cobalt when compared with, for in-
stance, an endogenous metal such as zinc (oral LDso (rats; consider-
ing sulfate salts) = 1710 and 424 mg/kg [41,42] and daily doses = 15
and 0.03 mg, for Zn and Co, respectively) [43]. In this respect,
Zhuang et al. [44] synthesized the porous Co-TDM MOF with Co and
an octa-topic carboxylate ligand, tetrakis[(3,5-dicarboxyphenyl)-
oxamethyl] methane, to probe its bactericidal effect against two
strains of E. coli. Bacterial growth was evidenced via optical density
at 600 nm (ODsgo) in contact with 10-15 ppm of Co-TDM over an 8 h
period. This bactericidal effect was observed even after 20 minutes
in contact with the E. coli strains. TEM observations of the damaged
bacteria led to the conclusion that the cell death resulted due to the
disruption of the cell membrane when in contact with the MOF.
Aguado et al. [45] selected two cobalt imidazolates, ZIF-67 (ZIF:
zeolitic imidazolate frameworks) and Co-SIM-1 (SIM: substituted
imidazolate material) as bactericidal materials. The authors con-
ducted agar plate diffusion tests and determined MIC via OD meas-
urements against S. cerevisiae, Pseudomonas putida and E. coli, using
AgTAZ PCP for comparison purposes, selected for its commercially
available ligand (1,2,4-triazole) and the well-known activity of Ag.
With a progressive cobalt release (over 3 months) within the range
of previously studied Ag-based materials [16,26], the selected Co-
based MOFs showed higher activity than AgTAZ. In another study,
the authors dispersed Co-SIM-1 in polylactic acid (PLA), a polymer
derived from renewable resources with natural hydrophilicity that
reduces biofuling tendency, and electrospun into fibers with antimi-
crobial effect against P. putida and S. aureus [46] (see Section: De-
vices and Applications).

Lastly, MOFs constituted by Zn building units have also been re-
ported as biocide materials. Zn, as a biocompatible endogenous cat-
ion (daily recommended dose = 15 mg) [43], has attracted the inter-
est of researchers due to its bactericidal and bacteriostatic proper-
ties. The mechanism of action has been thoroughly studied and at-
tributed to ROS generation and enhanced membrane permeability,
internalization of NPs due to loss of proton motive force and uptake
of toxic dissolved zinc ions [47]. Although most of the reported stud-
ies are based on the activity of extrinsic Al (see Section: Extrinsic
Antimicrobial Activity), a few studies deal with the intrinsic activity
of zinc. For instance, Martin-Betancor et al. [48] evaluated the bacte-
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ricidal activity of the zeolite imidazolate framework, Zn-SIM-1,
against suspensions of photosynthetic cyanobacteria (Anabaena,
Synechoccocus) in comparison with Co-SIM-1 and AgTAZ. The bio-
cidal activity of the materials was determined by measuring chloro-
phyll a concentration and performing inhibition zone tests. Co-SIM-
1 exhibited slightly superior activity as compared to its Zn MOF ana-
logue. As it was elucidated that the biocidal activity was a result of
the dissolved metals present in the culture medium, total ion

Table 1.1 Compilation of the MOFs used as ion reservoir for bactericide

applications
Compound Metal | Ligand Ref.
[(AgL)NOs]-2H20 T e (A
[(AgL)CF3503]-2H.0 Ag L‘Egslg‘lﬁr Dborane [26]
[(AgL)Cl04]-2H:0 pyridyidury
Ags[C7H405P) Ag 3-Phosphonobenzoate [16]
[Ag2(0-IPA)(H20)-(H30)] | Ag 5-Hydroxyisophthalic [29]
[Ags(PYDC)2(OH)] Ag zzliiildlne-B,S-dlcarboxyhc [29]
C24H39Ag7N24065P2W1s Polyoxometalate: P2W1g0e26-
C35Hs53Ag7N30063P2W1s Ag Ligand: bis(triazole) with [30]
C36He0Ag4N27064P2Wis different spacer lengths
C171H173Ag42Cl9010S3 Ag p-toluenesulfonate [31]
CuC12H1aN206 Cu 44"-dicarboxy-2,2" 33]
bipyridine
HKUST-1 Cu Be-ncene 1,3,5-tricarboxylic [36]
acid
Cu-SURMOF 2 Cu Be_nzene 1,4-dicarboxylic [39]
acid
tetrakis [(3,5-
Co4(H20)2(TDM)(H20)s | Co dicarboxyphenyl)oxamethyl] | [44]
methane acid
ZIF-67 Co 2-methylimidazolate [45]
QIM. 4-methyl-5-imidazole car- [45]
Co-5IM-1 Co boxaldehyde [48]
" [45]
AgTAZ Ag 1,2,4-triazole [48]
4-methyl-5-imidazole car-
Zn-SIM-1 Zn boxaldehyde [48]
BioMIL-5 Zn Azelaic acid [49]
Ag Bencene 1,3,5-tricarboxylic [50]

acid
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concentration was determined with two experimental techniques
(ICP-OES and heavy metal bioreporter) and via chemical computa-
tional modelling (Visual MINTEQ). The experiments revealed a
higher amount of Co dissolved in the medium, occasionally double of
the Zn concentration, therefore, explaining the higher activity of the
Co-SIM-1 material as compared to Zn-SIM-1.

1.2.2 Antimicrobial Activity Derived from a Cation-Ligand
Combined Effect

There are plenty of references in the literature related to the MOFs
made of endogenous and/or therapeutically active ligands (also
known as bioMOFs) and their applications in biomedicine (drug
delivery, imaging and sensing [13,15,17,25,51,52]), however, only a
few reports can be found concerning their antibacterial activity.

Occasionally, the combination of different species is required to
provide a cooperative therapeutic effect. BioMOFs based on antibac-
terial cations and bioactive ligands (Figure 1.5) represent this useful
combination, as these can be specifically designed for a particular
application. Such is the case of the [Ag(p3-PTA=S)]n(NO3)s-nH20 bi-
oMOF [53], which combines the antimicrobial activity of Ag and
aminophosphine  1,3,5-triaza-7-phosphaadamantane derivative
(PTA=S). The bioMOF was screened against E. coli, P. aeruginosa and
S. aureus, determining MIC values of 11, 14 and 56 ppm, respective-
ly. A control with the corresponding amount of silver exhibited MIC
values of 37, 368 and 368 ppm, whereas the MIC of the PTA=S ligand
alone was over 600 ppm for the three bacteria. This led to the con-
clusion that the anti-bactericidal effect of [Ag(us-
PTA=S)]n(NO3)n'nH20 was the result of the combination of its con-
stituents.

Tamames-Tabar et al. [49] synthesized biocompatible and bioac-
tive Zn azelate, BioMIL-5, which inhibited the growth of S. aureus
and S. epidermis due to its individual components. BioMIL-5 pro-
gressively degraded in the culture broth and water, thus, releasing
active constituents. Antibacterial activity studies included the de-
termination of MIC and MBC of Zn, azelaic acid and BioMIL-5 (MIC:
0.5, 1.5 and 1.7 ppm; MBC: 2.0, 3.0 and 4.3 ppm), where no synergic
but additive activity was found, along with the determination of the
duration of the effect under these concentrations. While smaller
concentration (0.5 and 1.7 ppm) significantly decreased the growth
rate, the inhibitory effect over bacteria was prolonged up to 7 days
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at the MBC concentration of 4.3 ppm. Other bioMOF, [Zn(p-4-
hzba),].-4(H20), based on Zn and hydrazinebenzoate ligands was
reported by Restrepo et al. [54], along with the assessment of its
effective antimicrobial efficiency against S. aureus. Diffusion of the
powder on the agar plate was observed to produce higher inhibition
zones than the ligand alone, whereas both exhibited similar meta-
bolic bacterial activity inhibition, measured through the fluorescein
diacetate (FDA) fluorescence staining method. Stability studies indi-
cated that [Zn(p-4-hzba);].-4(H20) provided a slower and more
controlled release of the ligand, indicating a long-term potential.
Although not experimentally proven, the combined antimicrobial
activity of a Zn-based MOF, (Znz(ppa)2(1,3-bdc)(H20)), coordinating to
a quinolone-like drug, was also suggested in another study by Duan et
al. [55].

N 0
N( ( ?\] /?K/\/\/\j\ OH
Pi/ "o or HoNHN
a) b) )

Figure 1.5 Chemical structure of some antimicrobial ligands used in the
preparation of bioMOFs: a) 1,3,5-triaza-7-phosphaadamantane (used in
[53]), b) azelaic acid (used in [49]) and c) 4-hydrazinobenzoic acid (used in

[54])-

Finally, the antibiotic effect of few MOFs based on potentially an-
timicrobial ligands has been suggested in some literature studies,
however, no experimental microbiocidal results have been present-
ed. Bio-MIL-3 [56], a porous calcium 3,3’,5,5’-
azobenzenetetracarboxylate with accessible metal acid sites, is able
to adsorb and deliver significant amounts of NO. As Ca has a priori
no effect on bacteria, it is suggested that a potential antimicrobial
activity could result from the ligand (azobenzene derivative) [57],
being further increased by the encapsulation of NO on the metal
sites (see Section: Association of Therapeutic Agents). Similarly, a
Ba(Il) azodibenzoate, Ba(4,4’-ADB), was also reported as a potential
antimicrobial MOF based on the bactericidal activity of its ligand
[58].
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1.3 Extrinsic Antimicrobial Activity

Although the permanent porosity of MOFs has been traditionally
exploited for the capture and storage of several fluids (e.g. CO2, CHa,
Hy, etc.) [59], an interest in the encapsulation of biologically active
species (AS: biomolecules, enzymes, metallic nanoparticles, etc.) has
also risen. Apart from being allocated within the framework (de-
fects, porosity, etc.), these AS could interact with different functional
groups in the ligands (e.g. -NHz, -OH, -SO3H, -Br, among others) via
van der Waals forces and/or hydrophobic and electrostatic interac-
tions [60]. In this manner, MOFs can be used as stable carriers of AS,
exhibiting an extrinsic activity associated with their cargo.

In the case of MOFs used as antibacterial agents, both metallic
nanoparticles and therapeutic agents have been immobilized on
their structure to achieve extrinsic antimicrobial activity. Even
more, when included in a MOF with intrinsic bactericidal effect,
their individual actions can be complemented. The mechanism of
action might result from the performance of the composite entity
(AS@MOF), while on other occasions, the AS is required to be re-
leased to come in contact with the target bacteria, via diffusion from
the MOF porosity, detachment from its surface or release subse-
quent to MOF degradation. In literature, the recent efforts seem to
move the focus towards the development of MOF composites with
extrinsic antimicrobial activity.

1.3.1 Strategies for Immobilization of Active Species

MOFs are commonly proposed as immobilizing supports due to
their high surface area, robustness and compositional versatility.
Three different synthetic procedures for the immobilization of AS on
MOFs can be distinguished: i) diffusion, ii) in-situ or de novo synthe-
sis and iii) chemical and physical forces [61].

The diffusion protocol, also known as ‘ship-inside-a-bottle’, is
normally achieved in two steps: 1) MOF synthesis and activation, to
ensure a free porosity and 2) post-synthetic encapsulation of the AS
by diffusion through the porosity (see Figure 1.6(a)). Some limita-
tions of this procedure are: i) the size of the AS to be encapsulated is
limited by the pore dimensions, ii) the potential leaching of the en-
capsulated AS and iii) the precise control on the final location of AS
within the framework is challenging to achieve, as a fraction might
be interacting with the surface instead of being allocated in the MOF
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porosity. These deficiencies can be overcome with the in-situ syn-
thetic protocol, as the AS is placed in contact with the MOF precur-
sors (metal and ligand), which serves as a seed for the crystal
growth of the framework surrounding them (‘bottle-around-a-ship’,
see Figure 1.6(b)). In this case, the main constraint is the compati-
bility between the integrity of the AS and the MOF synthetic condi-
tions, in order to preserve their nature and activity.

The third synthetic procedure involves the adsorption of AS on
the outer MOF surface via different forces, either weak (van der
Waals forces and/or hydrophobic and electrostatic interactions) or
covalent interactions (see Figure 1.6(c)). As in the diffusion proce-
dure, this strategy involves the use of preformed MOFs prior to the
post-synthetic surface modification. Considering the high inter-
nal/external surface ratio, it is expected that the resulting composite
has a lower AS association compared to the other procedures.

Figure 1.6 Representative structures of the AS@MOF composites achieved
using different synthetic approaches. Reproduced from Reference 62 with
permission from American Chemical Society.

1.3.2 Association of Metallic Nanoparticles

Noble-metal-nanoparticles@MOF core shell heterostructures have
become promising candidates for many relevant applications (e.g.
catalysis, imaging and sensing) [63] (Figure 1.7). In the case of an-
timicrobial MOF composites, Ag nano-species have been widely se-
lected for their extensive biocidal activity [64] to achieve extrinsic
bactericidal properties.

Ximing et al. [65] used in-situ synthesis to generate spherical
copper porphyrin derivative MOF, CuTPP, as outer shell for previ-
ously prepared AgNPs and provided structural characterization of
the composite material. Ag-CuTCPP ion release, determined via ICP-
OES, indicated that CuTCPP MOF was stable, and the Ag composite
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exhibited a steady Ag* release. In vitro antibacterial tests were car-
ried out against E. coli, S. aureus and B. subtilis. MIC of Ag-CuTCPP
against E. coli was higher than the control, indicating an inefficient
treatment. Nevertheless, MIC for S. aureus and B. subtilis strains
were within the same range as penicillin (even though the MIC val-
ues were higher than the Ag and Ag* positive controls). After con-
tact with Ag-CuTCPP, the SEM micrographs of planktonic bacteria
suggested that the released Ag* caused cell disruption and bacterial
death by intracellular content leakage. In addition to the bactericidal
properties, the potential of Ag-CuTCPP for wound healing was also
investigated. For this purpose, cytotoxicity was also determined
using a half inhibitory concentration (IC50) value of 50.3 pg-mL-1.
The material exhibited lower cytotoxicity than free AgNPs (6.5
pg-mL-1). In vivo wound healing for infection in mice was then per-
formed, which resulted in higher antibacterial effect of Ag-CuTCPP
MOF as compared to penicillin, along with better sustenance of the
activity with time (as demonstrated by colony count in heart, lung,
liver and kidney).

Figure 1.7 Example of a TEM micrograph of a noble-metal-
nanoparticles@MOF, with the loaded NPs in higher contrast (scale bar 100
nm).

Thakare and Ramteke [66] also anchored AgNPs on MOF-5 and
combined the photo- and bioactive properties against E. coli, inacti-
vating 90% of bacteria in 1 h. However, the experimental conditions
used for the synthesis of the material (silver content is not speci-
fied) and for the biocide experiments (E. coli strain, MOF concentra-
tion, irradiation A and W) need to be described in detail.
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Mortada et al. [67] took advantage of the free pyridyl and dicar-
boxyl groups present in the Zr-based MOFs UiO-67-bpydc and UiO-
66-2CO0H (using 2,2'-bipyridine-5,5'-dicarboxylate and 1,2,4,5-
benzenetetracarboxylate as ligands) respectively, to metalate silver
cations by post-synthetic modification. Metalation was confirmed by
a combination of experimental techniques, determining an Ag con-
tent of 12 and 13 wt% in UiO-67-bpydc and UiO-66-2COOH respec-
tively. OD measurements enabled the determination of MIC, which
was observed to be 50 ppm for Ui0-67-bpydc and 75 ppm for UiO-
66-2CO0H, corresponding to 6.5 and 9.6 ppm of Ag respectively.
These results are observed to be comparable to the Ag-based MOFs
synthesized by Lu et al. [29].

Guo et al. [68] employed an in-situ procedure to prepare a core-
shell composite consisting of pre-synthesized Ag nanowires with
Zn-imidazolate ZIF-8 and tested antibacterial activity against B. sub-
tilis and E. coli. MIC, determined by ODsoo, indicated that 200 and
300 ppm of Ag@ZIF-8, corresponding to 80 and 120 ppm of Ag re-
spectively, were required to prevent the growth of bacterial colonies
of B. subtilis and E. coli respectively. Positive controls of Ag nan-
owires and pristine ZIF-8 generated with the same MIC concentra-
tions exhibited lower antibacterial efficacy than Ag@ZIF-8, suggest-
ing a synergistic effect of the Ag core and the ZIF-8 shell, which sta-
bilized the silver release.

1.3.3 Association of Therapeutic Agents

Studies on the cytotoxicity of MOFs [69] have indicated the potential
of using MOFs as therapeutic carriers, with potential applications in
drug delivery and as antimicrobial agents. Even more, bioMOFs,
used as hosting material, can be used for the concomitant admin-
istration of more than one therapeutic agent.

Early work in this field considered the encapsulation of NO (an
important biological signaling molecule), owing to its antibacterial
and wound healing activities [70]. NO adsorption and release was
thoroughly studied using MOFs, in particular, metal hydroxytereph-
thalate M-CPO-27 (M= Co, Ni, Zn; also called MOF-74) and HKUST-1
[71]. McKinlay et al. [72] presented the activity of Ni-CPO-27, loaded
simultaneously with NO and the antibiotic metronidazole, against P.
aeruginosa and S. aureus. The multi-rate delivery of the bactericidal
agents was assessed, with NO release faster than the larger metro-
nidazole molecules. Antibacterial activity tests revealed the relative-
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ly effective intrinsic biocidal activity of the pristine MOFs. Encapsu-
lation of metronidazole solely resulted in slight reduction of the
intrinsic activity due to the reduced ability to release metal ions, as
the channels were blocked with the antibiotic. Nevertheless, the
inclusion of NO and metronidazole significantly increased the inhi-
bition of metabolic activity, thus, resulting in bactericidal perfor-
mance even at shorter durations due to the fast NO release, along
with sustenance of the material activity up to 10 days.

lodine, another known bioactive molecule [73], was successfully
encapsulated in ZIF-8 by Au-Duong and Lee [74] to benefit from the
MOF degradation under acidic pH for progressive release. Both io-
dine adsorption and release at pH=6 were studied prior to the bio-
cide tests. Firstly, the activity of iodine and I@ZIF-8 was demon-
strated by inhibition zone against E. coli, S. epidermis and S. aureus,
and the composite was active in plates with pH preadjusted to 6
(MOF dissolution), but not pH=7. Bacterial viability and growth in-
hibition, determined by colony counting, showed that the three
strains were neutralized with a dosage of 200 ppm of I@ZIF-8 after
3 minutes only. Further, I@ZIF-8 thin films deposited over glass
slides were used to determine the inhibition of biofilm formation.
After dropping 100 pL of E. coli and S. aureus bacterial suspensions
at pH 6 and 7, slides were observed with only LIVE/DEAD stain un-
der confocal microscope. Images revealed the loss of membrane
integrity (red stain) at pH=6, indicating again the pH-controlled
iodine liberation.

The use of ZIF-8 for drug encapsulation has also been explored in
other studies. Nabipour et al. [75] made use of the pH-dependent
stability of ZIF-8 to release the antibiotic ciprofloxacin (CIP), previ-
ously encapsulated by diffusion. CIP release in pH 7.4 and 5.0 buff-
ers was monitored by UV-vis spectroscopy and the antimicrobial
activity against E. coli and S. aureus was determined by disk diffu-
sion as well as determination of the inhibition zone. At pH 5, almost
70% of the CIP was released within the first 5 h, while at pH 7.4, as
ZIF-8 was more stable, 70% release of CIP took 48 h. The larger in-
hibition zone of CIP-ZIF-8, compared to the free CIP and the pristine
MOF, was associated with the gradual degradation of ZIF-8 and the
release of Zn2+ and CIP. Chowdhuri et al. [76] co-encapsulated in
one-pot synthesis procedure vancomycin (VAN) and folic acid (FA)
in ZIF-8 to treat multi-drug resistant S. aureus and E. coli. MBC of
ZIF-8@FA@VAN against S. aureus was 16 ppm and >512 ppm for E.
coli. With the help of the conjugated carbon dots and the evaluation
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of their fluorescent emission by confocal fluorescence microscopy, it
was observed that ZIF-8@FA@VAN internalization was significantly
higher in the case of S. aureus, explaining the greater biocide activity
of the composite against this strain. In addition, S. aureus bacteria
treated with ZIF-8@FA@VAN exhibited a higher ROS generation,
indicating it to be the possible mechanism of cell death. SEM images
of treated S. aureus revealed a damaged surface compared to the
control, while no significant change was observed in E. coli. These
results suggested the potential use of ZIF-8@FA@VAN for the
treatment of challenging multi-drug resistant S. aureus.

Nabipour and coworkers proposed another Zn-based MOF for
the encapsulation of different drugs with antibacterial properties.
The authors explored the post-synthetic inclusion of nalidixic acid in
the porosity of Znz(bdc):(dabco) [77], where the Zn cluster was
linked to bencenedicarboxylates and diazabicyclooctanate. The ac-
tivity of the developed MOF against E. coli and S. aureus was ana-
lyzed. Inhibition zone test indicated a higher inhibition in the case of
E. coli, higher than the inhibition of the pristine MOF and drug alone
in both strains. Antibacterial activity revealed a MIC value lower
than 0.05 ppm for both strains. More recently, the authors also pre-
sented Znz(bdc)z(dabco), loaded with gentamicin [78], immobilized
by diffusion. In this case, only the inhibition zone was evaluated,
being higher for S. aureus. From the results of both studies, it is rea-
sonable to derive the importance of the selection of the drug to be
immobilized for attributing extrinsic antimicrobial activity to a MOF
composite.

Claes et al. [79] explored the stimulus-responsive degradation of
the porous iron(IIl) terephthalate MIL-88B(Fe) to release antibio-
film compounds (Figure 1.8). Salmonella enterica subspecies S.
Typhimurium secretes siderophores that have a high affinity for iron
and can produce a controlled release of the inhibitor encapsulated
in the MOF lattice by metal complexation. 5-(4-Chlorophenyl)-N-(2-
isobutyl)-2-aminoimidazole (IMI) was the selected antibiofilm com-
pound, with a 10 wt% encapsulated by diffusion in a previously ac-
tivated MIL-88B(Fe) solid. MOF degradation in water and in pres-
ence of an external chelator (Nas citrate) was verified. The results
showed that the presence of IMI within the porosity did not affect
the stimulus-responsive degradation and that IMI was easily trigger
released. To test the inhibition of biofilm, the MIL-88B(Fe) micro-
metric particles were deposited by drop-casting on polystyrene pe-
tri-dishes. Non-loaded MIL-88B(Fe) is non-toxic to biofilm. With 1
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mg-cm-2 concentration of MOF loaded with 10 wt% of IMI, 70+10 %
of S. Typhimurium were inhibited without the need of external che-
lators, compared with the non-coated petri dish. Interestingly, by
increasing the MOF coating to 1.25 mg-cm-2, almost no biofilm was
grown on the MOF surface.

enterobactin

D Triggered release of IMI from MIL88B(Fe) ¢§ g\_,;
xrf)" = Ironcluster

Figure 1.8 Anti-biofilm compound release from MIL-88B(Fe) by
competitive metal complexation. Depicted are (A) the chemical structure of
the anti-biofilm compound (IMI), (B) chelation of Fe(III) by the
siderophore enterobactin, (C) adsorption of IMI in MIL-88B(Fe) visualized
from the c-axes and (D) the triggered release of IMI from MIL-88B(Fe).
Hydrogen atoms are hided except for the enterobactin molecules in (B) and
(D) (C =dark grey; O =red; N = green; Fe = purple; H = light grey; Cl = or-
ange). Reproduced from Reference 79 with permission from American
Chemical Society.

Also made from iron, the microporous biocompatible carboxylate
MOF-53 NPs were used by Lin et al. [80] as platform to encapsulate
VAN by physisorption and release it due to the pH-dependent MOF
degradation (Figure 1.9). Release studies in PBS revealed that more
than 90% of VAN was released at pH 7.4 and 6.5 after 24 h, while at
pH 5.5, around 75% VAN was released during the same period. Bac-
terial inhibition of S. aureus suspensions against VAN@MOF-53 with
20 wt% of VAN was determined by CFU plate count, determining
that bacteria were no longer viable with 200 ppm of VAN@MOF-53.
In addition, the absence of cytotoxicity of VAN@MOF-53 was deter-
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mined using an MTT assay carried with calvarial cells of mice. Nase-
ri et al. [81] presented a new Cu-based bioMOF with 4,4’-
biphenyldicarboxylate as ligand and cytosine as extrinsic antimicro-
bial. Cytosine was embedded with a simple one-step sonochemical
method. MIC and MBC were determined against Proteus mirabilis
(1600 and 2000 ppm respectively), which were observed to be rela-
tively higher as compared to the other materials presented in this
review.

MOF-53 "MOF-53 MOF-53 MOF-53 ControF
(20) (40) (80) (160)

(25) (50) (100) (200)

S. aureus

MOF-53@Van MOF-53(@Van )ﬁol“-ﬁ} @Van MOF-53(@Van
,',""I

|

MOF-53@Van MOF-53@Van MOF-53@Van MOF-53@Van
(25) (50) (100) (200)

Control MOF-53 MOF-53+Van
(20) (20+5)

S. aureus

Figure 1.9 (Top): Representative images of viable S. aureus grown on
different samples after 24 h of culture ; (Bottom): SEM morphology of S.
aureus seeded on various samples after incubation at 37 °C for 24 h. The
scale bar is 1 um. Reproduced from Reference 80 with permission from
American Chemical Society.

1.4 Devices and Applications

In most of the literature presented so far, MOFs were handled as
powder suspensions in contact with the target bacteria (in the cul-
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ture broth suspension or in the agar plate). Nevertheless, polycrys-
talline powders are unsuitable for industrial applications due to
difficulties in processing (dust, clogs, mass loss, challenges during
transfer, etc.) [82]. Consequently, it is of great interest to shape
MOFs into more application-oriented forms such as pellets and
films, along with their inclusion into composite materials [83]. It can
be achieved either during the synthesis process (such as monoliths
of MOFs [84]) or by the immobilization on already shaped sub-
strates [85]. In this respect, the MOF-shaping strategies followed to
date targeting antimicrobial applications are presented in the fol-
lowing sections.

1.4.1 Thin Films and Surface Coatings

Thin films and surface coatings involve different techniques, includ-
ing drop-casting, spin-coating, layer-by-layer deposition and crystal
growth. An example is the previously mentioned Cu-SURMOF-2 [39],
prepared layer-by-layer via spray deposition over 16-
mercaptohexadecanoic acid self-assembled monolayers (MHDA-
SAM) on top of gold substrates and proposed as antifouling coating
against C. marina (Figure 1.10). Bacterial viability, determined by

A

i

VLT,

® Cu**ion = bdc linker au MHDA SAM

Figure 1.10 Schematic illustration of the active disassembly of the Cu-
SURMOF 2 under the influence of C. marina and SEM images of the bacteria
in contact with the surface. Reproduced from Reference 39 with
permission from Springer.



22 Metal Organic Frameworks

LIVE/DEAD, revealed 8% of yellow stained bacteria, commonly ac-
cepted as debilitated bacteria, but still alive. In addition, the authors
determined that a Cu-SURMOF coated surface reduced by 50% the
necessary shear stress required to remove bacteria biofilm, as com-
pared with a MHDA-SAM positive blank. Other MOFs studied as sur-
face coatings for biofilm inhibition are I@ZIF-8 [74] and IMI@MIL-
88B [79], with thin films prepared by simple drop-casting.

In order to obtain antimicrobial textiles for wound healing and
surgical procedures, Abbasi et al. [35] reported an ultrasonically-
assisted synthesis of HKUST-1 as surface coating of silk fibers via
several dipping cycles. Antimicrobial tests were performed using
the inhibition zone test against E. coli and S. aureus. While the pris-
tine silk fibers showed no inhibition, moderate antibacterial activity
was obtained in the composite due to the slow Cu ion release. Ro-
driguez et al. [86] also explored HKUST-1 as antimicrobial surface
coating using previously electrospun cellulosic fibers pretreated
with carboxylic groups and a layer-by-layer alternative dipping pro-
tocol. A preliminary inhibition zone test against E. coli indicated that
the bacterial inhibition resulted from the Cu ions released from the
MOF coating. CFU plate count of E. coli bacterial suspensions incu-
bated for 1 h in contact with 2x2 cm2 cellulosic patches coated with
HKUST-1 revealed complete bacterial viability inhibition. Wang et
al. [87] also exploited the antibacterial activity of HKUST-
1/cellulosic fiber (CF) composites as a potential solution to the mi-
croorganism favorable environment produced after sweat absorp-
tion in cellulosic textiles (Figure 1.11). In comparison with the pre-
vious studies, the authors presented a totally green synthesis

agn Det WD Bp P 10m

gn
2500« EDX1200 Cu N

Figure 1.11 SEM image and wavelength-dispersive X-ray (WDX) analysis
of group III fibers after 4 cycles of dipping. Reproduced from Reference 35
with permission from Elsevier.
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procedure which avoided the use of DMF as solvent. Antibacterial
activity was confirmed via disk diffusion and inhibition of E. coli and
S. aureus.

Another Cu-based MOF reported as antifouling coating is the wa-
ter stable copper triazolate Cu-BTTri [88], dispersed in a chitosan
film (10 wt% of MOF). The authors explored the combination of the
antibacterial action of chitosan and Cu present in the MOF against P.
aureginosa biofilm. Cell viability of the attached bacteria was deter-
mined after 6 and 24 h by means of a spectroscopic assay called
CTB, which is an indirect measurement of the metabolic activity of
bacteria. While chitosan films inhibited ~55% of bacteria, the addi-
tion of Cu-BTTri composite film reached ~85% inhibition, with fur-
ther sustenance over 24 h period. Reusability test of the films indi-
cated no statistical difference between the first and second cycles.
After ligand and copper release studies, it was concluded that the
activity of the Cu-BTTri/chitosan film resulted from the constituent
leaching. In spite of the interesting bactericidal studies on sessile P.
aureginosa bacteria in the biofilm, the antifouling properties of the
Cu-BTTri/chitosan film were not reported.

Similarly, Co-based MOFs have been mixed with fibers to provide
them antimicrobial properties. Recently, Qian et al. [89] presented
cellulose paper composite with ZIF-67 (CP/CNF/ZIF-67) as a biode-
gradable biocidal paper for packaging, generated by following an
impregnation-crystal growth protocol. The mechanical properties of
CP/CNF/ZIF-67 composite evidenced an improved tensile strength,
elastic modulus, folding endurance and tear index compared to pris-
tine fibers, thus, suggesting that the MOF NPs acted as crosslinkers,
binding to the surrounding cellulose fibers. Antibacterial tests of
CP/CNF/ZIF-67 against E. coli indicated a promising inhibition zone
that increased with the number of ZIF-67 NPs on the fibers’ surface.
In the study of Quirés et al. [46], direct blending of Co-SIM-1 with
PLA was employed to produce electrospun mats made of composite
fibers, where the MOF microscale particles were completely embed-
ded inside the polymeric fibers. The antimicrobial potential of Co-
SIM-1/PLA mats was evaluated against P. putida and S. aureus bio-
film formed on the mat surface. SEM images revealed the biofilm
inhibition (up to 30% with composites based on 6 wt% content of
Co-SIM-1) and LIVE/DEAD staining confirmed bacterial viability
inhibition, being more apparent in the case of P. putida. Another
imidazolate MOF, ZIF-8, was presented by Miao et al. [90] in a mix-
ture with polyvinylidenefluoride (PVDF) and H-
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perfluorooctyltriethoxysilane (POTS) to obtain a superhydrophobic
self-cleaning and antibacterial coating for different substrates (e.g.
membranes, filter paper, non-woven fabrics and textiles). Bacterial
inhibition of E. coli suspensions in contact with 10 cm? of coated
substrates, determined by CFU plate count, indicated that the Zn ion
release might be the cause of the important biocidal activity of the
composite coating.

1.4.2 Membranes

MOF thin film processing in the active layer of microfluid mem-
branes has also been extensively studied. Generally, polymeric or
inorganic hollowed or fibred substrates are selected and the MOF
particles are grown by solvo/hydrothermal synthesis (in-situ or
seeded growth), interfacial synthesis in two immiscible solvents and
liquid phase epitaxy (layer-by-layer) method [91] (Figure 1.12).
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Figure 1.12 Scheme of the synthesis methods for continuous MOF-
composite membranes.

Zirehpour et al. [50] incorporated silver trimesate MOF nanopar-
ticles (Ag-BTC, 33 nm) in the active layer of a forward osmosis
membrane (0.02%) to mitigate biofouling [50]. Characterization of
the composite exhibited a good compatibility of the MOF with the
active thin-film polyamide matrix of the thin film nanocomposite
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(TFN) membrane. Bactericidal activity of the Ag-BTC/TFN mem-
branes was studied against S. aureus and E. coli biofilms. Bacterial
viability was determined from the plate count of the colony forming
units of the bacteria detached from the surface after 1 h incubation
of the inoculums in contact with the membrane active layer. Results
showed a 90% bacterial viability inhibition for both strains with a
“fresh” Ag-BTC/TFN membrane as well as with the membrane pre-
soaked in water for 24 h and 6 months, suggesting a remarkable
long-term bactericidal activity. It is important to notice that only 1 h
contact might not be representative for sessile bacterial inhibition,
as longer time is usually required to develop a mature biofilm [92].
In addition, Ag* release studies indicated a burst release of silver
within the first day that might be responsible for the biocidal effect.
Biofouling experiments were determined by passing an E. coli solu-
tion and analyzing the water flux through the membrane during 24
h. While the flux of the TFN membrane (negative blank) decreased
by 20% after 24 h, the Ag-BTC/TFN membrane reduced the flux by
10% only, thus, supporting the antifouling activity of the composite.

Wang et al. [93] prepared as well the TFN membranes via simple
interfacial polymerization, integrating both ZIF-8 and graphene ox-
ide in the active layer (Figure 1.13). The authors demonstrated the
antimicrobial properties of the composite membranes (TFN-ZG)
against E. coli. The presence of graphene oxide prevented the ag-
glomeration of MOF NPs in the active layer. Determination of the
inhibition concentration for inoculums in suspension (by plate
count) showed the lower bacterial viability when the content of ZIF-
8 increased (TFN-ZG1: 50%, TFN-ZG2: 66%, TFN-ZG3: 84% bacteri-
al inhibition). Besides, hydrophilicity, determined by contact angle,
had a significant influence over the antifouling and filtration per-
formance of the TFN-ZG membranes. TFN-ZG1 exhibited smaller
contact angle (10.7°), and the hydrophobic nature of ZIF-8 prevailed
with higher amounts of MOF.

Finally, Ming et al. [94] prepared a MOF-polymer mixed matrix
membrane (MMMs) based on poly(e-caprolactone) (PCL) and the Zr
porphyrin-MOF MOF-525. This MOF was selected due to its poten-
tial to generate ROS after irradiation. The MOF-525/PCL membrane
was tested as photodynamic bactericidal agent against E. coli. To
ensure good compatibility between the MOF particles and polymeric
matrix, 10 or 30 wt% of 100 nm MOF NPs (synthesized by opti-
mized solvothermal procedures) were used. The resulting MOF-
525/PCL membrane possessed a homogenous red color, character-
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istic of porphyrin derivatives. The homogeneous distribution of the
MOF NPs was confirmed by SEM and confocal microscopic studies.
In addition, a good biocompatibility of the MOF-525/PCL membrane
without irradiation was confirmed by plate count. Nevertheless,
upon irradiation, a noticeable inhibition effect was evidenced within
the first 30 min, increasing with the MOF-525 content in the mem-
brane (reaching even 50% of the bacterial inhibition with 30 wt%
MOF content, as determined by the plate count).

Figure 1.13 FE-SEM images of the cross section of the membranes:
pristine (a), TFN-ZG1 (b), TFN-ZG2 (c), and TFN-ZG3 (d). Reproduced from
Reference 93 with permission from American Chemical Society.

1.5 Conclusions and Perspectives

MOFs, due to their compositional versatility and porosity, have gen-
erated a significant interest as antimicrobial agents. Early attempts
studied their intrinsic biocidal activity, by the selection of bioactive
cations and/or organic ligands. Due to the extensively known activi-
ty of silver, Ag-based MOFs have been widely studied, evidencing
their bactericidal properties against both Gram (+) and Gram (-)
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bacteria. Other frequently proposed MOFs are the microporous cop-
per trimesate HKUST-1, used as bactericidal and antifungal agents
as well as the zinc-imidazolate ZIF-8, easily synthesized at room
temperature. Though studied to a lesser degree, some cobalt imid-
azolates (ZIF-67, Co-SIM-1, etc.) also seem to be promising biocidal
materials. Further, the combination of an active cation with a bioac-
tive organic species leads to concurrent bactericidal MOFs, such as
the Zn azelate bioMIL-5. In spite of the interest in this multi-target
approach, this research direction is at an early stage, and there are
plenty opportunities for the development of new MOF structures
with combined (additive or even synergistic) antimicrobial activity.
Important selection criteria might be the use of endogenous mole-
cules to overcome toxicity when the MOF is degraded to release the
bactericidal compounds to the media, particularly in in vivo applica-
tions.

However, there has been a change of trend towards the integra-
tion of bioactive species (e.g. metallic nanoparticles, therapeutic
agents, etc.) within the MOF porosity to provide extrinsic antimicro-
bial activity. Even more, when included in a MOF with intrinsic bac-
tericidal effect, their individual actions can be complemented. Up to
now, only metallic silver, in the form of nanoparticles or nanowires,
has been employed in different studies. In contrast, a large variety of
antimicrobial molecules have been entrapped within MOF porosity
(e.g. NO, I, ciprofloxacin and vancomycin). It is envisaged that the
low cytotoxicity of some MOFs will enable their use as efficient drug
carriers in the near future.

Both intrinsic and extrinsic biocidal MOFs need to be integrated
in different application-oriented forms for their final use. Common
solutions are the elaboration of thin films or surface coatings and
the MOF integration in substrates such as membranes. A good com-
patibility between the MOF and substrate is the key for the final
device integrity. These devices are the ones ultimately in contact
with the bacterial environment and should preserve their antimi-
crobial properties over time to ensure their action. The manufactur-
ing of these devices has lately enabled the study of MOF bactericidal
activity not only against bacterial suspensions, but also against ses-
sile bacteria in the challenging biofilms, which exhibit higher re-
sistance against environmental stresses and traditional antibiotics.
Therefore, progress in MOF conformation will also guide the suc-
cessful attainment of the relevant purpose of the bacteria-free sur-
faces.
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There is still a significant leap needed from the lab scale till final
biocidal devices. The studies so far have proven the potential of
MOFs as effective antimicrobial agents, which needs to be translated
to actual devices. Besides biomedical applications (e.g. surgical im-
plants, wound healing, etc.), biocidal MOFs are also promising for
water treatment, food packaging, maritime transport and off-shore
industries, heat exchangers, electrochemical devices, among others.
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ITI.I. Materials and Methods

II1.1.i. Synthesis and characterization of
AgNP@nanomil-125(Ti)NH: (AgNP@nanoMOF)

Figure S 1: Macroscopic view of the yellow nanoMOF (left) and brownish
AgNP@nanoMOF composite (right). NP suspensions in ethanol (up) and thin film deposited over

glass covers (down).
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Figure S 2: SEM images of the surface of the cover glasses with the material deposited by
drop casting: nanoMOF (top) thin film; AgNP@nanoMOF (bottom) thin film

ITI.1.11. Materials characterization

All materials were fully characterized by wusing different solid-state
techniques, including:

X-ray powder diffraction (XRPD) of the nanoMIL-125(Ti)NH,
(nanoMOF) and the composite AgNP@nanoMIL-125(Ti)NH, (AgNP@nanoMOF),
as well as the same materials deposited on the glass covers, were collected in an
Empyrean PANalytical® powder diffractometer (PANalytical, Lelyweg, The
Netherlands) in reflexion mode with a Cu Ka =1.5406 A. The XR diagrams were
carried out with a 20 scan between 3-35° and 3-90° with a step size of 0.013° and
a scanning speed of 0.1 ° - s,

Fourier Transform Infrared Spectroscopy (FTIR) was performed in
a Nicolet 6700 instrument (Thermo Scientific, Waltham, MA, USA) with the help
of an ATR diamond accessory. UV-Visible spectroscopy of the solid materials
was run in a Perkin Elmer® Lambda 1050 UV /vis/NIR (Perkin Elmer, Waltham,
MA, USA).
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Thermogravimetric analyses (TGA) were carried out in an SDT Q-600
thermobalance (TA Instruments, New Castle, De, USA) with a general heating
profile from 30 to 600 °C with a heating rate of 5 °C - min'under air using a flux of
100 mL min™.

N, sorption isotherms (77 K) were done in an AUTO-SORB system
(Quantachrome Instruments, Boynton Beach, FL, USA). Previous to the
measurement, the sample was evacuated at 150 °C for 16 h. Specific surface area
was determined by applying BET equation (Brunauer, Emmett & Teller) in the
pressure interval P/P, =0.01-0.3 (being P, the saturation pressure). Pore volume
and pore size distribution were calculated by the NLDFT method (Non Localized
Density Functional Theory) and the HK (Horvath-Kawazoe) methods, respectively.

Scanning electron microscopy (SEM) images of the surface of the
deposited materials were obtained using a TM.100 tabletop SEM microscope
(Hitachi, Japan, Tokyo) operating at 25 kV. The equipment also enabled the
qualitative and semi-quantitative determination of the chemical elements present
in the sample via Energy Dispersive X-ray Spectroscopy (EDS).

Transmission electron microscopy (TEM) images of both MOF and
composite were taken with a Technai 20 TEM microscope (Philips, Amsterdam,
the Netherlands) with a 200 kV acceleration voltage. For sample preparation, 1 mg
of sample was dispersed in 10 mL of distilled water and sonicated with an
ultrasound tip (UP400S, Hilscher, Teltow, Germany) at 20% amplitude for 20 sec.
For observation, 1 pl. of the prepared solution was dropped over a copper TEM
support with a carbon mesh (Lacey Carbon, 300 mesh, Copper, approx. grid hole
size: 63 um, TED PELLA Redding, California, USA). Particle size was monitored

Via

Dynamic Light Scattering (DLS) and &-potential (ZP) was registered
via Electrophoretic Light Scattering (ELS) using a Zetasizer Nano series Nano-ZS
(Malvern Instruments, Worcestershire, UK). The particles were dispersed in the
liquid media (methanol, ethanol, acetonitrile, and water) at a concentration of 0.1
mg mL! using an ultrasound tip (UP400S, Hilscher, Teltow, Germany) at 30%
amplitude for 40 sec.

II1.1.iii. Antifouling photo-bactericidal activity and
bioanalytical procedures

The culture medium used in these studies is the bacteriological nutrient
broth (NB) composed of: beef extract 5 g- L, peptone 10 g-L*, NaCl 5 g- L,
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pH=7-7.2. Bacterial growth was tracked by optical density at 600 nm, ODgyp, with
a Shimadzu UV-1800 spectrophotometer.

The antifouling capacity was assessed with SEM. Before imaging, the discs
with the bacterial biofilm were washed twice with PBS, fixed in glutaraldehyde
(2.5%) for 2 hours, and then dehydrated with gradient ethanol (30 %-100 %) and
acetone. Fach sample was dried with hexamethyldisilazane for 15 minutes prior to
sputter coating with gold for SEM observation.

nanoMOFs suspensions
Jm Drop Casting 1) []

U AgNP@nanoMIL-125(Ti)NH, —) [ —[  DuyRT

., Disccoatedwith
A) [ | 1.5pg-mm?

Incubation 37 °C
without stirring
20 h dark

~ nanoMOFs thin film

24-well disposable microplate with 1 2 3 4 5 6

S. aureus inoculum (10 cellmL?, | 5 QOO
up to 2,25 mL)

B
Materials suspensions c 88

AgNP@nanoMIL-125(Ti)NH, D OO
0 @ =15mm
Ag° B
Tio, ) 0,1,20 ppm Cl
Incubation37°C | -

without stirring ~ [4——
18 h dark

2 h UVAirradiation
at RT

Scheme S 1: Procedure of the A) nanoMOFs thin films or B) Material suspensions in
contact with S. aureus inoculums (10° cell mL") for the antibacterial tests (i) in dark or (ii) dark
followed by 2 h UVA irradiation.

10 fold dilution

b1 %/
D2 %
— <f:)

D3

D4

) o Incubation 37 °C
180 pl PBS Disposable petri dish without stirring

. . 20 h dark
200ul of incubated bacteria

after contact

Scheme S 2: Preparation of the dilutions for the plate count of Colony Forming Units mL-
1
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195 pL of incubated bacteria
after contact

_I_—

5 pL FDA staining Fluorometer
(20 mg FDA + 10 mL DMSO)

Scheme S 3: Preparation of the FDA staining prior to fluorescence emission

Bacterial Viability determined LIVE/DEAD staining with the help of
confocal laser scanning microscopy (CLSM) differentiates viable and no-viability
cells depending on its cell membrane integrity. While viable cells exhibit green
fluorescence (Syto 9, live cells, excitation 480 nm/ emission 500 nm) non-viable
bacteria have red fluorescence (propidium iodide, PI, dead cells, excitation 490 nm/
emission 635 nm. Samples were incubated with 50 pL of BacLight stain (a mixture
of SYTO 9 and PI in DMSO, according to the manufacturer’s recommendations)
in the dark for 30 min at RT without stirring.

1 mL of incubated bacteria

after contact
50 pL
——
10 pL
—) 30 minutes
incubation at RT
LIVE/DEAD staining =
(980 uL DMSO + [ — Confocallaser
10 pL PI+10 pL Syto 9) _ scanning microscopy

nanoMOF thin film
After contact

Scheme S 4: Preparation of the LIVE/DEAD staining prior to confocal microscopy

imaging.

Green Biofilm Cell Stain was incubated with the samples for 30 min in dark
at RT. Stained cells were visualized via CLSM using an excitation/emission maxima
wavelength of 472/580 nm. The green emission observed identifies the biofilm

bacteria cells with membrane integrity.
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E - 30 minutes
50 pL | : incubation at RT
— —
nanoMOF thin film
After contact

Green biofilm staining
(1 pg mL - desionized water) Confocal laser
scanning microscopy

Scheme S 5: Preparation of the Green biofilm staining prior to confocal microscopy

imaging.

III.I.iv.  Stability of the MOF thin film in the culture
broth

The amount of organic linker released, BDC-NH,, was determined using a
reversed phase high performance liquid chromatography (HPLC). Sunfire-C18
reverse-phase column (5 pm, 4.6 x 150 mm, Waters) was employed. For the
quantification of all the chemical species, isocratic conditions were used. The flow
rate was 1 mL - min?', and the column temperature was fixed at 25 °C. Before
injection, the aliquot of the sample of interest was centrifuged (8150 x g RCF,10
min) to remove the precipitated species. After centrifugation, in all cases, the
injection volume was 30 pL. The mobile phase was based on a mixture of 50:50
MeOH:buffer solution (0.04 M, pH = 2.5). The retention time and absorption
maximum () for BDC-NH; was 2.7 min and A=228 nm. Preparation of the buffer
solution (0.04 M, pH = 2.5): 2.4 g (0.02 mol) of NaH.PO, and 2.84 g (0.02 mol) of
Na,HPO, were dissolved in 1 L of MilliQQ water. The pH was then adjusted to 2.5
with HsPO, (Z 85 %)

III.II. Complementary results and discussion

III.I1.i.  Synthesis and characterization of
AgNP@nanoMOF
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—— AghP@nanoMOF
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Figure S 3: TGA curves of nanoMOF (blue) and the AgNP@ nanoMOF (red).

Figure S 4: TEM micrograph nanoMOF (left) and AgNP@nanoMOF (right) (scale bar:
500 nm).
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MOF particle size
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Figure S 5: Particle size distribution of nanoMOF (top, n=50) and AgNP@nanoMOF
(middle, n=50) and AgNP (bottom, n=600) determined by TEM
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Bearing in mind the potential applications (e.g. biology, catalysis),
AgNP@nanoMOF dispersions should bear a good colloidal stability under the
desired relevant conditions. For this reason, the hydrodynamic size and {-potential
(when possible) of AgNP@nanoMOF were measured in different media (e.g.: water,
methanol, ethanol and CH3CN) and further compared with the nanoMOF (Table
S 1). The hydrodynamic particle size of the composite was kept after the
impregnation-reduction process, with s similar dimensions to the hosting material
(239 + 74 nm) and a relatively monodisperse distribution (Polydispersity Index
(PdI) ~ 0.2)," in agreement with the particle size determined by TEM (see SI Figure
S 5). In addition, the nanoMOF and the AgNP@nanoMOF were colloidally stable
in their original alcoholic dispersion media (methanol, previously reported for the
single nanoMOF,? and ethanol, required in the impregnation-reduction protocol
stabilization) as their absolute surface charges were over 30 mV (-31 + 8 mV and
-38 + 13 mV, respectively), value normally accepted to ensure colloidal stability by
electrostatic repulsion. ® In contrast, a larger particle size of the nanoMOF in
aqueous solution (970 £ 455 nm) was found, which could be attributed to the NPs
aggregation as a consequence of the almost neutrally charged surface (2 + 3 mV).
This phenomenon is however inexistent in the case of the composite, as the
incorporation of AgNPs resulted in a more negative surface (-16 £ 4 mV wvs. 2 + 3
mV), which might help to stabilise the NPs in water (192 + 98 nm).

Finally, in view of their specific antibacterial evaluation, the colloidal
stability of nanoMOF and AgNP@QnanoMOF was also assessed in a bacterial
nutrient broth (NB; a complex medium composed by many organic and inorganic
nutrients; see materials and methods 2.4). The presence of salts and proteins might
strongly influence the colloidal stability of the nanoMOFSs, as previously reported,
* and might be the reason of change of surface charge in NB with respect to the
alcoholic or aqueous solutions (Table S 1). Thus, both nanoMOF and
AgNP@nanoMOF exhibited similar small particle sizes and C-potential values (~200
nm and -12 mV). This observation might suggest the formation of a protein corona
or the modification of the solvation layer with different salts present in the NB,
helping to the NPs colloidal stabilisation. As reported by Moore et al., > when NPs
are dispersed in culture media, proteins are strongly adsorbed on the surface
forming the so-called protein corona, affecting the surface charge distribution and
colloidal stability. In addition, the analysis of the colloidal stability of the
AgNP@nanoMOF composite dispersed in the NB medium (determined up to 48 h,
Figure S5) revealed that the composite average particle size remained within 180
+ 60 nm and an increment of the &potential from -12 to -19 mV even within the
first hour of contact, indicating the stabilization of the NPs with the salts and
proteins present in the NB culture broth.
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Table S 1: Particle size and (-potential values of the nanoMOF and AgNP@nanoMOF in

different media.

NPs Medium Size (9, PdI C-potential (ZP,
nm) mV)
MeOH 230 + 80 0.18 31+8
H>O 970 + 455 0.25 243
nanoMOF
NB 214 + 101 0.29 -12+1
CH3;CN 313+90 0.24 *
EtOH 239 + 74 0.27 -38+13
AgNP@nanoMOF H>O 192 +£ 98 0.25 -16 +4
NB 191 £ 80 0.24 -12.6+0.4
* not measured
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Figure S 6: Analysis of the colloidal stability with time of AgNP@nanoMOF composite

dispersed in NB culture medium.
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Figure S 7: FTIR spectra of nanoMOF (blue) and the AgNP@nanoMOF (red).
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Figure S 8: HK Pore volume distribution of nanoMOF (blue) and the AgNP@nanoMOF
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Figure S 9: Colony Forming Units mL* of culture broth (represented as the Logio(CFU))

of E. coli planktonic bacteria in contact with a suspension of microMOF (dark blue), nanoMOF
(blue), AgNP@nanoMOF (red), (Biocide activity).

Table S 2: Determination of planktonic S. aureus bacterial viability by plate count after

20 h in contact (in dark) with the different materials of study, expressed as CFU - mL", inhibition
% (with respect to the control CFU - mL™") and Logio(CFU - mL")

[MOF]

(opm) Sample CFU-mL?  Inhibition % Logio(CFU - mL?)
0 Control 497E+11 0.00 11.70
microMOF 4.47E+11 9.96 11.65
nanoMOF 1.14E+11 77.08 11.06
! AgNP@nanoMOF 1.86E+10 96.25 10.27
AgNP + nanoMOF  2.49E+11 49.86 11.40
microMOF 1.88E+11 62.12 11.27
nanoMOF 1.52E+10 96.95 10.18
AgNP@nanoMOF  7.75E+07 99.98 7.89
20 AgNP + nanoMOF  8.47E+10 82.95 10.93
AgNO3 6.73E+10 86.46 10.83
Ag° 7.78E+10 84.34 10.89
BDC-NH:2 2.48E+11 50.18 11.39
TiO: 2.33E+10 95.32 10.37
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Table S 3: Determination of planktonic E. coli bacterial viability by plate count after 20 h

in contact (in dark) with the different materials of study, expressed as CFU - mL"] inhibition %
(with respect to the control CFU - mL™") and Logio(CFU mL™)

[(I\pAp?:)] Sample CFUmL!  Inhibition%  Logio(CFU - mLY)
0 Control 6.43E+10 0.00 10.81
microMOF 3.98E+10 38.21 10.60
1 nanoMOF 3.75E+10 41.69 10.57
AgNP@nanoMOF 1.36E+10 78.91 10.13
microMOF 7.50E+09 88.34 9.88
20 nanoMOF 4.53E+09 92.95 9.66
AgNP@nanoMOF  1.58E+08 99.75 8.20

Table S 4: Determination of planktonic S. aureus bacterial viability by plate count after

18 h (in dark) + 2 h UVA in contact with the different materials of study, expressed as CFU - mL-

! inhibition % (with respect to the control CFU - mL"') and Logio(CFU - mL")

[MOF] Sample CFU-mL? Inhibition % Logio(CFU - mL™?)
(ppm)
0 Control 9.85E+09 0.00 9.99
nanoMOF 1.36E+09 86.22 9.13
1 AgNP@nanoMOF 1.28E+07 99.87 7.11
AgNP + nanoMOF 3.30E+09 66.46 9.52
nanoMOF 7.72E+07 99.22 7.89
AgNP@nanoMOF 1.51E+04 99.9998 4.18
AgNP + nanoMOF 1.09E+09 88.95 9.04
20 AgNOs3 2.25E+08 97.72 8.35
Ag° 3.40E+08 96.55 8.53
BDC-NH:2 7.24E+08 92.65 8.86
TiO> 2.81E+08 97.15 8.45
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Figure S 10: Colony Forming Units mL™" of culture broth (represented as the
Logi(CFU)) of S. aureus planktonic bacteria in contact with a suspension of nanoMOF (blue),
AgNP@naoMOF (red), AgNP+nanoMOF (brown) after 18 h dark + 2 h of UVA irradiation,
(Irradiation effect).
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Figure S 11: S. aureus Colony Forming Units - mL" of culture broth (represented as the
Logio(CFU)) in contact with AgNO; (grey), Ag® (black), BDC-NH; (yellow) and TiO- ( green)
after 20 h of dark exposure and after 18 h dark + 2 h of UVA irradiation compared to the control
(dashed bar).

Further analysis of the bacterial viability was carried out by the
determination of the reduction of the bacterial enzymatic activity (Figure S12). On
one side, when in contact with S. aureus in dark the ‘physical’ mixture AgNPs +
nanoMOF showed almost no affection of the enzymatic activity when compared
with the pristine nanoMOF, being even smaller (at 20 ppm, 4 vs. 15%). On the
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other side, the inclusion of silver within the MOF, as in the case of the
AgNP@nanoMOF composite, doubles the inhibition of the enzymatic activity (at
20 ppm, 37 wvs. 15%; Figure S12). Moreover, the UVA irradiation duplicates the
antibacterial effect, trend observed in previous results, overpassing the reduction of
80% of enzymatic activity (note that it is even higher than the one achieved by the
irradiated silver controls). Additionally, similar trends were observed using the
LIVE/DEAD staining (Figure S13): AgNP@nanoMOF almost doubled the biocide
activity of nanoMOF (being the dead bacteria ratio 11 vs. 6 %, Figure S13), while
the ‘physical’ mixture AgNPs 4+ nanoMOF do not overpassed the dead bacteria of
the control. Once again, UVA irradiation increased the bactericide effect of all

samples.
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m .
[ | TiO,
o5 Irradiation effect
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Figure S 12: Reduction (%) of enzymatic activity of planktonic S. aureus determined from
FDA fluorescent emission (ex.:485 nm; em.: 538 nm) in contact nanoMOF (blue),
AgNP@nanoMOF (red), AgNPs 4+ nanoMOF (brown), AgNOj; (grey), Ag’ (black), BDC-NH,
(vellow) and TiO, (green). S. aureus enzymatic activity inhibition in contact with MOF after 20 h
of dark exposure and after 18 h dark + 2 h of UVA irradiation.
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Figure S 13: Semi-quantitative analysis of the CLSM micrographs of planktonic S. aureus
bacteria stained with LIVE/DEAD after contact with suspensions of nanoMOF (blue),
AgNP@nanoMOF (red) and AgNPs + nanoMOF (brown). Comparison with and without
irradiation. Results are presented as Dead Bacteria Ratio (% dead bacteria / % dead bacteria

control).

III.11.iii. Biofilm treatment: Antifouling photo-
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Figure S 14: Quantification of S. aureus biofilm on nanoMOF thin film (blue), AgNP@

nanoMOF thin film (red) and AgNPs 4+ nanoMOF thin film (brown) by determination of the
green areas marked by the FilmTracer FM 1-43 Green Biofilm Cell staining with the help of

ImagelJ.
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Table S 5: Determination of planktonic and sessile S. aureus bacterial viability by plate
count after 20 h (in dark), 18 h (in dark) + 2 h UVA or 18 h (in dark) 4+ 2 h Vis in contact with
the different materials of study, expressed as CFU - mL inhibition % (with respect to the control

CFU - mL") and Logio(CFU - mL").

Planktonic bacteria Sessile bacteria
Contact 4 Inhibition  Logio(CFU - 14 Inhibition  Logio(CFU-m
time Sample CFU-mL % mLY) CFU-mL % L)
Control 2.42E+09  0.0000 9.38 8.66E+08 0.0000 8.94
- nanoMOF 1.37E+09 43.3530 9.14 6.28E+08 27.5333 8.80
o
N Ag@nanoMOF 1.72E+08 92.8821 8.24 1.28E+08 85.2448 8.11
Ag + nanoMOF  2.10E+09 13.4615 9.32 2.94E+08 66.0766 8.47
< Control 3.03E+08  0.0000 8.48 7.84E+08 0.0000 8.89
>
i_’ nanoMOF 3.31E+04 99.9891 452 4 47TE+04 99.9943 4.65
S:' Ag@nanoMOF 1.44E+03 99.9995 3.16 9.56E+02 99.9999 2.98
=
© Ag + nanoMOF 7.65E+07 74.7379 7.88 1.98E+08 74.7831 8.30
Control 2.10E+10 0.00 10.32 2.95E+05 0.00 5.47
+ 9D
<= > nanoMOF 1.05E+10 49.75 10.02 1.70E+05 42.22 5.23
o0 =
- Ag@nanoMOF 4.69E+08 97.76 8.67 4.92E+04 83.31 4.69

As AgNP@nanoMOF composite exhibited higher absorbance in the visible
range (Figure 1), it has been considered interesting to determine the bacterial
viability of both planktonic and sessile S. aureus after irradiation with visible range
lamps (Figure S15). The same as with UVA irradiation, results exhibited the
beneficial effect of the AgNPs in the composite as lower bacterial viability was
determined by plate count. Although the final bacterial inhibition is lower
compared to UVA samples (Table S5), it is still higher than the non-irradiated:
AgNP@nanoMOF planktonic bacterial inhibition of 97.8% ws. 92.8% in dark.
Despite the interesting photo-activity of the AgNP@nanoMOF under visible
irradiation (where AgNPs act as an antenna), this mild bioactivity might be related
with the lower ROS production in NB media after Visible irradiation (Figure S16).
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Visible irradiation
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Figure S 15: Colony Forming Units - mL" culture (represented as the Logi(CFU)) of the
S. aureus suspension (planktonic bacteria; left) and S. aureus biofilm detached from the surface
(sessile bacteria; right) in contact with nanoMOF (blue), AgNP@nanoMOF (red) thin films after
18 h + 4 h Vis irradiation compared with the control (grey).
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Figure S 16: Generation of Reactive Oxygen Species ) of the S. aureus suspension (as
determined by the ratio of the fluorescent emission with the Logio(CFU - mL?), ex.:495 nm; em.:
525 nm) in contact with nanoMOF (blue) and AgNP@nanoMOF (red) thin films over cover
glasses after 20 h of dark exposure, after 18 h dark + 2 h of UVA irradiation and after 18 h + 4 h
Vis irradiation, compared with the control (grey).
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Table S 6: Determination of planktonic and sessile E. coli bacterial viability by plate
count after 20 h (in dark) orl8 h (in dark) + 2 h UVA contact with the different materials of
study, expressed as CFU - mL", inhibition % (with respect to the control CFU - mL") and
Logi(CFU - mL").

Planktonic bacteria Sessile bacteria
Contact Sample CFU - Inhibition Logw(CFU- | CFu. Inhibition ) 5q cFU .
time P mL* % mL™) mL? % mL?)
Control 2.96E+11 0.0000 11.47 1.38E+06  0.0000 6.14
f, nanoMOF 1.90E+11 35.9595 11.28 4 54E+05 67.1095 5.66
N
Ag@nanoMOF 1.07E+11 63.9280 11.03 2.91E+05 78.9103 5.46
- Control 2.34E+10 0.0000 10.37 2.30E+05 0.0000 5.36
[9\}
+ <>’: nanoMOF 1.26E+10 46.2440 10.10 8.10E+03 96.4792 3.91
)
X Ag@nanoMOF 1.65E+09 92.9605 9.22 1.00E+02 99.9565 2.00
Planktonic bacteria « Sessile bacteria
@)
< S
S« &
& @) I
12 S 5 Q©
éé\ v?%jl 12

Log;,(CFU - mL1)
[e)] [e¢] '8

IN
|

N
!

20 h

18 h+2h UVA

Log,,(CFU - mL1)

20 h

18 h+2h UVA

Figure S 17: Colony Forming Units - mL" culture (represented as the Logi(CFU)) of the

E. coli suspension (planktonic bacteria; left) and E. coli biofilm detached from the surface (sessile

bacteria; right) in contact with nanoMOF (blue), AgNP@nanoMOF (red) thin films after 20 h of
dark exposure and after 18 h dark + 2 h of UVA irradiation compared with the control (grey).

Supporting the previous experiments, the bacteria enzymatic activity
reduction (FDA staining; see section 2.4 materials and methods) was determined
for the planktonic S. aureus in the NB medium in contact with the nanoMOF and
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AgNP@nanoMOF thin films in comparison with the bare glass covers and the ones
coated with the AgNPs + nanoMOF ‘physical’ mixture. In agreement to CFU
results, during the 20 h dark period of biofilm growth, all materials already reduce
the enzymatic activity of the bacteria present in the culture broth (Figure S 18). It
is noticeable the activity of the nanoMOF, reaching a 32 % of inhibition compared
to the control cover glass, which evidences a non-negligible intrinsic bactericide
effect. Once again, the thin film of AgNPs 4+ nanoMOF ‘physical’ mixture seemed
ineffective as the enzymatic activity reduction is within the range of the pristine
MOF. Nevertheless, when the AgNPs are incorporated into the nanoMOF
structure, the composite inhibition in dark doubles (60 wvs. 32%). After 2 h UVA
irradiation, the reduction of S. aureus enzymatic activity is 1.5 times higher in the
thin films, having a final inhibition of 48% in the case of both the pristine nanoMOF
and the physical mixture, and a 79% inhibition in the AgNP@nanoMOF composite.
This enzymatic activity reduction fits well with the ROS production (Figure S 17)
and the bacterial viability determined by plate counting (see Figure 4).
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Figure S 18: Reduction (%) of enzymatic activity of the planktonic S. aureus determined
from FDA fluorescent emission (ex.:485 nm; em.: 538 nm) in contact with nanoMOF (blue),
AgNP@ nanoMOF (red) and AgNPs + nanoMOF (brown) thin films over cover glasses after 20 h
of dark exposure and after 18 h dark + 2 h of UVA irradiation, compared with the control (grey).

As a complementary technique, LIVE/DEAD staining and confocal
microscopy were finally used to analyse bacterial viability discriminating between
alive (stained in green) or dead (stained in red) bacteria (see Figure S 16). The
growth of S. aureus after the 20 h dark period is clear, observing an important
amount of viable live bacteria in the bare control glass. However, bacteria cell



230 APPENDIX III

integrity was affected by the presence of the nanoMOF, appearing as yellowish or
orange cells. It is generally accepted that yellow identifies still viable cells while
orange are damaged cells, ® what it means that the cells in contact with nanoMOF
are partially dead. In the case of AgNP@nanoMOF, the composite seemed to cause
important damages in the cell membrane, as almost all the bacteria appear red-
stained or dead. In consonance, when the composite was exposed to 2 h-UVA
irradiation, bacteria again appear with the red PI staining, showing cell impairment
due to the disintegration of the bacterial membrane. On the contrary, when in
contact with the ‘physical’ mixture AgNPs + nanoMOF thin film after 20 h in
dark, can be seen a lot of bacteria still viable green stained and few of them red. Is
only after UVA irradiation of the ‘physical’ mixture thin film when significant
bacterial damage can be seen as bacteria appeared yellow and orange stained.
Consequently, the biocide effect of the ‘physical’ mixture is lower compared to the
one of the AgNP@nanoMOF composite. These results are in agreement with those
of Green staining (Figure 3) and plate count (Figure 4).
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20 h dark 18 h dark + 2 h UVA

Control

nanoMOF

AgNP@nanoMIOF

AgNPs + nanoMOF

Figure S 19: LIVE/DEAD confocal micrographs of sessile S. aureus on top of cover
glasses surface (left) after 20 h dark biofilm grown and (right) 18 h grown in dark plus 2 h UVA
irradiation of the (top to bottom) positive control cover and the glass covered with nanoMOF thin
film, AgNP@nanoMOF thin film and AgNPs + nanoMOF ‘physical’ mixture thin film
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III.1L.iv. AgNP@nanoMOF thin film chemical stability
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Figure S 20: Analysis of stability with time of the nanoMOF (A) and AgNP@nanoMOF
(B) thin films coating over cover glasses in contact with NB culture medium at 37 °C during
different periods of time. Determination of the particle size and {-potential with DLS.
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Figure S 21: NanoMOF degradation kinetics and metal release from the nanoMOF and
AgNP@nanoMOF thin films on glass substrates in contact with the culture medium NB under
accelerated degradation conditions incubated at 70°C. Ti (A) and Ag (B) release (expressed as

wt.% of the total content) determined by ICP-OES
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Figure S 22: Analysis of stability with time of the nanoMOF (A) and AgNP@nanoMOF
(B) thin films coating over cover glasses in contact with NB culture medium under accelerated
degradation conditions incubated at 70 °C during different periods of time. Determination of the

particle size and (-potential with DLS.
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Table S 7: Comparison of the chemical stability (Ag wt.% released after 24h) and MIC
against planktonic (in suspension) S. aureus of different Ag-based MOF suspensions.

S. aureus MIC S- aureus
MIC
Agwt%  expressed by exoressed b
MOF released MOF P A Y' Reference
after 24 h  concentration g
(opm) concentration
(ppm)
[(AgL)NO3]-2H,0 0.85 "1 297 38
[(AgL)CFsSOs]-2H,0  1.03™ 307 36 7
[(AgL)CIO4]-2H,0 1.20 ™ 293 37
Agz[C7H405P] 1.8 263 167 8
[Ag(u3-
P{T/f—f)]n}iliii)né?(Hzo Not 20 6 9
Qalpa- =)H5= reported
FTA=S) (0 p 40 16
S04)2(H20)2]n-2nH20
[Ag2(3- *1 10
NPTA)bipy)os(H0)] 1 20 8
[Ag2(O- *1
IPA)(H:0)-(H:0)] > b I 11
[Ags(PYDC)2(OH)] 18 20 12
AgTAZ 337 Not reported  Not reported 12
Ag@CUuTCPP 4l ﬁ ET/5 6.25 Not reported 13
Penicillin - 6.25 - 13
C171H173Ag42Cl9O10S3 repl\écr);[ed 5 3.1 14
Ui066-2CO0Ag Not 75 9 .
UiO67-bpdcAg reported 50 6.5
AgNP@nanoMIL- 352 20 *4 121*  This work

125(Ti)NH;

"I measured in distilled water

2 measured in the culture medium

8 Minimum Bactericidal concentration (MBC)
“ value higher than the 90% of the Minimum Inhibitory Concentration (>
MICy)
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Table S 8: Inhibition of the Biofilm formation of S. aureus as MIC of several antibiotic in

suspension.

Antibiotic (ppm'\)/l IC Reference

Cefazolin 128 16
Azithromycin 128 16
Vancomycin 16 16

Oxacillin 128 16

Linezolid 128 16

AgNP@nanoMIL- This

125(Ti)NH> 88 work

"MICy determined after 18h dark + 2 h UVA irradiation, concentration of
the AgNP@nanoMIL-125(Ti)NH, thin film in contact with S. aureus,

50 nm

dd

r~

X\'\')

ROS
Ag* steady release
Cell membrane
Viable S.aureus biofilm AgNP@nanoMIL-125(Ti)NH, disruption Non-viable S.aureus
thin film

Scheme S 6: S. aureus biofilm treatment by AgNP@nanoMIL-125(Ti)NH2 thin film after
UVA irradiation.
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Supporting information Chapter 4

IV.I. SiB association of AgINCs via photoreduction:

protocol optimization

In the following is presented the sequential steps followed to refine the SiB
association of AgNC to MIL-125-NH,. Even the formation of AgNCs in solutions
with capping agents is traditionally followed with UV-Vis measurements by the
increase in absorbance (as SPR band disappears below 1-2 nm), this method was
not viable to determine their association to MIL-125-NH,.'? As depicted in Figure
AIV. 1 A), the synthesis in toluene reported by Maretti et al.,> with AgCF;COO,
[-2959 and cyclohexylamine, all in 2 mM concentration, there is increment in the
absorption at 450 nm. Nevertheless, as MIL-125-NH, already has absorbance in the
same region (see Figure 1 in Chapter 3 publication, section 3.3) it causes an
interference hindering the observation of the AgNC. The UV-Vis absorbance
spectra of the MOF (Figure AIV. 1 B) reflects an increment in the absorbance, also
appreciable by the color change of the material, but with difficult direct correlation
with AgNC formation. For this reason, synthesized samples were analyzed by TEM,
which besides enabling AgNC size determination, provides information of its
distribution and location with respect to the MIL-125-NH, support.
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Figure AIV. 1: A) UV-Vis absorption spectra following the synthesis of AgNC with time
stabilized by cyclohexylamine. B) UV-Vis absorption spectra following the synthesis of AgNC with
time stabilized by MIL-125-NH,

First attempts defined for the SiB association of the AgNC followed a
procedure adapted from the previous bibliography.®* All reagents, presynthesized
microMOF (55 mg, 0.033 mmol, for synthesis refer to APPENDIX I I.ILii MIL-
125-NH, with micron particle size (microMOF)AgCF;COO (11,2 mg, 0.05 mmol;
70:30 weight ratio Ti:Ag, the maximum previously determined by chemical
reduction) and 1-2959 (5.7 mg, 0.025 mmol, 1:0.5 molar ratio with the Ag), were
added to 100 mL of toluene under Ar atmosphere prior to irradiation in a
photoreactor equipped with three actinic BL TL 6W/10 1FM Hg-lamps (Philips)
connected in series with spectral emission in the UVA region (Amw = 365nm),
corresponding to a total irradiance of 40 W - m? under 400 nm. The design of the
best synthetic strategy was optimized from this starting protocol considering several
parameters (irradiation time, reagents addition, stirring, MOF:Ag ratio).

As there was no appreciable color change with naked eye, initial samples
were irradiated with UVA during long periods of time: 30 min and 1 h. TEM
analysis revealed that photoreduction time was excessive as the Ag was present in
the form of NP larger than the pore size (Figure AIV. 2). Even more, after 1 h of
irradiation these AgNPs were located outside the MOF, and their aggregation
procured even Ag microparticles.
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Figure AIV. 2: TEM micrographs of the AgNC@QMIL-125-NH, analyzing the influence of
photoreduction time: top, 30 min irradiation, bottom 1 h irradiation, showing some Ag

microparticles with darker contrast.

In order to prevent particle aggregation and increase sample homogeneity,
the MIL-125-NH, was first impregnated with AgCF;COO during 15 min in dark in
Ar atmosphere prior to the addition of the photo-initiator and the irradiation time
was reduced to 20 min. The change in the reagent addition in a stepwise manner
(impregnation, then irradiation) led to a better distribution of the Ag species
through the microMOF crystals than one-pot impregnation/irradiation (Figure
AIV. 3). Nevertheless, even the sample presented a better control of particle size
dispersion, the diameter was still bigger than the scouted AgNCs. Therefore, the
photoinduced reduction of Ag should be done in sorter times.

Figure AIV. 3: TEM micrographs of the AgNC@QMIL-125-NH, analyzing the influence of
the reagent addition in single step. Ag reduction was fast leading to NPs instead of NCs.
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After reduction of the reaction time down to 1 min, samples exhibited a
heterogeneous population of Ag nanospecies associated to the microMOF. As it can
be observed in Figure AIV. 4, they were MIL-125-NH, crystals without associated
silver, other crystals presented AgNPs and others presented a dense population of
AgNCs. For overcoming these drawbacks, it was decided to keep stirring during
the UVA irradiation to promote a more homogeneous AgNCQMIL-125-NH,
composite and to reduce even more the photoreduction time down to just 15 s the
prevent the aggregation of the NCs into NPs.

Figure AIV. 4: TEM micrographs of the AgNC@MIL-125-NH, in absence of stirring
during photoreduction, showing heterogeneity through the sample having both AgNCs and
AgNPs.

Finally, MOF:Ag proportion was also modulated to validate the SiB
photoreduction of AgNC with adjustable silver content. For this, both TEM
analysis (Figure AIV. 5) and TGA (Table AIV. 1) of the composites was carried
out. The images presented AgNCs of ~1 nm with all Ti:Ag ratios. In addition, TGA
confirmed the efficient association with high yields (>80 %), even higher than the
previously obtained by chemical reduction (~60 %, see APPENDIX I section LII
SiB association of AgNPs via chemical reduction).

Briefing, could be concluded that for the photoinduced SiB association of
AgNCs to MIL-125-NH,: i) Ag growth was controlled by UVA irradiation time,
requiring really short time (just 15 s) for AgNC formation; ii) monodispersed
particle size was promoted by adjusting reagent addition in two steps, separating
the impregnation with the silver salt and the addition of the photoinitiator; iii)
homogeneous distribution of the AgNC through the microMOF crystals was
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governed by stirring and iv) final Ag content associated to the MOF can be
modulated varying the proportion of silver salt with respect to the MOF.

Table AIV. 1: Comparison of total Ag content in AgNC@QMIL-125-NH, composites and
impregnation-reduction yield with respect to the theoretically added silver, according to TGA
(equipment error + 0.2) results, with different Ti:Ag ratio

Ag (wt. %) by
Ti:Ag (weight TGA in the Yield
ratio) theoretical AgNCQMIL-125- (%)
NH, composites

70:30 7.7 84
80:20 4.7 87
90:10 2.0 89

Figure AIV. 5: TEM micrographs of the AgNC@QMIL-125-NH, showing the attainment of
small AgNC with different Ti:Ag wt.% ratio: a) 70:30, b) 80:20 and ¢) 90:10
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As a result, an ultrafast photoreduction protocol (only 20 min) was designed
for the association of AgNCs supported on the porosity of MIL-125-NHo.
Recapitulating, in the optimized synthesis, the previously synthetized MIL-125-NH,
(55 mg, 0.033 mmol) and AgCFs;COO (11.2 mg, 0.05 mmol, final Ti:Ag wt.%. ratio
of 70:30) were suspended in toluene (80 mL, 1 mol) in a round bottom flask, stirred
for 15 min under Ar atmosphere and protected from ambient light. In parallel, I-
2959 (5.7 mg, 0.025 mmol) was dissolved in toluene (20 mL, 0.25 mol). After the
15 min, the 1-2959 solution was added to the MIL-125-NH,/AgCF3;COQO solution
drop by drop. The suspension was stirred for another 5 min in dark and under Ar
atmosphere. Then, the mixture was irradiated under stirring for just 15 seconds.
Suspension was exposed to UVA light in the previously described photoreactor.
The obtained solid was recovered by filtration and washed with toluene (1x, 50
mL) and MeOH (4x, 50 mL). The AgNC@QMIL-125-NH, composite was finally dried
at RT and kept under darkness until use.
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V.I. Materials and Methods

All reactants were commercially obtained from Sigma-Aldrich (titanium(IV)
isopropoxide  (97%),  sulfamethazine  (SMT,  >99%),  2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure-2959, 1-2959, 98%)), Acros
Organics (2-aminoterephtalic acid (H;BDC-NH,, 99%), silver trifluoroacetate
(AgCFsCOO, 98%), 4-nitroaniline (4-NA, 98%), methylene blue (MB, pure)),
Evonik (aeroxide ® TiO»-P25)), Chemlab (N, N-dimethylformamide (DMF, 99.5%)),
Labkem (methanol (MeOH)), and TCI (NaBH, (>95%), p-phenylendiamine (PPD,
98%)), and used without further purification.

Physicochemical ~characterization. Fourier transform infrared (FTIR)
spectroscopic analyses were performed in a Nicolet 6700 (Thermo Scientific, USA)
infrared spectrometer with the help of an attenuated total reflectance (ATR)
diamond accessory. Nitrogen isotherms were obtained at 77 K using an AutosorbQ2
(Quantachrome Instruments, USA). Previous to the measurement, samples were
evacuated at 150 °C for 16 h. Specific surface area was determined by applying
Brunauer, Emmett & Teller equation (BET) in the relative pressure interval p/po
= 0.01-0.3 (being po the saturation pressure). Pore volume and pore size distribution
were calculated by the non-localized density functional theory (NLDFT) and the
Horvath-Kawazoe (HK) methods, respectively. Routine X-ray powder diffraction
(XRPD) patterns were collected using a conventional PANalytical Empyrean
powder diffractometer (PANalytical Lelyweg, Netherlands, 6-260) using ACu Kaj,
and Ke radiation (A = 1.54051 and 1.54433 A). The XRPD patterns were carried
out with a 260 scan between 3-35° and 3-90° with a step size of 0.013° and a scanning
speed of 0.1 °-s'. Thermogravimetric analyses (TGA) were carried out in an SDT
Q-600 thermobalance (TA Instruments, New Castle, DE, USA) with a general
heating profile from 30 to 600 °C with a heating rate of 5 °C - min! under air using
a flux of 100 mL - min?. Transmission electron microscopy (TEM) images were
taken with a JEM 2100 (Jeol, Tokyo, Japan) with a 200 kV acceleration voltage
(point resolution 0.25 nm). For sample preparation, 1 mg of sample was dispersed
in 10 mL of distilled water and sonicated with an ultrasound tip (UP400S, Hilscher,
Teltow, Germany) at 20% amplitude for 20 s. For observation, 1 pL of the prepared
solution was dropped over a copper TEM support with a carbon mesh (lacey
carbon, 300 mesh, copper, approx. grid hole size: 63 um, TED PELLA Redding,
California, USA). Particle size was monitored via counting with ImageJ software.!
The mean particle size was statistically estimated (n > 630) from TEM micrographs
of the Agnancluster@MOF under optimized synthesis conditions. Quantitative
determination of Ag and Ti in the samples was done with inductively coupled
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plasma-optical emission spectrometer (ICP-OES) Optima 3300 DV (Perkin Elmer,
Waltham, MA, USA; digestion with HF and HNOs3); and energy dispersive X-ray
analysis (EDS) coupled to the scanning electron microscopy Hitachi TM 1000 with
tungsten applying 15 keV. UV-visible spectroscopic analysis of the solids and MB
aqueous solutions were run in a Perkin Elmer® Lambda 1050 UV /vis/NIR (Perkin
Elmer, Waltham, MA, USA).

High performance liquid chromatography (HPLC). Different organic
molecules were analyzed by HPLC: the amount of 4-NA reacted and the PPD
formed, the amount of degraded SMT, as well as the released H.BDC-NH, linker
were determined using a reversed phase HPLC Jasco LC-4000 series system,
equipped with a PDA detector MD-4015 and a multisampler AS-4150 controlled by
ChromNav software (Jasco Inc, Japan). A Purple ODS reverse-phase column (5
pm, 4.6 x 150 mm, Analisis Vinicos, Spain) was employed. For the quantification
of all chemical species, isocratic conditions were used. The flow rate was 1 mL - min
! and the column temperature was fixed at 298 K. In all cases, the injection volume
was 30 puL. The mobile phase was based on a mixture of 50:50 MeOH:phosphate
buffered solution (PBS; 0.04 M, pH = 2.5) for H,.BDC-NH, ligand analysis, with a
retention time (rt) and an absorption maximum of 3.03 min and 228 nm,
respectively. SMT was analyzed using a mixture of 35:65 acetonitrile:water, with a
rt of 2.7 min and an absorption maximum of 263 nm. PPD was analyzed using a
mixture of 80:20 PBS:MeOH (PBS, 0.04 M, pH = 8) with a rt of 2.5 min and an
absorption maximum of 237 nm. 4-NA was analyzed using a mixture of 80:20
PBS:MeOH (PBS, 0.04 M, pH = 8) with a rt of 16 min and an absorption maximum
of 380 nm.

Preparation of the phosphate buffered solution (0.04 M, pH = 2.5 and pH =
8): 0.02 mol (2.4 g) of NaH,PO, and 0.02 mol (2.84 g) of Nap,HPO, were dissolved
in 1 L of Milli-Q water. The pH was then adjusted to 2.5 with H;PO, (> 85%) and
to basic pH with NaOH 10 M.
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V.II.

HPLC conditions
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Figure AV. 1: Calibration plot of standard by HPLC method, and UV-vis spectra and
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V.III. Photochemical synthesis and
characterization of AgNC@QMIL-125-NH.

The synthesis of the MIL-125-NH; or [TisOs(OH)4BDC-NH,)s was
performed following a similar experimental procedure previously described.” In a
typical synthesis, H.BDC-NH, (76 mmol, 13.75 g) was dissolved in a mixture of 200
mL of DMF (2.5 mol) and 50 mL of MeOH (1.25 mol) at RT under stirring. The
mixture was placed in a round bottom flask equipped with a condenser and was
warmed at 373 K under air. When the mixture reached the temperature of 373 K,
titanium(IV) isopropoxide (50 mmol, 15 mL) was added and then, the MilliQ) water
(50.56 mmol, 0.91 mL). The mixture was kept under stirring and heated at 373 K
for 72 h under air. The obtained yellow solid was filtered and washed in the filter
twice with 100 mL of DMF at RT. The as-synthesized solid was dispersed at RT
in DMF under stirring overnight (50 mL of DMF per 1 g of product). Then, the
same procedure was repeated twice using MeOH instead of DMF. The MIL-125-
NH; solid was finally dried at 373 K.

The immobilization of the Ag nanoclusters (AgNCs) in the porous structure
of MIL-125-NH, was done following the inspiration of Maretti et al.,® and Garcia-
Bosch et al.* In the optimized synthesis, the previously synthetized MIL-125-NH,
(55 mg, 0.033 mmol) and AgCF;COO (11.2 mg, 0.05 mmol, final Ti:Ag wt. ratio of
21:1) were suspended in toluene (1 mol, 80 mL) in a round bottom flask, stirred for
15 min under Ar atmosphere and protected from ambient light. In parallel, 1-2959
(0.025 mmol, 5.7 mg) was solved in toluene (0.25 mol, 20 mL). After the 15 min,
the 1-2959 solution was added to the MIL-125-NH,/AgCF;COO solution drop by
drop. The suspension was stirred for another 5 min in dark and under Ar
atmosphere. Then, the mixture was irradiated under stirring for just 15 seconds.
Suspension was exposed to UV light in a photoreactor equipped with three actinic
BL TL 6W/10 1FM Hg-lamps (Philips) connected in series with spectral emission
in the UV region (An.x = 365nm), corresponding to a total irradiance of 40 W - m™
under 400 nm.

The obtained solid was recovered by filtration and washed with toluene (1x,
50 mL) and MeOH (4x, 50 mL). The AgNC@QMIL-125-NH, composite was finally
dried at RT and kept under darkness until use. For comparison purposes, Ag-
nanoparticlesQMIL-125-NH, (AgNP@QMIL-125-NH,) keeping the Ti:Ag proportion
was also synthesized following the procedure described by some of us (see Section

V.iV for full experimental procedure).’
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Figure AV. 5: TEM micrographs of the AgNC@QMIL-125-NH, analyzing the influence of
photoreduction time: top, 20 min irradiation, bottom 1 h irradiation, showing some Ag
microparticles with darker contrast.

Figure AV. 6: TEM micrographs of the AgNC@MIL-125-NH, analyzing the influence of
the reagent addition in single step. Ag reduction was fast leading to NPs instead of NCs.
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Figure AV. 7: TEM micrographs of the AgNC@MIL-125-NH, in absence of stirring during
photoreduction, showing heterogeneity through the sample having both AgNCs and AgNPs.

Figure AV. 8: TEM micrographs of the AgNCQMIL-125-NH, showing the attainment of
small AgNC with different Ti:Ag wt. ratio: a) 21:1, b) 16:1, and ¢) 9:1.
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Table AV. 1: Comparison of total Ag content in AgNC@MIL-125-NH, composites and
impregnation-reduction yield with respect to the theoretically added silver, according to TGA
(equipment error + 0.2) results, with different Ti:Ag ratio

Ag (wt. %) by TGA

Ti:A 1 ti
i:Ag (molar ratio) . " AgNC@MIL- Yield (%)

theoretical .
125-NH; composites
21:1 7.7 84
16:1 4.7 87

9:1 2.0 89
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AgNC patrticle size

Figure AV. 9: Histogram with the AgNCs particle size distribution in the AgNCQMIL-
125-NH; composite, synthesized with the optimum reaction protocol as determined by TEM
(N>630, from the displayed 5 images and Figure 1 d).
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High angle annular dark field-scanning transmission electron microscopy
(HAADF-STEM) images for tomography reconstruction were acquired using an
aberration corrected “cubed” FEI Titan 60-300 electron microscope operated at
300 kV. Due to the sensitivity of these materials under a focused beam, a “fast
tomography” procedure was performed, using the Fischione model 2020 single-tilt
tomography holder over a tilt range from —70° to +70°, with tilt increments of 2°.9
The reconstruction of the tilt series was performed using the Astra Toolbox 1.8 for
MATLAB 2018a.3 Visualization of the 3D reconstructions was performed using the
Amira 5.4.0 software. Based on a careful segmentation, it is clear that the particles

are present in the pores of the MOF. See attached movie.

3D RECONSTRUCTION MANUAL SEGMENTATION 3D SEGMENTED RECONSTRUCTION

Figure AV. 10: HAADF-STEM manual orthoslices segmentation and 3D reconstruction of
AgNCQMIL-125-NHo.

Figure AV. 11: TEM micrographs of the AgNCQMIL-125 (a, b) and AgNC@QMIL-125-NH,
materials (¢, d) at different magnifications showing the influence of the NH, groups in the
stabilization of AgNCs.
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Figure AV. 14: XRPD patterns of AgNC@QMIL-125-NH, composite (green) compared to
the pristine MIL-125-NH, (blue), AgCF;COO (orange), and 1-2959 (grey).
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a) MIL-125-NH, b)
MIL-125-NH,
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Figure AV. 15: FTIR spectra of MIL-125-NH, (blue) and AgNC@MIL-125-NH, (green).
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Figure AV. 16: FTIR spectra of AgNC@QMIL-125-NH, as-synthesized (yellow) exhibiting
extra vibrations of 1-2959 (black circle) and AgNC@QMIL-125-NH, after washing (green).
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Figure AV. 17: a) N, sorption isotherms, and b) pore distribution with HK method of
activated MIL-125-NH, (blue) and AgNCQ@QMIL-125-NH, (green). Solid and empty symbols
indicate adsorption and desorption branches, respectively.
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V.IV. Photocatalytic degradation of emerging
contaminants in water using AgNCQ@MIL-125-
NH:

The photocatalytic activity of AgNCQMIL-125-NH, and MIL-125-NH, was
evaluated in terms of photodegradation of emerging organic contaminants (EOCs):
a) MB as model dye, and b) SMT as challenging antibiotic. MB photodegradation
capacity of these materials was further compared with TiO;and AgNP@QMIL-125-
NH,, used here as reference materials. First, the stability of MB and SMT was
studied under Vis light. It was verified that MB was not degraded (after 2 h, longer
time than the experimental) and neither SMT (after 24 h) under Vis light

irradiation.

Synthesis of AgNP@QMIL-125-NH,: The immobilization of the Ag
nanoparticles was performed following an impregnation-reduction methodology
previously reported by some of us, adapted to achieve equivalent amount of silver
as in the AgNCs.” The previously synthetized MIL-125-NH, (250 mg, 0.15 mmol)
was dispersed in 4 mL of a 0.1 M AgNOs solution (75 mg, 0.44 mmol) in CHsCN
by sonication (2 h) and stirred at RT for 16 h. The silver-impregnated MOF
(Agr@MIL-125-NHs) was recovered by centrifugation (10000 rpm/10 min), washed
with CH3CN to remove non-attached silver precursor, and dried at 100 °C
overnight. Dried Agt@MIL-125-NH, was stirred under Ar atmosphere with 2 mL
of absolute ethanol. For reduction, a 2 mL absolute ethanol solution of 0.06 M
NaBH, (4.5 mg, 0.12 mmol) was added to the previous ethanol mixture dropwise
and stirred for 10 min under Ar atmosphere. The composite AgNPQMIL-125-NH,
was then recovered by centrifugation (10000 rpm/10 min), thoroughly washed with
absolute ethanol, and dried at 100 °C.

These experiments were performed in a photoreactor equipped with a 300
W Xe lamp (Oriel Instruments OPS-A500) under open air at RT, with the samples
stirred and placed at a fixed distance of 21 cm from the irradiation source. A 420
nm cutoff filter (Newport 20CGA-420 1J342) was placed between the sample and
the light source to eliminate the UV irradiation. It has to be pointed that prior to
irradiation it is not necessary to stir the suspension until the adsorption-desorption
equilibrium is reached. All experiments were performed at least in triplicate to

ensure statistically reliable results.
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A) MB

In a typical experiment, 5 mg of catalyst (TiO,, AgNCQMIL-125-NH,,
AgNP@QMIL-125-NH, or MIL-125-NH;) was added to 10 mL of a MB (200 ppm, in
the range of textile wastewater)® aqueous solution (tap water) in a 20 mL vial.
Photodegradation reactions were performed under continuous stirring. At certain
intervals (0, 5, 10, 20, 30, 40, 50, and 60 min), an aliquot of 250 ul. was collected
by centrifugation for analysis by UV-vis (MB) and HPLC (H.BDC-NH,) (V.II
HPLC conditions). In addition, dark experiments were carried out under the same
reaction conditions to evaluate the MB adsorption (Figure AV. 18). These
experiments were performed in triplicate.

As mentioned, Figure AV. 21 shows that MB is not degraded under 60 min
of Vis light irradiation (remaining ~95% of the initial concentration),
demonstrating the need of a photocatalyst for the MB degradation. TiO, could not
be considered as an efficient photocatalyst for decontamination as it exhibits a
moderate activity (remaining ~80% of MB after 60 min). As its photoactivity is
limited by the minor visible light absorption (E; = 3.00 eV), MB removal probably
comes from MB adsorption on the particles (TiO2 Sger = 35 - 65 m? - g!).

Dark experiments

80 -

S MIL-125-NH,

g 80 A
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£

c

T 40 -
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Figure AV. 18: MB adsorption kinetics in dark using AgNC@QMIL-125-NH, (green
triangles) and MIL-125-NH, (blue circles).

The MB photodegradation data using AgNCQMIL-125-NH, and MIL-125-
NH, were fitted to a second order kinetics according to Eqn. (1).

1 _ 1
m—ﬁﬁ'kl’ Eqn. (1)
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where [C] and [C]y are the remaining amount of MB (g - mg"') at the time ¢ (min)
and the initial MB concentration, respectively, and k is the second order kinetics
constant (g - mg?! - min™).
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Figure AV. 19: Fitting of MB degradation data using MIL-125-NH, (blue circles) and
AgNCQMIL-125-NH, (green triangles) to a second order kinetic.
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Figure AV. 20: XRPD patterns of the MIL-125-NH, and AgNC@MIL-125-NH, before
(blue and green, respectively), and after being suspended in a MB tap aqueous solution under Vis
irradiation for 1 h (MIL-125-NH, MB_ 300W (orange) and AgNC@QMIL-125-NH, MB_300W

(grey)).



APPENDIX V 263

1m S - <1
Tio,
—~ 80 A
S
m
= 60
[@)]
£
£
®
£ 40 A MIL-125-NH,
Q
g
20
— 1 3
. AgNC@MIL-125-NH;
0 10 20 30 40 50 60

Time (min)

Figure AV. 21: MB photodegradation kinetics using AgNC@QMIL-125-NH, (green
triangles) and other materials as controls: AgNP@QMIL-125-NH, (red diamonds), MIL-125-NH,

(blue circles), TiO, (orange squares), and MB control without catalyst (grey crosses).
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Table AV. 2: Comparison of degraded MB (%) using AgNC@MIL-125-NH, and other
reported catalysts.

K
MB :
MOF based d ded Time Kinetic (1% in min™ / Ref
. egra e els
material (%) (min) model 2 in g - mg
!+ min™)
Thi
AgNC@MIL-125-NH, 92 60 gud 0.0007 IS
work
AgNPs@QMIL-125- 84 60 This
NH- work
Thi
MIL-125-NH, 72 60 gnd 0.0001 ls
work
Thi
TiO, 18 60 °
work
HPU-4@AgBr 05 60 ND ND 9
Pseud
Ag-MIL-125-AC 99.5 90 0081 L
Ag;PO@  MIL-125-
Nf; ! 05 50 15t 0.089 n
2
AgsVO,@MIL-125- ,
Nf; ! 92 15 1t 0.0997 12
2
In-MOF 06 60 1 0.0621 13
MIL-53(Fe) 11 40 1 0.0036 4
Mn(dmtdc) 01 70 ND ND 15
UiO-66- 63 190 Pseudo 0.0168 "
NH,@ZnTCPe 1t ‘
Pseudo
71F-8 83 120 - 0.0170 7
ZIF-8aAg/AgCl 100 20 1 0.1468 18
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Figure AV. 22: TOF (min"') determination of MB photodegradation using AgNCQMIL-
125-NH, (green triangles) AgNP@QMIL-125-NH, (red diamonds) MIL-125-NH, (blue circles) as

B) SMT

catalyst.

Static batch SMT photodegradation: In an 8 mL vial, 4 mg of AgNCQMIL-

125-NH; or MIL-125-NH, were suspended in 4 mL of a SMT tap-aqueous solution
(10 ppm, according with the concentration of SMT found in the environment).'

Photodegradation reactions were performed under stirring. At certain intervals (0,

2, 5,8, 12, 15, and 30 min), an aliquot of 100 pL was collected by centrifugation
for HPLC analysis (SMT and H,BDC-NH,). These experiments were performed in

triplicate.
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Figure AV. 23: Effect of time on the photodegradation of SMT using MIL-125-NH, (red
circles, left y axis) or AgNC@QMIL-125-NH, (red triangles) as photocatalyst. SMT (grey crosses,
right x axis) without catalyst is included for comparison. MOF degradation over time is also

represented (in black using circles and triangles, accordingly).
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AgNC@MIL-125-NH, SMT_300W
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Figure AV. 24: XRPD patterns of the MIL-125-NH, and AgNCQMIL-125-NH, before
(blue and green, respectively), and after being suspended in a SMT tap aqueous solution under
Vis irradiation for 30 min (orange and grey, respectively; denoted as MIL-125-NH, SMT 300W
and AgNC@QMIL-125-NH, SMT 300W).

To shed some light on the SMT degradation kinetics and to gain further
understanding on the involved mechanism, the first 10 min of SMT degradation

were fitted to a second order kinetics according to Eqn. (1).
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Figure AV. 25: Fitting of SMT degradation data using MIL-125-NH, (blue circles) and
AgNCQMIL-125-NH, (green triangles) to a second order kinetics.



APPENDIX V 267

Table AV. 3: Comparison of degraded SMT values (% and mg - L' - min) using
AgNCQ@QMIL-125-NH, and other MOF-based catalysts, as well as TiO,.

SMT K
MOF based material degraded, Time Kinetic Ref

ased material (mg - I+ (min) model (g - mg efs

1. min™) !+ min)

AgNC@QMIL-125-NH, 96 (0.32) 30 2nd 3.56 This work
MIL-125-NH, 49 (0.16) 30 2nd 0.02 This work
CUS@MIL-100(Fe) 100 (0.11) 180  ND ND 2
PW,GMFM-300(In) 98 (0.14) 120 ND ND 21
ML 90 (83.50) 60 ND ND 2
53(Fe)@percarbonate '
TiO, 95 (0.08) 120 ND ND 2

ND: no data reported

Continuous flow SMT photodegradation: A continuous flow reactor made of

glass (length = 7.5 cm, T = 2.2 ¢cm, volume = 10 mL) was employed to investigate
SMT photodegradation through a continuous flow. In order to provide a suitable
liquid and MOF distribution, before any test the reactor containing only 10 mg of
AgNCQ@QMIL-125-NH, powder was first conditioned with 10 mL of water (without
SMT). Following the same experimental conditions as previously described at the
beginning of this section, a SMT concentration of 10 pg - mL! and a distance of 21
cm between the light source and the reactor were used. Applying a NE-4000 dual-
channel syringe pumping system (MicruX Technologies, Spain), a total volume of
120 mL of contaminated water were pumped into the reactor with a flow rate of 30
mL - h' (or ca. 80 L - m™ - h'). The effluent was gathered at regular time intervals
(10, 20, 25, 30, 35, 40, 50, 60, 70, 10, 110, 120, 130, 190, 220, and 240 min) and
SMT and BDC-NH; concentration was quantified to evaluate the SMT elimination
and the potential MOF degradation in a continuous mode. These experiments were

performed in triplicate.
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AgNC@MIL-125-NH,_flow
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Figure AV. 26: XRPD patterns of the AgNCQMIL-125-NH; before and after being used in

the continuous flow reactor under Vis irradiation for 4 h.
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Monte Carlo simulations. In order to determine the main preferential
adsorption sites available in the titanium terephthalate MIL-125-NH, structure for
SMT guest molecules, force field-based Monte Carlo simulations were performed.
For that purpose, the Metal-Organic Framework (MOF) crystal structure was
taken from the literature and geometry-optimized.? Partial charges in the solid
were then calculated using electronegativity equalization method,” while Lennard
Jones parameters were taken from UFF to reproduce the van der Waals
interactions.”® Regarding the SMT molecules, Density Functional Theory (DFT)
calculations were performed with DMol® to estimate the partial charges (see
Figure S28) obtained from a geometry optimization using PW91 functional and
DNP basis set and high convergence criteria and UFF was also used for Lennard-
Jones parameters. The loading of the MOF by 1 or 2 SMT molecules (closed to the
experimental loadings) were simulated by Monte Carlo (see Figures S27), using a
temperature equal to 300 K, rigid solid and molecules structures and with a multi-
cell (simulation box) large enough to consider a cut-off distance for Lennard Jones
interactions equal to 12.5 A. For a typical Monte Carlo calculation, 20 - 10° steps
for both, equilibration and production processes, were used. From these
calculations, it was therefore possible to extract the configuration of distribution of
SMT molecules in the MOF pores and determine the plausible interactions.

After these calculations, the insertion of AgNCs in the MIL-125-NH, pores
was investigated by Monte Carlo. For that purpose, previous structure and partial
charges for MIL-125-NH; were used again and Ag nanoclusters (28 atoms) were
considered without partial charge (Ag”) and using UFF force field for Lennard Jones
parameters. Monte Carlo simulations were performed in the same conditions than
previously by imposing 7 Ag per unit-cell (which corresponded to the experimental
Ag loading). From these calculations, it was thus possible to extract an Ag-loaded
MIL-125-NH, and to run other calculations to study the loading of 1 or 2 SMT

molecules in this new structure, following the same conditions than previously.

In each obtained structure, it was possible to calculate the textural
properties (specific surface area for N, free pore volume), using the procedures
developed by Diiren et al.*” (considering the center of a N, probe molecule rolling
across the surface with a diameter equal to 3.681 A) and Gubbins et al.2® (probe
size of 0 A), respectively
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Figure AV. 27: Plausible structures extracted from Monte Carlo simulations for (a)
AgNC@MIL-125-NH,, (b) MIL-125-NH; containing 1 SMT molecule, (d) AgNC@MIL-125-NH,
containing 1 SMT molecule. Figure (c) represents the 3D-energy plot for the presence of SMT in
AgNC@MIL-125-NH,
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Figure AV. 28: Partial charges extracted from DFT calculations for SMT molecules
(implemented in Monte Carlo simulations)
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FTIR spectroscopy of SMT loaded materials

SMT-loaded materials AgNC@QMIL-125-NH,  SMT and MIL-125-NH, SMT
were prepared by suspending 4 mg of AgNCQ@QMIL-125-NH, or MIL-125-NH; into 4
mL of a SMT aqueous solution (10 ppm), following the same procedure as in the
photodegradation experiments. The suspensions were kept under dark during all
the experiment. After 24 h, the solids were centrifuged and recovered. The FTIR
spectra of the SMT-loaded MIL-125-NH, confirmed a shift (from 3360 to 3376 cm-
! for the AgNCQMIL-125-NHs; and from 3349 and 3446 cm™ to 3386 and 3497 cm-
! for the MIL-125-NH,, corresponding to the stretching Vaym(N-H) and v..(N-H)
vibration bands of the -NH, groups in the MOF structure, respectively). These
bands shift suggests the formation of interactions between SM'T moieties and the —
NH; group of MIL-125-NH,. Additionally, in the case of the pristine MIL-125-NH,,
there is a shift associated to the carboxylate group found in the range of 1520-1650
cm™ and 1280 to 1400 cm™ for the Vs, and vy, vibration bands, there is a red and
blue shifts from 1534 to 1553 and 1339 to 1316 cm™, respectively. These variations
are not found in the AgNC@QMIL-125-NH, material, confirming the predictions of
the simulation studies.

SMT

/_/ S
MIL-125-NH,
MIL-125\NH, /

U7

3600 3400 3200 3000 2800 1700 1600 1500 1400 1300 1200 1100
v (cm?) v(cm?)

AgNC@MIL-125-NH,
SMT S AgNC@MIL-125-NH,_SMT

Ag MIL-125-NH,

NC@MIL-125-NH,_SMT

3600 3400 3200 3000 2800 1700 1600 1500 1400 1300 1200
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Figure AV. 29: FTIR spectra of the MIL-125-NH, (blue) and AgNC@QMIL-125-NH,
(green), and their corresponding SMT (MIL-125-NH,_SMT (orange) and AgNCQMIL-125-
NH, SMT (black)) loaded materials. The spectrum of free SMT has been included for
comparison. All solids were previously dried overnight.
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The breakthrough curve shape and breakthrough times are considered as the
main factors to investigate the efficiency of the continuous flow reactors.
Predictions of the breakthrough curve for the effluent is a requisite for the accurate
design of a continuous contaminant elimination column.? The column data were
fitted to the Thomas model (Origin Pro 2019b software was used for non-linear
curve fitting). This model is one of the most general and widely used theoretical
methods to describe column performance and its described following Eqn. (2)

Co _ KTthM
In (E 1) = T — KpyCot Equ. (2)

where Co is the inlet SMT concentration (mg-L"); Ct is the effluent SMT
concentration at time (mg - L?); Kp, is the Thomas rate constant (mL - mg! - min-
)5 ¢, is the equilibrium of SMT uptake (mg - g?); M is the mass of the absorbent
(g); F'is the inlet flow rate (mL - min™); and ¢ is the flow time (min).

Thomas
20 Ct

— —1=exp(3.2775 - 0.03122t)
Co

. K = 3.491237 mL mg?! min?t

S 101 9o = 5.119366 mg/g

R2: 0.9624
0
0 100 200 300
Time (min)

Figure AV. 30: Breakthrough curve (red) and fitting (black) of the data from the
continuous water purification studies using the Thomas models at 298 K

V.V. Catalytic hydrogenation of 4-nitroaniline
using AgNCQ@QMIL-125-NH-

In a typical experiment, 5 mg of AgNCQMIL-125-NH, or MIL-125-NH, were
added to 15 mL of 4-NA in a tap water solution (2 mM), followed by the injection
of 3.5 mL of a NaBH, aqueous solution (0.1 M). These tests were performed in dark
and sealed to prevent H;loses. At certain intervals (0, 5, 10, 15, 20, and 30 min),
an aliquot of 300 pL was filtered with a syringe filter (200 nm) and collected for
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analysis by HPLC (4-NA, p-phenylendiamine-PPD, and H,BDC-NH,). These

experiments were performed in triplicate.

The 4-NA degradation kinetics data during the first 30 min were fitted to a
first order kinetics according to Eqn. (3).

Ln[C] = Ln[C], + kt Eqn. (3)

where [C] and [C], are the remaining amount of 4-NA (g - mg"') at the time ¢ (min)
and the initial 4-NA concentration, respectively, and k is the first order kinetics
constant (min™).

In a first stage, the amount of AgNC@QMIL-125-NH, catalyst required for
the reaction was optimized. For an initial concentration of 4-NA of 0.2 mM
considering reaction progress after 1 min, results revealed that catalyst
concentrations below 3 mg were not enough (see Figure AV. 31). With only 20%
of 4-NA remaining after 1 min, 5 mg of catalyst were considered as the best choice.
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Figure AV. 31: Selection of amount of catalyst. Hydrogenation of 4-NA 0.2 mM.

As it can be seen in Figure AV. 32 reaction progress was easily followed by
UV-Vis spectroscopy, by the transformation of the yellow 4-NA, with maximum
absorbance at Arxa = 380 nm, into the uncoloured PPD with Appp = 305 nm. As
the hydrogenation catalyzed by AgNCQMIL-125-NHj; is relatively fast, the starting
concentration of the 4-NA reagent was increased up to 2 mM to better follow the
reaction kinetics. In addition, for better quantification of reagents and products, as
well as catalyst stability under reaction conditions, periodic aliquots of the reaction
media were taken during 30 min of the reaction and quantified by HPLC.
Hydrogenation reaction was also carried out under the same conditions (4-NA 2
mM, 5 mg of catalyst) using MIL-125-NH, as a control of the AgNC catalytic
activity (see article Figure 5 in Chapter 4 section 4.2).
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Figure AV. 32: UV-vis spectra of the hydrogenation of 4-NA (2 mM) upon addition of

Ln(CICl)

AgNCQMIL-125-NH; catalyst.
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Figure AV. 33: Fitting to a first order kinetic of 4-NA hydrogenation data using
AgNCQ@QMIL-125-NH, (green triangle) and MIL-125-NH, (blue circle) as catalyst.
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Figure AV. 34: AgNC@MIL-125-NH, stability followed by HPLC: H,BDC-NH, leaching
(black squares) during 4-NA hydrogenation (red diamonds).
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AgNC@MIL-125-NH,_4-NA
MIL-125-NH,_4-NA
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Figure AV. 35: XRDP patterns of the MIL-125-NH, and AgNCQMIL-125-NH, before
(blue and green, respectively), and after being suspended as catalyst for 4-NA hydrogenation in
dark for 30 min (MIL-125-NH,_4-NA (orange) and AgNC@QMIL-125-NH,_4-NA (grey)).
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VI.I. Microwave assisted solvothermal synthesis

Table AVI. 1: Letter codes for the resulting products of the following MW synthesis

Letter code Resulting reaction product
A MIL-53(Fe)-NH,
B MIL-88B(Fe)-NH,

MIL-101(Fe)-NH,

Amorphous
FGQOS

O ~
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Table AVI. 2: Mass, mol and molar ratios, and dispensed amounts for the MW investigation of the system
FeCl; - 6H,O / H,.BDC-NH, / HCl in water (V H,O = 4 mL, T = 100 °C, t = 5 min). The resulting phases are indicated
by the letter assigned in Table AVI. 1

FeCls - FeCl;. H,.BDC- H,.BDC- HCl 1

Sample o o 2 2 Ligand: [Fe] HCIl:

6H-.0 6H-.0 NH, NH, M Result*

name Metal (M) Fe

(mg) (mmol) (mg) (mmol) (mL)
MW 1-01 21.6 0.08 14.48 0.08 1 0.02 0 0 C
MW 1-02 o4 0.2 36.2 0.2 1 0.05 0 0 C+A
MW 1-03 108 0.4 72.4 0.4 1 0.1 0 0 A+ C
MW 1-04 216 0.8 144.8 0.8 1 0.2 0 0 A
MW 1-05 54 0.2 36.2 0.2 1 0.05 0.05 0.25 C+A
MW 1-06 54 0.2 36.2 0.2 1 0.05 0.1 0.5 C+A
MW 1-07 o4 0.2 36.2 0.2 1 0.05 0.15 0.75 A+ C
MW 1-08 o4 0.2 36.2 0.2 1 0.05 0.2 1 A

* In the case of mixture, the first letter is the major phase

Table AVI. 3: Mass, mol and molar ratios, and dispensed amounts for the MW investigation of the system
FeCl; - 6 H,O / Hb.BDC-NH, / HCI in water (V H.O = 4 mL, T= 150 °C, t= 5 min and (*) t= 30 min). The resulting
phases are indicated by the letter assigned in Table AVI. 1

FeClg * FeClg. HzBDC- HzBDC- . HCl1
Sample Ligand: [Fe]
6H,0 6H-.0 NH, NH, M HCI: Fe | Result *
name Metal (M)
(mg) (mmol) (mg) (mmol) (mL)
MW 2-01 21.6 0.08 14.48 0.08 1 0.02 0 0 C+ A
MW 2-02 54 0.2 36.2 0.2 1 0.05 0 0 A+ C
MW 2-03 108 0.4 72.4 0.4 1 0.1 0 0 A
MW 2-04(+) 108 0.4 72.4 0.4 1 0.1 0 0 A
MW 2-05 216 0.8 144.8 0.8 1 0.2 0 0 A
MW 2-06 54 0.2 36.2 0.2 1 0.05 0.1 0.5 C+ A

* In the case of mixture, the first letter is the major phase

Table AVI. 4: Mass, mol and molar ratios, and dispensed amounts for the MW investigation of the system
FeCl; - 6 HO / H;BDC-NH; in ethanol (V EtOH = 4 mL. T= 150 °C. t= 5 min). The resulting phases are indicated by
the letter assigned in Table AVI. 1

FeCls; - FeCls. H.BDC- | H,BDC- . HCl11
Sample Ligand: [Fe]
6H.0 6H.0O NH, NH, M HCI: Fe| Result
name Metal (M)
(mg) | (mmol) | (mg) | (mmol) (mL)
MW 3-01 21.6 0.08 14.48 0.08 1 0.02 0 0 B
MW 3-02 54 0.2 36.2 0.2 1 0.05 0 B
MW 3-03 108 0.4 72.4 0.4 1 0.1 0 0 B
MW 3-04 216 0.8 144.8 0.8 1 0.2 0 0 B
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Table AVI. 5: Mass, mol and molar ratios, and dispensed amounts for the MW investigation of the system
FeCl; - 6 H,O / Ho.BDC-NH; in ethanol (V EtOH = 4 mL. T= 150 °C. t= 5 min). The resulting phases are indicated by

the letter assigned in Table AVI. 1

FeCls - FeCl;. H,BDC- H,BDC- . HCl 1
Sample Ligand: [Fe]
6H,0O 6H-0 NH, NH, M HCIl: Fe| Result
name Metal (M)
(mg) (mmol) (mg) (mmol) (mL)
MW 3-05 216 0.8 36.2 0.2 0.25 0.2 0 0 B
MW 3-06 216 0.8 72.4 0.4 0.5 0.2 0 0 B
MW 3-07 216 0.8 217.2 1.2 1.5 0.2 0 0 B
MW 3-08 216 0.8 289.6 1.6 2 0.2 0 0 B

Table AVI. 6: Mass, mol and molar ratios, and dispensed amounts for the MW investigation of the system
FeCl; - 6 H,O / Ho.BDC-NH, / in ethanol (V EtOH = 4 mL, [Fe]=0.1 M, ligand:metal 1:1). The resulting phases are

indicated by the letter assigned in Table AVI. 1

FeCls - FeCls. H,BDC- | H,BDC- ) )

Sample Ligand: [Fe] T Time

6H20 6H20 NHZ NHZ . Result

name Metal (M) (°C) (min)

(mg) (mmol) (mg) (mmol)
MW 3-09 108 0.4 72.4 0.4 1 0.1 100 3 B
MW 3-10 108 0.4 72.4 0.4 1 0.1 100 10 B
MW 3-11 108 0.4 72.4 0.4 1 0.1 100 20 C
MW 3-12 108 0.4 72.4 0.4 1 0.1 100 30 C
MW 3-13 108 0.4 72.4 0.4 1 0.1 150 10 B
MW 3-14 108 0.4 72.4 0.4 1 0.1 150 20 B
MW 3-15 108 0.4 72.4 0.4 1 0.1 150 30 B
MW 3-16 108 0.4 72.4 0.4 1 0.1 180 ) B
MW 3-17 108 0.4 72.4 0.4 1 0.1 180 10 D
MW 3-18 108 0.4 72.4 0.4 1 0.1 180 20 D
MW 3-19 108 0.4 72.4 0.4 1 0.1 180 30 D
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Table AVI. 7: Mass, mol and molar ratios, and dispensed amounts for the MW investigation of the system

FeCl; - 6 H,O / H.BDC-NH; in DMF (V DMF = 4 mL. T= 150 °C. ligand:metal=1:1). The resulting phases are
indicated by the letter assigned in Table AVI. 1
FeCls; - FeCls;. H.BDC- | H,BDC-
Sample e o 2 2 Ligand: [Fe] T Time
6H20 6H20 NH2 NH2 . Result*
name Metal (M) (°C) (min)
(mg) (mmol) (mg) (mmol)
MW 4-01 21.6 0.08 14.48 0.08 1 0.02 150 5 X
MW 4-02 54 0.2 36.2 0.2 1 0.05 150 5 C+B
MW 4-03 108 0.4 72.4 0.4 1 0.1 150 ) B+ C
MW 4-04 216 0.8 144.8 0.8 1 0.2 150 5 C+ A
MW 4-05 21.6 0.08 14.48 0.08 1 0.02 150 30 C
MW 4-06 54 0.2 36.2 0.2 1 0.05 150 30 C+B
MW 4-07 108 0.4 72.4 0.4 1 0.1 150 30 B+ C
MW 4-08 216 0.8 144.8 0.8 1 0.2 150 30 A+ C

* In the case of mixture, the first letter is the major phase

Table AVI. 8: Mass, mol and molar ratios, and dispensed amounts for the MW investigation of the system

FeCls - 6 H,O / H.BDC-NH, / HCI in DMF (V DMF = 4 mL. T= 150 °C. t= 30 min). The resulting phases are
indicated by the letter assigned in Table AVI. 1
FeCl; - FeCl;. H.BDC- | H.BDC- HCl 1
Sample e e ? ? Ligand: [Fe] HCI:
6H20 6H20 NH2 NH2 M Result*
name Metal (M) Fe
(mg) | (mmol) | (mg) | (mmol) (mL)
MW 4-10 54 0.2 36.2 0.2 1 0.05 0 0 C+B
MW 4-11 54 0.2 36.2 0.2 1 0.05 0.1 0.5 B
MW 4-12 54 0.2 54.3 0.3 1.5 0.05 0 0 C+B
MW 4-13 54 0.2 54.3 0.3 1.5 0.05 0.1 0.5 B

* In the case of mixture, the first letter is the major phase
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VI.II. XRPD patterns
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Figure AVI. 1: XRPD patterns for the MW investigation of the system FeCl; - 6 H,O /
H,BDC-NH, / HCI in water (V H,O = 4 mL, T= 100 °C, t= 5 min) after activation with EtOH,
compared to simulated MIL-101-NH, (green), MIL-53-NH; (red) and H.BDC-NH; (pink)
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Figure AVI. 2: XRPD patterns for the MW investigation of the system FeCls - 6 H.O /
H;BDC-NH, / HCl in water (V H,O = 4 mL, T= 150 °C, t= 5 min) after activation with EtOH,
compared to simulated MIL-101-NH, (green), MIL-53-NH; (red) and H:BDC-NH, (pink)
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Figure AVI. 3: XRPD patterns for the MW investigation of the system FeCl; - 6 H,O /
H,BDC-NH, / HCl in water (V H,O = 4 mL, T= 100 °C, t= 5 min, [Fe] = 0.05 M) after
activation with EtOH, compared to simulated MIL-101-NH, (green), MIL-53-NH, (red) and
HzBDC—NHQ (pink)
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Figure AVI. 4: XRPD patterns for the MW investigation of the system FeCls - 6 H.O /
H,BDC-NH, in ethanol (V EtOH = 4 mL, T= 150 °C, t= 5 min) after activation with EtOH,
compared to simulated MIL-88B-NH, (purple) and H,.BDC-NH, (pink)
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EtOH, T=150°C Influence of ligand:metal ratio
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Figure AVI. 5: XPRD patterns for the MW investigation of the system FeCl; - 6 H,O /
H,BDC-NH; in ethanol (V EtOH = 4 mL, T= 150 °C, [Fe]= 0.2 M, t= 5 min) after activation
with EtOH, compared to simulated MIL-88B-NH, (purple) and H,BDC-NH, (pink)

EtOH, T=100°C Influence of time

10.3
9.2°
PR ER
Fpo
% 1: \ t MIL-88B-NH, (B)
T
| I \
| I \
| | |
Lo !
\ N * =Bt
" £ |
. }I ‘: ‘: t(min) 20min = B+
| 1 |
1 | - — .
l\%w_ : !.‘ i U cp B
paate s gl LA N S R . i
-—_———t—r——————7—T————T———T T 5 min B
3 8 13 18 23 28 33 =

26 (%)

Figure AVI. 6: XRPD patterns for the MW investigation of the system FeCl; - 6 H,O /
H,BDC-NH; in ethanol (V EtOH = 4 mL, T= 100 °C, [Fe]= 0.1 M,) after activation with EtOH,
compared to simulated MIL-88B-NH, (purple) and MIL-101-NH, (green).



APPENDIX VI 289
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Figure AVI. 7: XRPD patterns for the MW investigation of the system FeCl; - 6 H,O /
H,BDC-NH; in ethanol (V EtOH = 4 mL, T= 150 °C, [Fe]= 0.1 M,) after activation with EtOH,
compared to simulated MIL-88B-NH, (purple).

EtOH, T=180°C Influence of time
| 103°
‘\
\ 92°| |
K | [ ,’
I\ I.‘ [ I\ 4‘\
N il u“ N I /\\ I - F9203
\ «"‘| \‘ 11\ | 131 I i« | : ) ) :
Rl I R T U WL WL SVP A W YU 7
[~ L | T Vot MIL-88B-NH, (B)
N | :‘
| P | I I
l : } f LM' 4 WA e Wi .-;w“‘ \ o . J" :In‘ D
. ‘, 4:‘ T 'N: f : WINPTy t(mln) W : Wi |:> D
Vb Lo : | | 10min D
\ i ' | I
W ML e !
| W !“M"‘“‘”"“'t“‘\“-ﬂ-"ww‘vr it g "V"Mw‘m"-\':-«*"’“v\ﬁmmr-’&wmwp«'w*"’"m(b‘-m...wmw“'w 5min =B
I !
I
T T 0 T T T T
3 8 13 18 23 28 33

26 ()

Figure AVI. 8: XRPD patterns for the MW investigation of the system FeCls - 6 H,O /
H,BDC-NH; in ethanol (V EtOH = 4 mL, T= 180 °C, [Fe]= 0.1 M,) after activation with EtOH,
compared to simulated MIL-88B-NH, (purple) and Fe;O3 (black).
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DMF, T=150 °C
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Figure AVI. 9: PXRD patterns for the MW investigation of the system FeCl; - 6 H,O /
H,BDC-NH, in DMF (V DMF = 4 mL, T= 150 °C, ligand:metal= 1:1) after activation with
EtOH, compared to simulated MIL-88B-NH, (purple) and MIL-101-NH, (green).
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Figure AVI. 10: XRPD patterns for the MW investigation of the system FeCls - 6 H.O /
H,BDC-NH, in DMF (V DMF = 4 mL, T= 150 °C, ligand:metal= 1:1) after activation with
EtOH and dried at 160 °C, for better discriminating between the different Fe-BDC-NH, MOF

phases
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Figure AVI. 11: XRPD patterns for the MW investigation of the system FeCl; - 6 H,O /
H,BDC-NH, / HCl in DMF (V DMF = 4 mL, T= 150 °C, t= 30 min) after activation with
EtOH, compared to simulated MIL-88B-NH, (purple) and MIL-101-NH, (green).
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VI.III. Particle size and reaction yield

Table AVI. 9: Particle size and reaction yield for the MW investigation of the system
FeCl; - 6 H,O / H.BDC-NH, in water (V H,O = 4 mL, T= 100 °C, t= 5 min)

[Fe] Particle si Yield STY
(& article size e

e Pdl ' (kg - v Result
(M) (0 nm) (wt.%) s
0.02 450 + 200 0.25 +0.01  ~100% 3850 C
0.05 190 + 70 0.32 +0.01  ~100% 5400 CtA
0.1 450 + 150 0.20 + 0.06  ~100%) 8700 CtA
0.2 260 + 70 0.11 % 0.02 70 10400 A

* remaining ligand found prior activation due to poor HsBDC-NH: solubility in water

Table AVI. 10: Particle size and reaction yield for the MW investigation of the system
FeCl; - 6 H,O / H,BDC-NH, in water (V H,O = 4 mL, T= 150 °C, t= 5 min)

. . ) STY

[Fe] Particle size Pdl Yield ( 3. g Result
-m? - d esu

(M) (@ nm) (wt.%) 8 )

0.02 300 £ 85 0.20 £ 0.11 ~100%%) 2950 C+A

0.05 300 + 90 0.37 + 0.11 ~100%) 3900 A+ C

0.1 325 £ 150 0.28 £ 0.03 60 4300 A

0.2 310 £+ 120 0.30 £ 0.03 20 7000 A

* remaining ligand found prior activation due to poor H:BDC-NH; solubility in water
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Table AVI. 11: Particle size and reaction yield for the MW investigation of the system
FeCl; - 6 H,O / H,BDC-NH, / HCl in water ([Fe] = 0.05 M, V H,O = 4 mL, T= 100 °C, t=5

min)
ifil) Pa;(tal Cif)lze Pdl (Ef;j) (kg Srg ) Result
0 240 + 100 0.35 + 0.06  ~100%% 8500 CtA
50 480 £ 80 041005  ~100% 8000 CtA
100 500 + 100 0.50 £ 0.06  ~100%% 7500 CtA
150 500 + 140 0.41 +0.06  ~100%% 7300 A+ C
200 320 £ 110 0.39 £ 0.07  ~100% 6500 A

* remaining ligand found prior activation due to poor HsBDC-NH: solubility in water

Table AVI. 12: Particle size and reaction yield for the MW investigation of the system
FeCl; - 6 H,O / Ho.BDC-NH, in ethanol (V EtOH = 4 mL, T= 150 °C, t= 5 min)

[Fe] Particle size Pl Yield STY Result
(M) (@ nm) (wt.%) (kg m?-d")

0.02 300 £ 80 0.28 £+ 0.12 ~100 2050 B
0.05 250 + 140 0.29 + 0.09 85 3100 B
0.1 250 + 80 0.12 + 0.03 45 3300 B
0.2 210 £ 70 0.10 £+ 0.02 40 6200 B

Table AVI. 13: Particle size and reaction yield for the MW investigation of the system
FeCl; - 6 H,O / H,BDC-NH, in ethanol (V EtOH = 4 mL, T= 150 °C, t= 5 min, [Fe]=0.2 M)

TY
Licand:metal Particle size PdI Yield (kS Result
igand:meta Sm esu
s (® nm) (wt.%) s ]
3. d 1)
0.25:1 300 £ 85 0.15 £ 0.07 90 3200 B
0.5:1 290 £ 70 0.07 £ 0.05 60 4700 B
1:1 210 £ 70 0.10 £ 0.02 40 6200 B
1.5:1 270 £ 80 0.12 £+ 0.06 35 5600 B
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Table AVI. 14: Particle size and reaction yield for the MW investigation of the system
FeCl; - 6 H,O / H,BDC-NH; in ethanol (V EtOH = 4 mL, T= 100 °C, [Fe]=0.1 M)
STY
Time Particle size Yield
) Pdl (kg - m Result
(min) (® nm) (wt.%) s )
) 220 + 80 0.25 £ 0.05 95 16000 B
10 320+ 80 0.34 + 0.08 ~100 10700 B
20 240 + 80 0.28 4+ 0.04 ~100 6800 C
30 290 + 70 0.20 £ 0.02 80 3500 C
Table AVI. 15: Particle size and reaction yield for the MW investigation of the system
FeCl; - 6 H,0 / H,BDC-NH, in ethanol (V EtOH = 4 mL, T= 150 °C, [Fe]=0.1 M,)
Ti Particle si Yield STY
(§ article size (§
o e s Pdl 1 (kg - v Result
(min) (® nm) (wt.%) ')
) 250 + 80 0.12 £+ 0.03 40 3300 B
10 250 £ 100 0.16 + 0.08 90 2600 B
20 250 £ 70 0.11 £+ 0.01 60 2000 B
30 230 + 60 0.07 +£ 0.04 50 2100 B
Table AVI. 16: Particle size and reaction yield for the MW investigation of the system
FeCl; - 6 H,O / H,BDC-NH, in DMF (V DMF = 4 mL, T= 150 °C, ligand:metal=1:1)
[F ] ti Particle si Yield STY
€ me article size 1€
, Pdl (kg m?-d Result
(M) (min) (@ nm) (wt.%) y
) - - - - X
0.02
30 300 + 80 0.12 £+ 0.09 70 600 C
5} 250 + 60 0.14 £+ 0.09 40 1500 C+B
0.05
30 270 £+ 80 0.26 + 0.09 70 400 C+B
) 270 £ 70 0.08 + 0.01 50 3500 B+ C
0.1
30 490 4+ 150 0.20 £+ 0.02 70 2300 B+ C
) 230 £+ 80 0.20 + 0.01 20 6000 C+ A
0.2
30 440 + 60 0.20 £+ 0.02 45 3800 A+ C
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Table AVI. 17: Particle size and reaction yield for the MW investigation of the system
FeCl; - 6 H,O / H,BDC-NH, / HCI in DMF (V DMF = 4 mL, T= 150 °C, t=30 min, [Fe]= 0.05)

HCL b rticle si Yield STY
Ligand:metal  (pL) artieie e PdI 1e (kg - m- Result
(@ nm) (wt.%)
3. d-l)
0 270 £ 80 0.26 + 0.09 70 400 C+B
1:1
100 203 + 100  0.34 + 0.06 90 500 B
0 500 + 150 0.18 + 0.02 70 450 C+B
1.5:1
100 600 + 130  0.20 + 0.09  ~100 600 B
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VI.IV.TEM

Figure AVI. 12: TEM micrographs for PXRD for the MW investigation of the system

FeCls - 6 H,O / H.BDC-NH, / HCl in water (V H,O = 4 mL, t= 5 min) after activation with

EtOH: A) T= 100 °C, HC1 0.1 M = 0 uL; B) T= 100 °C, HC1 0.1 M = 100 pL; C) T= 150 °C,
HC1 0.1 M = 0 pL

Figure AVI. 13: TEM micrographs for PXRD for the MW investigation of the system
FeCl; - 6 H,O / H,BDC-NH, in ethanol (V EtOH = 4 mL, t= 5 min T= 100 °C, [Fe|]= 0.1 M)
after activation with EtOH scale bar= 1 pm

Figure AVI. 14: TEM micrographs for PXRD for the MW investigation of the system
FeCl; - 6 HO / H,BDC-NH, / HCl in DMF (V DMF = 4 mL, t= 30 min, T= 100 °C,
ligand:metal= 1:1) after activation with EtOH: A) HC1 0.1 M = 0 pL (scale bar= 2 pm); B) HCI
0.1 M = 100 pL (scale bar= 1 pm)



APPENDIX VII

Supporting information Chapter 6

VIL.I. Materials and characterization techniques

Lipase from Candida rugose (C-r-lipase) (lyophilized powder, Type VII,
nominal activity >> 700 U mg™'), Amano Lipase from Pseudomonas fluorescens
(P-flipase) (nominal activity > 20,000 U - g!), para-nitrophenyl palmitate (p-NPP),
bovine serum albumin (BSA) and Coomassie Brilliant Blue G-250, Fumaric acid,
and iron(III) chloride hexahydrate were purchased from were supplied by Sigma
Aldrich. A refined soybean oil was purchased from Mi Comestica Casera (Spain,
ref.: ASJVBO0118) mainly by palmitic acid (11 wt%, C16:0 A), stearic acid (5 wt.%,
C18:0 A), oleic acid (24 wt.%, C18:1 A), linoleic acid (49 wt.% C18:2 A) and
linolenic acid (7 wt.%, C18:3 A) (as determined by gas chromatography coupled
to mass spectrometry following ISO 12966), (with average MW=920 g - mol"! and
density p=0.92 g - mL".! The rest of reagents were purchased of ACS reagent grade
from Merck.

Powder X-ray diffraction (PXRD) analysis was carried out on a
PANalytical® Empyrean powder diffractometer (PANalytical, Lelyweg, The
Netherlands) using a Cu Ka radiation (A = 1.5406 A) at 26 (o) from 3 to 35 with
a step of 0.013° and scanning rate of 0.1° - s'. Fourier transform infrared (FTIR)
spectra were collected in the range 400-4000 cm™ by a Thermo Nicolet 6700 FT-IR
with an attenuated total reflectance (ATR) accessory instrument.
Thermogravimetric analyses (TGA) were performed on a Q-600 thermobalance (TA
Instruments, New Castle, De, USA). For this purpose, sample was heated in a
continuous air flow (100 mL - min') with a heating ramp rate of 5 °C - min™ from
30 up to 600 °C. The scanning electron microscopy (SEM) images were taken on a
Hitachi TM.100 tabletop SEM, equipped with a wolframium filament with a
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constant voltage of 15 kV and a resolution of 200 nm and on a FEI/Philips XL-30
Field Emission ESEM. The UV-Vis spectra were recorded on a Perkin Elmer®
Lambda 1050 UV /vis/NIR spectrophotometer (Perkin Elmer, Waltham, MA,
USA).

VII.II. Biocatalyst preparation

VII.IL.i. Lipase encapsulation and activity assay

Determination of protein content was carried out according to the
Bradford Method.? It was an indirect measurement that evaluated the free lipases
in the reaction media before and after encapsulation in MIL-88A.

Dye reagent was prepared as follows. Coomassie Brilliant Blue G-250 (100
mg) was dissolved in 50 mL 95 % ethanol. To this solution 100 mL 85 % (w/v)
phosphoric acid was added. The resulting solution was diluted to a final volume of
1L. Final concentrations in the dye reagent were 0.01% (w/v) Coomassie Brilliant
Blue G-250, 4.7% (w/v) ethanol, and 8.5% (w/v) phosphoric acid. Variation in
absorbance (595 nm) after incubation for 5 min at R.T. was done in the UV-Vis
SPECTROstar Omega (BMG Labtech, Ortenberg, Germany) using a 96 well plate
filled with 200 pL of the dye reagent and 50 uL of the sample.

The enzyme encapsulation efficiency was determined by the following

formula:

Enzyme encapsulation efficiency %= (C:Vz-C2Vz) *100/ (C:1V7) Eqn (4)

where C; and C) are the initial and final enzyme concentration, respectively,
and V; and V. correspond to the volume of the enzyme solution used for
encapsulation and the supernatant after encapsulation, respectively.

Activity of free and encapsulated lipases was evaluated by quantifying the
relative ester hydrolysis of p-NPP promoted by the macromolecules:

P-Elipase activity: According to the method of Ye et al., * ester hydrolysis
was started by addition of 2 mg free lipase or 20 mg P-f-lipase@QMIL-88A to the
assay mixture, consisting of the following solutions: 0.5 mL of a 2 mM p-NPP
solution in ethanol and 0.5 mL of a 0.1 M PBS pH = 7.0. The assay mixture was
incubated at 32 °C under 400 rpm for 5 min. 0.5 mL of Na,HCOs (0.5 M) were
added to stop the reaction and after centrifugation (6000 rpm, 10 min), 0.5 mL of
supernatant were taken and 10-fold diluted with deionized water to determine the
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produced p-nitrophenol, measuring the increase in the absorption band intensity at
410 nm by UV-vis spectroscopy.

C-r-lipase activity: Similarly, activity of free lipase and C-r-lipase@MIL-
88A was carried out by monitoring the increase in the absorption band at 405 nm,
which was promoted by the hydrolysis of p-NPP following the methodology
reported in our group previous work.? The assay mixture consisted of 2 mL of the
substrate solution and the free or encapsulated C-r-lipase. The substrate solution
was a mixture of the following solutions: (30 mg p- NPP in 10 mL isopropanol; 0.1
g arabic gum and 0.4 mL of Triton X-100 in 90 mL. 50mM phosphate buffer solution
(PBS) of pH 7). The assay mixture was incubated at 37 °C for 5 min and the
released p-nitro phenol was measured at 405 nm by UV-vis spectroscopy.

VIL.IL.ii. Synthetic protocol optimization

The MOF selected for enzyme immobilization, iron(IlI) fumarate MIL-88A,
has a water-based synthesis protocol a priori compatible with the lipases to be
encapsulated. Nevertheless, the previously reported synthesis of MIL-88A was
considered harsh for the lipases,”® and required adaptation for the attainment of
lipase@QMIL-88A composites. Lipase immobilization conditions in the MIL-88A were
thoroughly studied by investigating the influence of different reaction parameters
including temperature, reaction time, pH and lipase:MOF ratio.

(101) MIL-88A48 h

(100)

(002)
o Wi,
mew

5 10 15 20 25 30 35
2 Theta (°)

Simulated MIL-88A

Figure AVIL. 1:XRPD patterns of simulated MIL-88A and synthesized MIL-88A after 24
or 48 h.

Reaction temperature was first considered, as MIL-88A conventional
synthesis requires high temperatures (65-100 °C),>5 not compatible with the enzyme
viability. Therefore, decrease of the temperature of reaction was overriding and
preliminary attempts of MIL-88A synthesis were carried out at 50 °C for 24 and 48
h. While XRPD patterns after 24 h (Figure AVIIL. 1) revealed broad Bragg peaks
consistent with the open form of MIL-88A structure, crystallinity was improved
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after 48 h of reaction. However, both synthetic conditions resulted on total activity
loss of the lipases due to the prolonged exposure to 50 °C.

To overcome this constrain, a first step in absence of the enzyme was
included at a higher temperature for a very short time (65 °C during 10 min), which
promoted the MOF formation, as evidenced by observing the main reflections of
MIL-88A, together with a sharp diffraction peak at 26: 29°, corresponding to
unreacted recrystallized fumaric acid (Figure AVIL. 2). In a second stage, the
preformed MOF was incubated with the P-f-lipase at 50 °C for 24 h. These reaction
conditions led to a peak broadening, consistent with the formation of defects within
the MOF crystals due to the presence of the enzyme (Figure AVIL. 2), and to a
significant decrease on the final activity of the bio-catalyst (from 0.97 to 0.13
mmol - L' of p-nitrophenol). Considering that the integrity (activity) of the free
enzyme was confirmed at 50 °C for 24 h, enzyme denaturalization might be here
explained by the low pH of the reaction medium (pH = 2.4). This is in full
agreement with the reported pH-stability of the P-f-lipase, within a 3-10 pH-range.
" Therefore, the first step was settled to 65 °C during 10 min, but second step at
50 °C required additional optimization.

MIL-88A first step
Fumaric acid

NJM MIL-88A second step
W\ .

A N Simulated MIL-88A

-------------------------------

5 10 15 7 20 25 30 35
2 Theta (°)

Figure AVIL 2: XRPD patterns of simulated MIL-88A (black) and the synthesized MIL-
88A after the first (blue) and second step (red) of the synthetic protocol. Free fumaric acid is in

green.

Role of the pH and time. Further optimization was carried out modifying
the pH of the second reaction step. Previous studies demonstrated that an increase
in the pH of the MIL-88A reaction accelerates its crystallization, ° probably by a
faster ligand deprotonation. So, the pH was increased (at 3, 4 or 5), reducing the
reaction time to 2 h, regardless the pH value (Figure AVIIL. 3 A). Note that this
effect might be beneficial for the P-f-lipase stability, not only for the less acidic pH
but also for a shorter exposure to the reaction conditions.
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A) P-f-lipase@MIL-88A: Influence of the pH
pH5
e pH4
/ pH3
~"""""'J MIL-88A second step
. “ Simulated MIL-88A
5 10 15 20 25 30 35
2 Theta (°)

B) P-f-lipase@MIL-88A: Influence of the reaction time
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Figure AVIIL. 3: XRPD patterns of MIL-88A and P-f-lipaseMIL-88A evaluating in the
second reaction step: A) the effect of the pH (3, 4 or 5) under fixed time (2 h) and B) the effect of
the reaction time (2, 2.5, 3 or 4 h) under fixed pH = 3.

The loading of the lipase within the MIL-88A, estimated by Bradford
Method, decreased with the increase of pH (Table AVII. 1A). Note that the
catalytic activity of the biocomposites, determined by means of the p-NPP
hydrolysis reaction, was lower than the free enzyme, which could be related with
diffusional constraints. Interestingly, the biocatalytic activity also decreased with
the pH increment in both the free and the encapsulated lipase, observing a
maximum activity at pH 3 (Table AVIL. 1 A). Additionally, longer reaction times
(up to 4 h) did not lead to a significant increment in the activity or an improvement
on MOF crystallinity (Table AVIIL. 1 B and Figure AVIIL. 3 B). Consequently, the
optimized conditions selected for the second step reaction are 50 °C for 2 h at a

pH=3 (Table AVII. 1).
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Table AVII. 1:Encapsulation efficiency of the biocomposites and biocatalytic activity

(estimated by para-nitrophenyl palmitate, p-NPP, hydrolysis)

A: as a function of the pH (conditions: 50 °C, 2 h with 10 mg of

lipase)
Encapsulation Concentration  of  p-
Sample pH . .
efficiency (%)* nitrophenol (mmol - L)
Free Lipase 3 - 0.97
P-flipase@MIL- 99.1 +£ 0.5
3 0.86
88A
Free Lipase 4 - 0.92
P-f-lipase@QMIL- 91 £ 0.5
4 0.67
88A
Free Lipase ) - 0.84
P-f-lipase@QMIL- 87.2 £ 0.6
5 0.56
88A

B: as a function of time (conditions: 50°C with 10 mg of lipase in

pH=3)

Time Encapsulation Concentration of p-
Sample o )

(h) efficiency (%)* nitrophenol (mmol - L)
Free Lipase 2 - 0.97
P-flipase@MIL- 2 99.1 £ 0.5 0.86
88A
Free Lipase 3 - 0.91
P-f-lipase@MIL- 3 92.1 + 0.6 0.78
88A
Free Lipase 4 - 0.82
P-flipase@MIL- 4 86.2 + 0.5 0.67
88A

* Values were calculated after washing, considering an initial lipase content of 10 mg.
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Lipase: MOF ratio. With the aim to optimize the content of encapsulated
lipase, different amounts of P-f-lipase were added in the second step reaction (5-20
wt.% with respect to the MIL-88A from the first step, see XRPD in Figure AVII.
4 A). Results concerning the efficiency of the encapsulation showed that the
associated enzyme increased with the increment on the initial enzyme content
(Table AVIL. 2A), reaching a maximal loading at 15 wt.%. In contrast, despite the
lower enzyme loading of 5 and 10 wt.% samples, they exhibited a higher catalytic
activity (~7 g p-nitrophenol - g! lipase). If one expresses the catalytic activity as a
function of the total biocatalyst weight, the 10 wt.%. biocomposite discloses a 2.5-
fold higher activity than the 5 wt.%. sample (73 ws. 29 g p-nitrophenol - g
biocatalyst, respectively). As a result, the optimum amount of P-f-lipase to be

immobilized in the second step was set to 10 wt.%.

A) P-flipase@MIL-88A: Lipase:MOF ratio (wt.%)

,,,,,.JwaJ
-88A second step
A J Ll ) MML%A
5 10 15 20 25 %0 .
2 Theta (°)

B) C-r-lipase@MIL-88A: Lipase:MOF ratio (wt.%)

17 %

MW

%
A

Simulated MIL-88A
| Hll.\nl FEVEN B P PP 1

10 15 20 25 30 35
2 Theta (°)

L

[

Figure AVIIL. 4: XRPD patterns of simulated MIL-88A, MIL-88A and lipase@MIL-88A
composites with different P-f-lipase loadings (top) and with different C-r-lipase loadings (bottom).

It is of the interest of this work to consider other lipases for the synthesis of
composites to catalyze the biodiesel transesterification and analyze the effect of the
enzyme on the activity, hence C-r-lipase was also entrapped within the MIL-88A
following a similar strategy (see XRPD Figure AVII. 4 B). Considering the different
molecular weight from P-f-lipase and C-r-lipase (34 vs. 60 kDa), molar ratio was
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optimized for the C-r-lipase. Whereas optimal molar ratio for P-flipase was
1.72x 1073 (corresponding to 10 or 17 wt.% for P-f-lipase or C-r-lipase, respectively)
equal molar ratio for C-r-lipase (Table AVIL. 2 B) led to a poor encapsulation
efficiency (99.1 wvs. 78.2 % for P-flipase and C-r-lipase, respectively) and the
reduction of the catalytic activity. The heavier molecular weight of C-r-lipase, as
well as the differences on their chemical nature (i.e. isoelectric point = 4.6-4.9 and
4.2 for P-flipase and C-r-lipase, respectively)®® might affect the accessibility and/or
interactions of the enzyme and the MOF.

Table AVIIL. 2: Optimization of the amount of lipase in the P-f and C-r-lipase@MIL-88A
composite.

A: P-Flipase@MIL-88A biocomposite

_ Weight % (mg Encapsulation Activity
Molar ratio . o )
_ lipase - 100 mg* efficiency (%)" (g p-nitrophenol - g'!
(Lipase/MOF) . _
MOF *) (loading wt.%)° lipase)
8.64x10* 5 9.2+ 0.5 6.0
(4.8 £ 0.5)
1.72x10° 10 99.1 £ 0.5 7.3
(9.9 £ 0.5)
2.58 x10° 15 97.1 + 0.6 3.2
(14.5 + 0.4)
3.4 x10° 20 78.5+0.6 2.6
(15.7 £ 0.5)

B: C-r-lipase@MIL-88A biocomposite

. Weight % (mg Encapsulation Activity
Molar ratio

li - 100 1 effici AL nitronhenol - o1
(Lipase/MOF) 1pase me- € ICIG‘HCY( 0) (g p-nitrophenol - g
MOF a) (loadlng Wt%)c hpase>
91.3 + 0.3
6.6x10* 6 6.0
(5.5 + 0.3)
95.2 + 0.6
8.82x10* 9 4
(8.6 £ 0.5)
91.8 + 0.5
1.17x10% 12 58
(11.0 + 0.4)
78.2 + 0.3
1.72x10% 17 44
(12.2 + 0.4)

* MIL-88A as synthesized and unreacted precursors from first step
" Values were calculated after washing

“ Enzyme content with respect to the empty dehydrated MOF
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By decreasing the C-r-lipase amount, a higher encapsulation efficiency (95
%) with a similar catalytic activity than the P-f-lipase@MIL-83 A (7.4 vs. 7.3 g p-
nitrophenol - g! lipase) was found for the C-r-lipase@MIL-88 A biocatalyst, with
an optimal content of 9 wt.% enzyme. The catalytic activity, expressed as a function
of the total biocatalyst weight, reaches 60 g p-nitrophenol - g! biocatalyst.

After all this considerations, fully active P-f-lipaseMIL-88A and C-r-
lipase@MIL-88A biocatalyst were synthesized using a simple two-steps in situ and
soft green protocol (see Figure 6. 1). Therefore is was successfully validated a new
BaS association procedure to a newly proposed MOF.

VII.1lL.iii. Biocatalyst characterization

Table AVII. 3: Particle size determined by SEM observation

Average length Average
Sample Conditions (Hm) thickness (um)
(n=60) (n=60)

1** step (10 min, 65 °C)
MIL-88A 1.7 £ 0.5 0.21 £ 0.07
(after washing)

2 step (pH=3, 2 h, 50

MIL-88A oC) 20+ 0.5 0.24 + 0.08
P-flipase@MIL-

pH=3 , 2 h, 50 °C 2.6 +£0.3 0.6 +0.2
88A
C-r-lipase@QMIL-

pH=3, 2 h, 50 °C 22+ 04 0.5+ 0.1

88A

FEffect of the pH on the lipase stability: In order to investigate the
effect of the pH on the lipase stability and the protection provided by the MOF,
the free (2 mg) or encapsulated lipases (20 mg lipase@MOF) were incubated in 2
mL of a 50 mM PBS solution at different pH values (from 2.0 to 5.0) at RT. After
2 h incubation, the material was recovered by centrifugation (6000 rpm, 10 min)

and the residual relative activity was determined, as previously described in Section
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IV.ILi. The acidity and alkalinity of the buffer solutions were varied by using either
0.1 M HCI or 0.1 M NaOH solutions.

VIIL.III. Biodiesel production

Methanolysis reactions were carried out in a round-bottom flask using 0.5 g
of soybean oil, 100 mg of lipase@MIL-88A and water (varying from 5 to 15 wt.%
the content based on oil weight) at mild temperatures (40-60 °C) during different
times (12-60 h) in order to optimize the reaction conditions. During the reaction,
methanol was added in two steps: at 0 and 6 h. Methannol:oil molar ratio was also
varied (2:1, 4:1, 6:1 and 8:1). All reactions were carried out at least three times.

Pure product was separated from glycerol by adding 2 mL of n-hexane and
500 pL of methanol to the reaction mixture and centrifuging at 13000 rpm for 10
min. The biodiesel supernatant was dried in the oven at 65°C to evaporate solvents.
Then, biodiesel with a 40-fold dilution in n-hexane was analyzed by gas
chromatography coupled to mass spectrometry GC-MS. ' To the mixture 300 pL
of 1.0 mg/mL methyl margarate (C17:0 E) was added as the internal control.

GC-MS determination of biodiesel selectivity: The methyl esters
produced in the transtereification reaction catalyzed by the lipase@MIL-88A
biocatalyst were analyzed using GC-MS (Bruker SCION 436-GC; Electron energy
70 eV, Emission 300 V; He, flow rate: 1 cm? - min'; Column WCOT fused silica 30
m x 0.25 mm ID x 0.25 pm), employing the NIST EI-MS spectra library (v2.0) with
a minimum match score of 700 for the identification of the different compounds.

The injector temperature was set to 220 °C, the oven temperature followed
a ramp: first, heating from 40 °C up to 70 °C with a 3 °C - min™' rate, temperature
was maintained at 70 °C for 5 min then, increased to 210 °C with 5 °C - min
heating ramp and finally, a slower ramp (1 °C - min™) from 210 to 220 °C, being
220 °C the final oven temperature.

This qualitative determination enabled the determination of the biodiesel
selectivity (%), defined by the transesterification activity, analyzing if the oil has
been converted to fatty acid methyl esters (FAMEs) or if there is unwanted
hydrolysis reaction (producing free fatty acids). Biodiesel selectivity was calculated
by:

Aesters

Biodiesel selectivity (%) = Eqn (5)

Atotal
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where A.q.s is the total area under the chromatogram corresponding only to ester
products and A is the total area of both esters and fatty acids (C16 and C18).

Qualitative termination of the individual FAMEs produced, named here as
Production was calculated by:

Aester X

Production (%) = Eqn (6)

Atotal
where A.q.r x is the total area under the chromatogram corresponding to a particular

methyl ester product and A is the total area of both esters and fatty acids (C16
and C18).

The reusability of P-f-lipase@MIL-88A composite was investigated in the
transesterification reaction of soybean oil with methanol under the optimal
conditions with highest biocatalyst selectivity. At the end of the reaction, the
biocatalyst was recovered by centrifugation (6000 rpm, 5 min), thoroughly washed
with m-hexane and isobuthanol, and dried at RT before the following cycle of
reaction. The structure of the recovered biocatalyst was monitored by PXRD and
FTIR after the last cycle.
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