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Abstract

Metal-organic frameworks (MOFs) are fascinating hybrid materials, considered as
promising nanocarriers for drug delivery. Their tailorability sets MOFs apart from
their porous inorganic (zeolites and silica) and organic (carbon nanotubes) counter-
parts. To enable the use of MOFs for biomedical applications, new developments of
sustainable MOF fabrication and characterization methodologies are sought. In this
work, a detailed study the fundamental potential of MOFs as a ‘host’ to encapsulate
various ‘guest’ drug molecules was carried out. Mechanochemistry and water-based
approaches were systematically applied for the preparation of two model systems -
the copper-based HKUST-1 and the iron (III) carboxylate MIL-100 (Fe), and their
feasibility for the fabrication of drug@MOF assemblies was demonstrated.

First, by leveraging two different mechanochemical approaches (i.e. manual
grinding versus automated vortex grinding), the effects of different mechanochemical
environments on the drug confinement were investigated. The outcomes were
reflected in the release kinetics of 5-FU from the MIL-100 host, in which different
guest—host interactions yielded from each technique led to variations in the release
rate. Secondly, the mechanochemical preparation of drug-loaded MIL-100 (Fe)
systems, comprising 5-FU, caffeine, or aspirin as guest molecules revealed the
undocumented ‘modulator’ effect presented by 5-FU and caffeine. These molecules
can be used to replace highly toxic mineralizers (e.g. hydrofluoric acid) in the
preparation of crystalline MIL-100 (Fe). Thirdly, a novel water reconstruction
process was developed to acquire highly crystalline MIL-100 (Fe). This approach
was harnessed for the facile fabrication of the drug@MIL-100 systems, accomplishing
up to ~65 wt.% of drug cargo. Both strategies, mechanochemical and water-based
synthesis, elucidated much-needed pathways towards an environmentally friendly
and energy efficient preparation of MOF and guest@MOF systems, with improved
cargo encapsulation capabilities.

New possibilities presented by high-resolution inelastic neutron scattering were
brought to light for the characterization of drug-MOF interactions and structural
changes arising from nanoscale confinement. Finally, this work presented the
innovative application of synchrotron microspectroscopy to track the release of
5-FU molecules from a (5-FUQHKUST-1/PU) composite. Using experimental time-
resolved infrared spectra, jointly with newly developed density functional theory cal-
culations, the detailed dynamics of vibrational motions underpinning the dissociation
of 5-FU bound to the framework of HKUST-1 upon water exposure were revealed.

Overall, this work contextualizes future developments of MOFs as efficient
drug delivery systems and expands the portfolio of synthetic and characterisation
techniques applicable to the large realm of guest@MOF systems.
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We must have perseverance and above all confidence
in ourselves. We must believe that we are gifted for
something and that this thing must be attained

— Marie Curie

Introduction

Nanoparticle delivery systems are modern technologies engineered for the target and
controlled release of therapeutic agents. These delivery platforms are envisioned to
minimize side-effects of conventional treatments and reduce dosage frequency with
maximization of drug efficacy. Recently, metal-organic frameworks, or MOFs, have
gained attention as novel materials for drug delivery and theranostic applications.
This class of hybrid materials has evolved from been purely the object of chemists’
curiosity, intrigued by their unmatched chemical composition and structural char-
acteristics, to landing on the hands of engineers and material scientists who have
envisioned and developed real-world applications for this multifunctional framework
materials. There is a rising interest in the employment of MOFs as porous ‘hosts’
to afford the adsorption and subsequent release for the delivery of drugs confined
as ‘guest’ molecules. Great efforts have been made in recent decades to propel the
use of MOFs in the biomedical field. Despite the recent developments, there are
still several challenges hindering the full realization of MOFs for bioapplications.
This thesis aims to contribute to the ongoing efforts on engineering smart drug
delivery platforms for the controlled and extended-release of different therapeutic
molecules. Specifically, the results comprised in the following chapters seek to
aid the discussion of MOFs as drug delivery systems (DDS), focusing on the
development of green encapsulation approaches, the unravelling of guest host

molecular interactions, and the understanding of the dynamics of guest release from
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Figure 1.1: Challenges in the field and research goals explored in this thesis

multifunctional MOF /Polymer composites!, as summarized in F igure 1.1.

This thesis is composed of 9 chapters, interconnected as summarised in
Figure 1.2. A brief introduction sets off with an exploration of the primary goals
and accomplishments presented by each chapter. With the review of literature in
Chapter 2 setting a detailed overview of the past advances in the use of MOFs as
DDS, Chapter 3 details the synthetic methods, characterization techniques, and
theoretical models employed for the elucidation of structural properties of the
samples. Each of the results chapter then expands on a thorough analysis and
scientific discussion and contextualizes the significance of the results herein achieved.

Overall, this thesis can be perceived as a combination of three layers. The
outer one concerns the development of environmentally friendly MOF fabrication
and drug encapsulation approaches. Due to the intrinsic complexity of these

supramolecular networks, MOF synthesis conventionally entails long reactions under

L' Throughout this thesis, a MOF /Polymer composite is considered to be a material which

contains a MOF supported by a nanoscaled polymeric matrix. Conversely, herein a guest@QMOF
system is not considered a MOF-composite, but an assembly formed between the ‘hosts’ MOF
and different ‘guest’ molecules that occupy the MOF pores.
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harsh conditions (i.e. high pressure/temperature in boiling organic solvents). This
can impair the material biocompatibility and result in a large environmental impact
from certain synthesis procedures. Thus, simple and green large-scale methods are
desired. Chapters 4-7 demonstrate the application of ‘green’ synthetic routes (e.g.
mechanochemistry methods and water-based synthesis) for the fabrication of MOF

and guest@MOF systems. Via these sustainable methods, it was possible to achieve

the following:

I. Reduce the amount of toxic organic solvents (e.g. methanol and ethanol) used in
the fabrication of MIL-100 (Fe) and HKUST-1, model MOF systems employed in

this work. This is important from both environmental and biological perspectives

MOFs and
drug@MOF
systems

O ®

Synthesis of MIL-100 (Fe),

Synthesis of MIL-100 (Fe)

HKUST-1 and a variety GREEN and drug@MIL-100
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Figure 1.2: Flowchart summarising the scope and interconnection of the chapters
presented in this thesis.
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since in conventional synthesis, solvent molecules can remain trapped inside the

porosity of the MOFs, and therefore increase its inherited toxicity.

I1. Simplify the synthesis by reducing the preparation time and eliminating the
use of harmful mineralizing agents and modulator, applied to improve material

crystallinity. This contributes to a reduction of synthesis cost and material toxicity.

III. Favour the encapsulation of drug molecules by eliminating the competition
they face with organic solvent for the active binding sites in the host MOF. This
can, therefore, help to accomplish the full hosting potential of different MOFs
(i.e. achieve higher drug loadings) and lead to stronger guest-host interactions.

The second layer of this thesis seeks to unravel the guest-host intermolecular
interaction at the atomic level. In the preparation of guest@host systems, two
scenarios are possible. After the encapsulation step is performed, the guest molecules
can either be effectively confined into the pores of the host structure or adsorbed
onto the pores external surface. Each of these possibilities will ultimately yield
different guest-host interactions that can be studied to pinpoint the location of the
guest molecules within the MOF structure. Understanding these interactions and
the positioning of the guest within the guest@host assembly is central not only for
establishing pathways to control the binding of drug molecules to different MOFs
carriers but also to achieve a stable and sustained drug release. However, it remains
a big unexplored challenge in the field of guest@MOF systems. Chapters 5-7 tackle
this problem by demonstrating how high resolution inelastic neutron scattering (INS)
spectroscopy offers new insights on drug-MOF interactions, and more generally, on
the guest@MOF confinement effects from a vibrational point of view.

In the last layer, the nuances of the drug release process are explored. For that,
Chapter 8 delves into the fabrication of composites comprising drug@MOF' systems
embedded in a biocompatible polymeric matrix. The presence of the MOF particles
gives the composites the capability to deliver drugs and growth agents to accelerate
tissue regeneration, which makes them relevant materials for wound dressings

devices. The dynamics of the drug molecules release from drug@MOF /Polymer was
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investigated. Understanding the release of drug molecules from ‘host’ frameworks is,
generally, carried out using ex situ techniques (e.g. sample and separate, continuous
flow, dialysis membranes) that are more appropriate for establishing the drug
release kinetics. However, to gain a deeper understanding of the drug release
process itself, it is necessary to observe both the chemical and physical changes
in the drug-loaded samples in situ, thereby revealing physicochemical phenomena
not yet documented. The scarcity of studies on the dynamics of the drug release
process is a result of the difficulty in continuously monitoring such changes, which
can occur in an accelerated manner not easily probed by conventional techniques.
Observing the transformations of the host MOFs during the release of confined drug
molecules is, however, central to devising better ways for the controlled release of
therapeutic agents. In Chapter 8, the efficacy of synchrotron microspectroscopy to
track the in situ release of anticancer drug molecules from drug@MOF /Polymer
composites is demonstrated. The experimental results are further substantiated
by ab initio density functional theory (DFT) calculations for additional insights
into drug-MOF interactions and their energetics.

The last and concluding chapter provides an overview of the results and
discoveries made and presents perspectives of future areas for exploration in the
field. Together, the results compiled in this thesis offer a platform for further
developments in the fields of material science and engineering and take important

steps towards practical biomedical applications of MOF materials.
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of this work to the field of MOF materials and guest@host assemblies.
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2.1 The prospective biomedical applications of
MOFs

MOFs are an emergent class of nanoporous materials placed among the most
fascinating and compelling topics of research in nanotechnology. They are porous
crystalline solids with a hybrid framework architecture, comprising inorganic metal
ions or metal-cluster coordinatively connected by organic ‘linkers’ to form secondary
building units (SBU). These come together to give rise to 1D, 2D, and 3D structural
networks that possess characteristics at the intersection of various categories of
well-known materials [1-4].

The most obvious use of porous structures in biomedicine consists of taking
advantage of their large pore volume to encapsulate appreciable amounts of active
molecules, providing them protection from instabilities, and perform their delivery
in a controlled manner [5]. Therefore, MOFs have been largely investigated as novel
platforms to be used in drug delivery [6, 7], biosensing [8, 9], cosmetics [10], and
bio-molecules encapsulation [11]. On account of their flexible structural design and
tunable internal pore volume, MOFSs enable higher cargo loadings in comparison
to traditional carrier systems for a variety of guest molecules (e.g. drug and active
agents) [10], presenting a loading capacity of as high as 2 g of drug per g of empty
MOF (i.e. over 66 wt.%) [12, 13]. Progress has been made to overcome existent
barriers to the wider application of MOFs in biomedicine. A few examples include the
mitigation of the rapid and uncontrolled release of the encapsulated drug molecules
commonly encountered in drug delivery (i.e. burst-release) [14, 15], the advancement
of synthesis to modulate optimal particle size for drug delivery [16], the reduction of
toxicity [17, 18], and strategies to develop triggered release mechanisms [19-21]. The
rapid development of the field is illustrated by an exponential growth in the number
of scientific papers and reviews available in the literature in the past decades.

Despite the significant advances made towards utilizing MOFs as DDS in
recent years, their use as biologically- and medically-oriented devices is still at
its infancy. Currently, there are no MOF-based formulations that approved by

drug agencies. There are still more than a few challenges to be tackled before
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moving closer to a practical application in biomedicine. The need for improved
biocompatibility of MOF materials and further in vivo tests, optimization of
synthesis procedures to facilitate scalability and reduce environmental impact,
expansion of cargo encapsulation strategies with an enhanced understanding of
the guest-host (i.e. drug-MOF) interactions and the guest release mechanism are
a few examples of persisting barriers.

The research focused on harvesting MOFs properties to engineer new drug
delivery vehicles is driven by the need for improvement of currently available
treatments [22, 23|. Cancer, in particular, is a burden that continues to grow globally,
being the second leading cause of death after cardiovascular disease. In 2018 it
accounted for 18.1 million new patients, including 9.6 million deaths [24]. Despite
continuous advances in early detection, diagnosis and cancer therapy, existing
treatments include surgical procedures and aggressive radio and chemotherapy.
Besides the associated unwanted side effects, challenges of the currently available
treatment options include insufficient drug delivery to the tumour site, low cell
membrane permeability, drug degradation, and off target accumulation [25]. The
development of MOF carriers has the potential to improve methods of protection of
the organism from these toxic side effects and increase drug efficiency [5].

One strategy to further enhance MOFs features is their combination with
supportive matrices (e.g. metal nanoparticles, polymers, and carbon nanotubes)
to engineer MOF-composites that will maintain the multifunctional properties of
MOFs while mitigating the shortcomings of both components [26-30]. Consequently,
the composites resulting from the blend of MOF and other auxiliary components
make them suitable for a large range of applications, including controlled drug
release via cutaneous administration. The delayed or improper healing of wounds is
today a global health issue that affects millions of people suffering from cancer and
ulcerating diabetic lesions. It has an enormous negative impact not only on the
patient’s quality of life but also on the world economy, where, in 2006, 30% of the
total costs in dermatology were linked to the treatment of wounds. In the United

Kingdom alone, an estimated expenditure of £3 billion was registered in 2001,
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jumping to £5 billion in 2015 [31, 32]. Therefore, the design of novel multifunctional
nanocomposites combining wound protection and active disease treatment has
higher market value and application prospects in the field of wound care.

In this context, there is scope to investigate the application of MOF-composites,
and especially the MOF /Polymer composites, to engineer bioactive wound dressings;
that is to say, systems capable of effectively aiding the healing process, by the slow
release of drugs and active agents to the wound site, while forming a barrier to stop
the penetration of bacteria to the wound environment [33, 34]. In fact, MOFs have
recently been investigated for their antimicrobial activities, generally attributed
to their metallic ions (e.g. Cu, Fe, Zn, and Ag) [35].

This chapter will review the specific parameters that make MOFs a prospective
material to overcome some existing obstacles in the fields of drug delivery and per-
sonalized therapeutics. At the same time, it will additionally highlight specific areas
in MOFs and MOF-composites research that require supplementary development
to propel the practical application MOF materials in biomedicine and related fields.
To conduct novel exploratory studies, two prototypical MOF structures and three
model drug molecules have been used to address the existing limitations of current

techniques and methods, as described in the following sections.

2.1.1 MIL-100 (Fe)

The iron (III) carboxylate MOFs are promising given their biologically and environ-
mentally favourable characteristics, large surface areas, and high porosity. They
offer numerous coordinatively unsaturated metal sites (CUS) [36], which not only
potentializes their application as DDS but also holds great promise as adsorbents
and catalysts agents [37, 38]. Specifically, MIL-100 (Fe) exhibits a highly ordered
structure with large mesoporous cages (~3 nm) accessible through pentagonal and
hexagonal windows (5 and 8.5 A) that enable the entrapment of large amounts of
functional guests and drug molecules (Figure 2.1). As a functional material targeting
biomedical applications, MIL-100 (Fe) features improved biocompatibility in contrast

to a variety of MOFs, including its other metal counterparts, namely MIL-100
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Figure 2.1: Schematic representation of MIL-100 (Fe) building units: tetrahedral hybrid
units formed by four iron trimers of octahedra linked by four BTC molecules. Colour
code: O in red, C in black, H in gray

(Cr, Ni, Cu, and Co) [6], highly desired for biomedical applications [5, 6, 39]. In
addition to its potential as DDS, it has also been studied as contrast agents for

NMR imaging because of its favorable in vivo detection [6], and extended stability

under physiological conditions [40].

2.1.2 HKUST-1

The Cu-based MOF called HKUST-1 [Cug(BTC),] is one of the first porous MOFs
discovered and, as a consequence, has been a reference material for the study
of many general properties of MOFs. With its three typical microporous sites
(5, 11, and 13.5 A in diameter) [41, 42], the 3D framework structure of HKUST-1
is composed of copper paddle-wheel building units connected by trimesic acid
organic linkers (Figure 2.2). This framework has also been explored as a viable
host for the creation of bio-oriented guest@MOF composite systems [43-45]. Upon
activation at low pressure and gentle heating (~90 °C), HKUST-1 forms a chemically
activated structure with exposed Cu’T sites. Notably, the CUS in the pores
of HKUST-1 are highly accessible, characterizing strong binding sites for guest
molecules [46, 47]. HKUST-1 has been considered as a prominent platform for
biomedical applications due to its controlled release of many chemotherapy drug
cargos, effective antibacterial and antifungal activity, and enhanced wound healing

properties, attributed to the Cu ions [45, 48].
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Figure 2.2: Schematic representation of HKUST-1 structure: copper (II) paddle-wheel
and BTC linker coordinated to form the open framework structure of HKUST-1. Colour
code: Cu in blue, C in black, O in red, H in gray.

2.1.3 Guest drug molecules

The three guest drug molecules used in this thesis were chosen based on ongoing
interest in their pharmaceutical applications, yet not fully realized due to existing
drawbacks.Specific chemical features of each one of these molecules (e.g. pKa values
and proton/donor acceptor sites) have also been important factors considered for
their application. These characteristics are discussed in details in the respective
results chapters.

o 5-Fluorouracil is a long standing anti-cancer drug with an hydrophilic character,
which restricts its passage through cell membranes without the aid of a DDS [49].
« Caffeine is widely applied as an active ingredient in many cosmetic and phar-
maceutical formulations. Increasing the loading percentage of caffeine within host
carriers can hugely increase its bioavailability [50].

o Aspirin is commonly used as an analgesic and anti-inflammatory drug. However,
many side effects (e.g. stomach bleeding and gastrointestinal ulcers) associated with

its oral administration, can potentially be prevented by the use of a DDS [51].

2.1.4 Defining the concept of guest@MOF

The MOF structure itself is determined by the strong coordination between the

metal ions and linkers that are tunable to afford the rational design and modification
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of the structure. This strong coordination bonding can be extended to the guest
molecules, especially if CUS sites are present in the MOF pore structure [46].
Therefore, guest@MOF' can be defined by the functionalization of the ‘host” MOF
nanoporous cavities with the inclusion of the functional ‘guest’ molecules (e.g. drug

molecules), for the creation of guest@MOF assemblies.

2.2 Synthetic strategies towards the fabrication
of MOF and drug@MOF materials

The synthesis of MOFs attracted enormous attention in the first three decades
beyond MOFs discovery. The improvement of synthetic routes and the preparation
of new structures were the primary focus of MOF research before the investigation
of potential applications for these materials was put under the spotlight. The
central aim in MOF fabrication is the definition of conditions that lead to a defined
and stable structure. The synthetic method applied has a major impact on the
material properties, as it dictates important parameters of the final architecture
and controls the morphology of particles produced to suit specific applications [52].
Conventionally, the synthesis of MOFs involves supplying heat to a mixture of organic
ligands and metal salts in hydro/solvothermal conditions. Otherwise, energy can also
be introduced via other means, such as electric potential, electromagnetic radiation,
mechanical waves, or mechanical forces. Figure 2.3 showcases the evolution of the
synthetic methods applied to the preparation of MOFs in the last two decades [53].
Alternative routes include, for example, microwave-assisted synthesis (microwave
irradiation), electrochemistry (electric potential), sonochemistry (ultrasound), and
mechanochemistry (mechanical force)[54].

When a MOF is identified as a potential candidate for biomedical application,
it is often necessary to optimize the synthesis conditions to ensure good biocompat-
ibility via a green fabrication process. On top of that, the increasing global need
for sustainability pivots the research of manufacturing processes towards methods
with a low environmental impact. One clear way of achieving these goals within the

MOF fabrication research is with the reduction of toxic organic solvents involved in
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Figure 2.3: Timeline of the most commonly used synthetic approaches for MOF
fabrication [53].

the synthesis. This not only represents a step forward in a sustainable synthesis
path, but it can also yield MOF carriers with lower toxicity. With that in mind, the
next section describes alternative synthetic methods for the fabrication of MOFs

of industrial and biomedical interests [55].

2.2.1 Mechanochemistry applied to MOFs production

Mechanochemistry is characterized by reactions, normally of solids reactants, initi-
ated and/or sustained by the application of mechanical energy by grinding or milling
in “solvent-free” conditions [56]. As stated by James et al. [57] there is controversy
in the meaning behind “solvent-free” when associated with a mechanochemical
process since such process can also occur in the presence of solvents. In this context,
however, it is meant to simply indicate that no bulk solvent has been purposely
added to the reaction, and, therefore, highlights the advantage of the approach. It is
worth noting that, in spite of a solvent-free synthesis, purification steps that utilize
solvents might still be required. Nevertheless, mechanochemistry is considered to
be the most environmentally friendly process to produce MOFs, presenting great
prospect to reduce the costs of fabrication [58].

One of the first reports of synthesis by manual grinding of an extended
coordination polymer likely dates back to 1968 [59]. Almost four decades later, in
2006, Pichon et al. [60] reported for the first time the mechanochemical synthesis of

a highly crystalline microporous MOF, followed by the fabrication of an archetypal
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MOF HKUST-1 wvia dry milling of copper (II) acetate and HsBTC [61]. In 2009,
showing the use of metal oxides, normally avoided in solution-based synthesis due
to their low solubility, for the synthesis of Zn-based MOFs [62].

From this point onwards, numerous MOFs have been synthesized through the
different variations of mechanochemical routes. For example, MIL-100 (Fe) and
MIL-101 (Cr) have been successfully produced by a neat grinding process assisted
by the application of heating for subsequent coordination driven polymerization
(grinding-annealing) without the use of hydrofluoric acid (HF) [63, 64]. Other
iron-carboxylate MOFs have also been successfully synthesized by a liquid-assisted
grinding (LAG) process to assist the mechanochemical reaction (i.e. the addition of
a very small quantity of solvent - on the order of microliters - during the grinding
step) [65]. An ion and liquid assisted grinding (ILAG) has also been applied to
the synthesis of MOF crystals. This variation of mechanochemistry used a small
amount of catalytic ionic salt to induce and direct the mechanosynthesis starting
from metal oxides [56]. For instance, HKUST-1 crystals were produced with the
addition of NaCl as a solid solvent assisting the reaction [66]. A zeolitic MOF
with a sodalite topology, called ZIF-8, has also been successfully synthesized in
a salt-assisted process using ZnO [67].

Innovative research has been conducted to examine the use of well-developed
continuous techniques as a means to perform mechanochemical synthesis in a large
scale and efficient manner. This is highly appealing for the successful industrial
application of MOFs. As an example, ball milling has allowed the synthesis of tens
of grams of magnetic Fe-BTC and Cu-BTC (HKUST-1) [61, 68, 69]. Hot-pressing
and roll-to-roll approaches have been used to produce HKUST-1 and ZIF-8 coatings
distributed over large areas [70-72]. Creative solutions, such as the use of a kitchen
grinder for the preparation of MIL-100 (Fe), HKUST-1, and ZIF-8 or the adaptation
of a lab vortex mixer for the fabrication of a Cu-based MOF, have been explored
in a lab-scale production [73, 74]. A breakthrough came, however, in 2005, when

James and co-workers demonstrated the use of twin-screw extrusion (TSE) for
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the preparation of various MOF materials [75]. TSE had been traditionally used
for the processing of polymeric materials. They have elucidated the synthesis of
HKUST-1, ZIF-8, MAF-4, and Al(fumarate) (OH) MOF with a high production rate
(4kg/h) and space-time yield (144 000kg/m? day). Following up on this strategy,
Karadeniz et al. [76] have presented the synthesis of a series of zirconium-based
MOFs: UiO-66, UiO-66-NH2, MOF-801, and MOF-804 in a production rate of
1.4kg/h. Limitations imposed by ball milling, such as the lack of temperature

control, can be overcome with the use of TSE.

2.2.2 Water-based methods for MOFs fabrication

Water-based methods (i.e. the use of water as the only solvent) have also been
explored as an alternative to accomplish the optimization of MOF fabrication
while addressing the related safety hazards, environmental impact, and related
costs of the synthesis procedures. Hydrothermal methods can be employed under
similar conditions of conventional solvothermal approaches, in which the use of
increased temperatures throughout the synthesis is required. They can also be
performed at room temperature, which is preferred due to the resulting reduction
on the energy cost of the synthesis [77].

The water-based fabrication of MOFs has been demonstrated for a variety of
known systems as well as new structures not previously achieved via conventional
synthetic routes. For example, Chen and co-workers [78] have reported the
production of a new ZIF structure named ZIF-L, prepared in deionized water
at room temperature. ZIF-L presents one unique cushion-shaped cavity, which is
well suited to accommodate functional molecules (Figure 2.4). Similarly, Jian et al.
[79] have systematically studied the formation of ZIF-8 in water from different
metal precursors and various metal/linker molar ratios. They have revealed how
changing these synthesis parameters in an aqueous environment yields a large number
of crystal topologies and structures, going from the known ZIF-8 configuration,
passing through intermediate structures, until reaching the leaf-like ZIF-L structure

discovered by Chen et al.
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Figure 2.4: (a)ZIF-L prepared via a water-based synthesis and (b) ZIF-8 synthesized
under solvothermal conditions accompanied by respective schematic crystal structures.
Aqueous methods have also been successfully used for preparing Zr-MOFs and
several members of CPO-27/MOF-74 family, resulting in materials with high surface
areas and elevated space-time yields (up to 18 720 kg/m? day) [77-79]. MIL-100 (Fe)
has also been fabricated in a fluoride-free aqueous solution at ambient pressure [80].
The development of water-based approaches, obviating the use of harmful organic
solvents, is highly desirable considering that MOF activation (i.e. evacuation at high
temperature and low pressure) can often be insufficient to eliminate noxious solvent
molecules coordinated to the MOF pores. Reducing the amount of organic solvent
used during the synthesis and post-synthetic procedures is therefore important as
it leads to the production of MOF particles with a lower degree of toxicity and

consequently facilitates their biomedical use.

2.2.3 Cost analysis of MOF production

DeSantis et al. [81] have conducted a very appealing cost analysis of large scale pro-
duction of MOFs;, considering manufacturing (7.e. synthesis, filtration, and drying)
and material costs (7.e. precursors and solvent used). The baseline solvothermal
synthesis has been compared to liquid-assisted grinding and aqueous synthesis to
evaluate the cost impact of solvent reduction. The cost breakdown for the synthesis
of Mg-MOF-74, for example, was US$48.52 per kg for the solvothermal synthesis
method, US$17.96 per kg for the aqueous synthesis method, and US$11.88 per kg
for the LAG mechanochemical synthesis method. Therefore, mechanochemical
and aqueous methods lead to significantly lower material and manufacturing costs

compared to the solvothermal approach. The authors conclude that minimizing the
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use of solvent is recommended to equally reduce material cost and cut down the

size of reactors, with the consequent reduction to manufacturing cost [82].

2.3 MOFs as DDS: drug molecules incorporation
and release

2.3.1 Confining guest molecules within MOF pores

Different strategies have been explored to incorporate guest drug molecules into the
porous MOF structure. The following sections describe the most commonly used
approaches for the preparation of drug@MOF systems. If combined with previously
described mechanochemical and water-based synthesis, the following approaches
could help to mitigate existing barriers to the application of MOFs as drug delivery

platforms.

Two step ex situ encapsulation. In this method for guest encapsulation, the
ex situ confinement of drug molecules in MOF pores is performed by the immersion
of activated MOF particles in a solution containing the guest molecule to be
encapsulated (Figure 2.5a). It is certainly the most commonly used process due to its
simplicity, being applicable to many different types of drugs and functional molecules,
and resulting in a large variety of drug@MOF systems [83, 84]. However, in this
process, limitations are imposed by the immersion time, solvent dependency, and
the reliance on diffusion processes not yet entirely elucidated for MOF systems [85].
It involves the synthesis of the host MOF, its activation to eliminate coordinated
solvent, immersion into the guest drug solution for encapsulation, followed by
a final washing step, and subsequent drying. Similar to factors governing any
adsorption process (i.e.the diffusion mechanisms and the guest-host interactions), the
competition between the adsorption of the guest molecules and the solvent molecules
used for the impregnation needs to be considered in the two-step encapsulation.
This is vital when the MOF structure contains CUS centres that act as primary

adsorption sites in the host structure [46].
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Figure 2.5: Schematic representation of techniques commonly used for guest confinement
into the host MOFs. (a) ex situ, (b) in situ encapsulation.

The choice of the appropriate solvent for the loading of the drug molecules is
therefore crucial. For instance, a study by Cunha et al. [86] has shown how caffeine
is loaded more efficiently into the pores of functionalized UiO-66 (Zr) when water
is used as a solvent. On the other hand, the same drug can be encapsulated at
higher amounts in MIL-88 (Fe) when ethanol is used. They have further explored
the influence of hydrophilicity /hydrophobicity and functionalization of the MOF
on the ez situ encapsulation [13], which was followed by Rojas and co-workers’
study about hydrophobic/hydrophilic balance between drug molecules and MOF
during drug encapsulation [87].

Another important factor to consider during the application of a post-synthetic
encapsulation method is the dependence on the sizes of the drug molecule and the
pore aperture. The improper match between these two dimensions can limit the
encapsulation of large guest molecules even if they could be easily accommodated
within the MOF pores. Due to the MOF chemical structure, however, this
impediment can favour the surface adsorption of the drug molecules onto the
pores’ exterior walls (i.e. weak physisorption) where van der Waals forces, 7

stacking, and hydrogen bonding are the resulting dominant interactions. Therefore,
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the weaker interactions and the absence of physical barriers imposed by the MOF
cages might lead to leaching problems and the premature release of the encapsulated

drug molecules [88].

One step in situ encapsulation. The in situ method eradicates the post-
synthetic steps of drug encapsulation by allowing the guest confinement to take
place concomitantly with the MOF formation (Figure 2.5b). As a result, the
drug loading becomes independent of the size of the accessible pore aperture and
only reliant on the guest/pore dimensions. However, it is essential that the guest
remains stable under the conditions for the MOF synthesis, which might limit
the number of drug-MOF combinations compatible with this strategy. From an
environmental and economic point of view, the one-step encapsulation can be highly
beneficial to the fabrication of drug@MOF systems. It also present new frontiers to
achieve higher loadings and more efficient drug encapsulation by eliminating the
dependence on the drug concentration in solution [89]. To apply this strategy, it is
important to consider MOFs that can be prepared under soft conditions (e.g. low
temperature under atmospheric pressure).

So far, this methodology has been applied to the encapsulation of different
types of therapeutic molecules within the MOF structure for subsequent release. For
example, ZIF-8 has been successfully used to host the 3-methyladenin anticancer
drug [90]. The system was prepared under ambient conditions in which dropwise
additions of a linker solution were performed to a drug/metal stock solution. In
vivo experiments demonstrated higher antitumor efficacy of 3-methyladenin in
HeLa cells after its encapsulation into the ZIF-8 pores. Other examples of in
situ encapsulation are given in the confinement of caffeine [50, 89], curcumin [91],
and doxorubicin [92] in ZIF-8, and ibuprofen in HKUST-1 and in a zinc-based
MOF [93]. In addition to anticancer drugs, the encapsulation of biomolecules is
also achievable via this strategy. One example of this is the one-step encapsulation
of glucose oxidase and horseradish peroxidase into ZIF-8 crystals, exhibiting high

stability and catalytic efficiency [94].
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The in situ and ez situ encapsulation methods present inherently different
performance, strengths, and shortcomings in relation to the confinement of guest
molecules. These two differential pathways need to be carefully and systematically
contrasted to define the most appropriate strategy for specifically desired applica-
tions. Chapter 7, then, presents a detailed comparison between these two strategies

and measures their influence on the resulting guest-host interactions.

2.3.2 The understanding of guest-host interactions

Guest-host interactions are of fundamental importance in many chemical and
biological processes. They represent non-covalent interactions arising from the
complexation of guest-host systems [95]. Regardless of the type of drug delivery
vehicle employed, the understanding of the interactions between the drug and the
carrier is crucial for engineering and controlling the release process. The chemical and
structural complexity of MOFs leads to a variety of possible guest-host interactions
(e.g. van der Waal forces, hydrogen bonding, coordination, 7—r stacking) driven by
the guest chemistry and diversity of possible host adsorption sites [96, 97]. Earlier
studies on the controlled release of active molecules have given less consideration to
these important guest-host interactions. This could have been influenced by the
difficulty encountered in the investigation of the formation and decomplexation of
guest-host systems at the molecular and atomic level [98].

Specifically considering the high and tunable porosity possessed by MOFs and
the many types of functional molecules that can be accommodated inside their
pores, one ever-lasting challenge is confirming the successful pore encapsulation
of the guest molecules (versus their adsorption onto the external surface of MOF
cages). Pinpointing the location of drug molecules within the framework structure is
central to their realization as drug delivery platforms. Excessively weak interactions
arising from the unsuccessful entrapment of these molecules might lead to a rapid
release from the host carriers. Excessively strong interactions can prevent the drug
from leaving the pores of the MOF. Unambiguously, proving the encapsulation is

far from a trivial task. The careful examination of guest-host interactions combined
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with computational modeling of the assemblies is, however, a possible path towards
assessing the precise encapsulation of guest molecules.

The ordered crystalline environment presented by MOFs is highly advantageous
to the study of guest-host interactions since it allows the detailed evaluation of
interatomic spacing and distances. For example, Allendorf et al. [82] developed
an analogy between the supramolecular structure of MOFs and the well-known
complex structure of proteins (Figure 2.6) [99]. Four structural elements (primary,
secondary, tertiary, and quaternary structures) are classified. The primary structure
relates to the coordination environment of metals and linkers and if often referred to
as the SBU, the building blocks that give rise to the MOF topology. The secondary
structure comprises the assembly of the SBU to form a network. The representative
length scales are the pore dimensions and unit cell. The tertiary structure describes
the arrangement of the network and lattices to form a supramolecular structure while
the quaternary structure denotes interpenetrating network structures. Particularly
in what concerns the study of guest-host interactions, the primary and secondary
structures are the most significant parts as their length scale directly represents
the accommodation of these interactions within the structure.

In the literature, it is possible to find several studies highlighting the in-
vestigation of guest-host interactions formed during the adsorption of gases into
MOFs. For instance, Gonzalez et al. [100] have characterized the interactions of
a Co-MOF bearing a multiplicity of CUS with various types of gases (i.e. carbon
monoxide, carbon dioxide, nitrogen, oxygen, methane, and argon). Using gas
sorption and single crystal diffraction, they revealed the physisorptive character
of the interactions between the gases with the cobalt open metal site, where all
gas molecules presented non-covalent interactions, apart from carbon monoxide,
which established weak covalent bonding with the framework. A systematic study
by Hobday et al. [96] provided a full characterization of the response to adsorption
of small molecules (specifically methane, argon, oxygen, and dihydrogen) in ZIF-8
and the underlying guest-MOF interactions using high-pressure crystallography

and computational modeling. They unravelled all the gas adsorption sites within
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the framework. Several other studies have similarly highlighted the interactions
between framework and other functional molecules [101-103].

Although limited, a few studies exposing the guest-host interactions present in
drug@MOF systems can be found in the literature. In such studies, the interactions
are exposed by different experimental techniques, often combined with theoretical
calculations. For example, Hu et al. [104] have examined the release of 5-FU

from a Mg-MOF. They used microcalorimetry to measure the energy of guest-
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Figure 2.6: Hierarchical structure of proteins and MOFs. Republished with permission
of Royal Society of Chemistry, from Crystal engineering, structure—function relationships,
and the future of metal-organic frameworks, Mark D. Allendorf and Vitalie Stavila, 17,
2015; permission conveyed through Copyright Clearance Center, Inc.
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host interaction during the release process and showed how a hydrogen-rich pore
environment led to strong guest-host bonding and a medically reasonable release
rate. However, this synergetic approach does not convey specific information
about guest-host coordination bonds. Anand et al. [105] presented the use of
UV-Vis absorption and fluorescence to assess the interactions between doxorubicin
and MIL-100 (Fe). They revealed the formation of guest-host interactions wvia
coordination between hydroxyl groups in the drug and the iron CUS, forming a
doxorubicin-MOF cross-linked coordination network. Rojas and co-workers [87]
have conducted a comprehensive study to gain more details behind drug and MOF
features during drug encapsulation and release. They have examined the relationship
between UiO-66 (Zr), MIL-100 (Fe), and MIL-127 (Fe) with aspirin and ibuprofen,
focusing on molecules affinity and pore size. Complementary, theoretical studies
have been carried out to study the interactions of the guests with the appropriate
MOF carrier to select the best candidates for drug delivery applications [106-109].

Despite multiple experimental attempts to encapsulate therapeutic molecules
into MOFs accompanied by detailed characterization of drug loadings and release
kinetics, the understanding of the guest confinement and release mechanisms is
still very limited. The use of MOF as DDS could, therefore, further benefit
from systematic studies that examine the effects of drug confinement at the
molecular and atomic levels. Inelastic neutron scattering (INS), as described
in the following sections, could be used to probe the underpinning guest-host

mechanisms of drug@MOF systems.

2.4 INS as a tool to reveal structural intricacies
of MOFs and guest@QMOF systems

2.4.1 Contextualizing neutron scattering

Neutrons are used as a high resolution probe in the field of material science due the
unique nature of their interaction with condensed matter. They possess wavelengths
and energy that are very similar to interatomic spacings and excitations, respectively.

This contrasts with other optical probes (e.g. IR, Raman, and X-rays) that normally



2. Review of Literature 25

present either specific wavelengths or energy ranges [110, 111]. Since they possess
energy and have mass, neutrons also present measurable momentum. The change
in momentum during interaction with the nuclei of matter can also be used to
assess different material properties, targeting for example advanced materials [112],
life sciences [113], chemistry and energy [114, 115], materials engineering, and a
variety of industrial applications [116].

The scattering of neutrons can be formally classified into different categories,
such as elastic and inelastic scattering, and coherent and incoherent scattering [117].
The coherent scattering functions, in which the scattered neutron waves interact
constructively, offer evidence on collective motions (7.e. phonons - the ordered and
correlated motion of a lattice). Meanwhile, the incoherent scattering function, which
depends on the spin and isotopic incoherence, produces insights into the system’s
self-correlations (e.g. diffusion processes) [118]. The number of neutrons scattered
by a given sample is based on the so-called scattering cross-section of the probed
atom, which expresses the likelihood of interaction between an incident neutron and
a target nucleus (Figure 2.7). In addition to scattering, one should also consider the
possible absorption of neutrons, a process governed by the absorption cross-section
that varies irregularly throughout the periodic table. The low absorption cross-
sections of most elements make neutron a highly penetrating probe that allows the
examination of bulk samples in a non-destructive fashion.

Upon scattering, a neutron may change its energy and wavevector when colliding
with the nuclei of the sample. The phenomena involved in the transfer of energy
between neutrons and nuclei can then be examined in a scattering experiment.
Depending on the energy transfer spectrum, the scattering can be classified as
the elastic, quasi-elastic, or inelastic scattering (Figure 2.8) [118]. The elastic
scattering ideally happens when the scattering function is centred at 0 energy
transfer, indicating the absence of dynamics in the sample. The quasi-elastic
neutron scattering (QENS) is represented by a broadening of the elastic scattering
spectrum and presents shreds of evidence of diffusion processes within the sample.

Importantly, it is still centred at 0 energy transfer, the reason why it is called
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quasi-elastic. Last, the inelastic scattering is represented by the spectrum peaks
centred at energy transfer values different than zero, which are associated with

the sample vibrational modes.

2.4.2 Using INS for vibrational spectroscopy

The fundamental differences between the interactions of neutrons beams and optical
probes are especially relevant for the study of internal vibrations of molecules in a
crystal. The use of INS as a vibrational spectroscopy tool is akin to IR absorption
and Raman scattering spectroscopy, and the main variance lies in the probe-scatterer

interactions. As mentioned previously, while neutrons interact with the nuclei of

Incoherent scottering cross-section
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. Absorption cross-section

Figure 2.7: Neutron scattering and absorption cross-sections for various elements and
isotopes of interest in chemistry. Values for the natural elements are given for Ni, Cl, and
N. The magnitude of the cross-section is represented by the area of the circle. Reprinted
from Spectrochimica Acta Part A: Molecular Spectroscopy, Vol 48A, No. 3, Juergen
Eckert, Theoretical Introduction to Neutron-Scattering Spectroscopy, 271-283, Copyright
(1992), with permission from Elsevier
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Figure 2.8: Generalized incoherent inelastic neutron scattering spectrum for a hypothet-
ical molecular crystal: elastic and quasielastic scattering near w = 0, inelastic scattering
from the external modes of the molecular crystals (phonons and librons), and at higher
frequencies (note the break and change in the frequency scale) of the internal vibrational
modes. The latter were chosen to be well separated from the lattice modes. The relative
intensities of the different parts are arbitrary. Reprinted from Spectrochimica Acta Part
A: Molecular Spectroscopy, Vol 48A, No. 3, Juergen Eckert, Theoretical Introduction
to Neutron-Scattering Spectroscopy, 271-283, Copyright (1992), with permission from
Elsevier

the sample, allowing the analysis of intensity and frequency data, IR and Raman
spectroscopy depend on the interaction of photons with the electronic cloud found
around the nuclei of the molecules, which are more complex in nature [117]. For
example, the optical selection rules (e.g. possible transitions of a system from one
quantum state to another) dictate that vibrations are only IR active (i.e. are present
in an IR spectrum) if the molecule presents a dipole moment change during the
vibration [119]. Therefore, for instance, the symmetric stretching of a carbon dioxide
molecule is IR-inactive while the asymmetric stretching is IR-active, as illustrated
in Figure 2.9. However, since the measure of neutron-sample interactions is based
on energy transfer, both vibrations of this carbon dioxide molecule would be present
in a INS spectrum. Therefore, unlike optical spectroscopic techniques, INS is, in
principal, not subject to the optical selection rules, meaning all transitions are in
principle active in the INS spectra. This makes INS spectroscopy a more sensitive
test of intermolecular forces that rule molecular vibrations, specifically when the

molecule is bound to a crystal or adsorbed on its surface [117].
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Figure 2.9: Schematic representation of carbon dioxide symmetric and asymmetric
vibrations. The analysis of the molecular dipole moment change reveals the IR, character
of each vibrational mode

The absence of selection rules additionally gives INS the unique ability to
examine all the collective vibrational modes (phonons) observed in the low energy
THz region (<500-600 cm 1, where 1 THz = 33.3 cmfl). Unlike high-frequency
vibrations, arising from molecular vibrations of small functional groups, THz
vibrations encompass the collective motions associated with the lattice dynamics
of the framework structure [120]. Consequently, INS spectroscopy is a highly
sensitive probe for the examination of MOFs structural dynamics and guest-MOF

interactions from a vibrational point of view.

2.4.3 Obtaining an INS spectrum

High-resolution INS experiments can be conducted in a nuclear reactor, where a
continuous neutron beam is produced by nuclear fission, or by spallation, in which a
pulsed neutron beam is generated. The ISIS Neutron and Muon Source, for example,
is a spallation source based in Oxfordshire, United Kingdom. In the facility, protons

are accelerated in a synchrotron and emitted to collide with a tungsten target.
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Upon collision, the high energy protons drive neutrons out of the nuclei of the target
atoms. The high intensity neutron pulse is slowed down by an array of hydrogenous
moderators and then directed to neutron instruments, such as the TOSCA INS

spectrometer in ISIS, where the spectra of different samples can be collected [121].

2.4.4 The application of INS spectroscopy to the study of
MOF and guest@MOF structures

Given the resolution presented by INS spectroscopy and the specific sensitivity
to different atoms (especially hydrogen), it is not surprising to see the use of this
technique in the examination of MOFs structural features as well as their interaction
with adsorbed molecules. More often than not, the spectroscopy evaluation of these
systems is accompanied by computational studies that take advantage of the highly
symmetric structure presented by MOFs to simplify the computational models and
to aid the understanding of the resulting INS spectra.

Employment of INS spectroscopy to the study of MOF system was reported
for the first time by Yaghi et al., in 2003 [122]. They have exploited INS high
sensitivity to hydrogens motions to scrutinize the dihydrogen sorption properties
of MOF-5 and the potential to control the dihydrogen binding for energy stor-
age applications. They have determined the importance of the organic linker
in determining dihydrogen uptake levels. Shortly after, the same group has
expanded their investigation of dihydrogen sorption to other MOF systems including
IRMOF-8, IRMOF-11, and MOF-177 to investigate the role played by the organic
ligand on hydrogen bonding [123]. Following the pioneering work by Yaghi and
co-workers, the use of INS to assess the dihydrogen sorption and interactions with
the host MOF has been conducted by many researchers for a variety of MOF
systems, including purely experimental studies [124-128] and their combination
with theoretical predictions to facilitate the interpretation of some of the complex
collective MOF motions [129-133].The technique has also been applied to the
study of methane [134], carbon dioxide [135], nitrogen, argon, oxygen, and carbon

monoxide adsorption [136, 137], to reveal structural properties of the host MOF,
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Figure 2.10: Most commonly applied methods for the in vitro study of drug release from
nanocarriers. (a) sample and separate, (b) continuous flow, and (¢) membrane diffusion.
such as a negative thermal expansion in MOF-5 [138], examination of the THz modes
and lattice dynamics of HKUST-1 andMIL-140A [120, 139], including gate opening
phenomenon in ZIF-8 [140], and structural determination in a Pb@OX-1 system [141].
As highlighted by the aforementioned studies, great focus has been given to using
INS for the study of gas sorption in MOF structures. A lack of literature on the use
of this powerful technique to examine drug@MOF systems underlines an unrealized
potential of INS to the study of drug@MOF structural properties. Chapters 5-7,
then, attempt to demonstrate the application of INS to tackle the long-standing

challenge of scrutinizing guest-host interactions in the drug@MOF systems.

2.5 Drug release studies: in vitro release
methods

The natural progression after examining the encapsulation process and the resulting
guest-host interactions is to dive into the drug release process itself. Determining
the quality and performance of a drug delivery vehicle is a crucial aspect during
the development of a new DDS. For that, in vitro experiments have been designed
and used as a predictor for in vivo behaviour for a variety of delivery platforms.
In vitro drug release kinetic studies are the most commonly employed assays to
determine the efficacy of MOF systems in the release of drug cargos. The most
commonly applied methodologies, illustrated in Figure 2.10, can be divided into

the following categories [142-144].
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Sample and separate. In this method (Figure 2.10a), the nanoparticle carriers
are added directly into the chosen release media, which are kept under specific
temperature and agitation conditions. Sample separation techniques are applied,
such as centrifugation and filtration, to separate the suspended nanoparticles. The
drug release is assessed by sampling the release media via the collection of aliquots
at different time intervals. The agitation conditions, choice of the release media,
temperature, and separation technique are a few of the parameters influencing the

drug release process in this method.

Continuous flow. As shown in Figure 2.10b, drug release is induced by the
constant circulation of the release media through the nanoparticles in a closed-loop
configuration. The release can be assessed by sampling from the release media
or having a detector attached to the line of media flow. While the flow method
allows the continuous real-time monitoring of the drug release process, it suffers
from disadvantages such as instrument cost, filter clogging, and dependence in the
flow rate applied. However, it shows advantages in better simulating the in vivo
environment. It has been widely used to monitor the drug release from microspheres,
but it presents challenges when using particles smaller than 100 nm, which can

either induce filter clogging or adulterated results by passing through the filter.

Membrane diffusion. In diffusion techniques (Figure 2.10c), a physical separation
between the particles and the release media to be sampled is achieved with a dialysis
membrane, allowing the ease of sampling at periodic intervals. In the simplest set-up,
the sample is placed inside a dialysis bath, which is immersed in a larger container.
Normally, the volume enclosed in the dialysis bag is much smaller to ensure that
the drugs released from the nanoparticles diffuse through the interface to the outer
compartment, where it is sampled and analysed. The results obtained via this
method are highly influenced by the choice of the media, the ratio between the cell
volumes, and especially the molecular weight cut-off of the dialysis membrane, which
will determine the size of molecules that can diffuse through it. The potential of the

drug binding to the polymeric membrane also needs to be checked. It is necessary to
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ensure appropriate size compatibility between the drug and membrane so the former
can flow freely. The ease in setting up this method and sampling the release media

makes it an attractive technique applied to the study of many nano-sized carriers.

2.5.1 The drug release process in drug@MOF systems

Sample and separate has been the most commonly applied method for the in-
vestigation of drug release from MOF carriers. Horcajada’s and Férey’s team
has extensively explored this method, in combination with UV-Vis spectroscopy
and liquid chromatography, for determining drug release concentrations, especially
from MIL-type materials (7.e. MIL-100, MIL-101, MIL-53). Via the sample and
separate method, they have been able to obtain release kinetics information of
ibuprofen departure from MIL-100 (Fe), MIL-53 (Fe) and MIL-53 (Cr), MIL-101, and
MCM-41 [87, 145, 146]. They have also assessed the release of nicotinic acid via the
degradation of BioMIL-1 [147], and the discharge of anticancer and antiviral drugs
azidothymidine triphosphate, cidofovir, and doxorubicin from MIL-100 (Fe) [6].
More recently, Rojas et al. [148] employed the sample and separate technique to
examine the detoxifying effect of MIL-127 (Fe) over aspirin intoxication.
Although less common, diffusion methods have also been applied to examine the
drug release process from MOF carriers. Sun et al. [149] have used it for assessing
the release of a gold complex and zinc ions from a zinc-based MOF. They have high-
lighted how the agitation process can accelerate the release, significantly affecting
the drug release profile. Orellana-Trava and co-workers [15, 150] have examined the
release of calcein and an anticancer drug from a family of Zr-based functionalized
MOFs. By applying a dialysis bag, they have demonstrated how the amorphization
of the host structure leads to a slower drug release. Gao et al. [151] have verified the
release of 5-FU from ZIF-8 using this method and have shown how the acidity drop
in the release media induces a faster release process. Diffusion methods have been
also applied to track the release of ibuprofen from amine-functionalized UiO-66 [152]
and antioxidant ferulate MFM-300 MOF [153]. Even though it has been routinely

applied to other classes of nanocarriers, (e.g. emulsion formulations [154], lipid-core
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nanoparticles [155], and liposomes [156]) the continuous flow method has not been

systematically used to assess drug release from MOF carriers.

2.5.2 Challenges posed to the study of drug release from
nanocarriers

The methods discussed in this chapter focus on providing information on the kinetics
of the drug release process from the DDS, resulting in the construction of drug
release profiles. From those, it is possible to obtain release rates that can be
optimized to ensure drug availability to the target site for the appropriate time and
duration. By aiming at drug release kinetic studies, these commonly used in vitro
approaches overlook the changes happening in the DDS themselves. This is far too
often ignored when full attention is devoted to examining the kinetic and biological
effects of the release. It is paramount to understand the guiding factors behind
the drug release from multifunctional MOFs, which due to their varied chemical
structure can present different release characteristics and mechanisms. The desire

to fill this gap has instigated the experiments presented in Chapter 8.

2.5.3 In situ FTIR micro-spectroscopy applied to the elu-
cidation of drug release

FTIR is a commonly used technique applied to the analysis of various types of
materials. It is employed to obtain a vibrational spectrum of the IR-active modes
across a wide spectral range, covering different infrared domains (i.e. near infrared,
12800-400 cm !, mid-infrared, 4000-400 cm ™!, and far-infrared, 400-10 cm ™). Mi-
croFTIR, a more recent development of this technique, has enhanced the potential
of vibrational spectroscopy for local analysis on a microscopic scale. It has been
applied to the careful study of different types of samples, such as microplastics [157],
DNA [158],and environmental science and heritage materials [159].

Specific set-ups can be designed for collecting microF TIR spectra, which permit
the use of a versatile suite of sample environments and sampling methodologies.
As an example, it is possible to combine it with a high-resolution synchrotron

source for real-time in situ measurements. Its versatility makes microFTIR
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well suited for assessing the complex physical and chemical phenomena taking
place within MOF structures. For instance, studies utilizing static/flow fluid-
cells in the Multimode Infra-red Imaging and Microspectroscopy B22 beamline in
Diamond Light Source (UK) have been carried out for the examination of MOF
systems. Greenaway et al. [160] have demonstrated how the technique enabled the
determination of kinetics and thermodynamics of carbon dioxide adsorption in single
microcrystals of a functionalized MOF. Savage et al. [161] have used the technique to
demonstrate the selective adsorption of sulfur dioxide in the robust MFM-300 MOF.
Numerous studies have continued to focus on leveraging microFTIR to monitor
gas uptake processes within MOF pores [162-164]. Even though it has primarily
been applied within the MOF realm to elucidate adsorption routes, microFTIR
technique has an unexplored potential to monitor the drug departure process from
drug@MOF assemblies. This IR spectroscopic technique, therefore, can be leveraged

to overcome the existing challenges described in section 2.5.2.

2.5.4 Theoretical predictions of structural properties in
drug@MOF systems

Vibrational spectroscopy, as described in the previous sections, is an extremely
powerful tool to investigate the structural properties of MOF systems. Challenges
arise, however, with the interpretation of spectroscopic data and vibrations assign-
ment in these complex systems. In such case, one can refer to theoretical models
that will assist the decoding of the experimental spectra.

Research concerning the nature of structural vibrations in MOFs has tradi-
tionally been focused on gas adsorption, as evidenced in section 2.5.3. Civalleri’s
group has been one of the pioneers in the use of density functional theory (DFT)
for the theoretical investigation of vibrational frequencies of MOF materials. They
have demonstrated the use of the CRYSTAL DFT code for the ab initio study
of crystal properties, to predict the vibrational modes of the well-known MOF-5
structure [165]. This work has been expanded by Zhou et al. [166], who investigated
the lattice dynamics of MOF-5, leveraging DF'T calculations and INS to present
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excellent agreement between the experimental data and theoretical predictions.
Ryder et al. [139] have demonstrated how the interpretation of the THz vibrations
of MOFs can significantly benefit from DFT calculations. Theoretical spectra were
applied to attain new insights into the structural dynamics of MOFs determined from
the far-IR and INS experiments. The potential of combining theoretical calculations
and vibrational spectroscopy can be harnessed to understand on a deeper level the

structural effect of drug-MOF coordination. This will be revealed in Chapter 8.

2.6 Summary and challenges

This chapter briefly honed in a few fundamentals behind the design of novel MOF-
based platforms for the controlled release of drug molecules. By outlining some of
the existing challenges, which will be explored in the results chapters, this review
takes a slice through the rich MOF literature and gives particular attention to the

following points:

[. The environmentally friendly fabrication of guest@MOF systems should be further
pursued. Mechanochemistry and water-based methods, already proven to be efficient
for the preparation of various MOF materials, need to be more extensively explored

for the preparation of drug@MOF assemblies.

IT. The nature of the interactions arising from the confinement of drug molecules into
host MOFs has not yet been sufficiently interrogated. This investigation can benefit
from employing vibrational spectroscopy, specifically using INS spectroscopy, for
the examination of the host structure. The deployment of this powerful technique
can unveil the long-standing challenge of determining the guest interactions with

the framework.

III. Insufficient attention has been dedicated to the dynamic changes undergone
by drug@MOF assemblies during drug release. In situ methodologies that allow
an improved understanding of the mechanisms is fundamental for the design of

MOF-based release formulations.



As always in life, people want a simple answer . . .
and it’s always wrong.
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3.1 MOF and drug@MOF systems preparation

3.1.1 Mechanochemistry

Mechanochemistry of MIL-100 (Fe). For the studies of mechanochemical
synthesis of MIL-100 (Fe) and drug@MIL-100 assemblies presented in this thesis,
adaptations were made to the synthesis procedure reported by Han et al. [63]. One
main variation employed in the fabrication methods described in the following
sections focus on the annealing step of the synthesis. First, similar procedure of
that of Han and co-workers was followed for the fabrication of manual and vortex
grinding samples, in which a sealed teflon flask was used during the annealing step,
allowing the direct obtainment of crystalline MIL-100 (Fe) (Adaptation 1). Secondly,
the sealed jar used for the annealing step was removed for the preparation of pristine
MIL-100 (Fe) in the water reconstruction method and drug@MIL-100_IN assemblies
(Adaptation 2). This change was made to investigate the optimization of the
synthesis method aiming at large scale production (kg of material) of MIL-100 (Fe)
and guest@MIL-100 systems.

Adaptation 1 was used to produce the materials presented in Chapter 4.

Adaptation 2 was used to prepare the samples discussed in Chapters 5 and 6.

Manual and Vortex grinding. Two different mechanochemical-annealing ap-
proaches were used towards the fabrication of pristine MIL-100 (Fe) material
(Adaptation 1). First, MIL-100 (Fe) MG! was synthesized via a manual mechanochem-
istry process (Figure 3.1a). 1.2 g of Fe(NOg) - 9H5O [iron(III) nitrate 9-hydrate]
(3 mmol) was combined with 420 mg of H3BTC [benzene-1,3,5-tricarboxilic acid]
(2 mmol) in a agate mortar and manually ground for 10 min. Secondly, for
the synthesis of MIL-100 (Fe) VG2 sample a similar procedure was followed
(Figure 3.1b-g). The same amounts of initial reactants were placed in a polypropy-

lene tube (223 mm x 85 mm) together with three @4 mm stainless steel spheres

L' MG = MOF and guest@MOF assembley produced via manual grinding approach
2 VG = MOF and guest@MOF assembley produced via vortex grinding approach
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Figure 3.1: In situ encapsulation of 5-FU in MIL-100 (Fe). (a) Schematic representation
of the manual grinding process used to fabricate 5-FUQMIL-100_MG. (b) 3D printed
holder designed for the vortex grinding process which was cured under UV light (c¢) to
enhance mechanical properties. (d) A propylene container was inserted into the holder
and the assembly (e) was installed on a vortex mixer. (f) 4 mm diameter stainless steel
spheres used for the fabrication of 5-FUQMIL-100_ VG as schematically represented in

(8)-
(ball bearings). The tube was covered with a lid and secured to a standard IKA Mixer
Vortex Shaker using a 3D-printed holder and then agitated at 1200 rpm for 10 min.
The resulting material from both grinding processes was placed in a sealed
autoclave flask and heated in oven at 160 °C for 4 h, to complete the annealing
process. The product was washed by centrifugation (8000 rpm for 10 min) with
methanol and deionized water to remove any unreacted components. Pristine
MIL-100 (Fe) was then dried at room temperature and activated under vacuum at
150 °C for 12 h. The product of this synthesis produced an overall yield of ~500 mg
of MOF.

5-FUQ@QMIL-100 preparation via manual and vortex grinding. Two different
guest@MOF samples were synthesized as follows (Adaptation 1). For the (one-pot)
in situ encapsulation of 5-FU, analogous procedure was followed to the fabrication of
pristine MIL-100 (Fe) with the addition of ~540 mg of 5-FU (3.0 mmol) during the
grinding process, producing the 5-FUQMIL-100_ MG particles via manual grinding
and 5-FUQ@QMIL-100__ VG particles via vortex grinding. The drug-loaded samples
were washed by centrifugation (8000 rpm for 10 min) with methanol and then

activated at 150 °C for 12 h in a vacuum oven.

Drug@MIL-100__IN assemblies preparation. The drug@MIL-100_IN sys-
tems were synthesized as follows. For the (one-pot) in situ encapsulation of drug

molecules (e.g. 5-FU, caffeine, and aspirin), a similar procedure to the synthesis
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of pristine MIL-100 (Fe) MG with a few adaptations (Adaptation 2) was followed.
3.0 mmol of the chosen drug molecule were added during the grinding process. The
drug-loaded samples were washed by centrifugation (8000 rpm for 10 min) and

then activated at 130 °C for 12 h in a vacuum oven.

3.1.2 Water-based preparation

Mechanochemistry of MIL-100 (Fe) and crystallinity reconstruction. For
the reconstruction studies, pristine MIL-100 (Fe) was synthesized via a manual
grinding-annealing process analogous to the one followed for the preparation
of drug@MIL-100_IN assemblies (Adaptation 2). To perform the structural
reconstruction and crystallinity studies, MIL-100 (Fe) particles were immersed
into deionized water and kept under stirring at room temperature. After different
immersion times, the samples were separated by centrifugation (8000 rpm for
10 min) and the supernatant was collected to measure the pH values of the
reconstruction solution. Finally, the recovered MIL-100 (Fe) samples were dried
at room temperature and reactivated under vacuum at 150 °C for 12 h. The
reconstruction process was repeated to ensure reproducibility of results acquired

with reconstruction and the product obtained via the manual grinding method.

Drug@MIL-100_ REC assemblies preparation during reconstruction. For
the fabrication of drug@MIL-100 REC systems®, encapsulation during the recon-
struction process was performed by immersion of pre-activated MIL-100 (Fe) samples
in a saturated aqueous drug solution (i.e. 12mg mL 1 for 5-FU, 20mgmL ™ for
caffeine, and 3.3mgmL ™ for aspirin) under continuous stirring for 7 days at room
temperature. The drug-loaded drug@MIL-100_REC particles were separated by
centrifugation (8000 rpm for 10 min) and then activated under vacuum at 130 °C

for 12 h.

Mechanochemistry of HKUST-1. HKUST-1 particles were synthesized via a

3 REC = guest@MOF assembley resulting from encapsulation during the structural recon-
struction of the MOF
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manual grinding process. ~560 mg of Cu(NO3)9-3H50 [copper(II) nitrate trihydrate]
(3.0 mmol) and ~420 mg H3BTC [benzene-1,3,5-tricarboxylic acid] (2.0 mmol) were
combined in the agate mortar and manually ground for 10 min. The product was
washed with methanol and separated by centrifugation (8000 rpm for 10 min). The
product of this synthesis produced an overall yield of ~100 mg of MOF.

5-FUQHKUST-1 systems preparation. Two 5-FUQHKUST-1 systems were
synthesized as follows. For the (one-pot) in situ encapsulation of 5-FU, an analogous
procedure to the preparation of pristine HKUST-1 was followed with the addition
of ~540 mg of 5-FU (3.0 mmol) during the grinding process, producing the
5-FUQHKUST-1 IN? particles. Ez situ encapsulation of 5-FU was performed
by immersion of pre-activated HKUST-1 in a saturated methanolic 5-FU solution
under continuous stirring for 48 h. The drug-loaded 5-FUQ@HKUST-1 EX? particles
were separated by centrifugation. Pristine HKUST-1 and drug loaded samples were
washed by centrifugation (8000 rpm for 10 min) with methanol and then activated
at 90 °C for 12 h in a vacuum oven. The amount of 5-FU used was selected to
maintain a 2:3 molecular ratio of H3BTC:5-FU to maximize the deprotonation of
the organic ligands by the drug molecules and to favour the formation of a highly

crystalline host framework (as discussed in Chapters 4 and 5)

3.2 MOF and MOF /Polymer preparation for SR-
microFTIR

MOF powder samples. Pre-synthesized HKUST-1 and 5-FUQHKUST-1_IN
powder samples, together with 5-FU powder (used as acquired from Fisher Scientific,
UK), were dispersed in methanol and drop casted onto the ZnSe window (substrate)
for SR-microFTIR measurements (Figure 3.2). 5-FUQHKUST-1_IN were prepared

according to in situ encapsulation approach described in Section 3.1.

4 IN = guest@MOF assembley produced via in situ encapsulation
5 EX = guest@MOF assembley produced via ez situ encapsulation
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MOF/PU samples. Polyurethane (PU) solution was prepared by dissolving
poly [4,4’-methylenebis(phenyl isocyanate)-alt-1,4 butanediol/di(propylene gly-
col) /polyurethane| pellets (purchased from Sigma Aldrich and used without further
alterations) in THF for 24-48 hours until complete dissolution of polymer pellets.
85 wt.% MOF /PU composites integrating 5-FUQHKUST-1, HKUST-1 (correspond-
ing to wt.% Equation 3.1) and pristine PU composites were produced by dispersion
of a certain amount of previously synthesized MOF particles in a small amount
of THF (30 mg of MOF per 1 mL of THF) before their incorporation into the
PU-THF solution. The dispersion was performed by a combination of sonication
(5 min) and magnetic stirring (5 min, 80 rpm). The set of samples used in the
SR-microF TIR experiments were designed to provide a meaningful response during
the relatively short period of time allocated on the synchrotron (i.e. maximizing
the loading of 5-FUQHKUST 1 powder in the composite).

14 wt.% 5-FU/PU membrane was produced by following an analogous proce-
dure. This strategy, reported by Cohen et al. [167], has proven to be a versatile
approach for the preparation of homogeneous MOF /polymer composites. Sub-
sequently the membranes were fabricated by drop casting the solution onto the
substrates (one drop of ~40 uL), inclined at an angle of 60°, allowing it to flow
until the edge of the substrate (Figure 3.2). The drop casting procedure was
done at room temperature with subsequent evacuation of samples at 65 °C for

the removal of remaining solvents.

MOFwt.% = ——MOF___ . 100% (3.1)
my[OF + Mpy

where myjop is the weight of MOF nanoparticles (dispersed in THF) and mpy
is the weight of PU (pellets dissolved in THF).

3.3 Materials characterization

3.3.1 Powder X-ray diffraction (PXRD)

The powder samples were analyzed by PXRD using the Rigaku MiniFlex diffractome-
ter with a Cu Ka source (1.541 A). Diffraction data were collected from 3° to 30°,
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Figure 3.2: MOF and MOF/PU preparation for SR-microFTIR experiments.

using a 0.02° step size and 1.0° min ! step speed for HKUST-1 and drug@HKUST-1
samples and 20=3° to 13°, using a 0.02° step size and 0.1° min ! step speed for
MIL-100 (Fe), drug@MIL-100, and polymeric composite samples. The diffraction
patterns were then normalized with respect to the most intense peak and used
for phase identification, except for decomposition studies in which the absolute

intensity was used to analyze the decomposition of materials.

3.3.2 Thermogravimetric analysis (TGA)

TGA was performed using TGA-Q50 (TA instruments). Approximately 4 mg of
each sample were placed in a platinum pan (maximum volume 50 pL) and heated
from 50 °C to 500-650 °C. The measurements for MOF samples were performed
at a heating rate of 10 °C.min ! and under a dry nitrogen flow of 40 mL.min!.
The measurements for drug@MOF samples were conducted under an air flow of
40 mL.min ! to ensure complete decomposition of the guest molecules and accurate

guest loading determination.

The drug loading was calculated from the TGA analysis via Equation 3.2:

m —m
Drug loading(wt.%) = loss(drug@MOF) loss(MOF) (3.2)

Moss(drug@MOF)

where M55 (drug @MOF) and My655(MOF) Fepresent the mass lost in the selected
temperature range for the drug@MOF and the MOF samples, respectively.
TGA was selected as the main technique to estimate drug loading in order to
establish a direct comparison between the different encapsulation strategies herein
applied (i.e. conventional solution impregnation versus in situ mechanochemical

encapsulation). Conventionally used techniques, such as UV spectroscopy, could
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not be broadly applied for drug loading estimation in all samples due to the varied

nature of the different encapsulation techniques.

3.3.3 Scanning electron microscope (SEM) and atomic force
microscope (AFM)

Analysis of the surface topography of the MOF particles and composite membranes
was carried out by SEM and AFM imaging. SEM images were obtained using Carl
Zeiss EVO LS15 at 15 keV under high vacuum. AFM was performed using the
Veeco Dimension 3100 AFM under the tapping mode, equipped with a Tap300G
silicon probe with a resonance frequency of 30 kHz (spring constant 40 Nm !,

tip radius < 10 nm).

3.3.4 Specific surface area measurements

The Brunauer-Emmett-Teller (BET) specific surface areas of samples were de-
termined from nitrogen adsorption-desorption isotherms at 77 K, measured with
Quantachrome Nova 1200. The isotherms were obtained using a g9 mm sample
cell containing 60-100 mg of samples under study. The degassing temperature
was 150 °C for MIL-100(Fe) samples and 90 °C for HKUST-1 samples during

sample activation under vacuum.

3.3.5 Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)

ATR-FTIR spectra were acquired at room temperature with a Nicolet iS10 FTIR
spectrometer with an ATR sample holder. The spectra were collected in the range
of 650-2000 cm ! with a resolution of 0.5 cm ! and normalized with respect to
the most intense vibrational peak to facilitate comparison across the different

samples under study.
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Figure 3.3: FExperimental setup for SR-microFTIR spectroscopy measurements.
Schematic of the (a) static and (b) flow-cells and sample arrangement (not to scale).

3.3.6 Synchrotron radiation Fourier transform infrared mi-
crospectroscopy (SR-microFTIR)

SR-microFTIR spectra were acquired in Beamline B22 MIRIAM at the Diamond
Light Source (Oxfordshire, UK). The spectra were collected in transmission mode
by employing an IR microscope (Bruker Hyperion 3000) equipped with a 36x
objective lens, from spot areas delimited by the IR microscope slits comprising a
~10x10 pm?2. The spectra of different regions in the sample were collected in the

mid IR region encompassing the broad spectral range of ~650-4000 cm !

, using a
spectral resolution of 4 cm ™ and 256 scans resulting in data acquisition time of ~40
s per spectrum. Two key experiments have been carried out with different variations
of the in situ experimental setups. Because of the difference in the frequency of
the bending modes of deionized water (HyO) and deuterated water (D,O) and
the overlap of these modes with important vibrational bands of the drug molecule
present in the drug@MOF samples, the monitoring of drug release was carried out
with a combination of experiments performed in H,O and DO to fully establish
the evolution of drug peaks within the broad spectral range.

Static-cell. For static-cell SR-microF TIR measurements (Figure 3.3a), powder and
polymer composite samples were loaded into a customized liquid cell, sandwiched
between two zinc selenide (ZnSe) circular windows (1 mm thickness, g= 25 mm)

separated by a 10-pm thick Teflon spacer. Liquid measurements were conducted with

the addition of 2 pL of deuterated water (D,0), placed within the cell confinement.
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The sample under study was only partially in contact with DyO in order to enable
the collection of dry and wet backgrounds as reference spectra. The IR spectra

were collected in the range of 650-4000 cm ™!, at a resolution of 4 cm ™.

Flow-cell. A range of pre-experimental tests were performed in order to opti-
mize the use of the dynamic flow-cell to enable SR-microFTIR measurements
(Figure 3.3b). Samples were loaded into a liquid cell sandwiched between two
ZnSe circular windows (2-mm thick, = 25 mm), separated by a 10-um thick
gold spacer. Measurements were performed with provision for medium exchange
(D50 and deionized water (H5O)) via an automatic syringe pump. A flow-rate of
100 pL.min ! was used to fully replace media in the sample chamber throughout
the experiment. For measurement in DyO flow, the media were allowed to flow for
approximately 25 minutes before starting data collection, thus allowing the system
to reach D-H equilibrium. The enhanced magnification allowed data collection in a
10x10 pm? scanning window, obtaining good signal-to-noise through the aqueous
media. Data were collected in the range of 650-4000 cm ™!, at a resolution of 4 cm L.
The dynamic flow study permitted the acquisition of over 180 individual IR spectra
at different timepoints, over a period of ~2 hours. By taking advantage of the
possibility to maintain sample to media contact for long periods of time in the flow

environment, spectra with high signal to noise ratio and excellent spectral quality

were acquired.

SR-microFTIR data processing. Pre-processing of spectral data was performed
using the OPUS software version 7.2 (Bruker Optics). FTIR spectra was initially
truncated to separate the spectral region of 700-1800 cm L. “Concave rubberband
correction” from the OPUS software was applied with 4000 points followed by

max-min normalization in the range of 1680-1760 cm © (polyurethane peak).

3.3.7 Inelastic neutron scattering (INS) spectroscopy

Inelastic neutron scattering. INS measurements were performed using the

TOSCA [168] spectrometer at the ISIS Pulsed Neutron and Muon Source, Ruther-
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ford Appleton Laboratory (Chilton, UK). The high resolution (AE/E~1.25%)
and broadband (0-4000 cm ™) spectra of each sample (~1 g) were acquired at
~10 K. TOSCA is an indirect geometry time-of-flight spectrometer where a pulsed,
polychromatic beam of neutrons collides with the sample at a distance of ~17 m
from the source. The neutrons scattered from the sample were Bragg reflected
by a pyrolytic graphite analyzer, while higher order reflections beyond (002) were
blocked by a cooled (T < 30 K) Beryllium filter in order to define the final energy.

1 were passed towards the detector array

Neutrons with final energy of ~32 cm™
composed by thirteen 3He tubes with effective length of 250 mm. Five banks were
located in forward direction (scattering angle ~45°) and five in backwards direction
(~135°). The use of a low final energy translated into a direct relationship between
energy transfer (ET, cm 1) and momentum transfer (Q, A1) such that ET ~ 16Q2.
Energy transfer and spectral intensity, i.e. S(Q, w), were then obtained using the
Mantid software [169]. Each sample was wrapped in 4 cm X 4.8 cm aluminium
sachet and placed into a 2.0 mm spaced flat aluminium cell, which was sealed
with indium wire. Sample preparation and cell loading into the cell took place in
a glovebox to avoid moisture uptake by the sample. To reduce the effect of the
Debye-Waller factor on the experimental spectral intensity and allow comparison
with the theoretical spectra, the sample cell was cooled to ~10 K by a closed cycle
refrigerator (CCR). The INS spectra were collected under vacuum over a duration
of 4-6 hours. The neutron guide upgrade of the TOSCA spectrometer, completed
in 2017, has increased the neutron flux at the sample position by as much as 82

times. This upgrade improves the performance through faster measurements and

by reducing the required sample mass [170].

Calculation of area under INS curve. The Integrate Gadget in OriginPro was
used to perform the numerical integration on the INS spectra to determine the area
under the curve of specific vibrational modes. The range of data was selected to

include the peaks of the vibrational modes of interest, using the z axis as the baseline.
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3.3.8 Ab initio density functional theory (DFT) calcula-
tions

Composite methods in CRYSTAL 17.5 DFT calculations of HKUST-1 and
its complexes with 5-FU (i.e. 5-FUQHKUST-1 adducts A-D) and water were
performed using the ab initio periodic code CRYSTAL17 [171]. A PBEsol0-
3c composite method recently devised for cost effective solid state calculations
was employed. All calculations referred to a ferromagnetic unit cell. Model
structures were fully optimized by means of an unconstrained relaxation of both
lattice parameters and atomic positions. Interaction energies were computed
through a supermolecule approach and for adduct A and D they were validated
against the more costly benchmark Becke, 3 parameter, Lee Yang Parr (B3LYP)
method [172, 173] augmented with the D3 dispersion correction including two- and
three-body terms [174] and combined with a TZVP basis set [175] (i.e. B3LYP-
D3(ABC)/TZVP). Because of the good tradeoff between cost and accuracy of the
PBEsol-3c method, vibrational frequencies at the I' point and their IR intensities
were calculated on the optimized geometry by means of a mass-weighed Hessian
matrix, obtained by numerical differentiation of the analytical nuclear gradients
with a three-point formula [176, 177]. The Pack-Monkhorst/Gilat shrinking factors
for the reciprocal space sampling were set to 2, corresponding to 6 to 8 k-points
at which the Hamiltonian matrix was diagonalized. The condition for the Self-
Consistent Field (SCF) convergence was set to 108 and 1010 Hartrees during

structure optimization and vibrational frequency calculations, respectively.

Gaussian. DFT calculations to determine the theoretical vibrational spectra of
H3BTC, 5-FU, caffeine, aspirin, and the Fe-ASP complex (tetraaquosalicylatroiron
(III) complex) were performed using the Gaussian software [178]. The vibrational
calculations were carried out at the B3LYP level of theory and 6-31G basis set.
The DFT output files of these molecules were used to generate their INS spectra

6 The calculation performed in this section were developed in collaboration with scientists
Professor Bartolomeo Civarelli and Ph.D. student Lorenzo Dona (University of Turin), developers
of the composite DFT method used in the calculations of 5-FUQHKUST-1 assemblies.
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using the Mantid software [169] through the AbINS extension [179]. During the
spectrum generation a total cross section was considered with a quantum order

events number of 1.

3.3.9 PXRD peaks height and FWHM of ATR-FTIR peaks

The Integrate Gadget in OriginPro software was used to perform the numerical
integration on the PXRD patterns to determine the full width at half maximum
(FWHM) of two of the most intense diffraction peaks in the MIL-100 (Fe) samples
(i.e. 20 = 4° and 11°) that correspond to the (022) and (357) planes. The range of
data was selected to include the diffraction peaks of interest, using the (horizontal)
diffraction angle axis as the baseline. The same approach was used for obtaining
the FWHM of ATR-FTIR vibrational bands. To facilitate the comparison between
the effect of the reconstruction process (Chapter 6, the ratio between the peak
heights [(022):(357)] was taken and the FWHM values were normalized against

the largest value presented within a set of samples.

3.3.10 Crystallinity determination from FWHM measure-
ments

Assessment of changes in sample crystallinity was performed by analysing changes
to the FWHM of selected diffraction peaks, used as an indication of peak sharpening
and/or broadening.

This methodology has been applied to examine MIL-100 (Fe) host stability
during the time period of drug release experiments (Chapter 4) and the effect of
the reconstruction of MIL-100 (Fe) samples (Chapter 6) as a function of the sample

immersion time.

The Scherrer law allows one to determine the size of the crystalline domains D [180]:

Kx A

D= — "
A X cos X 0

(3.3)
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where A is the wavelength, A = FWHM, K is a constant, and @ is the diffraction
angle of the corresponding diffraction peak.

As the samples might present different particle sizes and different packing
configurations, the best representation to establish the cross comparison of such

samples was the “crystallinity” defined as:

Do
Crystallinity = —2itial (3.4)
final
Then:
Kx\ A
Crystallinity = Ainiti}?:iosxe = A.fl.nfﬂ (3.5)
initial

Afipal Xcosx 0

A small adaptation of Equation 3.5 was used to calculate the crystallinity of

samples that have undergone water reconstruction, as described in Chapter 6:

Dy

Crystallinity = (3.6)

initial

with z referring to the different immersion times

3.3.11 Acidity measurements of water reconstruction so-
lutions

The pH values of the immersion solutions recovered after the water reconstruction
process (Chapter 6) were determined using a Fisherbrand pH indicator paper stick

that was compared against a pH scale and across all the samples in the study.

3.3.12 Proton acceptor/donor sites and electrostatic poten-
tial surface map determination

The proton acceptor/donor sites present in the guest drug molecules (e.g. 5-FU,
caffeine, and aspirin) were determined using BIOVIA Discovery Studio [181]. The
electrostatic potential (ESP) surface maps of drug molecules were generated using
GaussView. During the map generation, the electron density was calculated from a

Total SCF density with isovalue of 0.000400 electrons per unit volume (au?).
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3.3.13 Fabrication of pellets

MIL-100 (Fe) samples. Pellets were prepared on a manual hydrostatic press
(Specac) with a die diameter of 13 mm and under a constant axial force that varied
from 0.5 to 10 ton. Each pellet was produced using 175 mg of the MIL-100 (Fe)

material.

HKUST-1 samples. Pellets were prepared on a manual hydrostatic lab press
(Specac) with a stainless steel die of 13 mm and under a constant axial force of
1 ton. The nominal density of each pellet was determined by weighing each one
of them and dividing this quantity by its nominal volume. The dimensions of
the pellets were determined using a micrometer. Each pellet was produced using

175 mg of the HKUST-1 material.

3.3.14 Drug release experiments

Release of 5-FU from MIL-100 (Fe). Experiment to study of the 5-FU release
from MIL-100 (Fe) MG and VG (Chapter 4) were carried out at 37 °C with
magnetic agitation, using phosphate buffered saline (PBS, 0.04 M pH 7.4) to
simulate physiological conditions. 10 mg of the drug-loaded samples were immersed
in 5 mL of PBS. At different incubation times, 1 mL of supernatant was recovered
by centrifugation and replaced with the same volume of fresh PBS at 37 °C. The
amount of 5-FU released was determined by UV-Vis adsorption spectroscopy at
266 nm. The accurate concentration of 5-FU released was determined using the
calibration curve expressed in Equation 3.7, which was constructed by correlating

the absorbance and concentration of various measured 5-FU solutions.
A =10.05275 x ¢ (3.7)

where A is the measured absorbance and the ¢ the concentration (in pg.mL™!)
of the collected aliquot

Release of 5-FU from HKUST-1. To perform the release of the 5-FU from the
host HKUST-1 described in Chapter 7, 20 mg of the drug-loaded samples were
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immersed in abundant MeOH and constantly stirred at room temperature for a
period of 72 hours. The material was recovered and washed by centrifugation
twice with methanol (8000 rpm for 10 min) to guarantee complete removal of guest
molecules present in the final composite sample. Being HKUST-1 a water sensitive
MOF, MeOH was applied for the release studies to avoid the decomposition of
the structure by the release media (e.g. water or PBS). This allowed to study the

isolated effects of the release of the guest molecule on structure of the host MOF

3.3.15 Contact angle measurements

Contact angle measurements were performed by the addition of small droplets
of deionized water (10 pL) on top of HKUST-1/PU and PU membranes. A
monochrome CMOS camera (6x6 1m?) integrated with a Navitar 12x zoom lens
was used to obtain images used for the measurements. ImagelJ software [182] was

then applied to compute the contact angle values.

3.3.16 Swelling experiments

Swelling behavior of composites was measured by a gravimetric method. PU and
HKUST-1/PU membranes were immersed in deionized water at room temperature
until the swelling equilibrium was reached. Samples were removed and blotted with
filter paper to remove the excess water on the surface, and then weighed. The
immersion time and drying procedure were repeated until the weight of the swollen
samples became constant. The swelling ratio and the swelling water content as

a percentage were defined by Equation 3.8:

Swelling ratio% = Dswollen — Wdry 1009 (3.8)
Mqry

where mgyen 18 the mass of the swollen polymer/composite and mg,y, is the mass

of the dry polymer/composite collected before immersion into water.
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4.1 Background and motivation

Although the mechanochemical synthesis of pristine MIL-100 (Fe) material has been
demonstrated before, one-pot encapsulation of guest molecules into this Fe-based
MOF via mechanochemistry is less understood. Specifically, for MOFs such as
MIL-100 (Fe) possessing highly accessible coordinatively unsaturated metal sites
(CUS) that act as a strong binding site for guest drug molecules, the solvent
free encapsulation method can eliminate the competition drug molecules might
face against the polar solvents for the active binding sites, as explained in more
details in Chapter 2.

This chapter reports the detailed fabrication of a drug-encapsulated MIL-100 (Fe)
systems, designated as ‘drug@MIL-100’, using an annealing assisted mechanochem-

ical approach. Two different methods were employed (7.e. manual grinding (MG)

52
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Figure 4.1: In situ encapsulation of 5-FU and structural characterization of MIL-100 (Fe)
and drug@MOF systems. (a) Schematic representation of guest—host interaction of 5-FU
to the unsaturated iron sites of MIL-100. (b) Normalized PXRD patterns of MIL-100 (Fe)
and drug-loaded counterparts. (c) Normalized FTIR spectra of MIL-100 (Fe) samples
measured in ATR mode. Asterisks mark the position of the 5-FU peaks. Colour scheme:
iron in orange, carbon in black, oxygen in red, hydrogen in white, nitrogen in purple, and
fluorine in green.

vs. automated vortex grinding (VG)) to accomplish the in situ encapsulation of
guest 5-FU within the pores of the MIL-100 (Fe) host framework, producing the
5-FUQMIL-100 systems. The results in this chapter demonstrate this method
feasibility as a facile solvent free one-pot strategy. The manual and vortex grinding
strategies were adapted from Han et al. [63] and Stojakovic et al. [74], previously

used for the synthesis of pristine MOF, to enable in situ drug encapsulation, not

yet demonstrated in the former studies.

4.2 Examination of 5-FUQMIL-100 systems

Figures 3.1a-g in Chapter 3 illustrate the in situ encapsulation process. The
samples fabricated are described in Table 4.1. For the manual grinding approach,
all reactants (i.e. organic linker H3BTC, iron nitrate, and 5-FU) were manually
ground using a mortar and pestle. A customized holder was designed and 3D-
printed to couple a standard polypropylene container to an automatic vortex mixer

(Figures 3.1b-e). This setup allowed the application of a higher number of rotations
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Table 4.1: MIL-100 manual and vortex grinding derived samples - description and details

Samples Synthesis Guest
method
Mechanochemical MIL-100 (Fe) MG Manual grinding -
method MIL-100 (Fe) VG Vortex grinding -
In situ 5-FUQMIL-100 . MG | Manual grinding | 5-Fluorouracil
encapsulation 5-FU@MIL-100_VG Vortex grinding

per minute via the vortex mixer, increasing the number of collisions induced between
the solid reactants and the stainless-steel spheres (Figures 3.1f-g).

Figure 4.1a shows a schematic representation of the encapsulation of the drug
guest molecules, yielding guest-host interaction of 5-FU with the CUS located on
the iron trimers of MIL-100 (Fe) host to form the C = O---Fe coordination. Indeed,
similar interactions involving organic molecules binding to the CUS of MIL-100 (Fe)
have been reported [105]. Figure 4.1b shows the PXRD patterns of pristine
MIL-100 (Fe) and drug@MIL-100 systems, confirming the successful synthesis
of crystalline MIL-100 (Fe) through both annealing assisted mechanochemical
approaches. The effect of the different synthesis/encapsulation technique on the
material crystallinity has been monitored via analysis of the PXRD data. The
evolution of the relative peak intensity corresponding to the two most intense Bragg
peaks [i.e. (022):(357) ratio] (Figure 4.1b) and the changes in the FWHM of the
(022) peak at 26=4° (Figure 4.2) have been monitored as a function of the grinding
technique used. The ratios of the relative intensity of the (022):(357) planes showed
consistency across all samples. There was no significant difference found between
the pristine samples of MIL-100 (Fe) MG and MIL-100 (Fe) VG. Similar results
were observed for the drug-loaded counterparts. However, further assessment of
the samples crystallinity via analysis of the FWHM of the (022) peak (Figure 4.2a)
shows that 5-FUQMIL-100_ MG and 5-FUQMIL-100_ VG present relatively sharper
peaks (higher crystallinity) compared with their pristine counterparts. This might be
attributed to the role played by 5-FU molecules in the deprotonation of the H3BTC

organic linkers due to the presence of proton acceptor sites in 5-FU (see Figure 4.2b).
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Figure 4.2: (a) FWHM values of (022) peak of MIL-100 (Fe) MG and MIL-100 (Fe) VG
and their drug-loaded counterparts. (b) Schematic representation of 5-FU molecules
showing the proton acceptor and donor sites. Colour code: O in red, C in black, H in
grey, N in navy blue, and F in green.

This effect is examined and discussed in deeper details in Chapter 5. The PXRD
patterns of the MG and VG samples before and after the annealing step are shown
in Figure 4.3. The comparison reveals that the mechanical stress from grinding was
responsible for the formation of MIL-100 (Fe) structure, while the subsequent heat
treatment by annealing only helps to enhance the sample crystallinity. Noteworthy,
these results are different from those reported by Kuroda et al. [183]. who used the
annealing step after mechanochemical grinding (of a coordination polymer) to yield
a new phase with a different crystalline structure. Conversely, the basic structure
of MIL-100 (Fe) has remained unaltered after annealing Figure 4.3).

The ATR-FTIR spectra of all the samples are presented in Figure 4.1c. The
vibrational data allow us to investigate in detail the chemical structure of the
samples in the mid-IR region. The characteristic bands of MIL-100 (Fe) (i.e.
v(C—H) in the organic linker at 707cm * and 760 cm 1, »(O—C—0) and §(O—H)
at 1371cm ' and 1441 cm !, and v(C=0) in the carboxylic group at 1623 cm !
were detected! [184], confirming retainment of the chemical bond integrity after

5-FU loading by both encapsulation techniques. The collection of the spectrum

1 Molecular vibrations: § = in-plane bending, ¥ = symmetric stretching
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of the unencapsulated 5-FU enabled the identification of the drug bands in the
drug@MOF systems from experiments and theory (DFT calculations) (Figure 4.4).
The spectra of 5-FUQMIL-100_ MG and 5-FU@QMIL-100_ VG display changes in
the regions of 800-1300 cm ! and 1680-1800 cm ™!, in comparison to the spectrum of
pristine MIL-100 (Fe), confirming the presence of drug molecules in the drug@MOF
assemblies. However, there are salient differences between the spectra of the two
different drug-loaded systems, indicating distinct guest-host interactions resulting
from the two encapsulation techniques. In 5-FUQMIL-100_ VG spectrum the modes
at 945cm 1, 995cm !, and 1140cm ! associated with §(N—H) and v(C—N—H),
respectively, are evident. In contrast, in the 5-FUQMIL-100 MG spectrum these

modes are more suppressed while the vibrations at 810cm ™, 1210cm !, and

—— MIL-100 (Fe) VG (after annealing)

MIL-100 (Fe) VG (before annealing)

———MIL-100 (Fe) MG (after annealing)

~——MIL-100 (Fe) MG (before annealing)

Intensity (a.u.)

—— MIL-100 (Fe) sim.

4 6 8 10 12
26°

Figure 4.3: Normalized PXRD patterns of MIL-100 (Fe) before and after the annealing
step after the mechanochemical grinding (MG and VG) process. The contrast between the
patterns before and after annealing for the manually and vortex ground samples revealed
that the mechanical stress (from grinding) have resulted in framework formation prior to
the annealing step. Annealing is therefore used to enhance material crystallinity.
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1247 cm™ !, associated with d-ring and v(C—F), respectively, are apparent (see

Figures 4.4 and 4.5 for details and schematic representation of the vibrational

modes). These observations suggest the higher efficacy of the manual grinding

encapsulation process towards the successful confinement of 5-FU drug molecules

within the MIL-100 (Fe) pores.
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Figure 4.4: Schematic representation of the molecular vibrational modes of 5-FU at
different wavenumbers. (a) Bending mode of the uracil ring. (b) Stretching of C—F bond.
(c) Bending of N—H bond. (d) Stretching C—N—H bonds. Arrows indicate the directions
of the collective deformations with 4 /- amplitudes computed by DFT (B3LYP level of

theory and 6-31G basis set).
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Figure 4.5: Comparison between theoretical and experimental vibrational spectra of
5-FU used to identify the specific vibrational modes marked in the plot. A reasonably
good match between the experimental and theoretical spectra was observed, where the
mismatch between the theoretical and experimental frequencies is a common shift resulting
from the ab initio calculations.

4.3 5-FU loading and resulting guest-host inter-
actions

The level of guest encapsulation was evaluated by BET surface area from Ny ad-
sorption isotherms (Figure 4.6a) and further estimated by TGA using Equation 3.2
(Figure 4.6b). The surface area of the pristine MIL-100 (Fe) MG (793m?g 1)
and MIL-100 (Fe) VG (753m? g 1) are in good agreement with the values of other
reported mechanochemically synthesized MIL-100 (Fe) samples (Table 4.2). The
drug loading registered by TGA for 5-FUQMIL-100 MG and 5-FUQMIL-100 VG
were determined to be 20.2 wt.% and 18.3 wt.%, respectively. The BET surface
area of the drug@MOF samples was found to be greatly reduced to 333m? g™
(reduction of 58 %) and 697m? g (reduction of 7.5 %), respectively. These
results further indicate that although the vortex grinding is very effective for the
synthesis of pristine MIL-100 (Fe), the manual grinding process appears to be more

efficient for the encapsulation of 5-FU within the MOF pores. As indicated by the
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Table 4.2: Comparison between the BET surface area of drug@MIL-100 fabricated via
MG, VG, and conventional methods

Samples Synthesis BET surface Ref.
method area (m?g)
MIL-100 (Fe) MG Manual grinding 793 This Chap.
MIL-100 (Fe) VG Vortex grinding 753 This Chap.
5-FUQMIL-100_ MG in situ encapsulation 333 This Chap.
5-FUQMIL-100 VG in situ encapsulation 697 This Chap.
Mechanochemistry 1033 65]
(liquid assisted grinding - ball mill)
MIL-100 (Fe) Mechanochemical 255 (73]
(kitchen grinder)
Solvothermal 1836 [185]
(high temperature)
Solvothermal 1750 [186]
(high pressure and temperature)
Solvothermal 1223 [187]
(high pressure and temperature)
Solid state synthesis 110 [188]
(high pressure and temperature)

ATR-FTIR vibrational data, the hypothesis is that the C = O - - - Fe coordination
is established between MIL-100 (Fe) CUS and 5-FU molecules. Additionally, the
adjacent hydrogens in 5-FU can interact via hydrogen bonds with the oxygen
atoms surrounding the iron trimers. The C = O - - - Fe coordination, therefore, can
strongly limit the displacement of nitrogen atoms, thus suppressing the 6(N—H) and
v(C—N—H) modes (proximity to the binding oxygen atom) in 5-FUQMIL-100_ MG
(Figure 4.1c). Conversely, the identification of drug molecule “free” motions in the
5-FU@QMIL-100_ VG spectrum suggests that 5-FU molecules could be adsorbed
onto the external surfaces of the MIL-100 (Fe) crystals by weaker intermolecular
interactions (e.g. m-m interactions between 5-FU and BTC linker).

An increase in the thermal stability of the drug-loaded samples was observed
when compared to MIL-100 (Fe) MG and MIL-100 (Fe) VG samples. Table 4.3
showcases in detail the decomposition process of MIL-100 (Fe) and drug@MOF
samples acquired from TGA. An increase in the initial decomposition temperature of

5-FUQMIL-100_MG and 5-FUQMIL-100_ VG in comparison to MIL-100 (Fe) MG
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and MIL-100 (Fe) VG (increase of ~30 °C) was observed. An increase in the rate of
decomposition between drug-loaded and pristine MIL-100 (Fe) host was noted. This
corresponds to different decomposing amounts as a function of temperature due to
the presence of the encapsulated drug molecules. The presence of the guest molecules

is also reflected in the temperature at which half of the material has decomposed.
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Figure 4.6: Nitrogen adsorption (filled symbols) and desorption (empty symbols)
isotherms of MIL-100 (Fe) and drug-loaded counterparts. The comparison between samples
under study shows clear decrease in accessible surface area upon guest encapsulation.
(b) TGA plots of MIL-100 (Fe) samples and drug@MOF composites showing material
decomposition as a function of increasing temperature. Insets show the derivative weight
change with respect to temperature. Note that the decrease of the temperature in the
TGA plots over 300 °C is due to highly exothermic process related to the departure of
the organic linker, exceeding the set program temperature. The furnace temperature thus
decreases in order to follow the initial program temperature [13].
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Table 4.3: Analysis of thermal decomposition of MIL-100 (Fe) and drug-loaded samples
produced via MG and VG

Initial de- Maximum rate Temperature Final residue
composition
tem;l))erature of of half (at 660°C)
decomposition decomposition
MIL-100 (Fe) MG 290 °C -0.266 %/°C 331 °C 36.6%
MIL-100 (Fe) VG 290 °C -0.238 %/°C 332 °C 34.6%
5-FUGMIL-100_ MG 320 °C -0.429 %/°C 349 °C 32.6%
5-FUGMIL-100_ VG 321 °C -0.403 % /°C 360 °C 38.2%

Meanwhile, the final residue has presented very little change, demonstrating the
total decomposition of drug molecules and confirming the accuracy of drug loading
calculations. The increase in the thermal stability of drug-loaded samples can be
attributed to the improved crystallinity (structural robustness) presented by the

drug@MOF systems in comparison to their pristine counterparts (see Figure 4.1b).

Figure 4.7: SEM images of as synthesized (a-b) MIL-100 (Fe) MG and (c-e) MIL-100
(Fe) VG. The micrographs display a non-uniform particle distribution, due to the grinding
nature of the synthesis method leading to particles aggregation.

The samples morphology was examined via SEM as presented in Figures 4.7-4.8.

SEM images show no significant changes upon 5-FU loading. The nature of the
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grinding process appears to favour the formation of fragmented aggregates of
MIL-100 (Fe) crystals, with a non-uniform distribution (ca. 2-30 pm). Moreover, the
low surface potential presented by MIL-100 (Fe) particles (8.6 mV) causes insufficient

electrostatic repulsion forces to prevent the aggregation of the particles [189]. Further

discussion about the particles aggregation will be presented in Chapter 6.

Figure 4.8: SEM images comparing as synthesized (a) MIL-100 (Fe) MG,
(b) MIL-100 (Fe) VG, and drug-loaded samples. (c¢) 5-FUQMIL-100_MG, and
(d) 5-FUQMIL-100_VG. The micrographs display the absence of morphological changes
upon drug encapsulation.

4.4 Evaluating the kinetics of 5-FU release from
5-FUQ@QMIL-100 assemblies

Figure 4.9 shows the results of the 5-FU release from MIL-100 (Fe), conducted
in a phosphate buffered saline (PBS) of pH 7.4, used to simulate physiological
conditions. The evolution of the 266 nm absorption band of 5-FU was tracked
using UV-Vis to construct a calibration curve (Figures 4.9a-b) used to determine
the cumulative release of the drug molecules. Drug release profiles obtained for

the drug-loaded samples are presented in Figure 4.9c.
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Figure 4.9: Drug release studies. (a) UV-Vis spectra collected for 5-FU solutions
at different concentrations, highlighting the 5-FU band at 266 nm used to establish
the calibration curve presented in (b). The calibration equation was used to translate
the UV-Vis absorbance into the cumulative drug release. (c) Drug release profiles of
5-FUQMIL-100_MG (red trace fit) and 5-FUQMIL-100_ VG (blue trace fit) revealing
the cumulative release over a period of 72 hours.

Interestingly, 5-FUQMIL-100_MG shows a significantly slower release of 5-
FU. During the first release stage (initial 5 hours), drug release of ~60% was
detected from the VG sample in comparison to ~26% released from the MG
counterpart. The percentages were calculated by considering the total loading of

the drug in the drug@MOF systems, determined by TGA. The second release stage

(i.e. up to 72 hours) happened in a considerably slower fashion, which stabilized
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Table 4.4: Fitting equations for the 5-FU drug release profiles from 5-FUQMIL-100

Sample ‘ Fitted equation ‘ R2
5-FUGQMIL-100_ MG 5-FU(%) = 48.83 — 158.00 0.99121

14+41305.08x1/6-00

_ ____43.08
5-FU@MIL-100_VG 5-FU(%) = 64.02— o5 rgs | 0.99364

after 48 hours. 62% and 34% of the 5-FU loaded into 5-FUQMIL-100_VG and
5-FUQMIL-100_ MG were released, respectively. Fitted curves of the release profiles
revealed that the release process follows a generalized hyperbolic curve for both
samples, with high coefficients of determination (R?) (Table 4.4).

The stability of the host framework during the release experiments was assessed
to ensure the ongoing stability of the host material during the release of the
guest molecules (Figures 4.10 and 4.11). The initial assessment of MIL-100 (Fe)
stability during drug release experiments has been performed wvia analysis of UV-Vis
spectrometry and material crystallinity.

As displayed by Figure 4.10a, PXRD patterns of the host collected after the
release experiment display no signs of MIL-100 (Fe) degradation. The FWHM
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Figure 4.10: Analysis of diffraction data of MIL-100 (Fe) samples after release
experiments. (a) PXRD patterns of pristine MIL-100 (Fe) and drug loaded samples,
displaying that the materials hold good crystallinity after immersion in PBS during the
release experiments. (b) Relative FWHM of samples, the ratio was taken in relation to
the initial value for the FWHM of the samples before the release experiments.
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Figure 4.11: UV-Vis spectra of the supernatant of MIL-100 (Fe) in PBS showing the
good stability of MIL-100 (Fe) host during the release of 5-FU guest. The contrast with
5-FU spectrum (red trace) highlights the absence of any absorbance associated with
decomposition of MIL-100 (Fe) that could interfere with the band at 266 nm used to
track the release of 5-FU.

measured before and after the release process shows a slight broadening of the (022)
peak (Figure 4.10b) (i.e. minor changes to material crystallinity as calculated via
Equation 3.5). However, no evidence of amorphization was found. The stability
of the host framework was further assessed via UV-Vis spectroscopy. As shown
in Figure 4.11, the supernatant of MIL-100 (Fe) in PBS does not present strong
absorbance in the spectral region where the characteristic 5-FU band at 266 nm is
found, used for monitoring the drug release. No significant changes to the UV-Vis
spectra of MIL-100 (Fe) were observed over a 72 hour period. The data from the
5-FU drug release study indicate that the manual grinding technique provides a
more effective nanoconfinement of 5-FU within the pores of MIL-100 (Fe), while
the vortex grinding approach appears to yield weaker guest-host interactions due to
adsorption of guest molecules outside the cages of the host framework. Even though

we can observe a plateau in the drug release profiles for both samples, there is a clear

discrepancy in the kinetics and speed of the delivery Specifically exemplified by the
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large difference in the amount released in the first hour (doubling that of the manual
ground sample). A slower diffusion at the molecular level throughout the pores is
usually associated with strong guest-host interactions [13]. Consequently, the slower
release kinetics of 5-FU from 5-FUQMIL-100_ MG could indicate stronger guest-
host interactions, further supporting the notion revealed by analysis of vibrational
data from ATR-FTIR (5-FU interactions CUS through C = O - - - Fe coordination).
The conditions for the establishment of such strong coordination seem to be
favoured by the continuous and homogenous grinding provided by the manual
grinding approach but disfavoured by the localized collisions that occur during
the vortex grinding process. In the manual grinding, the mechanical deformation
induced is a result of the shear stress created in the regions of sliding contact between
the pestle, reactants, and mortar. It creates a 2D distribution of the grinding force
over a larger surface area, which might facilitate the improved formation of multiple
MIL-100 SBUs. Since the concept behind an in situ encapsulation technique is
based on the host cages rapidly forming around the guest molecules, the hypothesis
is that the multiplicity of SBU simultaneously and adjacently formed on the manual
grinding process could explain the detected higher effectiveness of this method in
achieving the confinement of 5-FU guest molecules. In contrast, for the vortex
grinding setup used herein (Figure 3.1g), the simultaneous formation of adjacent
SBUs is expected to be relatively smaller due the reduced region of contact from
the normal stress generated by the impact collision of stainless-steel balls. The
results indicate that drug confinement is less effective for the latter process. A
continuous shear stress is also present in twin-screw extrusion (TSE) methods,
proven to be efficient for the fabrication of different MOF materials [190]. Based
on these results, the manual grinding process has been selected as the primary
methodology for the fabrication of in situ encapsulation of drug molecules in host

MOFs, to be described in the next chapters.
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4.5 Summary and conclusions

This chapter has demonstrated that mechanochemistry offers new opportunities for
the fabrication of complex MOFs such as MIL-100 (Fe), and more specifically it is a
promising strategy for the nanoconfinement of guest drug molecules within the MOF
porosity. By leveraging two mechanochemical based techniques (7.e. manual and
vortex grinding) for the encapsulation of 5-FU in MIL-100 (Fe), modifications in
the vibrational behaviour of each drug@MOF assembly were detected, revealing the
underpinning intermolecular interactions arising from each encapsulation technique.
The outcomes are reflected in the release kinetics of 5-FU from the MIL-100 (Fe)
host, in which the stronger guest-host interactions of the manually ground system
led to a slower release of 5-FU. Finally, it was found that while the vortex grinding
approach demonstrated is very effective for the fabrication of pristine MIL-100 (Fe),
a manual grinding/milling route yields the enhanced incorporation of drug guest
molecules in the MOF pores. Nevertheless, the limitations imposed by the manual
grinding process herein utilized, specifically in terms of reproducibility, need to
be acknowledged. It is difficult to ensure the same standards (e.g. grinding force
and speed) are applied to each individual synthesis when the process is highly
dependent on the person executing it. However, the advantages presented by
this method and its simplicity (i.e. low associated cost and easy accessibility)
could be exploited for the rapid fabrication of different guest@host systems in
lab scale. The findings herein reported illustrate how different mechanochemical
environments can give significantly different outcomes in the quest of fabricating

a drug@MOF composite system.
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5.1 Background and motivation

To reduce the environmental impact of the synthesis and improve the biocompatibil-
ity of the product, many efforts have been put into engineering greener and faster
synthetic methods for the fabrication of MOF structures [191]. Thus far, there
have been several different reported approaches for the fabrication of MIL-100 (Fe),
as described in detail in Chapter 2. Since its discovery [192], procedures have
evolved from methods with long reaction time under harsh conditions (7.e. high
temperature and high pressure coupled with the use of hydrofluoric acid (HF)

and concentrated nitric acid (HNO3)) to high pressure solvent-free procedures [63,

68
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193-195]. On the one hand, the use of toxic substances, such as mineralizing agents,
to improve the crystallinity of MIL-100 (Fe) material could affect its applicability
in the biomedical field [196]. On the other hand, improved crystallinity is crucial
as it determines the material long-range periodicity and impacts its porosity and
structural robustness. Today, one of the biggest challenges remains to optimize the
synthetic procedures to yield highly crystalline MIL-100 (Fe) under mild conditions,
i.e. avoiding the use of HF, toxic agents, high pressure and temperature. The
harsh methods available not only jeopardize its potential bio-oriented applications,
but also limit its scalability to enable commercial production. Developing new
synthetic strategies is, however, an enduring challenge due to the high complexity
of the skeletal and topological structure of large-pore MOFs such as MIL-100 (Fe).
The ideal synthetic route should concomitantly allow the facile encapsulation of
different ‘guest’ drug molecules whilst preserving the structural properties and
porosity of the ‘host” MIL-100 (Fe) framework.

This chapter expands the results presented in Chapter 4 and presents the
application of the mechanochemical in situ method for the fabrication of various
drug-encapsulated MIL-100 (Fe) systems, designated as ‘drug@MIL-100_IN’, under
ambient conditions. The ‘modulating’ effect of the drug molecules: 5-FU and
caffeine (CAF) on facilitating the formation of highly crystalline MIL-100 (Fe) was
reported, akin to the role of a conventionally applied mineralizer. Conversely,
aspirin (ASP) leads to the formation of an amorphous MOF phase. The vibrational
dynamics of the drug@MOF IN systems were studied via INS, performed at the
TOSCA spectrometer [168, 170], gaining further insights into guest-host interactions
through the collective vibrational modes. Understanding the underpinning molecular
interactions is key to controlling the capture and release of confined drug molecules
from the MOF host carriers. The feasibility of this method as a facile one-pot
self-assembly strategy was demonstrated, shedding new light on environmentally
friendly approaches towards the fabrication of the MIL-100 (Fe) framework and

its guest-encapsulated composite systems.
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Table 5.1: MIL-100 in situ encapsulation samples - description and details

Samples Synthesis Guest
method
Mechanochemical MIL-100 (Fe) Manual grinding -
method
Mechanochemical 5-FUQMIL-100_IN Manual grinding | 5-Fluorouracil
+ in situ CAF@QMIL-100 IN in situ Caffeine
modulator method ASPQMIL-100 IN Aspirin
Commercial grade Fe-BTC Solvothermal Used as
(Basolite F300) acquired

5.2 Structural analysis of MIL-100 (Fe) and
drug@MIL-100__IN systems

Figure 5.1a schematically illustrates the in situ encapsulation process through
mechanochemistry. All bulk reactants were manually ground in a mortar and pestle
to produce the samples presented in Table 5.1. The crystallinity of the resulting
materials was examined via PXRD (Figure 5.1b). MIL-100 (Fe) together with 5-FU
and caffeine-loaded systems were successfully synthesized. For 5-FUQMIL-100_IN
and CAFQMIL-100_IN, the main Bragg diffraction peaks below 26 = 5° are appar-
ent and a highly ordered structure is confirmed. Conversely, in ASPQMIL-100_IN
the sharp Bragg peaks at low diffraction angles are completely absent, substituted by
broad peaks located around 26 = 4-5°, 6-8°, and 10-12°, indicating the amorphous
character of this sample. The structural differences between these samples were
further assessed by analyzing the relative peak intensity of the (022):(357) planes
(i.e. the two most intense diffraction peaks in MIL-100 (Fe) pattern) as a function
of drug molecule present during the grinding step of the synthesis. Complementarily,
the FWHM values of the (022) peak were also calculated (Figure 5.2) and are
accompanied by the non-normalized PXRD patterns (Figure 5.3).

By carefully contrasting the as-synthesized MIL-100 (Fe) and its drug-loaded
counterparts, two conclusions can be drawn. First, from Figure 5.1b, it is possible

to detect the deficiencies in the crystalline structure of pristine MIL-100 (Fe).
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Figure 5.1: Mechanochemical encapsulation and structural characterization of
MIL-100 (Fe) and drug@MOF __IN systems. (a) Schematic summarizing the manual
grinding process used to fabricate the drug@MIL-100__IN samples (the suffix “IN” denotes
guest encapsulation by in situ approach) and the respective effect of the different drug
molecules on the framework crystallinity. (b) Normalized PXRD patterns of MIL-100 (Fe)
and drug@MIL-100_IN assemblies showing the ratios between diffraction planes to assess
the material crystallinity. The ratio was not computed for the aspirin loaded system
due to the amorphous nature of this sample. (c) Guest molecules of 5-FU, caffeine, and
aspirin, highlighting their proton acceptor and donor sites. Colour scheme: iron in orange,
carbon in black, oxygen in red, hydrogen in white, nitrogen in purple, and fluorine in
green.
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Figure 5.2: FWHM used to assess the sharpening of the (022) peak in the
drug@MIL-100_IN systems, contrasting the templating effect of the different guest drug
molecules being used. The plot shows the strong negative effect that aspirin has on
the material crystallinity in comparison to 5-FU and caffeine molecules, which favor the
formation of highly crystalline MIL-100 (Fe). To facilitate the comparison, the values
have been normalized in relation to the highest FWHM value in the set of samples.



5. Drug molecules modulator effect during their encapsulation in MIL-100 (Fe) 72

The absence of the diffraction peak at 20 = 3.4°, the small relative intensity of
the (022):(357) planes (i.e. ratio of 1:0.84), and the slight broadness of the (022)
peak (Figure 5.2) all point to the partial formation of the crystalline framework.
Likewise, the reduced relative intensity of the Bragg peaks at the small diffraction
angles (20 < 5°) implies a weak long-range ordering of the MIL-100 (Fe) structure
(Figure 5.3). Figure 5.4 shows the ATR-FTIR spectra of all the samples. The typical
vibrational bands of MIL-100 (Fe) (i.e. v(C—H) in the organic linker at ~707 cm
and ~760cm !, ¥(0O—C—0) and §(O—H) at ~1371cm ! and ~1441cm™!, and
v(C=0) in the carboxylic group at ~1623cm 1) were detected in all samples,
confirming the retainment of chemical bonds integrity 1[184]. The presence of the
vibrational band at ~1720 cm ! in the spectrum of the MIL-100 (Fe), assigned to

the stretching of carboxyl group present in the acidic form of the organic linker
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Figure 5.3: Diffraction data of MIL-100 (Fe) and drug@MIL-100_IN systems. (a)
Schematic representation of MIL-100 (Fe) crystal structure. (b) Evolution of the absolute
intensity of the diffraction peaks (non-normalized) after drug encapsulation, showing the
marked improvement in crystallinity in the drug@MIL-100_IN systems in comparison to
their pristine counterpart. Overlapping representation of the PXRD patterns with closer
look at the peaks at (c) 26 = 3°-4.5° and (d) 20 = 10°-11.3°.

L Molecular vibrations: § = in-plane bending, v = stretching
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(i.e. H3BTC), indicates the presence of remaining protonated organic ligand in the
structure of MIL-100 (Fe)[194, 197]. Because the full deprotonation of H3BTC is
needed to yield a three dimensional framework with high crystallinity, the incomplete
deprotonation of the organic ligand may hinder the complete self-assembly of the
SBU. This has resulted in the partially formed (defective) MIL-100 (Fe) mesocages
with lower crystallinity (Figure 5.1a).

Secondly, as revealed by the PXRD patterns in Figure 5.1b, via the in situ strat-
egy, highly crystalline 5-FUQMIL-100_IN (ratio 1:0.27) and CAFQMIL-100_ IN
(ratio 1:0.25) samples were obtained, while the presence of aspirin resulted in
the production of the amorphous ASP@MIL-100_IN product. Contrasting the
ATR-FTIR data of MIL-100 (Fe) and drug@MIL-100_IN systems, the sharpening
of the band at ~1355 cm !, assigned to the stretching of the carboxylate groups
present in the BTC organic linker, was observed. The change was characterized by
the decrease in FWHM of this band (Figure 5.4). The sharpening by ~42% and
~40% was observed for 5-FUQMIL-100_IN and CAFQMIL-100_IN, respectively,
suggesting the increase in the structural symmetry of the MIL-100 (Fe) host upon
the presence of drug molecules [198]. Conversely, the ASP@QMIL-100_IN system
remained virtually unchanged (sharpening by ~4%). The changes to the band at
1355 em t were accompanied by the decline in intensity of the band at ~1720 cm L.
This was quantified by the reduction in the integrated spectral area of this vibrational
peak for both 5-FUQMIL-100_IN and ASP@QMIL-100_IN systems (Figure 5.4).
Such an analysis was not carried out for CAFQMIL-100__IN due to the superposition
of the BTC linker band and a vibrational band of caffeine (guest) in the same
spectral range. The decline in the intensity of this band implies the decrease in
the amount of protonated linker present in the sample.

As the intensity of the diffraction peaks is attributed to the periodic atomic
arrangement averaged over the whole polycrystalline sample [199], the total increase
in intensity observed in the PXRD patterns of the drug@MIL-100_IN systems in
comparison to the as-synthesized MIL-100 (Fe) (Figure 5.3) indicates the increase

in long-range ordering of the host MIL-100 (Fe) crystals when 5-FU or caffeine
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Figure 5.4: Normalized ATR-FTIR spectra of drug@MIL-100_IN samples and FWHM
of chosen vibrational bands, displaying the data for (a-b) 5-FUQMIL-100_IN, (c-d)
CAFQMIL-100_IN, and (e-f) ASP@QMIL-100_IN. For comparison, the IR spectra of the
unencapsulated drug molecules are shown in the plots. Asterisks indicate the presence of
aspirin-iron complex.
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were present during mechanochemical synthesis. As shown in Figure 5.1¢, 5-FU,
caffeine, and aspirin are molecules possessing proton (H™) acceptor atoms (especially
oxygen and nitrogen), which can potentially facilitate the deprotonation of the
H3BTC organic ligand and aid the formation of MIL-100 (Fe) cages. pKa values
are also presented in Figure 5.1c, indicating that among the drug molecules, 5-FU
and caffeine are the most likely molecules to act as proton acceptors. Therefore,
via the in situ encapsulation process, 5-FU and caffeine function as ‘modulators’
by aiding the deprotonation of the organic linkers. This results in formation
of highly crystalline MIL-100 (Fe) frameworks, which simultaneously confine the
drugs within the mesocages. The templating effect of caffeine on the formation
of 3D structures has also been reported [50]. Meanwhile, the high acidity of
aspirin molecules (pKa = 3.49) compromises the establishment of the long-range
periodicity of the framework and results in the obtained amorphous phase. Strong
broadening of the (022) peak was observed when aspirin was present during the
in situ synthesis (Figure 5.2). This is due to the competition between H3BTC
and aspirin for coordination with the iron ions, resulting in the formation of an
amorphous violet aspirin-iron complex (Fe-ASP) known as tetraaquosalicylatroiron
(III) complex (Figure 5.5). Vibrational bands attributed to the complex have been
identified in the ATR-FTIR spectrum of ASP@QMIL-100_IN as shown in Figure 5.6,
confirming the complex formation. The nature of these vibrations has been further
characterized by DFT calculations and compared with the experimental spectrum

presented in Figure 5.6 and Table 5.2.

5.3 Modulator effect of 5-FU and caffeine
molecules

To further assess the modulating effect of 5-FU and caffeine, the influence of the
drug:H3BTC molecular ratio on the crystallinity of the resulting material was
investigated. To accomplish the complete deprotonation of the organic linker, the
dissociation of 3 hydrogen atoms for each H3BTC molecule is necessary. In principle,

both 5-FU and caffeine have the potential to accept 3 protons each, but pKa values
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Figure 5.5: (a) Photographs of ASP@QMIL-100_IN sample and supernatant collected
after the washing step of the synthesis method. The photographs show a distinct
purple colour associated with the formation of a violet Fe-ASP complex identified as
tetraaquosalicylatroiron (III) complex. (b) Description complex formation. When in
contact with moisture, aspirin dissociates into acetic and salicylic acid. The latter can
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Figure 5.6: (a) ATR-FTIR spectra of Fe-ASP complex (black) and ASP@MIL-100_IN
system (pink). The comparison of the spectra highlights the formation of the Fe-ASP
complex within this drug@MIL-100_IN system. Marked by asterisks are the vibrational
peaks assigned to the Fe-ASP complex in the ASP@QMIL-100_IN spectrum. The spectrum
of Fe-ASP calculated by DFT (B3LYP, 6-31G basis set), has also been presented to identify
the molecular origin of the Fe-ASP complex vibrations identified in the guest@host
spectrum. (b) Schematic representation of Fe-ASP complex vibrations, [1] OH wagging of
water molecules and [3] out-of-plane bending of OH (aromatic ring) and C=0 groups.
Arrows indicate the directions of the collective deformations with + /- amplitudes computed
by DFT. Colour code: O in red, C in black, H in grey, and Fe in orange.
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Table 5.2: Description of vibrational modes of interest in Fe-ASP complex.

Mode Theo. Exp. Description
no. (em 1) (em 1)
1 ‘ 655 ‘ 663 ‘ wOH (water molecules)
2 743 wOH (water molecules) and
aromatic ring

3 ‘ 765 ‘ 808 ‘ ~OH and v aromatic ring
4 ‘ 1159 ‘ 1177 ‘ vC=0 and ¢ aromatic ring
Tl T come
7 ‘ 1512 ‘ 1513 ‘ ~vOH (water molecules)

¢ = in-plane bending, v = out-of-plane bending, v = stretching, w = wagging

indicate that caffeine has a higher potential to act as a proton acceptor. Normalized
PXRD patterns in Figure 5.7 show the effect on the crystallinity of the final samples
when different amounts of 5-FU (Figure 5.7a) and caffeine (Figure 5.7b) were added
during the grinding process. As the amount of drug molecules increases (e.g. from 0.1
to 1.0 mmol of drug/mmol of H3BTC), an evident increase in the relative intensity
of the diffraction peaks was observed. Even with only 0.1 mmol of caffeine per mmol
of H3BTC, improvements in crystallinity of CAF@QMIL-100__IN were tangible when
compared to MIL-100 (Fe). With 1.0 mmol of both 5-FU and caffeine per mmol of
H3BTC, highly crystalline material has been obtained. The degree of crystallinity
of these samples was further assessed by measuring the FWHM of the (022) peak
(Figure 5.8), which shows the increase in the crystallinity of the MIL-100 (Fe) host.
As anticipated, caffeine presents a slightly better modulator performance due to its

relatively higher pKa value (i.e. greater proton acceptor potential).
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Figure 5.7: Normalized PXRD patterns of (a)5-FUQMIL-100_ IN and
(b) CAF@QMIL-100_IN samples, showing the effect of the drug:linker ratio used during
the synthesis (i.e. x mmol of drug per 1.0 mmol of H3BTC) on the final crystallinity
of the resulting material. The relative intensity of PXRD peaks was determined
from the ratio of (022):(357). (c) Nitrogen adsorption (filled symbols) and desorption
(empty symbols) isotherms of MIL-100 (Fe) and drug-loaded counterparts. SEM
images of (d) MIL-100 (Fe) and drug@MIL-100_IN systems: (e) 5-FU@QMIL-100_IN,
(f) CAFQMIL-100_IN, (g) ASP@QMIL-100_IN. Colour code: O in red, C in black, H in
grey, N in navy blue, F in green.
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Figure 5.8: FWHM used to assess the sharpening of the (022) peak and evaluate the
modulator effect of 5-FU (blue) and caffeine (pink) on the crystallinity of MIL-100 (Fe).

5.4 Drug loadings, textural and morphological
properties of drug@MIL-100_IN assemblies

Ny adsorption isotherms (Figure 5.7¢c) and SEM images (Figure 5.7d-g) were used
to further characterize the drug@MIL-100 IN systems. SEM images, employed
to examine the morphology of the samples, show no signs of alterations upon
drug encapsulation. The formation of the observed MIL-100 (Fe) crystal aggre-
gates was detected culminating in the non-uniform particles size range observed
(i.e. 2-100 pm), as reported in Chapter 4. The amorphous ASP@QMIL-100_IN
product also presented itself in an aggregated form, with an equally large distribution
of particle size.

Due to the lack of a noticeable morphological difference between the amor-
phous and crystalline phases, BET surface areas of MIL-100 (Fe) and drug loaded
counterparts were determined from the nitrogen adsorption isotherms to quantify the
sample porosity (Figure 5.7c). The isotherms were also used to determine the level
of guest encapsulation, which were further quantified by TGA using Equation 3.2
(Figure 5.9).The drug loadings of 20.4 wt.%, 54.8 wt.%, and 9.8 wt.% were deter-
mined by TGA for 5-FUQMIL-100_IN, CAFQMIL-100__IN, and ASP@Q@MIL-100__IN,
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Figure 5.9: TGA of drug@MIL-100_IN systems with insets showing the differential
material decomposition behaviour as a function of temperature. (a) 5-FUQMIL-100_IN,
(b) CAF@MIL-100_IN, and (c) ASP@MIL-100_IN
respectively. Table 5.3 compares the drug loading herein attained with previously
reported results. Sizeable loading found for 5-FU and caffeine is the result of
the advantageous formation of the host MIL-100 (Fe) cages around the guest
drug molecules, made possible by the in situ encapsulation approach applied here.
Conversely, the low drug loading of aspirin was attributed to the formation of the
Fe-ASP complex, which is mostly removed during the wash steps (see Figure 5.5).
The surface area of the MIL-100 (Fe) (157 m? g !) was largely reduced when
compared with values of other reported mechanochemically synthesized MIL-100 (Fe)
samples (Table 5.4). The enhanced development of the host framework structure
due to the modulating effect of 5-FU and caffeine also had a notable impact on the
material surface areas, being 378 m2g ! and 513 m?2 g1 for 5-FUQMIL-100 IN
and CAFQMIL-100_IN, respectively. It is important to note that the surface
areas of these drug@MIL-100_IN systems should not be directly compared to the

ones presented in Table 5.4. This is because the improvement of MIL-100 (Fe)
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Table 5.3: Comparison of drug loading of drug@MIL-100_IN samples achieved via
various methods.

Drug MOF Synt. Method Drug Ref.
loading
(wt.%)
MIL-100 Mechanochemical in situ 20.4 This Chap.
encapsulation
MIL-100 manual grinding 20.2 Chap. 4
5-FU  MIL-100 vortex grinding 18.3 Chap. 4
MIL-100 66.0 [200]
MIL-88 Immersion into drug solution 28.0 [200]
MIL-53 13.1 [200]
MIL-100 in situ encapsulation 54.8 This Chap.
CAF 49.7 [13]
MIL-100 | Immersion into drug solution 24.2 [6]
52.4 [10]
MIL-100 in situ encapsulation 9.8 This Chap.
ASP MIL-100 24.8 [148]
MIL-100 | Immersion into drug solution | 1.806 * [51)
MIL-127 0.14 * 87)
*: g/g of MOF

porous structure attributed to the modulating effect of the drug molecules occurs
in parallel with its partial obstruction, occasioned by pore filling after confinement
of drug molecules.

Finally, the isotherm shape and the significantly reduced surface area found
in ASP@QMIL-100_IN (9 m?2 gfl) showcase the non-porous character of this drug-
loaded amorphous material. For comparison, the PXRD pattern and ATR-FTIR
spectrum of a commercial grade of MIL-100 (Fe), termed Basolite F300 (Fe-BTC),
were collected. It displays broad PXRD peaks, suggesting an amorphous structure,
but its vibrational spectrum remains intact (Figure 5.10), in a similar fashion
to ASP@QMIL-100_IN. These observations imply that the aspirin-loaded system
retains the basic building blocks and short-range connectivity of the crystalline
MIL-100 (Fe), but it lacks long-range periodic order, possibly being impeded by

the formation of the tetraaquosalicylatroiron (III) complex.
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Table 5.4: Comparison of the BET surface areas of drug@MIL-100__IN samples

Samples Synthesis BET surface Ref.
method area (m?g 1)
MIL-100 as-synt. Mechanochemistry 157 This Chap.
(manual grinding)
5-FUQMIL-100_IN Mechanochemical 378
CAF@MIL-100_IN in situ encapsulation 513 This Chap.
ASPQ@QMIL-100_1IN 9
Mechanochemistry 1033 65]
(liquid assisted grinding - ball mill)
Mechanochemical 255 (73]
(kitchen grinder)
MIL-100 (Fe) Solvothermal 1836 [185]
(high temperature)
(high pressure and temperature) 1750 [186]
Solvothermal 1223 [187]
(high pressure and temperature)
Solid state synthesis 110 [188]

high pressure and temperature
g

[65] Pilloni et al., [73] Samal et al., [185] Zhang et al., [186] Chen et al., [187] Zhang et al.,[188] Kansal et al.
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Figure 5.10: Analysis of commercial Fe-BTC. (a) PXRD pattern of the Fe-BTC showing
the amorphous character of the sample while the chemical bonds integrity is displayed

via (b) ATR-FTIR spectrum.
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5.5 Examination of the lattice dynamics and low
energy vibrations in drug@MIL-100__IN as-
semblies wvia INS

The vibrational properties of MIL-100 (Fe) and drug@MIL-100_IN systems were
characterized by INS spectroscopy, and the results are presented in Figure 5.11.
INS spectroscopy of the drug@MIL-100_IN system probes the dynamic properties
of the drug-encapsulated MIL-100 (Fe) samples, revealing the modulator effect
of the guest drug molecules. The full spectra up to ~60 THz (2000 Cmfl) are
shown in Figures 5.12-5.14.

Detailed comparison between the INS spectra of the in situ derived samples
and the MIL-100 (Fe) reveals an overall lower spectral intensity of 5-FU and aspirin
encapsulated MIL-100 (Fe) systems. This can be credited to two main factors.
Firstly, the INS spectral intensity at low frequency (7.e. low momentum transfer (Q)),
as recorded on TOSCA, is proportional to the mean square displacement of the
atoms from their equilibrium position. At higher frequency, however, the intensity
is suppressed by the Debye-Waller factor [201]. On this basis, the decrease in the
scattering intensity in the low energy region of the drug@MIL-100_IN systems,
specifically for 5-FUQMIL-100_IN and ASP@QMIL-100_IN, suggests the decrease
of structural motions. As the periodicity of the MIL-100 (Fe) host is enhanced,
stronger constraints are imposed on the lattice modes.

Another factor contributing to the observed reduction of spectral intensity is the
decrease in the total amount of hydrogen atoms present within the sample, resulting
from the large incoherent neutron scattering cross section of hydrogen [119]. In this
case, the increase in the effective deprotonation of the organic linker as detected in
ATR-FTIR measurements (Figure 5.4), due to the modulating effect of 5-FU and
caffeine, and the consequential reduction of the number of hydrogens present in
the samples resulted in the decline of overall spectral intensity. For the amorphous
ASP@QMIL-100_IN system the decline can be linked to the formation of the aspirin
iron complex which reduces the overall number of H3BTC molecules within the

sample. Additionally, despite its amorphous nature, this system still presents all
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Figure 5.11: INS spectra of (a-b) 5-FUQMIL-100_IN, (c-¢) CAF@QMIL-100_ 1IN,

and (f-h) ASPQMIL-100_IN, with magnified views of the drug peaks present in the
drug@MIL-100__IN systems, highlighted with asterisks.
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Figure 5.12: INS spectra of 5-FUQMIL-100_IN yielded by in situ encapsulation

techniques. Spectrum of 5-FU presented in black was scaled down to facilitate the

comparison with the guest@MIL-100_IN systems.

the collective modes observed in the MIL-100 (Fe), akin to what was detected in

the higher energy vibrational bands of the ATR-FTIR spectra (Figure 5.3).
Analysis of the magnified INS spectra in Figure 5.11 (right panels) shows that in

all drug@MIL-100 IN samples, drug vibrational peaks (highlighted with asterisks)

were observed. Ab initio DF'T calculations further revealed details of the specific
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Figure 5.13: INS spectra of CAFQMIL-100_IN yielded by in situ encapsulation
techniques. Spectrum of caffeine presented in black was scaled down to facilitate the
comparison with the guest@MIL-100_IN systems.
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Figure 5.14: INS spectra of ASP@QMIL-100_IN yielded by in situ encapsulation
techniques. Spectrum of aspirin presented in black was scaled down to facilitate the
comparison with the guest@MIL-100 IN systems.
drug molecule vibrations (Figures 5.15 and Table 5.5). Scrutiny of the INS spectra
provides a deeper insight into the dynamics of the guest-host interaction. The higher
intensity observed in the spectra of CAF@MIL-100_IN below 9 THz (300 cm 1) is
linked to the combined scattering of the MOF host and the caffeine guest molecule,
specifically resulting from the high guest loading (~55 wt.%) of this system.

Vibrational frequency shifts in the guest vibrational modes after confinement
were detected in all the samples (marked by asterisks in Figure 5.11 insets),
indicating the presence of constraints to the free motions of the drug molecules
due to pore confinement. This effect is clear in the shift and suppression of
the vibrational mode of 5-FU at ~12.3 THz (~410 cm ), the caffeine mode at
~8.6 THz (~288 cm 1), and the aspirin modes at ~15.4 THz (~514 cm 1) and
~19.2 THz (~641 cm 1) in the spectra of 5-FUQMIL-100_IN, CAF@MIL-100_IN,
and ASPQMIL-100_IN, respectively.

The origin of each of these vibrations has been detailed in Table 5.5. Based
on the INS spectra and on the electrostatic potential maps (ESP) of the drug
molecules (Figure 5.16) it is possible to conclude that 5-FU, caffeine, and aspirin

form strong Fe --- O coordination with the CUS of the MOF, conferred by the in
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situ encapsulation method applied. The proposed in situ approach is advantageous
against the conventional post-synthetic drug encapsulation approach as it will be

later discussed in details in Chapter 7.

Table 5.5: Description of vibrational modes of interest for 5-FU, caffeine, and aspirin,

obtained from ATR-FTIR measurements versus DFT calculations.

Mode Theo. Exp. Description

no. (em™ 1) (em 1)

5-FU
1 112 30-130 v ring
2 145 152 0C=0 and 6C—N
3 380 410 dOCNCO
4 1000 995 vC—H and vC—N

CAF
1 80-130 50-140 ON—CHj and TN—CHjy
2 150 135 .

180 155 e
3 201 174 TN—CH;g
4 242 228 0 rings
5 293 288 0 pyrimidine ring with TN—CHj
6 552 549 Pyrimidine ring breathing with TN—CHj
and ON—CHjy

7 1035 1024
8 1237 1237 0C—N;
9 1298 1284 vN—CHjg, vC—N, and vC—C in both rings
10 1712 1720 vC=0

ASP
1 25-121 26-114 wC=0, wC=0, and TC—-CH;4
2 137 135 :
3 175 142 w HnS
4 515 514 ~ ring with 6C=0
5 640 641 ~ ring with 6C—0O and 6C=0
6 819 839 ~ ring with 0C—H
7 1060 1085 ~ ring with vC—H
8 1179 1180 Ring breathing with §C—H

0 = in-plane bending, v = out-of-plane bending, v = stretching, w = wagging

T = twisting
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Figure 5.15: Theoretical INs and FTIR vibrational spectra of 5-FU, caffeine, and aspirin
calculated by DFT (B3LYP, 6-31G basis set). (a) INS and (b) ATR-FTIR spectra of
5-FU, (c) INS and (d) ATR-FTIR spectra of caffeine, and (e) INS and (f) ATR-FTIR
spectra of aspirin, highlighting some of the key vibrational modes.
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Figure 5.16: ESP of 5-FU, caffeine, and aspirin, for which aspirin is shown in two
different angles for better visualization. Colour code: O in red, C in black, H in grey, N
in navy blue, F in green.

5.6 Summary and conclusions

This chapter has demonstrated the use of a facile mechanochemical method to achieve
pore confinement of various ‘guest’ drug molecules within MIL-100 (Fe) pores.
Notably, this proof-of-concept study shows how 5-FU and caffeine can function
as ‘modulators’ leading to the fabrication of a highly crystalline MIL-100 (Fe)
framework. As a counterexample, aspirin molecules were used to illustrate the
formation of an amorphous MIL-100 (Fe) phase. It is intriguing that benign
modulators such as caffeine could potentially replace highly toxic mineralizers,
such as HF commonly used in the preparation of MIL-100 (Fe). The results
present in this chapter elucidate a promising pathway towards an environmentally
friendly approach to yield MIL-100 (Fe) crystals and guest-encapsulated composites,
thereby addressing the continuous search for low cost and scalable synthetic methods.
Finally, using INS, clear differences in the vibrational behavior of the isolated drug
molecules and the drug@MOF __IN assemblies were established. Neutron vibrational
spectroscopy reveals the intrinsic guest-host intermolecular interactions, pointing to
the successful confinement of drug molecules due to the in situ mechanochemical
strategy applied. The facile approach demonstrated herein can advance the future
commercial potential of mesoporous MIL-100 material, expanding its usability in

the biological and medical fields.
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6.1 Background and motivation

In Chapters 4 and 5, mechanochemistry has been successfully applied to the
fabrication of different drug@MIL-100 systems. However, as shown in Chapter 5,
the pristine MIL-100 (Fe) material, resulting from ambient conditions synthesis,
presents itself with a low degree of crystallinity, which could impair its large
scale use. This chapter demonstrates how the crystallinity of the material can be
significantly improved upon its simple immersion in water, via a process termed
‘reconstruction’. Notably, the reconstruction method has been shown highly effective

for the recovery of time degraded and mechanically amorphized samples, applicable

90
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Figure 6.1: Schematic summary of the reconstruction method. (a) Mechanochemical
approach applied to the synthesis of low crystallinity MIL-100 (Fe). (b) Reconstruction
process to enhance material crystallinity and for the entrapment of different drug molecules
within the MOF pores.

as a material regeneration strategy [202]. Additionally, the reconstruction step of
MIL-100 (Fe) crystals can be tailored to enable the fabrication of drug@MIL-100
systems, designated as ‘drug@MIL-100_REC’. By employing the drug molecules
also used in Chapter 5 (e.g. 5-FU, caffeine, and aspirin) as guests for confinement in
the pores of MIL-100 (Fe), this chapter further expands the study of the vibrational
dynamics of the drug@MOF systems wvia INS. Analysis of the collective modes
unravels details behind the reconstruction process, casting new light on the guest-
host interactions underpinning the controlled drug release from MOF carriers. A
summary of the synthetic routes being employed in this chapter and samples being

studied are respectively presented in Figure 6.1 and Table 6.1.

Table 6.1: MIL-100 reconstruction samples - description and details

Synthesis method ‘ Samples ‘ Guest
Reconstruction MIL-100 (Fe) Day [x] -
studies
Encapsulation 5-FUQMIL-100_REC | 5-Fluorouracil
during CAFQ@MIL-100 REC Caffeine
reconstruction ASP@QMIL-100_REC Aspirin

x: immersion time (e.g. 1, 2, 3...15 days)
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6.2 Reconstruction of MIL-100 (Fe): a green
mechanochemical and water-based approach

Figure 6.2 illustrates the changes observed in MIL-100 (Fe) as a function of time
throughout the reconstruction process. Upon immersion of the low-crystallinity
sample (as-synthesized) into water, it is possible to significantly enhance the material
crystallinity. The sample presented a distinctive colour change (Figure 6.2a) that
was accompanied by the increase in its crystallinity, confirmed by the PXRD
patterns (Figure 6.2b-c). The evolution in the material optical properties suggests
the occurrence of microstructural changes in MIL-100 (Fe). A closer look at the
diffraction data of as-synthesized MIL-100 (Fe) shows that the Bragg peaks below
20 = 5° exhibit either very low intensity or are completely absent from the pattern
prior to the water reconstruction. Conversely, Bragg peaks within 20 = 10°-11.5°
show a less pronounced change before and after reconstruction. The low relative
intensity of the Bragg peaks at the smaller diffraction angles of 26 < 5° signifies a
weak long range ordering of the as-synthesized MIL-100 (Fe) framework. Because
the intensity of the diffraction peaks is determined by periodic atomic arrangement
averaged over the entire polycrystalline sample [199], the overall increase in intensity
observed in the PXRD patterns indicates the progressive increase of long-range
ordering of the MIL-100 (Fe) crystals during reconstruction.

The structural changes were further assessed by analysing the relative peak
intensity data as a function of sample immersion time (Figure 6.2b). The changing
relative intensity of the (022):(357) planes, corresponding to the two most intense
diffraction peaks, was calculated as the ratio between the peaks intensity. The
results reveal a notable rise in intensity of the (022) plane (i.e. 20 = 4°), versus a
slower increase in intensity of the (357) plane (i.e. 20 = 11°). The process can be
divided into three stages. Firstly, during the first two days of immersion, the relative
intensity of (022):(357) peaks were marginally unaffected. In the second stage (2-7
days), a steep rise in the (022):(357) relative intensity from 0.57:1 to 1:0.27 was

observed, indicating a major increase in long-range periodicity of MIL-100 (Fe).
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Finally, the relative intensity ratio stabilized, with minimal changes from 7-15
days. Notably, the change in the relative intensity of the peaks is accompanied by
narrowing in FWHM of the (022) peak, indicating increasing sample crystallinity,
calculated according to Equation 3.6. The narrowing can be also associated to the
continuous size increase of the crystalline domain (Figure 6.2a). For comparison,
the normalized PXRD patterns are presented in Figure 6.3.

Figure 6.4a shows the ATR-FTIR spectra where the typical vibrational bands of
MIL-100 (Fe) were detected in all samples, confirming the chemical bonds integrity
even in the low crystallinity material. From the ATR-FTIR spectra, two features

can be highlighted. First, the sharpening of the band at ~1355 cm 1, assigned to
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Figure 6.2: MIL-100 (Fe) reconstruction process. (a) Photographs showing evolution of
the MIL-100 (Fe) samples collected at different immersion time intervals, and schematics
of the associated chemical structure of MIL-100 (Fe) crystals. The images display the
colour shift observed upon the increase of the crystallinity of MIL-100 (Fe) material. (b)
Ratios of the changing relative intensity of the (022):(357) planes. The plots display a
faster increase in peak intensity for small diffraction. The plot also presents the FWHM of
the peaks corresponding to the (022) plane, showing a progressive increase in the material
crystallinity. (c¢) Evolution of the absolute intensity of the diffraction peaks throughout
the reconstruction process, showing the marked improvement in crystallinity.
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Figure 6.3: Normalized PXRD patterns of MIL-100 (Fe) after different immersion times.
Each pattern presents the ratios of the changing relative intensity of the a:b = (022):(357)
planes, demonstrating the progressive increase in the relative intensity of the (022) plane.
the stretching of the carboxylate groups present in the organic ligand (BTC), was
observed (see Figure 6.5a). This change was quantified by the decrease in FWHM
of this band (Figure 6.5b), indicating the increase in the structural symmetry
of MIL-100 (Fe) samples [198]. Secondly, the band at ~1720 cm !, assigned to
the stretching of carboxyl group present in the acidic form of the organic linker
(i.e. H3BTC) [194, 197], has shown a progressive decline in intensity, corresponding
to the reduction in the spectral area of this vibrational peak (Figure 6.5b). These
changes were accompanied by a large rise in the acidity of the solution in which
MIL-100 (Fe) crystals were immersed (7.e. pH values fell from 7.4 to 2.0), as shown
in Figure 6.2a, strongly indicating that a continuous deprotonation of the organic
linker took place throughout the reconstruction process (days 1 to 15). As mentioned
in Chapter 5, the complete deprotonation of H3BTC is necessary for the formation
MIL-100 (Fe) 3D framework with high crystallinity. The incomplete deprotonation
of the organic ligand can impede the self-assembly of the SBU (Figure 6.2a), thereby

resulting in the formation of defective mesocages (partially formed). Similar results
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have been reported by Ferndndez-Bertran et al. [203], who obtained partially
formed frameworks of Zn(Imidazolate), via a similar manual grinding process. It
is proposed that the presence of water in the reconstruction process, acting as
a weak base to form hydronium ions (H3O+), will facilitate the deprotonation
of H3BTC and aid in the reconstruction of the defective MIL-100 (Fe) structure

resultant from the grinding process.

To acquire a better understanding of the framework reconstruction process,
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Figure 6.4: (a) Normalized ATR-FTIR spectra of MIL-100 (Fe) samples collected
at different immersion time intervals. (b) N, adsorption and desorption isotherms of
MIL-100 (Fe) samples under reconstruction. Samples were activated at 150 °C under high
vacuum for 12 hours prior to Ny adsorption measurements at 77K.
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the Brunauer-Emmett-Teller (BET) surface areas of the samples was determined
using N, sorption at 77 K. The BET results of four selected samples obtained from
immersion times of 2, 4, 7 and 12 days are shown in Figure 6.4b and Table 6.2.
A considerable increase (exceeding 500%) in surface area of the Day 12 sample
was found when compared with the as-synthesized MIL-100 (Fe). Evolution of the
shape of isotherms at P/Po > ~0.7 demonstrates the reconstruction of MIL-100
cages. From the as-synthesized to Day 12 samples, one can observe the progression

from type II isotherm (non-porous materials) to type I, associated with microporous
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Figure 6.5: Vibrational characterization of reconstructed MIL-100 (Fe).(a) Sharpening
of the carboxylate vibrational band at ~1355 cm™! and the decrease in intensity of the
C=0 stretching of H3BTC at ~1720 em L, expressed numerically by (b) FWHM values
and integrated area, respectively. To facilitate the comparison, the values have been
normalized in relation to the highest FWHM value in the set of samples. Colour code: O
in red, C in black, and H in grey.
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materials (i.e. pore size < 2 nm), and eventually reaching type IV, attributed to
mesoporous cages (i.e. pore size = 2 - 50 nm)[204]. The hysteresis loop in the N,
isotherm takes place at very high relative pressure, indicating the low probability
that small mesocavities have been obtained with the reconstruction process. It is
important to point out the reduced BET surface area of our reconstructed material
in comparison with the highest values reported in the literature. This might be
due to a lower amount of accessible microporosity, which dominates the structure
of reconstructed MIL-100 (Fe) from the reconstruction process.

Synthesis parameters (i.e. total synthesis time and required temperature and

pressure, and use of corrosive agents) of approaches conventionally used for the
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Figure 6.6: Comparison of BET surface area, synthesis temperature and total synthesis
time of MIL-100 (Fe) samples prepared in this work wvia the reconstruction technique and
the reported BET surface area of MIL-100 (Fe) fabricated via various synthetic methods.



6. Water reconstruction of MIL-100 (Fe) for enhanced guest encapsulation 98

fabrication of MIL-100 (Fe), some newly employed mechanochemical methods
and the mechanochemical reconstruction method herein applied were compared
based on the resulting BET surface area achieved. As shown in Figure 6.6 in the
reconstruction method offers a good trade-off between surface area and ease of
synthesis, against other reported mechanochemical, solvothermal and solid-state
strategies for synthesizing MIL-100 (Fe).

The as-synthesized MIL-100 (Fe) material has shown higher surface area when
compared to the material obtained via the solid-state approach [188] conducted
under high-pressure conditions. The surface area of MIL-100 (Fe) material is
significantly improved after the reconstruction process (i.e. MIL-100 Day 12) and is
comparable to those obtained by solvothermal and ball milling approaches, which
require the use of more extreme conditions (high temperature and pressure) and
the use of corrosive toxic agents. For instance, in the work by Pilloni et al. [65].
in which a milling approach was used in combination with corrosive tetramethyl
ammonium hydroxide, resulted in a material with comparable surface area to the
reconstructed MIL-100 (Fe). The former additive can hinder the green production
of MIL-100 (Fe) in terms of energy consumption and toxicity of reactant involved
in the synthesis method.
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Figure 6.7: (a) SEM images of as-synthesized MIL-100 (Fe) samples. (b) AFM image
displaying the surface morphology of as-synthesized MIL-100 (Fe) crystals accompanied
by (c) the height profile of the marked regions, showing the formation of large particles
by aggregation of nanosized particles.
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Table 6.2: Comparison of the BET surface area of reconstructed MIL-100(Fe) samples

produced via various methods

Samples Synthesis BET Ref.
method surface
area (m?g!)
MIL-100 as-synt. Mechanochemistry 157
(manual grinding)
MIL-100 Day 2 Mechanochemistry 667
MIL-100 Day 4 followed by 720
Reconstruction MIL-100 Day 7 water 735
process MIL-100 Day 12 immersion 997
5-FUQMIL-100_REC Encapsulation 435
CAFQMIL-100_REC during 223 This
ASP@QMIL-100 REC reconstruction 225 Chap.
(7 days)
Time MIL-100 aged (1.5 Mechanochemistry 521
degraded years of shelf life) (manual grinding)
MIL-100 aged Reconstruction 767
reconstructed
Mechanically MIL-100 crushed Mechanochemistry 14
amorphized pellet (10 tOIl) (manual grinding)
MIL-100 pellet Reconstruction 276
reconstructed
Mechanochemistry 1033 [65]
(liquid assisted grinding - ball mill)
Mechanochemical 255 [73]
(kitchen grinder)
MIL-100 (Fe) Solvothermal 1836 [185]
(high temperature)
Solvothermal 1750 [186]
(high pressure and temperature)
Solvothermal 1223 [187]
(high pressure and temperature)
Solid state synthesis 110 [188]

(high pressure and temperature)

[65] Pilloni et al., [73] Samal et al., [185] Zhang et al., [186] Chen et al., [187] Zhang et al.,[188] Kansal et al.
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SEM and AFM were used to characterize the morphology of as-synthesized
MIL-100 (Fe) (Figure 6.7a and the reconstructed samples Figures 6.8-6.9). Particles

in a large range of sizes were observed, ranging from ca. 100s of nm to 10s of pm. The
Colour shift

As-synthesized Day 1 Day 2 ~ Day3 Day 4 Day 5 Day & -~ DayT7 Day 8 Day @ Day 15

Figure 6.8: SEM images of MIL-100 (Fe) samples under reconstruction. (a) Photographic
representation of MIL-100 (Fe) samples collected at different immersion time intervals.
The change in the sample color can be associated to changes in the aggregation of particles
as observed in (b), (c) and (d), respectively.
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Figure 6.9: SEM images of MIL-100 (Fe) samples. (a) Pellets of MIL-100 (Fe) Day
12 samples produced by the application of various uniaxial forces. The packing of the
MIL-100 (Fe) particles demonstrates that shifts in the colour of the pellets, going from
light to dark brown, are observed as the particles become more densely packed (i.e.
subjected to 0.5 to 10 ton). (b) AFM image of MIL-100 (Fe) Day 12 crystals used to
produce the pellets displayed in (a). (c¢) Height profile of crystals revealing the size and
shape of MIL-100 (Fe) Day 12 crystals, with a rectangular-like shape of hundreds of
nanometers. (d) 3D view of crystal displayed in (b).
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grinding process appears to favour the formation of aggregates of MIL-100 (Fe)
crystals, culminating in larger particles (Figure 6.7a) constituted from densely
packed nanoparticles (Figure 6.7c inset). AFM imaging (Figure 6.7b) revealed
the granular nature of the particle surfaces, comprising nanocrystals < 50 nm as

depicted in Figure 6.4c (see Figure 6.9 for further details).

6.3 Reconstruction of time degraded and
mechanically amorphized MIL-100 (Fe)

Exceptionally, the applicability of the reconstruction process to enable the recovery
of time degraded samples, which were aged for 1.5 years (Figure 6.10-6.11) was
demonstrated. Throughout the aging time, the samples have been stored in a
standard sealed vial. As observed in Figure 6.10a, the aged MIL-100 (Fe) showed
signs of decomposition/collapse due to the change in the relative intensity of the
planes (022):(357), going from 1:025 to 1:0.99 for the as-synthesized and aged
samples, respectively. The (022) plane seemed to suffer the most from the aging of
the sample, with large reduction of intensity. As it can be noted from Figure 6.10b,
the (022) peak has shown large broadening after aging. Via the reconstruction
process the crystallinity of the material was increasingly recovered with the increase
of immersion time (Figure 6.10c). Not only the relative intensity of the samples
presented a massive change (from 1:0.99 back to 1:0.26), but also the FWHM
values of the (022) peak were fully restored.

Concomitantly, as shown in Figure 6.11a-b, the broadening of the carboxylate
vibration band at 1355 cm™! in the aged sample and the sharpening of this same
band after the reconstruction process indicates the increase in the structural
symmetry of the sample. Moreover, the BET surface area presented a recovery of
96.7% against the initial value, demonstrating the reconstruction of the material

porosity Figure 6.11c.
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Figure 6.10: (a) Normalized PXRD pattern of fresh MIL-100 (Fe) (black trace) and the
aged sample (pink trace). (b) FWHM of the (022) plane. (¢) PXRD patterns showing
the recovery of crystallinity of the aged sample after immersion in DI water. To facilitate
the comparison, the values have been normalized in relation to the highest FWHM value
in the set of samples.

Likewise, the reconstruction process has also been successfully applied to
the recovery of crystallinity of mechanically amorphized samples (Figure 6.12-6.13.
As demonstrated in Figure 6.12a-b, the diffraction peaks at 4° and 11° vanish
after the pelletizing process.

After relaxation of the structure (i.e. crushing the 10 ton pellet back to powder)
some of the most intense diffraction peaks reappeared. However, the relative intensity
of (022):(357) peaks is very distinct from the original powder used for the production
of the pellets (MIL-100 (Fe) Day 7. The above ratio was almost completely restored
after 7 days of immersion in DI water. Figure 6.12¢ shows the colour shift presented
by the samples during the reconstruction process. The original colour is restored,
which demonstrates changes in the microstructure/optical properties of the material.

Similar to what was observed during the reconstruction of the aged samples,
Figure 6.13a-b shows the broadening of the carboxylate vibration band at 1355 cm ™
after pelletizing and the sharpening of the same band after the reconstruction process,
indicating the increase in the structural symmetry of the sample. Concomitantly,
as it can be seen from Figure 6.13c, the material is almost non-porous with a much
reduced surface area of 14m?/g. The BET surface area presented a recovery of

only 27.7% compared to its initial value, going up to 276 m? /g. This indicates that
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even though recovery of the mechanically amorphized material has been made in

terms of crystallinity, the porosity could not be fully restored.

These are important findings that can pave the way to the regeneration and
recycling of MIL-100 materials, thereby addressing one of the main challenges

preventing their industrial applications [205, 206].
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Figure 6.11: Analysis of vibrational data of the reconstructed aged sample. (a) ATR-
FTIR spectra of aged samples under reconstruction. The spectra has been normalized in
relation to the most intense vibrational peak. (b) FWHM values of vibration band at
~1355 cm ™! highlighting the sharpening of carboxylate vibration after the reconstruction
process. (c) N, adsorption and desorption isotherms of time degraded MIL-100 (Fe)
samples under reconstruction. Samples were activated at 150 °C under high vacuum

for 12 hours prior to the Ny adsorption measurements at 77 K. The BET surface area
presented a recovery of 96.7% versus the initial value.
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Figure 6.12: Reconstruction of mechanically amorphized samples. (a) PXRD patterns
showing the progressive change in the relative intensity of the diffraction peaks. The
patterns have been normalized in relation to the most intense diffraction peak. (b) Colour
shift presented by the samples during the reconstruction process in which the original
colour is restored demonstrating changes in the microstructure/optical properties of the
material. (c) FWHM used to assess the sharpening of the (022) peak. As it can be
observed, after the pelletizing, the diffraction peak corresponding to the (022) plane
becomes very broad. However, the FWHM values are virtually restored to the pristine
material values after the reconstruction process.
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Figure 6.13: Analysis of vibrational data of reconstruction of MIL-100 (Fe) pellet
sample. (a) ATR-FTIR spectra of pelletized samples under reconstruction. The spectra
has been normalized in relation to the most intense vibrational peak. (b) FWHM values of
vibrational band at ~1355 cm ! highlighting the sharpening of carboxylate vibration after
the reconstruction process. (¢) N, adsorption and desorption isotherms of mechanically
amorphized MIL-100 (Fe) samples under reconstruction. Samples were activated at 150
°C under high vacuum for 12 hours prior to the N, adsorption measurements at 77 K.
The BET surface area presented a recovery of only 27.7% compared to its initial value.

6.4 Analysis of the lattice dynamics and low en-

ergy vibrations in reconstructed samples via
INS

Figure 6.14 displays the INS spectra of MIL-100 (Fe) samples collected after 2,

4,7, and 12 days of immersion in water. Collective modes vibrations associated
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Table 6.3: Description of vibrational modes of HsBTC (0-800cm 1)

Mode Theo. Exp. Description
no. (cm™) (em™)
1 20-133 21-183 ~vCOOH, vCO, and ~ring
including trampoline like motion

2 218 202 ~CO

3 272 273

4 332 334 0CO

5 361 358 ~ring and YOH

6 470 464 0CC and 6OH

7 505 206 0CO and 6OH

8 603 600 ~ring and JOH

9 635 636

10 674 685 0OH and 6CH

11 714 750

12 730 736 0CO and 6CC

0 = in-plane bending, v = out-of-plane bending

with the lattice dynamics of the framework structure and their analysis via INS
spectroscopy can provide further insights into how the structure of MIL-100 (Fe)
is rebuilt during the reconstruction process. Due to the difficulty in isolating
the origin of each THz vibration in a complex system like MIL-100 (Fe), the INS
spectrum of the H3BTC linker was collected (Figure 6.14a) and correlated with
DFT calculations [207]. The complete comparison between experimental and
theoretical spectra of H3BTC accompanied by description of the vibrational modes
are found in Figure 6.15 and Table 6.3.

As displayed in Figure 6.14a, the H3BTC molecules may establish hydrogen
bonding interactions via -COOH groups. By contrasting the linker and framework
spectra, the identification of the modes that are predominantly influenced by the
BTC linker within the framework structure of MIL-100 (Fe) was performed. A
good agreement between HsBTC and MIL-100 (Fe) spectra was observed, both in
the low and high energy regions (Figure 6.14b and Figure 6.16). It can be seen in
Figures 6.14b-d that the overall MIL-100 (Fe) INS spectral intensity declines with
a higher sample immersion time. This decay can be attributed to two factors. First,

as mentioned in the previous chapter, in the INS spectrum generated on TOSCA,
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the intensity at low frequency (i.e. low momentum transfer (Q)) is proportional
to the mean square displacement of the atoms from their equilibrium position.
At higher frequency, however, the intensity is suppressed by the Debye—Waller
factor [201]. On this basis, the decline in the scattering intensity in the low energy
region, below 9 THz (< 300 cmfl), with the increase of immersion time suggests

the reduction of atomic motions. As the periodicity of the MIL-100 (Fe) samples
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Figure 6.14: INS measurements of reconstructed MIL-100 (Fe) samples. (a) Represen-
tation of MIL-100 (Fe) unit cell and H3BTC molecules interacting via hydrogen bonds.
(b) INS spectra of MIL-100 (Fe) samples measured after different immersion times are
presented against the spectrum of HsBTC linker (scaled down to facilitate comparison to
the MIL framework spectra). Closer look at the (c) low energy region (0-120 cm 1), and
(d) 145-510 cm ! range. (e) Schematic representation of H3BTC molecular vibrations at
different wavenumbers, as simulated by DFT (B3LYP, 6-31G basis set).
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Figure 6.15: Comparison between experimental INS spectrum (blue) and theoretical
DFT spectrum of (black) H3BTC. Numbers were used to facilitate the identification of
the vibrational modes. Good agreement between both spectra is observed in the low
energy region.

improves, it is reasoned that stronger constraints are imposed onto the atomic
movements in the framework.

This result is substantiated by the notable rise in the thermal stability of
the reconstructed framework via TGA, see Figure 6.17), where an ~48% increase
in the initial decomposition temperature was recorded. Table 6.4 displays details
of the decomposition process of MIL-100 (Fe) sample acquired from the TGA
plots (Figure 6.17). A large increase in the initial decomposition temperature of
the crystalline MIL-100 (Fe) in comparison to the as synthesized material can
be observed. A decrease (~20%) in the rate of the composition between 210-
450 °C was also noticed. Meanwhile, the maximum rate of decomposition, the
temperature in which half of the material has decomposed and the final residue
have remained virtually unchanged.

Another factor that contributes to the overall spectrum intensity is the amount
of hydrogen atoms present in the sample, due to the large incoherent neutron cross
section of hydrogen atoms, the largest amongst all known elements [208]. The

observed decrease in spectral intensity can, therefore, be correlated with the depro-
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Figure 6.16: INS spectra of pristine MIL-100 (Fe) sample (red) and organic linker
H3BTC (blue). Good agreement is observed between framework modes and organic linker
modes, helping us to pinpoint in the MOF spectrum the vibrational modes related to
the organic linker. Note that the H3BTC spectrum was scaled down by a factor of 0.3 to
facilitate comparison with the MOF spectrum. Colour code: O in red, C in black, and H
in grey.

tonation of the organic linker, previously observed in the ATR-FTIR measurements
(Figure 6.5b). As shown in the inset of Figure 6.16, the acidic form of the organic
ligand (7.e. H3BTC) has twice as many hydrogen atoms than its deprotonated
counterpart (i.e. BTC). In the low energy region, H3BTC vibrations are dominated
by the out of plane bending of COOH, including ‘trampoline like’ motions [120],
at 0.6-4.0 THz (20-133 cm™ 1), out-of-plane CO bending at ~6.4 THz (215cm 1),

and ring deformation accompanied by OH bending at ~13.8 THz (460 cm’l), as

Table 6.4: Analysis of thermal decomposition of reconstructed MIL-100 (Fe)

MIL-100 (Fe) MIL-100 (Fe)
As-synthesized Day 15
Initial decomposition temperature 210°C 310°C
Rate of decomposition (210°C-450°C) -0.076 %/°C -0.061 %/°C
Maximum rate of decomposition -0.275 %/°C -0.289 %/°C
Temperature of half decomposition 574°C 578°C
Final residue (at 660°C) 37 % 38 %
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Figure 6.17: TGA of reconstructed MIL-100 (Fe) samples with insets showing the
differential material decomposition behaviour as a function of temperature. (a) Contrast
between the as-synthesized MIL-100 (Fe) and reconstructed MIL-100 (Fe) after 15 days
of immersion time. An increase in the thermal stability of the material is observed (~100
°C difference in the initial decomposition temperature of the material). (b) Contrast

between TGA of the as-synthesized sample and samples subjected to different immersion
times.
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illustrated in Figure 6.14e and described in Table 6.3[207]. These vibrational modes,
involving the large displacement of hydrogen atoms, show a decline in intensity
upon the increase of sample immersion time, thus, the INS results support the
notion that the reconstruction of MIL-100 (Fe) mesocages is controlled by the

deprotonation of the organic linkers.

6.5 Fabricating drug@MIL-100 systems wvia the
water reconstruction method

Reconstruction encapswiation

Figure 6.18: SEM images of guest@MIL-100 systems. (a) 5-FUQMIL-100_REC,
(b) CAF@MIL-100_REC, and (c) ASP@MIL-100_REC.
The reconstruction approach can additionally be applied to fabricate highly loaded
guest@host systems (termed: guest@MIL-100_REC) leading to the encapsulation
of different drug molecules (guest = 5-FU, CAF, and ASP) when MIL-100 (Fe)
cages are being reconstructed. SEM images of drug@MIL-100 systems reveal that
the drug loaded samples produced wvia the reconstruction encapsulation approach
have a similar morphology to the reconstructed MIL-100 (Fe) samples (Figure 6.18).
Figures 6.19a-c show the PXRD patterns of drug@MIL-100_ REC systems. The
relative intensity of (022):(357) planes and the FWHM of the (022) corresponding
peak of the drug@MIL-100 systems were calculated and contrasted to assess the
effect that the confinement of the different drug molecules have on the crystallinity
of the host material. Through the reconstruction process, 5-FUQMIL-100_ REC
with high crystallinity was successfully obtained. Generally, it can be seen that

the relative peak intensity in 5-FUQMIL-100_ REC (7.e. 1:0.30) agrees well with
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reconstructed MIL-100 (Fe) (1:0.27) (Figure 6.19a). The FWHM in Figure 6.20
shows that the confinement of 5-FU within MIL-100 (Fe) pores did not affect the
periodicity and crystallinity of the resultant framework. Similar effect was observed
in CAFQMIL-100 REC, for which the relative peak intensity (i.e. 1:0.37) and
the FWHM of (022) peak were slightly larger than in 5-FU loaded counterpart,

but still in close agreement with MIL-100 (Fe) pristine material (Figures 6.19a
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Figure 6.19: Normalized PXRD patterns and INS spectra of drug@MIL-100_REC
systems. The diffraction patterns are presented for assessment of the materials crystallinity
as (a) 5>-FUQMIL-100_REC, (b) CAFQMIL-100_REC, and (¢) ASPQMIL-100_REC.
INS spectra of (d) 5-FUQMIL-100_REC, (e) CAF@QMIL-100_REC, and (f)
ASP@QMIL-100_REC, with closer look at the drug peaks present in the drug@MIL-
100__REC systems, highlighted with asterisks. The guest drug molecules and their
respective electrostatic potential maps (ESP) were presented, for which aspirin is shown
in two different angles for better visualization. Colour code: O in red, C in black, H in
grey, N in navy blue, F in green.
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Figure 6.20: FWHM used to assess the sharpening of the (022) peak in the
drug@MIL-100_ REC systems, contrasting the effect of the different guest drug molecules
being used. The plots evidence the strong effect on the material crystallinity that aspirin
has in comparison to the other drug molecules when the reconstruction strategy is applied
for the encapsulation of the guest molecules. To facilitate the comparison, the values have
been normalized in relation to the highest FWHM value among this set of samples.

MIL-100 (Fe) Day 7 5FU@MIL-100_REC CAF@MIL-100_REC ASP@MIL-100_REC

Figure 6.21: Photograph showing the various MIL-100 (Fe) samples after the
encapsulation reconstruction process, showing a distinct colour difference between
5-FUQMIL-100_REC and CAF@MIL-100_REC to ASP@QMIL-100_REC. This is due
to the formation of a violet aspirin-iron complex known as tetraaquosalicylatroiron (III)
complex (inset). When in contact with moisture, aspirin dissociates into acetic and
salicylic acid. The latter then can react with acidified iron (III) ions to form the violet
complex.
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Figure 6.22: INS spectra of 5-FUQ@QMIL-100_REC yielded by the reconstruction
encapsulation method. Spectrum of 5-FU presented in black was scaled down by a
factor of 0.4 to facilitate the comparison with the guest@MIL-100 systems.

and 6.20). The fabrication of ASP@QMIL-100 REC was correspondingly achieved,
however, the periodicity of the material was reduced when contrasted to the other
drug@MIL-100__REC systems. After the encapsulation of aspirin, the relative inten-
sity of diffraction peaks (i.e. 0.9:1) was dissimilar to the value of MIL-100 (Fe) and a
large broadening of the (022) peak was detected (Figure 6.20). These results indicate
that aspirin, in some degree, interferes with the establishment of long range ordering
of the host framework. This is because of the competition between aspirin and the
H3BTC linker molecules for coordination to the iron cations, leading to formation
of an amorphous violet Fe-ASP complex known as tetraaquosalicylatroiron (III)
(Figure 6.21), which formation has also been described in Chapter 5.

Figures 6.19d-f display the INS spectra of the drug@MIL-100_ REC composite
systems. The full spectra up to ~60 THz (2000 Cm’l) are shown in Figures 6.22-6.24.
Scrutiny of the THz vibrations can provide insights on the guest-host interactions
and reveal how the encapsulation of the different drug molecules affects the long
range dynamics of the host framework structure.[209] The spectra of the pure
guest molecules were also collected and used for the assignment of the drug

peaks in drug@MIL-100__REC. Analysis of the INS spectra shows that in all
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Figure 6.23: INS spectra of ASP@QMIL-100_REC yielded by the reconstruction
encapsulation method. Spectrum of caffeine presented in black was scaled down by
a factor of 0.2 to facilitate the comparison with the guest@MIL-100 systems.
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Figure 6.24: INS spectra of ASP@QMIL-100_REC yielded by the reconstruction

encapsulation method. Spectrum of aspirin presented in black was scaled down by
a factor of 0.1 to facilitate the comparison with the guest@MIL-100 systems.
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Figure 6.25: Normalized ATR-FTIR spectra of drug@MIL-100_REC systems displaying
(a) 5-FUQMIL-100_REC, (b) CAF@QMIL-100_REC, and (¢) ASP@MIL-100_REC. For

comparison, the spectrum of MIL-100 (Fe) after 7 days of immersion time was also
presented. Colour code: O in red, C in black, H in grey, N in navy blue, F in green.
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Figure 6.28: Schematic representation of the speculated guest encapsulation mechanism
during the reconstruction process immersed in water. The formation of the MOF cages
around the drug molecules allows the achievement of high guest loadings.

guest@host systems considered, the distinctive vibrational peaks of guest molecules
were detected. This is akin to what was also observed in the high energy region,
in which the ATR-FTIR spectra of the drug@MOF systems (Figure 6.25) also
display the presence of the drug molecules.

To correlate the influence of the drug:MOF ratio on the drug@MIL-100_ REC
spectra, the level of guest encapsulation was evaluated by BET surface area
(Figure 6.26) and quantified by TGA using Equation 3.2 (Figure 6.27). Overall, re-
markably high drug loadings of 35.5 wt.%, 64.7 wt.% and 50 wt.%, were achieved for
5-FUQMIL-100_REC, CAF@QMIL-100 REC, and ASPQMIL-100_ REC, respec-
tively.

The BET surface areas of the samples were found to be greatly reduced, confirm-
ing successful guest encapsulation. In Table 6.5, the guest loadings herein attained
are compared against previously reported results. In the work by Cunha et al.[13]
a theoretical approach has been used to estimate the maximum loading of caffeine
molecules in MIL-100 (Fe) mesocages. A theoretical loading capacity of 65.8 wt.%
was established when full accessibility of both small and large cages (i.e. 25 and
29 A in diameter) was considered. However, using the conventional impregnation
technique (i.e. immersion of the host MOF into a saturated drug solution) an

experimental loading of only 49.5 wt.% was attained by Cunha and co-workers.
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Table 6.5: Comparison of drug loadings achieved in drug@MIL-100_REC samples and
systems produced via various other methods.

Drug MOF Synthesis Drug loading Ref.
method (wt.%)
MIL-100 Reconstruction 35.5 This Chapter
5-FU MIL-100 Immersion 66.0
MIL-88 into drug 28.0 [200]
MIL-53 solution 13.1
MIL-100  Reconstruction 64.7 This Chapter
Caffeine Immersion 49.7 [13]
MIL-100 into drug 24.2 [6]
solution 52.4 [10]
MIL-100  Reconstruction 50.0 This Chapter
Aspirin -~ MIL-100 Immersion 24.8 [87]
MIL-100 into drug 1.8 * [51]
MIL-127 solution 0.14 * [148]
*: g/g of MOF

The difference between the theoretical loading capacity and the experimental
loading were attributed to the non-accessibility of caffeine molecules (7.6 x 6.1
A) into the small cages of MIL-100 (Fe) due to the reduced size of its pentagonal
window aperture (~4.5 x 5.5 A). Conversely, higher experimental loadings were
achieved using the water reconstruction methodology (i.e. 64.7 wt.%). As illustrated
in Figure 6.28, instead of having to overcome the physical obstacle imposed by
the narrow pore windows, the guest drug molecules get encapsulated by the
formation of the MIL-100 (Fe) cages around them. This improves the occupancy
of the small and large cages allowing us to harness the full hosting potential of
MIL-100 (Fe). The possibility of confinement of guest molecules in the small cages
of MIL-100 (Fe) opens new frontiers to tuning the prolonged release of therapeutic
molecules (avoiding burst release effect via the slow decomposition of pore cages)
and to yield permanent encapsulation of bulky guests, such as fluorescent dyes
for photoluminescent devices [210].

Further insights into the dynamics of the guest-host interaction can be drawn

by analyzing the INS spectra. The relatively higher intensity observed in the spectra
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Figure 6.29: Tllustration of the in-plane bending of OCNCO at ~12.3 THz (~410 cm ™ 1).
Arrows indicate the directions of the collective deformations with + /- amplitudes computed
by DFT (B3LYP, 6-31G basis set). Colour code: O in red, C in black, H in grey, N in
navy blue, F in green.

of the guest@MIL-100_REC, specifically in the 0-9 THz (0-300 cm’l) range, can
be associated with a combination of scattering coming from the framework and
the drug molecules. As seen in Figures 6.19d-f, the spectra of the drug molecules
exhibit a very high scattering intensity in the low energy region, meaning that
even low amounts of encapsulated guest can have a large effect on the vibrational
spectra of the drug@MIL-100 REC system.

Vibrational frequency shifts were observed in the guest vibrational modes
present in the drug@MIL-100_ REC spectra (marked in Figures 6.19d-f by aster-
isks). Such shifts indicate the existence of constraints to free motions of the
drug molecule. For example, the effect of the guest confinement is evident on
the 5-FUQMIL-100_REC spectrum, in which the very strong 5-FU vibration
at ~12.3 THz (~410 cm 1) associated with the in-plane bending of OCNCO is
highly suppressed (Figure 6.29) [211]. Based on the electrostatic potential surface
map (ESP) depicted in Figure 6.19, 5-FU molecules will bind to the CUS wvia
one of their oxygen atoms through Fe---O coordination. The same scenario is
repeated for caffeine and aspirin molecules, which as shown in the ESP maps in
Figure 6.19, can also establish Fe--- O coordination to the host MIL-100 (Fe) CUS.
Similarly, the suppression and shift of the caffeine modes at ~10.8 THz (~360 cm’l)
related to C=0 bending and the shift of aspirin modes at ~12.6 THz (~421 cm™ 1),
~16.0 THz (~533 cm 1) related to the C=0 bending, substantiates the formation
of Fe--- O coordination between caffeine and aspirin to the CUS. Shift of the as-
pirin modes at ~25.6 THz (~855 cm 1) and ~31.2 THz (~1040 cm 1), associated
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Figure 6.30: Schematic representation of MIL-100 (Fe) and guest drug molecules
dimensions. The comparison showcases how the mesocages of MIL-100 (Fe) can
accommodate multiple of the chosen drug molecules within the MOF pores.

with benzene ring deformation, suggests that the drug molecules simultaneously
form 7-7 interactions with the organic linker and between drug molecules within
MIL-100 (Fe) cages. In fact, comparing the size of MIL-100 (Fe) mesocages (25
and 29 A in diameter) [192], the chosen drug molecules are considerably small (see
Figure 6.30) meaning that the interactions between multiple drug molecules (e.g.
dimers formation) are expected inside the same pore. The suppression and shifts
of high intensity drug molecule modes indicate the strong guest-host interaction

yielded by the employment of the reconstruction encapsulation method.

6.6 Summary and conclusions

This chapter has demonstrated the use of a low cost, green mechanochemical
method applied to the facile fabrication of highly crystalline MIL-100 (Fe) material,

where framework reconstruction in water leads to improved thermal stability. This
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approach can be used to achieve guest@MIL-100 systems with a high loading of
the encapsulated guest molecules. High-resolution INS spectroscopy aided the
understanding of the guest-host interactions through unravelling the vibrational
dynamics of the MIL-100 (Fe) phase and its guest-encapsulated composites. This
work provides new approaches towards the eco-friendly preparation of MIL-100 (Fe)
and guest@MIL-100 systems, avoiding the use of highly toxic agents that are limiting
the promising biomedical applications of MIL-100 (Fe). The simple approach
demonstrated here could be applied to the large scale synthesis of MIL-100 materials

for future commercialization.
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7.1 Background and motivation

The copper-based framework termed HKUST-1 has been explored as a viable
host for the creation of bio-oriented guest@MOF composite systems [43, 45, 212].
Notably, the multiple CUS in the pores of HKUST-1 are highly accessible and can
act as strong binding sites for guest drug molecules [46, 47]. There has also been
a rising interest in the development of biologically and environmentally friendly
synthesis methods to yield HKUST-1 [57].

Various studies have reported the use of mechanochemistry for the synthesis of
HKUST-1, where ball milling has been used to accomplish neat or liquid-assisted
grinding to fabricate porous frameworks [66, 73, 75, 213]. However, one-pot
encapsulation of guest molecules into HKUST-1 via mechanochemistry is less
common, especially its comparison with post-synthetic encapsulation, has not yet

been investigated in detail. While the chemical structure and encapsulation of

123



7. Examining guest-host interactions arising from the 5-FU confinement in

HKUST-1 124

certain drug@MOF combinations (guest@host system) have been reported [146,
214], and pioneering studies elucidating the chemical interaction in guest-host MOF
systems have been published [108, 215, 216], studies interrogating the different
dynamics arising from different encapsulation techniques are scarce.

This chapter reports the detailed characterization of 5-FUQHKUST-1 systems
via INS. A mechanochemical method (manual grinding) was employed to accomplish
in situ encapsulation of 5-FU within the HKUST-1 host framework, yielding the
5-FU@QHKUST-1_IN composite. Its feasibility as a facile one-pot self-assembly
strategy was demonstrated, in contrast to the ex situ encapsulation method to
yield 5-FUQHKUST-1 EX (via immersion of pre-activated host in a saturated

drug solution).

7.2 Structural analysis of 5-FUQHKUST-1

Figure 7.1a illustrates the possible guest-host interaction of 5-FU with the CUS
located on the copper paddle-wheel of HKUST-1, forming C=0O- - - Cu coordination.
Indeed, similar interactions involving organic molecules binding to HKUST-1
[47, 102] and other MOFs with open metal centres have been reported [105].
Figure 7.1b shows the PXRD patterns of the activated samples, confirming the
successful synthesis of crystalline HKUST-1 through mechanochemistry. While
the Bragg peaks of 5-FUQHKUST-1_EX match those of the pristine HKUST-1,
the diffraction pattern of 5-FUQHKUST-1_IN is considerably different. It can
be seen in Figure 7.1b that the PXRD pattern of 5-FUQHKUST-1_IN exhibits
some of the major peaks of HKUST-1 (albeit shifted) and the appearance of several
new diffraction peaks. These changes in diffraction pattern suggest that there is
deformation to the host framework, causing the formation of a distorted phase of
HKUST-1 with reduced symmetry. It is hypothesized that the successful confinement
of 5-FU drug molecules within the HKUST-1 pore wvia the in situ encapsulation
strategy could give rise to structural distortions of the HKUST-1 unit cell.

The coordination of the guest molecule to the CUS also affected the colour of

the samples and its nominal density, as summarised in Figure 7.2. Interestingly, the
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Figure 7.1: Structural characterization of HKUST-1 and drug@MOF systems. (a)
Schematic representation of guest-host interaction of 5-FU to the unsaturated metal
sites located at the pore apertures of HKUST-1. Colour scheme: copper in orange,
carbon in grey, oxygen in red, hydrogen in white, nitrogen in purple, and fluorine
in green. (b) Normalized PXRD patterns of manually ground HKUST-1 and its
drug-loaded counterparts. Inset shows the additional diffraction peaks emerging in
5-FUQHKUST-1_IN, compared to 5-FUQHKUST-1_EX. ¢) Normalized FTIR spectra
of HKUST-1 samples measured in ATR mode. Asterisks mark the position of the 5-FU
peaks. Colour code: O in red, C in grey, H in white, Cu in orange, N in navy blue, and F
in turquoise.

cubic structure of HKUST-1 is recoverable upon release of encapsulated guest from
the 5-FUQHKUST-1_IN composite (Figure 7.3), evidenced from the emergence
of Bragg peaks matching the pristine structure of HKUST-1. The release of the
guest drug molecules was performed by immersion of the MOF encapsulated drug
into abundant MeOH for three days (refer to Chapter 3 for the complete details).
This recovery was also accompanied by the return of the characteristic colour
shift of HKUST-1 upon activation, indicating the change in the copper coordina-
tion after guest release. On the other hand, 5-FUQHKUST-1_EX maintains its
crystal integrity after release of 5-FU, showing no detectable structural changes
(Figure 7.4). Importantly, the release of the guest can be confirmed by tracking the
disappearance of the 5-FU peak in the ATR-FTIR spectra. 5-FUQHKUST-1_EX
shows a nearly perfect recovery (Figure 7.5) towards a pristine HKUST-1, whereas

5-FUQHKUST-1_ 1IN is less complete in 1500-1700 cm ' (Figure 7.6) indicating

a stronger guest-host interaction.
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The level of guest encapsulation was evaluated by BET surface area determi-
nation (Figure 7.8) and quantified by TGA using Equation 3.2 (Figure 7.7). The
surface area of the pristine HKUST-1 (1068 m? g 1) is in agreement with the values
of other reported HKUST-1 samples synthesized via mechanochemistry and other
conventional techniques (Table 7.1). The drug loadings in 5>-FUQHKUST-1_IN
and 5-FUQHKUST-1_EX have been determined via Equation 3.2 to be 14.6 wt.%
and 18.8 wt.%, respectively. The BET surface area of the samples was found to be

greatly reduced to 13m2 g ! and 463 m?2 g1, respectively. SEM and AFM images

(@) HKUST-1 SFU@HKUST-1_IN | S-FU@HKUST-1_EX
- - & -t

‘_ﬂ ey

(b)

(c)

C— —

® e e
v e 2

p=1.0658 giem’ p=1.7207 g/cm? p=1:162 glem?®

Figure 7.2: Colour change observed in HKUST-1 samples upon heating. (a)HKUST-1
(left), 5-FUQHKUST-1 IN (center) and 5-FUQHKUST-1 EX (right) before sample
activation. (b) Colour change observed after samples activation at 90 °C under vacuum.
HKUST-1 framework presents a characteristic colour switch from light to dark blue upon
heating, linked to the change in coordination of the copper site. 5-FUQHKUST-1_IN did
not present the expected colour change, due to the coordination of the guest molecule to
the copper metal site [102]. (c¢) Colour change presented by all samples upon guest release.
(d) Pellets produced to estimate nominal density of samples, whose values considerably
differ as a result of differences in porosity.
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Figure 7.3: Diffraction patterns of 5-FUQHKUST-1_IN before and after the release of
5-FU (guest) drug molecules. Recovery of cubic symmetry is clear when comparison is
made between the diffraction pattern of the host framework obtained after guest release
and simulated pattern of HKUST-1. Labeling of Bragg peaks accompany the HKUST-1
simulated pattern for reference.

—— 5-FU@HKUST-1_EX before release of guest
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Figure 7.4: Diffraction patterns of 5-FUQHKUST-1_ EX before and after the release of
guest drug molecule. No apparent structural changes detected upon the release of 5-FU.
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Figure 7.5: ATR-FTIR spectra of 5-FUQHKUST-1_ EX before and after the release of
the guest drug molecule confirming the release of 5-FU. Asterisks mark the position of

the 5-FU peaks.
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Figure 7.6: ATR-FTIR spectra of 5-FUQHKUST-1_IN before and after the release of
the guest drug molecule. The disappearance of the main 5-FU peaks shows the successful
release of the drug molecule after sample was immersed in methanol and stirred for 72

hours. Asterisks mark the position of the 5-FU peaks.
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Figure 7.7: TGA plots of HKUST-1 and drug-loaded samples showing different material
decomposition behavior as a function of temperature. Inset shows the derivative weight
change with respect to temperature.
are presented in Figure 7.9. The AFM topography shows the crystal morphology
while SEM images display no sign of major alterations before and after drug
encapsulation. The particle size was found to be at 432 + 83 nm.

In the ATR-FTIR spectra (Figure 7.1c) the characteristic bands of HKUST-1
(i.e. v(Cu—0) at 728 cm 1, »(C=C) in the benzene ring at 1372 cm !, §(OH) bending
at 1448cm 1, v(C—0) at 1618cm !, and v(C=0) of H3BTC at 1706 cm 1) were
detected in all samples, confirming the retention of the chemical bond integrity upon
5-FU loading '. The spectra of 5-FUGHKUST-1 IN and 5-FUQHKUST-1 EX
exhibit clear changes in the regions of 1100-1300 cm ™ and 1500-1700 cm ™!, in
comparison to the pristine HKUST-1 spectrum. These modes originate from
v(C—N) and v(C—F) bonds of 5-FU [211], corroborating the presence of drug
molecules in the measured samples. However, there are salient differences between
spectra of the two different drug-loaded composite: in situ vs. ex situ. Differences
in the vibrational modes of the composites suggest the specific interactions between

5-FU and HKUST-1. due to guest confined inside the pore versus guest adsorbed

L Molecular vibrations: § = in-plane bending, v = stretching
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outside the host framework. This interactions will be explored in deeper details

in the analysis of INS spectroscopy.

7.3 Examination of the lattice dynamics and low
energy vibrational bands upon guest encap-
sulation via INS

Examination and comparison of the low energy vibrational bands, termed the
terahertz (THz) modes of the in situ and ex situ derived composite samples, will
offer additional insights into the different drug-MOF interactions. Using INS; it is
possible to measure the full vibrational spectrum to reveal how the presence of the
drug molecule affects THz dynamics of the host framework. Figure 7.10 presents

the experimental and theoretical INS spectra of HKUST-1 as well as its drug-loaded
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Figure 7.8: Nitrogen adsorption and desorption isotherms of HKUST-1 and drug-
loaded counterparts. Individual isotherms of b) HKUST-1, ¢) 5-FUQHKUST-1_IN and
d) 5-FUQHKUST-1_EX. The HKUST-1 samples were activated at 90 °C under high
vacuum for 12 hours prior to the N2 adsorption measurements at 77K.
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Table 7.1: Reported BET surface areas of HKUST-1 materials synthesized by
mechanochemistry and other conventional methods

Sample Method Grinding| BET surf. Ref.
time area (m%g 1)

HKUST-1 1068 This

5-FUQHKUST-1_IN Manual grinding 10 min 13 Chapter
5-FUQHKUST-1_EX 463

HKUST-1 Ball milling: neat grinding | 30 min 1188 [217]

Grinding jar: neat grinding | 20 min 1119 [218]

Grinding jar: assisted by 20 min 1281 [66]

solid solvent (NaCl)

Extrusion: liquid assisted - 1738 [75]

Ball mill: liquid assisted 25 min 758-1713 [213]

Kitchen grinder: liquid 5-60 min 707 [73]

assisted

Solvothermal - 300-1500 [45]

Solution-based - 227 [212]

Solution-based - 1564 [219]

Solvothermal - 629 [220]

Electrochemical - 324 [220]

counterparts up to ~15 THz (500 cm 1); the full spectra up to ~60 THz (2000 cm 1)
are shown in Figures 7.11 and 7.12. Because identification of the origin of the THz

2 were employed

vibrations is challenging, the results from ab initio DFT calculations
to compute the theoretical INS spectrum of HKUST-1 [120]. This enabled the
assignment of the peaks observed in the experimental INS data. A reasonably good
agreement between theory and experiments is observed in Figure 7.10a.

The THz modes in HKUST-1 can be divided into three regions: (I) below
4.5 THz (<150 cm 1), associated with paddle-wheel deformation and translational
motions; (II) 4.5-9 THz (~150-300 cm™ 1), which contains asymmetric paddle-wheel
deformation with Cu-Cu bond buckling and O-Cu-O bending modes; and (III)
9-18 THz (~300-600 cm 1) exhibiting in-plane and out-of-plane deformations of

aromatic rings. Herein the vibrational modes were designated as no. 1-19 (see

2 The DFT calculations presented in this section were developed in collaboration with
scientists Prof. Jin-Chong Tan and Dr Matthew M. Ryder (University of Oxford), resulting from
previously performed and published calculations [120].
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Figure 7.9: SEM images of (a) pristine HKUST-1, (b) 5-FUQHKUST-1_IN, and (c)
5-FUQHKUST-1_EX. The crystals show a uniform particle distribution, similar to
the nanoHKUST-1 crystals fabricated wvia solution-based methods [211]. (d-e) AFM
images of pristine HKUST-1 crystals for morphology characterization, accompanied by
3D representation of the surface topography. (f) Height profiles from traces marked in (d)
for the calculation of crystal size of HKUST-1, which was found to be at 432 4+ 83 nm
(averaged of 100 measurements).

Figures. 7.10a and 7.13) to facilitate band identification; descriptions of all modes
are given in Table 7.2.

In region-I, an overall decrease in the intensity of the INS spectrum of 5-
FUQHKUST-1_IN was detected. The decline of the spectral intensity in this
sample may be explained by suppression of specific lattice modes, linked to strong
guest-host interactions causing the framework distortions detected in the PXRD data
(Figure 7.1a). However, inelastic scattering of the 5-FUQHKUST-1_EX sample
shows a different behavior. The relatively higher scattering intensity observed in
the spectrum of this sample, specifically in the range of ~2.2-3.7 THz (74-125 cm 1)
might be a combination of scattering coming from the framework and the drug
molecules, which indicates a weaker guest-host interaction. Likewise, a closer

comparison between the spectra of >-FUQHKUST-1_EX and 5-FUQHKUST-1_IN

reveals a lower scattering intensity of the latter up to ~6.4 THz (213 cm™!),
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Figure 7.10: (a) Comparison of experimental and theoretical INS spectra of HKUST-1
and its drug-loaded counterparts. The theoretical spectrum was calculated using published
DFT calculations. Closer look at THz modes at (b) ~5.0 THz, (c¢) ~5.7 THz and ~6.2 THz,
and (d) ~8.3 THz, whose lattice dynamics are illustrated in Fig. 3(b)-(e), respectively.
Asterisks mark the positions of the 5-FU peaks. (1 THz ~ 33.36 cm ' ~ 4.14 meV).
accompanied by reduced integrated area under the INS spectrum.

Within region-II, four THz modes were pinpointed as the most sensitive
to 5-FU loading. Differences in the relative scattering intensity of the peaks
at ~5.0 THz (166 cm 1), ~5.7 THz (190 cm 1), and ~6.2 THz (207 cm 1), are
observed in the spectra of drug-loaded samples (Figure 7.10). These modes are,
respectively, associated with paddle-wheel translational motion, asymmetric paddle-
wheel deformation with Cu—Cu buckling and O—Cu—0 bending accompanied by

rocking mode of the organic linkers, whose vibrations are illustrated in Figure 7.14.

The decline in scattering intensity of these modes upon incorporation of 5-FU,
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n " 1 " 1 " 1 " 1 " 1 " 1 " | L 1 " 1 " 1 "

—— HKUST-1 (DFT)
Exp. HKUST-1

1 " 1 L 1 s 1 " 1 L 1 L 1 L 1 s 1

Intensity (a.u.)

—T -~ T T T -~ T 1 T -1 1 T T "~ T 1 "~ 1 T "~ T "~ T "~ T "~ T°7
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Wavenumbers (cm™)
Figure 7.11: Theoretical and experimental INS spectra of HKUST-1 for comparison.
Theoretical spectrum is displayed in black and experimental spectrum is shown in red.
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Figure 7.12: Full INS spectra of HKUST-1 samples up to ~60 THz (2000 cm™!). The
experimental spectrum of 5-FU was scaled down by a factor of 5 to facilitate comparison
with experimental data of HKUST-1
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Figure 7.13: Theoretical and experimental INS spectra of HKUST-1 with vibrational
modes marked as 1-19 for easy correlation between theoretical and experimental data.
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Table 7.2: Description of vibrational and rotational modes of HKUST-1 identified in its
INS spectrum

Mode | Theo. | Exp. Description [120]
no. |(cm )| (em™)
0 19 (hidden) | Strong paddle-wheel deformation and translational
motion
1 60 70 Paddle-wheel deformation and translational motion
with organic linker rotation
2 83 91 Paddle-wheel deformation and rotation with
organic linker rocking
3 ‘ 97 ‘ (hidden) ‘ Organic linker trampoline-like motion
4 ‘ 140 ‘ 148 ‘ Paddle-wheel rocking with organic linker rocking
5 ‘ 160 ‘ (hidden) ‘ Paddle-wheel deformation
6 ‘ 174 ‘ 166 ‘ Paddle-wheel translational motion
7 193 190 Asymmetric Paddle-wheel deformation (Cu—Cu
buckling) with linker rocking
Asymmetric paddle-wheel deformation (O—Cu—0O
bending)
8 ‘ 217 ‘ 207 ‘ Paddle-wheel rotation with strong linker rocking
9 241 232 | Paddle-wheel deformation (strong Cu—Cu buckling)
with linker rocking
10 280 260 Asymmetric paddle-wheel deformation
11 296 276 (O—Cu—0 bending andCu—Cu buckling)
12 318 288
13 330 332 Paddle-wheel deformation with linker rocking
14 345 359
15 411 408 In plane aromatic ring rotation with asymmetric
16 442 425 Cu—O0 stretching
17 457 438
18 AT7 460 In plane aromatic ring deformation with partially
symmetric Cu—O0 stretching

19 ‘ 499 ‘ 478 ‘ Out of plane aromatic ring deformation

seen in Figures 7.10b and 7.10c, is accompanied by not only the reduction of the
integrated area under the INS spectra (Table 7.3), but also the significant broadening

of these peaks in the in situ derived sample. The broadening was approximated
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(@) Translational motion at ~ 5.0 THz (b) Asymmetric deformation at ~ 5.7 THz

i

(C) Paddle-wheel deformation with linker (d) Asymmetric paddle wheel deformation
rocking at ~ 6.2 THz (0-Cu-0 benging and Cu-Cu buckling) at ~8.3THz

+T

Figure 7.14: THZ modes of HKUST-1 mostly affected by the presence of 5-FU guest,
showing collective vibrations at (a) ~5.0 THz, (b) ~5.7 THz, (c¢) ~6.2 THz, and (d) ~8.3
THz. Arrows indicate the directions of the collective deformations with + /- amplitudes
computed by DFT (B3LYP, 6-31G basis set). Colour scheme: copper in orange, carbon
in grey, oxygen in red, hydrogen in white, nitrogen in purple, and fluorine in green.

by values of full width at half maximum (FWHM in Figure 7.15), which reflect

the changes in vibrations of aforementioned collective modes.

Data in Figure 7.10d show suppression of the paddle wheel vibrational modes

in 5-FUQHKUST-1_IN, especially the peak at ~8.3 THz (276 cm ™) attributed
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Figure 7.15: Bar plot summarizing data presented in Table 7.3. The plot demonstrates
the decrease in the area and the broadening of specific peaks related to copper (II) paddle
wheel vibrations in 5-FUQHKUST-1_IN sample.
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to asymmetric paddle wheel deformation (O-Cu-O bending and Cu-Cu buckling).
It can be seen that this mode completely vanishes upon the incorporation of
5-FU. The proposed explanation is that confinement of 5-FU molecules within the
distorted host framework is responsible for the suppression of vibrational modes
observed here. Suppression of this mode indicates a change in the coordination
environment of the copper paddle-wheel that also affects the deformation of the
organic linker. The fall in the THz intensity could be correlated to hindrance
of the paddle-wheel motions, due to interaction with drug molecules positioned

inside (bound to CUS) or outside the pores of the framework (hydrogen bonded

Table 7.3: Values of area under the inelastic curves and FWHM of the HKUST-1 THz
mode mostly affected by the presence of 5-FU

Mode no. | Wavenumber Sample Area FWHM

(em 1) (Sxw) (em 1)

o 504.8 -

0-214 o 402.6 -

477.9 -
o 15.9 30.1
Mode 6 155-175 o 11.7 88.8
15.2 38.5
o 11.9 44.7
Mode 7 182-198 o 9.1 139.3
10.9 39.1
o 13.6 24.8
Mode 8 198-217 o 11.9 97.7
12.9 30.3
o 17.8 66.5
Mode 9 220-250 o 16.5 83.5
15.2 68.6
o 9.5 23.2

Mode 11 269-282 o 6.6 -
8.1 30.8
Organic o 21.8 25.3
linker 465-489 o 17.9 44.9
deformation ° 19.1 24.5

o HKUST-1 o 5-FUQHKUST-1_IN e 5-FUQHKUST-1_EX
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and 7 — 7 interactions); herein the in situ confinement approach led to a greater
decline of mode intensity than the ez situ method.

Turning to regions-III, unambiguously, the new mode observed at ~12 THz
(410 em 1) indicates the presence of 5-FU in the measured samples (Figure 7.12
inset), as previously detected in the ATR-FTIR data (Figure 7.1c). The BTC linker
deformation (~474-478 cm 1) has also been identified. The broadening of the peak
attributed to organic linker vibrations reveals that framework distortion is not
restricted to the CUS centers, but also affecting the walls of the cages comprising
bridging organic linkers. Interestingly, the previously described modal changes
are accompanied by smaller changes in the characteristic vibrational modes of
the frameworks in the higher energy region of ~950-1500 cm !, see Figure 7.11.
Notable changes detected in the THz vibrations reveal the stronger guest-host
intermolecular interactions present in the in situ derived samples, attributable to
the confinement of 5-FU in the pores of HKUST-1 wia coordination to the copper
paddle-wheel. In contrast, during ez situ encapsulation, the drug molecules in
solution will have to compete against the polar solvent for coordination to the active
site and suffer from reduction in mobility from solvation effects. Consequently, the
solvent molecules occupy some of the metallic active sites, thereby reducing the free
binding sites available to drug molecules. Finally, propensity of forming hydrogen
bonds with the external surface of the cages could mean that in the ex situ strategy
the drug molecule has a higher likelihood to bind to framework exterior. This is
hypothesized considering that, during the ex situ encapsulation, it is energetically
preferable for 5-FU to establish 7-7 interactions and hydrogen bonding with the
external walls of HKUST-1 cages then it is to overcome the physical barrier imposed

by the small cage apertures and establish inter-pore interactions.

7.4 Summary and conclusions

By focusing on the resulting guest-host interaction exposed by INS spectroscopy, this
chapter has contrasted the encapsulation performance of two confinement methods:

the conventional impregnation technique and the novice in situ mechanochemical
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method. Modifications in the THz lattice dynamics of 5-FUQHKUST-1_IN have
been detected, where sharp reductions in the low-energy collective modes under
~7.5 THz (~250 cmfl) mark the suppression of the copper paddle-wheel motions
due to drug incorporation. By leveraging the mechanochemical method, the results
show that in situ one-pot strategy can directly encapsulate molecules into the
pores of host framework. The in situ drug encapsulation methodology may have
the potential to minimize the burst effect [14], contributing to the development of

improved pathways to control the binding and release of drug molecules from MOFs.



I didn’t want to just know names of things.
I remember really wanting to know how it all worked.

— Elizabeth Blackburn
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8.1 Background and motivation

The concept of employing MOFs as porous vessels to host drug molecules, presented
in the previous chapters, holds promise as a pharmaceutically efficient way to achieve
sustained release of various therapeutic molecules [10, 27, 44]. Although progress
has been made in the recent years [15, 146], the prolonged, well controlled, targeted
delivery of therapeutic agents remains a challenge in the field. For example, research
on the delivery of anti-cancer drugs currently seeks to improve the traditional
direct administration routes to mitigate any undesirable side effects and poor

biodistribution [221-223].
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Recently, strategies combining porous materials and organic polymers to
yield a bespoke composite present an alternative way forward to avoid the burst
effect [14]. As shown in Chapter 7, mechanochemistry can be successfully applied
to accomplish the in situ encapsulation of 5-FU within HKUST-1 resulting in
the 5-FUQHKUST-1 system!. However, HKUST-1 is a water sensitive MOF,
which degrades rapidly in the presence of humidity [224, 225]. This chapter
aims to demonstrate that 5-FUQHKUST-1 can be easily combined with a bio-
compatible polymer like polyurethane (PU) to fabricate the 5-FUQHKUST-1/PU
composites [187, 226, 227]. The presence of a polymeric matrix can significantly
enhance the aqueous stability of certain MOFs that have a huge potential for hosting
a plethora of drug molecules, but suffer from poor water stability [228]. Specifically,
HKUST-1 has been selected not only due to its poor water stability, but also due
to the presence of several CUS that can act as strong binding sites for attaching
different polar guest molecules. The combination of polymer and MOFs represents
an effective way of providing a suitable scaffolding to the MOF while harnessing its
great potential as a DDS thus creating a tunable drug@MOF /polymer platform
for therapeutic applications, such as the topical treatment of skin conditions via
the fabrication of functional wound dressing devices [45, 229].

As highlighted in Chapter 2, understanding the release of drug molecules from
host frameworks has been generally carried out using ex situ techniques (e.g. sample
and separate, continuous flow, diffusion methods) that are more appropriate for
establishing the drug release kinetics [143]. Analytical studies to construct drug
release profiles of drug@MOF systems rely on these stepwise approach where aliquots
are periodically collected from the released media, and the drug concentration is
determined via UV-Vis spectroscopy and liquid chromatography [148, 230, 231].
Although these methods yield drug release profiles, they do not reveal the underlying

mechanism or chemical and physical structural transformation occurring during

L' From the samples studied in Chapter 7, 5-FUQHKUST-1_IN (hereafter referred as
5-FUQHKUST-1) has been selected to be further studied in this chapter based on the stronger
guest-host interaction detected for this assembley.
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the drug release process. These dynamical changes are key to correlating the
guest-host interactions of drug@MOF systems.

To address these limitations, this chapter presents an in situ strategy to probe
the release of 5-FU from HKUST-1/PU membrane composites. SR-microFTIR was
conducted in Beamline B22 at the Diamond Light Source, which allowed broadband
measurements to be conducted with a high signal to noise ratio [232, 233]. The
transformations of the host framework were followed through the evolution of

vibrational bands that are specific to the guest and the host structure.

8.2 In situ drug release experiments

SR-microFTIR spectroscopy experiments were performed in two different fluid cell
setups (i.e. static and flow liquid cells) to study the molecular structural changes
of the guest-host assembly of 5-FUQHKUST-1/PU composite and its constituents
during the release of drug molecules. The results of the static experiments performed
under deuterated water (D,O) exposure were considered first. DFT theoretical
calculations shed light on the energetics of drug-MOF interactions responsible for
the adsorption and release of the encapsulated drug molecules, Finally, the results
from the flow experiments subject to a combination of D,O/H,0O were be examined,
revealing the synergy of the polymer matrix and MOF combination that enables

the composites to suppress the unwanted burst effect.

8.2.1 Static-cell measurements

Figure 8.1 shows the experimental setups used in this study (see 3.3a in Chapter 3
for additional details of the experimental setup). Static fluid cell experiments were
performed using samples listed in Table 8.1, individually inserted into a customized
liquid cell between two zinc selenide (ZnSe) circular windows separated by a 10
pm thick Teflon spacer. 2 pL of the chosen medium (D,0O) were pipetted onto the
sample and the cell was sealed. To select specific sites within the samples, images

were collected under visible light via the IR microscope (Figure 8.2).
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Table 8.1: Description of samples used in SR-microFTIR measurements

Sample ‘ Synthesis Method ‘ Details

Powder HKUST-1 Manual grinding Pristine MOF
Samples 5-FUQ@HKUST-1 Manual grinding | In situ encapsulation
5-FU - As-received

Polymer HKUST-1/PU Drop cast 85 wt.% / 15 wt.%
composite | >-FUQHKUST-1/PU Drop cast 85 wt.% / 15 wt.%
samples 5-FU/PU Drop cast 14 wt.% / 86 wt.%

Profile 1
Profile 2
Profile 3

02 46 8101214 16
x (um)

Figure 8.1: Experimental setup for in situ SR-microF TIR measurements.(a) Optics
FTIR microscope. (b) Static liquid cell. (¢) Flow liquid cell. (d) Sample deposition onto
a pair of 25 mm diameter zinc selenide (ZnSe) circular windows. During the experiments,
the samples remained fully attached to the ZnSe windows, as a result of the drop cast
technique applied for their fabrication. (e) AFM image of membrane produced via drop
casting. Profiles presented in (f) show that the thickness of the membranes was less than
1 pm.
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For IR measurements in different media, the frequency of a molecular vibration
depends on the masses of the vibrating atoms. Therefore, absorption bands of DO
appear at lower wavenumbers than in HyO (Figures 8.3 and 8.4). In the ranges of
1500-1750 cm ' (H—O—H bending) and 1150-1300 cm ' (D—O—-D bending), H,O
or DyO modes, respectively, overlap with important vibrational bands of the drug
molecule present in the 5-FUQHKUST-1 samples. Therefore, the monitoring of
the 5-FU drug release was carried out with a complementary set of experiments
performed in HyO and D50, respectively, to fully capture the evolution of drug
peaks in the spectral range of interest (650-2000 cm’l). Importantly, the release

of the drug molecules can be tracked by the progressively decreasing intensity of

(BACKGROUND
¥ e
2™

40s

BACKGROUND,
-

80s

----------------- Water contour — » Water movement

Figure 8.2: Optical micrographs showing multiple sites selected in the samples for data ac-
quisition. (a) HKUST-1/PU membrane, (b) 5-FU crystals, and (c¢) 5-FUQHKUST-1/PU
membrane in contact with water. The movement of the medium can be observed by
contrasting the images c-top to c-bottom.
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Figure 8.3: SR-microFTIR spectra of deionized water (H,O) and deuterated water
(D50). Specific bending and stretching modes are illustrated. Observe the saturation of
~OD and —OH stretching bands due to the high signal of solvent in the range > 2000 cm ™!

the 5-FU peaks identified in the 5-FUQHKUST-1 samples.
The samples were characterized via TGA (Figures 8.5 and 8.6) where the level of
drug encapsulation within HKUST-1 was determined to be ~14.0 wt.%. Comparison

of these drug loading with various other 5-FUQMOF systems is presented in

HKUST-1 structure Experimental vs calculated FTIR spectra
a
Theo. HKUST-1
b . Theo. HKUST-1 with H,O
1% —— Theo. HKUST-1 with D,O
Hydrated | "ot T Ll Exp. HKUST-1
HKUST-1
3
&
B : AA
‘@
c
[0}
2
C
b |
"
1
Anhydrous ;' VA
HKUST-1 N s U
T 1 T 1 T T T T 1

T — T L L —
700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Wavenumbers (cm™)

10 Al

Figure 8.4: Theoretical spectra of activated and hydrated HKUST-1 (H,O-HKUST-1
and D,O-HKUST-1.) The comparison between the spectra shows the respective bending
modes of DyO and H5O (observed in the experimental spectra) when coordinated to
the cooper sites in HKUST-1. A scaling factor of 0.95 was applied to the theoretical
spectra eliminate common shifts resulting from the ab initio calculations and match the
frequencies against the experimental spectrum. Colour code: O in red, C in black, H in
grey, hydrated Cu in light blue, and activated Cu in navy blue.
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Table 8.2: Comparison of 5-FU loading in HKUST-1 and different MOF hosts

MOF 5-FU loading Reference
(wt. %)
Copper HKUST-1 14.0 This work
MOFs Cu-MOF 17.3 [234]
Cu-MOF 47.3 [235]
HKUST-1 40.2 212]
ZIF-8 5.0 [236]
In-MOF 32.6 [162]
Gd-MOF 47.0 [237]
Zn-MOF 36.8 [238]
Various Dy-MOF 47.3 [239]
MOF Nd-MOF 18.0 240
systems CD-MOF 15.7 [159]
MIL-53 (Fe) 13.1
MIL-88 (Fe) 28.0 [200]
MIL-100 (Fe) 66.0
Zn-MOF 44.8 [241]
Other FeO nanoparticles 1.9 [242]
DDS Chitosan nanoparticles 29.9-69.7 [243]
Polysacharides particles 3.0 [244]

Table 8.2. As shown in the table, the loadings varied from 1.9 wt.% to 69.7 wt.%,
being the loading achieved in the 5-FUQHKUST-1 systems herein produced in
good agreement with what has been achieved in recent works. It is worth noting
that most of the 5-FUQMOF systems presented in Table 8.2 used conventional
immersion/impregnation encapsulation technique in which the carrier was immersed
into a 5-FU solution for different periods of time. However, the in situ technique
applied herein is different from the reported literature approach, by providing
optimized condition that minimize the drug molecules binding to the external
wall of the host carrier (Chapter 7).

The characterization of the morphology of the 5-FUQHKUST-1/PU membranes
and HKUST-1 crystals (Figure 8.7) was performed wvia SEM and AFM. The
samples show a non-uniform crystal size distribution (432 £+ 83 nm), product
of the grinding method applied for the synthesis (Figure 8.7a-c). From the SEM

images in Figure 8.7d and AFM images (Figures 8.7e) it possible to observe details
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Figure 8.5: TGA of HKUST-1 (blue), 5-FUQHKUST-1 (pink), and 5-FU (black)

samples with inset showing the derivative weight change with respect to temperature.
Inset shows the differential material decomposition behaviour as a function of temperature.
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Figure 8.6: TGA of PU membrane (green) versus 5-FUQHKUST-1/PU (blue) and
5-FU/PU membrane (pink) and samples. Insets display the derivative weight change with
respect to the temperature.
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Figure 8.7: SEM micrographs of (a-b) pristine HKUST-1 (crystal size of 432 £+ 83 nm
(averaged of 100 measurements)), and (c¢) 5-FUQHKUST-1 (crystal size of 421 + 75 nm
(averaged of 100 measurements)). Note the non-uniform crystal size distribution varying
from ca. 50 to 500 nm.(d) SEM of pristine HKUST-1 crystal embedded in the PU matrix.
Zoon-ins show details of the membrane where HKUST-1 particles are coated by the
polymer. (e) AFM image of HKUST-1/PU membrane for morphology characterization.
(d) Height profiles from traces marked in (e). The smooth edges demonstrate the coating
of the crystals by the polymer.
of the membrane where HKUST-1 particles are coated by the PU polymer. The
smooth edges demonstrate the coating of the crystals by the polymer (Figure 8.7f).
Figures 8.8a-b contrast the time dependent evolution of FTIR spectra of
the 5-FUQHKUST-1/PU and 5-FU/PU samples. Due to the high loading of
MOF within polymer in the composites (85 wt.% of HKUST-1), the spectra of
5-FU@Q@HKUST-1/PU were mainly dominated by the intense vibrational bands of
the HKUST-1 framework. However, it is possible to distinctly identify 5-FU modes
associated with the d-ring (817 cm 1) and §(N—H) (954 cm 1), v(C—F) (1279 cm 1)
and v(C—H) bonds (1349cm 1) of 5-FU, as confirmed through the analysis of
powder spectra (Figure 8.9). The complete description of the vibrational modes of
the composites, 5-FU, and PU is summarized in Table 8.3. Figures 8.8c-d show the
time evolution of the integrated spectral area of selected HKUST-1, 5-FU, molecular

water (H,O) and PU peaks of in the composites. PU peaks were used as a reference

due to the inert nature of the polymer upon water exposure.
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Figure 8.8: SR-microFTIR spectra obtained by static-cell measurements. Evolution
of (a) 5>-FUQHKUST-1/PU and (b) 5-FU/PU membranes, collected over a period of 3.2
hours. Insets show in detail the changes observed to drug molecule related peaks and
important HKUST-1 peaks. 5-FU spectrum was scaled down by a factor of 0.7 to facilitate
the comparison with the composite spectra. In (b) the spectra of a few time points were
omitted for clarity, causing a small mismatch between the time intervals presented in (a)
and (b). However, the overall time analyzed had remained the same. Integrated spectral
area ratios of selected peaks of (¢) 5-FUQHKUST-1/PU and (d) 5-FU/PU, demonstrating
the evolution of vibrational modes intensity in HKUST-1 framework, 5-FU drug, and
molecular water. The PU peak at 1732 ecm ! (C=0 bending) was chosen as a reference
due to the absence of any changes with time recorded for this band.
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Figure 8.9: SR-microFTIR spectra of 5-FUQHKUST-1, HKUST-1, and 5-FU powder
samples collected using the static fluid-cell. The asterisks denote the vibrations of 5-FU
guest molecules detected in the 5-FUQHKUST-1 sample.

The values presented at different time points were normalized against the
initial area value (hereafter referred only as “area”). The HKUST-1 structure
is composed of dimers of Cu®* ions chelated by four BTC bridges, forming the
paddle-wheel moiety. With respect to the vibrational modes of HKUST-1, the
spectra of the composites can be divided into two regions. Region-I (< 1300 Cm’l),
shows bands assigned to the out of plane vibrations of benzene ring while region-
IT (1300-1800 cm 1) is mainly associated to the vibrations of the carboxylate
groups. Both are parts of the BTC linker. Specifically, the bands at 1646 cm !
and 1590cm ! and at 1450cm ™! and 1374cm ! in region-II correspond to the
asymmetric and symmetric stretching of the carboxylate groups, respectively (see
Figure 8.10 and Table 8.3).

The three typical microporous sites in HKUST-1 structure (5, 11, and 13.5 Ain
diameter), possessing different hydrophilic characters, are schematically represented
in Figure 8.11. Water molecules can only penetrate the larger pores of the framework
[41, 42], where they start hydrolyzing the Cu—O bonds in the paddle-wheel and
so breaking down the crystalline structure of HKUST-1 [224]. The permeation of

media through the polymer matrix was monitored by tracking the bending mode of



8. FElucidating the drug release from MOF composites via in situ SR-microFTIR1

----- Theo. HKUST-1
Exp. HKUST-1

i
veCOO 1t v,-COO
R vo-COO
i

Intensity (a.u.)

T T T T T T T T T T T T T T T T T T T T T T
700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Wavenumbers (cm™)
Figure 8.10: Band identification of HKUST-1 framework via density functional theory

calculations. A scaling factor of 0.95 was applied to the theoretical spectrum to eliminate
common shifts resulting from the ab initio calculations

Table 8.3: Details of main vibrational bands of HKUST-1, 5-FU, and PU

‘ Exp.(cm’l)‘ Description
1646 2sCO0O
1590 vsCOO
HKUST-1 1450 2sCO0O
1374 vsCO0O
759
799 ~vC—H in the benzene ring
H,0 1617 0 molecular water
Modes appear when HyO is coordinated to the Cu site
1686 0C=C
1452 ON—H
1430 v ring
1350 vC—H
5-FU 1279 vC—F
[211] 1184 B
959 ON—H
883 ~C—H
814 .
757 0 benzene ring
1732 vC=0
PU 1532 ON—H
(245, 246] 1230 0C—N
1080 0C—0—-C

Vas\Vs = asymmetric\symmetric stretching, v = out-of-plane bending,
0 = in-plane bending
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Figure 8.11: Crystal structure of HKUST-1 highlighting the three different types of
pores in the structure with diameters of 5 A (green), 11 A (purple), and 13.5 A (yellow),
and an illustration of the paddle-wheel moiety.
molecular water at 1617 cm ! (see Figure 8.4). It is important to note the increasing
presence of the HyO band in the sample during measurements performed under
D50 exposure, despite the stability of the D,O band (~1200 cm’l) throughout the
experiment (7.e. no significant bulk D-H exchange in the liquid was detected). This
observation suggests that a small amount of D-H exchange occurs within the pores
of HKUST-1, with the substitution of hydrogen atoms found on the framework.
As such, this confirms the ingress of DO into the sample, showing an increasing
penetration with longer exposure, trackable with the SR-microFTIR probe.
Within regions -1 and -II, three important features must be highlighted. First,
in Figure 8.8a, with time progression the observed decrease in intensity of the
vibrational peaks and integrated spectral area values of drug and framework
peaks. Secondly, the shift of the band detected at 1590 cm ™! shown in the inset
of Figure 8.8a, associated with the symmetric stretching of the carboxylate groups
in HKUST-1. This shift can be assigned to modifications in the coordination of
the carboxylate groups, indicating changes in chemical and physical interactions
surrounding the HKUST-1 paddle-wheel environment. Last, in Figures 8.8c-d, the
evident differences in the kinetics of the 5-FU drug molecules being released from
the 5-FU/PU sample versus the 5>-FUQHKUST-1/PU composite membrane.
Detailed analysis of the evolution of the FTIR spectra of 5-FUQHKUST-1/PU

shows that within 1 hour of continuous exposure to DyO, the HKUST-1 framework
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was not greatly affected. After 2 hours, the decrease of the framework vibrational
bands intensity was observed. These changes are accompanied by the increase in
intensity of the band at 1617 cm ™!, showcasing penetration of water molecules into
the composite and their interaction with HKUST-1. The normalized area value
of the molecular water peak increased by ~80%, accompanied by the constant
decrease in the area of HKUST-1 peaks (Figure 8.8c¢).

According to the evolution of the spectral area presented in Figure 8.8c, the
carboxylate group vibrations at 1646 cm ! and 1374 cm ™! were primarily affected
when compared to ring deformation at 725 cm ™!, due to the stronger effect of
water on the former. Since there are overlaps between the MOF and drug molecule
vibrational modes within regions -I and -II (e.g. peaks at 759 em !, 1374 em ™,
1450 cm ! and 1646 cm 1) the decrease in the intensity of the most affected
HKUST-1 peaks cannot be taken simply as the chemical decomposition of the
host framework, but might also be attributed to the progressive release of the
drug molecules from the HKUST-1 pores. Therefore, complementary static-cell
measurements of HKUST-1/PU (Figure 8.12) and PU membranes (Figure 8.13)
were performed to investigate any possible framework decomposition. It was
observed that the main vibrational peaks of HKUST-1 have not suffered major
degradation during the static experiments. The PU membrane remains unchanged
upon media exposure. In the HKUST-1/PU spectra it is possible to observe
the progressive increase in intensity of the molecular water peak (Figure 8.12b),
confirming the permeation of water. A decrease in the spectral area of the symmetric

L and

and asymmetric vibrations of carboxylate groups was found at 1646 cm™
1450 cm ™. The most important observation Figure 8.12 is that the redshift of
the 1590 cm ! band, observed in 5-FUQHKUST-1/PU, was not detected in the
spectra of HKUST-1/PU composite. This confirms that the observed shit of the
symmetric stretch of the carboxylate group occurs due to the release of the drug
molecule and associated changes in the guest-host interactions, instead of being

related to the deuteration of the carboxylate group [247]. At this point, it is

uncertain whether the amount of D50 in contact with the sample was insufficient to
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cause detectable framework degradation or if the polymer is effectively protecting
the HKUST-1 crystals (since the MOF is fairly stable when a small amount of
water is adsorbed) [42]. This question is fully addressed using via flow-cell studies,

described in detail in section 8.2.5.

A closer look at the redshift of the vibrational band at 1590 cm™ displays
two important findings. First, it indicates changes in the environment of the
carboxylate group bridging the pores of the host framework. This could be a
result of structural distortions to the framework unit cell [248], resulting in a

low symmetry configuration.
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Figure 8.12: (a) Time evolution of HKUST-1/PU SR-microFTIR spectra collected
during static fluid-cell experiments. (b) Evolution of integrated spectral area ratios of
selected HKUST-1/PU peaks with time, upon coming into contact with water. Presented
here are asymmetric and symmetric stretching modes of the carboxylate groups in
HKUST-1, bending of molecular water, and PU C=0 bending, used as the reference.
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Figure 8.13: Time evolution of PU membrane SR-microFTIR spectra collected during
static fluid-cell experiments, the overlapping data independent of time confirm the stability
of the polymeric matrix subject to water.

Interestingly, it was established in Chapter 7 that the cubic structure of
HKUST-1 is recoverable upon the release of the encapsulated drug as demonstrated
by the PXRD patterns in Figure 8.14. Together, the guest-host interactions not only
modify the environment of the paddle-wheel structure of HKUST-1, but also affect
the preferred spatial orientation, resulting in a mechanically strained framework.
The recovery of the long-range framework periodicity suggests that the coordination
of the carboxylate groups is also affected by guest encapsulation and is progressively
restored during the release process, as seen in Figure 8.8a. Upon the departure of
5-FU, the main HKUST-1 bands become sharper, indicating the increase in the
structure symmetry and the relaxation of the structure [198, 249].

It should be emphasized that the permeation of water into the polymeric
membrane was only possible due to the presence of HKUST-1 crystals embedded
in these composites. It is hypothesized that HKUST-1 enables the establishment
of hydrophilic “channels” that facilitate the penetration of molecular water that
triggers the release of the 5-FU drug molecules, as illustrated in Figure 8.15. The role
played by HKUST-1 on the water diffusion, attributed to the hydrophilic metal sites

present in its structure, can be detected by contrasting the evolution of 5-FU/PU
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Figure 8.14: Normalized diffraction patterns of manually ground HKUST-1 (blue)
and its drug loaded counterpart (orange). In pink is PXRD of 5-FUQHKUST-1 after
the release of the 5-FU (guest) molecules. Recovery of cubic symmetry is clear when
comparison is made between the diffraction pattern of the host framework obtained after
guest release and simulated pattern of HKUST-1 (black).

and 5-FUQHKUST-1/PU spectra (see Figure 8.8a-b). During measurements of
5-FU/PU membrane under static conditions, only minor changes to the drug peaks
were observed in the FTIR spectra, in which a slower and smaller decrease in the
spectral area (Figure 8.8d) was captured. In the 5-FUQHKUST-1/PU spectra is
possible to observe reductions of as much as 90% in the intensity of drug molecule
vibrational modes; however, in the 5-FU/PU spectra, the corresponding decline
reaches a maximum of ~35%. Further verification of the role of HKUST-1 on
water accessibility can be observed in a demonstration presented in Figure 8.16.
The change in colour of HKUST-1/PU membrane upon heating reveals that the
water molecules, coordinated to the CUS, have accessibility into and out of the
membrane. This effect has been further quantified by measuring the swelling
of the composite due to water uptake (Figure 8.16¢) and the decline of surface
contact angle (ca. 95° to 80° see Figure 8.17) upon the incorporation of hydrophilic
HKUST-1 to the hydrophobic PU matrix.
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Figure 8.15: Schematic representation of HKUST-1 crystals and hydrophilic “channels”
responsible for the permeation of water into the polymeric matrix and release of 5-FU
molecules from the polymeric membrane. Colour code: O in red, C in black, H in grey,
Cu in orange, N in purple, and F in green. Hydrogen atoms in the water molecules are
shown in blue.

Before proceeding to the flow experiments, a detailed look into the synergy
between 5-FU and HKUST-1 was performed via DFT calculations to reveal the
dynamics of vibrational motions underpinning the dissociation of the drug molecule
from the framework upon water exposure. The theoretical prediction will aid

the understanding of the transformations presented by the material during the

static and flow-cell experiments.
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Figure 8.16: Change in colour of membranes. HKUST-1/PU membrane (a) before
and (b) after sample activation at 100 °C, and insets showing the corresponding powder
samples. HKUST-1 framework presents a characteristic colour switch from light blue
(turquoise) to dark blue upon heating, linked to the change in coordination of the copper
site. The colour change observed in the composite membrane samples confirmed the
accessibility of molecular water in and out of the polyurethane matrix. (¢) Swelling ratio
of composites showcasing the superior absorption of water in HKUST-1/PU composite in
comparison to a neat PU membrane.
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Figure 8.17: Water contact angles with (a) PU membrane and (b) HKUST-1/PU
membranes displaying the increase in the wettability of the membranes by the addition
of HKUST-1 particles. Attempts were made to quantity the contact angle of HKUST-1
powder. However due to the hydrophilic character and high wettability of HKUST-1
powder, no water droplet was formed to allow the quantification of contact angle.

8.2.2 DFT calculations of 5-FUQHKUST-1 assembley

As discussed in Chapter 7, the encapsulation of the drug molecules wvia the
mechanochemical in situ strategy results in the self-assembly of drug@MOF systems,
in which guest drug molecules are successfully confined in the pores of the host
HKUST-1 framework. Ab initio DFT calculations were employed using the periodic
code CRYSTALLT [171] to reveal the nature of the guest-host interactions from differ-
ent possible assemblies of 5-FUQHKUST-1 (i.e. adducts A-D in Figures 8.19-8.22) 2

8.2.3 Binding energies and DFT model validation

The calculations were performed with a newly developed DFT-based ‘composite

method’” PBEsol0-3c [250], which uses a sol-def2-mSVP basis set. This is a cost-

2 The calculation presented in this section were developed in collaboration with scientists
Professor Bartolomeo Civarelli and Ph.D. student Lorenzo Dona (University of Turin), developers
of the composite DFT method used in the calculations of 5-FUQHKUST-1 assemblies.
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effective HF /DFT composite method combined with a double-zeta quality basis
set that is expected to provide a good trade off between accuracy and cost [250].
As a check, a comparison between this method with the benchmarked B3LYP-
D3(ABC)/VTZP calculations. Figure 8.18 shows that computed binding energies
for adducts A and D with both methods are very similar thus confirming the
excellent accuracy of PBEsol0-3c.

35
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PBEsol0-3c [l B3LYP-D3 (ABC)

Figure 8.18: Comparison between binding energies calculated for adducts A and D
configuration using PBEsol0-3c and B3LYP-D3(ABC) levels of theory and sol-def2-mSVP
and Ahlrichs (VTZP) basis set, respectively. The good agreement between the computed
binding energies applying both methods validating the new method developed and used
in this work.

8.2.4 Analysis of adducts configurations

Four possible guest-host configurations of 5-FU encapsulated in the largest pore of
HKUST-1 (i.e. 5-FUQHKUST-1), namely adducts A to D, as shown in Figures 8.19-
8.22, were investigated in the DFT calculations with the PBEsol0-3¢ method [250].

In Figure 8.23a, the electrostatic potential mapped on top of a charge density
isosurface for both HKUST-1 and 5-FU clearly shows that copper acts as a
coordinatively unsaturated metal with a large positive region while oxygens in 5-FU
molecule are surrounded by a strong negative region. The initial configurations for

the four adducts have been created by matching the positive and negative regions
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Adduct A

10AJ

Figure 8.19: Adduct A configuration. In this adduct, 5-FU drug molecule (guest)
interacts with two different paddle-wheels through its oxygen atoms. Hydrogen bonds are
established between the N-H group of 5-FU and oxygen atoms in the carboxylate groups
of the HKUST-1 (host) paddle-wheel. Note that in this case there are two molecules in
the unit cell. Colour code: O in red, C in black, H in grey, Cu in yellow, N in navy blue,
and F in turquoise.

" Adduct B

10A

Figure 8.20: Adduct B configuration. In this adduct, the 5-FU guest is anchored to
the adjacent paddle-wheels of the HKUST-1 (host) via its one of the oxygen atoms and
fluorine, establishing NH-O hydrogen bonds with adjacent 5-FU molecules. Note that in
this case there are two molecules in the unit cell. Colour code: O in red, C in grey, H in
grey, Cu in yellow, N in navy blue, and F in turquoise.
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Figure 8.21: Adduct C configuration. 5-FU chelates two paddle-wheels via its oxygen
and fluorine atoms. Note that in this case there is one molecule of 5-FU in the unit cell.
Colour code: O in red, C in grey, H in grey, Cu in yellow, N in navy blue, and F in
turquoise.

AdductD
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Figure 8.22: Adduct D configuration. In this configuration, 5-FU interacts with two
different paddle-wheels through its oxygen atoms. Note that this geometry is similar to
adduct A but there is one molecule of 5-FU in the unit cell. Colour code: O in red, C in
grey, H in grey, Cu in yellow, N in navy blue, and F in turquoise.
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of HKUST-1 and 5-FU and by considering the strong affinity between copper and
oxygen. Therefore, a Cu—0O bond was assumed as the dominant interaction in
5-FUQHKUST-1. Additionally, secondary interactions between NH groups of 5-FU
and the negative regions around the carboxylate oxygens of the MOF could be
envisaged, along with a less strong interaction between copper and fluorine. The
Cu—Cu distances in the cage are compatible with the size of the drug molecule,
thus making it possible to have the bridging geometries. Overall, the sum of these
different interactions and chemical intuition have led to the four adducts shown in
Figures 8.19-8.22. It is important to emphasize that the models herein proposed
consider ideal drug loading within HKUST-1 pores, which can differ from the
experimental sample with ~14 wt.% loading of 5-FU in HKUST-1.

Based on the EPS of HKUST-1 and 5-FU (Figure 8.23a) it can be clearly
seen that while Cu atoms in the paddle-wheel of HKUST-1 (positive regions)
can act as a primary adsorption sites, oxygen atoms of 5-FU (negative regions)
can strongly interact with copper through dative bonding. Instead, a less strong
interaction is expected through the fluorine atom. In addition, the size of the 5-FU
molecule and the Cu—Cu distances in the cage are commensurate to each other
and can lead to a bridging conformation of the possible 5-FUQHKUST-1 adducts.
The stabilization energy of four different drug-MOF binding configurations (i.e.
adducts A-D in Figure 8.19-8.22) has been investigated and contrasted it against
the water-MOF interactions. The theoretical spectra for each adduct configurations
being considered are presented in Figure 8.24a-d and were contrasted against the
experimental 5-FUQHKUST-1 ATR-FTIR spectrum.

The closer match between the experimental and theoretical spectrum of adduct
A suggests that this is probably the dominant configuration in 5-FUQHKUST-1
system. The theoretical results crucially show that 5-FU is in coordination with
HKUST-1 specifically via its CUS sites (via C=0--- Cu coordination). Concomi-
tantly, 5-FU establishes hydrogen bonds with the oxygen atoms present in the
carboxylate groups, as depicted in Figure 8.24e. This configuration is akin to another

reported system termed: TCNQQ@QHKUST-1 [102]. As displayed in Figure 8.24f, the
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a Electrostatic potential maps b Computed binding energies

Pristine HKUST-1 Adduct Adduct Adduct Adduct Water
A B C D molec.

Figure 8.23: (a) Electrostatic potential maps of HKUST-1 (left) and 5-FU (right)
supporting that 5-FU can strongly interact with the copper centres of HKUST-1 through
its oxygen atoms generating both bridged and single site adducts. The interaction through
the fluorine atom is possible but less likely due to the strength of the bond. (b) Binding
energies of different adducts for the 5-FU-HKUST-1 interaction. The dashed line represent
the binding energy relative to two water molecules, necessary for the release of the two
5-FU molecules encapsulated in the pores of adducts A-D.

Cu—Cu distances in two adjacent paddle-wheels is also affected by the binding of
the 5-FU molecules to the CUS. This showcases the disturb to the preferred spatial
orientation and relaxation upon drug release detected in Figure 8.14. However,
based on the computed binding energies summarized in Figure 8.23b, and the
analysis of the low energy vibrational bands (i.e. THz vibrations) via INS displayed
in Figure 8.25, a coexistence between the different adduct configurations is possible
in the 5-FUQHKUST-1 system. According to the binding energies calculated, it
was possible to establish that D,O and HyO are capable of triggering the release
of 5-FU, as observed experimentally (see Figure 8.23b). Table 8.4 gathers the
different contributions needed to calculate the enthalpy of adsorption for the
different 5-FUQHKUST-1 adducts. In details, Ej, is the electronic energy from
DFT calculation, Eg is the zero-point vibration energy and E is the thermal
contribution to enthalpy. The latter term were obtained at T = 298K. From the
computed values, the enthalpies of adsorption at 298 K was obtained as reported
in Table 8.4. Results confirm that adduct C is the less favoured configuration,

while other adducts show similar AHs. In agreement with binding energies, the
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adsorption enthalpies show that two water molecules are capable of competing
with 5-FU for the interaction with the metal site.

It is important to emphasize that the binding energies shown in Figure 8.23b
should be interpreted according to the particularities of the adduct configurations,
especially when comparing these binding energies with the water binding energy.
Although, adducts A and B display two 5-FU molecules in each HKUST-1 pore,
and adducts C and D are comprised of one 5-FU molecule per pore, all config-

urations show the adsorbate as bridged between two adjacent metal sites (see

Experimental vs theoretical FTIR spectra

a —— Exp. 5-FU@HKUST-1 i b
Theo. 5-FU@HKUST-1_adduct A

—— Theo. 5-FU@HKUST-1_adduct B
—— Theo. 5-FU@HKUST-1_adduct C
Theo. 5-FU@HKUST-1_adduct D
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e Proposed guest@MOF configuration f Cu-Cu distances

Pristine HKUST-1 5-FU@HKUST-1 (Adduct A)

Figure 8.24: Results from DFT calculations. (a) Comparison of experimental (ATR-
FTIR) and calculated spectra of 5-FUQHKUST-1 for the four possible host guest
configurations, termed adducts A-D. Closer look at different spectral regions showcasing
the better match between adduct A spectrum and the experimental data when contrasted
with other configurations: (b) 650-810 cm ™!, (c) 1500-1750 cm™!, and (d) zoom-in of the
peak ~1550 cm !, which was presented in low intensity due to the adopted DFT basis
set. Note that a scaling factor (i.e. 0.95) were applied to the DFT spectra in (a), (b), (c),
and (d) to eliminate common shifts resulting from the ab initio calculations and to match
the frequencies against the experimental spectrum. (e) Proposed guest-host interaction
obtained from DFT. In the schematic, 5-FU interacts with two different paddle-wheel sites
through oxygen atoms while establishing hydrogen bonds with the carboxylate groups. (f)
DFT optimized structure showing the Cu—Cu distances between adjacent paddle-wheels
in pristine HKUST-1 (left) and 5-FUQHKUST-1 (right). Colour code: O in red, C in
black, H in grey, Cu in yellow, N in navy blue, and F in turquoise. Carbon atoms in the
drug molecules were displayed in green to show the position of the guest molecule.
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Table 8.4: Thermodynamic analysis of the different adduct configurations

Adduct Adduct Adduct Adduct HKUST-1 | HKUST-1
A B C D + Hy0 + DyO
Er, -7.09%107 | -7.09x107 | -6.96x107 | -6.96x107 | -7.07x107 | -7.07x107
(KJ/MOL)
Ey 2898.79 2898.42 2682.91 2683.84 3255.06 3047.48
(KJ/MOL)
E 327.11 326.68 305.48 304.76 385.49 396.59
(KJ/MOL)
H 27.09%x107 | -7.09%107 | -6.96x107 | -6.96x107 | -7.07x107 | -7.07x107
(KJ/MOL)
AE -30.01 -31.78 -25.24 -31.25 -13.41 -13.41
(KCAL/MOL)
AH -28.65 -30.51 -23.93 -29.88 -11.65 -11.90
(KCAL/MOL)
a f(THZ)
0.0 1.5 3.0 4.5 6.0 7.5 9.0 105 12.0 13,5 15.0
Exp. HKUST-1
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Figure 8.25: INS spectra of adduct configurations. Comparison between (a) experimental
INS spectra of pristine HKUST-1, 5-FUQHKUST-1, and (b) theoretical INS spectra of
pristine HKUST-1 and different adduct configurations (i.e. A-D)
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Figures 8.19-8.22). In adducts A, B and D, for example, 5-FU is linked through
oxygen-copper bonds while in adduct C the interaction involves one oxygen and
the fluorine atom. It is worth noting that for the latter, not unexpectedly, the
binding energy is the lowest one. As regards the competition with water, in
adduct A, for example, the binding energy of each individual oxygen-copper bond
might be considered to be ~15 kcal/mol, on average, very close the water binding
energy of ~13.5 kcal/mol, and therefore highlighting the capability of water (DyO
and Hy0) to induce the release of 5-FU molecules. Additionally, because of the
smaller size of water molecules in comparison with 5-FU, the configurational entropy
[251] as well as entropy of stabilization [252] favour the formation of water-CUS

interactions in the HKUST-1 framework.

8.2.5 Flow-cell measurements

SR-microFTIR in situ flow experiments using a liquid flow-cell were conducted to
investigate the possible degradation of HKUST-1 and the protective role conferred
by the PU matrix (Figure 8.26). For measurement in D,O flow, the media were
allowed to flow for approximately 25 minutes before starting data collection, thus
allowing the system to reach D-H equilibrium. Over a total period of 2.3 hours, no
clear decomposition of the framework was observed. All the main framework peaks
appear to be intact, with minimal changes to the carboxylate vibrations intensity
(see in Figure 8.26a). Importantly, this confirms that the polymeric matrix is able to
significantly enhance the stability of HKUST-1 in aqueous conditions by providing
a protective coating to the MOF structure. This can be further demonstrated by
contrasting the PXRD of HKUST-1/PU membrane and HKUST-1 powder before
and after immersion in HyO (Figure 8.27). While in the polymer composite the
diffraction peaks of HKUST-1 appear to be intact, those in the powder sample
suffers major degradation over a much shorter period of time.

Flow experiments were also conducted on 5-FU/PU membranes to further
corroborate the difficulty that 5-FU molecules face to escape the PU membrane

in the absence of HKUST-1 crystals. The evolution of the vibrational spectra is
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presented in Figure 8.26b showing the stabilization of the D,O flow by the decrease
in intensity of H-O-D bending mode (~1460 cm’l). A closer look at the drug peaks
in the composite spectra reveals that their intensity is only minimally affected over
a 2-hour period (Figure 8.28). This is more evident when 5-FU/PU spectra are
contrasted against the spectra of 5-FUQHKUST-1/PU membrane (Figure 8.8a),
in which changes to the drug peaks intensity were observed within 1 hour (see
Figure 8.8a). This observation highlights the importance of HKUST-1 embedded
within the composites to yield a more sustained release of the drug. As previously
discussed, the creation of the hydrophilic channels by HKUST-1 is essential for the

water-CUS interactions and subsequent release of the drug molecule. The results

a HKUST-1/PU under flow conditions (100 pL/min)
210 cycles - 2 hour 20 minutes

D,0O band
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Figure 8.26: Flow-cell measurements of polymeric composites. (a) HKUST-1/PU
membrane under D,O flow shows absence of any change to MOF vibrational bands. (b)
5-FU/PU membrane spectra, showing the increase in intensity of DyO band and decrease
of HyO which demonstrates the stabilization of DyO flow. Asterisk marks the position of
drug peaks in the composite spectra.
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Figure 8.27: PXRD patterns of PU and HKUST-1/PU composite and HKUST-1 powder
before and after immersion in water for 24 hours and 2 hours, respectively. The composites
patterns show how the polymeric matrix can provide protection to the MOF, preventing
hydrolysis. For HKUST-1 powder, the intensity of the diffraction peaks has decreased
significantly after 2-hour immersion accompanied by emergence of new Bragg peaks
suggesting phase transformation. In contrast, the diffraction pattern of HKUST-1/PU
composite shows that it is considerably more stable even after 24 hours of immersion in
water.
presented in this chapter suggest that the polymer coating provides not only a
supporting scaffold to the framework, protecting it against water degradation, but
also helps to regulate the rate of the drug release process, as evidenced in Figure 8.29.
In fact, the presence of the PU, even at a high HKUST-1:PU ratio, demonstrated
the potential of employing the composites to suppress the release of 5-FU by a factor
of about 20 times. Crucially, since HKUST-1 plays a key role on the release kinetics
of 5-FU molecules (as demonstrated in Figures 8.8 and 8.26), one can conclude that
the larger the HKUST-1:PU ratio, the faster the release of the guest molecules will
be. Therefore, there is scope to tune the MOF:polymer ratio in the composites to
achieve a well-controlled release of 5-FU molecules in order to mitigate the unwanted
burst effect (i.e. extending the release period to intervals longer than 3.3 hours).
In this context, Figure 8.30 presents the spectra of 5-FUQHKUST-1 powder

collected during flow experiments. The combination of measurements taken under

D,O (Figure 8.30a-c) and H,O (Figure 8.30d) flow permitted a close monitoring
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Figure 8.28: Integrated spectral area of 5-FU/PU peak (C-F stretching 1279 cm 1)
selected from spectra collected during the flow experiments.

of the evolution of 5-FU peaks in regions I and II of the vibrational spectra.
Figure 8.30a presents the evolution of the sample over time under DO flow (the
spectra of various time points were omitted for clarity). However, all the spectra
collected have been represented for regions of interest within the spectral range

in the 3D contour maps presented in Figures 8.30b and 8.30c and in the inset in
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Figure 8.29: Changes in the rate of drug release due to the presence of the polymer matrix.
Comparison of spectral area of 5-FU peak (C-F stretching 1279 cm 1) in 5-FUGHKUST-1
powder and 5-FUQHKUST-1/PU composite demonstrating how PU aids in regulating
the velocity of 5-FU release.
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Figure 8.30a. Under D,O flow, the most pronounced changes can be observed
in the shoulder at ~1620 cm ! and ~1700 cm !, which can be attributed to the
C=C stretching of 5-FU. The progressive decline in the intensity of these peaks,
accompanied by the sharpening of the HKUST-1 bands at 1374 ¢cm™!, 1450 cm ™! and
1646 cm L, respectively, indicating the release of the 5-FU molecules. Meanwhile,
it is possible to observe with detail the disappearance of these shoulders with ti-
me (Figures 8.30b-c). Figure 8.30d shows the spectra of 5-FUQHKUST-1 powder
collected under HyO flow. As can be seen in the highlighted region (1160-1300 cm’l)
and in the 3D profile presented in the inset, the release of the drug molecules upon
exposure of HKUST-1 to a moist environment happens in an accelerated manner.
By monitoring the evolution of the C-F stretching mode of 5-FU at 1279 cm ™7,
indeed the fast release of 5-FU molecules within only 10 minutes was detected. This
phenomenon marks the burst effect (rapid and uncontrolled release), which could
be attributed to the water-induced degradation of the HKUST-1 framework. The
comparison of 5-FUQHKUST-1 powder spectra before and after exposure to a moist
environment for over 9 hours shows the pronounced decomposition of the powder
sample with degradation of the main framework peaks as well as the disappearance
of drug peaks (marked by asterisks in Figure 8.31). The increase in intensity of the
band at 1720 cm ™, associated with the C=0 stretching of a carboxylic acid group,
indicates the presence of protonated linker (i.e. H3BTC). The protonation of the
organic ligand is an indicator of major framework decomposition [194, 197]. Given
this strong structural degradation, it becomes evident the need of the (hydrophobic)
polymeric scaffolding for the protection of the (hydrophilic) HKUST-1 framework.

8.3 FEx situ drug release experiments

To further evidentiate the advantages presented by the combination of a hydrophobic
polymeric matrix with hydrophilic host MOF fillers, prolonged release tests (up to
7 days) were performed ez situ with the powder and composites samples studied in
this chapter. Drug release profiles were constructed via UV-Vis spectroscopy, as

presented in Figure 8.32. The ez situ release experiments were performer in HyO.
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Figure 8.30: Flow-cell measurements of powder samples. (a) Time-resolved SR-
microF TIR spectra of 5-FUQHKUST-1 powder sample collected under 100 pLmin~! of
D50 flow. The DO bending mode is indicated. Inset shows the 2D profile demonstrating
the progressive decrease of the 5-FU drug peaks intensity. Asterisks mark the 5-FU
peaks being monitored. (b, ¢) 3D contour maps showing the detailed evolution of the
intensity of C=C bending and N-H stretching modes of the drug molecule. (d) Spectra
of 5-FUQHKUST-1 powder sample collected under 100 pLmin ! H50 flow. The HyO
bending mode is indicated. Inset displays the evolution of the C-F stretching mode
(~1279 em™ 1) of 5-FU, indicating the fast release of a considerable amount of the drug
molecule within 10 minutes. 5-FU spectrum was scaled down by a factor of 0.6 to facilitate
the comparison with the spectra of the composite membranes molecules.
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Figure 8.31: Comparison of 5-FUQHKUST-1 powder spectra before and after long
exposure to moist environment. The spectra show the pronounced decomposition of the
powder sample with degradation of main framework peaks as well as the disappearance
of drug peaks, the latter marked by asterisks. The increase in intensity of the band at
1720 cm ! indicates the presence of the acidic form of BTC.

The evolution of the 266 nm absorption band of 5-FU was monitored to determine
and compare the cumulative release of the drug molecules from 5-FUQHKUST-1
powder, and 5-FUQHKUST-1/PU and 5-FU/PU membranes. Fitted curves of the
release profiles revealed that the release process follows a generalized hyperbolic

curve for all the samples (see Table 8.5).

During the first release stage (initial 5 hours), a drug release of ~56% was
detected from 5-FUQHKUST-1 powder sample in the first 15 minutes, going up to a
total of ~84% after 5 hours of continuous exposure to an aqueous environment. As
previously mentioned, this can be characterized as the burst effect attributed to the
fast degradation of the HKUST-1 host structure when exposed to bulk amounts of
H,0. Comparatively, only ~10% of 5-FU were released from 5-FUQHKUST-1/PU

membrane in the initial 15 minutes, with a maximum of ~40% released after 5 hours.
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Table 8.5: Fitting equations: 5-FU release profiles from HKUST-1/PU composites

Sample ‘ Fitted equation ‘ R?2
— 3725
5-FU@QHKUST-1 powder 5-FU(%) = 110.8 5151 41075 0.97388
5 FUQHKUST-1/PU memb. | 5FU(%)=53.3- —383 __ | (.99891

1+0.38x1/0-83
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Figure 8.32: Drug release profiles of 5-FUQHKUST-1 powder (red trace fit),
5-FUQHKUST-1/PU membrane (blue trace fit), and 5-FU/PU (orange trace fit) revealing
the cumulative release over a period of 7 days. The drug release profiles were constructed
via UV-Vis measurements. The percentages were calculated by considering the total
loading of the drug in the drug@MOF systems, determined by TGA. Insets show
photographs of HKUST-1/PU membrane after it has been immersed in HyO for the
7-day release period.The evident change in colour of the membrane upon heating indicates
the survival of HKUST-1 MOF when protect by the PU coating

Conversely, for the same time intervals, the amounts of ~2.5% and ~5.0% were
released from 5-FU/PU composite. In the second release stage (i.e. up to 7 days),
a deceleration of the release was noted, which stabilized after 24 hours. ~53.2%,

and ~6.3% of the 5-FU loaded into 5-FUQHKUST-1/PU, and 5-FU/PU were

respectively released after 7 days. In contrast, ~95.5% of 5-FU was release from
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5-FUQHKUST-1 powder after 48 hours, in which period the complete decomposition
of the host structure was detected.

Three key facts should be highlighted from the prolonged drug release results.
First, as demonstrated by the in situ drug release experiments discussed earlier
in this chapter, the presence of HKUST-1 is essential for the effective release of
5-FU. The hydrophilic channels created by the host MOF' allowed for a release 8
times more effective than the one observed for its MOF-free counterpart. Secondly,
the role played by the hydrophobic polymer on the regulation of the release rate
over an extended period is very clear. This is evidenced by the stabilisation of the
release after 24 hours and the continuous delivery of 5-FU up to 7 days. Specifically,
during the critical first 15 minutes, the polymeric matrix acted to highly suppress
the release of 5-FU. Last, the protective character of the polymer coating is
also evidenced in the release profile of 5-FUQHKUTS-1 powder. The release pf
5-FU from the powder sample was almost complete in the first 48 hours, effect
attributed to HKUST-1 degradation. As noted in the inset of Figure 8.32, the
change in colour of the 5-FUQHKUST-1/PU membrane upon heating, recorder
after the 7-day release experiment, demonstrated the survival of the HKUST-1
host MOF when protect by the PU coating.

8.4 Summary and conclusions

HKUST-1 plays a significant role in the basic and applied fields of MOFs research,
due to not only its ease of synthesis and scalability, but also because it is a
reference material for the study of many general properties of MOFs. This chapter
has demonstrated the power of high resolution synchrotron microspectroscopy
technique to track the local chemical and physical transformations taking place in
the guest@MOF assembly and guest@MOF /Polymer composite during the dynamic
release of guest molecules. It has been shown that while PU effectively and
efficiently protects the moisture-sensitive MOF structure against water degradation,
the incorporation of HKUST-1 is important to facilitate the release of the 5-FU

molecules. To this end, the combination of a hydrophilic MOF with a hydrophobic
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polymeric matrix is a highly promising strategy to overcome the burst effect. The
presented DF'T calculations uncover the preferred 5-FUQHKUST-1 configurations
and elucidate the energetics behind the guest-host interactions. Furthermore, the
theory sheds light on how the HKUST-1 recovers its symmetry upon the release
of the encapsulated drug molecules, helping to confirm the efficacy of the solvent-
free mechanochemical approach to manufacture drug@MOF assemblies in a green
chemical process. Finally, the general concept of tunable composite systems coupled
with facile encapsulation of guests is a promising way forward to controlling the

binding and release of drug molecules confined in a range of microporous materials.



Certain people — men, of course — discouraged me,
saying [science] was not a good career for women.
That pushed me even more to persevere

— Francoise Barré

Conclusions and Future Outlook

This thesis was devoted to propelling the practical biotechnological applications
of MOF materials. The results herein presented focused on three main aspects
related to the use of MOFs as DDS, which are extendable to the development of

MOF-based technology for a variety of industry related applications:

[. The development of environmentally friendly MOF fabrication methods and
drug encapsulation approaches, focusing on enhancing energy efficiency and the

material’s life cycle and biocompatibility.

II. The improvement of the general understanding regarding guest-host intermolecu-
lar interactions arising from drug confinement into MOF pores, specifically targeting

the results of in situ encapsulation.

ITI. The in-depth understanding of the physicochemical behavior, material char-
acteristics, and molecular mechanisms behind the dissociation of drug molecules
from the host MOF structure.

The interpretation of results allowed the collection of intertwining conclusions
detailed in the following paragraphs. This concluding chapter provides an overview
of the results and discoveries made throughout this work and presents perspectives
of future areas for exploration in the field.

Chapters 4, 5, and 6 took steps towards addressing the existing gap in the
sustainable synthesis of drug@MOF systems using HKUST-1 and MIL-100 (Fe)

as prototypical host structures. By leveraging the use of mechanochemistry and

176
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water-based methodologies for the fabrication of various drug@MOF systems, the
work presented in these chapters elucidate new strategies for the ‘green’ preparation
of nanoporous 3D frameworks.

Chapter 4 presented the use of two mechanochemical based techniques for the
encapsulation of 5-FU in MIL-100 (Fe). The easily accessible and low-cost manual
grinding technique was contrasted to the automated vortex grinding. Vibrational
spectroscopy of each drug@MOF assembly revealed the sustaining intermolecular
interactions arising from each encapsulation technique. Both methods were equally
effective for the preparation of pristine MIL-100 (Fe), yielding a highly crystalline
material. However, the more homogenous distribution of grinding force over a
larger contact area presented by manual grinding is more effective for the in
situ encapsulation of 5-FU. It was determined that this approach permits the
simultaneous formation of adjacent SBUs, which could explain the efficacy of
manual grinding in achieving the confinement of 5-FU guest molecules. Conversely,
in the vortex grinding process, the synchronized formation of adjacent SBUs is
anticipated to be relatively slower due to the reduced region of contact from the
impact collision of the stainless steel balls. Consequently, the resulting stronger
guest-host interactions of the manually ground sample translates into a slower
release of 5-FU from the MIL-100 (Fe) host.

The reported findings serve as a proof of concept, to illustrate how different
mechanochemical environments can result in significantly different outcomes in the
fabrication of drug@MOF systems. Crucially, one should appreciate the complexity
underpinning the mechanochemical route, where a deeper understanding of the
mechanism of incorporation and the role of mechanical stresses (e. g. shear, collision
impact, and viscous response) are warranted to precisely control the capture of
drugs and other bulky guest molecules. Nevertheless, the limitations imposed by
the manual grinding process herein utilized, specifically in terms of reproducibility
need to be acknowledged. However, the advantages presented by this method and
its simplicity (i.e. low associated cost and easy accessibility) could be exploited

for the rapid fabrication of novel guest@host systems at lab scale.
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Chapter 5 continued the mission of using mechanochemistry to achieve MOF
pore confinement by extending the candidate list of ‘guest’ drug molecules encapsu-
lated within MIL-100 (Fe). This chapter presented a feasibility investigation to show
how 5-FU and caffeine could function as a ‘modulator’; triggering the fabrication of
highly crystalline MIL-100 (Fe) material, while aspirin yielded the formation of an
amorphous MIL-100 (Fe) phase. These results can play a big role in advancing the
sustainable fabrication of MIL-100 (Fe), by showing the innovative use of benign
modulators, such as caffeine, to replace highly toxic mineralizers (e.g. HF') commonly
used in the preparation of MIL-100 (Fe). Nevertheless, this process not only led to
the fabrication of robust MIL-100 (Fe), but also allowed the environmentally friendly
preparation of drug-encapsulated MOF systems, thereby addressing the continuous
search for low-cost and scalable methodologies for encapsulation of guest molecules.

Chapter 5 further introduced the use of high-resolution INS spectroscopy as
a new approach to study drug-MOF interactions, and more generally, the drug
confinement effects from a molecular vibrational point of view. The potential
offered by INS for the study of drug@MOF system is attributed to its high
sensitivity to probe intermolecular interactions and its enhanced sample penetration,
which had not yet been fully realized. However, this chapter demonstrated how
neutron vibrational spectroscopy can be utilized to reveal intrinsic guest-host
coupling, pointing to the successful confinement of drug molecules. This result
was accomplished through the study of unique MOF collective vibrations observed
in the low energy THz region (<100 cm’l). THz studies via INS permitted the
detection of strong differences in the vibrational behaviour of the isolated drug
molecules when compared to drug molecules confined within the MOF pores.

Chapter 6 explored the development of a novel water-reconstruction process
applied to the fabrication of the highly crystalline MIL-100 (Fe) material. One
attraction of the proposed approach is its extension to the nano-caging of various
guest drug molecules. This has led to the fabrication of drug@MIL-100 systems
with a high loading of the encapsulated guest molecules, reaching the theoretical

hosting potential of MIL-100 (Fe), not previously attained using conventional
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encapsulation techniques. Indeed improving the encapsulation performance and
overall drug-loading through green confinement techniques is paramount to the
field of guest@MOF systems and the biomedical application of MOFs nanoparticles.
Nevertheless, the high selectivity of INS spectroscopy to hydrogens has proven
essential for unrevealing the mechanism behind the unconventional MIL-100 (Fe)
reconstruction process. It was revealed that the reconstruction phenomenon is
governed by the continuous deprotonation of the organic linkers, allowing the
assembly of the extended 3D framework structure. Exceptionally, the reconstruction
process was highly effective in the recovery of time degraded (aged) and mechanically
amorphized samples. These are important findings that pave the way for the
regeneration and recycling of MIL-100 materials, thereby addressing one of the
main challenges preventing their industrial applications. As such, the results
presented in this chapter form the basis of future investigations exploring the
used of this method for the design and mitigation of crystalline defects to tailor
properties and cyclic use of MOF materials. Moreover, this work provides a much-
needed approach towards the eco-friendly and scalable synthesis of mesoporous
MIL-100 (Fe) and guest@MIL-100 systems for future commercialization. Further
assessments and careful synergetic analysis to better model the energetic cost of the
reconstruction under large-scale conditions are strongly encouraged. Additionally,
it is also appealing to advance the studies of the sustainably improved guest
encapsulation methods, presented in Chapters 5 and 6, in follow-on work to include
the detailed investigation of the drug release from the drug@MIL-100 (Fe). The
confinement effects resulting from the modulator and reconstruction effects can
be, then, assessed systematically and in detail.

Chapter 7 presented a comprehensive examination of the encapsulation per-
formance of two confinement methods: the conventional and broadly applied
impregnation technique and the novel in situ mechanochemical method. The
use of INS spectroscopy revealed clear differences in the nature of the guest-host
interactions, where modifications in the THz lattice dynamics of the in situ derived

sample highlighted the suppression of the copper paddle-wheel motions due to
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the drug-CUS coordination. By leveraging of the mechanochemical method, it
was confirmed that the in situ strategy leads to a stronger drug-MOF coupling.
Conversely, in the ex situ encapsulation, the drug molecules in solution face strong
competition with the polar solvent for coordination to the MOF active sites. Thereby,
this approach can reduce the free binding sites available to drug molecules and
increase the propensity of drug adsorption on pore walls. Nevertheless, it is necessary
to emphasize the dependence of the impregnation method on the type of solvent used
and the length of the immersion time, thus limiting the encapsulation of guests with
a low solubility. Such shortcomings are eliminated with the use of the in situ method.

Subsequently, the results in Chapter 7 shed light on the potential presented by
the solvent-free in situ encapsulation to minimize the long-standing unwanted burst
effect, contributing to the development of improved pathways to control the binding
and release of drug molecules from MOFs. Follow-on studies can expand on the
scope of employing HKUST-1 mechanochemical encapsulation of guest molecules
with different physicochemical characteristics (e.g. oxides and metal complexes for
sensing devices). These lines of inquiry could further exploit the hosting potential
of HKUST-1, a framework with a significant role in the basic and applied fields of
MOFs research, can be additionally explored via mechanochemical encapsulation
towards the fabrication of novel guest@QMOF systems.

Finally, Chapter 8 demonstrated how high-resolution synchrotron microspec-
troscopy can be used to track the dynamic chemical and physical transformations
occurring in drug@MOF and drug@MOF /Polymer composites during the release
of guest molecules. The results laid out on this chapter evidenced the protective
role played by the PU matrix, not only protecting the HKUST-1 against water-
decomposition but also regulating the release rate of the 5-FU molecules. At
the same time, the presence of HKUST-1 in the composites was essential for
the effective release of the drug molecules. In a wider scope, Chapter 8 tackled
the importance of the hydrophilic/hydrophobic balance established between the
embedded MOF filler and the supporting matrix. The overall concept of tunable

composite systems coupled with the facile encapsulation of guests is a promising way
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forward to controlling the binding and release of drug molecules confined in a range
of nanoporous materials. More importantly, the experimental methods and results
presented in Chapter 8 illuminate the importance of the dynamic monitoring of the
drug release process to fully understand its underlying mechanisms. The methods
and insights detailed in this chapter can, therefore, be extended to the examination
of other combinations of MOF /polymer nanocomposite systems, with work in this
direction already being under way. Specifically, the grouping of 5-FUQHKUST-1
with other polymeric materials possessing different degrees of hydrophobicity can
be paired with the elucidation of the hydrophobic-release rate dependency.

The extent of topics explored in this thesis — notably, the optimization of
mechanochemical procedures to facilitate future scaling-up, the development of
molecular encapsulation strategies with an enhanced understanding of the guest-
host interactions, and a deeper scrutiny of the guest release mechanisms — are
demonstrative of the multitudinous lines of inquiry that are topical within the
MOF research field. Therefore, this thesis mutually contributes to the practical
development of MOF-based drug delivery platforms and expands on the novel
synthetic and characterisation techniques of guest@MOF systems, all of which are
central to the rational design and engineering of advanced functional materials
for real-world applications. Looking back, however, to the extensive research
done in the realm of MOF and the important advances achieved in the past two
decades, one of the main weaknesses in the field still resides in the limited biomedical
expertise when designing the experiments behind the preparation of MOF and
guest@MOF systems. This hinders the translation of the advances to the clinic. To
better leverage the implications of the results presented within this thesis, future
investigation is needed in a few areas to determine pathways for the effective
use of MOF materials as a toolbox for biomedicine. First of all, studies that
transcend the proof-of-concept stage, as presented in the results chapters of this
thesis, moving towards in vivo drug delivery and biocompatibility studies are needed.
To attain this, expressively more cell-based studies are essential, requiring MOF

researchers to establish stronger collaborations in the natural and pharmaceutical
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sciences. Additionally, thorough in vivo studies can help fill in the gap in the
literature surrounding the integral comparison of the MOFs carriers’ performance
with solutions and technology presently available in the market.

Subsequently, follow-on studies should further assess the implications of the
newly developed synthetic methods, detailed in Chapters 4-6, on the kinetics and
dynamics of drug release process from MOF carriers, via in vitro and in vivo
essays. In the majority of the studies present in the literature, the understanding
of the guest release process from guest@MOF systems has been largely reliant on
permeation and retention mechanisms. However, the findings and methodologies
presented in Chapter 8 highlight the importance of examining carefully the dynamic
behaviour of the guest@MOF system. While the methodology has been applied
herein to examine the release in vitro, the SR-microF TIR set-up can be applied
to in vivo release studies as it offers a unique capability to examine live cells with
high-resolution. As a result, new insights can be offered to the in vivo behaviour
of the produced guest@QMOF' systems.

Further, expanding the examination of the bespoke newly presented synthetic
methods with a cost-effectiveness analysis on their manufacturing parameters for
MOF systems (e.g. the mechanochemical in situ encapsulation kinetics) are highly
desirable to further the evaluation of their scalability for industrial production.
Together with the translational biocompatibility studies, these new investigations can
help to clarify the critical features MOF-based formulation must present achieved
their practical application in biomedicine.

As these issues are addressed in follow-on studies, new findings can propel
the research on MOFs forward to uncover if this class of materials is capable of
reaching the end-user as novel and more effective treatments for various hard-

to-treat diseases.
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