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6 Abstract

Metal Organic Frameworks are highly porous, crystalline materials that have been used for a
multitude of applications, with drug delivery and sensing at the forefront. These frameworks
are extremely versatile and can be applied to multimodal applications, allowing for combined

therapies and treatments to be developed.

In this project, multimodal MOFs and mixed metal MOFs capable of antibacterial significance
and a novel organic linker with the capability to form a theranostic MOF for luminescence and

drug delivery was synthesised.

Multi Drug Resistant Tuberculosis (MDR TB) is a disease that has become a threat to global
health, killing 1.6 million people yearly thus being the second leading cause of human death
via infectious disease. First and second line therapies are beginning to lose their efficacy as
more drug resistant strains are on the rise. Additionally, the drugs that are currently on the
market to treat MDR TB entail solubility issues, side effects and undergo rapid metabolism.
To overcome the API issues alongside preventing the development of drug resistance, the
multimodal MOFs, [Znz(AZA)], [Mg2(AZA)] and [Coz(AZA)], were synthesised. These MOFs
combined a prodrug organic linker azodisalicylic acid (AZA) as the organic component of the
MOF, the antimicrobial metals Zn?*, Mg?*, Co?* & Cu?* and the APIs isoniazid, rifampicin, and
ciprofloxacin. The MOFs successfully encapsulated isoniazid and ciprofloxacin and

antibacterial assays were performed.

A mixed metal MOF, [Zn,Cu,AZA], using the AZA prodrug linker and the metals Zn?* and Cu?*
was synthesised. These metals were chosen in the hopes of achieving a controlled release of
drug, while also combining the synergistic antimicrobial properties of each metal. These MOFs

are currently undergoing MIC antibacterial studies to determine their efficacy.

A stilbene-based ligand, cyanostilbene dicarboxylic acid, was synthesised with the potential
of synthesising a MOF capable of both chemotherapeutic delivery and bioimaging. Alongside
this, a second stilbene linker stilbene tricarboxylic acid was synthesised with the aim to

produce a highly porous MOF capable of high drug loading and luminescence.
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7 Introduction

7.1  Metal Organic Frameworks

Metal-organic frameworks (MOFs) are a class of porous, crystalline materials that have
emerged as a platform for many promising biomedical and environmental applications, with
drug delivery, catalysis, sensing and gas storage at the forefront.! This array of applications
owes largely to their highly desirable properties, including stability, high surface area, porosity
and facile synthesis.! The term “Metal Organic Framework” was first coined in a paper by
Yaghi in 1999, who reported the synthesis of MOF-5, which acted as a blueprint for the
decades of research on MOFs that followed.? MOFs are composed of two main building
blocks, shown in Figure 1. The first are inorganic metal clusters, also known as secondary
building units (SBUs). The second are organic ligands, which act to bridge the SBUs to form a
highly robust porous framework. The choice of both metal source and organic linker can have

a significant influence on the structure and properties of the MOF. 3

melal organic
ion ligand

O

|

v
NP
NN
RSN

7.2 Secondary Building Units

Secondary building units (SBUs) are inorganic metal clusters with specific coordination modes
which allow them to be bridged by polytopic ligands to form porous networks.* Polytopic
ligands are a diverse range of ligands varying from ditopic to hexatopic and can contain
various different functional groups.® These are used as they can aggregate the metal ions to
form an SBU, whereby the individual ions are secured into the cluster formation, thus

coordinating with multiple bridging ligands to allow the assembly of a porous framework.*

Page 11 of 80



SBUs are responsible for determining the overall structure and topology of a MOF. Depending
on the geometry of the linker and its binding mode, an SBU can have different geometries,
including square planar, trigonal, tetrahedral and paddlewheel.> An example of common SBU

geometries is observed in Figure 2.

o 4 o NN

UO,(-CO0), M:(-COO), Zn,O-CO0)g M;0(-CO0)5 RE;O2(0H)12(-COO0)2 Yg(OH)y(-COOe
3c 4-c 6-¢ 6-¢c 18-¢

12¢

A< W

ZI";O;[OH}.:;':'COO}Q
4-clo 12

v ) ) )
Figure 2: Common SBU geometries.®
Likewise, the coordination number of metals and ligands used can influence the topology of
the SBU.” An SBU with a coordination number of 8 may form a body-centred cubic net (bcc),

whereas one with 6 may bind octahedrally with a primitive cubic net (pcu), shown in Figure

3.7
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7.3 Organic Linkers

The properties of MOFs can be dictated by the organic linkers used in the structure i.e., the
pore sizes of the framework may be adjusted by altering the length of the ligand used in
synthesis.® Through means of increasing the ligand length, pore volume and surface are can
be increased as illustrated in Figure 4.° However, interpenetration may occur upon
coordination, whereby multiple networks can intertwine with one another, thus reducing the

pore sizes of the MOF, this is illustrated in Figure 5.1°
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Figure 5: Interpenetration of multible MOFs, reducing the pore sizes.!!

Multidentate polytopic linkers, illustrated in Figure 6, are favoured over their counterparts
with lesser binding affinity. This provides a superior strength to the bonds within the
framework resulting in increased stability for the overall structure 4. Carboxylate linkers, in
particular, are highly utilised in MOF synthesis for this reason 4. These linkers were deemed
superior as they are readily deprotonated, thus removing the requirement of a counter ion.
Additionally, the linker inputs the chelation of metal clusters to form defined net vertices in

metal-oxygen-carbon clusters 2,
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Figure 6: Multidentate ligands used in the synthesis of MOFs.13

Additionally, the substitution of different functional groups on the ligand can alter properties
such as selectivity and stability.? Neutral N-bound ligands containing functional groups such
as pyridine, benzene, and nitrile have been used, with 4,4-bipyridine (BPY) being a common

example. This ligand has given rise to the synthesis of a multitude of MOFs with square,
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hexagonal, diamond and even bilayer nets.'? The coordination of this linker forms structures
that depend on the coordination geometry of the SBUs and the number of coordination sites
that have been blocked by ligands.?> However, this class of linker comes with downsides. Due
to the ligands neutral charge, the introduction of a counter ion is essential in its
coordination.'? Alongside this, once coordinated, the frameworks thermal stability is often
inadequate, with the MOF degrading upon attempted activation.? This is a process post
synthesis where heat is used to evaporate the solvent guest molecules within the pores. The
weak bonds between the N-bound ligands and metal clusters are often responsible for this

lack of stability and robustness to the structure. 72

7.4 Properties

MOFs are often likened to other hybrid materials and coordination polymers such as

zeolites.'* Zeolites, in both their natural and synthetic forms, are crystalline porous materials
with repeating units and have been used in several applications including catalysis, drug
delivery and gas storage.'* The zeolite utilizes its nano-porous structure by adsorbing and
separating gas and other impurities.'* Despite these advantages, zeolites still retain an array
of limitations and drawbacks, preventing the full research potential for porous materials such
as these to be achieved. These include the considerably small collection of topologies, leading
to a limited range of possibility and flexibility of structures. In addition, the lack of control
surrounding both the synthesis of the materials, alongside their rigid, fixed nature, makes
post synthetic modifications difficult.'* The introduction of MOFs to material chemistry

provides a solution to many of the issues faced by materials such as synthetic zeolites.*

There are many characteristics owing to MOFs that make them largely superior to their
analogous counterparts. Their highly tuneable nano-porous structure and highly populated
library of potential building blocks allows for a wide variety of structures and topologies,
unique to those of zeolites.!* Alongside this, it is possible to maintain control over the
structure of the MOF using different synthetic approaches, those of which include post
synthetic modification, solvothermal synthesis and hydrothermal synthesis.'* These desirable
traits give MOFs integral structural stability, flexibility alongside a high surface area, making

them ideal for applications that require such qualities, i.e., drug delivery and gas absorption.®
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The flexible bonds attributed to MOF structure allows for structural changes under different
external impulses i.e. temperature, electric field and light, allowing for it to be utilized in
sensing and fluorescence.'* MOFs also outperform zeolites in their pore volume, allowing
their use in catalysis of larger molecules, where the pore volumes of zeolites would have been

rendered too small for this purpose.®

7.4.1 Porosity

MOFs are highly porous materials, with at least 50% of the total MOF volume owing to the
volume of the pores.® These pores are occupied by solvent guest molecules, however upon
activation these are evacuated from the pores. In this activation step, the importance of the
building block implementation is emphasized because if the structure is not stable enough, it
may collapse. However, if the MOF is unbroken by the activation process, it gains a permanent
porosity.2 This feature is characteristic of a MOF utilized for gas storage, the removal of
impurities and solvent removal.®> MOFs can be described as microporous, mesoporous, or
macroporous, with pore sizes falling between < 2 nm, 2-=50 nm and >50 nm respectively.® A
MOF with microporosity will be favored for gas storage due to the stability it encompasses

and the interactions between gas molecules in the smaller pore areas.?

7.4.2 Surface Area

The distinct large surface area of MOFs is a defining feature in their superiority to other
analogous porous structures.” The surface areas of MOFs can range anywhere between
1000-10,000 m? g1.% The largest MOF surface area known to date was reported by Farha et
al. in Northwestern University, lllnois with NU-110, having a BET surface area of 7140 m2g,
and pore volume of 4.40 cm3® g1.»® The surface area of a MOF may be defined by
implementing the Brunauer Emmett Teller (BET) and Langmuir methods, whereby the surface
area available for gas particle adsorption is determined.®® BET surface areas are applied to
nitrogen adsorption isotherms at 77 K and measure the surface in a multilayer adsorption
fashion.!” Alternatively, the Langmuir methodology is based on the assumption that
monolayer adsorption occurs on uniform surfaces and relies on the Langmuir binding
constant.'® The BET method is preferred over Langmuir for MOF surface area measurements,

however both may be used.!®
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7.4.3 Crystallinity
Several attractive qualities displayed by MOFs (defined geometry, predictability in topology,
dimension etc.) are all owing to the integral crystallinity of the structure. Many parameters
must be considered in MOF synthesis to allow for the formation of crystalline material,
including temperature, pH, pressure, solvent, reaction time and concentration. These factors
must be adjusted to achieve the ideal concentration gradient, thus exceeding the critical
nucleation gradient and surpassing any barriers to crystallization.?? 4 The crystalline nature
of MOFs enables their characterization using a multitude of crystallographic instrumentations
i.e., single crystal X-ray diffraction (XRD) and powder X-ray diffraction (PXRD). Thus, a
common goal for MOF synthesis is to achieve well defined single crystals for a detailed
structural analysis.'? Because of their crystallinity, MOFs are often stable in extremely high
temperatures, the degradation of which can be measured using the destructive technique
thermogravimetric analysis (TGA). Here the crystalline material is burned at decomposition
temperatures ranging from 20-800 °C, and the weight loss of different components are

illustrated as plateaus on the graphed data.'?

7.5 Synthesis of Metal Organic Frameworks

Many factors must be considered in the synthesis of MOFs. Parameters including solvent,
temperature, pH, pressure, metal : ligand ratio, and reaction time.'* In general, however,
most synthesis methods follow a similar approach to achieve MOF crystals.'* A suitable
solvent in which both ligand and metal are soluble is chosen. Common solvents for MOF
synthesis include dimethylformamide (DMF), diethyl formamide (DEF), dimethylacetamide
(DMA), N-Methyl-2-pyrrolidone (NMP). These solvents are favoured due to their high boiling
points and their ability to dissolve many different organic linkers and metal salts.'* Solvents
may also be layered in synthesis to achieve the correct concentration gradient required.*
Different solvents are used because there is evidence that adjusting solvents can alter MOFs
to have more desirable structures and properties.’® Some solvents can also provide a
“greener” synthetic route.?® Normally, high temperatures are used, however in some

instances, a MOF may even form at room temperature. Lastly, different molar ratios of metal
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to ligand are investigated to find the ideal concentration for crystallization. Different metal
salts are often used to repeat the same experiment as different metals have different
nucleation rates.?!

In recent years a library of MOFs using an impressive variety of ligands and metal clusters
have been developed. Thus, iso-reticular synthesis has seen an increase due to the
advantages of following the conditions of MOFs with similar building units to achieve the
desired results. This often leads to the synthesis of a range of MOFs with similar structures
and enhanced properties, known as the IRMOF family.?? The most common methodologies
for MOF synthesis are as follows: Solvothermal synthesis, microwave synthesis, sonochemical
synthesis, electrochemical synthesis and mechanochemical synthesis; the first two of which

will be explored in more detail.'*

7.5.1 Solvothermal Synthesis

Solvothermal synthesis is the most favoured method of synthesis as it generally produces high
yields of a well-defined, crystalline product. The organic linker and metal salt are both added
to the solvent and dissolved using sonication sequentially. The reaction may be heated above
the boiling point of the solvent used as this can further promote the growth of a crystalline
product. This synthesis may be carried out in sealed vials or autoclave equipment where
pressure is allowed to safely build.’ The solvothermal process often requires many minor
changes in different parameters to optimize the quality of crystals obtained, resulting in
screening studies to produce the ideal conditions. As mentioned before, mixed solvents may
be added or layered to tune the polarity or pH of the reaction.? The layering is then followed
by solvent exchange whereby the MOF is soaked in a suitable solvent with a lower boiling
point, after which the MOF is then activated using high temperature to evaporate the solvent

guest molecules within the pores, as illustrated in Figure 7.
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Figure 7: The synthesis of a MOF using solvothermal techniques, followed by the removal of solvent guest molecules

resulting in the activated MOF.23

7.5.2 Microwave Synthesis
Microwave synthesis follows a similar methodology to that of solvothermal synthesis. In this
case, the building blocks are once again dissolved in sequential order in a chosen solvent.
However, they are heated using microwave instrumentation with electromagnetic radiation,
shown in Figure 8.° This method heats through the electric current generated in a solution.
Due to its ability to reach high temperatures rapidly, microwave synthesis often reduces
reaction times, thereby making the synthesis “greener”. This also results in higher yields as

this system is highly reactive °.
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Figure 8: Microwave assisted MOF synthesis.2*

7.6 Stilbene ligands in MOF synthesis

Stilbenes are ligands well known for their luminescent properties.?® This occurs as the trans-

cis isomerization of stilbene derived ligands can be triggered using light as an external
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stimulus, i.e., photoisomerization.?® This isomerization is shown in Figure 9. Stilbenes have
been commonly implemented as building blocks in MOF synthesis as the ligands
photoluminescence can give rise to sensing applications.?> Alongside this, the structure of the
stilbene ligands, particularly in their trans state can give rise to highly porous, non-
interpenetrating frameworks which can pertain to high loading capacities.?” The luminescent
properties, and quantum yields of these ligands can be greatly reduced when undergoing
constant isomerization. However, this can be suppressed through the incorporation of a
functional group on the central ethylene bond of the stilbene, whereby the trans isomer of
the stilbene is effectively “locked” in place.?> Alongside this, the trans isomer is given further
rigidity upon coordination of stilbene based ligands with metal clusters in a MOF structure.3
This locking effect is particularly advantageous as it can increase the emission lifetimes of
these photoluminescent stilbene ligands coordinated in the framework compared to ligand

in solution.? Because of these properties, stilbenes are widely used in sensory applications.?

hv

trans-stilbene cis-stilbene

7.7 Mixed Metal MOFs

Mixed metal MOFs (MM—-MOFs) are MOFs that encompass multiple different metals within
their structure.?’ MM-MOFs are highly advantageous due to the synergistic effects gained
when combined metal sources are used in the framework. They often demonstrate improved
functionality compared to their homometallic counterparts in applications, of which include
biomedical, gas storage and catalysis.?”-28 Alongside this, the presence of more than one metal

source can improve the stability and the bio relevance of the structure. 2 MM-MOFs have
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been known to produce original topologies with an improved metal node density, while also
forming an tiered channel that encourages the interaction forces of molecules in the

framework.?®

The synthesis of MM—MOFs follows the same routes of methodology as that for single-metal
MOFs, with the main difference being the multiple metal sources added sequentially. 2’ One-
pot solvothermal and microwave methods are often the most implemented for MM-MOF
synthesis. 27 This is shown in Figure 10. These methods are favoured due to their simple
procedures and minimal steps required. However, an issue that presents itself when following
this method is the inconstant metal distribution and coordination in the structure. 2’ This can
be overcome by carefully choosing compatible metal ions for synthesis as well as including
suitable parameters. 2 Another synthesis method is trans metalation whereby a single-metal
MOF includes another metal into its structure post synthesis through post-synthetic

modification (PSM). 27:30

Organic linker ‘[ I‘

Different metal precursors

©

Mixed-metal MOF

Metal ions are often known for their roles in biological processes i.e. wound repair,
metabolism and antioxidation.?® Many metals also exhibit significant antimicrobial
properties.3! The incorporation of multiple metals in a MOF could thus result in a synergistic
effect whereby the combined properties of two different metals provide substantially more
antibacterial activity than that of a homometallic MOF containing either metal alone.3! By
using biorelevant metals in the framework, the biocompatibility of the MOF will also be

maintained. 2832 Metal ions such as copper, iron, magnesium and zinc are all known for their
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important roles in cellular functions.??® Zinc holds a significant relevance in biological systems,
in particular the immune system where it is utilized by cells to kill bacteria.3? On the other
hand, copper has a key role in the body’s immune and inflammatory system responses. 2832
Zinc in particular is accredited for its biocompatibility, as very high concentrations can be
administered with no toxic effects.33 The average composition of zinc in the human body is
~2.3 g, and ~0.072 g for the less abundant copper.33 Although some metals may prove to be
toxic at high doses i.e. copper, with controlled release and synergistic effects from other more

non-toxic metals, the biocompatibility of the approach may be sustained.?®34

7.8 Biomedical Applications of Metal Organic Frameworks

MOFs have been utilised in many different areas, ranging from the uptake of environmentally
harmful dyes to gas absorption and separation.® However, arguably its largest potential lies
in its biomedical applications. These applications may include anything from bioactive MOFs
used as drug delivery systems to fluorescent MOFs used as biosensors and bioimaging

agents.333>

Although modern medicine has made significant and innovative progress in the development
of new drugs, there are still integral flaws in relation to pharmacokinetics and
pharmacodynamics when it comes to the delivery of these medications to patients. Drug
resistance is becoming an increasingly concerning problem globally as antibiotic resistance
and multi-drug resistant bacterial strains are on the rise at a much faster rate than the
development of alternative treatments.3® In 2014, the World Health Organisation (WHO)
stated that if the required actions are not taken, by 2050 antibiotic resistant bacterial
infections will overtake cancer as the leading cause of human death.3® The current
implementation of regular high drug doses and subsequent high clearance rates also leads to
further problems of adverse drug reactions in patients. Thus, the need for an alternate
method of delivering drugs using a safe, targeted, and effective approach, surpassing these

issues is necessary for the prevention of drug resistance becoming a much larger issue 1.

Drug delivery systems (DDS) have been developed to resolve these issues. Therapeutic
nanocarriers such as liposomes, micelles, dendrimers and mesoporous silica, as shown in

Figure 11, are the most commonly implemented DDS.3” These nanocarriers have exhibited
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success in delivering therapeutics while maintaining a drug loading capacity and controlled
release 37. Despite these promising features, current DDS are still lacking in certain areas.
Liposomes have been reported to display leakage of the loaded drug as well as lower loading
capacities and high cost. On the other hand, micelles are limited due to their instability, low
drug loading and lack of chemical adaptability. Lastly, dendrimers, despite their advantageous
polymeric character, also have drawbacks of which include high production costs.3®3° Thus,
the development of polymeric DDS capable of facilitating controlled, targeted, and

biorelevant drug release sparked interest in their potential for overcoming these issues.?
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The viability of MOFs for use as drug carriers was first investigated by Férey and coworkers in
Institute Lavoisier using the MIL MOF family. MIL MOFs were synthesised from trivalent metal
centres and carboxylate linkers and held pore volumes of 25-34 A, as well as BET surface areas
of 3100-5900 m? g1.3 MIL-101 and MIL-100 were the main focus of studies on ibuprofen
loading, with drug release studies lasting for six and three days respectively.! MIL-100
successfully encapsulated 0.35 g of ibuprofen per gram of dehydrated MIL-100, while MIL-
101 was capable of encapsulating an impressive 1.4 g of ibuprofen per gram of dehydrated

MIL-100.2 This research led the way for the subsequent studies of MOFs in biomedicine.

MOFs provide an opportune route for controlled drug delivery that would provide a

biocompatible, biodegradable and targeted treatment resulting in minimized adverse drug
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reactions.3 Alongside this, they are capable of high drug loading and controlled release which
will consequently increase the re-administration intervals for patients.3® MOF’s can undergo
PSM to further improve all of these factors.*! MOF’s hold some of the highest reported
surface areas and pore sizes of any delivery systems, being able to load considerably higher
amounts than the average drug carrier, as illustrated in Figure 12, whereby the parameters
measuring the suitability of each drug carrier favours MOF’s over mesoporous silica for insulin

loading.*!

e

Insulin
Mesoporous Silica Metal-Organic Framework
BET 700 - 1200 m%/g 1000 - 7000 m%/g
Surface Area
Pore 0.6-2cmi/g 1.04 - 4.40 cm3/g
Volume
Insulin Loaded 261 mg/g 350-397 mg/g

In the development of MOFs for biomedical applications, the biocompatibility of the building
blocks used must be taken into consideration. Metals such as chromium are toxic to cells and
should be avoided in synthesis, whereas some are already present in the body, with iron and
zinc having a concentration of 22 pM in blood plasma and 180 uM in tissue respectively.!
Alongside this, these building blocks can be chosen to produce synergistic effects paired with
the active pharmaceutical ingredient (API) encompassed within. For example, many metals
have antimicrobial effects, and combined with the correct antibiotic, can strengthen the
efficacy of the drug. Furthermore, by using biorelevant materials, i.e. iron and zinc, any
biocompatibility issues that may arise are surpassed.*! The rate of release may also be
controlled and altered by interchanging ligands in synthesis as different functional groups can
render different structural changes in the MOF. Furthermore, different stimuli may be utilised
to activate drug release in MOFs.*! For example, MOF’s can be sensitive to different pH

environments. Normal human cells have a pH of ~7.2-7.4, however tumour cells are often
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lower (pH of ~6.1-6.9). Thus, the drug release of a pH sensitive MOF can be targeted to the

site of infection.*?

7.9 Multi Drug Resistant Tuberculosis

Multi-drug resistant bacterial strains are on the rise due to the over-administration and
misuse of antibiotics. An example of this is multidrug-resistant tuberculosis (MDR TB), which
is effectively a strain of Mycobacterium tuberculosis which has built resistance against the
first line drugs to treat TB, namely isoniazid and rifampicin.**4* Alongside this, there is also
growing resistance against most fluoroquinolones i.e., ciprofloxacin, and second line
treatments in a further developed stage of MDR TB, named Extensively drug resistant TB (XDR
TB). Tuberculosis itself is a disease effecting mainly the respiratory system, with the main
symptoms including coughing, chest pain, weakness, fever, weight loss and coughing up
blood. However, the disease may also spread to other body parts including the brain or spine,
leading to further severity of symptoms.** TB holds its place as the second highest cause of
death by infectious disease, behind Covid-19, and is responsible for the death of 1.5 million

people every year.*

With the rapid rise of MDR TB, there is a high chance that the mortality rate of the disease
will increase. In 2018, it was reported that from approximately 500,000 new cases of MDR TB,
around 15% of these led to patient death.*® As mentioned previously, MDR TB can be caused
by the mismanagement of TB drugs in patients. This mismanagement can include a lack of
patient compliance in completing their full course of antibiotics, the incorrect dose or
treatment prescribed to a patient or the lack of access or supply to good quality antibiotics. It
may also occur in TB patients who have had the disease previously and have built up
resistance to the treatment they used prior.** Current treatments include combined antibiotic
therapies over the course of 6-9 months up to 2 years in some cases, which as a result may
further increase drug resistance as the MDR TB strain continues to strengthen.*3% The
traditional TB therapy course includes daily doses of multiple drugs taken orally. This further
increases the issue of patient compliance as adverse reactions can occur after undergoing

treatment for a prolonged time.*
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It is evident that an alternative approach must be developed to combat the rise of MDR TB.
As the conventional treatment for TB involves oral administration it is also important to
investigate other superior administration routes. The oral route presents problems as it is
often difficult for a sufficient concentration of drug to reach the site of action after the first
pass metabolism.* Pulmonary administration offers an appropriate method of drug delivery
for a number of reasons. Firstly it is suitable for both large and small molecules, with the ideal
diameter of particles ranging between 1-5 microns.* As the therapeutic is directly delivered
to the respiratory system it ensures a targeted delivery with increased therapeutic
concentration at the site of action, thus reducing dose concentration and increasing re-
administration intervals.*®
0 N

\NH2

\ Isoniazid

=

N

Isoniazid, shown in Figure 13, is a first line treatment effective against Mycobacterium
tuberculosis.*® Isoniazid itself is a prodrug and is activated by a bacterial catalase.*” Once in
its active form, isoniazid functions as an inhibitor at the bacterial cell wall to prevent the
synthesis of mycolic cells resulting in bacterial cell death.*® However, isoniazid resistance is
becoming more prevalent with the emerging MDR TB obstacle. Many isoniazid resistant TB
strains appear as a precursor to MDR TB.#’ There are also often toxicity risks associated with

the administration of the drug, as it is hepatotoxic.%’
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Rifampicin

Rifampicin, shown in Figure 14, is another first line drug used against Mycobacterium
tuberculosis. Rifampicin’s mechanism of action follows the inhibition of bacterial RNA
polymerase, thus supressing bacterial RNA synthesis leading to cellular death.*® Bacterial
resistance to rifampicin is also on the rise, as well as cross resistance when paired with other

treatments with addition to the poor solubility and adverse side effects entailed by the drug.*°

0] 0]
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Ciprofloxacin

Ciprofloxacin, shown in Figure 15, is a fluoroquinolone which can be used in the prevention
and treatment of TB and is often combined with other therapies.>° Ciprofloxacin’s mechanism
of action is to inhibit DNA replication by targeting the alpha subunits of DNA gyrase on
topoisomerase Il and topoisomerase IV.>! However, ciprofloxacin also encounters solubility
issues, side effects and has developed multiple mechanisms of resistance by means of drug
target mutations, mutations preventing drug acclimation and bacterial cell shielding

plasmids.>?
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MOFs as a DDS have the potential to be effective in overcoming the issue of drug resistance
because of their targeted delivery, alongside the high uptake and controlled release of drug.*!
Additionally, as MOFs can be synthesised at a range of sizes matching that required of
pulmonary delivery, they present themselves as an ideal DDS to deliver first line TB drugs
using this alternative pulmonary administration route.*> MOFs can also provide a combined
therapy to treat disease when using antimicrobial metal centres, as a synergistic effect can be
achieved when coupled with an antibiotic.*> Ligands that double as prodrugs can also be
implemented in the structure of the MOF.*' This proposed strategy would encompass 3
different APIs; the loaded drug, an antimicrobial metal and a prodrug ligand, to treat MDR TB,
as shown in Figure 16.32 This combinatorial strategy would act as an optimised treatment
regimen and improve patient compliance as it would decrease administration frequency and

adverse effects.3®

7.10 Multimodal MOFs

7.10.1 Combined MOF therapeutic delivery

There are many disadvantages to the current conventional therapies available to treat TB, the
most alarming of which is the rise of drug resistance.3* This research considers an alternative
approach to combat this using MOFs as a system to combine multiple APIs while controlling
their release.3* A multifunctional and bioactive MOF that provides both drug delivery and a

therapeutic effect of its own would be a promising new route to overcoming barriers to
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effective treatment. It is important to ensure all MOF components are non-toxic, thus
choosing building blocks that double as biocompatible APIs to simultaneously boost the

efficacy and safety of the MOF .34

The co-delivery of multiple drugs simultaneously can be achieved using MOFs as the
foundation of treatment. By employing a ligand that gives therapeutic effect, both the
encapsulated drug molecules, and the prodrug ligand can be delivered to the site of
infection.3? Olsalazine is a drug that has been applied to the treatment of multiple different

diseases as it is a prodrug for the well know anti-inflammatory, para-aminosalicylic acid

(PAS).>3>* The metabolism of olsalazine to PAS is illustrated in Figure 17.

OH OH
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O OH @) OH
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Olsalazine Para-aminosalicylic acid (PAS) 2 eq.

PAS, although primarily used in the treatment of ulcerative colitis, is an antitubercular agent
that is often administered to patients alongside the first-line therapies.>® The drug takes
bacteriostatic action against tuberculosis meaning it prevents the rapid multiplication of
Mycobacterium tuberculosis. Additionally, this bacterial growth prevention helps to reduce
the risk of drug resistance.>*> Therefore, by incorporating a ligand that can be metabolised
to an antitubercular drug, a very successful dual treatment may be developed. Furthermore,
a MOF synthesised using both antimicrobial metals and a prodrug ligand may act as a

multimodal MOF for TB drug delivery.

Page 29 of 80



8 Aims and Objectives

This research project centres upon two main sections: the synthesis of a MOF capable of
encompassing 3 different APIs to provide an alternate treatment route for MDR TB, and the

synthesis of stilbene derived ligands with fluorescent properties for MOF synthesis.

The first section centres on encapsulating TB therapeutics within a MOF composed of a
prodrug ligand and antimicrobial metal. The objectives of the research undertaken includes
the synthesis of MOFs using components with antibacterial properties, the encapsulation of
antitubercular therapeutics within the MOF, and the future evaluation of these compounds’
antibacterial activity by undertaking bacterial assays. The importance of the multimodal
potential for MOFs used in drug delivery is rapidly increasing as the rise of drug resistant
bacterial strains has necessitated the development of alternate treatment routes. The isomer
of prodrug olsalazine, azodisalcylic acid (AZA), shown in Figure 18, has been implemented as
a ligand in the synthesis of MOFs for drug delivery. This paired with the use of antimicrobial
metals in the MOF synthesis has enabled the synthesis of a MOF that has the potential to

encompass 3 different APIs in the treatment of TB.

The desired outcome of combining these three APIs in the framework is a synergistic effect.
Hereby, the combined therapeutic potential of each component is optimised, and a more
effective treatment and efficient delivery may be developed. This project aims to utilise these
MOFs in the loading of first line TB drugs; isoniazid and rifampicin, as well as second line
fluoroquinolone antibiotic ciprofloxacin, for their use in antibacterial assays against
Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa. Alongside this, the

synergistic effects of synthesizing a mixed metal MOF using this ligand will be explored.
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Another objective of this research project is to implement stilbene derived ligands with
fluorescent properties in MOF synthesis. The synthesis of a luminescent MOF could give rise
to new potential biosensors, as well as MOFs used for bioimaging. This may be further
manipulated as the prospective MOF could give rise to a multimodal system using both
fluorescent ligands and metals, all while acting as a controlled drug delivery system. The main
aim of this section of the project includes the synthesis and characterization of a MOF or
otherwise porous material using a stilbene derived ligand, cyanostilbene dicarboxylic acid and
an array of various metal sources. Alongside this, the hydrolysis of the ligand to improve its

suitability for MOF synthesis is explored.

Page 31 of 80



9 Results and Discussion

9.1 Cyanostilbene dicarboxylic acid synthesis

The cyanostilbene dicarboxylic acid ligand was synthesised following a two-step reaction,
reported by Bell et al. , involving a condensation and hydrolysis step respectively.’® This ligand
is made up of a stilbene with a carboxylic acid on each terminus and a central nitrile group,
and was chosen due to its multimodal potential. Being a stilbene ligand, it can hold
luminescent properties, via UV induced trans-cis stilbene isomerization giving possible
sensory applications.”” Alongside this, the presence of two carboxylic acid moieties increases
the coordination potential of the ligand to metal which in turn may increase the porosity of a
MOF using the polytopic ligand.'° A highly porous MOF is desirable in drug delivery for its high
drug loading capacity.'® The presence of a nitrile group can give rise to an increased structural
flexibility of a MOF because of the increased coordination between the nitrile group and

metal.>®

The reactants 4-formylbenzonitrile and 4-cyanophenylacetonitrile were heated until molten
130°C and stirred to encourage the formation of a homogenous mixture. Following this
mixing, piperdine was added, thus forming a solid tricyanostilbene linker which was washed
thrice using EtOH to remove unreacted 4-formylbenzonitrile and other reactants. This
synthesis is illustrated in Figure 19. The H NMR and IR of the product are available in the

appendix at Figure 54 and Figure 55 respectively.

N
e
N N
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The tricyanostilbene acted as a precursor to the desired ligand and underwent a hydrolysis

reaction in acetic acid under reflux at (135 °C), with added sulfuric acid for catalysis (Figure

Page 32 of 80



20). After 8 hours, cyanostilbene dicarboxylic acid was precipitated as a white powder from
the reaction as reported in the literature and was washed thoroughly in EtOH once more to
ensure removal of remaining acetic acid and other reactants. It was then dried for 24 hours
at 80 °C, and ground into a fine powder using a pestle and mortar.*® The final product was
then analysed using IR (Figure 21) and *H NMR (Figure 22). The IR spectrum exhibited a clear
nitrile peak at 2226 cm, as well as carbonyl stretches present at 1650 cm™ and 1398 cm™.
The *H NMR exhibited 9 different signals between 7-9 ppm that account for the protons

present however also indicate there is still unreacted material present.
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Upon attempting MOF synthesis using this ligand, a large range of metal-ligand molar ratios
were used ranging from 1-7.5 equivalents of each in different combinations (see Table 1).
Different solvents and solvent combinations were implemented, and different parameters
including temperature, reaction time and concentrations were all trialled. The metals used
in synthesis include nitrate and acetate salts of zinc, copper, cobalt, magnesium, and
gadolinium. No crystalline material was formed however, gel material was obtained. It is
possible that this lack of crystalline product is because the nitrile group centred in the ligand
was too electron withdrawing, thus preventing coordination. Thus, further synthesis was

carried out to hydrolyse this nitrile group to a carboxylic acid (see section 8.3).
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Metal Salt Molar ratio Temperature Solvents Reaction Time
(M:L) (°C) (h)
DMF, DEF,
1%12?2 60, 70, 90, 100 DMS0, DMA,
Zn" nitrate DA Lo ’ H,0, EtOH, 6-12, 24, 48,72
2:2,1:1.5,1.5:1 120
175 751 MeOH, NaOH,
:7.5,7.5: TEA
1:1,2:1....6:1 DMF, DEF,
1:2,1:3....1:6 60, 80, 90, 100 DMSO, DMA
I A ’ ’ ’ ’ ’ ) ) ~
Cunitrate 2:2,1:15,1.5:1 120 H,0, EtOH, 3-12,24, 48,72
1:7.5,7.5:1 MeOH, NaOH
1:1,2:1....6:1 DMF, DEF,
Co" nitrate 1:2,1:3....1:6 60, 90, 100, 120 DMSO, DMA, 24,48
2:2,1:15,1.5:1 H,O, EtOH, NaOH
1:1,2:1....6:1
Il A ’
Mg" nitrate 12 13,16 90, 100, 120 DMF, DEF, H,0 24,48
1:1,2:1....6:1
I A ’
Gd"' nitrate - 100, 120 DMF, H,0 24, 48, 72
1:1,2:1...5:1
! DMF, DEF, H,0O
Il . . . ’ ’ 12
Zn" acetate 1.2,1{2..1.5 70, 100, 120 MeOH, EtOH 24,48

9.2 CompoundA

Compound A was synthesised using cyanostilbene dicarboxylic acid and copper nitrate. This
gel material was obtained by using similar parameters as those outlined by Li et al. in their
paper.>® A molar ratio of 1.5:1 of metal to ligand was used to achieve the gel product. Two
solvents, DMF (7 ml) and H;0O (5 ml) were first added to the vial and stirred. The cyanostilbene
dicarboxylic acid ligand and copper nitrate salt were added and dissolved by sonication
sequentially. The reaction was heated solvothermally in an oven at 90°C for 24 hours. A pale
blue gel began to form after 3 hours. However, upon cooling the gel exhibited instability as
its colour faded and some of the gel degraded. The gel was analysed before and after cooling

to investigate whether a MOF was forming before or after the cooling.

The gel was removed and dried at 60°C in an oven for 24 hours, with one sample pre-cooling
and the other post-cooling. These samples were then analysed using IR spectroscopy, as seen
in Figure 23 and Figure 24. Both samples displayed a distinct shift in the IR peaks compared

to the as-synthesised ligand indicating the presence of both metal and ligand in the material.
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The peak for the nitrile of the ligand at 2226 cm™ has shifted to 2219 cm™ in the gel. The
carboxylate peaks also have shifted from 1660 cm™ to 1659 cm™. The shift of carboxylate
peaks indicates metal-carboxylate binding; however, with a gel product a coordination

polymer or MOF formation may only be confirmed by TGA and PXRD analysis.

Upon IR analysis of the gel material post-cooling, there appeared to be some degradation of
material as some peaks present pre-cooling had disappeared. The peak shifts present pre-
cooling appeared remain in most cases as ligand peak indicating a nitrile group, 2220 cm™, is
present. However, peaks at 1419 cm™ and 693 cm™ in the gel pre-cooling had disappeared in
the spectrum. Although there is good indication that both metal and ligand had coordinated
in the gel pre-cooling, it is important to analyse this degradation of material in future studies

using PXRD.
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9.3 Stilbene tricarboxylic acid synthesis

Stilbene tricarboxylic acid was synthesised using cyanostilbene dicarboxylic acid as a
precursor, following the methods outlined by Bell et al.>® By hydrolysing the lone nitrile to a
carboxylic acid, the ligand has a central group that is much less electron withdrawing. The
three carboxylic acid groups extending from the structure of this ligand make it a promising
ligand for MOF synthesis. The cyanostilbene dicarboxylic acid was heated for 5 hours at 150°C
in a 10% solution of KOH in ethylene glycol, shown in Figure 25. A viscous brown liquid was
obtained, which was then crystallised in a 1:1 dilution of acetic acid and H,0. The product is

shown in Figure 26.

10% KOH,

HO Q O Ethylene Glycol soluti& HO O o
O O
o) 5 howrs o
H HO O

Figure 25: Scheme of the hydrolysis of the nitrile group in cyanostilbene dicarboxylic acid to form the ligand stilbene

tricarboxyilic acid.

Figure 26: Needle crystals of stilbene tricarboxylic acid under the microscope (x 10 magnifcation)
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The product obtained was analysed using IR spectroscopy (Figure 27). When comparing the
IR spectra of this product to that of its precursor, the peak indicating the presence of a nitrile
at 2226 cm™ in the precursor is no longer present in the product. Peaks present at 1681 cm™,
1587 cm?, 1536 cm™ and 1378 cm are all indicative of the carboxylic acid groups present in
both stilbene tricarboxylic acid and its precursor. The broadening of the carboxylate peaks in

the product obtained could suggest the additional carboxylate.
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When attempting to analyse the product with NMR, the DMSO-d6, DCl and d-CDClz were used
as the deuterated solvents. However, there were solubility issues for the ligand in all the
above deuterated solvents. In future work, an NMR may be achieved by using acetone-d6 or
ethanol-d6 as solvent. This analysis was not completed in this research because the solvents
were not received in the time frame required. Due to time restraints, MOF synthesis was not
attempted using this linker. However, in future research following the methods of MOFs
synthesised with linker 4,4-stilbene dicarboxylate, or other tricarboxylic acid linkers would

potentially be a successful strategy.

9.4 Azodisalcylic Acid MOFs

9.4.1 Azodisalcylic Acid Linker
The AZA linker chosen for this project is a prodrug for PAS because it is metabolised in the
body by an enzyme called azoreductase.® It also is not commercially available, and has not
been reported to be used in MOF synthesis previously. The synthesis of this ligand was
developed by using a similar procedure in literature reported by D.S. Bhate, and was

developed and characterized by Dr. Ahmed Ahmed, a previous member of Galway Porous
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Materials.?* There is a 2:1 molar ratio on the equivalents of PAS obtained from the
degradation of AZA as the central N-N bond is reduced thus breaking the structure into 2
identical units of PAS. As PAS has been proved to have therapeutic effect against TB, if this
ligand is incorporated into the structure of the MOF, upon administration and reduction via
azoreductase, the 2 molecules of PAS would be released.>>®° In this way, the linker of the

MOF itself would act as a prodrug, as seen in Figure 28.

o OH
OH
o OH
N%N OH
Azoreductase
HO
NH,
HO o
Azodisalicylic acid (AZA) Para Aminosalicylic acid (PAS)
1 2

Reactant 4-nitrosalicylic acid is used in the ligand synthesis, whereby, with the addition of 5M
NaOH, D-glucose is introduced to the reaction and acts as an oxidising agent.®° This solution
is heated (50 2C) and stirred before being removed from the heat and allowed to stir for 48
hours at room temperature. This allows for the precipitation of a dark brown material which
is then acidified using HCl and filtered, collecting the crude product. After being dried
overnight, the crude product is dissolved in H,O with added Na,COs under heating (80 2C).
The resulting solution is then filtered and allowed to recrystallize overnight. The solution is
then filtered, and an orange material is obtained. After drying overnight, this material is re-
dissolved in H20. The solution is then acidified to pH 1 using concentrated HCI. This results in
the formation of an orange precipitate which is collected via filtration and washed with excess
H,0 before being dried overnight. The purified product is collected via Buchner filtration. The

final ligand was analysed using IR (Figure 29) and *H NMR (Figure 56).
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9.4.2 Azodisalcylic Acid MOFs

Upon MOF synthesis with the AZA linker, solvothermal synthesis was decided to be the best
synthetic procedure. Solvothermal synthesis is the most commonly used synthetic method in
literature and so it was used as first protocol. MOFs were synthesised using the nitrate salts
of zinc, copper, cobalt and magnesium because these metals have antimicrobial activity, thus
resulting in the synthesis of Zny(AZA), Cuz(AZA), Co2(AZA) and Mgy(AZA). Each MOF had a
different synthetic procedure with varied parameters and solvents. Previous research by Dr
Ahmed Ahmed of the Galway Porous Materials group analysed these MOFs using PXRD
methods, from which unit cell parameters and the computational model of the MOF with a
hexagonal crystal system and 25 A pore sizes were solved, shown in Figure 30, and Figure 31
respectively.®?

—— Mg,(AZD)
Zn,(AZD)

Co,(AZD)
Cu (AZD)

I
0 10 20 30 40
2 Theta
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Parameter Zny(AZA) Mg.(AZA) Cu,(AZA) Co,(AZA)

Space group P6 P6 P6 P6
a/ A 24.61(3) 24.32(2) 24.45(3) 24.39(5)
b/ A 24.61(3) 24.32(2) 24.45(3) 24.39(5)
o/ A 5.894(7) 5.84(14) 5.81(4) 5.85(3)
alpha/° 90 90 90 90
beta/° 90 90 90 90
gamma/° 120 120 120 120
Volume/ A3 3091(5) 2972(8) 2974(18) 3011(14)

The IR spectra (Figure 32), exhibits a shift in the carbonyl group belonging to the linker AZA at
1653 cm™. These shifts were seen at peaks 1656 cm™, 1594 cm™, 1598 cm™ and 1566 cm™ in
Mg2(AZA), Zn; (AZA), Cuz (AZA) and Coz (AZA) respectively. This peak shift is indicative of metal
carboxylate coordination in the materials. These MOFs contain the prodrug AZA linker and
various antimicrobial metals. The prime focus of this project was to encapsulate the first line
therapies for MDR TB, which are isoniazid and rifampicin, alongside antibiotic ciprofloxacin,
was of prime focus for this project. Each MOF synthesised retained different unique physical

characteristics depending on the metal source present, i.e., a distinct colour was observed in
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each MOF, with Znz(AZA) forming a fine dark red-orange material, Cuz(AZA) forming green-

blue spheroid material etc.
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Dissolution studies were previously carried out by Dr. Ahmed Ahmed of Galway Porous
Materials to investigate the stability and controlled release of each MOF, illustrated in Figure
33. It was found that Cuz(AZA) exhibited high stability and controlled prodrug (ligand) release.
In comparison, its Zny(AZA) analogue exhibited a poor controlled prodrug release mechanism,
with 30% of AZA being released in the first hour water dissolution, and over 55% released in
phosphate buffer solution (PBS) in the same timeframe. Alongside this, after 24 hours the
prodrug had been fully released in both water and PBS. In comparison, Cuz(AZA) exhibited
much improved stability, with controlled prodrug release continuing steadily for 72 hours.
Additionally, in the first 5 hours, under 17% and 23% of prodrug had been released in both
water and PBS respectively, with a maximum of 40% in PBS after 72 hours and 20% in water
after 48 hours. The slow release exhibited by Cuz(AZA) is ideal for pulmonary delivery as the
re-administration rate would be significantly decreased with a slow release of the MOF in

vivo.82
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9.4.3 Copper-Zinc Mixed Metal MOF

From these prodrug dissolution studies it is evident that copper gave rise to heightened
stability in the MOF. In this project, Cuz(AZA) is the MOF which displays the most promising
controlled drug delivery capacity thus far. However, using copper in biomedical applications
can come with drawbacks due to its heightened toxicity in large concentrations.3? Copper is a
biorelevant metal, however it is much less populous compared to the likes of zinc or
magnesium due to its toxicity levels. On top of this, zinc is a highly efficacious anti-microbial
agent and has previously been proved effective against Mycobacterium tuberculosis.3> Thus,
the potential for a mixed metal MOF that would encapsulate both the improved stability and
drug release of Cux(AZA), while maintaining the biocompatibility and anti-microbial effects of

Zn2(AZA) is clear.

Metal salts copper nitrate and zinc nitrate, alongside the AZA linker were used in the mixed
metal MOF solvothermal synthesis. First, the molar ratio 3:1:1 of copper, zinc and AZA
respectively, was synthesised at 100°C for 6 hours, using DMF as a solvent. The temperature

and solvent choice were chosen to mimic the previous synthesis of Cuz(AZA) and Zny(AZA).
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However, this ratio proved unsuccessful as after EDX analysis and elemental mapping, there
was no zinc present in the structure. From here molar ratios of 2:2:1 and 1:3:1 of copper, zinc
and AZA respectively were synthesised under the same conditions, with the latter proving
successful as both metals were present after EDX/SEM and IR analysis. The average ratio of
each metal present in the sample was 7.6:1 of copper and zinc respectively, with overall
copper content lying between 34.9% and 25.2% and overall zinc content lying between 4.99%
and 2.9%, (Figure 34). This was repeated with the molar ratios 4:1:1, 5:1:1 and 6:1:1 of zinc
to copper, this time repeating the synthesis in both pure DMF and mixed solvents (EtOH,
MeOH) to try improve the size and shape of the material obtained.® The most uniform
material was formed when using a mix of DMF (3 ml) and EtOH (2 ml) as solvent and so this
was used for EDX analysis. The EDX results exhibited polydispersity of the metals in the
material, with different metal to metal ratios throughout. In particular, the 4:1 zinc to copper
material exhibited the least uniform dispersion, with zinc abundance varying from 18.98% to
32.59% and copper abundance varying from 10.26% to 34.72%. Alongside this the metal to

metal ratios varied from 1.98:1 to 1:1.57 of zinc to copper respectively.
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The main issue presented was the lack of uniform metal dispersion when carrying out EDX
analysis on each sample. Due to this, a different approach was taken to the synthesis of the

MOF. By synthesizing the MOF under reflux with constant stirring and heat applied, it is
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possible to improve the uniformity and dispersion of coordinated metals in the framework.3
Thus the synthesis was carried out under reflux using a round bottom flask, heated using an
oil bath. The reactants were heated to 100°C for 20 hours, using DMF and EtOH as solvents
to improve the uniformity of the material. Molar ratios of zinc, copper and AZA respectively
used were as follows: 1:3:1, 2:2:1, 3:1:1, 4:1:1, 5:1:1, and 6:1:1. The uniform dispersion of
metals coordinated was greatly improved compared to the previous conventional
solvothermal synthesis. In particular, ratios 3:1:1 and 4:1:1 provided the most uniform
distribution, as shown in Figure 35 and Figure 36. In 3:1:1, the abundance of copper present
ranges from 17.97% to 20.21% and the abundance of zinc ranges from 26.05% to 33.91%.
Alongside this the metal to metal ratios for zinc to copper through different samples taken
from the material are as follows: 1.45:1, 1.68:1, 1.75:1. In 4:1:1, the abundance of copper
present ranges from 6.92% to 15.01% and the abundance of zinc ranges from 21.32% to
29.53%. Alongside this the metal-to-metal ratios for zinc to copper through different samples
taken from the material are as follows: 1.97:1, 3.395:1, 3.08:1. This, paired with elemental
mapping was used to analyse the dispersion of the metals coordinated in the sample. The
elemental mapping for 3:1:1 and 4:1:1 is shown in Table 3, where the presence of zinc and

copper is seen to be scattered evenly.

Sample Sample Sample Sample Sample Sample

Zn:Cu ratio
1Zn% 1Cu% 2Zn% 2Cu% 3Zn% 3Cu%
3:1 26.05 | 1797 | 3391 | 20.21 | 31.92 | 18.25
4:1 29.53 15.01 | 28.08 8.27 21.32 6.92
5:1 55.05 | 10.78 | 46.15 8.44 54.25 5.26
6:1 27.77 6.95 33.69 5.10
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Element | Mass Norm. (%)

Carbon | 35.92 | 33.12 | 32.00
Oxygen | 20.06 | 12.86 | 17.82
“Copper | 17.97 | 20.21 | 18.25

g PRSI O, Al . BN Zinc | 2605 | 3391 | 31.92

Figure 35: Elemental mapping and EDX data for refluxed Zn:Cu 3:1.

Element | Mass  Norm. (%)

Carbon | 25.42 | 23.94 | 28.95

Nitrogen | 6.17 9.09 8.75

Oxygen | 23.87 | 30.62 | 34.06

. (2 Copper | 1501 |827 |6.92
etis S lmm Zinc 2053 | 2808 |21.32

ChO  MAG 480x V. 20N WX 128 e

Figure 36: Elemental mapping and EDX data for refluxed Zn:Cu 4:1.

This was further investigated by repeating the methodology using microwave synthesis.
Microwave synthesis was chosen as it can perform synthesis under stirring at higher
temperatures for shorter times. This may allow it to achieve similar results as the synthesis
under reflux, but with much shorter reaction times, making the process greener. The same
molar ratio of zinc to copper and AZA respectively; 3:1:1, was used. The reaction time was
increased in 30 minute intervals for each sample. The microwave synthesis was done at 150W
and 2.5 GHz at 120°C under constant stirring from 30 minutes to 2 hours at constant pressure.

DMF and EtOH were used as solvents once more. The dark brown powder material obtained
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was once again analysed using EDX and elemental mapping. This method proved an increase
in metal coordination and uniform distribution directly proportional to an increase in reaction
time. After 1 hour reaction time, the zinc abundance varied from 30.17% to 14.43% and the
copper abundance varied from 5.33% to 4.98%. After 1.5-hour reaction time, the zinc
abundance varied from 30.76% to 26.05% and the copper abundance varied from 2.76% to
7.92%. After 2 hours reaction time, the zinc abundance varied from 49.2% to 52.5% and the
copper abundance varied from 10.98% to 11.64%. The uniform dispersion of metal in the 2
hour reaction was confirmed by the elemental map which indicated better dispersion of the
metals throughout the product, as no metal was localised in one spot and can be observed
throughout. It was also important to ensure that one homogenous material was being
synthesised and not a mixture of two products. The elemental mapping played a key role in
this as it was possible to analyse if any material present had coordinated to only one metal
instead of two uniformly. Any cluster of one metal without the presence of the other on the
map would have been an indication of this, however this was not present in any of the

samples synthesised as a single mixed metal product was achieved.

The microwave synthesis with 2 hour reaction time was also analysed using solid state UV/Vis
All samples were analysed using EDX, SEM and IR. TGA analysis could be applied to this to
further exclude the possibility of a mixture of products. Overall, it is evident that both the
reflux and microwave methods increased experimental control in metal dispersion and
coordination. Therefore, by finding the optimal ratio to find both balance in metal
coordination and thus their synergistic dynamics, it is possible to synthesise a mixed metal
MOF that will both encapsulate the therapeutic effect of the anti-bacterial agents, while also

controlling their combined bioavailability and lastly, their controlled drug release.

9.4.4 Dissolution Studies
Dissolution studies were completed on the mixed metal Zn,Cux(AZA) MOF synthesised via
reflux. The 3:1:1 and 4:1:1 zinc to copper to ligand ratios were focused on due to their even
metal dispersion and high metal co-ordinations according to EDX data. Dissolution studies
were done in H,O (Figure 37 and Figure 38) and PBS (Figure 39 and Figure 40) at 37°C over

the course of 1 hour, with intervals of the following: 5 min, 10 min, 15 min, 30 min, 1 hour.
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The dissolutions carried out in H20O exhibited a gradual breakdown of the MOF, with an
increased release after every reading. In future studies, a hydrophobic coating may be applied

to the MOF to improve its controlled release.
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In comparison, the studies carried out in PBS at pH 7.4 exhibited a much more rapid and
extreme breakdown from the initial readings, with almost instant release of both metals in
both samples. This breakdown can be explained as the phosphate ions may have coordinated

to the metal centres leading to the quick release of copper nitrate and zinc nitrate.
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9.4.5 MOF Activation

As the MOFs synthesised in this research all presented as hygroscopic, it was important to
complete both their activation and drug loading in an anhydrous atmosphere. The activation
process was preceded by solvent exchange whereby the sample was washed with fresh DMF
every 24 hours for 3 days, followed by fresh MeOH every 24 hours for 3 days. The solvent was
then removed, and the sample was dried at 80°C before being added quickly to a stoppered
round bottom flask for activation, thus minimizing water absorption. The activation was done
at 170°C under vacuum in a stoppered round bottom flask for 7 hours. The vacuum was
incorporated to ensure an anhydrous atmosphere. The activation of these samples will be
analysed using TGA in due course. The activated MOF was analysed using IR spectroscopy,

(see Figure 32), to determine the absence of a solvent peak. To ensure that activation has
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indeed occurred, TGA could be used to analyse this. However, as this material is hygroscopic,
once removed from its anhydrous atmosphere it will once again absorb moisture and this will
appear as a solvent peak. TGA would be useful to check if DMF was gone through absence of

the DMF peak around 154 °C, however a solvent peak for water would still show up.

9.4.6 Antibiotic Encapsulation

Isoniazid loading was successfully completed in anhydrous EtOH under nitrogen using a
balloon system to minimize further water absorption. A solution of isoniazid (50 mg) in the
anhydrous EtOH (15 ml) was prepared and added to the activated MOF after allowing 5
minutes for it to cool down. This was then left unstirred under nitrogen for 72 hours, after
which the MOF was washed using anhydrous EtOH and dried for 24 hours at 80°C. Isoniazid
loading had previously been achieved on Zn;(AZA) and Mg>(AZA) by Dr. Ahmed Ahmed of the
Galway Porous Materials group. In this project, isoniazid loading, see Figure 41, was
completed on Zny(AZA), Mgz(AZA) and Coz(AZA), shown in Figure 42, Figure 43, and Figure 44
respectively. Each sample was analysed using *H NMR and IR. The proton signal for AZA is
present at 7.99 ppm for all samples. The isoniazid signal in *H NMR appears at 9.13 ppm,
which can be seen in both Zn3(AZA) and Mg»(AZA), with the Zny(AZA) signal being significantly
weaker due to poor loading. In Coz(AZA) it is unclear as to whether isoniazid loading was

achieved as there is no signal present.
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Figure 41: 'H NMR of isoniazid in DMSO-dg and DCI.
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Figure 42: 'H NMR of Zn,(AZA) loaded with isoniazid, solvents used were DMSO-d¢ and DCI.
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Figure 43: 1H NMR of Mg,(AZA) loaded with isoniazid, solvents used were DMSO-d6 and DCI.
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Figure 44: 'H NMR of Co,(AZA) after undergoing isoniazid loading, solvents used were DMSO-d6 and DCl
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Rifampicin loading was attempted under the same anhydrous conditions under nitrogen. A
solution of rifampicin (50 mg) in anhydrous MeOH (15 ml) was prepared and added to the
activated MOF with the same methodology as isoniazid. Rifampicin loading was attempted
on Zny(AZA), Mgz(AZA) and Co,(AZA). Again, each sample was analysed using H NMR. An in-
situ Zn(AZA) rifampicin encapsulation was also undertaken, due to its low loading capacity
exhibited in the loading of isoniazid. Here, the drug is incorporated into the initial synthesis
of the framework, thus allowing the MOF building blocks to assemble around the drug guest
molecules. This followed the same method for the synthesis of Zn,(AZA), but after adding the
AZA linker and zinc nitrate to DMF sequentially, rifampicin is added and dissolved with the
linker and metal salt in solution, giving a molar ratio of 1:4:2 of AZA linker, zinc nitrate and
rifampicin, respectively. The reaction is heated at 100°C for 24 hours before being washed
with DMF and dried at 80°C. The obtained crystalline material was then analysed using IR
spectroscopy and *H NMR. The rifampicin proton signals are present from 12-0 ppm, including
12.52 ppm, 8.8 ppm, 8.06 ppm, 3.33 ppm. Due to the high population of rifampicin peaks
present by those of the solvent (DMSO-d6), the peaks mentioned were used as a reference
for analysing drug loading. Through this analysis it is unclear whether drug loading was
successful due to the majority of rifampicin signals in 'H NMR appearing next to that of the
solvent signals for each sample (DMSO-ds & DCIl), as the main reference signal, 12.52 ppm
was not present in any sample. The 'H NMR of Zn,(AZA), Zny(AZA) in situ, Mg2(AZA) and
Coz(AZA) respectively, (see Figure 46, Figure 47, Figure 48 and Figure 49) all have the
characteristic proton signal for AZA at 7.99 ppm. Failure to achieve loading may be due to
the size of the rifampicin drug molecule, as it is larger than both isoniazid and ciprofloxacin

and may need altered drug loading conditions to enable encapsulation by the MOF.
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Figure 47: 1H NMR of Zn,(AZA) in situ rifampicin loading, solvents used were DMSO-dg and DCI.
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Figure 48:1H NMR of Mg,(AZA) rifampicin loading, solvents used were DMSO-ds and DCI.
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Ciprofloxacin was chosen as a final antibiotic for drug loading for several reasons. Alongside
it’s use in the treatment and prevention of TB as a fluoroquinolone, both gram-positive and
gram-negative bacteria are susceptible to this antibiotic, making it ideal for antibacterial
assays. It is also relatively inexpensive and easily sourced. The same method for both
rifampicin and isoniazid encapsulation was followed for ciprofloxacin. Solubility issues were
prevalent when finding a suitable anhydrous solvent for ciprofloxacin loading. However, it
was found that the addition of a negligible amount of glacial acetic acid (2 ml) could be added
to anhydrous EtOH (13 ml) to dissolve ciprofloxacin for drug encapsulation. Minimal acetic
acid was used as it was able to dissolve the drug without causing any degradation of the MOF
during loading. Once again, the activated MOF was left unstirred in solution for 72 hours
under nitrogen and washed with anhydrous EtOH before drying. The loaded MOF was
analysed using both IR spectroscopy and *H NMR. Ciprofloxacin exhibited the most impressive
drug loading from the three. As seen in Figure 50, there is a distinct proton signal at 8.63 ppm
for ciprofloxacin. This signal is used as a reference point and is present in all 3 ciprofloxacin

loadings, Zn2(AZA), Mg2(AZA) and Coz(AZA), (Figure 51, Figure 52 and Figure 53 respectively).
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Figure 50: 'H NMR of ciprofloxacin, solvents used were DMSO-dg and DCI.
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Figure 51: 'H NMR of Zn,(AZA) ciprofloxacin loading, solvents used were DMSO-d¢ and DCI.
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Figure 52: 1H NMR of Mgy(AZA) ciprofloxacin loading, solvents used were DMSO-dg and DCI.
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Figure 53: 1H NMR of Co?(AZA) ciprofloxacin loading, solvents used were DMSO-dg and DCI.
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9.4.7 Antibacterial Assays

Antibacterial assays were carried out on bacteria Staphylococcus aureus and Pseudomonas
aeruginosa, whereby a 1 mg / 100 ul concentration of each sample was prepared. However,
these assays produced data that presented very little antibacterial evidence of each sample
(Table 4). The lack of bacterial inhibition may be due to insufficient concentration of each

antimicrobial moiety in the sample administered.®?

Material P. aeruginosa % inhibition S. aureus % inhibition
Isoniazid 1.88 -35.96
AZA -7.60 7.52

Mg>(AZA) -40.12 -59.28

Zn,(AZA) -150.45 -11.09

Cu,(AZA) -20.27 -7.50

Coz(AZA) 2.71 18.28
Mg,(AZA) isoniazid -41.385 -11.80
Zny(AZA) isoniazid -19.13 15.60

Therefore, it was clear a need for higher sample concentration was required to achieve more
accurate results. Samples containing 10 mg/ 100 pl of the following were prepared for assays;
activated Zn(AZA), activated Mg»(AZA), activated Coz(AZA), isoniazid encapsulating Zn2(AZA),
isoniazid encapsulating Mg2(AZA), isoniazid encapsulating Coz(AZA), ciprofloxacin
encapsulating Zn;(AZA), ciprofloxacin encapsulating Mgx(AZA), ciprofloxacin encapsulating
Coz(AZA), ultrasonicated Zny(AZA), ultrasonicated Mgz(AZA), ultrasonicated Coz(AZA), AZA
ligand, Zn Il nitrate, Mg Il nitrate and Co Il nitrate. This antibacterial assay is currently being

carried out.
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10 Conclusion & Future work
In this project the multimodal MOFs, [Zny(AZA)], [Mg2(AZA)] and [Coz(AZA)], were

synthesised. These MOFs combined the prodrug organic linker azodisalicylic acid (AZA) as the
organic component of the MOF and the antimicrobial metals Zn?*, Mg?*, Co?* & Cu?*. Drug
encapsulation studies of the APIs isoniazid, rifampicin, and ciprofloxacin indicate
encapsulation of isoniazid and ciprofloxacin. These MOF is an extremely promising route of
treatment for MDR TB as the proposed treatment route may be able to overcome the
problems of drug resistance for isoniazid, rifampicin and ciprofloxacin, which are all drugs
used in its treatment. Alongside this, the combined delivery of therapeutic, prodrug and
antimicrobial metal will allow for a more effective line of therapy overall. In future work,
designing a successful activation technique for [Cu2(AZA)] will be important to incorporate the
copper MOF of the series in antibiotic encapsulation studies and any antibiotic assays

therefore after.

The future antibacterial assay is an important factor in investigating the efficacy of the loaded
AZA MOFs compared to the first line drugs alone. In particular, the MOFs loaded with
ciprofloxacin will be a key indicator to the antibacterial properties of the MOFs, as the drug is
effective against both bacterial strains. The results of such assay would give rise to the
possibility of future assays of the MOF on Mycobacterium tuberculosis. Furthermore, it may
be beneficial to undertake the encapsulation of doxorubicin in the MOF, to compare its
uptake to the likes of NUIG4, which had one of the highest reported uptakes of the drug, at
1955 mg DOX/g NUIG4.3°

The mixed metal MOF, Zn,Cux(AZA), was successfully synthesised therefore creating a MOF
capable of encompassing the synergistic properties of the two different metals to further
improve the antimicrobial effects and stability of the MOF. After undertaking different metal
ratios and reaction times, and using various synthesis methods, an optimised metal ratio of
1:1.45, 1:1.68 and 1:1.75, (Zn to Cu respectively), was reached when using a 3:1:1 (Zn, Cu,
AZA) metal to linker ratio. The loading of isoniazid would be the next step for this mixed metal
MOF to compare the drug loading properties with the single metal MOF and investigate if the
mixed metal MOF is capable of a synergistic effect in drug loading. An insufficient
concentration of MOF was utilised during the antibacterial assay studies therefore to

investigate whether the mixed metal MOF exhibits improved antibacterial properties, further
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antibacterial assays with the concentration of 10 mg MOF / 100 pl DMSO need to be carried

out.

The cyanostilbene dicarboxylic acid ligand was synthesised. MOF synthesis attempts were
unsuccessful in forming a crystalline material however, the gel product, Compound A, was
achieved. Analysis of using IR indicated possible MOF or polymer formation. PXRD and TGA
analysis is necessary to determine if MOF/polymer formation has indeed occurred. However,
these forms of anaylsis were not available at the time of this project. . This analysis would also
be important to compare the obtained material with that reported by Li et al. when working
with a similar cyano-substituted ligand, 4-(6-(4-cyanophenyl)-[2,3'-bipyridin]-4-yl)benzoic
acid, under the same conditions whereby crystals of USTC-2 were synthesized.>® Additionally,
the synthesis of a stilbene tricarboxylic acid was attempted with preliminary studies using IR
indicated possible ligand formation. Further work including NMR spectroscopy and Mass
Spectroscopy is required for fully characterisation and determination of ligand synthesis. With
this further characterisation, this ligand has the potential to create a highly porous MOF

capable of luminescence and drug encapsulation.
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11 Experimental
11.1 General Synthesis

Solvents: Dimethylformamide, Water, Ethanol, Methanol, Acetone, Dimethyl sulfoxide,
Deuterated chloride, Acetic acid, Sulphuric acid, Ethylene glycol.

Metal Salts: Zinc (ll) nitrate, Copper (Il) nitrate, Cobalt (1) nitrate, Magnesium (ll) nitrate.
Antibiotics: Ciprofloxacin, Isoniazid, Rifampicin.

Other materials: 4-formyl benzonitrile, 4-cyanophenylacetonitrile, Piperidine, Potassium
hydroxide, Sodium hydroxide, D (+) Glucose, 2-hydroxyl-4-nitrobenzoic acid, Sodium

carbonate.

Analysis Instrument Details

SEM/EDX | All samples were then gold-coated prior to imaging and elemental
composition analyses in the Hitachi S-4700 SEM .

IR A Perkin Elmer spectrum one FT-IR was used for IR spectra measurements.
NMR 'H NMR analysis was carried out on the Varian VNMRS 500 MHz 54 mm AR
spectrometer using CDCI3, DMSO-d6 and DCI as solvents with TMS as an

internal standard.
UV-Vis Cary 5000 UV-Vis-NIR spectrometer (200—2500 nm range) with a deuterium
UV lamp light source. Solid state UV-vis measurements used a diffuse
reflectance accessory (DRA), with powder samples dried thoroughly before

use, and pure MgO used as a blank reference.

11.2 Tricyanostilbene synthesis

4-Formyl benzonitrile (1.05 g, 8 mmol) and 4-cyanophenylacetonitile (1.09 g, 7.7 mmol) were
added to a round bottom flask under a fumehood and heated in an oil bath under reflux at

1302C. Once the mixture turned molten, it was swirled to encourage mixing. Next it was taken
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off the heat and 2 drops of piperidine were added, turning the solution to a white solid. The
yellow/white solid is washed with EtOH 3 times before being dried in an oven at 80 °C for 24
hours. The solid obtained was crushed to a fine powder using a pestle and mortar. A yield of
1.83 g was obtained. Tricyanostilbene material obtained is soluble in chloroform. Data from

'HNMR and IR analysis is available in appendix (see Figure 54 and Figure 55).

11.3 Cyanostilbene dicarboxylic acid synthesis

Tricyanostilbene obtained from prior step was used as a precursor in this synthesis.
Tricyanostilbene (1.83 g, 7.2 mmol) was added to a round bottom flask under a fume hood.
Acetic acid (25 ml) was added in excess to the round bottom flask along with a catalytic
amount of sulfuric acid (<0.5 ml). The contents of the flask were then heated under reflux and
constant stirring at 1352C for 8 hours using an oil bath. The white solid which formed was
then washed 3 times using EtOH and dried in an oven at 80 2C for 24 hours. The solid was
then crushed to a fine powder using pestle and mortar. A yield of 1.56 g was obtained. The
powder obtained was found to be soluble in DMSO. Data was obtained from *HNMR and IR

analysis.

IH NMR (500 MHz, DMSO-d6) &: 7.86 (d), 7.99 (m), 8.21 (s)

11.4 Stilbene tricarboxylate synthesis

KOH (1.00 g, 17.8 mmol) was added to a round bottom flask containing Ethylene glycol (10
ml) and stirred under fumehood until dissolved. Cyanostilbene dicarboxylic acid (1.5 g, 5.11
mmol) was then added to the flask. The contents of the flask were then heated under reflux
and constant stirring at 1602C using an oil bath. After 5 hours, a viscous brown liquid had
formed. This was added to a large flask containing a 1:1 solution of acetic acid and H20 (8 ml)
and left unstirred for a week to crystallise. The crystalline product obtained was found to have

a lot of solubility issues, thus preventing NMR analysis because of precipitation of the solid.
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11.5 Compound A synthesis

Cyanostilbene dicarboxylate (0.038 g, 0.1 mmol) was added to a 20 ml scintillation vial
containing DMF (7 ml) and H;O (5 ml) and sonicated for three minutes until dissolved. Copper
nitrate (44 mg, 0.15 mmol) was then added to the vial and sonicated for a further three
minutes. The vial was then sealed and placed in an oven at 909C for 24 hours. A pale blue gel
formed and was immediately extracted from the vial using a glass pipette before cooling. The

gel formed was dried at 80 2C overnight. A yield of 14 mg was obtained.

11.6 Azodisalcylic acid ligand synthesis

4-Nitrosalicylic acid (1.5 g, 8.2 mmol) was added to a solution of 5M aqueous NaOH (22.5 ml)
in a conical flask. This produced a dark red solution. This was stirred under heat at 50°C while
exposed to air. Separately, D (+) glucose (10 g, 55 mmol) was added to H,O (10 ml) and
dissolved under heat at 50°C. The solution of D (+) glucose was added slowly to the flask
containing 4-Nitrosalicylic acid in NaOH over the course of 1 hour, resulting in the formation
of a black solution. This solution was then stirred under heating at 50°C for 15 minutes. After
this the solution was allowed to cool and left under constant stirring for 48 hours, while open
to the air. A dark brown precipitate was obtained at the end of this time. Concentrated HCI
was added dropwise to the solution until it was acidified to pH 1. This solution was then
filtered using a Buchner flask to obtain the dark brown precipitate. This was washed with
excess H.0 and allowed to dry for 24 hours in an oven at 60°C. This crude product was then
used in the recrystallization process for purification. The crude product was added to a conical
flask containing H,0 (200 ml) and was heated to 80°C until solid suspended. Na,CO3 was then
added bit by bit until the crude product was dissolved and a clear red/black solution was
obtained. This was taken off heat and gravity filtered before being allowed to cool. The
solution was then left to recrystallise for 24 hours. The pure AZA ligand was collected via
Buchner filtration and dried for 24 hours at 60°C. This product was then redissolved in minimal
H,0 and acidified to pH 1 by adding concentrated HCl dropwise. This resulted in the formation
of an orange precipitate which was collected via Buchner filtration, washed with excess H,0

and dried for 24 hours at 60°C. A yield of 1.02 g was obtained.

1H NMR (500 MHz, DMSO-d6) &: 7.422 (dd), 6 7.99 (d)

Page 64 of 80



11.7 Zny(AZA) synthesis

When synthesizing Zn2(AZA), a 4:1 molar ratio of zinc nitrate to linker respectively was used.
AZA (0.030 g, 0.1 mmol) was added to a 20 ml scintillation vial containing DMF (5 ml) and was
sonicated for three minutes until dissolved. Zinc nitrate (0.119 g, 0.4 mmol) was then added
to the vial and sonicated for a further three minutes. The vial was then sealed and placed in
an oven at 1002C for 7 hours. The crystalline product obtained was washed with DMF (10 ml)

3 times. A yield of 18 mg was achieved.

11.8 Coy(AZA) synthesis

When synthesizing Coz(AZA), a 1:1 ratio of cobalt nitrate to linker respectively was used. AZA
(0.030 g, 0.1 mmol) was added to a 20 ml scintillation vial containing DMF (5 ml) and was
sonicated for three minutes until dissolved. Cobalt nitrate (0.029 g, 0.1 mmol) was then added
to the vial and sonicated for a further three minutes. The vial was then sealed and placed in
an oven at 1009C for 24 hours. The crystalline product obtained was washed with DMF (10

ml) 3 times. A yield of 22 mg was achieved.

11.9 Mg,(AZA) synthesis

When synthesizing Mg»(AZA), a 3:1 ratio of magnesium nitrate to linker respectively was used.
AZA (0.030 g, 0.1 mmol) was added to a 20 ml scintillation vial containing DMF (4 ml), EtOH
(2 ml) and H20 (1 ml) and was sonicated for three minutes until dissolved. Magnesium nitrate
(0.077 g, 0.3 mmol) was then added to the vial and sonicated for a further three minutes. The
vial was then sealed and placed in an oven at 1002C for 24 hours. The crystalline product

obtained was washed with DMF (10 ml) 3 times. A yield of 16 mg was achieved.

11.10 Mixed Metal Zn2Cu2 (AZA) synthesis

11.10.1 Solvothermal Synthesis
When synthesizing Zn,Co(AZA), a 3:1:1 ratio of zinc nitrate to copper nitrate to linker
respectively was used. AZA (0.030 g, 0.1 mmol) was added to a 20 ml scintillation vial
containing DMF (4 ml), EtOH (2 ml) and was sonicated for three minutes until dissolved. Zinc

nitrate (0.089 g, 0.3 mmol) was then added to the vial and sonicated for three minutes.
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Copper nitrate (0.023 g, 0.1 mmol) was then added to the vial and sonicated for a further
three minutes The vial was then sealed and placed in an oven at 1002C for 6 hours. The
powder product obtained was washed and centrifuged with DMF (10 ml) 3 times at 3500 rpm

for 5 minutes. Avyield of 20 mg was achieved.

11.10.2 Reflux Heated Synthesis

When synthesizing a 3:1:1 molar ratio of zinc nitrate to copper nitrate to linker of Zn,Co2(AZA)
under reflux, the following procedure was followed. AZA (0.030 g, 0.1 mmol) was added to a
round bottom flask containing DMF (6 ml), EtOH (4 ml) and was sonicated for three minutes
until dissolved. Zinc nitrate (0.089 g, 0.3 mmol) was then added to the flask and sonicated for
three minutes. Copper nitrate (0.023 g, 0.1 mmol) was then added to the flask and sonicated
for a further three minutes The flask was stoppered and heated using an oil bath under reflux
and constant stirring at 1002C for 20 hours. The powder product obtained was washed and
centrifuged with DMF (10 ml) 3 times at 3500 rpm for 5 minutes. A yield of 29 mg was

obtained.

When synthesizing a 4:1:1 ratio of zinc nitrate to copper nitrate to linker of Zn,Co2(AZA) under
reflux, the following procedure was followed. AZA (0.030 g, 0.1 mmol) was added to a round
bottom flask containing DMF (4 ml), EtOH (2 ml) and was sonicated for three minutes until
dissolved. Zinc nitrate (0.119 g, 0.3 mmol) was then added to the flask and sonicated for three
minutes. Copper nitrate (0.023 g, 0.1 mmol) was then added to the flask and sonicated for a
further three minutes The flask was stoppered and heated using an oil bath under reflux and
constant stirring at 1002C for 20 hours. The powder product obtained was washed and
centrifuged with DMF (10 ml) 3 times at 3500 rpm for 5 minutes. A yield of 31 mg was

obtained.

11.11 Microwave Synthesis

When synthesising a 3:1:1 molar ratio of zinc nitrate to copper nitrate to linker of Zn,Coz(AZA)
using microwave synthesis, the following procedure was followed. AZA (0.030 g, 0.1 mmol)
was added to a glass microwave tube containing DMF (4 ml), EtOH (2 ml) and was sonicated

for three minutes until dissolved. Zinc nitrate (0.089 g, 0.3 mmol) was then added to the tube
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and sonicated for three minutes. Copper nitrate (0.023 g, 0.1 mmol) was then added to the
tube and sonicated for a further three minutes. The glass microwave tube was inserted to the
microwave and heated to 1202C with constant stirring at high setting and a pressure of 17.2
kPa. The reaction was repeated with the following reaction times: 30 mins, 1 hour, 1.5 hours,
2 hours. The powder product obtained was washed and centrifuged with DMF (10 ml) 3 times

at 3500 rpm for 5 minutes. A yield of ~¥35 mg was obtained.

11.12 MOF Activation

The Zny(AZA), Mg2(AZA) and Coz(AZA) MOFs were activated under specific conditions due to
their hygroscopic nature. First the MOF underwent solvent exchange as they were washed in
fresh DMF every 24 hours for 72 hours, followed by fresh MeOH every 24 hours for 72 hours.
Following this process, the MOF was then dried at 802C for 24 hours. The round bottom flask
being used in activation was also put into an oven at 802C for 1-2 hours before activation to
remove moisture from glassware. The MOF (20 mg) was weighed and placed inside the empty
round bottom flask, which was then stoppered and attached to a vacuum system. This flask
was then heated to 1802C using an oil bath under vacuum for 7 hours. After MOF activation,

the round bottom flask was removed from heat and allowed to cool for 5 min.

11.13 Isoniazid Encapsulation

A solution of isoniazid (0.050 g) in anhydrous EtOH (15 ml) was made in a stoppered round
bottom flask under nitrogen to minimize moisture absorption. This solution was sonicated for
3 min until fully dissolved and then was added to the cooled activated MOF, which had been
removed from vacuum and sealed. This was placed under nitrogen and left unstirred for 72
hours, after which it is washed 3 times using anhydrous EtOH and dried at 802C for 24 hours.

The loaded MOF was then analysed using IR and NMR.

11.14 Rifampicin Encapsulation

A solution of rifampicin (0.050 g) in anhydrous MeOH (15 ml) was made in a stoppered round
bottom flask under nitrogen to minimize moisture absorption. This solution was sonicated for
3 min until fully dissolved and then was added to the cooled activated MOF, which had been

removed from vacuum and sealed. This was placed under nitrogen and left unstirred for 72
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hours, after which it is washed 3 times using anhydrous MeOH and dried at 802C for 24 hours.
The loaded MOF was then analysed using IR and NMR.

11.15 Ciprofloxacin Encapsulation

A solution of ciprofloxacin (0.050 g) in anhydrous EtOH (13 ml) and glacial acetic acid (2 ml)
was made in a stoppered round bottom flask under nitrogen to minimize moisture
absorption. This solution was sonicated for 3 min until fully dissolved and then was added to
the cooled activated MOF, which had been removed from vacuum and sealed. This was placed
under nitrogen and left unstirred for 72 hours, after which it is washed 3 times using
anhydrous EtOH and dried at 802C for 24 hours. The loaded MOF was then analysed using IR
and NMR.

11.16 In-situ Zn2(AZA) rifampicin loading

When synthesizing Zn,(AZA) with in situ rifampicin loading, a 4:1 ratio of zinc nitrate to linker
respectively was used. AZA (0.030 g, 0.1 mmol) was added to a 20 ml scintillation vial
containing DMF (5 ml) and was sonicated for 3 min until dissolved. Zinc nitrate (0.119 g, 0.4
mmol) was then added to the vial and sonicated for 3 min. Rifampicin (0.050 g) was then
added to the vial and sonicated for a further 3 min The vial was then sealed and placed in an

oven at 1009C for 24 hours. The crystalline product obtained was washed with DMF 3 times.

11.17 Dissolution studies

Water dissolution studies were carried out over 24 hours. First enough dissolution vials for
the number of samples are prepared, each with H,O (4.5 ml). The MOF sample (0.015 g) is
added to a centrifuge tube containing 15 ml H,O. A sample is taken at 0 min before the
dissolution studies begin. The tube is added to a water bath at 37 2C and stirred. At each time
interval, a sample (500 pl) is taken from the dissolution tube and added to a dissolution vial.
H,0 (500 pl) is then added back to the dissolution tube. The following intervals were followed
for taking samples: 5 min, 10 min, 15 min, 30 min, 1 hour. All samples were analysed using a

Varian Cary 50 UV-Vis scan spectrophotometer.
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PBS dissolution studies were carried out over 24 hours. First enough dissolution vials for the
amount of samples are prepared, each with H,0 (4.5 ml). The MOF sample (0.015 g) is added
to a centrifuge tube containing 15 ml PBS. A sample is taken at 0 min before the dissolution
studies begin. The tube is added to a water bath at 37 2C and stirred. At each time interval, a
sample (500 ul) is taken from the dissolution tube and added to a dissolution vial. PBS (500
ul) is then added back to the dissolution tube. The following intervals were followed for taking
samples: 5 min, 10 min, 15 min, 30 min, 1 hour. All samples were analysed using a Varian Cary

50 UV-Vis scan spectrophotometer.
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Figure 54: 'H NMR on tricyanostilbene in d-CDCI3
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Figure 55: IR spectra of tricyanostilbene ligand.
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Figure 56: 'H NMR of AZA linker, using DMSO-d6 as solvent.6?
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Figure 57: SEM image of solvothermally synthesised 3:1:1 zinc to copper to AZA.
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Figure 60: SEM image of solvothermally synthesised 6:1:1 zinc to copper to AZA.
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Figure 61: IR spectrum of mixed metal 3:1 zinc and copper MOF synthesised under reflux.
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Figure 62: IR spectrum of mixed metal 4:1 zinc and copper MOF synthesised under reflux.
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Figure 63: IR spectrum of mixed metal 5:1 zinc and copper MOF synthesised under reflux.
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Figure 64: IR spectrum of mixed metal 6:1 zinc and copper MOF synthesised under reflux.
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Figure 65: The IR spectra of microwave synthesised 3:1:1 zinc to copper to AZA, from 30 mins to 120 mins.
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